ABSTRACT

MATHEW, RENY. Genomics and Management of the Burrowing NematBaelopholus
similis. (Under the direction of Dr. Charles H. Opperman)

Plant-parasitic nematodes (PPNs) caaseestimatecinnualdamageof over $100 billion in
agricultureworldwide. The burrowing PPNRadopholus similisis a devastating pest of
numerous economically important crops such as bar{dhasa spp.)Citrus spp, ginger and
black pepper. Current management strateigieslving application ofchemicalnematicides
posessubstantiatisks to the environment, ngarget organismandhumans. Additionally, in
some cases, these nematicides might not be an economical altereapeeially for
smallholder farmersTherefore there is an urgent need tievelop novel and sustainable
management strategies to detect mnachagehese pathogens by utiliziggnomic and genetic
tools Armed with these fundamentals of parasitismgcam understandow PPNs specifically
R. similisoccupy new niches, overcomeshalefensesral speciate. TexploretheR. similis
genome andiovel management strategiesyresearctt i t | ed 6 Genomics and

theBurrowing nematodeR. similifocuses ontwo important avenues

First, in the genomics sectiothapter 2R. similis genomic DNAwas sequenced and some of

the key features of the genome assendeyntified The workflow detailing the process starts
with sequencing the genomic DNA, following which an initial assessment of the completeness
of the assemblwasperfamedusing standard tools such Benchmarking Univers&ingle-

copy Orthologs (BUSCO) and Coreukaryotic GeneMappingApproach (CEGMA) Next,
several gene prediction techniques, such as eviemasrd prediction using curated databases
as well asab-initio prediction toolswerecombinedin the MAKER platformto construct the

repertoire of protektoding genes, encoded by tResimilisgenome. Thse genewerethen



usedto perform functional annotation, which included utilizing NCHIIAST database$o
definefunctionbased orsequencesimilarity, as well as utilizing annotated. elegangenes

to identify R. similis genes involved in specific pathways such as RNd#duer and
neurotransmissiarA subsection of the genomics part of my dissertatidrapter 3 provides

an understanding of the relationstsbared byR. similiswith the cyst nematodes. In this
chapterrepertoire oseveraimportantCarbohydratéActive-enZYmes (CAZYmes)nvolved

in parasitismandshared betweeR. similisand other PPNwereidentified By analyzing key
parasitism genes arite repertoire ofingle copyorthologs,R. similisdemonstrate aclose
phylogenetic association with the cyst nematodes belonging toothee t er and er a o
@G| o b o deaus.Budthermore, tis result corroboratesell with the recensmall subunit

ribosomal DNAphylogeneticstudies conducteloly Holtermanet al.,(2017)

The second sectipbeginningat chapter 4jnvolvesexploringstrategiegor the management

of R. similis Currently, the research on microbiome has gained momentum across a variety of
biological systems.Our study involves analyzing theR. similis microbial community
(microbiome), as a potential tool to mandgesimilis By analyzing the microbiome with
whole metagenome sequencing techniques, we identified diverse speaegan$isms
associated with aR. similisinfectionin banana plant&xamination of trends across the three
sampled zones indicatedaagepercentage of proteobacteria in all three zoAkkough core
microbial communities and similar metabolic pathways were obsenvdee Northern and
Southern zonesptable differences in the microbial communities were observed from the Lake

Zone.

As a continuation of PPN management strategigbgappendicesection two novelmatrices

for agrichemical deliveryvere evalated. First, nanofibrous mats were utéid to deliveithe



fungiciddnematicide Fluopyram andthe nematicide, Abamectin. Second, biodegradable
matrices fabricaed from the pseudostem of banana plants weiteed to deliver the
nematicide, Abamectinin our preliminary in vitro studies, bth these matrices have

successfullydemonstratetb be effective in deliverinthe aforementionedgiichemicals



© Copyright 2@0 by Reny Mathew

All Rights Reserved



Genomics and Management of the Burrowing Nemat@ddppholus similis

by
Reny Mathew

A dissertatiorsubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor ofPhilosophy

Plant Pathology

Raleigh, North Carolina
2020

APPROVED BY:

Charles H. Opperman Eric Davis
Committee Chair

Lindsey Thiessen Lokendra Pal



DEDICATION

To my husband, Arun, and my family.



BIOGRAPHY

Reny was born and raised in 1India. She
Engineering from India. Following this, she decided to pursue higher educatidreace,
joined North Carolina State University (NCSU). She complatdd s t degresdMicrobial
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. Ongear of intense research plantpathogensmotivated her to pursue

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

important plardparasitic nematodes.

ear



ACKNOWLEDGMENTS

First and foremost, 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.

| 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.

| would like to take this opportunity to thank timanypeople who have helped me in a variety

of ways. First of all, my lab colleague Chunyifigsa) Li, who has helped me throughout the
course of myPh.D.research with her valuable suggestiansdanceandtimely jokes Thank

you topast members of the Davis and Opperman lab, namely, Julia Heiken, Tanner Schwarz
and Stella Chang. | would also like to thank all our collaborators, especially Dr. Tahira Pirzada
and members dDr. Khan research group in thizepartment of Chemical and Biomolecular
Engineering. A big thank you to thBepartment ofEntomology andPlant Pathology for
hosting wonderful seminars, lunches as well as other interesting events throughout the
semester. | would also like to thank my fimglagency, the Bill and Melinda Gates foundation,

for providing funding for my researchwould like to thank my beloved husband, Ardor

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 wha | am today, | thank my God Almighty for having bestowed his blessings on me.



TABLE OF CONTENTS

LIST OF TABLES.......oeeeiiiiii ittt ettt aret e e e e ettt e e e e e e nnssamnnseeeeeeeeann Xi
LIST OF FIGURES. ... ..ttt ieetet ettt e e eeess et a e e e e esbre e e e e e s ammne s ennnees Xiv
Chapter 1: Current insights intmigratory endoparasitism: Deciphering the biology,

parasitism mechanisms and management strategies of key migratory endoparasitic

010}V (0T A 1=T T (00 =3 1
ADSITACT. ...ttt e e e e s n e et e e e e e as 2.
pTigoTo [FTol 1 o] o NP PSP PPRTPRPPPPP 2

The biology of migratory endoparasitic Nnematodes..........cooeeeeeeiiieeeiiiiieee e 4.
Feeding strategies employed by migratory endoparasitic nematodes................ 7.

Parasitism gene repertoire and effectors of migratory endoparasitic nematadek)

PratylenChUS SPP......coi oo s 11
Radopholus SIMIlIS.........coviiiiiiiiei e eeeere e e e e e e e e eeaanaes 13
DItYIENCNUS SPP.. ittt e e e e e e e reeer e s e e e e e e e e e e e e e e e e eeeesannnes 15
BUrsaphelenChus SPP.....ooooieieii e 16
Management of migratory PPNS...........ccooiiiiiiiiieee e 17
CURUIAl PraCliCES .....oovviiiiiiiie e e e e e e e eeee s e e e e e e e e e e e e e e e e eeeeaesnans 17
Resistance as a tool for nematode control................ccccoveiiiiiiieccciiiiiee, 19
NEMALICIAES ...ttt e e e e e e et et e e e e e e e e e e e e s s e e e eeeas 20
(©70] 0 (o1 (1] 0] o FE PP PP PP PP PPPPPPPPPPPPPPPPP 22
LIterature CILEA........cooiiiiiiii e e et e e e e e e e s e e e e e e eeeas 23
Chapter 2: The Draft Genome of the Burrowing Nemataeopholus similis.............. 45



J N 015 1 = (o1 TR 46

LpLigoTo (U Lol 1 o] o NPT RO PPPPPPPPPPPOY 46
MaterialS & MeETNOUS.......coiiiiiiiii e 47
DNA extraction and asSembBILY..........cccoeeeiiiiiiiiieeeie e eeee e 47
Genome characterization using BUSCO and CEGMA...........cooooeevvvvveeeeeeen AT
(€= 0[N o] (=0 111 o PP 48
Functional ANNOTALION...........ciiiiiiiiii e A8
Results and DiSCUSSIQN........ccouiuuriiieieeiimmeeiiiiiiee e e e sirreeeeemmee s snnnneeeee s snnneeenene e 49
GENOME ChAIACTEIISHICS. ... eeiiieiiiiiiei e ettt e e e e 49
GO Annotation and gene family representation...............ccceeevieeeiiieei e eeeeeeeeee, 49
KEGG @NNOLALION. .....ceiiiieiiiiiiii e e ettt e eeee e et e e e e e s enenrneeeas 52
Neurotransmitters & NEUrOPEPLIAES........uuiieeii i ceeecce e eene e 52
RNAI and Dauer pathWayS............oooiiiiiiiiiieemee e 53
CONCIUSION. ...ttt eeer e e e e et e et e e e e et anens s e e e e e e e nnnbreeeas 54
NCBI aCCESSION NUMDEE......ciiiiiiiiiiii e 55
LItErature CILEA.........oiiiiiiiiiiii et e e e e e nnas e e e e e e 56

Chapter 3: The genome of the migratory nematBadelopholus similisreveals signatures

of close association to the sedentary cyst nematades...........ccccccevveeeeeeeeeveeeiieneeenn 9
ADSTTACT. ... e e e e e e e 80
INETOTUCTION. ...t eeren e e e e e e e e e e e e e e eeeeetnnneeeeeeeeeeeeeeeened 81
Materials and MethOUS........cooo oo 85

(T gL o =T [ [od1 0] o 1R PRSP 85

Vi



Phylogenetic Analysis of secreted proteins and.gpd............ccoovvviieeeiiiiieeeeeeee, 86
Phylogenetic analysis using Orthologs...........oiiiiiiii e eeee e 87
RESUIS @Nd DISCUSSIQL.....ceieiiiiiiieieieeiimee ettt e e e st eemmt e e r e e e e s eennees 88
Parasitism gene repertoire and effectorsS.........cccceeee i iceeeciciii e 38
CarbohydratéActive eNzymes (CAZYMES).....uuuuiiiieiieeeeeeeeireeiiieeeeeeeeeeeeeseeeennnnnnnd 90
Phylogenetic analysis of orthologous genes.............ooovvvvivieeeeeeiieeeeeeeiis 95
CONCIUSION. ...ttt ettt eeee e e e e e e e e e e e e e anenss e e e e e e e nnnbreeeas 96
NCBI aCCESSION NUMDEE......ciiiiiiiiiiiii e 97
ACKNOWIEAGEMENTS... ..o e e e e e e e e e e emnn s 97
LIErature CILEA.........oiiiiiiiiiiii et e e e s e eessnr e e e e e ean 98

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

(microbiome) associated with the plgrarasitic nematod&adophols similis.............. 131
ADSITACT. ...t e e as 132
pTigoTo [FTol 1 o] o NPT TP PPPPPRTP PO 133
Materials and MetNGBI............oooiiiiiiiii e 136

Sample collection, DNA extraction and SeqUENCING..........ccceeeeeiiiiieeeiiieeeeeeenns. 136
Quality control Of readS........cuuiii e e 137
Assembly taxonomy, gene prediction and functional annotation..................... 137
RESUILS 8N DISCUSSIQLN........uviiiiiiiiiiiiieiieeerieee ettt e e e e e e e e e e s st e e e e e e e e e e e nnees 138
Overview of ASSEMDBIY.........oi i 138

Vil



Ecological diversity of microbial communities across different geographical

[oTor= Vo] o K- PP P PP PP PP PPPPPPPRPPN 139
Functional annotation utilizing COG analysiS...............uuvvuviiicreeeeeeeiiiinn 142
KEGG ClasSIfICALION..........eiiiiiiiiiiiiee et eeer e e nees 143
CONCIUSION. ...ttt ettt eeer et e e e e e e e e e e e ennss e e e e e e e annnne s 144
LItErature CILEA........eeiieiiiiiiiie ettt e e e enenrr e e e e 147
Chapter 5: CONCIUSION.........ooiiiiiiiiic e ereer s e e e e e e e e e e e e aeeesa e s 176
APPENDICES ...t ee e me e et e e an e e e e e e 181

Appendix A: Electrospun Polymer Nanofibers as Seed Coatings for Crop Protectifi?

