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ABSTRACT 

 

Infection by multiple parasites is a part of everyday life for many organisms. The host immune 

system may be a central mediator of the many ways parasites might influence one another (and 

their hosts). Immunity provides a means for the colonized to reduce the success of current and 

future colonizers and has evolved across the tree of life several times independently. Along the 

way, the immune systems of plants as well as many groups of animals has evolved perhaps an 

accidental vulnerability wherein defense against one parasite can increase susceptibility to 

others. This so-called immune ‘cross-talk’ is a conundrum worth investigating not only to 

understand the impact of parasites on focal organisms, but also to better predict how immunity 

itself influences the evolution and epidemiology of parasites whose spread we might like to 

curtail. For plants, co-infection often comes in the form of insect herbivores and various bacteria 

that colonize the leaf interior. Both colonizers can reduce plant fitness directly or indirectly by 

potentiating future enemies via cross-talk in plant immunity. This phenomenon has largely been 

studied in laboratory model plants, leaving a substantial gap in our knowledge from native 

species that interact in the wild. This dissertation helps close this gap by investigating the 

ecology of co-infection of a native plant by its major insect herbivore and diverse leaf-colonizing 

bacteria. I revealed that leaf co-infection in the field by leaf-mining herbivores and leaf-

colonizing ("phyllosphere") bacteria is substantially more common than single infection by 

either group and that bacterial infection can cause increased feeding by herbivores in the 

laboratory. Immune cross-talk can also shape the field-scale patterns of herbivory across a native 

plant population. Studying the main herbivore of this native plant in detail revealed that, in 

contrast to many specialist herbivores, our focal species avoids plant defenses likely because it 
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does not possess a specialized means of avoiding their toxicity. Nonetheless, this species may 

depend on the very same defenses it avoids by being initially attracted to plants that produce 

them. This foraging strategy is unique among known specialists. Lastly, I moved beyond 

immune cross-talk to explore how co-occurring phyllosphere bacteria might directly impact one 

another through competition. In the lab, I found that different growth strategies underlie 

competitive ability for two major clades of bacteria within the genus Pseudomonas, and that 

toxin production and resistance may be important mediators of competition within the 

phyllosphere. However, competitively superior bacteria that produce toxins may indirectly 

facilitate the survival of inferior competitors through their being toxin resistant, which likely 

enhances co-existence of diverse bacteria in the phyllosphere. Together, this dissertation has 

revealed a variety of means by which co-infecting bacteria and insects might influence one 

another through plant defense cross-talk, as well as how the complex interplay of colonization 

and competition might affect the structure of leaf microbial communities in nature. 
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INTRODUCTION 

 

1.1 Dissertation overview 

The past decade has revealed the startling possibility that microbes living on or in us play a large 

role in shaping our behavior (Alcock et al. 2014), our health (Buffie et al. 2015), and our ability 

to find mates and reproduce (Sharon et al. 2010). The possibility of being ‘more microbe than 

man’ requires not just a psychological coming-to-terms; it also requires a general re-think of the 

importance of ecological interactions operating on small scales (e.g. inside your guts, or inside 

your food) for shaping the fitness of organisms—a role typically reserved for their genotype. But 

what if the microbes that chanced to colonize you early in life played a commensurate, or even 

larger, role in your eventual life than even your genes? This question is similarly begged of non-

human animals and plants (i.e. most of terrestrial biodiversity), which makes this conundrum one 

of the most open and compelling research topics in modern biology. 

 

My dissertation research has directly addressed this question by studying a classic ecological 

system of native plants, insects, and plant-infecting bacteria that interact in the wild. My work 

has strived to bring into focus the diverse ways that microbes shape the fate of the plants they 

infect by influencing the distribution and abundance of their insect herbivores. Specifically, I 

found that, in the wild, herbivory is naturally much higher in bacteria-infected leaves, in 

particular those with the common phytopathogen Pseudomonas syringae (Humphrey et al. 2014 

Appendix A). Taking these interactions into the lab, I showed that infecting plants with 

Pseudomonas spp. bacteria promote feeding by both adult and larval stages of a leaf-mining fly, 

Scaptomyza nigrita (Drosophlidae), on the host plant to which this insect is extremely 
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specialized, Cardamine cordifolia (Brassicaceae; bittercress). Bacterial infection may suppress 

anti-herbivore plant defenses as a by-product of the plant defending itself against microbial 

attack; in other words, the plant immune system’s difficulty with multitasking may underlie the 

indirect but pronounced effects that microbes have on insect herbivores. We refer to this 

apparent multitasking inefficiency as “cross-talk”, and discuss its ecological importance and 

evolutionary roots below (see section 1.2 Origins and implications of immune cross-talk). 

 

By studying this insect in detail, I have found that its natural inclination is to find, feed on, and 

lay eggs in plants with relatively lower herbivore defenses (Humphrey et al. submitted; 

Appendix B)—a savvy behavior for an insect with only a handful of millions of years of 

evolutionary history as an herbivore under its belt. In fact, co-infecting bacteria that suppress 

anti-herbivore defenses in plants may lower the bar for plant attack by insects: poorly defended 

plants may thus serve as “stepping-stones” toward further adaptation by herbivores. The wild 

plants I study expend a good deal of energy fighting off such herbivores, since insect herbivory 

constrains their fitness and also the habitats in which they can thrive. Thus, to the extent that they 

promote the fitness of the insects that constrain plant fitness, bacteria can act as inextricable third 

players that mediate the ecological and evolutionary outcomes of interactions between plants and 

insects. 

 

An ongoing project conducted in parallel to the work described above flips the prior question on 

its head: to what extent are microbes at the mercy of the chemical battles between plants and 

insects? Plants change after herbivore attack: their tissues become much more spicy (i.e. toxic), 

and such chemical changes can profoundly affect microbial by-standers. I have experimentally 
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found that triggering anti-herbivore defenses promotes the growth in leaves of some 

Pseudomonas bacteria while it suppresses others, barring any single genotype from a universal 

advantage across all plants (Humphrey et al. in preparation). Thus, insect herbivory may promote 

the maintenance of more bacterial diversity than would otherwise occur if all plants were the 

same. Tantalizingly, some of the strains most promoted by anti-herbivore defenses are similar to 

those very strains that promoted plant feeding by insects (Humphrey et al. 2014). What’s more, 

the herbivores may be capable of moving P. syringae bacteria from leaf to leaf on their bodies, 

creating a cycle that may further promote this potentially mutually beneficial arrangement 

between plant attackers (O'Connor et al. 2014). Ongoing work using a novel approach for high-

throughput bacterial barcode sequencing (Lundberg et al. 2013) will determine both the broad- 

and fine-scaled patterns of bacterial infection occurring in bittercress living in the wild that have 

had various plant defenses experimentally induced. Together, these projects will illuminate how 

the chemical defenses of plants can drive the assembly of bacterial communities in nature. 

 

My final chapter was motivated by the observation that several diverse Pseudomonas spp. strains 

can be cultured from the very same leaves sampled from the field and may be interacting 

directly; such direct interactions may be a major driver of bacterial community assembly 

operating in addition to plant-mediated effects described above. Competition—for resources and 

to kill or be killed by toxins—reigns as the major mode of interaction between bacteria within 

natural communities (Foster & Bell 2012; Cornforth & Foster 2013; Mitri & Richard Foster 

2013). A more general challenge in bacterial evolutionary ecology is to understand the life 

history traits that allow bacterial strains to achieve high levels of competitiveness. Trade-offs 

between distinct components of life history, such as growth rate versus growth efficiency, or 
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between the ability to produce or resist toxins versus growth rate, may constrain the evolution of 

competitiveness and allow for bacteria with diverse strategies to co-exist. We sought out to 

describe the life history variation present within a natural Pseudomonas spp. meta-community 

and link different growth strategies to measures of competitiveness in the lab (Humphrey et al. in 

preparation; Appendix C). We found that the two major clades of bacteria present in bittercress 

leaves (P. fluorescens and P. syringae) adopt distinct growth strategies that underlie their 

differences in competitiveness. None of the trade-offs expected from the literature were found; 

instead, we uncovered a novel trade-off in P. fluorescens that may constrain the joint expression 

of growth and competitiveness. 

 

Using our measurements of competitiveness, we were able to construct a network of interactions 

between all of the strains examined. Doing so revealed that, when you simulate communities of 

three strains coming together, many instances of facilitation can be observed: the enemy of one’s 

enemy may indeed be their friend. The many examples of this type of interaction may underlie 

the ability of Pseudomonas spp. strains with varying competitive abilities to co-exist within a 

leaf meta-community.  

 

Together, the work conducted in this dissertation has revealed several avenues through which 

bacteria and insects might influence one another indirectly through plant defenses and has 

established a precedent for immune cross-talk being involved in mediating parasite interactions 

in native plant populations. Along the way, we have discovered that S. nigrita exhibits a foraging 

ecology quite unique among specialists on mustard plants, in that its success may depend largely 

on striving to avoid relatively more toxic plants rather than avoiding toxicity altogether via 
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specialized metabolic means of detoxification. Finally, we have uncovered a role for direct and 

indirect toxin-mediated competition operating within phyllosphere Pseudomonas spp. 

communities. Quantifying the prevalence of competition of various types, as well as the links 

between bacterial life history and competitiveness, may allow us to better predict how such 

direct interactions shape the assembly of natural bacterial communities and constrain the 

evolution of bacterial life history more generally. 

 

1.2 Origins and implications of immune cross-talk 

Cross-talk describes the scenario when one signal changes the outcome of another signaling 

cascade, and in the context of inducible defenses, typically leads to suppression of the response 

that would otherwise occur. Such cross-talk between defense pathways arises from complex 

signaling interactions within plants (Koornneef & Pieterse 2008), and our knowledge of such 

signal interactions overwhelmingly derive from studies of crop or model plants such as 

Arabidopsis thaliana, Solanum spp., and Oryza spp.. The particular form of cross-talk under 

study in this dissertation is that which arises between pathways under the control of the 

hormones jasmonic acid (JA) and salicylic acid (SA). Both hormones play large roles in 

coordinating distinct processes in development as well as sexual reproductive maturity (Yan et 

al. 2007; Robson et al. 2010; Ballaré 2011; Rivas-San Vicente & Plasencia 2011), but play 

especially large roles in determining the strength of a plant’s chemical response to attack by 

herbivores and microbes (Jones & Dangl 2006; Browse 2009; Fu & Dong 2013). JA is a lipid-

derived hormone whose role in defense begins with the elicitation of stress response (Browse 

2009), and in mustard plants (such as bittercress) JA signaling can enhance the defense response 

to chewing herbivores and benefit plants in the process (Agrawal 1998). The particular pattern of 
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induction triggered by insect herbivores varies by herbivore taxon and feeding strategy (Ali & 

Agrawal 2012), and several additional hormones such as ethylene may play modulatory roles in 

shaping the downstream plant defensive phenotype (Groen & Whiteman 2014). But the 

elicitation of JA in plants generally causes a prolonged period of decreased sensitivity to other 

plant hormones, creating phenotypic inertia with pronounced ecological side effects (Stam et al. 

2013). The major chemical effects of SA induction stem from remodeling of the internal tissues 

of plants to make them more robust against infection, the priming of the hypersensitive response, 

and the activation of the expression of genes whose products have anti-microbial properties 

(Wildermuth et al. 2001; Jones & Dangl 2006; Clay et al. 2009). SA, by the same measure as JA, 

can have lasting impacts on plants and communities through potentiating (Traw et al. 2007; Fu & 

Dong 2013) defense against subsequent microbial attackers, or engendering susceptibility to 

future chewing herbivores (Stout et al. 1999; 2006; Thaler et al. 2010). 

 

The remaining details of SA–JA signaling interactions have been reviewed elsewhere (Thaler et 

al. 2012). The relevant context for this dissertation is not in the specifics, but the potential 

generality of this mechanism for underlying indirect effects of microbes and herbivores on one 

another. Evidence for cross-talk between SA and JA signaling has been found across a large suite 

of angiosperms, and at least one gymnosperm (Fig. 1; Thaler et al. 2012). Homologs of the genes 

that encode various factors involved in cross-talk, including transcriptional regulators that likely 

execute the switch between states that constitutes the phenotypic basis of SA–JA cross-talk, are 

present in single-celled green algal species (Thaler et al. 2012). This suggests the raw material 

for the genetic architecture of such cross-talk was present in the ancestor of green plants, 

indicating that the potential generality of this form of signaling cross-talk is vast. 
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But perhaps the best indication that cross-talk is both real and important for the evolution of 

plants and their colonizers is the discovery of several examples where cross-talk is exploited for 

the gain of the colonizer. The Colorado potato beetle locally suppresses JA-dependent defenses 

in its solanaceous host plants by orally secreting bacteria at the feeding interface (Chung et al. 

2013). Bacterial compounds such as membrane lipids and flagellin trigger SA-dependent 

defenses, which suppress the anti-herbivore response that would otherwise reduce the 

performance rate of these insects. A similarly duplicitous example heralds from the bacterial 

world, where some phytopathogenic strains of Pseudomonas syringae secrete the jasmonic acid 

mimicking compound coronatine, which indirectly suppresses anti-bacterial defenses through the 

triggering of JA (Cui et al. 2002; 2005; Groen et al. 2013). Such stunning examples of co-

options reveal that the evolutionary opportunity to exploit the peculiar wiring of plant defenses 

likely has existed for quite some time. 

 

But one potentially major caveat exists: the vast majority of taxa on which all of this support for 

SA–JA cross-talk is based are model or crop plant species. This means we currently have a poor 

basis for extrapolating the potential importance of defense cross-talk into natural systems, as 

cross-talk may be merely a side-effect of plant domestication or laboratory propagation. This 

dissertation aims in part to close this gap by directly testing for the occurrence and consequences 

of SA–JA cross-talk in a native mustard species. Because of its evolutionary proximity to the 

model mustard Arabidopsis thaliana, bittercress represents a potentially insightful native system 

in which to test the ecological relevance of various functional hypotheses deriving from the plant 

signaling literature. 
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One of the outcomes of Chapter 1 (Appendix A) was a field test of the SA–JA cross-talk 

hypothesis in bittercress, which revealed effects on foraging patterns of S. nigrita consistent with 

reciprocal suppression of SA and JA by pre-treatment with either hormone. Inducible defenses 

expressed in response to initial colonization events have been shown to have cascading effects on 

subsequent species interactions, both for the plant and its subsequent enemies (Poelman et al. 

2008; Zhu et al. 2014). Our result is a step towards understanding the general role of such plant-

mediated indirect effects in driving the assembly of consumer communities of native plants and 

herbivores. We have simultaneously amassed a dataset of bacterial colonization patterns in 

leaves following SA or JA treatment in the field, and will soon be able to ask whether such initial 

triggers cascade through the season to impact not only the richness of bacterial communities that 

colonize leaves, but the species identities as well (see Future directions, below). 
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Fig. 1. Evidence for SA–JA crosstalk has been 
found across diverse angiosperms and at least 
one gymnosperm, suggesting that the 
evolutionary origin of this form of defense 
phenotype maybe ancient. Most taxa for which 
evidence exists are crop or model plant species, 
underscoring the need for studies using native 
plant species and their natural colonizers. 
Bittercress is one such native plant and is 
closely related to the model Arabidopsis 
thaliana. Orthologs of Arabidopsis genes 
important in SA–JA antagonism are found in all 
available land plant genomes, suggesting that 
the last common ancestor of land plants likely 
produced SA and JA. Figure modified from 
Thaler et al. (2012). 
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An important question remains: what are the consequences of co-infection for plants themselves? 

Very few studies have tackled this question directly, and those that have show that a variety of 

outcomes are possible (Hauser et al. 2013; van Mölken et al. 2014): so-called synergistic effects 

arise when co-infection increases the costs experienced by plants to more than the expected sum 

of damage arising from each attacker independently. When co-infections are antagonistic, the 

damage experienced by the plant is less than this sum, which suggests that inducible defenses 

triggered by the first attacker actually reduce the impact of subsequent attack. Cross-talk might 

be adaptive if it limits damage more than it would otherwise be in some majority of cases. 

However, direct evidence of cross-talk being adaptive is lacking (Thaler et al. 2012), and 

theoretical explorations of the conditions that would give rise to the evolution of immune cross-

talk have not yet been conducted. One empirical challenge is separately measuring the costs to 

plants by co-infection given that it occurs from the estimation of how prior infection changes the 

probability of becoming co-infected in the first place. Many studies of single and co-infections 

focus on the former (Hauser et al. 2013; reviewed in van Mölken et al. 2014), while the latter 

type of effect is more relevant to the evolution of host traits as well as the epidemiology of the 

parasites in question. 

 

To the extent that co-infections results in synergistic (super-additive) negative effects on plant 

performance, plant genotypes that are better at immune multi-tasking, or plants that invest more 

in tolerating (rather than fighting) their dual infestations may be favored by natural selection. But 

perhaps these innovations come at the expense of other components of fitness, or can only 

become selected if co-infection is common enough, for long enough. Indeed, if the likelihood of 

multiple attacks in nature is a moving target, reaching an “optimum” immune strategy is a losing 
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prospect not just for plants, but also for all organisms that host a diversity of parasites. Instead, 

systems such as the one I have studied help to illuminate how adaptive compromises may be 

reached that satisfy all parties involved: the plants by perhaps reproducing earlier and earlier 

before the impacts of their major threats reduce reproductive output; the insects by occasionally 

co-opting microbes to suppress the defenses of their hosts instead of adapting to resist them 

directly; and the microbes whose infection in a leaf heralds the flying herbivores that will 

disperse them to new leaves, but whose colonization is sometimes prevented by the resident 

microbe better at holding ground. This entanglement between plants, herbivores, and bacteria 

necessarily unfolds over ecological and evolutionary time, and the potent combination of chance 

and necessity that gives rise to a diversity of outcomes may be the very thing that allows them all 

to persist. 

 

1.3 General implications 

Being ridden with diverse parasites appears to be a baseline condition for most groups of large-

bodied multicellular organisms. This is true of plants, as we saw above, but is no less true of 

animals including human and non-human mammals alike (Telfer et al. 2008; Nunn et al. 2011; 

Griffiths et al. 2014; Lutermann et al. 2015). Immune systems have evolved so that organisms 

can reduce exploitation by parasites; we fight back. But in so doing, even our own immune 

systems may create opportunities for subsequent co-infecting parasites to gain an edge. The 

immune system of several groups of animals, including mammals and perhaps even birds, 

exhibit evolutionarily independent immune cross-talk that can shape the outcome for individual 

hosts, as well as affect the epidemiology of their various parasites (Graham 2008; Jolles et al. 

2008; Ezenwa et al. 2010; Graham 2013; Nunn et al. 2014; Ezenwa & Jolles 2015). Thus, the 
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ecological and evolutionary implications of immune cross-talk discussed above are not restricted 

to plants and their diverse colonizers. I hope that among the consequences to arise from this 

dissertation is an increase in the attention paid to the commonalities between plant and animal-

based host–parasite systems, given that the evolutionary problem of dealing with multiple 

parasites appears to be a common theme among multi-cellular life. Immune systems and their 

signaling architecture that results in cross-talk may be a fruitful hub around which to organize 

systematic tests of the mechanisms responsible for indirect effects arising from co-infection 

across systems (e.g. Graham 2008 for mammals). Ultimately, seeking an understanding of how 

host traits and parasite traits combine to shape one another in naturally diverse communities 

requires such recognition as the quest for generality in ecology and evolutionary biology 

continues. Of course, such generalities must serve as hypothesis-testing frameworks, and we 

have yet to finish learning about novel mechanistic strategies that have emerged from within the 

tangled bank of species interactions. 

 

1.4 Future directions 

This dissertation has upturned several potentially fruitful avenues of future research. The first of 

these deals with trying to formulate evolutionary hypothesis regarding the origins of immune 

cross-talk and exploring the evolutionary and ecological regimes under which such a phenotypic 

trade-off is likely to arise (or not). Secondly, ongoing work conducted in parallel to the chapters 

presented herein is seeking a quantitative description of how plant defenses alters the co-

occurrence patterns within diverse phyllosphere bacterial as they assemble in native bittercress 

populations. Using high-throughput bacterial barcode sequencing in the context of experimental 

manipulations in the field and the greenhouse and with Arabidopsis thaliana mutants, this work 
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will build causative links between chemical phenotypes of plants and the dynamics of co-

colonization by phyllosphere bacteria and insects. Finally, several observations made during the 

experiments described in Chapter 3 (Appendix C) warrant future study, both in experimental and 

mathematical contexts. The details of these fruitful observations are detailed within that 

chapter’s Discussion section. 

 

1.5 Explanation of dissertation format 

This dissertation contains three papers, which are included as Appendices A–C. Appendix A has 

been published as a paper, Appendix B has been submitted for publication and is currently under 

review, and Appendix C is in preparation for submission. The format for Appendix A is how the 

article appeared in its final form in the journal, while the format for appendices B and C follow 

that of the journal to which they have been or will be submitted. 
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PRESENT STUDY 

 

The studies discussed in this dissertation are each presented in the form of manuscripts appended 

to this dissertation. The following is a summary of the most important findings from each. 

 

2.1 Diversity and abundance of phyllosphere bacteria are linked to insect herbivory 

In this chapter, we (1) systematically described patterns of co-infection between leaf-dwelling 

(phyllosphere) bacteria and specialist leaf-feeding herbivores on native bittercress, (2) tested 

whether plant defense signaling cross-talk between SA and JA could influence the field-scale 

foraging behavior on this plant by the native specialist herbivore S. nigrita, and (3) 

experimentally determined that S. nigrita herbivores can prefer feeding on bittercress plants 

previously infected by natural isolates of Pseudomonas spp. bacteria. This study showed that 

treating plants in the field with SA can increase herbivore damage, consistent with expectations 

of plant defense cross-talk wherein SA treatment indirectly suppresses JA-dependent (i.e. anti-

herbivore) defenses in a native, non-model plant. JA also appears to be an effective deterrent of 

foraging S. nigrita at small spatial scales under field conditions. This manipulative field 

experiment, conducted in 2012, set the stage for ongoing work described in section 1.4 above, 

which explores the effects of plant defenses on the assembly of bacterial communities within 

bittercress leaves. This chapter was published in 2014 in the journal Molecular Ecology, as part 

of a special issue on Nature’s Microbiome, which included several empirical and conceptual 

studies on how microbial associates of wild plants and animals may fundamentally affect their 

interactions their resources, competitors, predators, and parasites. 
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2.2 Plant secondary compounds are attractive, aversive, and defensive in the foraging ecology 

of a specialist herbivore. 

This study tested the hypothesis that the foraging ecology of S. nigrita is largely governed by 

sensitivities to the JA-dependent defenses of its host plants. The major class of chemicals 

produced by mustard plants, including bittercress, is the glucosinolates (GLS), which exert their 

toxic effect by breaking down upon tissue damage into highly electrophilic compounds called 

mustard oils. The ‘mustard oil bomb’ is avoided for most known mustard specialist herbivores 

by the diversion of GLS into non-toxic metabolites. But recent work in the Whiteman lab 

showed that S. nigrita do not possess a way to avert the breakdown of GLS into mustard oils in 

the plant tissues they consume: instead, these flies apparently use generalized metabolic 

pathways to attempt detoxification in the same way as do more generalized insect herbivores 

(including humans). S. nigrita thus represents a unique example of a super-specialist on a 

mustard plant that nonetheless does not posses a specialized means of mustard detoxification. 

This chapter is a test of the hypothesis that such a lack of specialized means of detoxification has 

resulted in behavioral avoidance of plants with relatively high levels of JA-dependent defenses, 

including GLS.  We found that S. nigrita does in fact induce GLS production in the plants they 

feed on and also avoid and are harmed by these compounds when feeding on them in the 

laboratory. Despite their avoidance of JA-treated bittercress, adult female flies nonetheless prefer 

feeding on model Arabidopsis thaliana plants that produced GLS compared to A. thalina that 

had their ability to produce GLS genetically knocked-out—even though larva put into GLS-

bearing A. thaliana developed more poorly than those put into GLS knock-out plants. GLS thus 

play contrasting roles as deterrents and as attractive host cues for S. nigrita, underscoring the 

diverse relationship a mustard specialist has with its host when lacking a specialized means of 
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mustard oil detoxification. This work is on the verge of being submitted to the journal 

Oecologia. 

 

2.3 Life history variation underlies competition and co-existence in a phyllosphere 

Pseudomonas spp. community 

What components of an organism’s biology make it competitive, and how does competition 

between species or genotypes impact the assembly of communities in nature? This study is an 

attempt to answer such a questions using 39 members of a diverse Pseudomonas spp. bacterial 

meta-community derived from bittercress leaves in the field. With these bacteria, we tested a 

variety of hypotheses derived from the literature regarding how various life history components 

should trade-off (including between maximum growth rate vs. efficiency, or between 

interference competition vs. growth rate). We conducted pairwise competition assays on agar 

plates so that we could relate the competitiveness of each bacterial strain to the life history 

characteristics of its growth (maximum growth rate, lag phase duration, maximum yield). This 

was done in order to try to understand what life history dimensions underlie competitive fitness, 

and whether trade-offs among them might constrain the expression or evolution of 

competitiveness in nature. We found that the two distinct clades of bacteria present within 

bittercress Pseudomonas spp. isolates display distinct patterns of life history variation, and that 

competitiveness related to different underlying life history traits for each clade. Specifically, a 

shorter lag phase correlated with competitiveness for P. fluorescens, despite such shorter lag 

phase negatively correlating with growth rate. This suggests that early colonization of space 

might be a competitive strategy in P. fluorescens balanced by a decrease in growth rate. P. 

syringae strains, on the other hand, competed with one another largely in the currency of growth 
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rate. These strains were nearly always invaded or excluded by P. fluorescens strains, suggesting 

an overall competitive inferiority of P. syringae strains. Nonetheless, when we examined 

whether computationally whether trios of strains would yield a hierarchical or non-hierarchical 

competitive balance of interactions among strains, we found that many P. fluorescens strains can 

produce toxins that inhibit superior competitors but to which inferior competitors are resistant. 

Thus, variation in life history, and thus exploitative and interference abilities, potentially 

stabilizes the co-existence of strains that might otherwise competitively exclude one another in 

isolation due to the fitness-equalizing force of toxin-mediated facilitation. Phyllosphere bacterial 

communities may thus assemble in part through direct bacterial interactions on the basis of the 

joint expression of traits related to resource competition and interference competition. 
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Diversity and abundance of phyllosphere bacteria are
linked to insect herbivory

PARRIS T. HUMPHREY, TRANG T. NGUYEN, MARTHA M. VILLALOBOS and

NOAH K. WHITEMAN

Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721, USA

Abstract

Simultaneous or sequential attack by herbivores and microbes is common in plants.

Many seed plants exhibit a defence trade-off against chewing herbivorous insects and

leaf-colonizing (‘phyllosphere’) bacteria, which arises from cross-talk between the phy-

tohormones jasmonic acid (JA, induced by many herbivores) and salicylic acid (SA,

induced by many bacteria). This cross-talk may promote reciprocal susceptibility in

plants between phyllosphere bacteria and insect herbivores. In a population of native

bittercress (Cardamine cordifolia, Brassicaceae), we tested whether simulating prior

damage with JA or SA treatment induced resistance or susceptibility (respectively) to

chewing herbivores. In parallel, we conducted culture-dependent surveys of phyllo-

sphere bacteria to test the hypothesis that damage by chewing herbivores correlates

positively with bacterial abundance in leaves. Finally, we tested whether bacterial

infection induced susceptibility to herbivory by a major chewing herbivore of bitter-

cress, Scaptomyza nigrita (Drosophilidae). Overall, our results suggest that reciprocal

susceptibility to herbivory and microbial attack occurs in bittercress. We found that JA

treatment reduced and SA treatment increased S. nigrita herbivory in bittercress in the

field. Bacterial abundance was higher in herbivore-damaged vs. undamaged leaves

(especially Pseudomonas syringae). However, Pedobacter spp. and Pseudomonas fluores-
cens infections were negatively associated with herbivory. Experimental Pseudomonas
spp. infections increased S. nigrita herbivory in bittercress. Thus, plant defence signal-

ling trade-offs can have important ecological consequences in nature that may be

reflected in a positive correlation between herbivory and phyllosphere bacterial abun-

dance and diversity. Importantly, the strength and direction of this association varies

within and among prevalent bacterial groups.

Keywords: coinfection, endophyte, herbivore, inducible defences, microbiome, Pseudomonas,

specialist, trade-off

Received 10 May 2013; revision received 25 December 2013; accepted 31 December 2013

Introduction

Attack by micro-organisms and herbivores influences

the ecology, distribution and trait evolution of plants

(Louda & Rodman 1996; Bergelson et al. 2001; Dodds

et al. 2006; Agrawal et al. 2012; Z€ust et al. 2012). The

simultaneous or sequential colonization of plants by

micro-organisms (microbes) and herbivores is likely the

norm within plant communities. Plant defences induced

by one attacker, such as a pathogenic bacterium, can

indirectly impact the outcome of attack by other species

(Stout et al. 2006). Such plant-mediated interactions

between herbivores and microbial colonizers can have

major implications for plant, microbial and herbivore

population dynamics and the structure of the ecological

communities of which they are part (Tack & Dicke

2013). Although the importance of indirect effects

within multispecies assemblages is generally well sup-

ported (Wootton 1994), biologists have only recently

investigated the mechanisms underlying such cross-

kingdom interactions in plants and their ecological con-

sequences (Hatcher et al. 2004). Identifying mechanisms
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in the field remains a key challenge, but will help deter-

mine whether it is possible to predict the outcome of

ecological interactions between plants and their diverse

colonizers.

The best-studied interactions between herbivores and

microbial plant colonizers involve leaf-associated fungi.

Fungi living within leaves (endophytes) can be involved

in defensive mutualisms with plants by deterring both

mammalian and insect herbivory (Rudgers & Clay 2008;

Crawford et al. 2010), and these impacts can alter plant

community structure and indirectly increase herbivory

on nearby endophyte-free plant species (Clay et al.

2005; Rudgers et al. 2007). A powdery mildew pathogen

of oak tree leaves alters the attack patterns of an entire

guild of oak herbivores by deterring herbivory on

infected leaves and plants, as well as altering insect per-

formance on infected leaves (Tack et al. 2012). These

studies highlight the roles that individual fungal taxa

play as potential keystone species within diverse eco-

logical communities (Paine 1969; Tack & Dicke 2013).

Plant-associated bacterial communities are known to

be both diverse and abundant, and understanding their

relationship to insect herbivores needs further study.

Bacteria that colonize above-ground plant tissues [the

‘phyllosphere’, coined by Ruinen (1956)] can be as

abundant as 106–107 bacterial cells/cm2 leaf area (Lin-

dow & Brandl 2003) – including epiphytic (living upon

leaves) and endophytic (living within leaves) phyllo-

sphere compartments. Although many cultivated and

laboratory model plant species exhibit overlapping

phyllosphere bacterial communities (Vorholt 2012;

Bodenhausen et al. 2013; Bulgarelli et al. 2013), it is the

variation among individuals within and between plant

species that probably contributes to the diverse out-

comes of interactions among plants, microbes and her-

bivores (Biere & Tack 2013). Explicitly addressing the

causes and consequences of variation in phyllosphere

bacterial composition will help reveal their functions

and the contexts in which they impact other species in

natural communities (Friesen et al. 2011).

A potentially fruitful way to formulate hypotheses

regarding the outcome of multispecies interactions with

plants is to examine how each species modulates canon-

ical plant defence pathways to influence secondary or

simultaneous colonization by other species. Plants have

robust defence systems against diverse micro-organisms

and insect herbivores, and these systems interact. The

architecture of plant defence signalling provides several

avenues through which herbivores and phyllosphere

bacteria might influence one another locally (in the

same leaf) or systemically (in distal leaves). Chewing

herbivores (and many fungi whose nutrition is derived

from dead plant cells, ‘necrotrophs’) typically induce

production of the phytohormone jasmonic acid (JA) in

plants, which elicits downstream defences that are toxic

to many herbivores. In contrast, bacterial colonizers that

require living plant tissue for growth (‘biotrophs’ and

‘hemi-biotrophs’) often induce production of the phyto-

hormone salicylic acid (SA) in plants, which results in

the production of antimicrobial compounds (Jones &

Dangl 2006). Although the interplay between these

pathways and many other hormonal pathways induced

by attackers (e.g. ethylene, auxin) is complex, SA induc-

tion tends to suppress JA-dependent defences, and vice

versa (Koornneef & Pieterse 2008; Pieterse et al. 2009).

This reciprocal antagonism in two canonical plant

defence signalling pathways was probably present in

the ancestor of flowering plants (Thaler et al. 2012), sug-

gesting that it may be a general mechanism by which

phyllosphere bacteria indirectly influence the ecology

and evolution of insect herbivores, and vice versa.

