
ABSTRACT  

MATHEW, RENY. Genomics and Management of the Burrowing Nematode, Radopholus 

similis. (Under the direction of Dr. Charles H. Opperman). 

Plant-parasitic nematodes (PPNs) cause an estimated annual damage of over $100 billion in 

agriculture worldwide. The burrowing PPN, Radopholus similis, is a devastating pest of 

numerous economically important crops such as bananas (Musa spp.), Citrus spp., ginger and 

black pepper. Current management strategies involving application of chemical nematicides 

poses substantial risks to the environment, non-target organisms and humans. Additionally, in 

some cases, these nematicides might not be an economical alternative, especially, for 

smallholder farmers. Therefore, there is an urgent need to develop novel and sustainable 

management strategies to detect and manage these pathogens by utilizing genomic and genetic 

tools. Armed with these fundamentals of parasitism, we can understand how PPNs specifically 

R. similis occupy new niches, overcome host defenses and speciate. To explore the R. similis 

genome and novel management strategies, my research titled óGenomics and Management of 

the Burrowing nematode, R. similisô focuses on two important avenues.  

First, in the genomics section, chapter 2, R. similis genomic DNA was sequenced and some of 

the key features of the genome assembly identified. The workflow detailing the process starts 

with sequencing the genomic DNA, following which an initial assessment of the completeness 

of the assembly was performed using standard tools such as Benchmarking Universal Single-

copy Orthologs (BUSCO) and Core Eukaryotic Gene Mapping Approach (CEGMA). Next, 

several gene prediction techniques, such as evidence-based prediction using curated databases 

as well as ab-initio prediction tools were combined in the MAKER platform to construct the 

repertoire of protein-coding genes, encoded by the R. similis genome. These genes were then 



used to perform functional annotation, which included utilizing NCBI BLAST databases to 

define function based on sequence similarity, as well as utilizing annotated C. elegans genes 

to identify R. similis genes involved in specific pathways such as RNAi, dauer and 

neurotransmission. A sub-section of the genomics part of my dissertation, chapter 3, provides 

an understanding of the relationship shared by R. similis with the cyst nematodes. In this 

chapter, repertoire of several important Carbohydrate-Active-enZYmes (CAZYmes) involved 

in parasitism and shared between R. similis and other PPNs were identified. By analyzing key 

parasitism genes and the repertoire of single copy orthologs, R. similis demonstrated a close 

phylogenetic association with the cyst nematodes belonging to the óHeteroderaô and 

óGloboderaô genus. Furthermore, this result corroborates well with the recent small subunit 

ribosomal DNA phylogenetic studies conducted by Holterman et al., (2017). 

The second section, beginning at chapter 4, involves exploring strategies for the management 

of R. similis. Currently, the research on microbiome has gained momentum across a variety of 

biological systems. Our study involves analyzing the R. similis microbial community 

(microbiome), as a potential tool to manage R. similis. By analyzing the microbiome with 

whole metagenome sequencing techniques, we identified diverse species of organsisms 

associated with an R. similis infection in banana plants. Examination of trends across the three 

sampled zones indicated a large percentage of proteobacteria in all three zones. Although, core 

microbial communities and similar metabolic pathways were observed in the Northern and 

Southern zones, notable differences in the microbial communities were observed from the Lake 

zone.  

As a continuation of PPN management strategies, in the appendices section, two novel matrices 

for agrichemical delivery were evaluated. First, nanofibrous mats were utilized to deliver the 



fungicide/nematicide, Fluopyram and the nematicide, Abamectin. Second, biodegradable 

matrices fabricated from the pseudostem of banana plants were utilized to deliver the 

nematicide, Abamectin. In our preliminary in vitro studies, both these matrices have 

successfully demonstrated to be effective in delivering the aforementioned agrichemicals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

© Copyright 2020 by Reny Mathew 

All Rights Reserved



Genomics and Management of the Burrowing Nematode, Radopholus similis 

 

 

 

 

by 

Reny Mathew 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the 

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Plant Pathology 

 

 

 

Raleigh, North Carolina 

2020 

 

 

 

APPROVED BY: 

 

 

   

 

 

 

Charles H. Opperman                                         Eric Davis 

Committee Chair 

 

 

 

 

Lindsey Thiessen                                                           Lokendra Pal



                  ii 

DEDICATION  

          To my husband, Arun, and my family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii  

BIOGRAPHY  

Reny was born and raised in India. She earned a Bachelorsô degree in Biotechnology 

Engineering from India. Following this, she decided to pursue higher education and hence, 

joined North Carolina State University (NCSU). She completed a Mastersô degree in Microbial 

Biotechnology from the Department of Plant and Microbial Biology in Spring 2015. Following 

this, she worked with Dr. Charles H. Opperman in the Department of Entomology and Plant 

Pathology at NCSU. One-year of intense research on plant-pathogens, motivated her to pursue 

a Ph.D. in plant pathology, focusing her research on the notoriously difficult and economically 

important plant-parasitic nematodes. 

 

 

 

 

 

 

 

 

 

 

                                                     

 



 

iv 

ACKNOWLEDGMENTS  

First and foremost, I would like to express my deep gratitude to my advisor, Dr. Charles H. 

Opperman, for his encouragement, guidance and support throughout my graduate studies. This 

work has been possible only because of the enormous support and patience provided by him. 

I would also like to thank my committee members, Dr. Eric Davis, Dr. Lindsey Thiessen, Dr. 

Lokendra Pal and Dr. Helen Kraus for taking the time to be part of my dissertation committee 

and for their valuable comments and suggestions.  

I would like to take this opportunity to thank the many people who have helped me in a variety 

of ways. First of all, my lab colleague Chunying (Lisa) Li, who has helped me throughout the 

course of my Ph.D. research with her valuable suggestions, guidance and timely jokes. Thank 

you to past members of the Davis and Opperman lab, namely, Julia Heiken, Tanner Schwarz 

and Stella Chang. I would also like to thank all our collaborators, especially Dr. Tahira Pirzada 

and members of Dr. Khan research group in the Department of Chemical and Biomolecular 

Engineering. A big thank you to the Department of Entomology and Plant Pathology for 

hosting wonderful seminars, lunches as well as other interesting events throughout the 

semester. I would also like to thank my funding agency, the Bill and Melinda Gates foundation, 

for providing funding for my research. I would like to thank my beloved husband, Arun, for 

being patient and understanding throughout my research studies as well as for his insightful 

suggestions. Last, but not the least, hugs to my family, especially my parents and sister, who 

have been very supportive throughout my education.  

For all what I am today, I thank my God Almighty for having bestowed his blessings on me. 



 

v 

TABLE OF CONTENTS  

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

LIST OF FIGURES ............................................................................................................. xiv 

Chapter 1: Current insights into migratory endoparasitism: Deciphering the biology, 

parasitism mechanisms and management strategies of key migratory endoparasitic 

phytonematodes .......................................................................................................................1 

Abstract ................................................................................................................................2 

Introduction ..........................................................................................................................2 

The biology of migratory endoparasitic nematodes .........................................................4 

Feeding strategies employed by migratory endoparasitic nematodes ..............................7 

Parasitism gene repertoire and effectors of migratory endoparasitic nematodes...........10 

Pratylenchus spp. ....................................................................................................11 

Radopholus similis ..................................................................................................13 

Ditylenchus spp. ......................................................................................................15 

Bursaphelenchus spp. ..............................................................................................16 

Management of migratory PPNs ....................................................................................17 

Cultural practices ....................................................................................................17 

Resistance as a tool for nematode control...............................................................19 

Nematicides.............................................................................................................20 

Conclusion ..........................................................................................................................22 

Literature Cited ..................................................................................................................23 

Chapter 2: The Draft Genome of the Burrowing Nematode Radopholus similis ..................45 



 

vi 

Abstract ..............................................................................................................................46 

Introduction ........................................................................................................................46 

Materials & Methods ..........................................................................................................47 

DNA extraction and assembly .......................................................................................47 

Genome characterization using BUSCO and CEGMA .................................................47 

Gene prediction ..............................................................................................................48 

Functional Annotation ...................................................................................................48 

Results and Discussion .......................................................................................................49 

Genome characteristics ..................................................................................................49 

GO Annotation and gene family representation ............................................................49 

KEGG annotation ...........................................................................................................52 

Neurotransmitters & neuropeptides ...............................................................................52 

RNAi and Dauer pathways ............................................................................................53 

Conclusion ..........................................................................................................................54 

NCBI accession number ................................................................................................55 

Literature Cited ..................................................................................................................56 

Chapter 3: The genome of the migratory nematode, Radopholus similis, reveals signatures 

of close association to the sedentary cyst nematodes ............................................................79 

Abstract ..............................................................................................................................80 

Introduction ........................................................................................................................81 

Materials and methods .......................................................................................................85 

Gene prediction ..............................................................................................................85 



 

vii  

CAZyme .........................................................................................................................86 

Phylogenetic Analysis of secreted proteins and gpd ......................................................86 

Phylogenetic analysis using orthologs ...........................................................................87 

Results and Discussion .......................................................................................................88 

Parasitism gene repertoire and effectors ........................................................................88 

Carbohydrate-Active enzymes (CAZymes) ...................................................................90 

Phylogenetic analysis of orthologous genes ..................................................................95 

Conclusion ..........................................................................................................................96 

NCBI accession number ................................................................................................97 

Acknowledgements ............................................................................................................97 

Literature Cited ..................................................................................................................98 

Chapter 4: Whole metagenome sequencing and analysis of the microbial community  ...........            

(microbiome) associated with the plant-parasitic nematode, Radopholus similis ...............131 

Abstract ............................................................................................................................132 

Introduction ......................................................................................................................133 

Materials and Methods .....................................................................................................136 

Sample collection, DNA extraction and sequencing ...................................................136 

Quality control of reads ...............................................................................................137 

Assembly, taxonomy, gene prediction and functional annotation ...............................137 

Results and Discussion .....................................................................................................138 

Overview of Assembly ................................................................................................138 



 

viii  

Ecological diversity of microbial communities across different geographical   

locations .......................................................................................................................139 

Functional annotation utilizing COG analysis .............................................................142 

KEGG classification ....................................................................................................143 

Conclusion ........................................................................................................................144 

Literature Cited ................................................................................................................147 

Chapter 5: Conclusion..........................................................................................................176 

APPENDICES .....................................................................................................................181 

Appendix A: Electrospun Polymer Nanofibers as Seed Coatings for Crop Protection .......182 

Abstract ............................................................................................................................183 

Introduction ......................................................................................................................184 

Materials & Methods ........................................................................................................187 

Preparation of nanofibers via electrospinning and seed coating ..................................187 

Solution characterization..............................................................................................189 

Nanofibers and coated seeds characterization .............................................................189 

Germination trials ........................................................................................................190 

Active ingredient release ..............................................................................................190 

Fungal inhibition assays ...............................................................................................191 

Statistical analysis ........................................................................................................192 

Results and Discussion .....................................................................................................192 

Nanofiber morphology .................................................................................................192 

Seed coating and germination trials. ............................................................................194 



 

ix 

Active ingredient release from fiber mat .....................................................................196 

Effectiveness of fluopyram-incorporated nanofibers ...................................................198 

Conclusion ........................................................................................................................200 

Acknowledgements ..........................................................................................................201 

Literature Cited ................................................................................................................203 

Appendix B: Tailored Lignocellulose based Biodegradable Matrices with Effective 

Cargo Delivery for Crop Protection .................................................................................236 

Abstract ............................................................................................................................237 

Introduction ......................................................................................................................238 

Materials & Methods ........................................................................................................241 

Handsheets production .................................................................................................242 

Characterization ...........................................................................................................243 

Root Penetration profile ...............................................................................................244 

Release & Sorption profile: .........................................................................................244 

Dye sorption & release profile ..............................................................................244 

Pesticide release studies ........................................................................................245 

Abm bioavailability using bioassays............................................................................246 

Results & Discussion .......................................................................................................247 

Effects of pulp refining on mechanical properties of handsheets ................................247 

Effect of refining on fiber structure .............................................................................249 

Root Penetration studies ..............................................................................................251 

RhB release studies ......................................................................................................252 



 

x 

Abm release from various samples ..............................................................................256 

Bioavailability of Abm loaded samples .......................................................................257 

Conclusion ........................................................................................................................258 

Acknowledgements ..........................................................................................................259 

Literature Cited ................................................................................................................261 

 

 

 

 

 

 

 

 

 

 

 

 



 

xi 

LIST OF TABLES  

Table 1.1. List of some of the significant parasitism genes in the four key migratory PPN 

genera   published since 2013. ...............................................................................43 

Table 2.1. Genome characteristics of R. similis compared to other nematodes (Plant-

parasitic and free-living). .......................................................................................61 

Table 2.2. PFAM domains in R. similis compared with other nematodes. ..............................62 

Table 2.3. KEGG analysis of R. similis proteins compared with other PPNs. ........................64 

Table 2.4. C. elegans genes encoding for neurotransmitters compared with plant-parasitic 

nematodes. .............................................................................................................66 

Table 2.5. C. elegans genes encoding for neuropeptides compared with plant-parasitic 

nematodes. .............................................................................................................68 

Table 2.6. C. elegans genes involved in the RNAi pathway compared with plant-parasitic 

nematodes. .............................................................................................................69 

Table 2.7. C. elegans genes involved in the Dauer pathway compared with plant-parasitic 

nematodes. .............................................................................................................72 

Table 3.1. Blast analysis of some known parasitism genes against R. similis predicted 

protein set. ............................................................................................................111 

Table S3.1. CAZyme repertoire of R. similis compared to other nematodes. .......................115 



 

xii  

Table S3.2. PPN effector protein sequences blasted with R. similis......................................116 

Table S3.3. Presence or absence of signal peptide and the localization likelihood of R. 

similis cellulase genes. .........................................................................................126 

Table S3.4. Localization patterns of R. similis pectate lyases (PL3). ....................................127 

Table 4.1. Metagenome sequencing summary. ......................................................................154 

Table S4.1. DNA integrity analysis and concentration for each sample. ..............................162 

Table A.1. Fiber diameter and solution properties for untreated CDA and CDA 

containing Abm or Flp. ........................................................................................211 

Table A.2. Germination rate measured by a rag doll test. Results obtained after 7 days on 

different coating conditions. ................................................................................212 

Table SA.1. Nematode motility ratings after 1 hour for nanofibers soaked for 1 hour .........231 

Table SA.2. Nematode motility ratings noted after 1 hour for nanofibers soaked for 24 

hours .....................................................................................................................232 

Table SA.3. Worm motility ratings noted after 1 hour for nanofibers soaked for 1 hour .....233 

Table SA.4. Worm motility ratings noted after 1 hour for nanofibers soaked for                  

24 hours ................................................................................................................234 

Table B.1. Comparative properties of handsheets prepared from banana fiber unrefined 

pulp (BP-0), and pulp refined for 1 minute (BP-1), 2 minutes (BP-2), 3 



 

xiii  

minutes (BP-3), 5 minutes (BP-5), 10 minutes (BP-10), 20 minutes (BP-20) 

and 30 minutes (BP-30). ......................................................................................270 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiv 

LIST OF FIGURES 

Figure 2.1. Genome characterization and annotation workflow. .............................................76 

Figure 2.2. GO Annotation of R. similis proteins. (A) shows cellular component GO 

annotation with a node score cutoff of 20 (B) shows biological process GO 

annotation with a node score cutoff of 100 (C) shows molecular function GO 

annotation with a node score cutoff of 40. ...........................................................77 

Figure 2.3. Gene family distribution in R. similis compared with other nematodes. *Data 

for other nematodes from [29]. .............................................................................78 

Figure 3.1. Evolutionary analysis of cellulase genes. Phylogenetic analysis based on 

concatenated alignments of 22 cellulase protein sequences from multiple 

plant-parasitic nematode in clade 10 and clade 12. The evolutionary history 

was inferred by using the maximum-likelihood method with the best-fit 

(WAG+G+I) substitution model predicted using MEGA X. Numbers indicate 

bootstrap values. 1000 bootstrap replications were performed. R. similis 

cellulase genes are highlighted in red. Evolutionary analysis was performed 

using MEGA X. ..................................................................................................112 

Figure 3.2. Venn diagrams displaying overlapping ortholog clusters shared by R. similis. 

(A) Orthologous clusters shared between R. similis, the potato cyst nematode 

G. rostochiensis and the potato rot nematode D. destructor (B) Orthologous 

clusters shared between R. similis, the root-knot nematode M. hapla and the 

free-living nematode C. elegans (C) Orthologous clusters shared between R. 



 

xv 

similis, the potato cyst nematode G. rostochiensis and the human parasitic 

filarial nematode B. malayi (D) Orthologous clusters shared between R. 

similis, G. rostochiensis, M. hapla, C. elegans, D. destructor and B. malayi. ...113 

Figure 3.3. Characterization of species phylogenetic tree: Species tree constructed using 

concatenated alignments of 1630 orthogroups with minimum of 75% of 

species having single-copy genes in any orthogroup using the LG + G 

substitution model determined by MEGA X. Numbers on the branch length 

indicates bootstrap support value. Bootstrap values were calculated from 

1000 replicates. Branch length indicates the number of substitutions per site. ..114 

Figure S3.1. Phylogenetic analysis of R. similis pectate lyase 3. R. similis proteins are 

indicated in red. Genbank accession numbers are shown adjacent to each 

nematode. The numbers on the branches indicate bootstrap support value. 

1000 bootstrap replications were performed. Scale indicates number of 

substitutions per site. ..........................................................................................128 

Figure S3.2. Phylogenetic analysis of R. similis gpd gene. R. similis gpd gene is indicated 

in red. The numbers on the branches indicate bootstrap support value. 1000 

bootstrap replications were performed. Scale indicates number of 

substitutions per site. ..........................................................................................129 

Figure S3.3. Localization pattern of cellulase sequences. (A) R. similis predicted cellulase 

protein sequence and (B) H. glycines cellulase protein sequence (acc: 



 

xvi 

AAC15707.1). Numbers on branches indicate localization likelihood in 

different compartments. Ideal localization path is highlighted in red. ...............130 

Figure 4.1. Tanzania map showing different collection regions. Image from [41]. ..............155 

Figure 4.2. A graphical schematic of the metagenome sequence analysis workflow. ...........156 

Figure 4.3. An overview of the percentage of reads taxonomically classified for the three 

samples. ..............................................................................................................157 

Figure 4.4. Relative abundances of all phylum in the three samples (abundance less than 

2% shown in fig S4.4). .......................................................................................158 

Figure 4.5. Relative abundances of reads in the genus level across three samples. ..............159 

Figure 4.6. COG classification of predicted genes across three different zones. ..................160 

Figure 4.7. KEGG classification of predicted genes across three different zones. ................161 

Figure S4.1. Bowtie2 alignment results and Blobtools results for Northern zone samples...163 

Figure S4.2. Bowtie2 alignment results and Blobtools results for Southern zone samples. .164 

Figure S4.3. Tapestation analysis results and quantification before sequencing. Ld = 

Ladder. Lake zone =Lz, Northern zone=Nz, Southern zone=Sz. ......................165 

Figure S4.4. Superkingdom level classification of reads in three samples. ...........................166 

Figure S4.5. Phylum level classification of reads less than 3% in three samples..................167 



 

xvii  

Figure S4.6. Class level classification of reads in three samples. ..........................................168 

Figure S4.7. Genus level classification of reads in the LZ sample. .......................................169 

Figure S4.8. Species level classification of reads in the LZ sample. .....................................170 

Figure S4.9. Species level classification of reads in the NZ sample. ....................................171 

Figure S4.10. Species level classification of reads in the SZ sample. ...................................172 

Figure S4.11. Kraken classification of LZ sample. ...............................................................173 

Figure S4.12. Kraken classification of NZ sample. ...............................................................174 

Figure S4.13. Kraken classification of SZ sample. ................................................................175 

Figure A.1. Chemical structure of a cellulose diacetate polymer [33]. .................................213 

Figure A.2. SEM micrographs of: a) untreated CDA nanofibers; b) CDA nanofibers 

containing abamectin (Abm); c) CDA nanofibers containing fluopyram 

(Flp).. ..................................................................................................................214 

Figure A.3. Optical images of uncoated vs 2-hours coated seeds. The coat consists of 

nanofibers directly electrospun on to them. .......................................................215 

Figure A.4. Depth profile of seeds entirely coated for: a) 2 hours (top view), b) 2 hours 

(3D view), c) 3 hours (top view) and d) 4 hours (top view). Respective scale 

bars of each sample are also displayed with color coding for the depth of the 

coat (blue indicating the lowest while the red represents the highest point). 



 

xviii  

Profile graph showing coating uniformity for e) 2 hour-, f) 3 hour- and g) 4 

hour- coated seeds. .............................................................................................216 

Figure A.5. Representative images of coated seeds after germination: a) Uncoated seeds 

used as a positive control b) Seeds entirely coated for two hours showing no 

germination inhibition; c) zoomed in image of one of the seeds entirely coated 

for four hours, where we can see the nanofiber-coat still ñencapsulatingò the 

seed shell. ...........................................................................................................217 

Figure A.6. Release profile and chemical structure of a) abamectin (Abm) and b) 

fluopyram (Flp) in deionized water measured by HPLC (Error bars indicate 

standard errors, n=3)...........................................................................................218 

Figure A.7. Apparent contact angle for a) untreated CDA nanofibers, and b) CDA 

nanofibers containing abamectin (Abm); c) immediate absorption of water 

droplet on CDA nanofibers containing fluopyram (Flp). ...................................219 

Figure A.8. SEM micrographs of nanofibers before and after soaking in water for 2 weeks: 

a) untreated CDA nanofibers before water soak; b) CDA nanofibers after 

water soak; c) CDA nanofibers containing abamectin (Abm) before water 

soak; d) CDA nanofibers containing abamectin (Abm) after water soak; e) 

CDA nanofibers containing fluopyram (Flp) before water soak; f) CDA 

nanofibers containing fluopyram (Flp) after water soak. ...................................220 



 

xix 

Figure A.9. a) Fungal assay setup with the Alternaria lineariae mycelial plug 2 cm apart 

from the nanofiber mat; b) fungal growth over time for each treatment used; 

c) mean diameter of the radial growth in cm ± standard error for five replicates 

of each treatment used. .......................................................................................221 

Figure SA.1. Electrospinning setup mounted vertically for depositing nanofibers directly 

on seeds. Seeds are placed on a horizontal collector plate, while the syringe 

pump with the syringe containing the polymer solution is placed vertically 

above it. During the electrospinning process as the seeds are getting coated 

with a nanofibrous web, they are manually rotated periodically. ......................222 

Figure SA.2. Fiber diameter distribution determined from SEM images using ImageJ for: 

a) untreated CDA nanofibers, b) CDA nanofibers containing abamectin 

(Abm), and c) CDA nanofibers containing fluopyram (Flp). .............................223 

Figure SA.3. Viscosity as a function of shear rate for the different polymeric solutions 

used in this study: CDA only, CDA with abamectin, and CDA with 

fluopyram. ..........................................................................................................224 

Figure SA.4. Sample chromatograms obtained via HPLC for the release studies of 

abamectin loaded nanofibers in water for: a) 1 hour, b) 2 hours, c) 3 hours, d) 

4 hours, e) 5 hours, f) 24 hours, g) 72 hours, and h) 2 weeks. ...........................225 



 

xx 

Figure SA.5. Sample chromatograms obtained via HPLC for the release studies of 

fluopyram loaded nanofibers in water for: a) 1 hour, b) 2 hours, c) 3 hours, d) 

4 hours, e) 5 hours, f) 24 hours, g) 72 hours, and h) 2 weeks. ...........................226 

Figure SA.6. Wicking height over time of the CDA nanofibers (untreated (black squares), 

containing abamectin (red circles), and containing fluopyram (blue 

triangles)). ..........................................................................................................227 

Figure SA.7. Digital images of C.elegans one hour after placement in the wells containing 

(a) untreated control (b) CDA-only nanofibers and (c) Abm loaded CDA 

nanofibers. ..........................................................................................................235 

Figure B.1. Effect of pulp refining on (A) the appearance of handsheets. The refining time 

for each is shown on the arrow indicating increase in refining, (B) variation 

in thickness and air resistance with refining and (C) strength in terms of burst 

and tear indices of the respective handsheets. ....................................................271 

Figure B.2.  (A) SEM images (at various magnifications) of the fibrillar structure in raw 

banana fiber. (B) SEM micrographs of handsheets prepared from 2 (a,e), 5 

(b,f) , 10 (c, g) and 30 (d,h) minutes refined pulp. Fiber quality analysis 

showing (C) Fiber count and % length weighted fines and (D) mean kink 

index and coarseness of the pulp refined for 1, 2, 3, 5, 10, 20 and 30 minutes.

 ............................................................................................................................272 



 

xxi 

Figure B.3. (A) Rhodamine B release profile of P1(liner paper), P2, P3 & P4 (different 

banana papers) and P5 (copy paper). For ease of understanding, the points are 

connected through lines (Error bars indicate standard deviation, n=3) ; (B) 

Lignin content, density, contact angle and air resistance of P1, P2, P3, P4 and 

P5; (C) SEM micrographs of surface sections (a-d) and cross sections (e-h) of 

P1(a,e) , P3 (b,f), P4 (c,g) and P5 (d,h). SEM images of surface and cross 

sections of P2 are displayed in Figure B.2B. .....................................................273 

Figure B.4. (A) Abm release from P1 (liner paper), P2, P3, P4 (banana fiber based 

samples) and P5 (copy paper) (B) Schematic to display experiment design for 

in-vitro study to measure bioavailability of Abm, (C) Time dependent 

bioavailability of Abm from P1, P2, P3, P4 and P5. (Error bars in part (A) and 

(C) indicate standard deviation, n=3) .................................................................274 



 

1 

Chapter 1: Current insights into migratory endoparasitism: Deciphering the biology, 

parasitism mechanisms and management strategies of key migratory endoparasitic 

phytonematodes 

 

 

 

 

 

 

 

 

To be submitted to Plants 

Reny Mathew and Charles H. Opperman*  

Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC 

27695 USA 

*Corresponding author (CHO) 

Email: warthog@ncsu.edu 



 

2 

Abstract 

Despite their physiological differences, sedentary and migratory plant-parasitic nematodes 

(PPNs) share several commonalities. Functional characterization studies of key effectors and 

their targets identified in sedentary phytonematodes are broadly applied to migratory PPNs, 

generalizing parasitism mechanisms existing in distinct lifestyles. Despite their economic 

significance, host-pathogen interaction studies of migratory endoparasitic nematodes are 

limited; they have received little attention when compared to their sedentary counterparts. 

Because several migratory PPNs form disease complexes with other plant-pathogens, it is 

important to understand multiple factors regulating their feeding behavior and lifecycle. Here, 

we will provide current insights into the biology, parasitism mechanism and management 

strategies of the four-key migratory endoparasitic PPN genera, Pratylenchus, Radopholus, 

Ditylenchus and Bursaphelenchus. Although, this review focuses on these four genera, many 

facets of feeding mechanisms and management are common across all migratory PPNs and 

hence can be applied across a broad genera of migratory phytonematodes. 

Introduction  

Of approximately 27,000 described nematode species, roughly 4, 100 utilize higher terrestrial 

plants as a predominant source of nutrition [1]. These plant-parasitic nematodes (PPNs), cause 

~$80-$157 billion crop losses annually worldwide [7,8]. The earliest evidence of a nematode 

identified within a plant is the fossilized eggs, juveniles and adults of Palaeonema phyticum in 

the stem of the terrestrial plant Aglaophyton major in the Devonian era [2]. This discovery of 

P. phyticum uncovered an ancient and a pivotal point in the timeline of transition of nematodes 
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from free-living to parasites of land plants. Since microbes were found in the stomatal spaces 

invaded by the nematode, P. phyticum was tentatively categorized as a facultative plant-

parasite, belonging to clade 1 of the phylum Nematoda (due to morphological similarities with 

clade 1 nematodes) [133]. Feeding on fungi or bacteria or other microbes is also considered to 

be one of the most important determinants for the evolution of facultative or obligate plant-

parasitism in nematodes. This evolution is thought to have occurred independently four times 

within Nematoda [2ï5]. In the phylogenetic tree outlined by Van Megen et al., (2009), these 

events place PPNs in four of the twelve clades: 1 (Triplonchida), 2 (Dorylaimida), 10 

(Aphelenchoididae) and 12 (Tylenchida). A prominent morphologically distinctive feature of 

all PPNs is a protrusible needle-like apparatus known as the stylet. The stylet, an artifact of 

convergent evolution (within the above-mentioned four clades) is utilized by PPNs for two 

main reasons 1) puncturing the plant cell wall to extract cell nutrients and 2) in certain 

nematode species, delivering secretory molecules into the apoplast and/or cytoplasm to 

manipulate host cells to develop a permanent feeding site [9,10]. Feeding mechanisms differ 

among PPNs; they are therefore a useful tool to group PPN species. Broadly speaking, PPNs 

are divided into two main categories based on feeding mechanism: endoparasitic and 

ectoparasitic. Ectoparasitic nematodes occupy clades 1 (Trichodoridae) and 2 (Longidoridae) 

in the Nematoda lineage; they feed on cortical root cells from outside the root. Clade 2 

ectoparasitic nematodes of the genera Xiphinema and Longidorus, utilize an odontostyle (as 

opposed to the stomatostylet, a feature common to clades 10 and 12 or onchiostyle in clade 1 

PPN) to induce cell enlargement. Although the feeding apparatus used by Xiphinema and 

Longidorus is the same,  the terminal plant cell feeding sites formed after this intimate 
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biotrophic association are slightly different, with those formed by Xiphinema inducing plant 

cell karyokinesis and those formed by Longidorus remaining mononucleate [5]. In contrast to 

ectoparasitic nematodes, endoparasitic nematodes penetrate and feed within plant roots and 

have been a tremendous burden on global agricultural production, especially in developing 

areas like Sub-Saharan Africa, where the resources to diagnose and combat them are limited 

[132]. Endoparasitic nematodes can be further divided into two sub-categories: migratory and 

sedentary. Sedentary endoparasitic nematodes such as the root-knots and the cyst nematodes, 

form specialized feeding sites, which act as nutritional sink for the developing nematode. 

Migratory endoparasitic nematodes such as Scuttolenema bradys are a tremendous agricultural 

and economic burden on yam, a crop that has been a major source of income and an important 

part of the diet in the Western regions of Africa [11,12]. A massive amount of genomic and 

transcriptomic information has been obtained about many migratory endoparasitic nematodes 

primarily through application of next-generation sequencing (NGS) technologies 

[24,38,40,41,49, 134]. Analysis of this information has opened a novel gateway for researchers 

worldwide to formulate evidence-based conclusions regarding the biology, phylogenetic 

relationships and parasitism mechanism of these nematodes with the click of a button. In this 

review, we will f ocus only on some of the economically important migratory endoparasitic 

PPNs from clades 10 and 12. For in-depth analysis of the effectors and processes targeted by 

sedentary endoparasites of clade 12, the authors suggest several other reviews [10,13,14]. 

