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ABSTRACT

In the rhizosphere, plants curate and maintain distinct rhizobiome, some of which
serve as secondary defense mechanisms against pathogenic microorganisms. Additionally, in
response to biotic stress, plants generate phytohormones which regulate signaling pathways
to activate systemic resistance. These phytohormones contribute to the chemical space within
the rhizosphere in addition to other low-molecular-weight metabolites used for cell-to-cell
communication within species and across kingdoms. However, little is known about the
influences of stress-related phytohormones on beneficial bacteria even though biocontrol
strategies abundantly explore plant-beneficial microorganisms to manage pathogens in
agricultural systems. Myxobacteria are competent predators of plant pathogens and have
demonstrated responses when exposed to exogenous quorum signals produced by prey
bacteria. Our objective was to study the impacts of exogenous phytohormones and plant-
related signals on myxobacterial motility, global transcriptome, and metabolism to reveal the
potential roles of these bacteria in the rhizosphere. The plant-associated
myxobacterium Archangium sp. strain Cb G35 exhibited a p < 0.05 increase in motility on
exposure to methyljasmonate (MeJA), salicylic acid (SA), and abscisic acid (ABA) while
transcriptomic studies revealed a > four-fold change (p < 0.05) in the transcription for 56
genes in response to MeJA exposure. Untargeted analysis of LC-MS/MS datasets of crude
extracts from exposure experiments with Global Natural Products Social Molecular
Networking (GNPS) and XCMS-MRM tools further highlighted the activation and
deactivation of specialized metabolites in response to these signals. Antibacterial assays of
fractions from active extracts against E. coli revealed active metabolites of the terpene, fatty

acid, and polyketide molecular families. However, before our investigations, only the



bioactive roimantacene polyene, and p-hydroxyacetophenone amides have been associated
with A. sp. While we have demonstrated the potential of observing signal-activated
production of functional metabolites in the rhizosphere, our studies provide the condition-
specific potential for discovering novel specialized metabolites that would contribute to

natural product discovery.
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CHAPTER 1. INTRODUCTION
1.1 The Myxococcales (Myxobacteria)

Distinguished by their organized social behavior and coordinated predation strategies,
these ubiquitous Gram-negative bacteria exhibit gliding motility with the secretion of slime
and are capable of feeding on a wide range of soil bacteria and fungi as most members are
generalist predators.X The myxococcales, comprising of 4 suborders with 13 families
(Figure 1.1) belong to &-proteobacteria and based on their feeding habits, can be grouped as
either cellulose decomposers or predators..® They are usually observed in habitats rich in
microbial and organic life but because these slow-growing bacteria are generally difficult to
cultivate, most studies have focused on genome-mining approaches for identification of
specialized metabolites therefore the chances for chemical novelty discovery remains high
with these bacteria.**° Myxobacteria are an under-explored group of organisms especially
for the beneficial roles that they may play in promoting plant health. Having a wide range of
target pathogens is a desirable trait when searching for plant-beneficial bacteria > but even
more important is the ability of such bacteria to survive and colonize the rhizosphere. The
success of a biocontrol strategy in agricultural systems, for microbial and insect pest
management, depends on the fitness of microbial supplements including the ability to achieve
high cell density levels within the rhizosphere, enough to accumulate antimicrobials or other
traits that will ensure competitive advantages against pathogens and establishment of
niches.***® Maintaining significant cell densities has been a limitation for currently utilized

biocontrol agents,?® but most myxobacteria, through cooperative morphogenesis are capable



of forming fruiting bodies resulting in heat-, drought- and UV-resistant spores favoring their
survival in unfavorable environments;'?-23 thereby demonstrating the capability of retaining

high cell densities in the rhizosphere.

- Labilitrichaceae

Sorangiineae - Phaselicystidaceae

- Polyangiaceae

- Sandaracinaceae

-Sorangiineae incertae sedis

: - Nannocystaceae
Myxococcales ——| Nannocystineae

- Kofleriaceae

- Anaeromyxobacterceae

- Archangiaceae

—| Cystobacterineae - Myxococcaceae

- Vulgatibacteraceae

i ) - Enhygromyxa
— | Myxococcales incertae sedis

- Myxobacter

Figure 1.1. The order of Myxococcales with suborders and families (as of March 2021).
Blue outline represents known saprophytic nutritional behaviour and red outline represents
known predatory nutritional behaviour.

Myxobacteria also possess biosynthetic gene clusters (BGCs) capable of encoding
numerous polyketides, peptides and other structural classes of compounds that demonstrate a
wide range of activities including those that are antibacterial and antifungal (Figure
1.2).72224-26 However, little is known about the metabolic changes in myxobacteria, triggered
by fluctuations in the chemical cues of the rhizosphere, that may lead to a disease-suppressive

soil especially during pathogenic invasions. The theory is that antimicrobials along with lytic



enzymes in the outer membrane vesicles (OMVs) of myxobacteria, assists with predation,?”?8
henceforth studies that record chemical responses of these bacteria to phytopathogens are
necessary. To investigate the roles that myxobacteria play in the rhizosphere, an

understanding of the dynamics of plant-microbe interactions in the rhizosphere is essential.

1.2 Plants and their Rhizobiome

Biological control of diseases and pests, with its complications, has gathered
substantial attention in the search for alternatives to chemical control options. In the
rhizosphere, plants must continually adapt to diverse microbial populations in addition to
surrounding abiotic pressures in order to survive. Exploration of roles that each microbial
class plays in the rhizosphere reveals why unique microbial communities are particularly
curated to suit specific plant species. Current knowledge categorizes microbial roles based on
positive, negative or neutral influences on plant health, identifiable through disease
progression or suppression activities 23! further suggesting that “specific traits” are required
from microbes to achieve desired disease-suppressive soil. Studies to identify and
characterize these traits, especially of interest to the agricultural industry, highlights groups of
specialized metabolites, enzymes, and effector proteins with the purpose to probe the
rhizobiome for their beneficial prospects.’?? However, beneficial bacteria are not impervious
to competition from phytopathogens and it is challenging to supplement the rhizosphere with
a selection of microbes possessing desired characteristics, capable of a wide range of
suppressive effects against diverse pathogens while also maintaining effective population
density because the rhizosphere brims with complex chemical interactions that are still not
yet well-understood.?%%! In fact, some traits attributed to beneficial bacteria are shared

characteristics also observed in phytopathogens, such as secretion of lytic enzymes, which



can either promote pathogenesis or facilitate endophyte symbiosis with the plant host.>3-3
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Figure 1.2. Representative antimicrobials identified from myxobacteria



This section will highlight the shared chemical ecology associated with the rhizosphere
including phytohormones, phytotoxins, and antimicrobials, and how these metabolites

influence traits associated with beneficial bacteria.

1.2.1 Phytohormones and Root Exudates

Phytohormones play important roles in the adaptation and survival of plants during
adverse conditions resulting from either abiotic stress, such as unfavorable environmental
conditions including drought, changes in temperatures, salinity, or biotic stress arising from
microorganisms, nematodes, and insects. The defense-related hormones regulate complex
signaling mechanisms in plants, with interconnecting pathways to provide with efficiency,
various stress responses. Among the different groups of defense-related hormones, including
the jasmonates (JA), abscisic acid (ABA), auxins (AUX), cytokinins (CK), ethylene (ET),
gibberellins (GA), salicylic acid (SA), brassinosteroids (BR) and strigolactones (SL), most
studies associate crosstalks between JA, ABA, ET and SA signaling pathways (Figure 1.3) in
mediating systemic resistance to phytopathogenic insult.®®3" It is usually expected that the
chemical presence of the majority of these phytohormones should be secluded only to the
plant internal system but in fact, current reports suggest possible micro-titer leakages as root
exudates that contribute to the shared chemical space of root microbiomes.3° Generally,
root exudation (also commonly referred to as ‘rhizodeposition’) is viewed as a major process
in which the plant interacts with the rhizosphere via a wide range of low- and high-
molecular-weight organic compounds generated from both primary and specialized
metabolism.*! Exudates including organic acids, sugars, sugar alcohols, phenolic glycosides,
amino acids, flavonoids, and polysaccharides (usually present in root mucilage) are believed

to be passively lost from roots through diffusion further suggesting a longstanding



establishment of nutrient gradients in the soil. >%® As expected, exudation can be supported
by rhizobiome metabolism of these compounds, where microbes act as a soil sink to increase
the flux of exudates into the rhizosphere, a process similar to rhizosphere priming effect. ** It
should be noted that bioactive specialized metabolites are also generated by plants to combat
pathogens and are exuded via energy-dependent mechanisms. 4°#8 Current knowledge
indicates that exudates are utilized by plants to attract beneficial microbes for the purpose of
promoting nutrient acquisition and facilitating pathogen resistance, supported by studies
which highlight distinct community structures specific to various plant species with less

diverse microbes than is observed in bulk soil. 490
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Figure 1.3. Phytohormones involved in plant defense mechanisms



1.2.2 Bacterial Chemotaxis Triggered by Plant Exudates and Phytohormones

It is generally thought that low-molecular-weight compounds play an important role
in propagating communication within species and across kingdoms. In the rhizosphere, plants
continuously monitor the fluctuating activities of the microbial population and make
appropriate responses to maintain good health as earlier mentioned via exudates and
phytohormones. At the same time, bacteria also display several responses to these exudates
and systemic changes in plants, usually initiated with chemotaxis. Important for survival and
gaining selective advantages in unfavorable environments, chemotactic signaling enables
motile soil bacteria to follow nutrient gradients created by plant roots in the soil. 4! The
chemical attraction of bacteria towards plants is a well-documented occurrence often leading
to the development of plant-microbe relationships, either pathogenic or symbiotic. This is
evident in the enrichment of rhizobiomes with chemotaxis encoding genes compared to

microbes in bulk soil. 3°

In bacteria, complex chemosensory systems control several biological functions
including chemotaxis and expression of genes relevant for complementing changes in the
microenvironment. Mechanisms of chemotaxis can be understood using the well-studied
Escherichia coli, where chemotactic responses to stimuli are initiated by changes in the
conformation of the methyl-accepting chemotaxis proteins (MCPs) which promote the
autophosphorylation of histidine kinase, CheA. Activated CheA then phosphorylates CheY, a
response regulator that in turn interacts with the flagellar switch protein FliM, altering the
direction of flagellar rotation. 52-°° Most studies of bacterial chemotaxis to plant-related
signals often present with changes in motility and cell cycle progression, induction of
virulence factors, activation of specialized metabolites, and production of Iytic enzymes. 57

One possible explanation for these observations is that regulatory systems are coupled to



provide dynamic and efficient control of cellular processes important for interacting with
hosts. For example, the McpU and McpA chemoreceptors in Pseudomonas pudita contribute
to mediating motility and biofilm formation; %8 similar observation has also been reported in
Comamonas testosteroni CNB-1. > Moreover, crosstalk between chemotaxis and adhesion
regulation has been observed in endophytic rhizobia which is significant for successful
nodulation of plant roots and seeds. *° Furthermore, the hypersensitive responses and
pathogenicity (hrp) genes regulate chemotaxis and pathogenicity of Xanthomonas oryzae pv.

Oryzae. 960

Nutrient gradients are formed in the soil by root exudates and rhizodeposition and
provide an effective mechanism to attract diverse microbes to the rhizosphere.®! Because
plant species determine the composition of exudates, it is evident that plants may contribute
selective pressure to recruit and maintain a distinct microbial community in their rhizosphere.
385061 Qrganic acids, present in exudates, represent a major attractant for several plant-related
bacteria. These compounds also function as catabolite repressors to the nitrogen-fixing
Rhizobium meliloti, Rhizobium leguminosarum, and Azospirillum brasilense. °2-% Other root
exudates are recorded to activate chemotaxis and various gene expressions. In fact, amino
acids in exudates are especially attractive to R. meliloti and R. leguminosarum as nitrogen
sources because these bacteria only fix nitrogen when in established symbiosis with plant
hosts. 5! Phytopathogens are also included in the attracted microbial population, which may
seem counterintuitive, but it is important to note that most of these low-molecular-weight

compounds in exudates generally serve as carbon and nitrogen sources for microbes. 4!



1.2.3 Bacterial Enzymes and Transporters Involved in Plant-Microbe Interactions

To adapt to the rhizosphere, bacteria are known to alter the expression of multiple
genes in response to plant exudates and other chemical signals in the microenvironment.
Altered gene expressions are likely to enable bacteria to aggressively compete with resident
microbes and colonize the rhizosphere **“° because both beneficial and pathogenic bacteria
need to access carbon and nitrogen from organic matter, detoxify potential toxins and where
necessary, gain entry into the plants as well as evade resulting systemic defense mechanisms.
So far, what is known about the roles that each unique enzymatic repertoire for individual
bacterial species play in the soil is centered on evidence that portrays the selection of
organisms to the rhizosphere. However, studies have either looked at the usefulness of
specific enzymes possessed by the bacteria in establishing symbiotic relationships or a
general snapshot of all overexpressed enzymes present in a specific rhizosphere at a defined
disease state. We will now highlight known enzymes and transporters that are responsive to

rhizospheric pressure.

Eukaryotic cell walls consist of polysaccharides that provide support to the cell which
have been strategically targeted during microbial interactions. A metagenomics study of the
endophytic microbiome of a disease-suppressive compared to a disease-conducive soil
revealed the overexpression of protein domains encoding for carbohydrate-active enzymes
(CAZymes) during Rhizoctonia solani infection. ° Certain bacteria, through the type 2
secretion system (T2SS), release chitinolytic enzymes and chitin-binding proteins when
establishing a competitive or symbiotic relationship with fungi. This is important because
fungal cell walls are structurally supported by chitin and chitosan, which provide an obvious
target for chitinase and chitosanase respectively, thereby promoting the entry of the bacteria

into the host. ® As a result, chitinolytic enzymes have been explored for agricultural purposes



as antifungals against plant pathogens as well as biocontrol agents against insect pests known
to possess chitin-rich exoskeletons. %67 T2SS gene clusters are well conserved among related
species and are often highly expressed in the rhizospheric environment because they play a
vital role in the secretion of various extracellular degradative enzymes that important in
bypassing the physical barriers of competing or host organisms. 8 Lytic enzymes secreted via
this system are functionally and structurally diverse, each playing unique roles in specific
circumstances (Figure 1.4). In bacteria-plant interactions, cellulases, pectinases, and
xylanases are employed to break down the structural molecules of plant cell wall propagating
tissue necrosis and serving to provide carbon sources to the bacteria. 313 Oftentimes, given
the complexity of polysaccharides that may be encountered and the hydrolytic capacities of
specific CAZymes, it is not uncommon to find that a variety of enzymes are deployed at a
time to achieve complete degradation and helper enzymes including polysaccharide lyases,
glucanase, glycosyl hydrolases, debranching enzymes, and carbohydrate esterases are
necessary. % An alternate role played by CAZymes can be seen with certain
glycosyltransferases identified to contribute to the virulence of Pseudomonas syringae where
it was hypothesized that these enzymes decorate lipopolysaccharides (LPS), known to induce
systemic resistance in plants, with O-antigen so as to disguise their cellular presence from

potential defense mechanisms. %7t

Another group of enzymes implicated in the necrosis of plant tissues is extracellular
proteases. Endophytes utilize exoproteases in addition to CAZymes to facilitate entry into
host cells and to metabolize soil polymer substrates, therefore, releasing low molecular
weight organic nitrogen, a process commonly referred to as nitrogen mineralization. "2 On the
other hand, studies of Pseudomonas fluorescens CHAQO as a biocontrol agent attributed their
antagonistic activity against phytopathogenic nematodes to the activities of the extracellular

protease, AprA that is regulated by the GacS/GacA signal transduction pathway. Under
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greenhouse conditions, mutant strains when compared to Pseudomonas fluorescens CHAO
strains were unable to suppress Meloidogyne incognita induced root-knot disease. "
Similarly, plant-beneficial Bacillus species have been suggested to secrete cuticle-degrading
and nematicidal proteases. * Although there are limited studies focused on extracellular
proteases of the rhizobiome, protease production counts among traits used to characterize

plant growth-promoting rhizobacteria. ">
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Figure 1.4. Venn diagram of lytic enzymes from beneficial bacteria and selective
effects on either plant of fungi based on the cell wall components.

Genes encoding for oxidoreductases in the rhizosphere are found to be varied given
that they come from a more diverse microbiome compared to other microbial communities "
and were observed to be enriched in a fungal disease-suppressive soil 2° which suggests that
they may have important roles in benefiting plants. Recently, GmcA, a glucose-methanol-
choline oxidase, was seen to be vital in the extracellular detoxification of hydrogen peroxide,
iron homeostasis, and nitrogen fixation activities of Rhizobium leguminosarum bv. Viciae.
The adaptation of gmcA mutants in the rhizosphere was greatly diminished with the
observation of poor nodulation and ineffective establishment of symbiosis. ’° Taken together,
it is apparent that more studies are needed to explore the potential benefits of bacterial redox

traits in the microenvironment of plants. An alternative contribution that certain bacterial
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enzymes may offer in promoting colonization in the rhizosphere is exemplified via
biotransformation or biodegradation of compounds encountered in the rhizosphere. In
polycyclic aromatic hydrocarbon contamination, plant-related bacteria adapt by regulating the
expression of biodegradation-related genes explaining why a high expression of phenol
monooxygenase gene and other aromatic oxygenase genes were observed in the
microenvironment. 8 Consequently, microorganisms capable of expressing these
biodegrading oxygenases have been explored for their use in biological remediation. Studies
of Bacillus sp. BPR7 and Pseudomonas fluorescens CHAO as biocontrol agents against
Rhizoctonia solani in rice sheath blight disease suggested the benefits of oxalate oxidases
because oxalic acids produced during mycelial growth renders plant tissues susceptible to
enzymatic degradation by the phytopathogenic fungi and experimental data showed

successful suppression of the disease. 508!

