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Abstract 

Canola provides ~15% of the total global vegetable oil supply and is an important crop 

contributing  about $26.7 billion to Canada’s economy. Canola production has been threatened 

by clubroot disease caused by Plasmodiophora brassicae Woronin, which in extreme case can 

result complete crop failure. Development of clubroot resistant cultivars is one of the important 

ways of managing this disease. Clubroot resistance has been introgressed into spring canola from 

various sources of which the resistance introgressed from winter canola cv. ‘Mendel’ and 

rutabaga have been used most extensively in Canada; however, the molecular basis including 

comparative analysis of this resistance has not yet been studied. In this dissertation, I focused 

and compared thetranscriptomic response of these two resistances in canola in response to 

infection by P. brassicae.  

Eukaryote transcriptome is more complex than previously imagined, as evidenced by the 

knowledge gained from recent studies. The transcriptomes primarily consist of non-coding 

RNAs such as long non-coding RNAs (lncRNAs) and protein coding RNAs like mRNAs. Using 

lncRNA-seq, we identified 530 differentially expressed (DE) lncRNAs between clubroot 

resistant canola lines carrying resistance of rutabaga (RtR) and susceptible lines lacking this 

resistance (RtS). Similarly, we also identified 464 DE lncRNAs between the canola lines 

carrying resistance of winter cv. ‘Mendel’ (MdR) and lines lacking this resistance (MdS). While 

comparing these two sets of DE lncRNAs, we found 12 lncRNAs were upregulated in both the 

resistances and could be potentially involved in regulating clubroot resistance. We also found 

that the predicted targets genes of these lncRNAs were similar in both RtR and MdR resistances. 

Quantitative real-time (qRT-PCR) analysis was carried out for the lncRNAs specifically 
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expressed in RtR or MdR lines, and the lncRNAs expressed in both RtR and MdR lines and their 

respective target genes to confirm their response to  clubroot .  

 Pathway analysis of the target genes regulated by the 530 DE lncRNAs identified by 

using rutabaga-resistance and 464 DE lncRNAs identified by using Mendel-resistance showed 

that the primary and secondary metabolic pathways play an important role in  resistance to this 

disease at 10 dpi;  the genes involved in primary and secondary metabolic pathways were 

observed to be upregulated in the RtR and MdR lines. The importance of these pathways was 

investigated by treating, clubroot susceptible plants with trehalose. The DH lines treated with 30 

mM and 60 mM trehalose showed partial resistance to this disease while the treatment with 120 

mM trehalose did not change the susceptible phenotype. Additionally, we observed that the 

expression of the genes like pathogenesis-related protein 2, lipoxygenase and phenylalanine 

ammonia lyase increased in response to this treatment indicating that the modulation of primary 

metabolic pathways can affect clubroot resistance. 

 Furthermore, considering the importance of the clubroot resistance loci of BnaA03 from 

MdR lines and BnaA08 from RtR lines and their association with clubroot resistance, the DEGs 

upregulated from these two chromosomes were compared, and the gene cytokinin responsive 

factor (CRF4) was found upregulated in both resistances and, thus, could be involved in 

mediating clubroot resistance in both RtR and MdR lines. In addition, I also developed lncRNA- 

and gene-based molecular markers from BnaA08 (RtR) and BnaA03 (MdR). A simple sequence 

repeat (SSR) marker designed from the lncRNA  LNC_000424 showed cosegregation with 

resistance in a mapping population carrying Mendel-resistance; this lncRNA was upregulated in 

the MdR lines and was predicted to regulate the target genes involved in plant defense. 

Additionally, the gene-based SSR markers from the DEGs viz. BnaA03g41300D and 
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BnaA03g44400D of BnaA03 upregulated in the MdR lines and SSR from the DEG 

BnaA08g03250D of BnaA08 upregulated in the RtR lines showed showed linkage association 

with resistance; however,  these lncRNA- and gene-based markers showed 1-3% recombination 

between the marker and resistance phenotypes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Preface 

 

A version of Chapter 2 of this dissertation has been published as: 

Summanwar, A, Basu, U, Rahman, H, & Kav, N. (2019) Non-coding RNAs as emerging targets 

for crop improvement: a review. Plant Science. Doi: 10.1016/j.plantsci.2020.110521 

A version of Chapter 3 of this dissertation has been published as: 

Summanwar, A, Basu, U, Rahman, H, & Kav, N. (2019) Identification of lncRNAs responsive to 

infection by Plasmodiophora brassicae in clubroot-susceptible and -resistant Brassica napus 

lines carrying resistance introgressed from rutabaga. Molecular Plant-Microbe Interactions, 32, 

1360-77. Doi: 10.1094/MPMI-12-18-0341-R 

A version of Chapter 4 has been submitted as a manuscript for publication to Genome as: 

Summanwar, A, Basu, U, Kav, N, & Rahman, H. (2020) Identification of lncRNAs in response to 

infection by Plasmodiophora brassicae in Brassica napus and development of lncRNA-based SSR 

markers.  

A version of Chapter 5 has been submitted as a manuscript for publication to Physiological and 

Molecular Plant Pathology as: 

Summanwar, A, Farid, M, Basu, U, Kav, N, & Rahman, H. (2020) Comparative transcriptome 

analysis of canola carrying clubroot resistance from 'Mendel' or Rutabaga and the development of 

molecular markers. 

In Chapter 5, The gene-based SSRs were genotyped by Dr. Mehdi Farid.  

I was responsible for conducting all experiments, analysis and interpretations of data and 

presentation of the results in the manuscripts of all the studies presented in this dissertation 

experiments after considering feedback from Dr. Kav, Dr. Urmila and Dr. Rahman. Dr. Kav, Dr. 

Urmila and Dr. Rahman reviewed and edited draft versions of these manuscripts.   

All the raw sequencing data generated in this study are available under the NCBI Bioproject 

accession number PRJNA662499. The SRA accession id’s for all the samples are from 

SRR12615531 to SRR12615542. 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA662499
https://dataview.ncbi.nlm.nih.gov/object/SRR12615531
https://dataview.ncbi.nlm.nih.gov/object/SRR12615542


vi 
 

Dedication 

This is for you, Ajoba 

My grandfather, for the encouragement to pursue Science. For always being my guardian angel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

Acknowledgments 

 

I would like to express my gratitude to my supervisors Dr. Nat Kav and Dr. Habibur Rahman for 

giving me the opportunity to work with them, for believing in me and my abilities and for their 

constant encouragement and support.  I would also like to thank Dr. Urmila Basu for her support, 

guidance, critical evaluations, and valuable suggestions for the duration of the program. I would 

like to thank my supervisory committee members: Dr. Nat Kav, Dr. Habibur Rahman, Dr. 

Urmila Basu and Dr. Stephen Strelkov for their valuable advices for this research program. 

My sincerest thanks to Dr. Mehdi Farid, Dr. Rubeena Shaikh and Dr. Swati Megha for their 

valuable guidance, constant encouragement, and emotional support for the duration of the 

program. It has been a pleasure to share this experience with you all. 

I would like to extend my sincerest gratitude to my colleagues Dr. Harleen Kaur, Dr. Berisso 

Kebede, Ann Vo and my lab mates for their support. 

I would like to thank Dr. Uwe Hacke and Dr. Joselyn Ozga, for their teaching assistant 

opportunities, which helped me increase my work experience and gain new knowledge. 

I would like to thank Robin Miles and Nikki Scott for employing me part-time.  

I would like to thank Financial support from Alberta Crop Industry Development Fund (ACIDF), 

the Alberta Canola Producers Commission (ACPC), Alberta Innovates (AI), Alberta Agriculture 

and Forestry (AAF), Agriculture and Agri-Food Canada (AAFC), and the Natural Sciences and 

Engineering Research Council (NSERC) for financial support of this project. 

I would like to thank my husband, Swaraj for his incessant love, care, and moral support. Thanks 

for being there when I needed all the help.  

I would like to thank my Dad for his love, constant encouragement, moral and emotional support 

extended all the way from across the world, at every step of this long journey. Thanks, Mom, for 

the meals at work, staying in the university for all the late-night work and for her endless faith in 

me and my determination. This journey would have been difficult without you both. 

Thank you, to my entire family and my Aai and Baba for their blessings and support.  

 



viii 
 

Table of Contents 

Chapter 1: General Introduction ......................................................................................................... 1 

Chapter 2: Non-coding RNAs as emerging targets for crop improvement ............................................. 6 

2.1 What is food security/insecurity?.................................................................................................. 6 

2.2.2 Genome modification ................................................................................................................ 8 

2.3 Transcriptome and the non-coding RNAome ................................................................................. 9 

2.4 Long noncoding RNAs (lncRNAs) ................................................................................................. 10 

2.4.1 Mechanisms of action of plant lncRNAs .................................................................................... 11 

2.4.1.1 Transcriptional interference mediated by chromatin modification complexes ........................ 11 

2.4.1.2 Transcriptional regulation mediated by RNA-DNA hybridization ............................................ 17 

2.4.1.3 Transcriptional regulation mediated by RNA-protein interaction............................................ 19 

2.4.1.4 Transcriptional regulation mediated by RNA-RNA interaction : .............................................. 20 

2.5 Small RNAs (sRNAs) .................................................................................................................... 23 

2.6 Circular RNAs (circRNAs) ............................................................................................................. 25 

2.7 Transcriptomics approaches to study biotic stress response ........................................................ 26 

2.7.1 lncRNAs responsive to fungal phytopathogens ......................................................................... 27 

2.7.2 lncRNAs responsive to bacterial phytopathogens ..................................................................... 29 

2.7.3 lncRNAs responsive to viral phytopathogens and pests ............................................................. 30 

2.7.4 circRNAs responsive to biotic stress ......................................................................................... 31 

2.7.5 miRNAs derived from lncRNAs responsive to pathogens ........................................................... 32 

2.7.6 Potential genome editing approaches for manipulating lncRNAs for crop improvement ............ 33 

2.8 Conclusion and future perspectives ............................................................................................ 34 

Chapter 3: Identification of lncRNAs Responsive to Infection by Plasmodiophora brassicae in Clubroot-

Susceptible and -Resistant Brassica napus Lines Carrying Resistance Introgressed from Rutabaga ...... 41 

3.1 Introduction ............................................................................................................................... 41 

3.2 Materials and Methods .............................................................................................................. 43 

3.2.1 Plant material .......................................................................................................................... 43 

3.2.2 Microscopy analysis for primary infection by P. brassiceae ....................................................... 44 

3.2.3 Plant materials for lncRNA-seq analysis .................................................................................... 45 

3.2.4 RNA isolation, library preparation, and sequencing .................................................................. 45 

3.2.5 Mapping to the reference genome and transcriptome assembly ............................................... 46 

3.2.6 lncRNA detection and target prediction .................................................................................... 47 

3.2.7 Classification and characterization of lncRNA functions ............................................................ 47 



ix 
 

3.2.8 qRT-PCR analysis ..................................................................................................................... 48 

3.3 Results ....................................................................................................................................... 48 

3.3.1 Microscopic examination of P. brassicae infection of B. napus .................................................. 48 

3.3.2 Identification of lncRNAs in B. napus following P. brassicae infection ........................................ 51 

3.3.3 Characterization and functional analysis of DE lncRNAs in response to P. brassicae infection .... 52 

3.3.4 Differentially expressed genes located on the BnaA08 chromosome ......................................... 58 

3.3.5 Quantitative real-time PCR validation for the expression of lncRNAs. ....................................... 62 

3.3.6 B. napus lncRNAs as endogenous target mimics for microRNAs ................................................ 64 

3.3.7 lncRNAs as potential miRNA precursors ................................................................................... 65 

3.3.8 Natural antisense transcripts ................................................................................................... 66 

3.4 Discussion .................................................................................................................................. 69 

3.5 Conclusion ................................................................................................................................. 73 

Supplementary Figures .................................................................................................................... 74 

Chapter 4: Identification of lncRNAs in response to infection by Plasmodiophora brassicae in Brassica 

napus and development of lncRNA-based SSR markers ..................................................................... 76 

4.1 Introduction ............................................................................................................................... 76 

4.2 Material and Methods ................................................................................................................ 78 

4.2.1 Plant material and microscopic studies .................................................................................... 78 

4.2.2 RNA isolation, library preparation and sequencing ................................................................... 79 

4.2.3 Mapping of reads to reference genome and transcriptome assembly ........................................ 80 

4.2.4 LncRNA detection and target prediction ................................................................................... 80 

4.2.5 Functional classification of lncRNAs ......................................................................................... 81 

4.2.6 Identification and validation of SSRs in the DE lncRNAs ............................................................ 81 

4.2.7 Quantitative real time polymerase chain reaction (qRT-PCR) analysis ....................................... 82 

4.3 Results ....................................................................................................................................... 83 

4.3.1 Microscopic examination of P. brassicae infection .................................................................... 83 

4.3.2 Identification and characterization of the lncRNAs following P. brassicae infection ................... 85 

4.3.3 DE lncRNAs located on B. napus chromosome BnaA03 ............................................................. 88 

4.3.4 qRT-PCR validation of the expression of the lncRNAs ................................................................ 91 

4.3.5 Comparative analysis of the DE lncRNAs of the lines carrying Mendel- or rutabaga-resistance ... 93 

4.3.6 B. napus lncRNAs predicted to function as precursors or endogenous target mimics (eTM) of 

microRNAs (miRNAs)........................................................................................................................ 95 

4.3.7 Identification of Simple Sequence Repeats (SSRs) within the DE lncRNAs .................................. 96 

4.3.8 Identification and validation of SSRs from the DE lncRNAs of BnaA03 ..................................... 100 



x 
 

4.4 Discussion ................................................................................................................................ 100 

4.4.1 LncRNAs regulating genes involved in plant-pathogen interactions ......................................... 101 

4.4.2 LncRNAs regulating genes involved in primary and secondary metabolism .............................. 102 

4.4.3 qRT-PCR validation of the selected lncRNAs and their target gene .......................................... 103 

4.4.4 LncRNAs expressed in canola lines carrying rutabaga- and Mendel-resistance ......................... 104 

4.4.5 Development of lncRNA-based molecular markers ................................................................. 105 

4.5 Conclusion ............................................................................................................................... 107 

Supplementary Figures .................................................................................................................. 108 

Chapter 5: Comparative transcriptome analysis of canola carrying clubroot resistance from 'Mendel' or 

Rutabaga and the development of molecular markers .................................................................... 110 

5.1 Introduction ............................................................................................................................. 110 

5.2 Materials and methods ............................................................................................................. 113 

5.2.1 Plant materials ...................................................................................................................... 113 

5.2.2 Plant materials for RNA-seq analysis ...................................................................................... 113 

5.2.3 RNA isolation, library preparation and sequencing ................................................................. 114 

5.2.4 Mapping to the reference genome and transcriptome assembly ............................................. 114 

5.2.5 Phenotyping of canola seedlings treated using trehalose ........................................................ 115 

5.2.6 Quantitative real time polymerase chain reaction (qRT-PCR) analysis ..................................... 115 

5.2.7 Development of SSRs from the DEGs ...................................................................................... 116 

5.3 Results ..................................................................................................................................... 117 

5.3.1 RNA-seq analysis ................................................................................................................... 117 

5.3.2 Functional annotation of the genes upregulated in RtR and MdR lines using GO enrichment and 

KEGG pathway analysis .................................................................................................................. 118 

5.3.3 DEGs potentially involved in resistance to P. brassicae ........................................................... 118 

5.3.4 Quantitative real time-PCR (qRT-PCR) validation of expression ............................................... 124 

5.3.4.1 Genes upregulated in both RtR and MdR lines and their validation using qRT-PCR ................ 126 

5.3.5 Comparison between BnaA08 (RtR) and BnaA03 (MdR) resistance .......................................... 127 

5.3.6 Evaluation of canola lines treated with trehalose for resistance to clubroot ............................ 130 

5.3.7 Quantification of defense responsive genes in response to priming with trehalose ................. 130 

5.3.8 Development of SSR markers from the DEGs of BnaA08 (RtR) and BnaA03 (MdR) ................... 132 

5.4 Discussion ................................................................................................................................ 134 

5.4.1 Comparison between BnaA08 (RtR) and BnaA03 (MdR) resistance .......................................... 139 

5.4.2 Development of gene-based molecular markers ..................................................................... 140 

5.5 Conclusion ............................................................................................................................... 142 



xi 
 

Supplementary Figures .................................................................................................................. 143 

Chapter 6: General Discussion ........................................................................................................ 145 

6.1 Conclusion and future perspectives .......................................................................................... 151 

Bibliography .................................................................................................................................. 152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of Tables 

Table No. List of Tables Page no. 

Table 2.1 Examples of crops improved for disease resistance through plant 

breeding 

35 

Table 2.2 Examples of crops improved for disease resistance using various 

genome modification techniques. 

37 

Table 2.3 In silico prediction of the lncRNAs which are precursors of the 

previously reported miRNAs. 

39 

Table 2.4 Plant lncRNA databases 40 

Table 3.1 Percentage of infected cells observed in clubroot susceptible (S) and 

resistant (R) B. napus lines as observed microscopically at different 

time points. 

49 

Table 3.2 Mapping statistics of the sequencing reads from 6 stranded B. napus 

libraries post infection with P. brassicae. 

52 

Table 3.3 LncRNAs uniquely expressed in clubroot disease resistant (R) lines 

carrying the resistance gene of rutabaga and clubroot susceptible (S) 

lines of  B. napus. 

54 

Table 4.1 List of the lncRNAs uniquely expressed in clubroot disease resistant 

(R) or susceptible (S) lines of Brassica napus. 

88 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

List of Figures 

Figure no. List of Figures Page no. 

Fig. 1 Life cycle of Plasmodiophora brassicae. A) Resting spore. B) Primary 

zoospore. C) Primary plasmodium in root hair. D) Zoosporangial 

cluster in root hair. E) Empty zoosporangium. F, G) Secondary 

plasmodia in cortical cells. H), I) Resting spores in cortical cells. 

[Reference: Kageyama and Asano, 2009] 

3 

Fig. 2.1 Modification of the chromatin architecture by histone modification 

(A,B,C) and DNA methylation (D,E,F). A) Regulation of FLC locus 

by three lncRNAs. FLC is actively transcribed before exposure to 

cold. On exposure to cold, COOLAIR accumulates and synchronizes 

the removal of H3K36me3 and accumulation of H3K27me3. B) Next, 

COLDAIR and COLDWRAP are transcribed and recruit PRC2+VIN3 

which are responsible for deposition of additional H3K27me3. C) 

Complete repression of FLC is achieved with H3K27me3 repression 

marks on FLC locus. D) LDMAR regulates reproductive development 

under a long day condition in rice cv. NK 58N. E) LDMAR regulates 

PSMS in mutant line NK 58S. A spontaneous mutation from C to G 

in the mutant line NK 58S produces altered LDMAR which affects the 

level of methylation at the promoter of LDMAR. An increased 

methylation is also the result of the RdDM pathway via Psi-LDMAR 

derived from AK111270, a transcript found to be overlapping the 

sense strand of the promoter of LDMAR. F) This results in premature 

death of pollen caused by PSMS. 

16 

Fig. 2.2 Role of lncRNAs in transcription regulation by different RNA-

dependent interaction. A) RNA-DNA hybridization: Auxin activates 

the opening of the chromatin loop via RDD (ROS1, DML2 and 

DML3) mediated H3K27me3 removal and H3K9Ac deposition. 

Following this, the transcription of PID gene and the dual 

transcription of APOLO by Pol II and Pol IV/V is triggered by an 

increase in H3K9Ac. Subsequently, the transcripts of APOLO 

generated by Pol IV/V recruits the AGO4, triggering the siRNA-

mediated DNA methylation which deposits methylation marks at 

APOLO/PID locus, and the transcripts of APOLO generated by Pol II 

and LHP1 interacts with the genomic region and act as scaffold to 

recruit PRC2 and deposit the H3K27me3, resulting in the formation 

of chromatin loop which is then maintained by methylation marks 

provided by siRNA-mediated DNA methylation. B) RNA-Protein 

interaction: The transcript ENOD40 is responsible for re-localization 

of the nuclear speckle RPB1 from nucleus to cytoplasm; this transfer 

22 



xiv 
 

is mediated by RNA-protein interaction. C) RNA-RNA interaction: 

In Pi-sufficient conditions, the miR399 targets the mRNA PHO2. In 

Pi-deficient conditions, the lncRNA acts as the target mimic and 

sequesters miR399 thus inhibiting the degradation of PHO2 by 

miR399. 

Fig. 2.3 Illustration of the biogenesis of A) miRNA and B) siRNA. A) 

miRNAs are transcribed by Pol II. Pri-miRNAs and pre-miRNAs are 

processed by DCL1, HYL1 and zinc finger protein SE to form 

miRNA duplex. Following methylation, HEN1, the miRNA duplex is 

exported to the cytoplasm by the protein HASTY. The miRNA 

duplex is unwound by unknown helicases, making them accessible to 

AGO, thus forming a RISC. MiRNA bound RISC is then guided to 

target mRNA, causing translation repression (1) or mRNA cleavage 

(2). B) siRNA precursors are transcribed by Pol II and Pol IV. Pol II 

transcribes inverted repeated region in genome as well as generates 

the sense and antisense transcripts, which results in the generation of 

dsRNAs. The ssRNAs transcribed by Pol IV become double stranded 

by RDR2. The dsRNAs are processed into siRNAs by DCLs and 

HEN1 and then loaded into the AGOs, thus forming RISC which is 

guided to target mRNA, causing mRNA cleavage or translational 

repression. The siRNAs processed by DCL-3 and HEN1, unwound 

by helicases and then incorporated in AGO4 are important in 

epigenetic regulation through RdDM pathway. 

24 

Fig. 2.4 Diagrammatic representation of the biogenesis and mode of action of 

circRNAs. A) The exons are shown by colored rectangles and introns 

by black lines. B) Modes of action: 1) The exonic circRNAs are 

involved in mRNA sponging, and 2) Sponging RNA-binding protein. 

3) The intronic circRNAs and exon-intron circRNAs are involved in 

parental gene expression. 4) Some circRNAs contain ORFs encoding 

peptides. 5) Some circRNAs act as scaffold for protein assembly 

regulating the function of the associated proteins in the cell. 

26 

Fig. 3.1 Different stages of Plasmodiophora brassicae infection observed in 

histopathological analysis of Brassica napus roots at A) and B) 0 h 

post inoculation (hpi) and 10, 18, and 22 days post inoculation 

(dpi). C) and D) Presence of proliferating zoosporangia in both 

rutabaga-derived clubroot-susceptible (S) and clubroot-resistant 

(R) Brassica napus at 10 dpi (inset shows larger 

magnification). E) and F) matured secondary plasmodia in the 

cortical cells of S (black arrows) and resting spores in few cortical 

cells of R (white arrows) at 18 dpi. G) and H) many resting spores 

50 



xv 
 

and secondary plasmodia in S and resting spores in very few cortical 

cells of R (white arrows) at 22 dpi. Bars represent the resolution of 

the microscopy for the particular section. 

Fig. 3.2 

 

 

Functional annotation of target genes of Brassica napus long 

noncoding RNAs A) Pathway enrichment analysis for the co-located 

targets and B) pathway enrichment analysis for the co-expressed 

targets. 

56 

Fig. 3.3 Classification of long noncoding RNAs with the most significant 

differential expression and their predicted targets into the most 

represented functional groups. lncRNAs upregulated in R (green), 

lncRNAs upregulated in S (orange), and target genes with an asterisk 

are leucine-rich repeat protein genes.  

57 

Fig. 3.4 Long noncoding RNAs (lncRNAs) on chromosome BnaA08 and their 

interaction with target genes in Brassica napus genome involved in 

plant defense. lncRNAs not regulating any target genes involved in 

plant defense are shown in italics and parentheses. Yellow ovals = 

lncRNAs on chromosome BnaA08, red squares = target genes 

involved in plant-pathogen interaction, blue squares = target genes 

involved in plant hormone signaling, gray squares = target genes 

involved in primary and secondary metabolism, and eTM = 

endogenous target mimic. 

60 

Fig. 3.5 Differentially expressed long noncoding RNAs (lncRNAs) from 

chromosome BnaA08 of Brassica napus. Expression values are 

scaled from +2 (green) to −2 (red); black indicates no expression. 

S_1, S_2, and S_3 are the biological replicates of clubroot (CR)-

susceptible B. napus and R_1, R_2, and R_3 are the biological 

replicates of CR-resistant B. napus. lncRNAs with asterisks are 

known to target genes encoding disease resistance proteins. 

61 

Fig. 3.6 A) Quantitative real-time (qRT)-PCR validation of pathogen-induced 

nine long noncoding RNAs (lncRNAs) detected by lncRNA-

seq. B) qRT-PCR validation of lncRNAseq data for 10 targets 

predicted by correlation of expression with lncRNAs and two 

randomly selected genes. The expression of lncRNAs and target 

genes was normalized to UBC9 (endogenous control) and lncRNAs 

regulating their respective targets are indicated within parentheses. 

63 

Fig. 3.7 Putative endogenous target mimic (eTM) LNC_001163 

of AGL16 inhibiting bna-miR824 in response to clubroot infection 

in Brassica napus. A) Predicted base-pairing interactions between 

bna-miR824 and AGL16 and eTM long noncoding RNA 

64 



xvi 
 

LNC_001163 and bna-miR824. B) Quantitative real-time PCR results 

for LNC_001163, AGL16, and bna-miR824. 

Fig. 3.8 A), B), and C), Interaction networks of a single long noncoding 

RNAs (lncRNAs), microRNA (miRNA) family, and the mRNAs; 

and D, interaction network of multiple lncRNAs with miRNA and 

mRNAs. 

65 

Fig. 3.9 Representative predicted long noncoding RNA functioning as 

microRNA (miRNA) precursor sequences. 

66 

Fig. 3.10 Minimum free energy (MFE) structures for representative long 

noncoding RNA-mRNA pairs. MFE for each secondary structure is 

given in the bracket. Quantitative real-time PCR results for each pair 

are shown on the right side. 

68 

Fig. 4.1 Histopathological analysis of roots of the susceptible (S) and resistant 

(R) Brassica napus plants at 0-hour post-inoculation (hpi) and at 10, 

14- and 22-days post-inoculation (dpi) by Plasmodiophora brassicae 

pathotype 3. A) and B) showing the roots of the S and R plants at 0 

hpi. C) and D) (inset figure shows larger magnification) showing the 

presence of proliferating zoosporangia in both S and R plants at 10 

dpi. E) and F) showing the secondary plasmodia in cortical cells of 

the S (black arrows) plants and primary plasmodia in few cortical 

cells of the R (white arrow) plants at 14 dpi. G) and H) showing 

many resting spores in the S plants and resting spores and secondary 

plasmodia in a very few cortical cells of the R (white arrows) plants 

at 22 dpi. Bars represent the resolution of the microscopy for the 

particular section. Note: Clubroot resistance in the R plants originated 

from the winter canola cv. Mendel.  

84 

Fig. 4.2 Functional annotation of the predicted target genes of Brassica napus 

lncRNAs based on Kyoto Encyclopedia of Genes and Genomes 

(KEGG) enrichment analysis. A) pathway enrichment analysis of the 

co-located target genes. B) pathway enrichment analysis of the co-

expressed target genes. 

87 

Fig. 4.3 Differentially expressed lncRNAs from chromosome BnaA03 of 

Brassica napus. Expression values are scaled from minimum (red) to 

maximum (green); low or no expression is depicted by black color. 

S_1, S_2 and S_3 are the biological replicates of the clubroot 

susceptible B. napus, and R_1, R_2 and R_3 are the biological 

replicates of the clubroot resistant B. napus lines. 

90 

Fig. 4.4 A) qRT-PCR validation of the pathogen induced eight lncRNAs 

detected by lncRNAseq analysis of Brassica napus lines carrying 

clubroot resistance genes of winter canola cv. Mendel. The patterned 

92 



xvii 
 

bars represent the lncRNAs whose targets were not expressed in the 

resistant (R) and susceptible (S) lines. B) qRT-PCR validation of 

RNAseq data for 14 targets predicted by co-expression analysis; the 

lncRNAs regulating their targets are indicated in parentheses. The 

patterned bars indicate the targets of the lncRNAs (LNC_000354 and 

LNC_000421) from chromosome BnaA03, which are expressed only 

in the susceptible plants. Expression of the lncRNAs and their target 

genes in both cases (A and B) was normalized to UBC9 (endogenous 

control).  

Fig. 4.5 A) List of 10 lncRNAs upregulated in two types of clubroot resistant 

Brassica napus lines, one carrying resistance located on chromosome 

BnaA03 which was introgressed from winter canola cv. ‘Mendel’ and 

the other on BnaA08 which was introgressed from rutabaga, and the 

different plant defense-related pathways to which the target genes of 

these lncRNAs belongs; majority of the lncRNAs regulate target 

genes involved in more than one pathways; number in brackets 

adjacent to the lncRNAs indicate the total number of genes under the 

regulation of the lncRNA. Bold font indicates the lncRNAs selected 

for validation by qRT-PCR. B) qRT-PCR validation; the individual 

graphs display the differentially expressed (DE) lncRNAs and their 

target genes which are upregulated. Expression of the DE lncRNAs 

and their target genes was normalized to UBC9 (endogenous control). 

RR: resistant B. napus lines carrying resistance introgressed from 

rutabaga; MR: resistant B. napus lines carrying resistance 

introgressed from winter canola cv. ‘Mendel’. 
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Fig. 4.6 Representative predicted lncRNAs functioning as miRNA precursor 

sequences. The predicted model displays a possible formation of hair-

pin loop in the lncRNA sequence, a characteristic feature of pre-

miRNA. A) LNC_003347 is a target mimic of bna-miR159. B) 

LNC_003524 is a target mimic of bna-miR824. C) LNC_002274 is a 

target mimic of bna-miR159. Numbers shows the nucleotide 

positions of lncRNAs (not the physical position in the genome. Blue: 

lncRNA sequence; green: miRNA precursor sequence; yellow: 

miRNA mature sequence. 
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Fig. 4.7 The distribution of the lncRNA based SSRs in 19 chromosomes of 

Brassica napus. The names of the lncRNAs are listed on the right 

side of the chromosome and their physical position (bp) listed on the 

left side. The lncRNA of the A genome which could not be 

positioned on physical map of the B. napus genome sequence 

(Chalhoub et al. 2014) are included in a separate chromosome and 
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marked as ‘Ann’; similarly, the C genome lncRNAs are marked as 

‘Cnn’, and those which genomic location is unknown are marked as 

‘Unn’. 

Fig. 4.8 

 

 

 

 

Simple sequence repeats identified within the DE lncRNAs of 

Brassica napus. A) Distribution of the SSRs based on the type of the 

motifs. B) Distribution of the SSRs based on the length of the motifs 

(number of SSRs are shown in brackets). C) Types of dinucleotide 

SSRs and their occurrence. D) Distribution of various types of SSRs 

on chromosome BnaA03 (number of SSRs are shown in brackets). 
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Fig. 4.9 Analysis of simple sequence repeats (SSRs) of LNC_000424. A) The 

lncRNAs carrying SSRs and their physical position on chromosome 

BnaA03. B) Gel images depicting partial genotyping of two Brassica 

napus doubled haploid populations (Popl#1330 and Popl#1333) by 

the SSR marker designed from the LNC_000424. C) Information of 

the target genes predicted to be regulated by LNC_000424; black and 

white colour against the S (susceptible lines) and R (resistant lines) 

indicate low and high expression, respectively, and the grey blocks 

indicate the target genes predicted to be cis regulated by the 

LNC_000424 but showing no expression at 10 dpi; and the stars 

indicate the target genes involved in plant defense. 
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Fig. 5.1 An overview of the primary metabolic pathways and their 

relationship with the secondary metabolic pathways, plant hormone 

signalling, and pathogenesis related genes involved in plants in 

response to pathogen attack. Boxed heat maps shows expression 

profile of the DEGs upregulated in the resistant lines carrying 

clubroot resistance of rutabaga (RtR) or clubroot resistance of winter 

canola cv. Mendel (MdR) (Yellow box, intermediate metabolites; 

white box, pathways; names in bold font and in brackets, pathway 

names; names in normal font and in brackets, important genes of the 

pathway; red font, common genes upregulated in both RtR and MdR 

lines. Heat maps: green, genes upregulated in RtR; blue, genes 

upregulated in MdR; Log2(fold change) of all the genes are given in 

Supplementary Table 5.3. The log2(fold change) = log2(susceptible 

lines (FPKM)/resistant lines (FPKM)); therefore, lower the value, 

higher the upregulation in the resistant lines) 

120 

Fig. 5.2 MapMan analysis showing putative genes upregulated in Brassica 

napus lines carrying clubroot resistance gene introgressed from 

rutabaga and winter canola cv. Mendel, and their involvement in 

different pathways in response to infection by Plasmodiophora 

brassicae. A) Genes upregulated in resistant lines carrying rutabaga-
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resistance (RtR); disease resistant protein-coding genes specific to 

this resistance are given in the green panel. B) Genes upregulated in 

resistant lines carrying Mendel-resistance (MdR); disease resistant 

proteins coding genes and defensins specific to this resistance are 

given in the blue panel. C) List of common genes upregulated in both 

RtR and MdR lines. Heat maps: green, genes upregulated in RtR; and 

blue, genes upregulated in MdR. Log2(fold change) of all the genes 

are given in Supplementary Table 5.5. The log2(fold change)= 

log2(susceptible lines (FPKM)/resistant lines(FPKM)); therefore, 

lower the value, higher the upregulation in resistant lines. (ABA: 

abscisic acid; SA: salicylic acid; JA: jasmonate; Brassinost: 

brassinosteroid; HSP: heat shock protein; MAPK: mitogen-activated 

protein kinase; PR-proteins: pathogenesis-related proteins; ERF: 

ethylene-responsive factors; bZIP: basic leucine zipper; DOF: DNA-

binding with one finger). 

Fig. 5.3 A) qRT-PCR validation of the differentially expressed genes (DEGs) 

identified by using A) susceptible (RtS) and resistant (RtR) Brassica 

napus lines carrying clubroot resistance gene of rutabaga (B. napus 

var. napobrassica). B) susceptible (MdS) and resistant (MdR) B. 

napus lines carrying clubroot resistance gene of winter canola cv. 

Mendel. All the DEGs selected for validation are known to be 

involved in plant defense. Expression of the genes was normalized to 

UBC9 (endogenous control). 

125 

Fig. 5.4 qRT-PCR validation of the differentially expressed genes involved in 

plant disease response which are upregulated in clubroot resistant 

Brassica napus canola lines carrying resistance introgressed from 

rutabaga (RtR) or winter canola cv. Mendel (MdR). Expression of the 

genes was normalized to UBC9 (endogenous control). 

126 

Fig. 5.5 MapMan analysis showing putative genes from clubroot resistant 

Brassica napus lines carrying rutabaga-resistance (RtR; BnaA08) and 

resistant lines carrying Mendel-resistance (MdR; BnaA03) and their 

role in different pathways involved in response to infection by 

Plasmodiophora brassicae. A) DEGs from BnaA08 upregulated in 

RtR; disease resistant genes specific to rutabaga-resistance are given 

in the green panel. B) DEGs from BnaA03 upregulated in MdR; 

disease resistant genes specific to Mendel-resistance are given in the 

blue panel. Heat maps: green, upregulated in RtR; blue, upregulated 

in MdR. Log2(fold change) of all the genes are given in 

Supplementary Table 5.5. The log2(fold change)= log2(susceptible 

lines (FPKM)/resistant lines(FPKM)); therefore, lower the value, 
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higher the upregulation in resistant lines.  (ABA: abscisic acid; SA: 

salicylic acid; JA: jasmonate; Brassino: brassinosteroid; HSP: heat 

shock protein; MAPK: mitogen-activated protein kinase; PR-

proteins: pathogenesis-related proteins; ERF: ethylene-responsive 

factors; bZIP: basic leucine zipper; DOF: DNA-binding with one 

finger). 

Fig. 5.6 Differentially expressed orthologous genes involved in plant defense 

found on chromosomes BnaA08 of RtR lines and BnaA03 of MdR 

lines of Brassica napus, carrying clubroot resistance derived, 

respectively, from rutabaga and winter canola cv. Mendel. Green 

font, upregulated in RtR lines; blue font, upregulated in MdR lines; 

asterisk: upregulated gene found on chromosome BnaA08 of RtR 

lines and chromosome BnaA03 of MdR lines. 
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Fig. 5.7 Results of the clubroot susceptible doubled haploid (DH) Brassica 

napus lines treated with trehalose at concentrations of 0 (T0), 30 

(T30), 60 (T60), 90 (T90) and 120 (T120) mM. A) Disease severity 

index (DSI %); pooled data of the seven DH lines presented. 

Statistical significance as compared to T0 was calculated using t-test 

and is indicated by asterisk. B) Expression analysis of chitinase 

(CHI), pathogenesis-related 1(PR1), pathogenesis-related 2 (PR2), 

phenylalanine ammonia lyase (PAL), lipoxygenase (LOX) and 

peroxidase (PER) in three susceptible DH lines (S1, blue; S2, orange; 

and S8, grey) treated with trehalose of the above-mentioned five 

concentrations. Statistical significance was calculated using t-test; 

asterisks indicate the T30 and T60 are statistically different from T0 

in S1; triangle indicate the T30 and T60 are statistically different 

from T0 in S2; and star indicate the T30 and T60 are statistically 

different from T0 in S3. 
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Fig. 5.8 Representative genotyping results of the gene-based SSR markers. A) 

Gel images depicting genotyping of Brassica napus doubled haploid 

population, carrying Rutabaga resistance, by the SSR marker 

designed from the BnaA08g03250D of BnaA08. B) ABI DNA 

analyzer electropherogram peaks depicting genotyping of two B. 

napus doubled haploid populations (#1330 and 1333) by the SSR 

marker designed from the BnaA03g41300D of BnaA03. C) ABI 

DNA analyzer electropherogram peaks depicting genotyping of two 

B. napus doubled haploid populations (#1330 and 1333) by the SSR 

marker designed from the BnaA03g44400D of BnaA03. 
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Chapter 1: General Introduction 

The global population is projected to exceed 9.7 billion by 2050 and could peak to nearly 

11 billion around 2100 (United Nations 2019). Considering the current rate of yield increases of 

~ 0.9% to 1.6% per year in important agricultural crops (Ray et al. 2013); it will be challenging 

to feed the roughly 40-86 million increased population in each year until 2050 (Fyles and 

Madramootoo 2016). Moreover, over the last century, the average global temperature has already 

increased by 0.74°C  (Chakraborty and Newton 2011) and according to the Intergovernmental 

Panel on Climate Change, a rise in temperature of ~2°C over the next century is anticipated 

(Pachauri and Reisinger 2007). Such changes in climate can also influence the dynamics of 

plant-pathogen interactions, which may result in adverse effect on agricultural productivity 

(Chakraborty et al. 2000). To address this increasing demand for food arising due to population 

growth, a tailored solution will be needed in the agri-food sector. Development of high-yielding 

cultivars with stability of yield and resistance to various biotic and abiotic stresses are some of 

the important objectives in plant breeding and crop production. Thus, a next generation “Green 

Revolution” is needed to realise the sustainable food security. 

Crops of the Brassicaceae family are one of the oldest cultivated crops (Raymer 2002).  

The Brassica triangle of U describes the relationships between the three diploid species Brassica 

nigra, B. oleracea and Brassica rapa and the three amphidiploid species Brassica carinata, 

Brassica juncea and Brassica napus which evolved through interspecific hybridization between 

the diploid species. In this, B. napus is derived from hybridization between B. rapa and B. 

oleracea. B. napus canola is one of the most important cultivated oilseed crops of the family 

Brassicaceae. The oilseed canola is defined as the Brassica oilseed crop species which seed oil 

contain <2% erucic fatty acid and seed meal contain < 30 µmol glucosinolates per gram oil-free 

meal (Daun 2011). Canola is known to produce one of the most nutritionally desirable vegetable 

oils for human consumption (Lin et al. 2013). Canola’s contribution to Canada’s economy is 

about $26.7 billion based on the data collected from the crop years 2012/13, 2013/14 and 

2014/15 (www.canolacouncil.org; retrieved on 23 May 2020). Canola production has been 

threatened by abiotic stresses like drought, salinity, extreme temperatures; biotic stresses like 

pathogens causing major diseases such as clubroot, sclerotinia stem rot, blackleg, alternaria black 

spot, downy mildew, root rot, and white rust (www.canolacouncil.org; retrieved on 23 May 

2020).  
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Canola production in Canada has been threatened by clubroot, a soil-borne disease of 

cruciferous crops caused by Plasmodiophora brassicae Woronin. It is a fungus like protist which 

has a complex life cycle and is unable to grow and multiply without a living host (Dixon 2014). 