ADSITACT. ...ttt e r e e e e eas 183
pTigoTo (U Lol 1 o] o NPT PPPPPRTP PPN 184
Materials & MeEthOUS........ooiiiiiiii e 187
Preparation of nanofibexga electrospinning and seed coating.......................... 187
SOlUtioN ChAraCteriZatioN. ...........coiiiiiiiii et e e 189
Nanofibers and coated seeds characterization..............ccccoovvcceniiiiieeee e 189
GermINALION TrIAIS.......eeie i 190
ActiVe INGredient FEIEASE. ...........ovveeeeee e e e e e e 190
Fungal inhibition @SSAYS.......ccovvuiiii e 191
Statistical @NaAlYSIS.........cuvviiiiiii e ———— 192
RESUILS 8N DISCUSSIQLN........uviiiiiiiiiiiiieiieeerieee ettt e e e e e e e e e e s st e e e e e e e e e e e nnees 192
Nanofiber Morphology..........uoi i e e 192
Seed coating and germination trialS............ccooieiiiiiiiccie e, 194

viii



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

Effectiveness of fluopyrarmcorporated nanofibers............cccceeevveiiiiecciiiinnnnnnnn. 198
CONCIUSION. ...ttt ettt e e e e e e e e e e e enns e e e e e e e annnnees 200
ACKNOWIEAGEMENTS.... .o emmnnnees 201
LItErature CILEA........eiiieiiiiiieie et erer e e e e enennr e e e e 203

Appendix B: Tailored Lignocellulose based Biodegradable Matrices with Effective

Cargo Delivery for Crop ProteCtiON..........cieieiiie e eeee e 236
ADSITACT ...t e e e e eas 237
aTigoTo (U Lol 1 o] o NPT PP PP PPRTPPP 238
Materials & MeEhOUS.........oiiiiiiii et eeees 241
HandsheetSIAUCLION.............ooooiiiiiiece et e e e e e e e 242
CharaCteriZAtION ........cuieiiiiiiii et e eeenee e 243
Root Penetration profile...........ccoeeiiiiiii et 244
Release Sorption profile:.......cccouiie e 244
Dye sorption & release profile..........cieiiiiiiicceecceee e 244
Pesticide release StUAIES ........ooiiiiiiiiiie e 245

Abm bioavailability using bioassays..............uuuviiiiiiccsee e 246
RESUILS & DISCUSSION.....cciiiiiieieiiei e e e eeenees 247
Effects of pulp refining on mechanical properties of handsheets..................... 247
Effect of refining on fiber Structure.............ccoooi i, 249
ROOt PeNetration StUIES...........uuiiiiiiiiiiii e 251
RNB rel@Se StUAIES.......cooiiiiiiiiiiii e e 252



Abm release from various SAMPIES........uuueiiiiiiii e reeer e 256

Bioavailability of Abm loaded samples...........cccooviiiiiiiee e, 257
CONCIUSION. ...ttt ettt e e e e e e e e e e e enns e e e e e e e annnnees 258
ACKNOWIEAGEMENTS.... .o emmnnnees 259
LItErature CILEA........eiiieiiiiiieie et erer e e e e enennr e e e e 261



LIST OF TABLES

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

genera published SINCe 2013.........ccooiiiiiiiiieeeee e 43

Table 21. Genome characteristics Bf similiscompared to other nematodes (Plant

parasitic and freVING). ......coooee e ————————— 61l
Table 2.2. PFAM domains iR. similiscompared with other nematodes....................... 62
Table 2.3. KEGG analysis &. similisproteins compared with other PPNs.................. 64

Table 2.4C. elegangienes encoding for neurotransmitters compared with-pkmnatsitic

NI N AL OIS - et e ——————— 66

Table 2.5.C. eleganggenes encoding for neuropiglgts compared with plaparasitic

(110 P21 (010 (1 VTR PP 68

Table 2.6C. elegangenes involved in the RNAI pathway compared with plaarasitc

(110 g P21 (010 (1 VTP PR 69

Table 2.7C. elegangenes involved in the Dauer pathway compared with jgardsitic

(4121 14 = 100 Y0 (<3NP 72

Table 3.1. Blast analysis of some known parasitiemeg againgR. similispredicted

0101 (= g T =] APPSR 111

Table S3.1. CAZyme repertoire Bf similiscompared to other nematodes................. 115

Xi



Table S3.2. PPN effector protein sequences blastedRvgmilis............ccccceeeeiiiiiiieees 116

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

SIMIliS CellUlase QENES...........ovvviiii e errrr e e e e 126
Table S3.4. Localization patternsiRf similispectate lyases (PL3)...........ccccevvvvvvvvvvienn. 127
Table 4.1. Metagenome SeqUENCING SUMMMLALY...........uuuuuunnnsieererrrnnnnnaaseeeaeeeesssnanns 154
Table S4.1. DNA integrity analysis and concentration for each sample................... 162

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

containing Abm Or FIR.......cooooiiii e 211

TableA.2. Germination rate measured by a rag doll tessuRs obtained after 7 days on

different coating CoONAitioNS........cccooiiiiieiiiiiiiiieeee e 212

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

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

Table SA.3. Worm motility ratings noted after 1 hour for nanofibers soaked for 1. h288

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

i o (o 1§ | (=TT 234

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

pulp (BRO), and pulp refined for 1 minute (BB, 2 minutes (BR2), 3

Xil



minutes (BR3), 5 minutes (BF), 10 minutes (BAO0), 20 minutes (BR20)

and 30 minutes (BB0)

Xiii



LIST OF FIGURES

Figure 2.1. Genome characterization and annotation workflaw.................ccccoceevvnnnns 76

Figure 2.2. GO Annotation dR. similis proteins. (A) shows cellular component GO
annotation with a node score cutoff of 20 (B) shows biological process GO
anndation with a node score cutoff of 100 (C) shows molecular function GO

annotation with a node score cutoff of 40......ccooeeveeeeeiiiieeee e d A

Figure 2.3. Gen&amily distribution inR. similiscompared with other nematod&Bata

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

Figure 3.1.Evolutionary aalysis of cellulase genes. Phylogenetic analysis based on
concatenated alignments of 22 cellulase protein sequences from multiple
plantparasitic nematode in clade 10 and cladeTlR.e ev ol uti onary h
was inferred by-luxiehng hoodho dwimahkfhimtuen bes't

(WAG+G+1) substitution model predicted

bootstrap values. 1000 booRstrsapi tepl i
cellul ase genes are highlighted in red.
US T NG ME GA . X et e e e 112

Figure 3.2. Venn diagrams displayingeolapping ortholog clusters shared Rysimilis.
(A) Orthologous clusters shared betwé&ersimilis the potato cyst nematode
G. rostochiensigand the potato rot nematode D. destructor (B) Orthologous
clusters shared betwe& similis the rootknot nenatodeM. haplaand the

free-living nematodeC. elegangC) Orthologous clusters shared betw&en

Xiv



similis, the potato cyst nematod& rostochiensiand the human parasitic
filarial nematodeB. malayi (D) Orthologous clusters shared betweRn

similis, G. rostochiensisM. hapla C. elegansD. destructorandB. malayi...113

Figure 3.3. Characterization of specg/logenetic tree: Species tree constructed using
concatenated alignments of 1630 orthogroups with minimum of 75% of
species having singleopy 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 pekisite.

Figure S3.1. Phylogenetic analysisRf similispectate lyase R. similisproteins 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

SUDSHEULIONS PEI SItE....eiiiiiiiiiecee e eee e e e e e e e e 128

Figure S3.2. Phylogenetic analysfsha similisgpdgene.R. similisgpdgene is indicated
in red. The numbers on the branches indicate bootstrap support value. 1000
bootstrap replications were performed. Scale indicates number of

SUDSHItULIONS PEI SIt@...ceviiii e ee e 129

Figure S3.3. Localization pattern of cellulase sequence®.(8imilispredicted cellulase

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

XV



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 redasdsnomically classified for the three

SAMPIES... . et —————- 157

Figure 4.4. Relative abundances of all phylum in the three saif@besdance less than

2% SNOWN IN fig SA.4) oo aere s 158

Figure 4.5. Relative abundances of reads in the genus level across three samples159

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

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

Figure S4.1. Bowtie2 alignment results and Blobtools results for Northern zone sahi3es.

Figure S42. Bowtie2 alignment results and Blobtools results for Southern zone sarhfies.

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

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

Figure S4.4. Superkingdom leveaskification of reads in three samples................... 166

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

XVi



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

Figure S4.7. Genus level classification of reads in the LZ sample.........ccccooeeveiieeie. 169
Figure S4.8. Species level classification of reads in the LZ sample.......................... 170
Figure S4.9. Species levdhssification of reads in the NZ sample.............cccccoeeineee. 171
Figure S4.10. Species level classification of reads in the SZ sample..............ccc...... 172
Figure S4.11. Kraken classification of LZ sample.............cccovviiiieeee e 173
Figure S4.12. Kraken classification of NZ sample............ccccovviiimeee i, 174
Figure S4.13. Kraken clasgifition of SZ sample............coovvviiiiiiie e, 175
Figure Al. 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); ¢) CDA nanofibers t@iming fluopyram

Figure A3. Optical images of uncoated veh@urs coated seeds. The coat consists of

nanofibers diredy electrospun on to them............ccccooeii i, 215

FigureA.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 indicatinghe lowest while the red represents the highest point).

Xvil



Profile graph showing coating uniformity for e) 2 hguy 3 hour and g) 4

NOUE COAtEA SBOUS ... oot e e 216

FigureA.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; ¢) zoomed in image of one of the seedebntivated
for four hours, where we can see the nanofbberat st i | | Aencapsul

SEECA SN e 217

Figure A.6. Release profileand chemical structure of a) abamectin (Abm) and b)
fluopyram (Flp) in deionized water measured by HPLC (Error bars indicate

standard €rrors, NT3).....cevveiiieieee e e e e e e e e e e e e aeeer e e e e e e e e e e e e aeeaes 218

Figure A7. 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 (FIp)...........cccccceeeinn.. 219

Figure A8. SEM micrographs of nanofibers before and after soaking in water for 2 weeks:
a) untreated CDA nanofibers before waseak; 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 cotaining fluopyram (Flp) after water soak.................cccovvnnne 220

Xvili



Figure A.9. a) Fungal assay setup with Aiernaria lineariaemycelial plug 2 cm apa
from the nanofiber mat; b) fungal growth over time for each treatment used;
¢) mean diameter of the radial growth in cm £ standard error for five replicates

Of @AaCh treatMENT USEA. .. ... oo 221

Figure \.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 syringeontaining 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 \.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 contaig fluopyram (FIp)............cccvvvennnnn. 223

Figure \.3. Viscosity as a function of shear rate for the different polymeric solutions
used in this studyCDA only, CDA with abamectin, and CDA with

11 [0T0] 077 =1 2 1 PO UUOTROPPI 224

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

Xix



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 (untre@iegk squares)
containing abamectin(red circles) and coraining fluopyram (blue

EHANGIES). et ———— 227

Figure SA.7. Digital images @.elegan®ne hour after placement in the wells containing
(&) untreated control (b) CDAnly nanofibers and (c) Abm loaded CDA

A F=T g0 i1 01T 5T 235

Figure B.1. Effect of pulp refining on (A) tteppearance 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..............cccovvceevieeiiiinnn, 271

Figure B.2. (A) SEM images (at various magnifications) of the fibrillar structure in raw
banana fiber. (B) SEM micrographs of handgkeprepared 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.
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Figure B.3. (A) Rhodamine B release profile of P1(liner paper), P2, P3 & P4 (different
banana papers) and P5 (copy paper). Fa efisnderstanding, 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 sectiond)and cross seatns (eh) of
Pl(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................oiiiiiceeeeeeeniinnnnns 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, NZ3).........uuuuiiiiiiie e 274
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Abstract

Despite their physiological differencegdentary and migratory plaparasitic nematodes
(PPNSs) share severabmmonalitiesFunctional characterization studies of key effectors and
their targets identified in sedentary phytonematodes are broadly apphadratory PPNSs,
generalizing parasitism mechanisms existing in distinct lifestyles. Despite their economic
significance, hostpathogen interaction studies of migratory endoparasitic nematodes are
limited; they havereceived little attention when compared to their sedentary counterparts.
Becauseseveralmigratory PPNs form disease complexes with other fpatitogens, it is
important to understand multiplactorsregulating their feeding behavior and lifecydtere,

we will provide current insights ito the biology, parasitisnmechanismand management
strategies of the fotkey migratory endoparasitic PPN @ea, Pratylenchus Radopholus,
DitylenchusandBursaphelenchusAlthough, this review focuses on #eefour generamany
facets of feeding mechanisms and management are common across all migratsrgnd

hence can be applied across a broad genera of migpdtgtgnematode.