ATP-binding cassette (ABC) transporters, with diverse functions, are also involved in
maintaining interactions in the rhizosphere through nutrient absorption and amino acid
recycling during nodulation and nitrogen fixation.8? Early stages of rhizobium symbiosis
revealed high amounts of ABC transport proteins consistent with data for these proteins as
the most important class for intercellular transportation. 8 During adaptation in the
rhizosphere, extracellular packages of lytic enzymes and specialized metabolites are expected
to be delivered across membranes to facilitate reaching plant tissues or microbial targets.
Transcriptomic analysis of Bacillus sonorensis showed that in addition to ABC transport
proteins, the overexpression of other transporters could also be observed concomitantly with
the overexpression of bacterial enzymes in the rhizosphere. The multidrug transporter, AcrB,
permeases, sugar transporters, and outer membrane porins were highly expressed to facilitate
the efflux of antimicrobial peptides, uptake of sugars, and diffusion of hydrophilic

compounds in the rhizosphere. 8384
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1.2.4 Phytopathogenic Responses to Plant Exudates that Promotes Virulence

The responsiveness of phytopathogens to the rhizosphere is central to infection.
Navigating community-level signaling and utilizing environmental cues to find suitable hosts,
coupled with overcoming the plant’s physical and chemical barriers, would require activating
chemotaxis pathways, motility, and specialized metabolites. Plant-associated bacteria have
been found to possess a subgroup of LuxR solos that have evolved to eavesdrop on and bind
to low molecular weight compounds produced by plants rather than to acylhomoserine
lactones (AHLS). *°° Phytopathogens exploit these plant exudates to activate virulence and
induce the biosynthesis of phytotoxins. In addition, some phytopathogens like Pseudomonas
syringae and Dickeya dadantii have evolved to also sense and hijack phytohormones
important in regulating systemic resistance mechanisms of the plant (Table 1.1), via the
generation of mimics to improve their chances of host invasion. 8192 \Various molecular
classes of phytotoxins, from phytopathogens possessing different mechanisms of action, have

been reported.

Polyketides: During biotic stress when plants are attacked by necrotrophic pathogens
or herbivorous insects, defense responses mediated by the jasmonic acid (JA) pathway are
activated. %1% However on sensing the secretion of the phytohormone during the systemic
resistance event, coronafacoyl phytotoxins, initially isolated from Pseudomonas
coronafacience, usurps this resistance process resulting in chlorosis of developing tissues. 8
Coronafacoyl phytotoxins are viewed as JA-isoleucine mimics (Figure 1.5a) and contain a
bicyclic hydrindane ring-based polyketide, coronafacic acid (CFA), linked via an amide bond

to either an amino acid or amino acid derivatives (Figure 1.5b).
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Table 1.1: Roles of defense-related phytohormones and how they are exploited by phytopathogens during invasion of plant hosts.

Phytohormones

Jasmonates (JA) 86-88

Abscisic acid (ABA) 8%

Auxins (AUX) %
Cytokinins (CK) %
Ethylene (ET) %%

Gibberellins (GA) %%

Salicylic acid (SA) 897

Brassinosteroids (BR) %99

Strigolactones (SL) 100101

Roles in systemic resistance

= Activation of systemic acquired resistance

= Involved in defense against necrotrophic pathogens

= Mediates defense synergistically with ET

= High levels interfere with SA, JA, CK and ET signaling, therefore,

promoting susceptibility to disease

= Stimulates root colonization and establishment of symbiosis with

endophytes
= Involved in defense against abiotic stress

= The major type is indole-3-acetic acid (IAA)

= Promotes microbial colonization

= Suppression of signaling improves physical barrier in restricting pathogens
= Important in developing resistance against necrotrophs
= Acts synergistically with SA to mediate resistance

= Important in plant signaling

= Involved in defense against necrotrophic pathogens

= Acts synergistically with JA

= Promotes resistance to biotrophs but increases susceptibility to necrotrophs

= Antagonistic to ABA
= Promotes antioxidant activities
= Defense against biotrophic pathogens

= Antagonistic to JA, ET, and AUX signaling pathways

= Activation of systemic acquired resistance
= Negatively regulates ET and GA

= Play important roles in trade-offs between plant growth and defense

mechanisms

= Positive crosstalk with ABA and AUX but negative crosstalk with GA

= Promotes microbial colonization

Manipulation by Phytopathogens

Generation of JA and jasmonate-mimics
such as the coronafacoyl phytotoxins to
hijack and stop the JA-pathway

Generation of ABA and ABA-mimics to
achieve high concentrations and promote
colonization

Generation of IAA and other auxin
precursors to achieve high concentrations of
auxins
Generation of CK analogs to interfere with
plant immunity

Generation of ET to interfere with systemic
resistance

Necrotrophs secrete GA as part of their
virulence mechanisms

Biotrophs produce effector proteins like
Cmul to interrupt the biosynthesis of SA

Generation of effector proteins to hijack BR
signaling and promote disease susceptibility
of plant hosts

Unknown

Present in
root
exudates?

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Unknown

Yes
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Biosynthesis of this toxin has been identified in various Pseudomonas and
Pectobacterium sp. as well as in Brenneria EniD312 sp., Dickeya dadantii, Lonsdalea
quercina, Streptomyces scabies, and Xanthomonas campestris. 1%-1% Concanamycins,
(Figure 1.5c) which were first isolated from S. diastatochromogenes S-45 in 1984, contain an
18-membered tetraenic macrolide ring with a methyl enol ether and a B-hydroxyhemiacetal
side chain. These metabolites together with other phytotoxins from Streptomyces including
the 18-membered macrolide borrelidin, 16-membered macrolide labeled FD-891, and the
type 11 polyketides desmethylmensacarcin and Fridamycin E (Figure 1.5d-g) have been
implicated in causing deep necrotic lesions associated with scab disease of potato tubers and

taproot crops. 1%

Peptides: A phytotoxic family of cyclic dipeptides, the thaxtomins (Figure 1.6a),
known for inducing scab-like lesions on tubers by inhibiting cellulose synthesis, were the first
to be associated with the plant-pathogenicity of Streptomyces. Thaxomin A, the most
prevalent analog isolated from Streptomyces scabies, Streptomyces turgidiscabies, and
Streptomyces acidiscabies, is a nitrated 2,5-diketopiperazine derived from L-phenylalanine
and L-4-nitrotryptophan. 1%%7 As specialized metabolites representing the main virulence
factor, the thaxomin biosynthetic gene clusters are highly conserved in plant-pathogenic
Streptomyces, and biosynthesis of the toxin is exclusive to these species. 1 Pseudomonas
syringae (and other phytopathogenic Pseudomonas species) employ lipodepsipeptide toxins,
such as syringomycin, syringopeptin, corpeptin, and the hybrid non-ribosomal/polyketide
toxin, syringolins (Figure 1.6b-e) in addition to the mentioned coronafacoyl phytotoxins to
gain entry and invade the plant host. The pathogen locates the plant host by sensing phenolic
glycosides and sugars from the root exudates which in turn activates the biosynthesis of
syringomycin. "© Syringomycin compound often contains non-proteinogenic amino acids

such as 2,3-dehydroaminobutyric acid, 3-hydroxyaspartic acid, and 4-chlorothreonine, along
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with serine D-isomers and 2,4-diaminobutyric acid. Lipodepsipeptide toxins induce direct
cellular damage to plants by forming pores within the membrane resulting in loss of integrity
and tissue necrosis, 1 a mechanism different from how the syringolins act. Syringolin A is a
tripeptide proteasome inhibitor that suppresses the JA-pathway and other plant hormones

involved in mediating defense responses. 110111
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Figure 1.5. Examples of polyketides from phytopathogenic bacteria

Other phytotoxic peptides from Pseudomonas like phaseolotoxin, mangotoxin, and
tabtoxin (Figure 1.6f-g) target enzymes involved in amino acid biosynthesis resulting in

nitrogen metabolism interference in the host. 1 Ralstonia solanacearum also senses plant

16



sugars and is identified as one of the causes of bacterial wilt disease via the production of
ralstonins (Figure 1.6h) which are cyclic lipodesipeptides from the hybrid non-

ribosomal/polyketide synthase biosynthetic gene cluster. 112113

Other structural classes: Although not directly toxic to plants, the ralfuranones (Figure
1.7a) have been reported to aid in the virulence of Ralstonia solanacearum. Biosynthesis of
these aryl-furanone metabolites, triggered when the pathogen senses plant sugars, activates
the quorum sensing (QS) circuit that controls the expression of the gene clusters encoding the
ralstonins with mutant strains reportedly also losing their aggregation and swimming motility.
114 Wilting in rice and other field crops can be caused by toxoflavin (Figure 1.7b), a
pyrimidotriazine secreted by the phytopathogenic Burkholderia gladioli. > Other rare
phytotoxins such as tropolone (Figure 1.7c) from Burkholderia plantarii containing a 7-
membered aromatic ring and pyridazocodin (Figure 1.7d) from Streptomyces have been

identified to negatively affect plant health while promoting virulence of phytopathogens.

117,118

1.2.5 How Beneficial Bacteria Interact with Phytopathogens

Plants exude numerous compounds and phytohormones that attract a variety of
microorganisms to the rhizosphere including phytopathogens. Although most plants generate
specialized metabolites (not covered in this review) to defend against pathogenic invasion, a
number of rhizospheric bacteria, dubbed as “beneficial” also act as an additional defense
barrier for pathogens to overcome.! Certain bacterial traits shared among known plant-
beneficial bacteria are documented as ““selection criteria” by plants, as a result, many studies

have focused on identifying beneficial bacteria from the rhizosphere that could improve the
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health of plants and promote stress resistance although only a few strains have been

developed commercially, %119

Plant-beneficial bacteria interact with other microbes in the environment through

complex chemical interactions either to kill the pathogen or inhibit the activation of virulence

mechanisms. The production of lytic enzymes has already been covered in previous sections

but it is important to mention that these enzymes are often observed to be utilized

synergistically with mechanisms discuss here.
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Figure 1.7. Examples of other structural classes of phytotoxins

1.2.5.1 Interference of Microbial Signaling Mechanisms

Microbes perform coordinated activities and intercellular communications through

quorum signaling (QS) mediated by small molecules and auto-inducers.”?> Quorum signaling

has been observed to be enriched in the rhizosphere consistent with high densities of

microbial cells and it contributes to microbial survival in this highly competitive and nutrient-

restricted environment, particularly shown by QS-activation of virulence factors.3!120

Signaling among phytopathogens via molecules including N-acyl-homoserine lactones

(AHLs), butyrolactones, small peptides, unsaturated fatty acids (such as 3-hydroxy palmitic
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acid methyl ester), furan derivatives (Autoinducer-2) and quinolones serve as proposed
targets for some ways beneficial bacteria can be used to thwart pathogenic attacks in
biocontrol research. Strategies that involve the inhibition of biosynthesis, receptor-binding, or
biotransformation of signaling molecules to inactive forms are usually referred to as quorum
quenching.?! Biological quorum quenching of signals have been recorded but more attention
has been given to the degradation of AHLs revealing multiple enzymes like amidases,
lactonases, reductases, and oxidases being involved in ring-opening and chain cleaving.!’12
QS in Pectobacterium carotovorum, a known cause of blackleg and soft-rot diseases in plants
was interrupted by secreted lactonase, reductase, and acylase enzymes from Rhodococcus
erythropolis and Bacillus species.'?212 Bacillus species and several Gram-positive bacteria
are identified to show sensitivity to N-(3-Oxododecanoyl)-L-homoserine lactone (OC12-
HSL) and the tetramic acid, 3-(1-hydroxydecylidene)-5-(2-hydroxyethyl) pyrrolidine-2,4-
dione obtained from the spontaneous degradation product of OC12-HSL.1241% But the
presence of an AHL lactonase, AiiA, protects the Bacillus genus by opening the lactone ring,
therefore, bypassing the formation of the tetramic acid.?! Expectedly, quorum quenching is
not exclusive to beneficial bacteria as Agrobacterium tumefaciens, and some phytopathogens,
also express AHL-lactonase genes.'?® Quorum quenching techniques are explored in the
control of phytopathogenic expressions of virulence genes, which does not necessarily result
in growth inhibition; instead, additional generation of toxic specialized metabolites

detrimental to phytopathogens can synergistically act to curb pathogenic populations.

1.2.5.2 Specialized Metabolites that are Beneficial in the Rhizosphere

Recent metagenomic exploration of biosynthetic gene clusters (BGCs) capable of

encoding specialized metabolites in a selected soil ecosystem, revealed profuse PKS, NRPS,
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and hybrid NRPS/PKS BGCs in the rhizobiome suspected to contribute to the disease-
suppressive status of the rhizosphere.!?” The ability to generate antimicrobials provides
competitive advantages to survive in the rhizosphere. Few bacteria species have been
identified and studied for their ability to generate toxic compounds in addition to other traits

that make them suitable biocontrol agents.?

Bacillus species: Over time, these Gram-positive bacteria ignited interest as agents for
the biocontrol of plant pathogens because of the ease of genetic manipulation, extensive
characterization of expression systems, and numerous antimicrobial compounds (Figure 1.8)
generated by the organisms.'>28-130 Numerous bioactive compounds belonging to the
polyketide and peptide classes have been identified to be effective in controlling various
phytopathogens. Bacillus amyloliquefaciens FZB42 and B. subtilis strains possess BGCs that
encode difficidin (Figure 1.8f), a macrocyclic polyene lactone with broad-spectrum
antibacterial activities especially against Xanthomonas species, Pseudomonas syringe pv.
Tabaci and Rhizobium radiobacter. 3 Difficidin together with bacilysin (Figure 1.8c)
efficiently controlled the blight disease pathogen, Erwinia amylovora ! further suggesting
synergistic effects of these metabolites. On the other hand, plantazolicin (Figure 1.8i) from B.
amyloliquefaciens exerted a nematicidal effect 32 consequently broadening the spectrum of
activities of compounds from this species. Similarly, B. subtillis are known for
biosynthesizing complex membrane acting cyclic lipopeptides (cyclic LPs) which are
effective against certain Gram-positive bacteria but more potent against fungal pathogens like
Rhizoctonia solani and Paecilomyces variot; >2° but it has been observed that cyclic LPs,

except for the fengycins (Figure 1.8e), may have some toxicity to plants.'?8

Pseudomonas species: Many cyclic LPs from these genera constitute virulence via the

formation of pores in the plant cell membrane but beneficial species utilize these surface-
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acting compounds for antimicrobial activities as well. For instance, massetolide A (Figure
1.9a) from Pseudomonas fluorescens exhibits zoosporicidal activities against Pythium,
Phytophthora species, and other oomycete pathogens.t33134 Viscosinamide (Figure 1.9b),
another cyclic LP from this bacteria acts antagonistically against fungal pathogens by altering
the growth, cellular activities, and morphology of the mycelium.!® Veering off from
antimicrobial peptides, pseudomonads are also known to biosynthesize phenazines, 2,4-
diacetylphloroglucinol (DAPG), and pyrrolnitrin (Figure 1.9e-g) in the rhizosphere which are
antifungal and have been studied for the management of plant pathogens.*®*3" The blend of
toxins which included pyrrolnitrin and DAPG have been observed to give protective activities
to Pseudomonas fluorescens CHAO from protozoan grazing.*® A study of the interactions
between Pseudomonas chlororaphis PCL1606 and Rosellinia necatrix revealed an aggressive

competition for the establishment of niches in the avocado rhizosphere.

However, the generation of 2-hexyl, 5-propyl resorcinol (Figure 1.9h) by the beneficial
Pseudomonas inhibited the pathogenic R. necatrix 3 which resulted in the low incidence of
white root rot disease, caused by the pathogenic fungi during permeation of mycelial

aggregates during colonization.®*

Burkholderia species: Consistent with the enrichment of Burkholderia species in a
fungal pathogen-induced disease-suppressive soil,?® previous studies of the activities of
Collimonas fungivorans against Aspergillus niger observed the upregulation of genes
encoding for PKS and NRPS which were attributed to generating compounds that resulted in
zones of inhibition of microbial growth.4? Latter reports characterized the polyyne
metabolite, the collimonins (Figure 1.10) notable for antifungal and hyphae pigmentation

activities.1

22



vl H ” o o Nm)."’
HO~< N o H Bacilysin
00 o

— i ﬁ,}H ., 00 Difficidin R = H
z % Oxydifficidin R = OH
Fengycin

Bacillomycin D h.
g.
HO
o
R 4 9 0
N N
0//\\H o o iH HNX\(
o
o7 "NH
0 Macrolactin B

Gageostatin A R=

OH
GageostatinB  R= WJS\/L/ {
N o
Gageostatin C R= \NJ\/L/ /_(L
3

Plantazolicin HN

Figure 1.8. Bacillus species derived antimicrobials

23




1.2.5.3 Microbial Predation

There is a deficit of evidence for the beneficial effects of inter-bacterial predation in
the rhizosphere. Predation is an important component of food webs therefore, it is essential to
investigate the contributions of micro-predators to plant health. Overexpression of proteins
encoding lytic enzymes, observed in disease-suppressive soils,?® shows the potential benefits
of this trait because feeding usually occurs after prey are killed by a plethora of lytic enzymes
and toxic metabolites deployed to target cells by the micro-predators 2. Bdellovibrio strains
have been suggested for various biocontrol strategies because these ubiquitous motile
bacteria are predators of Gram-negative organisms.'3 Various strains of Bdellovibrio species
have been isolated from the rhizosphere when baited with phytopathogens like Pseudomonas
corrugate, Erwinia carotovora subsp. carotovora and Agrobacterium tumefaciens ! giving

evidence for their ability to control plant pathogens.