Disease development causes formation of galls on the roots, ultimately resulting in the premature 

death of plants. P. brassicae spores can survive in soil for over 20 years in the form of resting 

spores and germinate in the presence of secretions from the plant roots (Rempel et al. 2014). In 

infested fields, clubroot disease cause yield loss of 30-100 % in canola (Tewari et al 2005; 

Strelkov and Hwang, 2014; Ernst et al. 2018; www.canolacouncil.org; retrieved on 23 May 

2020). Considering the nature of the pathogenesis and  its ability to produce long-living resting 

spores, makes clubroot,a difficult disease to control. (Dobson et al. 1983; Howard et al. 2010; 

Kowata-Dresch and May-De Mio 2012). Considering the high value of canola in Canada, 

excessive losses of canola due to clubroot may have a serious impact on Canadian economy 

(Rempel et al. 2014). Therefore, despite the existence of preventive resources like commercial 

clubroot resistant cultivars along with integrated management approaches 

(www.canolacouncil.org; retrieved on 23 May 2020), it is still important to achieve better 

understanding of the resistance mechanism, and this may help to develop cultivars carrying 

durable resistance. 
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Fig. 1 Life cycle of Plasmodiophora brassicae. a) Resting spore. b) Primary zoospore. c) 

Primary plasmodium in root hair. d) Zoosporangial cluster in root hair. e) Empty zoosporangium. 

f, g) Secondary plasmodia in cortical cells. h, i) Resting spores in cortical cells. [Image taken 

from: Kageyama and Asano, 2009; Reproduced with permission from: Springer Nature.] 

 

Clubroot resistant canola cultivars were first registered in Canada in 2009 (Hwang et al. 

2017, Strelkov et al. 2018). These cultivars (first-generation hybrids) were resistant to P. 

brassicae pathotype 3 which was predominant in Alberta at that time; this enabled growing of 

this crop even in fields where the pathogen was well established (Peng et al. 2014, Strelkov and 

Hwang 2014). However, after growing these resistant cultivars only for about five years, several 

new pathotypes have been detected in the canola fields; some of them are more virulent than the 

pathotype 3 and can overcome the resistance gene present in the first-generation hybrids 

(Strelkov et al. 2018). Therefore, it is important to develop second-generation hybrids with 

additional resistance genes to make the resistance effective against a wider range of pathotypes.  

Plant defence to biotic stresses like clubroot implicates a collective effort involving an 

array of morphological, genetic, biochemical, and molecular processes. Initial defence by the 

plants is in the form of physical barriers, but some pathogens can circumvent them by secretion 

of pathogen-associated molecular patterns (PAMPs). These PAMPs when recognized by plant 

pattern recognition receptors (PRRs) triggers the secondary resistance mechanism called PAMP-

triggered immunity (PTI) (Jones and Dangl 2006). Successful pathogens secrete effectors to 
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interfere with PTI, which are recognized by the specialized NBS-LRR proteins, resulting in 

effector-triggered immunity (ETI) (Jones and Dangl 2006). PTI/ETI continuum eventually 

results in a complex signalling cascade of events resulting in the accumulation of reactive 

oxygen species, defense hormones (salicylic acid (SA), jasmonic acid (JA), ethylene (ET)), 

mitogen activated protein kinases, transcription factors and disease resistance proteins. These 

mechanisms either work constitutively or are induced under pathogen attack to confer tolerance 

or resistance (Onaga et al. 2016; Ben Rejeb et al. 2014). In addition to these genes expressed 

during plant defense, plants are also known to have these defense responses to be regulated by 

the non-coding regions of the genome for instance by long non-coding RNA (lncRNA), 

microRNA(miRNA) and small interfering RNA(siRNA) (Summanwar et al. 2020 and references 

therein). 

Plants have evolved different strategies to resist or tolerate various types of biotic 

stresses. Recent advances in the area of NGS sequencing have made it possible to characterize 

the non-coding regions in the genome. Emerging evidences supports that the lncRNAs play an 

important role in the regulation of molecular processes like transcription, splicing of transcripts, 

as well as protein function and localization, in response to growth, development, and responses 

to abiotic and biotic stresses. Various lncRNAs have been identified to be important regulators of 

plant immunity and adaptation to environmental stresses (for review, (Nejat and Mantri 2018; 

Summanwar et al. 2020). A number of studies have identified a large number of lncRNAs in 

response to biotic stresses; for instance, in wheat against Blumeria graminis, in B. napus in 

response to Sclerotinia sclerotiorum (Joshi et al. 2016), in tomato against Tomato Yellow Leaf 

Curl Virus (Wang et al. 2015), in barley against Fusarium graminearum (Huang et al. 2016), in 

rice against Xanthomonas oryzae (Yu et al. 2020), in Populus in response to Melampora larici-

populina (Wang et al. 2017), in cotton against Verticillium dahlia and Botrytis cineria (Zhang et 

al. 2018), and in Arabidopsis against Pseudomonas syringae (Seo et al. 2017).  

Therefore, considering the complexity of the plant defense responses to biotic stresses, 

and the economic value of canola to Canada there is a need to further understand the molecular 

basis of clubroot resistance in this crop. This knowledge would be beneficial for the development 

of rational strategies aimed for attaining durable clubroot resistant cultivars in the longer term. 

To achieve this overarching goal, the following objectives were pursued. 
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Research hypotheses: 

1) Transcriptome analysis of clubroot-resistant and -susceptible B. napus canola lines, 

differing for ‘Mendel-resistance’, in response to infection by P. brassicae, will result in 

the identification of genes located on chromosome A3 that may be potentially involved in 

clubroot resistance.  

2) Transcriptome analysis of clubroot-resistant and -susceptible B. napus canola lines, 

differing for resistance from rutabaga, in response to infection by P. brassicae will result 

in the identification of the genes located on chromosome A8 that may be potentially 

involved in clubroot resistance. 

3) Comparative transcriptome analysis of the canola lines carrying resistance gene located 

on chromosomes A3 and A8 will identify the genes that could play a fundamental role in 

disease resistance.    

4) Molecular markers developed from the differentially expressed transcripts will show 

strong association with resistance and will facilitate marker-assisted selection of clubroot 

resistant canola germplasm. 
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Chapter 2: Non-coding RNAs as emerging targets for crop improvement 

 

2.1 What is food security/insecurity?  

Food security as a concept  was introduced in the mid-1970s when international food-

related issues were discussed at a time of global food crisis (FAO 2003). Over the years, the 

interpretation of the term food security has changed, reflecting global concerns regarding the 

volume and stable supply of food (FAO 2003). In 2018, the World Health Organization (WHO) 

indicated that about 821 million people in the world are undernourished and are not getting the 

required quantity of food; therefore, the eradication of food insecurity is of utmost importance. 

Currently, the production of global staple food grains (wheat, rice and maize) is about 2 

719 Mt (FAO 2020); however, this production is often challenged by different abiotic and biotic 

stresses, including increased temperature and drought, infestation by insects and diseases. For 

example, the global mean temperature has increased about 0.74°C over the last century and this 

increase is attributed to climate change (Chakraborty and Newton 2011). According to the 

Intergovernmental Panel on Climate Change (IPCC, 2000), an increase in temperature of about 

2°C over the next century is inevitable (Pachauri and Reisinger 2007).  In addition, changes in 

global sea levels observed over the past several decades have also been linked to increases in 

global mean temperature (Church and White 2011). A rise in sea level will continue to result in 

increased salinity in coastal agricultural regions with negative effects on crop productivity (Alam 

et al. 2017). In addition, climate change also negatively impacts biodiversity (Torquebiau et al. 

2016), which is crucial for sustainable crop production.  

Plants are also challenged with numerous biotic stresses, which includes fungi, bacteria, 

nematodes, and viruses. Effect of climate change, including an increase in temperature will result 

in changes to the dynamics of plant-pathogen interactions, pest behaviour, increased pathogen 

population and incidences of diseases and evolution of new pests leading to reduced agricultural 

productivity (Daugherty et al. 2017). Crop diseases have had devastating effects on agricultural 

productivity, altering the course of our history. For example, the infamous 19th-century Irish 

potato famine caused by  Phytophthora infestans (for review, (Bourke 1993)), the Bengal famine 

of 1943 caused by Helminthosporium oryzae  (for review, (Padmanabhan 1973)) or the 

widespread damage to the grape industry in Europe caused by Plasmopara viticola (Gessler et al. 

2011). These experiences from the past should constantly remind us to develop cost-effective 
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and efficient crop-disease management strategies to prevent similar issues in the future that will 

be exacerbated by climate change. Therefore, the development of high yielding cultivars with 

increased tolerance to drought, temperature and resistance to pathogens and insect pests is 

absolutely critical. 

2.2 Strategies for introducing resistance to biotic stresses in crop plants 

2.2.1 Plant breeding 

Plant breeding involves the introduction of genetic variability, primarily through crossing 

of genetically different parents, followed by selection and fixation of superior traits (for review, 

(Moose and Mumm 2008)). Conventional breeding has played an important role in the 

development of disease resistant cultivars. Examples include the introduction of different disease 

resistance genes, e.g. leaf rust 13 (Lr13) and Lr34 resistance genes in wheat cultivars (German 

anf Kolmer 1992), and powdery mildew resistance in barley  (Pickering et al. 1995). The 

introduction of new disease resistance genes from diverse sources into crop cultivars is a high 

priority for plant breeders in order to combat the rapidly evolving races/pathotypes of plant 

pathogens.  

Different molecular tools are currently available  (for review, Collard and Mackill 2008) 

which can  enhance the scope and efficiency of classical plant breeding for disease resistance. 

For instance, construction of high-resolution genetic maps has been used for identification of 

molecular markers for disease resistance genes for their application in breeding (Fredua-

Agyeman and Rahman 2016, Hasan and Rahman 2016). Alternately, bulk-segregant analysis, 

which does not require the construction of a genetic linkage map, has also been used for 

identification of markers linked to the simply inherited resistance genes (Zou et al. 2016). 

Recently, genome sequence information from whole genome resequencing, also called QTL-seq, 

has been used for mapping of resistance genes and identification of molecular markers (Takagi et 

al. 2013). Through the application of markers linked to resistance genes, selection for the gene 

can be made at the DNA level, a technique commonly referred to as marker assisted selection 

(MAS) (for review, (Collard and Mackill 2008)). In MAS, the accuracy of the selection becomes 

higher as opposed to the phenotypic selection where the influence of environment on the trait can 

mislead selection (Collard et al. 2005). Other breeding approaches that use molecular markers 

include marker-assisted backcrossing, marker-assisted recurrent selection and marker-assisted 
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gene pyramiding and genomic selection. Some of the examples of the aforementioned marker 

assisted breeding methods are provided in Table 2.1.  

Although conventional breeding approaches have made significant progress over the last 

decades, it still remains a relatively slow process, which takes almost 8-10 years to develop a 

cultivar carrying the desired genes. In some cases, linkage drag, arising from the linkage of a 

desirable gene with an undesirable gene, can pose a challenge for incorporation of only the 

desired gene into a cultivar (Delourme et al. 1998, Primard-Brisset et al. 2005). Furthermore, 

pre-, and post-fertilization barriers pose additional challenges in conventional breeding while 

transferring genes from allied species through interspecific or intergeneric hybridization (Bennett 

et al. 2008). In order to achieve global food security in the era of population growth and 

challenges posed by climate change, complementary approaches to conventional plant breeding 

are necessary.  

2.2.2 Genome modification  

Some of the aforementioned challenges faced by plant breeders may be overcome though 

the application of genetic engineering techniques. This approach allows the introduction of any 

gene(s) from any donor organism into a recipient organism, and has been used to develop and 

commercialize genetically modified (GM) crop cultivars including soybean, canola, corn and 

cotton, carrying resistance to insect-pest and/or tolerance to herbicides (for review, (Ricroch and 

Hénard-Damave 2016)). In contrast to traditional breeding, genetic engineering results in a more 

precise change in the genome and reduces the time for incorporation of a new gene into an elite 

line for the development of an improved cultivar in crop plants (for review, (Samal and Rout 

2018)). Nevertheless, genetic engineering also does not completely eliminate the need for 

conventional plant breeding techniques.   

In genetic engineering, the desired DNA fragment or a gene is introduced into the plants 

following either cisgenic or transgenic approach (for review, (Holme et al. 2013)). Some of the 

crops that have been improved using cisgenic and transgenic approaches are listed in Table 2.2. 

Cisgenesis involves the introduction of a complete gene including its native promoter and 

terminator sequences obtained from the same organism or from a sexually compatible gene pool 

into the same organism, while in transgenesis, these gene elements originate from different 

organisms. Cisgenesis is a preferred technique for introduction of disease resistance genes into 

an elite susceptible cultivar from its wild relative, especially when incorporation of multiple 



9 
 

resistance genes is needed (for review, (Schaart et al. 2016)). The cisgenic plants, therefore, 

should be considered a non-GMO and similar to plants developed through conventional breeding 

approaches (for review, (Schouten et al. 2006)).  Therefore, there is a very little chance to alter 

the desired combination of the genes of the elite recipient parent. In this technique, the time 

required for the development of new cultivars is significantly reduced. 

Recently, genome editing has emerged as a promising technique for crop improvement 

because of its accuracy and its  ability to alter gene function rapidly. Genome editing involves 

the application of sequence-specific nucleases like zinc-finger nucleases (Kim et al. 1996), 

transcription activator-like effector nucleases (TALENs) (Boch and Bonas 2010, Bogdanove et 

al. 2010) and clustered regularly interspersed short palindromic repeats (CRISPR/Cas9) (Lei et 

al. 2013). This technique has been applied for the improvement of disease resistance in different 

crops and have been reviewed by others (Table 2.2).  

Recent technological advances in the area of massively parallel sequencing have made it 

possible to characterize non-coding regions in the genome. Emerging evidence supports the 

notion that these non-coding regions play an important role in the regulation of molecular 

processes like transcription, splicing and protein function and localization, in response to plant 

growth, development, and response to abiotic and biotic stresses. Various non-coding RNAs 

(ncRNAs) have been identified to be important regulators in eukaryotes and are suggested to be 

involved  in plant immunity and adaptation to environmental stresses (for review, (Nejat and 

Mantri 2018)). In this review, we have focussed on the recent advances on the regulatory 

function of the long non-coding RNAs (lncRNAs), current understanding and  knowledge gaps 

of the mechanism of action of the lncRNAs and their emerging roles in the regulation of immune 

responses in plants against various biotic stresses.  

2.3 Transcriptome and the non-coding RNAome 

In eukaryotes, transcription is more complex than previously envisioned, as evidenced by 

the knowledge gained from recent advances (Kornberg 2007). The cellular transcriptome is 

defined as a complete set of mRNA transcripts, the quantity of these transcripts, and their 

expression in a specific tissue and at a specific developmental stage or a physiological condition 

(for review, (Wang et al. 2009)). About 98% of the genome was traditionally referred as the 

“transcriptional noise” or “junk DNA” or “experimental artifacts” (for review, (Nejat and Mantri 

2018, Wilusz et al. 2009)); however, an in-depth examination of the non-coding portion of the 
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genome using genome sequencing and bioinformatic analysis has revealed the existence of 

thousands of transcripts with properties like mRNAs but with no protein coding potential, known 

as ncRNAs (for review, (Nejat and Mantri 2018, Karlik et al. 2019)).  

ncRNAs can either have housekeeping or regulatory roles. For instance, the catalytic or 

structural roles in a cell are generally played by the housekeeping ncRNAs which include 

transfer ribonucleic acids (tRNAs) and ribosomal ribonucleic acids (rRNAs).  On the other hand, 

recently, many regulatory ncRNAs have also been reported to play important roles in a variety of 

biological processes (for review, (Nejat and Mantri 2018)). Based on their size and shape, 

regulatory ncRNAs can be classified into three subclasses: i) lncRNAs (>200 nt), ii) small 

ncRNAs which include microRNAs (miRNAs, 20-24 nt), small interfering RNAs (siRNAs, < 

200 nt), small nuclear RNA (snRNAs) and small nucleolar RNAs (snoRNAs), and iii) circular 

ncRNAs (circRNAs) (for review, (Karlik et al. 2019, Ohtani 2018) and references therein). 

These ncRNAs and their roles in mediating plant responses to biotic stresses are discussed in 

subsequent sections.   

2.4 Long noncoding RNAs (lncRNAs) 

Although lncRNAs in plants have been studied for over 20 years (Ariel et al. 2014, 

Campalans et al. 2004, Ding et al. 2012, Heo and Sung 2011,Seo et al. 2017, Swiezewski et al. 

2009, Wang et al. 2014), the details surrounding their roles in plant development, reproduction 

and in mediating responses to biotic and environmental stress by activating different signaling 

cascades still remain elusive (for review, (Matsui and Seki 2019)). Some of the major modes by 

which lncRNAs mediate their regulatory effects are through DNA methylation and acetylation, 

architectural modifications of DNA by nucleosome repositioning, and by RNA-RNA interactions 

(for review, (Wilusz et al. 2009, Matsui and Seki 2019)).  

lncRNAs are known to regulate protein-coding genes either through cis- or trans-acting 

processes (for review, (Kornienko et al. 2013)). As the name suggests, the cis-acting lncRNAs 

regulate the expression of the neighbouring genes while the trans-acting lncRNAs regulate the 

expression of the genes that are located further away from their transcription site (for review, 

(Kornienko et al. 2013)). Based on their positional relationship with the adjacent protein coding 

genes, lncRNAs can be classified into: i) long intergenic lncRNAs (lincRNAs), ii) intronic 

lncRNAs (incRNAs), iii) natural antisense transcripts (NATs), iv) promoter upstream transcripts 
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(PROMPTs) and v) bidirectional lncRNAs (BI-lncRNAs) like enhancer RNAs (eRNAs) (for 

review, (Wu et al. 2017)).  

2.4.1 Mechanisms of action of plant lncRNAs 

In plants, various mechanisms for the expression of lncRNAs have been reported and 

expression of these lncRNAs has been found to occur in both spatial and temporal manner. Most 

well characterized lncRNAs such as COLD INDUCED LONG ANTISENSE INTRAGENIC RNA 

(COOLAIR), COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR) and LONG-DAY-

SPECIFIC MALE-FERTILITY-ASSOCIATED RNA (LDMAR) are transcribed in a manner similar 

to that of mRNAs, i.e., by RNA Polymerase II (Pol II) and can undergo similar post-

transcriptional modifications including 5’ capping, splicing and polyadenylation (Ariel et al. 

2014, Heo and Sung 2011, Swiezewski et al. 2009, Matsui and Seki 2019). Some of the 

lncRNAs can be transcribed in a manner similar to rRNAs and tRNAs by RNA Polymerase I 

(Pol I) and RNA Polymerase III (Pol III), respectively. Majority of the lncRNAs are lincRNAs 

which are transcribed by Pol II (for review, (Bhatia et al. 2017)). Some lncRNAs can also be 

transcribed by RNA Polymerase IV (Pol IV) and RNA Polymerase V (Pol V). The ncRNAs 

transcribed by Pol IV are responsible for generating 21-24 nt siRNAs and the lncRNAs 

transcribed by Pol V are responsible for guiding these siRNAs to the target loci where they are 

involved in the modification of chromatin structure by recruiting multi-subunit complexes for 

DNA methylation, via the RNA-directed DNA methylation (RdDM) pathway also known as, a 

plant de novo DNA methylation process ((Blevins et al. 2015), (Zheng et al. 2009), for review, 

(Matzke and Mosher 2014)). In spite of an increasing number of studies in plants, our knowledge 

on the specific mechanisms involved in lncRNA-mediated regulation of gene expression is still 

limited. Nevertheless, in this review we have classified the lncRNAs into four categories based 

on their known modes of action of transcriptional interference mediated by i) chromatin 

modification complexes, ii) RNA-DNA hybridization, iii) RNA-Protein interaction, and iv) 

RNA-RNA interaction, and summarized the recent results. 

2.4.1.1 Transcriptional interference mediated by chromatin modification complexes 

2.4.1.1a) Transcriptional interference by histone modifications: lncRNAs play an 

important role in plant epigenetic processes (Heo and Sung 2011). In Arabidopsis, prolonged 

cold has been found to epigenetically silence the FLOWERING LOCUS C (FLC) in a Polycomb-
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mediated process called vernalization, which silences the floral repressor thereby promoting 

flowering in spring (Heo and Sung 2011). An intricate mechanism modulated by three lncRNAs, 

COOLAIR, COLDAIR and COLDWRAP establishes and maintains the FLC repression by 

implementing chromatin modifications and by stabilizing RNA-DNA interactions (Heo and Sung 

2011, Swiezewski et al. 2009, Kim and Sung 2017) . COOLAIR is an antisense transcript, which 

originates from the region immediately to the 3’ untranslated region of the FLC locus and 

terminates either early or extends into the FLC transcript and is critical for the initiation of the 

process for repression of the FLC locus (Swiezewski et al. 2009). Induction of COOLAIR occurs 

earlier than COLDAIR and COLDWRAP and transiently reduces the expression of FLC mRNA 

(Heo and Sung 2011) (Fig. 2.1A). During vernalization, COOLAIR is transiently induced by its 

cold inducible promoter and epigenetically silences the expression of the FLC and the maximum 

level of expression of COOLAIR occurs two weeks after exposure to cold (Swiezewski et al. 

2009). COOLAIR functions by synchronized removal of H3 Lys36 trimethylation (H3K36me3) 

and accumulation of H3 Lys27 trimethylation (H3K27me3) at the FLC locus (Csorba et al. 2014) 

(Fig. 2.1A). In contrast, Helliwell et al. (2011) suggested that the expression of COOLAIR is not 

critical for vernalization. Csorba et al. (2014) showed that COOLAIR is responsible for 

coordinated switching of chromatin states and that its loss disrupted the synchronization process, 

and thus slowing down the repression of the FLC.  

In addition to the vernalization pathway, COOLAIR is also involved in the autonomous 

pathway of flowering and can modulate the expression of FLC at ambient temperature (Ietswaart 

et al 2012, Liu et al. 2010). Two polyadenylated isoforms, AS I (~400 nt) and AS II (~750 nt), of 

COOLAIR are generally produced from the FLC locus through alternate splicing, and they are 

involved in the regulation of FLC expression at ambient temperature (Hawkes et al. 2016). For 

COOLAIR to participate in the autonomous pathway, proximal polyadenylation of the COOLAIR 

transcripts has to be promoted by flowering time control proteins like FCA and FPA, the 3’ 

processing factors such as cleavage stimulating factor subunit 64 (Cstf64), Cstf77, the flowering 

time control protein FY, the cleavage and polyadenylation specificity factor (CPSF) and the pre-

mRNA-processing-splicing factor 8 (PRP8) for the recruitment of protein flowering locus D 

(FLD) (H3K4me2 demethylase); all of which leads to quantitative downregulation of FLC 

expression. Similarly, distally polyadenylated forms are known to promote FLC upregulation 

(Ietswaart et al. 2012, Liu et al. 2010).  
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COLDAIR is a 5’ capped, non-polyadenylated lncRNA transcribed by RNA Pol II in the 

sense direction from the first intron of the FLC locus (Heo and Sung 2011); Fig. 2.1B). 

COLDAIR acts in a cis manner during vernalization and its expression is elevated at the site of its 

transcription on the FLC locus. Prolonged exposure to cold induces the expression of 

VERNALIZATION INSENSITIVE 3 (VIN3) protein (a plant homeo domain (PHD) finger 

containing protein), which interacts with the Polycomb repressive complex 2 (PRC2) (Fig. 2.1B), 

and this is responsible for accumulation of the epigenetic repressive marks H3K27me3 through a 

histone methyltransferase, CURLY LEAF (CLF), a core component of PRC2 (Heo and Sung 

2011). At the end of vernalization and in warm temperatures, the PRC2-VIN3 complex recruited 

by COLDAIR spreads the H3K27me3 across the FLC locus ((Angel et al. 2011) and references 

therein), and thus stabilizes the epigenetic repression at this locus and promotes flowering. 

Increase in the recruitment of PRC2-VIN3 and H3K27me3 at the FLC locus is a direct result of 

the elevated expression of COLDAIR and reduction of H3K36me3 by COOLAIR ((Heo and Sung 

2011); Fig. 2.1B & C). 

The interaction between COLDAIR and PRC2-CLF is also mediated by a stem-loop 

structure of COLDAIR, demonstrating the functional importance of the secondary structures of 

lncRNAs (Kim and Sung 2017). Besides COLDAIR, stable repression of FLC also requires a 

non-polyadenylated COLDWRAP lncRNA which is expressed from the repressed promoter 

region of the FLC during vernalization in Arabidopsis ((Kim and Sung 2017); Fig 1B). Similar to 

COLDAIR, COLDWRAP also associates with PRC2-VIN3 complex to maintain the repression of 

FLC ((Kim and Sung 2017); Fig. 2.1B). Both lncRNAs, COLDAIR and COLDWRAP along with 

PRC2 are responsible for the formation of a repressive intragenic gene loop at the FLC locus 

which is critical for the silencing of FLC (Heo and Sung 2011, Kim and Sung 2017) . These 

three lncRNAs are well-studied examples of lncRNAs associated with the transcriptional 

interference mediated by histone modifications in plants. COLDWRAP and COLDAIR has still 

not been found beyond Arabidopsis. Although, COOLAIR is highly expressed and shows 

conservation of secondary structure, despite low sequence similarity across the Brassicaceae, 

(Hawkes et al. 2016, Castaings et al. 2014, Li et al. 2016). Recently, Jiao et al (2019), showed 

that position of COOLAIR is conserved within the FLC homologs across monocot species such 

as Brachypodium distachyon. However, it is still unclear as to how PRC2 is recruited and guided 

by lncRNAs to the FLC locus. It is possible that additional mechanisms are involved in the 
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regulation of the expression/repression of FLC under different environmental conditions. Plant 

development including flowering can also be affected by biotic factors like pests and pathogens. 

Some studies have identified the association between disease resistance and flowering time by 

conducting QTL analyses (Pinson et al. 2010, Van Inghelandt et al. 2012, Mizobuchi et al. 

2013). For instance, early flowering time is positively associated with increase in susceptibility 

to Verticillium spp. (Veronese et al. 2003), while late flowering is associated with resistance to 

Fusarium oxysporum (Lyons et al. 2015). It will be fascinating to investigate whether the 

overexpression of these cold induced lncRNAs are associated with the innate immunity in plants 

against diseases. To the best of our knowledge, there are no studies which have established the 

involvement of ncRNAs in crosstalk between biotic stress and flowering and plant development; 

this could be worth exploring in future.  

 

2.4.1.1b) Transcriptional interference by DNA methylation: lncRNAs can contribute 

to epigenetic silencing via the RdDM pathway, which requires the lncRNAs transcribed by Pol 

IV and V as well as Pol II-derived lncRNA at same loci (Zheng et al. 2009). LONG-DAY-

SPECIFIC MALE-FERTILITY-ASSOCIATED RNA (LDMAR) is a 1236 nt long lncRNA which 

regulates the Photoperiod-Sensitive Male Sterility (PSMS) in the rice cultivar Nongken 58S (NK 

58S) which is a spontaneous mutant of the line Nongken 58N (NK 58N) (Ding et al. 2012). Both 

NK 58S and NK 58N require high expression of LDMAR for reproductive development under a 

long day condition. As illustrated in Fig. 2.1E, a change from C to G alters the structure of 

LDMAR in NK 58S, affecting the methylation levels at the entire LDMAR locus and thereby 

repressing the expression of LDMAR ((Ding et al. 2012a, 2012b); Fig. 2.1F). In the case of 

NK58S, Ding et al. (2012b) identified a siRNA, named Psi-LDMAR, derived from another 

transcript AK111270 which was observed to overlap with the sense strand of the promoter of 

LDMAR (Fig. 2.1E). Psi-LDMAR was found to be expressed abundantly in this male sterile line 

as compared to NK 58N. It has also been suggested that repression of LDMAR transcripts in NK 

58S is mediated by Psi-LDMAR through the RdDM pathway which causes an increase in 

methylation in the LDMAR promoter region (Ding et al. (2012b); Fig. 2.1E). Low LDMAR levels 

result in premature cell death in the developing anther which induces male sterility in NK 58S 

plants under a long day condition (Ding et al. 2012a). This example also indirectly links the 

expression of lncRNAs with RdDM-related siRNAs. It seems plausible from the involvement of 
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Psi-LDMAR in the RdDM pathway, that it could be a product of transcription by Pol IV. The 

involvement of RdDM pathway has also been implicated in gene activation (Au et al. 2017). 

According to Au et al. (2017) argonaute (AGO) is the key component of the RdDM pathway as 

this bind with both siRNA and lncRNA. This phenomenon has been exploited to identify the 

lncRNAs associated with AGO through RNA immunoprecipitation (Au et al. 2017). To 

understand if the target genes activated by these lncRNAs are also involved in biotic stress 

response, Au et al. (2017) used the transcriptomic data of Arabidopsis in response to F. 

oxysporum infection. It would be interesting to characterize the lncRNAs associated with the 

RdDM pathway in response to a pathogen attack, to understand their mechanism in regulating 

gene expression that results in disease resistance. It is well reported that DNA methylation levels 

or modifications of histones can facilitate the transcription of defense-related genes (for review, 

(Mauch-Mani et al. 2017, Wiliams and Gehring 2017)) and extensive changes in DNA 

methylation patterns have been identified in response to biotic stress in plants (Dowen et al. 

2012, López Sánchez et al. 2016, Ramirez-Prado et al. 2018, Alonso et al. 2019). It will be 

particularly interesting if these responses could be primed for stable inheritance in subsequent 

generations, thus, giving rise to progeny better adapted to biotic stress. In studies on same-

generation-primed plants and their descendants for resistance against virulent Pseudomonas 

syringae in Arabidopsis, it has been suggested that the alterations in the DNA c-methylation 

levels and their inheritance play a role in the transgenerational inheritance of priming (Slaughter 

et al. 2012). Future research should focus on investigation of the mechanism of action of the 

pathogen-responsive lncRNAs facilitated by RdDM pathway resulting in epigenetic changes in 

DNA methylation and/or chromatin modifications. 
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Fig. 2.1 Modification of the chromatin architecture by histone modification (A,B,C) and 

DNA methylation (D,E,F). A) Regulation of FLC locus by three lncRNAs. FLC is actively 

transcribed before exposure to cold. On exposure to cold, COOLAIR accumulates and 

synchronizes the removal of H3K36me3 and accumulation of H3K27me3. B) Next, COLDAIR 

and COLDWRAP are transcribed and recruit PRC2+VIN3 which are responsible for deposition 

of additional H3K27me3. C) Complete repression of FLC is achieved with H3K27me3 

repression marks on FLC locus. D) LDMAR regulates reproductive development under a long 

day condition in rice cv. NK 58N. E) LDMAR regulates PSMS in mutant line NK 58S. A 

spontaneous mutation from C to G in the mutant line NK 58S produces altered LDMAR which 

affects the level of methylation at the promoter of LDMAR. An increased methylation is also the 

result of the RdDM pathway via Psi-LDMAR derived from AK111270, a transcript found to be 

overlapping the sense strand of the promoter of LDMAR. F) This results in premature death of 

pollen caused by PSMS. (FLC: Flowering Locus C; PRC2+VIN3: Polycomb repressive complex 

2 + VERNALIZATION INSENSITIVE 3; COOLAIR: COLD INDUCED LONG ANTISENSE 

INTRAGENIC RNA; COLDAIR: COLD ASSISTED INTRONIC NON-CODING RNA; LDMAR: 

LONG-DAY SPECIFIC MALE FERTILITY ASSOCIATED RNA; RdDM: RNA dependent DNA 

Methylation; PSMS: Photoperiod Sensitive Male Sterility) 
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2.4.1.2 Transcriptional regulation mediated by RNA-DNA hybridization 

lncRNAs can also regulate the dynamics of chromatin topology and thus affect the 

pattern of gene expression. A lincRNA called AUXIN REGULATED PROMOTER LOOP RNA 

(APOLO) has been reported in Arabidopsis. APOLO is transcribed by both Pol II and Pol IV/V 

from 5 kb upstream of the locus PINOID (PID), an important regulator of the polar auxin 

transport (Ariel et al. 2014). APOLO controls the dynamics of the chromatin loop and regulates 

the promoter activity of its adjacent gene PID (Fig. 2.2A). By influencing the local chromatin 

topology, APOLO adds a new layer of regulation in gene expression (Ariel et al. 2014). This is 

accomplished by generating a scaffold by that recruit’s complexes involved in chromatin 

modification without involvement of siRNAs (Matsui and Seki 2018). As illustrated in Fig. 

2.2A, the phytohormone auxin activates the demethylation of lncRNA locus APOLO, mediated 

by RDD (repressor of silencing 1 (ROS1), demeter-like protein 2 and 3 (DML2) and (DML3)), 

which then results in an opening of the chromatin loop at the promoter region of PID, making it 

accessible to Pol II (Ariel et al. 2014, Liu et al. 2015). With decreased repressive marks 

(H3K27me3) and increased active marks (H3K9Ac), the chromatin loop opens and transcription 

by Pol II results in the accumulation of PID and APOLO transcripts (Fig. 2.2A). The APOLO 

transcripts which are transcribed by Pol II subsequently recruit LIKE HETEROCHROMATIC 

PROTEIN 1 (LHP1) for the formation of chromatin loops and PRC2 to presumably redeposit 

repressive marks (H3K27me3); whereas the APOLO transcripts which are transcribed by Pol 

IV/V recruit AGO4 protein complex triggering siRNA-mediated DNA methylation of 

APOLO/PID (Ariel et al. 2014). Thus, APOLO-LHP1 and PRC2 mediate the formation of 

chromatin loop, which is then maintained by the DNA methylation, a process that is induced by 

APOLO transcripts produced by RNA-Pol IV/V, thereby regulating the expression of PID (Ariel 

et al. 2019). Recently, Ariel et al. (2020) showed that APOLO regulates plethora of auxin-

responsive genes in trans by the formation of RNA-DNA hybridization. These studies clearly 

demonstrate that the lncRNA APOLO and double stranded DNA can interact to form an RNA-

DNA hybrid to modulate the expression of neighbouring protein coding genes as well as distally 

located genes (Ariel et al. 2014, 2020, Matsui and Seki 2018). Interestingly, a recent study 

suggested that overexpression of PID gene causes perturbations in the levels of auxin and other 

hormones and reactive oxygen species (ROS) causing an accumulation of antioxidants, and thus, 

modify the growth at rosette stage and affects stress responses (Saini et al. 2017). APOLO 
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lncRNA has been known to positively regulate the PID gene by modulating chromatin 

architecture to form an inhibitory loop and by DNA methylation (Ariel et al. 2014). Considering 

these results, we could implicitly suggest that APOLO lncRNA might regulate the responses 

against pathogen attacks. Previous studies have already shown the importance of changes in 

chromatin architecture by modulations in DNA methylation events in response to pathogen 

attack (Dowen et al. 2012, Ramirez-Prado et al. 2018). It will be interesting to investigate if the 

APOLO lncRNA is involved in the regulation of responses against pathogens and could be 

exploited for crop improvement against biotic stress. 

Another example of lncRNA regulating gene expression is HIDDEN TREASURE 1 

(HID1), a 236 nt lncRNA from Arabidopsis. HID1, a trans-acting lncRNA, is assembled into an 

unknown nuclear protein-RNA complex which binds to the chromatin of the first intron of 

PHYTOCHROME INTERACTING FACTOR 3 (PIF3) and represses the transcription of PIF3 

(Wang et al. 2014). PIF3 is one of the key repressors in photomorphogenesis that modulates 

responses to light in Arabidopsis (Wang et al. (2014) and references therein). Interestingly, HID1 

mediates photomorphogenesis only under red light conditions and the function of HID1 is 

dependent on the conserved secondary structure of this lncRNA (Wang et al. 2014). For instance, 

stem-loops 2 and 4 in HID1 are highly conserved in plants and are known to have important 

biological functions in Arabidopsis (Wang et al. 2014). It will be interesting to study the cause of 

interaction between the HID1 and the nuclear protein complex and understand the role of the 

stem-loops of HID1 in protein binding and target recognition in order to further delineate its 

mechanism in mediating plant responses to light. 

Transcriptional regulatory mechanisms mediated by RNA-DNA hybridization have been 

uncovered in the regulation of FLC by Sun et al. (2013) in which the transcription of COOLAIR 

in Arabidopsis was found to be mediated through the formation of RNA-DNA heteroduplex (R-

loop) at the 3’ end of the COOLAIR promoter. This research group also reported that R-loop 

forms naturally in the promoter of COOLAIR after which a nodulin homeobox protein, AtNDX, 

associates with a non-template single stranded DNA resulting in the stabilization of R-loop 

which is necessary for limiting the transcription of COOLAIR (Sun et al. 2013). However, it is 

not yet clear which factors are involved in the regulation of R-loop formation; future studies will 

be needed to delineate this.   
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2.4.1.3 Transcriptional regulation mediated by RNA-protein interaction 

Another known mechanism of transcriptional regulation by lncRNAs is through their 

binding to specific proteins, which allows the formation of larger RNA-protein complexes and 

alters the localization of proteins in the cell.  An example of this type of regulation is the EARLY 

NODULIN 40 (ENOD40) which is one of the first identified lncRNAs in plants and is highly 

conserved in legumes (Gultyaev and Roussis 2007), rice (Kouchi et al. 1999) and maize 

(Compaan et al. 2003). It is involved in the regulation of symbiosis between bacteria or fungi in 

leguminous plants for organogenesis in root nodules (Gultyaev and Roussis 2007), as well as in 

mycorrhizal association in alfalfa (Rhijn et al. 1997). During such symbiotic interactions in 

alfalfa, the expression of ENOD40 was observed to be induced by soil rhizobia in the root 

pericycle and in the cortical cells of nodule primordia (Compaan et al. 2001). ENOD40 has been 

reported to have a bi-functional role in the organogenesis of nodules by producing two short 

peptides as well as its own transcript (Bardou et al. 2014). The two short peptides are encoded 

from the 5’ end of ENOD40 in soybean and are thought to influence the activity of sucrose 

synthase by interacting with NODULIN100, a subunit of sucrose synthase (Röhrig et al. 2002). 

The transcript of ENOD40 can also function as a guide for re-localization of nuclear speckle 

RNA-binding proteins (NSR) (Fig. 2.2B) (Campalans et al. 2004). For instance, the NSR, 

Medicago truncatula RNA Binding Protein 1 (MtRBP1), was found to be transported by 

ENOD40 into the cytoplasmic granules during nodulation (Campalans et al. 2004). This 

mechanism of RNA-protein interaction and transportation of proteins is required for nodule 

organogenesis.  

It has also been demonstrated in Arabidopsis through the transgenic expression of 

ENOD40 that this lncRNA is involved in the transport of the NSRs (AtNSRs, closest homolog of 

the MtRBP1) from nuclear speckles to cytoplasmic bodies (Bardou et al. 2014). Furthermore, 

AtNSRs have also been reported to be involved in the regulation of alternate splicing events 

during the initiation of lateral roots and auxin signalling responses (Bardou et al. 2014). 

Furthermore, AtNSR can interact with ALTERNATIVE SPLICING COMPETITOR (ASCO) 

lncRNA (Bardou et al. 2014). Thus, it is apparent that interaction between the ENOD40 and 

MtRBP1 is involved in the re-localization of RNA-binding protein, while the interaction between 

ASCO and AtNSR is involved in the splicing activity regulated by AtNSR during auxin 
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signaling. It would be fascinating to discover additional naturally occurring lncRNAs that 

interact with other NSR proteins and assist in their re-localization in plants.  

In a study by Seo et al. (2017), ELF18-INDUCED LONG-NONCODING RNA1 

(ELENA1), a 589-nucleotide long intergenic lncRNA (NCBI Id: AT4G16355) was found to be 

involved in the formation of regulatory complexes through interaction with proteins. ELENA1 is 

upregulated in Arabidopsis in response to pathogen-associated molecular patterns (PAMPs), 

such as elongation factor 18 and flagellin (flg22), due to infection by the bacteria Pseudomonas 

syringae (Seo et al. 2017). The knock down of ELENA1 decreased the expression of 

Pathogenesis-Related 1 (PR1) gene and its overexpression resulted in the upregulation of plant 

defense genes like PR2, genes encoding B-1,3-glucanase (callose deposition), and some of the 

genes induced by salicylic acid  (Seo et al. 2017). ELENA1 interacts with the protein, Mediator 

subunit 19a (MED19a) and both of these are subsequently recruited to the PR1 promoter (Seo et 

al. 2017). This research group proposed two hypotheses for the interaction between the ELENA1 

and PR1 promoter. For the first hypothesis, a possibility of the formation of a triple helix 

between ELENA1 and PR1 promoter was explored in silico; however, with negative results. In 

another hypothesis, the possibility of interaction of ELENA1 with other proteins, such as 

mediator subunits, transcription factors, cofactors or adaptors, to influence the recruitment of 

MED19a to the transcription machinery has been proposed (Seo et al. 2017); however, this 

remains to be tested. Based on these studies, ELENA1 may be an ideal candidate for exploring its 

application in developing cisgenic crops or for developing markers for marker assisted breeding.  