Introduction

Of approximately 27,000 described nematode species, roughbp4tilize higher terrestrial
plants as a predominant source of nutrifibjn These planparasitic nematodes (PPNSs), cause
~$80-$157 billion crop losses annually worldwifig8]. The earliest evidence of a neiwd
identified within a plants the fossilized eggs, juveniles and adult®afaeonema phyticum

the stem otheterrestrial planfAglaophytormajorin the Devonian erf2]. This discovery of

P. phyticununcovered an ancieahda pivotalpointin thetimelineof transition of nematodes



from freeliving to parasites of land plants. Since microbes were found in the stomatal spaces
invaded by tk nematodeP. phyticumwas tentatively categorized as a facultative plant
parasitebelonging to clade bf the phylum Nematod@ue to morphological similarities with
clade 1 nematodef)33]. Feeding on fungi or bacteria or other microlseslso consideretb

be one of the mosimportant determinastfor the evolution of facultative or alghte plant
parasitism in nematodes§his evolution is thought to have occurred independently four times
within Nematodd2i 5]. In the phylogenetic tree outlined by Van Meggral., (2009), these
events placePPNsin four of the twelve cladesl (Triplonchida), 2 (Dorylaimida), 10
(Aphelentoididae) and 12 (Tylenchidal prominent morphologically distinctive featuoé

all PPNs is a protrusibleneedlelike apparatus known as the stylet. The stylet, an artifact of
convergat evolution (within the abovmentioned four clades) is utilized by PPNs for two
main reasons 1) punctog the plant cell wall to extract cell nutriennd 2) in certain
nematode species, deliugy secretory molecules into the apoplast andfgioplasm to
manipulate host cells to develop a permanent feedingSsit@]. Feeding mechanisms differ
amongPPNs; they are therefoeeusefultool to groupPPNspeciesBroadly speakingPPNs

are divided into two main categories based feading mechansm: endoparasitic and
ectoparasiticEctoparasitic nematodes occupy ckdl€Trichodoridag¢ and 2 Longidoridae)

in the Nematoda lineagethey feed on cortical root cells from outsidee root Clade 2
ectoparasitic nematodes the gener&XiphinemaandLongidorus utilize an odontostyle (as
opposed tahe stomatostylet, a feature common to cktl@ and 12 or onchiostyle in clade 1
PPN) to induce cell enlargement. Although the feeding appawses byXiphinemaand

Longidorusis the same, the terminglant cell feeding site formed after this intimate



biotrophic associatioareslightly different, with tloseformed byXiphinemainducing plant

cell karyokinesis and those formed bgngidorusremaining mononuclea{&]. In contrasto
ectoparasitic nematodesydoparasitinematodepenetrate andeed withinplant roots and

have been a tremendous burdengtobal agricultural productionespecially indeveloping
areas likeSub-Saharan Africa, whe the resources tiagnose andombat them are limited
[132]. Endoparasitic nematodes can be further divided into twaatdgoriesmigratory and
sedentarySedentary endoparasitic nematodes such as thé&motst and the cyst nematodes,
form specialied feeding sites, which act as nutritional sink for the developing nematode.
Migratory endoparasitic nemataigich asScuttolenema bradysea tremendous agricultural
and economic burden on yam, a crop that has been a major source of income and antimport
part of the diet in the Western regions of Afr[@4,12] A massive amount of genomic and
transcriptomic information has beehtainedabout many migratory endoparasitic nematodes
primarily through application of nexteneration sequencing (NGS) teclugies
[24,38,40,41,49, 134Analysis of his information has opened a novel gateway for researchers
worldwide to formulate evidendgased conclusions regarding the biology, phylogenetic
relationships and parasitism mechanism of these nematodes with the click of albuttien.
review, we will focus only on some of the economically important migratory endoparasitic
PPNs from clade10 and 12. For Htepth analysisf the effectors and processes targeted by

sedentary endoparasitefsclade 12, the authosiggesseveral other reviewd0,13,14]

The biology of migratory endoparasitic nematodes

A survey of PPN researchersvorldwide, ranked thetop 10 economically significant and

scientifically relevant PPNEL5]. Not surprisingly, migratory endoparasitic nematodes, such



as root lesion nematodd®ratylenchus sp), burrowing nematodér@dopholus simili¥, stem
or stem and bulb nematodeitylenchus dipsaciand pine wod nematodeBursaphelenchus
xylophilug occupy positioa 3 to 6in this list, following sedentary roeknot (Meloidogyne
spp.)and cysi{Heterodera and Globoderspp.)nematodespecieq15]. With the exception of
B. xylophilusin clade 10poth migratory andedentargndoparasitic nematodage clustered
together in clade 12, indicating the possibility that the evolutidB. ofylophilusinto a plant
parasite is a receand convergerane[15]. B. xylophilugs also an exception when compared
to the other migratory nematodaghe top ten listin that, it is vectored by insectspecifically
adultMonochamugCerambycidae) beetles (principal vectors), ovipogitin host pine trees
[16]. B. xylophiluss a facultative plarparasiteasit feeds on fung(fungal mycelial matsas
well asxylem parenchyma dlive trees. This feature is unique Bursaphelenchusvhen
compared to members difie Pratylench, Ditylenchusand Radopholusgereraand most
plantparasitic nematodesas they are obligatplantparasites However, n yet another
exception,a newly discovered species Blirsaphelenchusamed,B. sycophilus n. spdoes
not grow on fungal mycelial mats Bbtrytis cinerea or possess morphological charardes
like thefungal feedingspeciesn this genusmaking this nematode an obligate ptaarasite

[17].

Of the migratory endoparasitic nematodésg genusPratylenchuswhich comprises of ~70
species ranks second aftesedentary roeknot and cysthematodesas an economically
devastating pest of numerous agriculturally important crops and fiiifs An important
feature that aids this pathogen in colonizing such a broad host rahgealsilityfor different

speciego thrive intropical and temperate climactic conditio® thecontrary, the other three



migratory endoparasitic nematodeneras namely R. similis (distributed in tropical and
temperate greenhouse conditiori3)dipsaci(worldwide ecifically temperate regions) and
B. xylophilus(the northern hemispheyevhich ishome toi t ve@adbor, Monochamuseetles)
have a comparatively narrowgeographidistribution[19]. Different survival strategies are
employed by these nematodes to suremavercome harsh climactic conditions. For instance,
D. dipsacihas been shown to survive for more than 20 years by entering intdelong
anhydobioss [20]. Another migratory PPNB. xylophilushas been shown to over winter in
bothliving and dead tissues of coniferous tredewing itto endure longharsh winter$21].
However the molecular mechanisms underpinning cold toleranBé&Msis multipartite and
poorly understoodat presen{22]. Homologs of duer genes have also been foumdhe
genonic and transcriptome analysis of the lmwmg nematod®. similis; however, sincdR.
similis has not been shown to form dauers, thesrofehese genes remain uncl¢as,24]
There existssix distinctstageseggs four juvenile stages (314)and adultgfemale and rarely
male) inthetypical lifecycleof a PPN The first molt, J1pccursin the egg. Following this,
hatching ofthe infectivejuvenile stage, J2takes placeln most migratory endoparasitic
nematodes, all staggd2J4 and adultfemales)possess the ability tanfect host cells.
Reproductive strategies employed by tlifferent migratory endoparasitic nematosigecies
described abovarealsooddly similar Mostof thespecies in thel®vementioned gegraare
dioecious however in the absence of males, alternate strategies aseegusuch as
hermaphroditism in case Bf similisand parthenogenesis in case of certain lesion nematodes

[15].



Feeding strategies employed by migratory endoparasitic nematodes

Sedentary endoparasitic PPNsym multinucleate hypertrophiegermamnt feeding sites
referred to as syncytium for cyst nematodes and giant cells fekmobthematodeswhich

serve asa source of nutritionfor the developing nematod&n contrast for the migratory
endoparasitic nematodes, the feeding mechanisms dyesteaightforward and comparatively

less complex. Of these, the penetration and feeding mectsamiighe rootlesion nematode

P. penetranfiave been extensively studid¢d5i 29]. Pratylenchugpenetranshas been shown

to feed ectparasiticallyand endoparasitically30]. Its endoparasitic feeding behavior can be
classified into three distinstagesiamelyroot surfacgrobing 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 elongatif®i7]. Once there, thegctoparasiticallyprobe local
epidermal cells and initiate stylet thrusting at an intensity probably proportional to cell wall
structure and thicknesiR9]. In the second stagegenetration, theegiors next to theroot
intercellular walls are punctured with the stylet accompanied &light pressure from the
labial region to allow the nematode to ented ereate a gateway for subsequent nematodes to
enter the root Intense stylet thrusting conties during thisstagge as well. Following
penetration and entry, the third staigdection is initiated. Tls stage is divided into two sub
stagesbrief and extensive feeding. At the beginning of brief feeding, a small salivation zone
is present surtnding the stylet tipvhen inserted into a host cellhe period of brief feeding
differs betweendifferent nematode developmental stages with juvenile stages consuming less
time (closer to 5 minutes) and the adult stages consuming more (closer to Ismnidattical

cell response taematoddrief feeding period includes cytoplasmic streaming and rarely cell



death but, nematode migration following these brief feeding periods, induces cell death along
the migration path. Additionally, preferential feeglinehavior 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 cell$31]. During extended feeding periods, a relatively prominent salivation zone

is formed, following whichseveralcell-wall modifying enzymes (CWME) and effectors are

secreted into the host celtior to ingestions

Over many years, numerous CWMEs such as cellulases, pectate lyases, xylandses
arabinaseshave been discovered in migratagpd sedentargndoparasitic phytonematodes
[32i 37]. Of these, cellulases fheen of prticularinterest to researchets understandhe
underlying mechanism of heparasiteandtherole of horizontal gene transfer in thegin of
parasitism in phytonematode<ellulases breakdown cellulosehe major structural
componentof plant cell walls. Cellulases of roeknot and cyst nematodehave been
extensively studied since they are involved in the preliminary interaction with host tissues. The
sedentary enodparaitic nematodellulases are secreted by the nematode during the
mechanicalroot puncturing and migration activity have beenwhoto behomologousto
bacterial cellulasesuggesting possiblencienthorizontal gene transfer (HGT) event between
bacteria and nematodé&s enable plant parasitismMolecular characterization studies have
confirmed the presence of four cellulasesohging to GHF5 family(mainly bacterial
cellulases)n the burrowing nematod®. similis[33]. Of these, three showed relativebler
expression in malesmost likely sincemales are noffeeding In another migratory
phytonematodeB. xylophilus three cellulases belonging to the GHF45 famifywénbeen

discovered35]. GHF45 cellulases are seciktey many microbes including bacteaiadfungi



as well as some animatsowevertheB. xylophiluscellulases have been shown to be of fungal
origin as opposed to bacteralgin (andB. xylophiluseeds upon and lives in close association
with fungi). In-situ hybridization studies have confirmed #ression of nematodellulases
specifically within the esophageal glarsecretorycells of these parasites, corroborating the
hypothesis that thegeoteins 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 hydd@¢r@elulases have

also been characterized in the molecular and transcriptomic studies of the lesion n€matode
penetransP. thornei, P. vulnuandP. zeag31,38 41] . The P. penetrans&GHF5 cellulass

have shownsimilarity to those incyst and roeknot nematodesenforcing a previous finding

that some of the early members of Bratylenchidaéamily could be gene donors to theot-

knot ans cystnematoded37,41] Additionally due totheir expression in allmigratory
endoparasitic nematodei f e st ages, c e-1,4endoglusaeases hadbger c i f i C
utilized to design diagnostic PCRarkersfor classificationof differentPratylenchuspecies

from soil and root samplg42].

In addition to cellulases, another secretory protgioup extensively studied in PPNs are
pectate lyases. Pectate lyases are involved in the breakdown of pectin, an esseptiaknt

of the plant celwall, involved in supporting the cellulose and hemicellulose fiber molecules
within and betweeplantcell-walls[43]. Pectate lyasespecifically PL3 hasbeen cloned and
reported in numerous sedentandoparasitic nematodes such as members Mél@dogyne,
Globoderaand Heteroderagerera [44i 48]. In migratory phytonematode®L3 has been

discovered in the genams and transcriptoms of R. similis[23], P. coffeagP. penetrans



[41,49] D. destructoif50] andB. xylophilus[34]. These PL3s are involved in softenitig

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 fung@Hrigin
Furthermore, RNAI knockdown studies of these pectate lyases in the sedentary endoparasitic
phytonematodeH. schachtii culminated infewer nematodes peroot tissuesample of
Arabidopsis thalianaplants, implicating theneed for theseenzymes in parasitisrfb2].

