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ABSTRACT

The demand for sustainable agriculture practices is increasing as conditions

related to climate change intensify, and plant-based diets gain in popularity. Rhizobia

bacteria are used as inoculants to increase the yield of legume crops by fixing nitrogen in

nodules on legume roots; this reduces the use of costly and environmentally harmful

nitrogen fertilizers. Erythritol is exudated from legume roots, and is catabolized by

Rhizobiaceae genera. The goal of the thesis is to explore how erythritol influences

community composition, and to discover novel genes influenced by erythritol catabolism

in Rhizobium leguminosarum 3841. Microbial communities from bulk soil, and roots, and

nodules of pea plants prepared in the bulk soils were enriched on general and erythritol

media. Colony morphology assays and high throughput sequencing of the microbial

communities reveal that erythritol metabolism is strongly correlated with nodulating

Rhizobia strains on the roots of pea plants. High throughput analyses were also employed

to explore the functional genes involved in catabolizing erythritol. RNA sequencing

results reveal that genes previously reported to be involved with erythritol uptake and

catabolism were expressed in higher abundances in cells grown in erythritol. As well,

new genes were identified whose transcription is regulated by the presence of erythritol,

suggesting a larger gene network involved in erythritol metabolism than previously

thought; including stress mitigation, sugar transport, and rhizosphere quorum sensing.

The results suggest that erythritol may act as a chemical signal that triggers a specialized

response in R. leguminosarum 3841 to out-compete other soil bacteria in colonizing the

rhizosphere, thereby nodulating legume roots. Overall, these results provide direction for

developing inoculant strains that are more competitive in pea rhizospheres.
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1.0 INTRODUCTION

1.1 The importance of rhizobia in pulse crop research and inoculants

With a growing population, changes in dietary preferences, and variable climatic

conditions, there is high demand for increasing agricultural yields in sustainable ways. In

2017, over 6.4 million Canadians followed diets with restricted meat consumption

(Charlesboi et al., 2018). This is an increase of over 250% since 2003. Canadians are

influenced by the expanding scientific support that plant-based diets are helpful for

mitigating climate change issues, and improving overall health. This change increases the

demand for pulse and cereal crop production. Pulse crops are also one way to increase

protein production sustainably. Sustainable agriculture practices also advance global food

security. My research addresses this matter by furthering the understanding of microbes

involved in increasing the yield of crops, which will help reduce the need for using

nitrogen fertilizers.

It is widely known that rhizobial inoculants are important for maximizing pulse

crop yields. Crop inoculants are sold to farmers as a dry powder containing specific, live

microorganisms. Inoculants are applied directly to soils or coated on the seeds before

being added to the soil. When the seeds begin to germinate, the microorganisms and the

plant form close associations with one another. Efforts are ongoing to design inoculants

that are more viable after storage, more successful at surviving and proliferating in soils,

have predictable and safe outcomes when released in the environment, and maximize

nodulation and nitrogen fixation (Kaminsky et al., 2019). Currently, discovering novel

traits using different -omics approaches is of particular interest to researchers.
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In non-leguminous crops rhizobial nodulation does not occur, and external

nitrogen fertilizers are added. Up to 20% of nitrogen fertilizer remains unabsorbed by the

plants and is lost through run-off where it deposits into nearby water bodies (Selman &

Greenhalgh, 2009). Excess nutrients like nitrogen leads to eutrophication (Dokulil &

Teubner, 2010). Eutrophication leads to algal blooms and triggers a cascade of negative

effects that ultimately kill plants and animals from the lack of sunlight and oxygen,

respectively (Dokulil & Teubner, 2010). Harmful toxins from algal blooms can also affect

living systems in the area (O’neil et al., 2012). The disruption of the ecosystem ultimately

affects tourism, fishing, drinking water, and the lifestyle of nearby habitants (Dokulil &

Teubner, 2010).

Rhizobia bacteria – mainly belonging to the Rhizobiaceae family – are a major

source of microbial inoculants. Their unique physiology allows them to form nodules on

various legume roots such as lentils, chickpeas, peas, alfalfa, and clover (Dresler-Nurmi

et al., 2007). While in the nodule, rhizobia convert dinitrogen (N2) from the atmosphere,

which is unusable for the plants, into ammonia (NH3), a form of nitrogen that the plants

can take up and use to synthesize proteins and chlorophyll (Mylona et al., 1995). In

exchange, the plants provide organic carbon as an energy source for rhizobia. This

exchange occurs exclusively in legume roots (Mylona et al., 1995).

1.2 The relationship between Rhizobium leguminosarum 3841 and erythritol

Erythritol is a sugar alcohol exuded from the roots of legume plants, including

Pisum sativum (pea plants), which is the most common plant host for Rhizobium

leguminosarum biovar vicea 3841 (RLV3841). This specific strain is the model organism
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of my thesis. RLV3841 contains six large plasmids which carry genes essential for

nodulation, nitrogen fixation, catabolism of sugar and amino acids, melanin synthesis,

and LPS synthesis (Yost et al., 2006; Hynes & McGregor, 1990). Prior to understanding

the role of erythritol metabolism in RLV3841, researchers found that having these

“accessory genes” yields a competitive advantage for the strain by enabling it to

catabolize different compounds (Yost et al., 2006; Hynes & McGregor, 1990). The ability

to catabolize erythritol differentiates Rhizobium strains from other soil microbial families,

including Agrobacterium strains commonly found in the same soils (New & Kerr, 1971;

Jordan, 1984).

Researchers have discovered genes encoding erythritol uptake and catabolism,

and that pRL12JI (pRL12), the largest plasmid, is required for growth of RLV3841 on

erythritol. From transposon-generated mutagenesis experiments, an erythritol utilization

gene region was discovered, which contains three operons. The genes involved are: eryH,

E, F, G (transport operon); eryA, B, C, D (catabolic operon); and a third operon encoding

a DeoR-type regulator (eryR), and two sugar phosphate isomerases including a predicted

triosephosphate isomerase gene (tpiA2), and a homologue of a ribose-5-phosphate

isomerase gene (rpiB) (Figure 1) (Yost et al., 2006). The DeoR-type regulator acts as a

repressor in sugar metabolism, and the isomerases are involved in glycolysis and

gluconeogenesis (Figure 1) (Elgrably-Weiss et al., 2006; Rodríguez et al., 2012; Barbier

et al., 2014). Both EryD and EryR are responsible for transcriptional repression, however

the function of EryD is more thoroughly understood thus far (Figure 1) (Barbier et al.,

2014). Yost et al. 2006 reported that R. leguminosarum erythritol uptake knock-out

mutants are still able to nodulate and fix nitrogen, but their ability to compete for
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Figure 1. Erythritol catabolism in Rhizobium leguminosarum bv. viciae 3841 based
on protein-encoding gene functions derived from past R. leguminosarum mutagenesis
studies, and have homology to Brucella abortus (proteins labelled in red). The pathway
involves an erythritol ABC transporter (encoded by eryHEFG genes). Once erythritol is
transported within the cell, a phosphate kinase step (encoded by eryA) converts the
substrate to L-erythritol-4-P (L-E-4-P); and a dehydrogenase step (encoded by eryB)
further converts the substrate to L-3-tetrulose-4-P (L-3-T-4-P). The substrate undergoes
three isomerization steps (encoded by eryC, tpiA2, and rpiB2) which transitions
L-3-T-4-P to D-3-tetrulose-4-P (D-3-T-4-P), to D-erythrulose-4-P (D-El-4-P), to
D-erythrose-4-P (D-E-4-P). The substrate undergoes subsequent non-erythritol specific
metabolic steps (labelled in blue) to produce glyceraldehyde-3-P (GA3P) and
fructose-6-P (F-6-P), which undergo other catabolic steps to generate pyruvate which
enters glycolysis. EryD is a transcriptional repressor; once bound to erythritol, the
complex dissociates and eryABCD is expressed.
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nodulation against the wild-type strains is impaired. All of these genes share very high

sequence similarity to Brucella abortus, most likely due to a horizontal gene transfer

between R. leguminosarum and B. abortus in a soil environment (Rodríguez et al., 2012;

Yost et al., 2006).

1.3 The role of root exudates on community composition

The rhizosphere supports a more abundant bacterial population compared to the

surrounding soil because roots release nutrient-rich exudates (Badri & Vivanco, 2009).

Root exudates include an array of different compounds that are synthesized and released

by plant roots and contribute to establishing and maintaining plant-microbe relationships.

The exudate composition ranges from low‐molecular weight compounds such as amino

acids, organic acids, sugars, phenolics and secondary metabolites, to high‐molecular

weight compounds such as polymeric mucilage and proteins (Badri & Vivanco, 2009).

Inorganic acids, ions, water, and oxygen are also present in root exudate cocktails. The

root exudate composition and quantity differs between plant species (Prithiviraj et al.,

2006).

While some plants produce chemoattractants to attract beneficial bacteria, other

plants have been found to produce antibiotics to deter pathogenic bacteria (Prithiviraj et

al., 2006). The microbes are also so tightly reliant on root exudates to carry out metabolic

processes, that it is thought that root exudates are a driving force of plant and microbe

co-evolution (Badri & Vivanco, 2009). Microbial competition can hinder the plant

growth promoting effects of beneficial bacteria, but to avoid such hindrance, root systems

have evolved to exude substances that increase the abundance of beneficial bacteria in the
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rhizosphere, and impose a selection for host-specific nodulating bacteria. Prior to

nodulation, the root surface is covered in a matrix of bacteria (Currier & Strobel, 1976).

Root exudates are also routinely studied in their role in mediating signaling

between nodulating bacteria and their respective plants. For example, lectin from soybean

binds to an exopolysaccharide specific to Bradyrhizobium japonicum (Currier & Strobel,

1976), and flavonoids indirectly upregulate symbiosis-related (Nod) genes in rhizobia

(Walker et al., 2020). Although researchers have focused on root exudates for several

decades, there is still a gap in understanding bacteria-exudate specificity processes at the

molecular and mechanistic levels (Currier & Strobel, 1976; Badri & Vivanco, 2009).

Understanding how Rhizobium responds to erythritol in the environment might

help uncover mechanisms that can be targeted to enhance the efficacy of inoculants in

terms of survivability, and reliability (Amarger, 2002). In addition, exploiting specific

molecules and mechanisms that increase the abundances of beneficial bacteria can aid in

out competing soil-borne pathogens or other non-beneficial bacteria that consume

valuable resources (Badri & Vivanco, 2009).

1.4 Studying microbial community composition with amplicon sequencing of

phylogenetic marker genes

Alpha diversity metrics are commonly used to analyze and compare microbial

communities from different environmental conditions. The metric takes into account both

richness and the relative abundances of different species (Willis, 2019). In order to

measure alpha diversity in environmental samples, a broad technique known as

microbiome profiling can be used to characterize and estimate abundances of different
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organisms in a sample. This is accomplished by PCR amplification and sequencing of a

conserved gene with enough variability between groups of organisms that it serves as a

“genetic barcode” (Vancuren et al., 2020). Common genetic barcodes include the 16S

rRNA gene in bacteria, and ITS or 18S rRNA gene region in fungi (Vancuren et al., 2020;

Links et al., 2012). Using the cpn60 gene is a more recent approach for barcoding. The

gene encodes for a 60 kDa chaperonin protein which assists in protein folding, and is

universal to bacteria, eukaryotes, and some archaea. All of the barcodes mentioned

contain a highly conserved region (universal target) and a variable (barcode) region

(Vancuren et al., 2020). The universal target allows for targeted PCR amplification, and

the barcode associates the sequence to a specific organism.

The 16S rRNA gene region is a universally recognized barcode; however, since

the International Barcode of Life (iBOL) project outlined criteria for a molecular barcode

across all life, the 552–558 bp region of the cpn60 gene has become a viable alternative

to the 16S rRNA gene (Meyer & Paulay, 2005; Vancuren et al., 2020; Links et al., 2012).

Due to the considerable length of its barcode, cpn60 amplicon sequencing also enables de

novo assembly of operational taxonomic units (OTUs) for novel strains to be identified

(Vancuren et al., 2020). The 16S rRNA barcoding method is only able to identify OTUs

currently in its reference database. Also, 16S rRNA gene barcoding cannot provide

resolution to the species level (Links et al., 2012). In contrast, cpn60 is able to resolve

closely-related bacteria and identify organisms at the species and subspecies level. This is

mainly due to the exceptional barcode gap in the sequence. The barcode gap refers to the

separation between intraspecific barcode variation and interspecific divergence in the

barcode (Meyer & Pauley, 2005; Hebert el al., 2004; Čandek & Kunter, 2015).  In
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contrast to the 16S rRNA gene, cpn60 is a protein encoding gene that allows for greater

nucleotide variation due to the degeneracy of three-base pair codons in the amino acid

sequence.

1.5 Using high-throughput sequencing methods to explore novel genetic functions

1.5.1 Using RNAseq

In this thesis, RNA sequencing (RNAseq) is used to understand the genetic

network within RLV3841 that is responsive to erythritol uptake and catabolism. RNAseq

measures gene expression patterns. Environmental factors elicit phenotypic responses

facilitated by proteins (Ramos et al., 2001). To summarize the central dogma of

molecular biology, proteins are created when DNA is transcribed into RNA, and RNA is

translated into the appropriate amino acid sequence (Li & Xie, 2011). Gene expression

refers to the first half of this process. Differential gene expression analyses allow

researchers to statistically conclude how specific culture conditions influence

transcription at a particular time.

High throughput cDNA sequencing (RNAseq) has replaced the previous

transcriptomics technique of microarrays for identifying differential gene expression

(Wang et al., 2009; McGettigan, 2013) (Figure 2). Similar to a microarray approach,

RNA is isolated and converted into cDNA; but instead of hybridizing to a microarray, the

cDNA is parallel sequenced. The fragmented sequences are aligned in silico using a

previously sequenced reference genome. To quantify differential gene expression, the

number of fragmented sequences aligning to a matching gene region is enumerated.
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While both methods quantify the expression of multiple genes at particular culturing

times (Moran, 2009), microarrays are inferior in the sensitivity and reproducibility of

detecting gene expression changes (Evans & Watson, 2003). In addition, microarrays

require more initial planning and understanding of the genome of interest prior to

sampling (Rosenthal et al., 2011). Microarray results have been shown to be more biased

since the primers and probes only target chosen genes based on prior knowledge

(Poretsky et al., 2009; Zhang et al., 2014). RNAseq does not require any probes, primers,

or knowledge of which genes are deemed important in order to carry out the analysis

(Moran, 2009). Quantitative reverse transcription PCR is another method to measure

relative gene expression, but the number of genes that can be analyzed is much less, and

gene nucleotide diversity across strains makes primer design challenging (Moran, 2009).