Recently, this potential was tested against Pectobacterium carotovorum subsp.
Brasilense, a highly virulent soft rot bacterial strain with Bdellovibrio bacteriovorus
effectively reducing the cell density thereby inhibiting pathogenesis.!® Yet, these bacteria are
obligate predators thus they have a limit to prey options. Normally, prey preferences of
micro-predators can determine their selection for biocontrol functions within specific
rhizospheres as microbial communities are unique across plant species.>® In a controlled
study where *C-labelled Pseudomonas pudita and Arthrobacter globiformis cells represented
both Gram-negative and Gram-positive bacteria respectively and designated as rhizobiome
population, most test predators preferentially consumed Pseudomonas pudita. However,

some myxobacteria also predated on A. globiformis revealing that a more relaxed feeding
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preference, such as observed with generalist micro-predators,* could be more advantageous

than the restrictive obligate predation.
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1.3 Myxobacteria and the Rhizobiome Structure

Although there is a limited understanding of key factors that influence microbial
community structures, the ability to control the members of a rhizobiome could improve
biocontrol strategies currently employed in agricultural systems. Terrestrial myxobacteria
have been sourced from various natural sources which are distributed across numerous
climatic zones around the world and have a dependence on dead cells for their source of
carbon and nitrogen.t”1%28 These order of bacteria greatly contribute to nutrient cycling and
carbon turnover in the soil via two nutritional behaviors that group them into predators or
saprophytes.246142143 Accordingly, it is expected that they could play important roles in
influencing microbial structure. The chemo-attraction of Corallococcus sp. strain EGB
towards low concentrations of maltose and maltitol in the exudates of cucumber?® illustrates
plants potential recruitment of these myxobacteria. However, because predatory
myxobacterial isolations are usually conducted via baiting with prey organisms including
Pseudomonas species and E. coli ® from soil and environmental samples, a second potential
for attraction of these bacteria to the microbial rich rhizosphere of plants exists. Furthermore,
recent studies illustrating the eavesdropping of prey signaling by Myxococcus xanthus,
resulting in the activation of predatory features on exposure to exogenous AHLs,*** supports
the idea that these bacteria can play a role in restructuring the microbial community of the

rhizosphere.

Myxobacteria use outer membrane vesicles (OMV), from the cell envelope, to deliver
Iytic enzymes to prey during predation,?” 1414 to break down prey cells and consume the
released biomass. Earlier studies of myxobacteria identified Polyangium species that lyse the
hyphae of the pathogenic fungi, Rhizoctonia solani through the perforation of the cell

walls.*” And more recently, an outer membrane B-1,6-glucanase was discovered in the
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OMVs of Corallococcus sp. strain EGB which provided a cell wall-lysing selectivity for the
control of fungal pathogens ¢ because B-1,6-glucan is unique only to cell walls of fungi and
some oomycetes but not plants.*8 Additionally, when compared to other biocontrol agents

that instead generate enzymes targeting the mutable p-1,3-glucan 4° of fungal cell walls, the

ability to generate the B-1,6-glucanases could provide a potent advantage for myxobacteria.

Biocontrol mechanisms aim at the competitive struggle for resources with
phytopathogens,*? however, myxobacteria can also decrease the population of their prey
thereby altering the community structure of the rhizosphere. Consider that in a greenhouse
setting and a 2-year field study, there was a consistent observation of the ability of
Corallococcus sp. strain EGB to significantly reduce fungal diversity that resulted in the
establishment of a disease-suppressive soil. This was achieved through increased predation of
Fusarium oxysporum Schlecht. and a potential ability of the myxobacteria to support the

proliferation of some identified plant growth-promoting bacteria.?

1.4 Significance of Study

To date, literature has focused primarily on the impacts of the bacterial population on
plant health®%31:38 and how plants can benefit from a group of beneficial microbes, 10151
Similarly, biocontrol studies have explored the generation of antimicrobials and lytic
enzymes by these beneficial organisms and their potential supplementation to the soil 13196
While these studies certainly highlight the apparent cooperation between plants and
beneficial microbes from the perspective of plants, an imbalance exists where there are
limited data on how plant signals impact microbes on the molecular level. Such data are vital

in giving a complete picture of plant-microbial interactions in the rhizosphere. This research
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focuses on exploring the general responses, on a molecular level, of myxobacteria to selected

phytohormones and plant-related signals.

Moreover, the current evidence of plant recruitment of beneficial microbes is based
on chemotaxis towards exudates passively lost from the roots such as organic acids, sugars,
amino acids, and polysaccharides, as well as the formation of shared biosynthetic pathways to
prove symbiosis for the purpose of promoting the nutrient acquisition and deterring
pathogens;>1°2 nonetheless, it is also relevant to investigate the potential recruitment of
beneficial bacteria via actively generated plant distress signals and signals that are leaked into
the rhizosphere during phytopathogenesis. Assays in Chapter 3 demonstrated unique
metabolomic and transcriptomic responses of Archangium sp. strain Cb G35 to certain
phytohormones and how these responses correlated to increases in growth motility of the

myxobacteria.

Lastly, current literature shows limited access to specialized metabolites from extracts
of axenic myxobacterial cultures resulting in most research focus on genome-mining
strategies and techniques.”*1°3-1% Because myxobacteria naturally develop niches in
microbial-rich habitats,>*1° the expected environmental and chemical cues experienced by
these bacteria are lost in axenic laboratory cultures. This study offers a method that has the
potential to imitate rhizospheric chemical cues while maintaining axenic cultivations as well
as provide access to myxobacterial contributions to the shared chemical space within the
rhizosphere. We show in Chapter 3, the generation of unique specialized metabolites
resulting from both activation of the biosynthetic gene clusters of Archangium sp. strain Ch
G35 and biotransformation of supplemented phytohormones. These significantly impacted
antimicrobial activities as illustrated in Chapter 4 and gives evidence for an influence of

plant-related signals on the metabolism of Archangium sp. strain Cbh G35.
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CHAPTER 2. PROFILING THE BIOSYNTHETIC CAPACITY OF ARCHANGIUM SP.

STRAIN CB G35

2.1 Aims

The search for understudied bacteria that produce unique specialized metabolites has
increased interest in the exploration of myxobacteria. These groups of bacteria are usually
found in diverse habitats raising the idea of the existence of undiscovered or elusive strains

which could immensely contribute to natural product discovery efforts.®

Considering the lack of genomic data on the myxobacteria, Archangium sp. strain Ch
G35 belonging to the Archangiaceae family and Cystobacterineae suborder, this research
sought to highlight the biosynthetic potentials of this Archangium strain and fill the gap in

knowledge through the following objectives:

1. Obtain, sequence, and make publicly available the genomic information of Archangium sp.

strain Ch G35

2. Analyze the biosynthetic and metabolic capacities of Archangium sp. strain Cb G35 using

bioinformatics tools

Obtained results will facilitate the use of genome-mining techniques in accessing

novel specialized metabolites from myxobacteria.
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This part of Chapter 2 is published and has been formatted to follow the University of

Mississippi’s guidelines for dissertation preparation.

2.2 Draft Genome Sequence of Archangium sp. strain Cb G35

Barbara I. Adaikpoh, Scot E. Dowd and D. Cole Stevens.

Genome Announc. 2017, 5:e01678-16
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2.2.1 Abstract

In an effort to explore myxobacterial natural product biosynthetic pathways, the draft
genome sequence of Archangium sp. strain Cb G35 has been obtained. Analysis of the
genome using antiSMASH predicts 49 natural product biosynthetic pathways. This genome
will contribute to the investigation of myxobacterial secondary metabolite biosynthetic

pathways.

2.2.2 Introduction

Myxobacteria produce a plethora of structurally diverse bioactive natural
products.z>131%7 |solated from tree bark in Bangalore, India, Archangium sp. strain Cb G35
(DSM 52696) was reported to produce the antibiotic roimatacene, as well as six novel p-
hydroxyacetophenone amides.**®%° Herein, we report a draft genome sequence for
Archangium sp. strain Cb G35, which was collected in an effort to explore myxobacterial

natural product biosynthesis.

2.2.3 Materials and Methods

Archangium sp. strain Cb G35 was acquired from the German Collection of
Microorganisms DSMZ) in Braunschweig (DSM 52696). Archangium sp. strain Cb G35 has
been referenced as Cystobacter ferrugineus strain Cb G35 and Cystobacter gracilis strain Ch
G35 prior to a suggested reclassification.?>®1%° Genomic DNA was isolated using a GeneJET
genomic DNA purification kit (Thermo Fisher). Sequencing was performed at MR DNA

(Shallowater, TX) using an Illumina HiSeq system. Nextera DNA sample preparation kit was
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used for library construction (Illumina) according to the manufacturer’s user guide.
Following the library preparation, the final concentration of the library (7.32 ng/l) was
measured using the Qubit double-stranded DNA (dsDNA) high-sensitivity (HS) assay kit
(Life Technologies, Inc.), and the average library size (881 bp) was determined using the
Agilent 2100 Bioanalyzer (Agilent Technologies). The libraries were pooled and diluted (to
10.0 pM) and paired-end sequenced for 500 cycles, with an average coverage of 50. An initial
annotation was completed using the Rapid Annotations using Subsystems Technology
(RAST) server,%! with further annotation requested by the NCBI Prokaryotic Genome
Annotation Pipeline.1%2163 The draft genome contains 12,927,638 bp with 89 identified
RNAs, 10,395 coding sequences, and a 68.8% GC content across 41 contigs containing

protein-coding genes.

2.2.4 Results and Discussion

Ultimately, 49 unique secondary metabolite biosynthetic pathways were identified
using antiSMASH (version 3.0.5), including pathways for 10 hybrid nonribosomal peptide
polyketides, six nonribosomal peptides, six bacteriocins, five polyketides, five terpenes, four
lantipeptides, and two microviridins.%* The biosynthetic pathways for reported natural
products roimatacene and p-hydroxyacetophenone amides were not obvious from

antiSMASH analysis and require further investigation.

Accession number(s): This whole-genome shotgun project has been deposited in

DDBJ/ENA/GenBank under the accession number MPOI00000000.
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We believe the draft genome sequence will help facilitate the characterization of
myxobacterial secondary metabolite biosynthetic pathways and the discovery of new

myxobacterial natural products.

2.3 Analysis of the Metabolic Capacity of Archangium sp. strain Cb G35

2.3.1 Abstract

Genome mining techniques have benefitted from the increased accessibility of
bacterial genome sequences and facilitated natural product discovery. As sources of diverse
specialized metabolites, myxobacteria have gained attention with increased efforts to access
new and rare strains. Using the antiSMASH and Antibiotic Resistance Target Seeker
platforms, six resistance models were found to cluster with seven biosynthetic gene clusters
that encoded for unique specialized metabolites. This analysis will facilitate genome-mining

efforts from myxobacteria.

2.3.2 Introduction

Initially observed in 1809, over 600 compounds with unique scaffolds have be
reported from the Myxococcales. This order of bacteria provide a prolific source of diverse
specialized metabolites with a broad range of activities that has caught the attention of the
agricultural, biotechnological and medical systems.?1:25:26.157.158 St dies on myxobacterial
specialized metabolites have significantly benefitted from genomics analysis.'> With the
increased access to high-throughput genome sequencing methods, in silico analysis of
biosynthetic gene capacities of microorganisms has led to the development of sophisticated
genome-mining tools and techniques.*6%1% Sequence-based approaches to the discovery of

microbial natural products bypasses the limitations of rediscovery, silent gene clusters and
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uncultivable microbes often encountered in the laboratory.'®”1%8 Currently, only roimatacene
and p-hydroxyacetophenone amides have been reported from Archangium sp. strain Cb G35
even though the genomic sequence of these bacteria comprise more biosynthetic machineries
capable of encoding specialized metabolites.t*%1°916° Markers in the genome are useful for
identifying and manipulating genes of interest. Often times, self-resistance determinants are
found clustering with biosynthetic gene clusters (BGCs) capable of encoding antimicrobials
and has resulted in approaches that target such indicators.*>>1"0 Herein, the analysis of the
genomic sequence of A. sp. strain Cb G35 using bioinformatics tools to display the
biosynthetic profile of the myxobacteria is presented. To find potential antibiotic targets, the

antibiotic resistance markers were identified from the genome.

2.3.3 Materials and Methods

2.3.3.1 Medias and Strains

Archangium sp. strain Cb G35 (DSM 52696) initially obtained from the German
Collection of Microorganisms (DSMZ) in Braunschweig was grown on VY/2 agar (5 g/L
baker’s yeast, 1.36 g/L CaCl2, 0.5 mg/L vitamin B12, 15 g/L agar, pH 7.2) at 30°C for 7
days. Filter-sterilized kanamycin (40 pg/mL), tetracycline (10 pg/mL), ampicillin (100
pg/mL), hygromycin (150 pg/mL), gentamycin (50 pg/mL), chloramphenicol (30 pg/mL),
polymyxin (50 pg/mL) and spectinomycin (50 ug/mL) were added to pre-cooled VY/2 agar

when appropriate.t’*172
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2.3.3.2 Analysis with antiSMASH and Antibiotics Resistance Target seeker (ARTS)
Accession number was submitted to antiSMASH version 5.0 with the ClusterFinder
algorithm to generate identified biosynthetic gene clusters. antiSMASH facilitates the
identification and annotation of BGCs in bacterial and fungal genomes based on BGC-
specific profile hidden Markov models of genes.'®® The ARTS webserver (version 2) was
used to directly detect potential antibiotic targets in the genome and known resistance
markers were identified. ARTS acquires information about antibiotic targets from published
Pfam models of targeted essential genes and resistance factors from public databases
including the Jacobi and Bush collection, the Comprehensive Antibiotic Resistance Database

(CARD), the LACtamase Engineering Database (LACED) and ResFams.1’

2.3.4 Results and Discussion

Traditional methods of screening microbial extracts for bioactivity can be laborious
and often suffers from high rediscovery rates.®” Genome-mining processes use
bioinformatics tools to target specific biosynthetic gene clusters of interest. We report a high
diversity of BGCs of A. sp. strain Cb G35, observable in both antiSMASH and ARTS
analysis (Table 2.1). antiSMASH analysis detected 48 regions, which differ from our
previous reports?®® and ARTS analysis. However, these changes are expected because large
BGCs like polyketide synthases (PKS) and non-ribosomal peptide synthases (NRPS) can split
across contigs and increase the number of predicted BGCs. The co-localized resistance
markers and essential genes suggest that the corresponding BGCs will have antibacterial

properties.
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Table 2.1. Summary of identified biosynthetic gene clusters (BGCs) and other potential
targets from the analysis of the genome of A. sp. Cb G35

Summary of BGC hits A. sp. strain Cb G35
antiSMASH identification 48
Number of hits to MIBiG database 46
Predicated by ARTS 47
Number of co-localized essential genes 36
Number of duplicated essential genes 36
Number of co-localized known resistance models 7

Others I S
Phenazine mmmm 1
Thioamitides e ———— 4
Microviridin — m— >
Terpene mee————
Other RiPPs meeee——— 4
Indole e 1
Hybrid PKs/NRPs e ©
Non-ribosomal peptides 7
Polyketides 5
Resorcinol 1
Lanthipeptides m—— >

Figure 2.1. antiSMASH v6.0 predicted biosynthetic gene clusters form the genome of
Archangium sp. strain Cb G35. The number of identified BGCs is indicated.

All but two BGCs are similar to known BGCs from the MIBiG database!’* suggesting
the potential for encoding novel metabolites. The most abundant BGCS were predicted to
encode for hybrid PKs/NRPs and NRPs (Figure 2.1) and on further inspection, some
homologies to known BGCs that encode for gephyronic acid, nostopeptolide A2, rhizomide,
melithiazol A and microsclerodermin metabolites were detected. Similar metabolites have

been isolated from other myxobacterial strains.?® Myxobacterial specialized metabolites that
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have been isolated are mostly of the PKs, NRPs, hybrids of PK/NRP, and terpenoids
classes;?*1%7 A, sp. genomic information shows a similar pattern of potential specialized
metabolites with the most abundant BGCs encoding for the hybrid PK/NRP compounds
(Figure 2.1). We have provided exhaustive homology networks of BGCs shared by all

myxobacteria with publicly available genome sequences.?

= Antiobiotic inactivation

= Effects on transcription

Resistance

models and targets Efflux pumps
hits
Other enzyme domains

= Other proteins

Figure 2.2. ARTS rendered hits to known resistance models and targets grouped
according to the mechanism of resistance. Complete lists of models and targets are
available in Table A.1, Appendix.

Strategies to target antibiotic resistance genes are based on the idea that microbes that
generate antimicrobials have developed a way to protect themselves from the toxicity of the
metabolites.!>>1"% ARTS tool also associates essential genes with gene duplication or co-
localization in the BGCs as important in this strategy.” 53 known antibiotic resistance gene
models including resistance housekeeping genes were observed from ARTS analysis of the
genome (Table A.1, Appendix). Although most identified resistance genes were efflux pumps
(Figure 2.2), seven resistance markers were found to cluster close to six BGCs, with most

BGCs belonging to the PK/NRP hybrid class (Table 2.2, Table A.2, Appendix).
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Table 2.2. Proximity hits of resistance markers to biosynthetic gene clusters from ARTS

analysis.

Cluster
number

cluster-13_1

cluster-13_2

cluster-13 3

cluster-3 2

cluster-3_3

cluster-17_1

Type

NRPS, Type 1-
PKS
Type 3 PKS

NRPS, Type 1-
PKS

Lanthipeptide

NRPS, Type 1-
PKS

NRPS,
arylpolyene,
Type 1 PKS

Source

scaffold 13

scaffold_13

scaffold_13

scaffold_3

scaffold_3

scaffold_17

Location

41163 - 93514

276511 - 331711

419025 - 486153

254542 - 277791

387410 - 488811

154502 - 238295

Resistance model
hit
Pentapeptide
repeats (9 copies)
(2 models)
Pentapeptide
repeats (4 copies)
Class D B-
lactamases
Resistance-
nodulation-cell
division efflux
pump
ATP-binding
cassette (ABC)
efflux pump
ATP-binding
cassette (ABC)
efflux pump

Table 2.3. Sensitivity testing of A. sp. strain Cb G35 to antibiotics. - (negative) - sensitive, +
(positive) - resistant, SG (slight growth)

Antibiotics (ug/mL)

Kanamycin (40)

Tetracycline (10)

Spectinomycin (50)

Gentamycin (50)

Chloramphenicol (30)

Hygromycin (150)

Ampicillin (100)

Polymixin (50)

Growth

SG
SG

SG
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Information on these resistance markers were also found in the antiSMASH analysis.
Furthermore, this study reports the sensitivity of A. sp. strain Cb G35 to kanamycin and
hygromycin (Table 2.3). The analysis of the spectrum of resistance contributes to the
physiological characterization of the myxobacteria.!’*1"2176 Qur results provide the genome-
mining potential for Archangium sp. strain Cb G35 that will serve as a resource for natural

product discovery.