CWMEs such as arabinases, xylanases, polygalactouranases have also been found during
genomic and transcriptomic analyses of multiple parasitic phytonemafé543,53]
However, extensive molecular characterization studies elucidating the interplay between
different CWMEs during parasitism in migratory PPNs has not been performed, thereby
leavinga significant gap in the knowledge necessary to understanortcessesaking place

during the course of infection by a migratory PPN.

Parasitism gene repertoireand effectors of migratory endoparasitic nematodes

Low-cost and resoureefficient NGS technologies have opened gateways for researchers to
analyze the arsenal pltativeeffectors secreted by PPNEhe broad definition of effector
proposed byHogenhoutet al. (2009) i a | | pat hogen proteins and
hostce | | structure and functiond encompasses
[135]. PPN effectors are generallgxpressed andecreted by esophageal gland cells
specifically one dorsal and two subvengabphageailandcells, through the stylet. fie role

of theseesophageafjland cellsin sedentary endoparasitic PRNgenerally regulatecthe

subventral gland cells are metabolically active during thepprasiticand early infective
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stages and the dorsal gland cells are active during a morermsrna@ssociation with the host
tissueqd10,31] An overview of some of the key parasitism genes discoverecbimomically

important migratoryPPNssince 2038 is provided in Table 1.1.

Pratylenchusspp.

In P. penetranshumerouseffectors have been identified and thaitativerole in parasitism
has been decipher¢88,41] Some of the significant effectotéscovered in th®. penetrans
transcriptomeanclude caalases (with Nerminal signal peptide) and glutathione peroxidase,
that play role in shielding the nematode against imuktcedreactive oxygen species (ROS)
molecules Moreover, mtable effectors identified in the transcriptome dataset include the
venanm allergenlike proteins (VAPS) that lav also been identified iB. xylophilusand hae
been hypothesized to be involved in movement within the host [Bdht Futhermore,
effectors such as transthyretike proteins (TTLs) and fattacid and retinebinding proteins
(FARs) were also identified ithe P. penetrangranscriptome datas§?8]. TTLs have been
implicated to play an important role in the nervous systemR.dfimilisand FARs from the
cyst and roeknot nematodes have lreshown to bind precursor molecules involved in the
defense related jasmonic acid signaling path{8&y57]. During the comparativetudies of
multiple rootlesion nematodes, several genes coding?fi effectors involved in initiating

a feeding site in host tissues were noted to be apt&dtl,49]

Transcriptome analysis of another member of this geRtetylenchus coffeaereveded
severalproteins homologous to effectors involved in parasitid8]. Notable amongst them

are the genes coding for chorismate mutase, glutathione peroxidase, glut&thimmeferase
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peroxiredoxin,TTLs andVAPs. A noteworthyfinding of this study wa theidentificationof

proteins homologous to RBP, a cyst nematode secretory protein with an SP1a and Ryanodine
receptor domain (SPRSECYS. SPRYSECshave been shown tboth suppress rad elicit
immune response in plants and within PPNs, these proteins has been identified only in the
sedentary cyst nematodgs8]. The authors identified four putative SPRYSEC proteinB.in
coffeaewith a significantly highhomology to the cyst nematode SPRYSHEA®. In addition,

the authorsdentifiedotherSPRY domaircontaining proteing P. coffeaeas 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 cystdegwehs

also identified irP. coffeaeAdditionally, many genes involved in cellall modification, such
as-l%endogl ucanase, pectate | yl8endoglucangsespweaes e an
uncovered during the transcriptome analysig?oftoffeag[49]. However, no GH16s were
identified in the transcriptome &f. penetras, indicating the evolution o distinct effector

setin P. penetransasa result of host/niche specializatiph].

Transcriptome analysis of another ré@$ion nematoddlratylenchuszeae an important pest

of high-value crops such as sugarcane and sorghum also revealed a similar trend in CWME
occurrencg40]. P. zeaepossesses a similar suite of effectors whemmared with close
relatives P. penetranaindP. coffeaeNotablein the transcriptomerere the genes involved in
combating hosterived oxidative stresses, such as glutathiotrer&ferase, peroxiredoxin,
thioredoxin, glutathione peroxidase and supetexdismutasg40]. Additionally, genes
identified in the trascriptome dataset dP. coffeaesuch as the cyst nematode secreted

SPRYSEC proteins were also identifiedHnzeae Analysis of the putative secretomeRf

12



zeaerevealedseveralsequences involved in a variety of functiswch asstress response,
energymetabolism, protein digestion, host defense evasion and plant cell wall modification
[40]. Notably, the authors fourekpression o gene with a SPRY domain localizethin

the nematodesophageajland cells, implicating it in the parasitism procedse @uthors also

noted that several genes involved in feeding site formation induced by sedentary nematodes
such as @erminally encoded peptides (CEP), Clike peptides, 16D10 and 7E12 were
missing from the transcriptome analysisRofzeae Anotherimportantabsenceas of agene

coding for a putative chorismate mutasd®. zeagwhichis present in the transcriptomef

P. coffeaandP. thornei

Radopholus similis

Of the 30 descrilkspecies oRadopholus, R. similis the onlymajor burrowing nenatode
speciesconsidered significant worldwidgp9,60] The transcriptome dR. similishas been
sequenced twidR3,61] Geneddentified inR. simiis include thosénvolved in plant cell wall
modi fi cat i eliendoglucdnasea pectabe lyase, endoxylanase, arabinase and
expansingndin parasitismalso identified in roetesion nematodesich as SXP/RAI2, FAR

and chorismate mutase. Proteiasding genes such as serine carboxypeptidase, calreticulin
and cathepsithathave been linked to different aspectplaintparasitismwere also identified

in R. similis[56,62 64]. Similar to few rooflesion nematodedjomologwes of sequences
involved in sedentary endoparasitism such as CLE, CEP, 18DdDE12were absent irR.
similis. Several gensequencesoding for SPRY domains have badantifiedin the genome
analysis. However, no d#&rminal signal peptides were foumd these proteins. Another

notablefinding in theR. similisgenome as well as transcriptome analysis is the presence of
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several genesnvolved in thedauer pathwayA study by Chabrieret al., (2010) has
demonstrated after 180 days under no host condjt®nsimilismales increase in number
(21.7%) compared to females (9.8%), indicating a possibility of higher expression of dauer
genes in males than females lower survival of females during unfavorable conditions, hence

a lower expression of dauer geh5].

The recent genomanalysis ofR. similishas 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) blpltermanet al.,(2017) revealed five
lineagesleading to sedentary endoparasitism. Among these, the subfamilies Pratylenchinae
andHirschmanniellinaeare hypothesized as ancestors of the sedentarkmobnematodes.

Also, a common ancestral link between the sendoparasitic nematod®otylenchulus
reniformisand the endoparasitic cyst nematokas also beesuggested byDNA analysis as

well as the effector analydi66,67] In the same phylogenetic analysis, it cambidthatR.

similis and the members of the gendgterodera, Globoderand Rotylenchlus share a
common ancestor. However, albeding relatvely phylogenetically closeR. similissharsno

overlap of key effectors such as CLE, SPRYSEC with the sedentary cyst nematodes.
Holtermanet al., (2017) also demonstrated the close association between members of the
Radopholugienus specificallyr. bridgeiandR. similiswith Hoplolaimus feminaThe genus
Hoplolaimusis comprisel of phytonematodes with a wide range of lifestyle (ecto, endo and
semiendoparasiteqp8]. However, limited information is available redarg the molecular

interactions governing parasitism for this nematofi¢oplolaimus genus) or the
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similarity/differences of effector repertoire between tiker two Radopholusspecies(R.

bridge andR. similig.

Ditylenchus spp.

Expressed sequence tagS{H analyss ha been used previously to identify several genes
involved in parasitism in the roé&not and cyst forming nematodgg®,70] EST analysis of
the potato rot nematodB, destructorevealed homologs of several important effectors such
as VAP and calreticulin, which @y vital role in host defense induction. Moreover, effectors
involved in circumventing host defense in cyst nematodes such a2 §EQeins ad
numerous cell wall modifying enzymes such as pectate lyase, cellulase and expansin were also
identified inD. destructor[57,71] Additionally, 143-3b a secretory proteidentifiedin the
gland cell ofM. incognitaand implicated in playing an essential role in signal transduction
pathways, has alsoebn identified in the EST dataset Df destructor[71,72] SinceD.
destructorfeeds on fungi as welit is unsurprising thaprotens involved in fungal cell wall
degradation such as chitinases and GH18(4))-betaglucanase genegereidentified in the

EST dataset of thisematoe.

EST analysis of the peanut pod nemat@lefricanusidentified a similar suite oéxpressed
parasitismgeneq73]. Homologs ofkey genes participating in anhydrobiosis such agatee
embryogenesis abundant protein (LE#&grealso identified inD. africanus This ison par
with certain members of the ges), Ditylenchussuch a®. dipsacithathave been shown to be

capable of anhydrobiosigl36]. Genes involved in providing structural integrity to the
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nematodeell membrane such as fatty acid desaturase and stomatin were also identified in the

EST datasd73].

Bursaphelenchus spp.

Analysis of over 13,000 and 3,000 ESTs frBaxylophius andB. mucronatusrespectively
revealed several genes involved in parasitis#,75] In addition to the conventional
parasitism genes, genes such as chitinase, expressecahtphageajland cels of the cyst
nematode, hae also been found iB. xylophilus[74,75] Presencef this and other chitin
degrading enzyme like GHE8enecessary becauBerrsaphelenchueeds on fungi (cell wall

made of chitin) ands vectored byMonochamus insects (insect cuticle is made of chitin).
Additionally, with D. africanusthe authors fouthseveral dauer genes such as LEA homologs

as well as 1&. eleganglauerformation @af) 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 gkitathione Eransferaséeing secreted
asthefirst line of response and other parasitism effectors such as VAP being secreted later
[76]. Detoxification enzymes such agutathione Jransferasehave beenshown to play
significant roles towards plant parasitism in rgobt nematode$76,77] Recently,the
effector gengBxSapB1 has abeen identified inB. xylophilus[78]. BxSapBlpossesses a
functional signal peptide and has been demonsttatedntribute towards host cell death and

increased virulence @&. xylophilug78].
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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
gerera Radopholus Ditylenchusand Pratylenchuscan be easily spreaoy contaminated
vegetative plant partsr marketedproducts such agegetables antimber (in case oB.
xylophilug [79]. Integrating multiple management strategies is essgmb\aiever the specific
strategyshould depend upon accurate diagnosis of the nematode species, growing conditions,
available resources and economic feasibility, whichy \aanong cropping systems aivd

developing vs. developed countries.

Cultural practices

Cultural practices such as crop rotation with a-hoat crop or instituting a period of fallow
(including elimingion of weeds)can reducenematode population<rop rotation isless
effective as a control strategyowever,due to the polyphagous nature ssimePPNs For
instance, rotation with crops such as cassava and sweetpotato have been useful in bringing
downR. similispopulationg80], but sweetpotato is ausceptibléost for other types of PPN

such adVl. enterolobiiandRotylenchulus reniformidn the case ofP. zeae effective control

has been achieved by rotating rice with leguminous beans such as black gram and mung bean
[81]. Control of another lesion nemag&. thorneiin wheat was also achieved in Mexico by
rotating with crops such as cotton, camdsoybean fotwo successive yeaf82]. The use of
certified nematoddree starting material such as seed potato or banana corm has been helpful
in reducing nematode populations @f dipsaciand R. similisrespectively[83-85]. Use of

clean starting material has also been effective in reducing populations of yam nenfatodes,
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bradys the causative agent of dry rot disease in yams. Utilizing hot water treatment for
disinfecting startingplantmaterial has been useful for managpopulations oD. dipsaci, P.

vulnusandR. similis[83i 85].

