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ABSTRACT 

Understanding the microbiome and factors governing its structure under field conditions is 

essential to optimize the microbiome for improved crop productivity. The purpose of my research 

was to characterize the rhizosphere bacterial community of sixteen diverse Brassica napus lines 

under field conditions to identify microbial patterns and specific signatures that could be utilized 

in canola breeding and production management strategies.  

My first objective was to characterize the core rhizosphere microbiome and identify 

components of the bacterial microbiota that differ between B. napus genotypes. There were both 

cross-year and cross-site conserved core bacterial genera. There was a fine-scale plant genetic 

control on rhizosphere bacterial abundance, and plant genetics explained up to 59% of the variation 

in bacterial alpha diversity. Overall microbial variation and plant genetic distance were correlated 

demonstrating plant control on the rhizosphere ecology. Moreover, the plant genetic effects on the 

microbial community varied in strength through plant development with a maximum at flowering.  

My second objective was to characterize B. napus root growth dynamics and assess 

associations between root growth and dominant bacterial taxa. Changes in the dominant bacteria 

were detectable at all levels of taxonomic resolution through plant development. Root growth 

showed a distinct growth stage pattern with an increase in root length at early stages followed by 

stable and/or gradual increases at flowering and reductions at maturity. The abundance of dominant 

bacteria showed significant positive correlations with root length in vegetative plants.  

My third objective was to characterize microbial interactions and identify driver and core-

hub bacterial communities structuring B. napus microbial assembly. Microbial network structure 

varied across growth stages with more complex and organized structures at flowering. Potential 

core-hub communities and driver taxa influencing microbial assembly processes and the metabolic 

pathways of the driver genera were identified. Overall, the B. napus rhizosphere microbial 

assembly is characterized by conserved bacterial interactions (core-hub communities) and altered 

bacterial interactions between growth stages or genotypes that create variation (driver genera).  

My research has filled a significant knowledge gap in B. napus microbiome literature by 

identifying the overall, growth stage and genotype related microbial patterns and signatures 

necessary for future detailed investigations. These novel insights into the rhizosphere bacterial 

community will enable the design of future strategies that combine both biocontrol and breeding 

approaches to address challenges in B. napus production.  



 

iii 
 

ACKNOWLEDGEMENTS 

I can never be thankful enough to my supervisor Dr. Eric Lamb, for his constant support and 

guidance, for his professionalism and outstanding efficiency as a researcher and mentor, for openly 

sharing from his immense knowledge and experience, and the freedom he accorded me to develop 

as scientist. It is a pleasure and an honour to work with you. I wish to express my sincere gratitude 

to my advisory committee members Dr. Yuguang Bai, Dr. Kirstin Bett, Dr. Bobbi Helgason and 

Dr. Steven Siciliano for their scientific advice, insightful comments, and suggestions and for being 

helpful throughout my program. Special thanks to Dr. Cara Haney (University of British Columbia, 

Canada) for serving as the external examiner for this dissertation. 

I would like to thank all lab and field crew members of the Plant Phenotyping and Imaging 

Research Center Project (P2IRC) theme 1.3 (Phenotyping the Plant Microbiome): Dr. Charlotte 

Norris, Alix Schebel, Cordell Vandenderen, Yolanda Iannucci, Sarah Valentine, Triann Littlepine, 

Jennifer Bell, Shanay Williams-Johnson and Zayda Morales without whom this project would not 

have been a success. My acknowledgement also goes to all my co-authors Dr. Melissa Arcand, Dr. 

Steve Mamet, Dr. Matthew Links, Tanner Dowhy, Dr. Sally Vail, Dr. Isobel Parkin, Dr. Stephen 

Robinson and Kalli Noble for enriching my thesis through their valuable comments.   

This work is funded by P2IRC and Natural Science and Engineering Research Council 

(NSERC). Also, I am grateful for the generous scholarships from Saskatchewan Wheat 

Development Commission and College of Graduate and Postdoctoral Studies. 

I want to express my limitless gratitude and admiration to my beloved Kalkidan A. Dinku, 

my wife and mother of my children, for your love, patience and encouraging and following me in 

this adventure.  My son Amen Zelalem and my daughters Haleluya Zelalem and Barkot Zelalem 

thank you very much for your love and patience, I love you very much. I thank my parents, in-laws 

and siblings for their unconditional love and encouragement. I extend my appreciation to all my 

teachers, college and departmental staffs, friends, lab mates, fellow students here at the University 

of Saskatchewan for your various supports and friendship. 

I tie all things by praising and giving glory to God, the Almighty, and my Savior and Lord 

Jesus Christ, for His grace, blessings and protection over me and my family.   

 

 



 

iv 
 

TABLE OF CONTENTS 

 

PERMISSION TO USE .................................................................................................................. i 

DISCLAIMER ................................................................................................................................. i 

ABSTRACT .................................................................................................................................... ii 

ACKNOWLEDGEMENTS .......................................................................................................... iii 

TABLE OF CONTENTS .............................................................................................................. iv 

LIST OF TABLES ........................................................................................................................ xi 

LIST OF FIGURES ..................................................................................................................... xv 

CHAPTER ONE ............................................................................................................................. 1 

1 GENERAL INTRODUCTION .............................................................................................. 1 

1.1 OVERVIEW OF THE THESIS ............................................................................................. 4 

CHAPTER TWO ............................................................................................................................ 5 

2 REVIEW OF LITRATURE ................................................................................................... 5 

2.1 INTRODUCTION ................................................................................................................... 5 

2.2 BRIEF HISTORY AND PRODUCTION OF CANOLA IN CANADA ............................ 5 

2.3 OVERVIEW OF AGRONOMIC CHALLENGES AND RISKS IN CANOLA 

PRODUCTION SYSTEMS IN CANADA ............................................................................ 6 

2.3.1 Nutrient management ........................................................................................................ 7 

2.3.2 Diseases associated with canola cultivation ...................................................................... 8 

2.4 NEED FOR A HOLISTIC VIEW ON PLANT-MICROBE INTERACTIONS ............... 9 

2.5 BRASSICA NAPUS RHIZOSPHERE MICROBIOME .................................................... 10 

2.6 INDIVIDUAL BACTERIA˗B. NAPUS INTERACTIONS. .............................................. 14 

2.6.1 B. napus growth promoting bacteria ................................................................................ 14 

2.6.2 Nutrient uptake and abiotic stress resistance enhancing bacteria .................................... 14 



 

v 
 

2.6.3 Bacteria that confer protection against pathogens ........................................................... 16 

2.7 INTEGRATING PERSPECTIVES FROM REDUCTIONIST AND HOLISTIC 

MICROBIOME STUDY APPROACHES .......................................................................... 23 

CHAPTER THREE ..................................................................................................................... 25 

3 CORE AND DIFFERENTIALLY ABUNDANT BACTERIAL TAXA IN THE 

RHIZOSPHERE OF FIELD GROWN BRASSICA NAPUS GENOTYPES: 

IMPLICATIONS FOR CANOLA BREEDING* .............................................................. 25 

3.1 ABSTRACT ........................................................................................................................... 25 

3.2 INTRODUCTION ................................................................................................................. 27 

3.3 MATERIALS AND METHODS ......................................................................................... 28 

3.3.1 Site description ................................................................................................................ 28 

3.3.2 Canola genotypes ............................................................................................................. 28 

3.3.3 Experimental design ........................................................................................................ 29 

3.3.4 DNA extraction, amplification, and sequencing ............................................................. 31 

3.3.5 Sequence data processing and statistical analysis ........................................................... 31 

3.4 RESULTS ............................................................................................................................... 34 

3.4.1 Rhizosphere taxonomic characterization ......................................................................... 34 

3.4.2 Single site two-year B. napus rhizosphere core microbiome .......................................... 35 

3.4.3 2017 three-site B. napus rhizosphere core microbiome .................................................. 35 

3.4.4 Genotype variation in alpha diversity measures .............................................................. 39 

3.4.5 Microbial patterns among B. napus genotypes ................................................................ 40 

3.4.6 Relationship between B. napus genotypes and rhizosphere microbial composition ....... 40 

3.4.7 Heritability of microbial attributes .................................................................................. 41 

3.4.8 Differentially abundant bacterial genera ......................................................................... 42 

3.5 DISCUSSION ........................................................................................................................ 47 

3.5.1 B. napus genotype regulated changes in rhizosphere bacteria ........................................ 47 



 

vi 
 

3.5.2 B. napus rhizosphere core microbiome ........................................................................... 49 

3.5.3 Harnessing plant-microbial interactions for canola breeding .......................................... 51 

CHAPTER FOUR ........................................................................................................................ 52 

4 ROOT GROWTH DYNAMICS, DOMINANT RHIZOSPHERE BACTERIA, AND 

CORRELATION BETWEEN DOMINANT BACTERIAL GENERA AND ROOT 

TRAITS THROUGH BRASSICA NAPUS DEVELOPMENT ......................................... 52 

4.1 ABSTRACT ........................................................................................................................... 52 

4.2 INTRODUCTION ................................................................................................................. 54 

4.3 MATERIALS AND METHODS ......................................................................................... 55 

4.3.1 Root sampling .................................................................................................................. 56 

4.3.2 Weather and soil data ...................................................................................................... 56 

4.3.3 Statistical analysis............................................................................................................ 56 

4.4 RESULTS ............................................................................................................................... 58 

4.4.1 B. napus root growth dynamics across the growing season ............................................ 58 

4.4.2 Dominant bacterial taxa based on frequency of occurrence ............................................ 59 

4.4.3 Dominant bacterial taxa based on mean relative abundance ........................................... 62 

4.4.4 Proteobacteria to Acidobacteria ratios across growth stages ........................................... 65 

4.4.5 Correlations between canola root traits and potentially growth promoting and dominant 

genera under field conditions .................................................................................................. 65 

4.5 DISCUSSION ........................................................................................................................ 68 

4.5.1 B. napus root growth dynamics ....................................................................................... 68 

4.5.2 B. napus driven preferential proliferation of bacterial groups ......................................... 68 

4.5.3 Proteobacteria:Acidobacteria ratios suggest a more copiotrophic rhizosphere condition 

during flowering...................................................................................................................... 69 

4.5.4 Canola growth promoting bacteria could have maximal effect on root growth at the 

vegetative stage ....................................................................................................................... 70 



 

vii 
 

4.5.5 Correlation of rhizosphere bacteria with soil conditions and weather variables ............. 71 

4.6 CONCLUSIONS ................................................................................................................... 71 

CHAPTER FIVE .......................................................................................................................... 73 

5 BRASSICA NAPUS RHIZOSPHERE BACTERIAL COMMUNITY ASSEMBLY: 

DRIVER AND CORE-HUB COMMUNITIES ACROSS GROWTH STAGES AND 

BETWEEN GENOTYPES. .................................................................................................. 73 

5.1 ABSTRACT ........................................................................................................................... 73 

5.2 INTRODUCTION ................................................................................................................. 75 

5.3 MATERIALS AND METHODS ......................................................................................... 77 

5.3.1 Sequence data processing ................................................................................................ 78 

5.3.2 Co-occurrence network construction ............................................................................... 78 

5.3.3 Overall change in interaction pattern and core-hub community detection ...................... 79 

5.3.4 Changes in association of a single taxon and driver genera detection ............................ 80 

5.3.5 Driver genera metabolic pathway and functional feature characterization ..................... 80 

5.4 RESULTS ............................................................................................................................... 81 

5.4.1 B. napus rhizosphere bacterial network complexity through plant development. ........... 81 

5.4.2 Core-hub communities in B. napus rhizosphere microbial community and their 

conservation across growth stage ............................................................................................ 83 

5.4.2.1 Vegetative to flowering comparisons ....................................................................... 83 

5.4.2.2 Vegetative to maturity comparisons ......................................................................... 84 

5.4.2.3 Flowering to maturity comparisons .......................................................................... 85 

5.4.3 Potential driver bacterial genera in B. napus rhizosphere at different growth stages ..... 89 

5.4.3.1 Driver genera influencing microbial assembly across growth stages ...................... 91 

5.4.3.2 Driver genera influencing microbial assembly exclusively at one growth stage ..... 94 

5.4.4 Dominant metabolic pathways and functional features of driver genera across B. napus 

growth stages .......................................................................................................................... 96 



 

viii 
 

5.4.5 Rhizosphere bacterial network complexity in genetically distinct B. napus genotypes .. 99 

5.4.6 Core-hub communities in the rhizosphere of genetically distinct B. napus genotypes . 100 

5.4.7 Potential driver genera resulting in microbial network variations between genetically 

distinct genotypes.................................................................................................................. 103 

5.4.8 Dominant metabolic pathways and functional features of driver genera in B. napus 

breeding lines ........................................................................................................................ 103 

5.5 DISCUSSION ...................................................................................................................... 106 

5.5.1 Prominent bacterial groups in B. napus rhizosphere microbial networks ..................... 106 

5.5.2 Increased B. napus microbial community organization across growth stages .............. 107 

5.5.3 Core-hub communities shaping B. napus rhizosphere microbial assembly .................. 108 

5.5.4 Putative functions and roles of B. napus rhizosphere core-hub communities ............... 109 

5.5.5 Core-hub communities are conserved between genetically distinct B. napus genotypes

 …………………………………………………………………………………………111 

5.5.6 Potential driver bacterial genera shaping B. napus rhizosphere microbial assembly .... 111 

5.5.7 Dominant metabolic pathways and functional features of driver bacterial taxa ........... 114 

5.6 CONCLUSION .................................................................................................................... 115 

CHAPTER SIX ........................................................................................................................... 116 

6 DISCUSSION AND CONCLUSIONS .............................................................................. 116 

6.1 GENERAL DISCUSSION .................................................................................................. 116 

6.2 SYNTHESIS AND FUTURE WORK ............................................................................... 118 

6.2.1 Rhizosphere microbiome as source of genetic variability for B. napus breeding ......... 118 

6.2.2 Insights into microbial assembly processes in the B. napus rhizosphere ...................... 122 

6.2.3 Ecological perspectives to optimize inoculant design for B. napus .............................. 123 

6.3 B. NAPUS AS CANDIDATE MODEL FOR DISSECTING RHIZOSPHERE 

MICROBIAL ASSEMBLY ................................................................................................ 125 

6.4 CONCLUSIONS ................................................................................................................. 125 



 

ix 
 

REFERENCES ........................................................................................................................... 126 

APPENDIX A ............................................................................................................................. 151 

APPENDIX B .............................................................................................................................. 152 

APPENDIX C ............................................................................................................................. 153 

APPENDIX D ............................................................................................................................. 155 

APPENDIX E .............................................................................................................................. 157 

APPENDIX F .............................................................................................................................. 158 

APPENDIX G ............................................................................................................................. 162 

APPENDIX H ............................................................................................................................. 176 

APPENDIX I ............................................................................................................................... 177 

APPENDIX J .............................................................................................................................. 179 

APPENDIX K ............................................................................................................................. 181 

APPENDIX L .............................................................................................................................. 182 

APPENDIX M ............................................................................................................................ 183 

APPENDIX N ............................................................................................................................. 184 

APPENDIX O ............................................................................................................................. 185 

APPENDIX P .............................................................................................................................. 186 

APPENDIX Q ............................................................................................................................. 187 

APPENDIX R ............................................................................................................................. 188 

APPENDIX S .............................................................................................................................. 189 

APPENDIX T .............................................................................................................................. 192 

APPENDIX U ............................................................................................................................. 194 

APPENDIX V ............................................................................................................................. 196 

APPENDIX W ............................................................................................................................ 205 



 

x 
 

APPENDIX X ............................................................................................................................. 207 

APPENDIX Y ............................................................................................................................. 214 

APPENDIX Z .............................................................................................................................. 216 

APPENDIX AA .......................................................................................................................... 223 

APPENDIX AB ........................................................................................................................... 225 

APPENDIX AC .......................................................................................................................... 227 

APPENDIX AD .......................................................................................................................... 235 



 

xi 
 

LIST OF TABLES 

Table 2.1. Summary of the main B. napus root/rhizosphere microbiome studies. The summary 

includes whether the studies where under controlled or field conditions, the method used to 

study the microbial community, their sampling point and, in which country the studies where 

conducted. In the second column, the numbers in bracket indicate the number of locations used 

for the experiment. Controlled indicates greenhouse and growth chamber studies while field 

indicates studies done in a field setting. .................................................................................. 13 

Table 2.2. Summary of B. napus-microbe interaction studies evaluating effects on growth 

promotion. ............................................................................................................................... 18 

Table 2.3. Summary of B. napus-microbe interaction studies evaluating effects on nutrient uptake 

and abiotic stress resistance .................................................................................................... 20 

Table 2.4. Summary of B. napus-microbe interaction studies evaluating effects on disease 

resistance. ................................................................................................................................ 22 

Table 3.1. Sixteen diverse B. napus genotypes selected for the rhizosphere microbial analysis and 

their seed quality traits. ........................................................................................................... 29 

Table 3.2. Overall and growth stage related B. napus core bacterial taxa identified at Saskatoon 

2016 experiment. “Y” represents “yes” for the four rightmost columns under “Core in”. t: 

overall or total, v: vegetative, f: flowering and m: maturity growth stages. Repeated genus 

name indicates presence of amplicon sequence variant. Please see Appendix D for full table 

showing their corresponding prevalence and relative abundance. .......................................... 36 

Table 3.3. Cross-year B. napus core bacterial taxa identified in at least 75% of the samples at 

Saskatoon site. Weekly sampling for ten weeks in 2016 and at three growth stages in 2017. 

“2016” and “2017” represent the study years. The number in bracket indicates the number of 

amplicon sequence variants for that genus. Please see Appendix D for full table showing their 

corresponding prevalence and relative abundance. ................................................................. 37 

Table 3.4. B. napus core bacterial taxa identified in at least 75% of the samples at Saskatoon, 

Melfort, and Scot sites. “Y” represents “yes” for the three rightmost columns under “Core at”. 



 

xii 
 

SA: Saskatoon, ME: Melfort, and SC: Scott sites. The numbers in bracket indicate the number 

of amplicon sequence variants for that genus. Please see Appendix D for full table showing 

their corresponding prevalence and relative abundance. ........................................................ 38 

Table 3.5. Broad-sense heritability of alpha diversity traits (diversity_inverse_simpson, 

diversity_gini_simpson, diversity_shannon, evenness_pielou, evenness_simpson) using the 

full 10 weeks dataset of 2016. ................................................................................................. 42 

Table 3.6. Broad-sense heritability of alpha diversity traits (diversity_inverse_simpson, 

diversity_gini_simpson, diversity_shannon, evenness_pielou, evenness_simpson) using the 

flowering stage dataset of 2016 experiment. ........................................................................... 42 

Table 3.7. Number of differentially less and more abundant bacterial genera at 1% false discovery 

rate in fifteen B. napus lines compared with the reference NAM-0. White to red gradients in 

each column indicate highest to lowest values........................................................................ 43 

Table 3.8. Differentially abundant named bacterial genera unique to each B. napus genotypes in 

2016 and their traits or plant beneficial roles. Most of these genera are probably for the first 

time being reported in the rhizosphere of canola. ................................................................... 45 

Table 4.1. GAM model statistics (significance of the smoothed term and model variance explained) 

for the six root traits versus sampling week. ........................................................................... 58 

Table 4.2.Taxonomic representation of identified bacterial taxa at the three growth stages. The top 

five taxa based on their percent frequency of occurrence at each growth stage at each 

taxonomic level are presented. Values in bracket indicate percentage of ASVs identified. ... 61 

Table 5.1. Global graph properties of the common sub-networks of positively correlated co-

occurring bacterial networks among the vegetative, flowering, and maturity growth stages. 

Values indicate comparisons among the common sub-networks between pairs of stages. The 

“-”is shown when a growth stage is not being compared. ...................................................... 83 

Table 5.2. Driver genera shared among and exclusive to growth stage comparisons. Number of 

genera indicate the number of driver genera shared/exclusive to the growth stage 



 

xiii 
 

comparison(s) and driver genera indicates the identity of the shared or exclusive driver genera 

in the respective growth stage comparison(s). ........................................................................ 90 

Table 5.3. Driver genera shared across all growth stages. Random colours assigned inside cells 

show the community membership of identified driver genera. Similar colors across columns 

indicate that those genera belong to the same sub-community within the growth stage indicated 

and similar colour across rows indicate that those genera maintained similar community 

membership across the growth stages. .................................................................................... 92 

Table 5.4. Driver genera shared between flowering and maturity stages compared with the 

vegetative growth stages. Random colours assigned inside cells show community membership 

of identified driver genera. Similar colors across columns indicate that those genera belong to 

the same sub-community within the growth stage indicated and similar colour across rows 

indicate that those genera maintained similar community membership across the growth 

stages. ...................................................................................................................................... 93 

Table 5.5. Driver genera identified exclusively at vegetative-flowering, flowering-maturity, and 

vegetative-maturity.  Random colours inside cells show community membership of identified 

driver genera. Similar colors across columns indicate that those genera belong to the same sub-

community within the growth stage indicated. ....................................................................... 95 

Table 5.6. Metabolic pathways present among the potential driver genera at flowering and maturity 

growth stages in higher percentage. The table presents proportion of the pathway relative to 

2106, 1269 and 473 genomes that matched the input potential driver genera at vegetative-

flowering, vegetative-maturity, and flowering-maturity microbial rewiring, respectively. The 

Metabolic Pathway information is from MetaCyc & MicroCyc through the MACADAM 

database (Boulch et al., 2019). ................................................................................................ 97 

Table 5.7. Functional features present among the potential driver genera at flowering and maturity 

growth stages in higher percentage based on IJSEM and FAPROTAX databases through the 

MACADAM database (Boulch et al., 2019). The table presents the proportion of the functional 

features relative to 478, 363 and 402 genomes (IJSEM) and 326, 231 and 239 genomes 

(FAPROTAX) that matched the input potential driver genera at vegetative-flowering, 



 

xiv 
 

vegetative-maturity and flowering-maturity microbial rewiring, respectively. The last three 

functional features with an asterisk are from FAPROTAX. ................................................... 99 

Table 5.8. Global graph properties of the common sub-network of significantly positively 

correlated co-occurring rhizosphere bacterial networks of genetically distinct genotypes 

(diversity collections and breeding lines). Values indicate comparison among the common 

sub-network between diversity collections and breeding lines networks. ............................ 100 

Table 5.9. Metabolic pathways present among the potential driver genera in B. napus breeding 

lines in higher percentage. The table presents proportion of the pathway relative to 658 

genomes that matched the input potential driver genera in breeding lines. The Metabolic 

Pathway information is from MetaCyc & MicroCyc through the MACADAM database 

(Boulch et al., 2019). ............................................................................................................. 104 

Table 5.10. Functional features present among the potential driver genera in breeding lines in 

higher percentage based on IJSEM and FAPROTAX databases through the MACADAM 

database (Boulch et al., 2019). The table presents the proportion of the functional feature 

relative to 261 (IJSEM) and 137 (FAPROTAX) genomes that matched the input potential 

driver genera in breeding lines microbial rewiring. The last three functional features with an 

asterisk are from FAPROTAX. ............................................................................................. 105 

 

 

 

 

 

 

 

 

 

 

 



 

xv 
 

LIST OF FIGURES 

Figure 3.1. Rhizosphere vs bulk soil. Rhizosphere soil is defined as the soil that remained attached 

to the root after shaking of the loosely held bulk soil. ............................................................ 30 

Figure 3.2. Variability in alpha diversity measures (richness and evenness) among canola 

genotypes. Bars connect significantly different canola genotype pairs and significance level is 

indicated with an asterisk (*0.05, **0.01). Figures present alpha diversity comparisons based 

on (A) Whole 2016 dataset, (B) Vegetative, (C) Flowering and (D) Maturity stages. ........... 39 

Figure 3.3. Correlation between mean microbial Bray-Curtis distance and plant genetic distance 

among canola genotypes. Change in correlation when considering the (A) whole 2016 dataset 

(B) Flowering stage, (C) Vegetative and flowering stages combined, and (D) Flowering and 

maturity stages combined. ....................................................................................................... 41 

Figure 3.4. Differentially abundant bacterial genera compared with the reference genotype (NAM-

0). Change in absolute abundance in B. napus genotypes (log-fold-change) is shown against 

average abundance in count per million (CPM). Red dot indicates significantly differentially 

more and blue less abundant taxa (FDR<0.01). The non-significant genera are indicated in 

gray. Names of B. napus genotypes are indicated at the top left corner of individual plots. Plots 

are arranged left to right from genotype with the highest to the lowest number of differentially 

abundant genera compared with NAM-0. ............................................................................... 44 

Figure 4.1. Change over time in total root length (a) and root biomass of B. napus (b) (per 196.3 

cm3 of soil core). Blue lines indicate the mean total root length and biomass. Dotted lines 

indicate 95% confidence intervals around the predicted values. ............................................ 59 

Figure 4.2. The top ten most abundant bacterial phyla and their mean relative abundance 

(percentage) across the three growth stages vegetative (sampling weeks 1 to 3, n = 142), 

flowering (weeks 4 to 7, n = 192) and maturity (weeks 8 to 10, n = 143)) of diverse B. napus.

 ................................................................................................................................................. 63 

Figure 4.3.The top ten most abundant bacterial classes and their mean relative abundance 

(percentage) across the three growth stages vegetative (sampling weeks 1 to 3, n = 142), 



 

xvi 
 

flowering (weeks 4 to 7, n = 192) and maturity (weeks 8 to 10, n = 143)) of diverse B. napus.

 ................................................................................................................................................. 64 

Figure 4.4.The top ten most abundant bacterial genera and their mean relative abundance 

(percentage) across the three growth stages vegetative (sampling weeks 1 to 3, n = 142), 

flowering (weeks 4 to 7, n = 192) and maturity (weeks 8 to 10, n = 143)) of diverse B. napus.

 ................................................................................................................................................. 65 

Figure 4.5.Correlations among previously identified canola growth promoting bacteria (Bertrand 

et al., 2001; Cordero et al., 2020) and canola root traits under field condition and three growth 

stages. Each column indicates the eight root traits examined. Where CoarseRL (coarse root 

length) (> 2mm in diameter), ExtraFRL (extra fine root length) (0 – 0.5 mm in diameter), FRL 

(fine root length) (0.5 – 2 mm in diameter), PercentExtraFRL (percent extra fine root length), 

PercentFRL (percent fine root length), Root.Biomass (root biomass), TFRL2mm (Total fine 

root length) (< 2 mm in diameter) and Total_RL (total root length). Asterisk in each box 

indicate significance level (* 0.05, ** 0.01 and *** 0.001). ................................................... 66 

Figure 4.6. Correlations among the core and dominant bacterial genera and canola root traits at 

three growth stages. Each column indicates the eight root traits examined. Where CoarseRL 

(coarse root length) (> 2mm in diameter), ExtraFRL (extra fine root length) (0 – 0.5 mm in 

diameter), FRL (fine root length) (0.5 – 2 mm in diameter), PercentExtraFRL (percent extra 

fine root length), PercentFRL (percent fine root length), Root.Biomass (root biomass), 

TFRL2mm (Total fine root length) (< 2 mm in diameter) and Total_RL (total root length). 

Asterisk in each box indicate significance level (* 0.05, ** 0.01 and *** 0.001). ................. 67 

Figure 5.1. Rhizosphere bacteria network view (left) and heatmap (right) community shuffling 

plots. The network view has a dashed axis dividing it into halves corresponding to the 

vegetative (‘Veg’) and flowering (‘Flw’) growth stage sub-networks. Node labels correspond 

to their community affiliation in their respective networks. The identified communities 

(represented by a community id: C1, C2, etc.) are prefixed with a ‘Veg_’ (vegetative) and 

‘Flw_’ (flowering) identifiers. All nodes belonging to a community are randomly assigned a 

color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) 

in similar community (same color) are clustered together. Community with most of its 



 

xvii 
 

members having high coreness value is regarded as core-hub community. Edges connect 

similar nodes between the two halves to visualize the shuffling. The heatmap shows the 

vegetative (‘Veg_’) network communities along the vertical axis and the flowering (‘Flw_’) 

network communities along the horizontal axis with a count of the total number of nodes in 

the community in brackets. Numerical values inside the heatmap show the number of 

intersecting nodes between the compared communities. Similar (conserved) communities are 

shown with blue gradient (deep blue indicating most similar community) while dissimilar once 

are shown as green gradient (deep green indicate most dissimilar pairs). .............................. 86 

Figure 5.2. Rhizosphere bacteria network view (left) and heatmap (right) community shuffling 
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to their community affiliation in their respective networks. The identified communities 

(represented by a community id: C1, C2, etc.) are prefixed with a ‘Veg_’ (vegetative) and 

‘Mat_’ (maturity) identifiers. All nodes belonging to a community are randomly assigned a 

color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) 

in similar community (same color) are clustered together. Community with most of its 

members having high coreness value is regarded as core-hub community. Edges connect 

similar nodes between the two halves to visualize the shuffling. The heatmap shows the 

vegetative (‘Veg_’) network communities along the vertical axis and the maturity (‘Mat_’) 

network communities along the horizontal axis with a count of the total number of nodes in 

the community in brackets. Numerical values inside the heatmap show the number of 

intersecting nodes between the compared communities. Similar (conserved) communities are 
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color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) 

in similar community (same color) are clustered together. Community with most of its 

members having high coreness value is regarded as core-hub community. Edges connect 

similar nodes between the two halves to visualize the shuffling. The heatmap shows the 

flowering (‘Flw_’) network communities along the vertical axis and the maturity (‘Mat_’) 

network communities along the horizontal axis with a count of the total number of nodes in 

the community in brackets. Numerical values inside the heatmap show the number of 
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are shown as green gradient (deep green indicate most dissimilar pairs). .............................. 88 

Figure 5.4. Rhizosphere bacteria network view (left) and heatmap (right) community shuffling 

plots. Network view with the dashed axis dividing it into two halves corresponding to the 
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most dissimilar pairs). ........................................................................................................... 102 
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CHAPTER ONE 

1 GENERAL INTRODUCTION 

Canola (Brassica napus, Brassica juncea, and Brassica rapa) is a member of Brassicaceae 

family and a major economic oilseed crop. It is in 1970’s that Canadian breeders developed canola 

from rapeseed (Stefansson and Gold, 1995). The term "canola" is a registered trademark of the 

Canadian Canola Association and refers to edible rapeseed that is low in erucic acid and 

glucosinolates. Currently it is cultivated in different parts of the world for edible oil, biofuel 

production and phytoextraction of heavy metals. Canada is the largest producer and exporter of 

canola with over 8.3 million harvest hectares and 18.6 million tonnes of production in 2019 

(Statistics Canada, 2020). 

Globally, the need to feed the increasing human population while maintaining more 

environmentally friendly agricultural practices have underscored the need for sustainable farming. 

In this regard, harnessing beneficial plant-microbial associations could be the solution towards a 

more sustainable agroecosystem with healthier and productive plants (Berg et al., 2016, 2017; 

Busby et al., 2017; Zilber-Rosenberg and Rosenberg, 2008). The rhizosphere is the most active 

portion of the soil where several critical geochemical processes and biological interactions that 

affect plant growth and development happen (Breidenbach et al., 2016; Philippot et al., 2013). 

Understanding rhizosphere processes including the microbiome is therefore fundamental in the 

effort to feed the ever-increasing human population. Canola is a major oilseed crop second to 

soybean in global production (USDA, 2020); hence, pursuing microbiome-based approaches to 

address global canola production constraints is essential to maintain and improve productivity. 

Characterizing the rhizosphere microbiome and understanding the factors governing plant-microbe 

interactions is a necessary step to developing these microbiome-based interventions. It is with this 

overall goal that I have analyzed both canola-bacterial and bacterial-bacterial interaction in the 

rhizosphere in my dissertation. 

Previous studies have examined plant-microbe interrelationships within the rhizosphere 

through reductionist approaches focusing on individual plant-microbe relationships. These studies 

have identified several bacteria that promote growth, improve yield and oil production, and confer 

protection against pathogens in canola (Asghar et al., 2004; Lifshitz et al., 1987; Noel et al., 1996; 

Reed and Glick, 2005). These findings have potential to improve canola production system. For 
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example, canola farmers could benefit if application of these bacteria help reduce the high nitrogen 

fertilizer inputs required for optimal productivity (Clayton et al., 2000). In addition, earlier studies 

using both culture dependent and independent approaches have shed light on the structure and 

composition of the plant microbiota in many crops including canola (Bulgarelli et al., 2012; 

Edwards et al., 2015; Garland, 1996; Germida et al., 1998; Lay et al., 2018; Lundberg et al., 2012; 

Peiffer et al., 2013; Schlaeppi et al., 2014). However, there are still limitations in translating these 

promising results in controlled conditions to the field and in inferring biologically and ecologically 

meaningful insights that enable microbiome considerations to be incorporated into crop breeding 

and management decisions. Continuing advances in biotechnology, bioinformatics, and 

computation make it possible to holistically evaluate the microbiome at a greater depth, 

incorporating more replication and accounting for variables such as genotype, time, and space. 

Soil microbes as a community are capable of both directly and indirectly influencing the 

productivity, diversity, and composition of plant communities. For example, increased microbial 

species richness is shown to be a predictor of plant health and productivity (Fitzsimons and Miller, 

2010; Lau and Lennon, 2011; Van Der Heijden et al., 2008; Wagg et al., 2011). Under controlled 

conditions, treatments that contained certain combinations of bacteria were observed to be more 

effective for growth promotion and disease suppression compared with treatments containing 

individual bacterium (Ahemad and Khan, 2011; Berg, 2009; Hayat et al., 2010; Pérez-Piqueres et 

al., 2006; Yang et al., 2011). Moreover, the ability of soil to supress disease has been linked to the 

soil community as a whole (Mendes et al., 2011). The observed positive effects of soil microbial 

community features and combinations of beneficial microbes on plant productivity and health 

suggests the potential of the whole microbiome to improve productivity. Hence, a holistic approach 

that dissects rhizosphere microbial interactions is the first step to inform identification of microbial 

patterns and design of cocktail of beneficial bacteria that enhance canola production.  

In canola, a distinct rhizosphere bacterial community is observed compared with other crops 

grown in the same site (Germida et al., 1998; Lay et al., 2018) and between transgenic and 

conventional varieties (Dunfield and Germida, 2001; Siciliano et al., 1998) indicating a role of 

plant genotype in shaping the plant microbiome. However, a full understanding of the canola 

rhizosphere microbiome remains elusive, and characterization of the microbiome across diverse 

set of germplasms is an essential step to identify both genotype-specific and overall microbial 

signatures that could be targeted in breeding and management.  
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Studies using a few sampling points have also shown effects of plant development on canola 

microbiome composition and abundance (de Campos et al., 2013; Farina et al., 2012). Moreover, 

both plant genotype (Agler et al., 2016) and growth stage (Shi et al., 2016) are known to affect 

microbial network structure but have not been extensively examined in canola. Hence, studies 

using diverse genotypes and intensive time series sampling are needed to better characterize 

developmental stage related patterns in microbial composition, abundance, and network structure 

to start dissecting the microbial assembly process in canola.  

Root system architecture influences plant fitness, health, and productivity (Saleem et al., 

2018) and is being considered for canola improvement (Arifuzzaman et al., 2019). Interestingly, 

root length at vegetative stage is correlated with seed yield in canola (Koscielny and Gulden, 2012) 

and several bacteria correlated with root growth were identified under controlled conditions 

(Bertrand et al., 2001; Cordero et al., 2020). Hence, characterizing root growth dynamics across 

growth stages and evaluating correlations between root architectural traits and bacterial taxa under 

field condition are essential steps towards integrating plant root architecture˗microbiome 

consideration to enhance canola production. 

The overall focus of my thesis was to holistically characterize the canola rhizosphere 

bacterial community with the goal of identifying the major microbial patterns and signatures in the 

rhizosphere. The general objective of my thesis was to characterize overall and growth stage 

microbial patterns, and genotype driven signatures in Brassica napus rhizosphere that could be 

utilized in canola breeding and management strategies. The chapter specific objectives were to: 

• Characterize the core rhizosphere microbiome and identify components of the bacterial 

microbiota that differ between plant genotypes of Brassica napus (canola) grown under 

field conditions (Chapter 3). 

• Characterize B. napus root growth dynamics and assess the associations between root 

growth and the dominant rhizosphere bacterial taxa (Chapter 4). 

• Characterize microbial interactions within the rhizosphere and identify the overall, growth 

stage, and genotype-related driver and core-hub bacterial communities that structure B. 

napus rhizosphere microbial community assembly (Chapter 5).  
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1.1 Overview of the thesis  

This thesis is divided into six chapters. Chapter 1 provides a general introduction to my thesis 

and my general and specific objectives. Chapter 2 is a review of canola production and agronomic 

challenges in Canada and summarizes the current knowledge of the canola rhizosphere with a focus 

on individual bacteria- canola interactions and overall characterization of the canola rhizosphere 

microbial community. Chapters 3 through 5 address my specific research objectives as described 

below. Chapter 6 presents a synthesis of my work, and discussion of future research directions and 

applications.   

Chapter 3, “Core and differentially abundant bacterial taxa in the rhizosphere of field Grown 

Brassica napus genotypes: Implications for canola breeding” examines the rhizosphere 

microbiome across growth stage and between genotypes. In this chapter, B. napus core bacterial 

genera across site (3), year (2) and growth stages (3) and bacterial diversity measures across growth 

stages are elucidated. Overall relationship between plant genetic distance and microbial distance 

as well as plant genotype specific driven changes in rhizosphere bacterial abundance are presented. 

Furthermore, heritability of microbial attributes (diversity) is also investigated.  

Chapter 4 is titled “Root growth dynamics, dominant rhizosphere bacterial and correlation 

between dominant bacterial genera and root traits through Brassica napus development”. In this 

chapter, B. napus root growth dynamics and shifts in the dominance of the rhizosphere bacterial 

groups at different taxonomic levels across the growing season are presented. Chapter four also 

investigates the trophic level at three B. napus growth stages using indicator bacterial groups. 

Furthermore, the dominant genera identified in this study and other genera previously reported to 

promote canola growth were tested for correlation with root traits, soil conditions and 

environmental variables at three growth stages under field condition. 

Chapter 5 is titled “Brassica napus rhizosphere bacterial community assembly: driver and 

core-hub communities across growth stages and between genotypes”. This chapter evaluates the 

changes in microbial association networks among three growth stages and between genetically 

distinct B. napus breeding lines and diversity collections. Presence of microbial rewiring among 

growth stages and between distinct B. napus genotypes was assessed. Microbial hub communities 

and driver bacterial genera were identified. Furthermore, potential metabolic pathways and 

functional features conferred by the identified communities of driver genera were characterized 

using comprehensive and latest databases.  
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CHAPTER TWO 

2 REVIEW OF LITRATURE 

2.1 Introduction 

Canola is a member of Brassicaceae family and is a major economic oil crop, cultivated for 

edible oil, biofuel production and phytoextraction of heavy metals. In Canada, canola production 

is concentrated in Saskatchewan, Alberta, Manitoba, and British Columbia. Nutrient management, 

diseases, and abiotic stresses are among the most important agronomic challenges for canola 

production in Canada (Canola Council of Canada, 2020). The main approaches used to alleviate 

these challenges are through breeding and designing better agronomic practices. Within these 

general approaches, the potential for rhizosphere microorganisms associated with canola to 

enhance canola production is also recognized (Floc’h et al., 2020b; Lay et al., 2018). There is an 

expanding literature describing bacteria-canola interactions, with some specific bacteria showing 

the potential for growth promotion, nutrient acquisition, and disease resistance. More broadly, 

understanding the whole rhizosphere microbial community of canola is crucial and may have a far-

reaching effect because individual microbe-canola interactions are embedded within the whole 

rhizosphere community with many functions and dynamics occurring in coordination.  

This review will examine the current knowledge of canola rhizosphere dynamics and 

ecology. Specifically, the review will 1) describe canola production in Canada, 2) overview 

agronomic challenges in canola production system in Canada, 3) summarize the current knowledge 

on individual bacteria˗canola interactions and over all characterization of canola rhizosphere 

microbial community. 

2.2 Brief history and production of canola in Canada  

Canola belongs to the Cruciferae (Brassicaceae or mustard) family. It is comprised of three 

species namely Brasica rapa (Polish canola), Brassica napus (Argentine canola) and Brassica 

juncea (brown mustard) (Canola Council of Canada, 2020). The term "canola" is a registered 

trademark of the Canadian Canola Association and refers to edible oilseed rape or rapeseed that is 

low in erucic acid and glucosinolates (less than 2% erucic acid (22:1) and meals with less than 30 

µmol of aliphatic glucosinolates per gram). In early 1960’s the first varieties of rapeseed with seed 

oil free from erucic acid were isolated at Winnipeg and Saskatoon (Stefansson et al., 1961). The 

first double low B. napus genotype (low erucic acid and low glucosinolate) was released in Canada 
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in 1974 and the name “canola” was adopted for the double low cultivar of rapeseed to differentiate 

it from traditional rapeseed (Stefansson and Gold, 1995). The Canola Council of Canada later 

copyrighted the name “canola” to prevent misuse of the name (Stefansson and Gold, 1995). 

The earliest record of rapeseed in Canada dates to 1936. A farmer named Mr. Fred Solvoniuk 

introduced rapeseed from Poland from where he emigrated in 1927. The rapeseed he planted in his 

garden was well adapted to the Canadian prairie; this rapeseed was later found to be Brassica rapa 

species (Khachatourians et al., 2001). In 1942 during the Second World War, commercial 

production of rapeseed began in Canada. The commercial production was mainly in response to 

the demand for industrial lubricating oil, as European and Asian supplies were stopped due to the 

war (Craig, 1971; Shahidi, 1990). In Canada, canola production is concentrated in Saskatchewan, 

Alberta, Manitoba, and British Columbia. In 2019, the prairies accounted 99.6 % of both total 

harvested area (~8.32 million hectares) and production (~18.6 million tonnes). The highest 

harvested area is in Saskatchewan (~4.6 million hectares) which accounts for approximately 55% 

followed by Alberta (~28%). Approximately 8.3 million tonnes of canola seed were exported from 

Canada in 2019 (Statistics Canada, 2020). 

2.3 Overview of agronomic challenges and risks in canola production systems in Canada 

In Canada, the major canola and other grain crop production region is in the Prairies. The 

region experiences short growing seasons characterized by both temperature and moisture stress 

(Bueckert and Clarke, 2013). Canola production is primarily limited by the short frost-free growing 

season. In July hot and dry periods during flowering and seed set, and cool wet conditions at harvest 

in September can also be limiting. Canola has been improved through breeding for early flowering 

and longer reproductive duration that enable plants to escape drought stress and enhance the ability 

to produce successive flushes of flowers (Bueckert and Clarke, 2013; Kirklan and Johnson, 2000) 

Canola production in Canada is affected by various biotic and abiotic factors. In this section, 

I briefly review canola nutrient management and diseases. Breeders are continually working to 

develop varieties that are nutrient use efficient (e.g. nitrogen and phosphorous), herbicide tolerant 

and with higher seed yield and quality, tolerant/resistant to abiotic (e.g. drought, frost, cold 

temperature) and biotic stresses (e.g. seedling blight, brown girdling root rot, root maggot, cabbage 

seedpod weevils) (Canola Council of Canada, 2020).  
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2.3.1 Nutrient management 

Determining both the proper fertilization approach and application rate is crucial for efficient 

nutrient management. Hence, research projects that inform both the mode and rates of fertilizer 

application are being conducted. For example, in prairie conditions banding with adequate seed 

and fertilization separation has been found to be the most efficient way to place nitrogen (Lemke 

et al., 2009). In general, farmers are being advised to follow the 4 Rs (Right rate, right timing, right 

source, and right placement) principles on their farm (Canola Council of Canada, 2020).  

Canola has the highest nutrient demand of crops grown on the Canadian prairies next to 

forage crops (Clayton et al., 2000). Farmers in the Canadian prairies apply more nitrogen fertilizer 

than any other nutrient. In 2017/2018, 2.64 million metric tonnes of nitrogen were consumed in 

Canada, of which about 85% was used in Western Canada (Nutrien Fact Book, 2019). Generally, 

crops access a portion (40 – 60%) of the added inorganic fertilizer in the year of application (Janzen 

et al, 2003). A single year estimate from the Canadian agriculture census data showed that the 

amount of nitrogen inputs was twice that of nitrogen contained in harvest products (Janzen et al., 

2003). More broadly, a meta-analysis of global data from temperate agroecosystems showed that 

within the season of application, 38% of added fertilizer was not accounted for in the plant and 

soil, indicating a loss to the environment (Gardner and Drinkwater, 2009). Nitrogen losses are 

expensive and have a variety of environmental consequences; therefore, there is a need to minimize 

nitrogen loss and thereby reduce economic costs and mitigate environmental harm. The challenge 

here is to enhance nitrogen use efficiency to solve the conflict between the need for high yield 

without compromising crop product quality and ecosystem health through excessive nitrogen 

losses (Walter et al., 2015).  

There have been efforts to address the fertilizer challenge through breeding. For example, a 

study on the genes associated with nitrogen use efficiency (NUE), specifically field trials of canola 

over-expressing an alanine aminotransferase (AIaAT) transgene showed that the transgenic plants 

were able to maintain yields even with 40% less N application relative to the amount used in 

conventional production (Good et al., 2007). A 2007 Canola Council of Canada report indicated 

proposals to incorporate AIaAT and other genes into canola genotypes from 2013-2015 (Canola 

Council of Canada, 2007); however, I have not seen a variety registered for NUE using the AIaAT 

gene at the time of writing this review. Breeding for nutrient use efficiency is a common endeavour 
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but has not always been effective. The potential of plant microbiome in improving plant nutrition 

has been recognized and could be effective to address agronomic challenges in canola. In the“B. 

napus-microbe interactions” section of this chapter, I will highlight the promising avenues the 

microbiome has for canola nutrition. 

2.3.2 Diseases associated with canola cultivation 

Canola cultivation in Canada is affected by various biotic constraints, primarily attack by 

viruses, fungi and bacteria which result in disease in canola (Canola Council of Canada, 2020). 

The most common diseases are blackleg (caused by Leptosphaeria maculans), sclerotinia stem rot 

(caused by Sclerotinia sclerotiorum) and seedling disease complex (caused by Rhizoctonia solani, 

Fusarium spp, Pythium spp. and others). Other diseases include brown girdling root rot (caused by 

Rhizoctonia solani and Fusarium spp.), alternaria black spot (caused by Alternaria brassicae and 

A. raphanin), staghead (caused by Albugo candida), downy mildew (caused by Peronospora 

parasitica) and clubroot (caused by Plasmodiophora brassicae). In addition to disease, there are 

several insect pests including the flea beetle, bertha armyworm, diamondback moth, grasshopper, 

cutworm, root maggot, seed pod weevil and lygus bug. 

Soil borne diseases including blackleg and Sclerotina are a particularly important constraint 

on canola production. Blackleg is caused by a fungus (L.maculans) that occurs throughout canola 

growing areas (Gugel and Petrie, 1992; West et al., 2001). There are resistant varieties (Li et al., 

2004, 2007), however development of new strains of the pathogen have been observed. Hence, for 

blackleg management the recommended approach is using a combination of crop management (e.g. 

crop rotation) and resistant varieties (Kutcher et al., 2010, 2011). Sclerotinia stem rot is caused by 

a fungus as well (S. sclerotiorum) and occurs in all canola growing areas (Morrall and Dueck, 

1982). Although there are varieties with some resistance (Uloth et al., 2015), foliar fungicide 

application is the main control strategy for sclerotinia stem rot (Canola Council of Canada, 2020). 

Seedling disease complex is another soil borne disease caused by the three main pathogens 

(Rhizoctonia solani, Fusarium spp and Pythium spp). Seedling disease complex is a problem in the 

northwestern prairies with prolonged low soil temperatures (Yitbarek et al., 1988). There is no 

genetic resistance to seedling disease complex (Ach Arya et al., 1984); fungicide seed treatment is 

indicated as an approach to manage this disease (Canola Council of Canada, 2020). 
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Breeding for specific resistance for plant protection is a common strategy but has not always 

been effective. In this regard, a transgenic B. napus with synthetic chitinase (NiC) gene has been 

developed for fungal pathogen resistance (Grison et al., 1996; Khan et al., 2013). Managing the 

crop microbiome could play important role in plant protections and could potentially be an effective 

approach to address the limitations observed in inducing resistance through breeding. In section 

“B. napus-microbe interaction” of this chapter, I will highlight the promising results on microbial 

solutions to biotic stresses in canola.  

2.4 Need for a holistic view on plant-microbe interactions 

Beneficial plant-microbial interactions have the potential to enhance the efficiency of 

nutrient management and biotic and abiotic stress resistance in agricultural systems. Plants and soil 

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

al., 2011). Many studies that have tried to delve deeper into the microbiome have followed a view 

of individual microbe-plant interactions. Simplified approaches using a single or few microbe-plant 

interactions have provided insights into microbe’s beneficial roles and mechanism of actions. 

However, it is difficult to infer the ecological relevance of microbes through a simplified view. 