The type of defence response triggered in plants can-

not always be predicted based on the taxonomy or

putative life history of plant colonizers (de Vos et al.

2005, 2007; Ali & Agrawal 2012). Some herbivores can

subvert JA-dependent plant defences by introducing

bacteria that locally elicit SA into leaf tissues through

oral secretions (Chung et al. 2013). Other herbivores use

SA-eliciting factors associated with eggs or oviposition

fluid to take advantage of SA–JA cross-talk (Bruessow

et al. 2010). Many strains of the bacterial pathogen Pseu-

domonas syringae also suppress SA-dependent defences

by secreting the JA-mimicking phytotoxin coronatine

during leaf infection. Coronatine antagonizes the SA

signalling pathway and induces systemic resistance to

herbivores through the JA signalling pathway, and

P. syringae lacking coronatine can induce susceptibility

to herbivores via a canonical SA-dependent response

(Cui et al. 2005; Groen et al. 2013). These examples of

herbivores and bacteria subverting plant defences lend

support to an underlying SA–JA antagonism; however,

predicting how bacterial infection or herbivory will

impact subsequent plant colonizers depends on whether

an insect or bacterium is actively subverting plant

defences or passively inducing a defence response in

the plant.

The role of cross-talk between plant defence signal-

ling pathways in mediating multispecies interactions in

the field remains poorly tested, and the majority of

plant species for which there is evidence of SA–JA reci-

procal antagonism are crop or genetic model plant spe-

cies (Thaler et al. 2012). Field experiments in which SA

was exogenously applied to Arabidopsis thaliana leaves

showed that SA induced resistance against infection by

phyllosphere bacteria (Kniskern et al. 2007; Traw et al.

2007), but found a weak role for SA–JA reciprocal

antagonism in shaping bacterial diversity. We know of

only one observational study that examined the

© 2014 John Wiley & Sons Ltd
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relationship between phyllosphere bacterial communi-

ties and damage by chewing herbivores in native plant

species (Muller et al. 2003). These authors found that

some lineages of Pseudomonas spp. were more abundant

in leaves of trees damaged by lepidopteran larvae rela-

tive to undamaged leaves, consistent with – though not

necessarily indicative of – induced plant susceptibility

between insects and bacteria. In general, the ecological

relevance of SA–JA reciprocal antagonism and other

signalling cross-talk to plant–bacteria–insect interactions

must be tested in systems with species that naturally

interact under field conditions.

The goal of this study was to examine the intersection

of plant–phyllosphere and plant–herbivore interactions

in the context of plant defences in a native system. We

tested whether SA–JA reciprocal antagonism impacts

colonization patterns of a specialist chewing herbivore,

Scaptomyza nigrita (Drosophilidae), in a wild population

of its sole plant host, Cardamine cordifolia (Brassicaceae,

‘bittercress’). In parallel, we tested whether the abun-

dance and distribution of culturable endophytic bacteria

was positively correlated with herbivore damage by

S. nigrita and co-occurring leaf beetles (Phaedon sp.,

Chrysomelidae) across the same native bittercress popu-

lation. These herbivores reduce bittercress fitness in the

field (Louda 1984; Collinge & Louda 1989) and have

been well studied in the context of pairwise interactions

with their host. To test the generality of bacteria–herbi-

vore reciprocal susceptibility in bittercress, we exam-

ined whether different bacterial operational taxonomic

units (OTUs, defined by 97% 16S rRNA identity), or dif-

ferent lineages within the genus Pseudomonas, varied in

the extent or direction of the correlation with herbivory.

Our experimental and observational studies in the field

were complemented with infection studies utilizing

Pseudomonas spp. isolates from native bittercress to

directly examine the impact of infection on host choice

by adult and larval S. nigrita in the laboratory. Overall,

our study reveals the potential for widely conserved

defence signalling cross-talk phenotypes to mediate

cross-kingdom ecological interactions. We found an

overall positive association between phyllosphere bacte-

ria and chewing herbivore damage in nature, but high-

light the variable degree to which particular bacterial

lineages may be implicated in plant–herbivore interac-

tions in nature.

Materials and methods

Experimental hormone treatments in the field

This study was conducted near the Rocky Mountain

Biological Laboratory (RMBL) in Gothic, Colorado,

USA, in 2012. Bittercress is a self-compatible out-crosser

that also reproduces asexually via rhizomes, and our

plots consisted of similarly sized clusters of bolting bit-

tercress stems. Descending from the outflow of Emerald

Lake (Fig. 1A; N: 39.00743362, W: 107.0402493, 3182 m

elevation), we marked 36 natural patches of bittercress

(plots) along a 100-m transect. Plots were divided into

two 0.5 9 0.5 m subplots, separated by a 0.25-m buffer

zone along the middle of the plot (experimental design

is depicted in Fig. S1, Supporting information). Plots

were randomized to one of the following treatments:

1 mM JA (in 0.42% methanol hormone solvent), 1 mM

SA (in 0.42% methanol hormone solvent) or mock (ster-

ile water + 0.42% methanol hormone solvent). Each

treated subplot was paired with a mock-treated subplot

(E)

(G)

(B)

(D)

(F)

(A) (C) Fig. 1 Overview of study organisms and

types of leaf damage. (A) Subalpine

study population of bittercress near the

Rocky Mountain Biological Laboratory

from which the leaves in this study were

sampled (near outflow of Emerald Lake,

elevation 3182 m). (B) Scaptomyza nigrita

adult female. (C) S. nigrita larva mining

bittercress leaf (white arrow indicates

larva). (D) Phaedon sp. chrysomelid (leaf)

beetle (Phaedon aeuruginosa depicted; pho-

tograph by Sandy Rae). (E) Phaedon sp.

damage (black arrows indicate removed

leaf area). (F) Bittercress inflorescence.

(G) Chlorosis in a bittercress leaf (arrow

indicates border between chlorotic and

nonchlorotic leaf tissue).
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to test whether hormone treatment impacted herbivory

on neighbouring mock-treated plants (associational

effects). Plots were treated on 6 July 2012 when adult

Scaptomyza nigrita (Fig. 1B) were actively foraging and

mating, and no larval mines (Fig. 1C) had yet appeared

on the leaves. Using spray bottles, plants within each

subplot were sprayed until leaves were wet with the

specified treatment solution. Care was taken to treat

only the plants within 0.5 9 0.5 m subplots, leaving the

0.25-m buffer zone between the subplots untreated

(Fig. S1, Supporting information). Upon returning to

the plots on 8–11 August 2012, 16 focal stems in each

subplot were systematically selected by being closest to

the centre of each subplot (Fig. S1, Supporting informa-

tion). We counted the number of S. nigrita larval mines

per plant and then used generalized linear mixed mod-

els (GLMMs) for each treatment type separately (JA,

SA, Mock) to study the impact of treatment on S. nigrita

herbivory. S. nigrita is the only leaf miner species

reported to attack Cardamine cordifolia near the RMBL

(Collinge & Louda 1988, 1989; Louda & Rodman 1996).

Using GLMMs with negative binomial errors corrected

for overdispersion, we modelled S. nigrita larval mine

abundance as a function of treatment, stem height and

number of leaves per stem as fixed effects and plot

number as a random effect with package GLMMADMB

(Skaug et al. 2011) in R (R Core Team 2013).

Culture-dependent analysis of bacterial endophytes

We conducted a culture-based survey of endophytic

bacteria in bittercress on the same plots as the hormone

treatment experiments. On 3 August 2012, we randomly

sampled a single leaf from among the leaves on each

focal bittercress stem. Focal stems were arbitrarily but

systematically chosen as those closest to the centre of

the untreated zone between subplots in each of the 36

experimental plots used above, including seven addi-

tional plots to increase sample size (43 plots in total,

one leaf per plot). For each focal stem, we measured the

stem height (cm), number of leaves, reproductive status

and the number of S. nigrita leaf mines on the plant.

Leaves were removed mid-petiole with scissors and

stored in plastic bags at 4 °C prior to culturing (≤24 h).

Leaves were photographed using a digital camera (Le-

ica), and leaf area and area of leaf damage were quanti-

fied using IMAGEJ (Abr�amoff et al. 2004).

At the RMBL, we used an ethanol- and flame-steril-

ized cork borer to remove a 0.70 cm2 leaf disc from the

centre of each sampled leaf. In an attempt to remove

epiphytic bacteria from leaf surfaces, each leaf disc was

individually immersed and agitated in 70% ethanol for

30 s, rinsed 39 in sterile dH2O and air-dried on a fresh

KimWipe. To isolate endophytic bacteria, in sterile 2.0-

mL tubes, we homogenized leaf discs in 250 lL 10 mM

MgSO4 for 90 s at 50 Hz using sterile stainless steel

balls (5 mm) with a QIAGEN TissueLyser. Replicate

40-lL samples of each of three serial dilutions (lower

detection limit of 100 cells/cm2 leaf) for every leaf

homogenate were spotted onto King’s B plates and

allowed to air-dry face up. King’s B is a semi-selective

rich bacterial growth medium containing glycerol as an

abundant carbon source (15 mg/mL). King’s B has been

used to recover diverse bacterial communities from the

Arabidopsis thaliana phyllosphere (Kniskern et al. 2007;

Traw et al. 2007). Although all culture-dependent and

culture-independent methodologies are biased, the use

of King’s B media to quantify bacterial phyllosphere

abundance and diversity closely matched results from

culture-independent methods targeting bacterial 16S

rRNA (Bodenhausen et al. 2013). Plates were subse-

quently incubated face down for 5 days under ambient

temperature (20–26 °C) and light conditions in the labo-

ratory at the RMBL.

After 5 days of growth, colony counts were averaged

across the two replicate spots of the dilution in which

each morphotype appeared (Kniskern et al. 2007; Traw

et al. 2007). Each morphotype was delimited based on

relative size, hue, opacity, surface type, margin type,

three-dimensional morphology and the production of

fluorescent siderophores and exopolysaccharide secre-

tions (Table S1, Supporting information). Total colony-

forming units (CFU) per cm2 of leaf area sampled were

calculated by dividing the averaged colony count per

morphotype by the area of the leaf disc, the fractional

volume of leaf homogenate that was plated and the

dilution factor of the spot in which the morphotype

abundance was determined. To isolate pure cultures,

one colony from each unique morphotype isolated per

leaf sample was restreaked onto a fresh King’s B plate

and incubated until single colonies appeared. Liquid

pure cultures of each isolate were grown overnight in

King’s B and preserved under liquid nitrogen vapour in

10 mM MgSO4 + 30% glycerol.

Bacterial genotyping

We used the QIAGEN Blood/Tissue DNA extraction kit

supplemented with Ready-Lyse (Epibio) for DNA extrac-

tion from bacterial pellets of pure liquid cultures of each

isolate. Polymerase chain reaction (PCR) using Taq poly-

merase (Sigma) and FailSafe Premix E (Epicentre) was

performed on genomic DNA from each pure culture

using 16S rRNA primers 799f/1492r (Chelius & Triplett

2001; 0.75 lM final concentration) in a total reaction vol-

ume of 30 lL. We conducted amplification for 35 cycles

using 30 s for annealing at 56 °C and 45 s for extension

at 72 °C. Agarose (1%) gel electrophoresis was used to
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confirm amplification, and PCR products were cleaned

using Exo-Sap (Affymetrix) prior to bidirectional Sanger

sequencing at the University of Arizona Genomics Core.

Chromatographs were manually inspected for quality,

and sequences were aligned using MAFFT v.7 (Katoh &

Standley 2013). Using MOTHUR (Schloss et al. 2009), we

generated OTU clusters based on 97% 16S sequence iden-

tity. A representative sequence was randomly selected

from each 97% OTU and was classified to genus using

the Ribosomal Database Project Classifier (Wang et al.

2007). A phylogeny of 16S rRNA sequences was esti-

mated using RAXML v.7.4.2 implemented in RAXMLGUI v.1.3

(Silvestro & Michalak 2012) using a GTR + GAMMA

model of sequence evolution, and nodal support was

evaluated using 1000 bootstrap replicates. Extrapolated

OTU and morphotype richness estimates (Chao1 and

ACE) were generated from OTU and morphotype rare-

faction curves produced using the VEGAN package v.2.0-4

(Oksanen et al. 2013) in R.

We isolated and performed 16S sequencing on a sub-

set of the most abundant morphotypes that were well

represented within the culture collection. The remaining

observations of these common morphotypes were not

isolated or sequenced but were instead statistically

assigned back to 16S rRNA OTU. This was done by cal-

culating the Bayesian posterior probability that each of

these morphotypes was diagnostic of a given OTU. This

Bayesian approach is analogous to developing an

empirical taxonomic key to assign specimens to the ref-

erence taxon to which they best match based on their

diagnostic morphological features. We calculated the

binomial probability of observing zero ‘mismatches’

between a morphotype and OTU out of a total of 160

samples by calculating the binomial:

PrðdatajxiÞ ¼ ð1� xiÞ160

where x is a uniform prior between 0 and 1. In this

case, the prior is an unknown parameter that describes

the ‘true’ probability that an isolate fails to match the

OTU despite having the ‘correct’ morphotype, or that it

does match the OTU but has a different morphotype.

Data is 160 observations in which an event of the type

described above is never seen. Using MATHEMATICA

(v.9.0.0), we calculated the posterior distribution by

integrating the prior between 0 and the maximum value

of the prior that gave a cumulative posterior of 0.95.

Thus, a critical value of the prior was derived, below

which isolates with diagnostic morphotypes were

assigned to the OTU to which the morphotype statisti-

cally matched with a probability >0.95. All other iso-

lates that were not sequenced (because they could not

be maintained in pure culture) were discarded from

analyses requiring OTU designations.

Bacterial diversity and abundance analyses

We performed all of the following diversity and abun-

dance analyses using bacterial sample sets developed

from the 43 leaves that included all isolates (n = 199),

only those isolates with 16S sequences (n = 160) and

only those isolates with morphotypes that fell within a

single 16S OTU (n = 125). The purpose of this analysis

was to separately examine the robustness of our find-

ings to (i) the statistical OTU assignment technique

described above and (ii) the procedure for assigning all

colonies of a given morphotype recovered from a leaf

to a single OTU when that morphotype is seen across

multiple OTUs.

To examine how leaf damage shaped patterns of

phyllosphere bacterial diversity, we conducted permu-

tation analysis of variance (perMANOVA) on Bray–Curtis

dissimilarities of phyllosphere bacterial communities

from the sample of 43 leaves using the adonis function

of package VEGAN. Bray–Curtis dissimilarities were cal-

culated using absolute bacterial abundance for each

97% 16S OTU in each leaf using VEGAN. perMANOVA

partitions variance explained by measured factors and

unmeasured error and tests whether factors explain

more variance than expected by chance. P-values from

perMANOVA are derived from pseudo-F ratios based on

the squared deviations from centroids defined by fac-

tor levels in the analysis as compared to a null distri-

bution created by permutation (n = 5000) of distances

among factor levels. Bray–Curtis dissimilarities were

visualized with a dendrogram constructed using UPGMA

clustering and with nonmetric multidimensional scal-

ing (NMDS) calculated using the function metaMDS in

VEGAN.

To evaluate statistical correlations between abun-

dance of 97% 16S OTUs across leaves, we calculated

pairwise Spearman rank correlation coefficients and

examined the statistical significance on the basis of

1000 permutations of the OTU abundance matrix

using the function corr.test in R package PSYCH (Revelle

2012) implementing a Benjamani–Hochberg false dis-

covery rate (FDR). We used the Mantel test imple-

mented in package ADE4 (Dray & Dufour 2007) to

examine spatial autocorrelation between sites by com-

paring Bray–Curtis dissimilarities calculated from the

full data set (n = 199 samples) with pairwise geo-

graphic distances (m) obtained from GPS points from

the centre of each plot.

Using multiple linear regression analysis, we mod-

elled how leaf damage by herbivores affected (i) total

leaf bacterial abundance and (ii) the abundance of bac-

teria in each of the most common bacterial OTUs indi-

vidually. We started with a saturated model that

included percentage (%) leaf area mined, percentage
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leaf area putatively damaged by leaf beetles that leave a

characteristic type of damage on leaves (Louda 1984),

percentage leaf area with chlorosis (yellowing of tissues

typically associated with plant disease and diminished

photosynthetic function), leaf area, stem height, leaf

position and number of leaves on the stem. Model

reduction was conducted by sequentially eliminating

factors with the lowest partial F statistic. We selected

the best models on the basis of the lowest Schwartz (i.e.

Bayes) Information Criterion (Quinn & Keough 2002).

In addition, we compared infection intensity (abun-

dance given detection in a sample) between damaged

and undamaged leaves for each prevalent OTU sepa-

rately and included leaf area, stem height and leaf posi-

tion along stem as factors in type III sum-of-squares

ANOVAs in R.

Analysis of Pseudomonas spp. community
composition

To gain a more refined perspective on the evolutionary

relationships between Pseudomonas spp. isolates identi-

fied via the 16S rRNA culture-dependent survey of the

bittercress phyllosphere bacterial community, we

sequenced four additional housekeeping loci – rpoD,

gap-1, gyrB and gltA (also known as cts). These loci are

used for multilocus sequence typing (MLST) of Pseudo-

monas syringae and other plant-associated bacteria

(http://genome.ppws.vt.edu/cgi-bin/MLST/docs/MLS

TMLSA.pl; Sarkar & Guttman 2004). We used primer

sequences and amplification conditions for gltA and

gap-1 from Hwang et al. (2005), and rpoD and gyrB

primers and amplification conditions from Yamamoto

et al. (2000). MLST amplicons were purified, bidirection-

ally sequenced, aligned and analysed as mentioned

earlier for 16S rRNA amplicons. Phylogenetic inference

was carried out on the concatenated four-gene parti-

tioned nucleotide alignment (2906 bp) and homologous

DNA sequences from publically available complete or

draft genomes within the P. syringae and Pseudomonas

fluorescens groups using RAXML to provide a phylogenetic

backbone to which our isolates could be compared

(P. stutzeri and P. putida were used as outgroups).

We calculated weighted Unifrac distances among all

pairs of leaf samples from which Pseudomonas spp. iso-

lates were recovered using fastUnifrac (Hamady et al.

2010). Unifrac distance measures the amount of phylo-

genetic branch length shared between each pair of

samples (i.e. leaves). Using perMANOVA, we tested

whether sequences from leaf samples with and with-

out leaf damage were significantly more similar in

Unifrac distance than a null distribution created by

permuting damage factor levels among samples

(10 000 permutations). To test whether Pseudomonas

spp. isolates from our study that were nested within

the P. syringae and P. fluorescens groups differed in the

probability of being found in a damaged vs.

undamaged bittercress leaf, we used a log-likelihood

ratio test (G-test of independence) implemented in R.

Tests for differences in infection intensity between

damaged and undamaged leaves for clades within the

genus Pseudomonas were conducted as mentioned ear-

lier using ANOVA.

Experimental infections: impacts on plants

For the following experiments, we used three strains of

Pseudomonas spp. previously isolated from bittercress

collected within 1 km of the RMBL in 2011: P. syringae

RM012, P. fluorescens RM008 and P. viridiflava RM018.

Strains were isolated from chlorotic bittercress leaves by

dilution plating and were regrown at the RMBL to mid-

log phase in liquid King’s B medium (28 °C) prior to

infiltrations.

In 2011, we examined variation between these Pseudo-

monas spp. isolates in their in ability to grow in bitter-

cress leaves following experimental infection. We

infected three leaves on each bittercress stem collected

and held in pots in the laboratory at RMBL using a

2:3:1 soil/vermiculite/sand mixture. Plants were

watered daily and held under fluorescent lights (30 W

bulbs; photosynthetically active radiation ranged from

25–60 lmol photons/m2/s) for 1 week prior to experi-

mentation. Three leaves per stem were inoculated using

300 lL bacterial suspension (105 CFU/mL in 10 mM

MgSO4) or a sterile buffer control using 1.0 mL sterile

blunt-end syringes into leaves through stomata on the

abaxial leaf surface, following Cui et al. (2005). After

3 days, infiltrated leaves were removed at the petiole

using scissors. Leaf discs were taken from infiltrated

leaves and sterilized as mentioned earlier and manually

homogenized in 300 lL 10 mM MgSO4. Serial dilutions

were plated onto King’s B medium, and CFUs were

counted 2 days later.

In a separate experiment in 2012, we examined the

impact of Pseudomonas spp. infection on a measure of

leaf function (chlorophyll concentration) under field

conditions. Stems of bolting bittercress along a 40-m

transect along Copper Creek (N: 38.960543017, W:

106.973543948, 3010 m elevation) near the RMBL were

randomly assigned to be infiltrated with 300 lL of

one of the three Pseudomonas spp. strains used above

(at the same concentrations as above), or a sterile

buffer control solution (four leaves on each of

twelve stems per treatment). Chlorophyll concentra-

tion was monitored in each infected leaf by reflec-

tance prior to treatment and 4 days post-inoculation

using a SPAD meter (SPAD-502; Konica, Minolta,
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Japan). Values for both time points were averaged

across three readings.

Experimental infections: host choice experiments

Host choice assays were conducted to evaluate the

impacts of Pseudomonas spp. infection in bittercress on

S. nigrita feeding behaviour. In 2011, we transplanted

field-collected bittercress stems into the laboratory and

reared them as mentioned earlier. Two lower leaves on

each stem were infiltrated with 200 lL mid-log phase

P. syringae RM012 or P. fluorescens RM008 suspension

(105 CFU/mL in 10 mM MgSO4) or a mock control solu-

tion (sterile 10 mM MgSO4) using sterile blunt-end

1.0 mL syringes. After recording prior herbivory, we

placed four bittercress stems – two infected stems and

two mock-treated stems – into 30 cm3 mesh cages

(www.livemonarch.com) held under fluorescent lights,

as mentioned earlier. We released four field-collected

adult female S. nigrita flies into each cage. After 24 h,

we removed plants and counted feeding punctures

(‘stipples’) in each leaf of each stem (adult females cre-

ate feeding punctures with ovipositors and drink leaf

exudates from these wounds). This was replicated four

times for each of two sets of trials involving each bacte-

rial strain. S. nigrita choice was assessed by subtracting

prior stipple number from final stipples and by compar-

ing infected vs. mock-infected leaves using ANOVA in R.

We did not include cage or stem as grouping factors

due to low statistical power.

For S. nigrita larval choice experiments conducted in

2012, we created larval choice arenas in 1-cm-thick 1.5%

Phytagel in 100-mm-diameter petri dishes (VWR). Bitter-

cress leaves that were infected or mock-treated as part of

the 40-m transect above (see Experimental infections:

impacts on plants section) were removed from stems at

6 days post-treatment and randomized to the left or right

side of a Phytagel-filled petri dish. Petioles were inserted

into the gel, and single field-collected S. nigrita larvae

were placed into the centre of each petri dish and

allowed to forage for 24 h under ambient light in the lab-

oratory at RMBL. The leaf in which a larva formed a mine

was scored as the preferred leaf. Because S. nigrita larvae

routinely move among bittercress leaves on the same

stem (but not between stems), this assay is likely to be a

biologically meaningful way of assaying larval feeding

preferences. We repeated independent trials with new

leaves and new larvae 13 times for P. fluorescens RM008,

10 times for P. viridiflava RM018 and 13 times for P. syrin-

gae RM012. Larval choice was statistically assessed using

exact binomial tests with a 50:50 expectation. Leaves did

not systematically differ in area or leaf position along the

stem from which they were removed because treatments

in the field were randomized among leaves.

Results

Inducible defences and patterns of herbivory by
Scaptomyza nigrita in the field

Treatment of bittercress plants with 1 mM JA reduced

leaf miner damage (GLMM, z = �3.46, P = 0.0005),

while treatment with 1 mM SA increased leaf miner

damage (z = 4.52, P < 0.0001) relative to paired mock-

treated plants (Fig. 2). Bittercress plots where both

halves (subplots) were mock-treated exhibited indistin-

guishable levels of herbivory (Fig. 2). Across all plots,

number of leaves on stem was a significant predictor of

number of mines per stem (2.32 ≤ z ≤ 5.56,

0.0001 ≤ P ≤ 0.023 for the three models). When only

mock-treated subplots were compared across the three

plot types, herbivore damage on untreated plants

increased when neighbours were treated with JA

(z = 2.31, P = 0.021).

Natural patterns of herbivore damage in bittercress

Among the 43 leaves randomly sampled for bacterial

culturing, 13 were damaged by S. nigrita leaf miners, 12

were damaged by Phaedon sp. leaf beetles, 3 were dam-

aged by both herbivores and 15 were undamaged.

Damage by S. nigrita and Phaedon sp. was not

correlated (Fisher’s exact test, P = 0.73). Ten

herbivore-damaged leaves exhibited leaf yellowing con-

sistent with chlorosis. All chlorotic leaves were also

damaged by herbivores [Fisher’s exact test P = 0.0005,

odds ratio = ∞ (3.1–∞ 95% CI)], but chlorosis was more

strongly associated with leaf miner damage [P = 0.004,

Fig. 2 Plant defence hormone treatments impact Scaptomyza

nigrita herbivory on bittercress in the field. ‘Plot type’ indicates

the experimental condition applied to ‘treatment’ subplots. Plot

layout and experimental design illustrated in Fig. S1 (Support-

ing information). **P < 0.01, GLMMs (see Materials and

methods).
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odds ratio = 9.75 (1.66–76.6 95% CI)] than with leaf bee-

tle damage [P = 0.11, odds ratio = 3.58 (0.63–21.08 95%

CI)]. Among damaged leaves, total area damaged (leaf

area mined + leaf area beetle damaged + leaf area chlo-

rotic) ranged from 0.4 to 97.5%, with a mean of 12.4%.

Endophytic bacterial diversity in bittercress

We counted 2941 colonies across our plates and isolated

a representative colony from each distinct colony type

from each plate (n = 210 representatives). Across all the

plates, these types grouped into 44 nonredundant mor-

photypes on the basis of eight morphological traits

(Table S2, Supporting information). We sequenced rep-

resentative isolates from each morphotype, yielding a

total of 160 16S sequences (Table S4, Supporting infor-

mation). These 160 sequences collapsed into 18 OTUs at

the 97% identity level, representing five bacterial phyla

(Fig. S2, Supporting information). Rarefaction analysis

revealed that 18 OTUs represent between 69 and 83% of

the extrapolated species richness from the OTU accu-

mulation curve based on Chao1 and ACE estimates

(Fig. S3, Table S3, Supporting information).

Several OTUs contained multiple morphotypes, and

some morphotypes were present across multiple OTUs.

Morphotype presence/absence across all OTUs, as well

as those assigned and excluded from the study, can be

found in Table S4 (Supporting information). Thirty-nine

remaining isolates were provisionally assigned to OTUs

based on their morphotype being statistically diagnostic

of only a single OTU (Table S4, Supporting informa-

tion). Eleven isolates were excluded from the study

because their morphological descriptions either

matched that of isolates from multiple OTUs or else

were singletons. A total of 199 samples were included

in downstream analyses where CFU counts were com-

pared across taxonomically defined OTUs.

The three most prevalent (% leaves infected) bacterial

OTUs – Sphingomonas spp. (77%), Pedobacter spp. (72%)

and Pseudomonas spp. (70%) – were also among the five

lineages most abundant (total CFUs across all leaves),

and Pseudomonas spp. was the most abundant OTU

overall (Table S5, Supporting information). OTU preva-

lence was positively correlated with OTU abundance

totalled across all leaves [linear model, m = 2.9 (0.8–4.9

95% CI), b = 4.6 (3.9–5.3 95% CI), R2 = 0.30, P = 0.01,

Fig. S5, Supporting information]. A list of each pure iso-

late, its taxonomic designation, 97% 16S OTU member-

ship, abundance (log10 CFU/cm2) and 16S sequence

GenBank accession numbers are in Table S6 (Support-

ing information).

Bacterial diversity is linked to herbivory

Bittercress leaves clustered using Bray–Curtis dissimi-

larities displayed groupings that differed in the pres-

ence of leaf damage and total bacterial abundance

(Fig. 2A). Leaves within each group differed in their

absolute and relative abundances of various bacterial

OTUs (Fig. 3B). Bray–Curtis dissimilarities among leaf

(A)

(B)

Fig. 3 Phyllosphere bacterial distribution

and abundance in bittercress is linked to

herbivory. (A) Dendrogram of hierarchi-

cal clustering of Bray–Curtis community

dissimilarities among endophytic bacte-

rial communities isolated from bittercress

leaves. Presence of leaf damage from two

herbivores as well as chlorosis is indi-

cated at the tips of the dendrogram. All

leaves showing chlorosis were also dam-

aged by one or both herbivores. (B) Dis-

tribution and abundance of endophytic

bacterial OTUs across 43 bittercress

leaves. Rows are ordered by phylogenetic

membership in indicated phyla/sub-

phyla; columns are ordered to corre-

spond to the Bray–Curtis dendrogram of

bittercress leaves above. Shading indi-

cates log10 CFU/cm2 leaf area as deter-

mined by serial dilution plating of leaf

homogenates, with white spaces indicat-

ing that no bacteria were detected (see

Materials and methods).
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bacterial communities were not spatially autocorrelated

(Mantel test, P = 0.215). Using perMANOVA, we found

that local herbivory by S. nigrita leaf miners, Phaedon

sp. leaf beetles and whether leaves were chlorotic or

not all had significant impacts on dissimilarity among

endophytic bacterial communities in bittercress leaves,

regardless of which bacterial data set was used

(Table 1). These herbivore damage factors pertain to the

same leaf from which bacteria were sampled, and we

did not detect any additional effects of systemic herbi-

vore damage (i.e. elsewhere on the plant; Table 1).

NMDS plots displaying Bray–Curtis dissimilarities

among leaves versus leaf damage types can be found in

Fig. S4 (Supporting information).

Bacterial abundance in a leaf was positively corre-

lated with percentage leaf area damaged by S. nigrita

leaf miners (P = 0.01) and percentage leaf chlorosis

(P = 0.001, Table 2). Based on Schwartz (Bayes) Infor-

mation Criterion (BIC), the best multiple regression

model explained 44% of the variation in total log10 bac-

terial abundance (P = 0.0001; Table 2). The extent and

direction of bacterial correlation with herbivory varied

among individual bacterial OTUs. Pseudomonas spp.

abundance correlated positively with percentage leaf

area mined and percentage chlorosis (P = 0.001,

Table 2). Rathayibacter spp. abundance was positively

correlated with percentage leaf area mined and margin-

ally positively correlated with stem height (P = 0.031,

Table 2). Pedobacter spp. abundance was negatively cor-

related with leaf area mined (P = 0.003, Table 2). The

models for Brevundimonas spp., Sphingomonas spp. and

Arthrobacter spp. displayed no significant correlations

with any factor (all P > 0.05, Table S7, Supporting infor-

mation). All of the above-mentioned results were quali-

tatively identical when analysed using only those

bacterial samples with 16S sequences (n = 160; Table S8,

Supporting information). The same was true when we

used only those samples with morphotypes unambigu-

ously matching single OTUs (n = 125), except that the

association between Rathayibacter spp. and leaf miner

damage became nonsignificant (P = 0.64, Table S9,

Supporting information).

Full and reduced model results using each data set

(n = 199, n = 160, n = 125) are individually reported in

Tables S10–S12 (Supporting information).

Correlations between bacterial genera

Pairwise Spearman rank correlations between OTUs

revealed nonrandom bacterial OTU co-occurrence in bit-

tercress. In particular, Pseudomonas spp. and Rathayibact-

er spp. abundances correlated positively across leaves,

whereas Rathayibacter spp. and Brevundimonas spp.

abundances were negatively correlated across leaves

(both P < 0.05 after Hochberg FDR correction; Fig. 4).

The positive correlation between Pseudomonas spp. and

Rathayibacter spp. remained significant when utilizing

only samples with 16S sequences (Fig. S6A, Supporting

information). Pseudomonas spp. was negatively corre-

lated with Arthrobacter spp. when using only isolates

with morphotypes matching single OTUs (Fig. S6B,

Supporting information).