When analyzing the number of Google Scholar results for both microarray and

RNAseq publications, it is evident that there is a decrease in the rate of publications

between 2010 and 2020 for microarray research. Meanwhile, researchers are using

RNAseq more frequently, and the rate of publications continues to increase due to its

efficiency and versatility (Figure 2). In addition, high-throughput sequencing is becoming

more affordable, making RNAseq an increasingly more available tool to researchers

(Wetterstrand, 2020). There is also an increasing demand to understand microbial

interactions that contribute to global concerns such as soil health, polymicrobial

infections, and food spoilage. In preparation for an increase in the rate of RNAseq

experiments performed, we must have a standard systematic procedure for experimental

set-up and data analysis. This way data can be compared between studies. In response to

the popularity of microarrays, Hegde et al. (2000) recommended that robust and
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Figure 2. Number of Google Scholar results for published DNA microarray and
RNAseq studies visualized with a logarithmic scale on the y-axis. Each point represents
the number of results since 1980.

10



reproducible protocols must be developed for using this technology to maximize its

efficiency and applicability. Similarly, the same needs to happen for RNAseq. This thesis

uses transcriptomics to identify novel genes involved in erythritol catabolism by

characterizing the gene networks that are differentially regulated.

1.5.2 Using INseq

Similar to RNAseq, transposon insertion sequencing (INseq) aims to uncover the

function and importance of genes in particular environments. Instead of sequencing RNA

transcripts, the DNA from a pool of mutants is extracted and sequenced. To produce a

mutant pool in my experiments, transposon mutagensis is performed using a suicide

vector containing a mariner transposon. The suicide vector pSAM_R1, is a small and

mobilizable plasmid, containing its own replication and transfer genes, but with a

RLV3841-specific promoter (rpoD promoter). Therefore, once the plasmid conjugates

into RLV3841, the promoter will drive the expression of plasmid-borne himar1c0

transposase gene to produce a transposase enzyme that mediates transposition. The

suicide vector also contains ampicillin resistance genes apart from the transposon (Perry

& Yost, 2014). This antibiotic can therefore be used in culturing and selecting for

Escherichia coli cells containing the plasmid to increase efficiency of transfer. The

transposon itself contains a neomycin/kanamycin (nptII) resistance gene which makes it

possible to select for RLV3841 cells containing a transposon insertion event (Perry &

Yost, 2014). The plasmid also contains MmeI restriction sites, which enable downstream

library preparations for sequencing the sites of mutagenesis.
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The mariner transposon uniquely inserts at T-A motifs across the entire genome

without bias; whereas other transposons, such as Tn5, insert randomly (Perry & Yost,

2014; Green et al., 2012).  The benefit of using mariner transposons is its unique

mechanism of insertions. By only inserting at T-A motifs, the maximum number of

transposition events to saturate the genome can be estimated in silico. Statistical analyses

can then be applied to predict the essentiality of every gene under particular growth

conditions (Perry et al., 2016; DeJesus et al., 2015). A transposon insertion event may

result in a loss of function mutation. If the loss of function occurs in a gene that is

essential to the survival and reproducibility of a cell under particular conditions, then the

cell dies or does not replicate. The mutation therefore is not maintained in the population

over time. After many generations, the mutant pool consists of cells with genomes that

contain loss of function mutations exclusively in genes encoding for features that are

“non-essential” for cell survival and reproducibility in the particular culture condition

(DeJesus et al., 2015; Perry et al., 2016). The genes that contain statistically few, or no

insertions are concluded to be the “essential” genes in a particular condition.

1.6 Objectives of the thesis

The goal of my thesis research is to increase the understanding of erythritol

catabolism and its relevance in the rhizosphere of pea plants. To achieve this, the two

main objectives are:

1. To explore the connection between erythritol catabolism and bacterial

diversity within the pea root environment, and the selective pressure for

nodulating Rhizobiaceae strains in the rhizosphere.
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2. To expand our knowledge of the gene network connected to erythritol

catabolism in Rhizobium leguminosarum 3841.

The first objective uses colony morphology and cpn60 amplicon sequencing to

evaluate how microbial community composition and alpha diversity change between the

environments of bulk soil, pea root, and pea nodule. Based on what is currently known

about Rhizobia-erythritol specificity, I hypothesize that there is an increasing degree of

selective pressure for nodulating, erythritol-catabolizing bacteria transitioning from the

bulk soil (unassociated with the rhizosphere), to roots, to nodules. The roots will impose

more selective force than the soil because of the higher concentrations of erythritol-rich

exudates in the rhizosphere. Because of this selection, the diversity of the communities

will decrease transitioning from the bulk soil, to roots, to nodules. D istilling the

bacteria-exudate specificity process down to the specific molecules and mechanisms

involved is challenging, and therefore understudied (Currier & Strobel, 1976; Badri &

Vivanco, 2009). This study provides novel insights into how erythritol-catabolizing

mechanisms influence the recruitment of microbial communities towards pea plant

rhizospheres.

The second objective proceeds by further characterizing the mechanisms, and

advantageous traits involved in erythritol catabolism. With the exception of the study

from Yost el al. in 2006, there is a paucity of data characterizing the role of erythritol

uptake and catabolism as a competitive strategy in Rhizobium. To observe the metabolic

abilities within an organism, sequencing the whole genome is not sufficient. Although

understanding the genetic potential is important, observing the functionality of these

genetic sequences is necessary for further characterizing RLV3841. For the second
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objective, both RNA sequencing (RNAseq) and transposon insertion sequencing (INseq,

or alternatively TnSeq) techniques are employed to understand the function of RLV3841

genes in erythritol uptake and catabolism. The second objective explores whether there

are more than 10 previously known genes involved in erythritol catabolism and uptake;

as well as confirms the previous findings by Yost et al. (2006).

Efforts to design more efficient legume crop inoculants are ongoing. Ultimately,

the objectives of this thesis strive to provide direction for developing inoculant strains

that are more competitive in the rhizosphere, and more efficient at nodulating and fixing

nitrogen. A nuanced concept of building a “minimalistic microbe” has been introduced in

soil microbiology (German et al., 2007). By understanding the minimal set of genes

required for a high-performing rhizobial strain, synthetic biology strategies can be

employed to improve inoculants in multiple facets.
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2.0 MATERIALS AND METHODS

2.1 Microbial community enrichments

2.1.1 Preparing the pea plants

Soil samples were collected by Nikki Burnett, from three separate pea crops in

mid and southern Saskatchewan (Treaty 4 and Treaty 6), each representing a different soil

type (Table 1) (Figure 3). Three of the four main soil types in Saskatchewan were

represented in this experiment: Dark Brown, Thin Black, and Thick Black. Three samples

were taken from each crop, each from different locations in the crop.

The plants were also prepared and maintained by Nikki Burnett. Two-tiered

magenta jars were set up with coarse vermiculite in the top portion, and plant nutrient

solution in the bottom with a large kim wipe thread from the bottom portion up into the

vermiculite (Figure 4). The jars were then autoclaved and left to cool. Before Pisum

sativum seeds, from the green pea CDC Meadow cultivar, were planted in the vermiculite

portion, they were first sterilized in a 30% (v/v) commercial bleach (7.5% sodium

hypochlorite) wash for 5 min (submerged and shaken), followed by a 70% ethanol wash

for 5 min (submerged and shaken). The seeds were then washed with 5 rounds of sterile

water, placed on 1% water agar plates with sterile forceps, and left to germinate for four

days in a dark cabinet at room temperature for 4 days (until a radical has formed).

For each soil type, equal grams of bulk soil to milliliters of sterile water were

combined to produce a soil slurry that was then poured into the magenta jars. This

inoculated the germinated seeds with soil-dwelling bacteria. Three biological replicates

were prepared for each soil type, and each magenta jar contained two germinated seeds.

Sterilized tap water was added to the magenta jars every 2 days, and the plants were
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Table 1. Geographical location of soil samples

Figure 3. Map of the geographical locations of the soil samples collected.
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Figure 4. Experimental set-up for growing and sampling pea plants.
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exposed to a 16-hour light cycle at room temperature. Plants were stored in an

undisturbed room, on racks with a single light bulb per plant. At 28 days, the roots and

nodules were harvested for sampling. One of two plants in each jar was randomly

selected for sampling, which was collaboratively done with Nikki.

2.1.2 Harvesting the roots and nodules

The plants were removed from the magenta jars and the root-adhering vermiculite

was loosely shaken off in a tub of sterile water. The roots were separated from the shoots

by slicing off and removing all plant matter above the cotyledon (Figure 4). The roots

were gently handled to maintain maximal numbers of bacteria adhering to them. To avoid

contamination, the roots were handled with ethanol sterilized gloves, and an ethanol

sterilized work surface. With sterile gloves, the nodules were removed and 100 mg were

collected in a 25 mL falcon tube. Tweezers were not used in this procedure to avoid

bursting the abundant nodule-inhabiting bacteria with the sharp ends. The remaining bare

roots were cut up into approximately 2 cm long strands, weighed and set aside in separate

flasks for the proceeding bacterial removal step.

2.1.3 Preparing the nodules for culturing

The nodules were first surface sterilized by immersing in 95% ethanol (2 mL),

vortexing briefly on medium-high, and left to rest at room temperature for 10 seconds.

The nodules were then transferred to a 1.5 mL tube containing 3% (v/v) sodium

hypochlorite. The nodules were briefly vortexed on high and left to soak for 3 minutes at

room temperature. The nodules were rinsed in five changes of sterile water, and were
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transferred with dull sterile forceps, to new 1.5 mL tubes for each wash. To confirm the

sterilization technique was effective, two nodules from each biological and technical

replicate were reserved and plated on the following media: Tryptone-yeast extract (TY),

Vincent’s Minimal Medium (VMM) agar with mannitol as the sole carbon source (55

mM) (VMM + Mannitol), and Vincent’s Minimal Medium (VMM) agar with erythritol as

the sole carbon source (55 mM) (VMM + Erythritol) (Beringer, 1974; Vincent, 1970).

Before crushing the nodules, 0.9mL Phosphate Buffer Solution (1XPBS) was

added to each tube. The blunt-end of an inoculation loop was ethanol-flame sterilized and

used to aseptically crush the nodules in a 1.5 mL tube until the PBS solution appeared

viscous and cloudy. The nodule mixtures were serially diluted with PBS buffer, and

spread plated in duplicate using glass beads onto TY, VMM + Mannitol, and VMM +

Erythritol (Beringer, 1974; Vincent, 1970).

2.1.4 Preparing the roots for plating

The root samples from each plant weighed between 3 and 5 grams. Equal amounts

of 1XPBS (w/v) was added to sterile 50 mL falcon tubes containing the roots (Wang et al.

2017). To culture the root-adhering bacteria, the cells first had to be dislodged from the

root and suspended in PBS solution. In order to do so, the tubes were vigorously vortexed

for 5 minutes, and then shaken at room temperature for 30 min at 200 rpm. Following the

incubation, the tubes were vigorously vortexed again for 5 min. For each replicate, 1mL

of the bacterial suspension was aliquoted out, serially diluted, and spread plated in

duplicate using glass beads onto TY, VMM + Mannitol (55 mM), VMM + Erythritol (55

mM) agar (Beringer, 1974; Vincent, 1970).
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2.1.5 Preparing bulk soil for plating

For each bulk soil sample, 1g of soil was added to 10 mL 1XPBS in a sterile 25

mL falcon tube. The mixture was vigorously vortexed for 5 min. Then, 1mL of the soil

suspension was aliquoted out, serially diluted, and spread plated in duplicate using glass

beads onto TY, VMM + Mannitol (55 mM), VMM + Erythritol (55 mM) agar (Beringer,

1974; Vincent, 1970). Plates were incubated at 30°C for 2 to 10 days. The plates were

routinely checked and the colonies were counted. The plates were checked often to

ensure that a fast growing strain did not overtake the plate and hinder the observation of

the other colonies. The TY plates produced an even distribution of countable colonies

after 2-4 days, while VMM + Mannitol took approximately 4 days, and VMM +

Erythritol took more than 7 days.

2.1.6 Qualitative and quantitative observations

The number of colony forming units (CFUs) were counted for each plate, which

was then used to estimate the CFUs per gram of sample based on the dilution plated. A

photo was taken for each plate in a well-lit fume hood with a black background for

qualitative observations. It was important that the lighting of the photos remained

consistent so the colony colour and shade observations were made under similar

conditions for all plates.

The colour and opacity of 50 randomly selected colonies were observed on each

plate. A 50-section grid was electronically added to every plate photo to randomly select
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50 colonies evenly dispersed on each plate (Figure 5). If more than one colony was in a

grid space, the colony closest to the middle of the grid space was observed.

2.1.7 Post-incubation DNA extractions for cpn60 amplicon sequencing

One of two technical replicate plates was randomly selected for cpn60 amplicon

sequencing. The cell matter on the plate was scraped and collected with an ethanol-flame

sterilized glass hockey stick. The viscous matter was pipetted, with cut pipette tips, into

1.5 mL microcentrifuge tubes. The cells were centrifuged at 15000 rpm for 15 minutes,

and all clear supernatant was removed. The pelleted tubes were stored in a -20°C freezer

for four months before carrying out the DNA extraction protocol.

When removed from the freezer, the tubes were defrosted and spun again at 15

000 rpm for 15 minutes. Most of the supernatants from the tubes were cloudy, indicating

that most likely they still contained cells. For each tube, the supernatant was removed

from the pellet and placed in a separate 1.5 mL tube with equal amounts of 1M NaCl.

The pellet from the last centrifugation step was also resuspended in 1 mL of 1M NaCl.

All tubes were vortexed vigorously to resuspend the cells, and then incubated on ice for

one hour. This incubation process was performed to disrupt the polysaccharide capsule in

order to improve the cell harvesting efficiency (Perry & Yost, 2014). After one hour, the

cells were spun again at 15 000 rpm for 15 minutes. The pellets from each replicate were

pooled together and resuspended in a total of 1 mL TE buffer (pH 8.0).

For extracting high concentrations of DNA from 72 samples, the Qiagen DNeasy

Blood and Tissue kit was used. To soil-swelling bacteria diversity, and bacteria specific

for nodulating legumes (ie. Strains in the order of Rhizobiales, specifically RLV3841)
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Figure 5. 50-section grid. Grids were electronically added to plate photos to randomly
select 50 colonies for qualitative observations.
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Pretreatment and Purification protocol for Gram-negative bacteria was followed without

any modifications.  The concentration of DNA for each sample was measured using the

Qubit and dsDNA Broad Range Assay Kit (Invitrogen).