This is because plant-microbe interactions are far more complex and involve a vast array of inter-

microbe relationships that often produce synergistic effects as a community (Mamet et al., 2017; 

Mendes et al., 2011). Successful utilization of the plant microbiome is driven by eco-evolutionary 

interactions between plants and associated microbes. In this regard, subset of the plant microbiome 

that is consistently associated with cultivars of plants species across variety of environments 

referred as the core microbiome are likely to provide critical ecological functions (Shade and 

Handelsman, 2012; Singh et al., 2020). Therefore, a holistic view of plant associated 

microorganisms is necessary to better understanding of how plant-microbe interactions could be 

incorporated into crop production. In addition, the plant, the soil, and the soil microbes all play an 

important role in mediating and influencing the various process that contribute to plant health and 

productivity. Therefore, recent trends in the study of plant-microbe interactions have taken a 

holistic approach to understand how each component manipulates and influences the others. In the 

following sections of this review, I will focus on the canola microbiome and canola-microbe 

interactions, with a focus on microbial perspectives with the potential to alleviate agronomic 

challenges in canola production. 
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In agricultural systems, this holistic approach is crucial to better understand crops as 

“superorganisms” in which many interacting microbial species contribute to the overall fitness and 

productivity of the crop. There have been extensive progresses in screening and testing microbes 

as potential biocontrol or growth promoting agents. However, there are still substantial gaps in 

addressing the multi-faceted and complex interactions necessary for a holistic, system-level 

understanding.  

Microbial communities exist in almost every part of the plant. Hence, a holistic view should 

ultimately integrate the microbial communities in all different parts of the plant into a single 

framework or system. Studies of the plant microbiome mainly focus on only one of the root, 

rhizosphere, leaf, and seed microbiome (Adam et al., 2018; Lay et al., 2018; Wagner et al., 2016); 

however, there are still gaps in linking these “islands” into a holistic plant system.  

2.5 Brassica napus rhizosphere microbiome 

Table 2.1 summarizes significant B. napus root/rhizosphere microbiome literature produced 

between 1998 and 2020. The summary includes whether the studies were conducted under 

controlled or field conditions, the method used to study the microbial community, sampling 

point(s) considered across growth stages and the country in which the studies were conducted. Of 

the twenty-one papers identified for this review, 43% originate from Canada. 

The canola rhizosphere contains a more complex bacterial community structure with higher 

relative abundance and diversity than that observed in the bulk soil (Monreal et al., 2018). Several 

studies have examined aspects of the root endosphere and rhizosphere microbial communities of 

canola. The studies vary in methods and focus, ranging from those comparing among different 

canola varieties, canola with other crops, and conventional vs transgenic canola. Culturing and 

analysis of fatty acid methyl ester (FAME) were the primary approaches used in this research area 

prior to the early 2000’s. Starting in the early 2000’s, sequencing approaches utilizing 16S rRNA 

have been the most common approach utilized to study the canola rhizosphere microbiome. Some 

studies of the canola microbial community have considered the effects of location and growth 

stage.  

In canola an effect of genotype on the microbial community is observed. Canola displayed 

distinct rhizoplane bacterial communities compared with wheat and pea grown at the same site 

(Germida et al., 1998; Lay et al., 2018). Higher abundances of Flavobacterium and Pseudomonas 
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and lower bacterial diversity were also observed in the transgenic Quest canola cultivar compared 

with the Excel and Parkland cultivars (Siciliano and Germida, 1999). Furthermore, microbial 

composition, functional diversity and the microbial community of both root and rhizosphere under 

transgenic canola were different from conventional canola, indicating that plant variety influences 

microbial community in canola (Dunfield and Germida, 2001; Siciliano et al., 1998).  

Further investigation on the impact of transgenic canola varieties on the soil microbial 

community indicated that the changes in the microbial community structure associated with 

genetically modified plants were temporary and did not persist into the next field season (Dunfield 

and Germida, 2003). More recent studies have shown that the synthetic chitinase gene (NiC) 

transgenic B. napus does not impact microbial enzyme activity and community structure of the 

rhizosphere soil under controlled conditions (Khan et al., 2017), and transgenic glufosinate-tolerant 

rapeseed has no significant effect on rhizosphere bacteria (Tang et al., 2019). The contrasting 

results on the effect of genotype on microbial community suggests that not all genes equally 

influence the microbial community. 

The bacterial communities associated with roots of canola also change with developmental 

stage. Proteobacteria is the most common phylum across all growth stages. At the rosette stage, the 

family Pseudomonadaceae and the genus Pseudomonas and at flowering stage, family 

Xanthomonadaceae and the genus Xanthomonas dominate the canola root bacterial community (de 

Campos et al., 2013). Here it is important to note that the stability at the phylum level 

(Proteobacteria) could mask finer level (Pseudomonas and Xanthomonas) dynamics. Similarly, 

higher rhizosphere bacterial richness at the rosette stage compared with other growth stages has 

also been reported (Farina et al., 2012). These switches in the predominant bacteria between 

different developmental stages suggest the importance of a plant role in microbial community 

dynamics (de Campos et al., 2013), though seasonal environmental changes cannot be ruled out. 

Furthermore, Pseudoarthrobacter was identified as core and hub taxon in a long-term field study 

(Floc’h et al., 2020a), suggesting the role of plant in shaping the rhizosphere microbiome.  

Crop management such as addition of fertilizer, seeding density, and tillage also affects 

bacterial community structure. Nitrogen fertilization differentially affected the relative abundance 

of bacterial communities; some increased or decreased and others not affected (Monreal et al., 

2018). Examination of the effects of fertilization systems on soil microbial biomass during canola 
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development stage indicated that manure and integrated systems (manure + fertilizer) have more 

nitrogen in the microbial biomass at the stem elongation stage. Whereas significant positive 

correlation between soil mineral N and microbial biomass C was observed at the flowering stage 

(Sabahi et al., 2010). In terms of seeding density, higher density significantly reduced the relative 

abundance of the known pathogen, Olpidium brassicae in rhizosphere of canola (Lay et al., 2018). 

Variation in tillage practices did not show significant effect on bacterial community structure both 

in soil and rhizosphere of winter oilseed rape (Rathore et al., 2017). However, in a corn/soybean 

agroecosystem, conventionally tilled fields showed more OTUs than conservation tilled fields 

(Smith et al., 2016). Crop management practices have also been reported to shape canola core 

rhizosphere microbial community (Lay et al., 2018). Cropping frequency of canola showed no 

effect on rhizosphere bacterial communities; however, the fungal communities under continuously 

grown canola were significantly different from other rotations (Hilton et al., 2013).  

There were also studies that examined the microbiome in winter oilseed rape and 

asymptomatic canola root infected with Plasmodiophora brassicae. In winter oilseed rape 

rhizosphere microbial community structure including alpha diversity was not distinct from bulk 

soil suggesting a limited rhizosphere effect in winter oilseed rape (Rathore et al., 2017). The lower 

rhizosphere effect in winter oilseed rape is in contrast to other studies that show structural 

differentiation of the rhizosphere microbial community from bulk soil (Bulgarelli et al., 2015; 

Monreal et al., 2018; Peiffer et al., 2013). Endosphere microbiome of asymptomatic canola root 

infected with Plasmodiophora brassicae, the causative agent for clubroot showed a higher 

microbial population and microbial relative abundance compared with symptomatic roots. In 

addition, many of the microorganisms in the asymptomatic root were known to have biological 

control and growth promoting functions (Zhao et al., 2017). Current research on the canola 

microbiome is summarized in Table 2.1.  

 



 

 
 

1
3

 

Table 2.1. Summary of the main B. napus root/rhizosphere microbiome studies. The summary includes whether the studies where under controlled or field 

conditions, the method used to study the microbial community, their sampling point and, in which country the studies where conducted. In the second column, the 

numbers in bracket indicate the number of locations used for the experiment. Controlled indicates greenhouse and growth chamber studies while field indicates 

studies done in a field setting. 

Year Field/controlled Method Sampling point Country Reference 

1998 Field (3) Isolation, FAME profiles 100 – 115 days old Canada (Germida et al., 1998) 

1998 Field (2) FAME profiles 

BIOLOG 

 Canada (Siciliano et al., 1998) 

1999 Field (2) Isolation, FAME profiles Flowering stage Canada (Siciliano and Germida, 1999) 

2001 Controlled (field 

soil (1)) 

Culture, 16S rRNA.  30 days old France (Bertrand et al., 2001) 

2001 Field (4) FAME, Community level physiological profiling Flowering stage Canada (Dunfield and Germida, 2001) 

2001 Controlled (field 

soil (1)) 

Culture, 16S rRNA. 46 days old Germany (Kaiser et al., 2001) 

2002 Field (1) FAME Mid-flowering Canada (Misko and Germida, 2002) 

2003 Controlled    Sweden  

2003 Field (2) FAME, Community level physiological profiling 

and terminal amplified ribosomal DNA restriction 

analysis 

Rosette, flowering, postharvest fall 

stubble and overwintered stubble  

Canada (Dunfield and Germida, 2003) 

2003 Controlled  PCR-DGGE 32 days old Germany (Rumberger and Marschner, 

2003) 

2012 Field (1) Culture, 16S rRNA. From all growth stages Brazil (Farina et al., 2012) 

2013 Field (1) High throughput sequencing  Rosette and flowering stages Brazil (de Campos et al., 2013) 

2013 Field (1) 16S rRNA, TRFLP Prior to harvest England (Hilton et al., 2013) 

2017 Field (1) 16S rRNA  Ireland (Rathore et al., 2017) 

2017 Controlled  16S rRNA/23S rRNA Late vegetative stage Pakistan (Khan et al., 2017) 

2017 Field (1) 16S rRNA/18S rRNA Five- to ten- leaf stage China (Zhao et al., 2017) 

2018 Controlled (field 

soil (1)) 

16S rRNA From all growth stages Canada (Monreal et al., 2018) 

2018 Field (3) 16S rRNA Flowering stage Canada (Lay et al., 2018) 

2019 Controlled (field 

soil (1)) 

16S rRNA/18S rRNA Five time points  

Starting 10 DAS 

France (Lebreton et al., 2019) 

2019 Controlled (field 

soil (1)) 

16S rRNA At four growth stages China (Tang et al., 2019) 

2020 Field (3) 16S rRNA End of flowering  Canada (Floc’h et al., 2020a) 
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2.6 Individual bacteria˗B. napus interactions. 

The previous section considered the whole rhizosphere, whereas here the focus is on 

individual positive interactions between canola and a particular bacterial taxa. This section includes 

beneficial roles in growth promotion, nutrient uptake and abiotic stress resistance, and protection 

against pathogens. 

2.6.1 B. napus growth promoting bacteria 

Different bacterial groups promote the growth of canola.  Table 2.2 presents summary of the 

studies done on canola growth promoting bacteria. For example, Pseudomonas asplenii 

significantly increased root and shoot biomass (Reed and Glick, 2005) while  inoculating canola 

with Pseudomonas putida increased shoot and root elongation (Lifshitz et al., 1987). Canola 

rhizosphere bacterial isolates belonging to the genera Bacillus, Pseudomonas, Flavobacterium, 

Variovorax, and Phylobacterium increased plant height, root length, number of branches per plant, 

stem diameter, number of pods per plant, 1000-grain weight, grain yield, oil content by a range of 

7 to 57% above uninoculated controls (Asghar et al., 2004). Rhizobium leguminosarum strains also 

showed direct early seedling root growth promotion in canola (Noel et al., 1996). Under field 

conditions, phosphorous fertilizer and sulfur oxidizing Thiobacillus sp. have also increased canola 

oil production (Salimpour et al., 2012). Phosphate solubilizing bacteria including Bacillus, 

Serratia, Arthrobacter and Pantoea promoted canola growth and improved canola yield both under 

controlled and field conditions as well (Valetti et al., 2018). Several sulfur oxidizing bacteria 

increased canola leaf size and root and pod dry weight (Grayston and Germida, 1991). Canola seeds 

treated with ACC deaminase producing Enterobacter cloacae UW4 up-regulated genes involved 

in cell division and proliferation in root tissue enhancing root growth (Hontzeas et al., 2004). 

Similarly, upregulation of genes for auxin response factor and  down regulation of stress response 

genes in canola is observed in the presence of the ACC deaminase containing Pseudomonas putida 

UW4 (Stearns et al., 2012).  

2.6.2 Nutrient uptake and abiotic stress resistance enhancing bacteria 

Bacteria that enhance nutrient uptake and resistance to abiotic stresses were also reported for 

canola. Table 2.3 presents a summary of the studies done on these bacteria. Addition of 
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biofertilizers (organic matter plus Thiobacillus sp.) enhanced the efficiency of chemical 

fertilization for crop production (Salimpour et al., 2010). Similarly, integrated applications of 

humic acid and growth promoting rhizobacteria like Acinetobacter pittii improved canola nutrition 

and yield (Ahmad et al., 2016). Combinations of nitrogen fertilizer with bio-inoculants like 

Azotobacter and Azospirillum resulted in superior growth promotion  (El-Habbasha and Taha, 

2011). Strains of bacteria Azotobacter chrocooccum, Azosprillium brasilense and Azosprillium 

lipoferum applied together with chemical fertilizers have been observed to increase canola yield 

by 21 % over chemical fertilizer applied alone (Yasari and Patwardhan, 2007). A number of 

phosphate solubilizing bacteria identified in canola rhizosphere including Bacillus thuringiensis 

and Xanthomonas maltophilia significantly increased plant height or pod yield. None of the above 

isolates, however, increased phosphorous uptake (De Freitas et al., 1997), whereas inoculating 

canola with Pseudomonas putida increased phosphorous uptake (Lifshitz et al., 1987). 

Phosphorous solubilizing Bacillus sp. and Thiobacillus sp. also enhanced uptake of nutrients 

including nitrogen, potassium, zinc and manganese (Salimpour et al., 2012). In addition, several 

growth promoting rhizobacteria that solubilize phosphate, secrete nitrogenase, and indole acetic 

acid (IAA) have also been reported (Sun et al., 2017). Similarly, several sulfur oxidizing 

microorganisms that enhance sulfur uptake have been isolated (Grayston and Germida, 1991). 

Finally, there is also evidence for nitrogen fixation and growth promotion in canola by the 

bacterium Paenibacillus polymyxa P2b-2R (Padda et al., 2016; Puri et al., 2016). 

Plant growth promoting bacteria can improve canola resistance to abiotic stresses. For 

example, under waterlogged conditions, canola treated with Pseudomonas putida UW4, which 

expresses ACC (1-aminocyclopropane-1-carboxylic acid) deaminase, showed greater shoot 

biomass (Farwell et al., 2007). Both P. putida and P. fluorescens significantly increased rates of 

seed germination and seedling growth under salinity stress (Jalili et al., 2009). Similarly, 

Enterobacter cloacae HSNJ4 (Li et al., 2017) and Brevibacterium epidermids RS15 and Bacillus 

aryabhattai RS341 (Siddikee et al., 2015) enhanced salt tolerance in canola seedlings and during 

seed germination, respectively. Rhizobium strains also enhanced canola growth under salt stress 

conditions (Saghafi et al., 2018). 

Heavy metals can be toxic to plants and are source of environmental pollution. In this regard, 

combinations of canola plant and growth-promoting bacteria have been promoted for 

phytoremediation. Pseudomonas putids HS-2 increased total nickel per plant in canola (Farwell et 



 

16 
 

al., 2006). Similarly, Ralstonia sp. J1-22-2, Pantoea agglomerans JP3-3, and Pseudomonas 

thivervalensis Y1-3-9 also increased canola above ground biomass and enhanced copper uptake 

(Zhang et al., 2011). Pseudomonas tolaasii ACC23, P. fluorescene ACC9 and Mycobacterium sp. 

ACC14 promoted the growth of canola in cadmium contaminated soil, increasing biomass and 

consequently increasing total cadmium concentration in plant tissue (Dell’Amico et al., 2008). 

Inoculation of Enterobacter sp. and Klebsiella sp. resulted in significantly higher dry weights, 

concentrations and uptake of cadmium, lead and zinc in metal contaminated soils (Jing et al., 2014). 

2.6.3 Bacteria that confer protection against pathogens 

Several bacterial groups have been identified that confer protection against important canola 

pathogens. Table 2.4 presents summary of the studies done on these bacteria. For example, leaves 

of canola seedlings pre-inoculated with either Pseudomonas fluorescens BNM296 or Bacillus 

amyloliquefaciens BNM340 strains exhibited systemic protection against the fungal pathogens 

Botrytis cinereal and Sclerotinia sclerotiorum (Simonetti et al., 2012). Two strains of Bacillus 

subtilis, LHS11 and FX2 were indicated as promising biocontrol agents for Sclerotinia 

sclerotiorum in canola (Sun et al., 2017). Moreover, Bacillus subtilis also showed antagonistic 

activity against Rhizoctonia solani (Fiddaman and Rossall, 1995) and S. sclerotiorum (Gao et al., 

2010, 2014). In addition, B. subtilis and Gliocladium catenulatum reduced clubroot severity 

considerably in highly susceptible canola cultivars (Peng et al., 2011). Bacterial strains closely 

related to Pseudomonas viridiflava were able to inhibit growth of the disease-causing pathogens 

Xanthomonas campestris, S. sclerotiorum and Leptosphaeria maculans (Romero et al., 2019). 

Several bacteria that are adapted to canola (including Pseudomonas spp. and Stenotrophomonas 

spp.) were able to suppress the pathogen  Verticillium dahlae and improved plant fitness (Alström, 

2001). 

Hydrolysis of glucosinolate in canola by enzymes leads to formation of biocidal compounds 

such as isothiocyanates (Brown and Morra, 1997). Hence, the practice of incorporating harvest 

residues of canola as biofumigant suppressed soil-borne pests and pathogens (Kirkegaard et al., 

1998). Further study indicated that the canola plant can affect its soil microbial community 

structure not only after incorporation of residues but also during its active growth period 

(Rumberger and Marschner, 2003). These suggests the possibility of harnessing canola genotypes 

as a selective factor for the bacterial rhizosphere community to inhibit root pathogens. 
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In addition to plant genes as source of resistance to control pathogens, microorganisms 

present in plant tissues and rhizosphere also affect susceptibility to plant pathogens as indicated 

above. Other than the rhizosphere, bacterial strains isolated from seeds of the canola cultivars 

Express and Libraska showed moderate to high inhibition of Verticillium longisporum or wilt 

pathogen (Granér et al., 2003) (V. longisporum was first reported in Canada in 2014 in Manitoba 

(Canola Council of Canada, 2020)). In addition to the variation in inhibition of V. longisporum, 

some canola cultivars also show diversity in both microbial composition and microbial load within 

seeds (Granér et al., 2003).  
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Table 2.2. Summary of B. napus-microbe interaction studies evaluating effects on growth promotion. 

 

 

Year Bacteria Parameter Effect Country Reference 

1987 Pseudomonas putida Shoot and root elongation,  Increased shoot and 

root elongation  

Canada (Lifshitz et al., 1987) 

1988 Several strains of PGP 

rhizobacteria 

Seedling emergence, leaf area, yield Increased Seedling 

emergence, leaf area 

and yield 

Canada (Kloepper et al., 1988) 

1991 Several sulfur-oxidizing 

isolates 

Leaf size, root and pod dry weight,  Increased leaf size, root 

and pod dry weight,  

Canada (Grayston and Germida, 

1991) 

1996 Rhizobium leguminosarum Growth promotion Promote early seedling 

root growth 

Canada (Noel et al., 1996) 

2005 Pseudomonas asplenii Root and shoot biomass Increased root and 

shoot biomass 

Canada (Reed and Glick, 2005) 

2010 Thiobacillus sp. Yield Increased yield  Iran (Salimpour et al., 2010) 

1997 Bacillus thuringiensis and 

Xanthomonas and others 

Plant height, pod yield  Increased plant height 

and pod yield  

Canada (De Freitas et al., 1997) 

2001 Pseudomonas, Variovorax, 

Agrobacterium and 

Phyllobacterium 

Growth promotion Increase root dry weight France (Bertrand et al., 2001) 

2004 Enterobacter cloacae UW4 Gene expression in root Up-regulated genes 

involved in cell division 

and proliferation 

Canada (Hontzeas et al., 2004) 

2004 Bacillus, Pseudomonas, 

Flavobacterium, Variovorax, 

and Phylobacterium 

Plant height, root length, number of 

branches per plant, stem diameter, 

number of pods per plant, 1000-grain 

weight, grain yield, oil content 

Increased 7 to 57% 

above the control 

Pakistan (Asghar et al., 2004) 

2007 Pseudomonas putida UW4 Shoot biomass Increased shoot biomass Canada (Farwell et al., 2007) 

2007 Azotobacter chrocooccum, 

Azosprillium brasilense and 

Azosprillium lipoferum 

Yield 

 

Increased yield  India (Yasari and 

Patwardhan, 2007) 
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Table 2.2. Continued. 

 

Year Bacteria Parameter Effect Country Reference 

2008 Pseudomonas tolaasii ACC23, P. 

fluorescene ACC9 and 

Mycobacterium sp. ACC14 

Plant biomass Increased plant biomass  Italy (Dell’Amico et al., 2008) 

2009 P. putida and P. fluorescens Rate of seed 

germination, 

Seedling growth 

Increased rate of seed 

germination and seedling 

growth 

Iran (Jalili et al., 2009) 

2011 Ralstonia sp. J1-22-2, Pantoea 

agglomerans JP3-3, and 

Pseudomonas thivervalensis Y1-3-9 

Above ground 

biomass 

Increased above ground 

biomass  

China (Zhang et al., 2011) 

2011 Azotobacter and Azospirillum Growth promotion Enhanced growth promotion Egypt (El-Habbasha and Taha, 

2011) 

2012 Pseudomonas putida UW4 Growth promotion, 

gene regulation 

Upregulation of genes for 

auxin response factor  

Canada (Stearns et al., 2012) 

2012 Bacillus sp. and Thiobacillus sp Seed oil 

production 

Increased seed oil production Iran (Salimpour et al., 2012) 

2014 Enterobacter sp. and Klebsiella sp. Dry weights,  Higher dry weights China (Jing et al., 2014) 

2016 Paenibacillus polymyxa P2b-2R Growth promotion Increased growth promotion Canada (Puri et al., 2016) 

2016 Paenibacillus polymyxa P2b-2R and 

P2b-2Rgfp 

Growth promotion Increased growth promotion Canada (Padda et al., 2016) 

2016 Acinetobacter pittii Growth promotion Improved yield Saudi 

Arabia 

(Ahmad et al., 2016) 

2017 Bacillus subtilis, LHS11 and FX2 Nitrogenase and 

IAA secretion, 

Growth promotion,  

Growth promotion  China (Sun et al., 2017) 

2018 Bacillus, Serratia, Arthrobacter and 

Pantoea 

Growth promotion Promote canola growth and 

improve canola yield 

Argentina (Valetti et al., 2018) 



 

 
 

2
0

 

Table 2.3. Summary of B. napus-microbe interaction studies evaluating effects on nutrient uptake and abiotic stress resistance 

Year Bacteria Parameter Effect Country Reference 

1987 Pseudomonas putida Phosphorous uptake Increased phosphorous 

uptake 

Canada (Lifshitz et al., 1987) 

1991 Several sulfur-oxidizing isolates Shoot nutrient 

concentration 

Increased iron, sulfur, and 

magnesium in tissue 

Canada (Grayston and Germida, 

1991) 

2010 Thiobacillus sp. Yield Enhances efficiency 

chemical fertilization  

Iran (Salimpour et al., 2010) 

2004 Enterobacter cloacae UW4 Gene expression in 

root 

Down regulated stress 

genes 

Canada (Hontzeas et al., 2004) 

2006 Pseudomonas putids HS-2 Nickel uptake Increased Ni per pant  Canada (Farwell et al., 2006) 

2007 Pseudomonas putida UW4 Flood stress 

 

Greater shoot biomass Canada (Farwell et al., 2007) 

2007 Azotobacter chrocooccum, 

Azosprillium brasilense and 

Azosprillium lipoferum 

Combined application 

with chemical fertilizer  

Increased yield  India (Yasari and Patwardhan, 

2007) 

2008 Pseudomonas tolaasii ACC23, P. 

fluorescene ACC9 and 

Mycobacterium sp. ACC14 

Cadmium 

concentration, Plant 

biomass 

Increased total Cadmium 

concentration 

Italy (Dell’Amico et al., 2008) 

2009 P. putida and P. fluorescens Salt stress 

 

Increased rate of seed 

germination and seedling 

growth 

Iran (Jalili et al., 2009) 

2011 Ralstonia sp. J1-22-2, Pantoea 

agglomerans JP3-3, and 

Pseudomonas thivervalensis Y1-3-9 

Copper uptake Increased copper uptake China (Zhang et al., 2011) 

2011 Azotobacter and Azospirillum Enhance chemical 

fertilization 

Enhanced growth 

promotion 

Egypt (El-Habbasha and Taha, 

2011) 

2012 Pseudomonas putida UW4 Gene regulation Downregulation of stress 

response genes in canola 

Canada (Stearns et al., 2012) 
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Table 2.3. Continued. 

Year Bacteria Parameter Effect Country Reference 

2012 Bacillus sp. and Thiobacillus sp Nutrient uptake Increased uptake of N, P, K, 

Zn and Mn 

Iran (Salimpour et al., 2012) 

2014 Enterobacter sp. and Klebsiella 

sp. 

Concentrations and uptake 

of cadmium, lead and zinc 

Higher concentrations and 

uptake of cadmium, lead and 

zinc 

China (Jing et al., 2014) 

2015 Brevibacterium epidermids 

RS15 and Bacillus aryabhattai 

RS341 

Salt tolerance Increased seed germination 

under salt stress 

Korea (Siddikee et al., 2015) 

2016 Paenibacillus polymyxa P2b-2R Nitrogen fixation  Nitrogen fixation  Canada (Puri et al., 2016) 

2016 Paenibacillus polymyxa P2b-2R 

and P2b-2Rgfp 

Nitrogen fixation  Nitrogen fixation  Canada (Padda et al., 2016) 

2016 Acinetobacter pittii Growth promotion Improved nutrition  Saudi 

Arabia 

(Ahmad et al., 2016) 

2017 Bacillus subtilis, LHS11 and 

FX2 

Phosphate solubilization  

 

Growth promotion  China (Sun et al., 2017) 

2017 Enterobacter cloacae HSNJ4 Salt tolerance Enhanced salt tolerance in 

seedlings 

China (Li et al., 2017) 

2018 Rhizobium strains Salt tolerance Growth promotion under salt 

stress 

Iran (Saghafi et al., 2018) 

 

 

 



 

 
 

2
2

 

Table 2.4. Summary of B. napus-microbe interaction studies evaluating effects on disease resistance. 

Year Bacteria Parameter Effect Country Reference 

2010 Bacillus subtilis Disease 

resistance 

Antagonistic activity against Sclerotinia 

sclerotiorum 

China (Gao et al., 2010) 

2011 Bacillus subtilis and Gliocladium 

catenulatum 

Disease 

resistance 

Reduce severity of clubroot in highly 

susceptible canola cultivars 

Canada (Peng et al., 2011) 

2012 Pseudomonas fluorescens 

BNM296 and Bacillus 

amyloliquefaciens BNM340 

Protection 

against 

pathogens 

Protection against the fungal pathogens 

Botrytis cinereal and Sclerotinia 

sclerotiorum 

Argentina (Simonetti et al., 2012) 

2014 Bacillus subtilis Disease 

resistance 

Antagonistic activity against Sclerotinia 

sclerotiorum 

China (Gao et al., 2014) 

2017 Bacillus subtilis, LHS11 and FX2 Biocontrol 

agent 

Antifungal activity against Sclerotinia 

sclerotiorum 

China (Sun et al., 2017) 

2019 Pseudomonas viridiflava Antagonist 

activity 

Inhibit growth of the pathogens 

Xanthomonas campestris, Sclerotinia 

sclerotiorum and Leptosphaeria maculans 

Argentina (Romero et al., 2019) 
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2.7 Integrating perspectives from reductionist and holistic microbiome study approaches 

Ensuring the sustainability of canola production in the Canadian prairies is crucial. Several 

studies have evaluated the role of the rhizosphere microbiome in growth promotion (Asghar et al., 

2004; Grayston and Germida, 1991; Hontzeas et al., 2004; Lifshitz et al., 1987; Noel et al., 1996; 

Reed and Glick, 2005; Salimpour et al., 2012; Valetti et al., 2018), nutrient management (Ahmad 

et al., 2016; De Freitas et al., 1997; El-Habbasha and Taha, 2011; Grayston and Germida, 1991; 

Lifshitz et al., 1987; Puri et al., 2016; Salimpour et al., 2010, 2012; Sun et al., 2017; Yasari and 

Patwardhan, 2007), and biological control of diseases (Alström, 2001; Fiddaman and Rossall, 

1995; Peng et al., 2011; Romero et al., 2019; Simonetti et al., 2012; Sun et al., 2017). The most 

common approaches use single or limited combinations of bacteria as inoculants to enhance canola 

production. However, microbial applications in our agricultural systems should be expanded to 

include a functional rhizosphere microbial community as a system. The above studies that targeted 

inoculation or seed coatings with a bacterium or combination of bacteria have shown the potential 

to promote canola growth and mechanism of action in some cases. However, it is difficult to infer 

the ecological role of these bacteria in a simple single microbe-plant interaction study. In addition, 

promising inoculants do not always work under field conditions and remain unpredictable 

(Kaminsky et al., 2019). The premise is always that if the identified inoculants are not present in 

the field soil, then when added they will find a niche and succeed within an already established 

rhizosphere community. Failure to establish this niche is one of the reasons why the potential often 

seen in controlled trials may not translate into field conditions. These studies disregard the fact that 

the candidate bacterial inoculants will be in association with the rhizosphere community.  The 

limitation of these studies suggests the need to holistically characterize the rhizosphere 

microbiome. Hence, parallel to the literature on individual bacteria-canola interactions, a largely 

separate literature on holistic characterization of the rhizosphere microbiome is accumulating(de 

Campos et al., 2013; Dunfield and Germida, 2001, 2003; Farina et al., 2012; Germida et al., 1998; 

Khan et al., 2017; Lay et al., 2018; Monreal et al., 2018; Rathore et al., 2017; Sabahi et al., 2010; 

Siciliano et al., 1998; Siciliano and Germida, 1999; Smith et al., 2016; Tang et al., 2019). Both 

approaches are necessary puzzle pieces in the effort towards full consideration of the microbiome 

in agroecosystems. Due to the technological advancements allowing a more rapid survey of the 

rhizosphere microbiome, the literature on holistic characterizations of the microbiome may outpace 

the logistically challenging individual bacteria- plant interaction studies. In this regard, there is a 
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big gap in the literature in attempting to intersect these puzzle pieces in advancing microbiome 

research. Therefore, while pushing forward holistically characterizing the rhizosphere microbiome 

through the technological platforms available, the need to utilize the insights gained to inform 

individual bacteria˗plant interaction studies is important. This means characterizing the rhizosphere 

bacterial community of canola to elucidate plant genotype effects, identifying the core bacterial 

community associated with canola, and studying the bacterial˗bacterial interactions between the 

growth stages to provide the important insight that facilitate the optimization of the rhizosphere 

microbiome is essential.   
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CHAPTER THREE 

3 CORE AND DIFFERENTIALLY ABUNDANT BACTERIAL TAXA IN 

THE RHIZOSPHERE OF FIELD GROWN BRASSICA NAPUS 

GENOTYPES: IMPLICATIONS FOR CANOLA BREEDING* 

*The content of this chapter is published as full-length research article in Journal of ‘Frontiers in 

Microbiology’. 

Taye, Z. M., Helgason, B. L., Bell, J. K., Norris, C. E., Vail, S., Robinson, S. J., et al. (2020). Core 

and differentially abundant bacterial taxa in the rhizosphere of field grown Brassica napus genotypes: 

Implications for canola breeding. Front. Microbiol. 10, 3007. doi:10.3389/fmicb.2019.03007. 

 

Contributions: Zelalem Taye (ZT), supervised by Eric Lamb (EL), set the objectives, analyzed 

the data, and wrote the manuscript. SS and BH conceived and designed the experiments. SS, BH, 

ZT, EL, CN, MA, SV, IP, and JB performed the experiments. JB contributed in sequence library 

preparation and approved the manuscript. ZT, EL, TD, SM, SS, and ML designed bioinformatics 

pipelines for sequence data processing. ZT completed the final bioinformatics analysis. IP carried 

out the SNP analyses. SR created the genetic similarity matrix. SS, BH, SV, IP, MA, CN, SM, ML, 

SR, and TD reviewed, commented, and approved the manuscript. 

 

3.1 Abstract 

Modifying the rhizosphere microbiome through targeted plant breeding is key to harnessing 

positive plant-microbial interrelationships in cropping agroecosystems. Here, I examine the 

composition of rhizosphere bacterial communities of diverse Brassica napus genotypes to identify 

1) taxa that preferentially associate with genotypes 2) core bacterial microbiota associated with B. 

napus 3) heritable alpha diversity measures at flowering and whole growing season and 4) 

correlation between microbial and plant genetic distance among canola genotypes at different 

growth stages. Our aim is to identify and describe signature microbiota with potential positive 

benefits that could be integrated in B. napus breeding and management strategies.  Rhizosphere 

soils of sixteen diverse genotypes sampled weekly over a ten-week period at single location as well 

as at three time points at two additional locations were analyzed using 16S rRNA gene amplicon 

sequencing. The B. napus rhizosphere microbiome was characterized by diverse bacterial 

communities with thirty-two named bacterial phyla. The most abundant phyla were Proteobacteria, 

Actinobacteria and Acidobacteria. Overall microbial and plant genetic distances were highly 

correlated (R = 0.65). Alpha diversity heritability estimates were between 0.16 and 0.41 when 

evaluated across growth stage and between 0.24 and 0.59 at flowering.  Compared with a reference 
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B. napus genotype, a total of 81 genera were significantly more abundant and 71 were significantly 

less abundant in at least one B. napus genotype out of the total 558 bacterial genera. Most 

differentially abundant genera were Proteobacteria and Actinobacteria followed by Bacteroidetes 

and Firmicutes. Here, I also show that B. napus genotypes select an overall core bacterial 

microbiome with growth-stage related patterns as to how taxa joined the core membership. In 

addition, I report that sets of B. napus core taxa were consistent across three sites and two years. 

Both differential abundance and core analysis implicate numerous bacteria that have been reported 

to have beneficial effects on plant growth including disease suppression, antifungal properties, and 

plant growth promotion. Using a multi-site year, temporally intensive field sampling approach I 

showed that small plant genetic differences cause predictable changes in canola microbiome and 

are potential target for direct and indirect selection within breeding programs.  
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3.2 Introduction 

The plant microbiome is a promising avenue of exploration to enhance crop productivity and 

management. Recent studies are revealing that plant breeding can shape the composition of root-

associated bacterial communities including enhancing antagonistic potential towards pathogens 

(Bouffaud et al., 2014; Cardinale et al., 2015; Peiffer and Ley, 2013). Promising results that 

indicate both microbiome heritability and associations with yield have been reported. For example, 

a study on twenty-seven maize inbred lines indicated the presence of a small but significant 

proportion of heritable variation in total bacterial diversity across field environments and 

substantially more heritable variation between replicates of lines within each field (Peiffer et al., 

2013). A study of Brassica napus root-associated microbiomes in the Canadian Prairies identified 

bacterial taxa which were positively correlated with canola yield (Lay et al., 2018). Identifying 

genetically controlled positive plant-microbial interactions by comparing lines within breeding 

programs and across diversity panels is the first step in determining if plant breeders could develop 

varieties by selecting for genetic factors controlling beneficial plant-microbial interrelationships. 

The rhizosphere microbiome has commonly been targeted to identify positive plant-

microbial relationships. Past microbiome studies using culture dependent and independent 

approaches have shed light on the structure and composition of the plant microbiota in many crops 

(Bulgarelli et al., 2012; Edwards et al., 2015; Garland, 1996; Germida et al., 1998; Lay et al., 2018; 

Lundberg et al., 2012; Peiffer et al., 2013; Schlaeppi et al., 2014). Continuing advances in 

biotechnology and bioinformatics are enabling researchers to evaluate the microbiome to a greater 

depth, incorporating more replications and to account for variables such as genotype, time, and 

space. 

Our goal was to characterize the core rhizosphere microbiome and identify components of 

the bacterial microbiota that differ between plant genotypes of Brassica napus (canola) grown 

under field conditions. Our specific objectives were to (1) identify bacterial taxa differentially 

abundant between multiple canola genotypes, (2) screen taxa that were differentially abundant 

between genotypes to identify potential beneficial plant-microbial interactions, (3) characterize the 

core canola rhizosphere bacterial microbiota across the full growing season at a single site, 4) 

examine the consistency of the core microbiota across years and location, 5) estimate the 

heritability of alpha diversity measures at flowering and for the whole growing season, and 6) 
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determine correlation between the microbial and plant genetic distances among canola genotypes 

at different growth stages. 

3.3 Materials and Methods 

3.3.1 Site description 

Experiments were conducted in 2016 at a single location and at three locations in 2017 

(Bazghaleh et al., 2020). The 2016 experimental site was near Saskatoon, SK, Canada (Latitude 

52.181366, Longitude -106.502941). The soil is a dark brown Chernozem (Soil Classification 

Working Group, 1998), with a clay loam texture. The field was managed with an oilseed, wheat, 

barley, fallow rotation with fallow in the growing season prior to this experiment. Pre-trial field 

nutrient assessments guided pre-trial fertilizer applications of 78.5 kg ha-1 NH3 in the fall of 2015 

with N21.5, P35 S25 being applied prior to planting in the spring of 2016. EdgeTM (Ethalfluralin 

– Group 3 – dinitroanaline) (Gowan Company, Yuma, AZ) a pre-emergence herbicide, was also 

applied to the field at a rate of 19.1 kg ha-1 for weed control. The 2017 locations were at Saskatoon 

(Latitude 52.183149, Longitude -106.514904), Melfort (Latitude 52.819333, Longitude -

104.596348) and Scott (Latitude 52.365370, Longitude -108.875710), SK.  

3.3.2 Canola genotypes  

Sixteen diverse B. napus genotypes varying in seed colour, glucosinolate, erucic acid and 

fiber contents (Table 3.1) were used in this study to represent genetically diverse germplasm. Five 

of the B. napus lines were breeding lines from the Agriculture and Agri-Food Canada (AAFC) 

canola breeding program, whereas the other eleven lines were selected from a larger diversity 

collection comprised of accessions representing the variation found across spring B. napus housed 

within various germplasm collections. A genetic similarity matrix for the sixteen B. napus 

genotypes was generated based on single nucleotide polymorphisms (SNP) across the genome 

determined using the Brassica 60K Illumina Infinium SNP array (Clarke et al., 2016). Two of the 

genotypes (Table 3.1) used in this study have alternate names, NAM-48 or DH27298 and NAM-

94 or YN04-C1213sp013. 
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Table 3.1. Sixteen diverse B. napus genotypes selected for the rhizosphere microbial analysis and their seed quality 

traits. 

 

B. napus Line Origin 
Seed 

color 

Acid detergent 

Lignin (% of 

seed) 

Seed glucosinolates 

(μmol) 

Seed erucic 

acid (% Oil) 

NAM-0a Canada Black  3.8 8.8 0.44 

NAM-13b Europe Black  7.5 9.5 0.26 

NAM-14b Europe Black  3.2 91 37.81 

NAM-17a Canada Black  3.7 11.3 0.23 

NAM-23b 
North 

Korea Black  5.8 10.4 1.1 

NAM-30b Europe Black  8.7 8.6 0.35 

NAM-32b 
South 

Korea Black  6.6 114.4 0.18 

NAM-37b Australia Black  6.9 49.9 0.32 

NAM-43b South Asia Black  6.1 92.7 10.14 

NAM-46b 
South 

Korea Black  4.5 103.5 47.06 

NAM-48a Canada Yellow na na na 

NAM-5b South Asia Black 4.2 62.1 9.75 

NAM-72a Canada Yellow 0.8 9.9 0.08 

NAM-76b Canada Black 6.6 14.3 2.18 

NAM-79b South Asia Black na na na 

NAM-94a Canada Yellow 3.7 119.9 40.08 

aAAFC Canola breeding lines, bDiverse annual Brassica napus accessions.  

3.3.3 Experimental design 

The field design in 2016 was a randomized complete block design with three replicates. The 

three blocks each were comprised of two strips of eight 2 m by 6 m plots. The 16 B. napus 

genotypes were randomly assigned to plots and seeded on May 27, 2016. B. napus seeds were pre-
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treated with HELIX XTra® (active ingredients: Thiamethoxam, difenoconazole, metalaxyl-M, 

fludioxonil and sedaxane) (Syngenta Canada Inc., Guelph, ON) and were seeded at a rate of 100 

seeds m-2 with HELIX-treated corn grits. Roots with attached rhizosphere and bulk soil were 

collected weekly for ten weeks starting eighteen days after seeding and ending eighty-one days 

after seeding. The corresponding phenotypic stages for the 2016 sampling weeks were 2-3 leaf 

stage (Week 1,18 days after seeding (DAS)), 4-5 leaf stage (Week 2, 25 DAS), 6-9 leaf stage (Week 

3, 32 DAS), flowering (Weeks 4 - 7, 39 - 70 DAS), maturity (Weeks 8 and 9, 67 and 74 DAS) and 

harvest (Week 10, 81 DAS). Plants were harvested at maturation to determine seed yield (g) for 

the entire plot. All sampling was done following a standard protocol. Each plot-level sample was 

comprised of three composited subsamples. A subsample was an individual canola plant taken at 

random from within a plot. For each subsample, bulk and rhizosphere soils were separated, with 

rhizosphere soil defined as soil that remained attached to roots after shaking to dislodge the loosely 

attached (bulk) soil (Figure 3. 1). Roots of each sub-sample with the adhered rhizosphere soil were 

handled aseptically, cut and placed together in an Erlenmeyer flask with 100 mL of buffer (0.05M 

NaCl) and shaken (Innova 2100 Platform Shaker at 180 rpm) for 15 minutes.  Following shaking, 

roots were removed from the flask, and the buffer and rhizosphere soil were transferred into 2- 50 

mL centrifuge tubes. Tubes containing the sample mixtures were then centrifuged at 5000 rpm for 

15 minutes at room temperature. The supernatant was decanted, and pellets of the rhizosphere soil 

were subsampled into 2- 1.5 mL Eppendorf tubes and stored frozen at -80°C.  

 

Figure 3.1. Rhizosphere vs bulk soil. Rhizosphere soil is defined as the soil that remained attached to the root after 

shaking of the loosely held bulk soil. 
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In 2017, each of the three sites were established following a similar experimental design and 

sampling protocol to 2016. Seeding of the 16 diverse B. napus genotypes was done on May 29 at 

Saskatoon and May 19 at Melfort. At Scott, delayed seeding date of June 20 was due to re-seeding 

after hail damage. Rhizosphere soil samples were collected three times in 2017 at the 6-9 leaf stage 

(Week 3), mid-flowering (Week 6) and maturity (Week 9). Plants were harvested at maturation to 

determine seed yield (g) for the entire plot. 

3.3.4 DNA extraction, amplification, and sequencing 

Rhizosphere soil pellets were removed from the -80°C freezer and 0.1 g were transferred into 

96 well DNA extraction plates. DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, 

catalogue number 12955-4) following the recommended standard procedure. The extracted DNA 

quantity was determined using a standard Qubit protocol (Thermo Fisher Scientific, Waltham 

Massachusetts). 16S rRNA genes were amplified using  the primer set 342F-806R with Illumina 

sequencing adapters (342F: 5'- ACA CTG ACG ACA TGG TTC TAC ACT ACG GGG GGC 

AGC AG -3' and 806R: 5'- TAC GGT AGC AGA GAC TTG GTC TGG ACT ACC GGG GTA 

TCT -3') (Mori et al., 2014). Amplified PCR products were then sent to the Innovation Centre at 

Genome Quebec for amplicon barcoding, normalization, library QC and subsequently sequenced 

on an Illumina MiSeq. Sequencing of the 2017 samples was done at the University of Saskatchewan 

sequencing facility following the same procedure using an Illumina MiSeq platform. A total of 887 

samples were analyzed. Replicates for DNA extraction were individually sequenced. To compare 

absolute abundance of bacterial 16S rRNA genes across samples, a known amount of a bacterial 

species not expected to be present in soil (0.3ng uL-1 of Aliivibrio fisheri) was spiked into each 

sample as an internal standard (Smets et al., 2016). The raw sequences are deposited in NCBI SRA 

database under data identification number PRJNA575004. 

3.3.5 Sequence data processing and statistical analysis 

Adaptors and primers were trimmed from demultiplexed paired reads using Cutadapt version 

2.1 (Martin, 2011). The Cutadapt processed reads were further processed using qiime2 version 

2019.1 (Bolyen et al., 2018) DADA2 plugin (Callahan et al., 2018) to filter low-quality and chimera 

errors and  generate a final amplicon sequence variants table and corresponding taxonomic table. 

DADA2 pipeline is designed to resolve exact biological sequences from Illumina sequence data 

and does not involve sequence clustering. Following Knight et al. (2018), exact sequence variant 
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approach was used. Oligotyping (Eren et al., 2013) improves upon traditional operational 

taxonomic unit (OTU) picking, by including position-specific information from 16S rRNA 

sequencing to identify subtle nucleotide variation and by discriminating between closely related 

but distinct taxa. The sequences were mapped at 99% sequence identity to an optimized version of 

the Greengenes reference database (version 13.8) containing the target V3-V5 16S region to 

determine taxonomies at seven different levels.  

The amplicon sequence variant table was further processed to 1) remove 16S rRNA gene 

sequences identified as chloroplast, mitochondria or archaea, 2) adjust sequence counts to account 

for differences in sequencing depth based on the internal standard (A. fisheri counts), and 3) remove 

A. fisheri sequences. I rounded A. fisheri adjusted values to the nearest integer prior to analysis 

with negative binomial generalized linear models (GLMs) which require count data. All other 

summary statistics and analyses were completed using the unrounded values unless stated. 

Statistical analyses were done in R (version 3.6.0, R core Team 2019) using Phyloseq (version 

1.22.3) (McMurdie and Holmes, 2013), microbiome (version 1.5.28) (Lahti et al., 2017) and their 

associated dependencies. 

The B. napus core microbiota, or the set of amplicon sequence variants detected in 50% to 

100% of the samples with a relative abundance threshold value above 0.01%, was identified using 

the core function in microbiome R package version 1.5.28 (Lahti et al., 2017) using the whole 

dataset from Saskatoon in 2016. The dataset was then grouped into three broad phenological stages: 

Vegetative (weeks 1 to 3), Flowering (weeks 4 to7) and Maturity (weeks 8 to 10). Core bacterial 

taxa with at least 75% prevalence were determined within each phenological category and were 

compared with the core taxa identified for the whole dataset to determine if there were patterns in 

how the core taxa were recruited. Core bacterial taxa with at least 75% prevalence were determined 

for each of the three sampling sites in 2017, and then compared between sites and to the core 

bacterial taxa from the single site 2016 experiment.   

Prior to α- diversity calculations and permutational multivariate analysis of variance 

(PERMANOVA) test (Anderson, 2001), the amplicon sequence variant table was normalized using 

the edgeR “edgernorm” method in R package microbiomeSeq (Ssekagiri et al., 2017). Here it is 

important to note that microbiome data normalization is a very active area of research and debate 

(McKnight et al., 2019; McMurdie and Holmes, 2014; Weiss et al., 2017). Recent study comparing 
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different normalization approaches suggest superior performance of proportion-based approach 

(McKnight et al., 2019). In our study, contrary to McKnight et al (2019), the proportion-based 

normalization suppressed differences in evenness. The reasons for the observed difference in 

performance of the normalization approach could be nature of our data. In my study I used 1) an 

internal standard (A. fisheri counts) to account for differences in sequencing depth, 2) large number 

of samples per group (canola genotype (up to 30 samples/genotype); growth stage (up to 192 

samples/growth stage)) that may explain the contrasting performance of the normalization 

approaches. The α-diversity indices (Richness, Pielou’s evenness) calculations, pairwise ANOVA 

of the diversity measures between canola genotypes as well as between sampling weeks were done 

using microbiomeSeq and microbiome (Lahti et al., 2017) packages.  Bray-Curtis distance for each 

pair of samples was calculated and PEMANOVA and homogeneity of dispersion test were run 

using the “adonis” and “betadisper” functions in R package Vegan (Oksanen et al., 2019). The 

2016 ten-week dataset and its subsets vegetative, flowering and maturity stages were used for α- 

diversity and vegetative, flowering, vegetative and flowering combined, and flowering and 

maturity stages combined subsets for PERMANOVA analysis. 

I calculated the mean Bray-Curtis distance between canola genotypes by averaging the paired 

sample values of each group. Person’s correlation coefficient between plant genetic distance and 

the mean microbial Bray-Curtis distance among the genotypes were then calculated. The datasets 

that showed difference in microbial community structure among canola genotypes 

(PERMANOVA test) were used for this analysis. 