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 asnncrease
benefcial soil microbes. Use of marigold #getesspp.), which has been shown to produce

t hi o p therthienylé)(a nematicidal compounds a cover cropas provided effective
control againsP. penetran$86i 89]. Sunn hemp(Crotalaria junceal..), a leguminous cover

crop has also shown significant potential in reducing populations of several sedentary
nematodes of thieleloidogyneandHeteroderagereraas well as migratory nematodes such as
the sting nematodeBgélonolaimus longicaudatusand stubby root nematodd80,91]
Moreover, recent stlies with sunn hemp, pigeon pea &ildicidia have delivered promising
results in managing the endoparasitic yam nema®deradyq92]. However, a recent trial

with sunn hemp and pigeon pé&2afanus Cajanshowedno nematode suppression activity on

the migratory nematodR. similis[93]. Cover crops such as mustaRtgssicaand Sinapsis

spp which secretes a wide variety BPN antagonistic compounds such as isothiocyanates
and glucosiolateshavealso provided moderate nematode suppreg€dh For a detailed
review of phytochemicaléor nematode control, the authors recommélidtwood, (2002

[95].
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Resistance as a tool for nematode control

Due to the growing environmental and human health concerns chysbd use of toxic
nematicides and the associated regulations surrourttigig use incorporating natural
resistance (R) gen@#to desirable crop cultivaigas been a successful strategy to provide crop
protection against PPN®6]. The first cloned naturally occurring R gene that provite
resistance against a PPiNas the HS1°! genefrom sugar beef97,98] This gene confers
resstance to the sedentary cystming nematodeH. schachtii[97]. Since thenmany
nematodeR genes have beearioned anddentified including Mi-1, Hero A Gpa2,Grol-4,

RhglandRhg4 however these genes confer resistance only to sedentary [PRNKG].

With regards to migratory nematodéskinsonet al.,(2004 demonstrated the efficacy of the

first transgenic bananas expresgiice cystating/hich provided significantresistance (around
70+£10%) againgR. similis Transgenidicotianabenthamianglants expressing the cysteine
proteinase Cathepsin &so demonstrated enhanced resistanceRtosimilis [107]. Musa
varieties such as the Yangambi Km5 and Pisang Jari Buaya raigiolgp somedegreeof
resistance againBt. similisprimarily through mechanisnigvolving phenol accumulation and
lignification respectively at the nematode infentsite [108,109] Furthermore, evidence af
mutualistic Fusarium endophyte (Fusarium oxysporumisolate Al andFusarium cf.
diversisporun inducing systemic resistance agaim&tsimilis in bananas has also been
demonstratefil10]. 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 resistancéo P. thorneihas also been identified in other varieties of

wheat such aéCPI1133873 |, g r mulMiple regions in Australia, wherB. thorneiis an
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extremely damaging pathog¢hl2i 114]. Although, several trials on potato varietievéa

been conductei identify sources of resistance or toleraice o | eas definededoPiwaura

et al., (2015) against nematodes in tlitylenchusgenus, few varieties are commercially
available[115]. In a recent studyasedon the relative susceptibilitycore the potato varief

0 S p u nas daésifiad as resistant againdt destructorand D. dipsaciunder 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, seweregulatory restrictions including ban of important nematicides have
beenestablishedOne such broad spectrum pesticide is methyl bromide, which is also a popular
fumigant nematicide, has been phased ouaigoicultural use irthe United States in 2005 elu

to its atmospherimzone depletion properti¢$16]. Currently there exists a huge gap in the
number of effective and economical nematicide prodiatsare available tgrowes. Some

of the important fumiganhematicidescurrently approvedor useon hgh-value crops and
ornamentals in the United states include metadium(Vapan®), metan potassiun{iMetam

CLRE ), Chloropicrin (Metapicrin) 1,3-dichloropropene (Telor®) [116]. An alternative to
methyl bromide with regards to the lowest-pert cost is the registered fumigant Chloropigcrin
which has been used in combination with themigant nematicide1,3-D [117]. This
combination treatment has provided effective control against soilborne pathogens in a broad
variety of cropssch as almonds, sweet potatoes, strawberries, grapes and carhonstdsait
control of weedsind high input costs thabncern many growers. Additionally, application of

1,3D has been restricted within California townships, with a ban eD1i{3 the month of
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December due to air quality concerfisl8,119] Another example is thenonfumigant
nematicideFenamiphogNemacu®). Fenamiphos has been utilizedAwythurium growers in
Hawaii as a pogplant applicatiorfor managingR. similisand other PPNEL20]. However,

with a phaseut of this chemicah the US., growers are nowtegratingcleaner management
practices such as usingicropropogate@dnthurium plantlets and disinfested starting materials
[121]. An alternative microbial nematicide, DiT@&#&Nematicidesynthesizd from the fungus
Myrothecium verrucariphas also been recommended as an effectiveaikkwnematicide for
reducingR. similispopulations in Anthuriunjl21]. In a recent study by Zouhat al.,(2016),
treatment of garlic cloves with the fumigant hydrogen cyanide at a concentration of 20g/m

caused significant increaseln dipsacimortality [126].

Postplant application of thesystemic nonfumigant nematicideDxamyl Vydate®) has
provided effective control against the réesion nematodd?. penetransn ragpberries during
field trials in Washingtorj122]. 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 nematiidthiazate
(Nemathorir®) [123]. Migratory PPNs such as relasion nematodesegerally occur as a
complex with other plarpathogens such d&isariumspp.[124]. Trials with a combination

of abamectiffungicide coated seeds reduced root intecty P. penetransgn maize[125].
Seed treatmentare also an important form of contrébr the stem and bulb nemato@e
dipsaci[126]. Novel seed treatment strategy such as electrospimhiagrichemicaldas also
recently shown promise to manage plant pathogens under laboratory conflidihs

Essential oils and volatiles derived from several families of Portuguese aromatic flera ha
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alsoshown effective nematicidal properties against the-piftenematodeB. xylophilug128].
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 effectieenatode control.

Conclusion

Migratory PPNs are distributed across multiple clades in the phylum Nematoda in a recent
phylogeny outlined bidoltermanret al.,(2019) Although there exist similarities in the biology

and life cycle of several migratory PPhge contrasts and divergence are seen with respect

to theanatomical adjustments maidehrive 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 isa trait that has undergone divergence several times in the course of evolution of
migratory PPNs in the Nematoda lineage. By coupling sypatigporal NGS approaches with
molecular/functional characterization studies, insights into some of the key effaatbtheir
targets can be gained which sheds |ight on
Migratory PPNs, like their sedentary counterpartgehlaeen distributed across the globe
probably as a result of increased international trade.ulipnonged control strategy that
depends less on chemical means and integrates factors such as the geographical location,
nematode speciesnd host range plant resistanceas well as sound agricultural practices
should beconsideredduring the decisioimaking process for managing any plpatrasitic

nematode.
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Table 1.1List of some of the significamgarasitisngenes in the four key migratory PPN gem
published since 2013

Gene name/cluster| Species Function/Annotation Reference

ID

Pratylenchusspp.

Ppenl12895 cO_se( P. penetrans Fatty-acid metabolism [38]

1 (FAR)

Ppen12103 cO0_se( P. penetrans Function in parasitism: unclear [38]

1 (SXP-RAL2)

Vap-1l P. zeae Hostdefense suppression [40]

See2 P. zeae Overcoming host defae [40]

Radopholus similis

Rsscpl R. similis Development, invasion and [62]
pathogenesis in some PPN

Rscps R. similis Embryonic development invasion | [64]
and pathogenesis

Rscb-1 R. similis Reproduction and invasion [129]

Rscrt R. similis Reproduction and paogenicity [63]

Rsfar-1 R. similis Development, reproduction, [130]
infection and disruption of plant
defense

Ditylenchusspp.
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Table 11. (Continued)

DDO03093(VAR1) . destructor Host defense suppression | [71]

DDCO03397(VAR . destructor Host defense suppression | [71]

2)

DDO03835 (Se) . destructor Overcome host defense [71]

Bursaphelenchuspp.

BxSapB1 . Xylophilus Contributes to virulence and| [78]
cell death

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

Expansinlike . Xylophilus Cell-wall degrading enzymesg [131]

protein

Peroxiredoxin . Xylophilus Detoxifying enzyme [131]

CytochromeP450 . Xylophilus Detoxifying enzyme [76]

GlutathioneS- . Xylophilus Detoxifying enzyme [76]

transferase
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Abstract

Radopholus similiglso known as the burrowing nematddea devastating pest of banana
(Musa spp. andseveraleconomically important crops and ornamentals. In ¢hegptey we

present the genome assemblyRofsimilisand key characteristics of the genome

Keywords: Genomics, burrowing nematodgadopholus similis

Introduction

Plantparasitic nematodes causd¢imsted crop losses of $100 billion worldwigé 3]. In the

United States alone, economic losses due to nematode induced damages havartsed esti

to be around $10 billiof8]. Recent advances in genome sequencing technologies combined
with the suite of ope 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 frdiging nematodeC. elegando the recently published
genome ofthe rootknot nematod®eloidogyne graminicold4], nematode genomes and
transcriptomes are being heavily explored to understand the underlying complexities that
distinguishes a parasitic nematode from their -fndeg counterparts. The burrowing
nematoddradopholus similisis a devastating pathogen of banakada spp.)Citrus spp,
anthurium, black pepper, and numerous other economically important crops and ornamentals
[5]. Management stragjies forR. similisare 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 parasitethis Chapter, we have characterized and performed the

functional annotation of the genome Rf similis. Following genomic DNA sequencing,
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several bioinformatic platforms such #&@enchmarking Universal singleopy orthologs
(BUSCO) Core eukaryotic gene mapping approach (CEGMWAKER and BLAST were
utilizedto characterize and annotate Bisimilis genome assembly. MoreoveeyC. elegans
gene homologsinvolved in the dauer, RNAI andeurotransmissiompathways were also

identified.

Materials & Methods

DNA extraction and assembly

DNA was extracted frorR. similisnematodes maintained on banana plants at Corbana, Costa
Rica. The extracted DNA was sequenced using the Roche 454 platform at NCSU Genomic
Sciences Laboratoryollowing this, the genome was assembled using the Newbléorpia

at 30X coverageAfter the genome assemldyep,any potential contaminant sequences were

removed using the NCBI platform.

Genome characterization using BUSCO and CEGMA

Once potential contaminants were removed, genome asseomnipeteness was gauged using
BUSCO[6] and CEGMA[7]. For the BUSCO run, nematoda odb9 lineage was chosen and
Gcaenorhabdit®4 was sel ected as the model organi sm.
nematoda odb9 lineage in BUSCO consists of only 8 nematodes, specificalggansC.

briggsae C. japonicaP. pacificuqall freeliving nematodes) and. malayi, I. loaQ. volvulus

andT. spiralis (all animal parasitic nematodegs)ere, here is norepresentation of plant

parasitic nematode$herefore, we have also performdlJSCOanalysis with thé&cukaryota
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odb9 lineaggwhich includes nematodes as welJEGMA run was performed using the

default parameters.

Gene prediction

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

were madeby integrating predictions from evidence suchRassimilisESTs, Uniprot and
Swissprot databases, protein datasets of closely related nemdRielld and frediving)

species as well as the -@tfitio tools SNAP[9] and AUGUSTUSY10]. The gene predictions

were performed inthree separatauns. After each runcompleteness of the proteome was
checked by erforming a BUSCGanalysiss h 6 pr ot ei nd mode @agdai nst

Eukaryota odb%ineages.

Functional Annotation

Blast2GOwas used to perform functional annotation of Bhesimilisgenome and predicted

protein sef{11]. Blastp was performed on tle similispredicted protein set with an e value

set tole5. The database selectedwas and Omet azoad was the cho:
was chosen for streamlining the annotations. For prediction of conserved genes in different
pathways such as RNAI, dauer, neuropeptides and neurotransniitéstp was performed

against theR. similisdatabase with an e value setli®5 andthe 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

48



Results ard Discussion
Genome characteristics

We sequenced the. similisgenome utilizing the Roche 454 platform and assembled it into
8133 scaffoldsvith a 30X coverage using Newbler, resulting in an N50 of 13 4. Kb~65
Mbp, theR. similisgenome assembly sizis smaller than the freleving nematodeC.
elegang~100 Mbp) and multiple plafgarasitic nematodes in clad2 and 10such a®.
destructor(~112 Mbp) [12], G. pallida(124.6 Mbp) [13] andB. xylophillus(74.6 Mbp)
[14], however slightly larger than the rekmot nematodél. hapla(~53 Mbp) [15]. The GC
content of the&R. similisis ~51%, which is higher than most pla@#asitic nematodes in clade
12 and in keeping with the observations notedJagobet al., (2008) CEGMA analysis
indicatad approximately 221 (89.11%) complete and 230 (92.74&G)gd genes (>75% amino
acids) in the drafR. similisassembly. 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 platfghAKER predicted 18,564
proteincoding genes iR. similis Furthermore, to assess completenag&salso performed a
tblastx of the B82R. similisexpressed sequence tags (ESTs) extracted from NCBI EST
database againdteR. similisdraft genomeassembly. We found that 6,960 sequences (~94%)

had hits in thdR. similisdraft genome assembly and only 422 sequences did not return hits.