The biology of migratory endoparasitic nematodes 

A survey of PPN researchers worldwide, ranked the top 10 economically significant and 

scientifically relevant PPNs [15]. Not surprisingly, migratory endoparasitic nematodes, such 
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as root lesion nematodes (Pratylenchus spp.), burrowing nematode (Radopholus similis.), stem 

or stem and bulb nematode (Ditylenchus dipsaci) and pine wood nematode (Bursaphelenchus 

xylophilus) occupy positions 3 to 6 in this list, following sedentary root-knot (Meloidogyne 

spp.) and cyst (Heterodera and Globodera spp.) nematode species [15]. With the exception of 

B. xylophilus, in clade 10, both migratory and sedentary endoparasitic nematodes are clustered 

together in clade 12, indicating the possibility that the evolution of B. xylophilus into a plant 

parasite is a recent and convergent one [15]. B. xylophilus is also an exception when compared 

to the other migratory nematodes in the top ten list, in that, it is vectored by insects - specifically 

adult Monochamus (Cerambycidae) beetles (principal vectors), ovipositing on host pine trees 

[16]. B. xylophilus is a facultative plant-parasite, as it feeds on fungi (fungal mycelial mats) as 

well as xylem parenchyma of live trees. This feature is unique to Bursaphelenchus when 

compared to members of the Pratylenchus, Ditylenchus and Radopholus genera and most 

plant-parasitic nematodes, as they are obligate plant-parasites. However, in yet another 

exception, a newly discovered species of Bursaphelenchus named, B. sycophilus n. sp. does 

not grow on fungal mycelial mats of Botrytis cinerea  or possess morphological characteristics 

like the fungal feeding species in this genus, making this nematode an obligate plant-parasite 

[17]. 

Of the migratory endoparasitic nematodes, the genus Pratylenchus, which comprises of ~70 

species, ranks second after sedentary root-knot and cyst nematodes, as an economically 

devastating pest of numerous agriculturally important crops and fruits [18]. An important 

feature that aids this pathogen in colonizing such a broad host range is the ability for different 

species to thrive in tropical and temperate climactic conditions. On the contrary, the other three 
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migratory endoparasitic nematode generas, namely R. similis (distributed in tropical and 

temperate greenhouse conditions), D. dipsaci (worldwide specifically temperate regions) and 

B. xylophilus (the northern hemisphere, which is home to itsô vector, Monochamus beetles) 

have a comparatively narrower geographic distribution [19]. Different survival strategies are 

employed by these nematodes to survive or overcome harsh climactic conditions. For instance, 

D. dipsaci has been shown to survive for more than 20 years by entering into long-term 

anhydrobiosis [20]. Another migratory PPN B. xylophilus has been shown to over winter in 

both liv ing and dead tissues of coniferous trees, allowing it to endure long, harsh winters [21]. 

However, the molecular mechanisms underpinning cold tolerance in PPNs is multipartite and 

poorly understood at present [22]. Homologs of dauer genes have also been found in the 

genomic and transcriptome analysis of the burrowing nematode R. similis; however, since R. 

similis has not been shown to form dauers, the roles of these genes remain unclear [23,24]. 

There exists six distinct stages: eggs, four juvenile stages (J1-J4) and adults (female and rarely 

male) in the typical lifecycle of a PPN. The first molt, J1, occurs in the egg. Following this, 

hatching of the infective juvenile stage, J2, takes place. In most migratory endoparasitic 

nematodes, all stages (J2-J4 and adult females) possess the ability to infect host cells.  

Reproductive strategies employed by the different migratory endoparasitic nematode species 

described above are also oddly similar. Most of the species in the above-mentioned genera are 

dioecious; however in the absence of males, alternate strategies are pursued, such as 

hermaphroditism in case of R. similis and parthenogenesis in case of certain lesion nematodes 

[15]. 



 

7 

Feeding strategies employed by migratory endoparasitic nematodes 

Sedentary endoparasitic PPNs, form multinucleate hypertrophied permanent feeding sites 

referred to as syncytium for cyst nematodes and giant cells for root-knot nematodes, which 

serve as a source of nutrition for the developing nematode. In contrast, for the migratory 

endoparasitic nematodes, the feeding mechanisms are fairly straightforward and comparatively 

less complex. Of these, the penetration and feeding mechanisms of the root-lesion nematode 

P. penetrans have been extensively studied [25ï29]. Pratylenchus penetrans has been shown 

to feed ectoparasitically and endoparasitically [30]. Its endoparasitic feeding behavior can be 

classified into three distinct stages namely root surface probing, root penetration and infection. 

In the first stage, nematodes migrate primarily to the root hair region and sometimes closer the 

root tip around the zone of elongation [27]. Once there, they ectoparasitically probe local 

epidermal cells and initiate stylet thrusting at an intensity probably proportional to cell wall 

structure and thickness [29]. In the second stage, penetration, the regions next to the root 

intercellular walls are punctured with the stylet accompanied by a slight pressure from the 

labial region to allow the nematode to enter and create a gateway for subsequent nematodes to 

enter the root. Intense stylet thrusting continues during this stage as well.  Following 

penetration and entry, the third stage, infection, is initiated. This stage is divided into two sub-

stages, brief and extensive feeding. At the beginning of brief feeding, a small salivation zone 

is present surrounding the stylet tip when inserted into a host cell. The period of brief feeding 

differs between different nematode developmental stages with juvenile stages consuming less 

time (closer to 5 minutes) and the adult stages consuming more (closer to 10 minutes). Cortical 

cell response to nematode brief feeding period includes cytoplasmic streaming and rarely cell 
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death, but, nematode migration following these brief feeding periods, induces cell death along 

the migration path. Additionally, preferential feeding behavior is also seen, with J2 and J3 life 

stages feeding on the root hair and the higher developmental stages (J4 and adults) feeding on 

the cortical cells [31]. During extended feeding periods, a relatively prominent salivation zone 

is formed, following which several cell-wall modifying enzymes (CWME) and effectors are 

secreted into the host cell prior to ingestions.  

Over many years, numerous CWMEs  such as cellulases, pectate lyases, xylanases and 

arabinases, have been discovered in migratory and sedentary endoparasitic phytonematodes 

[32ï37].  Of these, cellulases has been of particular interest to researchers to understand the 

underlying mechanism of host-parasite and the role of horizontal gene transfer in the origin of 

parasitism in phytonematodes. Cellulases breakdown cellulose, the major structural 

component of plant cell walls. Cellulases of root-knot and cyst nematodes have been 

extensively studied since they are involved in the preliminary interaction with host tissues. The 

sedentary enodparaitic nematode cellulases are secreted by the nematode during the 

mechanical root puncturing and migration activity have been shown to be homologous to 

bacterial cellulases suggesting a possible ancient horizontal gene transfer (HGT) event between 

bacteria and nematodes to enable plant parasitism.  Molecular characterization studies have 

confirmed the presence of four cellulases belonging to GHF5 family (mainly bacterial 

cellulases) in the burrowing nematode, R. similis [33]. Of these, three showed relatively lower 

expression in males, most likely since males are non-feeding. In another migratory 

phytonematode, B. xylophilus, three cellulases belonging to the GHF45 family have been 

discovered [35]. GHF45 cellulases are secreted by many microbes including bacteria and fungi 
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as well as some animals; however, the B. xylophilus cellulases have been shown to be of fungal 

origin as opposed to bacterial origin (and B. xylophilus feeds upon and lives in close association 

with fungi). In-situ hybridization studies have confirmed the expression of nematode cellulases 

specifically within the esophageal gland secretory cells of these parasites, corroborating the 

hypothesis that these proteins are secreted during the initial phases of parasitism (penetration 

and migration). However, parasitism proteins involved in disparate stages of host interaction 

can also be released by other tissues such as the amphids and hypodermis [10]. Cellulases have 

also been characterized in the molecular and transcriptomic studies of the lesion nematode P. 

penetrans, P. thornei, P. vulnus and P. zeae [31,38ï41] . The P. penetrans GHF5 cellulases 

have shown similarity to those in cyst and root-knot nematodes, enforcing a previous finding 

that some of the early members of the Pratylenchidae family could be gene donors to the root-

knot ans cyst nematodes [37,41]. Additionally due to their expression in all migratory 

endoparasitic nematode life stages, cellulases, specifically ɓ-1,4-endoglucanases have been 

utilized to design diagnostic PCR markers for classification of different Pratylenchus species 

from soil and root samples [42].  

In addition to cellulases, another secretory protein group extensively studied in PPNs are 

pectate lyases. Pectate lyases are involved in the breakdown of pectin, an essential component 

of the plant cell-wall, involved in supporting the cellulose and hemicellulose fiber molecules 

within and between plant cell-walls [43]. Pectate lyases, specifically PL3,  has been cloned and 

reported in numerous sedentary endoparasitic nematodes such as members of the Meloidogyne, 

Globodera and Heterodera genera [44ï48]. In migratory phytonematodes, PL3 has been 

discovered in the genomes and transcriptomes of R. similis [23], P. coffeae, P. penetrans 
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[41,49], D. destructor [50] and B. xylophilus [34]. These PL3s are involved in softening the 

plant cell wall, thereby allowing the nematode to migrate through the intercellular spaces. In 

sedentary endoparasitic nematodes, close homologs of these pectate lyases secreted from the 

subventral esophageal glands have been shown to be of a bacterial and fungal origin [51]. 

Furthermore, RNAi knockdown studies of these pectate lyases in the sedentary endoparasitic 

phytonematode, H. schachtii culminated in fewer nematodes per root tissue sample of 

Arabidopsis thaliana plants, implicating the need for these enzymes in parasitism [52]. 

CWMEs such as arabinases, xylanases, polygalactouranases have also been found during 

genomic and transcriptomic analyses of multiple parasitic phytonematodes [7,32,43,53]. 

However, extensive molecular characterization studies elucidating the interplay between 

different CWMEs during parasitism in migratory PPNs has not been performed, thereby 

leaving a significant gap in the knowledge necessary to understand the processes taking place 

during the course of infection by a migratory PPN.  

Parasitism gene repertoire and effectors of migratory endoparasitic nematodes 

Low-cost and resource-efficient NGS technologies have opened gateways for researchers to 

analyze the arsenal of putative effectors secreted by PPNs. The broad definition of effector 

proposed by Hogenhout et al. (2009): ñall pathogen proteins and small molecules that alter 

host-cell structure and functionò encompasses the spectrum of effectors secreted by PPNs 

[135]. PPN effectors are generally expressed and secreted by esophageal gland cells, 

specifically one dorsal and two subventral esophageal gland cells, through the stylet. The role 

of these esophageal gland cells in sedentary endoparasitic PPN is generally regulated; the 

subventral gland cells are metabolically active during the pre-parasitic and early infective 
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stages and the dorsal gland cells are active during a more permanent association with the host 

tissues [10,31]. An overview of some of the key parasitism genes discovered in economically 

important migratory PPNs since 2013 is provided in Table 1.1. 

Pratylenchus spp. 

In P. penetrans, numerous effectors have been identified and their putative role in parasitism 

has been deciphered [38,41]. Some of the significant effectors discovered in the P. penetrans 

transcriptome include catalases (with N-terminal signal peptide) and glutathione peroxidase, 

that play role in shielding the nematode against host induced reactive oxygen species (ROS) 

molecules, Moreover, notable effectors identified in the transcriptome dataset include the 

venom allergen-like proteins (VAPs) that haav also been identified in B. xylophilus and have 

been hypothesized to be involved in movement within the host plant [54]. Furthermore, 

effectors such as transthyretin-like proteins (TTLs) and fatty-acid and retinol-binding proteins 

(FARs) were also identified in the P. penetrans transcriptome dataset [38]. TTLs have been 

implicated to play an important role in the nervous system of R. similis and FARs from the 

cyst and root-knot nematodes have been shown to bind precursor molecules involved in the 

defense related jasmonic acid signaling pathway [55ï57]. During the comparative studies of 

multiple root-lesion nematodes, several genes coding for PPN effectors involved in initiating 

a feeding site in host tissues were noted to be absent [40,41,49]. 

Transcriptome analysis of another member of this genus, Pratylenchus coffeae, revealed 

several proteins homologous to effectors involved in parasitism [49]. Notable amongst them 

are the genes coding for chorismate mutase, glutathione peroxidase, glutathione-S-transferase 
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peroxiredoxin, TTLs and VAPs. A noteworthy finding of this study was the identification of 

proteins homologous to RBP-1, a cyst nematode secretory protein with an SP1a and Ryanodine 

receptor domain (SPRYSECs). SPRYSECs have been shown to both suppress and elicit 

immune response in plants and within PPNs, these proteins has been identified only in the 

sedentary cyst nematodes [58]. The authors identified four putative SPRYSEC proteins in P. 

coffeae with a significantly high homology to the cyst nematode SPRYSECs [49]. In addition, 

the authors identified other SPRY domain containing proteins in P. coffeae as well. However, 

these do not show any similarity with the cyst nematode SPRYSEC proteins. A putative gene 

coding for an arabinogalactan galactosidase, a protein found only in the cyst nematodes, was 

also identified in P. coffeae. Additionally, many genes involved in cell-wall modification, such 

as ɓ-1,4-endo-glucanase, pectate lyase, xylanase and GH16 (ɓ-1,3-endoglucanases) were 

uncovered during the transcriptome analysis of P. coffeae [49]. However, no GH16s were 

identified in the transcriptome of P. penetrans, indicating the evolution of a distinct effector 

set in P. penetrans as a result of host/niche specialization [41].   

Transcriptome analysis of another root-lesion nematode, Pratylenchus zeae, an important pest 

of high-value crops such as sugarcane and sorghum also revealed a similar trend in CWME 

occurrence [40]. P. zeae possesses a similar suite of effectors when compared with close 

relatives, P. penetrans and P. coffeae. Notable in the transcriptome were the genes involved in 

combating host-derived oxidative stresses, such as glutathione S-transferase, peroxiredoxin, 

thioredoxin, glutathione peroxidase and superoxide dismutase [40]. Additionally, genes 

identified in the transcriptome dataset of P. coffeae such as the cyst nematode secreted 

SPRYSEC proteins were also identified in P. zeae. Analysis of the putative secretome of P. 
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zeae revealed several sequences involved in a variety of functions such as stress response, 

energy metabolism, protein digestion, host defense evasion and plant cell wall modification 

[40]. Notably, the authors found expression of a gene with a SPRY domain localized within 

the nematode esophageal gland cells, implicating it in the parasitism process. The authors also 

noted that several genes involved in feeding site formation induced by sedentary nematodes 

such as C-terminally encoded peptides (CEP), CLE-like peptides, 16D10 and 7E12 were 

missing from the transcriptome analysis of P. zeae. Another important absence is of a gene 

coding for a putative chorismate mutase in P. zeae, which is present in the transcriptomes of 

P. coffeae and P. thornei.  

Radopholus similis 

Of the 30 described species of Radopholus, R. similis is the only major burrowing nematode 

species considered significant worldwide [59,60]. The transcriptome of R. similis has been 

sequenced twice [23,61]. Genes identified in R. similis include those involved in plant cell wall 

modification such as ɓ-1,4-endoglucanase, pectate lyase, endoxylanase, arabinase and 

expansins and in parasitism, also identified in root-lesion nematodes such as SXP/RAL-2, FAR 

and chorismate mutase. Proteinase-coding genes such as serine carboxypeptidase, calreticulin 

and cathepsin that have been linked to different aspects of plant parasitism were also identified 

in R. similis [56,62ï64]. Similar to few root-lesion nematodes, homologues of sequences 

involved in sedentary endoparasitism such as CLE, CEP, 16D10 and 7E12 were absent in R. 

similis. Several gene sequences coding for SPRY domains have been identified in the genome 

analysis. However, no N-terminal signal peptides were found in these proteins. Another 

notable finding in the R. similis genome as well as transcriptome analysis is the presence of 
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several genes involved in the dauer pathway. A study by Chabrier et al., (2010) has 

demonstrated after 180 days under no host conditions, R. similis males increase in number 

(21.7%) compared to females (9.8%), indicating a possibility of higher expression of dauer 

genes in males than females (or lower survival of females during unfavorable conditions, hence 

a lower expression of dauer genes) [65].  

The recent genome analysis of R. similis has also shed more light into the relationship of this 

migratory nematode with the sedentary cyst nematodes. A recent robust phylogenetic analysis 

of the Small Subunit ribosomal DNA (SSU rDNA) by Holterman et al., (2017), revealed five 

lineages leading to sedentary endoparasitism. Among these, the subfamilies Pratylenchinae 

and Hirschmanniellinae are hypothesized as ancestors of the sedentary root-knot nematodes. 

Also, a common ancestral link between the semi-endoparasitic nematode, Rotylenchulus 

reniformis and the endoparasitic cyst nematodes has also been suggested by rDNA analysis as 

well as the effector analysis [66,67]. In the same phylogenetic analysis, it can be noted that R. 

similis and the members of the genus Heterodera, Globodera and Rotylenchulus share a 

common ancestor. However, albeit being relatively phylogenetically close, R. similis shares no 

overlap of key effectors such as CLE, SPRYSEC with the sedentary cyst nematodes. 

Holterman et al., (2017) also demonstrated the close association between members of the 

Radopholus genus specifically R. bridgei and R. similis with Hoplolaimus femina. The genus 

Hoplolaimus is comprised of phytonematodes with a wide range of lifestyle (ecto, endo and 

semi-endoparasites) [68]. However, limited information is available regarding the molecular 

interactions governing parasitism for this nematode (Hoplolaimus genus) or the 
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similarity/differences of effector repertoire between the other two Radopholus species (R. 

bridgei and R. similis). 

Ditylenchus spp. 

Expressed sequence tag (EST) analyses has been used previously to identify several genes 

involved in parasitism in the root-knot and cyst forming nematodes [69,70]. EST analysis of 

the potato rot nematode, D. destructor revealed homologs of several important effectors such 

as VAP and calreticulin, which play vital role in host defense induction. Moreover, effectors 

involved in circumventing host defense in cyst nematodes such as SEC-2 proteins and 

numerous cell wall modifying enzymes such as pectate lyase, cellulase and expansin were also 

identified in D. destructor [57,71]. Additionally, 14-3-3b a secretory protein identified in the 

gland cell of M. incognita and implicated in playing an essential role in signal transduction 

pathways, has also been identified in the EST dataset of D. destructor [71,72]. Since D. 

destructor feeds on fungi as well, it is unsurprising that proteins involved in fungal cell wall 

degradation such as chitinases and GH16 (1-3(4))-beta-glucanase genes were identified in the 

EST dataset of this nematode. 

EST analysis of the peanut pod nematode, D. africanus identified a similar suite of expressed 

parasitism genes [73]. Homologs of key genes participating in anhydrobiosis such as the late 

embryogenesis abundant protein (LEA), were also identified in D. africanus. This is on par 

with certain members of the genus, Ditylenchus such as D. dipsaci that have been shown to be 

capable of anhydrobiosis [136]. Genes involved in providing structural integrity to the 
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nematode cell membrane such as fatty acid desaturase and stomatin were also identified in the 

EST dataset [73].  

Bursaphelenchus spp. 

Analysis of over 13,000 and 3,000 ESTs from B. xylophilus and B. mucronatus, respectively, 

revealed several genes involved in parasitism [74,75]. In addition to the conventional 

parasitism genes, genes such as chitinase, expressed in the eshophageal gland cells of the cyst 

nematode, have also been found in B. xylophilus [74,75]. Presence of this and other chitin 

degrading enzyme like GH16 are necessary because Bursaphelenchus feeds on fungi (cell wall 

made of chitin) and is vectored by Monochamus insects (insect cuticle is made of chitin). 

Additionally, with D. africanus, the authors found several dauer genes such as LEA homologs 

as well as 18 C. elegans dauer-formation (daf) homologs. Identification and characterization 

of parasitism genes has led to the discovery of a multilayered enzymatic detoxification strategy 

in B. xylophilus, with detoxification enzymes such as glutathione SȤtransferase being secreted 

as the first line of response and other parasitism effectors such as VAP being secreted later 

[76]. Detoxification enzymes such as glutathione SȤtransferase have been shown to play 

significant roles towards plant parasitism in root-knot nematodes [76,77].  Recently, the 

effector gene, BxSapB1, has abeen identified in B. xylophilus [78]. BxSapB1 possesses a 

functional signal peptide and has been demonstrated to contribute towards host cell death and 

increased virulence of B. xylophilus [78].  



 

17 

Management of migratory PPNs 

A variety of management strategies have been employed for different types of PPN due to their 

ability to parasitize a wide range of hosts. Migratory PPNs such as those belonging to the 

genera Radopholus, Ditylenchus and Pratylenchus can be easily spread by contaminated 

vegetative plant  parts or marketed products such as vegetables and timber (in case of B. 

xylophilus) [79]. Integrating multiple management strategies is essential; however, the specific 

strategy should depend upon accurate diagnosis of the nematode species, growing conditions, 

available resources and economic feasibility, which vary among cropping systems and in 

developing vs. developed countries. 

Cultural practices 

Cultural practices such as crop rotation with a non-host crop or instituting a period of fallow 

(including elimination of weeds) can reduce nematode populations. Crop rotation is less 

effective as a control strategy, however, due to the polyphagous nature of some PPNs. For 

instance, rotation with crops such as cassava and sweetpotato have been useful in bringing 

down R. similis populations [80], but sweetpotato is a susceptible host for other types of PPN 

such as M. enterolobii and Rotylenchulus reniformis. In the case of P. zeae, effective control 

has been achieved by rotating rice with leguminous beans such as black gram and mung bean 

[81]. Control of another lesion nematode, P. thornei in wheat was also achieved in Mexico by 

rotating with crops such as cotton, corn and soybean for two successive years [82]. The use of 

certified nematode-free starting material such as seed potato or banana corm has been helpful 

in reducing nematode populations of D. dipsaci and R. similis respectively [83-85]. Use of 

clean starting material has also been effective in reducing populations of yam nematodes, S. 
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bradys, the causative agent of dry rot disease in yams. Utilizing hot water treatment for 

disinfecting starting plant material has been useful for managing populations of D. dipsaci, P. 

vulnus and R. similis [83ï85].  

Cover crops are an indispensable unit in an agricultural ecosystem since it provides a host of 

benefits to the soil such as increased nutrients, reduced pest populations as well as increase in 

beneficial soil microbes. Use of marigold (Tagetes spp.), which has been shown to produce 

thiophene Ŭ therthienylee (a nematicidal compound), as a cover crop has provided effective 

control against P. penetrans [86ï89]. Sunn hemp (Crotalaria juncea L.), a leguminous cover 

crop has also shown significant potential in reducing populations of several sedentary 

nematodes of the Meloidogyne and Heterodera genera as well as migratory nematodes such as 

the sting nematode (Belonolaimus longicaudatus) and stubby root nematodes [90,91]. 

Moreover, recent studies with sunn hemp, pigeon pea and Gliricidia have delivered promising 

results in managing the endoparasitic yam nematode, S. bradys [92]. However, a recent trial 

with sunn hemp and pigeon pea (Cajanus Cajan) showed no nematode suppression activity on 

the migratory nematode R. similis [93]. Cover crops such as mustard (Brassica and Sinapsis 

spp) which secretes a wide variety of PPN antagonistic compounds such as isothiocyanates 

and glucosinolates have also provided moderate nematode suppression [94]. For a detailed 

review of phytochemicals for nematode control, the authors recommend Chitwood, (2002) 

[95].  
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Resistance as a tool for nematode control 

Due to the growing environmental and human health concerns caused by the use of toxic 

nematicides and the associated regulations surrounding their use, incorporating natural 

resistance (R) genes into desirable crop cultivars has been a successful strategy to provide crop 

protection against PPNs [96]. The first cloned naturally occurring R gene that provided 

resistance against a PPN, was the Hs1pro1 gene from sugar beet [97,98]. This gene confers 

resistance to the sedentary cyst-forming nematode, H. schachtii [97]. Since then, many 

nematode R genes have been cloned and identified including Mi-1, Hero A, Gpa2, Gro1-4, 

Rhg1 and Rhg4, however, these genes confer resistance only to sedentary PPNs [99ï106].  

With regards to migratory nematodes, Atkinson et al., (2004) demonstrated the efficacy of the 

first transgenic bananas expressing rice cystatins which provided significant resistance (around 

70±10%) against R. similis. Transgenic Nicotiana benthamiana plants expressing the cysteine 

proteinase Cathepsin S also demonstrated enhanced resistance to R. similis [107]. Musa 

varieties such as the Yangambi Km5 and Pisang Jari Buaya also provide some degree of 

resistance against R. similis primarily through mechanisms involving phenol accumulation and 

lignification respectively at the nematode infection site [108,109]. Furthermore, evidence of a 

mutualistic Fusarium endophyte (Fusarium oxysporum isolate A1 and Fusarium cf. 

diversisporum) inducing systemic resistance against R. similis in bananas has also been 

demonstrated [110]. Another instance of resistance against a migratory PPN, is the bread wheat 

line Gatcher selection 50a, which provides partial resistance against the root lesion nematode 

P. thornei [111]. Partial resistance to P. thornei has also been identified in other varieties of 

wheat such as óCPI133872ô, grown in multiple regions in Australia, where P. thornei is an 
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extremely damaging pathogen [112ï114]. Although, several trials on potato varieties have 

been conducted to identify sources of resistance or tolerance (ótoleranceô as defined by Mwaura 

et al., (2015)) against nematodes in the Ditylenchus genus, few varieties are commercially 

available [115]. In a recent study based on the relative susceptibility score, the potato variety 

óSpuntaô was classified as resistant against D. destructor and D. dipsaci under greenhouse 

conditions [115]. However, these results have not been confirmed under field conditions.  

Nematicides 

Due to the deleterious effects of certain nematicides/pesticides on the environment and non-

target organisms, severe regulatory restrictions including ban of important nematicides have 

been established. One such broad spectrum pesticide is methyl bromide, which is also a popular 

fumigant nematicide, has been phased out of agricultural use in the United States in 2005 due 

to its atmospheric ozone depletion properties [116]. Currently there exists a huge gap in the 

number of effective and economical nematicide products that are available to growers. Some 

of the important fumigant nematicides currently approved for use on high-value crops and 

ornamentals in the United states include metam sodium (Vapam®), metam potassium (Metam 

CLRÊ), Chloropicrin (Metapicrin), 1,3-dichloropropene (Telone®) [116]. An alternative to 

methyl bromide with regards to the lowest per-unit cost is the registered fumigant Chloropicrin, 

which has been used in combination with the fumigant nematicide 1,3-D [117]. This 

combination treatment has provided effective control against soilborne pathogens in a broad 

variety of crops such as almonds, sweet potatoes, strawberries, grapes and carrots but limited 

control of weeds and high input costs that concern many growers. Additionally, application of 

1,3-D has been restricted within California townships, with a ban of 1,3-D in the month of 
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December due to air quality concerns [118,119]. Another example is the non-fumigant 

nematicide, Fenamiphos (Nemacur®). Fenamiphos has been utilized by Anthurium growers in 

Hawaii as a post-plant application for managing R. similis and other PPNs [120]. However, 

with a phase-out of this chemical in the U.S., growers are now integrating cleaner management 

practices such as using micropropogated anthurium plantlets and disinfested starting materials 

[121]. An alternative microbial nematicide, DiTera® (Nematicide synthesized from the fungus 

Myrothecium verrucaria) has also been recommended as an effective low-risk nematicide for 

reducing R. similis populations in Anthurium [121]. In a recent study by Zouhar et al., (2016), 

treatment of garlic cloves with the fumigant hydrogen cyanide at a concentration of 20g/m3 

caused significant increase in D. dipsaci mortality [126]. 

Post-plant application of the systemic nonfumigant nematicide, Oxamyl (Vydate®) has 

provided effective control against the root-lesion nematode, P. penetrans in raspberries during 

field trials in Washington [122]. Another nonfumigant nematicide that has been registered in 

several countries for crop protection against multiple nematodes, predominantly the root-

lesion, potato rot and pine wood nematode, is the contact nematicide, Fosthiazate 

(Nemathorin®) [123]. Migratory PPNs such as root-lesion nematodes generally occur as a 

complex with other plant-pathogens such as Fusarium spp. [124]. Trials with a combination 

of abamectin-fungicide coated seeds reduced root infection by P. penetrans in maize [125]. 

Seed treatments are also an important form of control for the stem and bulb nematode D. 

dipsaci [126]. Novel seed treatment strategy such as electrospinning of agrichemicals has also 

recently shown promise to manage plant pathogens under laboratory conditions [127]. 

Essential oils and volatiles derived from several families of Portuguese aromatic flora have 
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also shown effective nematicidal properties against the pine-wilt nematode B. xylophilus [128]. 

Although, several significant nematicides have been phased out and severe regulations have 

been imposed on some of the remaining ones, a management strategy combining multiple 

control practices should be practiced for effective nematode control. 

Conclusion 

Migratory PPNs are distributed across multiple clades in the phylum Nematoda in a recent 

phylogeny outlined by Holterman et al., (2019). Although there exist similarities in the biology 

and life cycle of several migratory PPN, huge contrasts and divergence are seen with respect 

to the anatomical adjustments made to thrive in the absence of a viable host. Parallel evolution 

of feeding enzymes that allows successful feeding in the host cells and on other microbes such 

as fungi is a trait that has undergone divergence several times in the course of evolution of 

migratory PPNs in the Nematoda lineage. By coupling spatio-temporal NGS approaches with 

molecular/functional characterization studies, insights into some of the key effectors and their 

targets can be gained which sheds light on the multifaceted interaction of a PPN with itsô host. 

Migratory PPNs, like their sedentary counterparts have been distributed across the globe 

probably as a result of increased international trade. A multipronged control strategy that 

depends less on chemical means and integrates factors such as the geographical location, 

nematode species and host range, plant resistance, as well as sound agricultural practices 

should be considered during the decision-making process for managing any plant-parasitic 

nematode.  
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Table 1.1. List of some of the significant parasitism genes in the four key migratory PPN genera 

published since 2013. 

Gene name/cluster 

ID 

 Species Function/Annotation Reference 

Pratylenchus spp. 

Ppen12895_c0_seq

1 (FAR) 

P. penetrans Fatty-acid metabolism [38] 

Ppen12103_c0_seq

1 (SXP-RAL2) 

P. penetrans  Function in parasitism: unclear [38] 

Vap-1 P. zeae Host defense suppression [40] 

Sec-2 P. zeae Overcoming host defense [40] 

Radopholus similis 

Rs-scp-1 R. similis Development, invasion and 

pathogenesis in some PPN 
[62] 

Rs-cps R. similis Embryonic development invasion 

and pathogenesis 
[64] 

Rs-cb-1 R. similis Reproduction and invasion [129] 

Rs-crt R. similis Reproduction and pathogenicity [63] 

Rs-far-1 R. similis Development, reproduction, 

infection and disruption of plant 

defense 

[130] 

Ditylenchus spp. 
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Table 1.1. (Continued). 