I considered the diversity indexes calculated as phenotypic records and hence estimated their 

broad-sense heritability (h2) separately for flowering and whole 2016 datasets. To estimate h2, first 

variance components of each variable (Richness, evenness and other calculated indices) were 

generated by fitting a linear mixed effects model using restricted maximum likelihood (REML) 

with the lmer function of the lme4 R package version 1.1.21 (Bates et al., 2019). The two models 

were:  response (whole data) = canola genotype + Rep (Week) + canola X week + residual, and 

response (flowering) = canola + canola X week + Residual. Due to model over parametrization 

and singular fit “Rep (Week)” (replication nested in sampling week) from whole data model and 

“canola X week” (canola sampling week interaction) from the flowering stage model were dropped 

in the final model. The h2 decreased by a maximum of only 0.01in the simpler models. The 

proportion of variance explained by canola genotype (h2) was calculated using the formula h2 = σG
2 
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/(σG 
2  + (σG x W 

2) / w + σe2 /rw) for the whole 2016 data, or h2 = σG
2 /(σG

2  + σ e2 /rw) for flowering 

stage data, where σG 2 is genetic variance, σ G x W 
2 is the variance of genotype by sampling week 

interactions, σ e 2 is residual variance, r is the number of replications in each sampling week, and 

w is the number of sampling weeks. 

Bacterial genera that were differentially abundant between each of the fifteen B. napus 

genotypes and a reference genotype (NAM-0) were identified using negative binomial models 

fitted in GLM framework using the edgeR package version 3.8 (Robinson et al., 2010) . The 2016 

Saskatoon dataset was first agglomerated to the lowest identified taxonomic rank (genus), resulting 

in a total of 558 genera. First, Upperquartile (Bullard et al., 2010) normalization was used to align 

the upper quartiles of the count per million within the libraries. The goal was to identify bacterial 

taxa that were differentially abundant between the reference genotype and each of the fifteen 

remaining B. napus genotypes. Hence, the design matrix contained B. napus genotype with the 

intercept set as NAM-0, and a significant coefficient for a given genotype identified significant 

abundance differences from NAM-0. Dispersion estimates were subsequently calculated using 

estimateDisp for the given design matrix. A quasi-negative-binomial-GLM was fit with the 

glmQLFit function, and significance tested with the glmQLFtest function. A 1% false discovery 

rate (Benjamin and Hochberg adjusted p-value) was used. All R scripts used for data analysis are 

archived electronically along with the thesis. 

3.4 Results 

3.4.1 Rhizosphere taxonomic characterization 

A total of 1,571,433,759 reads (ranging from 5925 to 354,234,808 per sample) across 477 

samples were present in the dataset. I detected 32 named bacterial phyla (Appendix A and 

Appendix B), approximately a third of the currently named phyla (Hug et al., 2016). Proteobacteria, 

Acidobacteria, Actinobacteria and Chloroflexi, were the most abundant phyla, present in 69.4 %, 

13.8 %, 12.2 % and 4.6 % of the samples, respectively (Appendix C). Four named classes were 

identified from phylum Proteobacteria which included the common Gammaproteobacteria, 

Alphaproteobacteria, Betaproteobacteria and Deltaproteobacteria, fifteen classes from 

Acidobacteria and ten from Actinobacteria.   
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3.4.2 Single site two-year B. napus rhizosphere core microbiome 

Six bacterial genera were identified as core at a 75% prevalence threshold; at 50%, 60%, 

65%, and 70% prevalence thresholds the number of core genera were 32, 15, 11 and 8, respectively. 

The B. napus core microbiome primarily included Proteobacteria and Actinobacteria. Arthrobacter 

(Actinobacteria) was found in 96% of the samples, Bradyrhizobium (Proteobacteria) in 95%, 

Stenotrophomonas (Proteobacteria), Skermanella (Proteobacteria), and one unclassified 

Acidobacteria and one unclassified Actinobacteria were present in 75% of the samples (Table 3.2). 

Three of the four named core taxa in 2016 were consistently observed in the 2017 experiment. A 

total of 11 core bacterial taxa were identified at 75% in the 2017 experiment (Table 3.3). 

Core genera associated with each growth stage were generally part of the overall core taxa at 

the 75% prevalence threshold. Arthrobacter, Bradyrhizobium and an unclassified Acidobacteria in 

the class Ellin6075 were present in all growth stages, while two variants of Arthrobacter, 

Stenotrophomonas and Skermanella joined the core taxa at flowering. One unclassified Gaiellaceae 

(Actinobacteria) is observed only at the vegetative and flowering stages. Acinetobacter a 

Gammaproteobacteria in family Moraxellaceae was only present during flowering while 

Agromyces an Actinobacteria in family Microbacteriaceae was only present in the maturity stage 

(Table 3.2). 

3.4.3 2017 three-site B. napus rhizosphere core microbiome 

The 2017 cross-site core microbiome closely resembled the 2016 core microbiome with 11, 

21, and 7 core bacterial genera at 75% prevalence at Saskatoon, Melfort, and Scott sites, 

respectively. The cross-site B. napus core microbiome primarily included Proteobacteria and 

Actinobacteria. Arthrobacter, Erwinia spp. (2 variants), Kaistobacter, Pedobacter and 

Stenotrophomonas (Stenotrophomonas retroflexus) were cross-site conserved. Bradyrhizobium 

and Microlunatus were conserved at two sites (Saskatoon and Melfort) (Table 3.4). Arthrobacter 

was the most prevalent core taxa at Saskatoon (both years) and Melfort and Stenotrophomonas was 

most prevalent at Scott. 
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Table 3.2. Overall and growth stage related B. napus core bacterial taxa identified at Saskatoon 2016 experiment. “Y” represents “yes” for the four rightmost 

columns under “Core in”. t: overall or total, v: vegetative, f: flowering and m: maturity growth stages. Repeated genus name indicates presence of amplicon 

sequence variant. Please see Appendix D for full table showing their corresponding prevalence and relative abundance. 

Taxonomy Core in 

Phylum Class Order Family Genus Species t v f m 

Acidobacteria Chloracidobacteria RB41 Ellin6075 Unclassified 
 

Y Y Y Y 

Actinobacteria 
Actinobacteria Actinomycetales 

Micrococcaceae 

Arthrobacter 
 

Y Y Y Y 

Arthrobacter 
   

Y Y 

Arthrobacter 
   

Y Y 

Microbacteriaceae Agromyces 
    

Y 

Thermoleophilia Gaiellales Gaiellaceae Unclassified 
 

Y Y Y   

Proteobacteria 

Alphaproteobacteria 
Rhodospirillales Rhodospirillaceae Skermanella 

 
Y 

 
Y Y 

Rhizobiales Bradyrhizobiaceae Bradyrhizobium 
 

Y Y Y Y 

Gammaproteobacteria 
Pseudomonadales Moraxellaceae Acinetobacter rhizosphaerae 

  
Y   

Xanthomonadales Xanthomonadaceae Stenotrophomonas retroflexus Y 
 

Y Y 
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Table 3.3. Cross-year B. napus core bacterial taxa identified in at least 75% of the samples at Saskatoon site. Weekly sampling for ten weeks in 2016 and at three 

growth stages in 2017. “2016” and “2017” represent the study years. The number in bracket indicates the number of amplicon sequence variants for that genus. 

Please see Appendix D for full table showing their corresponding prevalence and relative abundance. 

Taxonomy Core in 

Phylum Class Order Family Genus Species 2016 2017 

Acidobacteria Chloracidobacteria RB41 Ellin6075 Unclassified   Y 
 

Actinobacteria 
Actinobacteria Actinomycetales 

Micrococcaceae Arthrobacter   Y Y 

Propionibacteriaceae Microlunatus   
 

Y 

Thermoleophilia Gaiellales Gaiellaceae unclassified   Y 
 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae 
Pedobacter   

 
Y 

unclassified   
 

Y 

Proteobacteria 

Gammaproteobacteria 
Enterobacteriales Enterobacteriaceae Erwinia   

 
Y (2)* 

Pseudomonadales Pseudomonadaceae Pseudomonas   
 

Y 

Alphaproteobacteria 

Rhizobiales Bradyrhizobiaceae Bradyrhizobium   Y Y 

Rhodospirillales Rhodospirillaceae Skermanella   Y 
 

Sphingomonadales Sphingomonadaceae Kaistobacter   
 

Y 

Gammaproteobacteria Xanthomonadales Xanthomonadaceae 
Stenotrophomonas retroflexus Y Y 

Stenotrophomonas maltophilia  Y 

*there were two amplicon sequence variants for that genus. 
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Table 3.4. B. napus core bacterial taxa identified in at least 75% of the samples at Saskatoon, Melfort, and Scot sites. “Y” represents “yes” for the three rightmost 

columns under “Core at”. SA: Saskatoon, ME: Melfort, and SC: Scott sites. The numbers in bracket indicate the number of amplicon sequence variants for that 

genus. Please see Appendix D for full table showing their corresponding prevalence and relative abundance. 

Taxonomy Core at 

Phylum Class Order Family Genus Species SA ME SC 

Actinobacteria 
Actinobacteria 

Actinomycetales 

Micrococcaceae Arthrobacter   Y Y (2)* Y 

Propionibacteriaceae Microlunatus   Y Y   

Nocardiaceae Rhodococcus     Y   

Micrococcales unclassified unclassified     Y   

Thermoleophilia Gaiellales Gaiellaceae unclassified     Y (2)*   

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae 

Pedobacter   Y Y Y 

unclassified   Y Y   

Mucilaginibacter gossypii   Y   

Firmicutes Bacilli Bacillales Bacillaceae Bacillus longiquaesitum     Y 

Gemmatimonadete

s Gemmatimonadetes Unclassified unclassified unclassified     
Y 

  

Planctomycetes Phycisphaerae WD2101 unclassified unclassified     Y   

Proteobacteria 

Alphaproteobacteria 

Sphingomonadale

s 
Sphingomonadaceae Kaistobacter 

  
Y Y Y 

Rhizobiales 
Bradyrhizobiaceae Bradyrhizobium   Y Y   

Hyphomicrobiaceae Rhodoplanes    Y   

Caulobacterales Caulobacteraceae Caulobacter     Y   

Betaproteobacteria 
Burkholderiales Comamonadaceae Variovorax paradoxus   Y   

SC-I-84 unclassified unclassified     Y   

Gammaproteobacteria 

Pseudomonadales Pseudomonadaceae Pseudomonas   Y    

Xanthomonadales Xanthomonadaceae 
Stenotrophomonas retroflexus Y Y Y 

Stenotrophomonas maltophilia Y    

Enterobacteriales Enterobacteriaceae Erwinia   Y (2)* Y (2)* Y (2)* 

*there were two amplicon sequence variants for that genus. 
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3.4.4 Genotype variation in alpha diversity measures  

Alpha diversity measures (richness and Pielou’s evenness) varied among the canola 

genotypes.  More variability is observed in Pielou’s evenness. Flowering stage followed by whole 

data analysis resulted in the highest variability among genotypes (Figure 3.2). No significant 

difference among genotypes was observed at vegetative stage and only two pairs of genotypes 

(NAM-48 – NAM-76 and NAM-14 – NAM-43) showed significant difference in richness and 

Pielou’s evenness at maturity.  

 

 

Figure 3.2. Variability in alpha diversity measures (richness and evenness) among canola genotypes. Bars connect 

significantly different canola genotype pairs and significance level is indicated with an asterisk (*0.05, **0.01). Figures 

present alpha diversity comparisons based on (A) Whole 2016 dataset, (B) Vegetative, (C) Flowering and (D) Maturity 

stages. 
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3.4.5 Microbial patterns among B. napus genotypes 

The PERMANOVA and betadisper analyses were used to test whether the rhizosphere 

bacterial community structure differed among B. napus genotypes. The PERMANOVA partitions 

the variability between factors based on the Bray-Curtis dissimilarity matrix. To check the 

contribution of growth stage at which samples were collected we used the complete 2016 dataset 

and its subsets. Statistically significant differences were observed in the rhizosphere microbiome 

among B. napus genotypes when using the complete (F=1.23, R2= 0.04, P < 0.001), flowering 

(F=1.12, R2= 0.09, P < 0.05), vegetative and flowering combined (F=1.14, R2= 0.05, P < 0.05) and 

flowering and maturity combined (F=1.17, R2= 0.05, P < 0.01) datasets. The test for homogeneity 

of multivariate dispersions were not significant indicating that canola genotypes have similar 

dispersion, and I can trust the significant variation observed. I did not observe significant variation 

in the rhizosphere microbiome among B. napus genotypes at the vegetative and maturity stages. 

3.4.6 Relationship between B. napus genotypes and rhizosphere microbial composition 

To check whether the composition of the rhizosphere microbiota could be correlated to the 

genetic relatedness among the B. napus genotypes, I computed mean microbial Bray-Curtis 

distances and correlated those with plant genetic distance among the genotypes. In addition, to 

infer if the correlation is affected by the growth stage of B. napus I did correlations using datasets 

from flowering, vegetative and flowering combined and flowering and maturity stages combined. 

The vegetative stage was omitted since I did not find significant variation during the 

PERMANOVA analysis. The significant (P < 0.001) and highest (R = 0.65) correlation was 

observed when using the dataset across the whole growing season followed by in the vegetative 

and flowering stage combined (P < 0.001, R = 0.55) and flowering and maturity stage combined 

datasets (p < 0.001, R =0.44), respectively (Figure 3.3). At flowering the least but significant 

correlation was observed (P < 0.05, R = 0.21). 
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Figure 3.3. Correlation between mean microbial Bray-Curtis distance and plant genetic distance among canola 

genotypes. Change in correlation when considering the (A) whole 2016 dataset (B) Flowering stage, (C) Vegetative 

and flowering stages combined, and (D) Flowering and maturity stages combined. 

3.4.7 Heritability of microbial attributes  

The heritability estimates for the alpha diversity measures were higher at flowering than for 

the whole growing season (Tables 3.5 and 3.6). At flowering, diversity inverse Simpson and 

evenness Simpson were with the highest heritability (h2 = 0.59) followed by diversity Shannon and 

evenness Pielou (h2 = 0.51). Diversity gini Simpson (h2 = 0.37) followed by diversity inverse 

Simpson and evenness Simpson (h2 = 0.25) were with the highest heritability estimates for the 

whole growing season.   
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Table 3.5. Broad-sense heritability of alpha diversity traits (diversity_inverse_simpson, diversity_gini_simpson, 

diversity_shannon, evenness_pielou, evenness_simpson) using the full 10 weeks dataset of 2016.  

 

Trait (Complete) 
Variance Component Heritability 

(h2) Genotype Genotype X Week Residual 

diversity_inverse_simpson 46.79 204.49 3688.61 0.25 

diversity_gini_simpson 0.00002678 0.00002116 0.00132184 0.37 

diversity_shannon 0.003671 0.01906 0.542428 0.16 

evenness_pielou 0.0000412 0.0002139 0.0060884 0.16 

evenness_simpson 3.065E-07 1.1227E-06 2.33607E-05 0.25 

 

Table 3.6. Broad-sense heritability of alpha diversity traits (diversity_inverse_simpson, diversity_gini_simpson, 

diversity_shannon, evenness_pielou, evenness_simpson) using the flowering stage dataset of 2016 experiment. 

 

Trait (F) 
Variance Component Heritability 

(h2) Genotype Residual 

diversity_inverse_simpson 403.1 3366.9 0.59 

diversity_gini_simpson 0.00005502 0.00114562 0.37 

diversity_shannon 0.0489 0.5645 0.51 

evenness_pielou 0.0005489 0.0063357 0.51 

evenness_simpson 2.552E-06 2.1319E-05 0.59 

 

3.4.8 Differentially abundant bacterial genera 

Of the total 558 genera, 81 bacterial genera were significantly (p < 0.01) more and 71 genera 

were similarly less abundant in at least one B. napus genotype relative to the reference genotype 

(NAM-0). With the exception of genotypes NAM-14, NAM-30, NAM-32, NAM-43 and NAM-46 

there was an observed general trend towards differentially less abundant taxa per genotype (Table 

3.7, Figure 3.4). The most genetically distinct genotype (NAM-46) had the greatest number of 

differentially highly abundant taxa; however, there was not a clear pattern linking plant genetic 

distance across the diversity panel with number of differentially abundant bacterial taxa (Table 3.7, 

Appendix E). 
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Table 3.7. Number of differentially less and more abundant bacterial genera at 1% false discovery rate in fifteen B. 

napus lines compared with the reference NAM-0. White to red gradients in each column indicate highest to lowest 

values.  

B. napus 

genotype 

Genetic distance 

(relative to NAM-0) 

Differentially less 

abundant 

Differentially more 

abundant 
Total 

NAM-13 82.00 65 49 114 

NAM-14 93.71 55 64 119 

NAM-17 89.03 75 51 126 

NAM-23 79.84 57 56 113 

NAM-30 78.22 54 69 123 

NAM-32 90.81 44 58 102 

NAM-37 83.28 61 44 105 

NAM-43 89.35 43 65 108 

NAM-46 113.41 61 81 142 

NAM-48 82.33 57 45 102 

NAM-5 80.15 70 44 114 

NAM-72 96.49 50 47 97 

NAM-76 85.45 71 37 108 

NAM-79 100.15 71 54 125 

NAM-94 76.46 60 44 104 

 

A total of 29 bacterial phyla (17 – 23 phyla per genotype) were represented among the 

differentially abundant bacterial genera. The majority were Proteobacteria and Actinobacteria, 

together accounting for 52-61% of differentially abundant genera in each B. napus genotype. 

Phylum FBP, Tenericutes and BRC1were unique phyla observed only in NAM-13, NAM-14 and 

NAM-48, respectively. 

Across the 15 genotypes, there were 67 genotype-specific (Table 3.8) differentially abundant 

bacterial genera of which 56 (84%) were differentially more abundant and 11 (16%) less abundant 

compared with the reference NAM-0. Per B. napus genotype, the number of unique genera ranged 

from one (NAM-23, ~2% (per total number of genotype-specific genera)) to 11 (NAM-46, 16%). 

In NAM-76 all unique genera were differentially less abundant whereas in NAM-5, NAM-13, 

NAM-14, NAM-23, NAM-32, NAM-46 and NAM-94 the unique genera were differentially more 

abundant.  
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I ranked differentially abundant bacteria based on abundance changes relative to the 

reference line (logFC) to identify bacteria with the strongest population responses to each B. napus 

genotype. Responses in both positive (more abundant) and negative (less abundant) directions were 

observed. For example, in the genetically distinct genotype NAM-46 there were more genera with 

strong positive responses, this also seemed the case for most lines (Appendix F). The full list of the 

significantly differentially abundant bacterial genera within each genotype together with their 

corresponding taxonomic classification and values for log fold change (logFC), log count per 

million (logCPM), pvalue and false discovery rate (FDR) are provided in Appendix G. 

 

 

Figure 3.4. Differentially abundant bacterial genera compared with the reference genotype (NAM-0). Change in 

absolute abundance in B. napus genotypes (log-fold-change) is shown against average abundance in count per million 

(CPM). Red dot indicates significantly differentially more and blue less abundant taxa (FDR<0.01). The non-

significant genera are indicated in gray. Names of B. napus genotypes are indicated at the top left corner of individual 

plots. Plots are arranged left to right from genotype with the highest to the lowest number of differentially abundant 

genera compared with NAM-0.  
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Table 3.8. Differentially abundant named bacterial genera unique to each B. napus genotypes in 2016 and their traits 

or plant beneficial roles. Most of these genera are probably for the first time being reported in the rhizosphere of 

canola. 

 Canola Lines Genus  Phylum Trait/role References 

NAM-13 

Saccharothrix Actinobacteria Plant growth promotion (Compant and Mathieu, 2013) 

Procabacter Proteobacteria Grazed by free living bacteria (Schmitz-Esser et al., 2008) 

Crocinitomix Bacteroidetes Correlation with soil dehydrogenase (Ye, 2016) 

Aspromonas Proteobacteria - - 

NAM-14 

Rubricoccus Bacteroidetes Salt tolerant (Rath, 2017) 

Veillonella Firmicutes Most abundant at flowering (Xiao et al., 2017) 

Anaerococcus Firmicutes Associated with Root Lesion Nematodes (Elhady et al., 2017) 

Sporosarcina Firmicutes Plant growth promotion (Janarthine and Eganathan, 2012) 

Polaromonas Proteobacteria Desulfonation (Schmalenberger et al., 2008) 

Neisseria Proteobacteria Present in disease suppressive soils (Adam et al., 2014; Almario et al., 2013) 

Granulicatella Firmicutes - - 

Asteroleplasma Tenericutes - - 

Roseateles Proteobacteria Plant growth promotion (Muthukumarasamy et al., 2017) 

NAM-17 

Citrobacter Proteobacteria Biocontrol  (Abiala et al., 2015) 

Pelosinus Firmicutes Methanogenic (Dai et al., 2016) 

Emticicia Bacteroidetes Modulating flowering; denitrification (Lu et al., 2018) 

Leifsonia Actinobacteria N2-fixing (Rilling et al., 2018) 

Aeromicrobium Actinobacteria Plant growth promotion (Yadav et al., 2015) 

NAM-23 Sediminibacterium Bacteroidetes Negatively associated with soil Ph (Xiao et al., 2017) 

NAM-30 

Shinella Proteobacteria Nitrate reduction (Lee et al., 2011) 

Curtobacterium Actinobacteria Bacterial wilt; IAA, metal accumulation (Hsieh et al., 2005); (Janssen et al., 2015) 

Turicibacter Firmicutes - - 

Aerococcus Firmicutes Antimycobacterial (Zahir et al., 2011) 

Spirillospora Actinobacteria Source of antibiotics (Hacène et al., 2000) 

Afipia Proteobacteria - - 

Gardnerella Actinobacteria - - 

Paenibacillus Firmicutes Plant growth promotion (Grady et al., 2016) 

Delftia Proteobacteria Phosphate solubilizing (Chen et al., 2006) 

Caldilinea Chloroflexi - - 

NAM-32 

Moellerella Proteobacteria - - 

Marmoricola Actinobacteria - - 

Coprococcus Firmicutes - - 
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Table 3.8 continued. Differentially abundant named bacterial genera unique to each B. napus genotype in 2016 and 

their traits or plant beneficial roles. Most of these genera are probably for the first time being reported in the 

rhizosphere of canola. 

 Canola Lines Genus  Phylum Trait/role References 

NAM-37 

Actinobacillus Proteobacteria - - 

Pirellula Planctomycetes - - 

Haliea Proteobacteria - - 

Mesorhizobium Proteobacteria Salt tolerant (Jha et al., 2012) 

NAM-43 

Anaeromyxobacter Proteobacteria Methanotroph (Yoneyama et al., 2017) 

Actinoallomurus Actinobacteria Plant defense  (Visioli et al., 2018) 

Uliginosibacterium Proteobacteria - - 

Ilumatobacter Actinobacteria - - 

Vibrio Proteobacteria Phosphate solubilizing (Vazquez et al., 2000) 

NAM-46 

Enterococcus Firmicutes - - 

Klebsiella Proteobacteria Plant growth promotion (Sachdev et al., 2009) 

Hydrogenophaga Proteobacteria Phytoremediation  (Hou et al., 2015) 

Knoellia Actinobacteria - - 

Chthoniobacter Verrucomicrobia - - 

Naxibacter Proteobacteria Arsenic resistant  (Huang et al., 2010) 

Acidovorax Proteobacteria Antagonist to Fusarium solani (Fan et al., 2016) 

Dyadobacter Bacteroidetes Biocontrol (Ciancio et al., 2016) 

Mycoplana Proteobacteria Plant growth promotion (Egamberdiyeva and Höflich, 2003) 

Agrobacterium Proteobacteria Plant growth promotion (Bertrand et al., 2001) 

Stenotrophomonas Proteobacteria Plant growth promotion (Lay et al., 2018); (Wolf et al., 2002) 

NAM-48 

Weissella Firmicutes Antimycobacterial (Fhoula et al., 2013) 

Amaricoccus Proteobacteria - - 

Caulobacter Proteobacteria Plant growth promotion (Yang et al., 2019) 

NAM-5 

Frigoribacterium Actinobacteria Zn solubilizing (Costerousse et al., 2018) 

Planomicrobium Firmicutes Nutrient mobilization (Shahid et al., 2018) 

Sporichthya Actinobacteria Improved soil chemical property  (Zhang et al., 2019c) 

NAM-76 

Candidatus 

Xiphinematobacter  Verrucomicrobia Nematode endosymbiont (Mobasseri et al., 2019) 

Streptosporangium Actinobacteria Biocontrol (Boukaya et al., 2018) 

NAM-79 

Anaerolinea Chloroflexi - - 

Serratia Proteobacteria Biocontrol; Plant growth promotion  

(Purkayastha et al., 2018); (Lay et al., 

2018) 

Catellatospora Actinobacteria - - 

Afifella Proteobacteria - - 

NAM-94 

Segetibacter Bacteroidetes - - 

Thiobacillus Proteobacteria Sulfur oxidizing  (Huber et al., 2016) 

Wohlfahrtiimonas Proteobacteria Arsenic metabolizing (Sanyal et al., 2016) 
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3.5 Discussion 

3.5.1 B. napus genotype regulated changes in rhizosphere bacteria 

Here I show fine-scale regulation of the rhizosphere bacterial community by B. napus host 

genotypes as a total of 67 differentially abundant genera were genotype-specific. This suggests an 

extensive and selective control by B. napus genotype on associated rhizosphere bacterial genera. 

Given these controls are genetically based, they may represent potential breeding targets if the 

associated bacterial shown to be positively associated with yield or positive traits in subsequent 

work. The most genetically distinct B. napus genotype (NAM-46) contributed a greater proportion 

(~16%) of the genotype specific differentially abundant taxa, and almost all of its top twenty 

differentially abundant genera based on log fold change were differentially more abundant 

(Appendix F). This suggests that genetic variability among genotypes might be directed towards 

investing in recruiting taxa rather than efforts towards exclusion (reduction in abundance). The 

phyla that were mainly responsive to B. napus line were Proteobacteria and Actinobacteria; similar 

responsiveness of these phyla to dynamic changes in bacterial community have been reported 

(Yang et al., 2017).  

Several potentially important beneficial B. napus genotype-bacterial interrelationships were 

evident among the differentially abundant taxa. Differentially abundant bacteria with potential 

benefits include Cellulosimicrobium, Enterobacter, Klebsiella, Modestobacter, Neisseria, 

Peredibacter, Pseudomonas, Serratia and Streptosporangium. These bacteria have been reported 

to have roles in the biological control of diseases, including production of antibiotics, association 

with disease suppressive soils, anti-fungal properties, and biocontrol mechanisms. 

Cellulosimicrobium spp., for example inhibit growth of the pathogenic fungi Botryis cinerea, 

Fusarium oxysporum and Verticillium dahlia in barley (Nabti et al., 2014). Enterobacter spp. 

produce complex compounds that are antagonistic towards many fungal pathogens and also have 

antibiotic properties (Chernin et al., 1995, 1996). Neisseria is associated with disease suppressive 

soils (Adam et al., 2014; Almario et al., 2013), Peredibacter suppresses soil-borne disease (Jaiswal 

et al., 2017) and Pseudomonas induces systemic resistance against pathogens such as the soil-

borne Rhizoctonia solani (Nandakumar et al., 2001). Streptosporangium is an Actinomycete 

known to produce antimicrobial compounds (Hardoim et al., 2015). Finally, Serratia promotes 

resistance to fungal pathogens in rapeseed  (Alström, 2001; Neupane et al., 2013). It can also 
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parasitize pathogenic Fusarium and reduces the production of areal hyphae and microconidia 

(Minerdi et al., 2008). 

In addition to disease protection, some of the differentially abundant bacteria have beneficial 

effects including growth promotion. Cellulosimicrobium spp. can stimulate growth of barley 

seedlings (Nabti et al., 2014), and Enterobacter spp. are important plant growth-promoting 

bacteria (Chernin et al., 1996; Nie et al., 2002). Strains of Klebsiella isolated from wheat 

rhizosphere produce indole acetic acid (IAA) with demonstrated promotion of root growth 

(Sachdev et al., 2009). Serratia is a plant-growth-promoting bacteria and is positively correlated 

with canola yield (Lay et al., 2018) and promotes growth in rapeseed (Alström, 2001; Neupane et 

al., 2013). Finally, Pseudomonas, a well-studied plant-growth promoting bacteria enhances root 

elongation of canola and is characterized by its ability to produce phytohormones, indole-acetic 

acid and cytokinin (Pallai et al., 2012). 

The potential roles of the differentially abundant bacterial taxa discussed above are limited 

to genera with functions previously reported in the literature; examination of the uncharacterized 

and unclassified bacteria associated with high-performing B. napus genotypes will likely reveal 

additional positive plant-microbial interrelationships. Evaluating genotypes with contrasting 

differential abundance of bacteria that influence traits of interest such as disease resistance and 

yield would be the next step towards practical applications of B. napus microbiome manipulation. 

The further dissection of the highlighted B. napus-bacterial interrelationships is crucial in 

conceptualizing their use as potential targets for direct or indirect selection within breeding 

programs. 

The observed high correlation between the mean microbial Bray-Curtis distance and plant 

genetic distance (R = 0.65) indicates that overall microbial variation is a good predictor of plant 

genetic distance. Such observations under field conditions encourage further dissection of plant 

genetic control on the canola microbiome. The high variability in species evenness compared with 

species richness also indicates as there could be direct processes including changes in rhizosphere 

soil chemistry or other indirect effects by host genotype that alters proportional diversity through 

changes in evenness without changes in species composition (Wilsey and Potvin, 2000). These 

potential host-driven changes showed maximum effect during flowering stage with close to no 

effects during vegetative and maturity stages to grant significant variation in evenness among the 
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genotypes. This suggests that plant genetics-driven changes start to be apparent around flowering 

stage when carbon allocation switches to seed production.  

This study is also among the first to describe alpha diversity measures as phenotypic traits 

in canola and to estimate heritability both considering the whole growing season and at flowering 

stage. The heritability range for different traits (0.37 – 0.59) at flowering stages indicates that 37 

to 59% of the variation in alpha diversity measures in our canola genotypes at flowering was due 

to genetics. Across growth stages 16 to 37% of the variation in our canola genotypes was either 

directly or indirectly due to genetics. Diversity is generally associated with resilience to 

perturbations and disease suppression in rhizosphere, thus diversity could be a valuable trait to 

consider for sustainable and improved crop production. Maximum heritability values were 

observed at flowering, again suggesting maximum genetic effects at this growth stage. Therefore, 

if the alpha diversity measures are to be used as indicator traits, I suggest selections to be made at 

the flowering stage. The results presented here should be interpreted consciously as the data 

normalization approach followed affects estimation of alpha diversity measures (McKnight et al., 

2019). In this study, I examined data processed in four approaches: 1) internal standard adjusted, 

2) internal standard plus proportion-based normalized, 3) internal standard plus edgeR approach 

normalized and 4) internal standard plus random sub-sampled. Variation in evenness was 

suppressed in all except edgeR normalization and random sub-sampling approaches, which is in 

contrary to previous study that reported otherwise (McKnight et al., 2019).  

3.5.2  B. napus rhizosphere core microbiome 

Microbes that are consistently present across all cultivars and sites are likely to provide 

critical ecological functions (Shade and Handelsman, 2012). Our cross-site core taxa analysis 

revealed taxa that were conserved across sites (Table 3.4). This suggests that B. napus genotypes 

could select relatively conserved core bacterial taxa across a variety of soil types and 

environments. In contrast to most core microbiome studies, which use samples collected at a single 

time point, our sampling approach (10 weeks, at least 28 samples per canola genotype) provides 

insights into how the core members associate with the plant through growth and development 

stages. Separating the core taxa for each of the three growth stages yielded three key insights into 

the ecology of the core microbiome. First, there were core members that remained present 

throughout the development of the crop; second, there were taxa that joined the core membership 
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starting at flowering and continued through to maturity and third, there were taxa that joined the 

core membership only at a particular growth stage but were not retained in other stages. These 

findings suggest that efforts to determine the core microbiota of crop species that are limited in the 

volume and/or timing of sampling should focus on the periods of flowering and/or maturity to get 

the best overall representation. Additional similar study in a different crop is needed to see if the 

same phenomenon holds. Cross-site and cross-year stability of core members such as 

Arthrobacter, Bradyrhizobium and Stenotrophomonas retroflexus indicate their close association 

with canola. Bacterial genera such as Arthrobacter, Bradyrhizobium and Pseudomonas were also 

identified as core taxa in rhizosphere of other crops suggesting their adaptation to this environment 

(Walters et al., 2018; Zhou et al., 2020). 

Core microbiota members with potential beneficial effects include Arthrobacter, 

Stenotrophomonas, and Bradyrhizobium. Arthrobacter can increase canola yield when applied as 

a bacterial suspension to seeds (Kloepper et al., 1988). Stenotrophomonas spp. including 

Stenotrophomonas rhizophila have antagonistic activity against fungal pathogens including 

Verticillium dahlia in oil seed rape (Alström, 2001; Wolf et al., 2002). Arthrobacter and 

Stenotrophomonas are likely broadly present in the core microbiome of canola, having been 

identified in other surveys of the core rhizosphere microbiome of field grown canola (Lay et al., 

2018) and in related Brassica rapa (Croes et al., 2013; Germida et al., 1998; Larcher et al., 2008; 

Siciliano and Germida, 1999; Tkacz et al., 2015). Positive correlations between Arthrobacter and 

Stenotrophomonas with canola yield (Lay et al., 2018) suggest an important beneficial influence 

of these bacteria on canola. I observed two variants of Arthrobacter joining the core microbiome 

during flowering, suggesting an important role in the reproductive phase of canola development. 

Finally, Bradyrhizobium shares characteristics with plant growth promoting rhizobacteria, 

producing compounds including phytohormones, siderophores and hydrogen cyanide, and  

exhibiting antagonistic effects towards many plant pathogenic fungi (Antoun et al., 1998). Core 

bacteria with such antagonistic effects towards pathogens can be targets to enhance suppressive 

conditions in the rhizosphere. For instance, a suppressive environment in the rhizosphere can 

contribute to the failure of invasion and disease development by Plasmodiophora brassicae, the 

causative agent of clubroot disease (Dixon, 2017; Mattey and Dixon, 2015). Focusing on 

potentially co-evolved core bacterial taxa with both antagonistic potential and a competitive 

advantage in the B. napus rhizosphere could be a strategy to boost the suppressive potential of the 

rhizosphere to provide a control approach for clubroot or other diseases.      
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3.5.3 Harnessing plant-microbial interactions for canola breeding 

Harnessing the potentially beneficial plant-microbe interactions identified here will require 

research in a number of directions. Our approach using core-microbiota and differential abundance 

analysis, correlations between microbial Bray-Curtis distance and plant genetic distance and 

heritability of alpha diversity measures shows that genotype of B. napus may drive very specific 

associations. Although potentially positive associations are cited throughout literature, testing 

canola genotype-specific relationships is key to establishing if selecting for microbiome as a trait 

is feasible. Once specific positive interactions are confirmed in canola, there are several 

approaches that could be taken to enhance the benefits. For example, one could manipulate the 

microbiome by breeding plants that have a competitive advantage for particular microbes (Bakker 

et al., 2012). Our differential abundance analysis identified bacterial taxa that appear selectively 

favored in each B. napus genotypes; closely examining the genetic differences between those 

genotypes could shed light on the genetic basis for specific plant-microbe relationships. Once a 

genetic basis for a plant-microbe relationship is identified, breeders can work to move that trait 

into new lines. Developing microbial consortia that are evolutionarily adapted to the host plant of 

interest is another approach to harness beneficial microbial functions in agricultural systems. This 

approach is a direct microbiome manipulation where inoculated bacterial consortia may serve to 

reduce the time required for the rhizosphere microbiome to achieve niche saturation and 

competitive exclusion of pathogens (Bakker et al., 2012). Further developing insight on our growth 

stage-related core bacteria and their potential benefits, microbial ecologists could design a 

rationally optimized microbial consortia potentially with a high degree of effectiveness and 

persistence in the environment. Even if such inoculant design is based on the assessment of the 

close association with the host plant potentially in its target production area or region, unforeseen 

risks associated with bringing in inoculants on resident biodiversity and ecosystem functions (Hart 

et al., 2018) should be considered. While it is promising to see relatively high heritability estimate 

of broad microbial traits, the differential abundance and core bacterial analysis should expand 

towards identifying co-occurrence patterns, microbial hubs, evaluating the heritability of these 

taxa and linking them with plant genotype through genome wide association studies.  To conclude, 

this study has shown that in a realistic field setting plant genetics influences the canola 

microbiome, opening the promise of revolutionary ways to enhance canola productivity and 

sustainability. 
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CHAPTER FOUR 

4 ROOT GROWTH DYNAMICS, DOMINANT RHIZOSPHERE 

BACTERIA, AND CORRELATION BETWEEN DOMINANT 

BACTERIAL GENERA AND ROOT TRAITS THROUGH BRASSICA 

NAPUS DEVELOPMENT 

4.1 Abstract 

The plant root-rhizosphere microbial community interactions play important roles in crop 

production as those interactions can be beneficial or detrimental for the plant. In Brassica napus, 

our current understanding of root growth dynamics and dominance of bacterial taxa and their 

dynamics across growth stages is insufficient. In addition, the association of root traits with 

dominant and potential growth promoting bacteria across growth stages under field conditions has 

not been well studied. Here, I use temporally intensive weekly sampling of B. napus over a ten-

week period to characterize root growth dynamics, dominant rhizosphere bacterial taxa, and 

association between the two. I characterized the rhizosphere bacteria using high throughput 

sequencing of the 16S rRNA genes. In the B. napus rhizosphere, dominance of different bacterial 

taxa changed across plant development. The changes in the relative abundance of dominant 

bacteria were detectable at all levels of taxonomic resolution, however looking at lower taxonomic 

ranks revealed microbial dynamics masked at the phylum level. For example, within the most 

dominant Proteobacteria, taxa belonging to the Gammaproteobacteria class increased in abundance 

at flowering and decreased at maturity while Alphaproteobacteria decreased in abundance at 

flowering and increased at maturity. Arthrobacter, Bradyrhizobium, Flavobacterium, 

Gluconacetobacter, Lysobacter, Skermanella, Pedobacter, Pseudomonas, Rhodoplanes, 

Stenotrophomonas and Vibrio were the most abundant genera in B. napus rhizosphere. A higher 

Proteobacteria:Acidobacteria ratio was observed during flowering suggesting that trophic 

conditions of the rhizosphere changes with growth stage. B. napus root length showed distinct 

growth stage patterns with an increase in root length at early stages followed by stable and/or 

gradual increase at flowering followed by reduction at maturity. Positive and significant 

correlations between bacteria known to promote growth in canola and root traits was observed 

during vegetative stage, suggesting possible causal linkage between the two. The significant 

positive correlation between the bacterial genera with root traits under field conditions, coupled 



 

53 
 

with their previously reported growth promoting abilities under controlled conditions indicate that 

these genera are potential microbial targets for canola growth promotion. 
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4.2 Introduction 

In the rhizosphere, the plant root system is in close contact with a wide range of soil microbes 

(Berg and Smalla, 2009). There is increasing evidence for the importance and potential of positive 

plant-microbe interrelationships in cropping systems. In B. napus, rhizosphere bacterial taxa such 

as Serratia are positively correlated with yield (Lay et al., 2018), and potentially beneficial core 

rhizosphere bacterial genera and those that preferentially associate with particular genotypes are 

observed (Taye et al., 2020). In maize, heritable variation in total bacterial diversity is observed 

both across environments and between replicates of lines within environments (Peiffer et al., 

2013). Under controlled conditions, canola root growth is promoted by a number of bacterial 

genera (Bertrand et al., 2001; Cordero et al., 2020). The above results indicate the potential for 

harnessing positive plant-microbial interrelationships in B. napus.  

Root system architecture can influence plant fitness, health, and productivity.  B. napus root 

length at the one to two-leaf and three to four-leaf stages of development are good indicators of 

seed yield across sites and years (Koscielny and Gulden, 2012), suggesting the potential to utilize 

root system architecture for crop improvement. However, despite the importance of B. napus root 

architecture, little is known about root growth dynamics and root system architecture˗microbial 

community relationships under field conditions. Efforts to utilize root system architectural traits 

for canola improvement are underway. For example, fifteen candidate genes useful for marker 

assisted selection of root and root development traits (Arifuzzaman et al., 2019) and quantitative 

loci for phosphorus efficient cultivars (Wang et al., 2019) have been identified. Even if positive 

correlations between canola root growth and bacterial genera are observed under controlled 

conditions (Bertrand et al., 2001; Cordero et al., 2020), whether these positive correlations occur 

under field conditions is not well studied (Saleem et al., 2018).  

The dominant bacterial genera in the B. napus rhizosphere have been reported in previous 

studies (Bertrand et al., 2001; Lay et al., 2018; Taye et al., 2020), however, how the rhizosphere 

microbiome changes across plant growth stages is not well explored. Moreover, the ratio between 

the soil dominant phyla Proteobacteria and Acidobacteria have been used as an indicator of the 

trophic level of soils, with Proteobacteria favored in nutrient rich conditions and Acidobacteria in 

nutrient-poor soils (Castro et al., 2010; Gomes et al., 2018; Gottel et al., 2011; Smit et al., 2001). 

In addition, Proteobacteria:Acidobacteria ratio has been used in maize rhizosphere to show 
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positive effect of phosphorus deficiency on Acidobacteria (Gomes et al., 2018). However, whether 

Proteobacteria:Acidobacteria ratio shifts across plant growth stages also reflect trophic levels in 

the rhizosphere is not well studied.  

The objectives of this study were to 1) characterize B. napus root growth dynamics across 

the growing season, 2) identify the dominant bacterial groups at each growth stage, 3) evaluate the 

trophic condition in the rhizosphere of B. napus at different growth stages using Proteobacteria (P) 

to Acidobacteria (A) abundance ratios, and 4) examine the relationships between canola root traits 

and the abundances of dominant rhizosphere bacteria and bacteria reported to have growth 

promoting properties. 

4.3 Materials and Methods 

The field experiment was conducted in 2016 near Saskatoon, SK, Canada (Latitude 

52.181366, Longitude -106.502941) (Bazghaleh et al., 2020). The soil is a dark brown Chernozem 

(Soil Classification Working Group, 1998), with a clay loam texture. The field was managed with 

an oilseed, wheat, barley, fallow rotation with fallow in the growing season prior to this 

experiment. Site description, experimental design, DNA extraction, amplification and sequencing 

protocols and B. napus lines used are detailed in Bazghaleh et al. (2020). Briefly, the experimental 

design was a randomized complete block design with three replicates and sixteen diverse B. napus 

genotypes (five breeding lines from the Agri-Food Canada (AAFC) canola breeding program and 

eleven lines selected from a larger diversity collection comprised of accessions representing the 

variation found across spring B. napus housed within various germplasm collections). Roots with 

attached rhizosphere and bulk soil were collected weekly for ten weeks starting eighteen days after 

seeding and ending eighty-one days after seeding. The corresponding phenotypic stages for the 

sampling weeks were 2-3 leaf stage (Week 1,18 days after seeding (DAS)), 4-5 leaf stage (Week 

2, 25 DAS), 6-9 leaf stage (Week 3, 32 DAS), flowering (Weeks 4 - 7, 39 - 70 DAS), maturity 

(Weeks 8 and 9, 67 and 74 DAS) and harvest (Week 10, 81 DAS). At each sampling three random 

canola plants were collected from each plot, rhizosphere soils (i.e., soil remaining attached to the 

root following shaking to dislodge bulk soil), were collected, composited, and extracted in NaCl 

buffer, centrifuged, and pellets were stored at -80 until further analysis. 
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4.3.1 Root sampling 

Canola roots for root trait characterization were collected weekly from the first row of the 

plot to limit soil disturbance in the remainder of the plot. A plant in each plot was selected 

randomly, cut at the crown, and an AMS soil density sampler (5 cm diameter) was hammered 10 

cm deep over top of the stem. Roots were washed free of soil and stored in 10% alcohol solution 

in the refrigerator until scanned. Individual root sample collections were cut up into pieces to 

separate the fine roots from the tap roots and put in clear 15 cm by 20 cm trays filled with water. 

The roots were then scanned and analyzed with the winRHIZO program (Régent Instruments 

Canada Inc.) using the following settings: the resolution set to 600 dpi, root and background 

distinction was set to a manual value of 225, and the debris with less than 0.01 cm2 area removed. 

Roots were subsequently oven dried for 24 hours at 50°C and weighed. Root traits considered for 

this study included total root length (Total_RL), total fine root length (TFRL2mm) (< 2 mm in 

diameter), extra fine root length (ExtraFRL) (0 – 0.5 mm in diameter), fine root length (FRL) (0.5 

– 2 mm in diameter), coarse root length (CoarseRL) (> 2mm in diameter) and root biomass. In 

addition, percent extra fine root length (PercentExtraFRL) and percent fine root length 

(PercentFRL) were calculated as indices by dividing their respective values with total root length 

and multiplying by 100.  

4.3.2 Weather and soil data 

Sampling day precipitation (PPT_SD), precipitation in the week prior to sampling 

(PPT_WP), mean sampling day temperature (T_SD) and mean temperature in the week prior to 

sampling (T_WP) were recorded from a nearby weather station. In addition, bulk soil that was 

shaken off canola roots during rhizosphere sampling (described above) was used to determine 

gravimetric soil moisture.  

4.3.3 Statistical analysis  

To identify the dominant bacterial taxonomic group in each sample at different B. napus 

growth stages, the dataset was subset into vegetative (18-32 DAS), flowering (39-60 DAS) and 

maturity (67-81 DAS) stages. Dominance was evaluated both in terms of the mean relative 

abundance and frequency of each taxa at different growth stages. The analysis was done at five 

taxonomic ranks (Phylum, Class, Order, Family and Genus) to identify the dominant taxa at each 
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rank. The top ten taxa based on mean relative abundance and percentage of frequency of 

occurrence were then compared across growth stages. The Ampvis2 version 2.5.2 (Andersen et 

al., 2018) and microbiome version 1.5.28 (Lahti et al., 2017) R packages were used for this 

analysis. 

To determine whether the change in Proteobacteria:Acidobacteria ratio across growth stages 

reflects trophic level at each growth stage, Proteobacteria and Acidobacteria were first subset and 

abundance values transformed into relative abundance. Then the mean Proteobacteria: 

Acidobacteria ratio was calculated for each growth stage (vegetative, flowering and maturity). 

The abundances of fourteen genera identified to have B. napus growth promotion potential 

through culture based controlled studies (Agrobacterium, Agrococcus, Bacillus, Leifsonia, 

Microbacterium, Pantoea, Paenibacillus, Phyllobacterium, Pseudomonas, Rhizobium, 

Rhodococcus, Stenotrophomonas, Variovorax and Xanthomonas) (Corderoelvia et al., 2019; 

Bertrand et al., 2001) were subset from our dataset. In addition, eleven dominant taxa (based on 

both high relative abundance and frequency) were subset (Arthrobacter, Bradyrhizobium, 

Flavobacterium, Gluconacetobacter, Lysobacter, Pedobacter, Pseudomonas, Rhodoplanes, 

Skermanella, Stenotrophomonas and Vibrio). Spearman correlations with root traits, weather 

variables, soil moisture, and water content were generated. Calculated p-values were adjusted 

using the Benjamin-Hochberg (Benjamini and Hochberg, 1995) approach and significance was 

determined at an adjusted p value of 0.05. 

B. napus root growth dynamics across the ten sampling weeks starting 18 days after sowing 

were analyzed using generalized additive models (GAM). The GAM regression technique 

incorporates nonparametric smoothing functions to describe nonlinear relationships without the 

need for a priori assumption about the shape of such relationships (Wood, 2006). In each model, 

the root system architectural trait was the response variable and sampling week was the predictor. 

The root traits analyzed were total root length (Total_RL), total fine root length (TFRL2mm) (< 2 

mm in diameter), extra fine root length (ExtraFRL) (0 – 0.5 mm in diameter), fine root length 

(FRL) (0.5 – 2 mm in diameter), coarse root length (CoarseRL) (> 2mm in diameter) and root 

biomass. In addition, percent extra fine root length (PercentExtraFRL) and percent fine root length 

(PercentFRL) were analyzed. To test whether the smoothed terms varied between each of the 

sixteen B. napus lines, models for each root trait were run again by including canola lines as a ‘by’ 

variable (Wood, 2006). Mixed effects GAM models with plot as a random factor were first run. 
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Plot was not significant, however, and the final models are without the random term. GAMs were 

fit using the gam function in the R package ‘mgcv’ (Version 1.8.28). All R scripts used for data 

analysis are archived electronically along with the thesis. 

4.4 Results 

4.4.1 B. napus root growth dynamics across the growing season 

Total fine root length, fine root length (0.5 – 2 mm) and extra fine root length (0 – 0.5 mm) 

significantly increased throughout the vegetative stage (weeks 1 to 3) and up to the beginning of 

flowering (Weeks 4 and 5). Fine root length remained relatively constant through the rest of the 

flowering period with a decline beginning at maturity (Week 8). Coarse root length increased 

throughout the vegetative and flowering stages and remained constant at maturity (Weeks 8 to 10) 

(Table 4.1 and Appendix H). Total root length increased throughout the vegetative stage and the 

beginning of flowering (up to week 5) and stabilized through the next two weeks (Weeks 6 and 7). 