2.4 Conclusions

We have established the biosynthetic capacity of Archangium sp. strain Cb G35.
Profiling of the genome sequence of this myxobacterium reveals the potential for accessing a

high diversity of specialized metabolites and selected BGCs can prioritized for investigation.
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CHAPTER 3. ASSESSING RESPONSES OF ARCHANGIUM SP. STRAIN CB G35 TO

PHYTOHORMONES AND PLANT-RELATED SIGNALS

3.1 Aims

To understand the ecological roles of organisms, distinct environments like the
rhizosphere have been identified to possess unique chemical spaces. The rhizospheric
environment benefits from chemical interactions resulting from plant-microbe and microbe-
microbe interactions that shape the community structure.r’”-1"° Plants recruit beneficial
bacteria, through the secretion of exudates, for aid in nutrient acquisition and protection from
phytopathogens.*14218 The study of the influence that phytohormones and plant-related
signals have on the metabolism of Archangium sp. strain Cbh G35 is essential because these
myxobacteria have been associated with plants.!®® Exogenous supplementation of
phytohormones and plant-related signals, at ecologically equivalent titers, in axenic culture

conditions of these bacteria will be studied under the following goals:

1. Determine impacts on the rate of swarming to observe selective chemo-attraction of A. sp.

strain Cb G35 to phytohormones and plant-related signals

2. Ascertain global changes in the transcriptome of A. sp. strain Cb G35 in response to the

perception of phytohormones and plant-related signals

3. Identify induced changes in the metabolome induced by phytohormones and plant-related

signals in the micro-environment of the bacteria
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Observed changes in motility, global transcriptome, and metabolome will give a
comprehensive story of the intricate relationship that potentially occurs between A. sp. strain

Cb G35 and plants in the rhizosphere.
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This part of Chapter 3 is published and has been formatted to follow the University of

Mississippi’s guidelines for dissertation preparation.

3.2 Myxobacterial Response to Methyljasmonate Exposure Indicates Contribution to Plant

Recruitment of Micropredators

Barbara 1. Adaikpoh, Shukria Akbar, Hanan Albataineh, Sandeep K. Misra, Joshua S. Sharp

and D. Cole Stevens. Front. Microbiol. (2020) 11:34.
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3.2.1 Abstract

Chemical exchanges between plants and microbes within rhizobiomes are critical to
the development of community structure. Volatile root exudates such as the phytohormone
methyljasmonate (MeJA) contribute to various plant stress responses and have been
implicated to play a role in the maintenance of microbial communities. Myxobacteria are
competent predators of plant pathogens and are generally considered beneficial to
rhizobiomes. While plant recruitment of myxobacteria to stave off pathogens has been
suggested, no involved chemical signaling processes are known. Herein we expose predatory
myxobacteria to MeJA and employ untargeted mass spectrometry, motility assays, and RNA
sequencing to monitor changes in features associated with predation such as specialized
metabolism, swa  rm expansion, and production of lytic enzymes. From a panel of four
myxobacteria, we observe the most robust metabolic response from plant-associated
Archangium sp. strain Cb G35 with 10 uM MeJA impacting the production of at least 300
metabolites and inducing a > four-fold change in transcription for 56 genes. We also observe
that MeJA induces A. sp. motility supporting plant recruitment of a subset of the investigated
micropredators. Provided the varying responses to MeJA exposure, our observations indicate
that MeJA contributes to the recruitment of select predatory myxobacteria suggesting further
efforts are required to explore the microbial impact of plant exudates associated with biotic

stress.

Keywords: myxobacteria, methyljasmonate, rhizobiome, micropredator, phytohormones
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3.2.2 Introduction

Complex communities of microbes within rhizobiomes significantly benefit plant
health.168178-184 The role that plants might play in curating these microbial populations
remains mostly theoretical.178179183.185-190 Hawever, metagenomic studies have indicated
numerous plant species maintain distinct rhizobiomes,18318%191-1% \while a variety of factors
contribute to these organized communities, volatile exudates or volatile organic compounds
such as the phytohormone methyljasmonate (MeJA) are associated with defense responses
utilized by plants to combat pathogenic microorganisms and herbivorous insects, 4177183197~
199 Considering the requirement of these exudates to be produced at titers sufficient for
communication throughout soils, exudates might also facilitate recruitment or maintenance of
beneficial microbial populations of the root microbiome.*8 Microbes belonging to one such
group of bacteria considered beneficial, the Myxococcales, more colloquially referred to as
myxobacteria, are micropredators that are ubiquitous in soils and capably predate microbes
from genera that include plant pathogens.>810:200-205 predatory myxobacteria demonstrate
complicated social features, contribute to carbon turnover, produce a variety of antimicrobial
specialized metabolites, and significantly impact the microbial food web within
soils.1:38.23.26206-208 My obacteria have also been observed to activate predatory features
when exposed to exogenous, quorum signaling molecules typically produced by prey
bacteria; this precedent for community signal perception and response makes myxobacteria
excellent candidates for MeJA exposure experiments.** Given their potential as pathogen-
suppressing bacteria beneficial to root microbiomes, we sought to investigate how
myxobacteria respond when exposed to ecologically equivalent titers of the phytohormone

MeJAIZOQ—le
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We suggest the following responses to MeJA exposure would support plant
recruitment of myxobacteria: (1) global changes in metabolism, (2) increased motility to
support recruitment, and (3) impacted production of predation-associated lytic enzymes.
Myxobacteria are broadly referenced as beneficial to rhizobiomes without distinction
between phylogenetically dissimilar members. For these experiments, the myxobacteria
Archangium sp. strain Cb G35, Corallococcus coralloides strain M2, Cystobacter ferrugineus
strain Cbfe23, and Nannocystis pusilla strain Na p2 were exposed to MeJA and induced
metabolic responses were determined using untargeted mass spectrometrybased
profiling. 158169212 The MeJA-impacted motilities of A. sp., C. coralloides, and C. ferrugineus
and transcriptomic responses from the plant-associated myxobacterium A. sp. strain Cb G35,
originally isolated from tree bark in India, were also determined using swarming assays and

RNA sequencing.°816°

3.2.3 Materials and Methods

3.2.3.1 Medias and Strains

For all assays, A. sp. strain Cb G35 (DSM 52696), C. coralloides strain M2 (DSM
2259), C. ferrugineus strain Cb fe23 (DSM 52764), and N. pusilla strain Na p20 (DSM
53165) initially obtained from the German Collection of Microorganisms (DSMZ) in
Braunschweig were used. Myxobacteria were grown on VY/2 agar (5 g/L baker’s yeast, 1.36

g/L CaCl2, 0.5 mg/L vitamin B12, 15 g/L agar, pH 7.2).
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3.2.3.2 MeJA Exposure Experiments

For MeJA exposure conditions, required volumes of filter sterilized, (x)-MeJA
(Cayman Chemical) from a 150 mM stock prepared in DMSO were added to autoclaved
medium at 55°C. For RNA-seq and LC-MS/MS analysis, A. sp. was cultivated on VY/2
media supplemented with 10 uM MeJA where appropriate and grown at 30°C for 7 days.
While similar MeJA exposure experiments conducted with the plant pathogen R. radiobacter
utilized MeJA concentrations as high as 250 pM, a more conservative MeJA concentration of
10 uM informed by literature investigating plant responses to exogenous MeJA exposure as

well as stress induced production of jasmonates was utilized throughout,20%-211:213

3.2.3.3 Metabolite Extraction and Analysis

After 5-7 days of cultivation, myxobacterial plates were manually diced and extracted
with excess EtOAc. Pooled EtOAc was filtered and dried in vacuo to provide crude extracts
for LC-MS/MS analysis. LC-MS/MS analysis of the extracted samples was performed on an
Orbitrap Fusion instrument (Thermo Scientific, San Jose, CA, United States) controlled with
Xcalibur version 2.0.7 and coupled to a Dionex Ultimate 3000 nanoUHPLC system. Samples
were loaded onto a PepMap 100 C18 column (0.3 mm x 150 mm, 2 um, Thermo Fisher
Scientific). Separation of the samples was performed using mobile phase A (0.1% formic
acid in water) and mobile phase B (0.1% formic acid in acetonitrile) at a rate of 6 pL/min.
The samples were eluted with a gradient consisting of 5-60% solvent B over 15 min, ramped
to 95% B over 2 min, held for 3 min, and then returned to 5% B over 3 min and held for 8
min. All data were acquired in positive ion mode. Collision-induced dissociation (CID) was
used to fragment molecules, with an isolation width of 3 m/z units. The spray voltage was set

to 3600 V, and the temperature of the heated capillary was set to 300°C. In CID mode, full
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MS scans were acquired from m/z 150 to 1200 followed by eight subsequent MS2 scans on
the top eight most abundant peaks. The orbitrap resolution for both the MS1 and MS2 scans

was 120,000. The expected mass accuracy was < 3 ppm.

3.2.3.4 GNPS, NAP, and XCMS-MRM Analysis

Generated data were converted to .mzXML files using MSConvert and mass
spectrometry molecular networks were generated using the GNPS platform.1®8 A figure of the
corresponding Cytoscape-rendered molecular network is provided..?!* LC-MS/MS data for
this analysis were also deposited in the MassIVE Public GNPS dataset . For subsequent NAP
analysis, the cluster index (127) that included 225.148 m/z identified as MeJA and confirmed
via standard was submitted to the NAP_CCMS2 (version 1.2.5) workflow. Control
experiments with MeJA supplemented media and no myxobacteria were run for 7 days,
extracted, and analyzed to confirm the absence of any oxidized MeJA analogs; only
saponification of MeJA to jasmonic acid was observed after 7 days. Pairwise analysis of
converted .mzXML files was performed using XCMS-MRM and the default HPLC/Orbitrap
(136) parameters. Within the XCMS-MRM result tables, determination of MeJA-impacted
detected features was afforded by filtering results for those with a > five-fold change and p <

0.05.

3.2.3.5 Motility Assays

To monitor swarm expansion rates, the bacteria were cultured on their respective
media as described above. After 24 h of incubation, 5 mM stock solutions of MeJA and
decanoic acid were spotted onto the solid media, to a concentration of 0.17% v/v, around

cells and swarm diameters were recorded daily for 4 days. DMSO was used as vehicle control
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for comparison. Minimum of six replicates were included in all motility assays. PRISM v7.0d
was used to measure the statistical significance of changes in swarm expansion rates across
the strains using two-way ANOVA and the Dunnett’s multiple comparisons test to compare

simple effects within rows.

3.2.3.6 RNAseq Analysis

Total RNA was isolated from the samples using the RNeasy PowerSoil Total RNA
Kit (Qiagen) following the manufacturer’s instructions; 500 mg sample was used for
extractions. The concentration of total RNA was determined using the Qubit R RNA Assay
Kit (Life Technologies). For rRNA depletion, first, 1000 ng of total RNA was used to remove
the DNA contamination using Baseline-ZEROTM DNase (Epicentre) following the
manufacturer’s instructions followed by purification using the RNA Clean and Concentrator5
columns (Zymo Research). DNA free RNA samples were used for rRNA removal by using
RiboMinusTM rRNA Removal Kit (Bacteria; Thermo Fisher Scientific) and final purification
was performed using the RNA Clean and Concentrator-5 columns (Zymo Research). rRNA
depleted samples were used for library preparation using the KAPA mRNA HyperPrep Kits
(Roche) by following the manufacturer’s instructions. Following the library preparation, the
final concentration of each library was measured using the Qubit R dsDNA HS Assay Kit
(Life Technologies), and average library size for each was determined using the Agilent 2100
Bioanalyzer (Agilent Technologies). The libraries were then pooled in equimolar ratios of
0.75 nM, and sequenced paired end for 300 cycles using the NovaSeq 6000 system
(Illumina). RNAseq analysis was performed using ArrayStar V15. All sequencing services
were provided by MR DNA, Molecular Research LP (Shallowater, TX, United States). Raw

data fastq files from these experiments are deposited in the Sequence Read Archive at the
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National Center for Biotechnology Information and are publicly available (PRINA555342).
All A. sp. genes with MeJA-impacted transcription > four-fold change at 99% confidence are
provided as Supplementary material that also provides linear total RPKM values, DNA

sequences, and protein IDs for all replicates.

3.2.4 Results

3.2.4.1 MeJA Exposure Impacts Myxobacterial Metabolism

Myxobacteria utilize a combination of antimicrobial specialized metabolites and lytic
enzymes to facilitate consumption of prey? If the plant phytohormone MeJA is involved in
recruitment of myxobacteria to stave off pathogens, a shift in metabolism to produce
predation-associated metabolites during exposure experiments might be observable. Utilizing
XCMS-MRM to compare untargeted mass spectrometry datasets from MeJA exposed
extracts against unexposed extracts, each investigated myxobacteria demonstrated a
significant, albeit varied, metabolic shift (Figure 2.1).2>2'® From these datasets, we observe
various changes in detected intensities ranging from 54—-349 total metabolites with C.
coralloides extracts being the least impacted and A. sp. being the most (Figure 2.1). Extracts
from A. sp. had the most features with a > five-fold increase in detection with a total of 245,
and N. pusilla had the most features with a > five-fold decrease in detection with a total of
224. Subsequent molecular networking of the datasets using the Global Natural Products
Social Molecular Networking (GNPS) platform, suggested each myxobacteria capably
metabolized MeJA to afford observable oxidized analogs.'®® LCMS/MS data from A. sp.
extracts are available in a MassIVE Public GNPS dataset (MSV000083921). Considering the
plant pathogen Magnaporthe oryzae oxidizes jasmonic acid to 12-hydroxyjasmonic acid

(colloquially referred to as tuberonic acid) to subvert jasmonate-associated immune response,
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we utilized the GNPS-affiliated, theoretical/in silico tool, Network Annotation Propagation
(NAP) to explore the identity of the putative MeJA-associated metabolites.1%8217218 Stryctural
predictions provided by NAP suggested all four investigated myxobacteria might produce any
one of the following known jasmonic acid analogs 12-hydroxyjasmonic acid, 11-hydroxy-
jasmonic acid, or 8-hydroxy-jasmonic acid (227.127 m/z) as well as the known metabolite
4,5-didehydrojasmonate (223.133 m/z) previously isolated from Jasminum
grandiflorum.?t%22° (Figure 2.2A) However, dissimilar retention times and fragmentation
patterns of the oxidized MeJA metabolites when compared to a purchased standard confirmed
that none of the investigated myxobacteria produce the pathogen-associated analog 12-

hydroxyjasmonic acid.

Of the features within A. sp. extracts identified by GNPS with high fragmentation
similarities (cosine > 0.8) to databases entries, a total of two demonstrated a significant
change in detected quantities when exposed to MeJA. The identified metabolites included a-
bisabolol (205.195 m/z; [M + HH20O]) and 4-(3-hydroxybutyl)-3,5,5-trimethylcyclohex-3-en-
1ol (213.185 m/z; [M + H]). Detected quantities of both metabolites were decreased in A. sp.
extracts exposed to MeJA (Figure 2.2B). While A. sp. demonstrated the most robust
metabolic response to MeJA exposure, the previously reported antimicrobial metabolite
roimatacene was conspicuously absent from all generated extracts.’>® However, this absence
can reasonably be attributed to the difference in A. sp. cultivation conditions and medias

combined with the reported instability of roimatacene.>®
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Figure 3.1. MeJA-impacted features provided by XCMS analysis of LC-MS/MS data after
filtering feature tables for those with a > fivefold change and p < 0.05 with (A) depicting
increased metabolites and (B) depicting decreased metabolites

3.2.4.2 MeJA Exposure Influences A. sp. Motility

Any increased motility induced by MeJA exposure would also support plant
recruitment of myxobacteria. Growth of myxobacteria in cooperative swarms affords the
ability to observe growth as a function of swarm expansion rate.????2 The impact of MeJA
exposure on swarm expansion rates was observed by measuring swarm diameters daily for
MeJA exposed and unexposed myxobacteria. N. pusilla was excluded from motility assays
due to the agarolytic growth and atypical swarming patterns. Each myxobacterium was also
exposed to 10 puM decanoic acid due its previously reported impact on myxobacterial

motility.??! A significant increase in A. sp. swarm diameters was observed in MeJA-exposed
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samples when compared to unexposed samples after 4 days of growth with the most

significant increase in swarm diameter occurring after the first day of exposure (Figure 2.3).
Interestingly, both decanoic acid and MeJA induced significant changes in A. sp. swarming.
Of the three myxobacteria subjected to motility assays, only A. sp. demonstrated a response

(Figure 2.3).
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Figure 3.2. (A) Molecular network of MeJA and associated metabolites including nodes
labeled with detected parent ions and edges labeled with cosine values. Predicted metabolites
provided by NAP analysis of the GNPS-rendered cluster. *Multiple fatty acids and prenol
lipids with identical exact masses predicted by NAP analysis. (B) Metabolites identified by
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Figure 3.3. Motility assays depicting cumulative change in swarm diameter post MeJA
exposure. The symbol “*” indicates p < 0.05.