DD03093(VAP-1) D. destructor Host defense suppression [71] 

DDC03397(VAP-

2) 

D. destructor Host defense suppression [71] 

DD03835 (Sec-2) D. destructor Overcome host defense [71] 

Bursaphelenchus spp. 

BxSapB1 B. xylophilus Contributes to virulence and 

cell death 
[78] 

1-3-endoglucanase B. xylophilus Cell-wall degrading enzymes [131] 

Expansin-like 

protein 

B. xylophilus Cell-wall degrading enzymes [131] 

Peroxiredoxin B. xylophilus Detoxifying enzyme [131] 

Cytochrome-P450 B. xylophilus Detoxifying enzyme [76] 

Glutathione-S-

transferase 

B. xylophilus Detoxifying enzyme [76] 
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Abstract 

Radopholus similis also known as the burrowing nematode is a devastating pest of banana 

(Musa spp.) and several economically important crops and ornamentals. In this chapter, we 

present the genome assembly of R. similis and key characteristics of the genome. 

Key words: Genomics, burrowing nematode, Radopholus similis  

Introduction  

Plant-parasitic nematodes cause estimated crop losses of $100 billion worldwide [1ï3]. In the 

United States alone, economic losses due to nematode induced damages have been estimated 

to be around $10 billion [3]. Recent advances in genome sequencing technologies combined 

with the suite of open source softwares, has opened a new paradigm for molecular scientists 

and plant pathologists to examine the genomic variability that exists within pathogen 

populations. Starting from the free-living nematode C. elegans to the recently published 

genome of the root-knot nematode Meloidogyne graminicola [4], nematode genomes and 

transcriptomes are being heavily explored to understand the underlying complexities that 

distinguishes a parasitic nematode from their free-living counterparts. The burrowing 

nematode Radopholus similis, is a devastating pathogen of banana (Musa spp.), Citrus spp., 

anthurium, black pepper, and numerous other economically important crops and ornamentals 

[5]. Management strategies for R. similis are limited and expensive, emphasizing the need to 

understand the genomic and genetic makeup of this organism in order to seek better and 

specific tools to combat this parasite. In this Chapter, we have characterized and performed the 

functional annotation of the genome of R. similis. Following genomic DNA sequencing, 
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several bioinformatic platforms such as Benchmarking Universal single-copy orthologs 

(BUSCO), Core eukaryotic gene mapping approach (CEGMA), MAKER and BLAST were 

utilized to characterize and annotate the R. similis genome assembly. Moreover, key C. elegans 

gene homologs involved in the dauer, RNAi and neurotransmission pathways were also 

identified.  

Materials & Methods 

DNA extraction and assembly 

DNA was extracted from R. similis nematodes maintained on banana plants at Corbana, Costa 

Rica. The extracted DNA was sequenced using the Roche 454 platform at NCSU Genomic 

Sciences Laboratory. Following this, the genome was assembled using the Newbler platform 

at 30X coverage. After the genome assembly step, any potential contaminant sequences were 

removed using the NCBI platform. 

Genome characterization using BUSCO and CEGMA 

Once potential contaminants were removed, genome assembly completeness was gauged using 

BUSCO [6] and CEGMA [7]. For the BUSCO run, nematoda odb9 lineage was chosen and 

ócaenorhabditisô was selected as the model organism. It is however important to note that the 

nematoda odb9 lineage in BUSCO consists of only 8 nematodes, specifically, C. elegans, C. 

briggsae, C. japonica, P. pacificus (all free-living nematodes) and B. malayi, l. loa, O. volvulus 

and T. spiralis (all animal parasitic nematodes). Here, there is no representation of plant-

parasitic nematodes. Therefore, we have also performed BUSCO analysis with the Eukaryota 
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odb9 lineage (which includes nematodes as well). CEGMA run was performed using the 

default parameters. 

Gene prediction 

For gene predictions, MAKER v. 2.31.8 platform was utilized  [8]. MAKER gene predictions 

were made by integrating predictions from evidence such as R. similis ESTs, Uniprot and 

Swissprot databases, protein datasets of closely related nematode  (PPN and free-living) 

species as well as the ab-initio tools SNAP [9] and AUGUSTUS [10]. The gene predictions 

were performed in three separate runs. After each run, completeness of the proteome was 

checked by performing a BUSCO analysis in óproteinô mode against the nematoda odb9 and 

Eukaryota odb9 lineages. 

Functional Annotation 

Blast2GO was used to perform functional annotation of the R. similis genome and predicted 

protein set [11]. Blastp was performed on the R. similis predicted protein set with an e value 

set to 1e-5. The database selected was nr and ómetazoaô was the chosen taxon. óGOSlimô view 

was chosen for streamlining the annotations. For prediction of conserved genes in different 

pathways such as RNAi, dauer, neuropeptides and neurotransmitters, Blastp was performed 

against the R. similis database with an e value set to 1e-5 and the word size set to 3. For 

predicting genes belonging to a gene family such as collagen, NHR, GPCR, Protein family 

(PFAM) analysis was performed on the protein set and the results used to plot the graph. 
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Results and Discussion 

Genome characteristics 

We sequenced the R. similis genome utilizing the Roche 454 platform and assembled it into 

8133 scaffolds with a 30X coverage using Newbler, resulting in an N50 of 13.4 Kbp. At ~65 

Mbp, the R. similis genome assembly size is smaller than the free-living nematode C. 

elegans (~100 Mbp) and multiple plant-parasitic nematodes in clade 12 and 10 such as D. 

destructor (~112 Mbp) [12], G. pallida (124.6 Mbp) [13] and B. xylophillus (74.6 Mbp) 

[14], however slightly larger than the root-knot nematode M. hapla (~53 Mbp) [15]. The GC 

content of the R. similis is ~51%, which is higher than most plant-parasitic nematodes in clade 

12 and in keeping with the observations noted by Jacob et al., (2008). CEGMA analysis 

indicated approximately 221 (89.11%) complete and 230 (92.74%) partial genes (>75% amino 

acids) in the draft R. similis assembly. Utilizing the eukaryota lineage to run BUSCO we found 

85.2% complete genes in the genome assembly and 4.6% fragmented genes.  

Gene predictions were made using the MAKER v. 2.31.8 platform. MAKER predicted 18,564 

protein-coding genes in R. similis. Furthermore, to assess completeness, we also performed a 

tblastx of the 7,382 R. similis expressed sequence tags (ESTs) extracted from NCBI EST 

database against the R. similis draft genome assembly. We found that 6,960 sequences (~94%) 

had hits in the R. similis draft genome assembly and only 422 sequences did not return hits.  

GO Annotation and gene family representation 

Functional annotation showed a large percentage of genes involved in cellular and metabolic 

process and hydrolase activity which correlates with the feeding behavior of this nematode, 
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that causes extensive lesions on the root tissues of host plants [5]. Of the 18,564 predicted 

protein sequences that were used as queries, 13,186 (71.02%) protein sequences were 

annotated utilizing Blast2GO with an e-value of 1e-5. The annotated sequences were extracted 

and GO charts were constructed corresponding to each category (biological process, cellular 

component and molecular function).  Fig 2.2 (A-C) shows sequences corresponding to the GO 

ontologies for cellular component, biological process and molecular function respectively. 

Since very few parasitism genes in plant-parasitic nematodes have GO annotations assigned, 

the GO pie-chart describes the biology of the parasite, rather than the traits of parasitism [5].  

Within biological process (fig 2.2B), it can be noted that a significant portion of genes (23%) 

has been dedicated to cellular metabolic process, followed by nitrogen compound metabolic 

process (21%), primary metabolic process (16%) and organic substance metabolic process 

(16%). We speculate that this could be related to the migratory activity of this parasite through 

the cortical root cells, which necessitates for an expansion in metabolic activities. Within 

molecular function, it can be noted that R. similis possesses a large portion of sequences 

corresponding to ion binding activity (26%) and hydrolase activity (15%) (fig 2.2C). 

Additionally, sequences encoding transferase activity (13%) are also present in R. similis. 

Transferases are enzymes involved in glycosidic bond formation, which act during the 

biosynthesis of multiple short and long-chain carbohydrate molecules [5]. In contrast, 

hydrolases are involved in the hydrolytic breakdown of glycosidic bonds. In R. similis the 

increase in transferase activity as well as hydrolase activity may be attributed to the lifestyle 

of the parasite which demands for a diverse repertoire of carbohydrate-active enzymes that can 

aid in movement, feeding and defense. We performed protein-family (PFAM) analysis on 
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18,564 R. similis predicted proteins using the EMBL PFAM database [16]. Compared with 

other plant parasitic as well free-living nematodes, R. similis possesses a large percentage of 

proteins belonging to the ABC transporter gene family (PF00005), major facilitator 

superfamily (PF07690) and 7TM GPCR serpentine receptor family (PF10323) (Table 2.2). 

Additionally, within PFAM analysis, we noted twelve genes encoding for SPRY (SP1a and 

RYanodine receptor) domains, and one of these had significant similarity to SPRYSEC 

effector proteins. However, this R. similis candidate lacked a secretion signal. Within PPN, 

SPRYSEC domains have only been found in cyst nematodes and have been speculated to be 

involved in suppressing and eliciting defense response in the hosts. Proteins with SPRY 

domains have also been found in the R. similis transcriptome analysis [17]. However, no 

secretion leader signals were found in those proteins. Since complete predicted protein sets 

were not available for Pratylenchus spp., those comparisons were not made. 

We performed gene family distribution analysis of major gene families involving G-Protein 

coupled receptor (GPCR), nuclear hormone receptor (NHR), collagen and the ubiquitously 

expressed gene glyceraldehyde-3-phosphate dehydrogenase (GPD). We noted that, compared 

with the sedentary endoparasite, M. hapla and the migratory PPN, P. coffeae, R. similis 

possesses a large percentage numbers of genes belonging to the GPCR and the NHR gene 

family. However, notably, both the migratory endoparasites, R. similis as well as P. coffeae 

possesses relatively lower numbers of genes belonging to the collagen gene family, when 

compared with M. hapla (fig 2.3). 
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KEGG annotation 

Trends in genes involved in biochemical pathways were similar for R. similis, M. hapla and G. 

rostochiensis. However, it can be observed that, R. similis possesses a significant number of 

genes encoding for amino-acid biosynthesis and metabolism such as arginine, alanine, glycine, 

serine, threonine, lysine and phenylalanine (Table 2.3). Nonetheless, no patterns were 

observed, since these amino acids range from hydrophobic (alanine) to hydrophilic (serine) to 

ambivalent (glycine).  

Neurotransmitters & neuropeptides 

A variety of nematicides have been designed to target the nematode nervous system. In C. 

elegans, neurotransmitters such as dopamine, octopamine, and serotonin mediate physiological 

response such as pharyngeal pumping, movement and reproductive processes [18]. All major 

C. elegans genes coding for neurotransmitter biosynthesis, including acetylcholine, dopamine, 

GABA, serotonin, and octopamine, were identified in R. similis. Furthermore, we compared 

the pattern of occurrence of these neurotransmitters with other nematodes with a broad range 

of feeding mechanisms and observed that, R. similis neurotransmitters have patterns similar to 

the migratory nematode B. xylophilus except for acetylcholinesterase gene ace-4 which is 

absent in the latter (Table 2.4).   

Neuropeptides are essential for governing behavioral traits in nematode [19]. To date, three 

classes of neuropeptide families have been identified 1) FMRF-amid like peptides (FLPs) 2) 

INSulin like receptors (INSs) 3) Neuropeptide-like-proteins (NLPs). R. similis possesses a 

suite of 10 neuropeptides (Table 2.5). This is on par with other nematodes such as G. pallida 
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and M. hapla. R. similis possess 7 flp genes and only 3 nlp genes. NLPs comprises of multiple 

peptide families that do not fall under the purview of flps or INSs and are the least understood 

class of neuropeptides. Their function in nematodes are unclear [19]. 

RNAi and Dauer pathways 

RNAi-based technologies have been increasingly employed to study behavior, reproductive 

patterns and parasitism mechanisms of a variety of nematodes. Previously, successful RNAi-

based studies have been conducted on a variety of R. similis proteins such as GH30 xylanase, 

[20], calreticulin [21], cathepsin B cysteine proteinase [22] and serine carboxypeptidase [23]. 

Most genes involved in small RNA biosynthetic pathways were present in R. similis except for 

rde-4 and xpo-3. The trends for occurrence of genes involved in amplification, spreading, 

argonautes, RNAi inhibitors, nuclear RNAi effectors are similar to other PPNs such as G. 

pallida, M. hapla and M. incognita. The overall pattern of occurrence of R. similis genes 

appears similar to the migratory endoparasitic nematode, B. xylophilus, with certain exceptions 

such as rde-4 (double-stranded RNA binding protein) and mut-7 (exonuclease), which is absent 

in the former (Table 2.6) [24]. 

Dauer pathways are utilized by nematodes such as C. elegans, as a survival/dispersal 

mechanism that aids the nematode to thrive in hostile environmental conditions. In both plant 

and animal parasitic nematodes, the infective stage often occurs as a dauer, making this unique 

nematode stage a significant and vital component of the life cycle. Dauers do not feed and may 

exhibit reduced movement to conserve limited energy reserves. R. similis possesses multiple 

genes involved in the dauer pathways such as guanyl cyclase, TGF-ɓ and insulin pathways (see 
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Table 2.7). This trend has also been noted during the transcriptome analysis by Huang et al., 

(2019) [17]. However, not surprisingly, it does not possess orthologues of daf-28, which is 

essential in signaling in C. elegans, but not conserved in other nematode species. Although R. 

similis has not been shown to form dauers, there has not been a concerted effort to identify 

them. The presence of these dauer gene homologues, however, might not be a true indicator of 

the dauer pathway being active, and these genes might have evolved to perform different 

functions. Functional characterization experiments need to be conducted to corroborate these 

and other bioinformatic findings. 

Conclusion 

We have analyzed and performed the functional annotation of the R. similis genome assembly. 

Preliminary analysis shows that R. similis possesses a genome size of ~65 Mbp coding for 

~18,000 proteins. Characterization of genes involved in pathways such as neurotransmission, 

RNAi and dauer demonstrates a pattern of occurrence similar to other PPNs in the Tylenchida 

order. Our results corroborate well with the transcriptome analysis performed by Huang et al., 

(2019). An interesting observation, however, is the presence of several genes involved in the 

dauer pathway. This particular observation was noted by Huang et al., (2019) as well. Future 

studies focusing on utilizing molecular techniques such as yeast-2-hybrid, Bimolecular 

Fluorescence Complementation, co-immunoprecipitation needs to be performed in order to 

uncover the true targets of these and many other genes discovered during the genome and 

transcriptome analysis of R. similis.  
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NCBI accession number 

The Whole genome shotgun (WGS) has been deposited in NCBI under the accession number 

SJFO00000000 and BioProject PRJNA522283. 
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Table 2.1. Genome characteristics of R. similis compared to other nematodes (Plant-parasitic and 

free-living). 

* values for other nematodes from [25] and wormbase parasite [26,27] 

 

  R. similis B. 

xylophilus 

G. pallida M. hapla C. elegans 

Assembly size 

(Mb) 

65 74.6 124.6 53 100.3 

Scaffolds (n) 8,133 5,527 6,873 3,452 7 

Longest scaffold 

(Kbp) 

502.9 3,600 599.7 360.4 20,929 

Complete BUSCOs 53.9 75.8 43.7 59.9 98.6 

CEGMA 

(complete/partial 

%) 

89.11/92.74 97.6/98.4 74.19/80.65 94.8/96.8 98.4/100 

Average CEG 

number (complete/ 

partial) 

1.87/2.01 1.12/1.17 1.23/1.29 1.35/1.42 1.11/1.20 

Genes (n) 18,564 17,704 16,466 14,420 20,317 
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Table 2.2. PFAM domains in R. similis compared with other nematodes. 

PFAM R. 

simil

is 

D. 

destruct

ed 

G. 

palli

da 

M. 

incogni

ta 

M. 

halp

a 

B. 

xylophil

us 

C. 

elega

ns 

Description 

PF00005 349 46 25 30 26 65 73 ABC transporter 

PF07690 210 72 51 41 39 116 142 Major facilitator 

superfamily 

PF00069 194 231 212 305 199 278 489 Protein kinase 

domain 

PF10321 113 87 51 49 25 34 69 Serpentine type 

7TM GPCR 

chemoreceptor Srt 

PF00271 106 69 68 95 69 77 108 Helicase 

conserved C-

terminal domain 

PF00001 95 115 92 80 74 115 195 7 transmembrane 

receptor 

(rhodopsin 

family) 

PF00106 95 60 35 42 25 114 86 Short chain 

dehydrogenase 
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Table 2.2 (continued) 

PF00400 86 87 74 105 81 85 124 WD domain, G-beta 

repeat 

PF00651 81 67 226 64 65 57 111 BTB/POZ domain 

PF00270 81 53 53 71 54 56 72 DEAD/DEAH box 

helicase 

PF00076 79 132 79 158 87 81 156 RNA recognition 

motif. (a.k.a. RRM, 

RBD, or RNP 

domain) 

PF00105 75 60 40 107 55 65 337 Zinc finger, C4 type 

(two domains) 

PF01484 71 44 78 115 47 98 169 Nematode cuticle 

collagen N-terminal 

domain 

PF01391 68 60 69 140 61 105 156 Collagen triple helix 

repeat (20 copies) 

PF00083 68 54 38 38 21 40 58 Sugar (and other) 

transporter 

PF02931 65 66 60 47 36 86 126 Neurotransmitter-

gated ion-channel 

ligand-binding 

domain 

PF00046 59 65 70 73 54 58 119 Homeobox domain 

PF00104 55 53 32 90 43 68 343 Ligand-binding 

domain of nuclear 

hormone receptor 

PF07714 50 65 48 58 50 93 166 Protein tyrosine 

kinase 

PF00071 50 57 41 57 36 57 71 Ras family 

PF02932 49 54 52 39 27 60 103 Neurotransmitter-

gated ion-channel 

transmembrane region 

PF12796 49 47 96 47 37 53 102 Ankyrin repeats (3 

copies) 

PF01549 36 68 58 53 39 89 123 ShK domain-like 

PF00026 6 46 26 18 12 131 21 Eukaryotic aspartyl 

protease 

PF00089 5 45 26 26 14 16 8 Trypsin 
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Table 2.3. KEGG analysis of R. similis proteins compared with other PPNs. 

KEGG pathway Rsim Grostoc Mhap 

00010 Glycolysis / Gluconeogenesis 41 26 25 

00020 Citrate cycle (TCA cycle) 33 22 22 

00030 Pentose phosphate pathway 27 18 16 

00040 Pentose and glucuronate interconversions 25 8 8 

00051 Fructose and mannose metabolism  26 15 12 

00052 Galactose metabolism  17 12 12 

00053 Ascorbate and aldarate metabolism  14 6 5 

00061 Fatty acid biosynthesis  17 4 5 

00062 Fatty acid elongation 11 13 12 

00071 Fatty acid degradation  32 20 18 

00072 Synthesis and degradation of ketone bodies 6 3 5 

00100 Steroid biosynthesis 2 3 3 

00120 Primary bile acid biosynthesis 4 4 2 

00130 Ubiquinone and other terpenoid-quinone 

biosynthesis 17 6 7 

00140 Steroid hormone biosynthesis 7 4 3 

00190 Oxidative phosphorylation 100 73 70 

00195 Photosynthesis 5 0 0 

00220 Arginine biosynthesis 23 7 6 

00230 Purine metabolism 87 77 71 

00240 Pyrimidine metabolism 55 58 56 

00250 Alanine, aspartate and glutamate metabolism 42 20 20 

00254 Aflatoxin biosynthesis 1 1 1 

00260 Glycine, serine and threonine metabolism 43 18 17 

00261 Monobactam biosynthesis  10 1 1 

00270 Cysteine and methionine metabolism  56 27 24 

00280 Valine, leucine and isoleucine degradation  38 30 30 

00281 Geraniol degradation 6 2 2 

00290 Valine, leucine and isoleucine biosynthesis 11 2 3 

00300 Lysine biosynthesis  18 1 1 

00310 Lysine degradation  37 31 25 

00311 Penicillin and cephalosporin biosynthesis 2 0 0 

00330 Arginine and proline metabolism 38 19 15 

00333 Prodigiosin biosynthesis 3 1 2 

00340 Histidine metabolism 16 8 8 

00350 Tyrosine metabolism  23 13 11 

00360 Phenylalanine metabolism 26 8 5 
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Table 2.3 (Continued). 

00362 Benzoate degradation 11 4 1 

00364 Fluorobenzoate degradation 2 0 0 
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Table 2.4. C. elegans genes encoding for neurotransmitters compared with plant-parasitic nematodes. 

Neurotransmitter Gene Function Ce Mi Mh Me Gp Bx Rs 

  

choline 

acetyltransferase cha-1 + +   + + + 

Acetylcholine 

synaptic 

acetylcholine 

transporter 

unc-

17   + + + + + 

choline transporter cho-1   + + + + + 

post-synaptic 

transporter snf-6 + + + + + + 

Acetylcholinesterase ace-1   + + + + + 

Acetylcholinesterase ace-2 + + + + + + 

Acetylcholinesterase ace-3 + +   + + + 

Acetylcholinesterase ace-4           + 

Serotonin 

tryptophan 

hydroxylase tph-1   +   + + + 

GTP-cyclohydrolase 

I cat-4   + + + + + 

aromatic AA 

decarboxylase bas-1   + + + + + 

Serotonin vesicular 

monoamine 

transporter cat-1   + + + + + 

serotonin reuptake 

transporter mod-5 + + + + + + 

monoamine oxidase amx-1         + + 

Dopamine 

Dopamine tyrosine 

hydroxylase cat-2         + + 

dopamine reuptake 

transporter dat-1   +   + + + 

Tyrosine 

Tyrosine 

decarboxylase tdc-1 + + + + + + 

Octopamine 

Tyramine ɓ-

hydroxylase tbh-1 + + +   + + 

Glutamate 

vesicular glutamate 

transporter eat-4 + + + + + + 

plasma membrane 

glutamate 

transporter glt-1 + + + + + + 
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Table 2.4 (Continued). 

GABA 

glutamate 

decarboxylase 

unc-

25 + + + + + + 

GABA vesicular 

GABA transporter 

unc-

47 + + + + + + 

GABA transporter snf-11 + + + + + + 

GABA transaminase gta-1 + + + + + + 

*data for other nematodes from [28] 
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Table 2.5. C. elegans genes encoding for neuropeptides compared with plant-parasitic nematodes.  

Ce Mi  Mh Me Gp Bx Rs 

flp-1 + + +   + + 

flp-6   + + + + + 

flp-11   + +   + + 

flp-12 + + + + +   

flp-13         + + 

flp-14 +   +   + + 

flp-16 + + + +   + 

flp-17   + + + +   

flp-18   + +   + + 

flp-22 + + +   +   

flp-34 + +   + +   

nlp-1 + + +     + 

nlp-2 + + +   +   

nlp-3         +   

nlp-10 + + + + +   

nlp-12 + + + +     

nlp-14         + + 

nlp-15 + + + +   + 

nlp-21   + + + +   

nlp-37   + +   +   

nlp-40         +   

nlp-42       + +   

*data for other nematodes from [28] 
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Table 2.6. C. elegans genes involved in the RNAi pathway compared with plant-parasitic nematodes. 

                     RNAi Pathway Ce Mi  Mh Me Gp Bx Rsim 

      Small RNA biosynthetic proteins  drsh-1 + + + + + + 

  xpo-1 + + + + + + 

  xpo-2 + + + + + + 

 
dcr-1 + + + + + + 

  drh-1 + + + 
 

+ + 

  pash-1 + + + + + + 

  rde-4 
    

+ 
 

    xpo-3  
      

                                        Amplification  smg-2 + + + + + + 

  smg-6 + + + + + + 

  ego-1 + + + + + + 

 
rrf -3 

    
+ + 

  rrf -1 + + + + + + 
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Table 2.6 (Continued). 

 smg-5       

    rsd-2  
      

  rsd-3 + + + + + + 

                                            Spreading sid-1 
      

  rsd-6 
      

  sid-2 
      

                                          Argonautes alg-1 + + + + + + 

  csr-1 + + + + + + 

  ppw-2 + + + + + + 

 T22H9.3 + + + + + + 

  Y49F6A.1 + + + + + + 

                                   RNAI inhibitors eri-1 + + + + + + 

  xrn-2 + + + + + + 

  adr-2 
      

 
adr-1 + 
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Table 2.6 (Continued). 

                Nuclear RNAi effectors  mut-7  + +  +  

  cid-1 + + + + + + 

  ekl-1 + + + + + + 

  gfl-1 +  + + + + 

 
mes-2 + + + + + + 

  ekl-4 + + + 
 

+ + 

  mes-6 
 

+ + + + + 

  rha-1 + + + + + + 

  mut-2 
     

+ 

*data for other nematodes from[28]  
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Table 2.7. C. elegans genes involved in the Dauer pathway compared with plant-parasitic nematodes. 

C. 

elega

ns 

B. 

xylophi

lus 

D. 

destructo

r 

G. 

palli

da 

M. 

hap

la 

M. 

incognit

a 

R. 

similis 

Annotation 

Guanylyl cyclase pathway 

daf-

11 

Y Y Y Y Y Y Transmembrane 

guanylate cyclase 

tax-2 Y Y Y 
  

Y cGMP-gated channel 

tax-4 Y Y 
 

Y Y Y cGMP-gated channel 

¢DCʲ-

like 

              

daf-1 Y Y 
   

Y TGF-ʲ ǘȅǇŜL ǊŜŎŜǇǘƻǊ 

daf-3 
     

Y SMAD transcription 

factor 
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Table 2.7 (Continued). 

daf-4 Y Y Y Y Y Y TGFɓ type II 

receptor 

daf-5 
      

Proline rich protein 

daf-7 
 

Y 
    

BMP/TGF-ɓ 

daf-8 
     

Y SMAD transcription 

factor 

daf-14 
     

Y SMAD transcription 

factor 

bra-1 Y Y 
 

Y 
 

Y Zn-finger protein 

kin-8 Y Y 
   

Y Tyrosine kinase 

Insulin/IGF 

daf-2 
     

Y Insulin receptor 

daf-15 
      

Ortholog RAPTOR 

protein 

daf-16 Y Y 
 

Y 
 

Y FOXO transcription 

factor 
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Table 2.7 (Continued). 

age-1 Y Y 
 

Y Y Y Phosphoinositide 3-

kinase 

pdk-1 Y Y Y Y 
 

Y 3-phophoinositide-

dependent kinase 

akt-1 Y 
 

Y Y Y Y Serine/threonine kinase 

akt-2 
     

Y Serine/threonine kinase 

sgk-1 Y Y 
  

Y Y Serine/threonine kinase 

Steroid hormone pathway  

daf-9 Y Y 
 

Y Y Y Cytochrome P450 

daf-12 Y 
    

Y Nuclear receptor 

daf-36      Y Rieske Oxygenase, 

Hormone pathway 
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Table 2.7 (Continued). 

Other processes  

daf-6 Y Y Y Y Y Y amphid morphology 

daf-10 
 

Y Y Y 
 

Y WD-WAA rep 

daf-19 Y 
 

Y Y Y Y RFX transcription 

factor 

*data for other nematodes from[12] 
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Figure 2.1. Genome characterization and annotation workflow. 
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Figure 2.2. GO Annotation of R. similis proteins. (A) shows cellular component GO annotation with a 

node score cutoff of 20 (B) shows biological process GO annotation with a node score cutoff of 100 

(C) shows molecular function GO annotation with a node score cutoff of 40.   
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Figure 2.3. Gene family distribution in R. similis compared with other nematodes. *Data for other 

nematodes from [29]. 
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Chapter 3: The genome of the migratory nematode, Radopholus similis, reveals 

signatures of close association to the sedentary cyst nematodes 
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Abstract 

Radopholus similis, commonly known as the burrowing nematode, is an important pest of 

several crops and ornamentals including banana (Musa spp.) and Citrus spp. In order to 

characterize the potential role of putative effectors encoded by R. similis genes we compared 

predicted proteins from a draft R. similis genome with other plant-parasitic nematodes in order 

to define the suite of secreted proteins that enable it to function as a parasite and to ascertain 

the phylogenetic position of R. similis in the Tylenchida order. Identification and analysis of 

candidate genes encoding for key plant cell-wall degrading enzymes including GH5 cellulases, 

PL3 pectate lyases and GH28 polygalactouranase revealed a pattern of occurrence similar to 

other PPNs, although with closest phylogenetic associations to the sedentary cyst nematodes.  

We also observed the absence of a suite of effectors essential for feeding site formation in the 

cyst nematodes. Clustering of various orthologous genes shared by R. similis with other 

nematodes showed higher overlap with the cyst nematodes than with the root-knot or other 

migratory endoparasitic nematodes. The data presented here support the hypothesis that R. 

similis is evolutionarily closer to the cyst nematodes, however, differences in the effector 

repertoire delineate ancient divergence of parasitism, probably as a consequence of niche 

specialization. These similarities and differences further underscore distinct evolutionary 

relationships during the evolution of parasitism in this group of nematodes.  
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Introduction  

Global crop loss caused by plant-parasitic nematodes approaches ~$100 billion annually [1]. 

Based upon their unique life cycles there exists two main categories of plant parasitic 

nematodes: ectoparasites and endoparasites. The endoparasites are further classified into two 

broad groups based on their feeding mechanisms, specifically, sedentary endoparasites and 

migratory endoparasites. The two most economically important sedentary endoparasitic 

nematodes are the root knot nematodes Meloidogyne spp., and the cyst nematodes belonging 

to the Heterodera and Globodera spp. Of these, genome and transcriptome sequences of 

several cyst nematodes, such as the soybean cyst nematode H. glycines and the potato cyst 

nematodes, G. pallida, G. ellingtonae and G. rostochiensis exist in the public domain [2-6]. 

Additionally, genomes/transcriptomes of numerous root-knot nematodes, including M. hapla, 

M. incognita, M. javanica, M. arenaria, M. graminícola, M. floridensis and M. enterolobii 

have been explored to reveal important determinants of plant parasitism by sedentary 

endoparasitic nematodes [7-12]. These nematodes form specialized feeding sites in plant roots 

via different mechanisms, known as giant-cells in root-knot species and syncytia in cyst 

nematode species [13]. Also, more recently, the draft genome of the sedentary semi-

endoparasitic nematode species, R. reniformis has also been released in the public domain [14]. 