Total root length again increased in weeks 7 to 8 followed by a decline at maturity. Root biomass 

showed a general increasing trend across development (Figure 4.1). B. napus genotype showed 

varied root growth patterns across growth stage. Total root length dynamics for each individual 

canola genotype are presented in the appendices (Appendix I). Summary statistics describing root 

length at each sampling week and for each B. napus line are presented in Appendix J. 

Table 4.1. GAM model statistics (significance of the smoothed term and model variance explained) for the six root 

traits versus sampling week.   

Response variable Smoother term (Sampling week) R2 

Total fine root length F (6.2, 7.4) = 44.94; P<0.001 0.409 

Fine root length F (8.1,8.8) = 36.4; P<0.001 0.400 

Extra fine root length F (8.2, 8.9) = 32.5; P<0.001 0.374 

Coarse root length F (2.9, 3.7) = 86.15; P<0.001 0.401 

Total root length F (8.02,8.76) = 39.56; P<0.001 0.420 

Root biomass F (7.91,8.71) = 28.43; P<0.001 0.341 
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Figure 4.1. Change over time in total root length (a) and root biomass of B. napus (b) (per 196.3 cm3 of soil core). 

Blue lines indicate the mean total root length and biomass. Dotted lines indicate 95% confidence intervals around the 

predicted values.  

4.4.2 Dominant bacterial taxa based on frequency of occurrence 

The vegetative (weeks 1 to 3), flowering (weeks 4 to 7) and maturity (weeks 8 to 10) growth 

stages were represented by 142, 192 and 143 samples, respectively.  5524, 6662 and 5811 amplicon 

sequence variants (ASVs) were observed at the vegetative, flowering and maturity stages, 

respectively. The dominant phyla, accounting for 62.5-63.3% of ASVs in each growth stage, were 

Proteobacteria, Acidobacteria and Actinobacteria. Proteobacteria (34.1 to 37.1 % of ASVs) and 

Actinobacteria (12.1 to 12.8 %) increased in prevalence from the vegetative to flowering stages 

whereas Acidobacteria decreased (16.3 to 13.9 %) (Table 4.2 and Appendix K). 

Gammaproteobacteria (up to 15.4 %) were the dominant class at all growth stages followed by 

Acidobacteria (10.6 %) at the vegetative stage and Alphaproteobacteria at both the flowering (9.7 

%) and maturity (10.5 %) stages (Table 4.2 and Appendix L). Orders iii1-15 (up to 11.3 %), 
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Actinomycetales (up to 7.5 %), Xanthomonadales (up to 7.1 %) and Rhizobiales (up to 5.3 %), 

were predominant at all three growth stages (Table 4.2).  

Family Xanthomonadaceae (up to 7.7 %) was dominant in all three growth stages and 

showed an increasing trend from the vegetative to maturity stages. Vibrionacea (4.7 %) and 

Chitinophagacea (4.5 %) were the next most dominant families at the vegetative stage. The 

percentage of ASVs belonging to the Proteobacteria Enterobacteriacea increased from 2.8 % at 

vegetative to 6.4 % at flowering becoming the second most common family at flowering followed 

by Chitinophagacea (3.4 %). Enterobacteriacea showed a decrease in dominance at maturity (3.1 

%) (Table 4.2 and Appendix M). While Pseudomonas dominated at the vegetative (4.2 %) and 

flowering (5 %) stages, Pedobacter (4.9 %) predominated at maturity.  Other dominant genera 

include Arthrobacter (up to 3.6 %), Flavobacterium (up to 3.9 %), Lysobacter (up to 3.3 %) and 

Stenotrophomonas (up to 3.4 %) (Table 4.2 and Appendix N).  
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Table 4.2.Taxonomic representation of identified bacterial taxa at the three growth stages. The top five taxa based on 

their percent frequency of occurrence at each growth stage at each taxonomic level are presented. Values in bracket 

indicate percentage of ASVs identified. 

 

Level Vegetative Flowering Maturity 

Phylum 

Proteobacteria (34.1 %) Proteobacteria (35.9 %) Proteobacteria (37.1 %) 

Acidobacteria (16.3 %) Acidobacteria (14.2 %) Acidobacteria (13.9 %) 

Actinobacteria (12.1 %) Actinobacteria (12.8 %) Actinobacteria (12.3 %) 

Chloroflexi (10.4 %) Chloroflexi (10.4 %) Chloroflexi (10.0 %) 

Bacteroidetes (8.7 %) Bacteroidetes (8.5 %) Bacteroidetes (9.8 %) 

Class 

Gammaproteobacteria (12.5 %) Gammaproteobacteria (15.4 %) Gammaproteobacteria (14.2 %) 

Acidobacteria-6 (10.6 %) Alphaproteobacteria (9.7 %) Alphaproteobacteria (10.5 %) 

Alphaproteobacteria (10.5 %) Acidobacteria-6 (9.3 %) Acidobacteria-6 (9.2 %) 

Deltaproteobacteria (6.7%) Actinobacteria (7.0 %) Actinobacteria (6.7 %) 

Actinobacteria (6.6 %) Deltaproteobacteria (6.0 %) Deltaproteobacteria (6.3 %) 

Order 

iii1-15 (11.3 %) iii1-15 (10.0 %) iii1-15 (10.0 %) 

Actinomycetales (7.1 %) Actinomycetales (7.5 %) Actinomycetales (7.4 %) 

Xanthomonadales (5.8 %) Xanthomonadales (6.6 %) Xanthomonadales (7.1 %) 

Rhizobiales (5.3 %) Rhizobiales (4.8 %) Rhizobiales (5.3 %) 

Myxococcales (5.0 %) Enterobacteriales (4.5 %) Myxococcales (4.6 %) 

Family 

Xanthomonadaceae (6.0 %) Xanthomonadaceae (7.3 %) Xanthomonadaceae (7.7 %) 

Vibrionaceae (4.7 %) Enterobacteriaceae (6.4 %) Chitinophagaceae (4.2 %) 

Chitinophagaceae (4.5 %) Chitinophagaceae (3.4 %) Vibrionaceae (4.1 %) 

Chthoniobacteraceae (3.4 %) Vibrionaceae (3.4 %) Sphingobacteriaceae (3.5 %) 

Cytophagaceae (3.2 %) Verrucomicrobiaceae (3.3 %) Comamonadaceae (3.3 %) 

Genera 

Pseudomonas (4.2 %) Pseudomonas (5.0 %) Pedobacter (4.9 %) 

Flavobacterium (3.5 %) Arthrobacter (3.6 %) Pseudomonas (4.7 %) 

Lysobacter (3.3 %) Flavobacterium (3.4 %) Flavobacterium (3.9 %) 

Rhodoplanes (3.0 %) Stenotrophomonas (3.4 %) Arthrobacter (3.7 %) 

Pedobacter (2.9 %) Pedobacter (3.3 %) Lysobacter (3.3 %) 
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4.4.3 Dominant bacterial taxa based on mean relative abundance  

Proteobacteria (up to 46.5 % of reads), Actinobacteria (up to 26.8 %) and Acidobacteria (up 

to 24.7 %) were dominant at all growth stages. Both Proteobacteria and Actinobacteria increased 

from the vegetative to flowering stages while Acidobacteria decreased (Figure 4. 2). Two classes 

of Proteobacteria (Gammaproteobacteria and Alphaproteobacteria) and class Actinobacteria were 

dominant. Gammaproeobacteria increased at flowering (from 16 to 28.4 %) and decreased at 

maturity (19.3 %) while Alphaproteobacteria decreased at flowering (from 16.1 to 12.1 %) and 

increased again at maturity (16.3 %). Actinobacteria showed a progressive increase till maturity 

(Figure 4.3).  

An unclassified Acidobacteria ASV (up to 20.1 %) was the dominant family followed by 

Micrococcaceae (Acidobacteria) (up to 11.2 %), Xanthomonadaceae (Proteobacteria) (up to 8.4 

%) and Enterobacteriaceae (Proteobacteria) (up to 12 %). The Actinobacteria Micrococcaceae 

progressively increased in relative abundance from the vegetative to maturity (from 5.1 to 11.2 

%). Enterobacteriaceae sharply increased from vegetative to flowering (from 3.8 to 12 %) but 

decreased at maturity (from 12 to 4.7 %) (Appendix O). An unclassified Acidobacteria (up to 24.7 

%) and Proteobacteria (11 %) were the dominant genera followed by Arthrobacter 

(Actinobacteria) (up to 11.1 %) (Figure 4.4). 
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Figure 4.2. The top ten most abundant bacterial phyla and their mean relative abundance (percentage) across the three 

growth stages vegetative (sampling weeks 1 to 3, n = 142), flowering (weeks 4 to 7, n = 192) and maturity (weeks 8 

to 10, n = 143)) of diverse B. napus. 
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Figure 4.3.The top ten most abundant bacterial classes and their mean relative abundance (percentage) across the 

three growth stages vegetative (sampling weeks 1 to 3, n = 142), flowering (weeks 4 to 7, n = 192) and maturity 

(weeks 8 to 10, n = 143)) of diverse B. napus. 
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Figure 4.4.The top ten most abundant bacterial genera and their mean relative abundance (percentage) across the three 

growth stages vegetative (sampling weeks 1 to 3, n = 142), flowering (weeks 4 to 7, n = 192) and maturity (weeks 8 

to 10, n = 143)) of diverse B. napus. 

4.4.4 Proteobacteria to Acidobacteria ratios across growth stages 

The Proteobacteria:Acidobacteria ratios in the rhizosphere increased from 5.09 at vegetative 

to 10.27 at flowering stages and then decreased again to 7.94 at maturity. 

4.4.5 Correlations between canola root traits and potentially growth promoting and 

dominant genera under field conditions 

Twelve bacteria previously identified as promoting canola growth, and eleven bacterial 

genera identified as dominant in this study were evaluated for their correlations with the eight root 

traits collected weekly throughout the growth of B. napus. Pseudomonas and Stenotrophomonas 

were dominant genera identified in this study and were also present in the growth promoting 

bacteria list from the other studies. Significant positive and negative correlations between the 

bacterial genera and root traits were observed at the vegetative growth stage of B. napus (Figures 

4.5 and 4.6). Arthrobacter, Flavobacterium, Lysobacter, Microbacterium, Paenibacillus, 
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Pseudomonas, Rhizobium, Stenotrophomonas and Variovorax showed positive correlations with 

total root length and its components (coarse, extra fine, fine, total fine root lengths). 

Agrobacterium, Gluconacetobacter and Pedobacter were positively correlated with total root 

length and its components except for extra fine root length. Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Lysobacter, Phyllobacterium, Rhodoplanes and Skermanella showed positive 

correlations with percent fine root length and a negative correlation with percent extra fine root 

length. Only Agrobacterium, Bradyrhizobium, Flavobacterium and Rhizobium showed positive 

significant correlations with root biomass (Figures 4.5 and 4.6). 

 

 
 

Figure 4.5.Correlations among previously identified canola growth promoting bacteria (Bertrand et al., 2001; Cordero 

et al., 2020) and canola root traits under field condition and three growth stages. Each column indicates the eight root 

traits examined. Where CoarseRL (coarse root length) (> 2mm in diameter), ExtraFRL (extra fine root length) (0 – 

0.5 mm in diameter), FRL (fine root length) (0.5 – 2 mm in diameter), PercentExtraFRL (percent extra fine root 

length), PercentFRL (percent fine root length), Root.Biomass (root biomass), TFRL2mm (Total fine root length) (< 2 

mm in diameter) and Total_RL (total root length). Asterisk in each box indicate significance level (* 0.05, ** 0.01 

and *** 0.001). 
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Figure 4.6. Correlations among the core and dominant bacterial genera and canola root traits at three growth stages. 

Each column indicates the eight root traits examined. Where CoarseRL (coarse root length) (> 2mm in diameter), 

ExtraFRL (extra fine root length) (0 – 0.5 mm in diameter), FRL (fine root length) (0.5 – 2 mm in diameter), 

PercentExtraFRL (percent extra fine root length), PercentFRL (percent fine root length), Root.Biomass (root biomass), 

TFRL2mm (Total fine root length) (< 2 mm in diameter) and Total_RL (total root length). Asterisk in each box 

indicate significance level (* 0.05, ** 0.01 and *** 0.001). 
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4.5 Discussion 

4.5.1 B. napus root growth dynamics  

Overall, B. napus showed an increase in root length (both total and all diameter classes) at 

the early growth stages followed by stable and/or gradual increases in root length at flowering 

followed by reductions at maturity. Root length at the seedling stage is a good predictor of B. napus 

seed yield (Koscielny and Gulden, 2012). Here I show that vegetative root length is positively 

correlated with abundance of a number of bacteria previously reported to promote growth in 

canola, suggesting the causal mechanism underlying Koscielyn and Gulden’s (2012) observation. 

Here, the causal mechanism could be driven by the plant, microbes or both and needs further 

investigation. For example, the changes in root traits across plant development could cascade 

through the rhizosphere microbial community directly due to altered root exudate composition 

(Nguyen, 2003). Alternatively the rhizosphere microbes could be driving the change in root 

architecture by providing compounds such as phytohormones (Khalid et al., 2004). The results 

suggest that screening and selection of better growth promoting bacteria could be done based on 

their effect on early root length which could indirectly affect the over all B. napus yield. 

4.5.2 B. napus driven preferential proliferation of bacterial groups  

Gammaproteobacteria, Actinobacteria, Alphaproteobacteria, Acidobacteria-6 and 

Chloracidobacteria were the most abundant bacteria in our study (Figure 4.3). The dominance of 

these taxa is consistent with other studies on canola which also identified Gammaproteobacteria, 

Acidobacteria and Alphaproteobacteria as abundant in the rhizosphere (de Campos et al., 2013; 

Lay et al., 2018). Proteobacteria was the most common phylum and Xanthomonadaceae the most 

common family in all growth stages. Pseudomonas was the most common genera both at 

vegetative and flowering stages. These bacteria have been previously reported to be common in 

the roots of B. napus (de Campos et al., 2013). 

The dominance of Gammaproteobacteria across all growth stages and the dominance of 

Acidobacteria, particularly at the vegetative stage, may partly be attributed to the glucosinolates 

produced by the plant roots. B. napus seedlings have a high glucosinolate content (Yasumoto et 

al., 2010); exposure to glucosinolate has been observed to promote Gammaproteobacteria, 

Bacteroidetes and Acidobacteria (Siebers et al., 2018). Study of the root glucosinolate content and 
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the rhizosphere microbial community throughout root system development under controlled 

conditions is needed to establish this as the causal linkage between root architecture, exudate 

production, and the rhizosphere microbial community. 

The consistent dominance of the above groups of bacteria across multiple studies suggests 

that B. napus plants consistently shape their rhizosphere microbial community structure by 

favoring bacterial taxa that could be beneficial for growth and development. In addition, the switch 

in dominance of taxa at different growth stages suggests that the plant itself drives assembly of the 

rhizosphere microbial community. Focusing on these dominant bacterial taxa could enable 

integration of microbiome considerations in both management and breeding of B. napus.  

4.5.3 Proteobacteria:Acidobacteria ratios suggest a more copiotrophic rhizosphere 

condition during flowering  

The Proteobacteria: Acidobacteria (P:A) ratio can be an indicator of the trophic level of soils, 

with Proteobacteria favored in nutrient rich conditions and Acidobacteria in nutrient-poor soils 

(Castro et al., 2010; Gomes et al., 2018; Gottel et al., 2011; Smit et al., 2001). Proteobacteria 

(Fierer et al., 2007; Francioli et al., 2016) and Firmicutes (Cleveland et al., 2007; Francioli et al., 

2016; Nemergut et al., 2010) have generally been classified as copiotrophic, whereas 

Acidobacteria (Fierer et al., 2012; Smit et al., 2001), Gemmatomonadetes (Cederlund et al., 2014), 

Verrucomicrobia (Bergmann et al., 2011; Cederlund et al., 2014), and Chloroflexi (Ramirez-

Villanueva et al., 2015) are typically classified as oligotrophic. In this study I show that the 

Proteobacteria: Acidobacteria ratio changes through B. napus development with a spike from ~5 

at vegetative stage to ~10 at flowering. The increase in abundance of the copiotrophic 

Proteobacteria at flowering and high abundance of the oligotrophic Acidobacteria, Chloroflexi, 

and Gemmatimonadetes at vegetative stage suggest changes in rhizosphere exudates could be 

driving the change in the microbial community. A preliminary evaluation of root exudates in this 

study suggests that changes in exudate production across growth stages do occur, but the direction 

of these changes is exudate type dependent. Formate, for example, increased from 2.67 ppm (se = 

0.38) in vegetative plants (n = 143) to 3.24 ppm (se = 0.38) in flowering plants (n =190) and 

decreased to 2.59 (se = 0.19) in maturing plants (n =144) while malate increased from 1.22 (n=113, 

se =0.36) to 1.69 (n =191, se = 0.12) and then to 7.3 ppm (n =140, se = 0.37) during same growth 
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stage transitions. Given that the many exudates produced vary depending on the plant and 

environmental conditions (Mimmo et al., 2011), further study is needed.         

Application of chemical fertilizer is associated with increases in the abundance of 

oligotrophic bacteria such as Acidobacteria, while copiotrophic phyla such as Proteobacteria 

increase with application of organic fertilizers  (Wang et al., 2016). In this study, chemical fertilizer 

was applied pre-planting (Bazghaleh et al., 2020) and may partly explain the high abundance of 

the oligotrophic Acidobacteria at the vegetative stage. An increase in photosynthate production as 

the plant grows and the consequent increases in root exudate production could cause effects 

comparable to those of organic fertilizer (Wang et al., 2016), increasing the abundance of 

copiotrophic Proteobacteria.  

4.5.4 Canola growth promoting bacteria could have maximal effect on root growth at the 

vegetative stage 

Significant positive correlations between bacterial genera abundance and root length were 

observed at the vegetative stage (Figures 4.5 and 4.6). Canola root growth promoting bacteria 

including Rhizobium leguminosarum (Noel et al., 1996), Bacillus spp. including Bacillus 

halosacharovorans (Cordero et al., 2020; Ghosh et al., 2003), and a nitrogen fixing strain of 

Pseudomonas (Lifshitz et al., 1987) significantly promoted root elongation. It seems likely that the 

rhizosphere bacteria facilitate plant growth promotion especially during the early stages of plant 

development by providing compounds such as phytohormones (Khalid et al., 2004). The changes 

in root architecture and exudates could also be driving the changes in bacterial abundance. The 

causal relationships underlying the positive correlations between vegetative stage root length and 

growth promoting bacteria observed here need to be explored. Bacterial genera such as 

Agrobacterium, Bacillus, and Rhizobium utilize and exhibit chemotaxis, towards a wide variety of 

sugars (Bowra and Dilworth, 1981; Loake et al., 1988; Ordal et al., 1979). Combining this 

observation with our results suggests that in canola bacterial taxa that utilize and are attracted to 

sugars establish themselves early in the rhizosphere and in turn play a role in promoting root 

growth. Given that root length in the seedling and rosette stages is correlated with seed yield  

(Koscielny and Gulden, 2012), further exploring the potential role of these root growth bacterial 

taxa at the vegetative stage may be a productive avenue to improve canola yield. Interestingly, 

recent synthetic community-based studies are revealing the mechanisms by which some of the taxa 
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indicated in this study regulate root growth. For example, auxin producing and degrading ability 

in Variovorax and 1-Aminocyclopropane-1-carboxylate (ACC) deaminase producing ability in 

Pseudomonas are associated with root growth promotion in Arabidopsis and tomato respectively 

(Finkel et al., 2020; Pandey and Gupta, 2020). 

4.5.5 Correlation of rhizosphere bacteria with soil conditions and weather variables 

Soil conditions and weather can affect the rhizosphere microbial community. Here, I show 

correlations between some environmental variables and B. napus growth promoting bacteria.  

Precipitation and abundances of Bacillus, Bradyrhizobium, Flavobacterium, Lysobacter, 

Pedobacter, Pseudomonas and Variovorax were positively correlated at flowering (Appendices P 

and Q), suggesting that precipitation during flowering period affect rhizosphere bacterial 

abundance. The above genera and Agrobacterium, Arthrobacter, Rhizobium, Skermanella and 

Stenotrophomonas were positively correlated with local soil moisture and percent water content at 

vegetative stage, suggesting that the primary factors limiting rhizosphere microbial community 

vary across plant development. A previous study showed  positive correlation between canola 

rhizosphere bacterial diversity and monthly rainfall but not temperature, suggesting importance of 

considering weather variables (Farina et al., 2012). The observed relationships between bacterial 

abundance and environmental variables demonstrate the need to consider soil and weather 

parameters in future studies examining causal relationships between plant phenotype and microbial 

attributes. The soil and weather variables considered in this study are not exhaustive and simply 

show the importance of incorporating environmental variables when evaluating plant-microbe 

interrelationships in the rhizosphere. Future studies should aim to target local environmental 

conditions such as soil temperature, and other canola traits that may affect soil temperature 

including leaf architecture to enhance effectiveness of any practical application of these genera in 

Saskatchewan agriculture.  

4.6 Conclusions 

In conclusion, B. napus showed an increase in root length at the early growth stages followed 

by stable and/or gradual increases at flowering followed by reductions at maturity. In the B. napus 

rhizosphere, Acidobacteria, Alphaproteobacteria and Gammaproteobacteria were among the most 

abundant taxa in this and previous studies (Lay et al., 2018), suggesting B. napus plants 

consistently shape their rhizosphere microbial community structure by favoring bacterial taxa that 
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could be beneficial for growth and development. A switch in dominance of taxa at different growth 

stages was also observed suggesting that the plant itself drives assembly of the rhizosphere 

microbial community. The changes in the dominant bacteria were detectable at all levels of 

taxonomic resolution, however looking at lower taxonomic ranks revealed microbial dynamics 

masked at the phylum level. Root length and the dominant bacterial genera abundances were 

positively correlated at vegetative growth stage, suggesting possible causal linkage between the 

two. The causal relationships underlying the positive correlations between vegetative stage root 

length and growth promoting bacteria needs to be explored. Given that root length in the seedling 

and rosette stages is correlated with seed yield  (Koscielny and Gulden, 2012), further exploring 

the potential role of these root growth bacterial taxa at the vegetative stage may result in microbial 

approach to improve canola yield. 
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CHAPTER FIVE 

5 BRASSICA NAPUS RHIZOSPHERE BACTERIAL COMMUNITY 

ASSEMBLY: DRIVER AND CORE-HUB COMMUNITIES ACROSS 

GROWTH STAGES AND BETWEEN GENOTYPES. 

5.1 Abstract 

The rhizosphere harbors complex biological networks of interacting microbes that likely play 

fundamental roles in plant health and performance. Identifying the key factors structuring 

microbial community assembly is crucial step towards the enhancement of crop production 

through microbiome manipulation and inoculant design. This study examined rhizosphere 

bacterial community networks across Brassica napus growth stages and between genetically 

distinct genotypes (breeding lines and diversity collections) to 1) identify the core- hub 

communities that shape B. napus microbial community structure, 2) identify bacterial genera that 

have a significant role in shaping canola rhizosphere microbial community assembly (driver 

genera) across all growth stages, 3) identify driver genera that have a growth-stage specific 

significant role in shaping the rhizosphere microbial community assembly, 4) examine how 

bacterial-bacterial interactions differ between the rhizospheres of genetically distinct B. napus 

genotypes including identifying the driver genera that play a significant role in the genotype 

differences, and 5) determine the dominant metabolic pathways and functional features performed 

by the driver genera. Overall, the B. napus rhizosphere was characterized by a highly complex 

microbial network. Across growth stages, flowering (with up to 697 exclusive edges) showed 

higher microbial network complexity.  Between genotypes, B. napus diversity collections (with 

221 exclusive edges) showed higher microbial network complexity. This suggests an influence of 

both growth stage and genotype in B. napus microbial assembly. Driver genera (genera that form 

a large number of new connections that are absent from the compared network) shaping microbial 

assembly across growth stage transitions (up 61 genera) and between genotypes (41 genera) were 

identified. Nineteen driver genera were shared among all growth stage transitions and at 

vegetative-flowering and flowering-maturity transitions there were 19 and 16 exclusive driver 

genera, respectively. Up to 34 dominant metabolic pathways were present among the potential 

driver genera. Despite microbiome variation across growth stages and between genotypes, 

conserved core-hub communities were identified. The core-hub communities appear to be 
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established early in plant development and remain conserved across its growth stages. In 

conclusion, this study shows that B. napus rhizosphere microbial assembly is characterized by two 

dominant patterns:  1) a set of conserved bacterial interactions (core-hub communities) and 2) a 

set of altered bacterial interactions at different states (growth stages or genotype) that create the 

variations (driver genera). This study provides a cohort of core-hub communities and driver genera 

in B. napus rhizosphere that could be important for future dissection of microbial assembly 

processes and enhancement of canola production through microbiome considerations.



 

75 
 

5.2 Introduction 

Microbes in the rhizosphere interact to form complex biological networks (Hallam and 

Mccutcheon, 2015) that play fundamental roles in plant health and performance (Kim et al., 2011). 

Microbial community assembly and ecosystem functions depend on these microbial interactions 

in the rhizosphere (Fuhrman, 2009; Hallam and Mccutcheon, 2015). In some cases, the rhizosphere 

microbial networks form beneficial structures (community composition) that can facilitate nutrient 

uptake, mitigate the impact of abiotic stresses and prevent pathogen attacks in plants (Bulgarelli 

et al., 2013). In addition, networks of highly interconnected (interacting) microbes can link host 

factors to plant microbiome community structure by transmitting the plant’s effects to the 

microbial community via microbe-microbe interactions (Agler et al., 2016). Hence, characterizing 

the interactions that occur among rhizosphere microbes is critical to understanding the rhizosphere 

system and enhancing crop yield with beneficial associative microorganisms (Hallam and 

Mccutcheon, 2015; Ren et al., 2015). Brassica napus is an important oil crop cultivated for edible 

oils, biofuel production and phytoextraction of heavy metals. The potential of the plant 

microbiome to enhance crop production in B. napus is recognized (Farwell et al., 2006; Lay et al., 

2018; Taye et al., 2020). In chapters 3 and 4 of my thesis I examine microbial composition and 

abundance, showing fine scale plant genetic and growth stage control of the rhizosphere microbial 

community. In addition to microbial composition and abundance, microbe-microbe interactions in 

the rhizosphere are a key driving force in microbial community assembly. Elucidating these 

interactions is crucial to make microbial community-based inferences about B. napus rhizosphere 

assembly and to predict the consequences of these interactions for plant physiology and 

performance (van der Heijden and Hartmann, 2016). In recent studies on canola rhizosphere, the 

bacterium Pseudarthrobacter (Floc’h et al., 2020a) and five fungal taxa including Olpidium 

brassicae (Floc’h et al., 2020b) were identified as hub taxa. To my knowledge there is no other 

work that characterizes bacterial-bacterial interactions in the B. napus rhizosphere. This study will 

also be the first to characterize B. napus microbial assembly across development stages and 

between genotypes. 

In one gram of rhizosphere soil there could be billions of microorganisms with diverse 

interactions (Kennedy and de Luna, 2005; Trevors, 2010). The high complexity of soil microbial 

communities has made the study of microbial interactions challenging. Network based algorithms 
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have been used to deal with the complexity in the soil microbial communities (Cardona et al., 

2016; Schwager et al., 2014). Network analyses allow examination of the community 

organizational structure and can identify key players that shape the microbial community assembly 

and stability (Cardona et al., 2016). Bacterial genera with high frequencies of occurrence in the 

paths connecting to other bacteria (betweenness centrality score) and direct connections (degree) 

identifies key members of the microbial community (Kuntal et al., 2019). These highly 

interconnected microbes, sometimes referred to as "keystone"  taxa, likely exert a strong influence 

on the structure of microbial communities (Agler et al., 2016; Layeghifard et al., 2017). Given two 

networks with comparable sets of nodes (e.g. genera) we can evaluate the degree of rewiring 

(changes in interactions between bacteria) between the two networks by examining the changes in 

association between individual genera within the network (Kuntal et al., 2019). Those genera that 

form a large number of new edges (connections) that are absent from the compared network hold 

a key role in remodelling the entire microbial community structure and are referred to as “driver” 

taxa (Kuntal et al., 2019). Bacterial genera with higher coreness centrality values (the number of 

maximally connected neighbouring genera which has at least that many number of connections) 

indicate a tendency to establish mutualistic relationships that result in tightly linked groups (Dani, 

2014). These sets of microbes with high coreness values are referred as the “core-hub community”. 

Core-hub communities are crucial for maintaining microbial community structure and  members 

of the core-hub community are indicated to link host factors to plant microbiome variations by 

transmitting effects from the plant to the microbial community via microbe-microbe interactions 

(Agler et al., 2016). 

Both plant growth stage (Shi et al., 2016) and genotype (Agler et al., 2016) can affect 

microbial network structure. Here I examine the rhizosphere microbial networks across B. napus 

growth stages to understand network assembly process and to identify the driver and core-hub taxa 

in B. napus rhizosphere. Further, I compare the microbial networks of genetically distinct B. napus 

genotypes to identify the driver genera that result in microbial network variation and the core-hub 

communities that are crucial for maintaining the microbial network structure. Core-hub taxa that 

are conserved across B. napus genotypes could then be targets to identify B. napus candidate genes 

impacting the core-hub communities through genome wide association studies (Horton et al., 

2014; Zhang et al., 2010).  
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The goal of this study was to characterize microbial interactions and identify the overall, 

growth stage, and genotype-related driver and core-hub communities that structure B. napus 

rhizosphere microbial community assembly. My specific objectives were to: 1) identify the core- 

hub microbial communities that shape B. napus microbial community structure, 2) identify 

bacterial genera that have a significant role in shaping canola rhizosphere microbial community 

assembly (driver genera) across all growth stages, 3) identify driver genera that have a significant 

growth-stage specific role in shaping the rhizosphere microbial community assembly, 4) examine 

how bacterial-bacterial interactions differ between the rhizospheres of genetically distinct B. napus 

genotypes including identifying the driver genera that play a significant role in the genotype 

differences, and 5) determine the likely dominant metabolic pathways and functional features 

performed by the driver genera.  

5.3 Materials and Methods 

The experiment was conducted in 2016 at a single site near Saskatoon, SK, Canada (Latitude 

52.181366, Longitude -106.502941). The soil is a dark brown Chernozem (Soil Classification 

Working Group, 1998), with a clay loam texture. The field was managed with an oilseed, wheat, 

barley, fallow rotation with fallow in the growing season prior to this experiment. Site description, 

experimental design, sampling methods, DNA extraction, amplification and sequencing protocols 

and the B. napus genotypes used in this study are described in detail by Bazghaleh et al. (2020). 

Briefly, the experimental design was a randomized complete block design with three replicates. 

Roots with attached rhizosphere and bulk soil were collected weekly for ten weeks starting 

eighteen days after seeding and ending eighty-one days after seeding. The corresponding 

phenotypic stages for the sampling weeks were 2-3 leaf stage (Week 1,18 days after seeding 

(DAS)), 4-5 leaf stage (Week 2, 25 DAS), 6-9 leaf stage (Week 3, 32 DAS), flowering (Weeks 4 

- 7, 39 - 70 DAS), maturity (Weeks 8 and 9, 67 and 74 DAS) and harvest (Week 10, 81 DAS). At 

each sampling three random canola plants were collected from each plot, rhizosphere soils (i.e., 

soil remaining attached to the root following shaking to dislodge bulk soil), were collected, 

composited, and extracted in NaCl buffer, centrifuged, and pellets were stored at -80 until further 

analysis. 

Sixteen diverse B. napus genotypes varying in seed color, glucosinolate, erucic acid and fiber 

contents and origin (Table 3.1) were used to represent genetically diverse germplasm. Breeding 
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lines from the Agriculture and Agri-Food Canada (AAFC) canola breeding program and lines from 

a larger diversity collection comprised of accessions representing the variation found across spring 

B. napus housed within various germplasm collections were included. 

5.3.1 Sequence data processing 

Sequence and data processing are described in detail in Bazghaleh et al. (2020) and Chapter 

3. To account for difference in sequencing depth, sequence counts were adjusted based on the 

internal standard (Aliivibrio fisheri counts). Taxa were agglomerated at the genus level and both 

samples and taxa with zero sums were removed. Abundance values were converted to relative 

abundance values. Genera which were present in all three growth stages (vegetative, flowering and 

maturity) were subset for this study. Unclassified genera were removed before conducting 

microbial network analysis. Similar procedures were followed when processing sequence data for 

between genotype comparisons. Genera shared between all genotypes were subset and the 

unclassified genera were removed before further analysis.  

5.3.2 Co-occurrence network construction 

I used co-occurrence network analysis to characterize complex microbial interactions at 

three growth stages (vegetative, flowering, and maturity) and genetically distinct genotypes. Two 

genetically close lines (NAM-13 and NAM-23) from the diversity collection comprised of 

accessions representing the variation found across spring B. napus and two genetically close 

breeding lines (NAM-48 and NAM-94) from the Agriculture and Agri-Food Canada (AAFC) 

canola breeding program were selected for network comparison between genotypes. Selection of 

the genotypes is in such a way that within group (breeding lines and diversity collections) lines are 

genetically close and are distant between groups. The genetically close NAM-13 and NAM-23 

originated from Europe and North Korea, respectively, have black seed color and lower seed 

glucosinolate and euric acid. The breeding lines NAM-48 and NAM-94 both originated from 

Canada, have yellow seed color and higher seed glucosinolate and euric acid (data only for NAM-

94) compared with the diversity collections (NAM-13 and NAM-23). 

The compositionality corrected by renormalization and permutation (CCREPE) algorithm in 

CCREPE R package (Schwager et al., 2014) was used for network inference among the relative 

abundances of bacterial genera. Correlation-based methods suffer from limitations notable from 
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challenges of working with relative abundance data (Hirano and Takemoto, 2019). The CCREPE 

approache mitigates the limitation of using compositional data for co-occurrence inference by 

providing compositionally corrected p-values and z-scores for all pairwise correlations and an N-

dimensional checkerboard score which provides similarity measure more appropriate for 

compositional data analysis (Schwager et al., 2014). Statistically significant (P <0.05) Spearman 

correlations between pairs of genera were calculated by re-sampling and a null distribution of 

correlation values obtained from 1000 iterations. An edge (association) was assigned between pairs 

of genera for every significant positive and negative correlation (P <0.05). The edge lists created 

with the significant positively correlated bacterial genera were used as an input for further network 

analysis to address the research objectives using the netShift tool (Kuntal et al., 2019).    

5.3.3 Overall change in interaction pattern and core-hub community detection 

I used the common sub-networks between the compared growth stage and genotype 

association network pairs to make comparisons of graph properties. A common sub-network is a 

smaller network derived from the subset of nodes common to both comparison pairs in the original 

network (Kuntal et al., 2019). To quantify overall changes in bacterial interaction patterns, graph 

properties total nodes, total and exclusive edges, average path length, graph density and cluster 

coefficient of the common sub-networks were used. To quantify the overall extent of change in 

individual bacterial genera association across growth stages and between genotypes the Jaccard 

edge index was used. The Jaccard edge index of compared networks is the ratio between the 

number of intersecting edges in the two networks over their union. Since the compared networks 

are common sub-networks, biases of the Jaccard edge index due to unequal node content are 

minimized. 

To identify core-hub communities (Objective 1), first I used a community detection 

algorithm called Fastgreedy (Yang et al., 2016) in the NetShift tool to separately assign community 

membership to each bacterial genera (nodes) of the compared networks. Then assigned 

communities with highest distribution of nodes with highest coreness centrality values (the number 

of maximally connected neighbouring genera which has at least that many number of connections) 

were regarded as core-hub communities. To further evaluate how the membership of core-hub 

community members evolve across growth stages and between genotypes, the similarity between 

all identified communities in the compared networks was calculated in terms of shared nodes 
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(genera). I used the quantified similarity between communities to identify conserved core-hub 

communities across growth stages and between genotypes. Community detection algorithms are 

widely used in biological network analysis to detect closely interacting nodes (Kuntal et al., 2013; 

Lai et al., 2010; Newman, 2006) as such communities could be performing a function with some 

degree of independence with respect to other communities in the network and could facilitate stable 

occurrence of a group of taxa possessing attributes desirable for interdependent growth or to meet 

other ecological requirements. 

5.3.4 Changes in association of a single taxon and driver genera detection  

I used the netShift tool method (Kuntal et al., 2019) to identify driver genera (Objectives 2-

4) that have a significant role in shaping B. napus rhizosphere microbial community assembly. 

The driver genera were identified using the Neighbour Shift (NESH) score and betweenness values 

(Kuntal et al., 2019). This method allows quantification of directional changes in the individual 

bacterial genera interactions by exploring significant overall changes in community patterns. For 

example, when comparing the bacterial network at flowering with the network at vegetative stage, 

a bacterial genera with an altered set of associations (high NESH score) and increased importance 

(increase in betweenness score) holds key significance in microbial interactions and is predicted 

to be a driver taxa for flowering stage. The identified driver genera were further filtered to identify 

those that were drivers across growth stages (Objective 2) and those exclusive to only one growth 

stage (Objective 3). Similarly, driver bacterial genera in the rhizosphere of the AAFC breeding 

lines (NAM-48 and NAM-94) compared with B. napus diversity collections (NAM-13 and NAM-

23) were also identified (Objective 4).  

5.3.5 Driver genera metabolic pathway and functional feature characterization 

I used the MACADAM database (Le Boulch et al., 2019) to determine the dominant 

metabolic pathways and functional features of the driver genera identified both across growth stage 

and between genotype network comparisons (Objective 5). The MACADAM database is an 

aggregation of an up-to-date RefSeq genome annotated with MetaCyc functional data, high-quality 

functional annotations from MicroCyc database (Tatusova et al., 2014) and the FAPROTAX and 

IJSEM phenotypic databases (Le Boulch et al., 2019). The MACADAM database allows 

exploration of functional traits associated with a range of taxonomic levels (Phyla to species) based 
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on an up-to-date NCBI taxonomy. Lists of all potential driver genera identified in the network 

analysis were input into the MACADAM database. For a precise query on the input genera, the 

taxonomic rank was specified to genus level. This strict taxonomic specification allows queries 

only on target taxonomic names and not beyond the specified taxonomic rank. No specific 

metabolic pathway or functional feature was specified in the query to get all possible metabolic 

pathways and functional features associated with each genus. To return only complete metabolic 

pathways, a minimum completeness score of 1 was used. For each list of potential driver genera 

the MACADAM database outputs a list of functional (from FAPROTAX and IJSEM) and pathway 

(from MetaCyc and MicroCyc) information including the number of organisms that have the 

function and pathways and a list of input genera that have the target function and pathways. A 

higher proportion of organisms for a pathway or function indicates high prevalence of that function 

among the targeted genera. All pathways present in at least 80% and functional features in at least 

20% of the organisms were regarded as dominant in this study. All R scripts used for data analysis 

are archived electronically along with the thesis. 

5.4 Results  

5.4.1 B. napus rhizosphere bacterial network complexity through plant development.  

The common sub-networks between the vegetative and flowering, flowering and maturity, 

and vegetative and maturity growth stages had 98, 107 and 95 bacterial genera (nodes), 

respectively. Proteobacteria and Actinobacteria were the predominant bacterial phyla in the 

common sub-networks. The vegetative-flowering common sub-network included 52 

Proteobacteria (53%) and 26 (27%) Actinobacteria. Of the 52 Proteobacteria, 24 were 

Alphaproteobacteria (46%), 16 Gammaproteobacteria (31%), 9 Betaproteobacteria (17%), and 3 

Deltaproteobacteria (6%). The flowering-maturity sub-network included 57 Proteobacteria (53%) 

and 28 Actinobacteria (26%). Of the 57 Proteobacteria, 27 were Alphaproteobacteria (47%), 16 

Gammaproteobacteria (28%), 10 Betaproteobacteria (18%), and 4 Deltaproteubacteria (7%). The 

vegetative-maturity common sub-network included 52 Proteobacteria (55%) and 26 

Actinobacteria (27%). Of the 52 Proteobacteria, 22 were Alphaproteobacteria (42%), 16 

Gammaproteobacteria (31%), 10 Betaproteobacteria (19%), and 4 Deltaproteobacteria (8%). 

Armatimonadetes, Bacteroidetes, Chloroflexi, Firmicutes, Gemmatimonadetes, Nitrospira, 
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Planctomycetes, and Verrucomicrobia were other phyla represented in B. napus rhizosphere 

microbial networks. 

The Jaccard edge indices between the compared microbial networks were 0.191, 0.208 and 

0.283, respectively for the vegetative-flowering, vegetative-maturity, and flowering-maturity 

comparisons. The relatively small Jaccard edge index values in all comparisons indicate substantial 

microbial community rewiring (i.e., presence of large numbers of new edges (interactions) at one 

growth stage which are completely absent in another) across B. napus growth stages. The smaller 

the Jaccard edge index, the greater the microbial rewiring between B. napus growth stages, thus 

the greatest network changes occurred with the vegetative to flowering transition and the least 

rewiring during flowering to maturity transition.  

The global network properties also indicate a complex rewiring of the bacterial network at 

flowering, with the highest numbers of total and exclusive edges, graph density and clustering 

coefficient at that stage (Table 5.1). Higher number of exclusive edges (microbial associations) 

indicates a higher rewiring. Density refers to the proportion of observed edges out of all 

theoretically possible associations considering all the nodes in the network. Higher density 

indicates higher cross talk (more bacterial-bacterial associations) between the bacterial genera. An 

increased clustering coefficient shows the presence of higher number of independent units of 

associated genera. The flowering stage microbial network showed the least average path length 

between nodes (Table 5.1). The average path length indicates the compactness (tight association 

or closer connection among the bacterial genera) of the microbial community, with smaller values 

showing higher compactness. Specifically, there were 62% and 38% more edges at flowering than 

the vegetative and maturity stages, respectively. Of the total edges 78% and 64% were exclusive 

to flowering compared with the vegetative and maturity stages, respectively. Compared with 

flowering, 41% and 42% of the edges were exclusive to vegetative and maturity, respectively. 

Graph density and clustering coefficients increased from vegetative to flowering and decreased 

from flowering to maturity. The co-occurrence analysis detects both negatively and positively 

correlated co-occurring bacteria; this study focused on the dominant (higher number of 

correlations) positive bacterial correlations in B. napus rhizosphere (Table 5.1 and Appendix R). 

To gain general insight on the network property of the significant negative correlation, global 

network properties across the three growth stages is provided in Appendix R. Just like the 
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significant positive correlation flowering stage showed the highest complexity in negatively 

correlated microbial networks (Appendix R).  

Table 5.1. Global graph properties of the common sub-networks of positively correlated co-occurring bacterial 

networks among the vegetative, flowering, and maturity growth stages. Values indicate comparisons among the 

common sub-networks between pairs of stages. The “-”is shown when a growth stage is not being compared. 

 

Network metrics (most 

common network) 

Network comparisons Growth stages 

Vegetative Flowering Maturity 

Total nodes 

Vegetative-Flowering 98                    

-                          

95 

98                 

107           

- 

-                        

106                      

95 

Flowering-Maturity 

Vegetative maturity 

Total edges 

Vegetative-Flowering 338                       

-                 

315 

895                  

925                  

- 

-                  

575              

528 

Flowering-Maturity 

Vegetative maturity 

Exclusive edges 

Vegetative-Flowering 140                     

-                 

170 

697                  

595           

- 

-                  

244         

383 

Flowering-Maturity 

Vegetative maturity 

Average path length  

Vegetative-Flowering 3.12                    

-                    

3.11 

2.39                  

2.49               

- 

-                  

2.79          

2.67 

Flowering-Maturity 

Vegetative maturity 

Graph Density 

Vegetative-Flowering 0.07               

-                 

0.07 

0.19                  

0.16           

- 

-                  

0.10          

0.12 

Flowering-Maturity 

Vegetative maturity 

Cluster coefficient  

Vegetative-Flowering 0.35            

-                    

0.34 

0.58                 

0.58            

- 

-                  

0.46             

0.47 

Flowering-Maturity 

Vegetative maturity 

 

5.4.2 Core-hub communities in B. napus rhizosphere microbial community and their 

conservation across growth stage 

There were 198, 145 and 331 conserved microbial edges among the vegetative-flowering, 

vegetative-maturity, and flowering-maturity comparisons, respectively. Consecutive growth 

stages shared higher numbers of edges and the flowering-maturity comparison had the highest 

number of cross-growth stage conserved microbial edges.  

5.4.2.1 Vegetative to flowering comparisons 

Based on Fastgreedy (Yang et al., 2016) community detection algorithm there were five and 

four distinct sub-communities in the vegetative and flowering stage networks, respectively (Figure 

5.1). The community shuffling plot shows that ‘Veg_C3’ was a distinct core-hub community at 
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the vegetative stage. A ‘core-hub community’ has the majority of its nodes with high coreness 

centrality values. The other sub-communities at the vegetative stage also had bacterial genera with 

high coreness centrality values especially ‘Veg_C2’. The flowering stage had three core-hub 

communities (‘Flw_C1’, ‘Flw_C2’ and ‘Flw_C3’) (Figure 5.1).  

The core-hub community at the vegetative stage (Veg_C3) comprised 30 genera with Bosea, 

Catellatospora, Couchioplanes, Dactylosporangium, Devosia, Gemmata, Iamia, Labrys, 

Methylibium, Nocardioides, Pedomicrobium, Phenylobacterium, Phycicoccus, Pseudonocardia, 

Roseomonas, Salinibacterium, Sphingomonas, and Streptosporangium showing the highest 

coreness centrality values. The three core-hub communities at flowering had 41 (‘Flw_C1’), 12 

(‘Flw_C2’) and 13 (‘Flw_C3’) bacterial genera (Figure 5.1). The microbial communities identified 

at the vegetative stage were generally conserved at flowering. For example, 20 of the 30 members 

of C3 and 26 of the 29 members of C4 at the vegetative stage remained together at flowering. The 

limited community shuffling indicates that B. napus microbial community organization is set early 

in plant development (Figure 5.1). 

5.4.2.2 Vegetative to maturity comparisons 

There were five and four distinct sub-communities in the vegetative and maturity stage 

networks, respectively (Figure 5.2). The community shuffling plot shows that ‘Veg_C4’ was a 

distinct core-hub community at the vegetative stage that had majority of its members with highest 

coreness centrality values compared with the other sub-communities (Figure 5.2). The maturity 

stage showed two core-hub communities (‘Mat_C2’ and ‘Mat_C4’) which is higher than 

vegetative growth stage (Figure 5.2). 

The core-hub community at the vegetative stage (Veg_C4) comprised 26 genera with 

Ardenscatena, Catellatospora, Couchinoplanes, Dactylosporangium, Iamia, Labrys, Methylibium, 

Nocardioides, Phenylobacterium, Phycicoccus, Pseudonocardia, Roseomonas, and 

Salinibacterium showing the highest coreness centrality values (Figure 5.2). These bacterial genera 

were also identified as members of core-hub community in the vegetative to flowering comparison 

(Figure 5.1). Similar with the vegetative-flowering transition, most community members identified 

at the vegetative stage were also conserved at maturity. For example, 27 of the 32 members of C1, 

and 20 of the 25 members of C4 at the vegetative stage remained together at maturity. Community 
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C3 at the vegetative stage split into two communities comprising 13 and 11 members of the 27 at 

maturity (Figure 5.2). 

5.4.2.3 Flowering to maturity comparisons 

There were three and four distinct sub-communities in the flowering and maturity stage 

networks, respectively (Figure 5.3). The community shuffling plot shows that ‘Flw_C1’ and 

‘Flw_C2’ were distinct core-hub communities at the flowering stage (Figure 5.3). The maturity 

stage showed three core-hub communities (‘Mat_C2’, ‘Mat_C3’ and ‘Mat_C4’) which is higher 

than flowering stage (Figure 5.3). Twenty of the 29 members in C1, and 24 of the 29 in C3 at 

flowering remained together at maturity. C2 that had 49 members at flowering split into four 

communities at maturity with 2, 7, 14 and 26 of the members remaining together (Figure 5.3). 

All growth stage comparisons showed the presence of bacterial sub-communities conserved 

across growth stages. Some of the sub-communities with majority of their members with high 

coreness centrality score were identified as core-hub communities (Figures 5.1, 5.2, and 5.3).  
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Figure 5.1. Rhizosphere bacteria network view (left) and heatmap (right) community shuffling plots. The network view has a dashed axis dividing it into halves corresponding to 

the vegetative (‘Veg’) and flowering (‘Flw’) growth stage sub-networks. Node labels correspond to their community affiliation in their respective networks. The identified 

communities (represented by a community id: C1, C2, etc.) are prefixed with a ‘Veg_’ (vegetative) and ‘Flw_’ (flowering) identifiers. All nodes belonging to a community are 

randomly assigned a color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) in similar community (same color) are clustered together. 

Community with most of its members having high coreness value is regarded as core-hub community. Edges connect similar nodes between the two halves to visualize the shuffling. 