GO Annotation and gene family representation

Functional annotation showedage percentagef genes involved inalular and metabolic

process and hydrolase activity which correlates with the fedmbhgviorof this nematode
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that causes extensive les®won the root tissues of host plaffg. Of the 18,564 predicted
protein sequences thavere used as queries, 13,186L.02%) protein sequences were
annotateditilizing Blast2GO with an-&alue ofle-5. The annotated sequences were extracted
and GO charts were constructed corresponding to each categogital processcellular
component ancholecular function). Fi@.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 plparasiic nematodes have GO annotations assigned,

the GO piechart describes the biology of the parasite, rather than the traits of parf&jtism

Within biological process (fi@.2B), it can be noted that a significant portion ohgg (23%)

has been edicatedto cellular metabolic process, followed by nitrogen compound metabolic
process (21%), primary metabolic process (16%) and organic substance metabolic process
(16%). We speculate that thieuld berelated to the migratory actty of this parasite through

the cortical root cells, whiclnecessitates foan expansion in metabolic activities. Within
molecular function, it can be noted tHat similis possessea large portionof sequences
corresponding to ion binding activity (26%@nd hydrolase activity (15%) (fi@.2C).
Additionally, sequences encoding transferase activity (13%) are also pregensimilis.
Transferases are enzymes involved in glycosidic bond formation, which act during the
biosynthesis of multiple short andnigchain carbohydrate moleculdS]. In contrast,
hydrolases are involved in the hydrolytic breakdown of glycosidic bondR. Bimilisthe
increase in transferase activity as well as hydrolase activity may be attributedifiestike

of the parasite which demands for a diverse repertoire of carbohypdtate enzymes that can

aid in movement, feedingnd defense. We performed protdamily (PFAM) analysis on
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18,564R. similispredicted proteins using the EMBLFRM databasg16]. Compared with
otherplant parasiticas well freeliving nematodesR. similispossessea large percentagef
proteins belonging to the ABC transporter gene family (PF00005), major facilitator
superfamily (PF07690) and 7TM GPCRrpentine receptdamily (PF10323) Table 2.2).
Additionally, within PFAM analysis, waotedtwelve genes encoding for SPRY (SP1d an
RYanodine receptor) domainand one of these had significant similarity to SPRYSEC
effector proteins. However, ithR. similiscandidate lacked a secretion signalithin PPN,
SPRYSECdomains have only been found in cyst nematodes and have been spletulz
involved in suppressingnd eliciting defense response in the hod®soteins with SPRY
domains hae also been found inthe R. similistranscriptome analysigl7]. However, no
secretion leader signals were found in those prot&imze complete predicted proteirtse

were not available faPratylenchusspp., those comparisons were not made.

We performed gene family distribution analysis of major gene familiedving G-Protein
coupled receptof(GPCR) nuclear hormone receptor (NHR), collagen and the ubiquitously
expressed gene glyceraldemgiphosphate dehydrogenase (GPD). Wg&ed that, compared
with the sedentary endoparasitd, hapla and the migratory PPN?. coffeae R. similis
possessea large pecentagenumbes of genes belonging to the GPCR and the NHR gene
family. However,notably, both the migratory endoparasit&s, similisas well asP. coffeae
possesses relatively lower numbef genes belonging to the collagen gene family, when

compared \wth M. hapla(fig 2.3).

51



KEGG annotation

Trends in genes involved in biochemical pathways were sifoil&. similis, M. haplandG.
rostochiensisHowever, it can be observed th&t, similispossessea significantnumberof

genes encoding for amiraxcid biosynthesis and metabolism such as arginine, alanine, glycine,
serine, threonine, lysine and phenylalanif@ahble 2.3. Nonetheless, no patterns were
observed, since these amino acids range from hydrophobic (alanine) to hydrophilic (serine) to

ambivalen (glycine).

Neurotransmitters & neuropeptides

A variety of nematicides have been designed to target the nematode nervous sy§&tem. In
elegansneurotransmitters such as dopamine, octoparaimdserotonirmediatgohysiological
response such as pharyngeal pumping, movement and reproguotesse§l8]. All major

C. elegangenes codingdr neurotransmitter biosynthesis, including acetylcholine, dopamine,
GABA, serotonin, and octopaminegre identifiedin R. similis Furthermore, we compared

the patten of occurrence of these neurotransmitters with other nematodes with a broad range
of feeding mechanisms and observed tRasimilisneurotransmitters have patterns similar to

the migratory nematodB. xylophilusexcept for acetylcholinesterase geawe4 which is

absent in the lattdirable 2.4.

Neuropeptides are essential for governing behavioral traits in nenfa&ddo date, three
classes of neuropeptide families have been identified 1) FHdR like peptides (FLPs) 2)
INSulin like receptors (INSs) 3) Neuropeptililee-proteins (NLPs)R. similispossesses a

suite of 10 neuropeptide$dble 2.5. This ison par with other nematodes $uasG. pallida
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andM. hapla R. similispossess #ip genes and only 8Ip genes. NLPs comprises of multiple
peptide families that do not fall under the purviewWlps$ or INSsand are the least understood

class of neuropeptides. Their function in nemasodre uncledd 9].

RNAIi and Dauerpathways

RNAi-based technologies Yabeen increasinglgmployedto study behavior, reproduge
patterns and parasitismechanism®f a variety of neatodes. PreviouslhguccessfuRNAI-
based studies have been conducted on a vari®y sifnilisproteins such as GH30 xylanase,
[20], calreticulin[21], cathepsin B cysteine proteing2&] and serine carboxypeptida&s3].
Most genes involved in small RNA biosynthetic pathwagse present iR. similisexcept for
rde-4 and xpo-3. The trends for occurrence of genes involved in amplification, spiggad
argonautes, RNAI inhibitors, olear RNAI effectors are similao other PPNs such &S.
pallida, M. haplaand M. incognita The overall pattern of occurrence Bf similisgenes
appears similar to the migratory endoparasitic nemakdelophiluswith certain exceptions
such asde-4 (doublestranded RNA binding protein) anaut 7 (exonucleasevhich is absent

in the formenTable 2.§ [24].

Dauer pathways aretilized by nematodes such &S. elegans as asurvivaldispersal
mechanism that aids the nematode to thrive in hostile environmental conditibogh plant

and animal parasitic nematodes, the infective stage often occurs as a dauer, making this unique
nematode stage a significant and vital compboéthe life cycle. Ruers do not feed amaay

exhibit reduced movement to conserve limited eneggpervesR. similispossesses multiple

genes involved in the dauer pathways such as guanylcyclaseh TGEnd i ns udee n pat
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Table 2.7) This trendhas also been noted during the transcriptome analydikiagget al.,
(2019)[17]. However, not surprising)yit does not possess orthologuesdaf28, which is
essential in signalingp C. elegansbut not conserved in other nematode speéitsoughR.

similis has not been shown to form daudhgre 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 gamghkt have evolvedo perform different
functions.Functionalcharacterization experiments need to be conducted to corroborate these

and other bioinformatic findings.

Conclusion

We have analyzed and performed the functional annotation Bf. thienilisgenome assembly.
Preliminary analysis shows th&. similispossessea genomesize of ~65 Mbpcoding for
~18,000proteins. Characterization of genes involved in pathways sucuaistransmission,

RNAI anddauer demonstrates a pattern of occurrsimodar to othePPNsin the Tylenchida

order. Ourresultscorroboratevell with the transcriptome analysis performed by Hueinal.,

(2019) An interesting observation, however, is the presence of several genes involved in the
dauer pathway. This particular observation was noteduanget al.,(2019)as well Future
studies focusingon utilizing molecular techniques suclas yeas-hybrid, Bimolecular
Fluorescenc&€€omplementation, cammunoprecipitatiomeed to be performed in order to
uncover the trugargets of thesand many other genes discovered during the genome and

transcriptome analysif R. similis
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NCBI accession number

The Whole genome shotgun (WGS) has been deposited in NCBI undectssion number

SJFO0000000and BioProject PRINA522283
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Table2.1. Genome characteristics Bf similiscompared to other nematodes (Plpatasitic and

free-living).
R. similis B. G. pallida | M. hapla | C. elegans
xylophilus

Assembly size 65 74.6 124.6 53 100.3
(Mb)
Scaffolds (n) 8,133 5,527 6,873 3,452 7
Longest scaffold | 502.9 3,600 599.7 360.4 20,929
(Kbp)
Complete BUSCOg 53.9 75.8 43.7 59.9 98.6
CEGMA 89.11/92.74| 97.6/98.4 | 74.19/80.65| 94.8/96.8| 98.4/100
(complete/partial
%)
Average CEG 1.87/2.01 1.12/1.17 | 1.23/1.29 1.35/1.42| 1.11/1.20
number (complete/
partial)
Genes (n) 18,564 17,704 16,466 14,420 | 20,317

* values for other nematodes frd@b] and wormbase parasi26,27]
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Table2.2. PFAM domains irR. similiscompared with other nematodes

PFAM R. D. G. M. M. | B. C. Description
simil | destruct| palli | incogni| halp | xylophil | elega
is ed da ta a us ns

PFO0005| 349 | 46 25 30 26 | 65 73 ABC transporter

PFO7690| 210 | 72 51 41 39 |116 142 | Major facilitator
superfamily

PFO0069| 194 | 231 212 | 305 199 | 278 489 | Protein kinase
domain

PF10321| 113 | 87 51 49 25 | 34 69 Serpentine type
7TM GPCR
chemoreceptor Sr

PF00271| 106 |69 68 95 69 |77 108 | Helicase
conserved €
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, Gbeta
repeat

PFO0O651 |81 |67 226 |64 65 |57 111 | BTB/POZ domain

PF00270 |81 |53 53 71 54 |56 72 DEAD/DEAH box
helicase

PFO0O076 |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 Nterminal
domain

PF01391 |68 |60 69 140 61 | 105 156 | Collagen triple helix
repeat (20 copies)

PFO0083 |68 |54 38 38 21 |40 58 Sugar (and other)
transporter
PF02931 |65 | 66 60 47 36 |86 126 | Neurotransmitter
gated iorchannel
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

PFO7714 |50 |65 48 58 50 |93 166 | Protein tyrosine
kinase

PFO0O071 |50 |57 41 57 36 |57 71 Ras family

PF02932 |49 |54 52 39 27 |60 103 | Neurotransmitter

gated iorchannel
transmembrane regio

PF12796 |49 |47 96 47 37 |53 102 | Ankyrin repeats (3
copies)

PF01549 |36 |68 58 53 39 |89 123 | ShK domainlike

PF00026 |6 46 26 18 12 | 131 21 Eukaryotic aspartyl
protease

PFO0089 |5 45 26 26 14 |16 8 Trypsin
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Table2.3 KEGG analysis oR. similisproteins 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 Steroidiosynthesis 2 3 3
00120 Primary bile acid biosynthesis 4 4 2
00130 Ubiquinone and other terpengiginone

biosynthesis 17 6 7
00140 Steroid hormone biosynthesis 7 4 3
00190 Oxidative phosphorylation 100 73 70
00195 Photosynthesis 5 0 0
00220Arginine 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

64



Table 2.3 (Continued).