Unlike the sedentary endoparasitic RKN and cyst nematodes and the semi-endoparasitic, R. 

reniformis, the burrowing nematode, Radopholus similis, is a migratory endoparasite. 

Radopholus is a member of the Pratylenchidae family, which have not been shown to form 

specialized feeding sites within host roots.  The currently known host range of R. similis 

extends to more than 365 plant species, and R. similis is an economically significant parasite 
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of Musa spp. worldwide, and also causes significant damage to Citrus spp., coconut, palm, 

coffee, sugarcane, avocado, black pepper, foliage ornamentals of the family (Philodendron, 

Anthurium, Hibiscus) and ginger (Zingiberacieae) [15-16]. Additionally, bananas and 

plantains (Musa sp.) are consumed by ~400 million people worldwide and the export industry 

for these crops serves as a crucial mode of income for people living in many countries, 

including Colombia, Ecuador, Costa Rica and the Philippines [17].  

R. similis was first identified in 1893, in the banana growing areas in Fiji Islands and since 

then has reached multiple continents, most likely on infested plant material [18]. 

Characterization of R. similis populations from multiple regions worldwide indicated that R. 

similis geographic radiation is a relatively recent event, occurring within the past 200-300 years 

[19ï21].  R. similis thrives in the tropical and the sub-tropical regions around the world 

including east Africa, south and central America, parts of Asia, Australia and multiple regions 

in Europe. In the United States, R. similis is found in Florida, Texas and the islands of Hawaii 

& Puerto Rico [22]. R. similis is an economically important quarantine pest. Quarantine efforts 

to contain this pathogen, such as utilizing nematode-free starting material, have been 

successful, thereby limiting the spread of this pathogen R. similis is a sexually dimorphic plant-

parasitic nematode (PPN). Males and females can be classified by the unique sexual 

dimorphism that exists in their cephalic region, unlike Pratylenchus spp., and this trait also 

supports the hypothesis that R. similis is closely related to the cyst nematodes, belonging to the 

óHoplolaimidaeô family [23,24]. R. similis males are generally 500-600 µm long and possess a 

raised lip, a feature not shared by the females [25]. Males are more slender than females and 

possess a degenerate stylet, accounting for their non-feeding nature. Additionally, males 
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possess a characteristic curved spicule near the tail end and a prominent bursa. On the contrary, 

females possess a distinctive stylet approximately 16-21 µm long with three knobs. R. similis 

females are generally 550-800 µm long ending with a unique hyalinated tail region. R. similis 

reproduces as a facultative hermaphrodite, although out crossing occurs preferentially when 

males are present [26].  

The life cycle of R. similis is completed in 18-20 days at a temperature range of 25-30ºC, 

however populations in Europe seem to undergo reproduction even at lower temperatures [23]. 

Eggs are laid as the females migrate through the root system and females can lay up to 4-5 

eggs a day for several weeks. R. similis juveniles and females are parasitic, with the juveniles 

feeding outside the root system occasionally. The intercellular/intracellular migration and 

intracellular feeding by these vermiform nematodes cause significant cell damage, which leads 

to the characteristic reddish-brown lesions associated with these nematodes. Additionally, 

damage caused by the tunneling and feeding activities, leaves the root system wounded and 

susceptible to opportunistic bacteria or fungi that may enter the plant through the wounded 

site.  

The major underground symptoms of an R. similis infection seen in a banana plant is the 

characteristic necrotic lesions on the roots, that results in weakened root systems and reduced 

plant growth due to poor uptake of nutrients and water. This ultimately leads to toppling of 

banana plants especially during heavy rains and storm conditions and is a major concern among 

growers in the banana growing areas [23]. Currently a variety of management practices such 

as hot water and/or nematicidal treatment of the corms and suckers of banana plants, guying 
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and propping of fallen banana plants [27] to hold them in place and even resistant cultivars 

have been developed to combat this parasite. Resistant cultivars of Musa spp. such as the 

Yangambi Km5 and Pisang Jari Buaya (AAA)  have been very successful in reducing nematode 

populations in major banana growing regions in Africa [28]. The resistance in these cultivars 

has been shown to be mediated by the deposition of phenalenone-type phytoalexins at 

nematode infected sites [17]. However, these cultivars do not seem to be successful in 

managing R. similis populations infecting Musa spp. in Uganda, which has been attributed to 

pathogenicity variability between R. similis populations [28]. Furthermore, multiple biological 

agents utilized to control R. similis on bananas such as the ñmutualistic endophyte Fusarium 

oxysporum strain 162ò  and the ñantagonistic bacteria Bacillus firmusò have shown efficacy 

under controlled conditions; however, the protection they offer is generally limited to a single 

growing season [17,29]. Management strategies utilizing nematicides are restricted, both by 

cost and by regulations due to toxicity concerns for non-target organisms (including humans) 

as well as environmental and ground water impacts [81]. 

The genome sequence of R. similis may provide insights into the variety of mechanisms 

adopted by this pathogen to maintain a plant-parasitic lifestyle. We sequenced the R. similis 

genome with two objectives. First, in order to characterize the potential role of putative PPN 

effectors, including  plant cell-wall degrading enzymes, encoded by R. similis genes we 

compared predicted proteins  from our draft R. similis genome with other plant-parasitic 

nematodes in order to define the suite of secreted proteins that enable it  to function as a parasite 

and occupy new niches; and secondly, to ascertain the phylogenetic position of R. similis in 

the Tylenchomorpha [30]. Small Subunit ribosomal DNA (SSU rDNA) studies have placed R. 
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similis as a sister taxon  of the endoparasitic cyst nematodes [24,31,32]. Using our predicted 

protein set, we performed phylogenetic analyses of R. similis orthologous clusters shared with 

the cyst nematodes G. rostochiensis, G. pallida, H. glycines, the root-knot nematodes M. hapla, 

M. incognita, the migratory endoparasite D. destructor and the free-living nematode C. 

elegans. We were able to corroborate the SSU rDNA phylogenetic studies that R. similis is 

indeed a sister-taxon to the cyst nematodes. In this article, we present key parasitism/effector 

features of R. similis and its phylogenetic position in comparison with several nematodes 

exhibiting different lifestyles. 

Materials and methods 

Gene prediction 

Gene prediction was performed using the MAKER v.2.31.8 pipeline [33] in three rounds. For 

the gene predictions, 7,382 R. similis ESTs were extracted from the NCBI EST database, 

following which the ESTs were used as evidence to make gene predictions for the genome 

along with an in-house built protein set constructed from the proteins of closely related 

nematodes downloaded from Wormbase parasite and proteins from the Uniprot-Swissprot 

database. These evidence-based predictions were then integrated with ab-initio predictions 

performed by SNAP and AUGUSTUS to obtain a more robust and complete set of gene 

predictions. Finally, the gene predictions with Annotation edit distance (AED) values less than 

1 were extracted using a custom perl script. 
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CAZyme  

R. similis protein sequences were blasted against CAZy database (using Diamond), dbCAN 

database (using HMMER) and Peptide pattern recognition (PPR) (using hotpep) to search for 

putative CAZymes in the R. similis proteome [34,35]. The E value used was 1e-5. dbCAN2 

was utilized to perform this job [35] Hits returned in at least two databases were considered as 

valid candidates. For annotation of the CBM moieties attached with the GHs, hits returned 

from DIAMOND were considered. Data for the other nematodes were from [36]. Additionally, 

the genome papers of the corresponding nematodes and pertinent literature was also reviewed 

to ensure accuracy while reporting. 

For annotating the expansins in R. similis predicted protein set, known expansin proteins 

sequences of plant-parasitic nematodes were downloaded from NCBI. Following this, the 

downloaded protein dataset was used to create a database for performing Blastp. R. similis 

predicted protein set was used as query against this database. The E-value set was 1e-5. The 

data  for expansins for the other nematodes were obtained from [37]. 

Phylogenetic Analysis of secreted proteins and gpd  

Signal peptides and transmembrane domains in the protein sequences were predicted using 

SignalP4.1 [40]. The localization pattern of proteins sequences were predicted using the 

DeepLoc server with the óEukaryoteô option selected [41]. Relevant predicted secreted gene 

products were analyzed as indicated below. 
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A position specific iterative (PSI) Blastp analysis of relevant genes was done against the NCBI 

nr database (nematoda) with an E- value of 1e-5. A Blastp analysis was also performed on 

Wormbase parasite with an E-value of 1e-5. The relevant hits were extracted, following which 

the extracted sequences were aligned using MUSCLE [38] (Gap open penalty -2.90, Gap 

extend penalty 0.00 and hydrophobicity multiplier 1.20). The cluster method selected was 

UPGMA. The aligned sequences were then concatenated and utilized to construct a tree using 

the maximum likelihood statistical method  using the best-fit  substitution model estimated 

using MEGA X [39]. Site coverage was set to be 95% with partial deletion of gaps/missing 

data. Resampling was performed using bootstrap analysis of 1000 replicates. For the gpd gene 

analysis, C. elegans gpd genes were used as query to conduct a Blastp against the R. similis 

protein database. Genes that returned hits with an E-value=0.0 were used to query NCBI or 

Wormbase.  

Phylogenetic analysis using orthologs 

For constructing the Venn diagram, OrthoMCL was utilized to identify orthologous clusters 

[42]. An all against all Blastp was performed with an E value of 1e-5 and the inflation value of 

1.5 to balance sensitivity and selectivity of clusters. Orthovenn [43] was utilized to construct 

Venn diagrams using orthologous clusters. Genome and protein sequences for other nematodes 

were downloaded from Wormbase parasite [44,45]. 

For constructing the species tree, protein sequences of R. similis and seven other nematodes  

including Globodera pallida, Globodera rostochiensis, Heterodera glycines, Meloidogyne 

incognita, Meloidogyne hapla, Ditylenchus destructor  and Caenorhabditis elegans were 
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analyzed by OrthoFinder [46]. Alignments was generated using  MUSCLE [38] in Orthofinder. 

The MUSCLE generated alignments were concatenated, and the species tree was constructed 

with the Maximum-likelihood statistical best fit method (LG+G model) estimated using 

MEGA X with 1000 bootstrap replications [39]. All  positions with less than 95% site coverage 

were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous bases 

were allowed at any position. The free-living nematode C. elegans was used as an outgroup. 

The predicted proteome set of PPNs in the Pratylenchus genus were not available at the time 

of this analysis. Hence, it has not been considered for this analysis. 

Results and Discussion 

Parasitism gene repertoire and effectors 

PPN effectors (aka. parasitism proteins) are secreted when PPNs penetrate the host roots with 

their spear-like stylet and as they feed within the root tissue. Most of these effectors are 

produced primarily in the two subventral and one dorsal gland at different stages of parasitism 

and play an important role during a PPN-host interaction. Over the years, many R. similis 

effectors and the parasitism genes that encode them have been  reported including ɓ-1,4 

endoglucanases, endoxylanases, transthyretin-like proteins, serine carboxypeptidase, 

cathepsin-B and calreticulin [47-53]. We mined our predicted protein sequences in search for 

these known parasitism genes and found that the R. similis predicted protein set possesses all 

the reported parasitism PPN proteins (supporting information, table S3.2). Additionally, R. 

similis protein sequences were scanned for putative signal peptides using SignalP. Based on 

this search, 1548 protein sequences were identified which had putative signal peptides. 
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However, only 1405 protein sequences out of the 1548 SignalP identified candidates did not 

possess a transmembrane domain. 

To obtain the effector repertoire encoded by R. similis, we extracted sequences coding for ~100 

effectors from a diverse array of nematodes including the root-knot nematodes such as M. 

hapla, M. incognita and cyst nematodes like G. rostochiensis, H. avenae, G. pallida etc. 

(supporting information, table S3.2). We noted that R. similis does not possess any homologues 

of the CLAVATA3/ENDOSPERM SURROUNDING REGION(ESR), (CLE) - like peptides 

present in the cyst nematodes such as H. gycines, H. schachtii, and Globodera rostochiensis 

which has been suggested to be a required signaling peptide to achieve development of a 

syncytium in host tissues [54]. Although we identified twelve genes predicted to encode for 

SPRY (SP1a and RYanodine receptor) domains, these putative SPRY-containing proteins lack 

a secretion signal, which is an essential requirement for the protein to be classified as a 

SPRYSEC óeffectorô. The presence of proteins with SPRY domains has been confirmed in the 

R. similis transcriptome analysis as well [37]. Within PPNs, proteins with SPRY domains and 

a secretion signal (SPRYSECs) have only been found in cyst nematodes and have been shown  

to be involved in suppressing and eliciting defense response in the host plants [55]. This 

absence of secreted SPRYSEC effectors is consistent with R. similis not forming elaborate 

feeding sites in roots. However, effectors associated with host defense induction such as venom 

allergen-like effector proteins (VAPs) and host defense suppression such as calreticulin (3 

calreticulins) were also identified in R. similis [56,57]. One of these predicted calreticulins also 

possessed an ER-retention signal. Within PPNs, calreticulin has been extracted from the gland 

secretions of the root-knot nematode, M. incognita and the migratory PPN, B. xylophilus, 
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where it has been shown to be involved in host defense suppression and reproduction 

respectively [56,58]. Homologues of genes involved in protection against host-derived 

oxidative stresses such as superoxide dismutase, peroxiredoxin, glutathione-S-transferase and 

glutathione-peroxidase were also found in R. similis (Table 3.1). Homologues of the S-phase 

kinase-associated protein, involved in ubiquitination pathways as well as the FAR-1/SEC-2, 

involved in the circumvention of host defense were also identified in R. similis [59,60]. R. 

similis also possesses a gene coding for a putative secreted chorismate mutase (with ~51% 

similarity), which is a key enzyme involved in modification of the host shikimic acid pathway 

[61]. A variety of proteases found in a broad spectrum of nematodes (irrespective of lifestyle) 

such as serine carboxypeptidase, cathepsin S, B and L were also identified in R. similis 

(Supporting information, table S3.2).  No homologues of the putative apoplastic effector 4D06 

or the putative parasitic stage effector 30C02 or the plant peptide hormone mimic C-terminally 

Encoded Peptide (CEP) were found in the R. similis predicted protein set, further underscoring 

the lifestyle difference between a sedentary and a migratory PPN (see Table 3.1). 

Carbohydrate-Active enzymes (CAZymes) 

CAZymes comprise enzyme families that are involved in the degradation, synthesis and/or 

remodeling of carbohydrates and their conjugates. CAZymes were searched in the CAZy 

database, dbCAN database and the peptide pattern recognition (PPR) library to look for 

homologues of proteins encoding putative CAZymes in the predicted protein set of R. similis. 

Generally, CAZymes are divided into five broad classes based on their mode of action namely 

glycosyl hydrolase (GH), glycosyl transferase (GT), carbohydrate esterase (CE), 
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polysaccharide lyase (PL) and auxillary activity (AA). GHs are enzymes that accelerate the 

degradation of glycosidic bond between carbohydrates and/or non-carbohydrates. GHs are 

found across a wide gamut of organisms including bacteria, plants, fungi and invertebrates 

including nematodes [34]. Within PPNs, GHs perform a range of functions, primarily, 

breakdown of plant cell walls which is made up of cellulose, xylans, arabinans and pectins, 

that can aid in increased movement through host cells. Additionally, GHs are also involved in 

the breakdown of simple and complex carbohydrates such as glucose and sucrose, which can 

be utilized as potential source of nutrition by a PPN. The putative GHs in R. similis belong to 

multiple families, notably, GH5 (cellulase), and GH28 (polygalactouranase) (supporting 

information, table S3.1). In the R. similis genome, certain GHs such as GH5 (cellulase) have 

carbohydrate binding modules (CBM) such as CBM2 (generally found in bacterial organisms) 

appended. Cellulases from the root-knot nematode M. incognita and the cyst nematode, G. 

pallida also possess an appended CBM2 domain. In the sugar beet cyst nematode, H. schachtii, 

a secreted protein with a CBM domain, was demonstrated to directly interact with an 

Arabidopsis pectin methylesterase, thereby implicating it in facilitating nematode parasitism 

[62].  

R. similis encodes ten putative cellulase genes belonging to the GH5 family, subfamily 2. 

Phylogenetic analyses demonstrated that the R. similis GH5 proteins are distributed in four 

distinct clades, of which three are clustered and each is closely related to the cyst nematodes 

belonging to the Heterodera and Globodera genus (Fig 3.1). This result supports the previous 

SSU rDNA studies, which determined that R. similis is evolutionarily closer to cyst nematodes 

than to root knot nematodes [24].  Moreover, in one of the clades we observed that R. similis 
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shares a sister relationship with Rotylenchulus reniformis, a semi-endoparasitic nematode that 

serves as a potential intermediary between the migratory parasite, R. similis and the sedentary 

parasite, H. glycines. Multiple effector studies and a recent phylogenetic study by Holterman 

et al., (2017) have supported a common ancestry hypothesis between the semi-endoparasitic 

reniform nematode belonging to the Rotylenchulidae family and the endoparasitic cyst 

nematodes of the Heteroderidae family [32,63]. This particular observation also corroborates 

previous findings as well as the hypothesis put forth by Van Megen et al., (2009)  that 

ñmembers of the genus Radopholus could be relatively closely related  to the common ancestor 

of the Hoplolaimidae and Heteroderidae ò [24,32,64]. It can also be noted that three R. similis 

cellulases shows possible sister relationships with other PPNs besides the cyst nematodes. 

However, the bootstrap support value is less than 50% and hence itsô not considered as a 

significant association.  GH5 cellulases have been shown to be conserved in diverse clade 12 

nematodes  including  the root-knot and cyst nematodes, the family Pratylenchidae and the 

genus Radopholus, and have been hypothesized to be acquired from a common ancestral gene 

via HGT from bacteria [65]. Additionally, we analyzed the presence/absence of N-terminal 

signal peptides in these putative cellulases and found that nine out of the ten cellulases possess 

a signal peptide with no transmembrane domain. The putative subcellular localization patterns 

of these cellulases were predicted based on protein sequence information using DeepLoc [41]. 

DeepLoc predicted nine of these ten putative cellulase proteins to be ósolubleô and to be 

óextracellularlyô secreted by the nematode (supporting information, table S3.3). Following this, 

we compared the predicted localization pattern of this protein with the localization of a known 

cellulase gene from a PPN (in this case H. glycines) and found the predicted localization 
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likelihood patterns to be extracellular (supporting information, fig S3.3). No cellulases 

belonging to the GH45 family were predicted  in the R. similis  protein set during our analysis, 

supporting the evidence of independent origins (bacterial and fungal) of cellulases in most 

PPNs [65,66].   

A single gene coding for a putative polygalactouranase, belonging to the GH28 family has also 

been found in R. similis. Polygalactouranase is required for the breakdown of galactouronic 

acid, which is an essential monomer that makes up pectin. GH28 polygalactouranase has also 

been found  in the transcriptome of R. similis by Huang et al., (2019) [37]. A BLAST analysis 

of this gene against the NCBI nr database indicates that the sequence is homologous to the 

GH28 gene of the bacterial soil-borne pathogen Ralstonia solanacearum. Intriguingly, R. 

solanacearum is a xylem colonising pathogen and R. similis has been reported to block xylem 

vessels  which might imply that these functions might have been a characterisic of niche 

specialization. Furthermore, within plant-parasitic nematodes, GH28 genes acquired from 

bacteria have been found in root-knot nematode M. hapla, M. incognita and the family 

Pratylenchidae. Notably, polygalactouranase from RKNs as well as the false root-knot 

nematode, Nacobbus aberrans also demonstrates high sequence similarity with the R. 

solanacearum GH28 protein [9,31,67]. Significantly, the semi-endoparasitic nematode, R. 

reniformis also possesses GH28s, but the GH28 in R. reniformis appears to be non-functional. 

Because GH28 does appear to be functional in R. similis, this finding supports the hypothesis 

of early gain in the last common ancestor of root knot and cyst, and subsequent loss in the cyst 

nematodes [31]. 
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Eight genes encoding for putative polysaccharide lyases (PL) have been predicted in R. similis. 

These genes belong to five families, namely PL1, PL3, PL5, PL9 and PL22. R. similis 

possesses four putative PL3 (pectate lyase) proteins, fewer than other PPNs in clade 12 such 

as M. hapla (20 PL3), M. incognita (33 PL3), H. glycines (15 PL3), G. pallida (8 PL3) and the 

clade 10 PPN B. xylophilus (15 PL3) (supporting information, table S3.1). Pectate lyase 

catalyze the breakdown and degradation of pectins, which is an important component of plant 

cell wall, in addition to hemicellulose and cellulose [68]. Combined with cellulases, pectate 

lyase induce softening of plant tissues, which in turn aids in movement and feeding of the 

nematode. Pectate lyases along with cellulases and a host of other secretory proteins are 

released into the plant cell during the infection stage and feeding activity of the nematode. 

SignalP was used to search for signal peptides in these PL3 sequences in order to categorize 

these proteins as ósecretoryô. We found that only three of the putative PL3 proteins show 

presence of conserved signal peptide sequences in their N-terminal, (supporting information, 

S3.4) and they do not possess a transmembrane domain. Pectate lyases have also been used to 

study phylogenetic associations in sedentary and migratory endoparasitic nematodes [69,70] . 

We performed phylogenetic analysis on the four PL3s and found a pattern similar to the GH5 

cellulase phylogenetic tree (supporting information, Fig S3.1). However, the putative PL3s 

received a lower bootstrap support value when compared with most GH5 cellulases. The R. 

similis PL3s are clustered into a monophyletic clade and share a common ancestor with the 

cyst nematodes belonging to the Globodera and Heterodera genus Additionally, the branch 

length leading to the cyst nematodes from the common ancestor is relatively longer when 
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compared with the branch length leading to the R. similis PL3s. This might indicate higher 

divergence and increased substitutions per site relative to the ancestor as well as R. similis.  

Phylogenetic analysis of orthologous genes 

Plant-parasitic nematodes occur in clade 1 (Triplonchida), clade 2 (Dorylaimida), clade 10 

(Aphelencoididae) and clade 12 (Tylenchida) of the 12 clades comprising the phylum 

Nematoda. In a phylogenetic tree presented by Holterman et al., (2017) [32] , disparate gene 

loss and gain events in parasitic abilities are seen among nematode lineages. We identified 

orthologous gene clusters shared by R. similis with other nematodes including a plant-parasitic, 

human-parasitic and a free-living one. R. similis forms a total of 8542 orthologous clusters and 

5115 singletons with these nematodes. All the species combined, shared a total of 3690 

orthologous clusters (fig 3.2). We observed that R. similis shares higher number of orthologous 

clusters with the cyst nematode G. rostochiensis (4034), compared to the root-knot nematode 

M. hapla (3911), the free-living nematode C. elegans (3726), the migratory endoparasitic 

nematode D. destructor (3785) and the human parasitic nematode B. malayi (3723).  

Additionally, alignments of 1630 orthologs for eight different species specifically R. similis, 

G. pallida, G. rostochiensis, H. glycines, M. incognita M. hapla, D. destructor and C. elegans 

was performed to gain insight into the phylogenetic relationships shared by R. similis. The 

resulting species tree  corroborates the existing hypothesis, that, R. similis is  indeed  a sister 

taxon to the cyst nematodes (G. rostochiensis, G. pallida and H. glycines) and thereby share 

the latest common ancestor with the  cyst nematodes than with  the root-knot nematodes, M. 

hapla and M. incognita or the migratory endoparasite D. destructor (Fig 3.3) [24,71]. 
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Conclusion 

Our study confirms the close association between R. similis and the cyst nematodes specifically 

that R. similis and the cyst nematodes share the latest common ancestor. In multiple analysis 

that we have performed, including phylogenetic analysis of single-copy orthologs, analysis of  

secreted proteins such as cellulase, pectate lyase as well as the housekeeping gpd gene, R. 

similis appears as a sister taxon  of the cyst nematodes (see Fig 3.1, Fig 3.2, Fig S3.2 and Fig 

S3.3), reinforcing previous findings [24]. Additionally, our data conforms well with the 

transcriptome analysis  by Huang et al.  [37], specifically, the absence of putative cyst nematode 

genes that code for CLE-like peptides and the presence of the GH28 gene as a significant 

indicator. Our findings reveal a basic set of effectors for a non-feeding site forming migratory 

endoparasitic nematode and further support early evolutionary relationships to the 

Hoplolaimidae and Heteroderidae.   

Transitioning from a migratory lifestyle to a sedentary one has been a giant leap in the 

evolution of plant-parasitic nematodes and an important milestone in achieving an intimate 

host-parasite interaction. Sedentary endoparasitism has been proposed to have evolved 

independently through  five separate pathways in clade 12 of the phylum Nematoda [32]. 

Additionally, even within the sedentary endoparasitic nematodes, the cyst and root-knots, have 

few parallels in their feeding site development or their effector suite, indicating further 

disparate origins [72].  When this divergence occurred in the evolutionary transition is unclear. 

Perhaps the more intriguing question is why and what underlying evolutionary forces were in 

play that compelled a PPN to transition from a migratory to a sedentary lifestyle or possess 

distinct arsenals for establishing a sedentary lifestyle. Future work which analyzes R. similis 
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genomes and the genomes of numerous sedentary endoparasitic nematodes from different 

geographical locations and ecological niches can provide further insight into these evolutionary 

patterns.  Additionally, functional characterization studies of key effectors common between 

R. similis, the cyst nematodes and the semi-endoparasitic R. reniformis, could provide tell-tale 

signatures regarding the evolution of endoparasitism in plant-parasitic nematodes. With these 

data, we hope to further the understanding of the complex multipartite parasitism mechanisms 

that makes R. similis an economically important pathogen. 

NCBI accession number 

The Whole genome shotgun (WGS) has been deposited in NCBI under the accession number 

SJFO00000000 and BioProject PRJNA522283. 
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Table 3.1. Blast analysis of some known parasitism genes against R. similis predicted protein set. 

Acc_No. Gene_Name 

# of 

hits E-value 

Similarity mean 

(%)  

AHW98772

.1 

4D06 protein [Globodera 

rostochiensis] - - - 

EN69461.1 30C02 [Meloidogyne incognita] - - - 

AHW98771

.1 

Peroxiredoxin [Globodera 

rostochiensis] 

10 2.93E-126 65.27 

2MFM_A CEP [ Meloidogyne hapla] - - - 

CAM84513

.1 

transthyretin-like protein 4 precursor, 

partial 10 1.56E-113 68.41 

AHW98763

.1 

VAP1 protein [Globodera 

rostochiensis] 

10 1.01E-80 59.57 

AHW98759

.1 

CLAVATA3/ESR-related protein 

[Globodera rostochiensis] - - - 

AAR35032.

1 

SXP/RAL-2 protein [Meloidogyne 

incognita] 

2 1.77E-25 54.76 

AFK76483.

1 Calreticulin 

3 0 79.18 

AHX24644.

1 

manganese superoxide dismutase, 

partial [Meloidogyne hapla] 

6 3.32E-50 60.69 

AAS82581.

1 

Chorismate mutase [Meloidogyne 

incognita] 

1 8.08E-13 51.18 

AAZ29194.

1 

Superoxide dismutase [Meloidogyne 

incognita] 

6 2.75E-40 62.27 

ABN64198.

1 

Glutathione-S-transferase 

[Meloidogyne incognita] 

10 4.23E-71 60.62 

Q06JG6.1 16D10 [Meloidogyne javanica] - - - 

CAA70477.

2 

 Fatty acid and retinol-binding protein 

(FAR) [G. pallida] 

3 1.92E-82 60.13 

 

 



 

112 

 

Figure 3.1. Evolutionary analysis of cellulase genes. Phylogenetic analysis based on concatenated 

alignments of 22 cellulase protein sequences from multiple plant-parasitic nematode in clade 10 and 

clade 12. The evolutionary history was inferred by using the maximum-likelihood method with the 

best-fit (WAG+G+I) substitution model predicted using MEGA X. Numbers indicate bootstrap 

values. 1000 bootstrap replications were performed. R. similis cellulase genes are highlighted in red. 

Evolutionary analysis was performed using MEGA X.  
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Figure 3.2. Venn diagrams displaying overlapping ortholog clusters shared by R. similis. (A) 

Orthologous clusters shared between R. similis, the potato cyst nematode G. rostochiensis and the 

potato rot nematode D. destructor (B) Orthologous clusters shared between R. similis, the root-knot 

nematode M. hapla and the free-living nematode C. elegans (C) Orthologous clusters shared between 

R. similis, the potato cyst nematode G. rostochiensis and the human parasitic filarial nematode B. 

malayi (D) Orthologous clusters shared between R. similis, G. rostochiensis, M. hapla, C. elegans, D. 

destructor and B. malayi. 



 

114 

 

Figure 3.3. Characterization of species phylogenetic tree: Species tree constructed using concatenated 

alignments of 1630 orthogroups with minimum of 75% of species having single-copy genes in any 

orthogroup using the LG + G substitution model determined by MEGA X. Numbers on the branch 

length indicates bootstrap support value. Bootstrap values were calculated from 1000 replicates. 

Branch length indicates the number of substitutions per site.  
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Supporting information  

Table S3.1. CAZyme repertoire of R. similis compared to other nematodes. 

  CAZy 

Family 
Rs Bx Ce Gp Me Mh Mi  

Gr Hg 

GH104 0 0 0 2 0 0 0 0 0 

GH20 5 5 5 2 2 3 4 3 6 

GH22 0 0 0 0 0 0 1 0 0 

GH25 0 3 10 1 10 5 5 0 0 

GH27 0 3 1 0 1 1 1 1 2 

GH28 1 0 0 0 0 4 4 0 0 

GH29 1 3 1 0 1 1 2 1 2 

GH3 6 0 0 1 0 0 0 0 0 

GH30 5 9 4 0 5 4 8 0 0 

GH45 0 11 0 0 0 0 0 0 0 

GH5 10 0 0 15 8 10 31 6 8 

GH53 4 0 0 1 0 0 0 1 1 

GH56 0 3 1 0 0 1 2 0 0 

GH59 0 0 1 0 0 0 0 0 0 

GH75 0 0 1 0 2 1 1 0 0 

GH76 0 0 1 0 0 1 0 0 0 

GH82 0 0 0 0 0 1 0 0 0 

GH84 1 1 1 1 1 1 1 1 1 

GH85 1 1 1 0 1 1 1 1 0 

GH89 0 0 1 0 0 0 0 0 0 

GH9 0 1 0 0 0 0 0 0 0 

GH99 1 2 0 1 0 0 0 1 2 

GH15 1 2 2 0 0 0 0 0 0 

GH16 4 8 0 0 0 0 0 0 0 

GH18 3 12 39 11 6 9 3 6 7 

GH19 2 2 4 2 0 1 4 2 7 

GH2 2 4 2 1 0 2 5 0 0 

PL22 1 1 1 0 0 0 0 0 0 

PL3 4 15 0 8 11 20 33 3 15 

*data for Bx, Ce, Gp,  Me, Mh, Mi from [36] chapter 3 
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Table S3.2. PPN effector protein sequences blasted with R. similis. 