Table 1 PerMANOVA results for bacterial community dissimilarity versus leaf damage

Data set Damage type df Mean squares Pseudo-F R2 P

199 Samples* Leaf miner 1 1.049 3.79 0.075 0.002

Leaf beetle 1 0.589 2.13 0.042 0.039

Chlorosis 1 1.585 5.73 0.114 0.0002

Systemic damage 1 0.176 0.64 0.013 0.757

Residuals 38 0.277

160 Samples† Leaf miner 1 0.662 1.86 0.041 0.044

Leaf beetle 1 0.493 1.36 0.031 0.155

Chlorosis 1 1.429 4.02 0.089 0.0006

Systemic damage 1 0.277 0.78 0.017 0.656

Residuals 38 0.356

125 Samples‡ Leaf miner 1 1.202 4.35 0.083 0.0014

Leaf beetle 1 0.689 2.49 0.048 0.0242

Chlorosis 1 1.772 6.41 0.123 0.0002

Systemic damage 1 0.263 0.95 0.018 0.456

Residuals 38 0.277

*Full data set including isolates that were statistically assigned to OTUs (see Materials and methods).
†Data set including only isolates with 16S sequences (see Materials and methods).
‡Data set excluding all isolates from morphotypes that match multiple OTUs (see Table S4, Supporting information).
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Bacterial infection intensity increases with herbivory

Bacterial abundance was on average 6.75-fold higher in

herbivore-damaged vs. undamaged leaves (5.34 vs. 4.51

log10 CFU, P = 0.006; Table 3, Fig. 5A). Infection inten-

sity was higher in herbivore-damaged leaves vs.

undamaged leaves for Pseudomonas spp. (P = 0.002)

and Rathayibacter spp. (P = 0.01), while the remaining

bacterial genera showed no differences (Fig. 5A,

Table 3). When damage caused by leaf miners was

considered alone (without leaf beetle damage), higher

infection intensity was still observed for Pseudomonas

spp. (P = 0.016) and Rathayibacter spp. (P = 0.024),

although differences were less pronounced. Leaf beetle

damage did not affect infection intensity of total bacte-

ria or of any OTU (all P > 0.17; Table 3, Fig. 5C). Bacte-

rial infection intensity was elevated in leaves with vs.

leaves without chlorosis for Pseudomonas spp.

(P < 0.001), Rathayibacter spp. (P = 0.038), Pedobacter

spp. (P = 0.002) and Sphingomonas spp. (P = 0.007;

Table 3, Fig. 5D). Results were qualitatively the same

when using either reduced data set for Pseudomonas

spp. and Pedobacter spp; however, Rathayibacter spp.

and Sphingomonas spp. infection intensities were no

longer significantly different between leaves with and

Table 2 Results of best multiple regression models of bacterial abundance vs. herbivory

Response variable*

Model coefficients Overall model results

Predictor variable ß SE t P R2 Adj. R2 F P

Total bacteria y-Intercept 4.34 0.25 17.27 0.000 0.50 0.44 8.58 0.0001

% Miner damage 3.28 1.21 2.72 0.010

% Beetle damage 16.51 10.18 1.62 0.114

% Chlorosis 2.70 0.70 3.84 0.001

Leaf position 0.03 0.04 0.90 0.374

Pseudomonas y-Intercept 2.45 0.91 2.68 0.011 0.44 0.35 5.26 0.001

% Miner damage 8.45 3.22 2.63 0.013

% Beetle damage 49.81 27.33 1.82 0.077

% Chlorosis 4.74 1.92 2.47 0.019

Leaf area (cm2) �0.05 0.09 �0.52 0.606

Leaf position �0.04 0.10 �0.41 0.688

Rathayibacter y-Intercept 0.97 1.30 0.75 0.461 0.36 0.22 2.60 0.031

% Miner damage 12.54 4.18 3.00 0.005

% Beetle damage �24.58 33.80 �0.73 0.472

% Chlorosis 3.12 2.33 1.34 0.190

Stem height (cm) 0.11 0.05 2.01 0.053

Num. leaves �0.22 0.14 �1.57 0.125

Leaf area (cm2) �0.11 0.12 �0.91 0.368

Leaf position 0.13 0.18 0.71 0.483

Pedobacter y-Intercept 3.06 0.28 10.91 0.000 0.19 0.17 9.75 0.003

% Miner damage �8.98 2.88 �3.12 0.003

Brevundimonas y-Intercept 2.14 1.11 1.92 0.063 0.16 0.04 1.32 0.279

% Beetle damage �29.03 29.29 �0.99 0.328

% Chlorosis �2.40 1.95 �1.23 0.226

Stem height (cm) �0.03 0.04 �0.85 0.399

Leaf area (cm2) 0.13 0.10 1.31 0.198

Leaf position �0.08 0.11 �0.70 0.490

Sphingomonas y-Intercept 4.18 0.97 4.29 0.000 0.19 0.07 1.63 0.180

% Miner damage �1.73 3.43 �0.50 0.618

% Beetle damage �21.74 29.17 �0.75 0.461

% Chlorosis �4.81 2.05 �2.35 0.025

Leaf area (cm2) �0.11 0.10 �1.12 0.270

Leaf position �0.02 0.11 �0.19 0.854

Arthrobacter y-Intercept 2.44 0.87 2.82 0.008 0.21 0.12 2.31 0.077

% Miner damage �4.76 2.72 �1.75 0.089

% Beetle damage �45.32 24.70 �1.84 0.075

Stem height (cm) �0.07 0.03 �2.13 0.041

Leaf position 0.10 0.09 1.09 0.283

*Log10 bacteria.
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without damage (Table S13–S14, Supporting

information).

Pseudomonas spp. diversity vs. herbivory

The 51 Pseudomonas spp. isolates used for detailed phy-

logenetic inference were derived from 29 leaf samples

and clustered into two major clades representing the

Pseudomonas syringae and Pseudomonas fluorescens groups

(Fig. 6A). Pairwise Unifrac distances among leaf sam-

ples were significantly different between leaves with

and without S. nigrita damage (perMANOVA, Fp = 2.645,

P = 0.0474 weighted and normalized Unifrac;

Fp = 2.689, P = 0.0248 nonnormalized Unifrac). Isolates

nested within P. syringae and P. fluorescens groups dif-

fered significantly in the likelihood of being found

within damaged vs. undamaged bittercress leaves

(G = 12.84, P = 0.0003, Fig. 6). Despite this difference,

infection intensity in damaged vs. undamaged leaves

was elevated for isolates from both P. syringae

Fig. 4 Phyllosphere bacterial OTUs co-occur nonrandomly in

bittercress leaves. Pairwise Spearman rank correlation between

presence and abundance of bacterial OTUs among 43 bitter-

cress leaves. *Comparisons that remained significant after

false-discovery-rate correction.

Table 3 Bacterial infection intensity in relation to herbivore-associated leaf damage

Damage type Bacterial group l1 l2 n1 n2 F df P

Herbivore damage Total bacteria 4.51 (�0.18) 5.34 (�0.4) 21 22 8.42 39 0.006

Pseudomonas 2.96 (�0.3) 4.73 (�0.65) 13 17 12.51 26 0.002

Rathayibacter 3.16 (�0.58) 4.97 (�0.64) 8 12 8.59 16 0.010

Pedobacter 3.65 (�0.25) 3.71 (�0.58) 19 12 0.05 27 0.823

Brevundimonas 3.90 (�0.32) 3.57 (�0.44) 9 4 0.65 9 0.441

Sphingomonas 4.21 (�0.2) 4.45 (�0.34) 19 14 0.86 29 0.360

Arthrobacter 3.26 (�0.56) 3.55 (�0.72) 9 3 0.02 8 0.879

Leaf mining Total bacteria 4.74 (�0.24) 5.37 (�0.59) 30 13 4.80 39 0.034

Pseudomonas 3.50 (�0.58) 4.77 (�0.74) 19 11 6.60 26 0.016

Rathayibacter 3.57 (�0.62) 5.08 (�0.81) 11 9 6.23 16 0.024

Pedobacter 3.64 (�0.25) 3.83 (�0.94) 25 6 0.18 27 0.674

Brevundimonas 3.86 (�0.3) 3.59 (�0.62) 10 3 0.30 9 0.599

Sphingomonas 4.30 (�0.21) 4.33 (�0.44) 26 7 0.01 29 0.923

Arthrobacter 3.36 (�0.54) 3.20 (�0.39) 10 2 0.16 8 0.704

Beetle damage Total bacteria 4.77 (�0.28) 5.36 (�0.5) 31 12 1.90 39 0.176

Pseudomonas 3.63 (�0.53) 4.75 (�0.98) 21 9 1.52 26 0.228

Rathayibacter 3.99 (�0.72) 5.03 (�0.68) 15 5 0.34 16 0.569

Pedobacter 3.59 (�0.22) 3.91 (�0.83) 23 8 0.31 27 0.582

Brevundimonas 3.82 (�0.28) 3.51 12 1 0.24 9 0.637

Sphingomonas 4.21 (�0.19) 4.56 (�0.45) 24 9 1.96 29 0.172

Arthrobacter 3.25 (�0.46) 4.24 11 1 0.65 8 0.444

Chlorosis Total bacteria 4.61 (�0.21) 5.98 (�0.42) 33 10 29.22 39 0.000

Pseudomonas 3.18 (�0.35) 5.53 (�0.57) 20 10 42.15 26 0.000

Rathayibacter 3.73 (�0.74) 5.20 (�0.49) 13 7 5.12 16 0.038

Pedobacter 3.54 (�0.2) 4.92 (�1.7) 28 3 11.74 27 0.002

Brevundimonas 3.80 (�0.29) 3.68 12 1 0.04 9 0.837

Sphingomonas 4.20 (�0.17) 4.94 (�0.56) 28 5 8.42 29 0.007

Arthrobacter 3.33 (�0.49) 3.40 11 1 0.00 8 0.957

F statistics and P-values from models including stem height, number of leaves, leaf area (cm2) and leaf position as quantitative

predictors.

l1, undamaged; l2, damaged; n1, sample size – undamaged; n2, sample size – damaged; (�), 95% CI on estimate of mean.
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(F = 26.66, P < 10�4) and P. fluorescens (F = 6.93,

P = 0.0197; Fig. 6B).

Experimental infections

Growth of Pseudomonas spp. isolates differed 3 days

after inoculation (at 105 CFU/mL starting density) into

bittercress leaves (F = 97.2, P < 0.001, ANOVA; Fig. 7A),

and P. syringae RM012 reached the highest density. Bit-

tercress plants in the field exhibited decreased chloro-

phyll content in leaves 4 days post-infection with

P. syringae RM012 (P < 0.001) and with P. viridiflava

RM018 (P < 0.001) but only marginally with P. fluores-

cens RM008 (P = 0.082, paired t-tests; Fig. 7B). In labora-

tory choice trials, adult female S. nigrita created more

feeding punctures in bittercress leaves on plants that

had been previously infected with P. fluorescens RM008

vs. mock-infected plants (P = 0.038; Fig. 7C). No impact

on adult female S. nigrita preference was detected for

infection with P. syringae RM012, though flies fed less

on plants in this experiment overall (Fig. 7C). S. nigrita

larvae preferred mining within leaves infected with

P. syringae RM012 over mock-infected leaves in 11 of 13

independent trials (Fig. 7D; exact binomial test,

P = 0.022). In trials performed with P. viridiflava RM018,

larvae chose the infected leaf in 10 of 13 trials

(P = 0.092), and larvae exhibited no preference when

P. fluorescens RM008 was used (Fig. 7D).

Discussion

Simultaneous or sequential attack by herbivores and

microbes is likely to have important ecological and evo-

lutionary consequences for each species. The impor-

tance of so-called cross-kingdom interactions between

leaf-colonizing microbes and herbivores is now recog-

nized, both from ecological (Tack & Dicke 2013) and

molecular perspectives (Ballar�e et al. 2013). Our study

explored the interface between insect herbivory and

phyllosphere bacterial infections in a natural plant pop-

ulation as a step in linking these two perspectives.

We experimentally demonstrated that a defence

antagonism in plants between antiherbivore (JA-depen-

dent) and antibacterial (SA-dependent) inducible

defences drives patterns of herbivory by a specialist

species in a native host plant in the field. Individual

plants treated with SA received more damage, while

JA-treated plants received less damage than mock-

treated neighbours. JA treatment produced a neighbour-

hood effect whereby mock-treated plants in the JA plots

received more damage than mock-treated plants in

either of the other two treatment plots. This indicates

that induced defences are an important source of

phenotypic variation among plants that shapes natural

patterns of herbivory. Our culture-dependent approach

revealed a strong association between endophytic bacte-

ria and insect herbivory in the shared host consistent

with expectations of a reciprocal signalling antagonism

between SA-inducing and JA-inducing plant colonizers.

A large fraction of total variation among leaves in leaf-

infecting bacterial abundance and community structure

was explained by herbivory. However, distinct phyllo-

sphere bacterial groups exhibited differences in the

direction and strength of the correlation with insect her-

bivory, indicating that phyllosphere bacterial communi-

ties do not behave as an ecological unit. This was also

found within the genus Pseudomonas, in which Pseudomo-

nas fluorescens group isolates were less likely to associate

with herbivore-damaged leaves than those in the Pseu-

domonas syringae group. Experimental infections found

that phyllosphere bacteria influenced host choice in the

specialist herbivore S. nigrita, consistent with the

hypothesis that bacteria can induce plant susceptibility

to herbivore attack. This was further supported by

increased levels of herbivory on plants in the field fol-

lowing SA treatment, which is often induced following

bacterial colonization. Overall, this study reveals posi-

tive but complex patterns of endophytic bacterial associ-

ations with herbivory in diverse bacterial groups at

multiple phylogenetic scales.

Inducible defences impact herbivory

Field treatment of bittercress with JA reduced S. nigrita

herbivory relative to paired mock-treated plants and SA

treatment increased herbivory. This is consistent with

SA-mediated suppression of antiherbivore (JA-depen-

dent) defences. We hypothesize that a SA–JA antago-

nism probably exists for this native nonmodel plant

species (Thaler et al. 2012). SA inducers such as many

phyllosphere bacteria may increase plant susceptibility

to attack by herbivores such as S. nigrita by indirectly

lowering JA-dependent defences. In addition, JA-

induced defences in bittercress may create a hazard for

neighbouring uninduced plants: S. nigrita herbivory

increased relative to untreated plants in both SA and

control plots. Such associational effects (Tahvanainen &

Root 1972; Barbosa et al. 2009) can arise from an

increase in herbivore encounter rates owing to

local enrichment of signals used by herbivores to

locate hosts.

Phyllosphere bacteria and herbivory are linked

The strong positive association between abundance of

culturable endophytic bacteria within leaves and the

extent of leaf damage by specialist insect herbivores

was driven by Pseudomonas spp. and Rathayibacter spp.
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In contrast, the abundances of several bacterial genera

displayed no correlation or were negatively correlated

with S. nigrita damage. These patterns were robust to

the use of reduced sets of bacterial isolates where mor-

photypes unambiguously matched OTUs defined in our

study on the basis of 16S sequences.

Although additional studies are required to identify

rare lineages associated with bittercress through cul-

ture-independent approaches (Lundberg et al. 2013), we

identified those bacterial genera likely to dominate in

damaged and undamaged leaves of bittercress. We

recovered many of the lineages commonly found across

plant species in culture-independent and phyllosphere

studies (Vorholt 2012; Bodenhausen et al. 2013). Our

rarefaction analysis predicted that we recovered over

75% of the estimated OTU richness (at 97% 16S rRNA

identity) from bittercress (Fig. S2, Table S3, Supporting

information). Some of these bacterial lineages – in

particular Pseudomonas – are important drivers of plant

health and in driving indirect interactions between

plants and herbivores in the laboratory. The correlations

between herbivory and the distribution and abundance

of some plant-associated bacterial lineages were strong

enough to be detected in this culture-dependent study,

suggesting that the generality of these findings will be

easily testable in other systems.

We do not know whether it bacterial or insect herbi-

vores that are driving the patterns we observed in the

field, nor do we know the mechanism underpinning the

patterns. However, at least two hypotheses can explain

our findings: (i) host plant selection by adult and/or

larval herbivores may result from leaf infection by cer-

tain bacterial groups, and (ii) increases in local infection

intensity of bacteria in herbivore-damaged leaves may

result from changes in the leaf environment that make

them more suitable for bacterial infection. We found

experimental support for the first mechanism because

prior infection with some Pseudomonas spp. isolates

results in increased susceptibility to herbivory (Fig. 7C,

D). Determining whether infections with other bacterial

lineages impacts herbivory is important for testing the

generality of this result.

Support for the second hypothesis comes from the

finding that bacterial groups that display no or negative

correlations with herbivory nonetheless show higher

infection intensity when found in herbivore-damaged

leaves (e.g. Pedobacter spp., Sphingomonas spp.; Figs 2

and 5; Tables 2 and 3). Pedobacter spp. were rarely

found within herbivore-damaged and chlorotic leaves

but were more abundant when present compared with

their abundance in leaves without chlorosis (Fig. 5D;

Table 3). This pattern was found within the Pseudomo-

nas: isolates from the P. fluorescens group were less

likely to be found within herbivore-damaged leaves vs.

P. syringae group isolates (Fig. 6A) but were more abun-

dant in damaged vs. undamaged leaves when present

(Fig. 6B). Two of these P. fluorescens isolates (39A and

46A; Fig. 6A) recovered from herbivore-damaged leaves

exhibited a pronounced elevated abundance above

other P. fluorescens isolates. Closely related Pseudomonas

spp. strains display extensive gene content variation,

especially in pathogenesis-related genes such as type III

secretion system effector loci (Baltrus et al. 2011; Sarris

et al. 2013) that can affect infection success. It is

unknown whether genomic variation among closely

related Pseudomonas spp. strains contributes to the

observed infection patterns found presently. Future

studies should assess how plant defence phenotypes

interact with bacterial genotypes to impact the out-

comes of infection.

(A)

(B)

(D)

(C)

Fig. 5 Phyllosphere bacterial infection intensity varies with

herbivore damage. Infection intensity of total bacteria and indi-

vidual OTUs in bittercress leaves in relation to (A) any

herbivore damage, (B) Scaptomyza nigrita leaf mining damage,

(C) Phaedon sp. leaf damage and (D) leaf yellowing (chlorosis).

For all plots, bars indicate the mean of nonzero CFU counts

(infection intensity) for damaged and undamaged leaves �95%

CI. Only bacterial OTUs found within ≥5 different bittercress

leaf samples were analyzed. *P < 0.05, **P < 0.01, ***P < 0.001.
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Bacterial infection can increase herbivory

In addition to the observed variation among Pseudomo-

nas group strains in their correlation with herbivore

damage, we observed variation among isolates of Pseu-

domonas spp. in their impact on herbivore host choice

after bittercress was infected. Interestingly, the impact

of bacterial infection on herbivore behaviour differed

depending on the life stage of S. nigrita. Adult S. nigrita

feeding was promoted by a P. fluorescens group strain,

while larval feeding was promoted by a P. syringae

group strain (Fig. 7C, D). No strain tested deterred

feeding. Krischik et al. (1991) found complex variation

among Pseudomonas spp. in their impact on the fitness

of three species of lepidopteran larvae. Additional work

using a wider range of natural bacterial isolates will

help determine whether the distinct patterns between

P. syringae strains and P. fluorescens strains can be

understood in terms of impacts on herbivores.

The diversity of outcomes that have been observed

under controlled laboratory studies using the P. syrin-

gae–Arabidopsis thaliana–Trichoplusia ni tripartite interac-

tion system indicates that functional variation may be

expected among closely related Pseudomonas spp.

strains. Previous research has shown that P. syringae

infection can induce systemic susceptibility (SIS) or

resistance to herbivory if specific secreted bacterial

effector loci are detected by cognate resistance (R)

genes in the host plant (Cui et al. 2002). This can arise

through multiple independent signalling pathways in

A. thaliana (Cui et al. 2005; Groen et al. 2013). Future

studies are needed that explicitly test the importance

and relative occurrence of these interaction mechanisms

(A) (B)

(D)

(C)

Fig. 7 Pseudomonas spp. vary in infection

phenotype in bittercress and on impact

on Scaptomyza nigrita host choice behav-

iour. (A) Abundance of Pseudomonas spp.

in bittercress leaf discs at 3 days post-

infection in field-collected plants. Letters

above bars correspond to significance

groups as determined by pairwise t-test

corrected for multiple tests (n = 3 leaves

per condition). (B) Impact of infection on

leaf chlorophyll content prior to and

4 days post infection in bittercress plants

(n = 12 leaves per condition). (C, D)

Effects of Pseudomonas spp. on adult

female (C) and larval (D) S. nigrita feed-

ing behaviour in laboratory choice trials

(n = 8 plants per condition for C). Stip-

ples = feeding punctures introduced by

ovipositors. Numbers in bars in D indi-

cate number of independent trials con-

ducted for each strain. For all plots,

•0.1 > P ≥ 0.05, *P < 0.05, ***P < 0.001.

Error bars are �95% CI on estimate of

mean.

Fig. 6 Pseudomonas spp. lineages vary in association with herbivory and exhibit increased infection intensity in damaged leaves. (A)

Maximum-likelihood phylogeny of 51 Pseudomonas spp. MLST sequences recovered from bittercress isolates set in phylogenetic con-

text of homologous sequences from complete or draft Pseudomonas genomes. Black dots indicate well-supported nodes uniting named

major groups (Pseudomonas syringae and Pseudomonas fluorescens). (B) Infection intensity of isolates from P. syringae and P. fluorescens

lineages in damaged vs. undamaged bittercress leaves. Sample sizes for each factor level indicated within bars. *P < 0.05,

***P < 0.001.

© 2014 John Wiley & Sons Ltd

INSECTS AND BACTERIA IN THE PHYLLOSPHERE 1511

phumph
Typewritten Text
48



in natural populations in the context of co-occurring

herbivory.

Do herbivores impact phyllosphere bacteria?

Over 50% (22/43) of bittercress leaves displayed dam-

age by herbivores in our study, and the importance of

herbivory to the life history and evolution of bittercress

and other plants is well established (Louda & Rodman

1996; Agrawal et al. 2012; Z€ust et al. 2012). One intrigu-

ing possibility is that herbivore damage may reshape

the selective environment faced by phyllosphere bacte-

ria in different individuals of the same plant species.

JA-dependent defences such as isothiocyanates (ITCs;

mustard oils) that are activated at wounding sites in

mustard plants may differentially impact groups of

phyllosphere bacteria. Fraenkel (1959) proposed that

plant secondary compounds might be generally active

against a wide array of plant attackers including herbi-

vores and microbial pathogens, and this prediction has

been borne out by experimental work showing broad

toxicity of herbivore-inducible nicotine to diverse Pseu-

domonas spp. (Krischik et al. 1991). Several bacterial lin-

eages are sensitive to ITCs in vitro (Tierens et al. 2001)

and may be constrained in planta by their induced

release upon herbivore damage. But beyond model

strains of P. syringae (Fan et al. 2011), the relevance of

ITCs for the infection success of diverse phyllosphere

bacteria is unknown. We found that several pairs of

OTUs displayed nonrandom co-occurrence patterns

among bittercress leaves. Although these patterns were

sensitive to the data set used for analysis and should be

interpreted with caution (Fig. 4 and Fig. S6, Supporting

information), such correlations may arise from variation

in the impact of herbivore damage on the infection suc-

cess of different bacteria. Future work is required to test

whether the exposure to ITCs has shaped the evolution

of resistance or infection traits in phyllosphere bacteria

(sensu Utsumi 2010), or whether variation in such traits

contributes to the assembly of phyllosphere bacterial

communities.

Alternatively, microbe–microbe interactions may

underlie negative correlations between endophytic bac-

terial taxa, as has been found in A. thaliana between

Sphingomonas spp. and P. syringae DC3000 (Innerebner

et al. 2011). In general, direct interactions between

phyllosphere bacteria may be an important additional

force structuring the composition of bacteria in the

phyllosphere (Dulla et al. 2010).

Conclusions

The mechanistic complexity of plant–bacteria interac-

tions and the dynamic eco-evolutionary feedbacks

arising from gene-for-gene interactions may pose obsta-

cles for the development of predictive frameworks for

plant–microbe–insect interactions (Bergelson et al. 2001;

Burdon & Thrall 2009). Additional field studies of

plant–microbe–herbivore interactions must be con-

ducted with an eye towards uncovering the bases for

phenotypic responses in the shared host (Tack & Dicke

2013). We found that SA–JA antagonism is at least one

potential mechanism driving natural patterns of coloni-

zation by Scaptomyza nigrita larvae, whose abundance

probably varies as a result of adult oviposition prefer-

ence, egg hatching success and early instar larval devel-

opment. Experimental infections showed that

individual Pseudomonas spp. strains promoted host

choice by herbivores and that strains exhibited variation

in the way they ecologically impact insect herbivores.

This variation is consistent with the additional

observation that isolates from distinct Pseudomonas spp.

groups recovered from bittercress leaves exhibit

different degrees of association with herbivory – even

though infection intensity was higher in damaged vs.

undamaged leaves in general. Accounting for this varia-

tion in the context of a general model of plant defence

may lead to clearer predictions regarding reciprocal

impacts that multiple plant colonizers might have on

one another (Hatcher et al. 2004). This endeavour is

made more promising given the evolutionary conserva-

tion among plants of specific defence signal interactions

that may operate across systems (Thaler et al. 2012).

Our study brings together diverse perspectives to the

level of interacting species to enhance our understand-

ing of plant–phyllosphere–insect interactions in the

wild.
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SUPPLEMENTARY FIGURES 

 

 

Figure S1. Schematic of field hormone treatment experimental design. Plots were established along a 

riparian corridor in along the Emerald Lake outflow (near the RMBL; see Methods). 
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Figure S2. Maximum likelihood 16S rRNA phylogeny of all cultured endophytic bacterial 

isolates from bittercress leaves used in this study (160; Table S6). Tree represents best scoring 

topology of 1000 bootstrap replicates. Bootstrap support is indicated at each node except where 

sequences form polytomies.  
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Figure S3. Accumulation of bacterial morphotypes (A) and 16S rRNA OTUs (B) generated by 

rarefaction analysis. Number at end of curve indicates the observed total identified in the study.  
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Figure S4. Non-metric multidimensional scaling (NMDS) of Bray-Curtis dissimilarities among 

endophytic bacterial communities. Total stress of NMDS ordination was 0.14. Polygons are 

“hulls” drawn around the edges of groups defined by the presence (black) or absence (white) of: 

(A) any herbivore damage, (B) S. nigrita leaf mining, (C) Phaedon sp. leaf beetle damage, and 

(D) leaf chlorosis (yellowing). perMANOVA pseudo F-ratios and P-values from permutation 

analysis (n=5000 permutations for each model) are reported for each factor derived from models 

of local herbivory + systemic herbivory (A), or a model with each damage type tested 

sequentially in a single model (B–D). 
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Figure S5. Scatterplot of population prevalence (proportion of leaves infected of 43) vs. total 

log10 abundance of each OTU (measured in CFU). Regression model R2 = 0.30, P = 0.01. White 

points with black outline indicate OTUs whose abundance is beyond the 95% confidence 

envelope based on coefficients of linear model. Agreia spp. abundance was a significantly higher 

given its prevalence (9%) based on the confidence intervals around the slope and intercept of this 

linear model, while Rhodococcus spp. and Agrococcus spp. abundances were below the lower 

bound predicted by their prevalence (2% and 5%, respectively).  
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Figure S6. Pairwise correlations (Spearman’s rho; numbers in boxes) of bacterial OTUs in 43 

bittercress leaves using (A.) dataset of samples with 16S sequences (n=160) or (B.) dataset of 

samples with morphotypes matching only a single OTU (n=125). * P < 0.05 after Benjamini & 

Hochberg false discovery rate correction for multiple tests (see Methods).  
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SUPPLEMENTARY TABLES 

 

Table S1. Morphological characters used to distinguish endophytic bacterial morphotypes prior 

to isolation from bittercress. 

Colony Hue 
Relative 

Size  
Colony 
Margins 

Colony 
Surface 

Relative Opacity 
(transparent–opaque) 

Siderophore 
Production1 

Papillary 
Center2 

EPS 
Production3 

white small (s) crisp matte opaque Yes Yes Yes 
off-white medium (m) soft eggshell semi-opaque No No No 

yellow large (l) fuzzy glossy transparent 
   orange 

 
whispy 

     red-brown    rippled           
cream yellow  wrinkly      
dark yellow        

peach        
bright red        

1 Determined by fluorescence of medium surrounding colonies 

2 Designated Yes if center of colonies were distinctly raised or bumpy 

3 Designated Yes if exudates spread beyond the boundaries of individual colonies 
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Table S2. Morphological descriptions for all distinct morphotypes. 

Morphotype 
ID Fluorescent Size Color Opacity Margin Finish 

Papillary 
Center 

EPS 
production 

1 1 m cream yellow semi-opaque soft glossy 0 0 
2 1 l off-white opaque crisp glossy 0 1 
3 1 l off-white opaque soft glossy 0 0 
4 1 l off-white semi-opaque crisp eggshell 0 0 
5 1 m off-white semi-opaque crisp eggshell 0 0 
6 1 l off-white semi-opaque fuzzy eggshell 0 0 
7 1 l off-white semi-opaque soft eggshell 1 0 
8 1 l off-white semi-opaque soft eggshell 0 0 
9 1 m off-white semi-opaque soft eggshell 0 0 

10 1 m off-white semi-opaque soft glossy 0 0 
11 1 l off-white semi-opaque whispy eggshell 0 0 
12 1 l off-white transparent soft glossy 0 0 
13 0 s dark yellow opaque crisp glossy 0 0 
14 0 s off-white semi-opaque crisp eggshell 0 0 
15 0 m off-white semi-opaque crisp glossy 0 0 
16 0 s off-white semi-opaque crisp glossy 0 0 
17 0 l off-white semi-opaque soft eggshell 0 0 
18 0 m off-white semi-opaque soft eggshell 0 0 
19 0 s off-white semi-opaque soft eggshell 0 0 
20 0 l off-white transparent crisp glossy 0 0 
21 0 s orange opaque crisp glossy 0 0 
22 0 l orange opaque rippled matte 0 0 
23 0 s orange semi-opaque crisp glossy 0 0 
24 0 l peach opaque crisp glossy 0 1 
25 0 l peach opaque crisp glossy 0 0 
26 0 m peach opaque crisp glossy 0 0 
27 0 s peach opaque crisp glossy 0 0 
28 0 m peach semi-opaque crisp glossy 0 0 
29 0 s peach semi-opaque crisp glossy 0 0 
30 0 s bright red opaque crisp glossy 0 0 
31 0 s red-brown semi-opaque crisp glossy 0 0 
32 0 m white opaque crisp eggshell 0 0 
33 0 m white opaque crisp glossy 0 0 
34 0 s white opaque crisp glossy 0 0 
35 0 s white semi-opaque crisp glossy 0 0 
36 0 s yellow opaque crisp eggshell 0 0 
37 0 m yellow opaque crisp glossy 0 0 
38 0 s yellow opaque crisp glossy 0 0 
39 0 s yellow opaque wrinkly matte 0 0 
40 0 m yellow semi-opaque crisp eggshell 0 0 
41 0 s yellow semi-opaque crisp eggshell 0 0 
42 0 l yellow semi-opaque crisp glossy 0 0 
43 0 m yellow semi-opaque crisp glossy 0 0 
44 0 s yellow semi-opaque crisp glossy 0 0 
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Table S3. Chao1 and ACE estimates of morphotype and 16S rRNA OTU richness from 

bittercress (± 95% confidence interval). 

Richness 97% OTUs 98% OTUs 99% OTUs Morphotypes 

Observed 18 21 23 44 
Chao1 21.75 (± 6.5) 30 (± 12.5) 39.5 (± 20.2) 57.3 (± 10.6) 
ACE 26.1 (± 2.9) 38.7 (± 4.1) 58.4 (± 5.3) 59.6 (± 3.7) 
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Table S4. OTU vs. Morphotype presence–absence table. 
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                        Total
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0 

16
0 39 11                                       

1 Number of isolates that had 16S rRNA sequences and were classified to 97% 16S rRNA OTU. 
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2 Number of isolates that were statistically assigned to reference OTUs given exclusive 

morphotype match (see Methods). 

3 Bacterial community analyses were performed with and without these morphotypes included 

because they appeared in multiple OTUs.   
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Table S5. Prevalence and abundance of cultured endophytic bacteria by 97% 16S rRNA OTU in 

bittercress leaves. 

Bacterial OTU Prevalence1 Mean Abundance2 Total Abundance3 

Sphingomonas 33 (76.7%) 4.65 (±1.69) 6.24 
Pedobacter 31 (72.1%) 4.78 (±1.90) 6.27 
Pseudomonas 30 (69.8%) 5.21 (±1.99) 6.96 
Rathayibacter 20 (46.5%) 5.38 (±2.47) 6.74 
Brevundimonas 13 (30.2%) 4.02 (±2.25) 5.16 
Arthrobacter 12 (27.9%) 4.10  (±2.56) 5.21 
Agreia 4 (9.3%) 5.72 (±5.80) 6.33 
Pseudoclavibacter 4 (9.3%) 5.43 (±5.23) 6.03 
Janthinobacterium 4 (9.3%) 4.89 (±4.97) 5.49 
Rhizobium 2 (4.7%) 5.33 (±7.05) 5.63 
Herbiconiux 2 (4.7%) 5.00 (±7.14) 5.30 
Agrococcus 2 (4.7%) 2.88 (±3.53) 3.18 
Aurantimonas 1 (2.3%) - 5.63 
Chryseobacterium 1 (2.3%) - 5.60 
Xanthomonas 1 (2.3%) - 4.54 
Acidovorax 1 (2.3%) - 3.54 
Lysobacter 1 (2.3%) - 3.40 
Rhodococcus 1 (2.3%) - 2.40 

1 Number of leaves (% of total, 43) 

2 log10 CFU (± 95% CI) 

3 log10 CFU totaled across all 43 leaves 
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Table S6. Sample Ids and taxonomic designations for 160 isolates recovered from bittercress leaves.  