2.1.8 cpn60 amplicon sequencing and analysis

The samples were sent to the National Research Council of Canada for final

library preparation steps and cpn60 Universal Target amplicon targeted sequencing and

filtering. Amplicon sequence variants (ASVs) were assigned with the National Research

Council of Canada’s pipeline as well. To avoid sequencing artifacts, all ASVs with fewer

than 50 reads aligned were removed using phyloseq R package v. 1.34.0 (McMurdie &

Holmes, 2013). The dataset was then normalized using Cumulative Sum Scaling + log

transformation before all downstream analyses (Paulson et al., 2013). Before continuing

with the analyses, rarefaction curves were generated for each sample using Calypso v.

8.84 (Zakrzewski et al. 2016). This validated whether the sequencing depth was sufficient

in representing the community in each sample. Community similarities were also

visualized with non-metric multidimensional scaling (NMDS) plots and core microbiome

Venn diagrams across soil types, sample types, and enrichment types using Calypso.

To assess the diversity differences across sample types and enrichment media

types, alpha diversity was calculated with Inverse Simpson measures offered in the

Phyloseq R package v. 1.34.0 (McMurdie & Holmes, 2013). Alpha diversity was

compared across enrichment types and sample types. To assign significant differences

Wilcoxon Rank Sum tests were performed. To avoid the multiple testing error, p-values
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were adjusted as False Discovery Rates using Benjamini and Hochberg correction using

the Stats R package v. 4.0.3 (R Core Team, 2020).

The Inverse Simpson measures warranted further investigation regarding which

taxa are influencing the diversity measures. Linear discriminant analysis Effect Size

(LEfSe) tests were performed using Calypso (Segata et al., 2011; Zakrzewski et al., 2016)

to differentiate abundant taxa. Pairwise LEfSe tests were performed for all sample types

enriched on Erythritol vs. TY, and Erythritol vs. Mannitol; and between Soil vs. Root

sample types in all three enrichment media. Statistical differentiation was conducted

using Kruskal-Wallis sum-rank test and the effect size of differentially abundant taxa was

performed using linear discriminant analysis (LDA). The LDA scores greater than 3 were

deemed significant in this analysis. Data visualization for Inverse Simpson measures and

LEfSe tests were performed in R with ggplot2 v. 3.3.3 (R Core Team, 2020; Wickham.

2016).

2.2 Constructing growth curves

Frozen stocks of RLV3841 in -80°C were revived and propagated once before this

experiment. For each biological replicate, a single colony of the strain was used to

inoculate a separate overnight culture broth of Tryptone-yeast extract (TY) with

streptomycin (sm) (500 µg/mL). The tubes were incubated at 30°C in a rotating apparatus

overnight (12 to 15 hours), until the optical density at 600 nm wavelength (OD600) was

0.3-0.4. If the OD600 exceeded 0.3-0.4, then the culture was diluted by at least half, and

re-incubated until the culture reached the desired range. Once the optical density was

achieved, 2.5mL of each culture were combined in a flask with 50mL of Vincent’s
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Minimal Medium (VMM) with added mannitol or erythritol as the sole carbon source (55

mM), or in Tryptone yeast extract (TY) broth (Vincent, 1970; Beringer, 1974). The flasks

were incubated at 30°C at 120 rpm for 70 to 100 hours when the cells were in a stationary

growth phase.

The OD600 of each flask was measured with a spectrophotometer every 6 to 8

hours. The measurements were blanked with sterile, uninoculated culture. As the cultures

became more turbid, the samples added to the cuvette were agitated with an inoculation

loop to avoid the cell debris settling to the bottom of the cuvette and producing an

inaccurate turbidity reading. The doubling times of the growth curves were estimated by

first calculating the slope of the line of best fit amongst the data points in the exponential

growth phase. The formula is the form of Y=AeBx. Given these values, the doubling time

(Td) was calculated with the following formula:

Td = ln2/lnB

2.3 Using functional genomics to uncover novel gene networks regulated by the
presence of erythritol

2.3.1 RNAseq

The cultures of RLV3841 were prepared with the same method as section 2.2.

However, tubes containing a volume of 5 mL of VMM were inoculated with 0.25 mL of

overnight culture rather than inoculating in 50 mL of VMM with 2.5 mL of overnight

culture. In addition, the concentration of erythritol and mannitol carbon sources added to

VMM were lowered to 15 mM. This concentration was chosen in order to more carefully

monitor the OD600 of the cultures, and to prevent a rapid over-accumulation of cells
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beyond the anticipated OD600. Also, the lower concentration uses the same procedure as

the RNAseq experiment performed by a past IMSS lab colleague, Dr. Dinah Tambalo. To

follow her successful RNAseq suggestions, and in hopes of combining or comparing with

her previous datasets, the culture preparations were kept the same.

It was crucial that the cells in both conditions, and all replicates were sampled at

the same growth phase so that any expression pattern differences are solely a result of the

different carbon source. The growth curves constructed in 1.1, and the previous results

from Dr. Tambalo were used to predict the times when the cultures reached early to mid

exponential phase (0.4 - 0.5 OD600). The predicted and theoretical incubation times, along

with the OD600 readings are summarized in Table 2.

Table 2. Predicted and theoretical incubation times to reach early to mid exponential
phase, along with the OD600 readings and colony forming units (CFU/mL) of
Rhizobium leguminosarum 3841 in VMM + Erythritol and VMM + Mannitol.

Once the desired OD600 absorbances were reached, the cultures were suspended in

5% acid phenol (phenol solution saturated with citrate buffer, pH = 4.3) in ethyl

anhydrous (absolute ethanol). An OD600 unit of approximately 0.2 cell culture (Volume of

cell culture, Vc = 0.2/OD600) and a unit of 0.4 phenol/ethanol (Volume of phenol/ethanol,

Vp = 0.4/Vc) were mixed together. The acid phenol/ethanol is useful in the extraction for
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multiple reasons: it lyses the cells and also aids in purifying the RNA in the aqueous

phase, while most of the DNA and proteins remain in the interphase or organic phase

(Chomczynski & Sacchi, 2006). To avoid disrupting the culture when taking the OD600

readings, a proxy culture was used when monitoring the final OD600 to determine the

number of cells to be suspended in acid phenol/ethanol. Once the cells from all samples

were suspended in phenol, the actual OD600 readings of each culture took place. The

absorbances were all within 0.01 and 0.08 from the proxy, which means that the unit of

cells suspended in acid phenol were relatively precise.

The cells suspended in the acid phenol/ethanol solution were centrifuged at 8200

x g for 15 minutes. The supernatant was removed, and the pellets were stored at -80°C

for 3 weeks before the remainder of the RNA isolation was carried out. When the RNA

isolation resumed, the pellets were removed from the freezer, and all subsequent work

was performed with tubes set on ice. The samples were resuspended in 100uL TE buffer

with 50 mg lysozyme/mL and 20 mg/mL proteinase K, and the rest of the RNA isolation

was performed according to the Suchan et al. 2020 study. DNA decontamination was

performed using the Turbo DNA-free kit according to the manufacturer instructions

(Thermo-Fisher). Rather than using cDNA synthesis to confirm the depletion of DNA

(Suchan et al., 2020), a polymerase chain reaction (PCR) using primers to amplify a 16S

rRNA gene region was performed, and the products of the PCR were visualised with gel

electrophoresis. A 1.5% agarose gel made with TAE buffer and ethidium bromide (2.0 X

10-4 mg/mL) was used, and ran at 90 volts for 1 hour (Figure 6). The absence of bands in

the lanes loaded with the samples confirmed that the DNA was successfully depleted.
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Figure 6. Agarose gel loaded with 16S rRNA gene region PCR amplification of
isolated RNA. Agarose gel (1.5%) prepared with TAE buffer, ran at 90 volts for 1 hour,
and loaded with PCR products amplifying the 16S rRNA gene region of isolated RNA.
The ladder and positive control (DNA extracted from RLV3841) were loaded in lanes 1
and 2 respectively. Lanes 3 and 4 contain PCR products from the isolated RNA.
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The samples were subjected to rRNA depletion with Illumina Bacterial Ribo Zero

Kit according to the manufacturer’s instructions. The RNAClean XP beads were

recommended because they are manufactured without the contamination of RNases.

Instead of using RNAClean XP beads, AMPure beads were used as a substitute. Other

steps were taken to minimize RNase contamination such as using RNaseZap (Invitrogen)

to decontaminate lab-bench surfaces, and using RNase free pipette tips.

The samples were also assessed for quality and size distribution before and after

rRNA depletion with Bioanalyzer trace technology and the Agilent Bioanalyzer RNA

6000 Nano kit. Prior to sequencing, the concentration of the isolated RNA was estimated

using the Qubit Broad Range Assay kit (Invitrogen). All six samples were prepared using

the NEBNext Ultra II Directional RNA library prep kit for Illumina according to the

manufacturer’s Chapter 4 Protocol (New England Biolabs). The specific NEBNext Index

Primers used for each sample is outlined in Table 3. The library was checked for quality

using Agilent Bioanalyzer DNA High Sensitivity kit. The libraries were then denatured

and diluted according to the MiniSeq System Guide (Illumina), and sequenced on the

MiniSeq using the MiniSeq System High-Output Kit (1 x 75 bp) (Illumina).

The quality of the raw reads were inspected before and after trimming using

FastQC v. 0.11.8 (Andrews, 2010). The Illumina adapters were then removed from the

raw reads using Trimmomatic v. 0.39 (phred 33), a minimum length of 36 bp, and a

sliding window of 4:20 (Bolger et al., 2014). The reads were aligned to the National

Centre of Biotechnology Information GenBank Rhizobium leguminosarum 3841

(ASM926v1) reference coding sequences using Bowtie2 v. 2.3.5 default settings (phred

33) (Langmead and Salzberg, 2012). The reference transcriptome was a coding sequence
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(cds) file obtained from the Refseq assembly database. A custom reference transcriptome

can also be created from the reference genome; in fact, the alignment rates for both

methods were consistent. However, problems resulted with the custom transcriptome

approach including some important coding sequences missing from the reference

transcriptome. This led to issues downstream in DESeq2.

The aligned reads were converted to binary format (.bam), sorted, and indexed

using Samtools v. 1.7 (Li et al., 2009). Reads were also filtered out if the mapping quality

score was below 30. Often a mapping quality score greater than 10 describes a uniquely

mapped read, so a score below 30 was highly stringent for uniquely mapped reads. Even

with this constraint, a high enough level of total aligned reads was maintained.

Salmon v. 1.3.0 was used to quantify the number of reads mapping to each coding

sequence from the binary alignment files of each sample (Patro et al., 2017). The raw

read quantification was normalized to transcripts per million (TPM). A quality control

check was taken by adding all of the normalized read counts from all of the coding

sequences together. The read counts from Salmon were analyzed in DESeq2 v. 1.30.1 R

package. DESeq2 quantifies the variability in gene read counts between the erythritol

(condition) and mannitol (control) group using negative binomial generalized linear

models to assign statistical significance and logarithmic fold changes to each gene (Love

et al., 2014). All coding sequences with less than 10 reads were removed from the dataset

to avoid sequencing artifacts and non-biologically relevant results. Three independent

biological replicates were performed for each condition to maintain the statistical power

of the study. DESeq2 requires one “degree of freedom” to estimate dispersions. To derive
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the degrees of freedom, the number of samples (6) are subtracted from the groups (two:

erythritol and mannitol). In this case, there are 4 degrees of freedom.

Since an RNAseq dataset contains transcript abundances matching to thousands

of genes, the statistical analysis involves testing thousands of hypotheses, one for each

gene. Because there are thousands of compounds influencing a test in RNAseq, the

likelihood of a test giving a false positive is relatively high – therefore, a standard p-value

is too conservative (Bourgan et al., 2010). To correct for the multiple testing problem, an

adjusted p-value was used to determine statistical significance. The adjusted p-value

represents a False Discovery Rate (FDR) less than 0.05, which is used in most other

RNAseq studies as well. A non-adjusted p-value would mean that 5% of all tests are false

positives. The FDR adjusted p-value means that 5% of all the significant tests are false

positives, which ultimately yields fewer false positives.

The end result of DESeq2 is a tabular output of statistically differentially

expressed genes (DEGs) with their respective log2 fold changes (FC) and adjusted

p-values (p-val). Data visualization was done using SparK visualization tool v. 2.6.2

using bedgraph files generated from DeepTools bamCoverage v. 3.3.2 (Kurtenbach &

Harbour, 2019; Ramírez et al., 2016). The function of most DEGs and their encoded

proteins were derived mainly from the online database Kyoto Encyclopedia of Genes and

Genomes (KEGG) (Kanehisa & Goto, 2000), Uniprot (The UniProt Consortium, 2021),

and the Protein Family Database (pfam) (Mistry et al., 2020), InterPro (Blum et al.,

2020), and other NCBI gene and protein databases (NCBI).
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2.3.2 INseq

To produce the initial mutant pool, insertional mutagenesis was performed using a

suicide vector containing a mariner transposon (Perry & Yost 2014). The vector,

pSAM_R1, is maintained in E. coli SM10 λpir. Glycerol stocks of the strain were revived

on Lysogeny Broth (LB) agar plates with ampicillin (am) (100 µg/µL) added as a

species-specific selectable antibiotic, and incubated at 37°C (Sambrook et al., 1989). A

single colony was used to inoculate an overnight culture tube of 5mL LB + am (100

µg/µL) broth, incubated at 37°C, 200 rpm until the OD600 reached 0.8. Meanwhile, 10 mL

overnight cultures in 25mL flasks of RLV3841 were prepared similar to other

experiments and grown until an OD600 of 0.8 was reached. Since the cultures were in

small flasks, they were shaken at 120 rpm rather than using the rotating drum.

Once the cultures reached the desired optical densities, 1 mL and 0.5 mL of

RLV3841 and E. coli respectively were combined in a 1.5 mL tube. Six tubes were

prepared for each replicate similar to Perry and Yost (2014). Only one replicate was

performed. To wash the cells, each tube was immediately centrifuged at 12000 rpm for 3

min. The supernatant was discarded and the cells were resuspended in 1 mL of 1XPBS.

This wash step was repeated twice, ending with a final centrifugation step to pellet the

cells. The supernatant was discarded. The cells were resuspended in 100 µL 1XPBS

buffer spotted onto prewarmed TY agar plates without any antibiotics. Spots of pure

RLV3841 and pure E. coli were performed as controls. The mating spots were incubated

at 30°C for 24 hours.