Blasted? Accession 

No. 

Gene description no. of 

hits 

E-

value 

Sim 

mean 

[BLASTED

] 

AJR19784.1 esophageal gland-localized 

secretory protein 16 [Heterodera 

glycines] 

2 1.12E-

12 

52.75 

[BLASTED

] 

AJR19771.1 esophageal gland-localized 

secretory protein 3 [Heterodera 

glycines] 

1 4.98E-

33 

77.23 

[BLASTED

] 

AVA09730.

1 

putative effector protein 

[Heterodera avenae] 

5 2.61E-

38 

55.71 

[BLASTED

] 

AVA09729.

1 

putative effector protein 

[Heterodera avenae] 

10 3.16E-

152 

51.1 

[BLASTED

] 

AVA09724.

1 

putative effector protein 

[Heterodera avenae] 

10 1.51E-

48 

61.9 

[NO-

BLAST] 

AVA09723.

1 

putative effector protein 

[Heterodera avenae] 
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Table S3.2 (Continued). 

[BLASTED

] 

AVA09713.

1 

putative effector protein 

[Heterodera avenae] 

7 7.85E

-70 

58.61 

[BLASTED

] 

AVA09712.

1 

putative effector protein 

[Heterodera avenae] 

10 2.37E

-75 

65.11 

[NO-

BLAST] 

AVA09711.

1 

putative effector protein 

[Heterodera avenae] 

   

[BLASTED

] 

AVA09710.

1 

putative effector protein 

[Heterodera avenae] 

10 9.22E

-44 

61.77 

[BLASTED

] 

AVA09709.

1 

putative effector protein 

[Heterodera avenae] 

7 3.65E

-50 

50.63 

[BLASTED

] 

AVA09708.

1 

putative effector protein 

[Heterodera avenae] 

1 2.23E

-79 

85.23 

[NO-

BLAST] 

AVA09707.

1 

putative effector protein 

[Heterodera avenae] 

   

[BLASTED

] 

AVA09706.

1 

putative effector protein 

[Heterodera avenae] 

10 5.01E

-56 

65.33 
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Table S3.2 (Continued). 

[BLASTED

] 

AVA09705.

1 

putative effector protein 

[Heterodera avenae] 

10 6.43E-

28 

50.49 

[BLASTED

] 

AVA09704.

1 

putative effector protein 

[Heterodera avenae] 

3 7.82E-

08 

52.02 

[BLASTED

] 

AVA09703.

1 

putative effector protein 

[Heterodera avenae] 

10 5.97E-

67 

48.11 

[BLASTED

] 

AVA09702.

1 

putative effector protein 

[Heterodera avenae] 

9 1.68E-

37 

49.75 

[NO-

BLAST] 

AVA09701.

1 

putative effector protein 

[Heterodera avenae] 

   

[BLASTED

] 

AVA09698.

1 

putative effector protein 

[Heterodera avenae] 

10 1.29E-

122 

68.94 

[BLASTED

] 

AVA09697.

1 

putative effector protein 

[Heterodera avenae] 

2 6.32E-

18 

60.1 

[BLASTED

] 

ADK46902.

1 

Cathepsin-B 10 0 66.03 
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Table S3.2 (Continued). 

[BLASTED

] 

AVA09696.

1 

putative effector protein 

[Heterodera avenae] 

8 2.11E-

49 

58.69 

[NO-

BLAST] 

AVA09695.

1 

putative effector protein 

[Heterodera avenae] 

   

[BLASTED

] 

AVA09694.

1 

putative effector protein 

[Heterodera avenae] 

5 2.33E-

15 

51.55 

[BLASTED

] 

AVA09693.

1 

putative effector protein 

[Heterodera avenae] 

3 2.16E-

32 

58.92 

[NO-

BLAST] 

AVA09692.

1 

putative effector protein 

[Heterodera avenae] 

   

[BLASTED

] 

AVA09691.

1 

putative effector protein 

[Heterodera avenae] 

1 1.22E-

118 

62.61 

[BLASTED

] 

AVA09690.

1 

putative effector protein 

[Heterodera avenae] 

7 4.71E-

162 

86.75 

[BLASTED

] 

AVA09689.

1 

putative effector protein 

[Heterodera avenae] 

10 2.27E-

108 

57.14 
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Table S3.2 (Continued). 

[BLASTED

] 

AVA09688.

1 

putative effector protein 

[Heterodera avenae] 

10 2.61E-

94 

60.8

2 

[BLASTED

] 

AVA09687.

1 

putative effector protein 

[Heterodera avenae] 

10 3.16E-

152 

51.1 

[BLASTED

] 

AVA09686.

1 

putative effector protein 

[Heterodera avenae] 

1 2.51E-

28 

69 

[BLASTED

] 

AVA09685.

1 

putative effector protein 

[Heterodera avenae] 

1 2.75E-

23 

39.4

6 

[BLASTED

] 

AVA09684.

1 

putative effector protein 

[Heterodera avenae] 

1 9.87E-

12 

43.1 

[BLASTED

] 

AVA09683.

1 

putative effector protein 

[Heterodera avenae] 

10 6.34E-

139 

57.2

2 

[BLASTED

] 

AVA09682.

1 

putative effector protein 

[Heterodera avenae] 

10 2.00E-

157 

65.2

3 

[BLASTED

] 

AVA09681.

1 

putative effector protein 

[Heterodera avenae] 

7 8.99E-

161 

87.0

7 
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Table S3.2 (Continued). 

[NO-

BLAST] 

AJR19786.

1 

esophageal gland-localized 

secretory protein 18 [Heterodera 

glycines] 

   

[NO-

BLAST] 

AJR19785.

1 

esophageal gland-localized 

secretory protein 17 [Heterodera 

glycines] 

   

[BLASTED

] 

AJR19782.

1 

esophageal gland-localized 

secretory protein 14 [Heterodera 

glycines] 

3 2.94E-

63 

66.13 

[BLASTED

] 

AJR19781.

1 

esophageal gland-localized 

secretory protein 13 [Heterodera 

glycines] 

9 3.63E-

53 

49.77 

[BLASTED

] 

AJR19780.

1 

esophageal gland-localized 

secretory protein 12 [Heterodera 

glycines] 

6 1.15E-

50 

59.29 

[NO-

BLAST] 

AJR19779.

1 

esophageal gland-localized 

secretory protein 11 [Heterodera 

glycines] 
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Table S3.2 (Continued). 

[BLASTED

] 

AHX24637.1 beta-1,4-endoglucanase-1, partial 

[Meloidogyne hapla] 

10 5.95E

-27 

70.48 

[BLASTED

] 

AHX24632.1 calreticulin, partial [Meloidogyne 

hapla] 

3 7.49E

-98 

77.39 

[BLASTED

] 

AHX24628.1 cathepsin L protease, partial 

[Meloidogyne hapla] 

10 1.21E

-33 

62.19 

[NO-

BLAST] 

AHA80140.1 CLAVATA3/ESR-related protein 

[Globodera tabacum ssp. 'azteca'] 

   

[NO-

BLAST] 

AHA80124.1 CLAVATA3/ESR-related protein 

[Globodera virginiae] 

   

[NO-

BLAST] 

AHB30308.1 CLAVATA3/ESR-related protein 

[Globodera virginiae] 

   

[BLASTED

] 

AHZ59334.1 truncated secreted SPRY 

domain-containing protein 15, 

partial [Globodera rostochiensis] 

2 4.03E

-29 

58.57 

[BLASTED

] 

AHW98770.

1 

S-phase kinase-associated protein 

1 [Globodera rostochiensis] 

5 1.16E

-113 

58.53 
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Table S3.2 (Continued). 

[BLASTED

] 

AHW98769.

1 

secreted glutathione peroxidase 

[Globodera rostochiensis] 

10 3.35E-

150 

63.0

1 

[BLASTED

] 

AHW98768.

1 

putative amphid protein 

[Globodera rostochiensis] 

2 2.08E-

13 

51.0

8 

[BLASTED

] 

AHW98767.

1 

E9 protein, partial [Globodera 

rostochiensis] 

10 3.58E-

148 

63.1 

[BLASTED

] 

AHW98766.

1 

matrix metalloproteinase 

[Globodera rostochiensis] 

7 3.59E-

87 

52.5

7 

[BLASTED

] 

AHW98765.

1 

pectate lyase 2 precursor 

[Globodera rostochiensis] 

10 5.31E-

65 

55.1

5 

[BLASTED

] 

AHW98764.

1 

Gr-pel1 pectate lyase 1 

[Globodera rostochiensis] 

9 1.27E-

41 

52.5

6 

[BLASTED

] 

AHW98762.

1 

beta-1,4-endoglucanase precursor 

[Globodera rostochiensis] 

10 1.89E-

102 

60.3

5 

[BLASTED

] 

AHW98761.

1 

beta-1,4-endoglucanase precursor 

[Globodera rostochiensis] 

10 2.44E-

126 

66.5

3 
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Table S3.2 (Continued). 

[BLASTED

] 

AHW98760.

1 

beta-1,4-endoglucanase precursor 

[Globodera rostochiensis] 

10 3.64E-

150 

64.88 

[BLASTED

] 

AHW98758.

1 

secreted SPRY domain-containing 

protein 4, partial [Globodera 

rostochiensis] 

2 8.66E-

20 

53.66 

[BLASTED

] 

ACO35734.1 RBP-5 protein [Globodera pallida] 2 5.33E-

14 

47.88 

[BLASTED

] 

ACO35733.1 RBP-4 protein [Globodera pallida] 2 6.22E-

26 

58.5 

[NO-

BLAST] 

ACO35732.1 RBP-3 protein [Globodera pallida] 

   

[BLASTED

] 

ACO35731.1 RBP-2 protein [Globodera pallida] 2 8.96E-

19 

49.24 

[NO-

BLAST] 

AHA80136.1 CLAVATA3/ESR-related protein 

[Globodera tabacum 

solanacearum] 
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Table S3.2 (Continued). 

[NO-

BLAST] 

AHA80119.

1 

CLAVATA3/ESR-related protein 

[Globodera tabacum tabacum] 

   

[NO-

BLAST] 

AHB30320.

1 

CLAVATA3/ESR-related protein 

[Globodera tabacum ssp. 'azteca'] 

   

[NO-

BLAST] 

AHB30312.

1 

CLAVATA3/ESR-related protein 

[Globodera tabacum 

solanacearum] 

   

[NO-

BLAST] 

AHB30307.

1 

CLAVATA3/ESR-related protein 

[Globodera tabacum tabacum] 

   

[BLASTED

] 

pdb|5OEV|D Chain D, Glutathione synthetase-

like effector 22 (Gpa-GSS22-apo) 

10 1.60E

-107 

54.61 

[BLASTED

] 

pdb|5OET|A Chain A, Glutathione synthetase-

like effector 30 (Gpa-GSS30-apo) 

10 7.36E

-73 

50 

[BLASTED

] 

ACH56227.

1 

 cathepsin S-like cysteine 

proteinase  

10 0 56.58 

[BLASTED

] 

AIC75882.1 serine carboxypeptidases  5 0 73.97 
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Table S3.3. Presence or absence of signal peptide and the localization likelihood of R. similis 

cellulase genes. 

Gene_name Localization SignalP (yes or 

no) 

CAZyme 

Cellulase _contig_1188 Extracellular yes ï NoTM GH5_2 

Cellulase _contig_3276 Cytoplasm No GH5_2 

Cellulase_ contig_2108 Extracellular yes ï NoTM GH5_2 

Cellulase _ contig_6969 Extracellular yes ï NoTM GH5_2 

Cellulase _ contig_3275 Extracellular yes ï NoTM GH5_2 

Cellulase _contig_1188 Extracellular yes ï NoTM GH5_2 

Cellulase_contig_482 Extracellular yes ï NoTM GH5_2 

Cellulase_contig_2617 Extracellular yes ï NoTM GH5_2 

Cellulase _contig_2204 Extracellular yes ï NoTM GH5_2 

Cellulase _ contig_1300  Extracellular yes ï NoTM GH5_2 
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Table S3.4. Localization patterns of R. similis pectate lyases (PL3). 

Entry ID Localization Type SignalP 

PL3_contig_402 Extracellular Soluble Yes-noTM 

PL3_contig_1659 Extracellular Soluble Yes-noTM 

PL3_contig_403 Cell membrane Membrane no 

PL3_contig_1047 Cell membrane Membrane Yes-noTM 
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Figure S3.1. Phylogenetic analysis of R. similis pectate lyase 3. R. similis proteins are indicated in 

red. Genbank accession numbers are shown adjacent to each nematode. The numbers on the branches 

indicate bootstrap support value. 1000 bootstrap replications were performed. Scale indicates number 

of substitutions per site. 

 

 



 

129 

 

Figure S3.2. Phylogenetic analysis of R. similis gpd gene. R. similis gpd gene is indicated in red. The 

numbers on the branches indicate bootstrap support value. 1000 bootstrap replications were 

performed. Scale indicates number of substitutions per site. 
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Figure S3.3. Localization pattern of cellulase sequences. (A) R. similis predicted cellulase protein 

sequence and (B) H. glycines cellulase protein sequence (acc: AAC15707.1). Numbers on branches 

indicate localization likelihood in different compartments. Ideal localization path is highlighted in 

red. 
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Chapter 4: Whole metagenome sequencing and analysis of the microbial community 

(microbiome) associated with the plant-parasitic nematode, Radopholus similis 
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Abstract 

The soil, and the rhizosphere in particular, are inhabited by a constellation of organisms that 

play important roles in numerous ecological functions, including carbon cycling, nutrient 

release and plant growth. Despite recent advances in low cost sequencing technologies and the 

ecological importance of nematodes, there exists a wide knowledge gap in the microbiomes 

associated with them. Additionally, when combined with the host genotypic data, microbiome 

profiles can provide insights into the metabolic activities taking place in the rhizosphere 

(specific to a host genotype). In this study, we analyzed the microbial community 

(microbiome) associated with the burrowing nematode, Radopholus similis parasitizing banana 

and determined the functional potential of these microbes. Our analysis revealed a diverse R. 

similis microbiome in the three sampled zones (Northern, Southern and Lake), especially 

abundant in proteobacteria. The reported nematode-antagonistic bacterium Serratia 

marcescens appeared prominently in the Northern and the Southern zones. In contrast, we 

found a preponderance of a different soil-borne bacterium, Variovorax paradoxus in the Lake 

zone samples. Intriguingly, R. similis was less prevalent in Lake zone samples collected from 

banana, indicating a potential antagonistic interaction. A functional potential analysis of the 

microbial community as a whole was also conducted. Although core microbial communities 

and similar metabolic pathways were observed in the Northern and Southern zones, notable 

differences in the microbial communities were observed from the Lake zone.   
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Introduction  

Banana and Plantains (Musa spp.) are an economically important staple food for more than 

100 million people living in the sub-Saharan Africa (SSA) [1]. Tanzania ranks tenth among 

the banana producing countries in the world [2]. Additionally, in 2017, bananas were the fourth 

most produced commodity by the United Republic of Tanzania, after maize, cassava and sweet 

potatoes. Annually, Tanzania produces 3.48 million tons of banana [2]. Although, most of this 

production is used for consumption, Tanzania, along with countries such as Uganda in East 

Africa, registered a total export of 104,555 million tons of banana in the year 2016 [2]. 

Therefore, banana plays a vital role in the economy as well as the food security of a majority 

of the population living in SSA.  

The burrowing nematode, Radopholus similis has been identified in several regions in 

Tanzania [3]. R. similis burrows and feeds in the root cortex of banana and numerous other 

economically important crops such as Citrus spp., ginger, black pepper, coffee and avocado 

[4]. R. similis infection drastically affects the yield, especially in the resource poor nations of 

SSA, where management tools are limited. Whole genome shotgun sequencing has been 

widely used for analyzing the genomes of a variety of parasites in order to understand the 

genomic traits underlying parasitism. Recently, genomes of R. similis isolated from banana 

plants in Corbana, Costa Rica has also been sequenced [4,42]. Annotation of these sequences 

identified several genes potentially involved in parasitism by R. similis. Additionally, 

phylogenetic analysis of small subunit ribosomal DNA (SSU rDNA) and conserved single-

copy orthologous genes in R. similis have indicated R. similis is a sister taxon to the cyst 
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forming nematodes from the Heterodera and Globodera genus, revealing important clues 

regarding the evolution of parasitism in this clade of phytonematodes [5,6].  

Shotgun metagenomic sequencing or whole metagenome sequencing (WMS) has been used 

previously to understand the microbiome in food, water and soil samples [7]. Another tool that 

has been widely utilized for analyzing microbial communities in a variety of ecosystems is 16S 

or 18S rRNA amplicon sequencing. However, one of the disadvantages of performing 

amplicon sequencing is the use of single combination PCR primers (designed to target 

conserved regions of the target genes), which has been shown to miss as much as half of the 

rDNA microbial diversity in a given sample [8]. Additionally, a recent study by Gohl et al., 

(2016), identified a series of errors and biases inherent in the library preparation step during 

amplicon sequencing [9]. In contrast, WMS, can be utilized to identify any possible DNA 

sequences (prokaryotic or eukaryotic) irrespective of the conserved 16S or 18S genes. WMS 

also serves as an upgrade from the conventional culturing and cloning technique which is 

generally limited to microbes that can be cultured in a sterile nutritional media. Therefore, this 

technique can be used to understand the diversity of all microbes occuring in any ecosystem. 

WMS also provides information about the metabolic potential of microbial communities, as 

well species level taxonomical classification when combined with tools such as Kraken, 

CLARK, and MetaPhlan2 [10,11]. 

Studies focused on microbial community analysis can provide insight into microbial groups 

that play important roles in plant growth, nutrient cycling and pathogen control. Moreover, due 

to their shorter life cycle and rapid adaptation times, microbes could be an excellent indicator 

of changing soil dynamics and soil conditions. Parasitic phytonematodes create conduits for 
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opportunistic microbes such as pathogenic bacteria and fungi for entry to the host roots, 

increasing the pathogen burden in the plant. For example, pathogenic inoculum levels of the 

root-knot nematode, M. incognita along with the soil-borne bacterium Ralstonia solanacearum 

increased the wilting of brinjal [13]. R. solanacearum was also found attached to parasitic 

stages of the root lesion nematode, P. penetrans during a microbiome analysis by Elhady et 

al., (2017) [14]. In another study, the fungal plant pathogen and causal agent of fungal leaf 

spot, Alternaria alternata, was found on the root-knot nematode, M. incognita [15]. Parasitic 

phytonematodes carrying the human microbial pathogen, Escherichia coli have been reported, 

however transmission to host plants has not been extensively studied in these instances [14,16].  

The goal of the current research was to analyze R. similis associated microbiome (endo and 

ecto microbiome) from three different banana growing regions of Tanzania, namely, Lake zone 

(LZ) (Kagera region), Northern zone (NZ) (Arusha and Kilimanjaro region) and Southern zone 

(SZ) (Mbeya and Ruvuma regions). By combining next-generation sequencing technologies 

with robust bioinformatic tools, we identified microbial communities in the Northern and 

Southern zone and found these to be different from the LZ community. However, functional 

potential analyses of the individual microbial communities as groups revealed similar 

metabolic and biochemical pathways occurring across the three zones, indicating a common 

rhizosphere functional profile, despite microbial and geographical differences. 
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Materials and Methods 

Sample collection, DNA extraction and sequencing 

Banana root samples were collected from three different zones in Tanzania specifically the 

Lake Zone, Northern Zone and Southern Zone. A geographical map showing the different 

regions of Tanzania is provided in Fig 4.1.  DNA was extracted from R. similis nematodes 

isolated from the roots of the infected banana plants in Tanzania. Briefly, banana roots were 

chopped and macerated, following which the nematodes were extracted using a modified 

Baermannôs technique [43]. Genomic DNA was isolated from pooled nematode samples, 

utilizing the standard cetyl trimethylammonium bromide (CTAB) protocol [44]. Following 

DNA acquisition from Tanzania by NC State University, genomic DNA was quantified using 

a Nanodrop as well as a Qubit [45, 46]. Briefly, 1 µl of sample DNA was placed on the 

nanodrop pedestal. Following this, óDNAô was selected as the nucleic acid (to be quantified) 

and the A260/280 ratio as well as the DNA concentration in ng/µl was determined. DNA 

integrity using an Agilent TapeStation and Qubit analysis was performed at the Genomic 

Science Laboratory (GSL) at North Carolina State University (NCSU). Samples with DNA 

integrity value greater than 5.8 were utilized for further sequencing and analysis. Libraries 

were prepared using Illumina TruSeq Nano DNA Library Prep kit, following manufacturer 

instructions. After the library preparation step, samples were sequenced at the NCSU GSL 

using the Illumina Miseq paired end (2* 300 bp) sequencing technology as per the 

recommended protocol. 
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Quality control of reads 

A brief graphical schematic of the QC workflow is provided in Fig 4.2. Briefly, demultiplexed 

reads were quality checked using FASTQC [17]. Following this, overhanging nucleotides in 

the 3ô end (such as 301 or 302 in a 2x300bp read) were removed using the BBMAP suite to 

reduce any error associated with overhanging nucleotides [18]. After the initial cleanup of the 

overhanging nucleotides, Illumina adapters in the 3ô and 5ô ends as well as low quality reads 

(Phred < 30) were identified and removed using the BBMAP software suite. Finally, the reads 

were quality checked again using FASTQC to confirm removal of low-quality reads, adapters 

and 3ô overhangs.  

Assembly, taxonomy, gene prediction and functional annotation 

A schematic of the assembly workflow, ecological diversity analysis and functional potential 

analysis is presented in Fig 4.2. Briefly, in the first step, we used Blobtools to get an overview 

of the diverse microbial sequences present in the clean reads [19]. Blobtools requires three 

inputs for creating a Blobplot: draft genome assembly, blast output and a sorted file of the 

reads aligned against the draft genome assembly. We performed the draft assembly using the 

lowest k-mer (k=31) with the assembler ABySS [20]. Following this, the assembly was 

mapped to the clean reads using Bowtie2 [21]. This was performed in order to get an overall 

idea about the alignment of the assembly with the reads. The SAM output from Bowtie2 was 

converted to BAM using SAMtools [22]. Following this, the BAM output was sorted in order 

to generate a sorted BAM file, a requirement for running Blobtools. For the third input for 

Blobtools, a blast output file, a MEGABLAST against the NCBI nucleotide (nt) database was 



 

138 

performed with an e-value set to 1e-25 [23]. All the three generated files were used to run 

Blobtools and generate a Blobplot.  

In the second stage, ecological diversity classification and functional annotation of the clean 

sequences were performed. For this analysis, potential human contamination was removed by 

mapping the clean reads to the human genome database using Bowtie2. Following this, Kraken 

v.1.0 with DB 2019.06 (archaea, bacteria, fungi, protozoa, viral) was utilized to perform the 

ecological diversity analysis [24]. For functional annotation, the clean reads were first 

assembled using multiple k-mers with the assembler MEGAHIT [25]. After the assembly, 

ORFs and genes were predicted in the assembly using the gene predictor FragGeneScan [26]. 

Following this, functional annotation was performed in two separate manners: In the first 

approach, we utilized the ORFs and genes as input to align against the Evolutionary Genealogy 

of Genes: Non-supervised Orthologous Groups (Egg-NOG) database. This was performed, in 

order to obtain the cluster of orthologous groups of proteins (COGs). In the second apprach, 

we used the ORFs and genes as input to blast against the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) GHOSTKoala database [27]. For the KEGG GENES, genus: prokaryotes 

+ family eukaryotes + viruses were utilized as the database. 

Results and Discussion  

Overview of Assembly 

We obtained a total of 26.9 million raw reads after the Illumina sequencing run. Following 

adapter and low quality read removal, the total number of reads dropped to 26.07 million, 

indicating a good sequencing run with high-quality reads. After the assembly with MEGAHIT, 
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the total number of contigs for the NZ and SZ samples were ~180,000 contigs each. Despite 

repeated attempts, reads for LZ could not be assembled using ABySS. Several other assemblers 

including Platanus [28] and SPAdes [29] were also utilized, however a compact assembly 

could not be generated. The total number of predicted ORFs were 746,302 for LZ, 252,075 for 

NZ and 254,070 for SZ (Table 4.1). As observed, LZ had more ORFs when compared to NZ 

and SZ. The average GC% was consistent at ~58% for NZ and SZ samples and slightly lower 

for the LZ (56%) sample. 

Ecological diversity of microbial communities across different geographical locations 

Preliminary assembly analysis utilizing Blobtools against the NCBI nt database for the NZ and 

SZ samples revealed a large percentage of reads belonging to the phylum proteobacteria 

(supporting information, fig S4.1 and S4.2). A preliminary analysis of the percentage of reads 

with taxonomic classification, revealed significant differences between the LZ alone and the 

NZ-SZ combined samples (Fig 4.3). We obtained a good level of read classification in the 

super kingdom level, specifically 72.34% for NZ, 69.89% for SZ and 23.03% for LZ. Of the 

72.34% of reads classified in the NZ sample, 72.16% belonged to bacteria, 0.14% to viruses 

and 0.03% reads belonged to the Eukaryota kingdom. A similar trend was noticed in the SZ 

samples, where, out of the 69.89% of classified reads, 69.74% belonged to bacteria, 0.14% to 

viruses and 0.02% reads were classified as Eukaryota. The least classified sample was LZ, 

where, out of the 23.03% of the classified reads, 22.7% belonged to bacteria, 0.27% were 

eukaryotic, 0.02% and 0.01% belonged to Archaea and viruses respectively (supporting 

information, Fig S4.4). A noteworthy observation was the low representation of reads 

(<0.01%) belonging to Archaea in the NZ and SZ samples.  
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At the phylum level, the dominant represented taxon was Proteobacteria across all three zones. 

The relative abundance of proteobacteria was highest in NZ (67.75%), followed by SZ 

(65.26%) and finally LZ (18.36%). The phylum proteobacteria comprises of a unique blend of 

the largest and phenotypically divergent species within prokaryotes [30]. Moreover, 

approximately half of the prokaryotic genomes deposited in the National Center for 

Biotechnology Information (NCBI) belong to the phylum Proteobacteria [31]. Hence, it is not 

uncommon to find a significant representation of this taxa in terrestrial ecosystems. The next 

diverse phylum found in these three zones were the Bacteroidetes specifically 3.92 and 3.95 

percent in the NZ and SZ zones respectively and 1.29 percent in LZ. Notable among relative 

read abundances less than 3% is the larger representation of the phylum Actinobacteria in LZ 

(1.62%) compared to 0.3% in NZ and SZ (supporting information, Fig S4.5). Additionally, we 

also noted reads belonging to the phylum Verrucomicrobia in the LZ sample (0.44%) and a 

lower representation of this phylum (representation < 0.01%) in the Northern and Southern 

zones. Members of the phylum Verrucomicrobia are widely abundant in freshwater systems 

such as lakes and rivers [32].  Since the LZ region is located closer to Lake Victoria, an increase 

in these microbes in the LZ sample is not unexpected. The Proteobacteria in the three samples 

comprised of Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria with an 

exception of Deltaproteobacteria which was absent in SZ sample. In the NZ and SZ samples, 

the occurrence of Gammaproteobacteria (NZ-39.89%, SZ-38.54%) was highest followed by 

Betaproteobacteria (NZ-15.04%, SZ-13.22%) and Alphaproteobacteria (NZ-12.55%, SZ- 

13.24%) (supporting information, Fig S4.6). Relative abundances of Alpha (8.29%), Beta 

(6.69%) and Gamma proteobacteria (2.73%) in the LZ sample were lower when compared 
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with NZ and SZ, except for Deltaproteobacteria, which was 0.33% for LZ and 0.03% for NZ 

samples.  

In the genus level, a large percentage of reads belonging to the genus Serratia was noted in the 

NZ (21.69%) and SZ samples (18.05%) (Fig 4.5). In contrast a higher percentage of reads 

belonging to the genus Variovorax was observed in the LZ samples (2.56%) when compared 

with the NZ sample 0.92% (Fig S4.7). Lower representation (representation < 0.01%) of this 

genus was seen in the SZ sample. The second largest read representation in the NZ and SZ 

samples was the genus Stenotrophomonas, which occupied 8.57% of NZ reads and 8.24% of 

SZ reads. Stenotrophomonas was comparatively lower (representation < 0.01%) in the LZ 

samples. The common bacterial genera noted in all three samples include Sphingobium, 

Achromobacter and Xanthomonas, indicating that these organisms could be part of a core 

microbial community surrounding the banana rhizosphere during an R. similis infection.  

In the species level taxonomical classification for the NZ and SZ samples, pattern of 

occurrence of represented microbial species from the highest to the lowest percentage of 

classified reads is similar (Fig S4.9 and S4.10). The descending order being, Serratia 

marcescens, Stenotrophomonas maltophilia, Achromobacter xylosoxidans, Sphingobium 

yanoikuyae, Sphingobacterium sp. 21, Sphingobium sp. PAMC28499, Delftia tsuruhatensis, 

Novosphingobium resinovorum, Agrobacterium tumefaciens, Agrobacterium rhizogenes. 

Approximately, 30% of reads in NZ and SZ samples are occupied by the top three species 

specifically, Serratia marcescens (NZ - 19.52%, SZ - 16.16%), Stenotrophomonas maltophilia 

(NZ - 7.73%, SZ - 7.41%) and Achromobacter xylosoxidans (NZ - 7.14%, SZ -6.23%). Serratia 

marcescens is a gram-negative bacterium present in a variety of biological systems such as 
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soil, water, plants and insects [33]. Association of the genus Serratia with nematodes has been 

made in previous studies as well [34ï37]. In the plant-parasitic nematode, M. artiellia, an 

upregulation of the lysozyme gene was seen in the intestine of juveniles exposed to S. 

marcescens, implicating S. marcescens as a nematode antagonistic microbe [38].  

In the LZ sample, a significantly large portion of the reads belonged to the aerobic, gram-

negative bacterium, Variovorax paradoxus (Fig S4.8). V. paradoxus is an endophyte that has 

been shown to contribute towards plant growth. Additionally, V. paradoxus is involved in 

symbiotic interactions with other bacteria [39]. A strain of V. paradoxus, S110, has also been 

recommended as a putative candidate to be used for biological applications such as a pesticide 

or fertilizer [39]. In addition to V. paradoxus, two other strains of Variovorax namely, V. 

boronicumulans and Variovorax sp. PMC12 were also identified in the LZ samples. Several 

members of the genus Variovorax, have been shown to be involved in symbiotic relationships 

with plants and other microbes [40]. 