2.4.1.4 Transcriptional regulation mediated by RNA-RNA interaction : 

lncRNAs as miRNA target mimics 

The lncRNAs which have been identified as inhibitors of miRNA expression, are termed 

as RNA decoys or endogenous target mimics (eTM) or RNA sponges. These lncRNAs contain a 

short sequence which is homologous to the binding sites of the mRNAs in miRNAs, thus acting 

as a competitor against mRNAs (for review, (Chekanova 2015) and references therein). The 

lncRNA INDUCED BY PHOSPHATE STARVATION1 (IPS1) of Arabidopsis was the first eTM 

to be studied in detail in plants and was found to regulate the phosphate (Pi) balance by 

sequestering the miR399 and increased accumulation of its target mRNA (Franco-Zorilla et al. 

2007). AtIPS1 (NCBI Id: AT3G09922) is a 542 nt long transcript belonging to the TPS1/Mt4 

gene family, members of which are generally known to be induced by Pi starvation. It contains a 
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23 nt long motif which has been found to be conserved among Solanum lycopersicum, Medicago 

truncatula, Oryza sativa, and Arabidopsis (for review, (Zhu and Wang 2012)). Under Pi 

starvation conditions, the miR399 was upregulated and consequently targeted the PHOSPHATE 

2 (PHO2) gene, which encodes an E2 ubiquitin conjugase-related enzyme and causes the 

cleavage of mRNA mediated by miRNA (Fujii et al. 2005, Chiou et al. 2006). A reduced activity 

of PHO2 gene resulted in up-regulation of two root-specific phosphate transporter genes PHT1;8 

and PHT1;9; these genes are involved in the uptake of Pi from the soil (Bari et al. 2006). The 23 

nt motif of the lncRNA IPS1 is partially complementary to miR399 which forms a 3 nt mismatch 

bulge at 11-13 nt position of miR399 and thus protects PHO2 from the cleavage mediated by 

miRNA399 (Franco-Zorilla et al. 2007) and references therein; Fig. 2.2C). Through this 

mechanism, IPS1 attenuates the activity of miR399 by mimicking the structure of the PHO2 and 

preventing cleavage of PHO2 by miR399, which ultimately increases the uptake of Pi by the 

plants (Franco-Zorilla et al. 2007). Genome-wide analyses in Arabidopsis have also identified 

eTMs which are known to sequester different miRNAs, such as miR156, miR159, miR160, 

miR166 and miR172 (Wu et al. 2013). Recently, Jiang et al. (2019) demonstrated that the 

lncRNA23468 is able to mimic the target genes of miR482b during infection by Phytophthera 

infestans in tomato, which then allows the expression of the nucleotide-binding site leucine-rich 

repeat (NBS-LRR) protein-coding genes conferring resistance to P. infestans. Similarly, Hou et 

al. (2020) also demonstrated that lncRNA39026 positively regulates the tomato’s defense 

response against P. infestans by functioning as an eTM against miR168a. This attribute of eTMs 

can be applied to generate transgenic plants for attenuating the function of the corresponding 

target miRNAs and can be exploited for crop improvement.  

More recent studies have indicated that the phloem lncRNAs, IPS1 and other eTMs, can 

move long distance from cell-to-cell in response to Pi deficiency and are therefore involved in 

co-ordinating a systemic response in the early phase of Pi deficiency (Zhang et al. 2019). These 

findings further raise the possibility of lncRNAs exerting their function and acting as signalling 

molecules at a systemic level. In addition, plant extracellular vesicles such as exosomes have 

been shown to assist in cell-to-cell communication by carrying small RNAs and proteins, thus 

regulating growth and environmental inhabitation, including responses to biotic and abiotic stress 

stimuli (Rutter and Innes 2017, Hudzik et al. 2020). For instance, in response to Botrytis cineria 

infection in Arabidopsis, siRNAs are transported into fungi through exosomes resulting in 
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improved resistance (Cai et al. 2018). Exosomes can also be used as vehicles for transporting 

sRNAs that can modulate both host defense and fungal virulence through host-induced gene 

silencing (Koch et al. 2020). Similarly, lncRNAs are also known to have cell-to-cell movement 

via exosomes, which is evidenced from multiple studies associated with cancer research (Piao et 

al. 2020), (Wang et al. 2020). Future work on the cell-to-cell movement or host-to-pathogen 

movement of plant lncRNAs in response to biotic stress will further pave the path for using 

lncRNAs for modulating the pathogen RNAs, thus opening the possibility of improving 

resistance. 

 

Fig. 2.2 Role of lncRNAs in transcription regulation by different RNA-dependent 

interaction A) RNA-DNA hybridization: Auxin activates the opening of the chromatin loop 

via RDD (ROS1, DML2 and DML3) mediated H3K27me3 removal and H3K9Ac deposition. 

Following this, the transcription of PID gene and the dual transcription of APOLO by Pol II and 

Pol IV/V is triggered by an increase in H3K9Ac. Subsequently, the transcripts of APOLO 

generated by Pol IV/V recruits the AGO4, triggering the siRNA-mediated DNA methylation 

which deposits methylation marks at APOLO/PID locus, and the transcripts of APOLO generated 

by Pol II and LHP1 interacts with the genomic region and act as scaffold to recruit PRC2 and 

deposit the H3K27me3, resulting in the formation of chromatin loop which is then maintained by 

methylation marks provided by siRNA-mediated DNA methylation. B) RNA-Protein interaction: 
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The transcript ENOD40 is responsible for re-localization of the nuclear speckle RPB1 from 

nucleus to cytoplasm; this transfer is mediated by RNA-protein interaction. C) RNA-RNA 

interaction: In Pi-sufficient conditions, the miR399 targets the mRNA PHO2. In Pi-deficient 

conditions, the lncRNA acts as the target mimic and sequesters miR399 thus inhibiting the 

degradation of PHO2 by miR399. (ROS1: Repressor of Silencing 1; DML2: Demeter-like 2; 

DML3: Demeter-like 3; PID: Pinoid; APOLO: AUXIN REGULATED PROMOTER LOOP RNA; 

AGO4: Argonaute 4; LHP1: LIKE HETEROCHROMATIN PROTEIN 1; PRC2: Polycomb 

repressive complex 2; ENOD40: EARLY NODULIN 40; RPB1: RNA binding protein1) 

2.5 Small RNAs (sRNAs)  

Both miRNAs and siRNAs, which are also ncRNAs, are about 20-24 nt long. They differ 

by the structure of their precursors, biogenesis pathways and mode of action, and are important 

for regulation of gene expression. The functions of sRNAs have been studied extensively 

(Borges and Martienssen 2015, Brant and Budak 2018, Chauhan et al. 2017, Hunag et al. 2016, 

Huang et al. 2019).  The miRNAs are transcribed by Pol II and are guided by the transcriptional 

co-activator called Mediator (for review, (Brant and Budak 2018)); however, production of 

transcripts by Pol II and Pol IV is required for the biogenesis of siRNAs which are found to be 

more diverse than the miRNAs (for review, (Kumar et al. 2018) and references therein). The 

biogenesis and mode of action of the miRNAs and siRNAs are illustrated in Fig. 2.3. Most of the 

siRNAs are synthesized from the pre-formed dsRNAs transcribed by RNA-dependent RNA 

polymerases (RDRs) or from the transcription of the inverted repeat region by Pol II (for review, 

(Kumar et al. 2018)) (Fig. 2.3). 

Both type of sRNAs are processed from long RNA precursors by Dicer-like 

ribonucleases and regulate the post-transcriptional process through the ribonucleoprotein 

silencing complex (RISC) containing the AGO protein. The miRNAs are cleaved by only RNase 

III enzyme Dicer-like protein 1 (DCL1) (for review, (Kumar et al. 2018)). Unlike miRNAs, the 

formation of different classes of siRNAs results from the cleavage of the precursors of siRNA by 

different types of DCL proteins (DCL1-4). In the epigenetic pathway, dsRNAs are cleaved by 

DCL-3 into siRNAs which are then incorporated into AGO4 (for review, (Kumar et al. 2018)). 

The whole machinery for DNA methylation includes the siRNA within the AGO4, the largest 

subunit of Pol V, and the associated proteins, which are recruited on to the homologous target 

DNA sequence facilitating the methylation process catalyzed by Domains rearranged methylase 

2 (DRM2) (for review, (Sahu et al. 2013)). It is thus clear that siRNAs play an important role in 
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epigenetic regulation of plant growth and development as well as under environmental stress via 

transcriptional silencing through the RdDM pathway. We would like to point our readers to 

recent reviews (Huang et al. 2016, Huang et al. 2019) which have discussed the roles of siRNAs 

and miRNAs in different plant-pathogen interactions. However, each miRNA and siRNA are 

pathogen-dependent, and therefore can play distinct functions in plant immune responses. In 

order to obtain the systemic role of RNA silencing/activation in response to biotic stresses, the 

function of more sRNAs needs to be explored. 

 

Fig. 2.3 Illustration of the biogenesis of A) miRNA and B) siRNA. A) miRNAs are 

transcribed by Pol II. Pri-miRNAs and pre-miRNAs are processed by DCL1, HYL1 and zinc 

finger protein SE to form miRNA duplex. Following methylation, HEN1, the miRNA duplex is 

exported to the cytoplasm by the protein HASTY. The miRNA duplex is unwound by unknown 

helicases, making them accessible to AGO, thus forming a RISC. MiRNA bound RISC is then 

guided to target mRNA, causing translation repression (1) or mRNA cleavage (2). B) siRNA 

precursors are transcribed by Pol II and Pol IV. Pol II transcribes inverted repeated region in 

genome as well as generates the sense and antisense transcripts, which results in the generation 

of dsRNAs. The ssRNAs transcribed by Pol IV become double stranded by RDR2. The dsRNAs 

are processed into siRNAs by DCLs and HEN1 and then loaded into the AGOs, thus forming 

RISC which is guided to target mRNA, causing mRNA cleavage or translational repression. The 
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siRNAs processed by DCL-3 and HEN1, unwound by helicases and then incorporated in AGO4 

are important in epigenetic regulation through RdDM pathway. ***(The red arrows show the 

siRNA processing necessary for the epigenetic modifications by the RdDM pathway.) (DCL1: 

Dicer-like 1; DCL-3: Dicer-like 3; HYL1: Hyponastic Leaves 1; SE: Serrate; HEN1: HUA 

enhancer 1; AGO: Argonaute; RISC: RNA-induced silencing complex; AGO4: Argonaute 4; 

RdDM: RNA-dependent DNA methylation; RDR2: RNA-dependent RNA polymerase 2) 

 

2.6 Circular RNAs (circRNAs) 

CircRNAs are endogenous ncRNA; our current knowledge on this is still fragmentary. 

These have been studied in humans (Memczak et al. 2013), fruit fly (Jakub et al. 2014), various 

mammals (Liang et al. 2017) and plants (Lu et al. 2015, Ye et al. 2015, Liu et al. 2017, Tang et 

al. 2018, Wang et al. 2018, Zhu et al. 2019). CircRNAs are non-polyadenylated, single stranded 

covalently closed loop structures of RNA without any 5’ or 3’ polarity (Chen and Yang 2015, 

Chu et al. 2018). CircRNAs are formed during regular splicing of the pre-mRNAs (intronic 

circRNA) as well as by a non-canonical splicing event which is also referred as back-splicing 

((Matsui and Seki 2018, Zhao et al. 2019); (Fig. 2.4A). The most common type of circRNAs is 

the exonic circRNA (ecRNA), which contains no introns and is formed by exon skipping and 

direct back-splicing mechanism (Fig. 2.4A) (for review, (Meng et al 2016) and references 

therein). Another interesting isoform of circRNAs is the exon-intron-circRNA (elciRNA), which 

forms during circularization of an intronic fragment through joining with the neighbouring exons 

(for review, (Meng et al 2016) and references therein). These are involved in the cis regulation of 

transcription of parental genes by associating with Pol II (Li et al. 2015, Zhou et al 2018). The 

biogenesis and possible mode of action of different types of circRNAs is illustrated in Fig. 2.4A 

& B. The molecular mechanism of gene expression regulated by circRNAs is still unclear; 

however, the potential functions of circRNAs in plants through their interaction with endogenous 

RNA network have been predicted using bioinformatics. These include, circRNA-miRNA 

interaction network in soybean (Zhao et al. 2017), circRNA-lincRNA-mRNA network in potato 

(Zhou et al. 2018), and circRNA-miRNA-mRNA networks at different developmental stages in 

Arabidopsis (Liu et al. 2017, Chen et al. 2017). It has also been demonstrated that in 

Arabidopsis, the circRNA originating from exon 6 of the SEPALLATA3 (SEP3) binds to its 

cognate DNA locus to form an RNA-DNA hybrid which results in transcriptional inhibition of 

SEP3. This further promotes the abundance of the exon-skipped alternate spliced variant of 
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SEP3, called SEP3.3 (Conn et al. 2017). However, additional studies are required to delineate the 

role of the circRNAs in the regulation of plant gene expression.  

 

Fig. 2.4 Diagrammatic representation of the biogenesis and mode of action of circRNAs. A) 

The exons are shown by colored rectangles and introns by black lines. B) Modes of action: 1) 

The exonic circRNAs are involved in mRNA sponging, and 2) Sponging RNA-binding protein. 

3) The intronic circRNAs and exon-intron circRNAs are involved in parental gene expression. 4) 

Some circRNAs contain ORFs encoding peptides. 5) Some circRNAs act as scaffold for protein 

assembly regulating the function of the associated proteins in the cell. 

2.7 Transcriptomics approaches to study biotic stress response 

High throughput methods like RNA-seq for transcriptome analysis and deep sequencing 

of small RNAs, and microarrays have made it possible to carry out an in-depth analysis of plant 

ncRNAs. In the following sections, we have attempted to summarize our current understanding 

and the knowledge gaps of the roles of ncRNA in mediating responses to biotic stresses in 

important crop plants.  
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2.7.1 lncRNAs responsive to fungal phytopathogens 

 Plant diseases caused by diverse fungi, viruses, oomycetes, worms and insects are one of 

the major problems of crop production. Fungi can cause massive loss of yield and impact quality 

of agriculturally important crops (for review, (Yang et al. 2017)). Deciphering host-pathogen 

interactions enables us to understand the infection process by the pathogens and plant responses 

to pathogen attack, thus, provide valuable information which can be used to develop strategies 

for the control of plant diseases. Pathogenic fungi can be biotrophic, hemi-biotrophic, 

saprotrophic and obligate biotrophic or necrotrophic (Spanu and Panstruga 2017). Despite the 

differences in the life cycles of different fungal pathogens, well-conserved proteins have been 

found to be involved in their infection processes (for review, (Yang et al. 2017)). These 

infections are challenged by the plant defence system through many mechanisms including the 

organization of chromatin structure by the genes involved in defence responses which could be 

regulated by lncRNAs (for review, (Ramirez-Prado et al. 2018)). The first study to document the 

involvement of lncRNAs in mediating response to infection by the obligate biotrophic fungus 

Blumeria graminis f. sp. tritici (Bgt) causing powdery mildew disease identified 125 putative 

lncRNAs in wheat using microarrays (Xin et al. 2011). In addition, this study also reported that 

the lncRNAs, TalnRNA5 and TapmlnRNA19 were the precursors of miRNA2004, TapmlnRNA8 

was the precursor of miRNA2066, and TapmlnRNA11 was the precursor of siRNA. This 

indicates that these lncRNAs might be mediating their role by RNA-RNA interaction, a 

mechanism which has been discussed earlier. The wheat lncRNAs identified by Xin et al. (2011) 

were not conserved among other plant species and displayed tissue-specific expression in 

response to infection by B. graminis, suggesting their involvement in the regulation of responses 

to biotic stress only in wheat. This attribute of lncRNAs exhibiting tissue-specific expression was 

later confirmed by Deng et al (2018) through conservation analysis of the lncRNAs in plants. In 

a study on the expression of lncRNAs in response to the stripe rust pathogen Puccinia striiformis 

at different growth stages in wheat, Zhang et al. (2013) found that TalncRNA18, TalncRNA73 

and TalncRNA106 were all upregulated in all stages. In contrast, TalncRNA108 was 

downregulated during the early stages and it was upregulated at a later stage in the resistant 

plants.  Similarly, two lncRNAs, TaS1 and TaS2, were identified in a wheat cultivar susceptible 

to Blumeria graminis, and knockdown of these lncRNA resulted in an increased resistance by 
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15-22% (Li et al. 2014). These observations suggest that the aforementioned lncRNAs may be 

important regulators of multiple genes involved in defense response pathways. 

Vascular wilt, a soil-borne root disease, caused by Fusarium oxyporum, affects a wide 

range of crops including cereals like barley, oats, rye, wheat, rice, maize, as well as other plants 

like melon, pepper, potato and tomato (Early 2009). Zhu et al. (2014) identified 15 NATs and 20 

lincRNAs in Arabidopsis which were responsive to F. oxysporum. Knockdown of few of these 

lincRNAs (transcriptionally active regions (TAR)-191,-197, -212 and -224), through RNAi 

technique resulted in an increased development of disease in response to infection by F. 

oxysporum (Zhu et al. 2014). These results provide clear evidence for the involvement of these 

lincRNAs in mediating defense against F. oxysporum. Furthermore, the strand-specific RNA-seq 

analysis enabled this research group to uncover the antisense transcriptions which were 

responsive to infection caused by F. oxysporum (Zhu et al. 2014).  

Analysis of differentially expressed genes and lncRNAs between tomato plants resistant 

or susceptible to Phytophthora infestans revealed that lncRNA16397 induces the expression of S. 

lycopersicum glutaredoxin genes (SlGRX) involved in scavenging activity of ROS. 

LncRNA16397 is positioned antisense to SlGRX22 and is co-expressed with SlGRX21 and 

SlGRX22 upon infection by P. infestans. Interestingly, when lncRNA16397 is overexpressed in a 

susceptible tomato plant, it resulted in a significant increase in expression of the SlGRX21 and 

SlGRX22 genes (Cui et al. 2017). This co-expression of lncRNA and SlGRX suggests reduction in 

the accumulation of ROS and thus caused less injury to the cell membrane, and thereby resulting 

an increased resistance to P. infestans.  

To date, only a few studies on the identification of the lncRNAs in response to biotic 

stress have been conducted in rice and oilseed crops. However, these studies provide important 

information on the target genes of these lncRNAs which are involved in disease resistance. For 

instance, using two near-isogenic lines (NILs) for the QTL conferring resistance to fusarium 

head blight, Huang et al. (2016) identified 604 lncRNAs in barley responsive to infection by 

Fusarium graminearum. They also suggested that both lncNAT XLOC_057704 and the gene 

trichome birefringence like (TBR-like (TBL), which is required for cellulose biosynthesis, are 

induced in response to infection by F. graminearum  thus, possibly playing a role in disease 

resistance, however, this needs to be experimentally established.  
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In another study, the in-silico identification of more than 1900 lncRNAs was performed 

in two rice lines resistant to Magnaporthe oryzae (Jain et al. 2017). Our laboratory was also the 

first to report the identities of the lncRNAs in oilseed Brassica napus involved in mediating 

responses to stem rot disease caused by Sclerotinia sclerotiorum (Joshi et al. 2016). We 

identified 3,181 lncRNAs including, 2,821 lincRNAs, 111 lncNATs and 41 miRNA precursors 

(Joshi et al. 2016); however, functional characterization of these lncRNAs and their precise roles 

in mediating responses to S. sclerotiorum has not yet been accomplished. LncRNAs have also 

been identified in other crops, such as cotton (Zhang et al. 2018) and banana (Muthusamy et al 

2019). All of these studies indicate that lncRNAs may regulate their target genes involved in 

fungal pathogen-host interactions, which needs to be confirmed through functional studies. In a 

recent study, we have identified 530 differentially expressed lncRNAs in B. napus canola lines 

resistant to clubroot disease (Summanwar et al. 2019). Clubroot is caused by Plasmodiophora 

brassicae, a soil-borne obligate parasite belonging to the eukaryotic supergroup Rhizaria (Burki 

et al. 2010) and is a major threat to the production of Brassica crops including canola (for 

review, (Howard et al. 2010)). Most of the target genes regulated by these differentially 

expressed lncRNAs belong to the pathways involved in plant-pathogen interaction, plant 

hormone signalling, and primary and secondary metabolic pathways (Summanwar et al. 2019). 

Further work is needed to establish the precise role of these lncRNAs in mediating clubroot 

resistance. All these studies have suggested the involvement of lncRNAs and other ncRNAs 

during host-pathogen/pest interactions. A thorough understanding of their specific biological 

functions in both disease response pathways as well as in mediating resistance against plant 

pathogens will ultimately provide novel strategies for the improvement of disease resistance in 

crops. 

2.7.2 lncRNAs responsive to bacterial phytopathogens 

Similar to fungal pathogens, bacterial phytopathogens can cause significant crop loss. In 

the recent years, advances in genomics have facilitated a rapid increase of our understanding on 

bacterial pathogen-host plant interactions at a molecular level.  This has led to the invention of 

additional strategies for the improvement of resistance to bacterial diseases (for review, (Sundin 

et al. 2016)). However, very few reports are available on the identification of lncRNAs that are 

responsive to bacterial pathogens in crops. Recently, Yu et al. (Yu et al. 2020) identified 567 

lncRNAs in rice in response to Xanthomonas oryzae. They observed that lncRNAs regulating 
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genes involved in jasmonate pathway (JA) was significantly enriched. They also observed that 

the overexpression of ALEX1 resulted in increased resistance against rice bacterial blight via the 

increase in activation of the JA pathway.  Similarly, Li et al. (2018) reported a total of 4,709 

lncRNAs in rice in response to infection by Dickeya zeae causing foot rot disease. Of these, four 

lncRNAs, TCONS_00055598, TCONS_00043825, TCONS_00054645 and TCONS_00054545, 

and their target genes, MYB transcription factor (OS03G0764600), peroxidase A2 

(OS03G0235000), plant peroxidase (OS02G0318100) and alternative oxidase (OS02G0318100), 

respectively, are involved in the regulation of ROS during defense responses against D. zeae (Li 

et al. 2018). Possible involvement of lncRNAs in mediating responses to bacterial diseases have 

also been reported in potato against Pectobacteriam carotovorum (Kwenda et al. 2016), kiwifruit 

plants against Pseudomonas syringae pv. actinidiae (Wang et al. 2017) and in princess tree 

against phytoplasmas (Cao et al. 2018, Fan et al. 2018). Future studies aimed at identifying 

factors controlling the synthesis and biogenesis of these lncRNAs will offer crucial insights into 

their function in mediating responses to bacterial pathogens in crop plants. 

2.7.3 lncRNAs responsive to viral phytopathogens and pests 

lncRNAs have been found to play important roles in mediating plant responses to viral 

infections (for review, (Nejat and Mantri 2018)). Wang et al. (2015) identified 1,565 lncRNAs in 

tomato associated with Tomato Yellow Leaf Curl Virus (TYLCV). Virus-Induced Gene 

Silencing (VIGS) of two upregulated lncRNAs, slylnc0049 and slylnc0761, led to an increase in 

accumulated virus, suggesting that these lncRNAs may have specific roles in response to 

TYLCV infection (Wang et al. 2015). These two lncRNAs, therefore, can be viable targets for 

engineering durable of plant for  resistance to TYLCV.  This study also demonstrated possible 

roles for lncRNAs slylnc1077 and slylnc0195 which may function as target mimics of miRNAs.  

In fact, it was observed that when these lncRNAs were overexpressed, it resulted in an enhanced 

expression of the target genes of sly-miR399 and sly-miR166, respectively . Furthermore, the 

enhanced expression of these target genes, coincided with the downregulation of sly-miR399 and 

sly-miR166 (Wang et al. 2015).  In another study, lncRNAs have been characterized in tomatoes 

in response to neutron irradiation followed by TYLCV infection (Zhou et al. 2019). They 

identified 1,563 lncRNAs and suggested they play a role in mediating plant responses to diverse 

stimuli, and potentially play a role in resistance to viral phytopathogens. However, no study has 

so far been conducted on the involvement of lncRNAs in viral diseases like barley yellow dwarf 
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virus, barley yellow mosaic virus, brome mosaic virus and wheat streak mosaic virus in cereals 

crops.   

Some of the major pests of cereals crops are aphids, slugs, leatherjackets, wireworm, bulb 

flies and fruit flies (Finch 2002). To date, few studies have been conducted on the role of lncRNAs 

in response to insect pests. Recently, Zhang et al. (Zhang et al. 2019) identified and characterized 

the potential role of lncRNAs in cotton leaves under attack by Aphis gossypii. In total, 8,414 

lncRNAs were identified where 1,331 showed differential expression between the plants under 

attack and control plants. Interestingly, many lncRNAs were found to regulate the NBS-LRR 

genes, which recognize the effectors secreted by the pathogen. This suggests that the lncRNAs 

may improve plant defence response to insects by modulating the NBS-LRR gene family; 

however, this hypothesis remains to be verified (Zhnag et al. 2019). Recently, Yang et al (2020) 

used Pseudomonas putida as a bio-control agent to improve resistance in tomatoes against root-

knot nematodes (Meliodogyne incognita).They identified lncRNAs from tomato which were 

induced by Pseudomonas putida isolate Sneb821; some of these lncRNAs were also found to be 

involved in resistance to root-knot nematodes (Meliodogyne incognita). They also characterized 

lncRNA44664 and lncRNA48734, which function as eTMs for miR396 and miR156, respectively. 

These results are good examples of bio-control bacteria-induced plant resistance. It has become 

increasingly evident that lncRNAs play a  role during host-pathogen/pest interactions. A thorough 

understanding of their specific biological roles in both disease responsive pathways as well as in 

mediating resistance against plant pathogens can ultimately lead to the development of strategies 

for the improvement of disease resistance in crops.  

2.7.4 circRNAs responsive to biotic stress  

Recently, several studies have started exploring the abundance of circRNAs in plants in 

response to biotic stress (for review, (Ye et al. 2015, Zhao et al. 2019)), however, our knowledge 

of their roles in mediating response to biotic stress still remain largely unclear. Recently, Zhou et 

al. (2018) identified 2,098 circRNAs in potato in response to Pectobacterium carotovorum, among 

which 44.38% were intergenic circRNAs, and a total of 429 circRNAs were differentially 

expressed between the resistant and susceptible cultivars. A weighted gene co-expression network 

analysis revealed that circRNAs are functionally related to mRNAs and lincRNAs, and generally 

regulate the function of their parental genes (Zhou et al. 2018). Similar to lincRNAs, circRNAs 

also serve as target mimics of miRNAs for sequestering the miRNAs. This research group 
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predicted a total of 138 circRNAs to be the target mimics of 120 miRNAs. In another study, knock 

down of the circRNA and its parental gene Solyc07g043420.2.1 in tomato resulted in increased 

TYLCV infection; however, partial resistance was achieved after re-injecting the parental gene by 

agroinfiltration (Wang et al. 2018) suggesting that circRNAs can up- or down- regulate their 

parental genes. Similar studies have also been conducted in cotton against Verticillium dahlia 

(Xiang et al. 2018) and in kiwifruit against P. syringae pv. actinidiae (Psa) (Wang et al. 2017). All 

these studies provide evidence that circRNAs play an important role in mediating plant responses 

to biotic stresses. In mammals, circRNAs have also been known to sequester RNA binding 

proteins (Holdt et al. 2016) and regulate mRNA at post-transcriptional level, by inhibiting 

ribosome biogenesis and mRNA translation. CircRNAs have also been reported to function as 

scaffold for assembling protein complexes (Du et al. 2017) and are also known to encode 

functional peptides in mammals (Zhnag et al. 2018). However, it still remains to be verified if the 

mechanism of action of the circRNAs is similar across the plant kingdom in response to biotic 

stresses. 

2.7.5 miRNAs derived from lncRNAs responsive to pathogens  

miRNAs are involved in mediating biotic stress responses in many agronomically 

important crops (Chauhan et al. 2017, Khraiwesh et al. 2012). To be consistent with the main 

focus of this review on lncRNAs, we have highlighted only the studies those identified pathogen-

responsive miRNAs which are presumably derived from a lncRNA. To accomplish this, we 

obtained the miRNA stem-loop sequences from www.mirbase.org and identified their precursor 

lncRNAs by BLAST analysis in the lncRNA plant database CANTATAdb v.2.0 

(http://cantata.amu.edu.pl/) using all default parameters. Our results are presented in Table 2.3 

together with some of the predicted targets of the miRNAs reported previously. For instance, a 

differentially expressed miRNA, the bna-miR156b, was identified in B. napus in response to P. 

brassicae (Verma et al. 2014). Interestingly, the above mentioned in silico analysis revealed that 

CNT20112547 to be the precursor of bna-miR156b, which was induced in B. napus in response to 

infection by P. brassicae. Similar results have been observed in rice (Campo et al. 2013), wheat 

(Kumar et al. 2014, Feng et al. 2015) and canola (Verma et al. 2014, Shen et al. 2014). The fact 

that the miRNAs involved in regulating biotic stress are harboured within lncRNAs broadens the 

current perspective of lncRNAs as ubiquitous regulators under biotic stress.  

http://www.mirbase.org/
http://cantata.amu.edu.pl/
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2.7.6 Potential genome editing approaches for manipulating lncRNAs for crop 

improvement 

Aforementioned studies have elaborated on the roles of lncRNAs in response to various biotic 

stresses and this knowledge can be utilized for improving disease resistance in crop plants. 

Various versions of CRISPR/Cas9 technology have been reported for manipulating lncRNAs in 

mammalian systems or cell lines (Zare et al. 2018) which can be adapted to investigate the 

functional roles of lncRNA in plants. CRISPR-Cas9 technology is faster, cheaper, and efficient, 

and enables the editing of genomic elements, including promoters, enhancers as well as intergenic 

regions and introns. CRISPR when used with the Cas9 enzyme produces double stranded breaks 

(DSBs) in the target genomic region which can be repaired by non-homologous end joining 

(NHEJ) mechanism; thus, inducing a small-frameshift mutation and thereby producing an efficient 

knockout (Lei et al. 2013). This approach is known as the CRISPRn (base-editing) mutagenesis 

(Lei et al. 2013) has been used in some studies (Liu et al. 2018, Li et al. 2018, Chao et al. 2019), 

however, its applicability may be an issue for lncRNAs exerting their effects through transcription.  

In another study, CRISPR excision has been used for generating lncRNA knockouts in 

embryonic stem cells by either excising the whole lncRNA or the promotor of the lncRNA (Yin et 

al. 2015).  However, this method would be inappropriate if the lncRNA loci intersect or overlap 

with other coding/non-coding loci. Similarly, it would be inapplicable to delete the promotor of 

lncRNA if they are internal or bidirectional in nature. In such cases, it would be more appropriate 

to obtain a partial deletion of the exons that do not overlap with other functionally relevant 

genomic regions (Zare et al. 2018).  

Another approach, CRISPRn HR which depends on homology directed repair (HDR) 

when repairing DSBs, can be used for knocking out of lncRNA by homology-directed insertion of 

transcription termination signal or premature inhibitory signal like polyadenylation-A (poly-A) or 

other destabilizing sequences after the transcription start site (Nie et al. 2019) or at key sites along 

the lncRNA loci (Zare et al. 2018). This is an efficient and less invasive strategy for silencing the 

expression of lncRNA; however, this strategy is not useful for studying the lncRNAs whose 

promoters are located within their sequences or are proximal to another neighbouring gene whose 

expression and function could potentially be disrupted. Therefore, before implementing CRISPR 

methods to investigate the lncRNAs, it is essential to have a clear understanding of their genomic 

loci, their impact on other genes and whether they regulate the genes in cis or in trans manner.  
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Another less invasive strategy for epigenetic manipulation includes CRISPR with dCas9 

fused with epigenetic modifiers, such as DNA methyltransferase or histone modifiers, for 

targeting the desired genomic loci for modulating the histone marks and affecting lncRNA 

expression. For instance, Janga et al. (2018) demonstrated through silencing of the MALAT1 

lncRNA and miR-146a and miR-155 in human monocytes that the epigenetic codes could be 

altered for achieving desired expression of the lncRNAs; they also demonstrated that mir-155 is 

involved in the control of cell-cycle. Despite some of the disadvantages, CRISPR could be the 

preferred option for interrogating the lncRNAs as it has fewer off-target effects as compared to 

RNAi. Additionally, the lncRNA databases and the repositories of the plant are an asset for those 

interested to study their mechanism of function or manipulating them to improve disease 

resistance (Table 2.4).  

2.8 Conclusion and future perspectives 

It is clear from the published literature that lncRNAs are important players in the 

regulation of genetic pathways involved in mediating responses to stress in plants. LncRNAs 

perform these roles by regulating gene transcription through chromatin remodelling, epigenetic 

regulation, miRNA sponging, altering mRNA stability and localization. Although our knowledge 

on the function of lncRNAs in biotic stress is still in its infancy, yet it is evident that lncRNAs can 

be promising molecular targets in the manipulation of gene expression in disease responsive 

pathways. It would be advantageous to include information on the functionally validated lncRNAs 

in plant RNA databases.  Such efforts to enhance disease resistance in crop plants are crucial as 

the pathogen races causing disease are continuously evolving and breaking down the available 

resistances in plants. This is particularly relevant when climate change is expected to increase the 

diversity of plant pathogens thereby posing additional threats to global food security. Further 

understanding of the molecular functions of the lncRNAs and their roles in mediating plant 

responses to pathogens will make it possible to use this knowledge in making precise change in 

the genome as well as to design robust biomarkers for use by plant breeders to develop disease 

resistant crop plants.  Future research could also focus on the structural characteristics of the 

lncRNAs and their features critical for their biogenesis, spatial and temporal expression and 

localization and functional interaction and with the genes and proteins and their regulation. Such 

studies may advance our knowledge about lncRNAs and may lead to additional strategies to 

improve global food security. 
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Table 2.1 Examples of crops improved for disease resistance through plant breeding 

 

PLANT PATHOGEN / 

INSECT 

GENE / 

QTL 

METHOD REFERENCE 

CLASSICAL BREEDING 

Triticum 

aestivum 

Erysiphe 

graminis 

Pm12 
 

Miller et al. 

(1988) 

Triticum 

aestivum 

Erysiphe 

graminis 

Pm16 
 

Reader and 

Miller (1991) 

Oryza 

sativa 

Pyricularia 

grisea; Xanthor

nonas oryzae 

Bacterial 

blight and 

blast 

resistance 

 
Amante-

Bordeos et al. 

(1992) 

MOLECULAR BREEDING 

Arachis 

hypogaea 

Cercosporidium 

personatum 

QTL MAS Clevenger et 

al. (2018) 

Brassica 

napus 

Plasmodiophora 

brassicae 

RPb1 MAS Chu et al. 

(2013) 

Brassica 

oleracea 

Plasmodiophora 

brassicae 

QTL, 

PbBo(Anju)1 

MAGP Tomita et al. 

(2013) 

Cicer 

arietinum 

Fusarium 

oxyporum 

QTL MAB Mannur et al. 

(2018) 

Hordeum 

vulgare 

Puccinia 

striiformis 

QTL MAB/

MAS 

Toojinda et al. 

(1998) 

Hordeum 

vulgare 

Barley yellow 

dwarf virus 

Yd2 MAB/

MAS 

Jefferies et al. 

(2003) 

Oryza 

sativa 

Xanthomonas 

oryzae 

xa21, 

xa13 and Xa5 

MAB/

MAS 

Sanchez et al. 

(2000) 

Oryza 

sativa 

Xanthomonas 

oryzae 

xa21, 

xa13 and Xa5 

MAGP Singh et al. 

(2001) 

Oryza 

sativa 

Magnaporthe 

oryzae; 

Xanthomonas 

oryzae 

Pi2 and Pi54; 

xa13 and xa2

1 

MAB Ellur et al. 

(2016) 

Oryza 

sativa 

Xanthomonas 

oryzae 

xa21, 

xa13 and xa5 

MAB Baliyan et al. 

(2018) 

Triticum 

aestivum 

Blumeria 

graminis 

Pm43 MAS He et al. 

(2009) 

Triticum 

aestivum 

Blumeria 

graminis 

Pm55 MAS Zhang et al. 

(2016) 
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Triticum 

aestivum 

Bipolaris 

sorokiniana 

Lr34 MAB/

MAS 

Vasistha et al. 

(2017) 

Zea mays Sphacelotheca 

reiliana 

qHSR1 MAB/

MAS 

Zhao et al. 

(2012) 

Solanum 

lycopersic

um 

Phytophthera 

infestans; 

Ralstonia 

solanacearum; 

Stemphyllium 

spp.; Tomato 

yellow leaf curl 

virus; Fusarium 

oxysporum; Tob

acco mosaic 

virus 

Ph-2, Ph-3, 

Bwr-12; 

Sm; Ty-2, Ty-

3; I2;Tm22 

MAGP Hanson et al. 

(2016) 

Solanum 

lycopersic

um 

Xanthomonas 

euvesicatoria 

 
GS Liabeuf et al. 

(2017) 

Zea mays Stenocarpella 

maydis 

 
GS dos Santos et 

al. (2016) 

Pisum 

sativum 

Ascochyta rabiei 
 

GS Carpenter et al. 

(2018) 
a MAS: Marker Assisted Selection; MAGP: Marker Assisted Gene Pyramiding; MAB: 

Marker Assisted Backcross 
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Table 2.2 Examples of crops improved for disease resistance using various genome 

modification techniques. 

PLANT PATHOGEN GENE(S) REFERENCE 

CISGENESIS (Overexpression) 

Malus 

pumila 

Erwinia 

amylovora 

FB_MR5 Kost et al. (2015) 

Solanum 

tuberosum 

Phytophthora 

infestans 

Stacking of 

multiple R 

genes 

Haverkort et al. 

(2016) 

Oryza sativa Magnaporthe 

grisea 

Pi9 Tamang et al. 

(2018) 

Solanum 

lycopersicum 

Ralstonia 

solanacearum 

SlP14a-

PPC20 

Morais et al. (2019) 

TRANSGENESIS (Overexpression) 

Triticum 

aestivum 

Puccinia 

recondite, 

Blumeria 

graminis, 

Puccinia 

graminis, 

Puccinia 

striiformis 

chi26 from 

barley 

Eissa et al. (2017) 

Glycine max  Phytophthora 

sojae, 

Fusarium 

virguliforme 

PSS1 from 

Arabidopsis 

Wang et al. (2018) 

Citrus sp. 

‘W. Murcott’ 

mandarin 

Xanthomonas 

axonopodis 

Xa21 from 

rice 

Omar et al. (2018)  

Triticium 

aestivum 

Puccinia 

triticina, 

MtDEF4.2 

from 

Medicago 

truncatula 

Kaur et al. (2017) 

TALEN (Loss of function) 

Oryza sativa Xanthomonas 

oryzae 

Os11N3 Li et al. (2012) 

Triticum 

aestivum 

Blumeria 

graminis 

TaMLO ho

mologs 

Wang et al. (2014) 

CRISPR/Cas9 (Loss of function) 
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Triticum 

aestivum 

Blumeria 

graminis 

TaMLO-

A1 allele 

Wang et al. (2014) 

Oryza sativa Xanthomonas 

oryzae 

OsSWEET1

3 

Zhou et al. (2015) 

Oryza sativa Magnaporthe 

oryzae 

OsERF922 Wang et al. (2016) 

Citrus 

sinesis 

Xanthomonas 

citri 

CsLOB1 all

ele 

Peng et al. 2017 

Solanum 

lycopersicum 

Oidium 

neolycopersici 

Mlo1 Nekrasov et al. 

(2017) 
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Table 2.3 In silico prediction of the lncRNAs which are precursors of the previously reported 

miRNAs. 

PLANT PATHOGEN MiRNA ID PREDICTED 

LNCRNA 

PRECURSOR 

PREDICTED 

TARGET 

GENES 

REFERENCE 

Oryza 

sativa 

Magnaporthe 

oryzae 

osa-miR7695 CNT2078696 Natural 

resistance-

associated 

macrophage 

protein 6 

Campo et al. 

(2013) 

Oryza 

sativa 

Magnaporthe 

oryzae 

osa-

miR11341 

CNT20228539 ------ Baldrich et al. 

(2015) 

Oryza 

sativa 

Magnaporthe 

oryzae 

osa-

miR11339 

CNT2082687 Terpene 

synthase- 

Lipid 

metabolism 

Oryza 

sativa 

Magnaporthe 

oryzae 

osa-

miR11342 

CNT20228539 Transcription 

factor BIM2 

Oryza 

sativa 

Magnaporthe 

oryzae 

osa-

miR11336 

CNT2082687 Terpene 

synthase- 

Lipid 

metabolism 

Triticum 

aestivum 

Puccinia 

triticina 

tae-miR1122 CNT20162460 ------ Kumar et al. 