Isolate Information   Abundance   RDP Classification 
Isolate ID 97% OTU ID 97% OTU Label Genbank ID   log CFU/cm2   Phylum (%)1 Subphylum (%)1 Order (%)1 Family (%)1 Genus (%)1 

01C 1 Brevundimonas KF982335  3.00  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
03C 1 Brevundimonas KF982338  4.25  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
04B 1 Brevundimonas KF982339  4.06  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
06F 1 Brevundimonas KF982342  4.70  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
07F 1 Brevundimonas KF982340  4.44  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
09D 1 Brevundimonas KF982343  3.40  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
11B 1 Brevundimonas KF982347  3.70  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
14G 1 Brevundimonas KF982337  3.68  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
31C 1 Brevundimonas KF982341  3.51  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
34F 1 Brevundimonas KF982344  3.30  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
37B 1 Brevundimonas KF982336  3.35  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
37C 1 Brevundimonas KF982346  3.00  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
44C 1 Brevundimonas KF982345  4.09  Proteobacteria 100% Alphaproteobacteria 100% Caulobacterales 100% Caulobacteraceae 100% Brevundimonas 100% 
01B 2 Sphingomonas KF982348  3.72  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
02E 2 Sphingomonas KF982357  4.65  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
04A 2 Sphingomonas KF982358  4.11  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
05C 2 Sphingomonas KF982363  4.00  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
07D 2 Sphingomonas KF982354  4.74  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
08D 2 Sphingomonas KF982349  5.10  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
11A 2 Sphingomonas KF982365  4.14  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
13D 2 Sphingomonas KF982372  4.70  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
14D 2 Sphingomonas KF982370  4.10  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
17C 2 Sphingomonas KF982378  3.40  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
17D 2 Sphingomonas KF982350  3.40  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
19C 2 Sphingomonas KF982364  4.08  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
19D 2 Sphingomonas KF982369  2.70  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
20F 2 Sphingomonas KF982376  5.70  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
23D 2 Sphingomonas KF982353  4.72  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
23E 2 Sphingomonas KF982367  4.57  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
25C 2 Sphingomonas KF982366  3.83  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
28A 2 Sphingomonas KF982359  4.11  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
29C 2 Sphingomonas KF982351  4.13  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
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31B 2 Sphingomonas KF982355  4.08  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
33C 2 Sphingomonas KF982368  3.44  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
34C 2 Sphingomonas KF982362  3.65  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
36D 2 Sphingomonas KF982352  4.10  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
37A 2 Sphingomonas KF982377  2.70  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
37D 2 Sphingomonas KF982375  4.22  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
38D 2 Sphingomonas KF982360  3.63  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
39G 2 Sphingomonas KF982356  5.00  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
40D 2 Sphingomonas KF982361  4.18  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
47B 2 Sphingomonas KF982371  4.70  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
48A 2 Sphingomonas KF982374  5.31  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
48B 2 Sphingomonas KF982373  4.10  Proteobacteria 100% Alphaproteobacteria 100% Sphingomonadales 100% Sphingomonadaceae 100% Sphingomonas 100% 
08E 3 Aurantimonas KF982379  5.63  Proteobacteria 100% Alphaproteobacteria 100% Rhizobiales 100% Aurantimonadaceae 100% Aurantimonas 100% 
21F 4 Rhizobium KF982380  5.48  Proteobacteria 100% Alphaproteobacteria 96% Rhizobiales 96% Rhizobiaceae 91% Rhizobium 91% 
24D 4 Rhizobium KF982381  5.10  Proteobacteria 100% Alphaproteobacteria 100% Rhizobiales 100% Rhizobiaceae 100% Rhizobium 100% 
02A 5 Pseudomonas KF982413  4.35  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
02B 5 Pseudomonas KF982387  4.24  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
03A 5 Pseudomonas KF982386  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
06A 5 Pseudomonas KF982398  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
06C 5 Pseudomonas KF982416  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
07A 5 Pseudomonas KF982408  3.54  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
07B 5 Pseudomonas KF982400  2.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
08A 5 Pseudomonas KF982414  5.00  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
08B 5 Pseudomonas KF982382  4.24  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
08C 5 Pseudomonas KF982395  5.81  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
10A 5 Pseudomonas KF982418  2.88  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
10B 5 Pseudomonas KF982397  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
10C 5 Pseudomonas KF982428  2.88  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
13A 5 Pseudomonas KF982383  2.88  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
14B 5 Pseudomonas KF982421  3.24  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
16A 5 Pseudomonas KF982419  6.20  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
17A 5 Pseudomonas KF982424  2.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
19A 5 Pseudomonas KF982412  3.35  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
20A 5 Pseudomonas KF982422  5.78  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
20B 5 Pseudomonas KF982388  4.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
21A 5 Pseudomonas KF982404  4.88  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
21B 5 Pseudomonas KF982420  5.89  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
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22A 5 Pseudomonas KF982411  5.00  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
22B 5 Pseudomonas KF982432  4.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
22C 5 Pseudomonas KF982396  5.00  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
22D 5 Pseudomonas KF982409  4.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
23A 5 Pseudomonas KF982405  4.30  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
24A 5 Pseudomonas KF982423  5.88  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
24B 5 Pseudomonas KF982429  5.76  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
24C 5 Pseudomonas KF982407  5.74  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
25A 5 Pseudomonas KF982417  3.95  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
26A 5 Pseudomonas KF982415  4.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
26B 5 Pseudomonas KF982426  4.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
27A 5 Pseudomonas KF982402  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
29A 5 Pseudomonas KF982390  2.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
33E 5 Pseudomonas KF982394  3.24  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
34A 5 Pseudomonas KF982385  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
34E 5 Pseudomonas KF982410  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
36A 5 Pseudomonas KF982401  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
36B 5 Pseudomonas KF982384  3.00  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
39A 5 Pseudomonas KF982389  4.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
39C 5 Pseudomonas KF982430  5.10  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
39F 5 Pseudomonas KF982399  3.70  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
40A 5 Pseudomonas KF982431  3.30  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
42B 5 Pseudomonas KF982393  4.30  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
42C 5 Pseudomonas KF982427  4.54  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 99% 
43A 5 Pseudomonas KF982392  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
44B 5 Pseudomonas KF982403  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
46A 5 Pseudomonas KF982406  6.21  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
46B 5 Pseudomonas KF982425  5.94  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
06B 5 Pseudomonas KF982391  2.40  Proteobacteria 100% Gammaproteobacteria 100% Pseudomonadales 100% Pseudomonadaceae 100% Pseudomonas 100% 
47D 6 Lysobacter KF982433  3.40  Proteobacteria 100% Gammaproteobacteria 100% Xanthomonadales 100% Xanthomonadaceae 100% Lysobacter 87% 
47A 7 Xanthomonas KF982434  4.54  Proteobacteria 100% Gammaproteobacteria 100% Xanthomonadales 100% Xanthomonadaceae 100% Xanthomonas 100% 
02F 8 Janthinobacterium KF982435  3.88  Proteobacteria 100% Betaproteobacteria 100% Burkholderiales 100% Oxalobacteraceae 100% Duganella 42% 
17B 8 Janthinobacterium KF982438  3.44  Proteobacteria 100% Betaproteobacteria 100% Burkholderiales 100% Oxalobacteraceae 100% Massilia 77% 
20G 8 Janthinobacterium KF982436  4.70  Proteobacteria 100% Betaproteobacteria 100% Burkholderiales 100% Oxalobacteraceae 100% Duganella 70% 
46C 8 Janthinobacterium KF982437  5.40  Proteobacteria 100% Betaproteobacteria 100% Burkholderiales 100% Oxalobacteraceae 100% Janthinobacterium 60% 
17E 9 Acidovorax KF982439  3.54  Proteobacteria 100% Betaproteobacteria 100% Burkholderiales 100% Comamonadaceae 100% Acidovorax 82% 
20C 10 Pseudoclavibacter KF982440  5.24  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Pseudoclavibacter 100% 
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24E 10 Pseudoclavibacter KF982441  5.65  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Pseudoclavibacter 100% 
31D 10 Pseudoclavibacter KF982442  2.70  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Pseudoclavibacter 100% 
42E 10 Pseudoclavibacter KF982443  5.65  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Pseudoclavibacter 100% 
02D 11 Rathayibacter KF982449  4.81  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 58% 
05A 11 Rathayibacter KF982454  4.18  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 51% 
13B 11 Rathayibacter KF982446  4.18  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Rathayibacter 54% 
13C 11 Rathayibacter KF982451  4.10  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 43% 
14C 11 Rathayibacter KF982462  3.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Rathayibacter 45% 
14F 11 Rathayibacter KF982452  3.70  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 49% 
20D 11 Rathayibacter KF982444  5.57  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 54% 
21C 11 Rathayibacter KF982456  5.83  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 59% 
22E 11 Rathayibacter KF982463  5.35  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 48% 
23C 11 Rathayibacter KF982464  4.35  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Subtercola 56% 
24F 11 Rathayibacter KF982447  5.63  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Clavibacter 70% 
26D 11 Rathayibacter KF982459  6.02  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 47% 
26E 11 Rathayibacter KF982460  5.72  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 46% 
29D 11 Rathayibacter KF982457  3.00  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 63% 
32A 11 Rathayibacter KF982445  3.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 55% 
33B 11 Rathayibacter KF982448  2.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 52% 
34B 11 Rathayibacter KF982455  2.88  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 55% 
38A 11 Rathayibacter KF982450  2.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 57% 
39D 11 Rathayibacter KF982453  5.35  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Clavibacter 68% 
40B 11 Rathayibacter KF982458  4.24  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Clavibacter 65% 
42F 11 Rathayibacter KF982461  6.26  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Frigoribacterium 41% 
13E 12 Agreia KF982469  4.68  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Agreia 96% 
21E 12 Agreia KF982470  6.25  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Agreia 96% 
26C 12 Agreia KF982465  5.44  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Microbacterium 99% 
40C 12 Agreia KF982468  4.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Leifsonia 90% 
27B 13 Agrococcus KF982467  2.70  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Agrococcus 97% 
31A 13 Agrococcus KF982466  3.00  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Okibacterium 76% 
01D 14 Herbiconiux KF982471  2.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Herbiconiux 58% 
22G 14 Herbiconiux KF982472  5.30  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Microbacteriaceae 100% Herbiconiux 71% 
02C 15 Arthrobacter KF982481  3.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
04D 15 Arthrobacter KF982479  2.88  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
06E 15 Arthrobacter KF982475  3.85  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
07E 15 Arthrobacter KF982478  5.10  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
11D 15 Arthrobacter KF982477  3.18  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 99% 
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27D 15 Arthrobacter KF982473  3.18  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
35B 15 Arthrobacter KF982476  2.70  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
38B 15 Arthrobacter KF982474  2.88  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
38E 15 Arthrobacter KF982480  2.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Micrococcaceae 100% Arthrobacter 100% 
31E 16 Rhodococcus KF982482  2.40  Actinobacteria 100% Actinobacteria 100% Actinomycetales 100% Nocardiaceae 100% Rhodococcus 81% 
04C 17 Pedobacter KF982488  3.48  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
06D 17 Pedobacter KF982492  3.78  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 99% 
07C 17 Pedobacter KF982485  4.85  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
11C 17 Pedobacter KF982483  4.02  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
19B 17 Pedobacter KF982486  3.60  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
20E 17 Pedobacter KF982491  5.35  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
21D 17 Pedobacter KF982489  6.15  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
34D 17 Pedobacter KF982490  3.10  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
37E 17 Pedobacter KF982487  3.00  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
38C 17 Pedobacter KF982493  2.88  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
47C 17 Pedobacter KF982484  3.44  Bacteroidetes 100% Sphingobacteria 100% Sphingobacteriales 100% Sphingobacteriaceae 100% Pedobacter 100% 
42D 18 Chryseobacterium KF982494   5.60   Bacteroidetes 100% Flavobacteria 100% Flavobacteriales 100% Flavobacteriaceae 100% Chryseobacterium 100% 

1 Confidence in the taxonomic designation via Ribosomal Database Project Classifier 
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Table S7. Additional multiple regression model results for bacterial abundance vs. leaf traits and 

herbivory (full dataset; n=199). 

  Model Coefficients   Overall Model Results 
Response Variable1 Predictor Variable ß SE t P   R2 adj. R2 F num df den df P 

Brevundimonas y-Intercept 2.14 1.11 1.92 0.063   0.16 0.04 1.32 5 34 0.279 

 
% Beetle Damage -29.03 29.29 -0.99 0.328 

       
 

% Chlorosis -2.40 1.95 -1.23 0.226 
       

 
Stem Height (cm) -0.03 0.04 -0.85 0.399 

       
 

Leaf Area (cm2) 0.13 0.10 1.31 0.198 
       

 
Leaf Position -0.08 0.11 -0.70 0.490 

                                 
Sphingomonas y-Intercept 4.18 0.97 4.29 0.000   0.19 0.07 1.63 5 34 0.180 

 
% Miner Damage -1.73 3.43 -0.50 0.618 

       
 

% Beetle Damage -21.74 29.17 -0.75 0.461 
       

 
% Chlorosis -4.81 2.05 -2.35 0.025 

       
 

Leaf Area (cm2) -0.11 0.10 -1.12 0.270 
       

 
Leaf Position -0.02 0.11 -0.19 0.854 

                                 
Arthrobacter y-Intercept 2.44 0.87 2.82 0.008   0.21 0.12 2.31 4 35 0.077 

 
% Miner Damage -4.76 2.72 -1.75 0.089 

       
 

% Beetle Damage -45.32 24.70 -1.84 0.075 
       

 
Stem Height (cm) -0.07 0.03 -2.13 0.041 

         Leaf Position 0.10 0.09 1.09 0.283               
1log10 CFU bacteria. 
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Table S8. Multiple regression model results for bacterial abundance vs. leaf traits and herbivory 

(using bacterial samples with 16S sequences; n=160). 

  Model Coefficients   Overall Model Results 
Response Variable1 Predictor Variable ß SE t P   R2 adj. R2 F num df den df P 

Pseudomonas y-Intercept 2.64 0.92 2.87 0.007 
 

0.44 0.36 5.22 5 33 0.001 

 
% Miner Damage 8.11 3.24 2.50 0.017 

       
 

% Beetle Damage 47.53 27.52 1.73 0.094 
       

 
% Chlorosis 4.63 1.93 2.40 0.022 

       
 

Leaf Area (cm2) -0.10 0.09 -1.04 0.305 
       

 
Leaf Position -0.04 0.10 -0.35 0.732 

                                 
Rathayibacter y-Intercept 1.32 1.31 1.01 0.320 

 
0.39 0.25 2.78 7 31 0.023 

 
% Miner Damage 12.84 4.21 3.05 0.005 

       
 

% Beetle Damage -24.77 33.97 -0.73 0.471 
       

 
% Chlorosis 2.92 2.34 1.24 0.223 

       
 

Stem Height (cm) 0.10 0.05 1.95 0.060 
       

 
Num. Leaves -0.23 0.14 -1.58 0.124 

       
 

Leaf Area (cm2) -0.15 0.12 -1.28 0.209 
       

 
Leaf Position 0.10 0.18 0.54 0.593 

                                 
Pedobacter y-Intercept 2.07 0.94 2.19 0.036 

 
0.31 0.18 2.40 6 32 0.050 

 
% Miner Damage -6.73 3.18 -2.12 0.042 

       
 

% Beetle Damage -42.04 25.83 -1.63 0.113 
       

 
% Chlorosis 4.43 1.75 2.54 0.016 

       
 

Stem Height (cm) -0.07 0.04 -1.85 0.074 
       

 
Num. Leaves 0.06 0.11 0.59 0.562 

       
 

Leaf Position 0.02 0.13 0.13 0.895 
                                 

Brevundimonas y-Intercept 1.99 1.12 1.78 0.084 
 

0.15 0.03 1.21 5 33 0.328 

 
% Beetle Damage -26.79 29.14 -0.92 0.365 

       
 

% Chlorosis -2.20 1.94 -1.13 0.265 
       

 
Stem Height (cm) -0.03 0.04 -0.86 0.395 

       
 

Leaf Area (cm2) 0.14 0.10 1.34 0.190 
       

 
Leaf Position -0.07 0.11 -0.61 0.543 

                                 
Sphingomonas y-Intercept 3.63 1.16 3.13 0.004 

 
0.10 -0.04 0.73 5 33 0.609 

 
% Miner Damage 2.11 4.09 0.52 0.609 

       
 

% Beetle Damage -13.11 34.68 -0.38 0.708 
       

 
% Chlorosis -4.10 2.43 -1.68 0.102 

       
 

Leaf Area (cm2) -0.04 0.12 -0.35 0.726 
       

 
Leaf Position -0.14 0.13 -1.10 0.281 

                                 
Arthrobacter y-Intercept 1.89 0.81 2.34 0.025 

 
0.16 0.06 1.57 4 34 0.204 

 
% Miner Damage -2.84 2.52 -1.13 0.268 

       
 

% Beetle Damage -33.94 22.83 -1.49 0.146 
       

 
Stem Height (cm) -0.06 0.03 -2.00 0.053 

         Leaf Position 0.08 0.08 0.98 0.336               
1log10 CFU bacteria. 
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Table S9. Multiple regression model results for bacterial abundance vs. leaf traits and herbivory 

(using bacterial samples with morphotypes matching single OTUs; n=125). 

  Model Coefficients   Overall Model Results 
Response Variable1 Predictor Variable ß SE t P   R2 adj. R2 F num df den df P 

Pseudomonas y-Intercept 2.53 0.91 2.78 0.009   0.46 0.38 5.69 5 34 0.001 

 
% Miner Damage 8.75 3.21 2.73 0.010 

       
 

% Beetle Damage 52.63 27.24 1.93 0.062 
       

 
% Chlorosis 4.68 1.91 2.45 0.020 

       
 

Leaf Area (cm2) -0.03 0.09 -0.37 0.714 
       

 
Leaf Position -0.09 0.10 -0.86 0.398 

                                 
Rathayibacter y-Intercept 0.13 0.17 0.74 0.462 

 
0.08 0.04 1.82 2 40 0.176 

 
% Miner Damage 3.37 1.77 1.91 0.064 

       
 

% Chlorosis -0.49 0.94 -0.51 0.610 
                                 

Pedobacter y-Intercept 3.06 0.28 10.91 0.000 
 

0.19 0.17 9.75 1 41 0.003 

 
% Miner Damage -8.98 2.88 -3.12 0.003 

                                 
Brevundimonas y-Intercept 0.11 0.10 1.06 0.295 

 
0.00 -0.02 0.14 1 41 0.706 

 
% Chlorosis -0.23 0.60 -0.38 0.706 

                                 
Sphingomonas y-Intercept 2.61 1.03 2.54 0.016 

 
0.26 0.16 2.45 5 34 0.054 

 
% Miner Damage -5.93 3.62 -1.64 0.110 

       
 

% Beetle Damage -45.45 30.77 -1.48 0.149 
       

 
% Chlorosis -3.50 2.16 -1.62 0.115 

       
 

Leaf Area (cm2) -0.03 0.10 -0.31 0.761 
       

 
Leaf Position 0.09 0.11 0.81 0.426 

                                 
Arthrobacter y-Intercept 1.60 0.77 2.07 0.046 

 
0.27 0.14 2.03 6 33 0.090 

 
% Miner Damage -0.05 2.63 -0.02 0.985 

       
 

% Beetle Damage -21.97 21.41 -1.03 0.312 
       

 
% Chlorosis -0.24 1.45 -0.16 0.871 

       
 

Stem Height (cm) 0.01 0.03 0.45 0.653 
       

 
Num. Leaves -0.24 0.09 -2.64 0.013 

         Leaf Position 0.26 0.10 2.50 0.018               
1log10 CFU bacteria. 
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Table S10. Multiple regression models of bacterial abundance vs. plant traits and leaf damage. 

Response 
Variable1 Model2 R2 adj. R2  AIC BIC 

Total Bacteria 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.53 0.42 87.79 102.99 

 

log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.53 0.44 85.79 99.30 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + leaf.num 0.53 0.46 83.80 95.62 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + leaf.num 0.50 0.44 84.49 94.62 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow 0.51 0.47 86.72 95.53 

      
Pseudomonas 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + height + 
n.leaves + leaf.area + leaf.num 0.44 0.32 167.29 182.49 

 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + height + 
leaf.area + leaf.num 0.44 0.33 165.44 178.95 

 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area + 
leaf.num 0.44 0.35 163.49 175.31 

 
Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area 0.41 0.35 176.93 187.49 

 
Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow 0.40 0.36 175.67 184.47 

 
Pseudomonas.CFU ~ prop.mined + prop.yellow 0.40 0.37 174.16 181.21 

      
Rathayibacter 

Ratha.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.36 0.22 179.29 194.49 

 

Ratha.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area 0.36 0.26 190.30 204.39 

 
Ratha.CFU ~ prop.mined + prop.yellow + height + n.leaves + leaf.area 0.34 0.26 189.54 201.87 

 
Ratha.CFU ~ prop.mined + prop.yellow + n.leaves + leaf.area 0.26 0.18 192.76 203.33 

 
Ratha.CFU ~ prop.mined + prop.yellow + leaf.area 0.26 0.20 190.92 199.73 

 
Ratha.CFU ~ prop.mined + prop.yellow 0.25 0.21 189.54 196.58 

      
Pedobacter 

Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.32 0.17 161.93 177.13 

 

Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.31 0.19 160.27 173.78 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves 0.29 0.20 169.98 182.31 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + n.leaves 0.28 0.20 168.88 179.45 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow 0.27 0.21 167.32 176.13 

 
Pedo.CFU ~ prop.mined + prop.yellow 0.24 0.20 166.94 173.99 

 
Pedo.CFU ~ prop.mined 0.19 0.17 167.71 173.00 

      
Brevundimonas 

Brevundi.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.20 0.03 169.28 184.48 

 

Brevundi.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.area + 
leaf.num 0.17 0.01 169.17 182.68 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + height + leaf.area + leaf.num 0.16 0.04 167.32 179.14 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + height + leaf.area 0.15 0.07 175.50 186.06 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + leaf.area 0.11 0.05 175.49 184.30 

 
Brevundi.CFU ~ prop.beetle + prop.yellow 0.08 0.03 175.16 182.21 

 
Brevundi.CFU ~ prop.yellow 0.05 0.02 174.64 179.93 
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Sphingomonas 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.19 0.02 172.61 187.81 

 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + n.leaves + leaf.area + 
leaf.num 0.19 0.05 170.61 184.12 

 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area + 
leaf.num 0.19 0.07 168.71 180.53 

 
Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area 0.11 0.02 183.21 193.78 

 
Sphingo.CFU ~ prop.mined + prop.yellow + leaf.area 0.11 0.04 181.28 190.08 

 
Sphingo.CFU ~ prop.mined + prop.yellow 0.10 0.05 179.95 186.99 

 
Sphingo.CFU ~ prop.yellow 0.08 0.06 178.85 184.14 

      
Arthrobacter 

Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.27 0.11 155.48 170.68 

 

Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.27 0.14 153.53 167.04 

 
Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.num 0.22 0.11 154.10 165.92 

 
Arthro.CFU ~ prop.mined + prop.beetle + height + leaf.num 0.21 0.12 152.87 163.00 

 
Arthro.CFU ~ prop.mined + prop.beetle + height 0.18 0.11 161.25 170.06 

 
Arthro.CFU ~ prop.beetle + height 0.10 0.06 162.84 169.89 

  Arthro.CFU ~ prop.yellow 0.03 0.01 164.06 169.35 
1 log10 CFU bacteria 

2 Models in bolded font represent best models based on lowest BIC  
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Table S11. Multiple regression models of bacterial abundance vs. plant traits and leaf damage. 

(using bacterial samples with 16S sequences; n=160). 

Response 
Variable1 Model2 R2 

adj. 
R2 AIC BIC 

Total Bacteria 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + leaf.area 
+ leaf.num 0.53 0.42 86.82 101.79 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + leaf.num 0.53 0.44 84.82 98.12 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + leaf.num 0.53 0.45 82.82 94.47 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + leaf.num 0.49 0.43 83.33 93.31 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow 0.51 0.47 85.78 94.47 

      
Pseudomonas 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.44 0.32 163.84 178.82 

 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.area + 
leaf.num 0.44 0.34 161.98 175.29 

 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area + 
leaf.num 0.44 0.36 160.05 171.70 

 
Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area 0.43 0.36 172.88 183.30 

 
Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow 0.40 0.35 172.88 181.57 

 
Pseudomonas.CFU ~ prop.mined + prop.yellow 0.39 0.36 171.35 178.30 

      
Rathayibacter 

Ratha.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.39 0.25 175.40 190.37 

 

Ratha.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area 0.39 0.29 186.07 199.97 

 
Ratha.CFU ~ prop.mined + prop.yellow + height + n.leaves + leaf.area 0.37 0.29 185.15 197.31 

 
Ratha.CFU ~ prop.mined + prop.yellow + n.leaves + leaf.area 0.29 0.21 188.35 198.77 

 
Ratha.CFU ~ prop.mined + prop.yellow + leaf.area 0.28 0.23 186.76 195.45 

 
Ratha.CFU ~ prop.mined + prop.yellow 0.26 0.22 186.04 192.99 

      
Pedobacter 

Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + leaf.area 
+ leaf.num 0.32 0.16 155.16 170.14 

 

Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.31 0.18 153.55 166.85 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves 0.33 0.23 166.73 178.89 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + n.leaves 0.30 0.22 166.52 176.94 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow 0.30 0.24 164.53 173.22 

 
Pedo.CFU ~ prop.mined + prop.yellow 0.27 0.23 164.15 171.10 

 
Pedo.CFU ~ prop.mined 0.04 0.01 173.84 179.05 

      
Brevundimonas 

Brevundi.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.20 0.02 164.60 179.58 

 

Brevundi.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.area + 
leaf.num 0.16 0.00 164.85 178.16 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + height + leaf.area + leaf.num 0.15 0.03 162.91 174.56 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + height + leaf.area 0.15 0.06 170.81 181.24 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + leaf.area 0.11 0.04 170.70 179.39 

 
Brevundi.CFU ~ prop.beetle + prop.yellow 0.07 0.03 170.36 177.31 

 
Brevundi.CFU ~ prop.yellow 0.04 0.02 169.70 174.91 

      
Sphingomonas 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.11 -0.09 181.53 196.50 

 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + n.leaves + leaf.area + 
leaf.num 0.10 -0.06 179.86 193.17 

 
Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area + leaf.num 0.10 -0.04 178.10 189.75 

 
Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area 0.03 -0.07 193.66 204.09 

 
Sphingo.CFU ~ prop.mined + prop.yellow + leaf.area 0.02 -0.06 192.22 200.91 
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Sphingo.CFU ~ prop.mined + prop.yellow 0.02 -0.03 190.28 197.24 

 
Sphingo.CFU ~ prop.yellow 0.02 -0.01 188.29 193.50 

      
Arthrobacter 

Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.19 0.00 147.66 162.63 

 

Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.18 0.02 146.18 159.49 

 
Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.num 0.17 0.04 144.62 156.26 

 
Arthro.CFU ~ prop.mined + prop.beetle + height + leaf.num 0.16 0.06 143.08 153.06 

 
Arthro.CFU ~ prop.mined + prop.beetle + height 0.13 0.06 150.18 158.87 

 
Arthro.CFU ~ prop.beetle + height 0.09 0.05 149.78 156.73 

  Arthro.CFU ~ prop.yellow 0.02 -0.01 151.15 156.36 
1 log10 CFU bacteria 

2 Models in bolded font represent best models based on lowest BIC  
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Table S12. Multiple regression models of bacterial abundance vs. plant traits and leaf damage. 

(using bacterial samples with morphotypes matching single OTUs; n=125). 

Response 
Variable1 Model2 R2 aR2 AIC BIC 

Total Bacteria 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.53 0.42 87.79 102.99 

 

log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.53 0.44 85.79 99.30 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + height + leaf.num 0.53 0.46 83.80 95.62 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow + leaf.num 0.50 0.44 84.49 94.62 

 
log.tot.cfu ~ prop.mined + prop.beetle + prop.yellow 0.51 0.47 86.72 95.53 

      
Pseudomonas 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + height + 
n.leaves + leaf.area + leaf.num 0.47 0.36 165.83 181.03 

 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + height + 
leaf.area + leaf.num 0.46 0.36 165.04 178.55 

 

Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area + 
leaf.num 0.46 0.38 163.24 175.06 

 
Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area 0.42 0.36 177.54 188.11 

 
Pseudomonas.CFU ~ prop.mined + prop.beetle + prop.yellow 0.41 0.37 175.85 184.65 

 
Pseudomonas.CFU ~ prop.mined + prop.yellow 0.41 0.38 174.53 181.57 

      
Rathayibacter 

Ratha.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.16 -0.03 125.14 140.34 

 

Ratha.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area 0.13 -0.01 129.62 143.71 

 
Ratha.CFU ~ prop.mined + prop.yellow + height + n.leaves + leaf.area 0.11 -0.01 128.47 140.79 

 
Ratha.CFU ~ prop.mined + prop.yellow + n.leaves + leaf.area 0.11 0.02 126.50 137.07 

 
Ratha.CFU ~ prop.mined + prop.yellow + leaf.area 0.09 0.02 125.47 134.28 

 
Ratha.CFU ~ prop.mined + prop.yellow 0.08 0.04 123.93 130.98 

      
Pedobacter 

Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.32 0.17 161.93 177.13 

 

Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.31 0.19 160.27 173.78 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves 0.29 0.20 169.98 182.31 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow + n.leaves 0.28 0.20 168.88 179.45 

 
Pedo.CFU ~ prop.mined + prop.beetle + prop.yellow 0.27 0.21 167.32 176.13 

 
Pedo.CFU ~ prop.mined + prop.yellow 0.24 0.20 166.94 173.99 

 
Pedo.CFU ~ prop.mined 0.19 0.17 167.71 173.00 

      
Brevundimonas 

Brevundi.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.35 0.20 78.63 93.83 

 

Brevundi.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.area + 
leaf.num 0.18 0.03 85.82 99.33 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + height + leaf.area + leaf.num 0.17 0.05 84.05 95.87 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + height + leaf.area 0.02 -0.08 91.30 101.87 

 
Brevundi.CFU ~ prop.beetle + prop.yellow + leaf.area 0.01 -0.06 89.88 98.69 

 
Brevundi.CFU ~ prop.beetle + prop.yellow 0.01 -0.04 88.12 95.16 

 
Brevundi.CFU ~ prop.yellow 0.00 -0.02 86.23 91.51 

      
Sphingomonas 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.27 0.11 176.81 192.01 

 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + n.leaves + leaf.area + 
leaf.num 0.26 0.13 174.98 188.49 

 

Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area + 
leaf.num 0.26 0.16 172.98 184.81 

 
Sphingo.CFU ~ prop.mined + prop.beetle + prop.yellow + leaf.area 0.22 0.14 186.88 197.45 
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Sphingo.CFU ~ prop.mined + prop.yellow + leaf.area 0.14 0.07 189.16 197.97 

 
Sphingo.CFU ~ prop.mined + prop.yellow 0.14 0.10 187.16 194.21 

 
Sphingo.CFU ~ prop.yellow 0.06 0.04 188.81 194.09 

      
Arthrobacter 

Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.area + leaf.num 0.30 0.14 142.85 158.05 

 

Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + n.leaves + 
leaf.num 0.27 0.14 142.28 155.79 

 
Arthro.CFU ~ prop.mined + prop.beetle + prop.yellow + height + leaf.num 0.12 -0.02 147.95 159.77 

 
Arthro.CFU ~ prop.mined + prop.beetle + height + leaf.num 0.11 0.01 146.22 156.35 

 
Arthro.CFU ~ prop.mined + prop.beetle + height 0.08 0.01 153.28 162.08 

 
Arthro.CFU ~ prop.beetle + height 0.05 0.00 153.08 160.13 

  Arthro.CFU ~ prop.yellow 0.02 0.00 152.03 157.31 
1 log10 CFU bacteria 

2 Models in bolded font represent best models based on lowest BIC
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Table S13. Bacterial infection intensity in relation to herbivore-associated leaf damage (using 

bacterial samples with 16S sequences; n=160). 