Functional annotation utilizing COG analysis  

Functional annotation of the predicted ORFs from the entire dataset were conducted using 

COG analysis. Briefly, the COG annotations were classified into four categories namely, 

information storage and processing (category I), cellular processes and signaling (category II), 

metabolism (category III), and poorly functional characterized (category IV). Category II and 

II I were the most represented in all three zones, followed by category I and finally category IV 

(Fig 4.6). Noteworthy here, are that the gene functions involving RNA processing and 

modification (category I) showed consistently lower representation (<5%) in all three zones. 
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This observation is logical because, all three zones show significantly large percentage of 

prokaryotic organisms and prokaryotes undergo minimal or no RNA processing. In category 

II, genes involved in cytoskeleton signaling, extracellular structures and nuclear structure were 

also poorly represented (<5%) in all three zones. In contrast, genes related to metabolism 

(category III) such as Amino acid transport and metabolism, Inorganic ion transport and 

metabolism, Energy production and conversion, Carbohydrate transport and metabolism, Lipid 

transport and metabolism, Coenzyme transport and metabolism, Secondary metabolites 

biosynthesis, transport and catabolism, Nucleotide transport and metabolism showed a 

consistently higher expression (>5-20%) throughout the three sampled zones when compared 

to other categories (Fig 4.6).  The highest representation in category III were the genes involved 

in amino acid transport and metabolism (~20%). These data indicate that the Rs microbiome 

displays a similar COG profile (with significant metabolic potential) irrespective of the 

geographical location.  

KEGG classification 

In addition to COG analysis, functional potential was also analyzed using the KEGG database 

to identify biochemical pathways encoded by the microbial community as a whole. Predicted 

genes were blasted against a nonredundant set of KEGG genes, to reveal encoded biochemical 

pathways. Total relative abundance of the top 11 categories (Carbohydrate metabolism, Protein 

family genetic information and processing, Genetic Information Processing, Protein families: 

signaling and cellular process, Environmental Information Processing, Amino acid 

metabolism, unclassified: metabolism, Energy metabolism, Metabolism of cofactors and 

vitamins, Cellular Processes, Unclassified) occupied approximately 82% of the total number 
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of genes annotated in the respective zones. In the LZ sample, approximately 35% of the 

predicted genes were annotated which was lower than the NZ sample (42.8%) and the SZ 

samples (44.4%). We have defined dominant genes as the genes with % abundance higher than 

3% of total number of annotated genes. Genes involved in carbohydrate metabolism occupied 

the largest portion (~12%) of the annotated genes and was dominant in all three samples. Genes 

involved in Protein families: signaling and cellular process and Environmental Information 

Processing showed slightly higher representation in the NZ and SZ samples (~11%) when 

compared to the LZ samples (~10%) (Fig 4.7). However, genes involved in metabolism 

(energy, amino acids and vitamins) showed consistent representation throughout the three 

sampled zones. This result corroborates well with the COG analysis findings that the metabolic 

potential of R. similis microbiome is similar irrespective of the disparate geographical locations 

and microbial communities.  

Conclusion 

In this study, we performed a whole metagenome sequence analysis of the microbial 

community associated with the burrowing nematode, R. similis during an infection in banana 

plants cultivated in three different geographical regions of Tanzania. Preliminary analysis of 

these microbial populations revealed notable differences in the microbial community profile 

between the NZ, SZ (combined) and LZ samples. Differences in the representation of several 

microbes in the NZ and SZ samples were minimal. Relative read abundance belonging to the 

genus Variovorax was higher in the LZ samples (2.56%) when compared to the NZ and SZ 

samples (<0.01%). Most members of the genus Variovorax consists of plant growth promoting 

endophytes that have been demonstrated to be useful for biological control of plant pests.  
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A significant percentage of reads in all three zones belonged to the gram-negative phylum 

óProteobacteriaô. Notable among the representation of gram-negative proteobacteria, is the 

least relative abundance (<0.01%) of the genus Serratia in the LZ sample in comparison to the 

NZ and SZ samples. Serratia is a ubiquitous genus occupying a variety of ecosystems like soil, 

water etc. The low representation of this genus as well as the lower classification of microbial 

communities in the LZ sample (in comparison to the NZ and SZ) might indicate two 

possibilities. First, the R. similis populations present in the banana growing regions in the LZ 

region, have developed a unique microbiome as a characteristic of niche specialization which 

is devoid of certain commonly occurring bacterial organisms such as Serratia marcescens. 

This microbial community has achieved normal/comparable level of metabolic and 

biochemical activity by replacing commonly occuring root microbes with unique microbes 

performing similar functions. Second, the LZ samples might be comprised of novel organisms 

which have hitherto been uncharacterized in common microbial databases such as NCBI. 

Noteworthy here, is the geographical proximity of the Lake zone to Lake Victoria. Lake 

Victoria is one of the largest freshwater lakes in Africa spanning around 68,800 sq. km. The 

proximity of this banana growing region (LZ) to Lake Victoria, might explain the presence of 

unusual/novel microbes in the Lake region, which could be entering this zone through 

irrigation channels and water pipelines. COG and KEGG analysis of the three samples revealed 

a significant number of genes involved in metabolic pathways. The relative abundance of all 

metabolic pathways, whether carbohydrate or amino acid were similar across all three 

ecological zones, indicating similar metabolic profile irrespective of geographical differences. 

Our results indicate that despite minimal differences in the R. similis-banana microbiome 
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species complement, the metabolic and biochemical potential of the microbes appear similar, 

irrespective of the distinct sampled ecological zones. Future studies which correlates the 

nematode-rhizosphere microbiome, soil microbiome, host genotype, host phenotype and PPN 

occurrence can shed light into the multi-faceted processes occurring during a host-nematode 

interaction. Ultimately, these studies can help pinpoint specific group/groups of microbes that 

could be utilized as biological controls for PPNs. 
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Table 4.1. Metagenome sequencing summary. 

Category Lake zone  Northern zone  Southern zone  

Raw reads 8,359,924 8,750,928 9,806,930 

Clean reads 8,121,368 8,465,176 9,490,966 

Assembled contigs  699,680 181,067 178,635 

Largest contig length (bp) 213,079 319,788 540,049 

GC (%) 56.22 58.13 58.69 

Contig N50 (bp) 1,043 3,342 3,178 

Predicted ORFs 746,302 252,075 254,070 
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Figure 4.1. Tanzania map showing different collection regions. Image from [41]. 
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Figure 4.2. A graphical schematic of the metagenome sequence analysis workflow. 
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Figure 4.3. An overview of the percentage of reads taxonomically classified for the three samples. 
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Figure 4.4. Relative abundances of all phylum in the three samples (abundance less than 2% shown in 

fig S4.4). 
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Figure 4.5. Relative abundances of reads in the genus level across three samples. 
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Figure 4.6. COG classification of predicted genes across three different zones. 
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Figure 4.7. KEGG classification of predicted genes across three different zones. 
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Supporting information  

Table S4.1. DNA integrity analysis and concentration for each sample. 

Sample Name DIN value Concentration (ng/µl) 

Lake Zone  5.8 27 

Northern Zone  6.9 44.3 

Southern Zone 6.7 118 
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Figure S4.1. Bowtie2 alignment results and Blobtools results for Northern zone samples. 
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Figure S4.2. Bowtie2 alignment results and Blobtools results for Southern zone samples. 
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Figure S4.3. Tapestation analysis results and quantification before sequencing. Ld = Ladder. Lake 

zone =Lz, Northern zone=Nz, Southern zone=Sz. 
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Figure S4.4. Superkingdom level classification of reads in three samples. 
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Figure S4.5. Phylum level classification of reads less than 3% in three samples. 
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Figure S4.6. Class level classification of reads in three samples. 
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Figure S4.7. Genus level classification of reads in the LZ sample. 
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Figure S4.8. Species level classification of reads in the LZ sample. 
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Figure S4.9. Species level classification of reads in the NZ sample. 
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Figure S4.10. Species level classification of reads in the SZ sample. 
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Figure S4.11. Kraken classification of LZ sample. 
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Figure S4.12. Kraken classification of NZ sample. 
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Figure S4.13. Kraken classification of SZ sample. 
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Chapter 5: Conclusion 
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Plant-parasitic nematodes (PPNs) are a huge agronomical burden worldwide. Because of the 

polyphagous nature of many PPNs, conventional management strategies such as crop rotation 

might not provide a reduction in nematode population (Chapter 1-see current PPN management 

strategies). Currently, technologies that analyze genome and transcriptome analyses are being 

heavily exploited to understand fundamental determinents of host parasitism across a wide 

gamut of plant pathogens. Since R. similis is an economically important quarantine pest, 

evaluating the genomic basis of parasitism may aid in identifying important parasitism 

markers, which can be utilized to develop valuable diagnostic tools. R. similis possesses a 

genome size of ~65 Mbp coding for approximately 18,000 genes. Functional annotation studies 

showed that genes involved in a variety of biochemical pathways, RNAi pathway and dauer 

pathway are conserved in R. similis when compared to the free-living nematode C. elegans and 

other PPNs (Chapter 2). Significantly, an important observation noted during our analysis was 

the occurence of a nearly complete dauer pathway in R. similis when compared with 

Caenorhabditis elegans. This observation was also noted during transcriptome analysis by 

Huang et al., (2019). The presence of dauer genes alone is not indicative of an active dauer 

pathway, however the transcriptome data supports a potential function. Functional 

characterization studies, such as utilizing knockdown mutants of these dauer genes can provide 

a clear picture of the true role of these genes in R. similis. In this context, it is important to note 

the close relationship shared by R. similis with the cyst nematodes belonging to the Heterodera 

and Globodera genus.  In the phylogenetic studies of single copy orthologs and several key 

parasitism genes, the migratory PPN R. similis is shown as a sister taxon of the sedentary cyst 

nematodes (Chapter 3). It is also well-known that cyst nematode eggs can remain in a state of 
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dormancy for decades during unfavorable conditions. So, then, the question arises: How did 

the trait for achieving dormancy evolve in one group of PPNs and not the other, especially 

considering their close phylogenetic relationship? Noteworthy, is the influence of long-term 

intimate association of sedentary endoparasitic nematodes with the host, such as through a 

feeding site formation (syncytia in case of cyst nematodes) that has altered the biology of the 

nematode (in this case, the globose shape of the female cyst nematode as opposed to the 

vermiform R. similis). Therefore, in the future studies, it would be useful to analyze effectors 

common between the sedentary and migratory PPNs to help differentiate the core effectors 

involved in sedentary vs. migratory endoparasitism. Another important determinent for the 

evolution of plant parasitism in nematodes is the acquisition of multiple microbial genes 

through horizontal or lateral gene transfer events. These gene acquisition events combined with 

disparate gene loss events have also helped shape the backbone of plant parasitism in 

nematodes. Several PPNs also harbor prokaryotic endosymbionts that have been demonstrated 

to be vital for nematode reproduction and parasitism. Intriguingly, interaction with microbes 

(antagonistic), is also a strategy harnessed as a tool for managing several PPNs. We analyzed 

the R. similis microbial community and itsô functional potential (during R. similis infection of 

banana) from three different banana growing regions in Tanzania. The reported nematode-

antagonistic bacterium Serratia marcescens appeared prominently in the Northern and the 

Southern zones. In contrast, we found a large percentage of another soil-borne bacteria, 

Variovorax paradoxus in the Lake zone samples. Notably, R. similis was less prevalent in Lake 

zone samples collected from banana, indicating a potential antagonistic interaction. Several 

species of Variovorax have already been shown to provide plant growth promoting properties. 
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Future studies, which analyze and correlate the occurrence of several species of PPNs (not just 

R. similis), with host genotype, phenotype and associated microbiome may shed light into the 

true role of these organisms in the rhizosphere. 

Despite the enormous research focused on biological organisms for plant pathogen control, 

very few have been successful and commercialized. Additionally, the increase in food demand, 

human population, plant diseases and erratic weather patterns across the globe, have forced 

growers and researchers to look for alternate strategies for crop protection. In this context, it is 

important to note the extensive utilization of agrichemicals for crop protection. However, 

increased dependence on these agrichemicals has also led to increased groundwater and air 

pollution, pest/pathogen resistance, and reduced natural enemies of these pathogens due to 

non-target effects. As the demand for agrichemicals has grown considerably over several 

decades across the globe, researchers are now focusing on designing sustainable matrices for 

the optimized release of these agrichemicals in order to enable more precise and 

environmentally safe applications. This would aid in increasing the bioavailability of these 

agrichemicals and thereby provide longer and sustained crop protection. To address this point, 

in vitro trials with two types of delivery matrices were conducted. In the first set of experiments 

(Appendix A), nanofiber mats carrying pesticides specifically fungicide and nematicide were 

tested. Mycelial growth inhibition assays with the fungicide, Fluopyram, demonstrated the 

ability of the nanofibers to release the fungicide efficiently (reduced radial growth of 

Alternaria lineariae mycelial plugs), when compared to untreated nanofibers. In addition, 

onset of paralysis in the free-living nematode C. elegans was observed with Abamectin 

(nematicide) loaded nanofibers when compared to absolute control (no nanofibers, no 
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Abamectin) and nanofibers only, affirming the ability of these nanofibers to release an 

agrichemical (Fluopyram or Abamectin) efficiently. Lab trials were also conducted with C. 

elegans in order to gauge the efficiency of a lignocellulosic biodegradable matrix (made from 

the pseudostem of banana plants) to deliver Abamectin (Appendix B). Preliminary studies 

showed a gradual onset of nematode paralysis, indicating a controlled release of Abamectin. 

Our results demonstrate that both, nanofibers and the lignocellulosic matrix, could be 

promising platforms for sustained delivery of agrichemicals. Our goal is to employ these 

technologies in grower fields infected with R. similis or other plant-pathogens. These delivery 

matrices can be used to wrap seed pieces (such as banana corms) or coat seeds (such as black 

pepper) before planting, thereby providing a crucial layer of protection to the germinating 

seedling from plant-pathogens. The combination of genomics and metagenomics with cutting-

edge sustainable management technologies will ultimately pave the way to a greener & cleaner 

future. 
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APPENDICES 
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Appendix A: Electrospun Polymer Nanofibers as Seed Coatings for Crop Protection 
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Abstract 

Ineffective delivery of pesticides leads to multiple application cycles of active ingredients (AI) 

resulting in increased cost while endangering the environment via soil, water and air 

contamination. Herein, we present a facile approach for localized delivery of pesticides by 

coating seeds with electrospun cellulose diacetate (CDA) nanofibers containing abamectin or 

fluopyram as model AIs. CDA is used as the polymer of choice because of its good 

electrospinability, low water solubility, and eventual biodegradability. Nanofibrous coatings 

are directly electrospun onto soybean seeds and show no deleterious effects on seed 

germination regardless of coating thickness and uniformity. Water dissolution studies show 

that nanofibers maintain their integrity for over two weeks, a necessary characteristic to make 

this approach effective. AI release studies display a slow and sustained release of both 

abamectin and fluopyram from the nanofibers, with abamectin exhibiting a slower release due 

to its more hydrophobic nature and possibly stronger interaction with CDA. Functional 

performance, tested using fluopyram-loaded nanofibers in an in vitro fungal assay against the 

plant pathogen Alternaria lineariae, consistently inhibit fungal growth. The sustained release 

profile taken together with moisture stability suggests that nanofibrous seed coatings have a 

strong potential as an alternative platform to control plant pathogens such as nematodes and 

fungi.  

Keywords: Electrospinning, seed coating, cellulose, fluopyram, abamectin, controlled release 
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Introduction  

The global demand for food is anticipated to steadily increase for several decades because of 

the constantly expanding world population and the concomitant increase in food 

consumption.1,2 One of the major factors affecting food availability is reduced agricultural 

productivity caused by plant diseases.3 Worldwide, approximately 16% of crop yield losses 

are caused by plant pathogens.4,5 Consequently, one of the biggest challenges for modern 

agriculture is to maximize crop yield through judicious use of pesticides and fertilizers in an 

eco-friendly manner. However, indiscriminate use of these products can result in pathogen 

resistance, reduction of soil biodiversity, and other undesirable side effects.2,6 Direct 

application of agrochemicals often causes leaching to groundwater through surface application, 

fast evaporation and runoff, necessitating their frequent reapplication.2,7,8 One alternative to 

avoiding such detrimental effects is the use of a seed coating, a practice in which seeds are 

covered with a material that can encapsulate pesticides in order to improve germination and 

plant establishment.7,9 Typical industrial standards for seed coating entail use of a fluidized 

bed or a rotary coater to achieve a film coating,9 which have the possible limitations of low 

water permeability and reduced exchange of gases.7 Other approaches, albeit small-scale and 

science-based, are therefore being examined and include the use of laboratory mixers and 

shakers9ï12 and seed molding.9,13 Recently, coating seeds with electrospun nanofibers of 

various polymers were also investigated as an alternate approach.14ï18 

Electrospinning is a simple and versatile approach to produce nanofibers from polymer 

solutions by applying an electrical force, resulting in fibers ranging from a few nanometers to 

500 nm in diameter.19,20 Nanofibers are being considered for a wide range of applications from  
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batteries,21 to tissue engineering22,23 and protective clothings.19,24 Due to their high surface-to-

volume ratio, high porosity and tunable release rate,14,17,25 nanofibers have become attractive 

for agricultural applications, such as sensors for pesticide detection,24 protective clothing for 

farm workers,26 and encapsulation of biocontrol agents or agrochemical materials.27 When 

compared to conventional film coatings, polymeric nanofibrous coatings are superior in terms 

of water permeability, gaseous exchange, and lack of residual solvent.7 

Krishnamoorthy et al.14 have created a polyvinylpyrrolidone (PVP) coating incorporated with 

urea (fertilizer) and cobalt nanoparticles (micronutrient) to coat cowpea seeds via 

electrospinning and dip coating method. However, conductivity measurements conducted to 

investigate the release of nutrients from the nanofibers revealed an immediate release of the 

loaded molecules due to the hydrophilic nature of PVP. In another work by the same group,7 a 

blend of PVP and poly(diethoxy) phosphazene (PPZ) was used to fabricate nanofibers for seed 

coating. Although their rationale to use PPZ was to improve the retention of the active 

ingredient, the expensive nature of PPZ is a barrier to the exploitation of these systems for 

broad scale applications. Recently, Hussain et al.17 have successfully coated canola seeds via 

electrospinning blended PVA (polyvinyl alcohol)/PVP nanofibers plasticized with glycerol 

containing a microbial consortium. They have shown that the seed coating was able to improve 

the bioinoculant effectiveness in the root-soil interface. The hydrophilic nature of their polymer 

blend is a major drawback of this approach since the soil moisture will eventually dissolve the 

fibers, resulting in burst or quick release of the active ingredient. These few studies illustrate 

that the area of nanofibrous seed coatings is still in its infancy with several issues still 

unexplored to make it a viable approach. 
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In this work, we present an effective approach for localized delivery of active ingredients by 

coating seeds via electrospinning using cellulose diacetate polymer (CDA). The choice of the 

polymer stems from its abundance, flexibility with reasonable strength, and 

biodegradability.28ï31 In addition, CDA is soluble in a wide range of solvents and easily 

electrospinnable.32 A significant advantage of CDA when compared to other polymers used 

for seed coatings, such as PVA and PVP, is that it is hydrophobic in nature, as can be seen in 

its structure shown in Figure A.1. This characteristic makes the seed coat resistant to 

dissolution in moist soils while releasing the active ingredient in a sustained manner over time. 

Two model active ingredients, abamectin (Abm) and fluopyram (Flp), were incorporated 

separately into our nanofibers. Abamectin is an anthelmintic which has a strong activity against 

certain arthropods and a broad spectrum of nematodes and shows low toxicity to non-target 

organisms. However, application of Abm is limited by poor soil mobility.8,34 Therefore, a 

delivery system that can release it in a slow and sustained way can ensure its effective 

application. Fluopyram is a  succinate dehydrogenase inhibitor fungicide, which has also been 

proven to be a very successful nematicide,35ï37 and while it shows moderate soil mobility,37 

efficacy could be augmented by a seed-treatment delivery.  

In addition to using a hydrophobic polymer for sustained release and examining viable yet 

different types of active ingredients, our study presents a unified approach. We systematically 

analyze several important issues encompassing fundamental properties, such as how the 

affinity of the cellulose polymer loaded with different active ingredients affects the nanofiber 

characteristics and their respective release profiles, all the way to experiments with more 

applied implications, such as the viability of depositing the nanofibers directly onto the seeds 
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and the effect of the coating on germination. Finally, we obtain proof of concept that shows 

that the nanofibers containing fungicide are effective in controlling fungal growth by 

performing a fungal mycelial growth inhibition assay.   

Experimental Section 

Materials & Methods 

Cellulose diacetate (CDA) flakes provided by Eastman Chemical Co. with a degree of 

substitution of 2.45 and acetyl content of 39.8% were used as received. Reagent grade acetone 

(99.5%) (Ac), reagent grade dimethyl acetamide (99%) (DMAc), anhydrous acetonitrile 

(99.8%) (Acn) were purchased from Millipore Sigma. Abamectin 97% (Abm) was purchased 

from Alfa Aesar and Fluopyram (Flp) was provided by Bayer CropScience. All chemicals were 

used without further purification. Deionized (DI) water with pH 6.7 was used throughout the 

experiments. Soybean seeds (cultivar óWilliamsô) were provided by Dr. Steve Koenning 

(NCSU Agriculture Extension Service). For fungal assays, the Acidified Potato Dextrose Agar 

(APDA) consisted of PDA and 85% lactic acid. The PDA was supplied by Becton Dickinson 

and 85% lactic acid was supplied by Fisher Scientific. 

Preparation of nanofibers via electrospinning and seed coating 

A 5 wt.% (w/w) solution of the active ingredient (either Abm or Flp) was prepared in acetone. 

Then, DMAc was added in order to have a final ratio of 2:1 Ac:DMAc. CDA flakes were then 

added to this solution to obtain a final concentration of 11 wt.% CDA. This concentration for 

CDA was chosen after investigating a range of concentrations and finding the point where we 
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obtained defect-free nanofibers. The starting point for this preliminary range was based on a 

previous study where a range of cellulose acetate concentrations was explored for 

electrospinning.38 The solutions were left under magnetic stirring overnight. CDA solutions 

free of active ingredient were also prepared by following a similar protocol (11 wt.% CDA in 

Ac:DMAc (2:1)). The electrospinning conditions were maintained constant at the following 

settings: voltage of 12.5 kV on a high-voltage power supply, flow rate of 0.5 mL/h of the 

polymer solution loaded in a 10 mL syringe with a metal hub needle (22 gauge) placed on a 

precision syringe pump, and tip-to-collector distance of 15 cm. It should be noted that changing 

electrospinning condition can lead to different nanofiber production rate. Optimizing such rate 

could be part of a future study as our focus here has been to show proof of concept of the use 

of nanofibers in seed coating. The nanofibers were collected on aluminum foil placed on an 

aluminum collector plate connected to the grounded electrode.  The electrospinning process 

was performed at ambient temperature and at 45±3% relative humidity. The final content of 

active ingredient in the electrospun nanofibers, after solvent evaporation during 

electrospinning, was 21.5%. This corresponds to an average of 0.034 mg of active ingredient 

per seed, assuming a 2-hour coating, substantially lower than commercial entities.39  

To coat soybean seeds directly with the nanofibers, the electrospinning setup was mounted 

vertically (Figure SA.1 of the supporting information) so that the seeds could be placed on top 

of the collector plate. To ensure the seeds were coated with the nanofibers, we manually turned 

and rotated their positions on the collector plate every 20 minutes. 
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Solution characterization 

Steady-shear experiments were conducted on all the solutions used for electrospinning on a 

Discovery Hybrid Rheometer (DHR3) from TA Instruments (New Castle, DE) using a 25 mm, 

1° cone-and-plate geometry and a solvent trap, with shear rates ranging from 0.1 to 200 s-1. 

The experiments were performed at room temperature and the standard error is below 10% for 

all the solutions tested. 

The conductivity of the polymer solutions was measured with a Thermo Scientific Orion Star 

conductivity meter. The surface tension of the polymer solutions was measured using the 

pendant drop method on a First Ten Ångstroms goniometer. An average volume of 5 µL of 

each solution was used to determine surface tension. The experiments were conducted at 25°C 

and performed in triplicate for each solution. 

Nanofibers and coated seeds characterization 

The surface morphology of the nanofibers (nanofibers only, nanofibers containing Abm, 

nanofibers containing Flp) was observed by field emission scanning electron microscopy, 

FESEM (Verios FE1). Since our polymer is non-conductive, the samples were sputter-coated 

with a 10 nm thick layer of gold-palladium, and the acceleration voltage was kept at 2.0 kV. 

The average fiber diameter was determined by measuring the diameter of 100 individual fibers 

from multiple SEM images using ImageJ software. The wetting properties of the CDA fiber 

mats with and without active ingredients incorporated were tested by measuring the water 

contact angle of a 1 ml droplet of water on the nanofiber mat with the help of a First Ten 

Ångstroms goniometer. 
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Laser scanning images and surface profile of the seeds coated with the nanofibers were taken 

with a Keyence Confocal Laser Scanning Microscope V-KX1100 at 5 times magnification 

while the data was analyzed via Keyence MultiFile Analyzer software. 

Germination trials  

A rag doll experiment was performed to study the ability of nanofiber coated soybean seeds to 

germinate. As the objective of this study was to identify if the presence of nanofibers on the 

surface of the seeds would hinder the germination, we used seeds coated with CDA-only 

nanofibers (free of any active ingredient). We coated seeds on only one side (half-coated seeds) 

and also on both sides (entirely coated seeds) for different time intervals, for a total of six 

conditions: 60 min half-coated, 90 min half-coated, 2 hours half-coated, 2 hours entirely 

coated, 3 hours entirely coated, and 4 hours entirely coated. For each condition, ten seeds were 

used and placed on the surface of a clean moistened hand towel. Following this, the towels 

were folded and rolled into a tight tube. These towels were then placed in a 500 mL beaker 

filled about 1/3rd with deionized water. The rag doll was positioned upright and kept at room 

temperature. In order to record the germination count, the towels were opened after four days, 

counted for the germination rate and folded back into a roll. The study was performed for seven 

days. 

Active ingredient release 

To investigate the release profile of both the active ingredients from the respective fibers, we 

electrospun the polymer solutions containing the active ingredient for 7 hours in order to obtain 

a thick enough fiber mat that could be peeled off from the aluminum foil without breakage. 
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We cut circular disks of 8 mm diameter from the fiber mat and soaked them in 1 mL of 

deionized water. The vials were shaken prior to collection of 0.5 mL aliquots at different time 

intervals ranging from 1 hour to 2 weeks. For each aliquot collected, the same volume of 

acetonitrile was added to the collection vial. In order to measure the total quantity of active 

ingredient in each 8 mm disk, one circular disk was added into 1 mL of acetonitrile to fully 

dissolve the nanofibers. Afterwards, an aliquot of 0.5 mL was collected, and the same volume 

of deionized water was added. All the experiments were performed in triplicate. The 

quantification of Abm and Flp was done through High-Performance Liquid Chromatography 

(HPLC). A Phenomenex, Kinetex C18 column was used to analyze the samples at a wavelength 

of 245 nm; while a 50:50 mixture of deionized water:acetonitrile was used as the mobile phase 

using Isocratic Elution mode. 

Bioavailability of Abm loaded nanofibers was measured using Caenorhabditis elegans (C. 

elegans) based bioassays. The details of experimental setup and corresponding results are 

explained on page S8 of the supporting information. 

Fungal inhibition assays 

To evaluate the efficacy of the nanofibers containing Flp in reducing the mycelial growth of 

the fungal plant pathogen, Alternaria lineariae, we performed 16 day-long in vitro fungal 

assays. First, 20 mL of sterilized full-strength acidified potato dextrose agar (APDA) was 

poured into polystyrene petri dishes and allowed to solidify. Once cooled, sterilized nanofiber 

circular disks of 8 mm diameter were placed on top of it. This was followed by placing a 4 mm 

diameter Alternaria lineariae mycelial plug at a 2 cm distance from the nanofiber disk (as 
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shown in Figure A.7a). The following treatments were performed: untreated control (mycelial 

plug only), untreated CDA nanofibers, CDA nanofibers containing Flp, filter paper containing 

Flp, and untreated filter paper. Based on the amount of Flp contained in an 8 mm disk obtained 

from the HPLC studies, the same quantity was added to the filter paper to validate the accuracy 

of the controls. Each treatment was done in five replicates. The petri dishes were sealed with 

Parafilm and randomly placed on a tray at room temperature under 12 hours light and 12 hours 

dark conditions. Starting on the 6th day after the start of the experiments, data was recorded 

every two days by taking corresponding pictures and conducting radial growth measurements. 

Statistical analysis 

The radial growth data obtained from the fungal inhibition assays was analyzed in Minitab 19 

software by one-way Analysis of Variance (ANOVA) assuming equal variances for the 

analysis. Tukeyôs method with a 95% confidence level was used in ANOVA to identify 

whether the difference between a pair of treatments was statistically significant. 

Results and Discussion 

Nanofiber morphology 

The SEM images of untreated CDA nanofibers, Abm incorporated nanofibers and Flp 

incorporated nanofibers are shown in Figure A.2. Fibers from all the samples appear smooth 

and defect-free. The size distribution of the nanofibers can be seen on Figure SA.2 of the 

supporting information while the fiber diameter is shown in Table A.1. The mean diameter of 

the nanofibers range from 335 nm for the untreated CDA sample to 242 nm and 129 nm, for 
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Abm and Flp incorporated nanofibers, respectively. Considering the standard deviation shown 

in Table A.1, the fiber diameters of the untreated CDA and CDA+Abm samples are 

comparable, but Flp incorporated nanofibers are substantially thinner with a fiber diameter of 

129 ± 98 nm, a reduction of ~60%. In addition, this sample also exhibits a broad size 

distribution (Figure SA.2 in supporting information) as compared to untreated CDA 

nanofibers. To better understand the impact of active ingredient incorporation on CDA 

electrospinability, we examined the viscosity, conductivity and surface tension of the 

corresponding solutions (Table A.1; Figure SA.3 of supporting information). 

Table A.1 reveals that the addition of active ingredients to the polymeric solution results in an 

increase in its conductivity, with a more pronounced effect observed in the case of Flp 

conductivity, while viscosity and surface tension remain effectively unchanged (within 

standard error). Previous studies reported in the literature indicate that higher solution 

viscosities generally result in larger and more uniform fiber size distribution, while high 

conductivity values are associated with thinner fibers that have a broader size distribution due 

to the instability of the electrospinning solution under the presence of strong electric 

fields.19,40,41  This phenomenon holds true in our case as we observe almost a two-fold increase 

in the conductivity of CDA solution after addition of Flp resulting in significantly thinner 

fibers. Such substantial reduction in the diameter of Flp loaded fibers leads us to conclude that 

the morphology of electrospun Flp loaded nanofibers is conductivity driven. 
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Seed coating and germination trials. 