(2014) 

Triticum 

aestivum 

Puccinia 

striiformis 

Novel 

miRNA- PN-

tae-

miR5368_L-

2R+3 and 

PN-tae-

miR5368-p5 

CNT2019178 ------ Feng et al. 

(2015) 

Brassica 

napus 

Plasmodiophor

a brassicae 

bna-

miR156b-3p 

CNT20112547 Squamosa 

promoter 

binding protein 

like 15 

Verma et al. 

(2014), Wei et 

al. (2012) 

Brassica 

napus 

Verticillium 

longisporum 

bna-miR6030 CNT20143475 Disease 

resistance 

protein 

Shen et al. 

(2014) 

aRetrieved on 4 December, 2019. 
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Table 2.4 Plant lncRNA databases 

DATABASE 

NAME 

LINKS TO DATABASE REFERENCES 

GreeNC 

(v1.12) 

http://greenc.sciencedesigners.com/wiki/Mai

n_Page 

Gallart et al. (2016) 

Cantatadb 2.0 http://cantata.amu.edu.pl.login.ezproxy.libra

ry.ualberta.ca/  

Szczesniak et al. (2016) 

EVLncRNAs http://biophy.dzu.edu.cn/EVLncRNAs/  Zhou et al. (2017) 

PeTMbase http://tools.ibg.deu.edu.tr.login.ezproxy.libra

ry.ualberta.ca/petmbase/  

Karakulah et al. (2016) 

PLNlncRbase http://bioinformatics.ahau.edu.cn/PLNlncRb

ase  

Xuan et al. (2015) 

lncRNAdb 

v2.0 

http://lncrnadb.org  Quek et al. (2015) 

PNRD http://structuralbiology.cau.edu.cn/PNRD/in

dex.php 

Yi et al. (2014) 

NONCODE http://www.noncode.org/browse.php  Zhao et al. (2016); Fang et al. 

(2018) 

PlantNATsDB http://bis.zju.edu.cn/pnatdb/  Chen et al. (2012) 

TAIR https://www-Arabidopsis-

org.login.ezproxy.library.ualberta.ca/  

Swarbreck et al. (2007) 

RNAcentral https://rnacentral.org/  The RNAcentral Consortium 

(2018) 

 

 

 

 

 

 

 

 

http://greenc.sciencedesigners.com/wiki/Main_Page
http://greenc.sciencedesigners.com/wiki/Main_Page
http://cantata.amu.edu.pl.login.ezproxy.library.ualberta.ca/
http://cantata.amu.edu.pl.login.ezproxy.library.ualberta.ca/
http://biophy.dzu.edu.cn/EVLncRNAs/
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1080
http://tools.ibg.deu.edu.tr.login.ezproxy.library.ualberta.ca/petmbase/
http://tools.ibg.deu.edu.tr.login.ezproxy.library.ualberta.ca/petmbase/
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1085
http://bioinformatics.ahau.edu.cn/PLNlncRbase
http://bioinformatics.ahau.edu.cn/PLNlncRbase
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1090
http://lncrnadb.org/
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1095
http://structuralbiology.cau.edu.cn/PNRD/index.php
http://structuralbiology.cau.edu.cn/PNRD/index.php
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1100
http://www.noncode.org/browse.php
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1105
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1110
http://bis.zju.edu.cn/pnatdb/
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1115
https://www-arabidopsis-org.login.ezproxy.library.ualberta.ca/
https://www-arabidopsis-org.login.ezproxy.library.ualberta.ca/
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1120
https://rnacentral.org/
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S0168945220301266#bib1125


41 
 

Chapter 3: Identification of lncRNAs Responsive to Infection by Plasmodiophora 

brassicae in Clubroot-Susceptible and -Resistant Brassica napus Lines Carrying Resistance 

Introgressed from Rutabaga 

3.1 Introduction 

Intergenic regions in the genome have been shown to be involved in transcriptional and 

posttranscription regulation of gene expression (Kapranov et al. 2007). These regions are 

ubiquitously transcribed into RNAs and are classified based on their different sizes and their 

regulatory functions. These types of functional RNAs are classified as noncoding RNAs 

(ncRNAs) (Ariel et al. 2015; Kapranov et al. 2007; Wilusz et al. 2009). Long ncRNA (lncRNAs) 

are defined to be greater than 200 bp (Chen 2009; Kapranov et al. 2007) and have been 

implicated in various gene regulatory processes, including the reprogramming of gene expression 

in plants in response to a variety of biotic and abiotic stresses (Nejat and Mantri 2018). 

lncRNAs have been classified into different categories based on their genomic location 

and orientation. These include promoter upstream transcripts, enhancer RNAs, intergenic 

ncRNAs (lincRNAs), intronic ncRNAs, bidirectional lncRNAs, overlapping lncRNAs, and 

natural antisense transcripts (NATs) (Mattick and Rinn 2015; Morris and Mattick 2014; Wu et 

al. 2017). Similar to the mRNA transcription process, lncRNAs are also transcribed by RNA 

polymerase II in plants and are modified with a 5′-cap and 3′-end poly-adenylation (Guttman et 

al. 2009). 

Advances in the next-generation sequencing have enabled genome-wide identification of 

lncRNAs in many eukaryotes, including several plant species. The first systematic investigation 

on plant lncRNAs began with the identification of 6,480 lincRNAs in Arabidopsis 

thaliana through bioinformatics analysis; however, expression profiling using microarray and 

RNA-seq confirmed 2,708 transcripts to be lincRNAs (Liu et al. 2012). Similarly, exploitation of 

expressed sequence tag databases and 30 different RNA-seq datasets resulted in the identification 

of 20,163 putative lncRNAs (Li et al. 2014). Among these, 1,704 were considered to be high-

confidence lncRNAs in maize, which did not exhibit sequence similarity with known ncRNAs. 

Most (>90%) of the lncRNAs were found to be in the intergenic regions, with more than 50% of 

the lncRNAs observed to be expressed in a tissue-specific manner and largely affected by 

transgenetic factors (Li et al. 2014). 

https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b34
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b1
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b34
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b84
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b11
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b34
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b55
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b52
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b54
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b85
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b85
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b21
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b21
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b47
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b45
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b45
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Regulatory roles for the lncRNAs have also been reported in many plant species; for 

example, in cellulose, lignin, and gibberellin biosynthesis as well as in wood formation 

in Populus tomentosa (Chen et al. 2015). Such regulatory roles have also been observed in 

flower and fruit development in diploid strawberry Fragaria vesca (C. Y. Kang and Liu 2015) 

and trifoliate orange Poncirus trifoliata L. Raf. (Wang et al. 2017). In Brassica campestris, Song 

et al. (2013) identified an lncRNA, BcM11, involved in pollen development. Additional studies 

have supported a crucial role of lncRNAs in plant growth and development, disease response, 

and genetic or epigenetic regulation of traits (Huang and Zhang 2014; Huang et al. 2018; Nejat 

and Mantri 2018). 

lncRNAs are also known as the class of riboregulators that are expressed in response to 

plant biotic stress. Zhu et al. (2014) identified 35 lncRNAs, including 15 NATs and 20 

lincRNAs, involved in resistance to Fusarium oxysporum in A. thaliana. Of these, antisense 

transcription in approximately 20% of the annotated A. thaliana genes was observed. The role of 

lncRNAs in response to diseases has also been documented in many other crop species; for 

example in tomato against Tomato yellow leaf curl virus (Wang et al. 2015); in B. napus in 

response to Sclerotinia sclerotiorum, which causes stem rot disease (Joshi et al. 2016); as well as 

in the forest tree genus Populus in response to Melampsora larici-populina (N. Wang et al. 

2017). It has also been reported that overexpression of the lncRNA16397 in tomato induces the 

expression of glutaredoxin, reduces the accumulation of reactive oxygen species, and, thus, 

confers resistance to Phytophthora infestans (Cui et al. 2017). Recently, L. Zhang et al. 

(2018) reported that silencing of lncRNAs GhlncNAT-ANX2 and GhlncNAT-RLP7, which are 

involved in the regulation of lipoxygenase activity, results in enhanced resistance 

toward Verticillium dahliae and Botrytis cinerea. ELF18-induced long noncoding RNA 1 is 

another functionally characterized lncRNA, which enhances resistance against Pseudomonas 

syringae in A. thaliana by positively regulating pathogenesis-related 1 (PR1) gene expression 

(Seo et al. 2017). Taken together, all of these reports suggest a significant role for lncRNAs in 

response and resistance to diseases in plants and warrant continued investigation. To our 

knowledge, no study has been conducted thus far to understand the role of lncRNAs in resistance 

to other diseases such as the clubroot (CR) disease of Brassica crops. 

CR is a soilborne disease affecting cruciferous, crops including canola, cabbage, turnip, 

Brussels sprout, and many other Brassica crops (Howard et al. 2010). It is caused by a soilborne, 

https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b10
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b33
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b78
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b100
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b100
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b28
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b99
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b55
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b55
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b97
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b80
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b32
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b81
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b81
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b12
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b93
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b93
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b64
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b26
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obligate parasite, Plasmodiophora brassicae Woronin, a member of the eukaryotic supergroup 

Rhizaria (Burki et al. 2010). P. brassicae is a fungus-like protist which is known to possess a 

complex lifecycle and is unable to grow and multiply without a living host (Hwang et al. 2012). 

This pathogen can stay in soil for over 15 years (Wallenhammar 1996) in the form of resting 

spores and germinates only in the presence of secretions from the plant roots (Macfarlane 1970). 

Disease development leads to the formation of galls on the roots, which negatively affect water 

and nutrient uptake by roots, leading to stunted growth (Dixon 2009). In the case of the most 

severely affected fields, CR disease can cause yield loss of approximately 30-100% in canola 

(Tewari et al. 2005). Due to the nature of the occurrence of this disease and its ability to produce 

long-living resting spores, it is difficult to control this disease with just implementation of 

improved agricultural practices and chemical treatments (Dobson et al. 1983; Howard et al. 

2010; Kowata-Dresch and May-De Mio 2012). 

Despite the existence of commercial, CR-resistant cultivars and integrated management 

approaches, it is still crucial to achieve a better understanding of plant responses to P. 

brassicae infection and to develop cultivars with durable resistance, in order to combat genetic 

shifts in this pathogen population and subsequent loss of effective resistance (Peng et al. 2014). 

Genome and proteome analyses of various plant species of the family Brassicaceae challenged 

with P. brassicae have provided some insights about molecular mechanisms triggering resistance 

in the host plants (Cao et al. 2008; Chen et al. 2016; Devos et al. 2006; Zhang et al. 2016). The 

availability of the Brassica napus genome sequence (Chalhoub et al. 2014) has now paved the 

way for investigation into the ncRNA and their regulatory roles in Brassica spp. The objective of 

this research was to identify the lncRNAs involved in the regulation of resistance to P. 

brassicae by using B. napus canola lines carrying resistance introgressed from rutabaga (Hasan 

and Rahman 2016). 

3.2 Materials and Methods 

3.2.1 Plant material 

A doubled-haploid (DH) population derived from the F1 generation of Rutabaga-BF × 

UA AlfaGold was used in this study. The parent Rutabaga-BF is a CR-R inbred line derived 

from the rutabaga (B. napus var. napobrassica) cultivar Brookfield through self pollination of 

single plants (Hasan and Rahman 2016), while UA AlfaGold is an open-pollinated CR-S spring-

type B. napus canola cultivar (Rahman 2016). The details of the development of the DH lines 

https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#b4
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and phenotyping for resistance to CR disease have been described previously (Hasan and 

Rahman 2016). 

3.2.2 Microscopy analysis for primary infection by P. brassiceae 

To determine the time of primary infection by P. brassicae and the development of 

disease symptoms, 12 CR-R and 12 CR-S DH lines were grown in a greenhouse at 22 and 15°C 

(day and night, respectively) with a 16-h photoperiod. In total, eight plants of these lines were 

grown in 72-cell trays (52 by 26 by 5 cm, length by width by depth, respectively) filled with 

Sunshine Professional Growing Mix (Sun Gro Horticulture Canada Ltd.). Ten-day-old seedlings 

were inoculated with P. brassicae single-spore isolate SACAN-ss1 of pathotype 3 (≈ pathotype 

3H) (Williams 1966) (obtained from Dr. Stephen Strelkov, University of Alberta) following a 

direct inoculation method. The details of inoculum preparation and inoculation procedure have 

been described in a previous study (Hasan and Rahman 2016). Briefly, the inoculum was 

prepared by crushing the galls using sterile water and the homogenized spore suspension was 

filtered through multilayered cheesecloth. The spore concentration was adjusted to 1 × 

107 spores/ml and inoculation was done by injecting 1 ml of the spore suspension into the soil 

near the root of the seedlings (Voorrips and Visser 1993). Root samples of the inoculated 

seedlings were collected at 0 hpi and 6, 10, 14, 18, and 22 dpi. Uninoculated controls were also 

included in the study.  

The roots were gently washed with water, cut into 10- to 15-mm segments, and fixed in a 

solution of formalin, acetic acid, and alcohol comprising 5 ml of commercial formalin (40% 

formaldehyde solution), 5 ml of glacial acetic acid, and 90 ml of 50% ethyl alcohol (Yeung and 

Saxena 2005) at room temperature for 24 h (Verma et al. 2014). Following this, samples were 

dehydrated in a series of ethanol dilutions, gradually followed by the treatment with the toluene 

(clearing agent) using Leica TP1020 tissue processor (Leica Biosystems). The tissues were then 

infiltrated with ParaplastH (Leica Biosystems) and cast into rectangular blocks. Longitudinal 

sections of roots, 10 mm thick, were prepared using A0 Rotary microtome (Leica Biosystems) 

and affixed to glass slides. The samples on the glass slides were deparaffinated with toluene, 

rehydrated using a graded series of ethanol, stained with Harris Hematoxylin, and counterstained 

with Eosin Y (Leica Biosystems). After dehydrating again with 100% ethanol and toluene, the 

slides were mounted with DPX mounting media (Sigma-Aldrich). The sections were viewed 
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with a Zeiss Axioscope, photographed with Zeiss Axiocam, and analyzed using AxioVision 

software (Verma et al. 2014). 

3.2.3 Plant materials for lncRNA-seq analysis 

In all, 12 R and 12 S DH lines were used for this study. In total, 192 seedlings of the 24 

DH (12 each of R and S) lines (24 × 8 = 192) were grown in the abovementioned 72-cell trays 

filled with Sunshine Professional Growing Mix. Seedlings were inoculated with P. 

brassicae single-spore isolate SACAN-ss1 pathotype 3, as described above. The inoculated 

plants were maintained in a greenhouse at 22 and 15°C (day and night, respectively) with a 16-h 

photoperiod, and the soil was kept saturated for successful infection and disease development. 

The experiment was repeated three times as biological replicates. 

3.2.4 RNA isolation, library preparation, and sequencing 

For RNA isolation, roots of three seedlings from each of the 12 R and 12 S DH lines 

were harvested at 10 dpi as bulk of R and S samples, respectively; frozen in liquid nitrogen; and 

stored at −80°C until further use. The remaining plants of the R and S DH lines were grown to 

maturity and phenotyped for resistance in order to confirm the resistance or susceptibility of the 

DH lines. 

Total RNA from the R and S bulks was extracted using TRIzol reagent (Invitrogen) and the 

Qiagen RNeasy Plant Mini Kit (Qiagen) as per the manufacturer’s instructions. Root samples 

were homogenized into a fine powder and 100 mg of this tissue powder was treated with 1 ml of 

TRIzol in an Eppendorf tube. The mixture was centrifuged at 9,425 relative centrifugal force 

(RCF) for 15 min at 4°C and the supernatant was collected in a new tube. To achieve phase 

separation, 200 µl of chloroform was added to the supernatant, mixed vigorously, incubated at 

room temperature for 5 min, and centrifuged at 9,425 RCF. The aqueous layer was collected in a 

new tube without disturbing the interface layer containing DNA and 0.5 ml of chilled 95% 

ethanol was added and mixed. The sample was then transferred to a RNeasy minispin column 

(pink) of the Qiagen RNeasy Plant Mini Kit and the next steps were carried out as per the 

manufacturer’s instructions. The quality and quantity of total RNA was determined using a 

NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific). The integrity of the total 

RNA was determined on an Agilent Tapestation using RNA Screen Tape assay following the 
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manufacturer’s instructions (Agilent Technologies). The RNA samples with RNA integrity 

number greater than nine were used for further analysis. 

In total, six libraries—three R (each sample with bulks of 12 plants) and three S (each 

sample with bulks of 12 plants)—were prepared and 4 µg of RNA of each sample was used for 

library preparation. Ribosomal RNA (rRNA) was removed from the samples using an Epicentre 

RIbo-zero rRNA Removal Kit (Epicentre) and strand-specific libraries were prepared using a 

NEB Next Ultra Directional RNA Library Prep Kit (NEB) following the manufacturer’s 

instructions. RNA library sequencing was carried out using the Illumina Hiseq platform and 2 × 

150-bp paired-end reads were generated. The library preparation and sequencing were conducted 

by Novogene (USA). 

 

3.2.5 Mapping to the reference genome and transcriptome assembly 

The lncRNAseq raw data in FASTQ format was processed using Novogene’s in-house 

Perl scripts and the reads containing adaptors, unrecognized bases, and low-quality reads were 

removed. Based on the clean reads, percentage of the total number of bases where the Phred 

score is greater than 20 (Q20) and 30 (Q30) was calculated. This indicated the base call accuracy 

and percentage of GC content in clean data. To align the reads, reference genome annotation 

files were downloaded from B. napus reference genome v5.0 (Chalhoub et al. 2014) and indexed 

using Bowtie v2.0.6 (Langmead and Salzberg 2012). The paired-end clean reads were aligned to 

this reference genome using TopHat v2.0.9 (Trapnell et al. 2012) and the mapped reads from 

each sample were assembled using the statistical segmentation model Scripture β2 (Guttman et 

al. 2010) and Cufflinks v2.2.1 (Trapnell et al. 2010). A combination of these enabled us to 

distinguish the expressed loci from experimental noise. The spliced reads were then used to 

assemble the expressed segments and a probabilistic model to simultaneously assemble and 

provide a maximum-likelihood explanation of the expression at a specific locus. The program 

Scripture was run with the default parameters, while ‘min-frags-per-transfrag = 0’ and ‘–library-

type’ were set for Cufflinks, with other parameters set to default. Sorting and removal of the 

duplicated reads and merging of the bam alignment file for each sample was accomplished by 

Picard- tools v1.41 and Samtools v.0.1.18. 
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3.2.6 lncRNA detection and target prediction 

The Cufflink assemblies generated from the samples were merged using the software 

Cuffmerge (Trapnell et al. 2010) to remove the replicates and artifacts. The remaining transcripts 

were subjected to the exon number filter (exon ≥ 2) and transcript length filter (>200 nt) to 

remove the other known noncoding RNA (rRNA, tRNA, snRNA, snoRNA, premiRNA, and 

pseudogenes) using Cuffcompare (Trapnell et al. 2010). Subsequently, the transcript sequences 

were classified and class-coded into candidate lincRNAs, intronic lncRNAs, and antisense 

lncRNAs. Four different software tools, including Coding Noncoding Index v2 (Sun et al. 2013); 

CPC 0.9-r2 (Kong et al. 2007), Pfam scan v1.3 (Punta et al. 2012), and phylogenic codon 

substitution frequency (Lin et al. 2011), were used to filter out the transcripts with coding 

potential. Only the transcripts without coding potential were considered as the candidate set of 

lncRNAs. The software program Cuffdiff v2.1.1 (Trapnell et al. 2010) was used to calculate the 

FPKMs in each sample. Fold changes for the DE lncRNAs were calculated as log2(fold change) 

= log2(FPKM susceptible/FPKM resistant). A P value was assigned to each lncRNA and 

adjusted by the Benjamin and Hochberg (1995) approach  for controlling the false-discovery 

rate. DE lncRNAs were considered significant when the absolute value of log2(fold change) > 1, 

with a q value < 0.05. The targets, where the lncRNA plays a cis role, were predicted by 

searching for genes at 100,000 bp upstream and downstream of the lncRNAs. To predict the 

trans role, correlation between expression of lncRNAs and coding genes was calculated using the 

Pearson correlation coefficient, and genes having absolute correlation coefficient > 0.95 were 

considered for further functional enrichment analysis. 

3.2.7 Classification and characterization of lncRNA functions 

The lncRNAs acting as precursors of the known miRNAs were identified by BLASTn 

analysis (e-value = 1e-5) (J. Zhang et al. 2018). For this, all of the stem loop sequences of 

known B. napus miRNA was downloaded from the miRbase database and aligned with the 

lncRNA sequences showing significant differential expression. The hairpin loop formation in the 

lncRNAs was first checked using the miRNAFold server (Tav et al. 2016), and the secondary 

structure was plotted using the Vienna RNAfold web server (Gruber et al. 2008) and visualized 

using Forna (Kerpedjiev et al. 2015) 

lncRNAs mimicking the endogenous miRNA targets were predicted by psRNA-Target 

V2.2017 (Dai et al. 2018) by subjecting them to stringent parameters of maximum expectation 
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set to 3.5 and target accessibility set to 25.0. The interaction between the lncRNAs, miRNAs, 

and miRNA gene targets were visualized using Cytoscape v3.6.1 (Shannon et al. 2003). 

NATs were subjected to RNAup (ViennaRNA Package v2.4.9) (Hofacker 2009; Lorenz 

et al. 2011) to calculate the thermodynamics of their interaction with their corresponding sense 

mRNAs and, therefore, determine the potential candidates of lncRNA-mRNA interaction. The 

potential dimerized secondary structures were calculated using RNAcofold (ViennaRNA 

Package v2.4.9) (Lorenz et al. 2011). 

3.2.8 qRT-PCR analysis 

The lncRNAs responsive to the P. brassicae infection and their respective targets from B. 

napus were validated using qRT-PCR. This included the lncRNAs from chromosome BnaA08, 

lncRNAs which are found to be regulating the targets on chromosome BnaA08 and elsewhere in 

the genome, as well as some random lncRNAs which regulate target genes predicted to play a 

role in plant hormone signaling. Sequences of the primers used in qRT-PCR are listed in 

Supplementary Table 3.1. All qRT-PCR analyses were performed on QuantStudio 6 Flex Real-

Time PCR System (Thermo Fisher Scientific) using PowerUP SYBR Green Master Mix from 

Applied Biosystems (Thermo Fisher Scientific). RNA isolated from roots of R and S DH lines 

inoculated with P. brassicae were treated with RNase-free DNase I. The total RNA was reverse 

transcribed using random hexamers and the MiRNA-X miRNA First-Strand Synthesis Kit 

(Clontech Laboratories). Cycle threshold (Ct) values were determined for each sample based on 

three biological replicates and two technical replicates from each of the biological replicate. 

Constitutively expressed gene UBC9 (Ubiquitin-conjugating enzyme 9) was used as an 

endogenous control. Comparison of gene expression was performed in the two samples, R and S, 

each normalized using an endogenous control with S as the calibrator. Fold change was 

calculated using the formula 2−ΔΔCt = ((Ct gene of interest − Ct endogenous control)R − (Ct 

gene of interest − Ct endogenous control)S) (Schmittgen and Livak 2008). 

3.3 Results 

3.3.1 Microscopic examination of P. brassicae infection of B. napus 

Microscopic examination of the roots of the resistant (R) and susceptible (S) plants 

inoculated with P. brassica pathotype 3 showed some evidence of infection at 6 days post 

inoculation (dpi) (Table 3.1). Infection was observed in the secondary roots at 10 dpi in both S 
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(Fig. 3.1C) and R (Fig. 3.1D) plants. Approximately 7.3% of cells were observed to be infected 

in S while 2.3% of cells were observed in R (Table 3.1); however, there was no swelling of the 

roots in either S or R. At 14 dpi, 8.3% cells were observed to be infected in S compared with 

2.7% in R (Table 3.1). A greater number of primary plasmodia were observed in the S plants as 

compared with the R plants (data not shown). At 18 dpi (Fig. 3.1E and F), approximately 51.7% 

of cells showed the presence of secondary plasmodium in S plants whereas 2.7% of cells in R 

already showed the presence of resting spores. The root cells of the S plants started to show 

evidence of hypertrophy at 18 dpi (Fig. 3.1E). As expected, there was no indication of gall 

formation in the inoculated R plants and they were morphologically similar to the uninoculated R 

and S plants. At 22 dpi (Fig. 3.1G and H), more than 60% of cortical cells of the S plants showed 

the presence of mature secondary plasmodia and resting spores (Table 3.1), whereas 2.7% of 

infected cortical cells with resting spores could be seen in the R plants, because there was no 

further increase in infection observed. In conclusion, this study showed that infection by P. 

brassicae can occur in both S and R plants at 10 dpi; however, the infection did not progress 

further in the R plants. Based on these results, we focused on the root samples collected at 10 dpi 

for studies on lncRNA profiling. 

 

Table 3.1 Percentage of infected cells observed in clubroot-susceptible (S) and -resistant 

(R) Brassica napus lines as observed microscopically at different time pointsa   

  

Time point S lines R lines 

0 hpi 0 0 

6 dpi 0.7 0 

10 dpi 7.3 2.3 

14 dpi 8.3 2.7 

18 dpi 51.7 2.7 

22 dpi 66.0 2.7 

hpi = hours post inoculation and dpi = days post inoculation; 300 cells were examined 

microscopically for each time point. 
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Fig. 3.1 Different stages of Plasmodiophora brassicae infection observed in histopathological 

analysis of Brassica napus roots (cortical tissue) at A) and B) 0 h post inoculation (hpi) and 10, 

18, and 22 days post inoculation (dpi). C) and D) Presence of proliferating zoosporangia in both 

rutabaga-derived clubroot-susceptible (S) and clubroot-resistant (R) Brassica napus at 10 dpi 

(inset shows larger magnification); E) and F) matured secondary plasmodia in the cortical cells 

of S (black arrows) and resting spores in few cortical cells of R (white arrows) at 18 dpi; 

and G) and H) many resting spores and secondary plasmodia in S and resting spores in very few 
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cortical cells of R (white arrows) at 22 dpi. Bars represent the resolution of the microscopy for 

the particular section. 

3.3.2 Identification of lncRNAs in B. napus following P. brassicae infection 

Strand-specific lncRNA-Seq libraries were prepared from the roots of the R and S plants 

collected at 10 dpi to identify the lncRNAs responsive to P. brassicae infection. In total, 461 

million paired-end clean reads were obtained from six strand-specific RNA-seq libraries (Table 

3.2). The error rate was 0.01%, with Q30 percentage exceeding 98% for all the six libraries. 

After removal of the low-quality sequences and the adapter sequences and artifacts, 367 million 

(79.8%) clean reads were mapped on to the reference B. napus genome; however, by use of 

TopHat (v2.0.9) (Trapnell et al. 2012), 73.5% of the reads could be uniquely mapped, followed 

by assembly and annotation of all the transcripts in B. napus using Cufflinks (v2.1.1) (Trapnell et 

al. 2010). From the total 198,553 assembled transcripts, 78.0% of transcripts were found to be 

mRNAs after the application of exon number and transcript length filters, which were further 

filtered to remove the transcripts showing an overlap with the exon regions of the annotated 

functional genes (as identified using Cuffcompare, v2.1.1) (Trapnell et al. 2010). Expression of 

these transcripts was calculated using Cuffdiff (v2.1.1) and the transcripts with fragments per 

kilobase of transcript per million mapped reads (FPKM) ≥ 0.5 were selected for further analysis. 

The Coding Potential Calculator (CPC) (Kong et al. 2007) and Pfam Scan (v1.3) (Punta et al. 

2012) were used to filter the remaining transcripts for their coding potential to distinguish the 

protein-coding and noncoding sequences and, in total, 4,558 transcripts were deemed to be 

lncRNAs. These lncRNAs included 84.7% long-intergenic RNAs and 15.3% antisense RNAs. 

Screening of the putative lncRNAs based on q value (<0.05) identified 530 differentially 

expressed (DE) lncRNAs between the R and S plants, and this included 58 (10.9%) antisense 

lncRNAs and 472 (89.1%) lincRNAs. 
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Table 3.2 Mapping statistics of the sequencing reads from six-stranded Brassica napus libraries 

post infection with Plasmodiophora brassicae 

 

Replicatesa Total Total mapped 

(%) 

Multiple 

mapped (%) 

Unique mapped 

(%) 

R_1 78,145,602 62,866,707 

(80.45) 

4,874,861 

(6.24) 

57,991,846 

(74.21) 

R_2 77,724,002 62,072,779 

(79.86) 

4,964,474 

(6.39) 

57,108,305 

(73.48) 

R_3 72,187,808 57,818,092 

(80.09) 

4,454,507 

(6.17) 

53,363,585 

(73.92) 

S_1 85,702,896 68,181,904 

(79.56) 

5,206,587 

(6.08) 

62,975,317 

(73.48) 

S_2 72,543,352 57,417,259 

(79.15) 

4,640,617 (6.4) 52,776,642 

(72.75) 

S_3 74,959,046 59,616,509 

(79.53) 

4,735,211 

(6.32) 

54,881,298 

(73.22) 

Total 461,262,706 367,973,250 

(79.77) 

28,876,257 

(6.26) 

339,096,993 

(73.51) 

aR_1, R_2, and R_3 are the biological replicates of clubroot (CR)-resistant B. napus and S_1, 

S_2, and S_3 are the biological replicates of CR-susceptible B. napus. 

 

3.3.3 Characterization and functional analysis of DE lncRNAs in response to P. 

brassicae infection 

More than 60% of the lncRNAs were observed to be 200 to 1,000 nucleotides (nt) in size 

and the lengths of the 530 DE lncRNAs ranged from 206 to 8,584 nt. Approximately 18% (96 of 

530) lncRNAs were longer than 1.5kb nt in size (Supplementary Fig. 3.1). Analysis of all of the 

DE lncRNAs for the size of their exons indicated that 78% (663 of 853 exons) had a length of 18 

to 1,000 nt. Moreover, lncRNAs were observed to be significantly shorter compared with 

mRNAs. The number of transcripts for lncRNAs with a single exon constituted approximately 

62% (329 of 530) of these lncRNAs, while 26% (138 of 530) consisted of two exons and only 
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2.6% (14 of 530) lncRNAs contained more than five exons. The DE lncRNAs were evenly 

distributed across the 19 B. napus chromosomes. Of the total 530 DE lncRNAs, 184 and 229 

were observed to be located on the 10 “A” chromosomes and the nine “C” chromosomes, 

respectively, of the B. napus genome. However, 117 DE lncRNAs could not be assigned to any 

specific chromosome. A strong correlation (0.76) was observed between the distribution of the 

number of DE lncRNAs and chromosome size. When the distribution of DE lncRNAs on 

individual chromosomes was considered, the highest number was found on chromosome C03, 

followed by chromosomes C09, A09, and BnaA03. Interestingly, chromosome BnaA08, to 

which the CR resistance gene (Crr1a, Crr1b) has been previously mapped, was found to harbor 

24 DE lncRNAs. 

Of the 530 DE lncRNAs, 345 were upregulated and 185 were downregulated in the S 

plants as compared with R plants (Supplementary Fig. 3.2). In contrast, 170 lncRNAs were 

upregulated and 337 were downregulated in the R plants as compared with S plants. In all, 15 

lncRNAs were detected only in the R plants while eight lncRNAs were detected only in the S 

plants (Table 3.3). The top 20 upregulated and downregulated lncRNAs of the R plants are 

presented in Supplementary Table 3.2. In all, 4 of the top 20 downregulated lncRNAs in R are 

located on chromosome BnaA08. Recent insights from functional analysis of the lncRNAs have 

demonstrated that they can be involved in regulating the expression of the overlapping or 

neighboring genes (cis-acting) or genes located at a long distance (transacting). Genomic regions 

100 kb upstream and downstream of the lncRNAs were scanned to predict the co-located target 

genes of cis-acting lncRNAs (Supplementary Table 3.3). All 530 DE lncRNAs were found to 

pair with the annotated mRNAs from both upstream and downstream regions (Supplementary 

Fig. 3.3). KEGG pathway enrichment analysis revealed that the majority of the co-located target 

genes were from plant–pathogen interactions (15%) and the phenylpropanoid biosynthetic 

pathway (15%) (Fig. 3.2A). Similarly, 425 DE lncRNAs were predicted to have co-expressed 

targets based on correlation of expression between the lncRNAs and mRNAs. KEGG pathway 

enrichment analysis also revealed that the majority of the co-expressed target genes belonged to 

primary metabolic pathways such as biosynthesis of amino acids (19%) and carbon metabolism 

(18%) (Fig. 3.2B). Some of the most significantly expressed lncRNAs in R and S plants and their 

predicted target genes are shown in Fig. 3.3. A majority of the target genes regulated by these 

lncRNAs belonged to the plant defense-related pathways such as plant–pathogen interactions, 
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phenylpropanoid biosynthetic pathways, plant hormone-signaling pathways, and primary 

metabolic pathways (Fig. 3.3). Genes involved in plant–pathogen interactions include 

the calcium-dependent protein kinase, defensin, pathogen-related protein, and disease resistance 

protein (leucine-rich repeat (LRR) receptor protein) genes (Fig. 3.3); and important genes from 

the phenylpropanoid biosynthetic pathway upregulated in R include caffeic acid 3-O-

methyltransferase (CoMT), shikimate O-hydroxycinnamoyltransferase (HCT), and cinnamoyl 

alcohol dehydrogenase 7 (CADH7) (Fig. 3.3). 

 

Table 3.3 Long noncoding RNAs (lncRNAs) uniquely expressed in clubroot disease-resistant 

(R) lines carrying the resistance gene of rutabaga and clubroot-susceptible (S) lines of Brassica 

napusa 

 

Transcript ID Chromosome name and gene location S (FPKM) R (FPKM) 

LNC_001161 A08: 12,183,521–12,183,982 0 0.954916 

LNC_001063 A08: 3,202,637–3,204,852 0 1.02438 

LNC_000600 A04: 14,816,008–14,816,758 0 1.3608 

LNC_001126 A08: 3,447,903–3,448,931 0 1.7121 

LNC_000450 A03: 27,099,999–27,101,445 0 1.98082 

LNC_002916 C04: 47,030,126–47,030,803 0 1.98632 

LNC_001146 A08: 9,573,084–9,573,548 0 2.28077 

LNC_000108 A01: 19,635,847–19,636,338 0 2.30396 

LNC_001065 A08: 3,788,461–3,789,000 0 2.92531 

LNC_001154 A08: 10,153,693–10,154,043 0 3.7843 

LNC_001089 A08: 12,365,659–12,366,252 0 5.01747 

LNC_004045 C09: 43,229,826–43,230,101 0 6.3523 

LNC_001851 Ann_random: 41,970,174–41,971,127 0 1.4904 

LNC_001191 A08_random: 1,215,048–1,217,686 0 3.3501 

LNC_001888 Ann_random: 47,682,468–47,684,525 0 5.2681 

LNC_000089 A01: 12,314,342–12,314,908 2.07049 0 

LNC_001341 A09: 11,766,717–11,767,907 2.1138 0 

LNC_002432 C03: 26,497,021–26,497,291 5.19373 0 
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LNC_003616 C07: 28,269,085–28,273,791 1.93572 0 

LNC_004790 Unn_random: 8,133,944–8,134,628 0.8604 0 

LNC_001807 Ann_random: 35,009,658–35,010,033 1.4708 0 

LNC_000887 A06_random: 299,855–300,207 1.5085 0 

LNC_000736 A05_random: 1,032,000–1,032,588 0.8626 0 

aFPKM = fragments per kilobase of transcript per million mapped reads. Rows in bold indicate 

the lncRNAs located on chromosome BnaA08. 
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Fig. 3.2 Functional annotation of target genes of Brassica napus long noncoding 

RNAs A) Pathway enrichment analysis for the co-located targets and B) pathway enrichment 

analysis for the co-expressed targets [Statistical significance of the enrichment, p-value (<0.05) 

calculated using KOBAS v.20] 
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Fig. 3.3 Classification of long noncoding RNAs with the most significant differential expression 

and their predicted targets into the most represented functional groups. lncRNAs upregulated in 

R (green), lncRNAs upregulated in S (orange), and target genes with an asterisk are leucine-rich 

repeat protein genes. 

3.3.4 Differentially expressed genes located on the BnaA08 chromosome 

Of the DE lncRNAs detected at 10 dpi, 24 lncRNAs were distributed on the chromosome 

BnaA08 (Fig. 3.4); this chromosome has been reported to carry a genomic region conferring 

resistance to five P. brassicae pathotypes (Hasan and Rahman 2016). Among these, 

LNC_001065, LNC_001165, and LNC_001146 target the largest number of genes involved in 

plant defense (Fig. 3.4). While comparing their expression in the R and S plants, a greater 

number of the 24 DE lncRNAs were found to be upregulated in the S plants as compared with 

the R plants. In addition, 8 of the 24 lncRNAs were detected only in the R plants; however, they 

showed a low and inconsistent expression among the three biological replicates (Fig. 3.5; 

Supplementary Table 3.4). Genes targeted by these 24 lncRNAs were found to be involved in 

primary metabolic pathways, plant–pathogen interactions, and secondary metabolite and 

phenylpropanoid biosynthetic pathways (Fig. 3.4). 

All 24 DE lncRNAs, which were located on chromosome BnaA08, were found to pair 

with the neighboring annotated target mRNAs (cis-regulation), and 21 of these were predicted to 

transregulate the target mRNAs. Among the 21 transregulated lncRNAs, LNC_001191, 

LNC_001126, LNC_001063, LNC_001117, LNC_001118, and LNC_001167 (Fig. 3.5) are 

known to be involved in the regulation of disease resistance protein genes distributed throughout 

the B. napus genome (Supplementary Table 3.5). Furthermore, LNC_001167 was predicted to be 

involved in the regulation of three different disease resistance genes encoding toll interleukin 1 

receptor nucleotide-binding site LRR proteins, similar to those found in A. thaliana, 

including RPS4 (resistance to Pseudomonas syringae 4), RPP1 (recognition of Peronospora 

parasitica 1), and EDR2 (enhanced disease resistance 2). Expression of LNC_001063, 

LNC_001126, and LNC_001191 and could not be detected in the R plants whereas a 0.7- to 2.7-

fold increase in expression was observed for LNC_001117, LNC_001118, and LNC_001167 in 

the S plants. 

When considering both lncRNAs and their targets located on chromosome BnaA08, 15 of 

the abovementioned 24 lncRNAs were predicted to transregulate their target genes located on 
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this chromosome (Fig. 3.5; Supplementary Table 3.6). No expression was observed for 

LNC_001063, LNC_001065, LNC_001089, LNC_001126, LNC_001146, LNC_001154, or 

LNC_001191 in the S plants, whereas a low expression was detected in the R plants 

(Supplementary Table 3.7). Based on KEGG pathway analysis, targets of these seven lncRNAs 

were found to be involved in the biosynthesis of secondary metabolites and in the primary 

metabolic pathways, including carbon and amino acid metabolism (Fig. 3.4). Among all of the 

lncRNAs located on chromosome BnaA08, the greatest level of expression was observed for 

LNC_001165 in the S plants (Fig. 3.5; Supplementary Table 3.8). This lncRNA was predicted to 

transregulate 76 genes in the B. napus genome; however, 29 of these target genes are located on 

chromosome BnaA08 and are known to be involved in carbon metabolism and biosynthesis of 

secondary metabolites. 
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Fig. 3.4. Long noncoding RNAs (lncRNAs) on chromosome BnaA08 and their interaction with 

target genes in Brassica napus genome involved in plant defense. lncRNAs not regulating any 

target genes involved in plant defense are shown in italics and parentheses. Yellow ovals = 

lncRNAs on chromosome BnaA08, red squares = target genes involved in plant-pathogen 

interaction, blue squares = target genes involved in plant hormone signaling, gray squares = 

target genes involved in primary and secondary metabolism, and eTM = endogenous target 

mimic. 

 

 

Fig. 3.5 Differentially expressed long noncoding RNAs (lncRNAs) from chromosome BnaA08 

of Brassica napus. Expression values (FPKMs) are scaled from +2 (green) to −2 (red); black 

indicates no expression. S_1, S_2, and S_3 are the biological replicates of clubroot (CR)-

susceptible B. napus and R_1, R_2, and R_3 are the biological replicates of CR-resistant B. 

napus. lncRNAs with asterisks are known to target genes encoding disease resistance proteins. 
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3.3.5 Quantitative real-time PCR validation for the expression of lncRNAs. 