Each mating spot was scraped using a plastic pipette tip and resuspended in 1 mL

VMM + Ery (55 mM) broth. The six resuspended mating spots for each replicate were
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pooled together and vortexed in a 25mL falcon tube. Next, 500 µL of conjugation

mixture was spread onto a 245 X 245 mm2 corning plate with VMM + Ery (55 mM) + sm

(500 µg/mL) + nm (100 µg/mL). Six plates were inoculated in total. As well, 100 µL of

the conjugate mixture was serially diluted and the cells were enumerated on VMM + Ery

+ sm + nm, TY + sm, and TY + sm + nm. The enumerations were performed as a positive

control, and to measure the frequency of transposition events. The remaining conjugate

mixture was pelleted and resuspended in 30% glycerol solution and frozen at -80°C.

The plates were incubated at 30°C for approximately 16 generations. From

previous research, this is usually achieved at 48 hours for R. leguminosarum on TY

(Perry & Yost 2014). Based on the assumption that the doubling time on VMM +

Erythritol is approximately 6 hours (obtained from the results in section 3.2.1), the plates

were planned to be incubated for 96 hours. Rather than solely relying on the theoretical

times, the plates were also closely monitored until a faint, thin film of bacteria was

observed (Perry et al., 2016). At the theoretical time point of 96 hours, the bacteria had

not produced a thin film so the plates were incubated once more overnight. The plates

were scraped using an ethanol-flame sterilized glass hockey stick and collected in a

falcon tube. Four of the plates were scraped at 114 hours and pooled together while two

of the plates were left to incubate overnight once more and were scraped at 138 hours.

The plates sampled at the two time points were prepared, sequenced, and

bioinformatically analyzed independently.

When scraping the pates, the cell matter was very viscous, so a similar procedure

as section 2.1.7 was performed to diffuse the capsule and maximize cell recovery (Perry

& Yost, 2014). First, 10 mL of 1 M NaCl was added to the cells, the tube was vortexed on
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high for 15 seconds, and incubated on ice for 1 hour. The mixture was distributed into 1.5

mL tubes, washed twice with 1 M NaCl by centrifuging for 3 minutes at 12000 rpm, and

ended with a final centrifugation and decanting of the NaCl. For each replicate, all the

pellets were pooled together and resuspended in a final volume of 1100 µL 0.9% saline.

The saline samples were pelleted and frozen at -20°C for one week prior to the following

genomic DNA (gDNA) extraction step.

The gDNA extraction was carried out according to the procedure from Meade et

al., with minor adaptations (1982). The cells prepared from the previous section were

defrosted, centrifuged, and the saline was decanted. The pellets were then resuspended in

250 µl of a 20% sucrose solution made in a buffer solution made of 10 parts Tris-HCl,

and one part EDTA (TE) (pH = 8). An equal volume of a lysozyme (5 mg/mL) + RNase

(1 mg/mL) solution was added, and incubated for an hour at 37°C. Next, 100 μL of a 5%

Sarcosyl solution with Proteinase K (5mg/mL) in TE was added, the tube was gently

inverted several times to mix the solutions, and was incubated overnight at 37°C. The

following day, the cell material was subject to organic extraction by adding 70 μL of 3M

sodium acetate (pH = 5.4), 300 μL of buffer-saturated phenol (pH >7.4), and 100 μL of

chloroform to the tube and vortexed on high for 10 seconds. The cell matter was pelleted

by centrifugation for 10 min at 13000 rpm and the viscous aqueous phase was collected

in a fresh tube using a cut pipette tip. The organic extraction was repeated again with 200

µL phenol, and 200 µL chloroform, centrifuged for 10 min at 13000 rpm; and thirdly

with 400 µL chloroform, centrifuged for 10 min at 13000 rpm. It was paramount that the

aqueous phase was taken at each step without any contamination of the interphase or
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organic phase. A small layer of aqueous phase was left in each tube to prevent this from

happening.

The final aqueous phase was combined with an equal volume of cold isopropanol

alcohol to precipitate the DNA. The white precipitate could be visibly identified in the

tube. The sample was   centrifuged for 10 min at 13 000 rpm, and the pellet was washed in

1 mL ethanol (70%). The tube was centrifuged at 13 000 rpm for 5 min, decanted, and the

pellet was left to dry in a fumehood for approximately 30 minutes. The dry pellet was

then resuspended in 70 μL of RNase-free H2O and heated at 65°C for 50 min. The gDNA

was stored at 4°C, for approximately 3 weeks before the subsequent INseq library

preparation steps were carried out. The Qubit and dsDNA Broad Range Assay Kit

(Invitrogen) was used to assess the concentration of gDNA in each 70 µL sample.

The remaining library preparation steps were performed according to van Opijnen

et al. (2014), with some modifications to make the library compatible on the MiniSeq and

with the IMSS Lab custom-made adapters and primers (Table 3). First, for both replicates

the gDNA was digested by the MmeI enzyme. Unlike the Opijen et al. study (2014), 8

units of MmeI enzyme (New England Biolabs), and 8ug of gDNA were used, and the

mixture was incubated for only 1 hour. As well, the SAM reagent was no longer

necessary as it was already provided in the enzyme formulation (New England Biolabs).

Calf intestinal alkaline phosphatase (CIP) was not added either. Rather than extracting

and purifying the DNA with phenol/chloroform/isoamyl alcohol, the QIAquick PCR

purification kit (Qiagen) was used, and the DNA was eluted in 50 µL of EB buffer

(Qiagen). The sample was run next to a 1kb Plus DNA Ladder (New England Biolabs) on

a 1% agarose gel prepared similarly to section 2.3.1, for 1 hour at 90 volts. With the gel
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illuminated on a low UV light, a section was cut out around the 1.5 kb band area

(between 1.2 and 1.7). The gel slice was subject to the QIAquick Gel Extraction Kit

(Qiagen), and the DNA product was eluted in 25 μL nuclease free H 2O.

Table 3. Primers and adapters sequences used in INseq and RNAseq library
preparations

To ligate the custom adapters (Table 3: INSeq_Illum_Top and INSeq_Illum_Bot)

to the DNA, the same protocol was used as van Opijnen et al. (2014); however, 1 μL of

2000 U/µL T4 DNA ligase was used, and the stock concentration of the adapters were 2.5

mM. An identical PCR Purification step as before was performed afterwards to prepare

the library for PCR amplification. The PCR was prepared differently than van Opijnen et

al. (2014) by mixing together the following reagents: 10 µL Q5 buffer, 1 µL 25 mM

dNTPs, 2.5 µL of each 10uM forward and reverse primers (Table 3: INSeq_Illum_12,
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INSeq_Illum_06, and INSeq_Illum_Rev), 0.5 µL Q5 polymerase, 25 µL of template, and

8.5 µL H2O. The PCR mix was subject to the following PCR program on the

thermocycler (BioRad):

Initial denaturation: 1 cycle, for 1.5 min, at 98°C
Denaturation, annealing, and extension: 18 cycles, 10 sec at 98°C, 30 sec at 62°C,
and 45 sec at 72°
Final extension: 1 cycle, 5 min at 72°C
Hold: 4°C

The PCR product was loaded next to a 50 bp ladder (New England Biolabs) on a

1.5% agarose gel prepared using the same procedure as section 2.3.1, and ran at 80 volts

for 1.5 hours. With the gel illuminated on a low UV light, the band around 171 bp was

excised using a razor blade. The gel slice was subject to another QIAquick Gel Extraction

Kit, and the product was eluted in 20 µL H2O and stored at -20°C. The Qubit and Qubit

dsDNA Broad Range Assay Kit (Invitrogen) was used to assess the concentration of

DNA product in each 20 µL sample. The quality of the DNA was assessed using Agilent

Bioanalyzer trace technology with the DNA High Sensitivity kit. Once the quantity and

quality of the DNA was confirmed, the libraries were denatured and diluted according to

the MiniSeq System Guide (Illumina), and sequenced on the MiniSeq using the MiniSeq

System High-Output Kit (1 x 75 bp).

Using Cutadapt v. 3.1, the 3’ adaptor sequences, and transposon insertions (Table

3) were removed sequentially (using the parameters of a quality score of 20, and

maximum error rate of 0.1) (Martin, 2011). Using Bowtie2 v. 2.3.5, the reads were

aligned to the National Centre of Biotechnology Information GenBank Rhizobium

leguminosarum 3841 (ASM926v1) reference genome with the “--very-sensitive”

parameter (Langmead and Salzberg, 2012). Samtools v. 1.9 was used to convert the
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aligned reads to binary format, and sort them (Li et al., 2009). Both the binary formatted

reads and the reference genome, in “.gff” format, were uploaded onto Galaxy v. 21.09.

From there, the TRANSIT Galaxy tool v. 3.0.2 statistically estimated gene essentiality

(DeJesus et al., 2015). To produce a list of genes and their respective essentiality

classification, the procedure was followed according to the Galaxy Transit tutorial

document starting from the “Compute coverage of the genome” chapter (Lariviere &

Batut, 2021; Batut et al., 2018). The end result was a tabular output of essentiality

classifications and TA site saturation for each gene along with the essentiality of each TA

site within the genes.

38



3.0 RESULTS

3.1  Microbial community enrichments

3.1.1 Diversity in CFU abundance and morphology

Microbial abundances were first evaluated from three different soil types using

TY, mannitol, and erythritol agar plate enrichments. I had hypothesized that the diversity

of the pigmented CFUs would decrease transitioning from the bulk soil, to roots, to

nodules. Firstly, it appeared that the number of colony forming units per gram of sample

(CFU/g) on TY and VMM + Erythritol were equal, within error, for all sample types and

all soil types (Figure 7). I then assessed whether there were any qualitative differences

between the samples. It appeared that the colony morphologies that made up these

samples were different. As predicted, the number of different coloured CFUs on TY was

lower in the nodule samples compared to the root and soil samples: more translucent,

non-pigmented colonies and fewer beige, and yellow colonies were present (Figure 8).

Visually, it does not appear that there is a difference in pigment diversity between the soil

and the root samples: both sample types contained around a quarter translucent,

non-pigmented colonies, a small fraction of red, and the remaining were mainly yellow or

beige. The root sample in thick black soil contained more transparent colonies than the

general trend. As predicted, the CFU colour diversity on TY compared to VMM +

Erythritol was greater in the soil and root samples compared to the nodule samples

(Figure 8). The difference in diversity appears to be slightly greater in the root samples

compared to the soil samples: a greater fraction of yellow and beige colonies were

present on VMM + Erythritol from the soil samples than the root samples.
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Figure 7. Colony forming units (CFU) per gram of each sample type enriched on TY
(red bars) and VMM + Erythritol (blue bars) agar. Samples include bulk soil from three
different soil types (A), and both roots (B) and nodules (C) from pea plants grown in the
bulk soils. Each bar is the CFU/g average of six replicates; the error bars represent the
standard deviation between replicates.
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A.

B.

C.

Figure 8.  Colony pigment diversity of soil, root, and nodule communities enriched
on TY, VMM + Mannitol, and VMM + Erythritol agar plates. Samples include bulk soil
from three different soil types (A), and both roots (B) and nodules (C) from pea plants
grown in the bulk soils. The different coloured sections of the pie graphs show the
relative proportion of the observed colour of pigmented CFUs on the agar plates. The
grey sections represent non-pigmented, translucent CFUs.
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3.1.2 Diversity measured from cpn60 amplicon sequencing

To characterize the specific taxa within each microbial community, cpn60

amplicon sequencing was performed. I hypothesized that the diversity of ASVs would

decrease, and the abundance of nodulating, erythritol catabolizing Rhizobiales bacteria

would increase transitioning from the soil, to root, to nodule. cpn60 amplicon sequencing

resulted in 1119780 reads and 9330 ASVs in all of the samples combined. After filtering

out ASVs that had less than 50 reads, 1082477 remained which makes up 96.7% of the

reads and 800 ASVs. Using this threshold reduces sequencing artifacts and low

abundance organisms. After filtering, the average number of reads per sample was 15246,

with the lowest read depth of 1709 sequences. The majority of the rarefaction curves for

all samples trended toward a plateau after filtering, which indicates that the number of

reads sequenced is sufficient for accurately representing the diversity in the communities

(Figure 9).

Non-metric Multidimensional Scaling (NMDS) plots were constructed to

visualize similarities and differences among the soil and sample types. Under the

hypothesized assumption that specificity increases and diversity decreases through the

soil, root, and nodule continuum, I expected to see a respective increase in overlap of

clusters corresponding to erythritol and general enrichments. The NMDS plots do not

trend in such a way (Figure 10). The clusters spatially overlap in the soil samples

suggesting similarities between enrichment types; however, some erythritol enriched

populations appear to be spatially distant from TY and Mannitol enriched populations.

The clusters of microbial communities in each soil type are distinct but with some

overlap (Figure 11). This implies that the communities present in the three soil types
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  A. B.

C.

Figure 9. Rarefaction curves for cpn60 gene region amplicon sequencing. Each line
represents a microbial community sample from: bulk soil obtained from Dark Brown (A),
Thin Black (B), and Thick Black (C) soils; or adhering to roots or inside nodules from
pea plants grown in the respective bulk soils.
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Figure 10. Non-Metric Multidimensional Scaling (NMDS) plot to assess community
relatedness among enrichment types, independent of soil type, for soil, root, and
nodule samples. The units of both axes (NMDS1 and NMDS2) are arbitrary, as well as
the orientation of the plot. Points closer together depict samples that are more similar to
one another.
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Figure 11. Non-Metric Multidimensional Scaling (NMDS) plot to assess community
relatedness among soil types, independent of enrichment type, for soil, root, and
nodule samples. The units of both axes are arbitrary, as well as the orientation of the plot.
Points closer together depict samples that are more similar to one another.
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share some of the same ASVs, but have enough variation that they are treated as

independent biological communities.

The NMDS plots display variation with spatial separation, whereas Venn

diagrams were used to quantify the amount of similar and different ASVs in the various

enrichments. The nodules in all three soil types appear to have the largest overlap

between enrichment types, indicating that the majority of the total culturable bacteria

from the nodules were able to grow on erythritol (Figure 12). The root samples showed

the second largest overlap with over half of the taxa growing on TY also growing on

mannitol and erythritol (Figure 12). In Dark Brown, Thin and Thick Black soil types,

76%, 55%, and 44% of the root strains on TY also grew on erythritol. Out of the total

mannitol communities, 68%, 76%, and 60% of the root taxa grew on erythritol in Dark

Brown, Thin Black, and Thick Black soils, respectively. In the soil samples, only 23%,

18%, and 21% of the taxa on TY also grew on erythritol in Dark Brown, Thin Black, and

Thick Black soils respectively; this is less than half of the amount in the root samples

(Figure 12). Out of the total mannitol communities, 32%, 10%, and 23% of the soil taxa

grew on erythritol also in Dark Brown, Thin Black, and Thick Black soils, respectively.

This is less than half of the proportion in the root samples.