Soybean seeds were coated with nanofibers by directly placing them on the collector plate and 

turning/rotating their positions periodically, as described earlier and shown on Figure SA.1 on 

the supporting information. Optical images of uncoated and two-hours coated seeds in Figure 

A.3 show clear visible distinctions between them.  

In order to understand the effect of coating time on the thickness and homogeneity of the seed 

coat, we conducted surface profilometry of the seeds coated with untreated CDA nanofibers 

for 2, 3 and 4 hours, using a confocal laser microscope. Corresponding depth profile images 

and graphs are displayed in Figure A.4.  It is apparent from the figure that the difference in the 

depth profile correlates qualitatively with the thickness of the seed coat. i.e., 926 mm thick 

coating for the 2-hour coated seeds and a 1,463 mm thick coating for 3 hour coated seeds.  4-

hour coated seed, on the other hand, displays a depth profile of 1,265 mm which is less than 

that of the 3 hour coated seed. However, one important point to consider here is that the laser 

cannot penetrate through opaque materials and the compact packing of nanofibers on the seed 

coated for 4 hours may have blocked the laser to probe deeper and get the correct thickness of 

the coating.  However, this difference in the depth profile of the seed coat also points towards 

the fact that the nanofiber mat after 4 hours coating is more compactly packed than the 3 hours 

coated mat.  The images also display that the nanofibers are randomly coated on the seeds 

which is understandable as an electrospun fiber has the freedom to land anywhere on the 

collector. Since the seed surface is not flat, as revealed in the 3D image of the 2-hour coated 

seed in Figure A.4b the depth profile images also give the impression that the coatings are 

thicker on the center (based on the scale bars), which is not the case. However, the middle 
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portion of the image is a true representation of the coating. Therefore, profile graphs of the 2, 

3 and 4 hour coated seeds are obtained after scanning only the middle part of the seed surface. 

We can observe that the coatings are all smooth and there is not a large difference in the highest 

and deepest point shown on the graphs displayed in Figure A.4e, f and g. When compared to 

each other, we can conclude that the longer the coating time the rougher and thicker the coating 

becomes which can possibly impact the germination process.  

In order to evaluate the impact of the nanofibrous seed coating on seed germination, we 

performed a rag doll test. In this test, seeds were coated for different time intervals (thickness); 

some were coated on one side (half 60 and 90 min) while others were coated completely (fully 

2, 3 and 4 hours). After 7 days, all seeds exhibited a germination rate of 90% or higher (Table 

A.2, Figure A.5). These results suggest that the coating does not prevent the seeds from 

germinating independent of the conditions used for coating the seeds e.g., half-coated or 

entirely coated. Seed germination also seems independent of the thickness of the coat as no 

major difference was observed when comparing the germination of uncoated seeds vs. coated 

seeds. The fact that uniformity and thickness of the coating is not a deciding factor in seed 

germination has significant implications in terms of application of this approach. 

Of the few prior reports in this area,14ï18 most have not investigated the role of the coating 

thickness and area of coverage on seed germination. Hussain et al.17 conducted a pot 

experiment to identify the role of the seed treatment, in particular if the microbial-encapsulated 

seed coat enhanced germination and health of the plant. However, the water-soluble nature of 

the electrospun fibers compromises the result and further impedes exploring their formulation 

for longer term sustained release of active ingredient in moist agricultural soils. 
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Active ingredient release from fiber  mat  

After confirming that the thickness of the seed coat does not affect the seed germination 

process, we investigated the release profile of the nanofiber mat via HPLC (explained in the 

Materials & Methods section). The release time period of two weeks was chosen to reflect the 

first 14 days after planting, when initial release of active ingredient in seed treatment occurs. 

This coincides with germination and early root growth and the first exposure to potential 

pathogen infection. Seedling growth protection at this stage is critical for stand establishment 

and viability of the crop. The resultant release profiles of Abm and Flp from circular nanofiber 

disks are shown in Figures A.6a and A.6b, respectively and sample chromatograms are shown 

in Figure SA.3 of supporting information. The percent active ingredient release displayed in 

the figures was obtained as a ratio between the amount of active ingredient measured at the 

time point and the total amount of active ingredient loaded in each circular nanofiber disk. The 

total amount of active ingredient was measured by dissolving the circular disks in acetonitrile; 

we found the respective nanofiber disks contained on average 1.21 mg of Abm and 1.10 mg of 

Flp. These measurements were done in triplicate, where each disk was cut from a different part 

of the fiber mat. It is interesting to note here that the fiber mats show homogeneous distribution 

of the active ingredient based on the small error observed between measurements, 7.2% and 

8.6% for Abm and Flp, respectively. 

Figure A.6 shows that the nanofiber mats exhibit sustained release of the respective active 

ingredients over time, with no indication of burst release. While comparing the release profile 

of both active ingredients, we observe that Abm is being released in water much more slowly 

than Flp, releasing only 5.5% of its total content after 2 weeks while Flp releases 25% of its 
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total content during the same time period. Two factors may be contributing to the increased 

release rate of Flp from the fiber mat. First, is the diameter of the nanofiber mats. Flp loaded 

nanofibers have average diameter (~129 nm) that is about half of the diameter of the nanofibers 

containing Abm (~242 nm). Thinner fibers have been linked to higher release rates, as has been 

observed by Siafaka et al.42 for the release of teriflunomide from poly lactic acid fibers. 

The second factor that may be influencing a higher release of Flp stems from Abm being 

significantly more hydrophobic than Flp, with water solubility of 1.21 mg/L43 versus 16 mg/L44 

for fluopyram at 25°C. This could lead to stronger interactions of Abm with CDA. The effect 

of hydrophobicity was confirmed by water contact angle measurements, where the apparent 

water contact angle for the fiber mat containing Abm (138.2°, Figure A.7b) is higher than the 

one for untreated CDA nanofibers (128.3°, Figure A.7a). Interestingly, the water droplet gets 

immediately absorbed on Flp loaded nanofibers (Figure A.7c), making it impossible to 

measure apparent water contact angle and therefore leading us to believe that Flp renders the 

nanofibers hydrophilic. Since it is a well-known fact that the presence of air pockets under the 

water droplet render a surface hydrophobic,45 wetting of Flp loaded fibers during contact angle 

measurements can also be attributed to lack of empty space between the comparatively thinner 

fibers, while the larger fibers obtained for untreated CDA nanofibers and Abm loaded 

nanofibers facilitate the formation of air pockets, increasing their hydrophobicity. Wicking 

experiments, shown on Figure SA.6 of the supporting information, demonstrate higher water 

absorption capacity of the CDA nanofibers containing Flp, which is consistent with the 

behavior observed with contact angle measurements.  
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An important aspect of the nanofibrous coating is to retain its integrity with time. Previous 

studies in this area have used hydrophilic polymers14,17,18 that dissolves quickly. The role of 

the coating is therefore hard to decipher.  To examine the effect of water on the nanofibers, 

we conducted a soak test by immersing equal quantities of fibers (CDA only, Abm loaded 

CDA, Flp loaded CDA) in deionized water for 2 weeks and drying them under vacuum at 45°C 

overnight. SEM images of the fibers (Figure A.8a-e) taken before and after water exposure 

reveal that the fibrous network is maintained even after two weeks. The lack of coating 

dissolution is significant as we want the active seed coating to be maintained for at least 5-6 

weeks during which the newly emerged seedlings are especially vulnerable to pathogen attack. 

While the seed environment in the soil is different than being immersed in water, this test 

provides a more harsh scenario to examine coating structure retention when exposed to 

moisture; if a coating does not dissolve in water, it will clearly not do so in soil which has 

lower moisture content. Further examination reveals that there is minimal change in fiber 

morphology after water exposure, with the fiber diameters being similar to the original ones; 

post soak diameters of CDA, CDA-Abm and CDA-Flp were measured to be 364±110, 

266±100 and 158±42 nm respectively. Similar behavior of fiber structure retention and SEM 

images has been observed for crosslinked PVA nanofiber impregnated with enzymes upon 

exposure to soeak test. 

Effectiveness of fluopyram-incorporated nanofibers 

To estimate the bioavailability of the active ingredient, we explored the efficacy of Flp 

incorporated nanofibers through a fungal assay using Alternaria lineariae as a model fungal 

plant pathogen. Figure A.9a shows the setup of the experiment, with the mycelial plug placed 
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2 cm apart from the nanofiber disk while Figures A.9b and c display the radial growth of the 

fungi in the setup. Five different samples were considered: untreated which just contained the 

mycelial plug, nanofiber mat only, nanofiber with Flp, filter paper only and filter paper with 

Flp. The positive control used here was filter paper impregnated with the same amount of Flp 

as one of the nanofiber disks (1.10 mg) which showed similar behavior as the nanofibers 

containing Flp. The primary reason to use this control was to investigate the release of Flp 

from a carrier which replicates seed treatment, while simply spotting the Flp would mimic an 

in-furrow application, not a seed treatment. 

Samples containing Flp loaded nanofibers showed significantly smaller radial growth than that 

displayed by the controls. The difference in radial growth is not as pronounced visually (Figure 

A.9b) in the early stages (e.g., 6 days) but becomes significant with time. We find that the Flp 

loaded nanofibers consistently inhibit fungal growth even after 16 days, with a mycelial 

diameter of 3.5 cm for the nanofibers containing fungicide versus ~7.5 cm for the controls. 

Statistical analysis on the radial growth of the different treatments was performed. The p-value 

obtained in the ANOVA was less than 0.05, indicating that the mean difference between the 

treatments was statistically significant. The Tukey comparison confirmed that Flp loaded 

nanofibers exhibit a significant difference when compared to all treatments, but the Flp loaded 

filter paper, where the difference was not significant. The predicted R2 value of 93.7% indicates 

that the model generates precise predictions for the studied groups. 

Preliminary bioavailability experiments conducted for Abm loaded nanofibers using C. 

elegans based bioassay demonstrate efficacy of Abm loaded nanofibers to paralyze 
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(immobilize) the nematodes as compared to absolute control (no nanofibers, no Abm) and 

nanofibers only (Tables SA.1-SA.4 and Figure SA.7 in supporting information). 

Conclusion 

We have successfully fabricated electrospun nanofiber mats of cellulose diacetate for crop 

protection by loading them with two different active ingredients i.e., abamectin (Abm) and 

fluopyram (Flp). As compared to previous studies, our approach focused on fundamental 

aspects, such as the affinity between the polymer and different active ingredients and its effect 

on the respective release profiles, as well as applied issues, like depositing the coating directly 

on the seeds, effect of coating on seed germination, and the effectiveness of the coating against 

fungal growth. The addition of active ingredients to cellulose diacetate (CDA) resulted in 

thinner fibers, with a ~60% reduction in fiber diameter in the case of Flp primarily because of 

the corresponding increase (>50%) in conductivity of the electrospinning solution. Active 

ingredient release studies demonstrate that Flp releases faster than Abm, possibly because of 

stronger affinity between CDA and Abm, owing to the more hydrophobic nature of Abm as 

compared to Flp. A high water contact angle value for a CDA-Abm fiber mat as compared to 

a CDA-Flp fiber mat provides further evidence of the suggested interactions.  

Compared with the existing seed coating technologies, we present an alternative and effective 

seed coating approach by electrospinning active ingredient loaded CDA nanofibers directly 

onto soybean seeds. Because CDA is hydrophobic in nature, the nanofibrous mat was able to 

maintain its integrity in moist environments without hindering seed germination, which is a 

significant advantage when compared to the polymers reported in the seed coating via 
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electrospinning literature, such as PVA and PVP. Germination trials and surface profilometry 

have shown that coating thickness homogeneity or nanofibers distribution on the seed surface 

(fully coated or half coated) does not negatively affect seed germination. These results together 

with the fungal inhibition assays, demonstrate that these coatings are suitable for sustained and 

localized delivery of different active ingredients. Further studies could include the 

investigation of the maximum loading capacity of active ingredients in the electrospinning 

solution to optimize seed coating effectiveness. Slow release of the active ingredient from the 

seed coat is a cost-effective and environment-friendly approach since it can reduce the need 

for multiple applications of pesticide and/or fertilizer, while the water resistant nature of the 

nanofibrous seed coat ensures the retention of its integrity in moist soils. Therefore, this 

method has the potential of increasing crop yield by inhibiting the propagation of pathogens 

during the early stages of crop establishment. The proposed eco-friendly coating approach has 

the flexibility of being used for various type of active ingredients including nematicides, 

fungicides and/or nutrients.  
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Table A.1. Fiber diameter and solution properties for untreated CDA and CDA containing Abm or 

Flp. 

 Untreated 

CDA 

CDA + Abm CDA + Flp 

Fiber Diameter (nm). 335 ± 81 242 ± 162 129 ± 98 

Zero-shear viscosity 

(Pa.s) 

2.97 ± 0.16 2.88 ± 0.20 2.65 ± 0.23 

Surface tension (mN/m) 33.47 ± 0.70 34.38 ± 0.22 34.53 ± 0.13 

Conductivity (µS/cm) A 17.16 ± 0.13 19.38 ± 0.28 ± 0.69 
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Table A.2. Germination rate measured by a rag doll test. Results obtained after 7 days on different 

coating conditions. 

Coating 

conditions 

Uncoated Half   

60 min 

Half     

90 min 

Half       

2 hrs 

Fully 

2 hrs 

Fully 3 

hrs 

Fully 4 

hrs 

Germination 

(%) 

90% 100% 100% 90% 90% 90% 100% 
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Figure A.1. Chemical structure of a cellulose diacetate polymer [33].  
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Figure A.2. SEM micrographs of: a) untreated CDA nanofibers; b) CDA nanofibers containing 

abamectin (Abm); c) CDA nanofibers containing fluopyram (Flp). 
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Figure A.3. Optical images of uncoated vs 2-hours coated seeds. The coat consists of nanofibers 

directly electrospun on to them.  
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Figure A.4. Depth profile of seeds entirely coated for: a) 2 hours (top view), b) 2 hours (3D view), c) 

3 hours (top view) and d) 4 hours (top view). Respective scale bars of each sample are also displayed 

with color coding for the depth of the coat (blue indicating the lowest while the red represents the 

highest point). Profile graph showing coating uniformity for e) 2 hour-, f) 3 hour- and g) 4 hour- 

coated seeds.  
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Figure A.5. Representative images of coated seeds after germination: a) Uncoated seeds used as a 

positive control b) Seeds entirely coated for two hours showing no germination inhibition; c) zoomed 

in image of one of the seeds entirely coated for four hours, where we can see the nanofiber-coat still 

ñencapsulatingò the seed shell. 
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Figure A.6. Release profile and chemical structure of a) abamectin (Abm) and b) fluopyram (Flp) in 

deionized water measured by HPLC (Error bars indicate standard errors, n=3). 
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Figure A.7. Apparent contact angle for a) untreated CDA nanofibers, and b) CDA nanofibers 

containing abamectin (Abm); c) immediate absorption of water droplet on CDA nanofibers 

containing fluopyram (Flp). 
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Figure A.8. SEM micrographs of nanofibers before and after soaking in water for 2 weeks: a) 

untreated CDA nanofibers before water soak; b) CDA nanofibers after water soak; c) CDA nanofibers 

containing abamectin (Abm) before water soak; d) CDA nanofibers containing abamectin (Abm) after 

water soak; e) CDA nanofibers containing fluopyram (Flp) before water soak; f) CDA nanofibers 

containing fluopyram (Flp) after water soak. 
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Figure A.9. a) Fungal assay setup with the Alternaria lineariae mycelial plug 2 cm apart from the 

nanofiber mat; b) fungal growth over time for each treatment used; c) mean diameter of the radial 

growth in cm ± standard error for five replicates of each treatment used. 
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Supporting Information  

 

Figure SA.1. Electrospinning setup mounted vertically for depositing nanofibers directly on seeds. 

Seeds are placed on a horizontal collector plate, while the syringe pump with the syringe containing 

the polymer solution is placed vertically above it. During the electrospinning process as the seeds are 

getting coated with a nanofibrous web, they are manually rotated periodically. 
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Figure SA.2. Fiber diameter distribution determined from SEM images using ImageJ for: a) untreated 

CDA nanofibers, b) CDA nanofibers containing abamectin (Abm), and c) CDA nanofibers containing 

fluopyram (Flp).  
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Figure SA.3. Viscosity as a function of shear rate for the different polymeric solutions used in this 

study: CDA only, CDA with abamectin, and CDA with fluopyram. 
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Figure SA.4. Sample chromatograms obtained via HPLC for the release studies of abamectin loaded 

nanofibers in water for: a) 1 hour, b) 2 hours, c) 3 hours, d) 4 hours, e) 5 hours, f) 24 hours, g) 72 

hours, and h) 2 weeks. 
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Figure SA.5. Sample chromatograms obtained via HPLC for the release studies of fluopyram loaded 

nanofibers in water for: a) 1 hour, b) 2 hours, c) 3 hours, d) 4 hours, e) 5 hours, f) 24 hours, g) 72 

hours, and h) 2 weeks. 
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To test the wicking behavior, nanofiber mats were cut into 12 mm by 50 mm strips and 

immersed 1 mm into an infinite water reservoir, as described elsewhere.1 The wicking height 

was measured with a ruler every minute for 10 min. The test was performed in triplicate.  

Figure SA.6. Wicking height over time of the CDA nanofibers (untreated (black squares), containing 

abamectin (red circles), and containing fluopyram (blue triangles)). 
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Effectiveness of abamectin-incorporated nanofibers 

Materials and Methods 

A sterile conical flask containing 50 ml of sterilized LB broth (10 g tryptone, 10 g NaCl and 5 

g yeast extract in 1L deionized water) with the gram-negative bacterium Escherichia coli strain 

OP50 was incubated overnight in a 37oC incubator shaker. Following this 100 ml of freshly 

prepared sterilized M9 buffer (3 g of KH2PO4, 6 g of Na2HPO4, and 5 g of NaCl and 1 ml of 

1M MgSO4 in 1 L of deionized water) was mixed with 10 ml of overnight OP50 E. coli culture 

along with 5 mg of ampicillin and 2 mg of Nystatin. The mixture, hereby referred to as the test 

medium was covered and incubated at room temperature for 2 hours over a magnetic stirrer. 

Once the incubation period ended, 950µl of the test medium was added to each well of a sterile 

24 well plate and three treatments including: 1) Untreated control 2) 8 mm CDA nanofiber 

mats 3) 8 mm CDA nanofiber mats loaded with Abm for the specified time period i.e., 1 hour 

and 24 hours. After the specific time period, the nanofiber mats were removed from the 

treatment wells using sterilized forceps. About 100 mixed stages of model nematode C. elegans 

wild type strain N2, were washed off nematode growth media plates ((K2HPO4 (1M stock 

solution), KH2PO4 (1 M stock solution), NaCl, bacto peptone, 1L deionized water, MgSO4 (1 

M stock solution), CaCl2 (1 M stock solution), cholesterol stock solution (5 mg/mL in ethanol)) 

using M9 buffer and were added into each well. Six technical replicates were included per 

treatment. Observations in a single-blinded manner were noted by 3 individuals, one hour after 

the worms were added. The motility ratings provided in the results represent an average of 

three individual ratings for each well of each treatment. The rating scale were as follows: 
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Rating scale 

0 ï All nematodes moving 

1 ï 1-24% paralyzed 

2 ï 25-49% paralyzed 

3 ï  50-74% paralyzed 

4 ï 75-99% paralyzed 

5 ï 100% paralysis 

This experiment was performed twice (experiment 1 and experiment 2) with different batches 

of nematodes to ensure reproducibility of the results. 

Discussion 

It can be noted in experiment 1 and 2, that the average rating across the treatment wells 

containing nanofibers coated with the abamectin was higher than 4 (average rating = 4.28), 

when observed after 1 and 24 hours (Tables SA.1, SA.2, SA.3 and SA.4). This translates to 

>75-99% paralyzed worms, indicating a good release of the active ingredient when compared 

to the treatment wells with the nanofiber alone (average rating = 1.13) or the untreated control 

(average rating = 0.82). The differences in the treatments are also visually demonstrated in 

Figure SA.7 with straight dead worms (paralyzed nematodes) seen in abamectin treatments 

(Figure SA.7c) compared to the wavy worms (live nematodes) in the controls (Figure SA.7a 

& SA.7b). 
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Experiment 1 

Table SA.1. Nematode motility ratings after 1 hour for nanofibers soaked for 1 hour 

 

 

 

 

 

 

 

 

 

 

 

Category 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 
Average 

Untreated 

control 
0.33 0.66 0.33 0.66 0.66 0.6 0.55 

Nanofibers 

only 
1 1 1 1 1 1 1 

Nanofibers 

+ Abm 
4 4 4 4 4 4 4 
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Table SA.2. Nematode motility ratings noted after 1 hour for nanofibers soaked for 24 hours 

 

 

 

 

 

 

 

 

 

 

Category 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 
Average 

Untreated 

control 
1.33 1.66 1.66 1.33 1.66 1.33 1.5 

Nanofibers 

only 
1.66 1.33 1.66 1.33 1 1.16 1.36 

Nanofibers 

+ Abm 
5 4.66 4.66 4.33 4.66 5 4.72 
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Experiment 2: 

Table SA.3. Worm motility ratings noted after 1 hour for nanofibers soaked for 1 hour 

 

 

 

 

 

 

 

 

 

 

Category 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 
Average 

Untreated 

control 
0.33 0.66 0.83 0.5 0.83 1 0.69 

Nanofibers 

only 
0.83 1 0.66 1 0.5 0.66 0.77 

Nanofibers 

+ Abm 
4.33 4.16 4.33 4 4 4 4.13 
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Table SA.4. Worm motility ratings noted after 1 hour for nanofibers soaked for 24 hours 

 

 

 

 

 

 

 

 

 

Category 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 
Average 

Untreated 

control 
1.33 1.33 1.33 1.33 1.33 1 1.27 

Nanofibers 

only 
1.33 1.33 1.33 1.33 1.33 1.66 1.38 

Nanofibers 

+ Abm 
5 5 4.66 5 5 4.66 4.88 
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Figure SA.7. Digital images of C.elegans one hour after placement in the wells containing (a) 

untreated control (b) CDA-only nanofibers and (c) Abm loaded CDA nanofibers. 
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Appendix B: Tailored Lignocellulose based Biodegradable Matrices with Effective 

Cargo Delivery for Crop Protection 
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Abstract  

Controlled release and targeted delivery of agrochemicals is crucial for achieving effective 

crop protection with minimal damage to the environment. We present an innovative and cost-

effective approach to fabricate lignocellulose-based biodegradable porous matrices capable of 

slow and sustained release of the loaded molecules for effective crop protection. The matrix 

exhibits tunable physicochemical properties which when coupled with our unique ówrap-and-

plantô concept help to utilize it as a defense against soil-borne pests while providing controlled 

release of crop protection moieties. The tailored matrix is produced by mechanical treatment 

of the lignocellulosic fibers obtained from banana plant. We systematically investigate the 

effect of different extents of mechanical treatments of the lignocellulosic fibers on protective 

properties of the developed matrices. While variation in mechanical treatment affects the 

morphology, strength and porosity of the matrices; we speculate that the specific composition 

and structure of the fibers also influence their release profile. To corroborate this hypothesis, 

the effect of morphology and lignin content changes on the release of rhodamine B and 

abamectin as model cargos is investigated. These results, compared with those of the matrices 

developed from non-banana fibrous sources, reveal a unique release profile of the matrices 

developed from banana fibers, thereby making those strong candidates for crop protection 

applications. 

Keywords:  

banana paper; crop protection; pulp refining; abamectin; lignocellulose; wrap and plant 
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Introduction  

Worldwide awareness for the conservation of natural resources is leading to the use of various 

non-wood plant fibers as alternatives to wood pulp in the manufacture of paper and 

paperboard.1ï4 Materials derived from non-wood plants (also known as lignocellulosic 

materials) primarily consist of three important components: cellulose (35-50%), hemicellulose 

(20-35%), and lignin (10-25%).5 Cellulose is responsible for imparting mechanical strength to 

the plant; hemicellulose is capable of developing interfiber bonds; while lignin is the major 

hydrophobic component of plant fibers consisting of phenyl propane units and is associated 

with the natural decay resistance of the plants.6 Among various non-woody plants, fiber 

removed from the banana plant (Musa spp.) is found to consist of a comparatively higher 

content of cellulose (44-54%) with a low amount of lignin (6-13%).7,8 Bananas are also the 

worldôs most exported fresh fruit (US$ 10 billion per year) with global exports (excluding 

plantains) reaching a record goal of 18.1 million tons in 2018.9 It is estimated that wastes 

produced by a single banana plant is 80% of its mass which is mostly used as animal feed or 

fuel.10,11 Generation of abundant wastes from banana harvest, taken together with 

comparatively low content of lignin and higher amount of cellulose, make the wastes of banana 

harvest attractive candidates for paper production.8 Previously, considerable research has been 

conducted on sorption and release properties of products and/or wastes produced by plants like 

gums, rice husk, sawdust, jute and banana fiber.12ï15 Other than exploring the utility of banana 

fibers in composites and sorbent materials,10,12,13,16,17 recently some research groups have 

reported production of paper from banana fiber for various applications, including feminine 

hygiene products and wrapping paper.6,18ï20 However, to the best of our knowledge, there has 
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been no detailed research on understanding of the process-structure-property- relationship of 

matrices produced from banana paper and its role on the cargo release profile.  

In this study, we undertake an in-depth examination of the impact of variation in physical 

characteristics of banana paper in order to engineer banana fiber-based biodegradable matrices 

capable of controlled release of loaded cargo molecules (such as pesticides) for better crop 

protection management in nematode infested soils. Pesticides have been an essential 

component of pest management schemes for many years but concerns about environmental 

contamination and non-target impacts have led to increasing restrictions on broad-scale 

application. Generally, only ~10% of the pesticide is available to the crops while the remaining 

90% becomes a part of the surrounding environment i.e., soil, water and air, resulting in 

damage to the environment as well as human health.21,22 A controlled release of pesticide, or 

any other active ingredient, would be ideal to maintain its effective concentration over a 

stipulated period while applying lower initial volume. Recently, various approaches have been 

reported which are focused upon the utilization of either biopesticides or biodegradable release 

media for controlled release of pesticides. 21ï26 In addition, different bio-based materials such 

as lignin, chitosan, alginates and plant virus nanoparticles are also being considered for 

nanoencapsulation of agrochemicals.27ï30 However, the cost of the process involving 

complicated steps is a major barrier to applying these approaches on a large scale. The use of 

nanomaterials on the environment and human health are also limiting factors for 

implementation of the technology. Our group has recently examined a promising approach for 

controlled release and targeted delivery of Fluopyram and abamectin using biodegradable 
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cellulose diacetate based nanofibers electrospun directly on to soybean seeds.25 However, 

scaling the electrospinning process to a large scale remains a challenge.  

We plan to use a unique wrap-and-plant (W&P) approach to explore the efficacy of banana 

fiber based matrices as controlled release media; wherein we ówrapô seed/seed pieces with 

active ingredient impregnated banana paper and óplantô them in the soil ensuring no 

impediment to seed germination. Without relying on high technology processing, our W&P 

approach is focused on facilitating sustainable crop protection for smallholder farmers across 

the developing world, without damaging the soil chemistry because of biodegradable nature of 

the seed wraps. Initial studies from our group introduced this W&P methodology, 

demonstrating promising results shown by the banana paper as compared to abaca, softwood 

and hardwood paper.31 However, an in-depth analysis of the variation in processing conditions, 

their effects on tuning the properties of the matrices and the role of the chemical components 

(e.g., lignin) present in banana fiber is needed to better understand its potential utilization as 

an effective matrix for the tunable release of various types of cargo. Our study involves (1) 

additive-free fabrication of various matrices from banana fibers via a basic paper making 

process, and (2) testing the developed matrices for their strength and release profile so that 

they can serve as effective seed wraps without any compromise on its integrity as well as the 

seed germination process. In contrast to a typical paper making processes, our focus is to 

prepare the matrices from fibers produced from banana plants through mechanical pulping 

(refining) and to study the effect of variations in refining on its strength, structure, and release 

profile. Mechanical pulping (refining) involves mechanical treatment of a specific 

concentration of fiber slurry in water through the application of compression and shear force 
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on the fibers which results in several changes in their structure and properties, depending on 

the extent of refining.32,33 We use two different types of cargos i.e., rhodamine B (RhB) as a 

model molecule and abamectin (Abm) as a model pesticide, to study the release profile of 

paper. RhB is a water soluble basic dye used in various biotechnology applications and also as 

a water tracer.15 Abm is a macrocyclic lactone that exhibits strong activity against a variety of 

nematodes by paralyzing them by binding with their nerve and muscle cells.31,34 One major 

drawback of using Abm for crop protection is its poor mobility due to its high binding capacity 

with soil and low water solubility, which makes it unavailable to the nematodes. Although it 

has been previously suggested that the phenyl propane units in lignin molecules are mainly 

responsible for the binding and release mechanism of the lignocellulose matrices for any cargo 

molecule,31,35 these studies have not examined the effect of lignin content or other factors that 

may come into play. We believe that the structure and composition of the fiber also play a 

significant role in determining its cargo release profile. Since we are developing paper-like 

matrices via additive-free processing of banana fiber, these matrices will be referred to as paper 

or banana paper thereafter in this work.  For a better understanding of the process, we have 

compared the release profiles of banana fiber based matrices (banana paper) to two control 

non-banana papers with a noticeable difference in morphology and lignin content. 

Materials & Methods 

Banana fiber was procured from the agricultural industrial unit of Earth University, Costa Rica, 

where it was obtained by processing the wastes of banana harvest. Typically, chopped parts of 

banana plant are biologically fermented with the inoculum of bacillus and actinomycetes, for 

five days. Later the fermented banana fibers are mixed with 95-98% water in agitation tanks 
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and then cast as sheets which are hydraulically pressed to remove moisture. The sheets are 

finally dried in the sun to reduce the moisture content to 7%, before shipping to North Carolina 

State University.  Rhodamine B (RhB, Ó95%) dye was purchased from Millipore Sigma and 

used without further purification. For lignin content measurement, sodium thiosulphate 

solution (0.2 N), potassium iodide solution (1 N), sulfuric acid (4 N), potassium permanganate 

solution (0.1 N) and starch indicator were provided by Fisher Scientific. Abamectin (Abm) 

(97%) was supplied by Alfa Aesar. Liner (P1) and copy (P5) papers that were used as controls 

were provided by the Forest Biomaterials Department at NC State University. The recipe for 

nematode growth media (NGM) and M9 buffer was adapted from Wormbook.36 

Caenorhabditis elegans (C. elegans) strain N2 (wild type) were obtained from the 

Caenorhabditis Genetics Center (CGC). Reagent grade acetone (99.5 %) and HPLC grade 

acetonitrile (99.8%) were purchased from Millipore Sigma. Deionized water (pH: 5.77±0.13) 

was used throughout the experiments, except while making paper handsheets. 