To validate our findings from lncRNA-seq analysis and to further determine whether 

these genes are involved in defense responsive pathways, three lncRNAs from BnaA08, three 

lncRNAs that are located on different chromosomes but have at least some of their target genes 

located on BnaA08, and three lncRNAs were randomly selected for quantitative real-time (qRT)-

PCR validation. While selecting the lncRNAs, only the lncRNAs which were predicted to have a 

maximum of four targets were used. Expression patterns of these nine lncRNAs were found to be 

similar in lncRNA-seq and qRT-PCR analysis (Fig. 3.6A); however, all of the target genes of an 

lncRNA did not follow the same pattern (Fig. 3.6B). For example, the three 

targets BnaA09g52970D, BnaC03g59610D, and BnaA08g06670D of LNC_003848 showed an 

expression profile similar to the results of lncRNA-seq; however, the fourth target 

(BnaA07g30470D) followed an opposite trend. It is probable that the target BnaA07g30470D is 

a false positive with q value > 0.05. A similar situation was also found in the case of the 

targets BnaC04g09450D, BnaC03g27800D, and BnaA07g23650D of LNC_001173. 

Interestingly, such anomalies were not observed in the cases where lncRNAs were predicted to 

have only one target, such as LNC_003279 and LNC_001192. Finally, the expression of two 

additional genes, BnaA10g17370D and BnaC09g40660D, showed excellent correlation between 

RNAseq (unpublished) and qRT-PCR results. 

 

https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#fig6
https://apsjournals-apsnet-org.login.ezproxy.library.ualberta.ca/doi/10.1094/MPMI-12-18-0341-R#fig6


63 
 

 

Fig. 3.6 A) Quantitative real-time (qRT)-PCR validation of pathogen-induced nine long 

noncoding RNAs (lncRNAs) detected by lncRNA-seq. B) qRT-PCR validation of lncRNAseq 

data for 10 targets predicted by correlation of expression with lncRNAs and two randomly 

selected genes. [The expression of lncRNAs and target genes was normalized 

to UBC9 (endogenous control) and lncRNAs regulating their respective targets are indicated 

within parentheses. Log2 (fold change) in R lines calculated using the formula 2−ΔΔCt = ((Ct gene of 
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interest − Ct endogenous control)R − (Ct gene of interest − Ct endogenous control)S)]. Three biological replicates and 

two technical replicates were used. Error bar = standard error] 

3.3.6 B. napus lncRNAs as endogenous target mimics for microRNAs 

By use of the RNA target analysis server psRNAtarget (Dai et al. 2018), with default parameters 

and maximum expectation of 3.5, 15 DE lncRNAs were identified which could possibly serve as 

target mimics of microRNAs (miRNAs) (Supplementary Table 3.9). Among these, LNC_001191 

and LNC_001163 were found to be located on chromosome BnaA08 and as targets of the 

miRNAs bna-miRNA6028 and bna-miRNA824, respectively. Putative target AGL16 and the 

target mimic LNC_001163 of bna-miRNA824 are shown in Fig. 3.7A. Among these two 

lncRNAs, LNC_001191 was expressed only in the R plants, and a greater level of expression 

was found for LNC_001163 (Fig. 3.5). qRT-PCR analysis also confirmed the upregulation of 

LNC_001163, bna-miRNA824, and its target AGL16 in the R plants (Fig. 3.7B). It was found 

that bna-miRNA6028 targets three lncRNAs (LNC_002844, LNC_001263, and LNC_001191); 

among these, the expression of LNC_002844 and LNC_001263 was downregulated in the R 

plants to a greater extent as compared with LNC_001191. From this data, six lncRNAs were 

predicted to target single miRNAs whereas four lncRNAs were predicted to target multiple 

miRNAs of the same family. The interaction analysis using Cytoscape v.3.7.0 (Fig. 3.8) depicts 

intricate interactions between the lncRNAs and miRNAs and mRNAs. Therefore, the 

abovementioned endogenous target mimics (eTMs) identified in response to Plasmodiophora 

brassicae infection were predicted to conserve the mRNA targets by disrupting the miRNA–

mRNA interactions. 
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Fig. 3.7 Putative endogenous target mimic (eTM) LNC_001163 of AGL16 inhibiting bna-

miR824 in response to clubroot infection in Brassica napus. A) Predicted base-pairing 

interactions between bna-miR824 and AGL16 and eTM long noncoding RNA LNC_001163 and 

bna-miR824. B) Quantitative real-time PCR results for LNC_001163, AGL16, and bna-miR824. 

[The expression of lncRNAs and target genes was normalized to UBC9 (endogenous control). 

Log2 (fold change) in R lines was calculated using the formula 2−ΔΔCt = ((Ct gene of interest − Ct 

endogenous control)R − (Ct gene of interest − Ct endogenous control)S)]. Three biological replicates and two 

technical replicates were used. Error bar = standard error]. 

 

 

Fig. 3.8 A) B) and C) Interaction networks of a single long noncoding RNAs (lncRNAs), 

microRNA (miRNA) family, and the mRNAs; and D) interaction network of multiple lncRNAs 

with miRNA and mRNAs. 

 

3.3.7 lncRNAs as potential miRNA precursors 

lncRNAs can also function as precursors for miRNA and siRNA, playing important roles 

in modulating gene expression and, thus, implicating their roles in diverse biological functions in 

plants. In this study, 8 of the 530 DE lncRNAs were identified to be possible precursors of 

miRNA (Supplementary Table 3.10). For instance, LNC_001710 seems to harbor 100% of the 
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stem-loop sequence of miRNA-160a; and LNC_000265 and LNC_004360 were predicted to be 

the precursors for miRNA169n and miRNA166a, respectively (Fig. 3.9), and were expressed at 

higher levels in the R plants. Similarly, miRNA166a was also predicted to arise from 

LNC_00563; however, expression of this lncRNA was not significantly different between the R 

and S plants. The miRNA166 is a family of six miRNAs in B. napus, of which miRNA166a 

(LNC_004360) and miRNA166e (LNC_001636) were represented in this study. 

 

 
 

Fig. 3.9 Representative predicted long noncoding RNA functioning as microRNA (miRNA) 

precursor sequences. 

 

3.3.8 Natural antisense transcripts 

In total, 59 natural antisense transcripts (NATs) was identified to be regulating their 

corresponding sense transcripts in response to infection by P. brassicae at 10 dpi (Supplementary 

Table 3.11). All of these NATs were validated in silico by determining the thermodynamics of 

the RNA–RNA interaction (Hofacker 2009; Lorenz et al. 2011). Based on differential expression 
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of the lncRNAs, 38 NATs were identified. After filtering the 38 NATs based on expression of 

their sense transcripts in the RNA-seq data and potential pathogen defensive functions of the 

genes, 18 NATs were selected, of which 4 were validated using qRT-PCR (Fig. 3.10). The 

optimal secondary structure formation happens when thermodynamic free energy is minimum; 

such minimum free-energy structures of these four lncRNA-mRNA dimerized pairs, predicted 

using RNAcofold (Lorenz et al. 2011), are shown in Fig. 3.10. 
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Fig. 3.10 Minimum free energy (MFE) structures for representative long noncoding RNA-

mRNA pairs. MFE for each secondary structure is given in the bracket. Quantitative real-time 

PCR results for each pair are shown on the right side. 
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3.4 Discussion 

CR disease is known to cause significant yield loss in Brassica spp., including vegetables 

and oilseed crops. Significant achievements have been made in combating this disease through 

the development of R cultivars (Piao et al. 2004; Rahman et al. 2014); however, the molecular 

mechanisms involved in the host plant resistance have not been well understood. Results from 

our study indicate the possible involvement of lncRNAs in mediating resistance in B. 

napus canola lines carrying resistance introgressed from rutabaga. We did not find evidence of 

infection in the roots at 6 dpi in both R and S plants; however, infection was observed in both R 

and S plant roots at 10 dpi. In contrast, Dobson et al. (1983) observed root hair infection in 

Chinese cabbage at 1 dpi. However, Asano et al. (2000) detected initial infection in turnip at 4 

dpi with rapid increase up to 6 dpi; similar results have also been reported by Hwang et al. 

(2012) in canola. Thus, it is evident that the stage of root hair infection may be dependent on the 

type of plant material and the method of inoculation which, in the present study, was injection of 

spore suspension into the soil (direct inoculation). A noticeable reduction in the formation of 

primary plasmodia was found in the R plants, with no infection in the newly emerging roots at 14 

dpi, whereas gall formation had already begun in the S plants at this stage. Detection of infection 

at an early stage in the R plants could be related to the plant development; an influence of the 

developmental stage of the host plant on the pathogen’s ability to cause infection has been 

suggested by Fei et al. (2016). Thus, our study suggests that, despite microscopically visible 

infection that occurs in the R plants at their early growth stage, the resistance genes restrict 

further development of the disease. 

Most of the 530 DE lncRNAs detected in this study were from the intergenic regions 

(lincRNAs); these lncRNAs showed considerably greater expression as compared with the 

expression of the antisense lncRNAs (NATs), which is consistent with the results from other 

plant species (Li et al. 2014; Wang et al. 2014; J. Zhang et al. 2018). The lincRNAs regulate 

plant responses to CR by remodeling epigenetic and chromatin architecture, stabilization and 

localization of proteins and RNA molecules by tethering to them and transcription regulation 

involving enhancer-associated activity, and cis- or trans-mediated gene activation (Kopp and 

Mendell 2018; Kornienko et al. 2013; Nejat and Mantri 2018; Zaynab et al. 2018). To understand 

the function of DE lincRNAs under CR stress, we analyzed the protein coding genes co-

expressed with these lincRNAs. This putative functional prediction relied on the development of 
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a co-expression network. The co-expression analysis indicated that 425 lncRNAs were predicted 

to have transregulated targets whereas all DE 530 lncRNAs were predicted to have cis-regulated 

targets. KEGG pathway analysis revealed that a majority of transregulated target genes belong to 

carbon (18%) and amino acid biosynthesis pathways (19%); however, most of the cis-regulated 

target genes belong to the phenylpropanoid biosynthetic pathway (15%) and are involved in 

plant–pathogen interactions (15%). This suggests that the energy required to fuel the defense in 

R plants is probably provided by the carbon metabolism. Also, it is likely that biosynthesis of 

specific amino acids which are upregulated or reduced are involved in the plant defense (Rojas et 

al. 2014). However, more comprehensive studies are required to verify this hypothesis. 

lncRNAs, like NATs, are also known to mediate the regulation of the corresponding 

sense transcripts in a concordant or discordant manner at a transcriptional and posttranscriptional 

level (Rai et al. in press; Wight and Werner 2013). In B. napus, 111 NATs were detected in 

response to S. sclerotiorum infection at 24 and 48 h post inoculation (hpi) (Joshi et al. 2016). In 

contrast, we observed very limited expression of the NATs in response to P. brassicae infection, 

which is possibly due to the fact that this type of lncRNA can be expressed in a spatial and 

temporal manner (Wang et al. 2014). Some of the NATs such as COOLAIR (Ietswaart et al. 

2017), cis NATPHO1;2 (Jabnoune et al. 2013), SHO lnc-NAT (Zubko and Meyer 2007), and TL-

lncRNA (Liu et al. 2018) are involved in the regulation of plant morphology and biotic or abiotic 

responses. In this study, we found that LNC_000418, LNC_000789, LNC_000674, and 

LNC_000562 are antisense to the protein-coding genes Rac-like GTP-binding protein, defensin-

like protein 2, flavone 3-dioxygenase 3-like protein, and WRKY transcription factor 12, 

respectively; all four genes are directly or indirectly involved in plant secondary metabolism. 

Thus, considering the function of the predicted target genes of lncRNA, we suggest that primary 

and secondary metabolic pathways are also regulated by NATs and may play a role in the 

resistance to P. brassicae. 

Most of the target genes identified in this study belong to the primary and secondary 

metabolic pathways, and include the genes involved in amino acid biosynthesis, carbon 

metabolism, phenylpropanoid biosynthesis, and biosynthesis of secondary metabolites, 

indicating their probable association with the CR disease (Fig. 3.3). The importance of 

phenylpropanoid biosynthesis has already been demonstrated in response to biotic stress because 

it is known to generate an array of secondary metabolites involved in host–pathogen interactions 
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(Caretto et al. 2015; Vogt 2010). Genes encoding proteins such as phenylalanine ammonia lyase 

(Vogt 2010), laccase 4, laccase 7 (Hu et al. 2018), and UDP-glycosyltransferases (Le Roy et al. 

2016) have been implicated to play a significant role in phenylpropanoid biosynthetic pathways, 

and they have also been identified as targets of lncRNAs in our study. It is known that caffeoyl-

CoA O-methyltransferase 1, CoMT, HCT, and CADH7 play critical roles in the biosynthetic 

pathway for lignification (Harakava 2005); among these genes, CoMT, HCT, and CADH7 were 

found to be upregulated in the R plants at 10 dpi (Fig. 3.3). This suggests that the upregulation of 

this pathway prevents the spread of the P. brassicae in the roots of R plants and, thus, contributes 

to the decline in disease progression. Rojas et al. (2014) suggested that induction of primary 

metabolic pathways may be equally important because they can modulate signal transduction 

cascades influencing the plant defenses. Several researchers have suggested that carbon skeletons 

synthesized during photosynthesis are used for growth (primary metabolism) or defense 

responses (secondary metabolism) (Caretto et al. 2015). Tayeh et al. (2014) reported that external 

application of the disaccharide sugar trehalose (consisting of two molecules of glucose; it is also 

known as mycose or tremalose) increases the expression of PR protein genes in Arabidopsis, and 

external application of glucose upregulates PR1 and PR5 (Xiao et al. 2000). Trehalose is 

considered an inducer of plant defense to biotic and abiotic stresses (Tayeh et al. 2014). In this 

study, we found an increased expression of LNC_002915, which is predicted to regulate an α,α-

trehalose phosphate synthase 10 (TPS10), and a considerable decrease in the expression of 

LNC_00675 and its targets regulating the synthesis of trehalose phosphate phosphatase A. In 

addition, alkaline or neutral invertase and other similar proteins are involved in carbon 

metabolism and are known to cleave sucrose into glucose and fructose for energy production 

(Ehness et al. 1997) and we observed upregulation of these and similar genes in our study (Fig. 

3.2). Functional research with these lncRNAs can provide further insight into the regulatory 

mechanism involved in primary metabolism and, eventually, in pathogen defense. 

Hasan and Rahman (2016) mapped the CR resistance of rutabaga, which was 

introgressed into oilseed B. napus, on chromosome BnaA08 . By use of this resistance, we 

identified eight lncRNAs showing expression only in the R plants; however, expression these 

lncRNAs was low and not very consistent. Kopp and Mendell (2018) suggested that many 

lncRNAs can exhibit low expression in plants but still play an important role. Taking this into 

account, it can be assumed that these lncRNAs might play an important role in CR resistance 
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through regulating protein coding genes or proteins by tethering to them (Fig. 3.4). Co-

expression analysis of LNC_001063, LNC_001191, and LNC_001126 had predicted 8, 46, and 

47 target genes, respectively, in the B. napus genome, and each lncRNA was found to regulate a 

different resistance (R) gene as well as genes directly or indirectly modulating primary 

metabolism (Fig. 3.4). Another lncRNA (LNC_001167) was also predicted to regulate 

three R genes and 35 other genes modulating primary metabolism and phenylpropanoid 

biosynthesis (Fig. 3.4). 

We further validated the relative expression of the selected lncRNAs, and their target 

genes based on their direct or indirect association with chromosome BnaA08. For instance, 

relative expression exhibits a positive correlation and LNC_003848 was upregulated in the R 

plants and exhibits a positive correlation with the expression of the target gene Transparent Testa 

12 (BnaA08g06670D) located on chromosome BnaA08. Genes transparent testa 12 as well 

as gibberellin 2-β-dioxygenase 2 (BnaC03g59610D) are known to be involved in flavonoid and 

plant hormone biosynthesis and were found to be transregulated by LNC_003848. Flavonoids 

are known to play important roles such as protecting the plants from UV radiation, pathogen 

attack, and photo-oxidative stress (Falcone Ferreyra et al. 2012; Treutter 2006). The specific 

roles of these lncRNAs, their target genes, as well as the regulatory mechanism remain to be 

validated. 

lncRNAs have also been hypothesized to form functional networks with miRNAs and 

mRNAs by functioning as either target mimics of miRNAs or precursors to miRNAs (Meng et 

al. 2012; Wu et al. 2013). Results from our study indicate that LNC_001163 and LNC_001191, 

located on chromosome BnaA08, could serve as an eTM of bna-miR824 and bna-miR6028, 

respectively. Kutter et al. (2007) reported that bna-miR824 targets the MIKC-type MADS box 

protein agamous-like 16 (AGL16), and our results indicated that the expression of AGL16 and the 

predicted target mimic LNC_001163 of bna-miR824 were upregulated and positively related to 

each other in response to CR infection (Fig. 3.7B). Interaction analysis among the mRNAs, 

miRNAs, and lncRNAs suggested multiple and complex sets of interactions, including instances 

where a single lncRNA interacts with an miRNA family (Fig. 3.8A, B, and C) and a single 

miRNA interacts with multiple lncRNAs and mRNAs (Fig. 3.8D). Shumayla et al. (2017) also 

reported interaction of 1,047 lncRNAs with 222 miRNAs, which further interacted with 209 

mRNA transcripts with various roles in Triticum aestivum. We also detected eight lncRNAs in 
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the present study to be the precursors of five miRNAs. For instance, LNC_000265 was observed 

to be upregulated in the R plants, and this seems to be the precursor for bna-miR169 in B. 

napus (bna-miR69n) (Fig. 3.9). bna-miR169 has been reported to be upregulated in response to 

drought in tomato (Zhang et al. 2011) and salt and drought stress in maize (Luan et al. 2014). 

Additionally, LNC_004360, a putative precursor of miRNA166a, was significantly expressed in 

the R plants (Fig. 3.9). The expression of miRNA166 has also been associated in response 

to Botryosphaeria dothidea in Populus trichocarpa (Zhao et al. 2012). Recently, J. Zhang et al. 

(2018) reported seven lncRNAs from Brassica oleracea and 15 lncRNAs from B. rapa, which 

are precursors of nine and 19 miRNAs belonging to eight and 15 miRNA families, 

respectively. Xin et al. (2011) and Joshi et al. (2016) demonstrated that lncRNAs can serve as 

precursors of miRNAs in plants and are involved in the regulation of plant responses to biotic 

stress. Several researchers such as Chauhan et al. (2017), Koroban et al. (2016), and Kumar 

(2014) also have summarized the functions of miRNAs in biotic and abiotic stresses, and results 

from our interaction analyses also lend credence to additional layers of gene regulation which 

may result from interactions of lncRNAs–miRNA and lncRNAs–target miRNAs. 

3.5 Conclusion 

Using lncRNAseq analysis, we have, for the first time, identified 530 DE lncRNAs in B. 

napus in response to Plasmodiophora brassicae. By comparing the response of the lncRNAs in 

the R and S plants, we have suggested a potentially important role in mediating resistance to P. 

brassicae. qRT-PCR analyses confirmed the expression trend of the lincRNAs and NATs with 

that of lncRNA-seq. Of the 530 lncRNAs, 16 DE lncRNAs were predicted to function as eTMs 

of miRNAs and eight DE lncRNAs as the precursor of miRNAs. Of the 24 DE lncRNAs from 

chromosome BnaA08, eight showed low expression only in the R plants. Pathway analyses 

showed that the majority of the target genes regulated by these lncRNAs belong to the pathways 

involved in plant–pathogen interaction, plant hormone signaling, and primary-secondary 

metabolism. In this regard, the lncRNAs and their targets from BnaA08 provide valuable 

information because this chromosome is associated with resistance to multiple pathotypes. 

Moreover, the knowledge of the P. brassicae-responsive lncRNAs gained from this research can 

be used for knock-down or overexpression studies to understand their molecular mechanisms and 

regulatory functions and may be useful in the development of markers in a breeding program for 

CR resistance. 
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Supplementary Figures 

 

 

Supplementary Fig. 3.1  Distribution and characterization of features of lncRNAs in B. napus in 

response to P. brassicae. A) Length distribution of DE 530 lncRNAs; B) Size distribution of 

exons;  C) Number of exons per transcript for lncRNA expressed;  D) Distribution of DE 

lncRNAs across all chromosomes.  
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Supplementary Fig. 3.2  Volcanic plot showing the differential expression of B. napus lncRNAs 

post inoculation with P. brassicae. Differentially expressed transcripts or genes are visualized by 

volcano plot where the threshold q-value <0.05 indicates significant differences in expression.  

 

 

 

Supplementary Fig. 3.3  LncRNAs and their predicted targets. A) Number of predicted co-

located targets of lncRNA; B) Number of predicted co-expressed targets of lncRNA. 
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Chapter 4: Identification of lncRNAs in response to infection by Plasmodiophora brassicae 

in Brassica napus and development of lncRNA-based SSR markers  

4.1 Introduction 

Clubroot disease, caused by Plasmodiophora brassicae Woronin, results in significant 

damage to Brassica oilseed and vegetable crops (Howard et al. 2010). Development of this 

disease starts with the infection of root hairs by P. brassicae, followed by the root cortex, 

ultimately leading to swelling of roots and formation of galls (Kageyama and Asano 2009; 

McDonald et al. 2014). Galls in the root restrict the uptake of water and nutrients resulting in 

stunted growth, yellowing of leaves and premature death of the plant (for review, (Dixon 2009)); 

this can result yield loss of about 25-30% (Dixon 2014; Tewari et al. 2005); however, under 

extreme infestation, yield loss can be such high that harvesting of the crop cannot be justified 

(for review, Howard et al. 2010). Different cultural and crop management practices have been 

investigated; however, cultivating resistant cultivars has been considered to be the most effective 

strategy for managing this disease (for review, see Peng et al. 2014 and Rahman et al. 2014).  

Owing to the occurrence of clubroot disease in canola, breeding for the development of 

clubroot resistant cultivars had started in Europe few decades ago (Diederichsen and Sacristan 

1996; Frauen 1999; Manzanares-Dauleux et al. 2001; Wallenhammar 1996). The German plant 

breeding company Norddeutsche Pflanzenzucht Hans-Georg Lembke KG (NPZ) developed and 

commercialized the clubroot resistant winter canola cultivar ‘Mendel’ in the 1990s (Frauen 

1999). Clubroot resistance (CR) in ‘Mendel’ originated from a resynthesized B. napus line 

(AACC, 2n = 38), which was developed by crossing the Brassica olarecea (CC, 2n = 18) line 

‘ECD-15’ and the Brassica rapa (AA, 2n = 20) line ‘ECD-04’ (Diederichsen and Sacristan 

1996). Rahman et al. (2011) introgressed the clubroot resistance of ‘Mendel’ into Canadian 

spring B. napus canola, and this resistance has been used in breeding to develop clubroot 

resistant cultivars. The major gene controlling this resistance has been mapped to chromosome 

BnaA03 and molecular markers have been identified for use in breeding (Fredua-Agyeman and 

Rahman 2016). However, the molecular mechanisms and the candidate genes involved in the 

control of this resistance are yet to be understood; this knowledge would allow the development 

of gene-based markers, which are known to be more robust than the linked DNA markers.  
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Recently, it has been demonstrated that non-coding RNAs (ncRNAs), which are 

characteristically >200 nucleotides long, play a critical role in the regulation of gene 

expression in plants including in response to biotic and abiotic stresses (Zhu et al. 2014; 

Muthusamy et al. 2015; Zhang et al. 2016; Seo et al. 2017; Zhang et al. 2018; for review, see 

Chauhan et al. 2017). The lncRNAs can affect gene functions in different ways; this includes, 

deregulation of small ncRNAs like microRNAs (miRNAs), interacting with RNA-binding 

proteins, modulating mRNA decay, repressing target mRNA translation, by sequestering 

splicing factors, or through modulation of transcriptional regulators by acting as scaffolding 

complexes (for review, see Wang et al. 2011; Yoon et al. 2013). Several lncRNAs responsive 

to biotic stresses have been identified by using the next-generation sequencing technologies, 

for instance, the lncRNAs responsive to Sclerotinia sclerotiorum (Joshi et al. 2016). Recent 

studies into some of the lncRNAs in response to pathogen infection, such as those in 

Arabidopsis against Fusarium oxyporum and Pseudomonas syringe (Seo et al. 2017; Zhu et al. 

2014), in rice against Maganaporthe oryzae (Jain et al. 2017), in tomato against Tomato 

Yellow Curl Virus (Wang et al. 2015), and recently in banana against Mycosphaerella eumusae 

and Pratylenchus coffeae (Muthusamy et al. 2019), have demonstrated that this type of RNAs 

may be important regulators of gene expression in response to pathogens. To date, only the 

lncRNA ELF18-INDUCED LONG-NONCODING RNA1 (ELENA1) involved in response to 

biotic stress has been functionally characterized (Seo et al. 2017). Overexpression of this 

lncRNA in Arabidopsis resulted in an increased expression of the genes involved in defense 

response pathway leading to a disease-resistant phenotype. These observations suggest that at 

least some of the lncRNAs play a critical role in the regulation of gene expression in response 

to biotic stress in plants. 

The development of clubroot resistant cultivars has become an important goal for 

breeding programs due to the rapid spread of this disease. Several studies have demonstrated 

that single-gene controlled resistance can be eroded quickly (Hirai et al. 2004; Strelkov et al. 

2016); therefore, strategies including the pyramiding of different CR genes in canola are 

needed to increase the durability of resistance in this crop. Molecular markers associated with 

the CR genes are essential for pyramiding of multiple CR genes through marker-assisted 

selection (MAS). The molecular markers of Mendel-resistance located on BnaA03 which 

reported by Fredua-Agyeman and Rahman (2016) showed about 2% recombination; this is an 
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impediment for efficient use of these markers in breeding including gene pyramiding. Recently, 

ncRNAs including miRNAs have been used for the development of PCR-based markers 

including simple sequence repeat (SSR) markers (Chen et al. 2010; Fu et al. 2013; Mondal and 

Ganie 2014); this type of markers can be found within the lncRNAs (Jaiswal et al. 2019; Sahu et 

al. 2018). SSR markers are one of the most reliable genetic markers due to their several 

favourable attributes, including reproducibility, multi-allelic and co-dominant nature, and 

abundant occurrence in the genome (Kalia et al. 2011). 

The objective of this research was to identify the lncRNAs responsive to infection by P. 

brassicae in B. napus canola plants carrying resistance on BnaA03 derived from the cv. 

‘Mendel’ and to develop molecular markers from the lncRNAs. These lncRNAs were also 

compared with the differentially expressed (DE) lncRNAs identified in clubroot resistant 

canola lines carrying resistance on BnaA08 (Hasan and Rahman 2016). To the best of our 

knowledge, this is the first study on the identification of DE lncRNAs by comparing more than 

one resistance source and the development of lncRNA-based molecular markers for use in 

marker-assisted breeding.  

4.2 Material and Methods 

4.2.1 Plant material and microscopic studies 

Two doubled haploid (DH) spring B. napus canola populations, developed from F1’s of 

1CA0591.323 × A07-26NR and 1CA0591.263 × A07-26NR, were used in this study; these two 

populations were designated as population Popl#1330 and Popl#1333, respectively. The common 

parent A07-26NR is susceptible to this disease, while the parents 1CA0591.263 and 

1CA0591.323 are clubroot resistant spring canola lines, developed from a cross involving the 

winter canola cv. ‘Mendel’ and a Canadian spring canola line (Rahman et al. 2011); clubroot 

resistance in these lines is located on chromosome BnaA03. The details of the development of 

these DH lines and their phenotype for resistance to P. brassicae pathotype 3 have been reported 

previously (Fredua-Agyeman and Rahman 2016).  

To identify the initial stage of infection of canola roots by P. brassicae for lncRNA-seq 

analysis, clubroot resistant and susceptible DH lines from popl#1333 were grown in a 

greenhouse at 22/15C day/night and 16h photoperiod (Summanwar et al. 2019) and the roots 

were examined microscopically after inoculation with the pathogen. Seedlings, at 10 days after 
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germination, were inoculated with 1 ml spore suspension of a P. brassicae single spore isolate of 

pathotype 3 (SACAN-ss1; 1×107 spores/ml) using the pipette method (Voorips and Visser 1993; 

Summanwar et al. 2019).  The root tissue was collected at 6-,10-,14-,18- and 22-days post 

inoculation (dpi) and fixed as described in the literature (Verma et al. 2014; Yeung and Saxena 

2005).  The tissues were sectioned, stained, examined under a microscope (Zeiss Axioscope, 

Germany), photographed and analyzed (Zeiss Axiocam and AxioVisionTM software, Germany) 

as described previously (Verma et al. 2014; Summanwar et al. 2019).  

For lncRNA-seq analysis, a total of 192 seedlings were grown in a greenhouse as 

mentioned above; this included eight seedlings of each of 12 resistant (R) and 12 susceptible (S) 

lines (24 × 8 = 192) of the DH population #1333.  Seedlings were inoculated with P. brassicae 

pathotype 3, as mentioned above, and root tissues were collected for lncRNA-seq analysis. The 

experiment was repeated three times and each experiment was considered as a biological 

replicate.    

4.2.2 RNA isolation, library preparation and sequencing 

Microscopy analysis revealed that the initial stage of infection by P. brassicae occurred 

at 10 dpi; therefore, roots of three seedlings from each of the 12 R and 12 S lines were collected 

at this stage for each biological replicate. Roots were washed with water and the root samples 

from three plants of each R and S line were harvested as bulks. All samples were flash frozen 

with liquid nitrogen and stored at -80C until further use. The remaining five of the eight plants 

of the R and S lines were grown till maturity and phenotyped for resistance to pathotype 3 for 

confirmation of the previously reported phenotypic data (Fredua-Agyeman and Rahman 2016). 

Total RNA from the R and S bulks was extracted using TRIzol reagent (Invitrogen, USA) 

and Qiagen RNeasy Plant Mini Kit (Qiagen, Germany) following manufacturer’s instructions, as 

described previously (Summanwar et al. 2019). The integrity of the total RNA was determined 

using RNA screen Tape assay on Agilent Tape station (Agilent Technologies, USA) following 

manufacturer’s instruction. RNA samples with RNA integrity number (RIN) >9 were selected 

for further analysis. Six libraries were prepared, which included three biological replicates of R 

(each sample with bulk of 12 R lines) and three S (each sample with bulk of 12 S lines); library 

preparation and sequencing were carried out by Novogene (https://en.novogene.com/). 
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4.2.3 Mapping of reads to reference genome and transcriptome assembly 

The raw data from lncRNA-seq analysis was processed as described in Summanwar et al. 

(2019).  Briefly, Novogene’s in-house Perl scripts were implemented to remove the reads 

containing adaptors, unrecognized bases, and low-quality reads. Based on the clean reads, 

percentage of total bases with Phred score greater than 20 (Q20) and 30 (Q30) were calculated, 

which indicated the base call accuracy and % GC content in the clean data. To align the clean 

reads to the B. napus genome, the genome annotation files were downloaded from B. napus 

reference genome v5.0 (Chalhoub et al. 2014), http://www.genoscope.cns.fr/brassicanapus/data/) 

and indexed using Bowtie v2.0.6 (Langmead and Salzberg 2012). The clean pair-end reads were 

aligned to this refrence genome using TopHat v2.0.9 (Trapnell et al. 2012) and the mapped reads 

of each sample were assembled by implementing the statistical segmentation model Scripture, 

beta2 (Guttman et al. 2010) and Cufflinks v2.2.1(Trapnell et al. 2010). Cufflinks was also 

employed to simultaneously assemble and quantify the expression levels of the lncRNAs to 

provide maximum likelihood explanation at a specific locus. Default parameters were used to run 

the program Scripture, while Cufflinks was run with ‘min-frags-per-transfrag=0’ and ‘--library-

type’ and other parameters were set to default. Sorting and removal of the duplicated reads and 

merging of the Bam alignment file for each sample was accomplished by Picard- tools v1.41 and 

Samtools v.0.1.18, as described in Summanwar et al. (2019).  

4.2.4 LncRNA detection and target prediction 

The cufflink assemblies generated from different samples were merged using the 

software program Cuffmerge (Trapnell et al. 2010) to eliminate the artifacts and replicates. To 

remove the other known ncRNAs, such as rRNA, tRNA, snRNA, snoRNA, pre-miRNA and 

pseudogenes from the remaining transcripts, the software program Cuffcompare (Trapnell et al. 

2010) was used with exon number filter of exon>=2 and transcript length filter of length >200. 

The transcript sequences were subsequently classified into lincRNAs, anti-sense lncRNAs and 

intronic lncRNAs. Four different software tools including CNCI v2 (Coding-Non-Coding-Index) 

(Sun et al. 2013), CPC 0.9-r2 (Coding Potential Calculator) (Kong et al. 2007), Pfam scan v1.3 

(Punta et al. 2012) and PhyloCSF (Phylogenic Codon Substitution Frequency) (Roux et al. 2011) 

were used to filter the coding potential transcripts. Only the transcripts without the potential for 

coding proteins were considered as the candidate set of lncRNAs. The FPKMs (fragments per 

kilobase of transcript per million mapped reads) were calculated for each sample using the 

http://www.genoscope.cns.fr/brassicanapus/data/
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software program Cuffdiff v2.1.1 (Trapnell et al.  2010), and the fold change values for the DE 

lncRNAs were calculated as log2(fold change) = log2(FPKM susceptible / FPKM resistant). For 

each DE lncRNA, a p-value was assigned which was adjusted to control the false discovery rate 

using the approach proposed by Benjamin and Hochberg (1995) . The DE lncRNAs with 

absolute value of log2(fold change) > 1 with q < 0.05 were considered significant.  

To predict if these DE lncRNAs were modulating the target genes via cis regulation,  

genes located at 100k bp upstream and downstream of the lncRNAs were determined. To predict 

if these DE lncRNAs are involved in trans regulation of the genes, Pearson correlation 

coefficient (r) between the expression of the lncRNAs and the coding genes was calculated; the 

genes with r > 0.95 were considered for further functional enrichment analysis. 

4.2.5 Functional classification of lncRNAs  

To determine if the lncRNAs were precursors of known B. napus miRNAs, BLASTn 

analysis (e-value=1e-5) was performed as described by Zhang et al. (2018). Briefly, stem loop 

sequences of all known B. napus miRNAs were downloaded from the miRbase database 

(http:/www.miRNAbase.org/) and were aligned with the DE lncRNAs sequences. The presence 

of hairpin loop structures in the lncRNAs, a characteristic feature of the precursor of miRNAs, 

was verified using miRNAFold (https://evryrna.ibisc.univ-evry.fr/miRNAFold; (Tav et al. 2016). 

Vienna RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; 

Gruber et al. 2008) and Forna (http://rna.tbi.univie.ac.at/forna/; Kerpedjiev et al. 2015) were used 

to visualize the secondary structures of the DE lncRNAs. To predict if the lncRNAs were 

mimicking the endogenous miRNA targets, psRNA-Target 

(https:/plantgrn.noble.org/psRNATarget/V2.2017; Dai et al. 2018) analysis was perfomed with 

maximum expectation parameters set to 3.5 and target accessibility set to 25.0 (Summanwar et 

al. 2019).  

4.2.6 Identification and validation of SSRs in the DE lncRNAs 

The web-based microsatellite finder tool MISA-web (https://webblast.ipk-

gatersleben.de/misa/; Beier et al. 2017) was used with default parameters for identification of di-, 

tri-, tetra-, penta- and hexa-nucleotide SSRs within the DE lncRNAs.  To investigate the 

association of the DE lncRNA-based SSR markers with resistance to P. brassicae pathotype 3, 

18 primer pairs designed from the DE lncRNAs of the chromosome BnaA03 were tested on the 

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/forna/
https://webblast.ipk-gatersleben.de/misa/
https://webblast.ipk-gatersleben.de/misa/
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above-mentioned parents and the two DH populations #1330 and #1333 (Fredua-Agyeman and 

Rahman 2016). For this, genomic DNA of the resistant (1CA0591.263 and 1CA0591.323) and 

susceptible (A07-26NR) parents and two bulks of five resistant and five susceptible lines from 

each of the two DH populations (#1330 and #1333) were screened to identify the markers 

polymorphic between the parents and the bulks. The polymorphic markers were used to genotype 

the whole DH population.  

 

4.2.7 Quantitative real time polymerase chain reaction (qRT-PCR) analysis 

Expression patterns of the selected DE lncRNAs and their target genes from the B. napus 

genome were validated using qRT-PCR. The selected DE lncRNAs included those from the 

chromosome BnaA03, the DE lncRNAs regulating the targets on BnaA03 and elsewhere in the 

genome, as well as the DE lncRNAs known to play a role in plant hormone signalling. The DE 

lncRNAs identified from this study were also compared with the DE lncRNAs identified 

previously by using clubroot resistant canola lines carrying resistance of rutabaga (B. napus var. 

napobrassica) located on chromosome BnaA08 (Summanwar et al. 2019). We identified 12 

lncRNAs which were upregulated in both R lines of Mendel-resistance and rutabaga-resistance; 

among these, 10 lncRNAs found to regulate plant defense-related genes. To further validate the 

expression of these common DE lncRNAs and some of their putative targets using qRT-PCR, we 

selected four of the 10 lncRNAs and their target genes known to be involved in plant defense. 

Sequences of the primers used in qRT-PCR are listed in Supplementary Table 4.1. All qRT-PCR 

analyses were performed on QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher 

Scientific, USA) using PowerUP SYBR Green master mix from Applied Biosystem (Thermo 

Fisher Scientific, USA). For qRT-PCR analyses, RNAs isolated from the roots of the inoculated 

R and S lines were treated with DNase I prior to reverse transcription using random hexamers 

and MirX miRNA first strand synthesis kit (Clontech Laboratories, USA). For each sample, three 

biological replicates and two technical replicates from each of the biological replicate were used. 

A constitutively expressed UBC9 (ubiquitin conjugating enzyme 9) gene was used as an 

endogenous control. Fold change was calculated using the formula: 

2-∆∆Ct= ((Ct Gene of Interest – Ct endogenous control) R) – ((Ct Gene of Interest – Ct 

endogenous control) S) (Schmittgen and Livak 2008).   
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4.3 Results 

4.3.1 Microscopic examination of P. brassicae infection  

Histopathological examination of the roots of the R and S plants infected with P. brassicae 

showed no evidence of infection at 0 hpi and 6 dpi (Fig. 4.1, Supplementary Table 4.2). 

However, infection was visible in the secondary roots at 10 dpi in both S (Fig. 4.1C) and R (Fig. 

4.1D) plants, where about 4% of the cells exhibited symptoms of infection in the S plants, as 

compared to only 2% cells in the R plants (Supplementary Table 4.2). However, gall formation 

was not evident at this stage in both S and R plants (data not shown). At 14 dpi (Fig. 4.1E), about 

21% of the cells were infected in the S plants as compared to 6% in the R plants (Supplementary 

Table 4.2); also, a greater number of secondary plasmodia were observed in the S plants as 

compared to the R plants at this stage (Fig. 4.1F). From this stage, disease progression continued 

in the S plants, but not in the R plants, and at 22 dpi (Fig. 4.1G and 1H), more than 75% of the 

cortical cells of the S plants showed the presence of resting spores (Supplementary Table 4.2); 

while, only 8% cells of the R plants contained secondary plasmodia and resting spores. At this 

stage, roots of the S plants exhibited symptoms of hypertrophy and gall formation; however, 

these could not be detected in the roots of the R plants (data not shown). Thus, the results 

indicated that infection by P. brassicae apparently progresses similarly in both S and R plants 

until 10 dpi; however, after that, infection does not progress further in the R plants. Based on this 

observation, we focused on the root samples of the S and R plants collected at 10 dpi for lncRNA 

profiling.  
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Fig. 4.1 Histopathological analysis of roots of the susceptible (S) and resistant (R) Brassica 

napus plants at 0 hour post-inoculation (hpi) and at 10, 14 and 22 days post-inoculation (dpi) by 

Plasmodiophora brassicae pathotype 3; A) and B) showing the roots of the S and R plants at 0 

hpi; C) and D) (inset figure shows larger magnification) showing the presence of proliferating 

zoosporangia in both S and R plants at 10 dpi, E) and F) showing the secondary plasmodia in 

cortical cells of the S (black arrows) plants and secondary plasmodia in few cortical cells of the 
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R (white arrow) plants at 14 dpi, and G) and H) showing many resting spores in the S plants and 

resting spores and secondary plasmodia in a very few cortical cells of the R (white arrows) plants 

at 22 dpi. Bars represent the resolution of the microscopy for the particular section. Note: 

Clubroot resistance in the R plants originated from the winter canola cv. Mendel.  

4.3.2 Identification and characterization of the lncRNAs following P. brassicae infection 

A total of about 445 million paired-end clean reads were obtained from six strand-

specific libraries of which 356 million (79.9%) reads could be mapped to the B. napus reference 

genome using Tophat (v2.0.9) (Supplementary Table 4.3). Through further processing of these 

reads, we identified a total of 4,575 putative DE lncRNA transcripts, and after screening these 

transcripts based on q-value (<0.05), expression of 464 DE lncRNAs were deemed to be 

statistically significant; this included 49 (10.6%) antisense lncRNAs and 415 (89.4%) lincRNAs.  