00362 Benzoate degradation

I

|

00364 Fluorobenzoate degradation
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Table 2.4C. elegangenes encoding for neurotransmitters compared with-plagisitic nematodes

Neurotransmittel Gene Function Ce Mi | Mh Me | Gp | Bx Rs
choline
acetyltransferase |chal |+ |+ + + +
synaptic
acetylcholine unc
transporter 17 + + |+ + +
choline transporter | cho-1 + + |+ + +
postsynaptic
transporter snf6 |+ |+ + |+ + +
Acetylcholinesteras¢ ace 1 + + |+ + +
Acetylcholinesteras¢ ace2 |+ |+ + |+ + +
Acetylcholinesteras¢ ace3 |+ |+ + + +
Acetylcholine Acetylcholinesteras¢ ace4 +
tryptophan
hydroxylase tph-1 + + + +
GTP-cyclohydrolase
| cat4 + + + + +
aromatic AA
decarboxylase basl + + |+ + +
Serotonin vesicular
monoamine
transporter catl + + |+ + +
serotonin reuptake
transporter mod5 |+ |+ + |+ + +
Serotonin monoamine oxidasq amx1 + +
Dopamine tyrosine
hydroxylase cat2 + +
dopamine reuptake
Dopamine transporter dat-1 + + + +
Tyrosine
Tyrosine decarboxylase tdcl |+ |+ + |+ + +
Tyrami ne
Octopamine hydroxylase toh-l1 |+ |+ + + +
vesicular glutamate
transporter eat4 |+ |+ + |+ + +
plasma membrane
glutamate
Glutamate transporter gt-1 |+ |+ + |+ + +
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Table 2.4 (Continued).

glutamate unc

decarboxylase 25 + |+ + |+ + +

GABA vesicular unc

GABA transporter | 47 + |+ + |+ + +

GABA transporter |snfll |+ |+ + + + +
GABA GABA transaminasg gta-l | + | + + |+ + +

*data for other nematodes frdi28]
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Table2.5. C. elegangenes encoding for neuropeptides compared with-plarasitic 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 + + + +

nip-1 + + + +
nip-2 + + + +

nlp-3 +

nip-10 + + + + +

nip-12 + + + +

nip-14 + +
nlp-15 + + + + +
nip-21 + + + +

nlp-37 + + +

nlp-40 +

nlp-42 + +

*data for other nematodes frdi28]
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Table2.6. C. elegangenes involved in the RNAI pathway compared with pfaarasitic nematodes

RNAI Pathway Ce Mi Mh | Me | Gp | Bx | Rsim

Small RNA biosynthetic proteins | drsh-1 + + |+ |+ |+ |+
Xpo-1 + + + + + |+
Xpo-2 + + |+ |+ |+ |+
der-1 + + + |+ + |+
drh-1 + + + + |+
pashl + + |+ [+ [+ [+

rde-4 +

Xpo-3

Amplification | smg2 + + + |+ + |+
smg6 + + + + + |+
egol + + |+ [+ |+ [+
rrf-3 + |+
rrf-1 + + |+ |+ |+ |+
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Table 2.6 (Continued).

smg5

rsd-2

rsd-3

Spreading

sid-1

rsd-6

sid-2

Argonautes

alg-1

csrl

ppw-2

T22H9.3

Y49F6A.1

RNAI inhibitors

eri-1

Xrn-2

adr-2

adr-1
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Table 2.6 (Contiued).

Nuclear RNAI effectors

mut-7

cid-1

ekl

ofl-1

mes2

ekl4

mes6

rha-1

mut-2

*data for other nematodes fr¢a8]
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Table2.7. C. elegangenes involved in thBauerpathway compared with plaptarasitic nematodes

C. B. D. G. M. | M. R. Annotation

elega | xylophi | destructo | palli | hap | incognit | similis

ns lus r da la |a

Guanylyl cyclase pathway

daf- Y Y Y Y Y Y Transmembrane

11 guanylate cyclase

tax-2 |Y Y Y Y cGMRgated channel

tax-4 |Y Y Y Y Y cGMRgated channel

¢ DCE]

like

daf1 |Y Y Y TGF G@&LsSL N

daf-3 Y SMAD transcription
factor
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Table 2.7 (Continued).

daf4 Y Y Y TGFb type
receptor

daf5 Proline rich protein

dat7 BMP/TGFb

daf-8 SMAD transcription
factor

daf14 SMAD transcription
factor

bral Y Zn-finger protein

kin-8 Tyrosine kinase

Insulin/IGF

daf2 Insulin receptor

daf15 Ortholog RAPTOR
protein

daf-16 Y FOXO transcription
factor
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Table 2.7 (Continued).

agel 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

sgk1l Y Y Y Y Serinethreonine kinase

Steroidhormone pathway

daf9 Y Y Y |Y Y Cytochrome P450

daf12 Y Y Nuclear receptor

daf36 Y Rieske Oxygenase,

Hormone pathway
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Table 2.7 (Continued).

Otherprocesses

daf6 |Y Y Y Y Y Y amphid morphology

daf10 Y Y Y Y WD-WAA rep

daft19 |Y Y Y Y Y RFX transcription
factor

*data for other nematodes fr¢h2]
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(C) shavs molecular function GO annotation with a node score cutoff of 40
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Abstract

Radopholus similiscommonly known as the burrowing nematodean important pest of
severalcrops and ornamentals including banaNauga spp.)and Citrus spp In order to
characterize the potential role of putative effecarsoded byR. similisgenesve compared
predicted proteins from a drakt similisgenone with other planparasitic nemaidesin order

to define the suite adecreted proteins thanhable it to functioras a parasitandto ascertain

the phylogenetic position dt. similisin the Tylenchidarder. Identification and analysis of
candidate genemncoding fokey plant celtwall degrading enzymaacluding GH5 cellulases,

PL3 pectate lyases and GH28 polygalactouranase revaeglatiern of occurrence similar to
other PPNsalthough with closest phylogenetic associations to the sedentary cyst nematodes.
We also observed the alnse of a suite of effectors essential for feeding site formation in the
cyst nematodes. Clustering wérious orthologougienesshared byR. similis with other
nematodeshowedhigher overlap with the cyst nematodes than with the-koot or other
migratay endoparasitic nematodeBhe data presented here support the hypothesidRthat
similis is evolutionarily closer to the cyst nematodes, however, differences in the effector
repertoire delineate ancient divergence of parasitism, probably as a consegjuaitte
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 losscaused by plarparasitic nematodes approasheb100billion annually[1].
Basedupon their unique life cycles therexiss two main categories of plant parasitic
nematodesectoparasites and endoparasites. The endoparasites are further classified into two
broadgroups based on their feeding mechanisspegcifically, sedentary endoparasites and
migratory endoparasitesThe two most economically important sedentary endoparasitic
nematodes are the root knot nematadefidogynespp, andthe cyst nematodebelonging

to the Heteroderaand Globoderaspp Of these, genomand transcriptome sequences$
several cyst nematogesuch as the soybean cyst nematbidalycinesand the potato cyst
nematodesG. pallida, G. ellingtonae and G. rostochiengigist in the public domaifR-6].
Additionally, genomefsranscriptomesf numerougootknot nematodesncludingM. hapla,

M. incognita, M. javanica, M. arenarjaVl. graminicola,M. floridensisand M. enterolobii

have been expted to reveal important determinants of plant parasitism by sedentary
endoparasitic nematodg&12]. These nematodes forspecializedeedingsites in plant roots

via different mechanisms, known as giaetls in rootknot species and syncytia in cyst

nematode speciefl3]. Also, more recently, the draft genome of the sedentary -semi

endoparasitic nematode specksteniformishas also been released in the public dorfiah

Unlike the sedentargndoparasiti)RKN and cyst nematodesd the seméndoparasiticR.
reniformis the burrowing nematogdeRadopholus similisis a migratory endoparasite.
Radopholuss a member of th@ratylenchidadamily, which have not been shown to form
specializedfeeding siteswithin host roots The currently knownhost range oR. similis

extends to more than 365 plapeciesandR. similisis an economically significant parasite
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of Musaspp.worldwide, and also causes significant damage€itous spp., coconut, palm,
coffee, sugarcane@vocado black pepper, foliage ornamentals of the famii{odendron
Anthurium, Hibiscus)and ginger Zingiberacieag [15-16]. Additionally, bananas and
plantains Kusa sp.)are consumed by ~400 million people worldwide and the export industry
for thesecrops serves as a crucial mode of income for people livingany countries

including Colombia, Ecuador, Costa Rica ahe Philippines[17].

R. similiswas first identified in 1893, in the banana growing areaBijinislandsand since
then has reached multiple continentsiost likely on infested plant materidlL8].
Characterization oR. similispopulations from multiple regions worldwide indicated tRat
similisgeographicadiation is a relatively recent event, occurring within the pasBP00/ears
[191 21]. R. similisthrives in the tropical and the stimpical regions around the world
includingeast Africa, south and central America, parts of Asia, Australia and multiple regions
in Europe. In the United Statd®, similisis found in Florida, Texas and the island$iafvaii

& Puerto Ricd22]. R. similisis an economicallymportant quarantine pest. Quarantine efforts
to contain this pathogen, such as utilizing nematiode starting material, have been
successful, thereby limiting the spread of this pathéyesimilisis a sexually dimorphiplant
parasitic nematodePPN. Males and females can be classified by the ueigexual
dimorphism that exists in their cephalic regionlike Pratylenchusspp.,andthis traitalso
supports the hypothedisatR. similisis closely related to the cyst nematqde=donging to the

MHoplolaimida® f g28,24] R. similismales are generglb00-600 um long and possess a
raised lip, a feature not shared by the femf&§ Males aremore slendethan females and

possess a degenerate stybtcounting fortheir nonfeeding 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 distinctivglst approximately 121 um long with three knobf. similis

females are generally 58D0 um long ending with a unique hyalinated tail regRnsimilis
reproduces as a facultative hermaphrodite, although out crossing occurs preferentially when

males & presenf26].

The life cycle ofR. similisis completed in 120 dags at a temperature range of-26°C,
however populations in Europe seem to undergo reproduction even at lower tempgajures
Eggs are laid as the females migrate through the root system and females catoldbup
eggs a day for several weeks.similisjuveniles and females are parasitic, with the juveniles
feeding outside the root system occasionally. The intercelhti@cellular migration and
intracellularfeeding bythesevermiformnematodes cause significant cell damaghich leads

to the characteristiceddishbrown lesions associated with these nematodes. Additionally,
damage caused by thenneling andeeding advities, leaves the root system wounded and
susceptible tmpportunisticbacteria or fungi that may enter the plant through the wounded

site.

The major underground symptoms of Rn similisinfection seen in a banana plastthe
characteristioecrotic esions on the rogtthat results irweakenedoot systemsnd reduced
plant growth due to poor uptake of nutrients and watkis ultimately lead to toppling of
banana plantsspecially during heavy rains and storm conditiongsadnajor concern amgn
growers in the banana growing ar¢23]. Currently a variety omanagemenpracticessuch

ashot water and/or nematicidal treatment of the corms and suckers of banana plants, guying
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and propping of fallen banana plafig§] to hold them in place and even resistant cultivars
have been developed to combat this parasite. Resistant autiiviktusa p. such as the
YangambKmb5and Pisang Jari BuayAAA) have been very successfure@ducingnematode
populations in major banana growirggionsin Africa [28]. The resistance in these cultivars
has been shown to be mediated the deposition of phenalenoftgpe phytoalexins at
nematode infected sitgd7]. However, these cultivars do not seem to be successful in
managingR. similispopulations infectingMusa gp. in Uganda, which has been attributed to
pathogenicity variability betweeR. similispopulations[28]. Furthermore, multiple biological
agents utilized to contrd®. similison bananas suchash e fimut ual iFssdriunt endo
oxysporunstrain 16 and t he A ant Bgcdus firmudihave dhavo effecacy a
under controlled conditions; however, the protection they wffgenerallylimited to a single
growing seasoffil7,29] Management strategies utilizing nematicides are restribtat by
cost and by regulatiordue to toxidty concerns for notarget organismar(cluding humans)

as well azenvironmeral and ground water impad&l].

The genomesequenceof R. similismay provideinsights into the variety of mechanisms
adopted by this pathogen meaintain a planparasitic lifestyle We sequenced thR. similis
genome with two objective First, in order to characterize the potential role of putative PPN
effectors, including plant cellall degrading enzymes, encoded Ry similis geneswe
compared predicted proteins from our dmft similisgenomewith other plartparasitic
nematodes in order to define the suite of secreted proteins that enalfiledtitmas a parasite
and occupy new nichpand gcondy, to ascertain the phylogenetic positionRofsimilisin

theTylenchomorph&30]. Small Subunit ribosomal DNASSU rDNA) studies havelacedR.
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similis asa sister taxonof the endoparasitic cyst nematod24,31,32] Using our predicted
protein set, we performed phylogenetic analysd®. @imilisorthologous clusters shared with
the cyst nematodés. rostochiensis, G. pallida, H. glycindise rootknot nematodes!. hapla,
M. incognita, the migratory endoparasite. destructorand the frediving nematodeC.
elegans We were able to corroborate the SEMNA phylogeneticstudies thaR. similisis
indeeda sistettaxon to thecyst nematode In this article,we presenkey parasitism/effector
features ofR. similisand its phylogenetic positiom comparison withseveralnematodes

exhibiting differentlifestyles.