Damage Type Bacterial Group µ1 µ2 n1 n2 F df P 
Herbivore Damage Total Bacteria 4.52 (±0.19) 5.34 (±0.40) 20 22 7.85 38 0.008 

 
Pseudomonas 3.01 (±0.31) 4.71 (±0.65) 12 17 11.82 25 0.002 

 
Rathayibacter 3.41 (±0.66) 4.97 (±0.64) 6 12 6.75 14 0.021 

 
Pedobacter 3.78 (±0.49) 4.20 (±1.29) 6 5 0.20 7 0.669 

 
Brevundimonas 3.92 (±0.36) 3.57 (±0.44) 8 4 0.63 8 0.450 

 
Sphingomonas 4.20 (±0.25) 4.43 (±0.36) 13 13 0.76 22 0.392 

 
Arthrobacter 3.48 (±0.71) 3.20 (±0.39) 6 2 0.10 4 0.769 

         Leaf Miner Total Bacteria 4.75 (±0.25) 5.37 (±0.59) 29 13 4.46 38 0.041 

 
Pseudomonas 3.57 (±0.60) 4.74 (±0.74) 18 11 5.93 25 0.022 

 
Rathayibacter 3.83 (±0.65) 5.08 (±0.81) 9 9 4.70 14 0.048 

 
Pedobacter 3.88 (±0.58) 4.21 (±1.95) 8 3 0.03 7 0.876 

 
Brevundimonas 3.87 (±0.33) 3.59 (±0.62) 9 3 0.28 8 0.609 

 
Sphingomonas 4.31 (±0.26) 4.33 (±0.44) 19 7 0.00 22 0.978 

 
Arthrobacter 3.48 (±0.71) 3.20 (±0.39) 6 2 0.10 4 0.769 

         Leaf Beetle Total Bacteria 4.78 (±0.29) 5.36 (±0.50) 30 12 1.77 38 0.191 

 
Pseudomonas 3.69 (±0.54) 4.72 (±0.97) 20 9 1.53 25 0.228 

 
Rathayibacter 4.23 (±0.74) 5.03 (±0.68) 13 5 0.53 14 0.480 

 
Pedobacter 3.65 (±0.48) 4.53 (±1.44) 7 4 1.58 7 0.249 

 
Brevundimonas 3.83 (±0.31) 3.51 11 1 0.22 8 0.652 

 
Sphingomonas 4.21 (±0.23) 4.55 (±0.48) 18 8 1.62 22 0.216 

 
Arthrobacter 3.41 (±0.53) NA 8 0 NA NA NA 

         Chlorosis Total Bacteria 4.62 (±0.22) 5.98 (±0.42) 32 10 28.17 38 0.000 

 
Pseudomonas 3.22 (±0.35) 5.50 (±0.60) 19 10 38.69 25 0.000 

 
Rathayibacter 3.98 (±0.79) 5.20 (±0.49) 11 7 3.91 14 0.068 

 
Pedobacter 3.57 (±0.40) 5.75 (±0.79) 9 2 21.29 7 0.002 

 
Brevundimonas 3.81 (±0.31) 3.68 11 1 0.04 8 0.850 

 
Sphingomonas 4.17 (±0.20) 4.91 (±0.52) 21 5 7.80 22 0.011 

  Arthrobacter 3.41 (±0.61) 3.40 7 1 0.00 4 0.986 
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Table S14. Bacterial infection intensity in relation to herbivore-associated leaf damage (using 

bacterial samples with morpohotypes matching single OTUs; n=125). 

Damage Type Bacterial Group µ1 µ2 n1 n2 F df P 
Herbivore Damage Total Bacteria 4.51 (±0.18) 5.34 (±0.40) 21 22 8.42 39 0.006 

 
Pseudomonas 2.92 (±0.33) 4.71 (±0.64) 12 17 12.50 25 0.002 

 
Rathayibacter 2.70 (±0.59) 5.35 2 1 NA NA NA 

 
Pedobacter 3.65 (±0.25) 3.71 (±0.58) 19 12 0.05 27 0.823 

 
Brevundimonas NA 4.09 0 1 NA NA NA 

 
Sphingomonas 4.18 (±0.24) 4.19 (±0.31) 16 9 0.15 21 0.700 

 
Arthrobacter 2.92 (±0.35) 3.55 (±0.72) 7 3 1.48 6 0.270 

         Leaf Miner Total Bacteria 4.74 (±0.24) 5.37 (±0.59) 30 13 4.80 39 0.034 

 
Pseudomonas 3.49 (±0.61) 4.75 (±0.72) 18 11 6.59 25 0.017 

 
Rathayibacter 2.70 (±0.59) 5.35 2 1 NA NA NA 

 
Pedobacter 3.64 (±0.25) 3.83 (±0.94) 25 6 0.18 27 0.674 

 
Brevundimonas NA 4.09 0 1 NA NA NA 

 
Sphingomonas 4.24 (±0.21) 3.88 (±0.24) 21 4 2.38 21 0.138 

 
Arthrobacter 3.08 (±0.44) 3.20 (±0.39) 8 2 0.01 6 0.912 

         Leaf Beetle Total Bacteria 4.77 (±0.28) 5.36 (±0.50) 31 12 1.90 39 0.176 

 
Pseudomonas 3.63 (±0.55) 4.72 (±0.96) 20 9 1.56 25 0.223 

 
Rathayibacter 2.70 (±0.59) 5.35 NA 2 1 NA NA NA 

 
Pedobacter 3.59 (±0.22) 3.91 (±0.83) 23 8 0.31 27 0.582 

 
Brevundimonas 4.09 NA 1 0 NA NA NA 

 
Sphingomonas 4.12 (±0.21) 4.38 (±0.37) 19 6 0.66 21 0.426 

 
Arthrobacter 2.98 (±0.29) 4.24 NA 9 1 4.50 6 0.078 

         Chlorosis Total Bacteria 4.61 (±0.21) 5.98 (±0.42) 33 10 29.22 39 0.000 

 
Pseudomonas 3.17 (±0.37) 5.49 (±0.56) 19 10 39.82 25 0.000 

 
Rathayibacter 2.70 (±0.59) 5.35 NA 2 1 NA NA NA 

 
Pedobacter 3.54 (±0.20) 4.92 (±1.70) 28 3 11.74 27 0.002 

 
Brevundimonas 4.09 NA 1 0 NA NA NA 

 
Sphingomonas 4.14 (±0.18) 4.67 (±1.12) 23 2 2.75 21 0.112 

  Arthrobacter 3.07 (±0.39) 3.40 NA 9 1 0.14 6 0.726 
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Table S15. GenBank accession numbers for Pseudomonas spp. MLST sequences. 
  MLST Locus 

Isolate ID rpoD gyrB gltA gap-1 

RM12EL_02A KF982594 KF982660 KF982554 KF982525 
RM12EL_02B KF982617 KF982683 KF982565 KF982538 
RM12EL_03A KF982627 KF982666 KF982591 KF982501 
RM12EL_06A KF982628 KF982667 KF982590 KF982502 
RM12EL_06B KF982638 KF982677 KF982575 KF982505 
RM12EL_06C KF982595 KF982662 KF982555 KF982526 
RM12EL_07A KF982611 KF982643 KF982560 KF982532 
RM12EL_07B KF982639 KF982678 KF982589 KF982506 
RM12EL_08A KF982597 KF982661 KF982556 KF982527 
RM12EL_08B KF982626 KF982691 KF982574 KF982543 
RM12EL_08C KF982619 KF982685 KF982567 KF982540 
RM12EL_10A KF982600 KF982648 KF982544 KF982514 
RM12EL_10B KF982629 KF982668 KF982588 KF982497 
RM12EL_10C KF982612 KF982644 KF982561 KF982531 
RM12EL_13A KF982630 KF982669 KF982587 KF982498 
RM12EL_14B KF982603 KF982656 KF982549 KF982518 
RM12EL_16A KF982604 KF982657 KF982551 KF982519 
RM12EL_17A KF982607 KF982649 KF982545 KF982520 
RM12EL_19A KF982596 KF982663 KF982557 KF982528 
RM12EL_20A KF982608 KF982650 KF982547 KF982515 
RM12EL_20B KF982620 KF982686 KF982568 KF982536 
RM12EL_21A KF982621 KF982687 KF982569 KF982535 
RM12EL_21B KF982609 KF982651 KF982548 KF982516 
RM12EL_22A KF982605 KF982653 KF982552 KF982521 
RM12EL_22B KF982592 KF982658 - - 
RM12EL_22C KF982624 KF982690 KF982572 KF982541 
RM12EL_22D KF982614 KF982645 KF982562 KF982530 
RM12EL_23A KF982618 KF982684 KF982566 KF982539 
RM12EL_24A KF982601 KF982659 KF982586 KF982522 
RM12EL_24B KF982615 - - KF982513 
RM12EL_24C KF982623 KF982682 KF982571 KF982537 
RM12EL_25A KF982602 KF982654 KF982553 KF982523 
RM12EL_26A KF982606 KF982652 KF982546 KF982517 
RM12EL_26B KF982616 KF982647 KF982564 KF982533 
RM12EL_27A KF982632 KF982673 KF982585 KF982499 
RM12EL_29A KF982641 KF982680 KF982584 KF982509 
RM12EL_33E KF982633 KF982671 KF982583 KF982500 
RM12EL_34A KF982635 KF982676 KF982582 KF982503 
RM12EL_34E KF982593 KF982692 - KF982542 
RM12EL_36A KF982640 KF982679 KF982581 KF982507 
RM12EL_36B KF982634 KF982670 KF982580 - 
RM12EL_39A KF982636 KF982675 KF982579 KF982504 
RM12EL_39C KF982610 KF982655 KF982550 KF982524 
RM12EL_39F KF982625 KF982689 KF982573 KF982510 
RM12EL_40A KF982598 KF982664 KF982558 KF982512 
RM12EL_42B KF982622 KF982688 KF982570 KF982534 
RM12EL_42C KF982613 KF982646 KF982563 KF982529 
RM12EL_43A KF982642 KF982681 KF982578 KF982508 
RM12EL_44B KF982631 KF982672 KF982577 KF982496 
RM12EL_46A KF982637 KF982674 KF982576 KF982495 
RM12EL_46B KF982599 KF982665 KF982559 - 
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ABSTRACT 

Host plant specialization is the norm for herbivorous insects, and such specialists often possess 

efficient mechanisms to resist or evade chemical defenses in their host plants. But it is unclear 

whether these resistance mechanisms are a cause or consequence of specialization. The 

herbivorous fly Scaptomyza nigrita (Drosophilidae) is a specialist on bittercress (Cardamine 

cordifolia; Brassicaceae). In contrast to many mustard specialists, S. nigrita does not prevent 

formation of toxic breakdown products (mustard oils) arising from glucosinolates (GLS), the 

primary defensive compounds in mustard plants. How this insect achieves its success as a 

specialist while minimizing toxicity from its host remains unknown. We hypothesized that in lieu 

of a specialized detoxification mechanism, S. nigrita behaviorally avoids high levels of GLS 

within plant tissues. Jasmonic acid (JA) signaling increases GLS biosynthesis, but JA responses 

can be dampened by salicylic acid (SA) signaling, which bacterial infection often triggers. Here 

we report that female flies avoided, and larvae gained less mass on, JA-treated compared to 

mock-treated bittercress. JA treatment and larval feeding induced foliar GLS, especially in apical 

leaves, which correspondingly received the least damage. Neither SA treatment nor bacterial 

infection influenced subsequent larval performance. Paradoxically, however, flies preferred to 

feed and oviposit on GLS-producing Arabidopsis thaliana, despite larvae performing worse in 

these plants versus non-GLS-producing mutants. GLS thus play contrasting roles as deterrent 

and attractive host cues for S. nigrita, underscoring the diverse relationship a mustard specialist 

has with its host when lacking a specialized means of mustard oil detoxification.  
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INTRODUCTION 

 Many herbivorous insect lineages have evolved highly derived mechanisms allowing 

individuals to avoid or neutralize toxic plant defense compounds (Wittstock et al. 2004; Winde 

and Wittstock 2011). In some cases, these compounds can be sequestered by insects and enhance 

resistance to predators and parasites, as in monarchs (Brower and Glazier 1975; de Roode et al. 

2011; de Roode et al. 2013), pipevine swallowtails (Sime et al. 2000), and mustard-feeding 

sawflies (Müller 2008). Specialized detoxification mechanisms are identified as the salient traits 

linked to ecological specialization on a narrow range of toxic host plant, as is typical for most 

herbivorous insect species (Ehrlich and Raven 1964; Mitter et al. 1988; Forister et al. 2015). The 

extent to which highly efficient mechanisms to resist plant chemical defenses are a prerequisite 

or consequence of host specialization is unknown, yet understanding this relationship is essential 

to synthesizing the processes that lead to highly specialized life histories on toxic host plants 

(Futuyma and Moreno 1988; Forister et al. 2012). Studies on taxa whose evolutionary transitions 

to herbivory and host specialization are relatively recent may shed light onto the strategies 

employed by insects to overcome plant defensive chemistry. We tested the hypothesis that the 

evolutionarily young mustard specialist Scaptomyza nigrita exhibits behavioral strategies that 

mitigate costs of ingesting mustard oils, given that it lacks a specialized means of fully avoiding 

their toxicity (Schramm et al. 2012; Gloss et al. 2014). 

 The dipteran leaf miners of the genus Scaptomyza (Drosophilidae) are herbivores that 

range from oligophagous to monophagous in diet breadth (Whiteman et al. 2011; Whiteman et al. 

2012; Gloss et al. 2014). The monophagous S. nigrita is native to mountainous regions of 

western North America and inhabits a subset of the habitat occupied by its sole host plant, 

Cardamine cordifolia (Brassicaceae; ‘bittercress’). This plant–insect interaction is a textbook 
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example of how an insect herbivore may shape the habitat distribution of its host plant by driving 

it into relatively enemy-free shaded habitats (Louda and Rodman 1996; Ricklefs and Miller 

1999). Adult females of S. nigrita pierce the abaxial surface of leaves with dentate ovipositors 

and then feed on wound exudates prior to oviposition into a subset of the wounds. Larvae hatch 

and mine within the leaves through three instars, followed by pupation within leaves. The 

defoliating potential of S. nigrita larva is tremendous and can be up to 70% of leaf area by the 

end of the bittercress growing season (Collinge and Louda 1988). Community-wide herbivory 

reduces fitness in bittercress (Louda 1984), and the potential for S. nigrita to contribute to these 

effects is substantial. 

 Despite the role this system has played in our understanding of plant–herbivore ecology, 

very little is known about how host plant chemical defenses mediate interactions between 

bittercress and S. nigrita, including whether the foraging behavior or performance is constrained 

by mustard oil ingestion and/or perception of plant defensive compounds. Glucosinolates (GLS), 

the primary defensive compounds in the Brassicales (Halkier and Gershenzon 2006), are a 

potential driver of the foraging ecology of S. nigrita. Scaptomyza spp., including S. nigrita, do 

not avert GLS breakdown into their toxic isothiocyanates (ITCs); instead, ITCs are processed in 

the body by generalized stress response pathways much the same way as in generalist herbivores 

that only occasionally consume mustards (Schramm et al. 2012; Gloss et al. 2014). Specifically, 

mercapturic acid pathway products are found in the bodies of larvae of S. nigrita larvae after 

ingestion of several different GLS. This finding leads us to hypothesize that, because S. nigrita 

cannot biochemically avert GLS breakdown into ITCs, S. nigrita might minimize exposure to 

mustard-oil precursors by avoiding GLS-rich plant tissues behaviorally. Distributional patterns 

of S. nigrita can be negatively associated with foliar GLS content and composition in bittercress 
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(Louda and Rodman 1983a; Louda and Rodman 1983b), but no controlled experiments have 

been conducted that test the effects of variable GLS concentrations on S. nigrita host choice or 

larval performance.  

 In the present study, we combined observational work with laboratory and field 

experiments to determine how GLS may serve as attractants, deterrents, and defenses to mediate 

adult and larval preference and performance in S. nigrita. We utilized several distinct means of 

manipulating foliar GLS in the foraging environment of S. nigrita: first, we assayed S. nigrita 

adult choice and larval performance following JA treatments in bittercress transplanted from the 

field. We complemented this with direct measurement of foliar GLS induction in local and 

systemic (i.e. plant-wide) leaves following JA treatment or S. nigrita larval feeding. Mustard 

plant tissues contain constitutive GLS, but JA signaling activates biosynthesis of GLS (Halkier 

and Gershenzon 2006). 

 We next exploited the observation that many flowering plants exhibit reduced JA 

signaling activity (and thus reduced anti-herbivore defenses, including GLS) following induction 

of salicylic acid (SA) signaling (Koornneef and Pieterse 2008; Thaler et al. 2012). The SA 

signaling pathway can be triggered by piercing/sucking insects such as aphids or by recognition 

of bacteria-associated molecules such as flagellin (Jones and Dangl 2006; Fu and Dong 2013). 

Although the plant defense response to leaf-infecting bacteria such as Pseudomonas syringae is 

complex and depends on the presence of secreted bacterial effectors, SA signaling is one way 

that P. syringae infection can indirectly reduce anti-herbivore defenses (Cui et al. 2002; Cui et al. 

2005; Chung et al. 2013; Groen et al. 2013). We have previously reported a high prevalence of 

Pseudomonas spp. in bittercress leaves, including P. syringae, a strong positive association 

between P. syringae infection and herbivory by S. nigrita in bittercress and direct evidence that 
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adult and larval S. nigrita can prefer to feed on Pseudomonas spp.-infected bittercress 

(Humphrey et al. 2014). Such plant-mediated facilitation of herbivores by certain leaf-infecting 

bacteria may be reinforced via insect-mediated dispersal (Stavrinides et al. 2008; O'Connor et al. 

2014), which sets the stage for bacteria to potentially play an important role in the preferential 

colonization of plants with relatively suppressed anti-herbivore defenses (e.g. GLS) . We 

therefore tested whether S. nigrita larval performance was impacted by plant SA treatment as 

well as infection with each of three genetically distinct Pseudomonas spp. strains we previously 

isolated from native bittercress (Humphrey et al. 2014). These treatments were predicted to 

indirectly reduce the strength of JA-dependent defenses (e.g. GLS) in bittercress. 

 Finally, we made use of wild-type (Col-0) and an isogenic GLS-deficient knock-out 

(GKO) of Arabidopsis thaliana (Arabidopsis) to probe the causal role of GLS in the foraging 

ecology and performance of this insect in controlled laboratory choice trials (Whiteman et al. 

2011; Whiteman et al. 2012). Our complementary experiments allow us to formulate a working 

hypothesis of how plant defensive chemistry shapes the foraging ecology of S. nigrita at the 

between-patch, between-plant, and between-leaf levels, and offer experimental evidence in 

support of biased leaf selection by female flies driving distributional patterns of damage in 

natural bittercress stands reported in earlier studies (Collinge and Louda 1988). We report 

multiple independent lines of evidence suggesting that S. nigrita adults and larvae avoid high 

concentrations of GLS, even though flies were more attracted to GLS-yielding Arabidopsis that 

harmed their larvae compared to GLS knock-out Arabidopsis. These contrasting patterns 

underscore the important observation that inducible plant defensive chemicals play multiple roles 

in the foraging ecology of a monophagous insect: as attractive host cues—similar to well-known 
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mustard specialists—yet also as deterrents, consistent with their role as effective direct defenses 

against S. nigrita. 

 Some mustard specialists may indeed “feed with impunity” on their GLS-producing host 

plants (Wittstock et al. 2004). Our work shows, however, that specialized biochemical means of 

subverting plant secondary compounds such as those exhibited by these classic mustard 

specialists are not a precondition for the evolution of extreme host plant specialization (Gloss et 

al. 2014). S. nigrita may instead rely to a large degree on the behavioral exploitation of 

“windows of opportunity” (Renwick 2002) during which host GLS are relatively reduced. 

 

MATERIALS & METHODS 

The field and laboratory experiments were conducted between 2009 and 2013 at the Rocky 

Mountain Biological Laboratory (RMBL) in Gothic, CO., USA and greenhouse work was 

conducted in 2010 at the University of Arizona, Tucson, AZ., USA. Near the RMBL, bittercress 

is a self-compatible out-crosser, but also reproduces clonally via rhizomes and often occurs as 

patches with dozens of stems (ramets) for each genotype (genet) (Collinge and Louda 1988). 

Adult preference assays using S. nigrita and bittercress. 

 In 2011, we transplanted individual bittercress ramets from the field into pots and held 

them under a 16:8 h light:dark cycle approximately 30 cm below 32W fluorescent bulbs in the 

laboratory at the RMBL for up to a week prior to treatment. Pairs of plants were matched by 

height and randomized to either receive JA or a mock treatment solution. Using a blunt syringe 

(1 ml), two basal cauline leaves per stem were infiltrated with approximately 20 µL of 1 mM JA 

or sterile water (both + 0.42% methanol) as a control. Two days later, four plants—two of each 

treatment—were randomized to each of ten replicate mesh cages (35 x 35 x 35 cm mesh 
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enclosures, www.livemonarch.com) into which we released five adult female S. nigrita collected 

from the field near the RMBL. After 24 h we removed all flies and counted leaf punctures 

(“stipples”) introduced by the flies into bittercress leaves. Stipple counts on treated leaves 

(“local”), remaining un-treated leaves (“systemic”), and plant-wide counts were modeled 

separately with treatment and plant height as fixed effects and cage number as a random effect 

using negative binomial generalized linear mixed models (GLMMs) implemented in R v. 3.0.2 

(R Core Development Team 2012) using package glmmADMB (Skaug et al. 2011). 

Larval performance assays using S. nigrita and bittercress. 

 In 2010, we transplanted fifty-five ramets from the field near the RMBL into the lab (as 

above) and randomized them to receive treatment with either a solution of 1 mM JA or a mock 

solution (both + 0.2% ethanol). To apply treatments, we sprayed leaves until dripping using 

spray bottles. Treatments were applied once and then again 72 hours later, and we then 

immediately transplanted a single field-collected larva into the third lowest cauline leaf of each 

plant. We measured larval mass 24 h later using a fine balance (Sartorius). 

JA and S. nigrita GLS induction experiments. 

 Bittercress produces at least 12 GLS, including those that yield isothiocyanates upon 

breakdown, as well as oxazolidinethione-yielding GLS (Louda and Rodman 1983a; Louda and 

Rodman 1983b; Rodman and Louda 1985). Rhizomes from a single clonal C. cordifolia plant 

were collected near the RMBL in August 2010 and grown for five months in a greenhouse at the 

University of Arizona. Plants were grown under ambient light conditions in a 1:3:1 mix of 

vermiculite, Sunshine Mix #3, and fine sand. Plants were watered every three days and fertilized 

weekly (MiracleGro, Scotts Corporations, Marysville, OH). We randomized rosettes to be 

sprayed with either 1 mM JA or a mock solutions (both + 0.42% methanol) once and then again 
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after 72 hours. Two large (~3.5 cm2) and two small (~1.0 cm2) rosette leaves were collected from 

each of five JA- and mock-treated plants 24 hours later. We froze leaves at –80oC until they were 

shipped on dry ice for processing. Each pair of large or small leaf samples was pooled for each 

of the five plants per condition (20 data points in total), which were subsequently analyzed with 

HPLC for GLS (see GLS detection below). Total and individual detected GLS concentrations 

(nmol per g dry leaf tissue) in JA- or mock- treated leaves were compared using one-way 

ANOVAs implemented in R. GLS from each of five plants per treatment (JA vs. mock) 

represented weighted averages of a small and large leaf from each plant. 

In 2010, we transplanted 30 bittercress ramets from shade habitat near the RMBL and 

maintained them in the laboratory at the RMBL as in the above experiments. Plants were 

randomized to receive a single transplanted 2nd–3rd instar larva into the third or fourth cauline leaf 

of each treated plant (n = 15), or a pinprick at the base of the petiole to simulate transplantation  

(n = 15). Larvae mined for seven days, after which leaves of each leaf position (up to leaf 8 for 

control plants and leaf 7 for treated plants) were harvested and stored under liquid nitrogen vapor 

before being shipped on dry ice for processing. For GLS detection, we created separate pools 

from each discrete leaf position (1–7) containing a leaf from each of the 15 plants per treatment. 

This yielded 14 data points in total, with each representing the pooled average of leaf tissue from 

15 independent plants per condition. We calculated log2-fold differences between S. nigrita-

infested vs. mock-treated plants for total and individual GLS detected for the leaf positions (1–7) 

that were shared between mock and treatment plants. We used a sign test in R to test the null 

hypothesis that differences in foliar GLS concentrations were random with respect to treatment,. 

Additionally, we examined the relationship between foliar GLS and leaf position in non-

induced (i.e. in mock-treated) plants from the larval GLS induction experiment described above. 
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Data for leaf position 8 was included in this analysis. Furthermore, we included foliar GLS data 

collected (see GLS detection below) on leaf pools from positions 1–7 from field plants that 

remained un-treated but which were collected from the same field site. We modeled plant source 

(field vs. laboratory) and leaf position as predictors of nmol GLS per mg dry leaf tissue using a 

linear model implemented in R. 

GLS detection. 

 GLS were detected by HPLC as desulfoGLS (Kim et al. 2004). Abundant desulfoGLS 

were identified by retention time, absorption spectra, mass spectra, and comparison to known 

Arabidopsis and C. cordifolia spectra. GLS quantities were calculated based on absorption and 

previously reported response factors (Brown et al. 2003). Detailed methods for GLS extraction 

and identification can be found in the Electronic Supplementary Material Online Resource 1 

(Appendix S1). 

Preference–performance assays using S. nigrita and Arabidopsis. 

 In 2012, we grew pre-sterilized Arabidopsis seeds in 42 x 42mm re-hydrated peat pellets 

(Novosel Enterprises, USA) in flats under 32W lights (16:8 light:dark cycle) and watered them 

daily until plants were four weeks old. Eighteen GKO and WT plants were randomized to 

positions within each of two mesh cages (30 x 35 x 30 cm) into which 20 adult female flies were 

released for 24 h. We then counted total stipples and eggs deposited in leaves of each plant. In 

separate plants, we transplanted single, wild-collected S. nigrita larvae of uniform size (2nd–3rd 

instar) into the largest developmentally matched leaf of fresh GKO and WT plants (n = 36 per 

plant genotype). For each leaf in which the larva survived after two days, we removed, 

photographed, and traced leaf area mined using ImageJ (Abràmoff et al. 2004). Leaf area mined 

(mm2) was compared between plant genotypes using a one-way ANOVA (i.e. a t-test) 
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implemented in R. Leaf area mined is an informative proxy for performance of Scaptomyza on 

host plants (Whiteman et al. 2011). Normality of model residuals was assessed using Shapiro-

Wilk tests in R. 

Common garden experiment on larval performance. 

 In 2013, we established a 5 x 15 m garden plot in a sub-alpine meadow adjacent to the 

outflow of Emerald Lake 6 km north of the RMBL. We transplanted 484 rhizome fragments 

(range 1–10 g, mean=2.9 ± 0.13 g, 95% CI) into randomized positions (using a random number 

generator) along parallel rows of lightly tilled topsoil. The rhizomes were derived from three 

nearby bittercress patches (“genotypes”; n = [“A” = 162, “B” = 160, “C” = 162]), each separated 

by > 30 m, growing along the stream within 100 m of the garden plot. Rhizomes were protected 

from herbivory with semi-translucent fine mesh cloth and watered for five weeks prior to 

treatments. After five weeks of growth, 192 plants had ≥ 3 leaves each ≥1 cm diameter. Each of 

these plants were randomized to receive one of the following treatments, each prepared in sterile 

10 mM MgSO4: Mock (control), 1 mM JA, 1 mM SA, or each of three Pseudomonas spp. isoltes 

from bittercress at this site (P. syringae str. RM20A, P. syringae str. RM22B, and P. fluorescens 

str. RM33E; (Humphrey et al. 2014). These strains are members of phylogenetically distinct 

clades that were well represented among Pseudomonas spp. from bittercress. Prior to each 

treatment day, bacteria were grown overnight in King’s B liquid medium at 28°C and diluted to 

105 cells/mL in sterile 10 mM MgSO4. Prior to use here, these bacterial stocks experienced only 

two serial passages in the laboratory since isolation from their original plant sources. 

On each of two days, two leaves of each plant that randomized to each treatment block 

(i.e. day) were infiltrated with 10–50 µL of each solution using sterile blunt-end 1.0 mL syringes. 

The order in which plants were treated was also randomized within days. Four days following 
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treatment, each infiltrated leaf was removed and frozen at –80 °C to later verify growth of 

inoculated bacteria. S. nigrita larvae (1–2 mm in length) were simultaneously collected from 

nearby plants within 100 m of the garden and were placed on the largest remaining systemic (i.e. 

previously un-treated) leaf of each plant and allowed to insert. All larvae that remained after 

feeding for two days in their leaves were removed with fine forceps and weighed on a fine 

balance (Sartorius). Leaf area mined by larvae was calculated from photographs taken of each 

mined leaf using ImageJ. Procedures for confirming the growth and identity of the bacteria used 

in the common garden experiment can be found in Electronic Supporting Material Online 

Resource 2 (Appendix S2). 

 Using a binomial GLM, we tested whether day (block), the plant genotype, and/or the 

plant treatment predicted larval recapture (i.e. whether they were found) after feeding for two 

days in the garden. Using an ANOVA, we modeled square-root transformed leaf area mined, un-

transformed larval mass, and untransformed larval mass per unit area mined (larval mass/leaf 

area mined) as functions of plant genotype x plant treatment as well as treatment day as fixed 

effects. Using linear regressions, we examined dose-response relationships between bacterial 

growth and larval performance measures in the common garden plants subjected to experimental 

bacterial infection. 

Examining within-host selection by S. nigrita in the field and laboratory. 

 In 2010, we conducting a survey of leaf miner damage on the leaves of 107 ramets in 

patches of bittercress at a field site 3 km west of the RMBL (Site 2 of Collinge and Louda 1988; 

Collinge and Louda 1988). In parallel, we transplanted un-damaged bittercress ramets from open 

meadow and nearby shade from the same field site into the lab into plastic pots and placed them 

under fluorescent lights as in the above experiments for < 24 h. Plants were held in eight 
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replicate mesh 30 x 35 x 61 cm cages (www.livemonarch.com), into which four adult female 

flies collected from the same site as the plants were released and allowed to forage for 24 h. We 

then counted feeding punctures and eggs on each leaf using a dissecting microscope. 

 For the field study, a negative binomial fit for describing the number of mines per stem 

was conducted using R package fitdistrplus (Delignette-Muller and Dutang 2015) using 

maximum likelihood to estimate the dispersion parameter and mean. To test for an effect of leaf 

position on the probability of a leaf being mined we used logistic regression with leaf position 

modeled as a continuous predictor. For the laboratory choice experiment, we tested for an effect 

of leaf position on stipple and egg counts using GLMMs with negative binomial errors in R 

package lme4 (Bates et al. 2014). We included cage number (replicate) as a random factor. 

 

RESULTS 

S. nigrita choice and performance vs. plant inducible defenses 

To address the hypothesis that JA-dependent defenses impact host foraging patterns of S. 

nigrita adult females, we conducted a laboratory choice test. In eight out of ten independent 

feeding trials, adult S. nigrita female flies created fewer feeding punctures (“stipples”) in JA- vs. 

mock-treated bittercress plants, resulting in lower overall damage on treated plants (Table 1; Fig. 

1a). When considering only locally treated leaves, the reduction in damage following JA 

treatment was more pronounced compared to non-treated systemic leaves (Table 1). 

We tested if induction of JA-dependent defenses increased plant resistance against S. 

nigrita using a larval transfer experiment, and whether JA treatment increased foliar GLS 

concentration. Larvae feeding on JA-pretreated plants for 24 h weighed 15% less on average 

(mean mass of 1.31 mg ± 0.21 mg 95% CI), than those feeding on mock-treated plants (1.55 mg 
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± 0.17 mg 95% CI; p = 0.044, MWU one-sided, Fig. 1b). Plant-wide treatment of bittercress 

rosettes with 1 mM JA led to a detectable increase in 5 out of 7 total detected GLS compare to 

mock-treated leaves (Fig. 2a). This constituted an overall 1.62-fold increase of total GLS (7.13 ± 

1.84 95% CI vs. 4.40 ± 1.22 95% CI nmol/mg dry leaf mass, p < 0.05; Fig. 2). 

We then tested if leaf mining by a single S. nigrita larva was sufficient to induce foliar 

GLS locally and systemically within bittercress ramets. A single S. nigrita larva feeding in a 

basal leaf was sufficient to increase GLS both locally (i.e. in damaged local leaves at positions 3 

and 4, Fig. 3b) and in apical leaves (i.e. in un-damaged systemic leaves at positions 6 and 7, Fig. 

3b). All six detected GLS increased following S. nigrita treatment (p = 0.031, exact binomial 

test, two-sided), constituting a 3.73-fold increase in total GLS across all leaf positions (mock: 

32.36 vs. S. nigrita larva: 145.01 nmol/mg dry leaf mass, Fig. 3a). Level of induction varied by 

type of GLS, with 1-methylethyl-GLS and indole-3yl-methyl-GLS increasing the most in apical 

leaves as well as plant-wide (Fig. 3a). Although plant-wide GLS increased, leaf position 5 

experienced a decrease in all individual foliar GLS (Fig. 3a) following S. nigrita damage. 