In all sample types, some taxa uniquely existed in only one enrichment type

(Figure 12). For example, in the roots of Thin and Thick Black soil types, approximately

half of the erythritol-enriched taxa (72 and 75 taxa respectively) did not appear in any of

the other enrichments (Figure 12B, 12C). Approximately 30% of the erythritol-enriched

taxa in the roots of Dark Brown soil type did not appear in other enrichments either. I

expected that all erythritol-enriched taxa would also be found on TY or mannitol, but this
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Figure 12. Venn diagrams, prepared in Calypso, of the core and unique microbiomes
among nodule, root, and bulk soil microbial communities enriched on TY, VMM +
Mannitol, and VMM + Erythritol; the plants were grown in Dark Drown (A), Thin Black
(B), and Thick Black (C) soil types. The numbers in the circles represent the number of
amplicon sequencing variants (ASVs) belonging to each medium enriched community.
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was not the case. The nodule samples also contained some taxa that were uniquely

present in one of the two enrichments (Figure 12).

To assess the diversity of erythritol catabolizing strains in each sample type, the

relative alpha diversity was evaluated by comparing the Inverse Simpson Diversity Index

measures between general medium (TY or mannitol) and erythritol medium enrichments

(Figure 13). No statistically significant differences exist in alpha diversity measures

between enrichment medium types (TY compared to Erythritol, and Mannitol compared

to Erythritol) in any of the soil types.

3.1.2.1 Comparison across enrichment types: Alpha diversity and differentially

abundant taxa in nodule samples

Although no statistically significant differences existed in the alpha diversity

measures between enrichment types, some general apparent results can still be drawn.

The alpha diversity in nodule communities enriched in mannitol and erythritol were

equally low (Figure 13). This suggests that the nodule is a highly selective environment.

To further explain some of the unexpected alpha diversity results, and identify who is

influencing the alpha diversity in the root and soil samples, I used Linear Discriminant

Analysis Effect Size (LEfSe) analyses (Segata et al., 2011). A LEfSe analysis further

suggests that there are no statistically abundant taxa existing in the mannitol or erythritol

enriched nodule communities. In Figure 14, this is depicted by the absence of taxa

associated with a Nodule subgroup (only Root and Soil subgroups are presented in Figure

14). Thick Black soil is an exception: one R. leguminosarum strain is differentially

abundant in the erythritol enrichment (Figure 14B). TY enrichments with nodule samples
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Figure 13. Community diversity of soil, root, and nodule samples in Dark Brown,
Thin Black, and Thick Black soil types. Alpha diversity was measured using Inverse
Simpson Diversity Index analysis, coloured based on sample enrichment type. No
significant differences exist between the VMM + Erythritol enriched and the general
enrichment (TY and VMM + Mannitol) samples.
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Figure 14. Mannitol and erythritol enrichment type comparisons with Linear
Discriminant Analysis Effect Size (LEfSe) analysis. Samples include microbial
communities from bulk soil obtained from Dark Brown (A) and Thick Black (B), and
Thin Black (C) soil types, and microbial communities attached to roots and inside
nodules from pea plants grown in the bulk soils. Calypso was used to run LEfSe tests and
find statistically abundant taxa in each sample type when enriched on VMM + Mannitol,
compared to VMM + Erythritol. Only significant taxa (LDA score greater than 3) were
included in the figure. Each bar represents the log10 LDA score for each taxonomic group.
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were not sequenced and therefore not included in this analysis. Based on the large body

of supporting evidence that the nodules are a highly selective environment, it seemed that

sequencing both general enrichment types would be redundant.

3.1.2.2 Comparison across enrichment types: Alpha diversity and differentially

abundant taxa in root samples

In all three soil types, root communities from TY enrichments were less diverse

than the erythritol enrichment counterparts (Figure 15). LEfSe analyses were used next to

investigate the taxa contributing to the differences in diversity. When comparing the

erythritol to TY enrichments, the Dark Brown and Thin Black soil types both contain

differentially more abundant Shinella, Rhizobium, Polaromonas jejuensis, as well as

members of the Rhizobiales order (Figure 15A, 15B); Rhizobiales and Rhizobium strains

made up the majority of the taxa. The Thin Black soil type uniquely contains

significantly abundant Pseudomonas irchel, and Bosea sp. RAC05 in its erythritol

enrichment (Figure 15C). Taxa that were differentially abundant on TY compared to

erythritol included several Pseudomonas and Agrobacterium strains in the Thin Black

soil type (Figure 15A). Neither Dark Brown nor Thick Black soil contained any

differentially abundant taxa in the TY enrichment (Figure 15B, 15C).

In the Dark Brown soil type, the mannitol enrichment produced a more diverse

root community than erythritol enrichment counterparts (Figure 13). No difference in

alpha diversity appears to exist in the other two soil types. Taxa that were differentially

abundant in mannitol compared to erythritol included: few Rhizobiales in Dark Brown
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Figure 15. TY and erythritol enrichment type comparisons with Linear
Discriminant Analysis Effect Size (LEfSe) analysis. Samples include microbial
communities from bulk soil obtained from Thin Black (A), Dark Brown (B), and Thick
Black (C) soil types, and microbial communities attached to roots and inside nodules
from pea plants grown in the bulk soils. Calypso was used to run LEfSe tests and find
statistically abundant taxa in each sample type when enriched on VMM + Mannitol,
compared to VMM + Erythritol. Only significant taxa (LDA score greater than 3) were
included in the figure. Each bar represents the log10 LDA score for each taxonomic group.
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and Thin Black soils, and one Rhizobium and Shinella species each in Thin and Thick

Black soils (Figure 14). The Thin Black soil type contained several Agrobacterium

tumefaciens strains, Micrococcaceae, and a Paenarthrobacter strain as well (Figure 14C).

Thick Black soil contained differentially more abundant Rhizobium lagurrae and A.

tumefaciens strain as well (Figure 14B). Compared to mannitol enrichments, taxa that

were significantly more abundant in erythritol included: Rhizobiales, and some

Rhizobium in all three soil types, three Shinella species, and a Sinorhizobium species in

Thin Black Soil, and one Shinella species in Soil E (Figure 14).

3.1.2.3 Comparison across enrichment types: Soil samples

For the bulk soil communities, the difference in alpha diversities were equally low

for TY and erythritol enrichments (Figure 13). The differentially abundant soil taxa

enriched on TY are Arthrobacter cupressi in Dark Brown and Thin Black soil, among

other Arthrobacter strains in all three soil types; Pseudarthrobacter phenanthrenivoran in

Dark Brown soil (Figure 15B), P. ilicis in Thin Black soil (Figure 15A), and

Xanthomonadaceae in Thick Black soil (Figure 15C). Compared to TY, no differentially

abundant taxa exist on erythritol enrichments in Dark Brown soil; one Rhizobiales strain

abundantly exists in Thin Black soil; and five Rhizobium laguerre, two Rhizobiales, one

R. leguminosarum, and one other Rhizobium strain abundantly exist in Thick Black soil.

For all three bulk soil types, mannitol-enriched communities were unexpectedly

slightly higher in alpha diversity than both the TY and erythritol enrichment counterparts

(Figure 13). Significant taxa present in the mannitol enrichment compared to erythritol

include: P. ilicis, and a variety of Arthrobacter strains in all three soil types (Figure 14);
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P. phenanthrenivorans, Phyciccocus, and Micrococcaceae strains in Thin Black soil

(Figure 14C); and a variety of Pseudomonas and Rhizobiales strains, and a Rhizobium

strain in Thick Black soil (Figure 14B).

3.1.2.4 Comparison across sample types: Root and Soil samples

To characterize which erythritol-catabolizing taxa are selected for on the root,

LEfSe tests were performed to identify significantly abundant taxa between the root and

bulk soil sample types. The root communities enriched on erythritol show higher

abundance for Rhizobium and Rhizobiales strains compared to the soil communities

enriched on erythritol, for all three soil types (Figure 16). These taxa made up the

majority of the list of differentially abundant taxa, indicating that several rhizobacterial

genera and species are statistically more abundant. Root erythritol-enriched communities

also showed higher abundance of Shinella and P. jejuensis in Dark Brown and Thin Black

soils (Figure 16A, 16C), and Sinorhizobium, Pseudomonas, and A. tumefaciens in Thin

and Thick Black soils (Figure 16C, 16B). Bulk soil erythritol-enriched communities did

not contain any differentially more abundant taxa in Dark Brown soil; however, one

Rhizobiales strain, and A. cupressi were more abundant in Thin Black soil (Figure 16C);

and a Rhizobium strain, Arthrobacter strain, R. laguerre, P. ilicis, and Rhizobiales were

more abundant in Thick Black soil (Figure 16B).

The differentially abundant taxa in TY or mannitol-enriched roots compared to

bulk soils were generally consistent. More statistically abundant root taxa arose in the

mannitol enrichment than the TY enrichment, including: Rhizobiales and Rhizobium
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Figure 16. Sample type comparisons with Linear Discriminant Analysis Effect Size
(LEfSe). Samples include microbial communities from bulk soil from Dark Brown (A),
Thick Black (B), and Thin Black (C) soil types, and microbial communities attached to
roots from pea plants grown in the bulk soils. Calypso was used to run LEfSe tests and
find statistically abundant taxa between the two microbial communities after being
enriched on TY, VMM + Mannitol, and VMM + Erythritol. Only significant taxa (LDA
score greater than 3) were included in the figure. Each bar represents the log10 LDA score
for each taxonomic group.
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strains, Sinorhizobium, Shinella, Mitsuria, and A. tumefaciens in two or more soil types

(Figure 16).

When enriched on TY, the soil communities were more abundant in P. ilicis,

Pseudarthrobacter, and several Arthrobacter strains compared to root communities, in

more than one different soil type (Figure 16). When enriched on mannitol, the soil

communities were more abundant in many A. cupressi strains and other Arthrobacter

species, P. phenanthrenivorans, Phycoccus, and several Arthrobacter strains (Figure 16).

3.1.2.5 BLASTp alignments to assess erythritol-catabolizing abilities

Some non-nodulating taxa that appeared on the erythritol enrichments were

unexpected. I used BLASTp alignments to explore whether these strains exhibit potential

erythritol-catabolizing abilities. For example, Table 4 summarizes the genes in Shinella

spp. and P. jejuensis that encode amino acid sequences with similarity to RLV3841

erythritol uptake and catabolism genes. A variety of Shinella species showed high

similarity in all 11 previously known RLV3841 erythritol uptake and catabolism genes

(Table 4); whereas, P. jejuensis exhibits less than 35% similarity in eryB, eryE, eryF, and

tpiA2.
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Table 4. BLASTp alignments of RLV3841 erythritol uptake and catabolism
protein-encoding genes to Shinella species and Polaromonas jejuensis genes

a. Genes from 10+ Shinella species resulted from each BLASTp alignment. The species with the highest %
similarity over 95% coverage is shown in the table.

3.2 Functional Genomics in Rhizobium leguminosarum 3841 pure cultures

3.2.1 Growth curves
The growth curves were constructed to ensure all RNAseq cultures were sampled

in the exponential growth phase. The time required for RLV3841 to double in optical

density, doubling time (td), in VMM + Erythritol (55 mM) was more than twice as long

as when cultured in VMM + Mannitol (55 mM) and Tryptone Yeast (TY) (Figure 17).

Furthermore, when in VMM + Erythritol, the cells exhibit an approximate 60-hour long

lag phase prior to commencing an exponential phase. In VMM + Mannitol and TY

media, the cells enter an exponential phase within 8 hours of incubation.

60



Figure 17. Optical density readings of Rhizobium leguminosarum 3841 at 600nm
wavelength (OD600) cultured in TY, and Vincent’s Minimal Medium (VMM) with added
erythritol or mannitol (55 mM) as the sole carbon source; as well as the doubling times
(td +/- standard deviation) derived from the exponential phases of each culture (n=3).
Each point represents an average of three OD600 readings from independent biological
replicates. The error bars represent the standard deviation within the three readings at
each time point.
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3.2.2 RNAseq results

To further characterize the specific genes, and gene networks involved in

erythritol catabolism in RLV3841, I conducted RNAseq experiments in both erythritol

and mannitol broth cultures. The expression patterns from the two different cultures were

then compared to one another. Once the RNA was isolated and sequenced, the reads were

aligned, and normalized (Table 5). The alignment rate for uniquely mapped reads ranged

from 16.6% to 29.7% across all six samples. For all replicates, the total number of

normalized reads was equal to one million (Table 5). This confirmed that the

normalization of reads per million was performed correctly.

Table 5. Number of reads after sequencing, aligning, and normalizing the data for
all RNAseq replicates.

A principal component analysis (PCA) biplot reveals small variance within

replicates of the same condition, and a distinct difference between the two conditions

(Figure 18). Therefore, all three replicates in both conditions were used in the data

analysis. This also validates that there are statistical differences between the erythritol

and mannitol transcription patterns.
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Figure 18. Principal Component Analysis (PCA) Plot depicting the variance
between 3 replicates of transcript abundances across the genome derived from
Rhizobium leguminosarum 3841 cultured in two different conditions: VMM+Erythritol
(15 mM), in blue; and VMM+Mannitol (15 mM) in red. PC1 accounts for 82% of the
variance while PC2 only accounts for 11%. The axes units are eigenvalues, and show the
relative magnitude of variance between other data points in the principle component.
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An MA (log ratio, M, and mean average, A) plot was constructed to view the total

relative expression of genes (Figure 19) (Love et al., 2014). If the erythritol and mannitol

culture conditions were to have exhibited the same transcriptomic response, all of the

points would fall on the axis origin (Mcdermaid et al., 2019). Seeing all of the significant

points in the space above and below the axis is a visual cue that there were changes in

gene expression between the erythritol and mannitol conditions. The genes with

positive-valued fold changes in expression are those that are upregulated in the erythritol

enrichment; or possibly downregulated in the mannitol enrichment. Whereas, the genes

showing negative-valued fold changes in expression are those that are upregulated in the

mannitol enrichment, or possibly downregulated in the erythritol enrichment. It is evident

that there are roughly even numbers of genes that were differentially upregulated in each

enrichment. There is much more differential expression taking place than the 10

previously identified erythritol uptake and catabolism genes (Figure 19).