The heatmap shows the vegetative (‘Veg_’) network communities along the vertical axis and the flowering (‘Flw_’) network communities along the horizontal axis with a count of 

the total number of nodes in the community in brackets. Numerical values inside the heatmap show the number of intersecting nodes between the compared communities. Similar 

(conserved) communities are shown with blue gradient (deep blue indicating most similar community) while dissimilar once are shown as green gradient (deep green indicate most 

dissimilar pairs).
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Figure 5.2. Rhizosphere bacteria network view (left) and heatmap (right) community shuffling plots. The network view has a dashed axis dividing it into halves corresponding to 

the vegetative (‘Veg’) and maturity (‘Mat’) growth stage sub-networks. Node labels correspond to their community affiliation in their respective networks. The identified communities 

(represented by a community id: C1, C2, etc.) are prefixed with a ‘Veg_’ (vegetative) and ‘Mat_’ (maturity) identifiers. All nodes belonging to a community are randomly assigned 

a color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) in similar community (same color) are clustered together. Community with most of 

its members having high coreness value is regarded as core-hub community. Edges connect similar nodes between the two halves to visualize the shuffling. The heatmap shows the 

vegetative (‘Veg_’) network communities along the vertical axis and the maturity (‘Mat_’) network communities along the horizontal axis with a count of the total number of nodes 

in the community in brackets. Numerical values inside the heatmap show the number of intersecting nodes between the compared communities. Similar (conserved) communities 

are shown with blue gradient (deep blue indicating most similar community) while dissimilar once are shown as green gradient (deep green indicate most dissimilar pairs).
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Figure 5.3. Rhizosphere bacteria Network view (left) and heatmap (right) community shuffling plots. The network view has a dashed axis dividing it into halves corresponding to 

the flowering (‘Flw’) and maturity (‘Mat’) growth stage sub-networks. Node labels correspond to their community affiliation in their respective networks. The identified communities 

(represented by a community id: C1, C2, etc.) are prefixed with a ‘Flw_’ (flowering) and ‘Mat_’ (maturity) identifiers. All nodes belonging to a community are randomly assigned 

a color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) in similar community (same color) are clustered together. Community with most of 

its members having high coreness value is regarded as core-hub community. Edges connect similar nodes between the two halves to visualize the shuffling. The heatmap shows the 

flowering (‘Flw_’) network communities along the vertical axis and the maturity (‘Mat_’) network communities along the horizontal axis with a count of the total number of nodes 

in the community in brackets. Numerical values inside the heatmap show the number of intersecting nodes between the compared communities. Similar (conserved) communities 

are shown with blue gradient (deep blue indicating most similar community) while dissimilar once are shown as green gradient (deep green indicate most dissimilar pairs).
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5.4.3 Potential driver bacterial genera in B. napus rhizosphere at different growth stages  

A bacterial genus at a specific growth stage with an altered set of associations (high NESH 

score) and an increase in betweenness compared with another growth stage, holds a key 

significance in microbial community interactions (driver taxa). Sixty-one, 48, and 39 driver genera 

were identified in the vegetative-flowering, vegetative-maturity, and flowering-maturity 

comparisons, respectively; in each case these genera were grouped into four sub-communities 

(Appendix S, Appendix T and Appendix U). Driver genera with higher exclusive microbial 

connections in the vegetative-flowering stage transition include Reyranella (35 exclusive 

connections), Candidatus entotheonella (33), Nitrospira (31), Bacillus (31), Geodermatophilus 

(30), Rubellimicrobium (29), Catellatospora (28), Salinibacterium (28), Kribbella (27), 

Sphingomonas (26), Kaistobacter (26), Mycobacterium (26), Euzebya (25), Afifella (24), 

Virgisporangium (24), Labrys (22), Streptosporangium (22), Gemmatimonas (21) and 

Flavisolibacter (20) (Appendix S). Driver genera with higher excusive microbial connections in 

the vegetative-maturity stage transition include Geodermatophilus (24), Reyranella (21), Labrys 

(17), Virgisporangium (17), Balneimonas (15), Catellatospora (15), Pseudoxanthomonas (15), 

Ardenscatena (14), Kribbella (14), Bradyrhizobium (13), Dyadobacter (13), and Nitrospira (13) 

(Appendix T). Driver genera with higher excusive microbial connections in the flowering-maturity 

stage transition include Pseudoxanthomonas (13), Ardenscatena (12), and Flavobacterium (11) 

(Appendix T). Driver genera established a higher number of exclusive edges in the vegetative-

flowering stage transition and less at the flowering-maturity transition.  

All growth stages shared 19 driver genera. The vegetative-flowering and vegetative-maturity 

transitions shared the highest number of driver genera (23 driver genera). There were no shared 

driver genera between vegetative-flowering and flowering-maturity transitions. The highest 

number of exclusive driver genera (19) was present in the vegetative-flowering transition followed 

by flowering-maturity (16) (Table 5.2). 
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Table 5.2. Driver genera shared among and exclusive to growth stage comparisons. Number of genera indicate the 

number of driver genera shared/exclusive to the growth stage comparison(s) and driver genera indicates the identity 

of the shared or exclusive driver genera in the respective growth stage comparison(s). 

 

Growth stage comparison Number of genera  Driver genera 

Vegetative-Flowering, 

Vegetative-Maturity, and 

Flowering-Maturity 

19 Achromobacter, Ardenscatena, Catellatospora, 

Dyadobacter, Euzebya, Gluconacetobacter, Labrys, 

Lentzea, Luteimonas, Luteibacter, Methylibium, 

Nitrospira, Pseudoxanthomonas, Rhizobium, 

Rubellimicrobium, Solirubrobacter, Thermomonas, 

Variovorax, and Virgisporangium                 

Vegetative-Flowering, 

and Vegetative-Maturity 

23 Acidovorax, Acinetobacter, Afifella, Bacillus, 

Bradyrhizobium, Candidatus, Cellvibrio, 

Chryseobacterium, Chthoniobacter, Comamonas, 

Cystobacter, Erwinia, Fimbriimonas, Flavisolibacter, 

Geodermatophilus, Kribbella, Pedobacter, Rahnella, 

Reyranella, Rhodanobacter, Sanguibacter, 

Streptosporangium, and Vibrio      

Vegetative-Maturity and 

Flowering-Maturity  

4 Adhaeribacter, Balneimonas, Microbacterium, and 

Prosthecobacter 

Vegetative-Flowering, 

Vegetative-Maturity 

0 _ 

Vegetative-Flowering 19 Agrobacterium, Arenimonas, Arthrobacter, 

Gemmatimonas, Hymenobacter, Kaistobacter, 

Methylotenera, Mycobacterium, Mycoplana, 

Nitrosovibrio, Phenylobacterium, Phyllobacterium, 

Promicromonospora, Pseudomonas, Rhodobium, 

Rhodococcus, Salinibacterium, Sphingomonas, and 

Sphingopyxis              

Vegetative-Maturity 2 Ralstonia and Sorangium  

Flowering-Maturity 16 Couchioplanes, Dactylosporangium, Ellin506, 

Flavobacterium, Fluviicola, Iamia, Skermanella, 

Lysobacter, Nannocystis, Nocardia, Paenibacillus, 

Pseudonocardia, Roseomonas, Rhodoplanes, 

Streptomyces, and Steroidobacter  
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5.4.3.1 Driver genera influencing microbial assembly across growth stages 

The 19 driver genera identified to play role in microbial assembly in vegetative-flowering, 

vegetative-maturity, and flowering-maturity growth stage transitions (Table 5.2) were grouped 

into three main sub-communities (Table 5.3). Table 5.3 shows how the community membership 

changed with reference to their community membership at vegetative-flowering transition. The 

shared driver genera mainly maintained their membership across growth stages. For example, the 

first sub-community with members Catellatospora, Euzebya, Labrys, Nitrospira, 

Rubellimicrobium, Solirubrobacter, Virgisporangium, maintained their membership throughout 

the growth stage except Nitrospira. The second sub-community with members Achromobacter, 

Dyadobacter, Gluconacetobacter, Lentzea, Luteimonas, Pseudoxanthomonas, and Variovorax, all 

maintained their membership throughout the growth stages (Table 5.3). The Twenty-three driver 

genera shared between vegetative-flowering and vegetative-maturity transitions (Table 5.2) were 

grouped into three main sub-communities (Table 5.4). Chthoniobacter, Geodermatophilus, 

Kribbella, Reyranella, and Streptosporangium remined in the same sub-community both at 

vegetative-flowering and vegetative-maturity. Acidovorax, Acinetobacter, Cellvibrio, 

Chryseobacterium, Comamonas, Erwinia, Pedobacter, Rahnella, and Sanguibacter also remained 

in same sub-community. Similarly, Bacillus, Bradyrhizobium, Rhodanobacter, and Vibrio also 

remained in same sub-community both at vegetative-flowering and vegetative-maturity. 

 



 

92 
 

Table 5.3. Driver genera shared across all growth stages. Random colours assigned inside cells show the community 

membership of identified driver genera. Similar colors across columns indicate that those genera belong to the same 

sub-community within the growth stage indicated and similar colour across rows indicate that those genera maintained 

similar community membership across the growth stages. 

 

Genera 
Community membership 

Vegetative-Flowering Vegetative-Maturity  Flowering-Maturity  

Catellatospora       

Euzebya       

Labrys       

Nitrospira       

Rubellimicrobium       

Solirubrobacter       

Virgisporangium       

Rhizobium       

Ardenscatena       

Luteibacter       

Methylibium       

Thermomonas       

Achromobacter       

Dyadobacter       

Gluconacetobacter       

Lentzea       

Luteimonas       

Pseudoxanthomonas       

Variovorax       
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Table 5.4. Driver genera shared between flowering and maturity stages compared with the vegetative growth stages. 

Random colours assigned inside cells show community membership of identified driver genera. Similar colors across 

columns indicate that those genera belong to the same sub-community within the growth stage indicated and similar 

colour across rows indicate that those genera maintained similar community membership across the growth stages. 

 

Genera   
Community membership 

Vegetative-Flowering Vegetative-Maturity 

Afifella     

Candidatus Entotheonella     

Chthoniobacter     

Geodermatophilus     

Kribbella     

Reyranella     

Streptosporangium     

Bacillus     

Bradyrhizobium     

Rhodanobacter     

Vibrio     

Cystobacter     

Fimbriimonas     

Flavisolibacter     

Acidovorax     

Acinetobacter     

Cellvibrio     

Chryseobacterium     

Comamonas     

Erwinia     

Pedobacter     

Rahnella     

Sanguibacter     
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5.4.3.2 Driver genera influencing microbial assembly exclusively at one growth stage 

The 19 driver genera identified to play role in microbial assembly exclusively at vegetative-

flowering transition (Table 5.2) were grouped into four sub-communities (Table 5.5). The sub-

community with the largest number of members (8 driver genera) contained Agrobacteriumm, 

Arenimonas, Arthrobacter, Hymenobacter, Mycoplana, Promicromonospora, Pseudomonas and 

Sphingopyxis. Methylotenera, Mycobacterium, Rhodobium, Salinibacterium and Sphingomonas, 

were in same sub-community. Nitrosovibrio, Phyllobacterium, and Rhodococcus were in same 

sub-community as were Gemmatimonas, Kaistobacter, and Phenylobacterium (Table 5.5).   The 

16 driver genera that were exclusive to flowering-maturity (Table 5.2) transition were grouped 

into two sub-communities (Table 5.5).  The first sub-community contained Flavobacterium, 

Fluviicola, Lysobacter, Nannocystis, Nocardia, Paenibacillus, Streptomyces. The second 

community contained Couchioplanes, Dactylosporangium, Iamia, Pseudonocardia, Rhodoplanes, 

Roseomonas, Skermanella. The vegetative-maturity transition had only two exclusive driver 

genera (Ralstonia and Sorangium) (Table 5.5). 
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Table 5.5. Driver genera identified exclusively at vegetative-flowering, flowering-maturity, and vegetative-maturity.  

Random colours inside cells show community membership of identified driver genera. Similar colors across columns 

indicate that those genera belong to the same sub-community within the growth stage indicated. 

Vegetative-Flowering Community membership   Flowering-Maturity Community membership 

Methylotenera  Flw_C1  Flavobacterium  Mat_C1 

Mycobacterium  Flw_C1  Fluviicola  Mat_C1 

Rhodobium  Flw_C1  Lysobacter  Mat_C1 

Salinibacterium  Flw_C1  Nannocystis  Mat_C1 

Sphingomonas  Flw_C1  Nocardia  Mat_C1 

Nitrosovibrio  Flw_C2  Paenibacillus  Mat_C1 

Phyllobacterium  Flw_C2  Streptomyces  Mat_C1 

Rhodococcus  Flw_C2  Steroidobacter  Mat_C2 

Gemmatimonas  Flw_C3  Ellin506  Mat_C3 

Kaistobacter  Flw_C3  Couchioplanes  Mat_C4 

Phenylobacterium  Flw_C3  Dactylosporangium  Mat_C4 

Agrobacterium  Flw_C4  Iamia  Mat_C4 

Arenimonas  Flw_C4  Pseudonocardia  Mat_C4 

Arthrobacter  Flw_C4  Rhodoplanes  Mat_C4 

Hymenobacter  Flw_C4  Roseomonas  Mat_C4 

Mycoplana  Flw_C4  Skermanella  Mat_C4 

Promicromonospora  Flw_C4  Vegetative-Maturity Community membership 

Pseudomonas  Flw_C4  Ralstonia  Mat_C3 

Sphingopyxis  Flw_C4   Sorangium  Mat_C4 
 



 

96 
 

5.4.4 Dominant metabolic pathways and functional features of driver genera across B. napus 

growth stages  

If a metabolic pathway was present in at least 80% and a functional feature in at least 20% 

of the genomes from the MACADAM database that matched the input driver genera, I regarded it 

as a dominant metabolic pathway and functional feature, respectively. A total of 34 dominant 

metabolic pathways and 10 dominant functional features (seven with the IJSEM database and three 

in FAPROTAX database) were identified among the driver bacterial genera that played role in 

microbial rewiring across B. napus growth stages (Tables 5.6 and 5.7). Dominant metabolic 

pathways included L-glutamine degradation I, PRPP biosynthesis I, S-adenosyl-L-methionine 

biosynthesis, glycine biosynthesis I, acetate conversion to acetyl-CoA, long-chain fatty acid 

activation, L-homoserine biosynthesis and superoxide radical degradation. Dominant functional 

features include catalase positive, oxidase positive, aesculin hydrolysis, and nitrate reduction to 

nitrite from IJSEM and chemoheterotrophy and nitrate reduction from FAPROTAX databases. 

Like the observed conservation of microbial sub-communities across growth stages both dominant 

metabolic pathways and functional features were conserved across growth stages. The full list of 

all identified metabolic pathways and functional features with the contributing driver genera for 

each metabolic and functional feature indicated are presented in the appendices (Appendices V, 

W, X, Y, Z, and AA).  
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Table 5.6. Metabolic pathways present among the potential driver genera at flowering and maturity growth stages in higher percentage. The table presents 

proportion of the pathway relative to 2106, 1269 and 473 genomes that matched the input potential driver genera at vegetative-flowering, vegetative-maturity, and 

flowering-maturity microbial rewiring, respectively. The Metabolic Pathway information is from MetaCyc & MicroCyc through the MACADAM database (Boulch 

et al., 2019). 

Metabolic Pathway 

Vegetative to flowering Vegetative to Maturity Flowering to Maturity 

Number of 

genomes 

present in 

Percent Number of 

genomes 

present in 

Percent Number of 

genomes 

present in 

Percent 

L-glutamine degradation I 2105 99.9 1268 99.9 468 98.9 

PRPP biosynthesis I 2102 99.8 1266 99.8 473 100 

S-adenosyl-L-methionine biosynthesis 2101 99.8 1264 99.6 472 99.8 

Glycine biosynthesis I 2100 99.7 1264 99.6 471 99.6 

Acetate conversion to acetyl-CoA 2093 99.4 1262 99.5 464 98.1 

Long-chain fatty acid activation 2083 98.9 1252 98.7 455 96.2 

L-homoserine biosynthesis 2081 98.8 1247 98.3 463 97.9 

Superoxide radicals degradation 2068 98.2 1248 98.4 458 96.8 

L-cysteine biosynthesis I 2064 98.0 1251 98.6 _ _ 

L-threonine biosynthesis 2063 97.9 1235 97.3 451 95.4 

Adenosylcobalamin salvage from cobalamin 2053 97.5 1218 95.9 450 95.1 

UDP-N-acetylmuramoyl-pentapeptide biosynthesis I 

(meso-diaminopimelate containing) 2017 95.8 1203 94.8 422 89.2 

L-alanine biosynthesis III 2013 95.6 1186 93.5 460 97.3 

Inosine-5'-phosphate biosynthesis I 1993 94.6 1197 94.3 423 89.4 

Acyl-CoA hydrolysis 1985 94.3 1169 92.1 390 82.5 

Succinate to cytochrome bd oxidase electron transfer 1980 94.0 1135 89.4 432 91.3 
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Table 5.6 continued. 

Metabolic Pathway 

Vegetative to 

flowering 
Vegetative to Maturity Flowering to Maturity 

Number of 

genomes 

present in 

percent Number of 

genomes 

present in 

Percent Number of 

genomes 

present in 

Percent 

Phosphatidylethanolamine biosynthesis I 1963 93.2 1150 90.6 448 94.7 

Guanylyl molybdenum cofactor biosynthesis 1962 93.2 1188 93.6 _ _ 

Pentose phosphate pathway (non-oxidative branch) 1895 89.9 1082 85.3 419 88.6 

Succinate to cytochrome bo oxidase electron transfer 1854 88.0 1135 89.4 _ _ 

3-dehydroquinate biosynthesis I 1819 86.4 1157 91.2 _ _ 

2-oxoglutarate decarboxylation to succinyl-CoA 1819 86.4 1227 96.7 _ _ 

L-asparagine degradation I 1746 82.9 _ _ 427 90.3 

Lipoate biosynthesis and incorporation I 1745 82.9 _ _ 449 94.9 

L-aspartate biosynthesis 1707 81.1 _ _ 391 82.7 

Thiosulfate disproportionation IV (rhodanese) 1699 80.7 _ _ _ _ 

Menaquinol-8 biosynthesis 1693 80.4 1103 86.9 428 90.5 

D-gluconate degradation 1689 80.2 1100 86.7 384 81.2 

L-glutamate degradation II _ _ 1086 85.6 _ _ 

Acetate formation from acetyl-CoA I _ _ 1047 82.5 _ _ 

D-mannose degradation _ _ _ _ 442 93.5 

L-alanine degradation IV _ _ _ _ 422 89.2 

UDP-N-acetyl-D-glucosamine biosynthesis I _ _ _ _ 422 89.2 

L-glutamate biosynthesis III _ _ _ _ 411 86.9 
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Table 5.7. Functional features present among the potential driver genera at flowering and maturity growth stages in 

higher percentage based on IJSEM and FAPROTAX databases through the MACADAM database (Boulch et al., 

2019). The table presents the proportion of the functional features relative to 478, 363 and 402 genomes (IJSEM) and 

326, 231 and 239 genomes (FAPROTAX) that matched the input potential driver genera at vegetative-flowering, 

vegetative-maturity and flowering-maturity microbial rewiring, respectively. The last three functional features with 

an asterisk are from FAPROTAX.   

 

Functional feature  

Vegetative to flowering Vegetative to Maturity Flowering to Maturity 

Number of 

genomes 

present in 

Percent Number of 

genomes 

present in 

Percent Number of 

genomes 

present in 

Percent 

Catalase positive 415 86.8 321 88.4 303 75.4 

Oxidase positive 300 62.8 233 64.2 208 51.7 

Aesculin hydrolysis 206 43.1 187 51.5 196 48.8 

Nitrate reduction to 

nitrite 147 30.8 113 31.1 133 33.1 

Alkaline phosphatase 139 29.1 103 28.4 91 22.6 

Gelatinase 139 29.1 120 33.1 110 27.4 

Acid phosphatase 122 25.5 88 24.2 83 20.7 

Chemoheterotrophy* 133 40.8 109 47.2 107 44.8 

Nitrate reduction* 110 33.7 87 37.7 103 43.1 

Aerobic 

chemoheterotrophy* 66 20.3 50 21.7 _ _ 
 

5.4.5 Rhizosphere bacterial network complexity in genetically distinct B. napus genotypes 

The rhizosphere bacterial networks of genetically distinct B. napus genotypes were 

compared to demonstrate effect of plant genotype of rhizosphere microbial assembly. The 

genetically distinct B. napus genotypes were from breeding lines (NAM-48 and NAM-94) (BL) 

and diversity collections (NAM-13 and NAM-23) (DC). The small Jaccard edge index (0.198) 

between the breeding lines and diversity collections shows genotype-driven microbial rewiring. 

The diversity collections had more complex (more total and exclusive edges) bacterial networks 

compared with the breeding lines (Table 5.8). Specifically, diversity collections had 15% more 

edges than breeding lines, and diversity collections had 69% exclusive edges versus 64% for 

breeding lines. 
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Table 5.8. Global graph properties of the common sub-network of significantly positively correlated co-occurring 

rhizosphere bacterial networks of genetically distinct genotypes (diversity collections and breeding lines). Values 

indicate comparison among the common sub-network between diversity collections and breeding lines networks. 

 

Network metrics (most common network) 
B. napus genotypes 

Diversity collections Breeding lines 

Total nodes 81 81 

Total edges 318 270 

Exclusive edges 221 173 

Average path length (APL) 3.08 3.02 

Graph Density 0.098 0.083 

Cluster coefficient (CC) 0.406 0.394 

 

5.4.6 Core-hub communities in the rhizosphere of genetically distinct B. napus genotypes 

A total of 97 microbial edges were conserved between the diversity collection and breeding 

line bacterial networks. There were four and five distinct sub-communities in the diversity 

collections and breeding lines networks, respectively (Figure 5.4). The community shuffling plot 

shows that ‘DC_C1’ and DC_C3’ were distinct core-hub communities in the microbial network of 

diversity collections. A ‘core-hub community’ has majority of its nodes with high coreness 

centrality values. The other two sub-communities of diversity collections also had bacterial genera 

with high coreness centrality values (Figure 5.4). The breeding lines showed two distinct core-hub 

communities (‘BL_C4 ‘and ‘BL_C5’) (Figure 5.4).  

The core-hub community DC_C1 in the diversity collections comprised 32 genera with 

Agromyces, Couchioplanes, Dactylosporangium, Euzebya, Geodermatophilus, Iamia, Labrys, 

Lentzea, Mycobacterium, Nocardioides, Phycicoccus, Pseudonocardia, Roseomonas, 

Sphingomonas, Streptosporangium, and Virgisporangium showing the highest coreness centrality 

values. The core-hub community DC_C3 comprised 24 genera with Afifella, Bacillus, 

Balneimonas, Bradyrhizobium, Cystobacter, Devosia, Kribbella, Microlunatus, Nitrosovibrio, 

Nitrospira, Pedomicrobium, Reyranella, Rubellimicrobium, Rubrobacter, Skermanella and 

Steroidobacter showing the highest coreness centrality values. The microbial sub-communities 

identified in the diversity collections were generally conserved in breeding lines. For example, 19 
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of the 32 members in C1, 15 of the 24 members in C3, and 13 of the 14 members in C4 in the 

diversity collections remained together in breeding lines. The limited community shuffling 

indicates that core-hub communities in B. napus rhizosphere tend to be conserved across 

genetically distinct genotypes (Figure 5.4). 
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Figure 5.4. Rhizosphere bacteria network view (left) and heatmap (right) community shuffling plots. Network view with the dashed axis dividing it into two halves corresponding 

to the genetically distinct diversity collections (‘DC’) and breeding lines (‘BL’). Node labels correspond to their community affiliation in their respective networks. The identified 

communities (represented by a community id: C1, C2, etc.) are prefixed with a ‘DC_’ (diversity collection) and ‘BL_’ (breeding lines) identifiers. All nodes belonging to a community 

are randomly assigned a color. Node sizes correspond to that taxa’s coreness in the corresponding network. Taxa (node) in similar community (same color) are clustered together. 

Community with most of its members having high coreness value is regarded as core-hub community. Edges connect similar nodes between the two halves to visualize the shuffling. 

The heatmap shows the diversity collection (‘DC_’) network communities along the vertical axis and the breeding lines (‘BL_’) network communities along the horizontal axis with 

a count of the total number of nodes in the community in brackets. Numerical values inside the heatmap show number of intersecting nodes between the compared communities. 

Similar (conserved) communities are shown with blue gradient (deep blue indicating most similar community) while dissimilar once are shown as green gradient (deep green indicate 

most dissimilar pairs).
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5.4.7  Potential driver genera resulting in microbial network variations between genetically 

distinct genotypes 

A bacterial genus in the rhizosphere of breeding lines with an altered set of associations (high 

NESH score) and an increase in betweenness compared with the network of the diversity collection 

lines, holds a key significance in microbial community interactions (driver taxa). Forty-one (41) 

driver genera grouped into five sub-communities were linked with B. napus breeding lines 

(Appendix AB). Driver genera with high numbers of exclusive microbial connections in the 

breeding lines include Agromyces (11), Couchioplanes (10), Balneimonas (9), Devosia (9), 

Kaistobacter (9), Thermomonas (9), Caldilinea (8), Pseudonocardia (8) and Arenimonas (8). 

5.4.8 Dominant metabolic pathways and functional features of driver genera in B. napus 

breeding lines 

A total of 30 dominant metabolic pathways and 11 dominant functional features (eight in 

IJSEM and three in FAPROTAX databases) were identified among the driver bacterial genera that 

played role in the microbial rewiring in B. napus breeding lines (Tables 5.9 and 5.10). Dominant 

metabolic pathways included acetate conversion to acetyl-CoA, S-adenosyl-L-methionine 

biosynthesis, glycine biosynthesis I, PRPP biosynthesis I, L-glutamine degradation I, long-chain 

fatty acid activation and L-homoserine biosynthesis. Dominant functional features included 

catalase positive, oxidase positive, aesculin hydrolysis, alkaline phosphatase, and acid phosphatase 

from IJSEM and chemoheterotrophy and aerobic chemoheterotrophy from FAPROTAX 

databases. The full list of all identified metabolic pathways and functional features with the 

contributing driver genera for each metabolic and functional feature indicated are presented in the 

appendices (Appendices AC and AD).  
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Table 5.9. Metabolic pathways present among the potential driver genera in B. napus breeding lines in higher 

percentage. The table presents proportion of the pathway relative to 658 genomes that matched the input potential 

driver genera in breeding lines. The Metabolic Pathway information is from MetaCyc & MicroCyc through the 

MACADAM database (Boulch et al., 2019). 

 

Metabolic Pathway 

B. napus breeding lines 

Number of genomes 

present in 

Percent 

Acetate conversion to acetyl-CoA 657 99.9 

S-adenosyl-L-methionine biosynthesis 657 99.9 

Glycine biosynthesis I 655 99.5 

PRPP biosynthesis I 655 99.5 

L-glutamine degradation I 653 99.2 

Long-chain fatty acid activation 645 98.0 

L-homoserine biosynthesis 645 98.0 

Superoxide radicals degradation 642 97.6 

Lipoate biosynthesis and incorporation I 639 97.1 

Adenosylcobalamin salvage from cobalamin 626 95.1 

Acyl-CoA hydrolysis 622 94.5 

3-dehydroquinate biosynthesis I 621 94.4 

2-oxoglutarate decarboxylation to succinyl-CoA 620 94.2 

L-threonine biosynthesis 620 94.2 

Pentose phosphate pathway (non-oxidative branch) 613 93.2 

Inosine-5'-phosphate biosynthesis I 611 92.9 

Succinate to cytochrome bd oxidase electron transfer 609 92.6 

Phosphatidylethanolamine biosynthesis I 607 92.3 

UDP-N-acetylmuramoyl-pentapeptide biosynthesis I 

(meso-diaminopimelate containing) 598 90.9 

L-alanine biosynthesis III 594 90.3 

L-cysteine biosynthesis I 590 89.7 

Guanylyl molybdenum cofactor biosynthesis 584 88.8 

L-glutamate biosynthesis III 583 88.6 

Glutathione biosynthesis 571 86.8 

Succinate to cytochrome bo oxidase electron transfer 569 86.5 

Thiamine diphosphate biosynthesis I (E. coli) 568 86.3 

UDP-N-acetyl-D-glucosamine biosynthesis I 554 84.2 

Menaquinol-8 biosynthesis 537 81.6 

Di-trans,poly-cis-undecaprenyl phosphate biosynthesis 528 80.2 

L-glutamate degradation II 527 80.1 
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Table 5.10. Functional features present among the potential driver genera in breeding lines in higher percentage based 

on IJSEM and FAPROTAX databases through the MACADAM database (Boulch et al., 2019). The table presents the 

proportion of the functional feature relative to 261 (IJSEM) and 137 (FAPROTAX) genomes that matched the input 

potential driver genera in breeding lines microbial rewiring. The last three functional features with an asterisk are from 

FAPROTAX. 

 

Functional feature 
B. napus breeding lines 

Number of genomes 

present in 

Percent 

Catalase positive 216 82.8 

Oxidase positive 180 68.9 

Aesculin hydrolysis 112 42.9 

Alkaline phosphatase 112 42.9 

Acid phosphatase 98 37.6 

Nitrate reduction to nitrite 75 28.7 

Gelatinase 69 26.4 

Urease positive 53 20.3 

Chemoheterotrophy* 75 54.7 

Aerobic chemoheterotrophy* 44 32.1 

Nitrate reduction* 39 28.5 
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5.5 Discussion 

Both plant genotype and development stage affected B. napus rhizosphere microbial network 

assembly. Understanding the microbial assembly processes under field conditions is crucial to 

identify microbial community structures that favour crop productivity. This study identified the 

core-hub communities and driver genera that shape the microbial assembly in B. napus 

rhizosphere. It is interesting to see the fine-scale plant genotype and growth stage control on the 

abundance of individual bacterial genera (Taye et al., 2020) extends to bacterial community 

assembly.  Beneficial and determinantal microbial effects on the plant are not only dependent on 

the high abundance or activity of individual taxa but also in the complex microbial interactions 

(Bulgarelli et al., 2013; Hallam and Mccutcheon, 2015). In this regard, our understanding of these 

microbial interactions and their relevance to microbial assembly, plant health and development is 

very limited. The identified core-hub communities and driver genera provided community level 

insights into the B. napus rhizosphere microbial assembly with implications for optimizing the 

microbiome for plant health and development.  

5.5.1 Prominent bacterial groups in B. napus rhizosphere microbial networks 

Proteobacteria (mainly Alphaproteobacteria and Gammaproteobacteria) and Actinobacteria 

were the most prominent bacterial phyla in the B. napus rhizosphere microbial networks, 

suggesting the importance of these taxa in B. napus rhizosphere microbial assembly. Other 

bacterial phyla common in the networks include Chloroflexi, Gemmatimonadetes, 

Planctomycetes, and Verrucomicrobia. Previous studies mainly focused on microbial composition 

have reported the dominance and activity of Proteobacteria, Actinobacteria and other phyla 

indicated above in rhizosphere and root endosphere of B. napus (Gkarmiri et al., 2017; Glaeser et 

al., 2020) and other crop species (D’Amico et al., 2018; Peiffer et al., 2013; Schreiter et al., 2014). 

This study looked at the microbial interactions and identified prominent role of 

Alphaproteobacteria, Gammaproteobacteria and Actinobacteria in B. napus rhizosphere microbial 

assembly suggesting presence of strong B. napus selection force for these taxa. Interactions among 

microbes can drive both beneficial and detrimental microbial effects in the rhizosphere (Bulgarelli 

et al., 2013; Hallam and Mccutcheon, 2015). In addition, interactions among these bacteria could 

be vital to maintain the stability of microbial community. For example, members of phylum 

Actinobacteria have been reported to confer stability to microbial networks and significantly 
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impact soil properties including percentage of nitrogen, soil moisture, and soil pH in grassland soil 

microbial community (Zhou et al., 2011). Such functions are likely to be operating in the B. napus 

rhizosphere as well and further investigation into the ecological relationships among these taxa 

could help identify beneficial B. napus-bacterial interrelationships. 

5.5.2 Increased B. napus microbial community organization across growth stages 

This is the first study to examine how B. napus rhizosphere microbial networks shift during 

plant development. The observed small Jaccard edge indices and growth stage related exclusive 

edges and driver taxa show microbial network rewiring throughout B. napus development, with 

substantial rewiring at flowering. A previous study on wild oat showed an increase in microbial 

network complexity as plants grew (Shi et al., 2016). The number of core-hub communities 

increased from one at the vegetative stage to three at flowering, suggesting increased microbial 

organization at flowering. This microbial organization through development is likely driven by 

plant influences on the rhizosphere environment. Plants alter their rhizosphere conditions 

including pH, moisture, oxygen and organic carbon over time (Chaparro et al., 2014; Hinsinger et 

al., 2009). This variation in resource availability is often an important driver of bacterial network 

structure (Foster et al., 2012). Levels of rhizodeposition are reported to generally decrease with 

age in B. napus (Nguyen, 2003). In this regard, I propose two mechanisms to explain the observed 

higher network complexity at flowering. First, at the vegetative stage higher rhizodeposition 

(Nguyen, 2003) may enable the plant to directly attract more bacterial genera and as the plant 

grows and amount of rhizodeposition decreases, the plant shifts strategy to only modulating the 

activity of a selected “few” bacterial taxa which in turn interact with other bacteria increasing the 

network complexity and organization. The point in the plant development when rhizodeposition 

patterns change needs to be identified to clearly link it with microbial assembly processes. A 

preliminary evaluation of root exudates in this study suggests that changes in exudate production 

across growth stages do occur, but the direction of these changes is exudate type dependent. 

Formate, for example, increased from 2.67 ppm (se = 0.38) in vegetative plants (n = 143) to 3.24 

ppm (se = 0.38) in flowering plants (n =190) and decreased to 2.59 (se = 0.19) in maturing plants 

(n =144) while malate increased from 1.22 (n=113, se =0.36) to 1.69 (n =191, se = 0.12) and then 

to 7.3 ppm (n =140, se = 0.37) during same growth stage transitions. Given that the many exudates 

produced vary depending on the plant and environmental conditions (Mimmo et al., 2011), further 
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study is needed. Second, assuming that the level of rhizodeposition may generally decrease across 

growth stages (Nguyen, 2003), bacterial taxa may increase strength of their interactions with other 

taxa to establish a mutually beneficial community that better utilizes available resources. Other 

possible contributing factors could be the plant’s morpho-physiological changes at flowering. For 

example, an increasing trend in overall root length during vegetative stage followed by stability at 

flowering was observed (Chapter 4). Whether the root morphological and associated physiological 

changes at flowering are linked with the increased microbial organization at flowering and the 

mechanisms involved needs to be investigated. Root associated microbes are known to release 

phytohormones and volatile compounds which can regulate plant growth and morphogenesis 

(Ortíz-Castro et al., 2009); hence, whether canola plants are also altering their root architecture at 

the same time needs to be evaluated.  

5.5.3 Core-hub communities shaping B. napus rhizosphere microbial assembly 

The B. napus rhizosphere microbial network is characterized by the presence of a set of 

conserved microbial interactions and communities across growth stages. Consecutive growth 

stages had a greater number of shared edges with flowering and maturity stages having the highest 

number of shared edges (331). Moreover, microbial sub-communities were also generally 

conserved across growth stage. For example, the core-hub community at the vegetative stage (C3) 

had 30 members, of these 20 were conserved at flowering. Similarly, 20 of the 29 members of the 

core-hub community C1 at flowering remained together at maturity as well. In this study, 

conserved microbial associations and core-hub communities were discovered despite microbiome 

differences attributed to development stage. These conserved microbial associations suggest that 

bacterial genera that are recruited and establish associations with each other at early stages 

maintain these interactions through plant growth and play a role in shaping the rhizosphere 

microbial assembly. In addition to the growth stage conservation of core-hub taxa observed in this 

study, recent study also showed conservation of hub bacterial taxa in different growing seasons 

(Floc’h et al., 2020a), suggesting presence of B. napus driven processes that lead to conservation 

of core taxa. 

Members of core- hub communities could be facilitating the stable occurrence of a group of 

taxa with interdependent ecological requirements (Hallam and Mccutcheon, 2015). For example, 

some core-hub taxa are known to depend on exogenous vitamins produced by other core-hub 
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community members (Dodsworth et al., 2013). Similarly, some core-hub members might be 

protected from oxidative-stress damage by members with robust oxidative stress responses that act 

as a sink for oxidative stress agents such as hydrogen peroxide (HOOH) (Morris et al., 2011). Such  

beneficial dynamics are a recurring organizing principle structuring microbial community 

interaction networks (Morris et al., 2012) and given the strong core-hub communities observed 

here, possibly at play in the B. napus rhizosphere. The conservation of the core-hub communities 

across B. napus developmental stage could also be due to their shared plant driven niches. The 

presence of fine scale plant genetic control on the rhizosphere bacteria has been demonstrated for 

B. napus (Taye et al., 2020), and it is therefore reasonable to think that such controls could also be 

structuring the interaction networks. Therefore, both beneficial dynamics among core-hub bacteria 

and favourable shared plant driven niches in the rhizosphere possibly contribute to the observed 

conservation of core-hub communities across B. napus developmental stages.  

5.5.4 Putative functions and roles of B. napus rhizosphere core-hub communities 

The insight from conserved core-hub communities in B. napus rhizosphere will help the 

design of future bacterial-bacterial and B. napus-bacterial interaction studies. Studies to answer 

whether the core-hub communities represent distinct functional groups, what drives their non-

random aggregation and implications to plant health and other ecological services would provide 

more insights. Here, the putative functions and roles of two core-hub communities from vegetative 

and flowering stages will be discussed as an example. 

Eight Proteobacteria (Bosea, Devosia, Labrys, Methylibium, Pedomicrobium, 

Phenylobacterium, Roseomonas, and Sphingomonas), nine Actinobacteria (Catellatospora, 

Couchioplanes, Dactylosporangium, Iamia, Nocardioides, Phycicoccus, Pseudonocardia, 

Salinibacterium, and Streptosporangium), and one Planctomycetes (Gemmata) had the highest 

coreness centrality values among the core-hub community members at the vegetative stage (C3) 

(Figure 5.1). Five Proteobacteria (Cystobacter, Kaistobacter, Methylibium, Phenylobacterium, and 

Thermomonas), two Bacteroidetes (Adhaeribacter and Flavisolibacter), one Chloroflexi 

(Ardenscatena), and one Gemmatimonadetes (Gemmatimonas) had the highest coreness centrality 

values among the C3 core-hub community members at flowering (Figure 5.1). Among these 

Methylibium (Araujo et al., 2019), Phenylobacterium (Liu et al., 2019), and Pseudonocardia 

(Valverde et al., 2016)  have been identified as highly interconnected bacteria in the rhizospheres 
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of wheat, soybean, and Welwitschia mirabilis, respectively. Presence of these highly 

interconnected genera in the microbial network of other crops suggest their importance in 

rhizosphere microbial assembly. Their common occurrence could be either due to the ecological 

role of these genera in the rhizosphere or to the presence of plant driven general microbial assembly 

processes common to all plant species, or combination of both. Devosia and Sphingomonas have 

been reported to be highly active and abundant in B. napus rhizosphere (Gkarmiri et al., 2017; 

Glaeser et al., 2020) and seed microbiome (Rybakova et al., 2017), suggesting their importance in 

B. napus. 

Among the core-hub taxa, members of the genus Roseomonas have been recognized as plant 

growth promoting bacteria in the rhizosphere of rice (Ramaprasad et al., 2015) and Chinese 

cabbage (Kim and Ka, 2014). Bosea and Roseomonas were also identified as putative nitrogen 

fixing bacteria from a wheat root endosphere (Rilling et al., 2018), and Streptosporangium is 

known to produce antimicrobial compounds (Hardoim et al., 2015).  

The putative plant pathogen Ralstonia (Proteobacteria) was a member of the core-hub 

community at flowering (Figure 5.1). Given that Ralstonia had the smallest coreness centrality 

value, it is possible that other core-hub community members could be suppressing negative effects 

of Ralstonia. Adhaeribacter and Kaistobacter, for example, are part of the canola core-hub 

community and have been observed to have disease suppressive potential in other studies (Liu et 

al., 2016; Siegel-Hertz et al., 2018). Studies that investigate the suppressive effect of these core-

hub community on Ralstonia needs to be done to move towards utilizing core-hub community-

based approaches to control the soil pathogen. For example, testing whether isolates of 

Adhaeribacter and Kaistobacter individually or together inhibit growth of Ralstonia under 

controlled condition could be the initial step to confirm this hypothesis. 

Some core-hub members are known to have roles in nitrogen fixing and cycling 

(Ardenscatena and Thermomonas) (Wang et al., 2014; Zhang et al., 2019a), phosphate solubilizing 

(Gemmatimonas) (Yang et al., 2017), decomposing organic matter and crop residues 

(Gemmatimonas)  (Banerjee et al., 2016; Mau et al., 2015), and degrading aromatic compounds 

(Kaistobacter) (Kersters et al., 2006). These diverse roles among the core-hub communities could 

mean presence an interdependent community. Studies to confirm whether the identified core-hub 
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communities are functional communities and not just co-occurring bacteria needs to be done to 

advance towards rational microbiome optimization.    

5.5.5 Core-hub communities are conserved between genetically distinct B. napus genotypes 

A total of 97 microbial edges were conserved between the genetically distinct B. napus 

genotypes. Similar to the trends observed among growth stages, members of the core-hub 

communities were also conserved between genotypes. For example, 19 of the 32 taxa in C1, 15 of 

the 24 taxa in C3 and 13 of the 14 members in C4 in the B. napus diversity collections were 

conserved in the breeding lines (Figure 5.4), suggesting that core-hub communities are conserved 

both across growth stages and between genotypes in B. napus. The observation that the core-hub 

communities were conserved between B. napus genotypes suggests the presence of shared 

bacterial-bacterial interactions and assembly processes among B. napus genotypes despite the 

microbiome differences between genotypes (Taye et al., 2020). Given the apparent stability of 

these assembly processes across genotypes, the identified core-hub taxa are promising targets to 

conduct a genome wide association study (Horton et al., 2014; Zhang et al., 2010) to identify the 

candidate genes of B. napus impacting these conserved core-hub communities.  

Arabidopsis thaliana studies have shown that plant genotypic signatures can directly act on 

core-hub microbes and, via microbe-microbe interactions, transmit the effects to the microbial 

community (Agler et al., 2016). The host plant effect on the microbiome is thought to be 

maximized by microbe-microbe interactions, especially by the highly connected portions of the 

microbial network (Agler et al., 2016). Focusing on the highly interconnected core-hub taxa in 

genome wide association studies could help further dissect B. napus genotype effects on its 

microbiome. Furthermore, confirming whether the core-hubs correlate with plant performance and 

identifying candidate genes impacting them will facilitate incorporation of microbiome 

consideration in B. napus breeding.  

5.5.6 Potential driver bacterial genera shaping B. napus rhizosphere microbial assembly 

This study demonstrated that both conserved and growth stage-specific driver genera play 

roles in the rewiring of bacterial interactions in the B. napus rhizosphere (Tables 5.3, 5.4, and 5.5). 

Across all growth stage transitions 19 shared driver genera and 19 (vegetative to flowering), 16 

(flowering to maturity) and two (vegetative to maturity) exclusive to the respective growth stage 
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transitions were identified. The presence of shared driver genera across growth stages suggests 

that some bacterial genera are keystone taxa in the canola rhizosphere microbial community 

throughout the plant’s development. These driver genera have a higher betweenness value and 

their associated taxa are altered across growth stages  (Kuntal et al., 2019), indicating that these 

driver taxa contribute to remodeling the microbial community structure at each growth stage. The 

presence of growth stage-exclusive driver genera demonstrates a dynamic canola rhizosphere that 

changes through plant development. Whether the exclusive driver taxa identified at each growth 

stage follow changes in plant development or are triggers for plant physiological changes needs 

be investigated further. In Arabidopsis thaliana and Boechera stricta, the rhizosphere microbial 

community has been shown to modulate the timing of flowering (Lu et al., 2018; Wagner et al., 

2014). Similarly, transplantation of the rhizosphere microbiome from A. thaliana to Brassica rapa 

caused a shift in flowering phenology (Panke-Buisse et al., 2014). Given that B. napus and A. 

thaliana are both members of the Brassicaceae, similar canola mechanisms linked to flowering are 

possible. 

Here I also show the presence of microbial rewiring between the rhizosphere of genetically 

distinct B. napus genotypes, suggesting effect of plant genotype on microbial remodelling. The 

diversity collection B. napus genotypes showed higher microbial network complexity than the 

breeding lines with a higher number of total and exclusive bacterial interactions (edges). Compared 

with the diversity collections, 41 driver genera were identified in breeding lines. Genetically 

distinct tall and semi-dwarf wheat cultivars showed variation in level of microbial 

interconnectedness due to genotype difference (Kavamura et al., 2020). In addition to the observed 

genotype driven preferential associations of individual bacterial genera in B. napus (Taye et al., 

2020), this study also showed that genotype effects could drive variation in bacterial-bacterial 

interactions between genotypes. Genotype driven variation in bacterial-bacterial interactions 

provides insight into community level changes in B. napus rhizosphere microbial assembly. Future 

work using genotypes having pedigree that allows to compare different range of genetic 

relatedness could advance our understanding on the effect of genotype on microbial assembly. 

Achromobacter, Ardenscatena, Catellatospora, Dyadobacter, Euzebya, Gluconacetobacter, 

Labrys, Lentzea, Luteibacter, Luteimonas, Methylibium, Nitrospira, Pseudoxanthomonas, 

Rhizobium, Rubellimicrobium, Solirubrobacter, Thermomonas, Variovorax, and Virgisporangium 

were shared across B. napus growth stages. The driver genera tended to remain in same community 
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across growth stages, suggesting potential ‘communication’ within that community. For example, 

the driver genera Catellatospora, Euzebya, Labrys, Nitrospira, Rubellimicrobium, 

Solirubrobacter, and Virgisporangium, were in the same sub-community; all except Nitrospira 

maintained their membership throughout the growth stages. Similarly, Achromobacter, 

Dyadobacter, Gluconacetobacter, Lentzea, Luteimonas, Pseudoxanthomonas, and Variovorax 

maintained their membership throughout the growth stages (Table 5.3). This suggests the presence 

of interactions among the driver genera that are maintained throughout development while altering 

their interactions with other bacteria in the rhizosphere. This is an important insight into the 

microbial assembly process; studies to confirm the presence of actual ecological interactions 

among the driver genera and to characterize the factors driving the changes in interactions need to 

be done. 

The growth stage exclusive genera included Agrobacterium, Arthrobacter and Pseudomonas 

(vegetative to flowering); Flavobacterium, Rhodoplanes and Skermanella (flowering to maturity); 

Ralstonia and Sorangium (vegetative to maturity).  Agrobacterium, Arthrobacter Flavobacterium, 

Pseudomonas, Rhodoplanes, and Skermanella have reported growth promoting potential in B. 

napus  (Bertrand et al., 2001; Cordero et al., 2020; Lay et al., 2018). Species of Sorangium produce 

antibiotics that inhibit the growth of wide variety of microorganisms including bacteria, fungi, 

actinomycetes and yeast (Peterson et al., 1966). Ralstonia is potential pathogenic bacteria 

(Mansfield et al., 2012) identified as potential driver only at maturity stage and previously shown 

to have strong co-occurrence or co-exclusion with bacteria in the canola seed microbiome 

(Rybakova et al., 2017). It is interesting to observe a potentially pathogenic bacteria with important 

roles both in the rhizosphere and seed microbiome. There may be mechanisms linking the 

rhizosphere microbiome at maturity with the seed microbiome. For example, vertical transmission 

from previous plant (Shade et al., 2017) or crop management practices at harvesting could result 

in inoculation of the seed. These are interesting hypothesis that needs to be investigated. 

Variovorax species isolated from the rhizosphere of different plants have shown plant growth 

promoting properties (Dodd et al., 2009; Han et al., 2011), and high abundances of Variovorax in 

the rhizosphere and root interior of canola have been reported (Cordero et al., 2020; Croes et al., 

2013; de Campos et al., 2013). The metabolic pathways and functional features performed by the 

potential driver genera are discussed in the following section. 
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5.5.7 Dominant metabolic pathways and functional features of driver bacterial taxa 

A total of 34 dominant metabolic pathways including the L-glutamine degradation I and 

superoxide radical degradation pathways were identified in the driver bacterial genera via the 

MACADAM database (Le Boulch et al., 2019). L-glutamine degradation I is important in nitrogen 

metabolism (Gottschalk, 1986), and the superoxide radical degradation pathway is important in 

scavenging reactive oxygen species (Alscher et al., 2002). Increased soil water depletion is 

expected as the growing season progresses, and the rhizosphere was probably a relatively more 

aerobic environment that exposed bacteria to more reactive oxygen species (Alscher et al., 2002). 

The abundance of the Superoxide radical degradation pathway implies that rhizosphere microbes 

employ their own mechanisms for coping with drought stress; whether this could have implications 

for plant performance is not clear. Some bacterial genera confer competitive advantage for plants 

under drought stress conditions (Naylor and Coleman-Derr, 2018; Timmusk et al., 2014), 

suggesting that there may be links. Most of the dominant metabolic pathways were conserved 

across growth stages (Table 5.5), suggesting their significance in B. napus rhizosphere across a 

wide range of environmental and plant conditions. 

Some metabolic pathways and functional features were enriched at certain growth stages. 