Decanoic acid induced activation of the frizzy (frz) signal transduction pathway
associated with chemotaxis has been reported from in the model myxobacterium Myxococcus
xanthus.??The similar responses between decanoic acid and MeJA exposures combined with
the observed MeJA-induced metabolite from A. sp. predicted to be decanoic acid (Figure 2.2)

suggests overlap between metabolic and motility responses.
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3.2.4..3 MeJA Exposure Induces Changes in A. sp. Transcriptome and Activates

Transcription of Lytic Enzymes

Increased transcription of lytic enzymes induced by MeJA exposure would support
exudate-associated predation and correlate with previously observed MeJA-induced
metabolic shifts. Provided the robust metabolic response and MeJA impacting motility from
A. sp., RNA sequencing was employed to provide transcriptomes for MeJA exposed and
unexposed cultures of A. sp. Using the sequenced genome for A. sp. strain Cb G35
(NZ_MPOI00000000.1) as a reference, a total of 56 genes were determined to experience a
statistically significant, > four-fold difference in expression (Tables 2.1, 2.2 and Figure
2.4).19 A total of 15 overexpressed genes during MeJA exposure increased four to 147-fold
including a 73-fold change for a predicted lytic amidase with an identified CHAP
domain,223:224

Table 3.1. Associated gene products and fold change for genes with increased transcription
during MeJA exposure conditions?.

Gene product Description Fold change
WP_073560412.1 FAD-dependent oxidoreductase 111
WP_073565080.1 DUF2085 containing membrane protein 79
WP_143195895.1 CHAP domain amidase 73
WP_073564464.1 Bifunctional hydroxymethyl pyrimidine kinase 63
WP_073560372.1 ABC transporter 25
WP_073559495.1 a/p hydrolase 23
WP_073566151.1 Radical SAM pyruvate-formate lyase activating 14

enzyme
WP_143195831.1 Xylan/chitin deacetylase 12
WP_073563387.1 Histidine kinase 5

aGene products annotated as hypothetical proteins omitted.

Other genes demonstrating increased transcription are associated with proteins that include a
histidine kinase, a bifunctional hydroxymethyl pyrimidine kinase homologous to ThiD from

thiamine biosynthesis, an ATP-binding ABC exporter with homology to CcmA, a radical S-
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adenosylmethionine (SAM) pyruvate-formate lyase activating enzyme, an o/p-hydrolase with

homology to MhpC, and a NodB-like xylan/chitin deacetylase (Table 2.1).22-230 A total of 41

genes were observed to be downregulated between four and 182-fold under MeJA exposure

conditions (Table 2.2 and Figure 2.4). Interestingly, none of the upregulated genes induced

by MeJA exposure obviously correspond to the observed shifts in metabolism, and genes

impacted by MeJA with predicted roles in specialized metabolism were downregulated upon

exposure.

Table 3.2. Associated gene products and fold change for genes with decreased transcription
during MeJA exposure conditions®.

Gene product
WP_083681520.1
WP_073566534.1
WP_143195956.1
WP_143195341.1
WP_083680826.1
WP_073560908.1
WP_143195863.1
WP_073567587.1
WP_073562695.1
WP_083681843.1
WP_073565888.1
WP_073565697.1
WP_073560909.1
WP_073558654.1

WP_073559864.1
WP_073559966.1
WP_073559409.1
WP_083680758.1

WP_073562546.1
WP_073558548.1
WP_073566525.1
WP_073567786.1
WP_083680900.1
WP_073565950.1
WP_083680891.1

Description
TOMM kinase cyclase
Serine protease
PAP2 family protein
DUF 2254 domain-containing protein
Membrane chloride channel
Histidine kinase
Sulfate transporter
FAD-dependent oxidoreductase
Chain-length determining protein
IS21 family transposase
Galactose oxidase
Tyrosinase
Protocatechuate 3,4-dioxygenase
Glutathione-dependent formaldehyde dehydrogenase

SAM-dependent methyltransferase
Cholesterol acyltransferase
DUF3616 domain-containing protein
Cyclopropane fatty-acyl-phospholipid synthase

ATP-dependent endonulease
Cytochrome P450
Osmotic shock protein
Uma2 family endonuclease
Histidine kinase-like ATPase
Acyl-CoA thioesterase
GntR family transcriptional regulator

Gene products annotated as hypothetical proteins omitted.
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Figure 3.4. (A) Fold change data observed from A. sp. MeJA exposure experiments with
increased transcription indicated with red and positive fold change values and decreased
transcription indicated with blue and negative fold change values. Data represented for all
genes with > fourfold change (p < 0.05; n = 3 per condition). (B) General categories and
classes associated with A. sp. genes with observed > fourfold increases in transcription
during MeJA exposure. (C) General categories associated with A. sp. genes with observed
> fourfold decreases in transcription during MeJA exposure.

3.2.5 Discussion

Analysis of extracts from four soil-associated myxobacteria using untargeted mass
spectrometry demonstrated the varying metabolic shifts experienced by each myxobacterium
upon exposure to MeJA. Our original assertion that this metabolic shift might be attributed to
increased production of predation-associated specialized metabolites is not necessarily
supported by our subsequent transcriptomic analysis of MeJA exposed A. sp. samples. This is
perhaps best explained by the observation that myxobacteria constitutively produce

predation-associated features and instead regulate subsequent feeding when exposed to lysed
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prey.2® We suspect that continued exploration of this MeJA-impacted metabolic space
utilizing the nutrient rich medias and increased cultivation volumes previously attributed to
A. sp. antimicrobial production will facilitate natural product discovery and provide insight
into this discrepancy.® Interestingly, all of the library hits provided by GNPS analysis were
mono- or sesquiterpene metabolites that have previously been considered plant
metabolites.?12 Although production of a-bisabolol and characterization of the
corresponding synthase (AB621339.1) from Streptomyces citricolor have been reported, no
homology to this synthase was observed when comparing the six putative terpene synthases
from A. sp. identified by antiSMASH.¢¢2% While the previously referenced constitutive
toxicity observed from myxobacteria and our observation of MeJA-impacted production of
biologically active terpene metabolites is certainly intriguing, subsequent efforts are required

for confirmation and characterization of the associated biosynthetic gene clusters.

This analysis also provided insight into myxobacterial metabolism of MeJA, and a
variety of known jasmonate associated metabolites were predicted using the GNPS-affiliated
NAP platform.168:218 The 111-fold increase in transcription of a predicted FAD-dependent
oxidoreductase during MeJA exposure provides a likely candidate involved in the oxidation
of MeJA to provide either of the oxidized MeJA analogs predicted to be either 8-
hydroxyjasmonic acid or 10-hydroxyjasmonic acid and determined not to be the pathogen-

associated metabolite 12-hydroxyjasmonic acid.?’

The MeJA-dependent presence of a metabolite predicted to be either a saturated fatty
acid, including decanoic acid, or a prenol lipid (Figure 2.2A) is also intriguing as a variety of
saturated fatty acids activate the frizzy (frz) signal transduction pathway associated with
chemotaxis in the myxobacterium M. xanthus.?? This result also provides insight into the

increased motility observed when exposing A. sp. to MeJA. While the transcription of the
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FrzCD homolog from A. sp., WP_073562522.1, was not impacted by MeJA exposure, FrzCD
is a methylaccepting chemotaxis protein (MCP) with elicitor-induced activation attributed to
covalent modification via demethylation and not transcriptional activation.??! While FrzCD
homologs from myxobacteria possess highly conserved MCP signaling domains, modest
sequence variability about the N-termini seem to correlate with taxonomic structure of
myxobacterial genera.?212% Interestingly, deletion of the N-terminal region of FrzCD M.

xanthus was found to only minimally impact swarming.?*®

From these preliminary observations, we suggest that further investigation on the
effect of MeJA on the frz signaling pathway of A. sp. will provide insight into this unique
response and any contributions of the frz signaling pathway in the potential plant recruitment

of micropredators.

We were also excited to see increased transcription of a putative lytic CHAP amidase
during MeJA exposure conditions. Combined with previous induced changes in metabolism
and motility, we consider increased production of a lytic enzyme to round out the support for
the predatory response of A. sp. when exposed to MeJA. Of the other genes upregulated when
exposed to MeJA, both the xylan/chitin deacetylase (12-fold increase) and the bifunctional
hydroxymethyl pyrimidine kinase (63-fold increase) also stand out due to their previously
known association with phytohormone responses?*®-2° The plant pathogen Rhizobium
radiobacter demonstrated a 4.6-fold increase in functional xylanase production when
exposed to 250 uM MeJA.?*2 To date, cellulose degradation has been exclusively
demonstrated by myxobacteria from the suborder Sorangiineae, and not observed from
myxobacterium within the suborder Cystobacterineae, which includes A. sp.”16%240.241 while
increased expression of a xylan degrading enzyme might simply be an opportunistic switch to

consume plant cellulose when exposed to MeJA, high homology to chitin deacetylase, NodB,
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and its role in the biosynthesis of lipo-chitinoligosaccharides (LCOs), or synonymously Nod-
factors, suggests a more nuanced impact on symbiosis, as LCOs are chemical entities known
to facilitate plant-microbe symbiosis.?*® Fungal pathogen-induced enrichment of
carbohydrate active enzymes within root microbiomes by members of the genera
Chitinophaga and Flavobacterium has also been associated with disease suppression.?® The
only prior association between myxobacteria and LCO biosynthesis, the identification of a
homolog for the LCO biosynthetic enzyme NodC from the myxobacterium Stigmatella
aurantiaca, does not provide additional insight as A. sp. does not possess a NodC
homolog.?*? Chitin deacetylation has also been associated with accumulation of N-

glucosamines and a stimulated increase in plant systemic resistance.?*?

Also associated with nodule growth and root nodule symbiosis, thiamine biosynthesis
is critical to both plant and prokaryote growth.?"-23 Interestingly, MeJA exposure
significantly increased expression of a bifunctional hydroxymethyl pyrimidine kinase ThiD
homolog involved in two, sequential phosphorylations of 4-amino5-hydroxymethyl-2-
methylpyrimidine (HMP) to generate 4-amino-5-hydroxymethyl-2-methylpyrimidine
pyrophosphate (HMP-PP) and decreased transcription of an identified ThiE homolog
responsible for coupling HMP-PP with 4-methyl-5-(B-hydroxyethyl) thiazole (HET-P) to
afford thiamine monophosphate (THP).226228 This change in thiamine-associated features
suggests that A. sp. accumulates HMP-PP when exposed to MeJA. Interestingly, root nodule
symbiosis induces expression of the HET-P biosynthetic gene THI1 and slightly
downregulates expression of thiD and thiE homologs in the plant Lotus japonicas.'8®
Combined these results provide further evidence implying thiamine biosynthesis as a
component of plant—-microbe symbiosis and suggest accumulation of HMP-PP by beneficial
bacteria and HET-P by plants might benefit precursor pools required for thiamine

biosynthesis within the rhizobiome.?3"?3 Also of note, a bacterial riboswitch that employs an
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HMP-PP-binding aptamer has been recently identified and implicated in bacterial regulation
of thiamine biosynthesis.?** The regulatory impact of HMP-PP accumulation and its potential
to modulate bacterial riboswitches could also contribute to the broad transcriptional impact of
MeJA exposure. Provided these results, we are enthusiastic to investigate the symbiotic
potential of predatory myxobacteria within the rhizobiome and the roles of LCO and thiamine

metabolites.

While the majority of genes downregulated during MeJA exposure were hypothetical,
significant repression of genes associated with membrane features and signaling such as a
chain length determining protein responsible for exopolysaccharide biosynthesis, a
cyclopropane fatty-acyl-phospholipid synthase, a GntR family transcriptional regulator, and a
histidine kinase like ATPase suggest the broad scope of phytohormone-impacted features
(Table 2.2 and Figure 2.4). Downregulated specialized metabolite features that might be
associated with observed MeJA induced metabolic shifts included a thiazole/oxazole
modified microcin (TOMM) kinase/cyclase fusion protein potentially involved in the
biosynthesis of bacteriocin-like metabolites, a SAM-dependent methyltransferase, and a

cytochrome p450.24

Our data demonstrate that myxobacteria demonstrate varying metabolic responses to
MeJA exposure and are capable of metabolic modification of MeJA. Interestingly, only one
of the four investigated myxobacteria satisfied all three of our suggested criteria supporting
plant recruitment of micropredators via the phytohormone MeJA. We suspect subsequent
investigations that also include better studied myxobacteria such as the model
myxobacterium M. xanthus as well as additional signaling metabolites associated with biotic
stress responses from plants will provide more insight into associated myxobacterial

responses as well as the physiological systems involved. Detection of a potential fatty acid
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metabolite known to induce myxobacterial motility exclusively within our MeJA exposed
samples and MeJA-impacted motility of A. sp. provides the first metabolic insight into plant
recruitment and maintenance of beneficial micropredators within the rhizobiome. Overall, the
combination of impacted motility, metabolism, and lytic enzyme production from our MeJA
exposure experiments demonstrate a significant response from the predatory myxobacterium
A. sp. strain Cb G35. Considering the > four-fold change in transcription for 56 genes and
significant impact on metabolism, we conclude that the plant phytohormone MeJA might
contribute to recruitment and maintenance of other myxobacteria within rhizobiomes and
suggest that the impact of plant exudates on microbial community structure and maintenance

requires further investigation.

The Supplementary materials for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fmich.2020.00034/full#supplementary-

material.

3.3 Selective Responses of Archangium sp. Cb G35 to Phytohormones and Plant-Related

Signals

3.3.1 Abstract

Plant-microbe interactions highlight the unique chemical space that exists within the
rhizosphere. Through root exudations, plants establish their rhizobiome and utilize hormonal
signaling pathways to activate systemic resistance during abiotic or biotic stress. Beneficial
microorganisms in addition to providing nutritional benefits assist plants in staving off
pathogens. However, soil myxobacteria possessing predatory habits and known for

generating antimicrobials have not received much attention for their potential in benefiting
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plant health. Archangium sp. strain Cb G35 was initially isolated from tree bark and showed
strong attraction to methyljasmonate in addition to transcriptomic and metabolic changes.
Here, the investigation of the changes in motility on exposure to phytohormones and plant-
related signals and utilized untargeted mass spectrometry to observe changes in metabolism is
reported. Salicylic acid (SA) and abscisic acid (ABA) induced motility with SA impacting the
production of at least 800 metabolites. Investigations showed that A. sp. selectively responds
to phytohormones and plant-related signals suggesting the potential for this myxobacteria to

be recruited by plants.

3.3.2 Introduction

Root colonization in the rhizosphere by beneficial microorganisms is essential to plant
health, and sequencing in addition to metagenomic and transcriptomic technigques have
studied the conglomeration of plant-beneficial microorganisms to report the activation of
genes involved in chemo-attraction and activation of disease-suppressive states in the
rhizosphere.?%11%1% plant hosts activate hormonal signaling pathways either to establish
symbiosis with beneficial microorganisms or to protect against phytopathogens, 36-37:40:103
However the perception of plant hormones by plant-beneficial bacteria and the ensuing
responses have yet to be thoroughly investigated. We recently reported the potential plant
recruitment of A. sp. strain Cb G35 via methyljasmonate (MeJA) phytohormone with an
observed increase in motility, shifts in metabolism, and activation of lytic enzyme
production.?*® With these unique responses of A. sp. to MeJA, there were speculations that
other defense-related phytohormones could elicit similar responses, as these signals are also
present in the rhizosphere. Each defense-related phytohormone plays specific roles in the

crosstalk of the hormonal regulatory network of plant defense systems,3":103247 therefore there
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is the expectation of A. sp. to selectively respond to phytohormones. Herein, the influence of

phytohormones and plant-related signals on motility and metabolism was explored.

Because the chemical space within the rhizosphere comprises contributions from both
plant-microbe and microbe-microbe interactions, the choice to investigate the perception of
our myxobacteria to (1) abscisic acid (ABA), salicylic acid (SA), gibberellic acid (GA), and
auxin, as these phytohormones play important roles in the activation of systemic resistance in
plants and have been manipulated by phytopathogens (Table 1.1); (2) jasmonic acid-
isoleucine (JA-lle) and the diffusible signal factor (DSF), 11-methyl-2E-dodecenoic acid to
represent the metabolic contributions by phytopathogenic microorganisms because the DSF
functions to regulate cell-cell communications in the rhizosphere while JA-lle has been
generated as jasmonate mimic to hijack the jasmonate pathway;>°87:248-250 and (3) the plant
stress signal, methylglyoxal (MG).?%%3 Linolenic acid, the jasmonate precursor, and linoleic

acid were also investigated and compared with the above-listed signals.

3.3.3 Materials and Methods

3.3.3.1 Medias and Strains
Archangium sp. strain Cb G35 (DSM 52696) initially obtained from the German
Collection of Microorganisms (DSMZ) in Braunschweig was grown on VY/2 agar (5 g/L

baker’s yeast, 1.36 g/L CaCl2, 0.5 mg/L vitamin B12, 15 g/L agar, pH 7.2).

3.3.3.2 Phytohormones and plant-related signals
Stock solutions (150 mM) of Gibberellic Acid (Cayman Chemical), Indole-3-

propionic Acid (Cayman Chemicals), (+)-Abscisic Acid (Cayman Chemicals), 11-methyl-2E-

63



dodecenoic acid (Cayman Chemical), (x£)-Jasmonic Acid-Isoleucine (Cayman Chemicals),
Salicylic Acid (Sigma-Aldrich), Methylglyoxal solution (Sigma-Aldrich), Linolenic Acid
(Sigma-Aldrich) and Linoleic Acid (Sigma-Aldrich) were prepared in DMSO. Experiments
on the exogenous applications of these signals to plants and micro-organisms have been
conducted in literature which informed our choice of 10 uM concentration for

supplementation of each signal in our investigations,252-26

3.3.3.3 Motility Assays

To monitor swarm expansion rates, the bacterium was cultured on VY/2 media as
described above. After 24 h of incubation, 5 mM stock solutions of phytohormones and plant-
related signals were spotted onto the solid media, to a concentration of 0.17% v/v, around
cells and swarm diameters were recorded daily for 6 days. DMSO was used as vehicle control
for comparison. Minimum of six replicates were included in all motility assays. Statistical
significance of changes in swarm expansion rates across the strains was calculated using
Student’s t.test and the Holm’s method to compare effects of individual signal with control in

R studio.