In total, 2135 differentially expressed genes (DEGs) were found to be statistically

significant in the erythritol condition compared to mannitol. To narrow the scope of this

study, only the DEGs upregulated more than 4-fold, and containing more than 10

normalized reads were considered. These were designated as the “DEGs of interest”. In

total, there are 28 and 11 upregulated DEGs of interest in the erythritol and mannitol

conditions, respectively. As predicted, all of the genes previously discovered to be

involved in erythritol uptake and catabolism were differentially upregulated in erythritol

conditions compared to mannitol conditions (Table 6) (Figure 20).
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Figure 19. MA plot depicting the mean normalized counts and the respective log2
fold change for each Rhizobium leguminosarum 3841 genes in VMM + Erythritol (15
mM) compared to VMM + Mannitol (15 mM) derived from RNAseq. The blue points
represent the statistically significant (p <0.05) differentially expressed genes, the grey
points represent genes that are not statistically significantly differentially expressed.
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Table 6. Differential gene expression of genes previously known to be involved in
erythritol uptake and catabolism in Rhizobium leguminosarum 3841 in
VMM+Erythritol (15 mM) compared to VMM+Mannitol (15 mM).
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Figure 20. SparK plots of the aligned reads of known erythritol uptake and
catabolism genes pRL120204 (eryA), pRL120205 (eryB), pRL120206 (eryC),
pRL120207 (eryD), pRL120208 (eryR), pRL120209 (tpiA2), pRL120210 (rpiB2) (A);
and pRL120200 (eryG), pRL120201 (eryF), pRL120202 (eryE), and pRL120203 (eryH)
(B) produced from RNAseq when three independent biological replicates of Rhizobium
leguminosarum 3841 was cultured in VMM + Erythritol (15 mM) and VMM + Mannitol
(15 mM). The plots depict the reads mapping to the coding strand of the genes
highlighted in the black boxes.

67



3.2.2.1 Erythritol-upregulated RNAseq results

In total, 28 genes were upregulated greater than or equal to 4-fold in the erythritol

condition (Table 7). Out of all 28 upregulated DEGs of interest, 15 are located on pRL12,

four on pRL10, and one on pRL11, and eight are located on the chromosome. Further, the

28 DEGs of interest include all 11 genes previously found to be involved with erythritol

uptake and catabolism (Table 6). The remaining 17 genes were analyzed for potential

functions in erythritol catabolism and uptake. Table 7 summarizes the predicted functions

of each DEG derived from KEGG (Kanehisa & Goto, 2000). Several of the 17 genes are

located in tandem and likely are regulated as single operons, such as pRL120212, and

pRL120211 (Figure 21A); RL1107, RL1106, and RL1108 (Figure 21B); pRL100169,

pRL100170, pRL100171, and pRL100164 (Figure 21C, 21D); and RL1747, RL1746, and

RL1745 (Figure 21E). The predicted functions of these upregulated DEGs based on

homology to known genes include: phage-shock stress response, rhizosphere quorum

sensing, DNA repair, and sugar transport (Table 7). Individual upregulated DEGs of

interest included pRL120197 (Figure 21F), RL0661 (Figure 21G), and RL1863 (Figure

21H). The predicted function of the individual DEGs of interest involve polyA

polymerase activity, sulfur reduction, and amino acid metabolism (Table 7).
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Table 7. Experimentally derived differentially expressed genes (DEGs) upregulated
in Rhizobium leguminosarum 3841 cultured in VMM+Erythritol (15 mM), compared
to VMM+Mannitol.
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Figure 21. SparK plots of the aligned reads of the erythritol-upregulated DEGs of
interest produced from RNAseq when three independent biological replicates of
Rhizobium leguminosarum 3841 were cultured in VMM + Erythritol (15 mM) and VMM
+ Mannitol (15 mM), including: pRL120211, and pRL120212 (A); RL1106, RL1107, and
RL1108 (B); pRL100169, pRL100170, and pRL100171 (C); pRL100164 (D); RL1745,
RL1746, RL1747 (E); pRL120197 (F); RL0661 (G); and RL1863 (H). The DEGs of
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interest are labelled in a black box, and surrounding genes are labelled in grey. The plots
depict the reads mapping to the coding strand of the genes highlighted in the black boxes.
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3.2.2.2 Mannitol-upregulated RNAseq results

In total, the expression of 11 genes were differentially expressed 4-fold or greater

in the mannitol-enrichment compared to erythritol (Table 8). Unlike the

erythritol-upregulated DEGs that were mainly dispersed among pRL12, pRL10, and the

chromosome, the mannitol-upregulated DEGs of interest reside exclusively on the

chromosome. Out of the 11 mannitol-upregulated DEGs of interest, five are previously

known to play a role in mannitol catabolism. These genes are: RL4218, RL4217,

RL4216, RL4215, and RL4214 (Figure 22) (Perry et al., 2016). The remaining 7 genes

were functionally analyzed for a biological explanation to their upregulation in the

presence of mannitol, or  downregulation in the presence of erythritol. Table 8

summarizes the predicted functions of each mannitol-upregulated DEG derived from

KEGG (Kanehisa & Goto, 2000).

Four of the other eleven DEGs of interest are physically located in tandem on the

chromosome and exist as an operon (RL3884, RL3885, RL3886, RL3887) (Figure 23A).

As a whole, the operon acts as a sitABCD system and plays a role in iron or manganese

transport (Díaz-Mireles et al., 2005; Kehres et al., 2002; KEGG). Another

mannitol-upregulated DEG of interest, RL0940 (mntH), is also involved in manganese

transport (Figure 23B) (KEGG). The final mannitol-upregulated DEG of interest,

RL1911, encodes for a protein putatively involved in arylsulfatase activity and is

independent of the other mannitol-upregulated DEG operons (Figure 23C) (Uniprot;

KEGG).
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Figure 22. SparK plots of the aligned reads of the previously known mannitol
transporter genes, including RL4214, RL4215, RL4216, RL4217, and RL4218,
produced from RNAseq when three independent biological replicates of Rhizobium
leguminosarum 3841 were cultured in VMM + Erythritol (15 mM) and VMM + Mannitol
(15 mM). The DEGs of interest are labelled in a black box, and surrounding genes are
labelled in grey. The plots depict the reads mapping to the coding strand of the genes
highlighted in the black boxes.
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Table 8. Experimentally derived differentially expressed genes (DEGs) of Rhizobium
leguminosarum 3841 upregulated in VMM+Mannitol (15 mM) compared to
VMM+Erythritol (15 mM).
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Figure 23. SparK plots of the aligned reads of the mannitol-upregulated DEGs of
interest produced from RNAseq when three independent biological replicates of
Rhizobium leguminosarum 3841 was cultured in VMM + Erythritol (15 mM) and VMM
+ Mannitol (15 mM), including: RL3884 (sitA), RL3885 (sitB), RL3886 (sitC), and
RL3886 (A); RL0940 (B); and RL1911 (C). The DEGs of interest are labelled in a black
box, and surrounding genes are labelled in grey. The plots depict the reads mapping to the
coding strand of the genes highlighted in the black boxes.
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Some of the other previously known mannitol catabolism genes were not

represented in this analysis since only DEGs with fold changes greater than 4 were

considered. However, because these genes are inherently relevant to the experiment, their

expression will still be considered. The gene RL009 putatively encodes for a mannitol

dehydrogenase, and was upregulated 1.58-fold in the mannitol condition (p-val = 1.315 X

10-11) (KEGG; Uniprot; Perry et al., 2016). As the mannitol is catabolized, fructose is

produced as an intermediate. RL0502 is indirectly involved in mannitol catabolism as it

encodes for fructokinase, and it was upregulated 2.27-fold in the mannitol condition

(p-val = 2.696 X 10-31). The protein converts fructose into fructose-6-phosphate which

then enters glycolysis (KEGG).

3.2.3 INseq results and sequencing malfunction

In addition to RNAseq, I used INseq to assess which RLV3841 genes are

important for erythritol uptake or catabolism. First, the mutant pool was constructed.

Based on the CFU/mL values from plating the conjugation mixture on TY + sm and TY

+ sm + nm agar, the frequency of transposition in RLV3841 was 7.55 X 10-3 transposon

mutants per recipient cell. This frequency was higher than previously reported for

RLV3841, at 2.01 X 10−4 transposon mutants per recipient cell. (Perry & Yost, 2014).

Next, the mutant pool was cultured on VMM + Erythritol agar for approximately 40

generations, and the DNA was extracted and sequenced. In order to use the Hidden

Markov model analysis to assign essentiality classifications to each gene, sequencing of

at least 5 million insertion sites is ideal for the 7Mb RLV3841 genome (Perry et al., 2016;

DeJesus & Ioerger, 2013). Because each read originates from an insertion at a TA site,

each read is representative of a single mutant. Therefore, enough mutants need to be
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generated to cover every TA site on the genome at sufficient depth of sequencing for

statistical analysis. In both sequencing runs and samples, less than 15% of reads passed

through post-sequencing filtering and alignment to RLV3841 (Table 9).

Table 9. Sequencing results from the RLV3841 INseq library

The first sequencing run over-clustered so it was performed once more with a

more dilute library, 1pM, and a greater phiX spike-in. Although more reads were

sequenced, the run was still over-clustered, which resulted in a disproportionately low

alignment rate in both samples (Table 9). Upon further investigation by IMSS lab

colleagues, the majority of the unaligned reads mapped to Salmonella sp. SL1344. This

suggests that the RLV3841 INseq library had been contaminated prior to sequencing.
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4.0 DISCUSSION

4.1 Microbial community enrichments

4.1.1 Benefit of combining techniques

Herein, I used a variety of analyses to explore the diversity of bacteria capable of

metabolizing erythritol relative to mannitol and peptides in TY in bulk soils, roots, and

nodules. The analyses first involved agar plate enrichments to assess the abundance of

bacterial communities, and the diversity in pigmentation of bacterial colonies in each

sample type. The results confirmed that trends and differences in sample and enrichment

types exist. Next, microbial barcoding with cpn60 amplicon sequencing was performed.

The data was analyzed using core microbiome Venn diagrams, Inverse Simpson alpha

diversity measures, and LEfSe tests. Once the sequencing results (NMDS, Venn

diagrams, Inverse Simpson, and LEfSe) were paired with the respective CFU results,

stronger conclusions could be made. Enrichment and sample types were composed of

different organisms in different abundances.

4.1.2 Assessing selectivity

The different media enrichments select for strains with the ability to catabolize the

carbon and energy sources available in the media. Since TY is a complex medium, it

generally supports the growth of a wide array of soil-dwelling species, including

nodulating strains of interest in the Rhizobiaceae family. Although VMM + Mannitol is a

defined medium, many soil species, especially Rhizobiaceae representatives, can grow on

mannitol as the sole carbon and energy source (Geddes & Oresnik, 2014; Vincent, 1970).
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Both VMM + Mannitol, and TY were used to enrich a relatively wide array of bacteria in

the soil. The Venn diagrams demonstrated that the bacteria populations enriched on TY

and mannitol were not identical. By using both in the experiment, I was able to better

represent the true total bacterial population than either one could on its own. In

comparison, the VMM + Erythritol medium enriches the subset of the total bacterial

population able to catabolize erythritol. By comparing the results from the general and

erythritol enrichments, I was able to estimate the proportion of erythritol catabolizing

taxa in each sample type.

4.1.2.1 Assessing specificity and diversity in the nodules

As predicted, the nodule samples showed low bacterial diversity in all analyses.

The erythritol and mannitol enrichments both produced equally low diversity in colony

colour composition, NMDS plots, Inverse Simpson measures, and LEfSe analyses.

Further, the Venn diagrams revealed that the nodule environment enriched for the greatest

proportion of erythritol-catabolizing bacteria. A few strains uniquely existed on the

mannitol enrichment, but the LEfSe analysis showed that the abundances were not

significantly relevant. Further, virtually all of the taxa in the nodules were strains of

Rhizobium species. This infers that the nodules are a highly selective environment for

nodulating bacteria able to catabolize erythritol. This phenomenon is supported by

several studies showing that the nodule is a highly selective environment that requires

specialized abilities, including encoding a Nod factor signaling molecule to induce an

infection thread in the root, and proliferating in an anaerobic environment (Bourion et al.

2018; Jones et al., 2008; Oldroyd et al., 2011; Libault, 2014). Reporting a
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highly-selective, and low diverse nodule microbial community acts similarly to the

internal positive control, and confirms the integrity of my experiment. It is important to

mention that culturing is a biased approach that limits observations to strains that are

viable and able to proliferate on the nutrient agar medium provided (Chaudhary et al.,

2019). If uncultured samples are sequenced, other ASVs belonging to non-rhizobial

groups may appear in the LEfSe analyses and Venn diagrams. As a result, the alpha

diversity measures might be affected as well.

4.1.2.2 Assessing specificity and diversity in the roots

To establish whether the root environment is selective for erythritol-catabolizing

strains similar to the nodules, I expected to see similar trends in the LEfSe and Venn

diagram results. However, considering the nodule is a highly defined niche, I expected

lower stringency in the selection for erythritol-catabolizing, nodulating strains in the root

environment. This was indeed true. When comparing the erythritol enrichment

communities of the soil and root samples, the colony colour compositions showed that

the roots harbour a less diverse community; however, the Inverse Simpson measures and

LEfSe analysis change the interpretation of this result. The root samples actually showed

a higher alpha diversity than the soil with the Inverse Simpson measures. The LEfSe test

explains that the root samples enriched on erythritol favoured the growth of a wider array

of Rhizobiales, Rhizobium, and other nodulating bacteria, which contributed to the high

degree of alpha diversity.

The subset of bacteria able to catabolize erythritol was larger in the root samples

than the soil samples. As shown in the Venn diagrams, the root samples contained more
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taxa able to grow on both TY and erythritol, or Mannitol and erythritol. The soil samples

contained the least amount of taxa able to grow on both a general and erythritol medium.

Unlike the nodules, the roots harboured a microbial community that still contained some

taxa that were not able to catabolize erythritol, and are non-nodulating according to

literature. These strains were those that are statistically more abundant in the general

medium enrichments, and included Pseudomonas, Agrobacterium, Micrococcaceae,

Paenarthrobacter, and Shinella. This implies that although the root environment is

selective for a diverse array of erythritol-catabolizing, nodulating rhizobia, the selection

is not as stringent as the nodules.

It is worth speculating why some non-rhizobial, non-nodulating strains were more

abundant in the root samples compared to the soil samples. Researchers have previously

reported Arthrobacter strains with endophyte characteristics that promote plant growth

and health (Ramírez-Ordorica et al., 2020; Aviles-Garcia et al., 2016). Micrococcaceae

and Paenarthrobacter – both formerly Arthrobacter strains – were differentially more

abundant in root samples than in soil samples. Some Pseudomonas strains have also been

reported to exhibit many plant growth-promoting characteristics such as competitively

excluding pathogens, excreting produce plant growth-promoting compounds, solubilizing

minerals and nutrients, and promoting nodulation (Meena et al., 2019; Martínez-Hidalgo

& Hirsch, 2017). Perhaps, the root environment imposes a selective pressure for

non-nodulating strains which could result in symbiotic relationships; however, this

warrants further experimentation before any conclusions can be made.