For example, the D-mannose degradation was particularly enriched at maturity. D-mannose serves 

as a source of carbon and energy for the growth of Escherichia coli (Neidhardt and Curtiss, 1996), 

suggesting other bacteria may use it. Whether D-mannose degradation dominance at maturity stage 

is related with changes in exudate production or other factors related with microbial nutrition is 

area for further investigation. Catalase positive was abundant at both flowering and maturity. 

Catalase activity helps bacteria to protect against hydrogen peroxide, a poisonous compound to 

bacteria and plant roots (Bumunang and Babalola, 2014). Hence, these driver taxa could 

potentially contribute to plant growth indirectly at flowering and maturity. Oxidase positive was 

also common at both flowering and maturity. This functional feature indicates the aerobic nature 

of the driver bacterial genera and is consistent with the observed higher proportion of the 

superoxide radical degradation pathway. 
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5.6 Conclusion 

In conclusion, I show that both growth stage and genotype alter B. napus rhizosphere 

microbial community assembly. Microbial network complexity increased across growth stages. 

Between genotypes, B. napus diversity collections had more complex networks than the breeding 

lines. This suggests the possibility to incorporate ecological considerations for microbiome 

optimization besides the individual differentially abundant and core bacterial genera 

considerations (Taye et al., 2020). Combining both the individual bacteria and community 

perspectives can be complementary and can lead to better understand B. napus rhizosphere 

microbial assembly and ultimately the optimization of positive plant-microbial interrelationships. 

Here, the importance of considering both plant development and genotype in optimizing the 

rhizosphere microbiome should be highlighted. 

The B. napus rhizosphere microbial community is characterized by the presence of both 

core-hub communities and driver genera. Core-hub communities appear to be established early in 

plant development and remain conserved across its growth stages. The core-hub communities were 

also generally conserved between genotypes. The study shows that B. napus rhizosphere microbial 

assembly is characterized by two dominant patterns:  1) a set of conserved bacterial interactions 

(core-hub communities) and 2) a set of altered bacterial interactions at different states (growth 

stages or genotype) that create the variation (driver genera). This study provides cohort of core-

hub communities and driver genera in B. napus rhizosphere that could be important for future 

dissection of microbial assembly processes and enhancement of canola production through 

microbiome considerations.  
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CHAPTER SIX 

6 DISCUSSION AND CONCLUSIONS 

The main objective of this thesis was to characterize the B. napus rhizosphere bacterial 

community under field conditions to identify microbial patterns and specific signatures that could 

be utilized in canola breeding and management strategies. In particular, the overall, genotype and 

growth stage related microbial patterns and signatures were characterized. Through traditional 

plant breeding Canadian breeders have improved rapeseed into a high-quality edible oilseed crop 

that is well adapted to Canadian growing conditions (Stefansson and Gold, 1995). Herbicide 

resistance has been introduced through genetic modification (Beckie et al., 2006; Gusta et al., 

2011), and while still a challenge, genetic improvements for disease resistance have been 

attempted (Ach Arya et al., 1984; Li et al., 2007). In canola, beneficial effects from the plant 

microbiome have been recognized (Asghar et al., 2004; Lifshitz et al., 1987; Noel et al., 1996; 

Reed and Glick, 2005); however, successful integration of the microbiome in plant breeding and 

management remains a challenge. A lack of understanding of the plant microbiome and the factors 

governing microbiome structure under field conditions has hindered microbiome optimization for 

improved crop productivity. Results from this study demonstrate the presence of rhizosphere 

microbial patterns and signatures that could be tapped in B. napus breeding and management 

strategies. In this general discussion, I summarize some of the most important results of this thesis. 

6.1 General Discussion 

I found fine-scale plant genetic control of bacterial abundance in B. napus rhizosphere 

(Chapter 3). Observations of a distinct B. napus rhizosphere bacterial community compared with 

other crops (Germida et al., 1998; Lay et al., 2018) and between transgenic and conventional B. 

napus varieties (Dunfield and Germida, 2001; Siciliano et al., 1998) have long suggested an 

important role of plant genotype in shaping the microbiome. The most important result from this 

study is my demonstration of genetic control by individual canola genotypes on bacterial 

abundances at the genus level. Moreover, the observed high correlation between overall microbial 

variation and plant genetic distance, and the high proportion of variation in alpha diversity 

measures explained by plant genetics (up to 59%) further demonstrates strong and specific plant 

controls on rhizosphere ecology. From a practical perspective, this work demonstrates the potential 

for plant genetic driven microbial manipulation in B. napus. Here, it is important to note that the 
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plant genetic effects on overall microbial variation varied with plant development with maximum 

effect observed at flowering. I also showed the presence of both cross-year and cross-site 

conserved core bacterial genera in B. napus rhizosphere. These bacteria that are consistently 

present across genotypes and sites are likely to provide critical ecological functions (Shade and 

Handelsman, 2012). Examining the core bacterial genera present throughout B. napus 

development demonstrated that B. napus could select a subset of microbes at specific development 

stages for specific roles. 

In Chapter 4 I examined how the dominance of bacterial taxa changed across plant 

development. Proteobacteria and Actinobacteria increased in abundance from vegetative to 

flowering stage while Acidobacteria decreased. Looking at lower taxonomic ranks revealed 

microbial dynamics masked at the phylum level. For example, the two most dominant classes of 

Proteobacteria were Gammaproteobacteria and Alphaproteobacteria. Gammaproteobacteria 

increased in abundance at flowering and decreased at maturity while Alphaproteobacteria 

decreased in abundance at flowering and increased at maturity. Examining the B. napus 

rhizosphere microbial community at lower taxonomic ranks will certainly reveal more ecological 

insights. Here, compensatory relationship between Alphaproteobacteria and 

Gammaproteobacteria across plant development is observed in the phylosphere of other plants 

including canola (Copeland et al., 2015; Grady et al., 2019). What drives such changes in the 

rhizosphere needs to be explored further; one possible reason could be nutrient availability 

regulated by the plant development that preferentially influence the abundance of these bacteria 

(Grady et al., 2019). Similar to this study, Gemmatimonadetes decreased in abundance across the 

growth stages of field grow rice (Edwards et al., 2018) suggesting possible plant related 

mechanisms common across plant species could be at play. 

In Chapter 4 I also showed that root system architecture is an important factor in shaping the 

rhizosphere microbial community. B. napus root length showed a distinct growth stage pattern 

with an increase in root length at early stages followed by stable and/or gradual increase at 

flowering followed by reduction at maturity. Under field conditions the most abundant bacterial 

genera and previously identified canola growth promoting bacteria showed significant positive 

correlations with root length at the vegetative growth stage. 
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This study is among the first to examine canola rhizosphere microbial network structure 

across plant development (Chapter 5). Here I have identified both core-hub communities and 

driver taxa influencing the microbial assembly process in the rhizosphere. Network structure 

varied across growth stages, with more complex and organized structure at flowering. The core-

hub sub-communities were generally conserved across growth stages. Moreover, B. napus 

genotype regulated changes in bacterial-bacterial interactions were also observed. Genetically 

distinct B. napus breeding lines and diversity collections demonstrated a varied microbial network 

structure, with 41 driver genera responsible for the observed variation identified in breeding lines. 

This suggests a role of plant genotype in rhizosphere microbiome assembly, which provides other 

promising avenue to further investigate host traits participating in beneficial microbial assembly. 

Optimizing the rhizosphere microbiome requires a coordinated effort of both holistic 

community level and individual plant-bacterial and bacterial-bacterial interaction studies. 

Therefore, to advance canola microbiome research it is crucial to utilize the community level 

insights from this study to inform studies following a reductionist approach. In this aspect, the 

overall, growth stage and plant genotype related microbial patterns and signatures observed in this 

study can inform follow up individual plant-bacteria and bacterial-bacterial interaction studies that 

could confirm the observed patterns and reveal the governing mechanisms. In the following section 

how the results from this study could inform reductionist study approaches are highlighted.   

6.2 Synthesis and Future work 

6.2.1 Rhizosphere microbiome as source of genetic variability for B. napus breeding 

The ability of plants to select for and against particular members of the soil microbial 

community is well recognized (Aira et al., 2010; Bulgarelli et al., 2015; Floc’h et al., 2020a; Lay 

et al., 2018; Siciliano and Germida, 1999; Walters et al., 2018). Characterizing plant genetic-driven 

microbial patterns and signatures and identifying the plant loci that explain the observed patterns 

and signatures is required to advance these observations towards plant breeding applications (Chen 

et al., 2020; Stringlis et al., 2018; Zhang et al., 2019b). In this study, I characterized the B. napus 

rhizosphere bacterial community in a diverse set of genotypes and identified a set of microbial 

patterns and signatures that could be targeted in B. napus breeding. Below I highlight some 

considerations regarding genotype-related differentially abundant genera, driver genera, and the 
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core-hub bacterial communities that could be applied to advance plant genetic based microbial 

manipulation in B. napus.  

My observation of plant genetic control on microbial diversity is encouraging for breeding 

programs wanting to target maintenance of higher microbial diversity within their selected 

varieties. Microbial diversity is commonly associated with resilience to perturbation and disease 

suppression in the rhizosphere (Berg et al., 2017); hence, diversity could be a valuable trait to 

consider for tackling soil borne pathogens affecting canola production. In B. napus the observed 

genotype influence becomes more apparent as the plant reaches reproductive stage (Figure 3.3, 

Tables 3.5 and 3.6). Therefore, screening of varieties for higher microbial diversity would be most 

effective when done at flowering. 

The observed fine-scale plant genetic effects on both rhizosphere bacterial abundances and 

microbial assembly (Chapter 3 and Chapter 5) present a promising foundation for dissecting plant 

genetic control on associated microbiome and its integration into breeding programs. Some of the 

genotype-associated differentially abundant bacteria have been characterized as potentially 

beneficial genera (Chapter 3); with many others yet to be characterized it is likely that more 

beneficial associations will be identified. Hence, given that these bacterial taxa confer beneficial 

effects and given that their abundances are under plant genetic control, genotypes preferentially 

associated with target bacterial genera could be screened within breeding programs. This is an 

initial observation and should lead to further dissection of the observed individual genotype-

bacterial interrelationships to guide practical application in breeding programs. For example, for a 

given trait of interest (e.g., disease resistance), evaluating how genotypes with contrasting 

differential abundance of bacteria influencing that trait respond could be a step towards practical 

application of B. napus microbiome manipulation. 

Here I identified driver genera with altered sets of microbial associations between microbial 

networks of compared genotypes. Given that these altered microbial associations are genotype 

driven, whether the variations in association results in benefits for the plant such as controlling 

potential soil pathogens needs to be investigated. For example, could the altered microbial 

associations prevent dysbiosis that results in attack or trigger other responses beneficial to the 

plant? Such plant genetic influences could lead to plant genetic mediated soil pathogen control in 

B. napus. Other effects are also possible. Rhizosphere bacteria, for example, are involved in 
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modulating flowering (Lu et al., 2018; Wagner et al., 2014) and the transplantation of the 

rhizosphere microbiome from A. thaliana to Brassica rapa caused a shift in flowering phenology 

(Panke-Buisse et al., 2014).  The set of driver genera identified in this study could be used to start 

testing such hypothesis and to advance application of microbiome-based solutions in agricultural 

systems. For example, whether the driver genera identified in B. napus breeding lines compared 

with the diversity collections confer better nutrient acquisition could be a hypothesis to confirm.  

The identified core-hub communities in my study were conserved both across growth stages 

and between plant genotypes. This makes me consider whether the identified core-hub 

communities should be treated as a B. napus extended microbial phenotype. The “extended 

phenotype” concept suggests that an organism’s phenotype should include not only its physical 

and physiological components but also those aspects of its’ environment that the organism controls 

(Dawkins, 1982). In this regard, the rhizosphere microbiome can be considered as an ecological 

unit with heritable traits where natural selection acts on a whole group of organisms (a plant and 

its microbiome) beyond the individual (Wilson and Wilson, 2008). I therefore hypothesize that the 

identified conserved rhizosphere core-hub communities are elements of the B. napus extended 

phenotype. Given that these core-hub communities drive rhizosphere processes with implications 

for both plant fitness and microbial community stability, understanding the core-hub communities 

should be a priority in B. napus microbiome considerations. For example, core-hub taxa likely link 

host factors to plant microbiome variation. The host genotypic signatures and abiotic factors act 

on members of the core- hub-communities and via microbe-microbe interactions transmit the 

effects to the microbial community, making  hub taxa have a very strong influence on the whole 

microbiome and on plant health (Agler et al., 2016). Here, B. napus core-hub communities were 

observed to be conserved across growth stages and between genotypes in a single environment. 

Whether this conservation is repeated in multiple environments needs to be investigated. If 

conserved, then it will support the presence of the extended phenotype hypothesis. Finally, I should 

note here that both B. napus-bacteria and bacteria-bacteria interactions may not necessarily be only 

taxonomy based but also functional. Hence, understanding the functional interrelationships among 

the core-hub community members and with the plant needs to be explored to account for possible 

taxonomic variation within the core-hub communities across sites. This is essential as varied 

environments could select for microbes with very different taxonomy but similar functional 

attributes. In this study, the most dominant metabolic pathways and functional features present 
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among the driver genera were generally conserved across plant development suggesting that those 

metabolic pathways and functional features were most preferred in B. napus rhizosphere and are 

likely to be selected for in different sites. 

In summary, using temporally intensive sampling at a single site, a profound influence of B. 

napus genotype on its microbiome was observed suggesting the possibility for plant genetics-based 

manipulation of the B. napus rhizosphere microbiome. I suggest the following four study areas to 

exploit the results reported here. First, the microbial patterns and signatures (core and driver taxa) 

identified through holistic characterization of B. napus rhizosphere microbiome need to be further 

analyzed to dissect the mechanisms governing the plant-bacterial and bacterial-bacterial 

interrelationships. Particularly important here are functional trait-based inferences. Second, under 

controlled and field conditions, potential beneficial relationships between B. napus and the 

identified bacterial taxa need to be evaluated. Further, the B. napus rhizosphere contains many 

bacteria that have not been isolated and characterized so far. These unclassified taxa should be 

targeted to elucidate their potential in B. napus rhizosphere through targeted isolations and/or 

metagenomics sequencing approaches. For example, the two most abundant genera in the B. napus 

rhizosphere were unclassified Acidobacteria and Proteobacteria (Chapter 4); these should be the 

first targets. Third, to evaluate the extent of genotype by environment interaction influences on the 

observed genotype effects at a single site, a multi-site rhizosphere microbiome characterization is 

essential. Here it is important to note that the relationship between soil microbial diversity and 

microbial function is largely unknown (Little et al., 2008). It is possible that bacterial taxa could 

turn over between sites, while similar functional roles are performed by the taxonomically different 

resident taxa. Hence, interpretation of genotype by environment interactions for microbial 

attributes should be carefully approached from both a functional and taxonomic perspective. 

Fourth, the identified plant genetic controls on bacterial abundance and microbial network 

structure should be explored with the goal of linking the identified taxa and communities with 

plant genes through genome wide association studies. For instance, in Arabidopsis thaliana, 

genome-wide association study has led to identification of plant gene (CYP71A27) modulating 

both overall rhizosphere microbial community and interactions with single plant growth promoting 

bacteria (Pseudomonas sp. CH267) (Koprivova et al., 2019). 
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6.2.2 Insights into microbial assembly processes in the B. napus rhizosphere 

The plant microbiome is composed of complex, interconnected microbial networks (van der 

Heijden and Hartmann, 2016). Understanding the microbial assembly processes of these networks 

under field conditions is crucial to identify microbial community structures that favour crop 

productivity. This is the first study to examine how B. napus rhizosphere bacterial community 

interaction networks shift across plant development and provide insights into the microbial 

assembly process. 

Proteobacteria (mainly Alphaproteobacteria and Gammaproteobacteria) and Actinobacteria 

were the most prominent bacterial phyla in the B. napus rhizosphere microbial networks. 

Alphaproteobacteria and Gammaproteobacteria are generally fast-growing r-strategists with the 

ability to utilize a wide range of root-derived carbon substrates (Peiffer et al., 2013). This suggests 

presence of B. napus driven strong selection forces for these bacterial groups. Hence, prioritizing 

these group of bacteria in future controlled studies that dissect microbial assembly processes is 

essential. 

The B. napus rhizosphere microbial community is characterized by the presence of core-hub 

communities that are generally conserved across its development. Core-hub communities are sets 

of bacteria with high coreness centrality values. Such higher coreness centrality values indicate a 

tendency to establish mutualistic relationships that result in tightly linked groups (Dani, 2014). 

Root exudates influence the canola rhizosphere microbial community (Rumberger and Marschner, 

2003); hence, early recruitment of the core-hub microbes from the bulk soil bacterial communities 

and consequent bacterial-bacterial interactions could be the reason for the observed conservation 

of the core-hub communities. I did not examine the bulk soil, so cannot interpret further any 

potential links between the bulk and rhizosphere microbial community. Alternatively, there is the 

possibility that most of the core-hub taxa are inherited from the seed microbiome. Such vertical 

transmission of the microbiome has been reported in other plants (Shade et al., 2017). 

Proteobacteria was the most prominent phyla in the B. napus rhizosphere microbial network here, 

and is a common phyla observed in B. napus seed (Barret et al., 2015; Rybakova et al., 2017). 

Further, classes Alphaproteobacteria and Gammaproteobacteria were also prominent in both the 

B. napus rhizosphere and in studies of the seed microbiome (Barret et al., 2015; Rybakova et al., 
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2017). Ongoing work analyzing the seed, shoot, and root endophyte communities in these 

experiments may shed light on this hypothesis. 

The persistent occurrence and associated functions of core plant microbiome could be a plant 

strategy to ensure plant health and productivity (Agler et al., 2016; Lemanceau et al., 2017). This 

study provides sets of identified core-hub communities that could be considered in detailed 

examination of microbial assembly processes. First, whether the identified co-occurrences of core-

hub taxa reflects true ecological interactions rather than non-random processes including niche 

overlap needs to be confirmed. Then the identified core-hub communities would be suitable for 

the synthetic community study approach (De Roy et al., 2014) to manipulate the communities and 

test different hypothesis regarding microbial assembly processes and their effects on plant 

phenotype. 

More broadly, it is important to consider whether the patterns observed here represent 

general microbial assembly processes common to all plant species. Some of the core-hub taxa 

identified in B. napus rhizosphere such as Flavisolibacter (Yang et al., 2017), Methylibium (Araujo 

et al., 2019), Phenylobacterium (Liu et al., 2019), and Pseudonocardia (Valverde et al., 2016) 

have also been identified as important taxa in the microbial networks of other crops suggesting a 

general importance of these bacterial genera in rhizosphere microbial assembly. The hypothesis 

that different plant species have shared rhizosphere microbial community assembly processes 

could be evaluated by mining the growing microbial sequence databases available on diverse plant 

species.    

6.2.3 Ecological perspectives to optimize inoculant design for B. napus 

Microbial inoculants have been successfully developed to enhance plant nutrition and 

growth in diverse crop species, typical examples are rhizobium and mycorrhizae (Santos et al., 

2019; Sikes et al., 2010). Whether similar inoculants could be developed for optimal rhizosphere 

communities remains poorly explored. Optimizing the rhizosphere microbial communities through 

inoculants enable to improve plant health and productivity. Performance variability of inoculants 

is a challenge hindering the successful application of positive plant-microbial interactions 

observed under controlled conditions to field scales. Traditionally, hundreds of microbes were 

cultivated to screen for candidate microbes that could enhance plant growth under controlled 

conditions. Beneficial effects of these identified candidate microbes are often not observed under 
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field conditions (Babalola, 2010; Hayat et al., 2010). Tailoring this traditional approach, by first 

holistically characterizing the rhizosphere microbiome to search for microbes that appear to be 

naturally well adapted to the rhizosphere (core bacteria) and then using this knowledge to inform 

selection of candidate microbes would enable to shorten the labour intensive screening of hundreds 

of microbes. Arthrobacter, Bradyrhizobium and Stenotrophomonas were cross-year conserved 

core bacterial genera. While Arthrobacter, Erwinia, Kaistobacter, Pedobacter and 

Stenotrophomonas were identified across three sites (Chapter 3). The B. napus rhizosphere appears 

to be a preferred environment for these genera. In addition, the beneficial roles of some of these 

genera in canola has been reported (Alström, 2001; Valetti et al., 2018). Thus, the core bacterial 

membership results support further investigation into their ecological functions and interactions 

with canola.  

A very tight microbial community structure has been identified for both the B. napus 

rhizosphere (Chapter 5) and seed microbiome (Rybakova et al., 2017). Such tightly linked sub-

communities in the rhizosphere could make a single bioinoculant approach ineffective as it is 

difficult for individual taxa to invade the closely linked microbial community. Previously, B. napus 

cultivars with higher indigenous seed microbial diversity showed higher colonization resistance 

against beneficial microorganisms (Rybakova et al., 2017), suggesting that a single microbiome 

based approach could be impractical. In this regard, the conserved core-hub communities could be 

a starting point for targeted investigations on bacterial interactions that leads towards a multi-taxa 

inoculum with better chance of invading the rhizosphere.  

Root length at the seedling stage is a good predictor of B. napus seed yield (Koscielny and 

Gulden, 2012). In this study, significant positive correlations between bacterial abundance and 

root length was observed only at the vegetative growth stage. Whether the increasing trend in root 

length at the vegetative stage is due to the plant’s direct high investment in root growth (only plant 

genetics), indirectly due to the growth promoting effect of the bacteria (positive plant-microbe 

interactions), or both should be further explored. Screening and selection for better root growth 

promoting bacteria that could lead to enhanced B. napus yield appears to be more effective if done 

at the vegetative growth stage. 
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6.3 B. napus as candidate model for dissecting rhizosphere microbial assembly 

Canola responds with ease to both conventional and molecular genetic manipulations. These 

features, together with the observed microbial patterns and signatures in its rhizosphere, suggest 

that B. napus could be a promising candidate model crop for dissecting microbial assembly. B. 

napus rhizosphere microbial assembly appears to be governed by two main processes. First are the 

processes that govern core-hub community establishment and conservation across growth stages. 

Second are the processes that govern shifts in bacterial-bacterial interaction patterns through the 

driver taxa. These clear patterns set the foundation for both confirmatory and manipulative studies 

to dissect the complex rhizosphere microbial assembly processes. With more sequencing and the 

assembly of B. napus genome becoming available (Clarke et al., 2016; Lee et al., 2020; Lu et al., 

2019; Raman et al., 2013; Song et al., 2020), linking plant genes with microbial attributes would 

also become more practical. Therefore, the observed microbial patterns, ease of genetic 

manipulation, and availability of sequenced genome make B. napus ideal candidate crop for 

dissecting microbial assembly processes in addition to the commonly used model A. thaliana.  

6.4 Conclusions 

This study, through a temporally intensive field characterization of B. napus rhizosphere 

bacterial community, has filled a significant knowledge gap in B. napus microbiome literature by 

identifying the overall, growth stage and genotype related microbial patterns and signatures 

necessary for future detailed investigations and manipulations. These novel insights into the 

rhizosphere bacterial community will enable the design of next generation strategies that combine 

both biocontrol and breeding approaches to address challenges in B. napus production and broadly 

world agricultural challenges.
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APPENDIX A 

Table A.1. List of the thirty-two bacterial phyla identified in the B. napus rhizosphere in 2016 and 2017 experiment at 

Saskatoon. The number of amplicon sequence variants (ASVs) observed for each phylum (frequency), sum of prevalence of 

each ASV within a phylum divided by corresponding frequency (mean prevalence), and total abundance of each phylum are 

presented. Unique phyla among the two years are in bold. 

  2016 Experiment 2017 experiment  

Phylum Frequency Mean prevalence (%) Total abundance Frequency Mean prevalence (%) Total abundance 

Acidobacteria 1674 10.95 302574116 789 2.68 3615078 

Actinobacteria 1469 9.81 255740786 922 4.63 25411969 

Armatimonadetes 37 1.76 434147 42 1.40 26622 

Bacteroidetes 1190 4 56370358 1374 3.64 39823950 

BRC1 58 2.74 1308494 15 1.00 5600 

Chlamydiae 2 1 213 2 1.50 697 

Chlorobi 27 1.56 259023 24 1.13 11211 

Chloroflexi 1158 8.18 179006987 478 2.25 1285903 

Cyanobacteria 23 2.39 514495 9 1.00 3443 

Elusimicrobia 21 1 21040 44 1.05 17622 

FBP 1 1 418 na na na 

Fibrobacteres 11 1.27 23326 9 1.00 2909 

Firmicutes 121 5.65 7833364 115 4.95 2455646 

GAL15 3 1.33 9269 na na na 

Gemmatimonadetes 464 4.92 22796090 269 2.56 1035027 

Kazan-3B-28 3 1 724 1 1.00 112 

MVP-21 5 1 4162 1 1.00 471 

Nitrospirae 79 9.08 7097647 47 1.89 61309 

NKB19 13 1.38 32353 1 1.00 78 

OD1 16 1.75 149248 17 1.12 5426 

Planctomycetes 287 4.42 11125654 320 2.06 1216201 

Proteobacteria 4655 6.15 679739753 3186 4.01 221735149 

SR1 1 1 545 na na na 

Tenericutes 1 1 743 2 1.00 344 

Thermi 7 1.57 16822 3 1.00 644 

TM6 5 1 17131 9 1.22 2886 

TM7 285 2.44 6061954 237 1.75 458557 

unclassified 333 1.04 446149 69 1.06 21157 

Verrucomicrobia 545 4.3 39155387 447 2.00 1242451 

WPS-2 3 1.67 7454 9 1.22 4005 

WS2 16 2.31 68743 2 1.00 416 

WS3 54 2.56 617164 28 1.71 30105 

AD3 Na na Na 3 2.67 3493 

BHI80-139 na na Na 1 1.00 351 

GN02 na na Na 2 1.00 383 
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APPENDIX B 

 

Prevalence and abundance distribution of amplicon sequence variants (ASVs) within each phylum. 

Each point represents an individual ASV. Total abundance is in a log (10) scale and the prevalence 

in the Y axis is the prevalence of each ASV divided by number of samples. 
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APPENDIX C 

Table C.1. Summary of the number of reads for the three major bacterial phyla (Acidobacteria, Actinobacteria, and 

Proteobacteria) in each of the sixteen B. napus genotypes in 2016 experiment. N (number of samples for each line), 

average, minimum, maximum, and total reads are presented. 

 

CanolaLine Phylum N Average Abundance Minimum Maximum Total 

NAM-0 

Acidobacteria 

28 

213053.4 3253 1771699 5965494 

Actinobacteria 359575.6 21953 1749901 10068118 

Proteobacteria 1370518.2 35659 24714855 38374510 

NAM-13 

Acidobacteria 

30 

496695.8 21014 4741296 14900875 

Actinobacteria 473220.9 12809 3042082 14196626 

Proteobacteria 1336912.4 73495 12003282 40107373 

NAM-14 

Acidobacteria 

30 

572675.0 6013 5231118 17180250 

Actinobacteria 449478.8 15107 4679405 13484363 

Proteobacteria 878845.1 44053 7712377 26365353 

NAM-17 

Acidobacteria 

30 

451413.5 33 5736922 13542404 

Actinobacteria 417992.9 896 4390339 12539786 

Proteobacteria 984696.0 4282 7639589 29540880 

NAM-23 

Acidobacteria 

30 

468908.2 2911 3434793 14067246 

Actinobacteria 388016.5 0 1885078 11640494 

Proteobacteria 1222810.4 0 11907944 36684312 

NAM-30 

Acidobacteria 

30 

308981.6 0 1737194 9269448 

Actinobacteria 429462.1 11762 2780783 12883864 

Proteobacteria 877517.3 23492 8238860 26325520 

NAM-32 

Acidobacteria 

30 

499682.8 26308 3674655 14990485 

Actinobacteria 538711.2 12582 1939378 16161337 

Proteobacteria 1062173.9 56921 6184766 31865217 

NAM-37 

Acidobacteria 

30 

403857.5 0 4592690 12115726 

Actinobacteria 473647.6 2125 2107152 14209428 

Proteobacteria 855073.8 8716 4543963 25652213 

NAM-43 

Acidobacteria 

30 

835634.6 15052 12890481 25069039 

Actinobacteria 656519.2 37240 6034666 19695576 

Proteobacteria 1106142.5 54745 11646846 33184276 

NAM-46 

Acidobacteria 

30 

3239164.4 2501 83843462 97174933 

Actinobacteria 2107266.1 13582 32936685 63217982 

Proteobacteria 7546166.2 23149 166974228 226384985 
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Table C.1 continued 

CanolaLine Phylum N Average Abundace Minimum Maximum Total 

NAM-48 

Acidobacteria 

30 

570336.5 8858 6224626 17110094 

Actinobacteria 372779.8 6215 1467049 11183395 

Proteobacteria 694237.8 13615 3098856 20827135 

NAM-5 

Acidobacteria 

30 

395991.3 104 2658452 11879738 

Actinobacteria 316058.4 5244 1328328 9481751 

Proteobacteria 802337.9 10175 6096087 24070137 

NAM-72 

Acidobacteria 

29 

893498.2 2573 11420087 25911447 

Actinobacteria 358027.4 5919 1609927 10382796 

Proteobacteria 506311.5 12043 1803373 14683034 

NAM-76 

Acidobacteria 

30 

298337.9 21434 2731997 8950136 

Actinobacteria 408930.3 14570 2302118 12267909 

Proteobacteria 1176043.7 32576 15240923 35281311 

NAM-79 

Acidobacteria 

30 

155333.2 10061 1058829 4659997 

Actinobacteria 396914.2 5567 2182628 11907427 

Proteobacteria 1465693.9 26817 17149220 43970817 

YN04-

C1213 

Acidobacteria 

30 

326226.8 5805 2235032 9786804 

Actinobacteria 413997.8 31828 2378270 12419933 

Proteobacteria 880756.0 36793 5409095 26422680 
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APPENDIX D 

Table D.1. B. napus core bacterial taxa identified at three sites and two years with their corresponding prevalence and relative abundances (relative to total number 

of reads observed at each site or location).  

2016 Llewellen  

Phylum Class Order Family Genus Species Prevalence (%) 

Relative Abundace 

(%) 

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas retroflexus 75.5 6.3 

Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter  96.6 3.3 

Acidobacteria Chloracidobacteria RB41 Ellin6075 unclassified  80.1 1.0 

Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium  95.4 1.0 

Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae Skermanella  78.2 0.5 

Actinobacteria Thermoleophilia Gaiellales Gaiellaceae unclassified   75.9 0.4 

2017 Llewellen  

Phylum Class Order Family Genus Species Prevalence (%) 
Relative Abundace 

(%) 

Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas  
87.4 9.6 

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas retroflexus 93.0 7.5 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia  
90.9 4.7 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia  
95.1 4.0 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter  
91.6 3.1 

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas maltophilia 82.5 2.6 

Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter  
98.6 2.5 

Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter  
88.8 0.5 

Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium  
76.2 0.4 

Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Microlunatus  
89.5 0.3 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae unclassified   77.6 0.3 
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Table D.1. Continued 

 
2017 Melfort               

Phylum Class Order Family Genus Species 
Prevalence (%) Relative Abundance (%) 

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas retroflexus 90.8 11.2 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia  90.1 7.1 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia  91.5 6.8 

Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter  92.9 2.7 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter  78.0 2.4 

Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Microlunatus  92.9 0.9 

Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Variovorax paradoxus 75.9 0.7 

Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter  90.8 0.6 

Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter  89.4 0.5 

Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium  83.7 0.4 

Actinobacteria Actinobacteria Actinomycetales Nocardiaceae Rhodococcus  76.6 0.3 

Actinobacteria Actinobacteria Micrococcales unclassified unclassified  85.1 0.3 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Mucilaginibacter gossypii 83.7 0.3 

Actinobacteria Thermoleophilia Gaiellales Gaiellaceae unclassified  75.9 0.3 

Actinobacteria Thermoleophilia Gaiellales Gaiellaceae unclassified  78.0 0.2 

Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes  78.7 0.2 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae unclassified  84.4 0.2 

Planctomycetes Phycisphaerae WD2101 unclassified unclassified  76.6 0.2 

Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Caulobacter  82.3 0.2 

Proteobacteria Betaproteobacteria SC-I-84 unclassified unclassified  76.6 0.2 

Gemmatimonadetes Gemmatimonadetes unclassified unclassified unclassified   75.9 0.1 

2017 Scot               

Phylum Class Order Family Genus Species  Prevalence (%)  Relative Abundance (%) 

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas retroflexus 88.1 9.5 

Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter  87.3 2.6 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia  88.1 2.4 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia  79.4 1.5 

Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter  82.5 1.4 

Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter  84.1 0.8 

Firmicutes Bacilli Bacillales Bacillaceae Bacillus longiquaesitum 83.3 0.4 
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APPENDIX E 

 

 

Dendrogram plot based on single nucleotide polymorphisms across the genomes of sixteen B. 

napus genotypes determined using an Illumina chip. 
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APPENDIX F 

 

 

 

 

 

 

The top twenty differentially abundant bacterial genera based on log fold change (logFC) in fifteen 

B. napus genotypes compared with the reference (NAM-0).
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Appendix F continued. 

 

 

 

The top twenty differentially abundant bacterial genera based on log fold change (logFC) in fifteen 

B. napus genotypes compared with the reference (NAM-0). 
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Appendix F continued. 

 

 

The top twenty differentially abundant bacterial genera based on log fold change (logFC) in fifteen 

B. napus genotypes compared with the reference (NAM-0). 
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Appendix F continued. 

 

 

The top twenty differentially abundant bacterial genera based on log fold change (logFC) in fifteen 

B. napus genotypes compared with the reference (NAM-0).
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APPENDIX G 

Table G.1. List of named differentially more abundant bacterial taxa with log fold change 6 and 

higher and false discovery rate less than 0.001in 15 canola lines compared with the reference line 

(NAM-0) and their associated log fold change (logFC) and log count per million (logCPM). 

Bacterial genera are alphabetically ordered. 

 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Xanthomonadaceae Achromobacter 

10.81 8.55 NAM-14 

8.47 8.55 NAM-30 

7.48 8.55 NAM-32 

6.13 8.55 NAM-46 

6.38 8.55 NAM-94 

Proteobacteria Comamonadaceae Acidovorax 6.21 13.24 NAM-46 

Actinobacteria Thermomonosporaceae Actinoallomurus 6.72 4.08 NAM-43 

Actinobacteria Thermomonosporaceae Actinocorallia 8.19 5.61 NAM-13 

Proteobacteria Polyangiaceae Aetherobacter 

9.03 9.06 NAM-13 

9.15 9.06 NAM-32 

7.72 9.06 NAM-43 

9.60 9.06 NAM-5 

9.77 9.06 NAM-72 

9.14 9.06 NAM-79 

7.86 9.06 NAM-94 

Firmicutes Tissierellaceae Anaerococcus 7.10 4.42 NAM-14 

Chloroflexi Anaerolinaceae Anaerolinea 7.09 4.41 NAM-79 

Proteobacteria Myxococcaceae Anaeromyxobacter 8.32 5.57 NAM-43 

Proteobacteria Comamonadaceae Aquabacterium 
7.93 6.16 NAM-72 

7.98 6.16 NAM-94 

Proteobacteria Coxiellaceae Aquicella 
7.48 5.84 NAM-48 

6.20 5.84 NAM-79 

Proteobacteria Caulobacteraceae Arthrospira 
6.70 5.08 NAM-23 

6.86 5.08 NAM-72 

Proteobacteria Caulobacteraceae Asticcacaulis 
7.50 5.79 NAM-46 

6.17 5.79 NAM-76 

Proteobacteria Bradyrhizobiaceae Blastobacter 6.01 5.00 NAM-5 

Proteobacteria Alcaligenaceae Bordetella 
7.31 5.62 NAM-23 

7.17 5.62 NAM-37 

Proteobacteria Bradyrhizobiaceae Bosea 

7.29 8.11 NAM-14 

9.18 8.11 NAM-30 

7.34 8.11 NAM-46 

7.19 8.11 NAM-48 

7.80 8.11 NAM-76 

8.04 8.11 NAM-79 

8.28 8.11 NAM-94 
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Table G.1. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Burkholderiaceae Burkholderia 8.52 8.28 NAM-30 

Acidobacteria Koribacteraceae 
Candidatus 

Koribacter 

7.20 6.15 NAM-14 

7.58 6.15 NAM-30 

Acidobacteria Solibacteraceae Candidatus Solibacter 

8.65 7.75 NAM-17 

9.49 7.75 NAM-5 

7.37 7.75 NAM-79 

6.79 7.75 NAM-94 

Firmicutes Carnobacteriaceae Carnobacterium 

7.00 7.50 NAM-14 

9.09 7.50 NAM-17 

8.08 7.50 NAM-5 

7.71 7.50 NAM-79 

6.24 7.50 NAM-94 

Actinobacteria Cellulomonadaceae Cellulomonas 

9.97 10.23 NAM-13 

7.44 10.23 NAM-17 

7.30 10.23 NAM-23 

9.28 10.23 NAM-30 

8.70 10.23 NAM-32 

11.87 10.23 NAM-43 

8.07 10.23 NAM-46 

8.63 10.23 NAM-5 

7.25 10.23 NAM-72 

8.53 10.23 NAM-76 

10.05 10.23 NAM-94 

Actinobacteria Promicromonosporaceae Cellulosimicrobium 

7.51 7.72 NAM-13 

10.00 7.72 NAM-23 

8.04 7.72 NAM-32 

Proteobacteria Beijerinckiaceae Chelatococcus 8.09 5.37 NAM-43 

Verrucomicrobia Chthoniobacteraceae Chthoniobacter 7.29 13.28 NAM-46 

Proteobacteria Enterobacteriaceae Citrobacter 8.66 5.90 NAM-17 

Actinobacteria Microbacteriaceae Clavibacter 

8.30 7.91 NAM-23 

8.90 7.91 NAM-43 

9.20 7.91 NAM-5 

8.19 7.91 NAM-79 

Firmicutes Lachnospiraceae Clostridium 10.79 8.03 NAM-46 

Actinobacteria Corynebacteriaceae Corynebacterium 6.46 4.08 NAM-14 

Actinobacteria Cryptosporangiaceae Cryptosporangium 7.71 5.19 NAM-43 

Actinobacteria Microbacteriaceae Curtobacterium 7.83 5.09 NAM-30 

Proteobacteria Oxalobacteraceae Duganella 6.81 5.00 NAM-17 
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Table G.1. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Xanthomonadaceae Dyella 

8.19 7.98 NAM-13 

6.99 7.98 NAM-30 

9.80 7.98 NAM-32 

8.38 7.98 NAM-46 

Bacteroidetes Weeksellaceae Elizabethkingia 

9.37 8.47 NAM-14 

7.53 8.47 NAM-32 

10.53 8.47 NAM-48 

6.03 8.47 NAM-5 

Bacteroidetes Cytophagaceae Emticicia 6.93 4.26 NAM-17 

Proteobacteria Enterobacteriaceae Enterobacter 

15.02 12.89 NAM-17 

10.26 12.89 NAM-23 

13.81 12.89 NAM-46 

12.06 12.89 NAM-79 

Firmicutes Enterococcaceae Enterococcus 14.53 11.72 NAM-46 

Actinobacteria Microbacteriaceae Frigoribacterium 8.12 5.38 NAM-5 

Planctomycetes Gemmataceae Gemmata 

7.32 7.43 NAM-32 

6.10 7.43 NAM-37 

7.11 7.43 NAM-46 

6.95 7.43 NAM-48 

6.76 7.43 NAM-5 

8.63 7.43 NAM-72 

7.62 7.43 NAM-76 

Proteobacteria Haliangiaceae Haliangium 7.28 4.84 NAM-14 

Proteobacteria Oxalobacteraceae Herminiimonas 
9.09 6.57 NAM-17 

6.79 6.57 NAM-30 

Proteobacteria Comamonadaceae Hydrogenophaga 9.35 6.57 NAM-46 

Proteobacteria 

Comamonadaceae Hylemonella 

8.86 6.83 NAM-13 

Proteobacteria 6.90 6.83 NAM-17 

Proteobacteria 7.03 6.83 NAM-43 

Proteobacteria 6.13 6.83 NAM-79 

Proteobacteria Rhodospirillaceae Inquilinus 6.19 4.30 NAM-94 

Proteobacteria Rhizobiaceae Kaistia 

7.94 7.46 NAM-13 

7.60 7.46 NAM-17 

6.49 7.46 NAM-30 

8.39 7.46 NAM-46 

6.08 7.46 NAM-48 

7.46 7.46 NAM-5 

6.08 7.46 NAM-72 
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Table G.1. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Enterobacteriaceae Klebsiella 10.55 7.76 NAM-46 

Actinobacteria Intrasporangiaceae Knoellia 8.52 5.76 NAM-46 

Proteobacteria Comamonadaceae Leptothrix 
7.71 5.85 NAM-14 

6.31 5.85 NAM-23 

Verrucomicrobia Verrucomicrobiaceae Luteolibacter 

7.52 6.05 NAM-23 

6.17 6.05 NAM-32 

6.13 6.05 NAM-46 

Proteobacteria Oxalobacteraceae Massilia 

7.98 12.21 NAM-17 

8.16 12.21 NAM-32 

6.41 12.21 NAM-43 

8.65 12.21 NAM-46 

6.06 12.21 NAM-5 

6.90 12.21 NAM-79 

6.21 12.21 NAM-94 

Actinobacteria Micromonosporaceae Micromonospora 

10.10 10.57 NAM-13 

8.89 10.57 NAM-14 

9.81 10.57 NAM-17 

9.21 10.57 NAM-30 

10.04 10.57 NAM-32 

7.77 10.57 NAM-37 

12.32 10.57 NAM-43 

8.98 10.57 NAM-72 

8.11 10.57 NAM-79 

8.67 10.57 NAM-94 

Actinobacteria Geodermatophilaceae Modestobacter 
7.76 6.09 NAM-30 

7.96 6.09 NAM-32 

Proteobacteria Myxococcaceae Myxococcus 

7.43 7.32 NAM-13 

6.37 7.32 NAM-17 

7.66 7.32 NAM-30 

6.74 7.32 NAM-32 

8.64 7.32 NAM-46 

6.97 7.32 NAM-94 

Proteobacteria Nannocystaceae Nannocystis 

8.75 9.98 NAM-13 

7.58 9.98 NAM-14 

8.28 9.98 NAM-17 

8.00 9.98 NAM-23 

10.58 9.98 NAM-30 

7.98 9.98 NAM-32 

10.71 9.98 NAM-43 

7.34 9.98 NAM-46 

10.12 9.98 NAM-5 

7.06 9.98 NAM-72 

8.91 9.98 NAM-79 

7.77 9.98 NAM-94 
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Table G.1. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Oxalobacteraceae Naxibacter 6.51 3.88 NAM-46 

Proteobacteria Oxalobacteraceae Niabella 

8.47 9.15 NAM-14 

8.13 9.15 NAM-23 

6.15 9.15 NAM-37 

8.87 9.15 NAM-43 

10.80 9.15 NAM-46 

8.77 9.15 NAM-5 

8.58 9.15 NAM-72 

6.61 9.15 NAM-76 

6.26 9.15 NAM-79 

Actinobacteria Nocardioidaceae Nocardioides 

8.66 10.53 NAM-13 

9.30 10.53 NAM-14 

9.03 10.53 NAM-32 

10.02 10.53 NAM-37 

11.48 10.53 NAM-43 

8.83 10.53 NAM-46 

8.38 10.53 NAM-48 

9.04 10.53 NAM-5 

10.90 10.53 NAM-76 

7.81 10.53 NAM-94 

Proteobacteria Sphingomonadaceae Novosphingobium 

10.44 9.56 NAM-13 

7.45 9.56 NAM-14 

9.40 9.56 NAM-17 

9.33 9.56 NAM-23 

7.08 9.56 NAM-30 

7.80 9.56 NAM-43 

8.46 9.56 NAM-48 

8.90 9.56 NAM-5 

9.04 9.56 NAM-72 

9.42 9.56 NAM-94 

Proteobacteria Comamonadaceae Pelomonas 

8.77 6.90 NAM-72 

6.63 6.90 NAM-76 

8.21 6.90 NAM-79 

Firmicutes Veillonellaceae Pelosinus 8.36 5.60 NAM-17 

Proteobacteria Alcaligenaceae Pigmentiphaga 

10.75 8.40 NAM-14 

8.66 8.40 NAM-79 

7.82 8.40 NAM-94 

Firmicutes Planococcaceae Planomicrobium 7.82 5.09 NAM-5 

Proteobacteria Comamonadaceae Polaromonas 6.34 3.80 NAM-14 

Proteobacteria Polyangiaceae Polyangium 

6.27 6.43 NAM-13 

8.43 6.43 NAM-32 

6.84 6.43 NAM-48 
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Table G.1. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Procabacteriaceae Procabacter 6.71 4.07 NAM-13 

Actinobacteria Propionibacteriaceae Propionibacterium 6.28 4.97 NAM-30 

Proteobacteria Comamonadaceae Pseudorhodoferax 

8.59 9.35 NAM-23 

10.19 9.35 NAM-30 

10.74 9.35 NAM-43 

7.21 9.35 NAM-79 

10.17 9.35 NAM-94 

Bacteroidetes Cytophagaceae Rhodocytophaga 7.29 5.67 NAM-23 

Bacteroidetes Rhodothermaceae Rubricoccus 8.40 5.64 NAM-14 

Proteobacteria Comamonadaceae Rubrivivax 
8.17 6.33 NAM-23 

8.04 6.33 NAM-30 

Firmicutes Paenibacillaceae Saccharibacillus 6.26 4.39 NAM-43 

Actinobacteria Actinosynnemataceae Saccharothrix 7.57 4.85 NAM-13 

Bacteroidetes Chitinophagaceae Sediminibacterium 6.41 3.81 NAM-23 

Bacteroidetes Chitinophagaceae Segetibacter 6.25 3.66 NAM-94 

Proteobacteria Rhizobiaceae Shinella 10.35 7.56 NAM-30 

Actinobacteria Sporichthyaceae Sporichthya 6.93 4.26 NAM-5 

Bacteroidetes Cytophagaceae 
Sporocytophaga 

6.53 5.28 NAM-5 

6.76 5.28 NAM-79 

Firmicutes Planococcaceae Sporosarcina 6.63 4.00 NAM-14 

Firmicutes Staphylococcaceae Staphylococcus 
6.78 6.53 NAM-43 

8.62 6.53 NAM-72 

Firmicutes Streptococcaceae Streptococcus 

7.73 5.98 NAM-14 

7.03 5.98 NAM-23 

6.04 5.98 NAM-76 

Bacteroidetes Chitinophagaceae Trachelomonas 

7.42 7.96 NAM-17 

8.86 7.96 NAM-37 

7.35 7.96 NAM-5 

9.04 7.96 NAM-79 

Firmicutes Turicibacteraceae Turicibacter 6.83 4.58 NAM-30 

Firmicutes Veillonellaceae Veillonella 7.37 4.66 NAM-14 

Firmicutes Leuconostocaceae Weissella 6.49 3.88 NAM-48 

Proteobacteria Hyphomonadaceae 
Woodsholea 

7.22 5.17 NAM-14 

Proteobacteria Hyphomonadaceae 6.50 5.17 NAM-43 

Proteobacteria Xanthomonadaceae Xanthomonas 

10.30 11.16 NAM-30 

6.34 11.16 NAM-32 

13.77 11.16 NAM-46 

6.74 11.16 NAM-48 

7.67 11.16 NAM-5 

7.84 11.16 NAM-76 

6.49 11.16 NAM-79 
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Table G.2. List of named differentially less abundant bacterial taxa with log fold change 6 and 

higher and false discovery rate less than 0.001in 15 canola lines compared with the reference line 

(NAM-0) and their associated log fold change (logFC) and log count per million (logCPM). 

Bacterial genera are alphabetically ordered. 