3.3.3.4 Exposure to Signals, Metabolite Extraction and Analysis

For LC-MS/MS analysis, required volumes of filter sterilized phytohormones and
plant-related signals from a 150 mM stock were added to autoclaved medium at 55°C to give
ten conditions (including the no-signal control). Minimum of four replicates were included in
all exposure assays for metabolomic analysis. Archangium sp. was cultivated on VY/2 media
supplemented with 10 uM of signals at 30°C. After 7 days of cultivation, myxobacterial

plates chopped, extracted with EtOAc and dried in vacuo to provide crude extracts. LC-
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MS/MS analysis of the extracted samples was performed on an Orbitrap Fusion instrument
(Thermo Scientific, San Jose, CA, United States) controlled with Xcalibur version 2.0.7 and
coupled to a Dionex Ultimate 3000 nanoUHPLC system. Samples were loaded onto a
PepMap 100 C18 column (0.3 mm x 150 mm, 2 um, Thermo Fisher Scientific). Separation of
the samples was performed using mobile phase A (0.1% formic acid in water) and mobile
phase B (0.1% formic acid in acetonitrile) at a rate of 6 pL/min. The samples were eluted
with a gradient consisting of 5-60% solvent B over 15 min, ramped to 95% B over 2 min,
held for 3 min, and then returned to 5% B over 3 min and held for 8 min. All data were
acquired in positive ion mode. Collision-induced dissociation (CID) was used to fragment
molecules, with an isolation width of 3 m/z units. The spray voltage was set to 3600 V, and
the temperature of the heated capillary was set to 300°C. In CID mode, full MS scans were
acquired from m/z 150 to 1200 followed by eight subsequent MS2 scans on the top eight
most abundant peaks. The orbitrap resolution for both the MS1 and MS2 scans was 120,000.

The expected mass accuracy was < 3 ppm.

3.3.3.5 GNPS, Cytoscape and XCMS-MRM Analysis

Generated data were converted to . mzXML files using MSConvert and mass
spectrometry molecular networks were generated using the GNPS platform.18 All MS/MS
fragment ions within +/- 17 Da of the precursor m/z were removed to filter the data. MS/MS
spectra were window filtered by choosing only the top 6 fragment ions in the +/- 50Da
window throughout the spectrum. Precursor ion mass tolerance of 0.02 Da and a MS/MS
fragment ion tolerance of 0.02 Da were set. Molecular networks were then created where
edges were filtered to have a cosine score above 0.7 and more than 6 matched peaks. Further,

edges between two nodes were kept in the network if and only if each of the nodes appeared

65



in each other's respective top 10 most similar nodes. Finally, the maximum size of a
molecular family was set to 100, and the lowest scoring edges were removed from molecular
families until the molecular family size was below this threshold. The spectra in the network
were then searched against GNPS' spectral libraries. The library spectra were filtered in the
same manner as the input data and was allowed to search for analogs. All matches kept
between network spectra and library spectra were required to have a score above 0.7 and at
least 6 matched peaks. % Molecular networks were rendered and annotated on Cytoscape
3.8.2 214 Using the default HPLC/Orbitrap (136) parameters, pairwise analysis of converted
.mzXML files was performed on XCMS-MRM webserver. Within the XCMS-MRM result
tables, determination of signal-impacted detected features was afforded by filtering results for

those with a > five-fold change and p < 0.05.

3.3.4 Results

3.3.4.1 Exposures to SA, ABA and DSF Differentially Influences A. sp. Motility

The impacts of exposure to phytohormones and plant-related signals were recorded by
the daily measurement of swarm diameters. Because myxobacteria exhibit social cooperative
behaviors in motility and predation, the change in swarm expansion rate can be used to
observe growth and motility.?21?22 Similar to our previous work with methyljasmonate, an
increase in motility induced by a signal would infer the use of that signal for the recruitment
of myxobacteria by plants.?* Significant increases in swarm rates in response to SA
exposure, when compared to the no exposure control, were observed after 6 days of growth
with the most significant increase occurring 24 h after exposure (Figure 3.5A). ABA
exposure induced significant increases in swarm rates for the first 3 days of growth while the

DSF showed significantly increased swarm rates on the fourth and fifth day (Figure 3.5A).
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Interestingly, exposure to the jasmonate mimic, JA-1le,®” and the jasmonate precursor,
linolenic acid,?'° showed no significant increases in swarm rates (Figure 3.5) confirming our

previous reports of the specificity in A. sp. responses to methyljasmonate.?46
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Figure 3.5. Motility assays showing cumulative change in swarm diameters after exposure
to (A) phytohormones and (B) plant-related signals. “*” indicates p < 0.05. DMSO = no
signal control, ABA = abscisic acid, GA = gibberellic acid, LIIC = linoleic acid, LINN =
linolenic acid, MG = methylglyoxal, SA = salicylic acid, I-3-PA = indole-3-propionic ccid,
JA-lle = jasmonic acid-isoleucine and t-11-DA = 11-methyl-2E-dodecenoic acid

3.3.4.2 Unique Signal-Induced Changes in A. sp. Metabolism

Myxobacterial metabolism has produced a plethora of structurally diverse chemical

entities with unusual mechanisms of biological activities, different from structural classes
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identified from other well-studied bacteria.?®*®" In investigating the plant recruitment of
myxobacteria in the rhizosphere, the pattern of metabolic shifts observed on exposure to
phytohormones and plant-related signals should indicate how myxobacteria would respond.
Comparing untargeted mass spectrometry datasets from exposure conditions against the
unexposed control using XCMS-MRM, significant shifts in metabolism were observed

(Figure 3.6).215.216

Extracts from ABA exposure conditions had the least features with a > five-fold
increase with a total of seven while MG had the most features with a > five-fold decrease
with a total of 459. SA had the most features with a > five-fold increase with a total of 614

and displayed the highest signal-induced impact on A. sp. strain Cb G35 metabolism.
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Figure 3.6. Signal-impacted features reported from XCMS analysis of LC-MS/MS datasets
showing decreased and increased features compared to the no-exposure control. Feature
tables were filtered to provide those with a > fivefold change and p < 0.05. ABA = abscisic
acid, GA = gibberellic acid, LIIC = linoleic acid, LINN = linolenic acid, MG =
methylglyoxal, SA = salicylic acid, 1-3-PA = indole-3-propionic ccid, JA-lle = jasmonic
acid-isoleucine and t-11-DA = 11-methyl-2E-dodecenoic acid
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Figure 3.7. Metabolomics analysis of extracts from SA, ABA, GA, LINN, MG, and no-
signal control culture conditions. (A) Molecular network annotated with compound
classes based on library hits. Singletons are excluded from thee network. (B) Venn
diagram of features contributed by SA, ABA, GA, and control culture conditions. (C)
Venn diagram of features contributed by MG compared to control. Node counts based on
ion distribution are shown. Link to network file is available in Appendix B.1. DMSO =

no signal control, ABA = abscisic acid, GA = gibberellic acid, SA = salicylic acid and
MG = methylglyoxal
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Next, molecular networking of MS? data was generated on the GNPS platform. To
observe different classes of compounds, LC-MS/MS datasets were grouped into the
“phytohormone exposure” group and “other signal exposure” group for clarity, and GNPS
analysis was performed. Analysis with GNPS creates molecular networks by combining
identical MS? spectra into single nodes and based on similarities in chemical scaffolds, lines,
called edges, connect the nodes according to a pre-set cosine score cut-off to create
clusters.'®® Sometimes, clustered nodes could represent bio- or chemical transformations of a
molecule. Molecular networking with the “phytohormone exposure” group including SA,
ABA, GA, MG, and linolenic acid with the control culture conditions generated 11, 947
nodes with 2106 nodes (3532 including linolenic acid exposure) generated solely from
phytohormone exposure (Figure 3.7) while networking with the “other exposure” group
including JA-lle, t-11-DA and 1-3-PA culture conditions with the control generated 6,311
nodes with 2,133 exclusive to culture conditions (Figure 3.8). Additionally, annotations were
achieved when experimental MS? spectra matched MS? spectra of known compounds/classes
available in public libraries (Figure 3.7A and Figure 3.8A).1% However, the databases are
limited in the collection of mass spectra of myxobacterial compounds and some nodes had no
library hits to determine their structural classes. Using the library hits from GNPS analysis,
annotations of terpenoids including sesquiterpenes and diterpenes, peptides, alkaloids, fatty
acids, and carbohydrate compounds were annotated. Based on node counts, the most unique
features were seen in MG, SA, and GA with 28%, 16%, and 17% of nodes unshared (Figure
3.7B). 11%, 12%, and 8% of nodes from 1-3-PA, JA-lle, and t-11-DA exposure experiments
respectively were also condition-specific (Figure 3.8B). These results illustrate the high

amount of unique impacts on A. sp. metabolism by the different exposure conditions.
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Figure 3.8. Metabolomics analysis of extracts from JA-lle, I-3-PA, t-11-DA, and no-signal
control culture conditions. (A) Molecular network annotated with compound classes based on
library hits. Singletons are excluded from the network. (B) Venn diagram of features
contributed by SA, ABA, GA, and control culture conditions. Node counts based on ion
distribution are shown. Link to network file is available in Appendix B.2. I-3-PA = indole-3-
propionic acid, JA-lle = jasmonic acid-isoleucine, t-11-DA = 11-methyl-2E-dodecenoic acid

and DMSO = no signal control.
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3.3.5 Discussion

Phytohormones are important in regulating signaling networks when plants respond to
abiotic and biotic stress and are present in micro-titer concentrations in the rhizosphere. 3840
Playing roles as a secondary defense to plants, beneficial bacteria are recruited to colonize the
rhizobiome via root exudates and rhizodeposit.*4218 Motility assays revealed that SA and
ABA could potentially act as chemoattractants to recruit the plant-associated A. sp. strain Cb
G35 to the rhizosphere. Although ABA is sometimes reported to negatively regulate the
activation of plant systemic resistance, it plays a role in encouraging microbial colonization
because high concentrations in roots are common during the establishment of mycorrhizal
and endophytic symbiosis.?62%52 Interestingly, both GNPS and XCMS analysis revealed low
percentages of generated features with ABA exposure suggesting that this phytohormone
may only act as an attractant to the myxobacteria, however, because chemotaxis is usually
coupled with cellular processes like activation of adhesion and secretory systems in beneficial

bacterial *>° further transcriptomic investigations of impacted genes are suggested.

On the other hand, Archangium sp. strain Cb G35 exposed to SA uniquely displayed a
continuous increase in swarm rates throughout the experimental period and metabolomic
analysis showed several features generated. SA, having the most features shared with the
control (Figure 3.7B), together with the significant increase in generated features observed
from XCMS analysis (Figure 3.6) inevitably suggests that the biosynthesis of some
specialized metabolites was increased. However, it is not obvious if these increases resulted
from upregulation of gene expressions or SA acting as a precursor for the biochemical
pathways. JA-lle and linolenic acid did not change the swarm rates of A. sp. confirming our

previous reports of the unique impacts of MeJA exposure.?*® Besides, XCMS analysis
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revealed low changes in the metabolism induced by JA-lle exposure unlike with linolenic

acid, suggestive of the possible use of linolenic acid as a carbon source.

Several terpenoids, especially sesquiterpenes were annotated in the molecular
networks consistent with the observed high numbers of biosynthetic gene clusters that encode
for terpene synthases in the A. sp. genome (Figure 2.1). Due to limited publicly available
mass spectra of myxobacterial specialized metabolites, condition-specific nodes could not be
dereplicated and currently remain unknown. Perhaps the difficulty in growing and handling
myxobacteria contributes to the rarity of these data. Thus, in-house libraries of known
myxobacterial metabolites are necessary to be developed. Noteworthy is the high density of
predatory A. sp. BGCs that encode specialized metabolites, compared to those with
saprophytic nutritional habits, in addition to the bio-transformed products of supplemented

signals that contribute to the observation of large networks.?>246

The phytopathogenic Xanthomonas campestris pv. campestris performs cell-cell
communication signaling via DSF to regulate the activation of virulence factors during
pathogenesis.>®24%2% Myxococcus xanthus, a predatory myxobacterium, showed increased
motility and predation on perceiving selected exogenous acylhomoserine lactones revealing
the ability to sense prey communication.** Our motility assays revealed an increase in swarm
rates of A. sp. at days 4 and 5 of t-11-DA exposure experiments. This might be indicative of
an extended log phase in the bacterial growth due to exposure to the DSF but more

investigations are required.

Our analysis of changes in both motility and metabolism demonstrate that A. sp.
exhibit unique responses to different phytohormones involved in the biotic stress response of
plants and plant-related signals. We suggest subsequent transcriptomic analysis will give

more insight into the potential roles the bacteria could play in influencing plant health.

73



3.4 Conclusion

Studies of the response of the plant-associated A. sp. strain Cb G35 to phytohormones
and plant signals are relevant to research that focuses on plant-microbial interactions,
especially in the search for stable and competent biological alternatives in controlling plant
diseases. Overall, these investigations show that A. sp. is chemically attracted to
methyljasmonate, salicylic acid, and abscisic acid. The metabolic analysis also reveals
condition-specific potential for discovering novel specialized metabolites that would

contribute to natural product discovery.
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CHAPTER 4. EVALUATING THE IMPACTS OF PHYTOHORMONES AND PLANT-
RELATED SIGNALS EXPOSURE ON ANTIBACTERIAL PRODUCTION BY

ARCHANGIUM SP. STRAIN CB G35 CULTURES

4.1 Aims

Although various antimicrobial specialized metabolites have been identified from
myxobacteria, only two compounds are associated with Archangium sp. strain Cb G35
metabolism.*®® The rhizosphere provides a unique environment to explore chemical
interactions that occur between species and across kingdoms.3043178.262 A heneficial role that
Archangium sp. strain Cb G35 is suggested to have is the maintenance of plant health through
the suppression of pathogens in the rhizosphere. Hence, we proposed to observe the impacts
that phytohormones and plant-related signals will have on the antimicrobial production of this

myxobacterium. Aims for this study include:

1. Determine phytohormones and plant signal that induce an increase in the antibacterial

activities of Archangium sp. strain Cb G35 compared to a no-signal control

2. ldentify structural classes of specialized metabolites from active fraction using

bioinformatic tools

From a functional and metabolomics perspective, an observation of how A. sp.
generates specialized metabolites that may benefit plant health is possible. Focusing on
antibacterial activity will help streamline the annotation of structural classes of specialized
metabolites involved in the chemical interactions that occur between these bacteria and

plants.

75



4.2 Abstract

Plants are involved in structuring their rhizobiome via the recruitment of beneficial
microorganisms with a secondary function of staving off pathogens. The potential of
predatory myxobacteria to benefit plant health is suggested to involve the production of
antimicrobials. Metabolomic tools have the potential to reveal the shifts in metabolism
activated by biotic stress responses of plants; however, the application of this tool in studying
plant-microbial interactions is not common. This study utilizes metabolomic tools with
antibacterial testing to monitor condition-specific activation of metabolites. Active fractions
from salicylic acid (SA) and methylglyoxal (MG) exposure conditions consisted of
specialized metabolites from terpenoids, alkaloids, fatty acids, polyketides, and peptides
molecular families. Results suggest the potential of SA and MG to activate A.sp. strain Cb
G35 production of antibacterials and further efforts to explore condition-specific impacts on

other myxobacteria is required to explore the roles of these bacteria in the rhizosphere.

4.3 Introduction

Root exudates have been proven to alter gene expressions in microorganisms resulting
in either the recruitment of beneficial microbes to the rhizosphere or the activation of
pathogenesis in phytopathogens.41:49.84183.197.263 |nyestigations of the functional potential of
endophytes in the rhizosphere of sugar beets observed the enrichment of biosynthetic gene
clusters that encoded polyketides, non-ribosomal peptides, terpenes, aryl polyenes,
lassopeptides, lanthipeptides, and bacteriocins in fungal pathogen-suppressive soils.?
Compared to disease-conducive soils in the study, these specialized metabolites were thought

to contribute to the protection of the plant.
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Studies of endophytic establishments with plant hosts revealed that rice root exudates
downregulated the differential expression of non-ribosomal peptide synthases that encoded
pyoverdine-like metabolites in Burkholderia kururiensis M130, while upregulating genes that
regulated chemotaxis, adhesion, and secretion systems.® Additionally, components of plant
root exudates were associated with activating the expression of biosynthetic pathways that
encode phenazine antifungals in Pseudomonas aureofaciens PGS12, and tomato root
exudates were shown to influence the antifungal activities of Pseudomonas chlororaphis

SPB1217 and Pseudomonas fluorescens SPB2137.264265

Myxobacteria, the gliding Gram-negative d-proteobacteria exhibiting predatory and
social behaviors, are found in microbial-rich habitats. Consequently, these bacteria often
engage in the complex chemical interactions of the rhizosphere necessitating the study of
their interactions with the plant hosts.®!° While transcriptomics has facilitated the study of
microbial responses to plant hosts, metabolomics analyses can potentially observe the
functional alterations that occur during plant-microbe interactions. Without the requirement
of genomic information, the targeted or untargeted metabolomic analyses give access to
novel bioactive metabolites in natural product discovery.?%® Herein, antimicrobial analysis
with extracts of Archangium sp. strain Cb G35, from culture conditions exposed to a panel of
environmentally equivalent concentrations of phytohormones and plant-related signals was
performed.?2-2%0 Active extracts were selected for fractionation, antimicrobial testing and
comparative mass spectral analysis to identify the changes in antimicrobial production

influenced by phytohormones and plant-related signals.
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4.4 Materials and Methods

4.4.1 Medias and Strains

Archangium sp. strain Cb G35 (DSM 52696) initially obtained from the German
Collection of Microorganisms (DSMZ) in Braunschweig, Escherichia coli (DH5a), Bacillus
subtilis (ATCC 6051) and the phytopathogen, Rhizobium radiobacter (previously
Agrobacterium tumefaciens ATCC 51350) obtained from American Type Culture Collection
(ATCC) were used. Depending on the nutritional requirements of the bacteria, VY/2 agar (5
g/L baker’s yeast, 1.36 g/L CaCl2, 0.5 mg/L vitamin B12, 15 g/L agar, pH 7.2) and Luria-

Bertani (LB) broth (10 g/L peptone, 5 g/L yeast extract, 5 g/L sodium chloride) were used.