The erythritol-enriched root samples also show differentially more Shinella, P.

jejuensis, Sinorhizobium, Pseudomonas, and Agrobacterium strains in two or more soil
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types. Although Sinorhizobium, Shinella, and Agrobacterium are part of the Rhizobiaceae

family, they have not been reported to nodulate pea plants. Strains of Sinorhizobium

nodulate soybean and alfalfa (Lin et al., 2004; Capela et al., 2006). One species of

Shinella has been isolated in herbal legumes, but sparse research exists in understanding

the roles of Shinella in soil (Mu et al., 2018; Lin et al. 2008). Agrobacterium has been

found to coexist in nodules even without the symbiotic genes, which resulted in an

overall decrease in nodulation (Mrabet et al., 2006). The role of P. jejuensis in soils is

understudied. The strain was isolated from high-elevation soil, and shares high similarity

with other species that are found in glacial environments (Weon et al., 2008; Ciok et al.,

2018). Based on the previous research gathered, the presence of Shinella, P. jejuensis,

Sinorhizobium, Pseudomonas, and Agrobacterium is expected in soil communities;

therefore, their presence at high abundances was not unusual. Further experimentation is

needed to conclude whether these strains compete with Rhizobiales strains for resources

or hinder nodulation.

Very few studies report information on whether the non-nodulating strains

observed in the root and erythritol enrichments catabolize erythritol. BLASTp alignments

were used to confirm whether some of these strains exhibit potential

erythritol-catabolizing abilities. The results suggest that Shinella shares high amino acid

sequence similarity to the RLV3841 erythritol catabolism genes. This infers Shinella

strains are putatively able to take up, and catabolize erythritol. This agrees with my

hypothesis that the roots enrich for erythritol-catabolizing strains. Further, perhaps the

root environment enriches for strains regardless of whether they exhibit nodulation

abilities.
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4.1.2.3 Assessing specificity and diversity in the soils

The root samples contained a larger proportion of erythritol catabolizing bacteria

compared to the soil samples, suggesting that the root environment enriches for bacterial

populations capable of using erythritol as a nutrient source. The LEfSe analysis between

soil and root samples revealed that the soil communities contained far less erythritol

catabolizing strains. The majority of significantly abundant taxa in the erythritol

enrichments belonged to the root samples. In contrast, more of the significantly abundant

taxa from general medium enrichments belonged to the soil samples. In the soil samples,

the diversity in colony colour was lower on erythritol enrichments than TY. Further, the

LEfSe analysis between the enrichment communities show higher abundance for several

non-nodulating strains on general medium, including Paenarthrobacter, Arthrobacter,

Pseudarthrobacter, and Phycoccus. Most likely, some of these strains are the yellow

colonies seen on the TY enrichment plates, but not on erythritol.

The non-nodulating genera Paenarthrobacter, Arthrobacter, Pseudarthrobacter,

and Phycoccus all commonly exist in soils; however, little to no studies exist in

characterizing Phycoccus. Paenarthrobacter, Arthrobacter, and Pseudarthrobacter were

formerly all characterized under the Arthrobacter genus (Busse, 2016). Differences based

on 16S rRNA gene sequences, peptidoglycan types, quinone systems, and polar lipid

profiles distinguished the genera. However, as a group these strains are some of the most

frequently isolated from soils (  Mongodin et al., 2006). They are also known to exist in

stressful conditions including starvation, radiation, and exposure to toxic chemicals. In
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addition, they metabolize diverse compounds such as hundreds of s-triazines, heavy

metals, and nicotine (  Mongodin et al., 2006).

4.1.3 Similar previous research

I observed that although the rhizosphere has a selective force for nodulating

rhizobia, other non-nodulating strains co-exist in this microcosm. Many studies define

these strains as “uncooperative” or “cheater” symbionts (Bourion et al., 2018; Marco et

al., 2009). Bourion et al. (2018) explain that the strain that the plant selects for nodulation

is not always the most efficient nitrogen-fixing nodulator for the plant. Rather, the highest

performing strain out-competes the more efficient nitrogen fixers due to differential

genetic factors and competitiveness mechanisms. This phenomenon highlights one of the

challenges of introducing inoculants in legume crops (Bourion et al., 2018). Some

non-nodulating, non-rhizobial strains on the roots may be beneficial to plant growth and

health, but not enough evidence has been gathered to make any further conclusions on

such strains observed in this experiment.

Many studies have reported specific microbial recruitment in the plant

rhizospheres, such as shifts in representatives from Acidobacteria, Actinobacteria,

Bacteroidetes, and Cyanobacteria phyla in different Arabidopsis developmental stages

(Chaparro et al., 2014; Lundberg et al., 2012). Other examples include the selection of

Proteobacteria such as Pantoea and Rhizobium in burley tobacco (Nicotiana tabacum)

(Saleem et al., 2016), and Rhizobium in legumes (Lugtenberg & Kamilova, 2009;

Ramachandran et al., 2011). This is the first study that explores in depth how
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erythritol-catabolizing mechanisms influence the recruitment of microbial communities

in pea plant rhizospheres.

4.1.4 Limitations in the study

As mentioned in the Shinohara et al. study (2021) on fungal morphologies,

assessing diversity based on colony morphology is limited to the number of countable

colonies on a plate. A standard plate can only visibly identify 100 to 200 colonies,

whereas sequencing can detect hundreds of thousands of different taxa. In this case,

culture methods cannot capture the same depth of diversity. Although both culture and

sequencing based methods were used in this study, the samples that were sequenced

originated from plate cultures. Therefore, the true microbial abundances in the bulk soil,

root, and nodule samples were not represented in this experiment. It could also be argued

that slow growing strains, such as soil-dwelling Bradyrhizobium, were not given equal

opportunity to proliferate in the incubation time frames. To overcome this, much more

dilute samples would need to be plated to allow more plate space for the slower growing

colonies to occupy over time. In addition, the DNA extraction kit used only extracted

DNA from Gram-negative bacteria. Perhaps isolating the DNA and characterizing the

Gram-positive bacteria in the TY enrichments would lead to alpha diversity measures that

are more representative of the population.

The varying results between the colony morphology and genomic sequencing

approaches demonstrate the limitation of relying exclusively on colony morphology. It is

commonly recognized that different taxa produce similar colony morphologies. This is

likely why the colony morphology results falsely showed a lack of diversity in the root
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communities compared to the soil. To improve the precision of the colony morphology

experiment, other morphological factors such as shape, size, texture, and elevation can be

considered. However, these factors can also change depending on the culture medium, the

incubation time, and the temperature. In addition, even when using a defined colour

legend, the observations are prone to subjectivity. Employing amplicon sequencing of

phylogenetic markers is beneficial for these reasons.

All samples enriched on TY had lower than expected alpha diversity measures. I

chose to use TY as a general medium because of its complex, rich nutrient profile;

however, the medium enriches communities with peptides for energy rather than carbon

sources in the VMM media. Janssen et al. (2002) measured the culturability of soil

samples on dilute nutrient broth agar – a medium similar to TY (contains peptides for

nitrogen, vitamins, and salts). Only 22% of the viable cells in the samples were culturable

in their study, which exemplifies the difficulty of culturing soil bacteria on a complex

medium. The VMM + Mannitol medium differs from TY since its primary energy source

is sugar rather than peptides. Considering mannitol is one of the most prevalent sugar

alcohols in plants, there is a wide diversity of soil strains adapted to catabolize it (Lewis

& Smith 1967).

4.1.5 Future Directions

Future experiments will replicate this study with both non-nodulating plants, and

non-pea legume plants. Using non-nodulating plants in this experiment will generate

information on which microbes are selected for plant growth and health-promoting

symbiosis rather than nodulation. The non-pea legume plants will presumably exude less
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erythritol; therefore using these plants will tease out which selection results are due to

erythritol specifically, and which are due to other more general legume exudates.

4.2 Transcriptomics reveal novel gene networks in Rhizobium leguminosarum 3841

4.2.1 Differentially upregulated genes in the presence of erythritol

The DEGs pRL120211 and pRL120212 are located in tandem on the plasmid, and

are both characterized in the Genetic Information Processing KO category (KEGG;

Kanehisa & Goto, 2000). pRL120211 is currently characterized as a hypothetical protein

(KEGG). Since virtually no data exist in characterizing the function of this gene and the

encoded protein, I used gene orthology to make inferences. Based on the BLASTp and

CLUSTALW alignments, the amino acid sequence has high similarity to DNA repair

proteins (Johnson et al., 2008). Most similarly, pRL120211 shares the highest similar

identities (69%) and the lowest E-score (7 X 10-11) to DNA repair ku protein from

Rhizobium leguminosarum bv. trifolii WSM1689 (KEGG). The gene is also homologous

to the ATP-dependent DNA helicase Ku-type protein in Rhizobium sp. N731 (KEGG),

Rhizobium esperanzae (KEGG), Rhizobium sp. N1341 (KEGG), Rhizobium etli CIAT

652 (KEGG), among others. Further, the DNA repair protein contains a Ku motif. These

peptides form dimeric ring structures like a “nut on a bolt” on double stranded DNA

breaks (pfam). This process recruits DNA ligases, such as the protein encoded by

pRL120212, to repair the break.

The differential upregulation of the genes involved in DNA repair may suggest a

greater amount of cell disruption, or stress-induced DNA damage occurring in the

erythritol condition. Along with the upregulation of the phage-shock stress response
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(RL1106, RL1107, and RL1108), this is a piece of evidence to suggest that the erythritol

condition exposed the cells to greater stress. In contrast, RLV3841 may be

better-equipped for DNA repair in erythritol-enrichments because the putative DNA

repair-encoding genes are located on pRL12 with the erythritol catabolism genes. The

DNA-repair mechanism may be upregulated to provide stability to pRL12 as it

experiences increased transcriptional activity from the expression of the erythritol

catabolism genes on the plasmid.

It is important to note that pRL120197 shows very minimal differences between

the erythritol and mannitol expression patterns in Figure 21. The results are statistically

significant; however, the large change in expression is possibly a result of lower read

counts naturally demonstrating a larger fold change: a single read count change is

proportionally greater in genes with lower baseline read counts. The function of these

genes are still predicted in this study. Future mutagenesis experiments are required to

establish the function of these genes and whether they play a role in erythritol catabolism.

The upregulated DEG of interest, pRL120197 encodes for a protein currently

characterized as a putative glycerol-3-phosphate dehydrogenase (G3Pase) (KEGG). In

general, G3Pase proteins play a role in lipid metabolism (KEGG; Shine et al., 2019). As

glycerol is metabolized and later converted to glycerol 3-phosphate (G3P), G3Pase

oxidizes the molecule, converting it into dihydrooxyacetone phosphate (DHAP), which is

then able to enter glycolysis (KEGG; Shine et al., 2019; Ding et al., 2012). This infers

that lipid catabolism may have been co-occurring alongside erythritol metabolism. An

alternative hypothesis is that the G3Pase is upregulated and used in erythritol catabolism

instead. Considering pRL120197 co-exists on pRL12 with the erythritol catabolism
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genes, it is plausible that the gene is upregulated to support the erythritol catabolism

metabolic pathway.

Both RL1107 and RL1106 were the genes with the greatest observed

upregulation. Within the operon, the two genes are also accompanied by RL1108 which

was highly upregulated as well. Although they are not previously known to be involved

in erythritol catabolism or uptake, it is worth speculating why the genes in this operon

were highly expressed in the erythritol condition. RL1107 and RL1108 both encode

transmembrane proteins and are co-occurring in the same gene operon as each other and

RL1106 (NCBI). RL1106 is classified as a putative PspA family regulator. Since this

gene has not yet been described experimentally in Rhizobium, its function can only be

predicted based on nucleic acid homologies and amino acid motifs (Brenner et al., 1998).

According to the KEGG sequence similarity database (SSDB), the amino acid sequence

is most similar to a PspA/IM30 family motif. Although first discovered in E. coli, these

genes are ubiquitous across microbial species (Darwin, 2005). This is indicated by the

fact that there are 13866 genes with PspA_IM30 motifs found in the Pfam database. In E.

coli, pspB and pspC both encode transmembrane proteins, and are located in tandem

within the genome (NCBI). RL1107 and RL1108 most likely are the pspB and pspC

genes in Rhizobium. Both PspB and PspC proteins are observed to prevent secretins from

causing lethal cytoplasmic membrane permeability, and appear to form a complex with

the PspA protein to prevent these secretions (Darwin, 2013).

Psp systems are most often studied in E. coli and Yersinia enterocolitica (Darwin,

2005; Gueguen et al., 2009). The psp operon functions as a non-specific system

responding to stressors that disrupt the proton-motive force in a cell (Darwin, 2005).
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Although the system was first discovered in response to a phage infection in E. coli

(Flores-Kim and Darwin, 2013), it responds to a variety of other stressors as well,

including mislocalization of some envelope proteins, extremes of temperature, osmolarity

stress or ethanol concentration, and the presence of proton ionophores (Model et al.,

1997). In general, the psp response is activated when the cell envelope is destabilized

(Darwin, 2013).

In E. coli, the operon pspABCDEFG contains seven genes. However, only three

homologous psp genes are spatially located in tandem in RLV3841. A BLASTp alignment

of the pspF gene from E. coli K12 reveals that the most similar (Identity = 37%) gene in

RLV3841 is a putative two-component response regulator with a sigma 54 interacting

domain transcriptional regulatory protein (RL4067) (E value = 7 X 10-96). This gene is

neither spatially located near the other three, nor differentially expressed, which suggests

that it is not functioning as a psp gene. Because the psp operon for RLV3841 differs in the

number of genes compared to the E. coli psp operon, its respective functions may differ

as well. There have been some studies observing psp expression in R. leguminosarum

when grown in peat extract under desiccation stress (Casteriano et al., 2013; Atieno et al.,

2018). Atieno et al. report that sub-lethal desiccation stress induced specific gene

expression that enhanced the desiccation tolerance of R. leguminosarum (2018).

Based on the previous findings, RLV3841 psp operon is assumed to be related to

stress mitigation. The erythritol medium was not hypothesized to be a stressful

environment for the cell, nor did I culture the cells into late stationary phase where

secondary metabolites would have accumulated and contributed to stressful conditions.

Therefore, discussing the causes of this stressor is only speculative. For example,
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secondary metabolites may be uniquely produced, or produced in higher concentrations,

when metabolizing erythritol compared to mannitol. Another consideration is the psp

operon in Rhizobium is serving a vastly different function to that described in E. coli.