Handsheets production 

Banana fibers were soaked in water overnight and were subsequently diluted to a 3% 

consistency (wt.% of fiber in the mixture) with tap water. The fibers were beaten for different 

intervals ranging from 1 to 30 minutes in a laboratory valley beater as per the TAPPI T200 

standard method. To monitor changes in the fiber structure and drainage behavior, freeness of 

each sample of pulp was measured using Canadian Standard Freeness (CSF) tester as per the 

TAPPI T227 method. A standard laboratory British handsheet mold was used to prepare at 

least 10 circular handsheets (6.25 inchesô diameter with a grammage of 70 g/m2) from the pulp 

following TAPPI T205 standard method. For ease of understanding, different handsheets are 
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named according to preparation conditions, as shown in Table 1. After production, handsheets 

were conditioned at a temperature of 23oC and a relative humidity of 50% according to TAPPI 

402 (all the steps involved in paper production are shown in Figure S1). Multiple samples of 

the handsheets were regularly tested for characterizing the release profile using RhB and Abm 

and the associated mortality of the model nematode C. elegans. Detailed information about the 

setup for the bioavailability assays is mentioned in the characterization section on pesticide 

bioavailability. 

Characterization 

The lignin content of different types of fibers was measured by a thiosulphate oxidation process 

following TAPPI T236 test protocol. The burst strength of handsheets was tested with a 

MULLEN tester according to the TAPPI T810 test method. The internal tearing resistance 

(Elmendorf-type method) of the handsheets was tested with an L & W tester according to the 

TAPPI T 414 test method. The tensile strength was measured using an L&W tensile tester 

according to the T 494 test method. Air resistance of the handsheets (Gurley method) was 

measured according to the TAPPI T460 standard protocol. Fiber length, coarseness, fines 

content, and kink index were measured using the Fiber Quality Analyzer V1.5- RL644 CV-

M4+ IFC5.10 by OpTest Equipment Inc. according to the TAPPI T271 test method. A field 

emission scanning electron microscope, FESEM (Verios FE1) was used to characterize the 

morphology of the cross sections and surface sections of various types of paper. The samples 

were made conductive by coating with a 10-14 nm thick layer of gold prior to characterization 

while the acceleration voltage was kept at 2.0 kV. A First Ten Angstroms goniometer was used 

to determine water contact angle of a 2 ml droplet of water on the surface of various samples. 
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Root Penetration profile 

 To understand the effect of refining time on the strength of paper and the germination of seeds, 

we conducted a greenhouse trial using maize seeds. Banana papers produced from unrefined, 

2, 5, 10 and 30 minutes refined pulp were used as the seed wraps. Each seed was wrapped with 

a 2 x 2 inch2 piece of paper and planted in sandy loam soil, which was watered at regular 

intervals. Each set consisted of ten replicates, and the trials were completed after 14 days.  

Release & Sorption profile:  

Dye sorption & release profile  

10 mM solution of RhB was used to study the release and sorption profiles of 1 by1 cm2 pieces 

of paper in 10 ml of the dye solution while Thermo Scientific Genesys 10S UV-Vis 

spectrophotometer was used to measure the absorbance of the dye solution at 554.5 nm. All 

the measurements were conducted in triplicate. The dye sorption study was conducted by 

soaking the paper in the dye solution. The amount sorbed was measured using the following 

formula:  

   ὥάέόὲὸ ίέὶὦὩὨ ή    (Eq. 1) 

Here, C0 is the initial concentration (mg/l) of the dye in the solution, Ct is the concentration 

(mg/l) at time t, V is the volume of dye solution in liters, and m is the mass of paper in g. The 

dye release profile was measured by soaking the dye loaded paper in 10 ml of deionized water 

(DI) and measuring the absorbance of DI after removing the paper after regular intervals 

starting from 20 minutes to 2 weeks (schematic in Figure S2). 
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To minimize the contribution of variation in the sorption profile of each type of paper, the 

percent release profile of each type of paper was plotted against time. 

    Ϸ ὙὬὄ ὶὩὰὩὥίὩὨρππ ή Ⱦή    (Eq. 2) 

where, qr is the amount of dye released (mg/g) and qs is the dye sorbed on each type of paper.  

Pesticide release studies 

Abm release profile:  Following the already established protocol by our labs,31 we prepared a 

dilution of Abm from a 2 mg/ml stock solution in acetone, in order to achieve a final 

concentration of 32.5 mg of Abm/m2 on each sample after spraying. Using circular disks of 7 

mm diameter from different samples of paper, we soaked the disks in 3 ml of DI in closed vials 

and left on a VWR rocking platform at a rate of 6 rpms to ensure homogenous mixing of the 

active ingredient in the release medium. All experiments were conducted in triplicate. The vials 

were removed from the rocking platform after regular intervals ranging from 30 minutes to 2 

weeks and aliquots were removed from each vial for the quantification of Abm through high 

pressure liquid chromatography (HPLC). A Shimadzu high performance liquid chromatograph 

(HPLC) equipped with an autosampler and a diode array UV-Vis detector was used to 

determine the concentration of Abm, for which a Phenomenex Kinetex C18 column (150 x 4.6 

mm2, 2.6 um particle size) was suitable.  The column temperature was held at 40oC, whereas 

the mobile phase was a mixture of 80% acetonitrile and 20% deionized water with a flow rate 

of 1.0 mL/min.  An optimal absorbance wavelength of 245nm was applied to the detector, 

while the injection volume was 10 uL in each case. % Abm released was determined through 

the following formula:  
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Ϸ ὃὦά ὶὩὰὩὥίὩὨρππ ὗ Ⱦὗ    (Eq. 3) 

Where Qr is the amount of Abm released (mg) and total amount of Abm loaded (mg) on each 

sample.  

Respective plots displaying kinetics of Abm release from all the samples are displayed in 

Figure B.4(A) while some of the representative HPLC chromatograms are plotted in Figure 

S5, S6 and S7 to display release profiles of P1, P2, P3, P4 and P5.  

Abm bioavailability using bioassays 

The bioavailability studies were conducted using C. elegans strain N2 as model nematodes. C. 

elegans are generally used as standard bioassays to test the efficacy of a nematicide or of a 

delivery vehicle carrying the nematicide.25,27,31 This stems from the biotrophic nature of most 

plant parasitic nematodes and similar response to nematicides by C. elegans as by typical 

parasitic nematodes. C. elegans were cultured on nematode growth media (NGM) plates 

seeded with E. coli strain NA22. E. coli are added to provide nutrition for healthy growth of 

C. elegans. Healthy C. elegans nematodes exhibit characteristic flexible form and undulating 

movement. Abm serves as a paralytic to the nematodes which show rigid movement and linear 

shapes (immobilized).31 Supporting video S2 displays the change in movement and shape of 

C. elegans after being exposed to Abm.  For this study, 7 mm diameter of the Abm-sprayed 

paper was fixed inside the barrel of a 1ml luer lock syringe, and each paper was soaked with 

400ml of sterile phosphate buffered saline (PBS) solution for 1, 2, 3 and 4 hours. After the 

respective timeframe, the PBS solution was drained from the syringe into labelled wells of 

sterile 24 well flat bottom plates. C. elegans dispersed in 20 ml M9 buffer were then added into 
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individual wells. After 24 hours, the mortality of the nematodes in the respective PBS buffer 

containing wells was measured with the help of a dissecting microscope. The percent (%) 

mortality of C. elegans in each case was determined from the number of immobile (rigid 

movement and linear shape) nematodes as compared to total number of nematodes in the well, 

using the following relation: 

Ϸ ÍÏÒÔÁÌÉÔÙ
ᶻ    Ȣ

   Ȣ  
      (Eq.4) 

All experiments including the controls (PBS with paper without Abm and PBS only without 

paper or Abm) were conducted in triplicate. A detailed schematic explaining the experimental 

setup for the bioavailability studies is shown in a subsequent section (Figure B.4B). 

Results & Discussion 

Effects of pulp refining on mechanical properties of handsheets  

Pulp refining was done through mechanical beating without the use of any chemical additives, 

as our focus is to explore the inherent properties of the banana fiber. Its role is evident from 

digital images of the surfaces of hand sheets (Figure B.1A) prepared from pulp refined from 

zero to 30 minutes, revealing a transition from a rough to a smooth surface-paper. Further 

details on the characteristics of the paper as affected by mechanical refining of the pulp are 

displayed Table 1 together with Figure B.1. It is apparent from Table 1 that the freeness 

(drainage rate) of the pulp reduces substantially with increased refining, decreasing to one-

fourth its value from 678 mls with no refining, to 185 mls with 30 minutes of refining. This 

trend is expected since fibers are shortened and become more fibrillated because of shearing 



 

248 

and compression forces during refining thereby enhancing the available surface area for water 

holding and slowing drainage i.e., have lower CSF values. Fibrillation also results in generation 

of microscopically hairy appearances on the fibers because of delamination of the cell wall. 

Rise in the number of tiny hairs on the fiber surface leads to increased tendency to develop 

interfiber bonds resulting in a smoother finish and compact structure of the handsheets 

produced from more reined pulp (Figure B.1A). Figure B.1B reveals that the thickness of the 

handsheets decreases (almost linearly) with refining as the fibers collapse under high shear and 

compression during refining, resulting in the dense packing of fibers and fines in the resulting 

paper;32 the paper thickness drops by half as we go from 0 to 30 minutes of refining time. A 

rise in the density of paper (Table I) with refining is also a result of a more compact structure 

due to the consolidation of the fibers. One major outcome of the close packing of fibers is a 

smooth finish of the handsheets (Figure B.1A) because of a reduction in the free space between 

the fibers. Close packing also increases the air resistance of the paper (Figure B.1B, Table 1) 

by well over an order of magnitude. One should note that increased air resistance relates to 

lower porosity of paper, which can influence its usage as a release or sorption matrix (discussed 

further in the sorption/release section).  

Another significant outcome of pulp refining is the variation in burst and tear indices with 

increased refining of the fibers. Figure B.1C displays a rise in the burst index of the paper with 

more refining. This is understandable because increased fibrillation in more refined fibers 

would produce additional hydrogen bonds and a more compact structure of paper to resist any 

external pressure. Tear index, on the other hand, decreases with the rise in pulp refining. Since 

tear index is a measure of the force required to continue the tearing of paper in a specific 
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direction, the presence of a higher number of scattered short fibers in more refined pulp can be 

a major reason for its decrease with refining.  

Effect of refining on fiber structure  

We undertook microstructural analysis of the banana fibers subjected to different conditions 

to better understand the physical property changes it shows with refining. As a first step, we 

examined SEM images of the cross section of paper produced from unrefined banana fibers 

(Figure B.2A). It clearly shows that the fibers consist of bundles of long tubular structures or 

microfibrils made up of an inner hollow region (lumen) with diameter in the range of 20 mm 

and a thin layer of about 1 mm between the cell walls known as middle lamella.37,38 The long 

hollow lumens in banana fibers are responsible for high capillary action in the banana stem 

and play a major role in dictating the sorption properties of products made from banana 

fibers.20,39,40 

During refining, the fibers undergo considerable changes in its microstructure as is evident 

from Figure B.1, Figure B.2 (B, C & D) and Figure S3.  The digital image in Figure 1A and 

SEM micrographs of the surface sections in Figure B.2B(a-d) and Figure S3 (A-C) show that 

the fiber structure got compact with longer refining times leading to a smoother surface with 

fewer loose fibers. The compaction is more evident in cross-sectional images which show the 

microfibrils to collapse and the lumens to lose their morphology with refining (Figure B.2B 

(e-h) and S3 (a-c)). These changes in microstructure are consistent with our results of paper 

getting thinner with refining time (Figure B.1B). A close examination of surface sections also 

supports the argument developed in the previous section that the fibrillation of the banana fiber 
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has resulted in the production of a collapsed (flat) structure with possibly stronger bonds 

between each other. This can result in the generation of mechanically strong handsheets 

produced from pulp that has been refined for a longer time.  

To analyze further the effects of refining on fiber structure, samples of pulp refined at various 

time-intervals were collected and analyzed for what is referred to as ófiber qualityô, one 

measure of which is the quantity of fiber fines. Fines are the high surface area fibers generated 

during a typical mechanical pulping process and a high number of fiber fines in the pulp 

contributes towards formation of mechanically strong and less porous paper.41,42  Fines are 

referred to as the fraction of pulp which passes through a 200-mesh screen of a fiber length 

classifier according to the TAPPI test method T 261 Cm-94.32,41ï43 Fines are further 

categorized into primary fines that are present during the pulping and bleaching process, and 

secondary fines that are generated as a result of refining.32,42,44 Generally, refining of the fiber 

pulp generates secondary fines, increasing overall fine content in the pulp, which is shown as 

the rise in fiber count with increase in refining time in Figure B.2C. The change in percent 

length of fines, on the other hand, is inconsistent and stays almost in the same range (18-24%) 

when the pulp is refined from 1 to 10 minutes indicating larger distribution in fiber and fine 

size at low refining.  Such unanticipated behavior has been previously reported for the pulps 

having fiber % content of less than 10%.32,45 Considering the fact that the pulp content in our 

experiments is just 3%, inconsistent variation in fine content is totally understandable. 

However, when the pulp is refined for 20 and 30 minutes, we can notice a gradual decrease in 

the % length of the fines, which is understandable and supports the formation of more compact 

and less porous handsheets as displayed in Figure B.1A and Table B.1. 
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Two other interesting features of the fiber pulp which affect the properties of the paper are 

variation in mean kink index and fiber coarseness (Figure B.2D). While there is no regular 

trend displayed by pulp refined for smaller intervals, there is a clear decrease in fiber 

coarseness of the pulp refined for 10, 20 and 30 minutes. A reduction in fiber coarseness can 

be attributed to increased fibrillation and collapsing of the fibers with refining as supported by 

macroscopic (1A) and microscopic (Figure B.2B) structure of the handsheets. While mean kink 

index is indicative of an abrupt change in fiber curvature, it is apparent from Figure B.2D that 

the kink index of the fibers is decreasing with refining time of the pulp. This makes sense 

because refining results in breaking the fibers into shorter sizes which can lead to straightening 

of the fibers, therefore helping in stacking the fibers close together to generate stronger paper 

with more smooth finish.41 Reduction in the kink index is also considered an advantage to 

prepare mechanically strong paper since it improves the load carrying ability as well as stress 

distribution of the handsheets.46  

Root Penetration studies  

The mechanical strength of the paper plays a critical role in designing an effective seed wrap 

loaded with active ingredients, e.g., pesticides or soil amendments. When wrapped around the 

seed/seedling, a strong paper could impede growth of the root after seed germination. A weak 

paper, on the other hand, would tend to disintegrate in the soil, before being able to unload its 

cargo. Since the burst and tensile indices of banana paper (Figure B.1C and Table B.1) increase 

with refining; our challenge is to identify a threshold where the paper is strong enough to stay 

intact in the soil for the required time, while allowing the germinating roots to penetrate it. As 

displayed in Table B.1 and Figure S4A, root penetration studies conducted for 2 weeks 
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demonstrate the highest penetration (100%) in the setup that used BP-0, BP-2 and BP-5 (paper 

produced from unrefined, 2- minute refined, and 5- minute refined pulp, respectively) as the 

seed wrap. We observed that BP-0, when removed from the soil, had already started to 

disintegrate, which was undoubtedly because of its low strength- a property that clearly makes 

it unsuitable as a seed wrap. While the seeds wrapped with papers produced from 10 minute 

refined pulp (BP-10) exhibit lower rates with a root penetration profile of 80%, the seed wraps 

prepared from BP-5 (paper produced from 5 minutes refined pulp) display an impressive root 

penetration profile (100% penetration through paper). When removed from soil, all the other 

papers produced from 2-, 5- and 10-minute refined pulp (BP-2, BP-5 and BP-10 respectively) 

are found almost intact while letting the germinating roots penetrate in each case.  However, 

upon close examination of the papers, cracks were clearly visible on BP-2 and it was apparent 

that if kept in its present form, it would begin disintegrating within a week. BP-5, on the other 

hand, stayed as a single intact piece while the developing roots penetrated robustly (Figure 

S4C) - a tendency which suggests that the strength of BP-5 is suitable to serve as an effective 

seed wrap. BP-30 (produced from 30 minutes refined pulp), on the other hand, is too strong 

for roots to penetrate through and exhibit no root penetration (Table 1). Emergence shown by 

a few seeds wrapped with BP-30 could be attributed to developing roots growing around the 

stiff paper without penetrating it (Figure S4B).  

RhB release studies  

An ideal release matrix should be capable of liberating the loaded molecules steadily, i.e., 

neither too fast nor too slow. Banana paper exhibits remarkable capacity as a sorbent because 

of the extensive network of tube-like microfibrils, facilitating transport of various materials 



 

253 

through the plant. We can exploit similar transport properties in the paper produced from the 

banana fibers if special care is taken to retain its microfibrillar structure.20 Another parameter 

to examine for release of cargo is the lignocellulose composition of paper, particularly lignin 

content. The rationale behind studying release profiles of paper containing different amounts 

of lignin is that the presence of diverse functional groups in lignin may help to bind any 

exogenously applied molecule through chemical or physical bonds.31 It has also been suggested 

by our group in a preliminary study that hydrophobic interactions between lignin and Abm 

result in the controlled release of Abm.31  

Figure B.3A shows the release profile of RhB from banana papers with different lignin content 

along with liner and copy paper, the latter two having the highest and lowest lignin content 

respectively, while Table S1 shows total amount of % RhB released by each sample after 14 

days (336 hrs). We used RhB as a model molecule to verify the possibility of interactions 

between lignin and a hydrophilic substance. Based on our observation regarding the optimum 

strength profile of BP-5 (previous section), we selected paper produced from 5-minute refined 

pulp from different sources of banana fibers (P2, P3 & P4) having different lignin content and 

morphology as compared with two controls, i.e., non-banana papers containing high lignin 

(P1- liner paper) and very low lignin content (P5- copy paper). Lignin content was estimated 

as 19.7, 11.96, 10.25, 5.09 and 2.99 in P1 (non-banana liner), P2, P3, P4 (banana papers) and 

P5 (non-banana copy paper), respectively (Figure B.3B).  

Figure B.3A reveals that all three types of banana papers exhibit similar trends in releasing 

RhB, which can be easily distinguished into two steps. The first step demonstrates fast release 

kinetics of the dye molecules from the paper within first 24 hours of the study. The second step 
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shows a comparatively slower release from all the banana paper. The initial fast release can be 

attributed to the detachment of dye molecules which were stacked on the surface of paper, 

probably through weak physical bonds. The slow release in the second step likely represents 

movement of dye molecules, which were strongly bonded either on the surface or deeper in 

the bulk. Irrespective of the similar trend in release profiles of all banana papers, it is also 

apparent in Figure B.3A that the lignin content of paper plays a key role in determining its 

release profile i.e., faster release with low lignin content. Both the controls also follow similar 

lignin-dependent release trends, however displaying a single step release profile.  

Figure B.3A also shows that RhB release from the high lignin paper (P1) is very slow as 

compared to the amount sorbed, while the low lignin paper (P5) displays a fast release of the 

dye molecules. Based on these observations, we can surmise that the availability of multiple 

binding sites in lignin is capable of developing strong interactions with the hydrophilic dye 

molecules. While presence of similar functional groups between RhB and the cellulose 

component of banana fiber rules out any possibility of strong bonds between cellulose and 

RhB, strength of interactions between various matrices and RhB can be mainly attributed to 

their lignin content. Recently, lignin based materials have been utilized by various research 

groups as sorbents for RhB contaminants and there is clear evidence of electrostatic 

interactions between oppositely charged functional groups of lignin and RhB.47,48 Lignin is a 

complex molecule, mainly hydrophobic in nature, with many functional groups such as 

hydroxyl, phenolic, carboxyl, carbonyl, methyl and ether, that can easily develop strong 

interactions with the carboxylic group of incoming dye molecules. Furthermore, the strength 

of the bonds between dye and the paper seems to be dependent on the total lignin content of 
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the paper, which determines its release profile, i.e., low amount of lignin resulting in fewer 

interactions between the dye and lignin, therefore, leading to fast release of the dye and vice 

versa. +6 

Another factor that can play a role in deciding the sorption/release profile of paper is the 

variation in the morphology of the fibrous network of each type of paper. Figure B.3B depicts 

the lignin content, density and air resistance (inversely related to porosity) of P1, P3, P4, and 

P5 while Figure B.3C displays the difference in morphology of the samples (surface and cross-

section morphology of P2 is already shown in Figure B.3B (b & 2f). It appears that low lignin 

content paper (P5) consists of fibers with a compact structure and low porosity, which might 

have led to the inability of the dye molecules to migrate deeper into the paper and, therefore, 

release quickly when soaked in the release medium.  This observation taken together with a 

lack of the two-step release profile of P5 (Figure B.4A) indicates that fiber morphology of the 

release matrix also determines its capability to the release of the cargo. For instance, the high 

lignin paper (P1) exhibits almost similar porosity and loose fibrous networks on the surface as 

P4 (banana paper) (Figure B.4B & B.4C (a & c)). However, the respective cross sections of P1 

and P4 in Figure B.4C (e & g) exhibit a combination of compressed and intact microfibrils 

consisting of smaller diameter lumens with very thick walls in P1, which is in contrast to the 

well-organized and undamaged microfibrillar structure consisting of large sized lumens 

observed in P4. Interestingly, P4 (lignin content = 7.2%) displays a continuous rise in RhB 

release, exceeding that of P5 (lignin content of 2.99%) after 48 hours. This trend can be 

attributed to highly porous nature of P4 as compared to P5 i.e., low air resistance of P4 is 

indicative of its highly porosity (Figure B.3(B)). Presence of larger number of pores in P4, 
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results in gradual release of loosely bound dye molecules even from the bulk while less porous 

P5 is unable to release all the dye molecules after 48 hours of release studies.  Furthermore, a 

very high water contact angle (WCA) of P1 (120o) represents its highly hydrophobic nature, 

which might have played a role in determining its release profile in an aqueous medium, as 

compared to hydrophilic nature of  P2 (WCA:12o), P4 (WCA:2o), P2 and P3 (WCA couldnôt 

be measured). Therefore, it seems that a balance between the lignin content and fiber 

morphology is critical for governing the release profile of each sample. Variation of the rate 

of release of loaded molecules from paper, depending on their lignin content, porosity, and 

morphology, can play a vital role in designing the seed wrap for slow or burst release of the 

loaded cargo, depending on the nature of the crop and edaphic environment.  

Abm release from various samples 

Regardless of how the release studies of hydrophilic RhB provide a convincing picture for 

banana paper as compared to control papers, similar trends cannot be predicted for a 

hydrophobic molecule, such as Abm that can be used in real applications. To demonstrate 

efficacy of paper as a controlled release medium for pesticides, we analyzed release of Abm 

from all the samples utilized in the dye release study. It is apparent from Figure B.4A and 

Table S1 that there is an increase in the release of Abm with decreasing lignin content in paper; 

however, after a comparatively faster initial release of Abm, the low lignin content banana 

paper (P4) releases almost the same amount of Abm (24.33±2.04 %) as do the remaining 

banana papers (P2 and P3) at the end of two-week long study. This result indicates that the 

release profile of banana paper is not solely regulated by its lignin content and there are other 

unique features to which its sorption/release properties can be attributed to. The low lignin 
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content non-banana paper (P5), on the other hand, releases a comparatively larger amount of 

Abm (71.26±8.98 %) than RhB (37.47±8.51 %) within the same period, which indicates its 

weaker ability to bind Abm molecules. Interestingly, the high lignin non-banana paper (P1) 

displays a release profile, similar to the release profiles of P2, P3 and P4. The difference in the 

release profile of P1 while loaded with Abm compared to RhB can be attributed to the strong 

hydrophobic interactions between the lignin and Abm molecules, resulting in an initial faster 

desorption of the surface sorbed molecules and slow release of the molecules sorbed into the 

bulk. However, it is notable that the rate of release of Abm from P1, P2, P3 and P4 in the first 

step is much slower than the release rate of RhB (B.3A), which can be mainly attributed to the 

comparatively strong intermolecular interactions between hydrophobic Abm and paper.  

Bioavailability of Abm loaded samples 

To estimate how much Abm would be biologically available to the target pests, we conducted 

in-vitro studies using C. elegans as model nematodes following the procedure displayed in 

Figure B. 4C that despite variation in lignin content, all the banana fiber samples exhibit similar 

release profiles. Conversely, P1 (high lignin non-banana paper) displays a slow release, in 

contrast to P5 (low lignin non-banana paper), which exhibits a burst release with ~85% of the 

nematodes becoming inactive during the first hour of Abm exposure. The Abm bioavailability 

exhibited by P1 and P5 is quite similar to their respective RhB and Abm release profiles, and 

taken alone seems to be consistent with our previously suggested hypothesis that lignin alone 

dictates release of active ingredients.31 As such, the high lignin content in P1 would cause 

strong binding of Abm, making it unavailable to affect the nematodes. On the other hand, 

weaker interactions developed between Abm and low lignin containing paper (P5) result in 
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burst release, causing immobilization of almost all the nematodes within the first hour of 

exposure. However, the similar release profiles of Abm exhibited by all the banana fiber based 

samples, despite difference in their lignin content, does not seem to support the previous 

hypotheses regarding the solitary role of lignin in regulating release profiles of the 

lignocellulosic materials developed from banana fibers.31 While molecular level understanding 

of the binding and release of active ingredients is part of our future work, we believe that the 

extraordinary hierarchical microfibrillar morphology of banana fiber in the matrix is also 

responsible for its release characteristics. Our ówrap and plantô banana paper matrix with its 

ódual knobô tunable functionality thus presents itself as excellent candidate for controlled 

release of loaded cargos for cost-effective and enhanced crop protection in nutrient depleted 

and pest infested soils. 

Conclusion 

We have presented a sustainable wrap-and-plant approach to utilize wastes of banana harvests 

as tunable release medium through a cost-effective and chemical-free conversion method. 

Since the biodegradable nature of this matrix can be exploited in fabricating-controlled release 

matrices for crop protection, we proposed a unique approach that can be beneficial in fine 

tuning the properties of banana fibers as seed/seedling wrap. We systematically investigated 

the effects of pulp refining on various properties of lignocellulosic matrices produced from 

banana fibers. Increased refining of the pulp resulted in reduction in freeness, fiber coarseness, 

and mean kink index, and therefore contributed to the production of robust matrices because 

of fibrillation and the strong bonding of fibers. Using rhodamine B (RhB) and abamectin 

(Abm) as model molecules, comparative release properties of three different types of matrices 
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developed from banana fibers were studied against two matrices developed from non-banana 

fibers as controls. Interestingly, all the banana fiber-based matrices exhibited similar trends in 

dye release, which were different from the release profiles of the controls. These studies 

indicate that lignin content of the matrix plays a major role in determining its release profiles 

because the loaded molecules are released slowly from a high lignin content matrix while a 

burst release of the dye is observed from a low lignin content matrix. However, the differences 

in the fibrillar morphology of the matrices seem to also play critical roles in tuning their 

respective release profiles. To further understand their effectiveness as controlled release 

media for the pesticides, we studied the release profile of Abm loaded matrices via HPLC 

followed by in-vitro bioassays. Our studies demonstrate a lignin content dependent release 

profile for the non-banana fiber samples. However, all the banana fiber based matrices exhibit 

almost similar profiles of Abm bioavailability, regardless of variation in lignin content in 

individual test matrices. This finding indicates the significant role played by fiber processing 

and morphology in tuning the unique properties of banana fiber based matrix as a controlled 

release medium. We believe that by making use of our wrap-and-plant approach, we can design 

biodegradable seed wraps with tunable strength, soil integrity, and release properties. 
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Table B.1. Comparative properties of handsheets prepared from banana fiber unrefined pulp (BP-0), 

and pulp refined for 1 minute (BP-1), 2 minutes (BP-2), 3 minutes (BP-3), 5 minutes (BP-5), 10 

minutes (BP-10), 20 minutes (BP-20) and 30 minutes (BP-30). 

 

Samples BP-0 BP-

1 

BP

-2 

BP-3 BP-5 BP-10 BP-20 BP-30 

Refining time 

(minutes) 

0 1 2 3 5 10 20 30 

Freeness (mls) 678 599 520 540 479 381 307 185 

Density 

(kG/m3) 

216.10 250.

40 

275

.70 

288.8

0 

314.00 353.00 450.70 510.49 

Air resistance 

(gs/100 ml) 

2.19 7.84 22.

68 

64.3 163.06 669.7 2977.0

6 

3327.55 

Tear Index 

(mN.m2/g) 

10.72 11.2

6 

13.

14 

9.54 10.48 90.50 7.58 5.38 

Burst Index 

(kPa.m2/g) 

0.46 0.77 0.8

5 

1.27 1.32 1.66 2.72 3.29 

Tensile Index 

(N.m/g) 

0.015 0.01

7 

0.0

19 

0.022 0.028 0.043 0.053 0.060 

% Root 

penetration 

100 - 100 - 100 80 - 00 
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Figure B.1. Effect of pulp refining on (A) the appearance of handsheets. The refining time for each is 

shown on the arrow indicating increase in refining, (B) variation in thickness and air resistance with 

refining and (C) strength in terms of burst and tear indices of the respective handsheets. 
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Figure B.2.  (A) SEM images (at various magnifications) of the fibrillar structure in raw banana fiber. 

(B) SEM micrographs of handsheets prepared from 2 (a,e), 5 (b,f) , 10 (c, g) and 30 (d,h) minutes 

refined pulp. Fiber quality analysis showing (C) Fiber count and % length weighted fines and (D) 

mean kink index and coarseness of the pulp refined for 1, 2, 3, 5, 10, 20 and 30 minutes. 

 



 

273 

 

Figure B.3. (A) Rhodamine B release profile of P1(liner paper), P2, P3 & P4 (different banana 

papers) and P5 (copy paper). For ease of understanding, the points are connected through lines (Error 

bars indicate standard deviation, n=3) ; (B) Lignin content, density, contact angle and air resistance of 

P1, P2, P3, P4 and P5; (C) SEM micrographs of surface sections (a-d) and cross sections (e-h) of 

P1(a,e) , P3 (b,f), P4 (c,g) and P5 (d,h). SEM images of surface and cross sections of P2 are displayed 

in Figure B.2B.   
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Figure B.4. (A) Abm release from P1 (liner paper), P2, P3, P4 (banana fiber based samples) and P5 

(copy paper) (B) Schematic to display experiment design for in-vitro study to measure bioavailability 

of Abm, (C) Time dependent bioavailability of Abm from P1, P2, P3, P4 and P5. (Error bars in part 

(A) and (C) indicate standard deviation, n=3) 

 

 

 