Results from JA- vs. S. nigrita-induced changes in foliar GLS are not directly comparable 

due to differences in sampling design and the plant life stages or genotypes examined (see 

Materials and methods). Although the GLS detected in both assays largely overlapped, benzyl- 

and 3-methoxybenzyl-glucosinolate were only detected in JA-induced rosette leaves, and 

hydroxyindol-3-methylglucosinolate was only detected in S. nigrita-infested cauline leaves. 

S. nigrita preference and performance in Arabidopsis. 

 We tested whether S. nigrita prefer host plants with our without foliar GLS, as well as 

larval development differences in these plants, by conducting experiments with wild-type 

(Columbia-0, ‘WT’) Arabidopsis and an isogenic knockout deficient in the production of both 
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aliphatic and indolic GLS (quadruple knockout cyp79B2 cyp79B3 myb28 myb29, “GKO”). S. 

nigrita adult females made fewer stipples and laid fewer eggs on GKO mutant vs. WT 

Arabidopsis (Table 2; Fig. 4a–b). In contrast, when transferred into Arabidopsis leaves as larvae, 

leaf area mined was significantly greater on leaves from GKO vs. WT plants (Table 2; Fig. 4c). 

Although larvae hatched in both plant genotypes, none successfully completed development. 

Effects of hormone treatments and bacterial infection on S. nigrita performance in bittercress 

 In a common garden experiment conducted in the field, we tested how plant treatments 

with JA, SA, or each of three Pseudomonas spp. bacterial strains affected the performance of S. 

nigrita larvae. These treatments were applied to each of three bittercress genotypes. Detailed 

results of the re-growth characteristics of plant genotypes A–C prior to treatment can be found in 

Online Supporting Material Resource 2 (Appendix S2). Following implantation into systemic 

leaves from plants pre-treated with SA, JA, or each of three Pseudomonas spp. strains, the 

probability of re-capturing S. nigrita larvae after feeding for two days was estimated as only a 

quarter of the average if implanted on day two (OR = 0.23 [0.1–0.5 95% CI]; p < 0.001) or on 

JA-treated plants (OR = 0.26 [0.06–0.92 95% CI], p = 0.04; Fig. S2, ESM Appendix S2), as well 

as potentially over twice the average if implanted into plants of genotype B, although the 

estimated OR of this latter effect substantially overlaps 1 (OR = 2.39 [0.87–6.86 95% CI], p = 

0.09; Table S1, ESM Appendix S2). 

 The remaining S. nigrita larvae did not differ in leaf area mined, larval mass, or larval 

mass per unit area leaf mined, in common garden plants according to the treatment the plant 

received, the genotype of the plant, or their interaction (Table S2–4; Fig. S1a–b, ESM Appendix 

S2). The day on which larvae were implanted was the only factor with p < 0.05 in a model of leaf 

area mined (Table S2, ESM Appendix S2). In contrast, plant genotype was the only factor with p 
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< 0.05 in a model of larval mass (Table S3; Fig. S3a, ESM Appendix S2) but was not a 

significant predictor of leaf area mined (Table S2; Fig. S3b, ESM Appendix S2). No factor 

included in the model of larval mass per unit leaf area mined had a detectable effect (Table S4). 

All models had low adjusted r2 values (Tables S2–S4, ESM Appendix S2), and the only model 

with an overall p < 0.05 was for leaf area mined (Table S2, ESM Appendix S2). 

In contrast to affecting S. nigrita larval mass, plant genotype played no detectable role in 

Pseudomonas spp. growth in bittercress following experimental infection. Bacterial growth 

differed between strains, with P. syringae str. RM20A exhibiting the most growth compared to P. 

syringae str. RM22B and P. fluorescens str. RM33E (ANOVA, F2,25 = 36, p < 0.001; Fig. S1c, 

ESM Appendix S2). Pseudomonas spp. growth within leaves was uncorrelated with performance 

of S. nigrita larvae (linear models, all p > 0.3; data not shown). 

Within-host foraging patterns of S. nigrita 

 Collinge and Louda (1988) noted that lower leaves on bittercress stems in the field tend 

to receive a disproportionately higher share of the damage by larval S. nigrita. We tested the 

repeatability of this pattern in the field and found that, within the 107 bittercress stems surveyed 

in the field, the frequency of leaf damage by leaf miners steadily decreased with leaf position 

(Fig. 5a). Logistic regression revealed that the OR of leaf mine damage was 0.75 (0.73–0.80 95% 

C.I.) between each pair of increasing leaf positions along bittercress stems on average (Table 3; 

Fig. S5, ESM Appendix S3). The overall probability of leaf miner damage was estimated as 0.38 

(0.33–0.44 95% C.I.) on the lowest leaf position, which decreased to 0.003 (0.0017–0.0077) by 

leaf position 20, according to model fits generated from logistic regression coefficient estimates 

(Table 3). Overall, the distribution of the number of mined leaves per stem closely followed a 
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negative binomial distribution (mean = 1.88 ± 0.27 SE mined leaves per stem, dispersion 

parameter = 0.63 ± 0.14 SE; Fig. S4, ESM Appendix S3). 

 We then experimentally tested whether this within-host pattern of damage arises from 

biases in the selection of leaves of different stem positions by foraging S. nigrita rather than from 

earlier and prolonged exposure of lower leaves to foraging flies in the field. Experimental 

feeding trials with adult flies revealed a decreasing probability of both stipple and egg abundance 

with increasing bittercress leaf position (Table 3; Fig. 5b). In contrast, we estimated a positive 

linear correlation between leaf position and the GLS content of mock-treated plants held under 

field and lab conditions (Table 3; Fig. 5c), which appears to be driven by the sharp increase in 

GLS in the two most apical leaf positions. 

 

DISCUSSION 

 The change in GLS profiles induced in bittercress leaves by S. nigrita larval damage 

overlapped strongly with that induced by JA alone (Figs 2–3), and JA treatment of plants was 

sufficient to cause reduced feeding by adults as well as reduced weight gain in larvae (Fig. 1). 

Adult preference and larval performance are positively coupled, as might be expected for a 

specialist whose larvae are restricted to feeding on the plant in which they were laid as eggs. 

However, when utilizing genetic knock-out Arabidopsis deficient in the production of both 

aliphatic and indolic GLS (GKO), S. nigrita adult preference was strongly in favor of WT plants 

that retained GLS (Fig. 4). Despite this preference, larvae implanted into WT Arabidopsis gained 

significantly less mass than the larvae in GKO plants. Foliar GLS thus can function as attractants 

as well as defenses depending on the type of plants that foraging S. nigrita choose between. 
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 That female flies preferred WT Arabidopsis over GLS knock-outs suggests that their 

preference may depend on relative concentrations of GLS represented among the options being 

tested: different behavioral responses may be triggered by the absence of GLS (as would be the 

case for a non-Brassicaceae host plant), vs. a higher or lower concentration of GLS relative to 

other leaves within the same foraging/oviposition bout. Adult Pieris spp. and Plutella xylostella 

can depend on foliar GLS in order to accept a plant as a host (Renwick 2002; De Vos et al. 2008), 

and S. nigrita adults may similarly use GLS as a first stage in assessing host plant suitability. 

 Yet the host choice hierarchy exhibited by S. nigrita at the between-species level is not 

governed by simply the presence or absence of GLS. Experimental tests of host species 

selectivity conducted by Gloss et al. (2014) showed that S. nigrita adults strongly preferred 

feeding and ovipositing on bittercress over other sympatric mustards in pairwise choice tests. 

That S. nigrita persists in monophagy despite the occurrence of other GLS-yielding mustards 

sympatric with bittercress suggests that the presence of GLS in plant tissues may be necessary 

but not sufficient to promote usage of a given host species. The factors promoting extreme 

specialization on bittercress in this species have yet to be identified.  

 The patterns observed for S. nigrita feeding on Arabidopsis may be viewed as 

paradoxical in light of previous work with host-adapted specialists of Brassicaceae. Using 

Arabidopsis knock-outs deficient in either or both aliphatic and indolic glucosinolates, Müller et 

al. (2010) found that these classes of GLS act in an additive fashion to promote oviposition by 

adult Pieris rapae as well as stimulate feeding by larvae of both P. rapae and Plutella xylostella, 

and did not decrease larval or pupal performance measures. In contrast, the generalists also 

assayed (Spodoptera exigua, Manduca sexta, and Trichoplusia ni) each developed significantly 

faster on GLS knockout plants, indicating a cost of foliar GLS on their performance. Our results 
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with S. nigrita mirror the results for these known lepidopteran specialists where host choice is 

concerned, but for larval performance align more with the generalists whose larvae developed 

less well in GLS containing plants. One interpretation of this pattern for S. nigrita is simply that 

this species may require foliar GLS as a host acceptance cue prior to exhibiting feeding and 

oviposition search behavior along a negative GLS concentration gradient. The particular foraging 

patterns exhibited by S. nigrita may reflect a transitional coping strategy that may help to 

reinforce a monophagous diet breadth. 

 These particular results complement those from prior work with S. nigrita, which 

together help to illustrate how the GLS dose perceived by S. nigrita may interact with the spatial 

scale at which it is perceived. Exogenous JA treatment of sunny bittercress patches increased the 

local abundance of leaf miner damage compared to control (i.e. mock-treated) patches 

(Humphrey et al. 2014). However, at the within-patch scale, paired mock-treated stems 

experienced more damage compared to their neighboring JA-treated stems. Attraction to JA-

induced host cues between patches, combined with aversion to JA treatment at between stem 

scales as found in this study, may underlie this pattern of associational susceptibility. 

 Both our observational and experimental studies with bittercress revealed that within-

plant (i.e. between-leaf) feeding and oviposition choices by adults are strongly biased towards 

lower leaves. This bias is sufficient to explain the field-scale observational pattern of increased 

incidence of larval damage on lower leaves found in our study and in Collinge and Louda (1988). 

We also found that apical bittercress leaves contained higher constitutive concentrations of GLS 

and also experience a relatively greater enrichment of GLS following S. nigrita larval damage. 

Both patterns are consistent with the avoidance response seen in adult S. nigrita choice tests, 

reduced larval weigh gain, and reduced larval recapture rate in the common garden following 
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plant JA treatment. These results contrast with what is known about pierids, which can prefer 

plants (Renwick 2002) or tissues with relatively higher glucosinolate content within the same 

stems (Smallegange et al. 2007; Müller et al. 2010). But because additional factors confounded 

with GLS content such as leaf abscission rate (Bultman and Faeth 1986), nutrient density and/or 

leaf toughness can vary with leaf position (Collinge and Louda 1988; Travers-Martin and Müller 

2008), establishing the causal factors driving leaf choice within stems awaits further study. 

 Prior observational studies showed that foliar GLS content of bittercress in the field 

varies dramatically (Louda and Rodman 1983a; Louda and Rodman 1983b). Abiotic or other 

developmental factors that affect expression of JA-regulated GLS accumulation are thus likely to 

also influence the probability of attack, as well as the extent of damage resulting from such 

attacks, by S. nigrita in the field. Furthermore, we expect that a large proportion of the standing 

variation in GLS content in the field also arises from prior biotic interactions that impart a lasting 

phenotypic effect on the plant due to inducible defenses (Poelman et al. 2008; Poelman et al. 

2011). In the field foraging experiment of Humphrey et al. (2014), S. nigrita larvae accrued more 

on plants that had been pre-treated locally with SA in the field compared to neighboring mock-

treated plants, consistent with expectations of SA–JA crosstalk (Koornneef and Pieterse 2008; 

Thaler et al. 2012). Pseudomonas spp. infection can promote insect feeding, choice and/or 

performance both locally and systemically in laboratory-based studies (Cui et al. 2002; Cui et al. 

2005; Chung et al. 2013; Groen et al. 2013), including for Scaptomyza spp. in locally-infected 

leaves (Humphrey et al. 2014). We thus hypothesized that systemic SA or bacterial 

Pseudomonas spp. treatment would attenuate anti-herbivore defenses in bittercress against larval 

S. nigrita. However, neither systemic SA treatment nor systemic treatment with any of the 

bacterial treatments produced a detectable increase in any of the three larval performance 
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measures taken. This may be because the strength of the induced responses of rosette leaves to 

SA or infection with these bacterial strains is not high enough or are not systemic depending on 

either the prevailing physiological processes relevant to SA signaling at this early plant 

developmental stage (Rivas-San Vicente and Plasencia 2011). Alternatively, a neutral outcome 

for S. nigrita may arise as a consequence of the balance between plant responses to conserved 

bacterial proteins (e.g. flagellin) that trigger SA vs. bacterial effectors and phytotoxins that 

trigger competing responses controlled by other phytohormones such as JA and ethylene (Cui et 

al. 2005; Groen et al. 2013). The effector and phytotoxin profiles of these Pseudomonas spp. 

isolates, and their effects on plant defenses in bittercress, remain unknown. 

 Independent of day (block), bittercress genotype was the sole factor impacting larval 

mass in the common garden experiment. We have yet to identify the factors responsible for 

variation in genotypic effects on larval performance, but constitutive defenses and/or nutritional 

quality may be involved. Plant genotype influences Pieris brassicae developmental rate, and a 

strong candidate factor driving this pattern is GLS profile (Smallegange et al. 2007). The 

concentration and diversity of defensive chemicals can vary at multiple spatial scales within 

native plant populations and have a genetic basis (Bidart-Bouzat and Kliebenstein 2008; Newton 

et al. 2009; Poelman et al. 2009; Züst et al. 2012); such diversity might be favored and 

maintained in bittercress if it slows the evolution of resistance in S. nigrita (Gloss et al. 2013). 

 Some mustard specialists may indeed “feed with impunity” on their GLS-producing host 

plants (Wittstock et al. 2004). Our work shows, however, that specialized biochemical means of 

plant secondary compound avoidance such as those exhibited by these classic mustard specialists 

are not a precondition for the evolution of extreme specialization on mustards (Gloss et al. 2014). 

S. nigrita may instead rely to a large degree on the behavioral exploitation of “windows of 
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opportunity” (Renwick 2002) during which host GLS are relatively reduced. Nonetheless, strong 

attraction to GLS-producing Arabidopsis (relative to a genetic mutant deficient in GLS) 

exhibited by S. nigrita reflects a baseline host-finding adaptation similar to other specialists that 

likely reinforces mustard specialization in this species (Goldman-Huertas et al. 2015). Together, 

this combination of results reveals a potentially intermediate phase of specialization initiated by 

behavior and presupposes the existence of countervailing benefits from extreme mustard 

specialization that have yet to be revealed in this system. 
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FIGURE CAPTIONS 

Figure 1. JA-induced defenses shape S. nigrita adult preference (A) and larval performance (B) 

in laboratory assays using field-collected bittercress. (A) Mean number of stipples across plants 

in each condition for each cage (n=10 cages total) compared using a GLMM (see Materials & 

methods). Results displayed are for total stipples, rather than local or systemic stipples 

individually (see Table 1 for each result). (B) Larval mass gain after 24 h of feeding post-transfer 

in JA- (1 mM) or mock-treated leaves of field-collected bittercress. See Table 1 for statistical 

results. 

 

Figure 2. Foliar glucosinolate (GLS) induction in bittercress leaves following whole plant 

treatment with 1 mM JA. Bars indicate absolute induction (nmol/mg leaf dry mass), while log2 

differences indicate relative induction between JA and mock for each detected GLS. * P < 0.05, • 

0.1 > P ≥ 0.05, ns = non-significant (see Materials & methods for statistical procedures). 

 

Figure 3. Individual and total glucosinolates (GLS) are induced across leaves in field-collected 

bittercress stems 3 d post S. nigrita infestation. Data represent single measurements of pools of 

leaf discs from 15 leaves per leaf position per condition (S. nigrita-infested vs. mock; see 

Materials & methods). (A) Absolute GLS (nmol/mg leaf dry mass) following S. nigrita 

implantation in bittercress leaf disc pools summed across leaf positions 1–7. (B) Relative GLS 

induction (log2 difference between treatment and mock) locally (implanted leaves; positions 3 

and 4, indicated by arrows) and systemically in leaves along bittercress stem. Color key indicates 

magnitude of log2 difference between treatment and mock. ‘na’ indicates none of the indicated 

GLS were detected in one or both of the leaf pools. 
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Figure 4. S. nigrita are attracted to, but develop more slowly on, Arabidopsis thaliana 

(Arabidopsis) with glucosinolates (GLS; WT) vs. isogenic plants without GLS (GKO). (A–B) 

Feeding (A) and oviposition (B) preference of S. nigrita adult females in cages with WT and 

GKO Arabidopsis. (C) Leaf area mined by transplanted field-collected S. nigrita larvae 24 h 

post-implantation in Arabidopsis with and without GLS. See Table 2 for statistical results. 

 

Figure 5. S. nigrita damage on bittercress stems is negatively correlated with leaf position and 

foliar glucosinolate (GLS) content. (A) Field observational data reveals that leaf miner damage is 

disproportionately higher on leaves lower down on bittercress stems. (B) Experimental results 

demonstrate that the accrual of adult S. nigrita feeding damage (stipples) and eggs is highest on 

lower leaves during feeding trials, consistent with field observational patterns in panel A. (C) 

Foliar GLS levels are highest in upper-most leaves in plants reared in the laboratory as well as 

similarly sized plants sampled from the field. Different heights of vertical axis in A–C reflect 

systematic differences in plant size. See Table 3 for statistical results. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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TABLES 

Table 1. GLMM results for adult S. nigrita stipple number in JA (1 mM) vs. Mock. 

Leaf Position(s) Predictor Estimate (±SE) z P-value ∂ (±SE) 2 

Local only Treatment (JA) -0.71 (±0.23) -3.07 0.002 1.95 (±0.42) 
Systemic only Treatment (JA) -0.44 (±0.26) -1.71 0.088 1.63 (±0.39) 

Total1 Treatment (JA) -0.54 (±0.22) -2.41 0.016 2.17 (±0.53) 
1 Total represents plant-wide stipples 

2 Negative binomial dispersion parameter estimates 
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Table 2. Model results for S. nigrita preference and performance on A. thaliana GKO vs. WT. 

Response Estimate (±SE) test statistic P-value ∂ (±SE)3 

Stipples1 -1.26 (±0.42) -3.04 0.0024 0.82 (±0.2) 
Eggs1 -2.83 (±0.42) -6.8 < 0.001 3.03 (±1.42) 

Leaf area mined (cm2)2 5.18 (±1.63) 3.18 0.0067 - 
1 GLMM with negative binomial errors (test statistic = z) 

2 One-way ANOVA (test statistic = t) 

3 Negative binomial dispersion parameter estimate 
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Table 3. Model results for leaf position vs. S. nigrita damage and foliar GLS. 

Data source Response Predictor Estimate (±SE) test statistic P-value 

Field (observational)1 Mines Leaf position –0.270 (±0.025) –10.90 <0.0001 

      Lab (experimental)2 Stipples Leaf position –0.179 (±0.028) –6.466 <0.0001 

 
Eggs Leaf position –0.403 (±0.055) –7.314 <0.0001 

      Lab and Field3 nmol GLS/mg  Leaf position 2.65 (±1.09) 2.43 0.032 

  
Source 3.761 (±4.76) 0.791 0.444 

1 Logistic regression; Estimate = log odds ratio; test statistic = Wald z 

2 Negative binomial GLMMs; Estimate = log rate ratio; test statistic = t 

3 Linear model; Estimate = slope; test statistic = t 
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Appendix S1: Detailed glucosinolate extraction and identification procedures. 

Leaf samples were lyophilized, dry weight was recorded, samples were placed in 2 mL 

microcentrifuge tubes containing two 3 mm steel ball bearings, and samples were crushed by 

shaking for 3 min on a Harbil model 5G-HD paint shaker. To each sample, 750 µL of 80% 

methanol and 5 µL of 5 mM sinigrin were then added. Samples were shaken again and heated at 

75 °C for 15 min. After centrifugation at 10,000 x g for 10 min, 600 µL of each supernatant was 

added to 0.5 mL volume drip columns prepared with Sephadex A-25 (Amersham). Columns 

were washed twice with 1 mL methanol and twice with 1 mL dH2O. We then added 100 µL 15 

mg/ml aryl sulfatase (Sigma, St. Louis, MO) to each column, which were then incubated 

overnight in the dark at 23 ºC. Samples containing desulfoGLS were eluted with 200 µL 80% 

methanol followed by 200 µL dH2O. Samples were evaporated in a Savant SC 110 rotary 

evaporator (Savant Instruments, Farmingdale, NY) and resuspended in 50 µL dH2O. 

DesulfoGLS were separated on a LiChrospher RP-18, 250 x 4.6 mm, 5 µm, column (Agilent, 

Santa Clara, CA) using a Waters 2695 HPLC and detected using a Waters 2996 photodiode array 

detector and a Micromass Quattro II mass spectrometer (Waters, Milford, MA). For HPLC 

separation, the mobile phases were A, water, and B, 90% acetonitrile, at a flow rate of 1.2 ml 

min-1 at 23 °C. Column linear gradients for samples were: 0–1 min, 98% A; 1–6 min 94% A; 6–8 

min, 92% A; 8–16 min, 77% A; 16–20 min, 60% A; 20–25 min, 0% A; 25–27 min hold 0% A; 

27–28 min, 98% A; 28–37 min, 98% A. 
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Appendix S2: Detailed common garden methods and results. 

 

Verifying bacterial growth and identity. 

 To verify growth of bacteria in leaves following treatment, we conducted dilution plating 

of surface-sterilized leaf tissue followed by polymerase chain reaction (PCR) of the gene rpoD 

after picking single morphologically matched colonies using methods and primers reported in 

Humphrey et al. (2014). Sanger sequencing of rpoD amplicons was conducted at the University 

of Arizona Genomics Core center and genotyping was conducted following Humphrey et al. 

(2014). In all cases, the bacterial types utilized in this study correctly corresponded to the 

intended strain.  

 

Re-growth characteristics of bittercress genotypes. 

 As described in the Material and methods (main text), we transplanted 484 rhizome 

fragments into our common garden plot. Of these rhizomes, 192 re-grew to sufficient biomass 

after 5 weeks in the ground. Before plant treatments were conducted in the common garden, we 

tested for systematic differences in the re-growth of the plants of different genotypes. Plants that 

remained were enriched for plant genotype C (logistic regression, odds ratio [“OR”] = 3.26 

[1.72–6.73 95% CI]; P < 0.001), but this did not correspond to differences in initial rhizome 

mass (OR = 1.3 [0.81–1.23 95% CI]; P = 0.88). At 5 weeks post transplantation, the average 

number of leaves or the width of the largest leaf on the 192 included plants did not significantly 
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differ between plant genotype (ANOVA; all P > 0.1 except for number of leaves per plant on 

genotype B vs. C [Tukey’s HSD post-hoc test, µB > µC; P = 0.085]). 

 

Supplementary results from common garden experiment. 

 

Figure S1. Larval performance and bacterial growth in bittercress grown in a field common 

garden. (a–b) Larva mass (a) and leaf area mined (b) measured following implantation of larvae 

into single rosette leaves in bittercress. (c) Growth of infiltrated bacteria after 4d starting from 

low density, expressed as log10 colony forming units per g surface-sterilized leaf tissue. 

Crossbars indicate medians. JA = jasmonic acid, SA = salicylic acid, P.fluo = Pseudomonas 

fluorescens, P. syr = Pseudomonas syringae. 
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Figure S2. The proportion of larvae recovered from plants 48 h after implantation differed 

among treatments and was significantly lower from JA-treated plants compared to all other 

treatments. See Table S1 for statistical results.  
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Figure S3. Larval mass (a) and leaf area mined (b) displayed per bittercress genotype after 

foraging in field common garden plants. Crossbars indicate medians. The distinct plant 

genotypes are arbitrarily labeled A–C.  
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Table S1. Factors correlating with larval survival in common garden.  

Predictor OR (95% CI)1 z P-value 

Day (two) 0.23 (0.1–0.5) -3.55 0.000 

JA 0.26 (0.06–0.92) -2.02 0.043 

P. fluo RM33E 0.43 (0.11–1.55) -1.26 0.208 

SA 0.56 (0.14–2.22) -0.82 0.414 

Genotype C 1.01 (0.41–2.46) 0.02 0.980 

P. syr RM22B 1.02 (0.25–4.05) 0.03 0.974 

Leaf width (mm) 1.07 (0.98–1.18) 1.54 0.124 

P. syr RM20A 1.53 (0.34–7.36) 0.56 0.577 

Plant genotype (B) 2.39 (0.87–6.86) 1.67 0.095 

1OR = odds ratios derived from exponentiated log ORs from logistic regression (see Materials & 

methods, main text).  
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Table S2. Larval performance in the common garden as measured by leaf area mined. 

    Days one and two   Day one only 

Variable category Predictor est. SE t P 

 

est. SE t P 

 

Intercept 8.291 0.863 9.61 0.000 

 

7.587 1.024 7.41 0.000 

Day Day (two) -0.933 0.358 -2.60 0.010 

 

- - - - 

Plant genotypes B 1.376 1.036 1.33 0.186 

 

2.502 1.304 1.92 0.059 

(relative to A) C -0.269 1.054 -0.26 0.799 

 

0.659 1.237 0.53 0.596 

Treatments JA -0.074 1.112 -0.07 0.947 

 

1.297 1.439 0.90 0.371 

(relative to Mock) P. fluo RM33E 1.211 1.157 1.05 0.297 

 

2.115 1.586 1.33 0.187 

 

P. syr RM20A -0.309 1.163 -0.27 0.791 

 

-0.198 1.601 -0.12 0.902 

 

P. syr RM22B 1.143 1.126 1.02 0.312 

 

1.781 1.594 1.12 0.268 

 

SA 0.163 1.154 0.14 0.888 

 

1.553 1.347 1.15 0.253 

 

Leaf mass (g) 3.385 5.386 0.63 0.531 

 

3.150 7.075 0.45 0.658 

 

Leaf width (cm) 0.032 0.047 0.69 0.491 

 

0.027 0.065 0.41 0.680 

Plant genotype x TX B x JA -1.890 1.570 -1.20 0.231 

 

-3.617 2.311 -1.57 0.122 

(relative to A x Mock) C x JA -0.503 1.513 -0.33 0.740 

 

-1.526 1.934 -0.79 0.433 

 

B x P. fluo RM33E -2.478 1.521 -1.63 0.105 

 

-2.977 2.093 -1.42 0.160 

 

C x P. fluo RM33E -0.680 1.511 -0.45 0.653 

 

-1.392 1.966 -0.71 0.481 

 

B x P. syr RM20A 1.414 1.531 0.92 0.357 

 

2.341 2.220 1.05 0.295 

 

C x P. syr RM20A -0.409 1.526 -0.27 0.789 

 

-1.798 2.044 -0.88 0.382 

 

B x P. syr RM22B -1.790 1.508 -1.19 0.237 

 

-3.711 2.152 -1.72 0.089 

 

C x P. syr RM22B -1.336 1.450 -0.92 0.358 

 

-2.627 2.062 -1.27 0.207 

 

G x SA -2.486 1.576 -1.58 0.117 

 

-4.994 1.938 -2.58 0.012 

  C x SA -0.199 1.504 -0.13 0.895 

 

-1.529 1.805 -0.85 0.400 

 

                    

 

Overall model  F (df1,df2) 

adj. 

R2 P 

 

F (df1,df2) adj. R2 P 

  

1.73 (20, 154) 0.077 0.034 

 

1.5 (19, 65) 0.101 0.116 
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Table S3. Larval performance in the common garden as measured by larval mass. 

    Days one and two   Day one only 

Variable category Predictor est. SE t P 

 

est. SE t P 

 

Intercept 1.166 0.239 4.87 0.000 

 

1.095 0.281 3.90 0.000 

Day Day (two) -0.019 0.099 -0.19 0.849 

 

- - - - 

Plant genotypes B 0.553 0.270 2.05 0.043 

 

0.481 0.332 1.45 0.153 

(relative to A) C 0.418 0.283 1.48 0.142 

 

0.402 0.329 1.22 0.226 

Treatments JA 0.286 0.341 0.84 0.404 

 

0.010 0.396 0.02 0.981 

(relative to Mock) P. fluo RM33E 0.284 0.343 0.83 0.409 

 

0.239 0.398 0.60 0.551 

 

P. syr RM20A 0.352 0.307 1.15 0.254 

 

0.224 0.466 0.48 0.633 

 

P. syr RM22B 0.174 0.306 0.57 0.569 

 

-0.017 0.400 -0.04 0.966 

 

SA 0.305 0.320 0.95 0.343 

 

0.478 0.398 1.20 0.236 

 

Leaf mass (g) 0.466 1.392 0.33 0.738 

 

-1.311 1.790 -0.73 0.467 

 

Leaf width (cm) 0.013 0.013 0.99 0.326 

 

0.024 0.018 1.35 0.184 

Plant genotype x TX B x JA -0.234 0.470 -0.50 0.619 

 

0.225 0.593 0.38 0.707 

(relative to A x Mock) C x JA -0.453 0.461 -0.98 0.328 

 

0.407 0.552 0.74 0.464 

 

B x P. fluo RM33E -0.424 0.433 -0.98 0.330 

 

-0.199 0.519 -0.38 0.703 

 

C x P. fluo RM33E -0.527 0.437 -1.20 0.231 

 

-0.245 0.513 -0.48 0.635 

 

B x P. syr RM20A -0.270 0.399 -0.67 0.501 

 

0.062 0.595 0.10 0.918 

 

C x P. syr RM20A -0.545 0.395 -1.38 0.171 

 

-0.263 0.556 -0.47 0.638 

 

B x P. syr RM22B -0.332 0.392 -0.85 0.399 

 

-0.404 0.534 -0.76 0.453 

 

C x P. syr RM22B -0.210 0.400 -0.53 0.600 

 

0.321 0.520 0.62 0.539 

 

G x SA -0.341 0.421 -0.81 0.420 

 

-0.539 0.543 -0.99 0.325 

  C x SA 0.070 0.414 0.17 0.867   -0.181 0.506 -0.36 0.722 

           

 

Overall model  F (df1,df2) 

adj. 

R2 P 

 

F (df1,df2) 

adj. 

R2 P 

  

0.96 (20, 110) <0.1 0.512 

 

0.97 (19, 54) <0.1 0.511 
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Table S4. Larval performance in the common garden as measured by larval mass per unit area 

mined. 

    Days one and two   Day one only 

Variable category Predictor est. SE t P 

 

est. SE t P 

 

Intercept 0.026 0.009 3.01 0.003 

 

0.028 0.011 2.56 0.013 

Day Day (two) -0.001 0.004 -0.34 0.735 

     Plant genotypes B -0.001 0.010 -0.15 0.877 

 

-0.007 0.013 -0.56 0.576 

(relative to A) C -0.001 0.010 -0.10 0.917 

 

-0.006 0.013 -0.49 0.629 

Treatments JA -0.006 0.012 -0.48 0.631 

 

-0.010 0.015 -0.63 0.529 

(relative to Mock) P. fluo RM33E -0.006 0.012 -0.49 0.625 

 

-0.010 0.016 -0.61 0.543 

 

P. syr RM20A 0.007 0.011 0.60 0.547 

 

-0.006 0.018 -0.35 0.726 

 

P. syr RM22B -0.004 0.011 -0.36 0.717 

 

-0.005 0.016 -0.33 0.744 

 

SA 0.004 0.011 0.39 0.695 

 

-0.005 0.016 -0.33 0.745 

 

Leaf mass (g) -0.041 0.050 -0.83 0.407 

 

-0.050 0.070 -0.72 0.476 

 

Leaf width (cm) 0.000 0.000 -0.22 0.830 

 

0.000 0.001 -0.14 0.890 

Plant genotype x TX B x JA 0.012 0.017 0.73 0.464 

 

0.022 0.023 0.96 0.343 

(relative to A x Mock) C x JA 0.013 0.016 0.76 0.447 

 

0.023 0.022 1.08 0.284 

 

B x P. fluo RM33E 0.005 0.015 0.34 0.735 

 

0.013 0.020 0.65 0.520 

 

C x P. fluo RM33E 0.005 0.016 0.31 0.759 

 

0.010 0.020 0.49 0.623 

 

B x P. syr RM20A -0.003 0.014 -0.20 0.845 

 

0.006 0.023 0.27 0.790 

 

C x P. syr RM20A 0.003 0.014 0.19 0.846 

 

0.027 0.022 1.22 0.227 

 

B x P. syr RM22B 0.008 0.014 0.57 0.569 

 

0.009 0.021 0.44 0.662 

 

C x P. syr RM22B 0.026 0.014 1.85 0.067 

 

0.038 0.020 1.85 0.070 

 

G x SA 0.015 0.015 0.97 0.333 

 

0.035 0.021 1.64 0.108 

  C x SA 0.070 0.414 0.17 0.867   -0.181 0.506 -0.36 0.722 

           

 

Overall model  F (df1,df2) 

adj. 