All 464 DE lncRNAs were analyzed for the number of exons and their size. A total of 

794 exons were detected of which 80.8% (642/794) were 18-1000 nt long (Supplementary Fig. 

4.1A). About 59% of the lncRNAs (273/464) contained one exon, 25.9% (120/464) contained 

two exons, and about 1% (5/464) contained >5 exons (Supplementary Fig. 4.1B). Length of 

these DE lncRNA transcripts ranged from 203 to 8,238 nt, where 53% (248/464) had a length of 

200 to 1000 nt (Supplementary Fig. 4.1C). Of the 464 DE lncRNAs, 165 and 205 lncRNAs were 

located on 10 chromosomes of the A genome and nine chromosomes of the C genome, 

respectively; however, 94 lncRNAs could not be assigned to any specific chromosome 

(Supplementary Fig. 4.1D). The greatest number of the DE lncRNAs was detected on 

chromosome BnaA03 (35 lncRNAs) and BnaC06 (35 lncRNAs).  

Of the 464 DE lncRNAs, 187 were upregulated and 277 downregulated in the S plants 

(Supplementary Fig. 4.2) as compared to the R plants. Among these, 37 were expressed only in 

the S plants while 3 were expressed only in the R plants (Table 4.1). The identity of the 20 

lncRNAs which exhibited the greatest degree of differential expression are listed in 

Supplementary Table 4.4; among these, three upregulated and two downregulated lncRNAs of 

the R plants were found located on chromosome BnaA03 where the clubroot resistance genes has 

been mapped (Fredua-Agyeman and Rahman 2016).  

Screening of up- and down-stream genomic regions (100 kb) of the 464 DE lncRNAs 

identified a total of 11,779 target genes to be cis-regulated by these lncRNAs; among these, 

5,946 located at the upstream and 5,833 at the downstream of the lncRNAs (Supplementary Fig. 

4.3A; Supplementary Table 4.5). Using KEGG pathway enrichment analysis, a total of 4,352 co-
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located target genes were annotated. Among the 1,147 genes from the top 20 biosynthetic 

pathways identified through KEGG analysis, about 39% (452/1,147) of the genes belonged to the 

pathways involved in the biosynthesis of secondary metabolites and about 7% (84/1,147) in 

plant-pathogen interactions (Fig 2a). Based on co-expression analysis between the lncRNAs and 

the mRNAs, 391 of the 464 lncRNAs were predicted to have co-expressed target genes 

(Supplementary Fig. 4.3B). Based on KEGG pathway enrichment analysis of the co-expressed 

genes from the top 20 pathways, 26% (305/1166) of the co-expressed target genes belong to the 

primary metabolic pathways, and this included the genes involved in biosynthesis of amino acids 

(13%; 157/1166) and carbon metabolism (13%; 148/1166); some of the target genes were also 

involved in oxidative phosphorylation (8%; 91/1166) and plant-pathogen interaction (8%; 

89/1166) (Fig. 4.2B). Thus, the results from this study identified several DE lncRNAs which 

seem to play a role in the regulation of the genes (targets) involved in various pathogen-

responsive metabolic pathways.  
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Fig. 4.2 Functional annotation of the predicted target genes of Brassica napus lncRNAs based on 

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. A) pathway 

enrichment analysis of the co-located target genes, and B) pathway enrichment analysis of the 

co-expressed target genes. [Statistical significance of the enrichment, p-value (<0.05) calculated 

using KOBAS v.20] 
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4.3.3 DE lncRNAs located on B. napus chromosome BnaA03 

Of the 35 DE lncRNAs located on chromosome BnaA03, 19 were upregulated in the S 

plants and 16 in the R plants; among these, 11 expressed only in S plants with no expression in R 

plants (Table 4.1, Fig. 4.3). Predicted targets of these 35 lncRNAs are mostly involved in plant-

pathogen interactions, primary metabolism and phenylpropanoid biosynthesis (Supplementary 

Table 4.6), and some of the lncRNAs had up to 145 target genes. For instance, the LNC_000396 

(18 target genes), LNC_000397 (14 target genes) and LNC_000320 (34 target genes), which 

were highly expressed in the R plants found to be regulating caffeic acid 3-O-methyltransferase 

(COMT1), beta-glucosidase 3 (BGL03) and phenylalanine ammonia-lyase 4 (PAL4) genes 

involved in the phenylpropanoid biosynthetic pathway. In case of the target genes involved in 

carbon and amino acid metabolic pathways, 32 of the 35 lncRNAs were found to be cis-

regulating and 25 of them were also trans-regulating this type of target genes (Supplementary 

Table 4.6). While looking at the target genes involved in disease resistance and in plant-pathogen 

interactions, 15 and 20 lncRNAs were predicted to trans-regulate these two types of genes, 

respectively (Supplementary Table 4.7 and 4.8). Thus, the results suggest that these lncRNAs 

may play a role in mediating resistance to clubroot disease.  

 

Table 4.1: List of the lncRNAs uniquely expressed in clubroot disease resistant (R) or 

susceptible (S) lines of Brassica napus 

Transcript_ID Chromosome name and location (bp) S (FPKM) R (FPKM) 

LNC_000772 BnaA06:10978686-10979071 0 1.77568 

LNC_001922 BnaC01:13461970-13462387 0 0.970165 

LNC_002537 BnaC03:15192320-15192823 0 0.9502 

LNC_000264 BnaA02:22103587-22104364 3.03393 0 

LNC_000332 BnaA03:16695781-16698971 1.81157 0 

LNC_000348 BnaA03:23711237-23712313 2.94814 0 

LNC_000354 BnaA03:26012928-26013836 1.65033 0 

LNC_000421 BnaA03:20136387-20138541 1.61975 0 

LNC_000444 BnaA03:26259014-26260595 0.799901 0 

LNC_000445 BnaA03:26259014-26260595 4.21893 0 

LNC_000446 BnaA03:26259014-26260595 1.32141 0 
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LNC_000456 BnaA03:29547518-29549792 0.59793 0 

LNC_000457 BnaA03:29547518-29549792 0.748802 0 

LNC_000458 BnaA03:29547518-29549792 0.832231 0 

LNC_000652 BnaA05:14374128-14374551 2.22373 0 

LNC_000748 BnaA06:3974486-3975726 1.99208 0 

LNC_000952 BnaA07:2608742-2609009 23.5527 0 

LNC_001117 BnaA08:713831-714773 3.07834 0 

LNC_001293 BnaA09:29804174-29804391 180.64 0 

LNC_001341 BnaA09:11766717-11767907 1.95432 0 

LNC_002711 BnaC04:6728563-6728868 3.97035 0 

LNC_002872 BnaC04:27296752-27297254 2.51332 0 

LNC_002884 BnaC04:30849536-30851460 1.687 0 

LNC_002891 BnaC04:34483346-34483939 1.34276 0 

LNC_002936 BnaC05:1739372-1740288 0.989078 0 

LNC_002959 BnaC05:8922090-8923406 0.814856 0 

LNC_003183 BnaC06:12792054-12794831 1.18662 0 

LNC_003247 BnaC06:32298723-32299069 2.76907 0 

LNC_003568 BnaC07:9813085-9813401 4.77701 0 

LNC_003747 BnaC08:27428746-27429208 1.09987 0 

LNC_000497 BnaA03_random:5094311-5095007 3.21291 0 

LNC_003855 BnaC08:27775749-27776276 8.16475 0 

LNC_001622 BnaAnn_random:26978094-26978952 1.8183 0 

LNC_001628 BnaAnn_random:28821785-28822721 4.03952 0 

LNC_001731 BnaAnn_random:2089455-2092035 2.24845 0 

LNC_001770 BnaAnn_random:21864290-21864748 1.71812 0 

LNC_003923 BnaC08_random:4426408-4426614 238.726 0 

LNC_004251 BnaCnn_random:12255877-12256505 0.962938 0 

LNC_004515 BnaCnn_random:19091029-19091841 0.967721 0 

LNC_004681 BnaCnn_random:69886140-69886602 1.66703 0 

Note: FPKM = fragments per kilobase of transcript per million mapped reads. Rows in bold 

indicate the lncRNAs located on chromosome BnaA03. 
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Fig. 4.3 Differentially expressed lncRNAs from chromosome BnaA03 of Brassica napus. 

Expression values (FPKMs) are scaled from minimum (-2) (red) to maximum (+2) (green); low 

or no expression is depicted by black color. S_1, S_2 and S_3 are the biological replicates of the 

clubroot susceptible B. napus, and R_1, R_2 and R_3 are the biological replicates of the clubroot 

resistant B. napus lines. 
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4.3.4 qRT-PCR validation of the expression of the lncRNAs 

To validate the expression of the lncRNAs and their target genes using qRT-PCR, we 

selected a total of 10 lncRNAs which included three lncRNAs from chromosome BnaA03, two 

lncRNAs which have their putative targets on BnaA03, and five random lncRNAs whose target 

genes are known to be involved in plant defense; all these lncRNAs predicted to regulate a 

maximum of four target genes. In case of the target genes, a total of 16 genes were selected for 

qRT-PCR.  

Among the 10 lncRNAs selected for qRT-PCR analysis, LNC_000354 and LNC_000421 

from BnaA03 were expressed only in the S plants. The probability of their expression being a 

false positive was eliminated by validating their expression using qRT-PCR (data not shown). 

The target genes regulated by these two lncRNAs were also validated and their expression 

patterns were found to be similar in both RNAseq (unpublished data) and qRT-PCR analysis 

(Fig. 4.4). The remaining eight lncRNAs and their 14 target genes from RNAseq (unpublished 

data) were observed to follow a similar trend of expression when compared with the results 

obtained from qRT-PCR (Fig. 4.4). The remaining two targets, BnaCnng45310D and 

BnaA10g14200D, respectively, of the LNC_001630 and LNC_004419 did not show expression 

in either R or S plants (data not shown), which could be due to the fact that these target genes 

were false positives with q value >0.05.  
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Fig. 4.4 A) qRT-PCR validation of the pathogen induced eight lncRNAs detected by lncRNAseq 

analysis of Brassica napus lines carrying clubroot resistance genes of winter canola cv. Mendel. 

The patterned bars represent the lncRNAs whose targets were not expressed in the resistant (R) 

and susceptible (S) lines. B) qRT-PCR validation of RNAseq data for 14 targets predicted by co-

expression analysis; the lncRNAs regulating their targets are indicated in parentheses. The 

patterned bars indicate the targets of the lncRNAs (LNC_000354 and LNC_000421) from 

chromosome BnaA03, which are expressed only in the susceptible plants. [Expression of the 

lncRNAs and their target genes in both cases (A and B) was normalized to UBC9 (endogenous 

control). [The expression of lncRNAs and target genes was normalized to UBC9 (endogenous 

control). Log2 (fold change) in R lines was calculated using the formula 2−ΔΔCt = ((Ct gene of interest 
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− Ct endogenous control)R − (Ct gene of interest − Ct endogenous control)S)]. Three biological replicates and two 

technical replicates were used. Error bar = standard error]. 

4.3.5 Comparative analysis of the DE lncRNAs of the lines carrying Mendel- or rutabaga-

resistance 

In Summanwar et al. (2019), we reported 530 DE lncRNAs, in response to infection by 

P. brassicae, in canola plants carrying resistance introgressed from rutabaga located on 

chromosome BnaA08 (Hasan and Rahman 2016). We compared these 530 lncRNAs with the 

464 DE lncRNAs from this study and identified 123 (23-26%) common DE lncRNAs in these 

two types of resistant lines. Among the 123 DE lncRNAs, 12 (LNC_001220, LNC_000496, 

LNC_000801, LNC_000980, LNC_002687, LNC_002381, LNC_003929, LNC_004310, 

LNC_003624, LNC_003305, LNC_004780 and LNC_001968) showed a similar trend of 

upregulation with fold change <-1 in both lines carrying Mendel- or rutabaga-resistance; these 

lncRNAs might play an important role in resistance to clubroot disease (Supplementary Table 

4.9). Among these, 10 lncRNAs (excluding LNC_002687 and LNC_004310) were predicted to 

regulate the genes involved in different defense-related pathways (Fig. 4.5A), while the two, 

LNC_002687 and LNC_004310, are predicted to regulate only the neighbouring genes but 

expression of these genes could not be detected at 10 dpi. qRT-PCR analysis further confirmed 

upregulation of these lncRNAs and their target genes in the lines carrying Mendel- or rutabaga-

resistance in response to infection by P. brassicae at 10 dpi (Fig. 4.5B).  
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Fig. 4.5 A) List of 10 lncRNAs upregulated in two types of clubroot resistant Brassica napus 

lines, one carrying resistance located on chromosome BnaA03 which was introgressed from 

winter canola cv. ‘Mendel’ and the other on BnaA08 which was introgressed from rutabaga, and 

the different plant defense-related pathways to which the target genes of these lncRNAs belongs; 

majority of the lncRNAs regulate target genes involved in more than one pathways; number in 

brackets adjacent to the lncRNAs indicate the total number of genes under the regulation of the 

lncRNA. Bold font indicates the lncRNAs selected for validation by qRT-PCR. B) qRT-PCR 

validation; the individual graphs display the differentially expressed (DE) lncRNAs and their 

target genes which are upregulated. [Expression of the DE lncRNAs and their target genes was 

normalized to UBC9 (endogenous control). Log2 (fold change) in R lines was calculated using 

the formula 2−ΔΔCt = ((Ct gene of interest − Ct endogenous control)R − (Ct gene of interest − Ct endogenous control)S)]. 

Three biological replicates and two technical replicates were used. Error bar = standard error]. 

RR: resistant B. napus lines carrying resistance introgressed from rutabaga; MR: resistant B. 

napus lines carrying resistance introgressed from winter canola cv. ‘Mendel’.] 
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4.3.6 B. napus lncRNAs predicted to function as precursors or endogenous target mimics 

(eTM) of microRNAs (miRNAs) 

Analysis of the 464 DE lncRNAs (based on Mendel-resistance) using psRNAtarget (Dai 

et al. 2018) indicated that 10 lncRNAs could possibly serve as target mimics of seven different 

miRNAs and seven miRNAs belonging to one family. Among these, two lncRNAs, 

LNC_000146 and LNC_003825, are mimicking the genes targeted by members of the miR156 

family (Supplementary Table 4.10). In contrast, a single miR1140 seems to be targeted by two 

lncRNAs (LNC_000915 and LNC_003019). The above-mentioned 10 lncRNAs could function 

as eTM and were predicted to sequester the miRNAs and, thus, conserve the mRNAs by 

disrupting the miRNA-mRNA interactions. We also found that some of the known miRNAs are 

possibly produced by lncRNAs, such as the miR159 by LNC_003347 and LNC_002274 (Fig. 

4.6) and miR168b by LNC_001885 (Supplementary Table 4.11). Thus, it can be anticipated that 

some of the lncRNAs expressed in response to infection by P. brassicae can function as the 

targets of miRNAs or serve as the precursors of miRNAs. 
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Fig. 4.6 Representative predicted lncRNAs functioning as miRNA precursor sequences. The 

predicted model displays a possible formation of hair-pin loop in the lncRNA sequence, a 

characteristic feature of pre-miRNA. A) LNC_003347 is a target mimic of bna-miR159. B) 

LNC_003524 is a target mimic of bna-miR824. (c) LNC_002274 is a target mimic of bna-

miR159. Numbers shows the nucleotide positions of lncRNAs (not the physical position in the 

genome. Blue: lncRNA sequence; green: miRNA precursor sequence; yellow: miRNA mature 

sequence. 

 

4.3.7 Identification of Simple Sequence Repeats (SSRs) within the DE lncRNAs  

All the 464 DE lncRNA sequences identified by using Mendel-resistance were analyzed 

for the presence of SSRs. Among these, 196 sequences contained a total of 269 SSR motifs, 

where 57 sequences contained more than one SSR motif (Fig. 4.7). The proportion of 

mononucleotide SSRs (70.6 %) was greater than the di-, tri- and tetranucleotide SSRs (Fig 4.8A 

and B) while no penta- or hexanucleotide SSRs could be detected; 22 were identified as 

compound SSRs (Fig 8B). Among the dinucleotide repeats, the AT repeats was most frequent 
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(Fig 8C). Thus, the DE lncRNAs in response to infection by P. brassicae were found to contain 

SSRs which can be used in molecular breeding; the detailed information of the SSRs is presented 

in Supplementary Table 4.12.  

 

 

 

Fig. 4.7 The distribution of the lncRNA based SSRs in 19 chromosomes of Brassica napus. The 

names of the lncRNAs are listed on the right side of the chromosome and their physical position 

(bp) listed on the left side. The lncRNA of the A genome which could not be positioned on 

physical map of the B. napus genome sequence (Chalhoub et al. 2014) are included in a separate 

chromosome and marked as ‘Ann’; similarly, the C genome lncRNAs are marked as ‘Cnn’, and 

those which genomic location is unknown are marked as ‘Unn’. 
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Fig. 4.8 Simple sequence repeats (SSRs) identified within the DE lncRNAs of Brassica napus. 

A) distribution of the SSRs based on the type of the motifs; B) distribution of the SSRs based on 

the length of the motifs (number of SSRs are shown in brackets); C) types of dinucleotide SSRs 

and their occurrence; and D) distribution of various types of SSRs on chromosome BnaA03 

(number of SSRs are shown in brackets). 
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Fig. 4.9 Analysis of simple sequence repeats (SSRs) of LNC_000424. A) The lncRNAs carrying 

SSRs and their physical position on chromosome BnaA03. B) Gel images depicting partial 

genotyping of two Brassica napus doubled haploid populations (Popl#1330 (Gel lane 1-6: S 

lines; 7-12: R lines) and Popl#1333(Gel lane 1-6: S lines; 7-12: R lines)) by the SSR marker 

designed from the LNC_000424. C) Information of the target genes predicted to be regulated by 

LNC_000424; black and white colour against the S (susceptible lines) and R (resistant lines) 

indicate low and high expression, respectively, and the grey blocks indicate the target genes 
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predicted to be cis regulated by the LNC_000424 but showing no expression at 10 dpi; and the 

stars indicate the target genes involved in plant defense.   

4.3.8 Identification and validation of SSRs from the DE lncRNAs of BnaA03   

A total of 17 SSRs were identified within 13 lncRNAs located on chromosome BnaA03 

(Supplementary Table 4.12); this included 12 mononucleotide, four dinucleotide and one 

compound SSR (Fig. 4.8D). Of the 13 lncRNAs, the LNC_000318 and LNC_000424 contained 

two and four SSRs, respectively, while all others contained only one SSR. A total of 18 primer 

pairs were designed based on seven mononucleotide, four dinucleotide and one compound SSR, 

and were tested for polymorphism (Supplementary Table 4.12); among these, the marker 

designed based on the compound SSR ((TA)12(T)12) identified within the LNC_000424 

(Supplementary Table 4.11) found to be polymorphic. Genotyping of the 153 DH lines of the 

two populations, Popl#1330 and Popl#1333, with this marker showed an association with 

clubroot resistance (Fig 4.9); however, this association could not be established in two lines of 

the Popl#1330 and one line of the Popl#1333. Thus, this SSR marker can potentially be used for 

identification of the resistant plants with an accuracy of greater than 98%. Expression of the 

LNC_000424 was slightly upregulated in two of the three replications as well as average value 

(fold change of 0.89) of all three replications of the R plants (Fig. 4.3).  

4.4 Discussion 

Recent studies have demonstrated that lncRNAs are involved in the regulation of various 

biological processes in plants including growth and development, photo-morphogenesis and 

responses to biotic and abiotic stresses (Ariel et al. 2014; Ding et al. 2012; Franco-Zorrill et al. 

2007; Heo et al. 2009; Swiezewski et al. 2009). In this study, we investigated the possible role of 

the lncRNAs in mediating resistance to clubroot disease in canola through expression analysis of 

the lncRNAs in response to P. brassicae in plants carrying resistance gene located on 

chromosome BnaA03, as well as through the development of molecular markers from the 

lncRNAs and testing the markers in two mapping populations. To identify the lncRNAs possibly 

playing a fundamental role in resistance to this disease, we compared the DE lncRNAs from this 

study with the DE lncRNAs that we reported previously (Summanwar et al. 2019) by using 

canola lines carrying resistance on BnaA08.  
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To identify the stage of initial infection of the roots of the R and S plants used in this 

study for RNA sequencing, we conducted histopathological study, and the results are consistent 

with our earlier observations on canola carrying clubroot resistance gene located on the 

chromosome BnaA08 (Summanwar et al. 2019).  The lncRNA profiling of the root samples 

collected at 10 dpi identified a total of 464 DE lncRNAs in the roots of the R and S plants, of 

which 37 were expressed only in the S plants while only three were specific to the R plants. This 

is in contrast to our observation on the R plants carrying resistance introgressed from rutabaga 

(Summanwar et al. 2019) where the number of lncRNAs expressed only in the R plants was 

greater than the number expressed only in the S plants.  However, a greater number of the DE 

lncRNAs showed upregulation in the S plants as compared to the R plants, which is consistent 

with our previous study (Summanwar et al. 2019). It is, therefore, probable that a greater number 

of lncRNAs are differentially expressed in the S plants, and this might be due to the disruption of 

the growth of the S plants by P. brassicae infection. Zhang et al. (2018) also reported that a 

greater number of lncRNAs differentially expressed in susceptible cotton than in the resistant 

ones in response to infection by Verticillium dahliae. In this study, we further explored the 

lncRNAs regulating the genes involved in PAMP-triggered immunity (PTI) and effector-

triggered immunity (ETI), as well as in pathways like phenylpropanoid biosynthetic pathway, 

and primary and secondary metabolic pathways. 

4.4.1 LncRNAs regulating genes involved in plant-pathogen interactions 

Both PTI and ETI play an important role in plant immunity (for review, Bigeard et al. 

2015), and the pattern recognition receptors (PRRs) are essential for recognizing the molecular 

signatures associated with pathogens and are known to induce local and systemic immunity (for 

review, Jones and Dangl 2006). In the present study, we found that several lncRNAs, including 

LNC_000745, LNC_003846, LNC_001589, LNC_001591, LNC_002078, LNC_001592, 

LNC_001519, and LNC_000496, were upregulated in the R plants and were predicted to 

modulate a brassinosteroid insensitive 1-associated receptor kinase 1 (BAK1) (BnaA03g52520D) 

gene. The PRRs, for example flagellin-sensing 2 (FLS2), EF-Tu receptor (EFR) and BAK1, 

belong to LRR receptor-like serine/threonine-protein kinase family (Chinchilla et al. 2007; Roux 

et al. 2011; for review, see Jones and Dangl 2006). Our analysis suggests that FLS2 is co-

regulated by eight lncRNAs (LNC_000077, LNC_000994, LNC_002415, LNC_002402, 

LNC_001085, LNC_003855, LNC_000177 and LNC_003247) and the EFR by a single lncRNA 
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(LNC_001473) detected at 10 dpi in response to infection by P. brassicae. Chinchilla et al. 

(2007) provided evidence that FLS2 and BAK1 form a complex on stimulation by flagellin,  thus 

initiating PRR-dependent signalling for  innate immunity in Arabidopsis. Similarly, Gómez-

Gómez and Boller (2000) and Kunze et al. (2004) have demonstrated, respectively, the role of 

FLS2 and EFR in eliciting innate immunity in this model plant.  

In this study, we also detected 13 DE lncRNAs (LNC_002263, LNC_001473, 

LNC_001382, LNC_000745, LNC_001589, LNC_001591, LNC_002078, LNC_001592, 

LNC_001519, LNC_000416, LNC_000205, LNC_2891 and LNC_000496) which were 

predicted to regulate the RPM1-interacting protein 4 (RIN4), a regulator of genes encoding 

disease resistance proteins such as resistance to Pseudomonas syringae protein 2 (RPS4) and 

resistance to P. syringae 3 (RPM1) (Supplementary Table 4.13). The NBS-LRR gene family is 

one of the largest gene families in plant kingdom which is known to play an important role in the 

cytosolic recognition of pathogenic effectors for the activation of ETI (for review, Noman et al. 

2019). The NBS-LRR proteins like RPM1 and RPS2 are known to physically interact with RIN4 

to activate the RPM1-dependent hypersensitive response (for review, see Belkhadir et al. 2004), 

where RIN4 acts as a negative regulator of basal defense responses but functions as a positive 

regulator of RPM1-mediated resistance (Mackey et al. 2002; for review, see Belkhadir et al. 

2004).  It is known that the reduced expression of RIN4 may not be compromised by the RPS2-

mediated resistance (Mackey et al. 2002). Thus, our study suggests the involvement of lncRNAs 

in the regulation of genes involved in innate immunity of the plants and their importance in PTI 

and ETI.   

4.4.2 LncRNAs regulating genes involved in primary and secondary metabolism 

Most of the DE lncRNAs detected in this study were found to regulate target genes 

involved in primary and secondary metabolic pathways. For instance, the phenylpropanoid 

pathway is known to be very important for biotic stress responses and is responsible for the 

biosynthesis of several secondary metabolites that are important during host-pathogen 

interactions (for review, see Caretto et al. 2015). Genes encoding the enzymes such as 

phenylalanine ammonia lyase (for review, see Vogt 2010), laccase (Liu et al. 2018; Wang et al. 

2015), chalcone synthase (for review, see Dao et al. 2011), cinnamoyl-CoA reductase (Kawasaki 

et al. 2006), cinnamyl alcohol dehydrogenase (Bagniewska-Zadworna et al. 2014), 4-coumarate-

CoA ligase (Liu et al. 2017), caffeoyl shikimate esterase, caffeoyl-CoA O-methyltransferase 1 
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and caffeic acid O-methyltransferase (for review,see  Xie et al. 2018) play an important role in 

the phenylpropanoid biosynthetic pathway; some of the DE lncRNAs of BnaA03 identified in 

our study are predicted to target the genes encoding the aforementioned enzymes 

(Supplementary Table 4.6). In addition to this, many genes involved in primary metabolic 

pathways including carbon and amino acid metabolism are also targeted by the DE lncRNAs 

(Supplementary Table 4.6). Thus, the results from the present study agree well with our previous 

observations on lncRNAs differentially expressed in canola carrying clubroot resistance gene 

introgressed from rutabaga (Summanwar et al. 2019) located on BnaA08 (Hasan and Rahman 

2016). Taken together, all these observations suggest that the primary and secondary metabolic 

pathways, including the phenylpropanoid pathway, may play an important role in conferring 

resistance to clubroot disease in canola. This is also consistent with the results from other 

genomics and proteomics-based studies where the modulation of primary and secondary 

metabolic pathways during plant-pathogen interactions has been observed (Patil and Kumudini 

2019; Ranjan et al. 2019; Sharma et al. 2007). However, the implication of these pathways in the 

regulation of clubroot resistance needs to be further investigated through overexpression and/or 

knock out of the important genes from these pathways.  

4.4.3 qRT-PCR validation of the selected lncRNAs and their target genes 

We also validated the relative expression of the selected lncRNAs, and their target genes 

based on their direct or indirect association with chromosome BnaA03 to which the clubroot 

resistance has been mapped (Fredua-Agyeman and Rahman 2016). For instance, the 

LNC_000340 was found to be upregulated in the R plants and is predicted to regulate two targets 

— one of which is an ethylene-responsive transcription factor 109 (ERF109) (BnaA03g52830D). 

Transcription factors of the ERF family are known to be involved in mediating responses to 

biotic and abiotic stress (Bahieldin et al. 2016; O'Donnell et al. 1996). Another lncRNA located 

on chromosome BnaA03, LNC_000354, was detected only in the S plants and it is predicted to 

regulate a gene encoding probable protein phosphatase 2C 2 (PP2C2) (BnaA10g04610D) (Fig. 

4.4). PP2C2 belongs to the largest protein phosphatase family that are known to be the regulators 

of the pathways involved in plant defense and development (for review, see Schweighofer et al. 

2004). Widjaja et al. (2010) reported that the PP2C is required for defense response against P. 

syringae and provide both positive and negative regulation of gene expression involved in plant 

defense. Similarly, the LNC_000421 was also expressed only in the S plants and was predicted 
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to regulate four genes; among these, the GATA transcription factor 17 (BnaC07g33440D) 

belongs to a group of DNA binding proteins widely found in eukaryotes (Gupta et al. 2017). 

According to Gupta et al. (2017), GATA factor might be involved in the regulation of signalling 

in response to abiotic stress in rice. They also suggested that the GATA transcription factors can 

create splicing variants under different environmental conditions. However, the specific role of 

these lncRNAs, their respective target genes and their roles in the regulation of gene expression 

remains to be investigated; nonetheless, the results from our study provided some insights into 

their possible involvement in mediating resistance to clubroot disease. 

4.4.4 LncRNAs expressed in canola lines carrying rutabaga- and Mendel-resistance 

Comparative analysis of the DE lncRNAs identified in this study and the 530 DE 

lncRNAs that we identified previously by using clubroot resistant canola lines carrying 

resistance introgressed from rutabaga (Summanwar et al. 2019) disclosed only 12 (about 2.2%) 

of these showing a similar trend of upregulation in both types of resistant lines; among these, 10 

(about 1.88% of the total) lncRNAs regulated the genes involved in defense-related pathways 

(Supplementary Table 4.9; Fig. 4.5A)  Therefore, it is highly likely that, at least, some of these 

lncRNAs play a critical role in resistance to clubroot disease. Of the remaining large majority of 

the DE lncRNAs, expression of some of these lncRNAs might be unique for these two 

resistances (BnaA03 and BnaA08) while the others might have resulted from the use of a limited 

number of DH lines (12 lines) from two genetically distinct populations. However, a similar 

pattern of upregulation of the above-mentioned 12 common lncRNAs and their target genes, and 

further confirmation of randomly selected four of these by qRT-PCR analysis, suggests that these 

DE lncRNAs are potentially relevant for the resistance in both genotypes. The expression of the 

predicted target genes of the four common lncRNAs, LNC_001220, LNC_000496, LNC_000980 

and LNC_002381, which are known to be involved in plant defense and/or plant pathogen 

interaction, were further confirmed by qRT-PCR. In this study, the LNC_000496 was predicted 

to regulate the genes involved in plant pathogen interaction which included BAK1 (Chinchilla et 

al. 2007) and RIN4 (Belkhadir et al. 2004); a gene coding lipid transfer protein (LTP) 

(BnaA03g25140D), which belongs to pathogenesis related protein family 14 (PR-14) (van Loon 

and van Strien 1999), also known to be involved in plant defense (Kirubakaran et al. 2008, Zhu 

et al. 2012); and a disease resistance protein (BnaA06g29870D) which is a probable NBS-LRR 

type protein (Noman et al. 2019). Similarly, the LNC_001220 has also been predicted to regulate 
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a disease resistance protein-coding gene (BnaC08g41340D). In addition to these, other target 

genes of LNC_001220 involved in plant defense included caffeic acid 3-0 methyltransferase 

(BnaA07g21250D), a gene involved in lignin biosynthesis found to be upregulated in P. 

brassicae infected tissues (Irani et al. 2019); a Ca2+ binding protein-coding gene called 

calmodulin-5 (BnaCnng20380D) (Aldon et al 2018) and an auxin responsive protein-coding 

gene called indoleacetic acid-induced protein 16 (BnaC05g47100D) (Fu and Wang 2011). A 

MYB related protein R1, which has been associated with drought tolerance in potato (Shin et al. 

2011), was also predicted to be regulated by LNC_000980 in our study. Also, a major latex 

protein 34 (MLP34) (BnaC06g24430D) of MLP family of PR-10 proteins was predicted to be 

regulated by LNC_002381 in this study. Previously, an MLP like protein had been demonstrated 

to have role in protection against pathogen Verticillium dahliae in cotton (Yang et al. 2015). 

Thus, comparative analysis of lncRNA data from the lines carrying Mendel- and rutabaga-

resistance suggest that the common 12 lncRNAs and their defense-related target genes might 

play an important role in mediating resistance to P. brassicae; however, functional validation of 

these common lncRNAs would provide further insight to these lncRNAs. 

4.4.5 Development of lncRNA-based molecular markers  

LncRNAs have been found to have high sequence conservation at the intra-species and 

sub-species levels (Deng et al. 2018). For example, Zhao et al. (2018) reported that about 84% of 

the lncRNAs are conserved in cotton (Gossypium spp.), and Shen et al. (2018) reported that the 

lncRNAs regulating lipid biosynthesis in B. napus are conserved in other members of the family 

Brassicaceae. Markers developed based on the conserved sequence regions can be used in 

molecular breeding with high efficiency; for example, Jaiswal et al. (2019) successfully 

developed SSR markers based on lncRNAs in five Capsicum spp. (C. annuum, C. chinense, C. 

frutescens, C. pubescens and C. baccatum). In our study, in addition to the identification of DE 

lncRNAs in the R and S plants, we also investigated the potential use of the information of the 

DE lncRNAs from chromosome BnaA03, harbouring resistance to clubroot disease (Fredua-

Agyeman and Rahman 2016), in molecular breeding. 

 Molecular markers can be considered as functional markers if they are developed from 

the gene sequences (Lau et al. 2015); this type of markers offer several advantages over random 

DNA markers for application in plant breeding. Different types of gene-based markers have been 

reported in plants, for example, EST-SSR markers in Lei bamboo (Cai et al. 2019), gene-tagged 
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SSR markers in apple (Zhen et al. 2018), inter-retroelement amplified polymorphism (IRAP) 

markers in Aegilops tauschii (Saeidi,et al. 2008), and miRNA-SSR markers in rice (Ganie and 

Mondal 2015; Mondal and Ganie 2014) and in Brassica (Fu et al. 2013). To date, increasing 

evidence supports that the lncRNAs are involved in the regulation of functional genes; therefore, 

markers developed based on lncRNAs can be considered as functional markers.  

In the present study, the development of an SSR marker from the lncRNA LNC_000424 

and establishment of its association with clubroot resistance has paved the way for exploring the 

Brassica lncRNAs for use in breeding. This lncRNA is located at 22,295,257–22,297,928 bp 

position of BnaA03 of the B. napus genome (Genoscope B. napus Genome Browser, 

http://www.genoscope.cns.fr/brassicanapus/; retrieved on 25 November, 2019), and the SSR 

occurred at the 22,295,388–22,295,423 bp position; the primer pairs of the SSR marker from this 

lncRNA exhibiting association with clubroot resistance located at 22,295,341 and 22,295,531 bp 

position of BnaA03. However, the molecular markers reported by Fredua-Agyeman and Rahman 

(2016) linked to this resistance with about 2% recombination have been positioned at 

40,936,414–41,929,968 bp of BnaA03 of the B. napus genome or at 24,376,817–24,684,311 bp 

of BraA03 of the B. rapa genome. The difference between the position of the lncRNA-based 

SSR marker identified in the present study and the position of the markers reported by Fredua-

Agyeman and Rahman (2016) might have resulted from the updates of the Brassica genome 

sequence database. Through bioinformatic analysis, we predicted that the lncRNA LNC_000424 

trans-regulates 45 target genes and cis-regulates 27 target genes (Supplementary Table 4.14; Fig 

4.9); some of the target genes trans-regulated by this lncRNA are involved in plant defense 

(Supplementary Table 4.14; Fig 4.9). However, the failure of the marker designed from this 

lncRNA to detect the resistance phenotype in about 2% cases indicates that this lncRNA might 

not be involved in the regulation of clubroot resistance in Brassica. It is possible that this 

lncRNA is located about 2 cM away from the clubroot resistance gene, and this might have 

resulted the observed recombination between the marker and the resistance phenotype. Further 

investigation would be needed to confirm the possible role of this lncRNA in mediating 

resistance to clubroot disease in B. napus. Nonetheless, the SSR marker developed based on the 

LNC_000424 can be used in marker assisted breeding including pyramiding of multiple genes to 

develop clubroot resistant canola cultivars; however, recombination between the marker and the 

resistance phenotype needs to be taken into account. 

http://www.genoscope.cns.fr/brassicanapus/
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4.5 Conclusion 

We have identified 464 DE lncRNAs in the roots of clubroot resistant canola plants 

challenged with P. brassicae pathotype 3. KEGG pathway enrichment analysis showed that the 

majority of the target genes regulated by these lncRNAs are involved in plant-pathogen 

interaction, plant hormone signaling, and in primary-secondary metabolic pathways. 

Bioinformatic analysis of these lncRNAs showed that some of these can function as endogenous 

target mimics of miRNAs or miRNA precursors. Comparison of the DE lncRNAs from this 

study and those we reported previously by using different resistant lines identified about 2.2% of 

the DE lncRNAs which might play a fundamental role in resistance to this disease. We also 

identified SSRs in about 40% of the DE lncRNAs where a marker from the lncRNA 

LNC_000424 of chromosome BnaA03 showed an association with clubroot resistance in 98% of 

the DH lines. Thus, the results from this study, including the development of lncRNA-based 

markers, extended our knowledge of the potential utility of the lncRNAs in the breeding of 

canola.  
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Supplementary Figures 

 

 

Supplementary Fig. 4.1 Characterization of the 464 DE lncRNAs in Brassica napus in response 

to Plasmodiophora brassicae pathotype 3 A) size distribution of exons; B) number of exons per 

transcript of the lncRNAs; C) length distribution of the lncRNAs; and D) distribution of the 

lncRNAs on chromosomes 
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Supplementary Fig. 4.2 Volcano plot showing the differential expression of Brassica napus 

lncRNAs post infection with Plasmodiophora brassicae pathotype 3 with threshold q-

value<0.05. 

 

 

Supplementary Fig. 4.3 Differentially expressed lncRNAs and their predicted targets in 

Brassica napus. A) number of predicted co-located target genes; and B) number of predicted co-

expressed target genes. 
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Chapter 5: Comparative transcriptome analysis of canola carrying clubroot resistance 

from 'Mendel' or Rutabaga and the development of molecular markers 

5.1 Introduction 

Brassica oilseed crops, such as Brassica napus (AACC, 2n = 38), B. juncea (AABB, 2n = 

36) and B. rapa (AA, 2n = 20), provide about 15% of the total global vegetable oil supply (for 

review, see Rahman et al. 2013). Among these crops, B. napus is cultivated most extensively in 

the world, with Canada, China and the European union being the largest producers (for review, 

see Carré 2014). Among the different threats to production of B. napus, clubroot disease, caused 

by Plasmodiophora brassicae Woronin, is an important one (for review, see Howard et al. 2010). 

In addition to the Brassica oilseeds, clubroot disease can also cause significant yield loss in 

vegetable crops belonging to the family Brassicaceae (for review, see Howard et al. 2010). The 

potential for this disease-causing extreme loss in many Brassica crops has necessitated research 

for the identification and characterization of genes involved in mediating clubroot resistance as 

well as the development of markers for use in breeding (for review, see Rahman et al. 2014). 

Plants being sessile in nature recognize and respond to pathogens and resist infection, 

whenever possible, by  their genetic makeup. In most instances, the interaction between plants 

and pathogens involve the recognition of specific molecular signals.  For instance, pathogens 

possess pathogen associated molecular patterns (PAMPs), which are recognized by the pattern 

recognition receptor (PRR) proteins in host cell (for review, see Jones and Dangl 2006). 

Recognition of the PAMPs by the PRRs results in the activation and deployment of defense 

responses that may ultimately lead to resistance against the pathogen (for review, see Jones and 

Dangl 2006). Some of the molecular factors responsible for resistance include genes associated 

with PAMPs-triggered immunity (PTI) and effector-triggered immunity (ETI). The activation of 

PTI or ETI activates a cascade of signalling events leading to the induction of genes encoding 

proteins responsible for resistance (for review, see Bolton 2009). Such genes include 

pathogenesis-related proteins, and proteins involved in the formation of reactive oxygen species, 

cell wall modifications, cell cycle alterations, calcium and hormone signalling, expression of 

various transcriptional factors, and mitogen-activated protein kinases (MAPKs) (Siemens et al. 

2006, Chen et al. 2016, Zhang et al. 2016, Irani et al. 2018, Luo et al. 2018, Mei et al. 2019).  

A number of reports that describe plant responses to P. brassicae at a molecular level 

have contributed to an enhanced understanding of the specific processes that may be involved in 
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mediating those responses. For instance, analysis of phytohormone profile in leaves, roots, and 

galls from B. napus infected with P. brassicae revealed that salicylic acid (SA) is involved in 

defense response (Prerostova et al. 2018). Jahn et al. (2013) reported the importance of auxin 

signalling pathways in the establishment of root galls by P. brassicae in Arabidopsis. P. 

brassicae is also observed to interfere with the hormonal homeostasis of the host plant, 

specifically affecting  endogenous cytokinin (CK) levels, which are linked to cell divisions and 

root hypertrophy leading to formation of galls. The genes involved in CK biosynthesis have been 

reported to be differentially expressed during P. brassicae infection and gall formation in root 

tissues (for review, see Robin et al. 2019). It has also been reported that CK metabolism and its 

regulation is important during P. brassicae infection of plants belonging to the Brassicaceae 

(Siemens et al. 2006, Rolfe et al. 2016, Malinowski et al. 2016, Kong et al. 2018, Ciaghi et al. 