4.4.2 Phytohormones and plant-related signals

Stock solutions (150 mM) of Gibberellic Acid (Cayman Chemical), Indole-3-
propionic Acid (Cayman Chemicals), (+)-Abscisic Acid (Cayman Chemicals), 11-methyl-2E-
dodecenoic acid (Cayman Chemical), (x)-Jasmonic Acid-lIsoleucine (Cayman Chemicals),
Salicylic Acid (Sigma-Aldrich), Methylglyoxal solution (Sigma-Aldrich), Linolenic Acid

(Sigma-Aldrich) and Linoleic Acid (Sigma-Aldrich) were prepared in DMSO.

4.4.3 Exposure to Phytohormones and Plant-Related Signals Experiments

To observe the impacts of signals on antimicrobial production, filter sterilized signals
were added to autoclaved medium at 55°C to make a final concentration of 10 uM, a
concentration informed by literature.?22%0 Archangium sp. was cultivated on supplemented

VY/2 media and grown at 30°C for 7 days. Dimethylsulfoxide was used as control.
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4.4.4 Metabolite Extraction, Antibacterial testing and Fractionation
After 7 days of cultivation, A. sp. strain Cb G35 plates were chopped, extracted with

EtOAc and dried in vacuo to provide crude extracts.

Antibacterial analysis: Following methods from Clinical Laboratory Standards
Institute (CLSI),%%” 12.8 mg/mL (in DMSO) stock solutions of extracts (and when necessary
fractions) was diluted serially across the 96-well assay plate (Costar). The 11th well served as
culture media control (no microbe added) and the 12th well served as negative control (no
sample added). Overnight seed cultures of the test microbes were diluted to a final ODeoo Of
0.05, added to wells 1-10 and 12 and plates were incubated at appropriate optimal
temperature depending on the microbe. Optical densities of the plates were recorded at the
start of incubation and after 18 hrs. Statistical significance were measured with PRISM v7.0d
using two-way ANOVA and the Dunnett’s multiple comparisons test methods. The
supplemented phytohormones and plant-related signals were also confirmed to have no

antibacterial effects on the test microbes (Figure C.1, Appendix).

Fractionation: Flash silica gel column was set up with silica gel 60 (230-450 mesh,
Alfa Aesar). Approximately 240 plates of A. sp. cultures with no supplementation (5.5 L of
media) yielded 283.1 mg of extract which was fractionated on a flash silica gel column using
a polarity gradient from EtOAc to MeOH to give 12 fractions [AspFr-1 (EtOAc); AspFr-2
(EtOAC); AspFr-3 (EtOAC); AspFr-4 (EtOAC); AspFr-5 (EtOAc); AspFr-6 (EtOAC); AspFr-7
(EtOAC); AspFr-8 (1:1 EtOAc-MeOH); AspFr-9 (1:1 EtOAc-MeOH); AspFr-10 (1:1 EtOAc-
MeOH); AspFr-11 (MeOH); AspFr-12 (Acetone wash)]. Fractions were monitored with thin
layer chromatography (TLC Silica gel 60 F2s4, Merck) Antibacterial assay of crude extracts
revealed significant increases in activities of salicylic acid and methylglyoxal culture

conditions informing the selection of these extracts for fractionation (Figure 4.1). Eighty
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plates (2 L of media) of A. sp. cultures with salicylic acid exposure yielded 106.5 mg of
extract, which was fractionated on a flash silica gel column. Using a polarity gradient from
EtOAc to MeOH, Eight fractions were eluted [SAFr-1 (EtOAc); SAFr-2 (EtOAc); SAFr-3
(EtOAC); SAFr-4 (EtOAC); SAFr-5 (1:1 EtOAc-MeOH); SAFr-6 (1:1 EtOAc-MeOH); SAFr-
7 (1:1 EtOAc-MeOH); SAFr-8 (MeOH)]. Eighty plates (2 L of media) of A. sp. cultures with
methylglyoxal exposure yielded 161.3 mg of extract and was fractionated on a flash silica gel
column. Eight fractions were obtained using a polarity gradient from EtOAc to MeOH,
[MGFr-1 (EtOAC); MGFr-2 (EtOAC); MGFr-3 (EtOAC); MGFr-4 (EtOAC); MGFr-5 (1:1
EtOAc-MeOH); MGFr-6 (1:1 EtOAc-MeOH); MGFr-7 (1:1 EtOAc-MeOH); MGFr-8

(MeOH)]. These fractions were tested for antibacterial activity.

4.4.5 GNPS, Cytoscape and Analysis

Mass Spectrometric Analysis: Performance of LC-MS/MS analysis on the fractions
was accomplished on an Orbitrap Fusion instrument (Thermo Scientific, San Jose, CA,
United States) controlled with Xcalibur version 2.0.7 and coupled to a Dionex Ultimate 3000
nanoUHPLC system. Samples were loaded onto a PepMap 100 C18 column (0.3 mm x 150
mm, 2 um, Thermo Fisher Scientific). Separation of the samples was performed using mobile
phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile) at
a rate of 6 pL/min. The samples were eluted with a gradient consisting of 5-60% solvent B
over 15 min, ramped to 95% B over 2 min, held for 3 min, and then returned to 5% B over 3
min and held for 8 min. All data were acquired in positive ion mode. Collision-induced
dissociation (CID) was used to fragment molecules, with an isolation width of 3 m/z units.
The spray voltage was set to 3600 V, and the temperature of the heated capillary was set to

300°C. In CID mode, full MS scans were acquired from m/z 150 to 1200 followed by eight
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subsequent MS2 scans on the top eight most abundant peaks. The orbitrap resolution for both

the MS1 and MS2 scans was 120,000. The expected mass accuracy was < 3 ppm.

Mass spectral data were converted to .mzXML files using MSConvert and molecular
networks of fragmentation patterns were generated using the GNPS platform.1%8 All MS/MS
fragment ions within +/- 17 Da of the precursor m/z were removed to filter the data. MS/MS
spectra were window filtered by choosing only the top 6 fragment ions in the +/- 50Da
window throughout the spectrum. Precursor ion mass tolerance of 0.02 Da and a MS/MS
fragment ion tolerance of 0.02 Da were set. Molecular networks were then created where
edges were filtered to have a cosine score above 0.7 and more than 6 matched peaks. Further,
edges between two nodes were kept in the network if and only if each of the nodes appeared
in each other's respective top 10 most similar nodes. Finally, the maximum size of a
molecular family was set to 100, and the lowest scoring edges were removed from molecular
families until the molecular family size was below this threshold. The spectra in the network
were then searched against GNPS' spectral libraries. The library spectra were filtered in the
same manner as the input data and was allowed to search for analogs. All matches kept
between network spectra and library spectra were required to have a score above 0.7 and at
least 6 matched peaks.'%® Cytoscape 3.8.2 was used to visualize and annotate the generated

network.2

4.5. Results

Shifts in metabolism are often indicators of chemical influences on an organism
because the generation of antimicrobial metabolites is essential in surviving the chemical
warfare that occurs among the rhizobiome and for myxobacterial predation.326:138 |f

phytohormones and other plant-related signals are involved in the recruitment of
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myxobacteria to stave off pathogens, activation of the production of antimicrobials might be
observable in culture conditions exposed to signals. When compared to control, crude
extracts from methylglyoxal and salicylic acid exposed extracts demonstrated significant
changes (p < 0.005) in antibacterial activities against R. radiobacter and E.coli at
concentrations as low as 6.4 and 12.8 mg/mL respectively (Figure 4.1). No significant

changes in antibacterial activities were observed with B. subtilis.

Subsequently, these extracts were selected for fractionation and antibacterial testing to
afford the active fractions. Because myxobacteria capably produce antibacterial metabolites,
the no-condition extracts were also fractionated for comparison. Focusing on bioactivity at
6.4 mg/mL of fractions obtained from salicylic acid exposure experiments, SAfr-3 and SAfr-
6 showed decreases in optical densities compared to the bacterial control. Similarly, MGfr-2
and MGfr-3 from methylglyoxal exposure experiments and ASPfr-4 and ASPfr-10 fractions
from extracts of A, sp. cultures with no supplementation control showed lowered optical
densities (Figure 4.2). These results prioritized these fractions for comparative metabolomics

analysis with GNPS.

To observe shifts in metabolism that influenced antibacterial activity, MS? spectra
were analyzed with GNPS to create molecular networks of 6567 nodes. Up to 2692 nodes
were clustered into molecular families and 3875 nodes were singletons. Shared and unique
metabolites can be observed across fractions. Euler plots summarizing the ion distribution of
generated molecular network showed that some features were shared between the active
fractions from SA and no-signal exposure assays, suggesting that the active specialized

metabolites from MG extracts might be unique (Figure 4.3).
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Figure 4.1 Minimum concentration of crude extracts that impacted antibacterial activities
at p <0.005 against R. radiobacter and p < 0.0001 against E. coli. ABA= Abscisic acid,
GA= Gibberellic acid, I-3-PA= Indole-3-propionic acid, JA-lle= Jasmonic acid-isoleucine,
LIIC= Linoleic acid, LINN= Linolenic acid, MG= Methylglyoxal, SA = Salicylic acid
exposure.

Using information from public datasets on GNPS, 5.2% of nodes (344 of 6567) were
dereplicated to belong to the alkaloid, fatty acid, peptide, polyketide, and terpenoid classes of
compounds (Figure 4.4). Nodes identified as alkaloids derived from ornithine and the
polyketide/terpene hybrids (meroterpenes) were observed to be generated in exposure

cultures.
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4.6 Discussion

During predation, myxobacteria generate antimicrobials with varied modes-of-actions
and high chemical diversity.?>2%1%" Most times, these metabolites are absent in axenic culture
conditions even though the genomic information of the bacteria shows biosynthetic gene
clusters (BGCs) that encode such metabolites. Myxobacterial predation was reportedly
increased by prey quorum signals and the methyljasmonate phytohormone. 4424 Results from
these antibacterial assays of crude extracts show that the phytohormones SA and GB, as well
as the plant stress signal MG, may induce the production of antibacterials against E.coli
(Figure 4.1B). Because plants generate these signals as biotic stress responses to activate
systemic resistance, investigations to observe for similar effects with other known plant

beneficial bacteria will benefit studies of plant-microbial interactions.
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Figure 4.2. Results from antibacterial activity testing showing the effects of active fractions
against E. coli.
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Figure 4.3. Euler plot of features contributed by ASPfr-4, ASPfr-10, SAfr-3, SAfr-6,
MGfr-2, and MGfr-3. Node counts based on ion distribution are shown. Link to network
file is available in Appendix B.3.

The application of metabolomics tools to study the outcomes of interactions between
plants and microorganisms has provided an insight in linking modifications in the metabolism
of pathogens and activation of plant systemic resistance.?®® Conversely, these tools can also
be applied in studying the roles of plant-beneficial bacteria. Molecular networking analysis
indicated the high potential for identifying new bioactive metabolites from A. sp. because the

dereplication of observed features only led to the identification of molecular families.

The diversity of structural classes of antimicrobial metabolites from myxobacteria has been

recorded?® and similar varieties were observed in the annotated network (Figure 4.4).

Prior to this investigation, only the roimantacene polyene and p-hydroxyacetophenone
amides reportedly active against Gram-negative bacteria and algae respectively have been

identified from A. sp. metabolism. Observations of terpenes, fatty acids, polyketides, and

85



peptides metabolites in active fractions are consistent with the presence of encoding BGCs

found in the A. sp. genome.®
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Figure 4.4. Dereplicated and mined molecular network of features from ASPfr-4, ASPfr-
10, SAfr-3, SAfr-6, MGfr-2, and MGfr-3 based on GNPS library hits. The pie chart

represents the number of spectra observed for each feature. Link to complete network file
is available in Appendix B.3.
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Meroterpenoids, hybrids of polyketide and terpene scaffolds, appeared to be
predominantly influenced by signal exposure, as most nodes observed in the cluster were
culture-specific. The annotated terpenoids consisted of sesquiterpenes, diterpenes, and sterols
suggesting the potential types of terpene synthases from this strain. Carotenoids and geosmin
are common terpenes that have been isolated from the model myxobacterium Myxococcus
xanthus DK1622 with the former responsible for pigmentation and the latter involved in
protecting the bacteria from bacteriophagous grazers.?>2% Abundance of terpenoids annotated
from molecular networks of A.sp. suggests that terpenes might play important roles in
myxobacterial interactions with the environment. Terpenoids have been suggested to be
utilized in myxobacterial communications.?®® Another large group of nodes was annotated as
fatty acids in the network. Through metabolomic analysis, the homospermidine lipids,
generated during fruiting bodies formation, were isolated from the M. xanthus and exhibited
high activities against Gram-positive bacteria.?? It is speculated that this metabolite class
could also contribute to the antibacterial activities of active fractions but further
investigations are required. Data from this study demonstrate the potential of observing
phytohormone- and signal-activated production of functional metabolites in the rhizosphere.
Interestingly, only a few signals displayed the potential to activate more bioactive compounds
in extracts compared to the control. Perhaps similar investigations on the well-studied M.
xanthus will provide more publicly accessible spectra libraries to observe the shifts in

metabolome induced by plant signals.

4.7 Conclusion
Utilizing functional and metabolomic analysis reveals the potential for plants to

activate antimicrobial production in myxobacteria during biotic stress. Results from our
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analysis will guide the development of methodologies to access and characterize specialized

metabolites from this myxobacterial strain.
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CHAPTER 5. FUTURE DIRECTIONS

MeJA exposure established the unique responses of Archangium sp. strain Cb G35
observed through changes in motility, transcriptomic and metabolomic profiles. Similar
responses were observed with SA, ABS, and MG exposure assays. However, the impacts of
biotic stress signals generated by plants are yet to be observed with other families of the
myxococcales. We plan to investigate the species-specific responses that are induced by
phytohormones and plant biotic stress-signals, to further explore and establish myxobacterial

roles in the rhizobiome.

Given our analysis of the biosynthetic capacity of A. sp. and the metabolic profiles
from untargeted mass spectra analysis of culture extracts, the terpenoid and polyketide
scaffolds were abundant and appeared to be influenced by phytohormones. We will utilize
bioinformatics-guided bottom-up strategies in identifying these metabolites from A. sp. by the
heterologous expression of selected biosynthetic gene clusters in competent expression hosts.
These strategies will afford higher concentrations of specialized metabolites for structural

elucidation techniques and antimicrobial assays, increasing the known metabolites from A.

sp.
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Appendix A. Antiobiotic resistant target seeker (ARTS) rendered analysis of Archangium sp. genome

Table A.1. Hits to fifty-three known resistance models (targets) observed in the A. sp. genome

Model
number
RF0002
RF0003
RF0007
RF0007
RF0007
RF0007
RF0007
RF0007
RF0051

RF0053
RF0054
RF0056
RF0100
RF0100
RF0104

Description

AAC3
AAC3-I
ABC_efflux
ABC_efflux
ABC_efflux
ABC_efflux
ABC_efflux
ABC_efflux
Chlor_Efflux_Pu
mp
ClassA
ClassB
ClassD
MexW-MexlI
MexW-MexlI
MFS_efflux

Sequenc
eid
4897
1136
10136
8640
8421
10135
8265
2398
2032

2655
7236
7147
2286
4218
5591

E-value

8.3e-60
3.8e-18
4.1e-93
1.5e-92
1.6e-89
2.5e-89
5.8e-79
1.1e-78
5.2e-123

1e-25
2.5e-55
5.3e-70
3.3e-237
7.5e-226
1.4e-82

Bitscore

201.3
65.4
311.9
310.1
300.0
299.4
265.2
264.3
410.2

89.5
186.8
234.7
788.9
751.3
276.9

Sequence description

Icl|4897|scaffold_8|source|scaffold 8|loc|225454 226231 1
Icl|1136|scaffold_1|source|scaffold 1|loc|1397111 1397555 -1
Icl|210136|scaffold_32|source|scaffold_32|loc|21944 23732 -1
Icl|8640|scaffold_18|source|scaffold_18|loc|186091 187867 1
Icl|8421|scaffold_17|source|scaffold_17|loc|218484 220230 -1
Icl|210135|scaffold_32|source|scaffold_32|loc|20145 21948 -1
Icl|8265|scaffold_17|source|scaffold_17|loc|20994 22776 -1
Icl|2398|scaffold_3|source|scaffold_3|loc|473951 475715 1
Icl|2032|scaffold_2|source|scaffold_2|loc|956129 957374 -1

Icl|2655|scaffold_4|source|scaffold_4|loc|46594 47467 1
Icl|7236|scaffold_14|source|scaffold_14|loc|63399 64290 -1
Icl|7147|scaffold_13|source|scaffold_13|loc|425263_426082_-1
Icl|2286|scaffold_3|source|scaffold_3|loc|277371_280542_1
Icl|4218|scaffold_7|source|scaffold_7|loc|22393 25540 1
Icl|5591|scaffold_9|source|scaffold_9|loc|560792_562052_1
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RF0115
RF0115
RF0115
RF0115
RF0123
RF0123
RF0134
RF0134
PF00044.19
PF00183.13
PF00183.13
PF00185.19
PF00185.19
PF00204.20
PF00204.20
PF00204.20
PF00227.21
PF00364.17
PF00364.17
PF00364.17
PF00364.17

RND_efflux
RND_efflux
RND_efflux
RND_efflux
SubclassB1
SubclassB1

tet MFS_efflux
tet MFS_efflux

Gp_dh_N
HSP90
HSP90

OTCace
OTCace

DNA_gyraseB
DNA_gyraseB
DNA _gyraseB

Proteasome
Biotin_lipoyl
Biotin_lipoyl
Biotin_lipoyl
Biotin_lipoyl

678
5087
2076
5480
5039
9426
6133
8750
6107
1157
3279
4963
8852
7684
9123
2659
6460
6338
1014
4484