 

Phylum Family Genus logFC logCPM Lines 

Actinobacteria Micromonosporaceae Actinoplanes 

-7.34 8.28 NAM-13 

-7.44 8.28 NAM-14 

-7.31 8.28 NAM-17 

-7.22 8.28 NAM-23 

-7.51 8.28 NAM-5 

-7.01 8.28 NAM-76 

Actinobacteria Nocardioidaceae Aeromicrobium -10.31 11.67 NAM-17 

Proteobacteria Rhodobiaceae Afifella -8.27 10.47 NAM-79 

Proteobacteria Phyllobacteriaceae Aminobacter 

-7.78 9.15 NAM-14 

-7.34 9.15 NAM-17 

-7.86 9.15 NAM-30 

-7.79 9.15 NAM-37 

-7.85 9.15 NAM-5 

-7.92 9.15 NAM-94 

Actinobacteria Pseudonocardiaceae Amycolatopsis 

-8.76 8.62 NAM-13 

-8.50 8.62 NAM-17 

-8.63 8.62 NAM-23 

-8.57 8.62 NAM-37 

-8.70 8.62 NAM-43 

-8.51 8.62 NAM-48 

-7.95 8.62 NAM-5 

-8.73 8.62 NAM-76 

-8.26 8.62 NAM-79 

Chloroflexi Ardenscatenaceae Ardenscatena 

-6.21 7.37 NAM-17 

-6.27 7.37 NAM-37 

-6.36 7.37 NAM-43 

-6.24 7.37 NAM-76 

-6.35 7.37 NAM-79 

Actinobacteria Geodermatophilaceae Blastococcus 

-7.30 7.12 NAM-13 

-7.18 7.12 NAM-17 

-7.24 7.12 NAM-48 

-7.21 7.12 NAM-5 

-7.04 7.12 NAM-72 

-7.63 7.12 NAM-76 

-7.16 7.12 NAM-79 
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Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Caulobacteraceae Brevundimonas 
-9.15 11.19 NAM-17 

-9.22 11.19 NAM-72 

Chloroflexi Caldilineaceae Caldilinea -10.06 12.71 NAM-30 

Proteobacteria Entotheonellaceae Candidatus Entotheonella 
-6.03 8.73 NAM-17 

-6.25 8.73 NAM-94 

Verrucomicrobia Chthoniobacteraceae 

Candidatus 

Xiphinematobacter -7.64 9.51 NAM-76 

Proteobacteria Caulobacteraceae Caulobacter -10.09 10.75 NAM-48 

Bacteroidetes Chitinophagaceae Chitinophaga 

-9.84 9.15 NAM-17 

-9.84 9.15 NAM-32 

-10.04 9.15 NAM-43 

-9.84 9.15 NAM-46 

-10.08 9.15 NAM-94 

Proteobacteria Polyangiaceae Chondromyces 

-8.60 9.94 NAM-13 

-8.46 9.94 NAM-14 

-8.34 9.94 NAM-17 

-8.46 9.94 NAM-30 

-8.34 9.94 NAM-32 

-8.40 9.94 NAM-37 

-8.34 9.94 NAM-46 

-8.40 9.94 NAM-48 

-8.53 9.94 NAM-5 

-8.41 9.94 NAM-72 

-8.75 9.94 NAM-76 

-8.60 9.94 NAM-94 

Proteobacteria Acetobacteraceae Craurococcus 

-6.38 5.46 NAM-14 

-6.24 5.46 NAM-17 

-6.38 5.46 NAM-23 

-6.38 5.46 NAM-30 

-6.24 5.46 NAM-32 

-6.31 5.46 NAM-37 

-6.46 5.46 NAM-43 

-6.24 5.46 NAM-46 

-6.46 5.46 NAM-5 

-6.31 5.46 NAM-72 

-6.38 5.46 NAM-79 

-6.51 5.46 NAM-94 

Proteobacteria Comamonadaceae Delftia -9.93 13.14 NAM-30 

 



 

170 
 

Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Rhodospirillaceae Dongia 

-8.56 5.41 NAM-13 

-8.40 5.41 NAM-14 

-8.25 5.41 NAM-17 

-8.40 5.41 NAM-23 

-8.40 5.41 NAM-30 

-8.09 5.41 NAM-32 

-8.33 5.41 NAM-37 

-8.48 5.41 NAM-43 

-8.25 5.41 NAM-46 

-8.33 5.41 NAM-48 

-8.48 5.41 NAM-5 

-8.75 5.41 NAM-76 

-8.40 5.41 NAM-79 

-8.56 5.41 NAM-94 

Verrucomicrobia Chthoniobacteraceae Ellin506 

-9.58 10.79 NAM-13 

-9.92 10.79 NAM-43 

-9.36 10.79 NAM-72 

-9.99 10.79 NAM-94 

Firmicutes Exiguobacteraceae Exiguobacterium 

-6.93 10.15 NAM-30 

-6.65 10.15 NAM-37 

-6.80 10.15 NAM-46 

Armatimonadetes Fimbriimonadaceae Fimbriimonas 

-8.09 10.80 NAM-30 

-8.03 10.80 NAM-48 

-8.25 10.80 NAM-76 

-8.00 10.80 NAM-94 

Bacteroidetes Cryomorphaceae Fluviicola 

-9.29 9.11 NAM-17 

-6.08 9.11 NAM-32 

-9.25 9.11 NAM-48 

Gemmatimonadetes Gemmatimonadaceae Gemmatimonas 

-7.52 9.34 NAM-37 

-7.51 9.34 NAM-43 

-7.59 9.34 NAM-48 

-7.65 9.34 NAM-5 

-7.75 9.34 NAM-79 

Bacteroidetes Cytophagaceae Hymenobacter 

-6.91 8.44 NAM-14 

-6.78 8.44 NAM-32 

-6.85 8.44 NAM-72 

Nitrospirae Nitrospiraceae JG37-AG-70 

-7.89 7.51 NAM-13 

-7.91 7.51 NAM-14 

-7.98 7.51 NAM-5 

-7.80 7.51 NAM-72 

-7.91 7.51 NAM-79 

-7.94 7.51 NAM-94 
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Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Actinobacteria Actinosynnemataceae Kibdelosporangium 

-7.33 6.75 NAM-13 

-7.38 6.75 NAM-14 

-7.24 6.75 NAM-17 

-7.38 6.75 NAM-23 

-7.24 6.75 NAM-32 

-7.31 6.75 NAM-37 

-7.45 6.75 NAM-43 

-7.24 6.75 NAM-46 

-7.31 6.75 NAM-48 

-7.45 6.75 NAM-5 

-7.32 6.75 NAM-72 

-7.66 6.75 NAM-76 

-7.38 6.75 NAM-79 

-7.53 6.75 NAM-94 

Proteobacteria Xanthobacteraceae Labrys -9.46 10.41 NAM-17 

Bacteroidetes Chitinophagaceae Lacibacter 

-6.64 7.34 NAM-13 

-6.66 7.34 NAM-14 

-6.61 7.34 NAM-23 

-6.54 7.34 NAM-30 

-6.59 7.34 NAM-37 

-6.53 7.34 NAM-46 

-6.33 7.34 NAM-79 

Proteobacteria Legionellaceae Legionella 

-6.82 7.40 NAM-14 

-6.68 7.40 NAM-17 

-7.13 7.40 NAM-76 

Proteobacteria Vibrionaceae Listonella 

-8.63 6.20 NAM-13 

-8.48 6.20 NAM-14 

-8.33 6.20 NAM-17 

-8.48 6.20 NAM-23 

-8.47 6.20 NAM-30 

-8.40 6.20 NAM-37 

-8.40 6.20 NAM-48 

-8.52 6.20 NAM-5 

-8.81 6.20 NAM-76 

-8.63 6.20 NAM-94 

Proteobacteria Xanthomonadaceae Luteimonas 

-10.01 10.90 NAM-17 

-10.20 10.90 NAM-23 

-10.16 10.90 NAM-43 

-9.88 10.90 NAM-48 
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Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Methylobacteriaceae Methylobacterium 

-8.13 8.43 NAM-13 

-8.01 8.43 NAM-14 

-7.50 8.43 NAM-23 

-8.08 8.43 NAM-43 

-7.90 8.43 NAM-48 

-7.79 8.43 NAM-5 

-8.02 8.43 NAM-94 

Actinobacteria Microbacteriaceae Mycetocola 

-6.35 7.73 NAM-13 

-6.16 7.73 NAM-17 

-6.30 7.73 NAM-23 

-6.12 7.73 NAM-30 

-6.16 7.73 NAM-32 

-6.11 7.73 NAM-46 

-6.23 7.73 NAM-48 

-6.37 7.73 NAM-5 

-6.24 7.73 NAM-72 

-6.59 7.73 NAM-76 

-6.07 7.73 NAM-79 

Bacteroidetes Chitinophagaceae Niastella 

-7.05 7.09 NAM-13 

-7.00 7.09 NAM-23 

-6.93 7.09 NAM-37 

-7.02 7.09 NAM-43 

-6.93 7.09 NAM-48 

-7.15 7.09 NAM-76 

-7.10 7.09 NAM-94 

Actinobacteria Streptosporangiaceae Nonomuraea 

-8.37 5.48 NAM-13 

-8.21 5.48 NAM-14 

-8.06 5.48 NAM-17 

-8.21 5.48 NAM-23 

-8.21 5.48 NAM-30 

-8.13 5.48 NAM-37 

-8.24 5.48 NAM-43 

-8.06 5.48 NAM-46 

-8.13 5.48 NAM-48 

-8.29 5.48 NAM-5 

-8.14 5.48 NAM-72 

-7.79 5.48 NAM-76 

-8.03 5.48 NAM-79 

-8.37 5.48 NAM-94 
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Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Brucellaceae Ochrobactrum 

-9.28 10.07 NAM-13 

-9.09 10.07 NAM-14 

-9.14 10.07 NAM-17 

-9.27 10.07 NAM-23 

-9.33 10.07 NAM-5 

-9.49 10.07 NAM-76 

-9.32 10.07 NAM-94 

Verrucomicrobia Opitutaceae Opitutus -6.01 7.02 NAM-76 

Verrucomicrobia Chthoniobacteraceae OR-59 -6.27 11.88 NAM-30 

Actinobacteria 

Micromonosporaceae Pilimelia 

-8.73 7.49 NAM-14 

-9.02 7.49 NAM-17 

-9.02 7.49 NAM-23 

-8.36 7.49 NAM-30 

-8.55 7.49 NAM-37 

-9.02 7.49 NAM-46 

-8.84 7.49 NAM-48 

-8.88 7.49 NAM-72 

-9.24 7.49 NAM-76 

-9.16 7.49 NAM-79 

Proteobacteria Nannocystaceae Plesiocystis 

-7.51 7.53 NAM-13 

-7.36 7.53 NAM-37 

-7.29 7.53 NAM-46 

-7.22 7.53 NAM-48 

-7.50 7.53 NAM-5 

Verrucomicrobia Verrucomicrobiaceae Prosthecobacter -9.78 14.05 NAM-5 

Proteobacteria Enterobacteriaceae Providencia 

-8.28 9.79 NAM-23 

-8.28 9.79 NAM-30 

-8.16 9.79 NAM-32 

-8.22 9.79 NAM-48 

-8.57 9.79 NAM-76 

-8.39 9.79 NAM-94 

Proteobacteria Enterobacteriaceae Pseudomonas 

-6.40 6.91 NAM-32 

-6.61 6.91 NAM-43 

-6.47 6.91 NAM-48 

-6.61 6.91 NAM-5 

-6.48 6.91 NAM-72 
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Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Comamonadaceae Ramlibacter 

-8.06 7.86 NAM-13 

-7.92 7.86 NAM-14 

-7.78 7.86 NAM-17 

-7.92 7.86 NAM-23 

-7.92 7.86 NAM-30 

-7.78 7.86 NAM-32 

-7.32 7.86 NAM-37 

-7.78 7.86 NAM-46 

-7.85 7.86 NAM-48 

-7.75 7.86 NAM-5 

-8.22 7.86 NAM-76 

-7.92 7.86 NAM-79 

-7.88 7.86 NAM-94 

Proteobacteria Xanthomonadaceae Rhodanobacter 
-7.57 10.35 NAM-14 

-7.64 10.35 NAM-43 

Proteobacteria Rhodobacteraceae Rhodobacter 

-8.27 9.27 NAM-17 

-8.35 9.27 NAM-30 

-8.27 9.27 NAM-46 

-8.38 9.27 NAM-94 

Proteobacteria Hyphomicrobiaceae Rhodobium 

-8.10 8.89 NAM-17 

-8.21 8.89 NAM-43 

-8.23 8.89 NAM-79 

Proteobacteria Acetobacteraceae Roseomonas -6.59 11.25 NAM-13 

Proteobacteria Polyangiaceae Sorangium 
-7.19 10.07 NAM-37 

-7.16 10.07 NAM-72 
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Table G.2. Continued 

Phylum Family Genus logFC logCPM Lines 

Proteobacteria Sphingomonadaceae Sphingobium 

-8.05 4.88 NAM-13 

-7.88 4.88 NAM-14 

-7.73 4.88 NAM-17 

-7.85 4.88 NAM-23 

-7.73 4.88 NAM-32 

-7.81 4.88 NAM-37 

-7.96 4.88 NAM-43 

-7.73 4.88 NAM-46 

-7.81 4.88 NAM-48 

-7.96 4.88 NAM-5 

-7.81 4.88 NAM-72 

-8.23 4.88 NAM-76 

-7.88 4.88 NAM-79 

-8.05 4.88 NAM-94 

Actinobacteria Streptosporangiaceae Streptosporangium -8.96 9.72 NAM-76 

Proteobacteria Vibrionaceae Vibrio -9.64 11.57 NAM-43 

Actinobacteria Williamsiaceae Williamsia 

-6.53 4.81 NAM-13 

-6.36 4.81 NAM-14 

-6.21 4.81 NAM-17 

-6.31 4.81 NAM-23 

-6.36 4.81 NAM-30 

-6.21 4.81 NAM-32 

-6.28 4.81 NAM-37 

-6.21 4.81 NAM-46 

-6.28 4.81 NAM-48 

-6.44 4.81 NAM-5 

-6.29 4.81 NAM-72 

-6.68 4.81 NAM-76 

-6.30 4.81 NAM-79 

-6.53 4.81 NAM-94 
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APPENDIX H 

 

 

Change over time in root length of different diameter class (a) total fine root length, (b) fine root 

length (0.5 – 2 mm), (c) extra fine root length (0 – 0.5 mm), (d) coarse root length in B. napus. 
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APPENDIX I 

 

 

Change over time in total root length of sixteen B. napus lines (a) NAM-0, (b) NAM-13, (c) NAM-

14, (d) NAM-17, (e) NMA-23, (f) NAM-30, (g) NAM-32, (h) NAM-37. 
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Appendix I continued 

 

 

Change over time in total root length of sixteen B. napus lines (i) NAM-43, (j) NAM-46, (k) 

DH27298 (NAM-48), (l) NAM-5, (m) NAM-72, (n) NAM-76, (o) NAM-79, (p) YN04-

C1213sp013 (NAM-94). 
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APPENDIX J 

Table J.1. Summary statistics of root length across three growth stages and B. napus lines. 

Growth 

stages 

Canola 

Line N mean sd median min max range se 

Vegetative 

NAM-0 7 73.40 45.82 58.54 20.03 165.17 145.14 17.32 

NAM-13 9 58.74 29.80 42.46 24.53 98.01 73.48 9.93 

NAM-14 9 69.05 40.69 55.60 26.95 152.03 125.08 13.56 

NAM-17 9 68.08 49.98 45.49 21.83 166.55 144.72 16.66 

NAM-23 9 71.54 35.02 63.67 18.65 134.05 115.39 11.67 

NAM-30 9 62.96 51.69 51.65 9.95 165.45 155.50 17.23 

NAM-32 9 70.78 48.42 63.68 13.95 149.67 135.72 16.14 

NAM-37 9 89.40 60.25 63.10 30.45 193.92 163.47 20.08 

NAM-43 9 65.90 50.25 62.75 17.12 148.88 131.75 16.75 

NAM-46 9 47.75 34.66 52.18 2.18 116.18 114.00 11.55 

NAM-48 9 72.46 52.14 54.37 13.25 150.77 137.52 17.38 

NAM-5 9 67.71 25.37 66.83 26.80 104.18 77.38 8.46 

NAM-72 9 58.92 50.81 33.44 14.09 142.55 128.47 16.94 

NAM-76 9 65.87 67.24 35.72 15.03 212.54 197.51 22.41 

NAM-79 9 55.67 42.91 44.07 12.57 134.07 121.50 14.30 

NAM-94 9 65.72 41.94 71.00 14.94 134.74 119.80 13.98 

Flowering 

NAM-0 12 234.62 83.67 237.09 109.45 403.74 294.29 24.15 

NAM-13 12 239.71 104.84 222.81 123.86 500.09 376.22 30.26 

NAM-14 12 268.09 249.83 212.19 106.79 1020.35 913.55 72.12 

NAM-17 12 179.62 58.83 183.93 106.17 289.56 183.39 16.98 

NAM-23 12 226.69 73.28 215.62 134.83 396.99 262.16 21.15 

NAM-30 12 268.93 165.55 221.09 94.64 741.76 647.12 47.79 

NAM-32 12 278.74 104.74 278.54 153.94 553.76 399.82 30.24 

NAM-37 12 323.22 83.09 282.59 247.58 537.03 289.44 23.99 

NAM-43 12 200.77 73.90 177.02 79.21 337.32 258.11 21.33 

NAM-46 12 171.35 72.65 152.73 83.10 321.64 238.55 20.97 

NAM-48 12 240.79 102.42 218.10 120.85 484.20 363.35 29.57 

NAM-5 12 191.42 71.41 196.85 113.51 337.69 224.18 20.62 

NAM-72 12 222.11 101.44 188.58 67.93 377.05 309.13 29.28 

NAM-76 12 243.54 61.64 246.27 98.43 341.72 243.30 17.79 

NAM-79 12 158.14 64.24 131.99 86.19 286.25 200.06 18.54 

NAM-94 12 164.23 65.59 152.86 88.13 327.04 238.91 18.93 
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Table J.1. Continued  

Growth 

stages 

Canola 

Line N mean sd median min max range se 

Maturity 

NAM-0 9 284.10 158.96 270.85 68.95 600.95 532.00 52.99 

NAM-13 9 279.10 92.09 285.77 136.43 431.08 294.65 30.70 

NAM-14 9 255.64 70.79 274.35 130.59 377.79 247.20 23.60 

NAM-17 9 207.14 111.01 227.67 40.63 422.68 382.05 37.00 

NAM-23 9 207.76 115.92 162.25 60.98 422.43 361.45 38.64 

NAM-30 9 235.74 29.13 240.02 184.93 286.84 101.91 9.71 

NAM-32 9 301.48 232.68 225.02 106.21 860.68 754.47 77.56 

NAM-37 9 285.19 175.49 252.44 75.15 682.76 607.61 58.50 

NAM-43 9 204.61 57.42 188.96 128.82 295.33 166.51 19.14 

NAM-46 9 193.58 91.97 156.48 79.67 343.57 263.90 30.66 

NAM-48 9 259.10 112.37 260.59 97.40 455.96 358.56 37.46 

NAM-5 9 273.73 171.70 248.41 115.65 682.73 567.08 57.23 

NAM-72 8 166.82 43.89 170.64 86.10 224.89 138.80 15.52 

NAM-76 9 243.72 127.33 205.65 31.03 410.56 379.53 42.44 

NAM-79 9 240.41 96.93 255.94 65.19 345.42 280.23 32.31 

NAM-94 9 206.82 129.59 181.21 64.80 463.91 399.11 43.20 
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APPENDIX K 

Table K.1. Taxonomic representation of identified bacterial phyla at the three growth stages. Phyla are ordered based 

on their percent frequency of occurrence at each growth stage. Values in bracket indicate percentage of ASVs 

identified. 

 

Growth stages 

Vegetative Flowering Maturity 

Proteobacteria (34.1 %) Proteobacteria (35.9 %) Proteobacteria (37.1 %) 

Acidobacteria (16.3 %) Acidobacteria (14.2 %) Acidobacteria (13.9 %) 

Actinobacteria (12.1 %) Actinobacteria (12.8 %) Actinobacteria (12.3 %) 

Chloroflexi (10.4 %) Chloroflexi (10.4 %) Chloroflexi (10.0 %) 

Bacteroidetes (8.7 %) Bacteroidetes (8.5 %) Bacteroidetes (9.8 %) 

Verrucomicrobia (4.2 %) Verrucomicrobia (4.8 %) Verrucomicrobia (4.4 %) 

Gemmatimonadetes (4.1 %) Gemmatimonadetes (3.5 %) Gemmatimonadetes (3.3 %) 

Planctomycetes (2.3 %) TM7 (2.1 %) Planctomycetes (2.1 %) 

TM7 (1.9 %) Planctomycetes (2.1 %) unclassified (2.1 %) 

unclassified (1.5 %) unclassified (2.0 %) TM7 (1.9 %) 
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APPENDIX L 

Table L.1. Taxonomic representation of identified bacterial classes at the three growth stages. Classes are ordered 

based on their percent frequency of occurrence at each growth stage. Values in bracket indicate percentage of ASVs 

identified. 

 

Growth stages 

Vegetative Flowering Maturity 

Gammaproteobacteria (12.5 %) Gammaproteobacteria (15.4 %) Gammaproteobacteria (14.2 %) 

Acidobacteria-6 (10.6 %) Alphaproteobacteria (9.7 %) Alphaproteobacteria (10.5 %) 

Alphaproteobacteria (10.5 %) Acidobacteria-6 (9.3 %) Acidobacteria-6 (9.2 %) 

Deltaproteobacteria (6.7%) Actinobacteria (7.0 %) Actinobacteria (6.7 %) 

Actinobacteria (6.6 %) Deltaproteobacteria (6.0 %) Deltaproteobacteria (6.3 %) 

Betaproteobacteria (5.1 %) Betaproteobacteria (5.7 %) Betaproteobacteria (5.9 %) 

Chloracidobacteria (3.5 %) Anaerolineae (3.1 %) Anaerolineae (3.1 %) 

Anaerolineae (3.2 %) Thermoleophilia (3.1 %) Saprospirae (3.0 %) 

Saprospirae (3.2 %) Chloracidobacteria (3.0 %) unclassified (2.8 %) 

Thermoleophilia (2.8 %) Saprospirae (2.7 %) Chloracidobacteria (2.8 %) 
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APPENDIX M 

Table M.1. Taxonomic representation of identified bacterial families at the three growth stages. Families are ordered 

based on their percent frequency of occurrence at each growth stage. Values in bracket indicate percentage of ASVs 

identified. 

 

Growth stages 

Vegetative Flowering Maturity 

Xanthomonadaceae (6.0 %) Xanthomonadaceae (7.3 %) Xanthomonadaceae (7.7 %) 

Vibrionaceae (4.7 %) Enterobacteriaceae (6.4 %) Chitinophagaceae (4.2 %) 

Chitinophagaceae (4.5 %) Chitinophagaceae (3.4 %) Vibrionaceae (4.1 %) 

Chthoniobacteraceae (3.4 %) Vibrionaceae (3.4 %) Sphingobacteriaceae (3.5 %) 

Cytophagaceae (3.2 %) Verrucomicrobiaceae (3.3 %) Comamonadaceae (3.3 %) 

Hyphomicrobiaceae 3.0 %) Chthoniobacteraceae (3.1 %) Enterobacteriaceae (3.1 %) 

Enterobacteriaceae (2.8 %) Comamonadaceae (3.0 %) Cytophagaceae (2.9 %) 

Sinobacteraceae (2.7 %) Sphingobacteriaceae (3.0 %) Chthoniobacteraceae (2.8 %) 

Sphingomonadaceae (2.4 %) Oxalobacteraceae (2.6 %) Verrucomicrobiaceae (2.8 %) 

Sphingobacteriaceae (2.3 %) Cytophagaceae (2.5 %) Oxalobacteraceae (2.4 %) 
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APPENDIX N 

Table N.1. Taxonomic representation of identified bacterial genera at the three growth stages. Genera are ordered 

based on their percent frequency of occurrence at each growth stage. Values in bracket indicate percentage of ASVs 

identified. 

 

Growth stages 

Vegetative Flowering Maturity 

Pseudomonas (4.2 %) Pseudomonas (5.0 %) Pedobacter (4.9 %) 

Flavobacterium (3.5 %) Arthrobacter (3.6 %) Pseudomonas (4.7 %) 

Lysobacter (3.3 %) Flavobacterium (3.4 %) Flavobacterium (3.9 %) 

Rhodoplanes (3.0 %) Stenotrophomonas (3.4 %) Arthrobacter (3.7 %) 

Pedobacter (2.9 %) Pedobacter (3.3 %) Lysobacter (3.3 %) 

Vibrio (2.5 %) Lysobacter (3.0 %) Vibrio (2.5 %) 

Stenotrophomonas (2.3 %) Janthinobacterium (2.3 %) Stenotrophomonas (2.4 %) 

Arthrobacter (2.2 %) Vibrio (2.3 %) Rhizobium (1.8 %) 

Gluconacetobacter (2.0 %) Acinetobacter (2.1 %) Thermomonas (1.8 %) 

Kaistobacter (1.9 %) Rhodoplanes (1.7 %) Rhodoplanes (1.7 %) 
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APPENDIX O 

 

 

The top ten most abundant bacterial families and their mean relative abundance (percentage) across 

the three growth stages (vegetative (sampling weeks 1 to 3, n = 142), flowering (weeks 4 to 7, n = 

192) and maturity (weeks 8 to 10, n = 143)) of B. napus. 
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APPENDIX P 

 

 

 

 Correlation among previously identified canola growth promoting bacteria (Bertrand et al., 2001; 

Cordero et al., 2020) and environmental and soil variables under filed condition and three growth 

stages. Each column indicates the six environmental and soil variables examined (Sampling day 

precipitation (mm) (PPT.SD), Week prior precipitation (mm) (PPT.WP), soil moisture per g of 

soil (Soil.moisture), soil water content (%) (Soil.water.content), sampling day mean temperature 

(oC) (T.SD), and week prior mean temperature (oC) (T.WP)). Asterisk in each box indicate 

significance level (* 0.05, ** 0.01 and *** 0.001).  
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APPENDIX Q 

 

 

Correlations between the core and dominant bacterial genera and environmental and soil variables 

under filed condition and at three growth stages. Each column indicates the six environmental and 

soil variables examined (Sampling day precipitation (mm) (PPT.SD), Week prior precipitation 

(mm) (PPT.WP), soil moisture per g of soil (Soil.moisture), soil water content (%) 

(Soil.water.content), sampling day mean temperature (oC) (T.SD), and week prior mean 

temperature (oC) (T.WP)). Asterisk in each box indicate significance level (* 0.05, ** 0.01 and 

*** 0.001).
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APPENDIX R 

Table R.1. Global graph properties of the common sub-network of negatively correlated co-occurring bacterial 

networks among vegetative, flowering, and maturity growth stages. Values indicate comparison among the common 

sub-network between pairs of stages. The “-“ is shown when a growth stage is not being compared. 

 

Network metrics (most 

common network) 

Network comparisons Growth stages 

Vegetative Flowering Maturity 

Total nodes 

Vegetative-Flowering 86                    

-                            

83 

86                 

101          

- 

-                      

101                      

83 

Flowering-Maturity 

Vegetative maturity 

Total edges 

Vegetative-Flowering 261                       

-                 

256 

514                  

608                  

- 

-                  

511              

420 

Flowering-Maturity 

Vegetative maturity 

Exclusive edges 

Vegetative-Flowering 154                    

-                 

156 

407                  

370           

- 

-                  

273         

320 

Flowering-Maturity 

Vegetative maturity 

Average path length (APL) 

Vegetative-Flowering 2.72                    

-                    

2.69 

2.16                  

2.26               

- 

-                  

2.41          

2.37 

Flowering-Maturity 

Vegetative maturity 

Graph Density 

Vegetative-Flowering 0.07               

-                 

0.08 

0.14                  

0.12           

- 

-                  

0.10          

0.12 

Flowering-Maturity 

Vegetative maturity 

Cluster coefficient (CC) 

Vegetative-Flowering 0.005           

-                    

0.005 

0.009                 

0.008            

- 

-                  

0.007             

0.008 

Flowering-Maturity 

Vegetative maturity 
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APPENDIX S 

Table S.1. Driver genera associated with flowering compared with the vegetative stage. n(Vegetative/Flowering) refers to the degree of the node in 

vegetative/flowering stage, exclusive refers to exclusive in flowering, DelBet refers to the delta betweenness score from vegetative to flowering, and community 

refers to community affiliation of the node in flowering. 

 

Genera n(Vegetative) n(Flowering) core(Flowering) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Candidatus 

Entotheonella 3 35 20 36 2 33 0.06 2.52 0.30 1 

Euzebya 1 26 20 26 1 25 0.04 2.42 0.02 1 

Geodermatophilus 3 33 20 33 3 30 0.09 2.42 0.49 1 

Rubellimicrobium 4 32 20 33 3 29 0.09 2.37 0 1 

Reyranella 8 43 20 43 8 35 0.19 2.33 0.25 1 

Kribbella 4 30 20 31 3 27 0.09 2.31 0.17 1 

Nitrospira 6 37 20 37 6 31 0.16 2.29 0.09 1 

Afifella 4 27 19 28 3 24 0.11 2.23 0.02 1 

Salinibacterium 8 33 20 36 5 28 0.14 2.19 0.04 1 

Catellatospora 8 34 20 36 6 28 0.17 2.17 0.08 1 

Streptosporangium 4 25 20 26 3 22 0.12 2.17 0.03 1 

Sphingomonas 7 31 20 33 5 26 0.15 2.16 0.35 1 

Solirubrobacter 2 12 12 13 1 11 0.08 1.99 0 1 

Methylotenera 5 18 15 21 2 16 0.09 1.99 0.07 1 

Mycobacterium 11 37 20 37 11 26 0.29 1.93 0.05 1 

Virgisporangium 12 35 20 36 11 24 0.31 1.84 0.13 1 

Rhodobium 6 20 17 21 5 15 0.24 1.78 0.08 1 

Chthoniobacter 1 6 4 6 1 5 0.17 1.77 0.24 1 

Labrys 17 38 20 39 16 22 0.41 1.59 0.01 1 
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Appendix S. Continued. 

Genera n(Vegetative) n(Flowering) core(Flowering) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Bacillus 5 35 20 36 4 31 0.11 2.37 0.19 2 

Rhizobium 2 8 8 10 0 8 0 1.96 0 2 

Vibrio 3 16 13 16 3 13 0.19 1.89 0.03 2 

Nitrosovibrio 8 24 17 26 6 18 0.23 1.82 0.03 2 

Rhodanobacter 2 7 6 8 1 6 0.13 1.75 0.21 2 

Phyllobacterium 3 8 6 10 1 7 0.10 1.74 0.02 2 

Rhodococcus 5 11 9 14 2 9 0.14 1.68 0.56 2 

Bradyrhizobium 8 16 13 18 6 10 0.33 1.42 0.07 2 

Gemmatimonas 1 22 15 22 1 21 0.05 2.33 0.25 3 

Flavisolibacter 4 23 15 24 3 20 0.13 2.11 0.32 3 

Thermomonas 5 21 15 23 3 18 0.13 2.01 0.09 3 

Kaistobacter 11 34 19 37 8 26 0.22 2.01 0.08 3 

Ardenscatena 4 12 12 16 0 12 0 1.99 0 3 

Fimbriimonas 3 8 6 11 0 8 0 1.89 0.51 3 

Luteibacter 2 6 6 8 0 6 0 1.87 0 3 

Cystobacter 4 13 12 14 3 10 0.21 1.70 0.02 3 

Phenylobacterium 11 19 12 24 6 13 0.25 1.55 0.11 3 

Methylibium 15 23 15 29 9 14 0.31 1.45 0.43 3 
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Appendix S. Continued. 

Genera n(Vegetative) n(Flowering) core(Flowering) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Achromobacter 2 9 6 11 0 9 0 1.99 0.27 4 

Sanguibacter 2 8 6 10 0 8 0 1.96 0.06 4 

Luteimonas 2 6 6 8 0 6 0 1.87 0.05 4 

Hymenobacter 2 5 4 7 0 5 0 1.81 0.14 4 

Mycoplana 4 10 6 13 1 9 0.08 1.79 0.03 4 

Cellvibrio 5 13 6 16 2 11 0.13 1.78 0.57 4 

Lentzea 2 4 4 6 0 4 0 1.75 0 4 

Arenimonas 6 15 9 18 3 12 0.17 1.74 0.06 4 

Sphingopyxis 7 12 6 17 2 10 0.12 1.67 0.22 4 

Dyadobacter 3 9 6 10 2 7 0.2 1.64 0.09 4 

Erwinia 2 5 5 6 1 4 0.17 1.58 0 4 

Chryseobacterium 3 10 6 10 3 7 0.30 1.54 0.03 4 

Acidovorax 2 4 4 5 1 3 0.20 1.46 0.06 4 

Promicromonospora 6 8 6 12 2 6 0.17 1.45 0.31 4 

Pseudoxanthomonas 7 10 6 14 3 7 0.21 1.43 0.01 4 

Comamonas 4 9 6 10 3 6 0.30 1.42 0.03 4 

Acinetobacter 5 9 6 11 3 6 0.27 1.39 0.06 4 

Rahnella 2 5 5 5 2 3 0.40 1.26 0.35 4 

Pseudomonas 9 9 6 14 4 5 0.29 1.17 0.09 4 

Arthrobacter 9 5 5 12 2 3 0.17 1.14 0.03 4 

Pedobacter 9 10 6 14 5 5 0.36 1.10 0.19 4 

Variovorax 5 6 5 8 3 3 0.38 1.06 0.03 4 

Gluconacetobacter 5 7 6 8 4 3 0.50 0.94 0.01 4 

Agrobacterium 13 13 6 17 9 4 0.53 0.79 0.51 4 
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APPENDIX T 

Table T.1. Driver genera associated with maturity compared with the vegetative stage. n(Vegetative/ maturity) refers to the degree of the node in vegetative/ 

maturity stage, exclusive refers to exclusive in maturity, DelBet refers to the delta betweenness score from vegetative to maturity, and community refers to 

community affiliation of the node in maturity. 

Genera n(Vegetative) n(Maturity) core(Maturity) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Gluconacetobacter 5 8 6 9 4 4 0.44 1.13 0.04 1 

Variovorax 5 5 4 8 2 3 0.25 1.23 0.13 1 

Comamonas 4 7 6 8 3 4 0.38 1.26 0.05 1 

Lentzea 2 3 2 4 1 2 0.25 1.32 0.19 1 

Rahnella 2 3 3 4 1 2 0.25 1.32 0 1 

Microbacterium 8 10 6 14 4 6 0.29 1.34 0.14 1 

Acinetobacter 5 8 6 10 3 5 0.30 1.37 0.01 1 

Pedobacter 9 14 6 17 6 8 0.35 1.38 0.05 1 

Luteibacter 2 5 5 6 1 4 0.17 1.63 0.01 1 

Chryseobacterium 3 6 6 8 1 5 0.13 1.67 0 1 

Sanguibacter 2 3 3 5 0 3 0 1.70 0.02 1 

Cellvibrio 5 10 6 13 2 8 0.15 1.73 0 1 

Thermomonas 5 12 6 14 3 9 0.21 1.73 0.19 1 

Acidovorax 2 4 4 6 0 4 0 1.80 0 1 

Erwinia 2 4 4 6 0 4 0 1.80 0.01 1 

Flavisolibacter 4 12 6 14 2 10 0.14 1.91 0.34 1 

Fimbriimonas 2 6 6 8 0 6 0 1.95 0.01 1 

Pseudoxanthomonas 7 18 6 22 3 15 0.14 2.05 0.15 1 

Luteimonas 2 8 6 10 0 8 0 2.07 0.10 1 

Achromobacter 2 13 6 14 1 12 0.07 2.19 0.28 1 

Dyadobacter 3 13 6 16 0 13 0 2.25 0.22 1 
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Appendix T. Continued. 

Genera n(Vegetative) n(Maturity) core(Maturity) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Vibrio 3 5 5 6 2 3 0.33 1.27 0.01 2 

Rhodanobacter 2 2 2 4 0 2 0 1.57 0.05 2 

Bacillus 5 11 8 13 3 8 0.23 1.65 0.01 2 

Rhizobium 2 3 2 5 0 3 0 1.70 0.09 2 

Bradyrhizobium 8 19 10 21 6 13 0.29 1.77 0.04 2 

Cystobacter 4 10 8 12 2 8 0.17 1.77 0.01 2 

Balneimonas 12 21 10 27 6 15 0.22 1.83 0.04 2 

Nitrospira 6 17 10 19 4 13 0.21 1.91 0.13 2 

Afifella 4 13 10 16 1 12 0.06 2.09 0.01 2 

Adhaeribacter 4 7 4 9 2 5 0.22 1.50 0.24 3 

Ralstonia 2 2 2 4 0 2 0 1.57 0.01 3 

Candidatus 

Entotheonella 3 4 4 7 0 4 0 1.71 0.04 3 

Methylibium 13 17 10 22 8 9 0.36 1.35 0.63 4 

Prosthecobacter 2 6 5 6 2 4 0.33 1.47 0.03 4 

Labrys 16 29 10 33 12 17 0.36 1.72 0.07 4 

Streptosporangium 3 9 7 10 2 7 0.20 1.73 0.02 4 

Sorangium 3 7 7 9 1 6 0.11 1.76 0 4 

Virgisporangium 13 27 10 30 10 17 0.33 1.80 0.15 4 

Rubellimicrobium 4 15 10 16 3 12 0.19 1.96 0.11 4 

Catellatospora 8 19 10 23 4 15 0.17 1.98 0.03 4 

Solirubrobacter 2 10 9 11 1 9 0.09 2.03 0.18 4 

Chthoniobacter 1 11 8 11 1 10 0.09 2.15 0.03 4 

Euzebya 1 8 7 9 0 8 0 2.16 0.02 4 

Reyranella 8 28 10 29 7 21 0.24 2.18 0.06 4 

Ardenscatena 4 15 10 18 1 14 0.06 2.19 0.02 4 

Kribbella 4 15 10 18 1 14 0.06 2.19 0.11 4 

Geodermatophilus 3 27 10 27 3 24 0.11 2.58 0.19 4 
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APPENDIX U 

Table U.1. Driver genera associated with maturity compared with the flowering stage. n(Flowering/ maturity) refers to the degree of the node in flowering/ 

maturity stage, exclusive refers to exclusive in maturity, DelBet refers to the delta betweenness score from flowering to maturity, and community refers to 

community affiliation of the node in maturity. 

 

Genera n(Flowering) n(Maturity) core(Maturity) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Achromobacter 9 13 6 17 5 8 0.29 1.44 0.01 1 

Adhaeribacter 16 7 4 22 1 6 0.05 1.42 0.19 1 

Dyadobacter 9 14 6 18 5 9 0.28 1.51 0.17 1 

Flavobacterium 6 15 6 17 4 11 0.24 1.77 0.14 1 

Fluviicola 5 4 3 9 0 4 0 1.57 0.05 1 

Gluconacetobacter 7 9 6 11 5 4 0.46 1.04 0.16 1 

Lentzea 5 3 2 8 0 3 0 1.47 0.15 1 

Luteibacter 6 5 5 11 0 5 0 1.62 0 1 

Luteimonas 7 11 6 16 2 9 0.13 1.73 0.09 1 

Lysobacter 8 13 6 16 5 8 0.31 1.45 0.02 1 

Microbacterium 10 11 6 17 4 7 0.24 1.40 0.43 1 

Nannocystis 1 7 6 8 0 7 0 2.10 0.01 1 

Nocardia 15 7 5 20 2 5 0.10 1.31 0.04 1 

Paenibacillus 5 2 2 7 0 2 0 1.35 0.01 1 

Pseudoxanthomonas 11 19 6 24 6 13 0.25 1.71 0.26 1 

Streptomyces 2 4 3 6 0 4 0 1.79 0.07 1 

Thermomonas 20 12 6 25 7 5 0.28 1.08 0.10 1 

Variovorax 6 6 4 10 2 4 0.20 1.33 0.12 1 
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Appendix U. Continued. 

 

Genera n(Flowering) n(Maturity) core(Maturity) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Balneimonas 49 22 10 51 20 2 0.39 0.71 0 2 

Nitrospira 37 17 10 41 13 4 0.32 0.91 0.13 2 

Rhizobium 8 3 2 10 1 2 0.10 1.17 0.07 2 

Steroidobacter 32 19 10 36 15 4 0.42 0.82 0.06 2 

Ellin506 4 11 7 12 3 8 0.25 1.68 0.04 3 

Prosthecobacter 7 9 7 10 6 3 0.60 0.79 0.04 3 

Ardenscatena 11 15 10 23 3 12 0.13 1.78 0.03 4 

Catellatospora 31 20 10 34 17 3 0.50 0.69 0.07 4 

Couchioplanes 39 29 10 44 24 5 0.55 0.73 0.05 4 

Dactylosporangium 28 23 10 34 17 6 0.50 0.87 0.07 4 

Euzebya 26 8 7 27 7 1 0.26 0.81 0 4 

Iamia 26 25 10 35 16 9 0.46 1.09 0.45 4 

Labrys 36 29 10 43 22 7 0.51 0.88 0.06 4 

Methylibium 19 17 10 25 11 6 0.44 0.99 0.36 4 

Pseudonocardia 45 31 10 52 24 7 0.46 0.89 0.05 4 

Rhodoplanes 31 22 10 35 18 4 0.51 0.73 0.04 4 

Roseomonas 15 8 7 20 3 5 0.15 1.26 0.04 4 

Rubellimicrobium 30 16 10 34 12 4 0.35 0.89 0.09 4 

Skermanella 41 26 10 43 24 2 0.56 0.55 0.07 4 

Solirubrobacter 12 10 9 19 3 7 0.16 1.44 0.17 4 

Virgisporangium 37 27 10 40 24 3 0.60 0.57 0.09 4 
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APPENDIX V 

Table V.1. Metabolic pathways present among the potential driver genera at flowering compared with the vegetative growth stage. The table shows 

the number and percentage of bacterial that have the pathway out of the 2106 genomes that matched the input driver genera at vegetative to flowering 

microbial rewiring. Higher proportion indicate a high presence of the pathways among the driver genera. Target Taxonomies indicate the driver 

genera that exhibited the pathways. Only those pathways with at least 75% match are shown here. The Metabolic Pathway information is from 

MetaCyc and MicroCyc through the MACADAM database (Boulch et al., 2019).  

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-glutamine degradation 

I 

2105 99.95 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

PRPP biosynthesis I 2102 99.81 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

S-adenosyl-L-

methionine biosynthesis 

2101 99.76 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Glycine biosynthesis I 2100 99.72 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 
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Appendix V. Continued. 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Acetate conversion to 

acetyl-coa 

2093 99.38 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Long-chain fatty acid 

activation 

2083 98.91 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

L-homoserine 

biosynthesis 

2081 98.81 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Superoxide radicals 

degradation 

2068 98.20 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, Hymenobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 
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Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-cysteine 

biosynthesis I 

2064 98.01 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, 

Hymenobacter, Kribbella, Methylibium, Methylotenera, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, Rahnella, Rhizobium, 

Rhodococcus, Salinibacterium, Sanguibacter, Sphingomonas, Sphingopyxis, Variovorax, Vibrio 

L-threonine 

biosynthesis 

2063 97.96 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Hymenobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Adenosylcobalamin 

salvage from 

cobalamin 

2053 97.48 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, 

Euzebya, Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, 

Hymenobacter, Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, 

Mycobacterium, Nitrospira, Pedobacter, Phenylobacterium, Phyllobacterium, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Sphingomonas, 

Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

UDP-N-

acetylmuramoyl-

pentapeptide 

biosynthesis I (meso-

diaminopimelate 

containing) 

2017 95.77 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, 

Euzebya, Flavisolibacter, Gluconacetobacter, Hymenobacter, Lentzea, Luteibacter, Methylibium, 

Methylotenera, Mycobacterium, Pedobacter, Phenylobacterium, Phyllobacterium, 

Promicromonospora, Pseudomonas, Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, 

Rhodococcus, Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, 

Vibrio 
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Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-alanine biosynthesis 

III 

2013 95.58 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, 

Erwinia, Euzebya, Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, 

Gluconacetobacter, Hymenobacter, Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, 

Methylotenera, Mycobacterium, Nitrospira, Pedobacter, Phenylobacterium, Phyllobacterium, 

Promicromonospora, Pseudomonas, Pseudoxanthomonas, Rahnella, Rhizobium, 

Rhodanobacter, Rhodococcus, Salinibacterium, Sanguibacter, Sphingomonas, Sphingopyxis, 

Streptosporangium, Variovorax, Vibrio 

Inosine-5'-phosphate 

biosynthesis I 

1993 94.63 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Gluconacetobacter, Hymenobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylotenera, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, Pseudoxanthomonas, 

Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, Sphingomonas, 

Sphingopyxis, Variovorax, Vibrio 

Acyl-CoA hydrolysis 1985 94.25 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Gluconacetobacter, Hymenobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, Pseudoxanthomonas, 

Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, Sanguibacter, 

Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Succinate to 

cytochrome bd oxidase 

electron transfer 

1980 94.02 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, 

Erwinia, Euzebya, Fimbriimonas, Gemmatimonas, Geodermatophilus, Gluconacetobacter, 

Hymenobacter, Lentzea, Luteibacter, Luteimonas, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, Pseudoxanthomonas, 

Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, Sanguibacter, 

Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

 



 

 
 

2
0

0
 

Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Phosphatidylethanolamine 

biosynthesis I 

1963 93.21 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, 

Dyadobacter, Erwinia, Gemmatimonas, Geodermatophilus, Gluconacetobacter, 

Hymenobacter, Lentzea, Luteibacter, Luteimonas, Methylibium, Methylotenera, 

Mycobacterium, Nitrospira, Pedobacter, Phyllobacterium, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Guanylyl molybdenum 

cofactor biosynthesis 

1962 93.16 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, 

Dyadobacter, Erwinia, Euzebya, Fimbriimonas, Gemmatimonas, 

Gluconacetobacter, Hymenobacter, Luteibacter, Methylibium, Methylotenera, 

Mycobacterium, Nitrospira, Pedobacter, Phenylobacterium, Phyllobacterium, 

Promicromonospora, Pseudomonas, Pseudoxanthomonas, Rahnella, Rhizobium, 

Rhodanobacter, Rhodococcus, Sphingomonas, Sphingopyxis, Streptosporangium, 

Variovorax, Vibrio 

Pentose phosphate 

pathway (non-oxidative 

branch) 

1895 89.98 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, 

Dyadobacter, Erwinia, Euzebya, Fimbriimonas, Gemmatimonas, 

Geodermatophilus, Gluconacetobacter, Hymenobacter, Kribbella, Lentzea, 

Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, 

Nitrospira, Pedobacter, Phenylobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Salinibacterium, Sanguibacter, Sphingomonas, Sphingopyxis, Variovorax, Vibrio 

Succinate to cytochrome 

bo oxidase electron 

transfer 

1854 88.03 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, 

Cystobacter, Erwinia, Euzebya, Fimbriimonas, Gemmatimonas, 

Gluconacetobacter, Hymenobacter, Lentzea, Luteibacter, Luteimonas, 

Mycobacterium, Nitrospira, Pedobacter, Phenylobacterium, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Salinibacterium, Sphingomonas, Sphingopyxis, Variovorax, Vibrio 
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Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

3-dehydroquinate 

biosynthesis I 

1819 86.37 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, 

Euzebya, Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, 

Hymenobacter, Kribbella, Lentzea, Luteimonas, Methylibium, Methylotenera, 

Mycobacterium, Nitrospira, Pedobacter, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

2-oxoglutarate 

decarboxylation to 

succinyl-coa 

1819 86.37 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, 

Dyadobacter, Erwinia, Flavisolibacter, Gemmatimonas, Geodermatophilus, 

Gluconacetobacter, Hymenobacter, Kribbella, Luteibacter, Luteimonas, Methylibium, 

Methylotenera, Mycobacterium, Pedobacter, Phenylobacterium, Phyllobacterium, 

Pseudomonas, Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, 

Rhodococcus, Sanguibacter, Sphingomonas, Sphingopyxis, Variovorax, Vibrio 

L-asparagine 

degradation I 

1746 82.91 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, 

Flavisolibacter, Gemmatimonas, Geodermatophilus, Gluconacetobacter, 

Hymenobacter, Lentzea, Luteibacter, Luteimonas, Methylibium, Mycobacterium, 

Nitrospira, Pedobacter, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Salinibacterium, Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, 

Variovorax, Vibrio 

Lipoate biosynthesis 

and incorporation I 

1745 82.86 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, 

Dyadobacter, Erwinia, Euzebya, Fimbriimonas, Flavisolibacter, Gemmatimonas, 

Geodermatophilus, Gluconacetobacter, Hymenobacter, Kribbella, Lentzea, 

Luteibacter, Luteimonas, Methylibium, Methylotenera, Mycobacterium, Nitrospira, 

Pedobacter, Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 
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Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-aspartate 

biosynthesis 

1707 81.05 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, 

Dyadobacter, Erwinia, Euzebya, Fimbriimonas, Flavisolibacter, Geodermatophilus, 

Gluconacetobacter, Hymenobacter, Lentzea, Luteibacter, Luteimonas, Methylibium, 

Methylotenera, Mycobacterium, Nitrospira, Pedobacter, Phenylobacterium, 

Phyllobacterium, Pseudomonas, Pseudoxanthomonas, Rahnella, Rhizobium, 

Rhodanobacter, Rhodococcus, Salinibacterium, Sanguibacter, Sphingomonas, 

Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Thiosulfate 

disproportionation 

IV (rhodanese) 

1699 80.67 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Erwinia, 

Flavisolibacter, Gemmatimonas, Hymenobacter, Kribbella, Lentzea, Methylibium, 

Mycobacterium, Nitrospira, Pedobacter, Phyllobacterium, Promicromonospora, 

Pseudomonas, Rahnella, Rhizobium, Rhodococcus, Sphingomonas, Sphingopyxis, 

Streptosporangium, Variovorax, Vibrio 

Menaquinol-8 

biosynthesis 

1693 80.39 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, 

Fimbriimonas, Flavisolibacter, Gemmatimonas, Geodermatophilus, 

Gluconacetobacter, Hymenobacter, Kribbella, Lentzea, Luteibacter, Luteimonas, 

Methylibium, Methylotenera, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, 

Salinibacterium, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, 

Vibrio 

D-gluconate 

degradation 

1689 80.20 Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Comamonas, Cystobacter, Dyadobacter, Erwinia, Geodermatophilus, 

Hymenobacter, Luteibacter, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodococcus, Sanguibacter, 

Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 
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Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Thiamine diphosphate 

biosynthesis I (E. Coli) 

1651 78.40 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, 

Cystobacter, Dyadobacter, Erwinia, Euzebya, Gemmatimonas, 

Geodermatophilus, Gluconacetobacter, Hymenobacter, Lentzea, Luteibacter, 

Luteimonas, Methylotenera, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Promicromonospora, Pseudomonas, Pseudoxanthomonas, 

Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Sphingomonas, 

Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

D-mannose degradation 1646 78.16 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, 

Cystobacter, Dyadobacter, Erwinia, Fimbriimonas, Flavisolibacter, 

Geodermatophilus, Gluconacetobacter, Hymenobacter, Kribbella, Lentzea, 

Luteibacter, Luteimonas, Methylotenera, Mycobacterium, Nitrospira, 

Phenylobacterium, Phyllobacterium, Pseudomonas, Pseudoxanthomonas, 

Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, 

Vibrio 

L-glutamate 

degradation II 

1644 78.06 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Erwinia, 

Flavisolibacter, Gemmatimonas, Hymenobacter, Luteibacter, Luteimonas, 

Mycobacterium, Pedobacter, Phyllobacterium, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodococcus, Salinibacterium, 

Variovorax, Vibrio 

4-aminobenzoate 

biosynthesis 

1629 77.35 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, 

Bacillus, Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, 

Dyadobacter, Erwinia, Geodermatophilus, Kribbella, Lentzea, Luteibacter, 

Luteimonas, Methylotenera, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Pseudomonas, Rahnella, Rhizobium, Rhodococcus, 

Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 
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Appendix V. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-aspartate degradation 

I 

1625 77.16 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, 

Euzebya, Fimbriimonas, Flavisolibacter, Gluconacetobacter, Hymenobacter, Lentzea, 

Luteibacter, Luteimonas, Methylotenera, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Pseudomonas, Pseudoxanthomonas, Rahnella, 

Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, Sanguibacter, Sphingomonas, 

Sphingopyxis, Variovorax, Vibrio 

Acetate formation from 

acetyl-coa I 

1601 76.02 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Comamonas, Erwinia, Euzebya, Gemmatimonas, Gluconacetobacter, 

Hymenobacter, Mycobacterium, Phenylobacterium, Promicromonospora, Pseudomonas, 

Pseudoxanthomonas, Rahnella, Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, 

Sanguibacter, Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

CDP-diacylglycerol 

biosynthesis I 

1597 75.83 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Bacillus, Bradyrhizobium, 

Erwinia, Euzebya, Hymenobacter, Methylotenera, Mycobacterium, Pedobacter, 

Pseudomonas, Rahnella, Rhizobium, Rhodococcus, Sphingomonas, Sphingopyxis, 

Streptosporangium, Variovorax, Vibrio 

CMP phosphorylation 1591 75.55 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, 

Euzebya, Fimbriimonas, Flavisolibacter, Gluconacetobacter, Hymenobacter, Lentzea, 

Luteibacter, Luteimonas, Mycobacterium, Nitrospira, Pedobacter, Phenylobacterium, 

Phyllobacterium, Pseudomonas, Pseudoxanthomonas, Rahnella, Rhizobium, 

Rhodanobacter, Rhodococcus, Salinibacterium, Sphingomonas, Sphingopyxis, Variovorax, 

Vibrio 

Adenosine 

ribonucleotides de novo 

biosynthesis 

1584 75.21 Achromobacter, Acidovorax, Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, 

Bradyrhizobium, Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, 

Euzebya, Fimbriimonas, Flavisolibacter, Gemmatimonas, Gluconacetobacter, 

Hymenobacter, Lentzea, Luteibacter, Luteimonas, Mycobacterium, Nitrospira, Pedobacter, 

Phenylobacterium, Phyllobacterium, Pseudomonas, Pseudoxanthomonas, Rahnella, 

Rhizobium, Rhodanobacter, Rhodococcus, Salinibacterium, Sphingomonas, Sphingopyxis, 

Variovorax, Vibrio 
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APPENDIX W 

Table W.1. Functional features present among the potential driver genera at flowering compared with the vegetative growth stage. The table shows the number 

and percentage of bacteria that have the functional feature out of the 478 genomes that matched the input driver genera. Higher proportion indicate a high presence 

of the functional feature among the driver genera. Target Taxonomies indicate the driver genera that exhibited the functional feature. The functional feature 

information is based on IJSEM through the MACADAM database (Boulch et al., 2019). 