2019).  In addition, Irani et al. (2019) reported an increased expression of the genes involved in 

phenylpropanoid biosynthetic pathway in both roots and shoots of Arabidopsis plants infected 

with P. brassicae. Although the aforementioned studies have improved our knowledge about 

host responses to P. brassicae infection, our understanding of these molecular processes is far 

from being complete. 

In a number of studies, efforts have been made to characterize the molecular-genetic 

basis of resistance to P. brassicae in Brassica. These studies have revealed that major genes 

conferring resistance to clubroot are frequently found to be located on the Brassica A genome 

(Hasan and Rahman 2016; for review, see Rahman et al. 2014) while resistance in the C genome 

is controlled by quantitative trait loci (QTL) (Farid et al. 2020) . Consequently, the resistance of 

the A genome has been used frequently to develop clubroot resistant Brassica oilseed (for 

review, see Rahman et al. 2014) and vegetable crops (for review, see Hirai 2006). For instance, 

the first clubroot resistant European winter canola cv. ‘Mendel’ has been reported to carry 

resistance located on the chromosome BnaA03 (Fredua-Agyeman and Rahman 2016) and this 

resistance has been introgressed into Canadian canola (for review, see Rahman et al. 2014) and 

used extensively for the development of clubroot resistant spring canola cultivars. It is also well 

known that multiple clubroot resistance genes are located on the chromosome BnaA03 (Fredua-

Agyeman and Rahman 2016). Yu et al. (2016) integrated information from the chromosome 

region of BraA03 of B. rapa carrying clubroot resistance with transcriptome analysis and 
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identified putative candidate genes to be involved in resistance and developed molecular markers 

for use in breeding. 

The other important resistance of the A genome which has been used in breeding is 

located on BnaA08 (Hasan and Rahman 2016; for review, see Rahman et al. 2014). However, 

limited study has so far been conducted to understand the molecular basis of this resistance. The 

genomic region of BnaA08, conferring resistance to clubroot, carry two genes, Crr1a and Crr1b, 

of which Crr1a encode Toll-Interleukin-1 receptor/nucleotide-binding site/leucine-rich repeat 

(TIR-NB-LRR) protein conferring resistance to P. brassicae isolate Ano-01 from Japan 

(Hatakeyama et al. 2013). The genomic region of BnaA08 introgressed from rutabaga (B. napus 

var. napobrassica) into Canadian canola found to confer resistance to P. brassicae pathotypes 2, 

3, 5, 6 and 8 (Hasan and Rahman 2016) as well as to some of the  recently identified pathotypes 

(unpublished data). To the best of our knowledge, no study has so far been conducted to compare 

the molecular basis of resistance of BnaA08 of rutabaga with BnaA03 of ‘Mendel’ – despite 

these two resistances have been used extensively in the breeding of spring canola cultivars 

(Rahman et al. 2014).  A comparative study of these two resistances would extend our 

knowledge of the molecular genetic basis of clubroot resistance in Brassica; such study has so 

far not been reported in literature. 

Advances in modern, “omics” technologies, including transcriptomics and proteomics 

have extended our knowledge of the molecular changes that occur in a plant following pathogen 

infection. For instance, a number of next-generation sequencing (NGS) studies (Chang et al. 

2019, Zhu et al. 2019) and proteome studies (Devos et al. 2006, Sharma et al. 2007, Cao et al. 

2008, Liang et al. 2008, Song et al. 2016) have been used to characterize plant responses to 

pathogens as well as for characterization of the resistance responses in plants (Chen et al. 2016, 

Zhang et al. 2016, Jia et al. 2017, Irani et al. 2018, Ciaghi et al. 2019, Summanwar et al. 2019, Li 

et al. 2020).  NGS approaches, combined with the knowledge of the genomic regions involved in 

the control of resistance, can lead to the identification of putative candidate genes involved in 

mediating clubroot resistance.  This information can also be used to develop gene-based 

molecular markers for use in breeding (Andersen et al. 2003, Poczai et al. 2013). Such gene-

based markers have the inherent advantage of eliminating the potential recombination events, 

which often occur for the markers designed from the flanking region of the genes (Andersen et 

al. 2003, Poczai et al. 2013). Thus, not only do gene expression studies provide important 
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insights into the resistance mechanisms, but they can also be used in breeding important crops, 

such as canola, for clubroot resistance. 

The objectives of this study were to (i) identify the genes that are differentially expressed in 

spring B. napus canola lines carrying clubroot resistance introgressed from rutabaga (BnaA08) 

and the lines carrying resistance introgressed from ‘Mendel’ (BnaA03), as compared to the lines 

lacking resistance, in response to infection by P. brassicae; (ii) perform a comparative analysis 

of the changes in gene expression due to resistance sources (BnaA08 vs. BnaA03) and identify 

the genes which could be involved in resistance to this disease. Additionally, we report the 

development of gene-based molecular markers from the differentially expressed gene sequences 

to provide molecular tools for the development of clubroot resistant Brassica crop cultivars. 

5.2 Materials and methods  

5.2.1 Plant materials 

Two doubled-haploid (DH) populations were used in this study. The first DH population 

(Rt) was developed from F1 plants of Rutabaga-BF × UA AlfaGold. The parent Rutabaga-BF is a 

clubroot resistant inbred line derived from rutabaga cv. Brookfield through self-pollination of 

single plants (Hasan and Rahman 2016). The other parent UA AlfaGold is an open-pollinated 

spring-type B. napus canola cultivar (Rahman 2017) which is susceptible to clubroot. The details 

of the development of the DH population and their phenotyping for resistance to P. brassicae 

pathotype 3 have been described by Hasan and Rahman (2016).  

The second DH population (Md), consisting of the populations #1333 and #1330, was 

developed from F1’s of the crosses 1CA0591.263 × A07-26NR and 1CA0591.323 × A07-26NR, 

respectively. The parents 1CA0591.263 and 1CA0591.323 carry clubroot resistance, and  were 

developed from cross between the winter canola cv. ‘Mendel’ and a Canadian spring canola line 

(Rahman et al. 2011), while the parent A07-26NR is susceptible to clubroot. The details of the 

development of the aforementioned DH populations and their resistance to P. brassicae 

pathotype 3 have been reported by Fredua-Agyeman and Rahman (2016). 

5.2.2 Plant materials for RNA-seq analysis 

A total of 192 plants which consisted of eight plants each of the 12 resistant (RtR) and 12 

susceptible (RtS) DH lines of the DH population Rt were grown in a greenhouse (22/15 C 

day/night and 16 h photoperiod) in 72-cell trays filled with Sunshine Professional Growing Mix 
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(Sun Gro Horticulture, USA). The seedlings were inoculated with P. brassicae single spore 

isolate SACAN-ss1 (pathotype 3) at 10 days after germination using the pipette method (Voorips 

and Visser 1993). The details of inoculum preparation, inoculation of the plants, and root tissue 

collection for RNA extraction are described in Summanwar et al. (2019). After inoculation, the 

soil was kept saturated with water to ensure successful infection and gall development. Similarly, 

192 seedlings of 12 resistant (MdR) and 12 susceptible (MdS) lines of the DH population #1333 

carrying Mendel-resistance were grown and inoculated to obtain root tissue for RNA extraction. 

The two experiments were repeated three times representing three biological replicates. 

5.2.3 RNA isolation, library preparation and sequencing 

In our earlier study (Summanwar et al. 2019), we observed that the initial infection and 

disease symptom development occur 10 days after inoculation; therefore, root tissues of the 

susceptible and resistant lines collected at this stage were used for RNA-seq analysis. In order to 

accomplish this, root tissues of three seedlings from each of the 12 RtS and 12 RtR lines as well 

as 12 MdS and 12 MdR lines was used for RNA isolation, and the samples were sent to 

Novogene (USA) for library preparation and sequencing. 

5.2.4 Mapping to the reference genome and transcriptome assembly 

RNA-sequencing was performed on Illumina HiSeq platform, which generated paired-

ended (150 × 2 bp) reads. Novogene’s in-house Perl transcripts were used for removal of the 

low-quality reads, adapter sequences and unrecognized bases. The Q20, Q30 and GC content 

was determined from the clean reads. The clean reads were indexed using Bowtie v2.0.6 

(Langmead and Salzberg 2012) and aligned to the B. napus reference genome v5.0 (Chalhoub et 

al. 2014) by using TopHat v2.0.9 (Trapnell et al. 2012). The assembly of the mapped reads was 

carried out using Scripture (beta2) (Guttman et al. 2010) and Cufflinks (v2.1.1) (Trapnell et al 

2010). Expression analysis of the mRNAs for each sample was calculated based on Fragments 

Per Kilobase pair of exon model per Million fragments mapped (FPKM) by taking the length of 

the fragments and count of the mapped reads into account and using Cuffdiff (v2.1.1) (Trapnell 

et al. 2010). The genes were considered differentially expressed if the adjusted p-value was < 

0.05. To acquire the Gene Ontology (GO) annotations, enrichment analysis was carried out using 

GOSeq R package (GOSeq, topGO, hmmscan; (Young et al. 2012)). GO terms with corrected p-

value less than 0.05 were considered significantly enriched by the differentially expressed genes.  



115 
 

For further annotation of the DEGs from the significantly enriched pathways, KEGG Orthology-

Based Annotation System KOBAS v2.0 software (http://www.genome.jp/kegg/, (Mao et al. 

2005)) was used.   

 

5.2.5 Phenotyping of canola seedlings treated using trehalose 

Seeds of each of seven RtS and RtR DH lines were surface sterilized using 10% bleach 

for 15 min and 70 % ethanol for 1 min, followed by washing three times with sterile distilled 

water (SDW). The sterilized seeds were placed on Whatman filter paper Grade 2 (GE 

Healthcare; USA) in Petri dishes containing SDW (T0 sample) and trehalose sugar solution of 30 

mM, 60 mM, 90 mM, and 120 mM concentration for seed priming. In total, eight seeds from 

each of the susceptible and resistant DH lines were grown for each trehalose treatment, and the 

experiment was repeated three times which constituted three replicates. The Petri dishes were 

sealed using Parafilm (Fisher Scientific, USA) and placed in an incubator at 22/15 C 

temperature (day/night) with a 16 h photoperiod for five days or until germination. The 

germinated seedlings were inoculated with the pathogen by dipping the roots in a resting spore 

suspension (1 × 107 spores/ml) of P. brassicae isolate SACAN-ss1 (pathotype 3) for 20 sec and 

were transferred to soil (Sunshine Professional Growing Mix). The plants were grown for 45 

days in the greenhouse and phenotyped for resistance to clubroot disease as described by Hasan 

and Rahman (2016), and disease severity index was calculated using the method of Horiuchi and 

Hori (1980) as modified by Strelkov et al. (2006): 

𝐷𝑆𝐼(%) =
∑(𝑛×0+𝑛×1+𝑛×2+𝑛×3)

𝑁×3
× 100  

where, n is the number of plants in each class, N is the total number of plants, and 0, 1, 2 and 3 

are the disease symptom severity classes. A DSI of 0 indicates the absence of visible galls in any 

of the plants, i.e., highly resistant, while a DSI of 100 indicates severe galling in all plants, i.e., 

extreme susceptibility. 

5.2.6 Quantitative real time polymerase chain reaction (qRT-PCR) analysis 

The expression pattern of 12 candidate genes known to be involved in plant defense 

responses and identified in both DH populations (Rt and Md) were validated using qRT-PCR. 

All qRT-PCR primers used in this study are listed in Supplementary Table 5.1. Prior to cDNA 

synthesis using iScript™ cDNA Synthesis Kit (Bio-Rad, USA), RNA from root tissues of the 

http://www.genome.jp/kegg/
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inoculated susceptible and resistant plants of both DH populations were treated with DNase. All 

qRT-PCR reactions were performed using PowerUP SYBR Green Master Mix from Applied 

Biosystems (Thermo Fisher Scientific, USA) on QuantStudio 6 Flex Real-Time PCR System 

(Thermo Fisher Scientific, USA). Two technical replicates of each biological replicate were 

analyzed. Ubiquitin conjugating enzyme 9 (UBC9), a housekeeping gene, was used as an 

endogenous control (Joshi et al. 2016). Fold change of the candidate genes were calculated using 

the formula: 

2-∆∆Ct= ((Ct gene of interest – Ct endogenous control) R – 

(Ct gene of interest – Ct endogenous control) S) (Schmittgen et al. 2008)  

For the evaluation of gene expression following trehalose treatment and pathogen 

challenge, six seedlings of each of the three RtS and RtR lines were used in each biological 

replicate, and the experiment was repeated three times. The seeds were sterilized and germinated 

on Whatman filter paper Grade 2 in Petri dishes as described previously. The Petri dishes were 

sealed with Parafilm (Fisher Scientific, USA) and placed in an incubator at 22/15 C temperature 

(day/night) with a 16 h photoperiod for five days or until germination. The seedlings were 

infected by dipping the roots in a resting spore suspension (1 × 107 spores/ml) of P. brassicae 

isolate SACAN-ss1 (pathotype 3) for 20 seconds and were transferred to soil. The roots of the 

treated seedlings were harvested at 10 dpi and flash frozen until qRT-PCR analysis.  

5.2.7 Development of SSRs from the DEGs  

The DEGs from the RNA-seq carried out between the RtS and RtR were analyzed and 

those from BnaA08 showing upregulation in the resistant plants (<-1fold change; Supplementary 

Table 5.2) were selected for the development of molecular marker. For this, the candidate genes 

sequences were downloaded from the Brassica napus genome resource Genoscope 

(http://www.genoscope.cns.fr/brassicanapus/ (Chalhoub et al. 2014)) and scanned for the 

presence of simple sequence repeat (SSR) motifs using the web-based microsatellite finder tool 

MISA-web (https://webblast.ipk-gatersleben.de/misa/ (Beier et al. 2017)).  Twenty-four primer 

pairs were generated for 17 SSRs from 15 DEGs located on BnaA08 and were used to 

investigate their association with resistance to P. brassicae pathotype 3 using the DH population 

Rt reported by Hasan and Rahman (2016). For this, genomic DNA of five resistant and five 

susceptible DH lines and their parents were used for identification of the polymorphic markers. 

http://www.genoscope.cns.fr/brassicanapus/
https://webblast.ipk-gatersleben.de/misa/
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PCR was carried out as described by Fredua-Agyeman and Rahman (2016) and the PCR 

conditions were as described by Green et al. (2018). The polymorphic markers from BnaA08 

were used to genotype the DH population Rt by gel electrophoresis.  

 Similarly, the DEGs obtained from the RNA-seq of MdS and MdR lines were analyzed 

and those from BnaA03 showing upregulation in the resistant plants (<-1fold change; 

Supplementary Table 5.2) were selected for the development of SSR markers. In this case, 47 

primer pairs were designed from the flanking sequences of 34 DEGs and nine primer pairs were 

designed based on sequences of nine DEGs. All these 56 SSR markers were tested for 

polymorphism, and the polymorphic markers were tested on the two DH populations #1330 and 

#1333 (Fredua-Agyeman and Rahman 2016) using the ABI sequencer 3730 (Applied 

Biosystems, USA). Markers when present in the genomic DNA were scored “+” and when 

absent were scored “-”only clear bands with sharp peaks were included in this analysis. 

Recombination frequency (RF) for the markers with clubroot resistance was calculated based on 

the number of recombinant lines divided by the total number of lines. 

5.3 Results 

5.3.1 RNA-seq analysis 

An NGS experiment was conducted to identify the differentially expressed genes (DEGs) 

in B. napus plants carrying clubroot resistance introgressed from rutabaga from which we 

previously reported the identities of DE lncRNAs (Summanwar et al. 2019).  In this study, we 

analyzed the data further to identify the DEGs with protein coding potential from the RtS and 

RtR plants in response to P. brassicae infection. As reported previously (Summanwar et al. 

2016), our consolidated NGS approach (i.e., including DE lncRNAs and DE protein coding 

genes) generated 461 million paired-end reads from six strand-specific libraries of which 79.8% 

were clean reads and 73.5% were unique reads. Similarly, from another consolidated sequencing 

experiment using B. napus plants carrying clubroot resistance introgressed from European winter 

canola cv. ‘Mendel’, we established the identities of protein-coding DEGs between MdS and 

MdR plants in response to P. brassicae infection. This consolidated experiment generated >445 

million paired-end reads, including 79.9% clean reads and 73.9% unique reads which were 

mapped to the B. napus reference genome.  

Our results indicated that a total of ~7,500 genes were DE between the RtS and RtR lines as well 

as between the MdS and MdR lines; among these, ~3,500 were upregulated and ~4,000 were 
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downregulated in both the RtR and MdR lines (Supplementary Fig. 5.1A and 5.1B). Among 

these, 64 genes were uniquely expressed in the RtR plants, whereas 38 were expressed only in 

the RtS plants.  Similarly, 40 genes were expressed only in the MdR plants and 86 were uniquely 

expressed in the MdS plants. In order to further investigate which DEGs may be responsible for 

clubroot resistance in both types of resistant lines, we focused on the genes that were observed to 

be upregulated in the RtR and MdR plants and their roles in plant defense related pathways.   

5.3.2 Functional annotation of the genes upregulated in RtR and MdR lines using GO 

enrichment and KEGG pathway analysis 

The genes upregulated in RtR and MdR lines were assigned to three GO classes viz. 

biological process, cellular component, and molecular process. The major sub-categories of the 

biological process, which included over 100 genes of RtR and MdR, were “single-organism 

metabolic process”, “oxidation-reduction process”, “transmembrane transport”, and “single-

organism transport” process (Supplementary Fig. 5.2A), and for the molecular process were 

“oxidoreductase activity”, “transporter activity”, and “transmembrane transporter activity” 

(Supplementary Fig. 5.2B). The most commonly represented five sub-categories of cellular 

component of the upregulated genes of RtR and MdR were “cell periphery”, “extracellular 

region”, “external encapsulating structure”, “cell wall” and “apoplast” (Supplementary Fig. 

5.2C).  KEGG pathway enrichment analysis indicated that these genes were involved in primary 

metabolism, biosynthesis of secondary metabolites and phenylpropanoids suggesting that these 

metabolic processes may be involved in the resistant canola lines in response to infection by P. 

brassicae. Genes involved in plant hormone signalling pathways and plant-pathogen interaction 

were more represented in the MdR plants, while the genes from carbon and amino acid metabolic 

pathways were more upregulated in the RtR plants (Supplementary Table 5.3).  

5.3.3 DEGs potentially involved in resistance to P. brassicae 

5.3.3.1 Primary metabolism 

Approximately 8-9% of the genes involved in primary and secondary metabolism were 

upregulated in the RtR and MdR lines. While comparing the two types of resistant lines, a 

greater number of genes (83) involved in primary metabolic pathways, such as the pentose 

phosphate pathway (PPP), glycolysis/gluconeogenesis, and starch and sucrose metabolism, were 

upregulated in the RtR plants as compared to the MdR plants (57 genes) (Fig. 5.1).  However, 
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some genes from these pathways, including phosphoglycerate kinase, phosphophenolpyruvate 

carboxykinase and acid beta-fructofuranosidase were upregulated in both types of resistant lines. 

Similarly, a greater number of genes involved in amino acid metabolism, mevalonic acid 

pathway (MVA) and methylerythritol 4-phosphate (MEP) were upregulated in the RtR plants 

(85) as opposed to the MdR plants (40) (Fig. 5.1). In MdR lines, a greater number of genes 

involved in secondary metabolism, for instance phenylpropanoid, lignin, flavonoid and stilbene 

biosynthesis, were upregulated as compared to the RtR lines (Fig. 5.1), however, some genes 

from these pathways including trans-cinnamate 4-monooxygenase, 4-coumarate--coA ligase-like 

9, flavonol synthase 3, caffeic acid 3-O-methyltransferase, flavone 3&apos;-O-methyltransferase 

1, 4-coumarate--CoA ligase-like 9 and peroxidase 2 were upregulated in both RtR and MdR (Fig. 

5.1; Supplementary Table 5.4). We also observed that the lipoxygenase (LOX) genes were 

upregulated only in the MdR lines (Fig. 5.1). Log2 (fold change) acquired from the RNA-seq 

experiment for the genes upregulated in RtR and MdR as shown in Fig. 5.1 are reported in 

Supplementary Table 5.4.  
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Fig. 5.1 An overview of the primary metabolic pathways and their relationship with the 

secondary metabolic pathways, plant hormone signalling, and pathogenesis related genes 

involved in plants in response to pathogen attack. Boxed heat maps shows expression 

profile of the DEGs upregulated in the resistant lines carrying clubroot resistance of 

rutabaga (RtR) or clubroot resistance of winter canola cv. Mendel (MdR) (Yellow box, 

intermediate metabolites; white box, pathways; names in bold font and in brackets, pathway 

names; names in normal font and in brackets, important genes of the pathway; red font, common 

genes upregulated in both RtR and MdR lines. Heat maps: green, genes upregulated in RtR; blue, 

genes upregulated in MdR; Log2(fold change) of all the genes are given in Supplementary Table 

5.3. The log2(fold change) = log2(susceptible lines (FPKM)/resistant lines (FPKM)); therefore, 

lower the value, higher the upregulation in the resistant lines)  

5.3.3.2 Plant-pathogen interaction  

a) Defense related genes and cell wall related proteins:  

Genes belonging to plant-pathogen interaction and plant hormone signalling pathways 

were upregulated in both RtR and MdR lines. The MapMan package (Thimm et al. 2004) was 

used to display the host-pathogen interaction pathways for the DEGs. The genes which are 

known to be involved in plant defense, such as the genes encoding transcription factors, 

peroxidases, kinases, cell wall proteins and disease resistance proteins were identified in both 

RtR and MdR lines (Fig. 5.2A and 2B) indicating that, at least some of them might be involved 

in resistance to clubroot disease. Genes encoding disease resistance proteins, for example 

BnaA03g45000D, BnaA03g44110D, BnaA08g20170D, BnaA09g14980D and BnaAnng18850D, 

were specifically upregulated in RtR, i.e., their expression was influenced by the rutabaga-

resistance (<-1)  (Fig. 5.2A; Supplementary Table 5.5), while the genes BnaC06g23970D, 

BnaA09g44940D, BnaA04g28100D, BnaC02g47400D, BnaC05g47550D, BnaA07g26100D, 

BnaCnng11220D, BnaC06g34090D, BnaC06g34040D, BnaAnng28770D, BnaC01g40270D and 

BnaA07g28550D encoding disease resistance proteins were specifically upregulated in the MdR 

lines, i.e., their expression was influenced by the Mendel-resistance (<-1). A number of genes 

encoding defensin-like proteins, such as BnaA01g35960D, BnaC01g29140D, BnaA01g35950D, 

BnaC01g29230D, BnaA05g03400D and BnaC01g29250D, were induced in the MdR lines (Fig. 

5.2B; Supplementary Table 5.5) but not in the RtR lines (Fig. 5.2A; Supplementary Table 5.5). 

Thus, it is apparent that a greater number of disease resistance genes and defensins were 

expressed in the MdR lines as compared to the RtR lines; some of these genes might play an 

important role in disease resistance, specifically, in the MdR plants. 
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 A greater number of genes encoding cell wall related proteins were upregulated in the 

RtR lines (144) than in the MdR lines (102) (Fig. 5.2A and 5.2B). Some of the genes associated 

with cell wall functions, which were significantly upregulated (<-1) in the RtR and MdR lines, 

included those encoding enzymes involved in hemicellulose synthesis, cell wall precursor 

synthesis, pectin esterases and acetylesterases for cell wall modification and various pectate 

lyases and polygalaturonases for cell wall degradation. The two genes BnaC09g05460D and 

BnaA03g30660D, which are involved, respectively, in cell wall degradation and modification 

were upregulated (<-1) in both RtR and MdR lines (Fig. 5.2C; Supplementary Table 5.5). 

b) Signalling 

Plant hormones are critical for modulating the developmental processes and signalling 

networks in response to various environmental cues including biotic and abiotic stresses (Bari 

and Jones 2009, Derksen et al. 2013). Relatively a greater number of genes involved in auxin 

(RtR:35 vs. MdR:33), brassinosteroid (RtR:13 vs. MdR:7) and SA (RtR:9 vs. MdR:7) signaling 

were upregulated in the RtR plants;  in contrast, a greater number of genes involved in abscisic 

acid (RtR:8 vs. MdR:16), ethylene (RtR:29 vs. MdR:63), and JA (RtR:6 vs. MdR:22) signalling 

were upregulated in the MdR lines (Fig. 5.2A,B, Supplementary Table 5.5) reflecting the 

differences between the RtR and MdR plants with respect to the expression of plant hormone 

signalling genes. 

The difference between the MdR and RtR lines was also observed with respect to the 

expression of signalling proteins like receptor kinases, G proteins and Ca+2 signalling (Fig. 5.2A 

and 5.2B, Supplementary Table 5.5). For instance, 36 signalling related receptor kinases were 

upregulated in the MdR lines (<-1) as opposed to only nine in the RtR lines (<-1) 

(Supplementary Table 5.5). Similarly, a greater number of genes encoding G-proteins (RtR:25 

vs. MdR:41) as well as those playing a role in calcium signalling (RtR:38 vs. MdR:72) were 

upregulated in the MdR lines (Supplementary Table 5.5). Thus, our study provides valuable 

information of the pathways involved in resistance to clubroot disease in canola carrying 

resistance introgressed from rutabaga and cv. Mendel.  A global view of the genes upregulated in 

the RtR and MdR lines in response to infection by P. brassicae is presented in Fig. 5.2 and the 

details of the genes are given in Supplementary Table 5.5.  
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Fig. 5.2 MapMan analysis showing putative genes upregulated in Brassica napus lines 

carrying clubroot resistance gene introgressed from rutabaga and winter canola cv. 

Mendel, and their involvement in different pathways in response to infection by 

Plasmodiophora brassicae. A) Genes upregulated in resistant lines carrying rutabaga-resistance 

(RtR); disease resistant protein-coding genes specific to this resistance are given in the green 

panel. B) Genes upregulated in resistant lines carrying Mendel-resistance (MdR); disease 

resistant proteins coding genes and defensins specific to this resistance are given in the blue 

panel. C) List of common genes upregulated in both RtR and MdR lines. Heat maps: green, 

genes upregulated in RtR; and blue, genes upregulated in MdR. Log2(fold change) of all the 

genes are given in Supplementary Table 5.5. The log2(fold change) = log2(susceptible lines 

(FPKM)/resistant lines (FPKM)); therefore, lower the value, higher the upregulation in resistant 

lines. (ABA: abscisic acid; SA: salicylic acid; JA: jasmonate; Brassinost: brassinosteroid; HSP: 

heat shock protein; MAPK: mitogen-activated protein kinase; PR-proteins: pathogenesis-related 

proteins; ERF: ethylene-responsive factors; bZIP: basic leucine zipper; DOF: DNA-binding with 

one finger)  

5.3.4 Quantitative real time-PCR (qRT-PCR) validation of expression 

To confirm the results of the RNA-seq, 24 DEGs identified in this study that may play a 

role in plant defense in the RtR and MdR lines were selected for the qRT-PCR assay. The 

selected genes belong to plant hormone signalling and phenylpropanoid pathways, encode 

defensins, PR genes, and the genes involved in plant-pathogen interaction. In all these cases, 

qRT-PCR results were consistent with gene expression data from RNA-seq analysis (Fig. 5.3).  
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Fig. 5.3: A) qRT-PCR validation of the differentially expressed genes (DEGs) identified by 

using A) susceptible (RtS) and resistant (RtR) Brassica napus lines carrying clubroot resistance 

gene of rutabaga (B. napus var. napobrassica), and B) susceptible (MdS) and resistant (MdR) B. 

napus lines carrying clubroot resistance gene of winter canola cv. Mendel. All the DEGs selected 

for validation are known to be involved in plant defense. [Expression of the genes was 

normalized to UBC9 (endogenous control). Log2 (fold change) in R lines was calculated using 

the formula 2−ΔΔCt = ((Ct gene of interest − Ct endogenous control)R − (Ct gene of interest − Ct endogenous control)S)]. 

Three biological replicates and two technical replicates were used. Error bar = standard error]. 
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5.3.4.1 Genes upregulated in both RtR and MdR lines and their validation using qRT-PCR 

A total of 513 genes were observed to be upregulated in both RtR and MdR lines, 

(Supplementary Table 5.6). We selected five genes which were involved in plant defense-related 

pathways and displaying similar expression pattern in both RtR and MdR lines for further 

validation by qRT-PCR. This included the genes encoding ethylene-responsive transcription 

factor 109 (BnaA03g52830D), lipid transfer protein EARLI 1(BnaA06g38220D), disease 

resistance-like protein “constitutive shade-avoidance 1” (BnaC03g08650D), protein REVEILLE 

1 (BnaC09g40660D) and RING-H2 finger protein (BnaCnng16450D). Expression profiles of 

these genes as gleaned from the qRT-PCR data were similar to that of the RNA-seq data (Fig. 

5.4).  

 

 

 

 

 

Fig. 5.4: qRT-PCR validation of the differentially expressed genes involved in plant disease 

response which are upregulated in clubroot resistant Brassica napus canola lines carrying 

resistance introgressed from rutabaga (RtR) or winter canola cv. Mendel (MdR). [Expression of 

the genes was normalized to UBC9 (endogenous control). Log2 (fold change)) in R lines was 

calculated using the formula 2−ΔΔCt = ((Ct gene of interest − Ct endogenous control)R − (Ct gene of interest − Ct 
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endogenous control)S)]. Three biological replicates and two technical replicates were used. Error bar = 

standard error]. 

5.3.5 Comparison between BnaA08 (RtR) and BnaA03 (MdR) resistance  

We annotated a total of 44 genes from the chromosome BnaA08 of the RtR lines, which 

were upregulated and found to be involved in host-pathogen interaction (Fig. 5.5A, 

Supplementary Table 5.7); one of them is the PR disease resistance RPP5-like gene 

(BnaA08g20170D). This gene was upregulated only in RtR but not in MdR lines (Fig. 5.5A, 

Supplementary Table 5.7). Similarly, a total of 92 genes, which were upregulated and found to 

be involved in host-pathogen interaction, were annotated from the chromosome BnaA03 of the 

MdR lines (Fig. 5.5B, Supplementary Table 5.7). For the genes encoding disease resistance 

proteins, a single gene BnaA08g20170D was upregulated in the RtR line (Fig. 5.5A), while three 

genes viz. BnaA03g46200D, BnaA03g48510D and BnaA03g03830D were upregulated in the 

MdR lines (Fig. 5.5B). Furthermore, among these 92 genes, the most upregulated gene (fold 

change: -5.78042) was found to be an aspartic proteinase-like protein 1 (BnaA03g39150D) from 

BnaA03 of the MdR lines (Supplementary Table 5.7). However, the aforementioned genes which 

expressed in the MdR lines, but not in the RtR lines, can be considered to be specific to MdR. 

Some of the genes from JA, brassinosteroid and auxin signalling pathway were upregulated in 

the MdR lines (Fig. 5.5B), whereas not a single gene from these pathways were expressed in the 

RtR lines (Fig. 5.5A). Overall, a greater number of genes involved in plant response to biotic 

stress were found to be expressed in the MdR lines as compared to the RtR lines (Fig. 5.5A and 

5.5B). This suggests that at 10 dpi, the clubroot resistance of the MdR lines was influenced by 

BnaA03, however, the resistance in the RtR lines could also be influenced by the defense related 

genes from other chromosomes. 
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Fig. 5.5 MapMan analysis showing putative genes from clubroot resistant Brassica napus 

lines carrying rutabaga-resistance (RtR; BnaA08) and resistant lines carrying Mendel-

resistance (MdR; BnaA03) and their role in different pathways involved in response to 

infection by Plasmodiophora brassicae. A) DEGs from BnaA08 upregulated in RtR; disease 

resistant genes specific to rutabaga-resistance are given in the green panel. B) DEGs from 

BnaA03 upregulated in MdR; disease resistant genes specific to Mendel-resistance are given in 

the blue panel. Heat maps: green, upregulated in RtR; blue, upregulated in MdR. Log2(fold 

change) of all the genes are given in Supplementary Table 5.5. The log2(fold change) = 

log2(susceptible lines (FPKM)/resistant lines (FPKM)); therefore, lower the value, higher the 

upregulation in resistant lines.  (ABA: abscisic acid; SA: salicylic acid; JA: jasmonate; Brassino: 

brassinosteroid; HSP: heat shock protein; MAPK: mitogen-activated protein kinase; PR-proteins: 
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pathogenesis-related proteins; ERF: ethylene-responsive factors; bZIP: basic leucine zipper; 

DOF: DNA-binding with one finger) 

We also identified several orthologous genes, which were upregulated in either BnaA08 

of RtR or BnaA03 of MdR lines and were involved in biotic stress response. Six orthologous 

genes, viz. probable WRKY transcription factor 19, serine carboxypeptidase-like 29, serine 

carboxypeptidase-like 42, probable xyloglucan endotransglucosylase/hydrolase protein 18, 

ethylene-responsive transcription factor called “cytokinin response factor 4 (CRF4)”, and 

ethylene-responsive transcription factor ERF060, were identified in both BnaA08 and BnaA03 

(Fig. 5.6). Among these, four were upregulated in RtR and two in MdR, however, only the 

CRF4, which is an ethylene-responsive transcription factor, was upregulated in both types of 

resistant lines (Fig. 5.6). The CRF4 (BnaA08g13940D) of BnaA08 is located at 11,929,168 – 

11,930,155 bp, while the CRF4 (BnaA03g48910D) of BnaA03 is located at 25,137,421 – 

25,138,399 bp position of the B. napus genome. Thus, the upregulation of CRF4 in both resistant 

lines indicate that this gene might play a fundamental role in resistance to P. brassicae.  

 

 

 

Fig. 5.6 Differentially expressed orthologous genes involved in plant defense found on 

chromosomes BnaA08 of RtR lines and BnaA03 of MdR lines of Brassica napus, carrying 

clubroot resistance derived, respectively, from rutabaga and winter canola cv. Mendel. 
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Green font, upregulated in RtR lines; blue font, upregulated in MdR lines; asterisk: upregulated 

gene found on chromosome BnaA08 of RtR lines and chromosome BnaA03 of MdR lines. 

 

5.3.6 Evaluation of canola lines treated with trehalose for resistance to clubroot 

As mentioned earlier, we observed that several genes involved in primary metabolic 

pathways were upregulated in the resistant lines, and some of these genes might be, at least, to 

some extent responsible for upregulation of the plant defense genes. Among the different 

primary metabolites, sugars are known to enhance oxidative burst at the early stage of infection 

by pathogen, increase lignification in cell walls, and induce the genes encoding pathogenesis-

related (PR) proteins (for review, see Morkunas et al. 2014). It is well established that the carbon 

from the primary metabolic pathway generally flows to the secondary metabolic pathway for 

synthesis of different secondary metabolites such as phenols, lignins, flavones, alkaloids, and 

stilbenes (for review, see Bolton 2009, Huang et al. 2019).  To understand the role of sugars in 

resistance to P. brassicae, we examined the effect of priming the susceptible and resistant DH 

lines with trehalose for resistance to clubroot disease. Of the four concentrations we used in this 

study, pooled data of the seven susceptible DH lines treated with 30 mM and 60 mM trehalose 

showed a partial resistance to this disease with DSI of about 45%, while the treatment with 120 

mM trehalose and SDW did not change the phenotype of the DH lines, i.e. they were completely 

susceptible with DSI of 100% (Fig. 5.7A). The differences between the DSI values for the 

trehalose treatments were statistically significant (P<0.05). A similar (P<0.05) trend for the DSI 

value was also found among for the seven lines individually (data not shown). Priming of the 

resistant lines with trehalose did not exert any negative effect on the growth and development of 

the plants, as well as for resistance to clubroot disease (data not shown).  

5.3.7 Quantification of defense responsive genes in response to priming with trehalose 

The expression profile of six plant defense genes, viz. chitinase (CHI), pathogenesis-

related 1(PR1), pathogenesis-related 2 (PR2), phenylalanine ammonia lyase (PAL), lipoxygenase 

(LOX) and peroxidase (PER) in response to priming of the three DH lines with trehalose is 

presented in Fig. 5.7. Among the six genes, a consistent expression of the genes in the three DH 

lines was found for PR2, LOX and PAL. The PR2 gene was significantly upregulated (fold 

change: S1: 6.93; S2: 4.3; S3: 14.66) in T30 treatment as compared to the T0 treatment (P<0.05). 
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The LOX, a gene critical in lipoxygenase and JA pathway (Fig. 5.1), was significantly 

upregulated (fold change: S1: 16.27; S2: 7.99; S3: 4.65) in both T30 and T60 treatments 

(P<0.05) (Fig. 5.7B), while the gene PAL was upregulated in T30 treatment (P<0.05). Thus, the 

treatment with trehalose resulted an increased expression of some of the defense related genes 

under T30 and T60 treatments in the S lines (Fig. 5.7A, B). On the contrary, it is evident from 

the results observed in T90 and T120 treatment that the expression of these defense-related genes 

is statistically similar to the expression observed in the T0 treatment; however, expression of all 

six plant defense genes, on average, was lower in the T120 treatment as compared to the T30 and 

T60 treatments. 
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Fig. 5.7 Results of the clubroot susceptible doubled haploid (DH) Brassica napus lines 

treated with trehalose at concentrations of 0 (T0), 30 (T30), 60 (T60), 90 (T90) and 120 

(T120) mM. A) Disease severity index (DSI %); pooled data of the seven DH lines presented. 

Statistical significance as compared to T0 was calculated using t-test and is indicated by asterisk. 

B) Expression analysis of chitinase (CHI), pathogenesis-related 1(PR1), pathogenesis-related 2 

(PR2), phenylalanine ammonia lyase (PAL), lipoxygenase (LOX) and peroxidase (PER) in three 

susceptible DH lines (S1, blue; S2, orange; and S8, grey) treated with trehalose of the above-

mentioned five concentrations. [Statistical significance was calculated using t-test; asterisks 

indicate the T30 and T60 are statistically different from T0 in S1; triangle indicate the T30 and 

T60 are statistically different from T0 in S2; and star indicate the T30 and T60 are statistically 

different from T0 in S3.] 

5.3.8 Development of SSR markers from the DEGs of BnaA08 (RtR) and BnaA03 (MdR) 

To develop gene-based molecular markers associated with resistance, we screened all the 

84 genes from BnaA08 upregulated (<-1) in RtR for the presence of SSRs. Of the 84 DEGs, 15 

contained a total of 17 SSRs; these 15 DEGs located at the following positions: five located at 

157,029 – 6,790,400 bp, two at 10,299,331 – 10,318,442 bp, seven at 12,256,423 – 14,314,535 

bp and one located at BnaA08_random 1,822,640 – 1,824,044 bp. A total of 24 SSR primer pairs 

were designed based on the 17 SSRs and were tested for polymorphism between the resistant and 

susceptible parents of the Rt mapping population.  Among these, the SSR marker designed from 

the DEG BnaA08g03250D based on (AGC)5 sequence repeat exhibited polymorphism. 

Genotyping of the 81 DH lines of this population with this marker showed an association with 

clubroot resistance; however, 2.4% recombination occurred between the markers and resistance 

(Supplementary Table 5.8). Representative genotyping results are shown in Fig. 5.8A.  