R2 P 

 

F (df1,df2) adj. R2 P 

  

0.95 (20, 109) 0.007 0.521 

 

1.05 (19, 53) 0.0134 0.424 
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Electronic Supporting Material Online Resource 3 

 

Appendix S3. Detailed results regarding the between- and within-host distribution of 

damage by S. nigrita on bittercress in the field. 

 

Fig. S4. 

 

Figure S4. Negative binomial model fit for the distribution of mined leaves per stem in a 

systematic survey of bittercress stems in the field. Empirical = the shape of the distribution from 

the data. Theoretical = the shape of the distribution after estimating the negative binomial size 

shape parameters (see Methods & materials, main text). 
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Fig. S5. 

 

Figure S5. Observational data combined with logistic regression model fit of leaf position vs. the 

probability a leaf at a given position was mined. Binary data points are jittered for visual 

purposes only. Model accounts for different numbers of leaves on stems (see Methods and 

materials and Table 3, main text). 

0.00

0.25

0.50

0.75

1.00

0 5 10 15 20
Leaf position on stem

Pr
(m

in
ed

)



 132 

 

LIFE HISTORY VARIATION UNDERLIES COMPETITION AND CO-EXISTENCE IN A 

PHYLLOSPHERE PSEUDOMONAS SPP. COMMUNITY 

 

Parris T. Humphrey*, Trang N. Nguyen, Noah K. Whiteman 

 

Department of Ecology & Evolutionary Biology, University of Arizona, 1041 E Lowell St., 

BioSciences West 310, Tucson, AZ., 85721, USA. 

 

*Author for correspondence: pth@email.arizona.edu, phone: +1 520-696-9315 

Running Head: Competition and co-existence in the phyllosphere 

 

Keywords: trade-off, interference, intransitivity, bacteriocin, endophyte 

 

Author contributions. PTH conceived, designed, and conducted the experiments with help from 

TNN; PTH analyzed the data wrote the manuscript with help from NKW. 

  



 133 

ABSTRACT 

Exploitative and interference competition are rife within bacterial communities, but the traits that 

underlie each type of competitiveness remain obscure, as do trade-offs among them that may 

constrain life history evolution. Furthermore, persistence of types within populations and 

communities rests on whether or not competitive abilities are hierarchical (i.e. intransitive). 

Using 39 Pseudomonas spp. strains from the phyllosphere of a native plant, we (1) characterized 

life history trait variances and co-variances, (2) examined how such variance related to 

competitive fitness in spatial microcosms, and (3) estimated how intransitive interactions might 

promote strain co-existence. Overall, competitive fitness differed between two major clades, P. 

fluorescens and P. syringae. Exploitative competitiveness was best explained by shorter lag time 

in P. fluorescens and increased maximum growth rate in P. syringae. Interference (i.e. inhibition) 

positively correlated with exploitative ability. The lack of trade-offs, and the distinct trait 

correlations for each clade, illustrates the evolutionary flexibility of the relationships among 

these dimensions of life history and fitness. A modest but potentially important fraction of 

intransitive interactions reversed competitive outcomes wherein inferior competitors would have 

been excluded. Thus, standing life history variation and competitiveness potentially stabilizes the 

co-existence of strains through the fitness-equalizing force of inhibition-mediated facilitation.  
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INTRODUCTION 

Ecologists have long recognized that distinct forms of competition operate simultaneously within 

communities: competition to exploit shared resources, and competition to interfere with 

another’s ability to do so. Recent work has confirmed that competition of both sorts is a potent 

source of natural selection operating within microbial communities (Hibbing et al. 2009; 

Cornforth and Foster 2013; Mitri and Richard Foster 2013). In fact, when estimated 

systematically, competitive (net negative) interactions vastly outnumber cooperative (net 

positive) interactions when diverse mixtures of bacterial genotypes are brought together (Foster 

and Bell 2012). In bacteria, interference traits can take the form of lethal toxins (e.g. 

bacteriocins) or other factors that crowd out or smother competing bacterial cells (Mitri and 

Richard Foster 2013), while exploitative competitive ability is often explained in terms of some 

combination of growth-related traits, especially maximum growth rate (Lenski et al. 1998; 

Hibbing et al. 2009). The traits of organisms involved in each form of competitiveness likely 

evolve in tandem, but a central question remains: what are these underlying traits, and what are 

the correlations among them? Describing the life history correlates of competitiveness is 

essential for ultimately understanding the functional basis of evolutionary fitness (Masel, in 

review) and for predicting how organisms might evolve in response to diverse and overlapping 

forms of natural selection arising from the competitive regimes that predominate in diverse 

microbial communities (Warringer et al. 2011; Bergstrom et al. 2014). 

 Theoretical studies assume that interference competition trades offs with aspects of life 

history involved in exploitative competition such as maximum growth rate (Kerr et al. 2002; 

Neumann and Jetschke 2010). Investment in exploitative vs. interference competitive ability thus 

should be approximately zero-sum. But empirical evidence for such trade-offs is scant, and 
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recent attempts to quantify the costs of interference competition traits have failed to detect them 

(Garbeva et al. 2011). Furthermore, a trade-off between maximum growth rate and growth 

efficiency (i.e. yield) is predicted on metabolic (Pfeiffer et al. 2001) and theoretical grounds 

(Frank 2010). Selection to increase exploitative ability therefore is assumed to involve increasing 

maximum growth rate at the expense of efficiency (Mitri and Richard Foster 2013). This 

prediction is supported in some cases (Luckinbill 1978; MacLean 2007; Jasmin and Zeyl 2012) 

but not in most others (Luckinbill 1979; Ostrowski et al. 2005; Novak et al. 2006), and may arise 

from environmental rather than genetic correlations (Jasmin and Zeyl 2012). If such trade-offs 

exist and impose constraints on the evolution of competitiveness, a pattern indicating as much 

should be evident in the extant variation present within a community. The ways in which the life 

history traits underlying exploitative and interference competition are themselves correlated may 

help determine the balance between the levels of competitiveness achieved by genotypes as well 

as how diverse microbial communities assemble. 

  A separate but related issue is to understand how diversity within communities influences 

the outcome of competitive interactions between genotypes and affects the strength or direction 

of selection on phenotypic traits (Ohgushi et al. 2012). Because bacterial communities in nature 

exhibit high species diversity, the outcome of any focal interaction may be reversed by nearby 

species (Rojas-Echenique and Allesina 2011). This effect is captured by the concept of 

intransitivity, which is the non-hierarchical arrangement of competitive abilities among diverse 

genotypes or species. The net effect of intransitivity is that competitiveness is highly context-

dependent: one genotype’s ability to dominate another depends on the frequency of any number 

of other genotypes. Empirical intransitive interaction networks have been discovered both within 

(Sinervo and Lively 1996) and between species (Lankau and Strauss 2007), and theoretical 
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studies have shown that introducing even modest intransitivity into competitive interaction 

networks can provide a buffer against species (or genotype) extinction (Laird and Schamp 2006; 

Laird and Schamp 2008; Rojas-Echenique and Allesina 2011; Laird 2014). Perhaps the most 

famous type of intransitivity takes the form of the rock–paper–scissors (R–P–S) game, where A 

invades B, B invades C, while C invades A. However, other forms of intransitivity such as 

facilitation may be common in nature (Brooker et al. 2008; Bronstein 2009; McIntire and 

Fajardo 2013). One potentially avenue of facilitation in bacterial communities is through 

differential sensitivities of the two focal competing species to interference competition (e.g. a 

secreted toxin) from a third player. This scenario lies at the intersection of exploitative and 

interference competition, and its occurrence likely is maximized by intermediate frequencies of 

both the production of and resistance to secreted inhibitors. Teasing apart how exploitative and 

interference competition interact in a community context remains a long-standing challenge 

(DeLong and Vasseur 2013). Very little empirical work has attempted as much for microbial 

communities, and has instead focused on toxin-mediated interference competition in pair-wise 

and three-way comparisons (Kerr et al. 2002; Lenski and Riley 2002; Kirkup and Riley 2004). 

Thus, studies are needed that directly measure the frequency of different exploitative and 

interference competitive abilities and to systematically assess the potential for facilitation and 

other forms of intransitivity to maintain life history diversity within natural communities. 

 The principal goals of this study were to (1) characterize the distribution of life history 

trait variances and co-variances among a diverse set of isolates from a wild bacterial meta-

community, (2) examine how life history variation relates to a network of competitive 

interactions, and (3) estimate how frequently intransitive competitive asymmetries among strains 

promote co-existence. To address these goals, we build upon prior work using a natural 
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community of endophytic Pseudomonas spp. bacteria isolated from a systematic survey of leaves 

of a perennial forb, native bittercress (Brassicaceae; Cardamine cordifolia A. Gray) in the Rocky 

Mountains of North America. These strains were isolated from the internal leaf (endophytic) 

compartment of bittercress include a broad range of strains from the cosmopolitan 

phytopathogen P. syringae lineage (Morris et al. 2008) and the putative rhizosphere specialist P. 

fluorescens lineage that here was found to be a common endophytic species. Competitive 

interactions between genetically or functionally diverse P. syringae isolates can alter the success 

of leaf colonization by focal strains (Kinkel and Lindow 1993; Wilson and Lindow 1994a; 

Wilson and Lindow 1994b). Although the types of traits that contribute to these competitive 

interaction phenotypes are unknown, both phenotype-modifying compounds as well as toxins are 

commonly secreted by phyllosphere-dwelling bacteria, especially among Pseudomonas spp. 

(Lindow and Brandl 2003; Quiñones et al. 2005; Dulla and Lindow 2009; Dulla et al. 2010; Ma 

et al. 2013). Phyllosphere bacteria are known to co-localize both on the surface and interior of 

leaves (Monier and Lindow 2005). Thus, there is substantial potential for direct interactions 

between competing bacteria to affect the patterns of assembly within phyllosphere communities. 

 Using 39 of these phyllosphere Pseudomonas spp. isolates plus a laboratory strain (P. 

syringae pv. maculicola str. ES4326), we measured the outcome of pairwise competitive 

interactions wherein strains competed for shared resources in spatial microcosms. We then 

quantified each strain’s ability to invade and defend against invasion, from which we derived a 

composite measure of competitiveness that incorporated both offensive and defensive ability. We 

simultaneously assessed each strain’s capacity to inhibit surrounding competitors and their 

ability to resist strains with inhibitory capacities. Using independent measurements of maximum 

rate of increase, lag phase, and maximum yield in vitro, we then determined the underlying 
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correlates of both exploitative and interference competitive abilities as well as the phylogenetic 

structure of such correlations. 

 Our analyses revealed major differences in both exploitative and interference 

competitiveness between the two major clades comprising the Pseudomonas spp. community of 

bittercress, as well as distinctions in how such competitiveness relates to underlying life history 

traits. Instead of the predicted trade-offs discussed above, we uncovered distinct correlates of 

competitiveness that involved shorter lag phase duration for P. fluorescens, and higher maximum 

growth rates for P. syringae. Canonical trade-offs between rate and yield were not observed; 

instead, we reveal a novel trade-off between lag phase and growth rate present only within P. 

fluorescens. Inhibition (i.e. interference competitive) ability did not trade-off with exploitative 

ability but was positively correlated with it. Such patterns suggest that the evolution of 

competitiveness may involve different components of life history for these bacterial groups.  

 Examining the community context of these interactions revealed that a modest but 

potentially important fraction of all three-way interactions result in the reversal of competitive 

outcomes that would otherwise lead to competitive exclusion of an inferior competitor. A small 

set of R–P–S interactions was discovered, which may lead to cyclical invasion dynamics and 

thus net neutrality of genotypes; but the intransitivity in our interaction network generally took 

the form of facilitation, whereby a toxic strain displaced a superior competitor thereby 

facilitating a resistant but weaker recipient. The community context of interference competition 

is thus important for predicting the exploitative capacity of resistant strains by buffering them 

from competitive exclusion, which alters the premium on exploitative capacity if a strain is also 

resistant. Such a dataset allows dissection of several dimensions of in vitro fitness exhibited by a 

natural community of phyllosphere Pseudomonas spp., and provides a platform for testing 
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hypotheses about the mechanistic bases of competitive traits (e.g. toxin production and 

resistance). Together, this work helps build an understanding of how competitive traits might 

evolve in tandem with other life history traits in representatives from communities that interact in 

nature. 

 

METHODS 

Bacterial strain selection 

Bacterial strains were selected from among the 51 described in Humphrey et al. (2014). A total 

of 39 Pseudomonas spp., including 26 P. syringae and 14 P. fluorescens strains, were selected 

that represent the full range of phylogenetic diversity observed within the plant population 

sampled. To serve as a reference for these natural Pseudomonas spp. isolates, we included the 

laboratory reference strain P. syringae pv. maculicola str. ES4326 (hereafter 4326) owing to its 

phylogenetic similarity to strains isolated from bittercress and its extensive characterization in 

the laboratory as a pathogen of Arabidopsis thaliana (Cui et al. 2002; e.g. Cui et al. 2005; Groen 

et al. 2013). 

 

In vitro growth assays 

All strains were re-streaked from –80 °C stocks in 50% glycerol onto King’s B (KB) plates 

containing 10 mM MgSO4 and incubated at 28 °C for 3 days. All strains had undergone only one 

prior cycle of isolation–growth–freezing since initial isolate on KB plates from surface-sterilized 

leaf homogenates from bittercress (Humphrey et al. 2014). Single colonies were plucked and 

inoculated into 1 mL minimal media (MM) and grown overnight in a shaking incubator (250 

rpm) at 28 °C. MM was prepared by combining filter-sterilized stock solutions to yield 10 mM 
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fructose, 10 mM mannitol, 50 mM KPO4 at pH 5.6, 7.6 mM (NH4)2SO4, and 1.7 mM MgCl2 

(Mudgett and Staskawicz 1999; Barrett et al. 2011). MM at pH 5.6 has been shown to induce the 

expression of the type-III secretion system (T3SS) in a diversity of Pseudomonas spp. (Huynh et 

al. 1989), in contrast to KB, which results in negligible T3SS expression. T3SS expression was 

important for maximizing the potential relevance of our in vitro assay environments to those of 

plants, in which T3SS expression is expected. All 1 mL of each overnight culture was spun down 

for 3m at 3,000 x g and the supernatant was replaced with 500 µL fresh MM. The density of each 

culture was adjusted to OD600 = 0.2 prior to 1:100 dilution into a total of 180 µL MM inside the 

wells of sterile polystyrene 96-well plates (Falcon). Each 96-well plate was covered with 

BreathEasy® optically clear, gas-permeable plastic tape and incubated for 60 h in a BioTek 600 

plate reader in which OD600 measurements were taken every 5 min with continuous orbital 

shaking. Identical growth assays were performed on separate days in duplicate using KB instead 

of MM. 

 

Life history trait estimation 

The R package grofit was used to fit smoothed functions to the bacterial growth data. Curve fits 

generated using logistique, Richards, Gompertz, or modified Gompertz equations failed to 

produce estimates with r ≥ 0.5 and we therefore used a non-parametric locally-weighted 

smoothing (LOWESS) function to estimate the following growth parameters: maximum growth 

rate rm, lag phase L, and maximum yield K. Lag phase represents the period in units of time 

(minutes) prior to initiation of exponential growth, while K is the maximum OD600 attained 

during the 60 h of growth. The growth curve of a few long lag-phased strains never leveled off 

(Fig. S1, e.g. strain 17A), and in these cases the final OD600 measurement was taken as the value 



 141 

of K. In cases where the growth trajectory of strains exhibited multiple humps, indicative of 

intermediate lags between exponential phases, we captured the rm corresponding to the initial 

phase of such sustained growth (e.g. strain 20A; Fig. S1). 

 

Competition assays 

Pairwise high-density competition assays were conducted on plates (100 mm diameter petri 

dishes) with a 1x MM and 1% agar substrate, covered with 4 ml of 1x MM in 0.5% agar overlays 

containing a bacterial suspension of each resident strain inoculated at an initial density of 

5x105•ml-1. Soft agar was cooled to approximately 42 °C prior to inoculation with each resident 

strain, and all soft agar pours were allowed to dry for 20 minutes. Suspensions of each of the 40 

invader strains were then spotted at the same concentration in 4 µL aliquots spaced every 0.5 cm 

in parallel rows using an 8-channel pipettor. Plates were incubated face up for 12 h, followed by 

face down incubation at 28 °C for 10 days. Megacolony spots were scored for growth on days 1, 

3, 5, 8, and 10. Data used for the following analyses are from day 10, by which time all 

interactions dynamics had leveled off. 

 Growth was scored in three discrete categories: ‘0’ for no visible growth of the invader 

above a negative control spot containing MM alone; ‘0.5’ for a largely translucent megacolony 

which reflected a definite presence of growth but which was relatively suppressed and confined 

to the megacolony margin; and ‘1’ for obvious and robust megacolony growth. Examples of each 

can be seen in Fig. S3. 

 Although interference competition can occur via direct cell-to-cell toxin injection (e.g. 

using type IV secretion system), we scored inhibition as the presence of a zone of clearance 

(halo) ≥ 1 mm surrounding the extent of the invading megacolony (Fig. S3). Inhibition 
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interactions were ultimately scored as ‘0’ or ‘1’ regardless of the spatial extent of the halo, 

although variation in halo width was recorded. 

 Detailed inspection of plates also allowed us to score various interaction phenotypes 

presented in Fig. S3. This included multi-stage growth inhibition involving spreading waves of 

growth enhancement preceding a concentric spreading wave of inhibition (Fig. S3A); variation 

in the megacolony morphology resulting from particular strain pairings (Fig S3A–C); and the 

emergence of physiological resistance to secreted inhibitors (Fig. S3C). 

 

Estimating the components of competitiveness 

Each strain was assayed under 40 different conditions both as resident strain and as invader, 

comprising a total of 1600 interactions (including self vs. self). Three metrics of competitiveness 

were derived from the interaction patterns, representing offense (i.e. invasion) capacity (Co), 

defense capacity (i.e. territoriality) (Cd), overall competitiveness (Cw), inhibitory capacity (Ct), 

and resistance (Cr). Co and Cd were calculated based on the interaction matrix for resource 

competition. Co for each strain i was calculated as 𝐶!,! =
!
!!"

𝑥!"!
!!! , where 𝑥!" ∈ {0,0.5,1} and 

𝑛!" is the total number of scored interactions for each strain as the invader with all non-self 

resident strains. Co can be thus interpreted as the expected value of growth attained by each strain 

as the invader across the population of residents assayed. Cd was calculated similarly except the 

focal strain j is in the resident state, 𝑥!" ∈ {0,0.5,1} is as before but has a subscript reversal and 

now indicates the degree to which the resident prevented the growth of each invader i, and 𝑛!" 

totals the number of interactions occurring between each focal resident and its non-self invaders. 

Cd can thus be interpreted as the expected value of growth each resident strain can prevent 

among the population of invaders assayed. 
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 A composite measure of competitive ability (i.e. competitive fitness) in the context of 

growth, Cw, was calculated to reflect the net combination of offense and defense. Cw for each 

strain was defined as 𝐶!.! = 𝐶!,! − (1− 𝐶!,!), and takes on any value from –1 to 1. These 

extremes represent absolute competitive inferiority (–1), where a strain failed to prevent any 

growth of any invader and similarly failed to invade any other strain, to absolute competitive 

dominance (1), where a strain fully invaded all residents and fully prevented growth of all 

invaders. 

 Ct and Cr were calculated based on the interaction matrix for interference competition. Ct 

for each strain was calculated as the proportion of invasions by the focal strain that resulted in 

halo formation (i.e. inhibition of the resident). Cr was calculated as the proportion of pairings as 

resident with each of the strains with Ct > 0 (i.e. toxin producers) that failed to result in halo 

formation. In other words, Cr is conditional on being exposed to an invader observed to produce 

toxins within the interaction network under study. 

 

Life history trait analyses 

Pearson’s r (correlation coefficients) were calculated between all pairs of growth and 

competitive trait measurement, and statistical significance was assessed as p<0.05 after 

Benjamini–Hochberg false discovery rate correction implemented in R package psych (Revelle 

2012). Euclidean distances between each growth trait for all pairs of strains were measured as 

𝐷!" = (𝑥! − 𝑥!)!  for each trait. Genetic distance (DG) was calculated as the pairwise percent 

dissimilarity between 2690 bp of sequence comprised of four housekeeping gene sequences 

previously generated for each strain from Humphrey et al. (2014). Orthologous sequences from 

the genome of Psm4326 were derived from its published genome sequence (Baltrus et al. 2011 
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RefSeq ID NZ_AEAK00000000.1). Mantel tests between pairs of trait and genetic distance 

matrixes were conducted in R using package vegan, and observed values were compared with 

those generated from 1000 matrix permutations (Oksanen et al. 2012). Permutation analysis of 

variance (perMANOVA) was carried out using the adonis function of the vegan package. 

 

Interaction network analyses 

Genetic and trait distances vs. interaction outcome 

We calculated the outcome of interactions between all pairs of strains by determining when the 

outcomes of reciprocal interactions between strains i and j took following form: reciprocal 

invasibility (RI), where strains i and j invade each other; reciprocal non-invasibility (RNI), where 

strains i and j cannot invade each other; and asymmetric (Asym), where strain i invades strain j 

but j cannot invade i. We used binomial generalized linear models (GLMs) with a logit link to 

estimate the relationship between genetic distance on the probability of RI, RNI, or Asym 

outcomes. The models estimating the log odds of each interaction outcome between strains i and 

j (𝑦!" ∈ {0,1}) took form 𝑙𝑜𝑔𝑖𝑡 𝑃(𝑦!"|𝑥!")   ~  𝛽! + 𝛽!𝑥!, where 𝛽! estimates the log odds ratio 

(LOR) between increasing values of 𝑥!, which is the genetic distance between interacting strains 

i and j (𝑥!"). LORs were estimated using the base glm function in R. 

 Next we estimated the probability of the three interactions types as functions of genetic 

distance as well as the distances between the independently measured life history traits rm, L, and 

K, described above. GLMs including trait distances took the form 𝑙𝑜𝑔𝑖𝑡 𝑃(𝑦!"|𝑥!")   ~  𝛽! +

𝛽!𝑥! + 𝛽!!𝑥!! + 𝛽!𝑥! + 𝛽!𝑥!, where the interpretation of the model coefficients 𝛽! and 

variables  𝑥! are the same as in the model above.  
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Intransitivity 

Intransitive interactions were estimated across all trios of strains in the growth as well as the 

inhibition interactions using custom scripts in R (available upon request). We targeted two 

interaction patterns that reflect types of non-transitivity relevant to shaping the likelihood of co-

existence among strains in a spatial context: rock–paper–scissors (R–P–S), and facilitation. 

 In the context of competition without toxins, R–P–S describes when three pairs of 

asymmetric interactions combine in such a way as to make each strain superior and inferior to 

precisely one of the other two strains: A invades B, B invades C, and C invades A, and each of 

the reverse interactions results in a failure to invade. The interpretation of an R–P–S trio in the 

context of exploitative competition is that relative competitive fitness is equalized among strains 

in a trio, and the outcome of three-way competition may be transient co-existence tempered by 

stochastic extinction, or stable co-existence through frequency-dependent strain cycling—each as 

opposed to deterministic competitive exclusion. 

 We also examined the interference competition matrix for evidence of R–P–S trios. R–P–

S in the context of interference competition resembles trios wherein the asymmetric invasion 

patterns described above are replaced by susceptibility and resistance to inhibitors. R–P–S trios 

in this case represent strains that are likely to co-exist given the right spatial context. R–P–S are 

stable when spatial structure allows producer–susceptible strain pairings to be progressively 

eliminated, leading ultimately to each strain predominantly experiencing an environment without 

inhibitors (i.e. are resistant to their nearest neighbor, e.g. Kerr et al. (2002)). 

 Facilitation describes a separate combination of competitive asymmetries that combine to 

allow a focal strain C to perform better vs. competitor B in the presence of a facilitator strain A. 

In other words, strain A increases the number of conditions under which strain C can invade. 
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Using this general condition, we evaluated whether facilitation occurs in trios using the 

interference competition network on its own, as well as by jointly considering interference 

competition and resource competition networks. 

 Facilitation via interference competition results when a focal strain C is released from 

interference competition from strain B because of inhibition of B by an inhibitor-producing strain 

A, to which C is resistant. Such a scenario reflects an additional benefit to being resistant: the 

potential to benefit from the inhibitors of neighbors without having to directly produce them. 

 In jointly considering resource and interference competition, we envisioned facilitative 

interactions of the sort where B and C are engaged in exploitative competition for a shared 

resource at which C is inferior to B, and a nearby strain A produces a diffusible inhibitor to 

which B is more susceptible than C. In contrast to the case above, the suppression of our focal 

strain C by B is in this case not inhibitor-mediated but instead results from the ability of B to 

hold off invasion by C in the absence of A. We limited this analysis to the asymmetric pairwise 

interactions in the network that left the loser strain with ‘0’ invasion points vs. the winner, and 

that such a winner scored at least 0.5 when invading the loser. In other words, we only 

considered facilitation of loser strains whose fate otherwise would be (local) competitive 

exclusion. 

 

RESULTS 

Phylogenetic patterns in trait variation 

 Maximum growth rate (rm), lag time (L), and maximum yield (K) derived from growth 

curves (Fig. S1) varied substantially between P. fluorescens and P. syringae clades (Fig. 1a–b): 

P. fluorescens strains on average had growth rates 1.6 times higher than P. syringae, and 
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although average L and K values were similar between clades, P. syringae exhibited far more 

variation in both L and K than P. fluorescens (Fig. 1b). The composite pattern is that strains from 

each clade differ systematically in both the distribution of, and correlations between, the life 

history characters measured here. 

 Genetic distance strongly predicted trait divergences across this suite of Pseudomonas 

spp. strains (mantel statistics [m] were above the 95% or 99% quantile of the permuted null 

distributions for each trait; Table S1). The correspondence between genetic distance and trait 

similarity was weaker when comparing strains within the same clade but in all cases showed m 

values corresponding to p≤0.028 (Table S1). 

 

Exploitative competition traits 

Pairwise soft-agar invasion assays (Fig. S2) revealed that the competitive abilities of P. 

fluorescens isolates was superior to P. syringae isolates across all three metrics (Fig. 1a–b). 

Within P. syringae, variation between sub-clades was evident (Fig. 1a), reflected in a moderate 

correlation between DG and overall competitive fitness (Cw) (95% < m < 99% null quantiles; 

Table S1). Variation in competitive indexes in P. fluorescens was slightly bimodal (Fig. 1b), 

with distances between strains exhibiting a strong correlation with genetic distance (m > 99% 

null quantile; Table S1). 

 

Interference competition traits 

Of the 40 strains assayed, 13 (all P. fluorescens) produced halos surrounding some subset of the 

resident strains they invaded, indicating the production of diffusible inhibitors (Fig. S2). 

Although we scored inhibition as a binary trait (see Methods), the strength and extent of 
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inhibition varied among strain pairings, examples of which are shown in Fig. S3a–c (black 

arrows). Mean inhibition index (Ct) was 0.20, although 2 strains inhibited only one other, and 

03A failed to inhibit any strains (Fig. S2). Inhibition interactions were predominately restricted 

to P. fluorescens–P. syringae pairings, although four P. fluorescens strains were susceptible to 

inhibition by two of the toxic strains (43A, 34A; Fig. S2). Resistance to toxin producers in P. 

syringae was variable, although the mean value was high at 0.72 (Fig. 1b). Genetic distance 

between strains was correlated neither with similarity in resistance values (Cr) in P. syringae to 

toxin-producers, nor with Ct in P. fluorescens (m < 90% quantiles; data not shown). Overall, only 

P. fluorescens exhibited toxin production, but resistance to such toxins was common among 

strains from both clades. 

 

Correlations between life history components 

Growth traits 

Owing to the clear differences between clades, we analyzed the correlations between the traits 

for each clade separately. The canonical and expected negative correlation between rm and K was 

not observed for either clade, although the trend was weakly negative for P. fluorescens; for P. 

syringae it was positive (Pearson’s r = 0.47 [0.10–0.73 95% CI], p = 0.016; Fig. 2a). Instead of 

an rm trade-off with K, P. fluorescens strains exhibited a positive correlation between growth rate 

and with lag time: the faster growing strains had slower acceleration. Lag showed no such 

correlation with rm for P. syringae, but was weakly positively correlated with maximum yield, K 

(Fig. 2a). Detailed scatterplots are presented in Fig. S4a for all growth trait comparisons. 

 

Resource environment 
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Maximum growth rate, lag phase duration, and maximum yield were only loosely correlated 

between minimal media (MM) and a rich media (KB) (Fig. S5). When they were correlated, 

strains from P. fluorescens and P. syringae exhibited qualitatively distinct patterns. Maximum 

growth rate was positively correlated across environments for P. syringae but negative for P. 

fluorescens; the latter strains exhibited a trade-off such that the slowest growers in minimal 

media were nearly twice as fast as the rest when in rich media, and vice versa (Fig S5a). P. 

fluorescens lag time also exhibited a trade-off between environments, to which maximum growth 

rate was similarly positively correlated, as in MM. The between-trait correlations were conserved 

across environments for P. syringae, reflected in a positive correlation between growth rate and 

yield (Fig. S5b). However, we observed wide variance and no correlations between 

environments for both lag phase and yield on their own (Fig. S5a). Resource environment thus 

plays a potentially large role in coordinating the expression of traits related to these fundamental 

life history characters. 

 

Life history correlates of competitiveness 

Offense (Co) and defense (Cd) were strongly positively correlated overall with linear slopes near 

1 (Fig. 2a; Fig. S4c); however, there is a dense and narrow band of strains with Co between 0.2 

and 0.25 that showed a wide range of Cd values between 0.03 and 0.6 (Fig. S4c). Within this 

range, offense and defense appear uncorrelated. Lack of correlation around this range may 

indicate a saturating function may fit the data better; however, a second-order polynomial 

regression did not improve fit (log likelihood ratio test; X2 = 0.8, p > 0.2, data not shown). Both 

offense and defense compared against the composite measure Cw, yielded similar near-1 slopes 

but with slightly offset elevations between the clades (Fig. S4c). 
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 Competition and growth traits revealed opposing correlational patterns between the 

clades: Cw was positively correlated with rm for P. syringae (model F3,21 = 11.5, adjusted r2 = 

0.57; Table 1), but negatively with both rm and L for P. fluorescens. When analyzed in a multiple 

regression, the correlation with rm disappeared, revealing a strong negative relationship with L as 

the sole driver of variation in Cw for P. fluorescens (model F3,21 = 15.3, adjusted r2 = 0.77; Table 

1). Cw in P. syringae, on the other hand, was solely explained by rm; Table 1). 

 Principle component analysis of Cw, Cr, and Ct with the three growth traits revealed 

largely non-overlapping 95% confidence ellipses for the two clades (Fig. 2b). The first two 

principle component axes together explained 72.5% of the variation in the data. The loading 

vectors of competitiveness and lag phase were in opposing directions, indicating a negative 

correlation, while those for competitiveness and inhibitory capacity are largely collinear, 

indicating a positive correlation (Fig. 2b). The loading for resistance, Cr, falls close to co-linear 

with lag phase duration, a relationship that was not apparent in the pair-wise correlation analysis 

depicted in Fig. 2a. Interestingly, strain 08B—tentatively categorized as P. syringae in this 

analysis but phylogenetically sister to the clade—falls beyond the 95% confidence ellipses for 

both named clades (Fig. 2b). 

 

Genetic distance, trait matching, and competition outcomes 

Asymmetric competitiveness was the most frequent interaction outcome both for the total strain 

set and the within- and between-clade comparisons (Fig. S6a). 98% of between-clade pairings 

resulted in the asymmetric dominance of one strain (the P. fluorescens strain always won; Fig. 

S2). Within clades, however, P. syringae strains were more likely to exhibit reciprocal 

invasibility than P. fluorescens, while the proportion of asymmetric interactions was similar in 
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both clades (20%; Fig. S6a). RI and RNI interactions became less frequent with increasing 

genetic distance (Fig. S6b; Table 2). Including pairings between very same strain (i.e. the most 

“intra-specific” form of competition assayed here) into this GLM increased the magnitude of the 

probability estimate for reciprocal competitive exclusion at DG ~ 0 (Table 2). 