598

0
2.4e-296
6.3e-296
3.5e-285

2.3e-13
2.2e-12
1.2e-76
9.2e-61
1.7e-58
6.4e-140
1.4e-07
1.3e-49
2.1e-37
4.1e-60
1.5e-46
6.5e-10
3.8e-27
5.3e-42
7.4e-25
5.2e-22
1e-20

1052.2
985.1
983.7
948.1

49.1
45.9
257.3
205.0
196.3
466.5
29.8
167.5
127.9
201.4
157.1
37.9
94.2
140.8
85.8
76.7
72.6

Icl|678|scaffold_1|source|scaffold_1|loc|835389 838524 -1
Icl|5087|scaffold_8|source|scaffold_8|loc|491488 494626 1
Icl|2076|scaffold_3|source|scaffold_3|loc|19926 23046 -1
Icl|5480|scaffold_9|source|scaffold_9|loc|420172_ 423367 -1
Icl|5039|scaffold_8|source|scaffold_8|loc|433919 434873 -1
Icl|9426|scaffold_22|source|scaffold_22|loc|121275 122217 -1
Icl|6133|scaffold_11|source|scaffold_11|loc|166200 167418 1
Icl|8750|scaffold_19|source|scaffold_19|loc|26547 27774 -1
Icl|6107|scaffold_11|source|scaffold_11|loc|134427 135438 -1
Icl|1157|scaffold_1|source|scaffold_1|loc|1423589 1425563 1
Icl|3279|scaffold_5|source|scaffold_5|loc|115301_117119 -1
Icl|4963|scaffold_8|source|scaffold_8|loc|306156 307062 -1
Icl|8852|scaffold_19|source|scaffold_19|loc|194254 195148 1
Icl|7684|scaffold_15|source|scaffold_15|loc|87858 90201 1
Icl|9123|scaffold_20|source|scaffold_20|loc|212075_ 214013 1
Icl|2659|scaffold_4|source|scaffold_4|loc|52736 53798 -1
Icl|6460|scaffold_12|source|scaffold_12|loc|49776 50304 -1
Icl|6338|scaffold_11|source|scaffold_11|loc|427791 429399 -1
Icl|1014|scaffold_1|source|scaffold_1|loc|1236837_1237443 -1
Icl|4484|scaffold_7|source|scaffold_7|loc|359505 360780 -1
Icl|598|scaffold_1|source|scaffold_1|loc|736162 737368 -1
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PF00364.17
PF00364.17
PF00364.17
PF00521.15
PF00521.15
PF01039.17
PF01039.17
PF01039.17
PF01039.17
PF01039.17
PF13599.1
PF13599.1
PF13599.1
PF13599.1
PF13599.1
TIGR02013
TIGR00663

Biotin_lipoyl
Biotin_lipoyl
Biotin_lipoyl
DNA _topoisolV
DNA_topoisolV
Carboxyl_trans
Carboxyl_trans
Carboxyl_trans
Carboxyl_trans
Carboxyl_trans
Pentapeptide_4
Pentapeptide_4
Pentapeptide_4
Pentapeptide_4
Pentapeptide_4
TIGR02013
TIGR00663

8594
716
2000
2361
9122
8591
2837
1999
4317
6209
7021
6845
6844
647
9621

7612

4.3e-20
1.4e-19
1.5e-14
2.9e-150
1.5e-146
1.6e-207
4.6e-155
8.9e-128
1.6e-20
2.8e-20
5.5e-27
3.6e-24
3.2e-23
1.1e-16
2.2e-12
0
7.6e-99

70.6
68.9
52.8
500.2
488.0
689.1
516.1
426.1
72.3
71.6
92.8
83.8
80.7
59.8
46.0
1899.3
330.2

Icl|8594|scaffold_18|source|scaffold_18|loc|120966 121476 1
Icl|716|scaffold_1|source|scaffold_1|loc|883432_883645 -1
Icl|2000|scaffold_2|source|scaffold_2|loc|903736_905740 1
Icl|2361|scaffold_3|source|scaffold_3|loc|375460 378229 -1

Icl|9122|scaffold_20|source|scaffold_20|loc|209672_212063 1

Icl|8591|scaffold_18|source|scaffold_18|loc|117031_118594 1
Icl|2837|scaffold_4|source|scaffold_4|loc|240005 241535 -1
Icl|1999|scaffold_2|source|scaffold_2|loc|902109 903726 1
Icl|4317|scaffold_7|source|scaffold_7|loc|140865 141837 -1

Icl|6209|scaffold_11|source|scaffold_11|loc|262473 263319 -1

Icl|7021|scaffold_13|source|scaffold_13|loc|285217 285853 -1
Icl|6845|scaffold_13|source|scaffold_13|loc|83527 84259 1
Icl|6844|scaffold_13|source|scaffold_13|loc|82715 83447 1
Icl|647|scaffold_1|source|scaffold_1|loc|796821 797313 1

Icl|9621|scaffold_23|source|scaffold_23|loc|164585 166067 -1

Icl|9|scaffold_1|source|scaffold_1|loc|4992 9222 1
Icl|7612|scaffold_15|source|scaffold_15|loc[8198 9305 1
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Table A.2. Twenty-two biosynthetic gene clusters with proximity to housekeeping (core) genes, duplicated genes and resistant models.

Cluster Type Source Location Core Other Gene list
number hits hits
cluster-2_4 terpene scaffold 369972 - 1 0 [[1549, TIGR00357, 378231, 378672, Core, TIGR00357:
2 391007 methionine-R-sulfoxide reductase, Protein fate]]
cluster-2. 5 amglyccycl scaffold 767895 - 1 0 [[1905, TIGR00871, 781064, 782594, Core, zwf: glucose-6-
2 789074 phosphate dehydrogenase, Energy metabolism]]
cluster-3 2  lanthipeptide  scaffold 254542 - 0 1 [[2286, RF0115, 277371, 280542, ResModel, RND_efflux:

3 277791 resistance-nodulation-cell division (RND) antibiotic efflux pump
[ARO:0010004], N/A]]

cluster-3 3 NRPS, TIPKS scaffold 387410 - 2 1 [[2370, TIGR00055, 388407, 389205, Core, uppS: di-trans,poly-
3 488811 cis-decaprenylcistransferase, Cell envelope], [2396, TIGR02349,
472091, 473222, Core, DnaJ_bact: chaperone protein DnaJ,
Unclassified], [2398, RF0007, 473951, 475715, ResModel,
ABC_efflux: ATP-binding cassette (ABC) antibiotic efflux pump
[ARO:0010001], N/A]]

cluster-4 3 NRPS, TIPKS scaffold 623926 - 5 0 [[3159, TIGR01032, 715969, 716317, Core, rplT_bact: ribosomal
4 726982 protein bL20, Protein synthesis], [3157, TIGR00472, 712352,
714764, Core, pheT_bact: phenylalanine--tRNA ligase, beta

subunit, Protein synthesis], [3158, TIGR00468, 714763, 715813,

Core, pheS: phenylalanine--tRNA ligase, alpha subunit, Protein

synthesis], [3160, TIGR00001, 716405, 716615, Core, rpml_bact:

ribosomal protein bL35, Protein synthesis], [3161, TIGR00418,
716881, 718810, Core, thrS: threonine--tRNA ligase, Protein
synthesis]]
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cluster-7_1

cluster-8 1

cluster-9 2

cluster-
10 1

cluster-
10 2

cluster-
10 3

cluster-
11 3

cluster-
13 1

bacteriocin,
NRPS-like

NRPS, T1PKS

NRPS

T1PKS, NRPS

NRPS, T1PKS

terpene

T1PKS

NRPS, T1PKS

scaffold
7

scaffold
8

scaffold
9

scaffold
10

scaffold
10

scaffold
10

scaffold
11

scaffold
13

225399 -
277684

309513 -
386194

172427 -
217062

18783 -
88033

145995 -
236252

452641 -
473652

478766 -
524055

41163 -
93514

[[4424, TIGR00401, 268814, 269474, Core, msrA: peptide-
methionine (S)-S-oxide reductase, Protein fate]]

[[4989, TIGR00763, 367220, 369689, Core, lon: endopeptidase
La, Protein fate], [4966, TIGR00120, 309010, 311089, Core,
ArgJ: glutamate N-acetyltransferase/amino-acid acetyltransferase,
Amino acid biosynthesis]]

[[5278, TIGR01023, 179289, 179454, Core, rpmG_bact:
ribosomal protein bL33, Protein synthesis]]

[[5619, TIGR00521, 27614, 28838, Core, coaBC_dfp:
phosphopantothenoylcysteine decarboxylase /
phosphopantothenate--cysteine ligase, Biosynthesis of cofactors,
prosthetic groups, and carriers]]

[[5709, GrpE, 161375, 161945, Core, PF01025.15: GrpE,
Unclassified], [5704, TIGR02348, 156050, 157691, Core, GroEL.:
chaperonin GroL, Protein fate], [5697, TIGR00078, 145619,
146363, Core, nadC: nicotinate-nucleotide diphosphorylase
(carboxylating), Biosynthesis of cofactors, prosthetic groups, and
carriers], [5698, TIGR00422, 146485, 150064, Core, valS: valine-
-tRNA ligase, Protein synthesis]]

[[5906, TIGR02082, 463822, 467338, Core, metH: methionine
synthase, Amino acid biosynthesis]]

[[6412, TIGR00416, 523524, 524886, Core, sms: DNA repair
protein RadA, DNA metabolism]]

[[6845, PF13599.1, 83527, 84259, ResModel, Pentapeptide_4:
Pentapeptide repeats (9 copies), N/A], [6844, PF13599.1, 82715,
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cluster-
13 2

cluster-
13 3

cluster-
16 2

cluster-
17 1

cluster-1_3

cluster-
19 1

T3PKS

NRPS, T1PKS

NRPS-like

NRPS,
arylpolyene,
T1PKS

PKS-like

NRPS, T1PKS

scaffold
13

scaffold
13

scaffold
16

scaffold
_17

scaffold

scaffold
19

276511 -
331711

419025 -
486153

215662 -
257939

154502 -
238295

1035610
1076687

95089 -
193242

83447, ResModel, Pentapeptide_4: Pentapeptide repeats (9
copies), N/A]]

[[7021, PF13599.1, 285217, 285853, ResModel, Pentapeptide_4:
Pentapeptide repeats (9 copies), N/A]]

[[7145, TIGR00936, 422507, 423764, Core, ahcY:
adenosylhomocysteinase, Energy metabolism], [7144,
TIGR01034, 421182, 422364, Core, metK: methionine

adenosyltransferase, Central intermediary metabolism], [7153,
TIGR00753, 433976, 434870, Core, undec_PP_bacA:
undecaprenyl-diphosphatase UppP, Cell envelope], [7147,
RF0056, 425263, 426082, ResModel, ClassD: Class D beta-
lactamases [ARO:3000075;AR0:3000017], N/A]]

[[8118, TIGR01430, 222598, 223759, Core, aden_deam:
adenosine deaminase, Unclassified], [8140, TIGR00109, 254421,
255501, Core, hemH: ferrochelatase, Biosynthesis of cofactors,
prosthetic groups, and carriers]]

[[8427, TIGR00959, 226071, 227715, Core, fth: signal recognition
particle protein, Protein fate], [8421, RF0007, 218484, 220230,
ResModel, ABC_efflux: ATP-binding cassette (ABC) antibiotic

efflux pump [ARO:0010001], N/A]]

[[866, TIGR02960, 1067677, 1068631, Core, SigX5: RNA
polymerase sigma-70 factor, TIGR02960 family, Unclassified]]

[[8849, TIGR01393, 190709, 192521, Core, lepA: elongation
factor 4, Unknown function], [8844, TIGR00218, 186551,
187751, Core, manA: mannose-6-phosphate isomerase, class I,

120



cluster- bacteriocin
19 2

cluster- terpene
21 1

cluster-1 4 T1PKS, NRPS

scaffold
19

scaffold
21

scaffold

1

241483 -
252341

113333 -
134383

1116703

1168144

o

Energy metabolism], [8850, TIGR02227, 192524, 193769, Core,
sigpep_|_bact: signal peptidase I, Protein fate]]

[[8902, TIGR01695, 248071, 249685, Core, murJ_mviN: murein
biosynthesis integral membrane protein MurJ, Cell envelope]]

[[9272, TIGR01146, 130821, 131730, Core, ATPsyn_Flgamma:
ATP synthase F1, gamma subunit, Energy metabolism], [9273,
TIGR01039, 131845, 133291, Core, atpD: ATP synthase F1, beta
subunit, Energy metabolism], [9275, TIGR01216, 133895,
134300, Core, ATP_synt_epsi: ATP synthase F1, epsilon subunit,
Energy metabolism]]

[[948, TIGR00418, 1165077, 1166274, Core, thrS: threonine--
tRNA ligase, Protein synthesis], [949, TIGR01771, 1166360,
1167311, Core, L-LDH-NAD: L-lactate dehydrogenase, Energy
metabolism]]
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Table A.3. Thirty-six housekeeping (core) genes observed to be duplicated

Core_gene Count Ref Ref Ref Ref Description
median  stdev RSD ubiquity
TIGRO0763 2.0 1.0 0.1213  0.3474 0.3526 lon: endopeptidase La
TIGR03156 2.0 1.0 0.1451  0.9579 0.9789 GTP_HfIX: GTP-binding protein HfIX
TIGR02350 2.0 1.0 0.5448 0.8579 1.0 prok_dnaK: chaperone protein DnaK
TIGRO0009 2.0 1.0 0.5021 0.6421 0.9895 L28: ribosomal protein bL28
TIGR01035 2.0 1.0 0.1183 0.7316 0.7421 hemA: glutamyl-tRNA reductase
TIGR00392 2.0 1.0 0.1439  0.9737 0.9947 ileS: isoleucine--tRNA ligase
TIGR00396 2.0 1.0 0.0756  0.9105 0.9158 leuS_bact: leucine--tRNA ligase
GrpE 3.0 1.0 0.521  0.8368 1.0 PF01025.15: GrpE
TIGR00157 2.0 1.0 0529  0.5737 0.8684 TIGR00157: ribosome small subunit-dependent GTPase A
TIGR02227 3.0 1.0 1.1572  0.5579 0.9789 sigpep_I_bact: signal peptidase |
TIGR00575 2.0 1.0 0.3226  0.8263 0.9368 dnlj: DNA ligase, NAD-dependent
Ribosomal_S14 2.0 1.0 0.5099  0.6105 0.9895 PF00253.17: Ribosomal protein S14p/S29e
TIGR01023 3.0 1.0 0.6482  0.5737 0.9895 rpmG_bact: ribosomal protein bL33
TIGR00382 2.0 1.0 0.125  0.9789 0.9947 clpX: ATP-dependent Clp protease, ATP-binding subunit
ClpX
TIGR00630 3.0 1.0 0.2244  0.9368 0.9895 uvra: excinuclease ABC subunit A
TIGR00149 2.0 1.0 0.1324  0.2895 0.2947 TIGR00149_YjbQ: secondary thiamine-phosphate
synthase enzyme
TIGR00430 2.0 1.0 0.0 0.5579 0.5579 Q_tRNA tgt: tRNA-guanine transglycosylase
TIGRO1017 2.0 1.0 0.3 0.9 1.0 rpsD_bact: ribosomal protein uS4
TIGR01417 2.0 1.0 0.4095  0.5947 0.6737 PTS_I_fam: phosphoenolpyruvate-protein
phosphotransferase
TIGR00079 3.0 2.0 0.7097  0.3579 0.9421 pept_deformyl: peptide deformylase
TIGR00077 3.0 1.0 0.4968 0.7105 0.8 IspA: signal peptidase Il
TIGR00401 2.0 1.0 0.2605 0.8368 0.8842 msrA: peptide-methionine (S)-S-oxide reductase

TIGR00484 3.0 1.0 0.2697 0.9211 1.0 EF-G: translation elongation factor G
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TIGR03705
TIGR00431
TIGR00485
TIGR00165
TIGR01083
TIGR00418
TIGRO0057

TIGRO0936
TIGR00357
TIGR01064
TIGR02012
TIGR02866
TIGRO0871

2.0
2.0
2.0
2.0
2.0
2.0
2.0

2.0
3.0
3.0
2.0
2.0
3.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

0.0
0.0
0.4065
0.4663
0.0
0.3889
0.6181

0.456
0.3523
0.3924
0.1023
0.2503
0.7244

0.8
0.9737
0.8316
0.7421

0.9
0.8316
0.5842

0.6368
0.8579
0.8421
0.9842
0.4737
0.6526

0.8
0.9737
0.9947

1.0

0.9
0.9947
0.9316

0.7579
0.9211
0.9684
0.9947
0.4895
0.9316

poly_P_kin: polyphosphate kinase 1

TruB: tRNA pseudouridine(55) synthase

EF-Tu: translation elongation factor Tu
S18: ribosomal protein bS18

nth: endonuclease 111
thrS: threonine--tRNA ligase
TIGR00057: tRNA threonylcarbamoyl adenosine
modification protein, Sua5/YciO/YrdC/YwIC family
ahcY: adenosylhomocysteinase
TIGR00357: methionine-R-sulfoxide reductase

pyruv_kin: pyruvate kinase
tigrfam_recA: protein RecA

CoxB: cytochrome c oxidase, subunit 11

zwf: glucose-6-phosphate dehydrogenase
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Appendix B. Links to Global Natural Products Social Molecular Networking (GNPS) jobs
1. Phytohormone exposure group in Chapter 3.3:

http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=0e48a49876684364bb49d81758b60ccl

2. Other exposure group in Chapter 3.3:

http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=85a8ba2eca344aaa87d640c4825084e5

3. Fractions run in Chapter 4:

http://gnps.ucsd.edu/ProteoSAFe/status.ijsp?task=3202¢c12903aa4210880cc3f971b00a67
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Appendix C. Antimicrobial assays

Bacteria B3 B.subtilis BH E.coli EH Ruradiobacter

B.subiilis || E.coll || R.radiobacter
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Figure C-1. Antibacterial effects of phytohormones and plant-related signals used in the study

shows no growth inhibiting activities. 1_control = media control (no bacteria) and 2_control
= bacteria control (no signal).
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