Functional 

feature 

Number of genomes 

present in 

Percent Target taxonomies 

Catalase positive 415 86.82 Acidovorax, Acinetobacter, Arenimonas, Arthrobacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Comamonas, Dyadobacter, Erwinia, Euzebya, Flavisolibacter, Geodermatophilus, Gluconacetobacter, 

Hymenobacter, Kribbella, Labrys, Lentzea, Luteibacter, Luteimonas, Mycobacterium, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, Pseudoxanthomonas, Rhizobium, 

Rhodanobacter, Rhodococcus, Rubellimicrobium, Salinibacterium, Sanguibacter, Solirubrobacter, 

Sphingomonas, Sphingopyxis, Streptosporangium, Thermomonas, Variovorax, Vibrio 

Oxidase positive 300 62.76 Acidovorax, Arenimonas, Bacillus, Bradyrhizobium, Chryseobacterium, Comamonas, Dyadobacter, Euzebya, 

Flavisolibacter, Hymenobacter, Kribbella, Labrys, Luteibacter, Luteimonas, Methylibium, Pedobacter, 

Phenylobacterium, Phyllobacterium, Promicromonospora, Pseudomonas, Pseudoxanthomonas, Rhizobium, 

Rhodanobacter, Rhodococcus, Rubellimicrobium, Sanguibacter, Solirubrobacter, Sphingomonas, 

Sphingopyxis, Streptosporangium, Thermomonas, Variovorax, Vibrio 

Aesculin 

hydrolysis 

206 43.10 Arenimonas, Arthrobacter, Bacillus, Bradyrhizobium, Chryseobacterium, Dyadobacter, Erwinia, 

Flavisolibacter, Geodermatophilus, Hymenobacter, Kribbella, Labrys, Lentzea, Luteibacter, Luteimonas, 

Mycobacterium, Pedobacter, Phyllobacterium, Pseudomonas, Pseudoxanthomonas, Reyranella, Rhizobium, 

Rhodanobacter, Rhodococcus, Sanguibacter, Sphingomonas, Sphingopyxis, Variovorax, Vibrio 

Nitrate reduction 

to nitrite 

147 30.75 Acidovorax, Acinetobacter, Arenimonas, Arthrobacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Comamonas, Dyadobacter, Geodermatophilus, Hymenobacter, Kribbella, Labrys, Lentzea, Luteimonas, 

Methylibium, Methylotenera, Mycobacterium, Phenylobacterium, Phyllobacterium, Promicromonospora, 

Pseudomonas, Rhizobium, Rhodanobacter, Rhodobium, Rhodococcus, Salinibacterium, Sanguibacter, 

Sphingomonas, Sphingopyxis, Streptosporangium, Variovorax, Vibrio 

Alkaline 

phosphatase 

139 29.08 Arenimonas, Arthrobacter, Bacillus, Bradyrhizobium, Chryseobacterium, Comamonas, Dyadobacter, 

Flavisolibacter, Geodermatophilus, Hymenobacter, Kribbella, Labrys, Luteimonas, Mycobacterium, 

Pedobacter, Phenylobacterium, Pseudomonas, Pseudoxanthomonas, Reyranella, Rhizobium, Rhodanobacter, 

Rhodococcus, Rubellimicrobium, Sanguibacter, Solirubrobacter, Sphingomonas, Sphingopyxis, Variovorax, 

Vibrio 
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Appendix W. Continued. 

Functional feature 

Number of 

genomes present in 

Percent Target taxonomies 

Gelatinase 139 29.08 Arenimonas, Arthrobacter, Bacillus, Chryseobacterium, Comamonas, Dyadobacter, 

Erwinia, Flavisolibacter, Hymenobacter, Kribbella, Labrys, Lentzea, Luteibacter, 

Luteimonas, Pedobacter, Promicromonospora, Pseudomonas, Pseudoxanthomonas, 

Rhizobium, Rhodanobacter, Rhodococcus, Sanguibacter, Solirubrobacter, Sphingomonas, 

Streptosporangium, Vibrio 

Acid 

phosphatase 

122 25.52 Arenimonas, Arthrobacter, Bacillus, Chryseobacterium, Comamonas, Dyadobacter, 

Flavisolibacter, Geodermatophilus, Hymenobacter, Kribbella, Labrys, Luteimonas, 

Mycobacterium, Pedobacter, Promicromonospora, Pseudomonas, Reyranella, Rhizobium, 

Rhodanobacter, Rhodococcus, Sanguibacter, Solirubrobacter, Sphingomonas, 

Sphingopyxis, Variovorax, Vibrio 

Urease positive 95 19.87 Acidovorax, Arenimonas, Arthrobacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Comamonas, Kribbella, Labrys, Lentzea, Luteimonas, Methylibium, Methylotenera, 

Mycobacterium, Pedobacter, Phyllobacterium, Pseudomonas, Pseudoxanthomonas, 

Reyranella, Rhizobium, Rhodococcus, Rubellimicrobium, Sphingomonas, Sphingopyxis, 

Streptosporangium, Vibrio 

Indole 

production 

39 8.16 Bacillus, Chryseobacterium, Pseudomonas, Rhizobium, Sanguibacter, Vibrio 

Alpha-

galactosidase 

30 6.28 Arthrobacter, Bacillus, Dyadobacter, Flavisolibacter, Kribbella, Luteimonas, Pedobacter, 

Rhodanobacter, Sphingomonas, Vibrio, Chryseobacterium 

H2S production 18 3.77 Bacillus, Chryseobacterium, Kribbella, Phyllobacterium, Pseudomonas, Sphingomonas, 

Vibrio 

Tellurite 

reductase 

9 1.88 Mycobacterium 

Arylsulfatase 8 1.67 Mycobacterium 

Pyrazinamidase 7 1.46 Arthrobacter, Mycobacterium  
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APPENDIX X 

Table S10. Metabolic pathways present among the potential driver genera at maturity compared with the vegetative growth stage. The table shows the number and 

percentage of bacteria that have the pathway out of the 1269 genomes that matched the input driver genera. Higher proportion indicate a high presence of the 

pathways among the driver genera. Target Taxonomies indicate the driver genera that exhibited the pathways. Only those pathways with at least 75% match are 

shown here. The Metabolic Pathway information is from MetaCyc & MicroCyc through the MACADAM database (Boulch et al., 2019). 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-glutamine 

degradation I 

1268 99.92 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

PRPP biosynthesis I 1266 99.76 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

S-adenosyl-L-

methionine biosynthesis 

1264 99.61 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

Glycine biosynthesis I 1264 99.61 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 
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Appendix X. Continued. 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Acetate conversion 

to acetyl-coa 

1262 99.45 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

Long-chain fatty 

acid activation 

1252 98.66 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

L-cysteine 

biosynthesis I 

1251 98.58 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Fimbriimonas, 

Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, Methylibium, 

Microbacterium, Nitrospira, Pedobacter, Rahnella, Ralstonia, Rhizobium, Sanguibacter, 

Sorangium, Variovorax, Vibrio 

Superoxide radical 

degradation 

1248 98.35 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 
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Appendix X. Continued. 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-homoserine 

biosynthesis 

1247 98.27 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, Lentzea, 

Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, Pedobacter, 

Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

L-threonine biosynthesis 1235 97.32 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, 

Rhodanobacter, Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

2-oxoglutarate 

decarboxylation to 

succinyl-coa 

1227 96.69 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, 

Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, Luteibacter, 

Luteimonas, Methylibium, Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, 

Rhizobium, Rhodanobacter, Sanguibacter, Sorangium, Variovorax, Vibrio 

Adenosylcobalamin 

salvage from cobalamin 

1218 95.98 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, 

Rhodanobacter, Sorangium, Streptosporangium, Variovorax, Vibrio 
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Appendix X. Continued. 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Succinate to 

cytochrome bd 

oxidase electron 

transfer 

1203 94.80 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Geodermatophilus, Gluconacetobacter, Lentzea, Luteibacter, 

Luteimonas, Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, 

Rahnella, Ralstonia, Rhizobium, Rhodanobacter, Sanguibacter, Sorangium, 

Streptosporangium, Variovorax, Vibrio 

UDP-N-

acetylmuramoyl-

pentapeptide 

biosynthesis I (meso-

diaminopimelate 

containing) 

1203 94.80 

Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Flavisolibacter, Gluconacetobacter, Lentzea, Luteibacter, Methylibium, 

Microbacterium, Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, 

Rhodanobacter, Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

Inosine-5'-phosphate 

biosynthesis I 

1197 94.33 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, Fimbriimonas, 

Flavisolibacter, Gluconacetobacter, Kribbella, Lentzea, Luteibacter, Luteimonas, 

Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, 

Rhizobium, Rhodanobacter, Sorangium, Variovorax, Vibrio 

Guanylyl 

molybdenum cofactor 

biosynthesis 

1188 93.62 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Dyadobacter, Erwinia, Euzebya, Fimbriimonas, 

Gluconacetobacter, Luteibacter, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sorangium, Streptosporangium, Variovorax, Vibrio 
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Appendix X. Continued. 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-alanine biosynthesis III 1186 93.46 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, 

Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, 

Rhodanobacter, Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

Acyl-CoA hydrolysis 1169 92.12 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, Fimbriimonas, 

Flavisolibacter, Gluconacetobacter, Kribbella, Lentzea, Luteibacter, Luteimonas, 

Methylibium, Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, 

Rahnella, Ralstonia, Rhizobium, Rhodanobacter, Sanguibacter, Sorangium, 

Streptosporangium, Variovorax, Vibrio 

3-dehydroquinate 

biosynthesis I 

1157 91.17 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, Fimbriimonas, 

Flavisolibacter, Geodermatophilus, Kribbella, Lentzea, Luteimonas, Methylibium, 

Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, 

Ralstonia, Rhizobium, Rhodanobacter, Sanguibacter, Sorangium, 

Streptosporangium, Variovorax, Vibrio 

Phosphatidylethanolamine 

biosynthesis I 

1150 90.62 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, 

Geodermatophilus, Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, 

Methylibium, Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, 

Rhizobium, Rhodanobacter, Sorangium, Streptosporangium, Variovorax, Vibrio 
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Appendix X. Continued. 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Succinate to cytochrome 

bo oxidase electron 

transfer 

1135 89.44 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, 

Fimbriimonas, Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, 

Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, 

Ralstonia, Rhizobium, Rhodanobacter, Sorangium, Variovorax, Vibrio 

Menaquinol-8 biosynthesis 1103 86.92 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Cystobacter, Erwinia, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, 

Kribbella, Lentzea, Luteibacter, Luteimonas, Methylibium, Microbacterium, 

Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, 

Rhodanobacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

D-gluconate degradation 1100 86.68 Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, Comamonas, 

Cystobacter, Dyadobacter, Erwinia, Geodermatophilus, Luteibacter, 

Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, 

Ralstonia, Rhizobium, Sanguibacter, Sorangium, Streptosporangium, 

Variovorax, Vibrio 

L-glutamate degradation II 1086 85.58 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, 

Cellvibrio, Chryseobacterium, Comamonas, Erwinia, Flavisolibacter, 

Luteibacter, Luteimonas, Microbacterium, Pedobacter, Pseudoxanthomonas, 

Rahnella, Rhizobium, Variovorax, Vibrio 
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Appendix X. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Pentose phosphate 

pathway (non-oxidative 

branch) 

1082 85.26 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Dyadobacter, Erwinia, Euzebya, Fimbriimonas, 

Geodermatophilus, Gluconacetobacter, Kribbella, Lentzea, Luteibacter, 

Luteimonas, Methylibium, Microbacterium, Nitrospira, Pedobacter, 

Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Variovorax, Vibrio 

Acetate formation from 

acetyl-coa I 

1047 82.51 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, 

Comamonas, Erwinia, Euzebya, Gluconacetobacter, Microbacterium, 

Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Streptosporangium, Variovorax, Vibrio 

L-aspartate biosynthesis 1004 79.12 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Dyadobacter, Erwinia, Euzebya, 

Fimbriimonas, Flavisolibacter, Geodermatophilus, Gluconacetobacter, Lentzea, 

Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, Pedobacter, 

Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Streptosporangium, Variovorax, Vibrio 

UDP-N-acetyl-D-

glucosamine 

biosynthesis I 

999 78.72 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Comamonas, Cystobacter, Erwinia, Euzebya, Geodermatophilus, Kribbella, 

Luteibacter, Luteimonas, Methylibium, Microbacterium, Nitrospira, 

Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, Rhodanobacter, 

Sanguibacter, Sorangium, Variovorax, Vibrio 

Preq0 biosynthesis 977 76.99 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, 

Chryseobacterium, Comamonas, Erwinia, Fimbriimonas, Lentzea, Luteibacter, 

Luteimonas, Nitrospira, Pseudoxanthomonas, Rahnella, Ralstonia, Rhizobium, 

Rhodanobacter, Variovorax, Vibrio 

L-aspartate degradation 

I 

958 75.49 Achromobacter, Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Cellvibrio, 

Chryseobacterium, Comamonas, Cystobacter, Erwinia, Euzebya, Fimbriimonas, 

Flavisolibacter, Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, 

Microbacterium, Nitrospira, Pedobacter, Pseudoxanthomonas, Rahnella, Ralstonia, 

Rhizobium, Rhodanobacter, Sanguibacter, Sorangium, Variovorax, Vibrio 
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APPENDIX Y 

Table Y.1. Functional features present among the potential driver genera at maturity compared with the vegetative growth stage. The table shows the number and 

percentage of bacteria that have the functional feature out of the 363 genomes that matched the input potential driver genera. Higher proportion indicate a high 

presence of the functional feature among the driver genera. Target Taxonomies indicate the driver genera that exhibited the functional feature. The functional 

feature information is based on IJSEM through the MACADAM database (Boulch et al., 2019). 

 

Functional 

feature 

Number of 

genomes present in 

Percent Target taxonomies 

Catalase 

positive 

321 88.43 Acidovorax, Acinetobacter, Adhaeribacter, Bacillus, Bradyrhizobium, 

Chryseobacterium, Comamonas, Dyadobacter, Erwinia, Euzebya, 

Flavisolibacter, Geodermatophilus, Gluconacetobacter, Kribbella, Labrys, 

Lentzea, Luteibacter, Luteimonas, Microbacterium, Pedobacter, 

Pseudoxanthomonas, Rhizobium, Rhodanobacter, Rubellimicrobium, 

Sanguibacter, Solirubrobacter, Streptosporangium, Thermomonas, 

Variovorax, Vibrio 

Oxidase 

positive 

233 64.19 Acidovorax, Adhaeribacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Comamonas, Dyadobacter, Euzebya, Flavisolibacter, Kribbella, Labrys, 

Luteibacter, Luteimonas, Methylibium, Microbacterium, Pedobacter, 

Pseudoxanthomonas, Rhizobium, Rhodanobacter, Rubellimicrobium, 

Sanguibacter, Solirubrobacter, Streptosporangium, Thermomonas, 

Variovorax, Vibrio 

Aesculin 

hydrolysis 

187 51.52 Adhaeribacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Dyadobacter, Erwinia, Flavisolibacter, Geodermatophilus, Kribbella, 

Labrys, Lentzea, Luteibacter, Luteimonas, Microbacterium, Pedobacter, 

Pseudoxanthomonas, Reyranella, Rhizobium, Rhodanobacter, 

Sanguibacter, Variovorax, Vibrio 

Gelatinase 120 33.06 Bacillus, Chryseobacterium, Comamonas, Dyadobacter, Erwinia, 

Flavisolibacter, Kribbella, Labrys, Lentzea, Luteibacter, Luteimonas, 

Microbacterium, Pedobacter, Pseudoxanthomonas, Rhizobium, 

Rhodanobacter, Sanguibacter, Solirubrobacter, Streptosporangium, Vibrio 
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Appendix Y.1. Continued. 

Functional feature Number of 

genomes present in 

Percent Target Taxonomies 

Nitrate reduction to 

nitrite 

113 31.13 Acidovorax, Acinetobacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Comamonas, Dyadobacter, Geodermatophilus, Kribbella, Labrys, Lentzea, 

Luteimonas, Methylibium, Microbacterium, Rhizobium, Rhodanobacter, 

Sanguibacter, Streptosporangium, Variovorax, Vibrio 

Alkaline 

phosphatase 

103 28.37 Adhaeribacter, Bacillus, Bradyrhizobium, Chryseobacterium, Comamonas, 

Dyadobacter, Flavisolibacter, Geodermatophilus, Kribbella, Labrys, 

Luteimonas, Microbacterium, Pedobacter, Pseudoxanthomonas, Reyranella, 

Rhizobium, Rhodanobacter, Rubellimicrobium, Sanguibacter, 

Solirubrobacter, Variovorax, Vibrio 

Acid phosphatase 88 24.24 Adhaeribacter, Bacillus, Chryseobacterium, Comamonas, Dyadobacter, 

Flavisolibacter, Geodermatophilus, Kribbella, Labrys, Luteimonas, 

Microbacterium, Pedobacter, Reyranella, Rhizobium, Rhodanobacter, 

Sanguibacter, Solirubrobacter, Variovorax, Vibrio 

Urease positive 61 16.80 Acidovorax, Adhaeribacter, Bacillus, Bradyrhizobium, Chryseobacterium, 

Comamonas, Kribbella, Labrys, Lentzea, Luteimonas, Methylibium, 

Microbacterium, Pedobacter, Pseudoxanthomonas, Reyranella, Rhizobium, 

Rubellimicrobium, Streptosporangium, Vibrio 

Indole production 38 10.47 Bacillus, Chryseobacterium, Rhizobium, Sanguibacter, Vibrio 

Alpha-

galactosidase 

28 7.71 Adhaeribacter, Bacillus, Chryseobacterium, Dyadobacter, Flavisolibacter, 

Kribbella, Luteimonas, Microbacterium, Pedobacter, Rhodanobacter, Vibrio 

H2S production 17 4.68 Bacillus, Chryseobacterium, Kribbella, Microbacterium, Vibrio 

Pyrazinamidase 2 0.55 Microbacterium 
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APPENDIX Z 

Table Z.1. Metabolic pathways present among the potential driver genera at maturity compared with the flowering growth stage. The table shows the number and 

percentage of bacteria that have the pathway out of the 473 genomes that matched the input driver genera. Higher proportion indicate a high presence of the 

pathways among the driver genera. Target Taxonomies indicate the driver genera that exhibited the pathways. Only those pathways with at least 75% match are 

shown here. The Metabolic Pathway information is from MetaCyc & MicroCyc through the MACADAM database (Boulch et al., 2019). 

 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

PRPP biosynthesis 

I 

473 100.00 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

S-adenosyl-L-

methionine 

biosynthesis 

472 99.79 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

Glycine 

biosynthesis I 

471 99.58 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

L-glutamine 

degradation I 

468 98.94 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 
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Appendix Z. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Acetate conversion 

to acetyl-coa 

464 98.10 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

L-homoserine 

biosynthesis 

463 97.89 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

L-alanine 

biosynthesis III 

460 97.25 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

Superoxide radical 

degradation 

458 96.83 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 
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Appendix Z. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Long-chain fatty 

acid activation 

455 96.19 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

L-threonine 

biosynthesis 

451 95.35 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Gluconacetobacter, 

Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, Microbacterium, 

Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Rhodoplanes, Roseomonas, Skermanella, Steroidobacter, Streptomyces, 

Variovorax 

Adenosylcobalamin 

salvage from 

cobalamin 

450 95.14 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 

Lipoate biosynthesis 

and incorporation I 

449 94.93 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 
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Appendix Z. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Phosphatidylethanolamine 

biosynthesis I 

448 94.71 Achromobacter, Dyadobacter, Flavobacterium, Gluconacetobacter, Lentzea, 

Luteibacter, Luteimonas, Lysobacter, Methylibium, Nitrospira, Nocardia, 

Paenibacillus, Pseudonocardia, Pseudoxanthomonas, Rhizobium, 

Rhodoplanes, Roseomonas, Skermanella, Steroidobacter, Streptomyces, 

Variovorax 

D-mannose degradation 442 93.45 Achromobacter, Dyadobacter, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Streptomyces, 

Variovorax 

Succinate to cytochrome 

bd oxidase electron 

transfer 

432 91.33 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, Gluconacetobacter, 

Lentzea, Luteibacter, Luteimonas, Lysobacter, Microbacterium, Nitrospira, 

Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, Rhizobium, 

Rhodoplanes, Roseomonas, Skermanella, Streptomyces, Variovorax 

Menaquinol-8 

biosynthesis 

428 90.49 Achromobacter, Flavobacterium, Fluviicola, Gluconacetobacter, Lentzea, 

Luteibacter, Luteimonas, Lysobacter, Methylibium, Microbacterium, 

Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Rhodoplanes, Skermanella, Steroidobacter, Streptomyces, 

Variovorax 
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Appendix Z. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-asparagine 

degradation I 

427 90.27 Achromobacter, Euzebya, Flavobacterium, Fluviicola, Gluconacetobacter, 

Lentzea, Luteibacter, Luteimonas, Lysobacter, Methylibium, Microbacterium, 

Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Rhodoplanes, Roseomonas, Skermanella, Steroidobacter, 

Streptomyces, Variovorax 

Inosine-5'-phosphate 

biosynthesis I 

423 89.43 Achromobacter, Euzebya, Flavobacterium, Fluviicola, Gluconacetobacter, 

Lentzea, Luteibacter, Luteimonas, Lysobacter, Microbacterium, Nitrospira, 

Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, Rhizobium, 

Roseomonas, Skermanella, Steroidobacter, Streptomyces, Variovorax 

L-alanine 

degradation IV 

422 89.22 Dyadobacter, Euzebya, Flavobacterium, Fluviicola, Lentzea, Luteibacter, 

Luteimonas, Lysobacter, Microbacterium, Nitrospira, Nocardia, 

Paenibacillus, Pseudonocardia, Pseudoxanthomonas, Rhizobium, 

Streptomyces 

UDP-N-acetyl-D-

glucosamine 

biosynthesis I 

422 89.22 Achromobacter, Euzebya, Luteibacter, Luteimonas, Lysobacter, Methylibium, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Steroidobacter, Streptomyces, Variovorax 
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Appendix Z. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

UDP-N-acetylmuramoyl-

pentapeptide biosynthesis I 

(meso-diaminopimelate 

containing) 

422 89.22 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, 

Fluviicola, Gluconacetobacter, Lentzea, Luteibacter, 

Lysobacter, Methylibium, Microbacterium, Nocardia, 

Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Rhodoplanes, Roseomonas, Skermanella, 

Streptomyces, Variovorax 

Pentose phosphate pathway 

(non-oxidative branch) 

419 88.58 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, 

Lysobacter, Methylibium, Microbacterium, Nitrospira, 

Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, 

Skermanella, Steroidobacter, Streptomyces, Variovorax 

L-glutamate biosynthesis III 411 86.89 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, 

Fluviicola, Lentzea, Luteibacter, Luteimonas, Lysobacter, 

Methylibium, Microbacterium, Nitrospira, Nocardia, 

Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Skermanella, Steroidobacter, Streptomyces, 

Variovorax 

L-aspartate biosynthesis 391 82.66 Achromobacter, Dyadobacter, Euzebya, Flavobacterium, 

Fluviicola, Gluconacetobacter, Lentzea, Luteibacter, 

Luteimonas, Lysobacter, Methylibium, Microbacterium, 

Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, 

Skermanella, Steroidobacter, Streptomyces, Variovorax 
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Appendix Z. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Acyl-CoA 

hydrolysis 

390 82.45 Achromobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, 

Methylibium, Microbacterium, Nitrospira, Nocardia, Paenibacillus, 

Pseudonocardia, Pseudoxanthomonas, Rhizobium, Rhodoplanes, 

Roseomonas, Skermanella, Steroidobacter, Streptomyces, Variovorax 

D-gluconate 

degradation 

384 81.18 Dyadobacter, Luteibacter, Microbacterium, Nitrospira, Nocardia, 

Paenibacillus, Pseudonocardia, Pseudoxanthomonas, Rhizobium, 

Streptomyces, Variovorax 

3-dehydroquinate 

biosynthesis I 

373 78.86 Achromobacter, Euzebya, Flavobacterium, Fluviicola, Lentzea, 

Luteimonas, Lysobacter, Methylibium, Microbacterium, Nitrospira, 

Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Skermanella, Steroidobacter, Streptomyces, Variovorax 

L-histidine 

biosynthesis 

371 78.44 Achromobacter, Flavobacterium, Gluconacetobacter, Lentzea, 

Luteibacter, Luteimonas, Lysobacter, Microbacterium, Nocardia, 

Paenibacillus, Pseudonocardia, Rhizobium, Rhodoplanes, Roseomonas, 

Streptomyces, Variovorax 

Succinate to 

cytochrome bo 

oxidase electron 

transfer 

359 75.90 Achromobacter, Euzebya, Flavobacterium, Fluviicola, 

Gluconacetobacter, Lentzea, Luteibacter, Luteimonas, Lysobacter, 

Microbacterium, Nitrospira, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Rhodoplanes, Roseomonas, 

Skermanella, Streptomyces, Variovorax 
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APPENDIX AA 

Table AA.1. Functional features present among the potential driver genera at maturity compared with the flowering growth stage. The table shows the number and 

percentage of bacteria that have the functional feature out of the 402 genomes that matched the input driver genera. Higher proportion indicate a high presence of 

the functional feature among the driver genera. Target Taxonomies indicate the driver genera that exhibited the functional feature. The functional feature 

information is based on IJSEM through the MACADAM database (Boulch et al., 2019). 

 

Functional feature Number of genomes 

present in 

Percent Target Taxonomies 

Catalase positive 303 75.37 Adhaeribacter, Dactylosporangium, Dyadobacter, Euzebya, 

Flavobacterium, Fluviicola, Gluconacetobacter, Iamia, Labrys, 

Lentzea, Luteibacter, Luteimonas, Lysobacter, Microbacterium, 

Nocardia, Paenibacillus, Pseudonocardia, Pseudoxanthomonas, 

Rhizobium, Roseomonas, Rubellimicrobium, Skermanella, 

Solirubrobacter, Steroidobacter, Streptomyces, Thermomonas, 

Variovorax 

Oxidase positive 208 51.74 Adhaeribacter, Dactylosporangium, Dyadobacter, Euzebya, 

Flavobacterium, Iamia, Labrys, Luteibacter, Luteimonas, 

Lysobacter, Methylibium, Microbacterium, Nocardia, 

Paenibacillus, Pseudonocardia, Pseudoxanthomonas, Rhizobium, 

Roseomonas, Rubellimicrobium, Skermanella, Solirubrobacter, 

Steroidobacter, Streptomyces, Thermomonas, Variovorax 

Aesculin hydrolysis 196 48.76 Adhaeribacter, Dactylosporangium, Dyadobacter, Flavobacterium, 

Labrys, Lentzea, Luteibacter, Luteimonas, Lysobacter, 

Microbacterium, Nocardia, Paenibacillus, Pseudonocardia, 

Pseudoxanthomonas, Rhizobium, Streptomyces, Variovorax 

Nitrate reduction to 

nitrite 

133 33.08 Dactylosporangium, Dyadobacter, Flavobacterium, Iamia, Labrys, 

Lentzea, Luteimonas, Lysobacter, Methylibium, Microbacterium, 

Nocardia, Paenibacillus, Pseudonocardia, Rhizobium, 

Roseomonas, Streptomyces, Variovorax 
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Appendix AA. Continued. 

 

Functional feature Number of genomes 

present in 

Percent Target Taxonomies 

Gelatinase 110 27.36 Dactylosporangium, Dyadobacter, Flavobacterium, Fluviicola, 

Iamia, Labrys, Lentzea, Luteibacter, Luteimonas, Lysobacter, 

Microbacterium, Nocardia, Paenibacillus, Pseudoxanthomonas, 

Rhizobium, Roseomonas, Solirubrobacter, Streptomyces 

Alkaline 

phosphatase 

91 22.64 Adhaeribacter, Dyadobacter, Flavobacterium, Labrys, Luteimonas, 

Lysobacter, Microbacterium, Paenibacillus, Pseudoxanthomonas, 

Rhizobium, Roseomonas, Rubellimicrobium, Solirubrobacter, 

Streptomyces, Variovorax 

Urease positive 90 22.39 Adhaeribacter, Flavobacterium, Labrys, Lentzea, Luteimonas, 

Methylibium, Microbacterium, Nocardia, Paenibacillus, 

Pseudonocardia, Pseudoxanthomonas, Rhizobium, Roseomonas, 

Rubellimicrobium, Streptomyces 

Acid phosphatase 83 20.65 Adhaeribacter, Dyadobacter, Flavobacterium, Labrys, Luteimonas, 

Lysobacter, Microbacterium, Paenibacillus, Rhizobium, 

Roseomonas, Solirubrobacter, Streptomyces, Variovorax 

Alpha-galactosidase 30 7.46 Adhaeribacter, Dyadobacter, Flavobacterium, Luteimonas, 

Microbacterium, Paenibacillus, Streptomyces 

H2S production 25 6.22 Dactylosporangium, Flavobacterium, Lysobacter, Microbacterium, 

Paenibacillus, Pseudonocardia, Streptomyces 

Indole production 8 1.99 Flavobacterium, Paenibacillus, Rhizobium 

Pyrazinamidase 2 0.50 Microbacterium 

Arylsulfatase 1 0.25 Nocardia 
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APPENDIX AB 

Table AB.1. Driver genera associated with B. napus breeding lines (BL) compared with diversity collections (DC). Where n(DC / BL) refers to degree of the node 

in DC / BL genotypes, exclusive refers to exclusive in breeding lines , DelBet refers to the delta betweeness score from DC to BL and community refers to 

community affiliation of the node in BL. 

Genera n(DC) n(BL) core(BL) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Acinetobacter 5 3 2 6 2 1 0.33 0.89 0.01 1 

Cellvibrio 4 5 4 8 1 4 0.13 1.59 0.15 1 

Comamonas 7 3 3 8 2 1 0.25 0.93 0.18 1 

Dyadobacter 8 6 4 10 4 2 0.40 0.91 0.03 1 

Flavobacterium 1 2 2 2 1 1 0.50 1.06 0.19 1 

Pseudoxanthomonas 4 7 4 10 1 6 0.10 1.83 0.38 1 

Sphingobacterium 9 11 4 13 7 4 0.54 0.99 0.28 1 

Sphingopyxis 7 8 4 11 4 4 0.36 1.22 0.18 1 

Stenotrophomonas 10 11 4 13 8 3 0.62 0.78 0.26 1 

Variovorax 2 2 2 4 0 2 0 1.61 0.11 1 

Adhaeribacter 4 6 4 10 0 6 0 1.93 0.25 2 

Aeromicrobium 1 7 4 8 0 7 0 2.26 0.24 2 

Afifella 7 4 3 10 1 3 0.10 1.37 0.03 2 

Arthrobacter 1 5 4 6 0 5 0 2.11 0.39 2 

Bradyrhizobium 13 2 1 14 1 1 0.07 1.06 0.01 2 

Nitrospira 13 10 5 17 6 4 0.35 1.11 0.35 2 

Phyllobacterium 1 5 3 6 0 5 0 2.11 0.41 2 

Rubellimicrobium 6 6 4 11 1 5 0.09 1.64 0.12 2 
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Appendix AB. Continued.  

 

Genera n(DC) n(BL) core(BL) Union Intersect Exclusive 

Jaccard-

score 

NESH-

score DelBet Community 

Phenylobacterium 1 3 2 4 0 3 0 1.92 0.09 3 

Agromyces 12 15 6 23 4 11 0.17 1.92 0.48 4 

Caldilinea 5 12 6 13 4 8 0.31 1.75 0.32 4 

Catellatospora 3 7 6 9 1 6 0.11 1.89 0.03 4 

Chthoniobacter 6 11 6 11 6 5 0.55 1.19 0.15 4 

Couchioplanes 11 17 6 21 7 10 0.33 1.69 0.26 4 

Dactylosporangium 7 8 5 12 3 5 0.25 1.44 0.06 4 

Flavisolibacter 4 7 4 11 0 7 0 2.03 0.11 4 

OR-59 5 7 4 10 2 5 0.20 1.58 0.09 4 

Phycicoccus 13 15 6 20 8 7 0.40 1.34 0.49 4 

Prosthecobacter 3 7 4 9 1 6 0.11 1.89 0.29 4 

Pseudonocardia 13 18 6 21 10 8 0.48 1.35 0.47 4 

Arenimonas 5 9 5 13 1 8 0.08 1.98 0.44 5 

Balneimonas 14 15 5 23 6 9 0.26 1.63 0.86 5 

Devosia 11 11 5 20 2 9 0.10 1.85 0.22 5 

Janthinobacterium 3 6 4 8 1 5 0.13 1.78 0.24 5 

Kaistobacter 9 14 5 18 5 9 0.28 1.72 0.40 5 

Mycoplana 1 4 4 5 0 4 0 2.02 0 5 

Reyranella 20 14 5 27 7 7 0.26 1.39 0.19 5 

Solirubrobacter 3 5 5 8 0 5 0 1.90 0.04 5 

Steroidobacter 11 13 5 17 7 6 0.41 1.28 0 5 

Thermomonas 4 11 5 13 2 9 0.15 2.04 0.45 5 

Vibrio 3 3 3 5 1 2 0.20 1.3110 0.01 5 
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APPENDIX AC 

Table AC.1. Metabolic pathways present among the potential driver genera in breeding lines compared with diversity collections. The table shows the number and 

percentage of bacteria that have the pathway out of the 658 genomes that matched the input driver genera. Higher proportion indicate a high presence of the 

pathways among the driver genera. Target Taxonomies indicate the driver genera that exhibited the pathways. Only those pathways with at least 75% match are 

shown here. The Metabolic Pathway information is from MetaCyc & MicroCyc through the MACADAM database (Boulch et al., 2019). 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Acetate conversion to 

acetyl-coa 

657 99.85 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

S-adenosyl-L-methionine 

biosynthesis 

657 99.85 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Glycine biosynthesis I 655 99.54 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

PRPP biosynthesis I 655 99.54 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-glutamine 

degradation I 

653 99.24 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Long-chain fatty acid 

activation 

645 98.02 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

L-homoserine 

biosynthesis 

645 98.02 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Superoxide radical 

degradation 

642 97.57 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Lipoate biosynthesis and 

incorporation I 

639 97.11 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Adenosylcobalamin 

salvage from cobalamin 

626 95.14 Acinetobacter, Aeromicrobium, Arthrobacter, Bradyrhizobium, Caldilinea, 

Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Acyl-CoA hydrolysis 622 94.53 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

3-dehydroquinate 

biosynthesis I 

621 94.38 Acinetobacter, Aeromicrobium, Arthrobacter, Bradyrhizobium, Caldilinea, 

Cellvibrio, Comamonas, Devosia, Flavisolibacter, Flavobacterium, 

Janthinobacterium, Nitrospira, Pseudonocardia, Pseudoxanthomonas, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Steroidobacter, 

Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

2-oxoglutarate 

decarboxylation to succinyl-

CoA 

620 94.22 Acinetobacter, Arthrobacter, Bradyrhizobium, Cellvibrio, Comamonas, 

Devosia, Dyadobacter, Flavisolibacter, Flavobacterium, Janthinobacterium, 

Phenylobacterium, Phyllobacterium, Pseudoxanthomonas, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Steroidobacter, 

Variovorax, Vibrio 

L-threonine biosynthesis 620 94.22 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Comamonas, Dyadobacter, Flavisolibacter, Flavobacterium, 

Janthinobacterium, Nitrospira, Phenylobacterium, Phyllobacterium, 

Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, 

Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Pentose phosphate pathway 

(non-oxidative branch) 

613 93.16 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, 

Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Inosine-5'-phosphate 

biosynthesis I 

611 92.86 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

Succinate to cytochrome 

bd oxidase electron 

transfer 

609 92.55 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavobacterium, 

Janthinobacterium, Nitrospira, Phenylobacterium, Phyllobacterium, 

Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, 

Stenotrophomonas, Variovorax, Vibrio 

Phosphatidylethanolamine 

biosynthesis I 

607 92.25 Acinetobacter, Aeromicrobium, Bradyrhizobium, Cellvibrio, Comamonas, 

Dyadobacter, Flavobacterium, Janthinobacterium, Nitrospira, Phyllobacterium, 

Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, 

Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

UDP-N-acetylmuramoyl-

pentapeptide biosynthesis 

I (meso-diaminopimelate 

containing) 

598 90.88 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Phenylobacterium, Phyllobacterium, 

Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, 

Stenotrophomonas, Variovorax, Vibrio 

L-alanine biosynthesis III 594 90.27 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Percent Target taxonomies 

L-cysteine 

biosynthesis I 

590 89.67 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Janthinobacterium, Nitrospira, Phenylobacterium, Phyllobacterium, 

Sphingobacterium, Sphingopyxis, Variovorax, Vibrio 

Guanylyl 

molybdenum 

cofactor biosynthesis 

584 88.75 Acinetobacter, Arthrobacter, Bradyrhizobium, Caldilinea, Cellvibrio, Comamonas, 

Devosia, Dyadobacter, Flavobacterium, Janthinobacterium, Nitrospira, 

Phenylobacterium, Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, 

Vibrio 

L-glutamate 

biosynthesis III 

583 88.60 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavobacterium, Janthinobacterium, 

Nitrospira, Phenylobacterium, Phyllobacterium, Pseudonocardia, 

Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, Stenotrophomonas, 

Steroidobacter, Variovorax, Vibrio 

Glutathione 

biosynthesis 

571 86.78 Acinetobacter, Agromyces, Bradyrhizobium, Cellvibrio, Comamonas, Devosia, 

Janthinobacterium, Phenylobacterium, Phyllobacterium, Pseudoxanthomonas, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Precent Target taxonomies 

Succinate to cytochrome 

bo oxidase electron 

transfer 

569 86.47 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Devosia, Flavobacterium, Janthinobacterium, 

Nitrospira, Phenylobacterium, Pseudonocardia, Pseudoxanthomonas, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Variovorax, Vibrio 

Thiamine diphosphate 

biosynthesis I (E. Coli) 

568 86.32 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Dyadobacter, Flavobacterium, Janthinobacterium, 

Nitrospira, Phenylobacterium, Pseudonocardia, Pseudoxanthomonas, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Variovorax, Vibrio 

UDP-N-acetyl-D-

glucosamine biosynthesis 

I 

554 84.19 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Janthinobacterium, Nitrospira, 

Phenylobacterium, Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 

Menaquinol-8 

biosynthesis 

537 81.61 Acinetobacter, Aeromicrobium, Arthrobacter, Bradyrhizobium, Cellvibrio, 

Comamonas, Devosia, Flavisolibacter, Flavobacterium, Janthinobacterium, 

Nitrospira, Phenylobacterium, Phyllobacterium, Pseudonocardia, 

Pseudoxanthomonas, Sphingobacterium, Sphingopyxis, Stenotrophomonas, 

Steroidobacter, Variovorax, Vibrio 
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Appendix AC. Continued. 

Metabolic Pathway Number of 

genomes present in 

Precent Target taxonomies 

Di-trans,poly-cis-

undecaprenyl phosphate 

biosynthesis 

528 80.24 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Caldilinea, Cellvibrio, Comamonas, Devosia, Dyadobacter, Flavobacterium, 

Janthinobacterium, Nitrospira, Phenylobacterium, Pseudonocardia, 

Pseudoxanthomonas, Sphingopyxis, Stenotrophomonas, Steroidobacter, 

Variovorax, Vibrio 

L-glutamate degradation II 527 80.09 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Flavisolibacter, Flavobacterium, Janthinobacterium, 

Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, Stenotrophomonas, 

Variovorax, Vibrio 

Thiamine diphosphate 

biosynthesis II (Bacillus) 

512 77.81 Acinetobacter, Aeromicrobium, Agromyces, Arthrobacter, Bradyrhizobium, 

Cellvibrio, Comamonas, Dyadobacter, Flavobacterium, Janthinobacterium, 

Nitrospira, Phenylobacterium, Pseudonocardia, Pseudoxanthomonas, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Variovorax, Vibrio 

Acetate formation from 

acetyl-CoA I 

508 77.20 Acinetobacter, Agromyces, Arthrobacter, Bradyrhizobium, Comamonas, 

Flavobacterium, Janthinobacterium, Phenylobacterium, Pseudoxanthomonas, 

Sphingopyxis, Stenotrophomonas, Steroidobacter, Variovorax, Vibrio 
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APPENDIX AD 

Table AD.1. Functional features present among the potential driver genera in B. napus breeding lines. The table shows the number and percentage of bacteria 

that have the functional feature out of the 261 genomes that matched the input driver genera. Higher proportion indicate a high presence of the functional feature 

among the driver genera. Target Taxonomies indicate the driver genera that exhibited the functional feature. The functional feature information is based on 

IJSEM through the MACADAM database (Boulch et al., 2019). 

Functional feature Number of 

genomes present in 

Percent Target Taxonomies 

Catalase positive 216 82.76 Acinetobacter, Adhaeribacter, Aeromicrobium, Agromyces, Arenimonas, 

Arthrobacter, Bradyrhizobium, Comamonas, Dactylosporangium, Devosia, 

Dyadobacter, Flavisolibacter, Flavobacterium, Phenylobacterium, 

Phycicoccus, Phyllobacterium, Pseudonocardia, Pseudoxanthomonas, 

Rubellimicrobium, Solirubrobacter, Sphingobacterium, Sphingopyxis, 

Stenotrophomonas, Steroidobacter, Thermomonas, Variovorax, Vibrio 

Oxidase positive 180 68.97 Adhaeribacter, Aeromicrobium, Agromyces, Arenimonas, Bradyrhizobium, 

Comamonas, Dactylosporangium, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Phenylobacterium, Phycicoccus, Phyllobacterium, 

Pseudonocardia, Pseudoxanthomonas, Rubellimicrobium, Solirubrobacter, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Steroidobacter, 

Thermomonas, Variovorax, Vibrio 

Aesculin hydrolysis 112 42.91 Adhaeribacter, Aeromicrobium, Agromyces, Arenimonas, Arthrobacter, 

Bradyrhizobium, Dactylosporangium, Devosia, Dyadobacter, 

Flavisolibacter, Flavobacterium, Phycicoccus, Phyllobacterium, 

Pseudonocardia, Pseudoxanthomonas, Reyranella, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Variovorax, Vibrio 

Alkaline phosphatase 112 42.91 Adhaeribacter, Aeromicrobium, Agromyces, Arenimonas, Arthrobacter, 

Bradyrhizobium, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Phenylobacterium, Phycicoccus, Pseudoxanthomonas, 

Reyranella, Rubellimicrobium, Solirubrobacter, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Variovorax, Vibrio 
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Appendix AD. Continued  

Functional feature Number of 

genomes present in 

Percent Target Taxonomies 

Acid phosphatase 98 37.55 Adhaeribacter, Aeromicrobium, Agromyces, Arenimonas, 

Arthrobacter, Comamonas, Devosia, Dyadobacter, Flavisolibacter, 

Flavobacterium, Phycicoccus, Reyranella, Solirubrobacter, 

Sphingobacterium, Sphingopyxis, Stenotrophomonas, Variovorax, 

Vibrio 

Nitrate reduction to 

nitrite 

75 28.74 Acinetobacter, Aeromicrobium, Agromyces, Arenimonas, 

Arthrobacter, Bradyrhizobium, Comamonas, Dactylosporangium, 

Devosia, Dyadobacter, Flavobacterium, Phenylobacterium, 

Phycicoccus, Phyllobacterium, Pseudonocardia, Sphingobacterium, 

Sphingopyxis, Stenotrophomonas, Variovorax, Vibrio 

Gelatinase 69 26.44 Aeromicrobium, Agromyces, Arenimonas, Arthrobacter, 

Comamonas, Dactylosporangium, Dyadobacter, Flavisolibacter, 

Flavobacterium, Phycicoccus, Pseudoxanthomonas, Solirubrobacter, 

Sphingobacterium, Stenotrophomonas, Vibrio 

Urease positive 53 20.31 Adhaeribacter, Aeromicrobium, Agromyces, Arenimonas, 

Arthrobacter, Bradyrhizobium, Comamonas, Devosia, 

Flavobacterium, Phycicoccus, Phyllobacterium, Pseudonocardia, 

Pseudoxanthomonas, Reyranella, Rubellimicrobium, 

Sphingobacterium, Sphingopyxis, Vibrio 

Alpha-galactosidase 33 12.64 Adhaeribacter, Arthrobacter, Dyadobacter, Flavisolibacter, 

Flavobacterium, Phycicoccus, Sphingobacterium, Vibrio 

H2S production 14 5.36 Aeromicrobium, Agromyces, Dactylosporangium, Flavobacterium, 

Phyllobacterium, Pseudonocardia, Vibrio 

Indole production 11 4.21 Aeromicrobium, Flavobacterium, Vibrio 

Pyrazinamidase 2 0.77 Arthrobacter 