 In binomial GLMs, the overall probability of an asymmetric outcome increased with 

genetic distance (Fig. S6b; Table S1). This finding is driven predominantly by the competitive 

superiority of P. fluorescens over P. syringae. When trait distances were included with genetic 

distance in interaction outcome GLMs, the effect of DG generally dropped out (Table S2). Within 

P. fluorescens, pairings between strains with larger differences in lag time more often resulted in 

asymmetric outcomes, while similarity in lag time predicted reciprocal invasibility (Table S2). P. 

syringae exhibited the same pattern of findings except for rm instead of L, although residual 

variation was still explained by DG, perhaps correlated with un-measured factors involved in 

competitiveness (Table S2). 

 Strains isolated from the same leaves were no more or less likely to display a particular 

competitive outcome than pairs of strains isolated from different leaves (Fisher’s exact tests, p > 

0.3, data not shown), nor were winners more likely to have been at a higher abundance in leaves 

when they were sampled (Humphrey et al. 2014) (binomial sign test, p = 0.45, data not shown). 

 

Competitive interaction network and intransitivity 

Toxin-mediated facilitation 

Our analysis of the patterns of pairwise interaction outcomes combined with the traits that 

predict them was expanded to include sets of three strains in order to evaluate the extent of 

intransitivity (non-hierarchical competitive asymmetries) within the bacterial interaction network. 
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8,203 trios were evaluated for facilitation based on the 641 pairs of strains that met the 

competitive asymmetry criteria (see Methods). Of these trios, 632 (7.7%) met the criteria of the 

inferior competitor being facilitated by the killing of the superior competitor by a third party to 

which the facilitated strain was resistant. Of all 40 strains, 39 were implicated at least once as a 

participant in a facilitative trio as one or more of the following roles: the facilitator, the knocked-

out competitor, or the facilitated strain (‘A’, ‘B’, and ‘C’, respectively; Fig. 3a). Overall, 26 

strains were facilitated, and 21 of these also served as the knocked-out competitor in a subset of 

the trios (Fig 4b, inset). Twelve of the 13 inhibitor-producing strains (all P. fluorescens) were 

implicated as facilitators (A strains) (Fig 4b, inset). In all but 6 of the 632 facilitative trios, the A 

strain was also exploitatively dominant to the C strain, even though such strains were resistant to 

their inhibitors (Fig 4b, arrows). 

 The number of trios in which a given strain played each role varied substantially among 

strains, with one strain in particular (43A) playing a disproportionate role as facilitator compared 

to other inhibitor-producing P. fluorescens (Fig. 3b; Fig. S7a). Three inhibitor-producing strains 

also played the role of the B strain in trios including an A strain to whose toxin it was susceptible 

(36A, 46A, 06B), and one P. fluorescens strain played all three roles (06B). For strains that 

exclusively played the B and C roles, the probability of playing a B role was weakly negatively 

correlated with the probability of playing a C role (Pearson’s r  = –0.30 [–0.56–0.12, 95% CI], 

p=0.059). The propensity towards B vs. C roles was explained by underlying differences in 

competitive fitness: the most facilitated strains (high C fraction) were among the least 

competitive (low Cw) in the populations, indicated by a negative correlation (r  = –0.76 [|0.86–

0.58| 95% CI], p<10–5; Fig. 3c, Table 3). B strains were intermediate relative to the entire range 

of Cw values. Facilitator A strains had consistently higher Cw, owing to the generally higher 
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competitiveness of P. fluorescens strains (Fig. 1a–b). Resistance (Cr) was strongly positively 

correlated with the probability of being facilitated (Pearson’s r = 0.57 [0.32–0.75 95% CI], 

p<10–4; Fig. 1d, Table 3), and Cw and Cr jointly considered in binomial GLMs independently (Cw 

and Cr are uncorrelated for P. syringae; Fig. 2a) contributed to variation in B and C roles (Fig. 

3c–d, Table 3). A network of interactions between A and C strains is displayed in Fig S6a. 

 We also uncovered five trios whose mutual invasion asymmetries met the criteria for a 

rock–paper–scissor game out of the 9,604 possible trios of interactions evaluated (Fig. 3a). Nine 

unique strains were implicated in these trios. Each trio was comprised of distantly related P. 

syringae strains (mean DG between strains in R–P–S trios = 0.118 [0.115–0.122 95% CI]; Fig 

S6b). Strains 21A and 24C were implicated in three R–P–S trios that included several unique 

third-party strains (Fig S6b). 

 

DISCUSSION 

P. fluorescens and P. syringae strains differ substantially in life history across nearly all axes 

measured in the estimated mean values per clade, their variances, as well as the correlations 

among them. Both exploitative and interference competitive ability was substantially higher in P. 

fluorescens strains, and the underlying traits that correlated with variation in competitiveness 

were unique for each clade. Exploitative competitive dominance in within-clade competitions 

was largely explained by how dissimilar the life history traits were between the interacting pairs, 

and genetically more similar strains tended to display more similar life histories.  

 Such variation in exploitative and interference competitiveness resulted in a large number 

of non-hierarchical interactions when we examined the asymmetries between all trios of strains. 

Despite being competitively superior, P. fluorescens may indirectly facilitate otherwise poor 
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competitors that are nonetheless resistant to inhibitors to which their superior competitors are not. 

The intermediate frequencies of inhibitor production and resistance among these Pseudomonas 

spp. strains thus may indirectly elevate the phenotypic diversity maintained across the 

community, with the relatively poor competitors reaping the majority of the benefit from 

facilitative interactions. This result echoes a similar result from a theoretical study wherein the 

weakest competitor in an exploitative R–P–S trio experienced the largest increase in population 

size, arising from a tragedy of the commons that nonetheless maintains diversity (Frean and 

Abraham 2001). 

 

The life history correlates of exploitative competition are variable 

Selection for increased exploitative competitive ability is expected to increase maximum growth 

rate, perhaps at the expense of growth efficiency (i.e. yield), which can result in a tragedy of the 

commons whereby rapid but wasteful use of resources yields higher exploitative competitive 

ability (Pfeiffer et al. 2001; MacLean 2007). Consistent with this, overall exploitative 

competitive fitness (Cw) for P. syringae was positively correlated with maximum growth rate 

(rm) (Table 1). Notably, however, neither P. syringae nor P. fluorescens strains exhibited a 

canonical r–K trade-off: growth rate was positively correlated with yield in both minimal and 

rich media for P. syringae, and was uncorrelated with yield for P. fluorescens (Fig. 2, S5). In 

stark contrast to P. syringae, exploitative competitive fitness for P. fluorescens was most 

correlated with having a shorter lag phase duration (1/L). Interestingly, shorter lag phase was 

negatively correlated with growth rate for P. fluorescens, which was a pattern not found for P. 

syringae. These findings indicate that exploitative ability for P. syringae and P. fluorescens 

likely are constrained by separate underlying life history characters, and that the unique 
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correlational structure among these life history characters may differentially constrain the 

evolution of exploitative ability for each clade. 

 We were surprised to uncover the negative correlation between shorter lag time and 

growth rate in P. fluorescens; such a correlation breaks from the typical dichotomy between “fast” 

and “slow” life histories. Escherichia coli lines adapting to a glucose-limited environment 

exhibited coordinated increases in growth rate and shorter lag time after 10,000 generations 

(Vasi et al. 1994; Lenski et al. 1998). E. coli selected to persist in lag phase during periods of 

antibiotic stress incurred no pleiotropic cost of reduced maximum growth rate despite up to a 10-

fold increase in lag time (Fridman et al. 2015). One explanation for our lag–growth correlation is 

that competitive fitness for P. fluorescens in the spatial microcosms we used may have more to 

do with space than resource use; thus, strains that preempt as much space as possible early on 

may reap the rewards of their territorial monopoly even when this comes at the expense of a 

decreased maximal rate of growth. One potential mechanism of this is the production of exudates 

that prevent physical expansion of competitor cells. This interference-based explanation rests on 

an intuitive physiological trade-off between exudate production and cell replication, but explains 

both the premium on short lag as well as its later costs. Thus, a straightforward hypothesis is that 

lag phase is causally affected by the amount of exudate production and exudate production trades 

off with maximum growth rate. Lag phase has received renewed attention as a distinct 

component of microbial life cycles (Rolfe et al. 2012), and characterizing the physiology of cells 

during this phase may reveal the nature of its linkage with maximum growth rate. 

 Our results suggest that P. syringae strains are generally less able to exert priority effects 

in the spatial context of our assays. However, if both strains were to compete in an unstructured 

environment where preemption of space was irrelevant, P. syringae strains with high growth 
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rates might be expected to outcompete a variety of P. fluorescens strains with relatively lower 

growth rates (Fig 1). Thus, the lag phase–growth rate negative correlation in P. fluorescens 

resembles a colonization–competition trade-off. Spatial priority effects arising from territoriality 

have been shown theoretically to provide a mechanism for maintenance of colonization–

competition trade-offs that would otherwise lead to competitive exclusion (Edwards and 

Schreiber 2010). More recently, a colonization–competition trade-off has been shown to underlie 

territoriality in Vibrio spp. based on the differential ability of clones to contest territory vs. 

disperse to new ephemeral habitats (Yawata et al. 2014). Either one of these mechanisms may 

contribute to the maintenance of diverse exploitation strategies in P. fluorescens across patchy 

and ephemeral leaf environments. 

 In light of these findings, we hypothesize that P. fluorescens may be a territorial species 

whose potential effect (among others) in the phyllosphere may be to exclude colonization by P. 

syringae strains. This prediction is consistent with the identity of P. fluorescens as a plant 

mutualist, although the evidence of this comes exclusively, to our knowledge, from studies of its 

indirect effects via plant defensive signaling or direct toxicity to pathogenic fungi following its 

colonizing of plant roots (Mendes et al. 2011; Hol et al. 2013). In addition to such indirect effects, 

the superior competitiveness of P. fluorescens vs. P. syringae noted in this study suggests that 

direct interactions may affect phyllosphere bacterial community assembly as well as plant 

disease risk from phytopathogenic isolates of P. syringae. 

 Growth of the laboratory strain Psm4326 in MM appeared attenuated compared to its 

four closest relatives in this strain collection (Fig. S1). This strain was also among the weakest 

competitors, both offensively and defensively. It is possible that this sensitivity arose as a 

consequence of domestication to the laboratory environment. This implies that the preservation 
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of genotypic states from the wild is necessary to best infer life history trait values if the goal is 

ultimately to understand how they are shaped by the selective milieu outside of the laboratory. 

 

Lack of trade-offs between exploitative and interference competition 

The manifestations of correlations between exploitative and interference competition may 

strongly depend on the underlying mechanisms of interference competition. Here, such an 

interference mechanism could range from direct injection of bacterial effectors via type VI 

secretion systems (Decoin et al. 2014), the production of subversive growth-regulating diffusible 

N-acylhomoserine lactones (AHLs) or enzymes that quench these signals typically involved in 

quorum sensing (QS) (Dulla and Lindow 2009), or the production of diffusible toxins (e.g. 

bacteriocins or phage-derived proteins). Trade-offs between toxin production and toxin 

resistance with intrinsic growth rate are often presumed in R–P–S models (e.g. Neumann and 

Jetschke 2010) and are necessary to permit co-existence of types. Interestingly, inhibition ability 

(Ct) or resistance (Cr) did not trade-off with any of the life history traits measured in this study 

(Fig. 2a), which is consistent with recent findings that toxin induction did not affect in vitro life 

history measures in P. fluorescens (Garbeva et al. 2011). Instead, we detected a positive 

correlation between inhibitory ability (Ct) and overall exploitative competitiveness for P. 

fluorescens. Although unexpected, such a positive correlation is nevertheless intuitive: 

megacolonies invading a resident strain presumably must reach a critical size in order for any 

toxicity to be detectable if induction is either density dependent or if the toxic effects are 

concentration-dependent. Cells may only reach such a critical density if their relative exploitative 

competitiveness enables them to do so, without which interference ability is irrelevant.  
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The interaction between exploitative and interference competition underlies intransitivity 

Irrespective of the underlying mechanisms of toxicity and resistance, the frequency of these traits 

in a community may have large indirect effects that generate intransitive asymmetries among 

diverse genotypes. Several theoretical studies on intransitivity call for increased empirical 

research in order to test the predictions that non-hierarchical competitiveness stabilizes diversity 

(Laird and Schamp 2006; Laird and Schamp 2008). Our results address this call by exploring 

some of the intransitive properties of an empirical interaction network measuring the joint 

outcomes of exploitative and interference competition. Instead of combining assortments of 

laboratory strains to explore community properties (e.g. Eisenhauer et al. 2012a; Eisenhauer et al. 

2012b; Eisenhauer et al. 2013), we used a collection of natural isolates derived from a local 

population of native bittercress. Intransitivity in bacterial communities has been principally 

considered empirically with respect to bacteriocin production and resistance (Czaran et al. 2002; 

Kerr et al. 2002; Majeed et al. 2011). In our interaction network, we found evidence that the 

interference competition may equalize fitness differences between competitors that otherwise 

have asymmetric exploitative abilities (Fig. 3b). Many strains that were facilitated by an inhibitor 

producer to which they were resistant were also the strain whose inhibition facilitated another 

(Fig. 3c–d). Intransitive facilitation of the sort explored here is only possible with an 

intermediate frequency of toxin resistance expressed by P. syringae (Fig. 3d). The fact that 

resistance is not more common among P. syringae suggest the existence of a cost of resistance 

that did not manifest in the assays conducted in our study. 

 We show that the gains from facilitation predominantly go towards weaker resource 

competitors (Fig. 3c). Only in a small subset of the facilitation trios could the facilitated strain 

invade the producer. When the facilitated strain does not pose a competitive threat to the 
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facilitator—as is the case most of the time here—the gains from facilitation may be short-lived. 

However, the overall effect of this degree of intransitive facilitation may be to prolong periods 

between exclusion/extinction events, elevating the diversity that is observable at any given point 

within the system (Laird and Schamp 2006; Laird and Schamp 2008; Laird 2014). The additional 

form of intransitivity detected in our study is a pair of extended trios that have R–P–S invasion 

asymmetries (Fig. S7b), which are predicted to lead to frequency-dependent or cyclical invasion 

dynamics (Laird 2014). This prediction is awaiting an empirical test, and this system presents an 

excellent opportunity for doing so. 

 These conceptual implications of intransitivity speak to the large degree of diversity (both 

genetic and phenotypic) apparently maintained within this Pseudomonas spp. community despite 

clear pairwise asymmetries between a large fraction of the strains in both exploitative and 

interference competitive abilities. Due to the inherently spatial and ephemeral nature of the 

phyllosphere environment in a sub-alpine plant species, extensive variation along an absolute 

fitness gradient might be expected, as spatial structure protects low fitness genotypes from global 

exclusion (Amarasekare 2003; Laird and Schamp 2008; Kryazhimskiy et al. 2012). Still, 

multiple distinct genotypes occurring within the same leaf is common (Fig. 1a), and the potential 

for local competitive interactions within or on leaf surfaces is large (Lindow and Brandl 2003). 

The factors promoting co-existence, even if transient, may include competitive intransitivity 

mediated by some combination of exploitative and interference competition, as documented here. 

A predicted consequence of this for evolution as well as community assembly is that larger 

fitness differences are required between genotypes or species in order for deterministic processes 

like competitive exclusion of genotypes/species to take place at the landscape scale (Cvijovic et 

al., in review). This system is ripe for the modeling of how particular combinations of (1) life 
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history traits and (2) inhibitor production and resistance traits can stabilize the prevalence of 

relatively poor competitors embedded in non-hierarchical interaction networks. The joint 

implications of the maintenance of otherwise poor competitors for ecosystem-level traits such as 

productivity or trophic flow through food webs and the rate of adaptive evolution within species, 

remains a compelling topic for further study. 

 

Conclusions 

We find that the competitive abilities of strains within a natural community of phyllosphere 

Pseudomonas spp. varied between the two major clades present, P. fluorescens and P. syringae. 

Variation in competitiveness was best explained by distinct life history traits in each clade: 

shorter lag time in P. fluorescens, and increased maximum growth rate in P. syringae. The lack 

of expected life history trade-offs between growth rate and yield, but the presence of different 

trait correlations that were distinct between clades, illustrates the evolutionary lability of the 

relationships among these fundamental dimensions of fitness. Nonetheless, conserved trait 

correlations within clades suggest that disparate life history strategies may allow for persistence 

of both clades in the environment. The P. fluorescens clade may contain early colonizing strains 

that contest territory to a greater extent, which may serve to directly buffer against leaf 

colonization from potentially phytopathogenic P. syringae. In contrast, a high degree of inhibitor 

resistance among P. syringae may prevent local exclusion when spatial structure releases them 

from direct exploitative competition with P. fluorescens. Finally, the combination of exploitative 

and interference competition in this system potentially stabilizes the co-existence of strains that 

might otherwise competitively exclude one another in isolation due to the fitness-equalizing 

force of inhibitor-mediated facilitation.  
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FIGURES 

 

Fig. 1. Phylogenetic distribution of life history trait variation within a Pseudomonas spp. 

community. A. Life history components displayed are maximum growth rate (rm), lag phase (L), 

maximum yield (K), derived from individual microcosm growth experiments; and components of 

offensive (Co), defensive (Cd), overall (Cw) competitiveness, resistance to toxicity (Cr), and 

toxicity (Ct), measured on derived from a pairwise competitive interaction network (see 

Methods). Column-based z-scores (the difference from mean in units of standard deviation) show 

each strain’s trait value indicated by color value. B. Smoothed frequency distributions of trait 

values for each measured trait broken down by clade (P. fluorescens and P. syringae). Mean (µ) 

0.06

39C

07B

34A

33E

21B

08B

36A

20A

22D

36B

10A

14B

16A

24A

39A

23A

03A

22C

21A

29A

06A

27A

06B

17A

08A

46A

46B

02A

06C

4326

07A

39F

20B

P. stutzeri DSM 10701

P. putida clade

13A

26B

24C

22B

08C

19A

43A

corm L K cd cw cr ct

co

rm

L

K

cd

cw

cr

ct

column z-score

no data

–2 +2

P. syringae
group

P. fluorescens
group

0.0 5.0 10.0 15.0

0 10 20 30

0.00 0.25 0.50 0.75 1.00

0.00 0.25 0.50 0.75 1.00

0.00 0.25 0.50 0.75 1.00

ï��� ï��� 0.0 0.5 1.0

0.00 0.25 0.50 0.75 1.00

0.00 0.25 0.50 0.75 1.00

µ (± 95% C.I.)

P. syringae
P. fluorescens

µPsyr = 3.4 (±0.8)���–4

µPflu  = 5.7 (±0.7)���–4

µPflu –  µPsyr = 2.2 (±1.2)���–4

µPsyr = 0.42 (±0.07)

µPflu  = 0.49 (±0.03)

µPflu –  µPsyr = 0.07 (±0.08)

µPsyr = 0.26 (±0.05)

µPflu  = 0.82 (±0.05)

µPflu –  µPsyr = 0.54 (±0.07)

µPsyr = 0.39 (±0.08)

µPflu  = 0.82 (±0.06)

µPflu –  µPsyr = 0.43 (±0.10)

µPsyr = –0.35 (±0.12)

µPflu  = 0.63 (±0.11)

µPflu –  µPsyr = 0.98 (±0.16)

µPsyr = 0.72 (±0.09)

µPflu  = 0.58 (±0.13)

µPflu  = 0.20 (±0.09)

µPflu –  µPsyr = –0.13 (±1.6)

µPsyr = 15.5 (±2.6)���2

µPflu  = 6.7 (±1.1)���2

µPflu –  µPsyr = –8.8 (±2.8)���2

���–4

���2

min

max OD
600

OD
600 
��PLQ�–1

Pr(defend territory)

competitive dominance

Pr(gain territory)

Pr(produce toxin)

Pr(resist toxin | tox+ invader)

86

100

98

100

23.5

100

71

100

100

98.5

99.5

25

37

100

100

100

100

100

73

100

92.5

81.5

60 99

97.5

90.5

99.5

100

54.5

96.5

20.5

100

100

100

100

100

93

28

100

91.5

a b



 170 

estimates per clade with ± 2x standard errors (i.e. 95% confidence intervals) depicted to the right 

of the curves. Note the x-axis value scale modifiers to the right of the axis labels.   



 171 

 

 

Fig. 2. Pairwise correlations (a) and principle component analysis (PCA) (b) of six traits reflect 

dissimilarities between clades, as well reveal the correlational structure among traits across 

Pseudomonas spp.. A. Colors reflect magnitude of each Pearson’s r estimate where the FDR 

corrected p < 0.05; comparisons with FDR-corrected p<0.10 retained color but are italicized. B. 

PCA 95% envelopes per clade depicted as solid or dashed ellipses. Points are labeled with strain 

identities. Individual trait vectors are labeled as blue for growth traits and orange for competitive 

traits. 
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Fig. 3. Intransitive interactions rooted in toxin-mediated facilitation are prevalent in a 

Pseudomonas spp. interaction network. A. Types of interaction trios resulting in facilitation (left) 

or rock-paper-scissors (R–P–S) competitive asymmetries. N = number of trios meeting the given 

criteria out of the total trios analyzed where growth of the ‘C’ strain was ‘0’ in the absence of the 

facilitator (see Methods). B. Horizontal frequency distributions displaying the estimated 

probabilities of each strain playing the facilitator (‘A’), the knocked-out intermediate (‘B’), or 

the facilitated (‘C’) strain in trios meeting the facilitation criteria in (A). Several strains played 

multiple roles, and strains that participated in facilitative trios with as well as without toxic 

intermediates are indicated with black triangles to the left of the strain Ids. Panel (B) inset 

displays the distribution of the number of unique strains that played each combination of roles. 

A

C

B
R–P–S

kills

invades
does not invade

does not kill

B BA

C

Facilitation

A

C

without toxic intermediate with toxic intermediate

A B

C
26

2612

0
1

2

4

21

29

4326
20A
20B
46B
39C
17A
21A
24C
21B
23A
39F
10A
24A
22B
08C
07B
22C
14B
06C
07A
02A
08A
16A
19A
08B
22D
26B
06B
06A
46A
36A
39A
29A
33E
36B
13A
27A
34A
43A

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

Pr ( A, B, C )

A
B
C

ï�
��

ï�
�� 0.
0

0.
5

1.
0

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Pr
 ( 

A,
 B

, C
 | 

C
w

 )

Cw

Cr

strain

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

0.00

0.05

0.10

0.15

0.20

Pr
 ( 

B,
 C

 | 
C

r )

n = 627 n = 5 n = 5

c

a

b

d



 173 

06B played all three. The probability of playing A, B, or C roles in facilitative trios varied with 

(C) overall competitiveness, Cw, as well as (D) resistance, Cr. See Table 5 for GLM results. 
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TABLES 

Table 1. Multiple regression model results for life history trait correlates of competitiveness. 

Clade variable estimate se t p   F r2 p 
P. fluorescens Int. 1.1 0.315 3.529 0.006 

 
15.3 0.77 0.0004 

 
rm –52 256 –0.206 0.84 

    
 

L -0.0008 -0.0001 –4.898 0.0006 
    

 
K 0.214 0.495 0.433 0.67 

    
          P. syringae Int. –0.693 0.129 –5.356 0.0001 

 
11.5 0.57 0.0001 

 
rm 1016 217 4.681 0.0013 

    
 

L -5.88E-05 -7.08E-05 –0.832 0.41 
      K 0.202 0.296 0.681 0.51         

rm = maximum growth rate 

L = lag phase duration 

K = maximum growth yield 

se = standard error of the coefficient estimate  
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Table 2. GLM results for pairwise interaction outcomes vs. genetic distance with and without 

self-interactions included. 

 
Including self-interactions   Excluding self-interactions 

Outcome 
LOR 
(DG) se z p   

LOR 
(DG) se z p 

RI –0.17 0.02 7.25 < 0.0001 
 

–0.11 0.03 3.62 0.0003 
RNI –0.17 0.02 8.13 < 0.0001 

 
–0.13 0.03 4.88 < 0.0001 

Asym. 0.21 0.02 -11.17 < 0.0001   0.13 0.02 -6.19 < 0.0001 
DG = genetic distance 

RI = reciprocal invasibility 

RNI = reciprocal non-invasibility 

Asym. = asymmetric outcome 

LOR = log odds ratio 

se = standard error of the LOR estimate  
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Table 3. GLM results for probability of playing facilitator (A), knocked-out competitor (B), or 

the facilitated strain (C) in interaction trios. 

Y X LOR se z p 

Pr( A ) Int. -1.87 0.49 -3.80 < 0.0001 

 
Cw 2.19 0.53 4.10 < 0.0001 

 
Cr 0.45 0.29 1.54 0.12 

Pr( B ) Int. 0.02 0.12 0.14 0.89 

 
Cw -0.85 0.11 -7.74 < 0.0001 

 
Cr -1.90 0.20 -9.70 < 0.0001 

Pr( C ) Int. -3.71 0.24 -15.76 < 0.0001 

 
Cw -2.66 0.18 -15.16 < 0.0001 

  Cr 2.48 0.29 8.45 < 0.0001 
A = facilitator role 

B = knocked-out competitor role 

C = facilitated role 

Int. = intercept 

Cr = resistance 

Ct = toxicity 

Y = dependent variable 

X = predictor variatble 

LOR = log odds ratio 

se = standard error of the LOR estimate 
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SUPPLEMENTAL FIGURES 

 

Fig. S1. Growth curves for each of 40 Pseudomonas spp. isolates assayed alone in minimal 

media (see Methods for details, main text). Overlain individual growth curves are shown grouped 
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by nearest phylogenetic neighboring strains (see Fig. 1, main text). Strain 08B is sister to P. 

syringae. ‘4326’ = laboratory strain P. syringae pv. maculicola str. ES4326. 
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Fig. S2. Pairwise interaction network for 40 Pseudomonas spp. strains reveals variable within- 

and between-clade patterns of invasion and inhibition. Rows reflect strains in the resident state, 

while columns reflect strains in the invader state. Dashed red lines through interaction matrix 

denote within–between clade divisions for ease of visualization. Phylogeny modified from Fig. 1 

(main text). 
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Fig. S3. Photos of interaction plate displaying inhibition (black arrow). B. Close-up of putative 

growth facilitation of non-focal strain via secretion of inhibitors from strain 43A. Phylogenetic 

tree from Fig. 1 (main text). Scale bars in a = 1cm; b = 0.25 cm.  

a b
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Fig. S4. Life history trait correlations exhibited by P. syringae and P. fluorescens strains. A–B. 

Correlations between (A) canonical growth-related traits and between growth-related traits and  

(B) competitive metrics. C. Correlations between competitive metrics. Linear fits only displayed 

for lines with Pearson’s r with FDR-corrected p < 0.05 (see Results, main text).  
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Fig. S5. Trait correlations within and between two resource environments environments for all 

40 strains. A. Correlations between maximum growth rate (rm), lag phase (L) and maximum 

yield (K) between minimal (MM) and rich (KB) media types, with Pearson’s r indicated below 

the plots for each clade separately (see inset key in bottom right). B. Correlations between life 

history traits measured with KB media. Note the similarity in correlation strength and direction 

between life history components in both resource environments, despite the negative correlation 

between MM and KB values for rm and L seen for P. fluorescens in (A). Color indicates degree 

of the correlation according to the color key. Marginal density plots display distributions of 

values for each clade for the corresponding axis. Linear fits are only displayed for correlations 

for Pearson’s r with FDR-corrected p < 0.05.  
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Fig. S6. The relative composition of interaction outcomes differs with phylogenetic scale of the 

comparison. A. Interaction types broken down into within- and between-clade comparisons (RI = 

reciprocal invasibility; RNI = reciprocal non-invasibility; Asymm. = asymmetric dominance). 

Total strain pairings = 772 between 40 strains, with the 20 self-interactions and 8 no-data 

interactions removed. B. The estimated probability of a given interaction systematically varies 

with phylogenetic distance (Dp) between strain pairs (see Table 2 for GLM results). Graphs 

depict GLM results where self-interactions were not included.  
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Fig. S7. Facilitative (A) and rock–paper–scissors (R–P–S; B) trios derived from the pairwise 

competitions reveal extensive intransitivity in the Pseudomonas spp. interaction network. A. 

Facilitative interactions where facilitator (‘A’) and facilitated (‘C’) strains are depicted without 

the knocked-out competitors (the ‘B’ strains of Fig. 4, main text). Color depicts the degree of 

facilitators. Note the ‘A’ strain 06B that was also facilitated by a fellow P. fluorescens strain. B. 
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R–P–S trios discovered within the interaction network mediated solely by exploitative 

competitive asymmetries. Parentheses indicate the multiple strains that were interchangeably 

formed trios with the other hub strains. 
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SUPPLEMENTARY TABLES 
 
Table S1. Mantel test between genetic and trait distance matrixes. 

Strains Comparison Null m (upper 99%) Observed m p 

All DG v Drm 0.138 0.314 0.001 

(n=40) DG v DL 0.126 0.281 0.001 

 
DG v DK 0.136 0.136 0.012 

 
DG v DCw 0.109 0.532 0.001 

     
P. fluorescens DG v Drm 0.281 0.308 0.008 

(n=14) DG v DL 0.317 0.454 0.004 

 
DG v DK 0.267 0.236 0.028 

 
DG v DCw 0.306 0.341 0.007 

     
P. syringae DG v Drm 0.286 0.348 0.003 

(n=26) DG v DL 0.2 0.183 0.023 

 
DG v DK 0.236 0.265 0.028 

  DG v DCw 0.208 0.188 0.015 

DG = pairwise genetic distance 

Drm = pairwise distance in maximum growth rate 

DL = pairwise distance in lag phase duration 

DK = pairwise distance in maximum growth yield 

m = mantel test statistic  
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Table S2. GLM results for pairwise interaction outcomes vs. genetic and trait distances. 

  
RI RNI ASYM 

Comp. Coef. LOR se z p LOR se z p LOR se z p 

W (Pf) Int. 6.51 8.15 0.80 0.424 -13.94 18.56 -0.75 0.453 -4.00 7.51 -0.53 0.594 

 
DG 0.06 0.08 0.75 0.454 -0.11 0.19 -0.59 0.555 -0.04 0.08 -0.48 0.634 

 
Drm 2 3475 0.54 0.592 -1 6935 -0.16 0.871 -2 3142 -0.56 0.578 

 
DL -9.6E-03 3.4E-03 -2.82 0.005 -7.3E-03 8.3E-03 -0.88 0.377 9.8E-03 3.3E-03 3.00 0.003 

 
DK -17.77 8.38 -2.12 0.034 16.97 12.71 1.33 0.182 9.41 6.30 1.50 0.135 

              W (Ps) Int. 12.97 6.97 1.86 0.063 -5.44 3.60 -1.51 0.131 -0.56 3.23 -0.18 0.861 

 
DG 0.17 0.08 2.15 0.032 -0.05 0.04 -1.25 0.210 -0.01 0.03 -0.36 0.721 

 
Drm -6 2168 -2.57 0.010 -1 1255 -1.16 0.245 3 1147 2.68 0.007 

 
DL 3.1E-04 4.8E-04 0.64 0.523 3.6E-04 3.4E-04 1.06 0.290 -3.7E-04 2.9E-04 -1.24 0.213 

 
DK -0.46 1.71 -0.27 0.788 -4.73 1.64 -2.88 0.004 3.30 1.24 2.65 0.008 

              Btwn. Int. 183.43 153.26 1.20 0.231 -19.43 118.19 -0.16 0.869 -87.35 84.02 -1.04 0.299 

 
DG 2.27 1.81 1.25 0.212 -0.18 1.39 -0.13 0.897 -1.09 0.99 -1.10 0.272 

 
Drm 4822 4053 1.19 0.234 -4 5552 -0.70 0.481 -2 2658 -0.60 0.548 

 
DL 8.0E-04 1.4E-03 0.57 0.571 -8.8E-04 1.4E-03 -0.62 0.532 -2.4E-05 8.7E-04 -0.03 0.979 

 
DK 1.50 7.55 0.20 0.843 3.49 6.68 0.52 0.601 -0.45 4.41 -0.10 0.918 

              All Int. -7.12 3.21 -2.22 0.026 -14.27 3.01 -4.74 0.000 11.24 2.33 4.83 0.000 

 
DG -0.06 0.03 -1.73 0.083 -0.13 0.03 -4.19 0.000 0.11 0.02 4.49 0.000 

 
Drm -3 1328 -1.98 0.048 -2 1206 -1.53 0.127 2 921 2.54 0.011 

 
DL -5.4E-04 3.7E-04 -1.49 0.136 3.9E-04 2.9E-04 1.33 0.182 1.3E-05 2.3E-04 0.06 0.955 

  DK -1.30 1.63 -0.80 0.425 -1.36 1.45 -0.94 0.349 1.46 1.12 1.30 0.195 

W = within 

Btwn. = between 

Pf = P. fluorescens 

Ps = P. syringae 

Int. = intercept 

DG = pairwise genetic distance 

Drm = pairwise distance in maximum growth rate 

DL = pairwise distance in lag phase duration 

DK = pairwise distance in maximum growth yield 

LOR = log odds ratio 

se = standard error of the LOR estimate 
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