In case of Mendel-resistance, 119 DEGs from BnaA03 were upregulated (<-1) in the 

MdR lines; however, nine DEGs found to contain SSRs. A total of nine primer pairs were 

designed from the nine DEGs; these DEGs located at the following positions: three located at 

12,392,309 – 15,561,056 bp, four at 18,474,534 – 22,509,061 bp and two located at 28,491,805 – 

28,617,965 bp. All 56 markers, which included 47 markers designed from flanking sequences of 

34 DEGs and nine designed from the nine DEGs, were tested for polymorphism between the 

resistant and susceptible parents of the two mapping populations #1330 and #1333. Among 

these, two SSR markers designed from the DEGs BnaA03g41300D and BnaA03g44400D, based 

on the sequence repeats (TCC)6 and (CAT)5, respectively, exhibited polymorphism. Genotyping 

of the 96 DH lines of the two mapping populations showed an association of these markers with 
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resistance. However, the marker from BnaA03g41300D showed about 3.12% recombination, 

while the marker from BnaA03g44400D showed about 1.04% recombination (Supplementary 

Table 5.9). Representative chromatograms from ABI DNA analyzer are shown in Fig. 5.8 B & 

C. In case of the 47 primer pairs designed from the flanking sequences of 34 DEGs upregulated 

in MdR, none of these show polymorphisms between the resistant and susceptible parents.  
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Fig. 5.8 Representative genotyping results of the gene-based SSR markers. A) Gel images 

depicting genotyping of Brassica napus doubled haploid population, carrying Rutabaga 

resistance, by the SSR marker designed from the BnaA08g03250D of BnaA08. B) ABI DNA 

analyzer electropherogram peaks depicting genotyping of two B. napus doubled haploid 

populations (#1330 and 1333) by the SSR marker designed from the BnaA03g41300D of 

BnaA03. C) ABI DNA analyzer electropherogram peaks depicting genotyping of two B. napus 

doubled haploid populations (#1330 and 1333) by the SSR marker designed from the 

BnaA03g44400D of BnaA03. [B & C) x-axis indicate the size of DNA fragments in base pairs, 

while the y-axis indicates the intensity of the fluorescent signal]  

5.4 Discussion 

RNA-seq has been implemented by several researchers mostly by using single clubroot 

resistance gene to study the transcriptomic changes occur during interaction between the 

Brassica host and P. brassicae and to identify the putative candidate genes (Chen et al. 2016, 

Irani et al. 2018, Huang et al. 2019, Li et al. 2020). In this study, we conducted a comparative 

analysis of the DEGs upregulated in the lines carrying rutabaga-resistance located on 

chromosome BnaA08 and the DEGs upregulated in the lines carrying Mendel-resistance located 

on BnaA03 to identify the candidate genes to be involved in clubroot resistance, as well as to 

identify the genes which might play a fundamental role in resistance and, thus, to extend our 

knowledge of the molecular-genetic basis of resistance. To our knowledge, such study has so far 

not been conducted in canola. We also used these DEGs for the development of molecular 

markers for use in breeding. Furthermore, based on the identification of the primary and 

secondary metabolic pathways upregulated in the resistant lines, we studied the importance of 

these pathways for clubroot resistance in susceptible plants after priming with carbohydrates, 

like trehalose.  

 Genes encoding different transcription factors, disease resistance proteins, peroxidases, 

heat shock proteins, cell wall proteins as well as those involved in different biosynthetic 

pathways such as primary metabolism, secondary metabolism and plant hormone signalling 

showed differential expression in the RtR and MdR lines after P. brassicae infection and, 

therefore, might be involved in conferring resistance to clubroot disease. Plants have the ability 

to recognize and respond to pathogen attacks by deploying defense responses (for review, see 

Bolton 2009). These defense responses result in an increased energy demand, including for 

carbon skeletons and amino acids, which are the products from primary metabolic pathways like 

the glycolytic pathway, PPP, sucrose metabolism and TCA-cycle, and used by the secondary 
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metabolic pathways like the phenylpropanoid pathway (for review, see Bolton 2009). These 

primary and secondary metabolic pathways are known to respond to pathogen infection (Danson 

et al. 2000, Mutuku and Nose 2010, 2012, Hren et al. 2009) and were also found to be 

upregulated in the RtR and MdR lines used in this study in response to P. brassicae infection at 

10 dpi. The building blocks used in the biosynthesis of plant secondary metabolites (SMs) like 

nitrogen/sulphur containing compounds, phenolic compounds and terpenoids (for review, see 

(Croteau et al. 2000, Ncube and Staden 2015) are derived from acetyl-coA (acetate pathway), 

shikimic acid (shikimate pathway), mevalonic acid (MVA pathway) and 1-deoxyxylulose-5-

phosphate (MEP pathway) (Fig. 5.1).  

Plant SMs are synthesized from the modified aromatic amino acids via the shikimate 

pathway (for review, see Vogt 2010, Parthasarathy et al. 2018). For instance, 3-deoxy-D-

arabino-heptulosonate 7-phosphate synthase (DAHP) catalyzes the first step of the shikimate 

pathway (for review, see Santos-Sánchez et al. 2019). Subsequently, reactions in the 

phenylpropanoid pathway are catalyzed by the enzymes encoded by phenylalanine ammonia-

lyase (PAL), peroxidase (PER), 4-coumaroyl CoA-Ligase (4CL), trans-cinnamate 4-

monooxygenase, cinnamyl alcohol dehydrogenase, and caffeic acid 3-O-methyltransferase gene 

families (for review, see Caretto et al. 2015, Tohge et al. 2013). PAL and 4CL are important 

intermediate enzymes responsible for the synthesis of stilbenes, flavones, flavonols, lignins, 

tannins, coumarins and anthocyanins (Zhang et al. 2017; for review, see Vogt 2010, 

Parthasarathy et al. 2018). PER catalyzes the redox reaction of various substrates resulting in the 

lignification and cross-linking of cell wall proteins (Hilaire et al. 2001, Govind et al. 2016). 

Upregulation of these genes in RtR and MdR lines suggests that increased lignification of the 

cell wall may be important to prevent or slow down pathogen invasion and spread (Lahlali et al. 

2017, Badstöber et al. 2020) for resistance to P. brassicae. Furthermore, plant SMs like terpenes, 

generated by the MVA and MEP pathways, produce cytosolic and plastidial terpenes, 

respectively (Bick and Lange et al. 2003, Laule et al. 2003) (Fig. 5.1). The 3-hydroxy-3-

methylglutaryl-coenzyme A reductase (HMGR) from the MVA pathway and geranylgeranyl 

pyrophosphate synthase (GGPPS) from the MEP pathway showed some degree of induction in 

the resistant plants at 10 dpi. Previously, overexpression of HMGR (Oba et al. 1985, Kondo et al. 

2003, Wang et al. 2012) and GGPPS (Henriquez et al. 2016, Takemoto et al. 2018) have been 

reported to enhance biotic stress tolerance in Solanaceae plants. In the current study, induction of 
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these genes due to infection by P. brassicae suggests their role in clubroot resistance in Brassica 

as well. Thus, the concomitant increase in the expression of the genes involved in carbon 

metabolism, acetate pathway, shikimate pathway, MVA, MEP and phenylpropanoid pathways 

suggests that altered carbon metabolism plays an important role in mediating the resistance to P. 

brassicae in the RtR and MdR lines. 

The modulation of primary metabolism in plants also influences the SA and JA responses 

during the defense responses against the pathogens (Lemarié et al. 2015). Isochorismate from the 

shikimate pathway is a precursor of SA and is important for the induction of local and systemic 

acquired resistance (Wildermuth et al. 2001, Torrens-Spence et al. 2019, Rekhter et al. 2019). 

Likewise, JA is an important phytohormone, produced by the lipoxygenase pathway in which the 

acetyl-coA from the glycolytic pathway serves as the precursor (for review, see Dudareva et al. 

2013). It is also well known that both SA and JA are responsible for the induction of PR genes 

(Lemarié et al. 2015, Mei et al. 2006); for review, see (Okada et al. 2014, Ruan 2019) (Fig. 5.1). 

In this study, we observed SA pathway activation in both RtR and MdR lines at 10 dpi, 

providing support to the previous studies Siemens et al. 2006, Lemarié et al. 2015, Ning et al. 

2019). We also observed the lipoxygenase (LOX) and most of the genes of JA pathway like 

jasmonate ZIM domain-containing protein (JAZ) and allene oxide cyclase (AOC) (for review, see 

(Wasternack and Song 2017) were expressed only in the MdR lines indicating that JA may play a 

role along with SA in mediating clubroot resistance in MdR (Lemarié et al. 2015, Fu et al. 2019, 

Liu et al. 2020). Thus, it appears that the induction of the specific genes involved in SA and JA 

pathways is different in clubroot resistant B. napus lines for mediating resistance to P. brassicae 

which is also evident from other studies (Lemarié et al. 2015). However, this needs to be verified 

through mutational analyses of the genes of SA and JA pathway as well as analysis of the levels 

of endogenous SA and JA in clubroot resistant lines in response to challenge by the pathogen.   

Primary metabolism can be modulated to induce resistance mechanisms in plants before 

the impending pathogen attack. This process of priming defense responses to various pathogens 

leads to an increased expression of the genes involved in mediating resistance (for review, see 

Bolton 2009) and ensures that energy costs associated with plant defense mechanisms are 

efficiently managed (for review, see Bolton 2009). In plants, such modulation is achieved by 

priming these pathways with small carbohydrates, which have been suggested to play multiple 

roles. These include, the biosynthesis of plant structural compounds, acting as signalling 
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molecules that regulate the plant immune system, enhancing the oxidative burst during the early 

stages of infection, increasing the lignification of cell walls, inducing the genes encoding PR 

proteins, and the stimulation of flavonoid biosynthesis for plant defense responses (Gómez-Ariza 

et al. (2007); for review, see (Morkunas and Ratajczak 2014).  Different carbohydrates, including 

sucrose, trehalose, raffinose, α-D-glucopyranosyl-(1–1)- α–D-glucopyranoside and galactinol 

can activate plant defense responses for resistance towards various pathogens (Trouvelot et al. 

2014, Singh et al. 2011, Lyu et al. 2013, Delorge et al. 2014, Mostofa et al. 2015). For example, 

it has been demonstrated that treatment of rice plants with sucrose induces the accumulation of 

PR1a, PR1b and PR5 in leaves resulting in an enhanced resistance to the fungus Magnaporthe 

oryzae (Gómez-Ariza et al. 2007). Furthermore, this study also showed that the plants can 

regulate their sucrose level in response to pathogen infection and the altered sucrose level can act 

as endogenous molecular signal to activate the defense response (Gómez-Ariza et al. 2007). 

Consistent with the aforementioned studies, our study also suggests that carbohydrates play a 

role in the elicitation of plant defense responses against pathogens.  

Trehalose is known to have a robust effect on carbon metabolism in plants. Previous 

studies have shown that P. brassicae increases the accumulation of sugars such as glucose, 

fructose, and trehalose in infected plant roots (Brodmann et al. 2002, Bae et al. 2005). Li et al. 

(2018) also observed a significant increase in sugar and fructose contents as well as upregulation 

of SWEET genes in clubroot-susceptible B. rapa as compared to clubroot-resistant B. rapa. They 

suggested that increased sugar translocation and P. brassicae infection is closely related as P. 

brassicae triggers the expression of the SWEET genes causing sugar translocation from the sugar 

producing source organs to the gall tissue. This suggests that trehalose can act as a virulence 

factor by altering carbohydrate metabolism (Brodmann et al. 2002, Bae et al. 2005). However, in 

this study, an increased resistance in the clubroot susceptible B. napus lines, inoculated with P. 

brassiae, was observed due to exogenous application of trehalose (Fig. 5.7A) indicating 

trehalose might play a role in elicitation of plant defense response as well. Enhanced resistance 

of plants to biotic stress following exogenous application of trehalose has also been reported by 

other researchers, for instance in Arabidopsis against green peach aphid and in wheat against 

Blumeria graminis (Singh et al. 2011, Reignault et al. 2001, Tayeh et al. 2014). Our study further 

indicated the upregulation of defense related genes like PR1, PR2, LOX and PAL in the 

susceptible DH lines in response to trehalose (Fig. 5.7B). Similar results have also been reported 
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by Tayeh et al. (2014) in wheat where an increased expression of PR1, LOX and PAL was found 

after priming with trehalose. Therefore, in our study, the seed treatment using lower 

concentrations of trehalose might have functioned as an elicitor resulting in the activation of 

plant defenses in canola before the pathogen attack. However, higher concentrations of trehalose 

such as 90 mM and 120 mM resulted in 73-100% clubroot disease. This decrease in resistance 

could also be correlated to the decrease in expression of the defense related genes. Indeed, a 

correlation was observed between the expression trends of PR1, LOX and PAL genes and the 

partial resistance in the T30 and T60 treatment plants and increased susceptibility in the T90 and 

T120 treatment plants. On the contrary, Govind et al. (2016) had shown induction of PAL and 

PER enzyme activity in pearl millet treated with trehalose concentration of 200 mM and later 

challenged by Sclerospora graminicola. The inconsistency in our study from Govind et al. 

(2016) could be due to the differences in the duration and method of application of trehalose and 

the plant species and the pathogen. Previous studies with Arabidopsis seedlings have also 

showed that trehalose at a higher concentrations, such as 100 mM, interfere with carbon 

allocation by increasing starch in source organs, and this result in insufficient metabolizable 

carbon available for root growth (Wingler et al. 2000, Schluepmann et al. 2004). The trehalose 

toxicity had also been linked to starch and anthocyanin accumulation and root growth inhibition 

(Wingler et al. 2000, Schluepmann et al. 2004). Thus, it could be speculated that the insufficient 

amount of metabolizable sugar must have affected the energy status of the plants (for review, see 

Morkunas et al. 2012), affecting the gene expression and enzyme activities. Therefore, the plants 

treated with higher concentrations of trehalose showed a similar expression of the defense related 

genes as the pattern observed in T0 plants. Thus, the knowledge from previous studies and our 

results suggests that modulation of primary and secondary metabolic pathways as well as 

induction of defense related genes by carbohydrates are capable of eliciting defense response, 

and such responses might be critical for clubroot resistance as observed in this study. 

Additionally, it is imperative to study the response of B. napus to other sugars, such as glucose, 

fructose and raffinose and other osmotic adjusters such as PEG, to understand among the 

different sugars if  trehalose is specifically capable of eliciting clubroot resistance in susceptible 

canola. 
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5.4.1 Comparison between BnaA08 (RtR) and BnaA03 (MdR) resistance  

The clubroot resistance in the RtR line was mapped to BnaA08 (Fredua-Agyeman and 

Rahman 2016) and in MdR, it was mapped to BnaA03 (Hatakeyama et al. 2013). This is the first 

study to analyze and show comparisons between the Mendel (BnaA08; MdR)- and rutabaga 

(BnaA03; RtR)-resistances influencing clubroot resistance in B. napus. The chromosome 

BnaA08 of the Brassica A genome has been reported to carry a major clubroot resistance locus 

Crr1 (Suwabe et al. 2003, 2006), which was later found to include two genes, Crr1a and Crr1b 

(Hatakeyama et al. 2013). We searched the genomic region of Crr1a (GenBank accession no. 

AB605024; (Hatakeyama et al. 2013)) in the B. napus genome (Genoscope B. napus Genome 

Browser, http://www.genoscope.cns.fr/brassicanapus/; retrieved on 5 May, 2020) and positioned 

this gene at BnaA08: 9,455,911 – 9,461,175 bp. In our study, the most upregulated gene from 

BnaA08 was the BnaA08g20170D located at chrA08:15,299,746 –15,304,559 bp; this encodes 

for a disease resistance RPP5-like protein which is a TIR-NB-LRR type R protein (Parker et al. 

1997), and these proteins have been implicated to play a role in disease resistance ((Gassmann et 

al. 1999, Yi and Richards 2007); for review, see Marone et al. 2013). BnaA08g20170D 

positioned at ~ 6 Mb away from Crr1a; however, both loci encode TIR-NBS-LRR type proteins 

which have been known to confer clubroot resistance in B. rapa (Hatakeyama et al. 2013). Based 

on this, it can be anticipated that the BnaA08g20170D is Crr1b, the minor gene contributing 

resistance at 10 dpi. Expression of this gene was specific to the RtR lines, and therefore, it is 

highly likely that this gene is an important contributor for resistance to P. brassicae.  

In case of the chromosome BnaA03, the clubroot resistance locus CRa (GenBank 

accession no. AB751516; (Ueno et al. 2012)) is located at 22,862,712 –22,873,697 bp of the B. 

napus genome (Genoscope B. napus Genome Browser, 

http://www.genoscope.cns.fr/brassicanapus/; retrieved on 5 May, 2020). The two TIR-NBS-LRR 

type genes, BnaA03g46200D (BnaA03:23,666,076 – 23,668,891 bp) and BnaA03g48510D 

(BnaA03:24,885,706 – 24,888,274 bp), which were upregulated only in the MdR lines were 

found to be located near CRa. Expression of these two genes specifically in the DH lines of 

#1333  indicates that they might play an important role in resistance to clubroot disease in the 

MdR lines. Among the different genes of BnaA03, the gene aspartic proteinase-like protein 

1(AP) (BnaA03g39150D: BnaA03:19,505,783 – 19,506,967 bp) showed the greatest level of 

expression in the MdR lines. Previously, Xia et al. (2004) reported that an AP produces a peptide 

http://www.genoscope.cns.fr/brassicanapus/
http://www.genoscope.cns.fr/brassicanapus/
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elicitor which is involved in resistance to Pseudomonas syringae in Arabidopsis. Based on the 

level of upregulation that we found for BnaA03g39150D in the MdR lines and the involvement 

of this gene in disease resistance, it is possible that this gene play a role in clubroot resistance in 

the MdR lines; however, functional validation of this gene will be needed.  

 We also identified the orthologous gene CRF4 which was upregulated in both the RtR 

(BnaA08) and MdR (BnaA03) lines. CRF4 belongs to the subfamily of ERF transcription factors 

and is a component of the cytokinin signaling pathway (Rashotte et al. 2006) and is positioned  

~ 2.4Mb from the Crr1a of BnaA08 (RtR) and ~2.2Mb from the CRa of BnaA03 (MdR). The 

cytokinin signaling pathway has been deemed to play an important role in curbing the clubroot 

disease development (Siemens et al. 2006, Ciaghi et al. 2019). Kwon et al. (2016) suggested that 

CRF2 enhances the production of SA resulting an autoimmune response. Overexpression of 

CRF5 in Arabidopsis has also been found to enhance resistance to Pseudomonas syringae 

through activation of a large number of GCC-box pathogenesis related genes (Liang et al. 2010). 

Given the fact that CRF4 was expressed in both types of resistant lines and is positioned closed 

to the genomic region known to confer clubroot resistance; it is highly likely that this gene plays 

a fundamental role in clubroot disease resistance; functional study with this gene will be needed 

to delineate its exact role.   

5.4.2 Development of gene-based molecular markers 

Molecular markers for a trait developed from the sequence of the genes are called 

functional markers (Lau et al. 2015). These types of markers are expected to show zero 

recombination and, therefore, can be used in molecular breeding with greatest efficiency. Several 

researchers have reported different types of gene-based markers in different plants, for instance, 

EST-SSR marker in Morinda officinalis (Liao et al. 2019), gene-tagged SSR markers in wheat 

and rice (Singh et al. 2018, Molla et al. 2019), inter-retroelement amplified polymorphism 

(IRAP) markers in Crocus sativus (Alsayied et al. 2015), and miRNA-SSR markers in Brassica 

(Fu et al. 2013) and rice (Ganie and Mondal 2015). In the present study, we attempted to develop 

SSR markers from the exons of the DEGs expressed from BnaA08 and BnaA03 and are 

upregulated, respectively, in the RtR and MdR lines and are involved in primary metabolism and 

biotic stress response pathway. However, the SSR markers from these DEGs (BnaA08g03250D 

of BnaA08 of RtR, and BnaA03g41300D and BnaA03g44400D of BnaA03 of MdR) showed 

about 1.04 to 3.12% recombination with the resistance phenotype. The DEG BnaA08g03250D of 
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BnaA08 positioned at 2,668,129 –2,671,679 bp of the B. napus reference genome (Chalhoub et 

al. 2014) which is about ~6.7 Mb upstream from the locus Crr1a (GenBank accession no. 

AB605024; (Hatakeyama et al. 2013)). This gene encodes a 3,4-dihydroxy-2-butanone kinase 

and is known to be involved in the riboflavin pathway (Herz et al. 2002, Buffon et al. 2016), and 

riboflavin metabolism has been suggested to be involved in plant disease resistance (Dong and 

Beer 2000, Zhang et al. 2009). However, the occurrence of 1.8% recombination between the 

marker and the resistance phenotypes suggests that this gene might not be the candidate gene for 

clubroot resistance.  

Similarly, we developed two SSR markers from BnaA03g41300D and BnaA03g44400D. 

These two genes have been predicted to be involved in plant-pathogen interaction via protein 

degradation pathway as annotated by using Mapman v3.5.1 (Supplementary Table 5.7), and the 

protein degradation pathway has been considered important in many signalling systems 

including defense (Marino et al. 2012). However, the SSR marker of the gene BnaA03g41300D, 

which is located at 20,680,546 – 20,683,271 bp, and BnaA03g44400D, which is located at 

22,506,155 – 22,509,061 bp, of BnaA03 showed 3.12% and 1.04% recombination, and these two 

genes are located about ~2.1 Mb and 0.35 Mb away from the CRa (GenBank accession no. 

AB751516; (Ueno et al. 2012)) locus of BnaA03, respectively. The gene BnaA03g41300D 

encodes a gene aspartic proteinase-like protein (AP), which has been known to be involved in 

biotic resistance (Xia et al. 2004) and is located close to another AP-coding gene 

(BnaA03g39150D), which was also strongly expressed in the MdR lines (Supplementary Table 

5.7). The other gene of BnaA03, BnaA03g44400D, encoding allantoate deiminase has been 

known to be involved in purine catabolism for the purpose of recycling carbon and nitrogen and 

is, therefore, important in the synthesis of primary and secondary metabolites (Todd and Polacco 

2006); for review, see (Stasolla et al. 2003, Zrenner et al. 2006) which have been reported to play 

a role in plant disease resistance (for review, see (Bolton 2009)).  However, the lack of perfect 

association of these markers with the resistance phenotype indicate that they might not be the 

candidate genes for clubroot disease resistance. Given that fact that these three genes were 

significantly upregulated in the resistant lines and their reported role in plant defense, it is 

possible that they are somehow involved in resistance to P. brassicae; however, functional 

validation of these genes would be needed. Nevertheless, the three SSR markers that we 
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developed based on the three DEGs for the two clubroot resistance loci can be used in marker 

assisted breeding with an efficiency of about 97-99%. 

5.5 Conclusion 

 We have identified ~3500 DEGs upregulated in RtR and MdR canola lines challenged 

with P. brassicae pathotype 3. Approximately, 8-9% genes were upregulated in RtR and MdR 

lines and were involved in primary and secondary metabolic pathways such as carbohydrate 

metabolism, amino acid metabolism, TCA-cycle, MVA and MEP pathway, and phenylpropanoid 

pathway. The importance of primary metabolism in modulating clubroot resistance was further 

evidenced by priming canola plants with small carbohydrates like trehalose to elicit early plant 

defense. Furthermore, on comparing the BnaA08 (RtR) and BnaA03 (MdR), we found the gene 

CRF4 was upregulated in both RtR and MdR lines and located ~2.3Mb away from the Crr1a 

(BnaA08 of RtR) and CRa (BnaA03 of MdR). We also developed SSR markers from the DEGs 

involved in primary and secondary metabolic pathways and upregulated in the RtR and MdR 

lines. Thus, the results from this study provided not only the candidate genes to be involved in 

clubroot resistance, but also extended our knowledge of the molecular-genetics of resistance, 

which could be important for further understanding of the mechanism of clubroot resistance. In 

addition, the gene-based molecular markers developed in this study could be used in the breeding 

of canola.  
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Supplementary Figures 

 

Supplementary Fig 5.1 Volcanic plot showing differential expression of mRNAs in roots of 

Brassica napus plants at 10 days after inoculation with Plasmodiophora brassicae pathotype 3: 

(A) Expression in susceptible lines lacking rutabaga-resistance (RtS) and resistant lines carrying 

rutabaga-resistance (RtR), and, B) Expression in susceptible lines lacking Mendel-resistance 

(MdR) and resistant lines carrying Mendel-resistance (MdR). Threshold q-value <0.05 indicates 

significant differences in expression. 
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Supplementary Fig 5.2 Gene Ontology enrichment analysis of the genes upregulated in RtR and 

MdR lines of Brassica napus. A) Common biological process related terms, B) Common 

molecular function related terms, and C) Common cellular component related terms. RtR and 

MdR indicates the lines carrying clubroot resistance introgressed from rutabaga and winter 

canola cv. Mendel. 
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Chapter 6: General Discussion 

The progress in Next Generation Sequencing (NGS) has fast-tracked gene discovery and 

quantitative trait loci (QTL)- mapping of disease resistance traits in economically important 

crops (Nguyen et al. 2019). NGS has enabled the identification of QTLs using methods such as 

whole genome resequencing, high-density SNP arrays for faster mapping, bulk segregant RNA-

seq for gene discovery, QTL-seq for gene identification (Jaganathan et al. 2020). Among these, 

RNA-seq can be used in analysis of differentially expressed genes (DEG) across different 

developmental stages, time points and under multiple conditions at a high-resolution, is one of 

the most common application of the RNA-seq.  RNA-seq provides a global view of the protein 

coding (~< 2%) and non-coding genes (~> 98%) of the genome (Wang et al. 2009, Wilusz et al. 

2009). Differentially expressed genes (DEGs) from RNA-seq experiment, are the genes whose 

expression levels are considered significantly different across two or more conditions 

(McDermaid et al. 2018). Such an analysis can provide considerable understanding into the 

molecular mechanisms of a plant, which contributes towards its phenotypic differences including 

plant growth and developmental patterns, biotic and abiotic stress responses. Such a study also 

aids in the identification of gene candidates which could be used as potential candidates for crop 

improvement or for the development of markers, for their use in marker- assisted breeding. 

These markers within genes may have an effect on gene expression, thus playing an important 

role in contributing to the differential expression profiles of that gene (Lawson and Zhang 2006). 

The absence of recombination and its complete linkage to the desired phenotype would prevent 

the loss and false selection in markers assisted breeding, thus making it an effective marker. On 

the contrary, random polymorphic markers increase the chances of transferring unwanted genes 

along with the target gene, due to its linkage with undesirable traits (Amom and Nongdam 2017). 

Thus, the development of such gene-based markers for genes controlling clubroot resistance will 

facilitate the introgression of disease resistance into elite cultivars, for the development of 

durable disease resistance.  

The overall broad research objectives presented in this thesis aided the identification of 

clubroot-responsive DE lncRNAs and mRNAs from spring canola carrying resistance 

introgressed from rutabaga (RtR) (B. napus var. napobrassica) as well as from spring canola 

carrying resistance introgressed from winter canola cv. ‘Mendel’ (MdR). The knowledge 

encouraged the progress in understanding the molecular basis of their resistance to clubroot and 
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helped in understanding the differences in responses in RtR and MdR plants against P. brassicae. 

This knowledge also facilitated the identification of candidate genes for future functional studies 

as well as the development of RNA- and lncRNA-based markers for marker assisted breeding.  

The lncRNA response to biotic stress has been observed in many plants such as wheat, 

canola and rice against diseases like powdery mildew, white mold, and rice blast, respectively. 

However, considering the economic importance of canola in Canada and the economic losses 

due to clubroot, the study of lncRNAome of canola against clubroot had not been attempted 

previously. LncRNAs are the emerging source of potential targets which can be used for crop 

protection (Summanwar et al. 2020 and references there in). The DE lncRNAs discussed in this 

dissertation allowed us to recognize potential candidates for future functional studies involved in 

developing clubroot resistant canola cultivars. For instance, we found LNC_003848 positioned at 

BnaC08 and trans regulated a target gene Transparent Testa 12 located on BnaA08. We observed 

the gene was positioned ~2.7 Mb away from the Crr1a locus. According to (Hasan and Rahman 

2016), the Crr1a locus is responsible for conferring resistance to multiple P. brassicae 

pathotypes. The distance of Transparent Testa 12 from the Crr1a locus, suggests that 

LNC_003848 could be regulating important gene/s which are critical in mediating resistance 

against clubroot by an unknown mechanism.  

Furthermore, considering the importance of the clubroot resistance loci of BnaA03 and 

their association with the clubroot resistance trait in canola (Fredua-Agyeman and Rahman 

2016), we had focused on developing the SSR markers from the DE lncRNAs upregulated and 

located on BnaA03. We observed the LNC_000424 containing a compound SSR was showing a 

strong association with the clubroot resistance trait. This marker showed ~1.9% recombination 

and therefore further functional study will aid in understanding its role in mediating clubroot 

resistance. Moreover, this lncRNA regulates defense related genes such as PR1 (Breen et al. 

2017), WRKY transcription factor 19 (Phukan et al. 2016) and MYB transcription factor 44 

(Ambawat et al. 2013), serine/threonine protein kinase BIK1 (Lu et al. 2010), and calcium 

binding protein CML21 (Aldon et al. 2018) and disease resistance protein coding genes such as 

RPS4, CSA1 (Faigón-Soverna et al. 2006; Gassmann et al. 1999); and therefore, offers to be a 

good candidate for further investigation.  

The clubroot resistance from the winter canola cultivar ‘Mendel’ and rutabaga has been 

important because of their response to multiple pathotypes (Hasan and Rahman 2016, Fredua-
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Agyeman and Rahman 2016). The winter canola ‘Mendel’ and rutabaga are important sources of 

clubroot resistance (Hasan and Rahman 2016; Fredua-Agyeman and Rahman 2016), there are no 

studies comparing the lncRNAome of these cultivars as well as the resistance loci in response to 

clubroot. Therefore, the comparison of the DE lncRNAs upregulated in both RtR and MdR lines 

further advanced our knowledge about the common mechanisms in play against clubroot disease. 

These common DE lncRNAs were predicted to regulate same target genes involved in plant 

defense pathways, in both RtR and MdR lines genotypes. This also suggests that both DE 

lncRNAs and their respective target genes played a role in decelerating the disease progression in 

both the resistant plants at 10 dpi. For instance, LNC_000496 is predicted to regulate BAK1 and 

RIN4, genes involved in plant pathogen interaction (Belkhadir et al. 2004; Chinchilla et al. 

2007), LTP, a gene encoding protein belonging to PR-14 family (Van Loon and Van Strien 

1999) and a NBS-LRR type disease resistant protein. This lncRNA like others is predicted to co-

regulate multiple genes involved in plant defense in both genotypes. An induction of expression 

of such lncRNAs in both, RtR and MdR lines, suggests that they are potentially relevant for the 

clubroot resistance phenotype in both genotypes. Thus, a further study observing the expression 

of these lncRNAs from the onset of the disease until the gall development stage, will provide us 

with an insight into the importance of its expression for establishing clubroot resistance. Further, 

functional studies will explain the mechanism in play for establishing the resistance against 

clubroot in canola.  

LncRNAs execute their functions by different modes of actions, which include their  

interactions with different RNA and DNA molecules as well as proteins (Summanwar et al. 2020 

and references therein). Many lncRNAs sequester miRNAs by RNA-RNA interaction, thus 

negatively regulating their expression and protecting the original target genes of miRNAs from 

degradation. For instance, LNC_001163 was upregulated only in RtR lines and was predicted to 

mimic the gene AGL16, a target of the bna-miR824. Studies in abiotic stress (Szaker et al. 2019; 

Xiang et al. 2019) have connected the negative regulation of AGL16 by bna-miR824 as being 

important for mediating responses against abiotic stresses. As opposed to these results, the bna-

miR824 seems to be negatively regulated by LNC_001163, resulting in an increase in expression 

of AGL16. In addition, LNC_001163 is positioned ~2.9Mb away from the Crr1a locus on 

BnaA08. The loss/gain-of -function studies can further explain the involvement of this lncRNA 

in mediating clubroot resistance.  
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In addition to DE lncRNAs, we also made comparisons between the mRNAs upregulated 

in RtR and MdR lines. Many studies have focused on  clubroot disease development in 

Arabidopsis, B. rapa, B. oleracea and B. napus (Chen et al. 2015; Zhang et al. 2016; Jia et al. 

2017; Zhao et al. 2017; Irani et al. 2018; Ji et al. 2018; Jia et al. 2017; Peng et al. 2019; 

Prerostova et al. 2018; Zhang et al. 2016, Li et al. 2020). Li et al. (2020) suggested that the 

resistant genotypes sense the pathogen earlier than susceptible genotypes initiating the basal 

resistance which reaches its maximum expression at 96 hpi. This could have been the reason for 

not finding many R-genes at 10 dpi, in our study. However, we did not find any R-genes which 

were commonly expressed between both the genotypes at 10 dpi, which suggests the R-genes are 

specific to the cultivars, agreeing with the statement of Li et al. (2020), who conjectured that 

many specific responses of the R-genes revealed gradually. According to Li et al. (2020), the low 

number of DEGs in resistant lines may result from a  basal resistance reaction. However, this 

research group observed a greater number of DEGs in clubroot resistant lines at later time points. 

This also suggests that the R- genes from this study are potential candidates which can be used 

for crop improvement using cisgenesis or gene pyramiding. In addition, on comparing the 

(BnaA08; RtR) and (BnaA03; MdR) resistance, we found the cytokinin responsive factor 

(CRF4) upregulated from both genotypes. The ~2.3 Mb location of this gene from Crr1a on 

BnaA08 and CRa on BnaA03, makes it an ideal candidate for studying its function in clubroot 

resistance. The cytokinin signaling pathway has been known to play an important role in limiting 

the clubroot disease development (Ciaghi et al. 2019; Siemens et al. 2006). CRF2 has been 

shown to enhance the production of SA as well as activate a large number of GCC-box 

pathogenesis related genes (Kwon 2016; Liang et al. 2010) resulting in an increased resistance to 

Pseudomonas syringae in Arabidopsis. Given the fact that CRF4 was expressed in both types of 

resistant lines and is positioned closed to the genomic region known to confer clubroot 

resistance; it is highly likely that this gene plays a fundamental role in clubroot disease 

resistance. Future functional study will be needed to delineate its exact role.   

The overall transcriptomic landscape (mRNA and lncRNAs of the RtR and MdR lines), 

also advanced our knowledge about the important pathways underpinning the clubroot resistance 

from rutabaga as well as ‘Mendel’ resistance.  Defense responses in plants have been linked to 

increased energy demands for carbon and amino acids, which are supplied by primary metabolic 

pathways to secondary metabolic pathways like the phenylpropanoid pathway. In 2010, Mukutu 
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and Nose demonstrated that R. solani infection activated the glycolytic pathway, pentose 

phosphate pathway (PPP), and tricarboxylic acid cycle (TCA)-cycle for the induction of 

phenylpropanoid pathway. Some of the important gene families of these pathways, which 

respond to pathogen infection according to previous studies, including glycolytic enzyme like 

phosphoglycerate kinase (PGK); TCA-cycle enzyme like succinate dehydrogenase; PPP enzyme 

like ribose-5-phosphate isomerase and sucrose metabolism enzymes like sucrose synthase 

(Danson et al. 2000; Hren et al. 2009; Mutuku and Nose 2012; Mutuku and Nose 2010),  were 

observed to be upregulated in both  resistant lines in response to P. brassicae. These pathways 

provide precursors such as phosphoenolpyruvate and erythrose-4-phosphate to the shikimate 

pathway. The gene encoding enzyme phopho-2-dehydro-3-deoxyheptonate aldolase (DAHP) 

responsible for the first step in shikimate pathway utilizes these precursors from the carbon 

metabolic pathways (Santos-Sánchez et al. 2019). DAHP was also upregulated in both RtR and 

MdR lines.  

Furthermore, the phenylalanine from the shikimate pathway is a precursor of 

phenylpropanoid biosynthesis pathway and some of the important downstream genes include 

PAL, PER and 4-coumaroyl CoA-Ligase (4CL) which were upregulated in RtR and MdR 

(Caretto et al. 2015). The 4CL, is a branch point enzyme, and critical for the downstream 

production of metabolites such as stilbenes, flavones, flavonols, lignins, tannins, coumarins and 

anthocyanins (Vogt 2010). Lignin biosynthesis genes such as trans-cinnamate 4-monooxygenase, 

cinnamyl alcohol dehydrogenase and caffeic acid 3-O-methyltransferase (Tohge et al. 2013) 

were expressed in both resistant lines. The shikimate pathway is also responsible for the 

production of aromatic amino acids like tyrosine, and tryptophan. These amino acids are 

precursor to many alkaloids. In our study, we found more upregulation in genes responsible for 

the production of phenolics than alkaloids and glucosinolates. These secondary metabolites are 

known to have a role in broad-spectrum defense response against pathogens when accumulated 

in plant tissues (Dixon et al. 2002; Wagner et al. 2019; Zaynab et al. 2018). 

Similarly, the biosynthesis of SA depends on the secondary metabolic pathways such as 

the cinnamic acid pathway and the isochorismate pathway, both of which requires the shikimate 

pathway (Backer et al. 2019). The role of SA has been documented in clubroot resistance 

previously (Lemarie et al. 2015; Ning et al. 2019; Siemens et al. 2006). Interestingly, in addition 

to the secondary metabolic pathways, SA pathway can be activated by the gene RPP5- like gene, 
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also known as Suppressor of npr1-1, constitutive 1 (snc1). The snc1 is known to activate SA 

dependent resistance pathways via PAD4 (Zhang et al. 2003). Moreover, the plants expressing 

snc1 confer constitutive resistance in the absences of cell death, which has been generally 

associated with R-gene mediated resistance (Li et al. 2001). Previously, snc1 has been found 

responsible for constitutively express PR genes and provide resistance against both 

Pseudomonas syringae pv maculicola ES4326 and Peronospora parasitica Noco2 in 

Arabidopsis (Zhang et al. 2003). Similarly, Fu et al. (2019) found that  snc1 expression is 

downregulated in the clubroot susceptible B. rapa plants. This is the first study of B. napus, 

where the snc1, PAD4 and PR1 genes were found upregulated in RtR plants in response to P. 

brassicae. Yi and Richards (2007) found that transgenic overexpression of snc1 resulted in 

resistance against another race of Pseudomonas syringae via the accumulation of SA. 

Considering this gene is positioned on BnaA08, we hypothesized that this could be the Crr1b 

locus as mentioned by (Hatakeyama et al. 2013), the minor locus contributing towards clubroot 

resistance. Similarly, SA- dependent activation of defense responses has also been connected 

with the induction of aspartic proteases (Xia et al. 2004). Among the genes located on BnaA03, 

upregulated in MdR lines, aspartic proteinase-like protein 1(AP) was significantly upregulated. 

Thus,  upregulation of the aforementioned genes in RtR and MdR lines suggest that the 

activation of SA pathway is critical for clubroot defense. Future studies should functionally 

validate its function in mediating clubroot resistance. 

 The knowledge from our study was exploited to modulate primary and secondary 

metabolic pathways for the induction of defense related genes by priming plants using 

carbohydrates such as trehalose. Such responses were found to be induced on treating the 

susceptible plants, thus making them partially resistant to P. brassicae. Previous studies have 

shown that P. brassicae increases the accumulation of sugars like glucose, fructose and trehalose 

at the secondary infection or gall stage (Bae et al. 2005; Brodmann et al. 2002; Li et al. 2018). 

The concurrent increase in the expression of SWEET genes was documented by Li et al. (2018) 

in clubroot susceptible roots, suggesting that P. brassicae induces the expression of SWEET 

genes for sugar translocation between the source and organs and the gall tissue. Thus, this 

explains the induction of defense related genes in lower trehalose treatments, as trehalose acts as 

an elicitor.In contrast, as the concentration of trehalose increases, there was a noticeable decline 

in resistance until all plants were completely susceptible to clubroot under 120 mM treatment. 
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Higher concentrations of trehalose have been known to cause trehalose toxicity, which has been 

linked to the insufficient metabolizable sugar, thus affecting the energy status of the plants. This 

study thus demonstrates the importance of primary metabolism in regulation of clubroot 

resistance.  

6.1 Conclusion and future perspectives 

In summary, the research described in this dissertation has provided new insights into the 

RNAome and ncRNAome of clubroot-resistant canola by discussing the specific responses of the 

RtR and MdR lines against clubroot, giving us information on the important genes/pathways 

essential for slowing the disease progression in both RtR and MdR lines at 10 dpi. In addition, 

results presented in this project explain the importance of the of primary metabolism in clubroot 

resistance, as it regulates the production of metabolites essential for secondary metabolism, plant 

hormone signalling and expression of defense-related genes (Rojas et al. 2014). We also showed 

the effect of regulation of defense responses by modulating primary metabolic pathways using 

trehalose treatment on clubroot resistance. Additionally, the DE lncRNAs and DEGs from these 

cultivars, responsive to clubroot were studied and this provided us with candidate lncRNAs and 

genes whose mechanism can be studied using loss/gain-of -function studies. The DE lncRNAs 

and DEGs from this study were also mined for SSR markers. We found one DE lncRNA 

(LNC_000424) and 3 DEGs (BnaA08g03250D from BnaA08 of RtR, and BnaA03g41300D and 

BnaA03g44400D from BnaA03 of MdR) to contain SSRs which showed strong association with 

clubroot resistance. These SSRs were able to distinguish the resistant cultivars from the 

susceptible with 97-99% accuracy. Although they did not show perfect association, these 

markers can used for marker assisted breeding. The results from this project have thus advanced 

our knowledge about the pathways important for clubroot resistance and will be useful for the 

development of clubroot resistant cultivars.  Future studies should be aimed at studying the role 

of the various lncRNAs (LNC_003848, LNC_000424, LNC_001163) and mRNAs (CRF4, 

RPP5-like R-gene (snc1), AP), discussed in this project in plant defense, as they could be 

potential candidates for breeding/generating clubroot resistant canola cultivars.  
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