In addition to the upregulation of lipid metabolism, the putative xylitol

metabolism system was also differentially expressed. The gene operon putatively

responsible for transporting xylitol across the membrane was differentially upregulated in

erythritol, which includes RL1745, RL1746, and RL174 (KEGG). It is up to speculation

why an alternative energetically-demanding carbon transport system is induced in the

erythritol condition. Since root exudates often contain a “cocktail” of many polyols,

erythritol may act as a signal molecule that induces other polyol metabolism systems and

primes the cell for successfully proliferating in the exudate (Haichar et al., 2014). A wide

array of literature suggest that a cell strain able to take-up and catabolize more carbon

sources is more likely to increase in higher abundances and colonize the roots more

frequently than competitors (Yost et al., 2006). It may be possible that the system

transports erythritol as the two polyols only differ by one carbon.

The gene RL0661 was differentially upregulated in erythritol, but the research

uncovering the function of gene RL0661 is sparse. The gene encodes a protein with a

conserved DsrE motif (KEGG). DsrE is a small soluble protein involved in intracellular

sulfur reduction (pfam). A BLASTn search reveals that the nucleotide sequence of the

gene also has highest similarity (Query coverage = 100%, E value = 0.0) to nitrogen

starvation genes in Rhizobium indicum (Identities = 97%) (KEGG), and Rhizobium

ruizarguesonis (Identities = 98%) (Johnson et al., 2008; KEGG). I am hesitant to make
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any further predictions until more information about this gene and its function are

available.

The upregulated DEG of interest, RL1863, encodes for 4-hydroxyphenylpyruvate

dioxygenase (HPPD) (KEGG). This protein is known to play a role in aromatic amino

acid metabolism by assisting in the degradation of tyrosine and phenylalanine to

homogentisate (KEGG Pathway; Yang et al., 2007; Ramachandran et al., 2011).

Researchers have previously observed upregulation of this gene, along with other genes

involved in the downstream processes of the phenylalanine/tyrosine breakdown pathway,

when the cells are in the rhizosphere (Ramachandran et al., 2011). In addition, mutation

of the gene yielded cells with the largest reductions in pea rhizosphere competitiveness

compared to cells with mutations in other rhizosphere-induced genes.

The upregulated DEGs rhiABC, and rhiI (pRL100169, pRL100170, pRL100171,

and pRL100164 respectively) are characterized as rhizosphere-induced proteins (KEGG).

In previous studies, researchers have observed increased expression of rhi genes in the

rhizosphere of peas (Cubo et al., 1992; Rodelas et al., 1999). In addition, all rhiABC gene

products positively influence the plant-host relationship between R. leguminosarum and

vetch, pea, and lentil (Cubo et al., 1992; Rodelas et al., 1999). rhiR gene products are also

found to be positively influenced; however, in my study, rhiR was only upregulated

1-fold (p-val = 1.62 X 10-4).

The gene rhiI is characterized as a gene coding for the enzymatic production of

N-acyl-homoserine lactone (AHLs) molecules, which indirectly induces the expression of

the rhiABC operon. The gene rhiR (pRL100172) encodes for a regulatory protein that

binds with an AHL molecule, which induces the expression of both rhiABC and rhiI
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(Rodelas et al., 1999; KEGG). This process is regulated by rhiR in a cell

density-dependent manner (Rodelas et al., 1999). Therefore, the expression of rhiR was

not upregulated as highly in the experiments since the regulatory role of rhiR is cell

density-dependent rather than expression-dependent.

Researchers have also discovered that the rhiABC genes are upregulated during

the transition from late exponential to early stationary growth phase (Rodelas et al.,

1999). The RNAseq experiment was designed to control compounding effects that would

result from cells in different growth phases. The growth curves were constructed prior to

conducting the RNAseq trials in order to more accurately predict the time and OD600

readings correlating with populations in the early exponential phase. Based on the OD600

of the samples, the populations in both VMM with Erythritol and Mannitol were in mid

exponential phase when the RNA was isolated. Therefore, it appears to be unlikely that

the rhi genes are being upregulated in VMM + Erythritol cultures due to differing growth

phases. In addition, it is unlikely that stationary phase stress is a compounding factor in

these results. A previous colleague, Dr. Dinah Tambalo, had prepared RNA sequences

using the same culturing method as my experiment. I also analyzed her sequences using

the same computational protocols and found the rhiBC and rhiI genes to also be

differentially expressed, by 2.3 to 3.3-fold.

In future experiments, the rhi genes will be analyzed further to confirm that they

are not experimental artefacts, and their upregulation is elicited in erythritol. One method

to explore this would be to conduct reporter fusion experiments, and join the rhi operon

promoter with a reporter gene. The expression of this operon will be observed over a time

course across all growth phases in VMM + Erythritol broth, and compared to VMM +
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Mannitol broth. I would expect to see a significantly higher expression of the rhi operon

in the early exponential phase, and perhaps during other growth phases as well.

There has been no evidence to suggest why rhiABC gene products are regulated in

a cell density-dependent manner. Rodelas et al. also suggests that the complex system

demands further characterization of other AHL production loci in R. leguminosarum bv.

viciae (1999). Other plasmids may contain other AHL producing genes as well (Rodelas

et al., 1999). Although my experiment does not directly provide answers to this mystery,

it is evident that the rhi genes are upregulated in a minimal medium with erythritol. These

results may suggest that erythritol may be acting as a signaling molecule that upregulates

rhi genes in the rhizosphere, perhaps independent of cell density. Erythritol may function

as more than just a carbon source in RLV3841. It may be a chemical signal that

potentially facilitates cell-cell communication, and assists in successful rhizosphere and

root colonization. This equips RLV3841 with a competitive advantage in soils with pea

plants, which exude erythritol.

4.2.2 Differentially upregulated genes in the presence of mannitol

All of the genes differentially upregulated in mannitol enrichments more than

4-fold exist exclusively on the chromosome. This is different from the

erythritol-upregulated genes, which mainly resided on plasmids. Considering nearly 35%

of all R. leguminosarum protein-encoding genes reside on plasmids, the difference in

genomic locations between the erythritol and mannitol-enrichment DEGs is notable

(Young et al., 2006). This lends support that the genes are not differentially regulated

stochastically in erythritol, and intentional regulatory processes are involved.
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The genes encoding for the sitABCD transport system, RL3884, RL3885,

RL3886, RL3887, expressed the largest degree of upregulation in the mannitol condition.

In general, sitABCD systems are involved in iron transport; however, more recently they

have been found to be involved in manganese (Mn) transport in some species (Kehres et

al., 2002). SitABCD genes were first discovered in Salmonella as one of many iron

transport systems, which contributes to its virulence in animal infections (Zhou et al.,

2020; Janakiraman & Slauch, 2000). Obtaining iron is an important process during host

infection since cells are rapidly multiplying and may be competing against host-encoded

proteins that also have a high affinity for the molecule (Janakiraman & Slauch, 2000).

This particular system has been discovered in strains of Rhizobium and Sinorhizobium, as

well as Salmonella, E. coli, Rosenbacter, Yersinia, Cyanobacteria and some

Gram-positive bacteria. Further, researchers have found that neither E. coli or Salmonella

need manganese in order to grow in laboratory conditions. However, some strains use the

sit system for manganese in place of iron, or along with iron (Boyer et al., 2020).

Rhizobium SitABCD proteins are homologues of the iron transport system in Salmonella,

but evidence suggests that the system also imports and responds to manganese

(Díaz-Mireles et al., 2005). The Rhizobium sitABCD system may respond to both, as

suggested in the Boyer et al. study (2020).

The gene that negatively regulates transcription of the sitABCD system is known

as Fur; however, in sit systems that may also transport manganese they are coined as Mur

genes (Díaz-Mireles et al., 2004). When complexed with manganese or iron, Mur and Fur

proteins bind to the promoter region of the sitABCD system and repress transcription of

the operon. In the case of R. leguminosarum, the Mur protein binds to at least two regions
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near the sitABCD promoter region (Díaz-Mireles et al., 2004). Therefore, in manganese

or iron depleted conditions, Mur and Fur protein complexes are disassociated, and

transcription of sitABCD takes place to express a scavenging mechanism. The higher

expression of the sitABCD system suggests that cells were responding to manganese or

iron depleted conditions in the mannitol culture compared to erythritol.

Based on these results, it could be suggested that growing in erythritol does not

require as high of manganese or iron concentration. The mannitol-specific transporters or

metabolism proteins may require more manganese or iron than those specialized for

erythritol metabolism. However, the study from Jain et al. (2011) found that for Brucella

to grow in erythritol, more iron is needed than when growing without erythritol. The

reasoning for this is due to the iron-coupled activity of the 3-keto-l-erythrose-4-phosphate

dehydrogenase enzyme during one of the last steps in the erythritol metabolism pathway

(produces DHAP) (Rodríguez et al., 2012; Jain et al., 2011). Researchers claim that this is

the only link that explains a reported iron dependence in erythritol conditions (Jain et al.,

2011). If this is also the case in RLV3841, then the lower expression pattern of the

potential sitABCD iron-scavenging system requires further investigation. Perhaps this

lends support that the sitABCD system exclusively scavenges for manganese rather than

iron. Or, there are other more efficient iron scavenging strategies in erythritol conditions

instead that were not observed in this experiment.

In my results, a known Mur gene, RL0397, was hardly differentially regulated: its

log2 fold change was -0.11 (p-value = 0.7). This is not a statistically significant result, but

it could possibly suggest that the Mur gene transcription operates consistently regardless

of substrate concentrations or culture medium, while the sitABCD system is
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transcriptionally regulated depending on substrate concentration. Neither the gene

characterized in the fur superfamily, irrA (RL0115), nor the gene encoding iron transport,

RL27151, were differentially expressed either (Wexler et al., 2003; Todd et al. 2006;

NCBI).

Past mutagenesis experiments have shown that R. leguminosarum might have

another functional manganese transporter along with sitABCD. This result was

discovered after observing that the Rhizobium sit mutants were not as affected by

manganese limitations compared to Sinorhizobium mutants (Boyer et al., 2020). The gene

RL0940, MntH, is involved in manganese transport, and was also one of the most

upregulated genes in the mannitol enrichment (KEGG). It is previously thought that

MntH and the sit system are involved in manganese transport in opposing conditions:

MntH operates optimally in acidic conditions, while sit cannot operate in these

conditions, and is most effective in alkaline conditions (Boyer et al., 2020; Kehres et al.

2002). Our results suggest that both may be operating simultaneously in mannitol.

Ultimately, the transcription results pertaining to the sit system and MntH gene

contradict one another and the previously published literature. For that matter, no strong

conclusions can be made thus far. More experiments must be conducted with the intent to

explore the following: whether the sit system responds to Mn or Fe, and if the iron

requirements for the erythritol condition exceed those in the mannitol condition as

outlined by Jain et al. (2011).

The gene RL1911 encodes for a protein putatively involved in arylsulfatase

activity (Uniprot; KEGG). Virtually no literature exists in describing the function of this

gene. However, the gene is orthologous to arylsulfatases in Ensifer adhaerens (NCBI),
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Ensifer mexicanus (NCBI), Methylobacterium durans (Uniprot; NCBI), among others

(NCBI). Generally, arylsulfatase plays a role in obtaining sulfur for an array of

biosynthetic processes (Yoon et al., 2017). The enzyme works by catalyzing the reaction

that hydrolyzes arylsulfatase ester bond substrates, producing free sulfate as a result

(Stressler et al., 2016). In aerobic soils, the majority of the sulfur content exists as sulfate

esters, so arylsulfatases are critical in obtaining the sulfur required for Gram-negative soil

bacteria (Gahan & S  chmalenberger, 2014; Kertesz, 2000).

Researchers have found that the expression of sulfatases is repressed by regulator

proteins in the presence of sulphate (Kertesz, 2000). Only sparse amounts of information

is available specifically pertaining to arylsulfatase and aromatic sulfates; but, if the

regulatory system in RLV3841 is similar then I can infer that the cells growing in

erythritol were experiencing higher amounts of free aromatic sulfate compounds in the

culture, such as inorganic sulfate, sulfite, sulfide, thiosulfate, or cysteine (Adachi et al.,

1975). This could either reveal that a sulfate secondary metabolite is being produced and

accumulating in the culture, or that the sulfate requirements are much lower when cells

are growing in erythritol.

4.3 Validity of the INseq results

No conclusions can be made from the INseq experiment due to sequencing

malfunctions and possible contamination of the samples. This resulted in an insufficient

number of reads in the TRANSIT INseq analysis pipeline. There were not enough reads

available to show distinct distribution patterns. For instance, it appears that genes with

fewer TA sites were more likely to be classified as ES. Out of all ES genes, the average
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number of TA sites in these genes is 35. Whereas, of all the NE genes, the average

number of TA sites is 210. This experiment must be repeated with deeper coverage across

the genome. Besides the sequencing malfunctions, this thesis outlines a reproducible

workflow for generating a RLV3841 INseq library.
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5.0 CONCLUSION

5.1 Microbial community enrichments

Taking all the results into consideration, when compared to the bulk soil, the roots

produced a microcosm that enriched for nodulating Rhizobiales bacteria; further,

erythritol catabolism was frequently associated with these populations. Bulk soil that was

unaffiliated with the rhizosphere did not contain as strong of an enrichment for

nodulating, or erythritol-catabolizing strains. The root environment differentially imposed

a specific selection.

5.2 INseq

The INseq experiment must be repeated before any biological conclusions can be

made. However, the experiment demonstrated that the workflow with custom adapters

and primers was successful, and can be reused for future Rhizobium INseq experiments.

5.3 RNAseq

The RNAseq experiment further confirmed the erythritol uptake and catabolism

genes previously characterized through mutagenesis in the study by Yost et al. (2006).

Uncovering the same outcome with two vastly different approaches yields a more robust

result. In addition, it appears that more genes are involved in erythritol metabolism than

previously thought. Genes involved in metabolizing secondary substrates,

stress-mitigation, and rhizosphere quorum sensing were highly expressed as well. Based
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on the evidence collected, I conclude that the role of erythritol in the rhizosphere may be

more complex than other carbon sources. Rather, erythritol may act as a chemical signal

that triggers a specialized response in RLV3841. I have demonstrated that erythritol elicits

gene expression patterns that may allow RLV3841 to out-compete other soil bacteria in

colonizing the rhizosphere, thereby nodulating legume roots.

When bioengineering a “minimalistic microbe” inoculant, the uptake and usage of

carbon sources must be taken into consideration. This thesis provides further direction for

developing enhanced inoculant strains in the context of erythritol. The gene network

involved in erythritol metabolism, a trademark carbon source of RLV3841, may be larger

than previously reported. This yields a larger target for genetically manipulating an

inoculant strain. Manipulation of the erythritol-related genes may strengthen the

symbiotic relationship with the plant host by enhancing root colonization, and thereby

increasing the frequency of nodulation, or by out competing unwanted organisms such as

pathogens and inefficient nodulating strains.
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