Materials and methods

Gene prediction

Gene prediction was performed using the MAKER v.2.31.8 pipgBiBEin three roundsFor

the gene predictions, 382 R. similisESTs 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 irhouse built protein set constructed from the proteins of closely related
nematodes downloaded frolformbase parasite and proteins from theiprot-Swissprot
database. Tése evidencbased predictions were thamegrated with afnitio predictions
performed by SNAP and AUGUSTUS to obtain a more robust and congdetef gene
predictiors. Finally, the gen@redictions with Annotation edit distance (AED) values less than

1 were extracted using a custom perl script.
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CAZyme

R. similisprotein sequences were blasted against CAZy datgdhasg Diamond), dbCAN
database (using HMMER) and Peptide pattern recogniPPR) (using hotpep) to search for
putative CAZymes in th&. similisproteome[34,35]. The E value used wds-5. dbCAN2

was utilized to perform this jol35] Hits returned in at least two databases were considered as
valid candidatesFor annotation of the CBM moieties attached with the GHSs, hits returned
from DIAMOND were consideredData for the other nematodes were fij@&®]. Additionally,

the genome papers of the corresponding nematodes and pertinent literature was also reviewed

to ensure accuracy while reporting.

For annotating the expansins i similis predicted protein seknown expansin proteins
sequences of plamaragic nematodes were downloaded from NCBI. Following this, the
downloaded protein dataset was used to create a databgseftomingBlastp.R. similis
predicted protein set was used as query against this databasevale getwas 1e5. The

data forexpansins for the other nematodes warinedfrom [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 sequencesevpredicted using the
DeepLoc servewi t h t he 0 Eu k atedi4d).tRelévantoppedidted secreded hemec

products were analyzed as indicated below.
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A position specific iterative (PSBlastp analysis of relevant genes was done against thé NCB
nr database (nematoda) with anvialue ofle5. A Blastp analysis was also performed on
Wormbase parasite with &aivalue ofle-5. The relevant hits were extracted, following which
the extractedsequences were aligned using MUSC]3B] (Gap open penalty2.90, Gap
extend penalty 0.00 and hydrophobicity multiplieR0). The clustemethod selected was
UPGMA. The aligned sequences were then concatenated and utilized to cortstricising

the maximum likelihoodstatistical methodusing thebestfit substitution modeéstimated
usingMEGA 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. §pd ene
analysis C. elegangpd genes were used as query to conduBtastp against th&. similis
protein database. Genes that returned hits with-aalle=0.0 were used to query NCBI or

Wormbase.

Phylogenetic analysis using orthologs

For constructing th&enn diagram OrthoMCL was utilized to identifyorthologous clusters

[42]. An all against alBlastp was performed with an E valoiele-5 andthe inflation valueof
1.5 to balance sensitivity and selectivity of clusters. Orthoy48jwas utilized to construct

Venn dagrams using ohologous clusters. Genome and protein sequences for other nematodes

were downloaded froVormbase parasi{é4,45]

For constructing the species tree, protein sequendgs similisandsevenother nematodes
including Globodera pallida, Globodera rostochiensis, Heterodera glycines, Meloidogyne

incognita, Meloidogyne hapla, Ditylenchus destructand Caenorhabditiselegans were
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analyzed by OrthoFind¢46]. Alignments was generated usiMjJJSCLE[38]in Orthofinder.

The MUSCLE generated alignments werencatenatedind the species tree was constructed

with the Maximumlikelihood staistical best fitmethod [G+G mode) estimated using

MEGA X with 1000 bootstrap replicatiofi39]. 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 angosition.The freeliving nematodeC. eleganswas used as an outgroup.

The predicted proteome set of PPNs inRinatylenchugyenus were not available at the time

of this analysisHence, it has not been considered for this analysis.

Results and Discussion
Parasitism gene repertoire and effectors

PPN effectorgaka. parasitism proteinaye secreted when PPNs penetrate therbosswith

their speatike styletand as they feed whiin the root tissueMost of these effectors are
produced primarily in the two subventral and one dorsal gland at different stages of parasitism
and play an important role duringRPNhostinteraction. Over the years, maiy similis
effectors andhe parasitism geneshat encode therhave beenreportedi nc |l u-d4 ng b
endoglucanase endoxylanases, transthyretike proteins serine carboxypeptidase
cathepsimB and calreticulif47-53]. We mined our predicted protein sequences in search for
these known parasitism genes and found thaRth@milispredicted protein set possesses all

the reportedparasitism PPN proteinsupporting information, table332). Additionally, R.

similis protein sequences were scanned for putative signal peptides using SignalP. Based on

this search, 1548 protein sequeneesre 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 repertoiemcoded byr. similis we extracted sequencesding for ~100
effectors from a diverse array of nematodes including thekmatt nematodes such &4

hapla, M. incognitaand cyst nematodes liké. rostochiensis, H. avenae, G. pallida etc.
(supporting information, table33?). We noted thaR. similisdoes not possess any homologues

of the CLAVATA3/ENDOSPERM SURROUNDING REGION(ESR), (CLENke peptides
present in the cyst nematodes sucliagycines, H. schachtignd Globodera rostochiensis

which has beesuggestedo be a requiredignaling peptidego achieve development af
syncytiumin host tissue$s4]. Although we identifiedwelve genegpredicted toencoa for

SPRY (SPla and RYanodine receptor) domairese putative SPR¥ontaining proteins lack

a secretion signal, which is an essential requirement for the protein to be classified as a
SPRYSEC O6effectord. The presence of proteins
R. similistranscriptome angsis as wel[37]. Within PPNs, proteins withSPRY domainsand

a secretion signal (SPRYSEQCwsve only been found in cyst nematodes and havedbmsm

to be involved in suppressirand elicitingdefense response in the hgsant [55]. This
absenceof secretedlSPRYSEC effectorss consistentwith R. similis not formng elaborate
feeding sitesn roots However, effectors associated with host defense induction such as venom
allergenlike effector proteins (VAPsand host defense suppresssuch as calreticulig3
calreticulins)werealso identifiedn R. similis[56,57] One of these predicted calreticuligso
possesstanER-retention signal. Within PPNSs, calreticulin has been extracted from the gland

secretions of the rodnot nematodeM. incognitaand the migratory PPNB. xylophilus

89



where it has been shown to be involved in host defense suppression and reproduction
respectively [56,58]. Homologues of genes involved in protection againsstderived
oxidative stressssuch as superoxide dismutase, peroxiredoxin, glutatfsemensferase and
glutathioneperoxidasewvere also found ifR. similis(Table3.1). Homologuesf the S-phase
kinaseassociated protejnnvolved in ubiquitination pathways as well as FER1/SEG2,
involved in the circumvention of host defense were also identifie. isimilis[59,60] R.
similis also possesses a gene coding for a putative sectetednsatemutase (with ~51%
similarity), which is a key enzyme involved in modification of the lsbskimic acid pathway
[61]. A variety of proteases found in a broagspum of nematodes (irrespective of lifestyle)
such as serine carboxypeptidase, cathepsin S, B and L were also identiRedsimilis
(Supporting information, table S3.2)lo homologues of the putative apoplastic effector 4D06
or the putative parasit&tage effector 30C02 or the plant peptide hormone nrterminally
Encoded Peptide (CEP)anefound in theR. similispredicted 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
remadeling of carbohydrates and their conjugates. CAZymes were searched in the CAZy
database, dbCAN database and the peptiderpatteognition (PPR) library to look for
homologues oproteins encoding putative CAZymes in the predicted protein st similis
Generally, CAZymes are divided into five broad classes based on their mode of action namely

glycosyl hydrolase (GH), gly®yl 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/ecarbohydrates. GHs are
found across a wide gamut ofganisms including bacteria, plants, fungi amdertebrates
including nematodeg34]. Within PPNs, GHs perform a range of &tions, primarily,
breakdown of plant cell walls which is made up of cellulose, xylans, arabinans and pectins,
thatcan aid in increased movement through lcedis. Additionally, GHs are also involved in

the breakdowrf simple and complex carbohydratesls as glucose and sucrose, which can
beutilized aspotential source of nutritiony a PPN. TheutativeGHsin R. similisbelong to
multiple families notably GH5 (cellulase),and GH28 (polygalactouranas&supporting
information, table 8.1). In theR. similis genome, certain GHs such as &{dellulase)have
carbohydrate binding modules (CBBL)ch as CBM (generally found in bacterial organisms
appendedCellulases from the rodinot nematodéM. incognitaand the cyst nematodé,.

pallida also possess an appended CBM2 domain. In the sugar beet cyst nehhagodachtii,

a secreted protein with a CBM domain, was demonstrated to directly interact with an
Arabidopsispectin methylesterase, thereby implicating it in facilitating nematocdesiiam

[62].

R. similis encodes temutative cellulase genes belonging to the GH5 family, subfamily 2
Phylogenetic analyses demonstrated thatRhsimilis GH5 proteins arelistributedin four
distinct clades, of which three are clustered and eaclosely relatedto the cyst nematodes
belonging to thédeteroderaandGloboderagenus(Fig 3.1). This resultsupportghe previous
SSU rDNA studies, which determined tiRatsimilisis evolutionarily closer to cyst nematodes

than to root knot nematodg&4]. Moreover, inone of the cladewe observed tha. similis
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shares a sister relationship willotylenchulus reniformjs semiendoparasitic nematodeat
serves aa potentiaintermediary between the migratory paradResimilisand the sedentary
parasiteH. glycires Multiple effector studies and a recent phylogenetic study by Holterman
et al.,(2017)have supported a common ancestry hypothesis between thersdopiarasitic
reniform nematode belonging to the Rotylenchulidae family and the endoparasitic cyst
nemataes of the Heteroderidae fam|§2,63. This particular observation also corroborates
previous findingsas well as the hypothesis put fotly Van Megenet al., (2009) that
Amember s dadophblesould barelasively closely related to the common ancestor
of the Hoplolaimidae and Heteroderidag24,32,64] It can also be noted that thrBe similis
cellulasesshows possible sist relationships with other PPNs besides the cyst nematodes.
However, the bootstrap support value is | es
significant associationGHS5 cellulases have been shown to be conservdiyénseclade 12
nematodes rluding the rootknot andcyst nematodeghe family Pratylenchidaend the
genuskRadopholusand have beenypothesized tbeacquired from a common ancestral gene
via HGT from bacterid65]. Additionally, we analyzed the presence/absencl-términal

signal peptides in thegritativecellulasesand found that nine out of the ten cellulases possess
asignal peptide with no transmembrane domaheputativesubcellular localization pattes

of these cellulases wepeedictedbased on protein sequence information using Deeplijc
DeepLoc predicted nine of these tpatative cellulaseor ot ei ns t o tbobe 6sol u
0extracel | byt ndmuatdadesproding etorenation, table3S3). Following this,

we compared thpredictedocalizationpatternof this protein withthe localization o known

cellulase gene from RPN (in this caseH. glycine$ and found thepredictedlocalization
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likelihood patterns to beextracellular (supporting information, fig S3.3)o cellulases
belonging to the GH45 family were predicted inEhesimilis protein set during our analysis,
supporting the evidence of iedendent origins (bacterial and fungal) of cellulases in most

PPNS[65,68.

A single gene coding fa putativgoolygalactouranase, belonging to the GH28 family has also
been found irR. similis Polygalactouranase is required for the breakdown of galactouronic
acid, which is an essential monomer that makes up p&iti8 polygalactouranase has also
been found inhe transcriptome dR. similisby Huanget 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 stibrne pathogerRalstonia solanacearumntriguingly, R.
solanacearums a xylem colonising pathogen aRd similishas been reptad to block xylem

vessels which might imply that these functions might have been a characterisic of niche
specialization. Furthermore, within plapérasitic nematodesGH28 genes acquired from
bacteria have been found in rdatot nematodeM. hapla, M.incognita and the family
Pratylenchidae. Notably, polygalactouranase from RKNswvab as the false roeknot
nematode,Nacobbus aberranslso demonstrates high sequence similarity with Ehe
solanacearumGH28 protein[9,31,67] Significantly, the seréndoparasitic nematod&.
reniformisalsopossesseGH28s, but the GH28 iR. reniformisappears to be nefiuinctional

Because GH28 does appear to be function&l.isimilis,this finding supports thRypothesis

of early gain in the last common ancestor of root knot and cyst, and subsequent loss in the cyst

nematode$31].
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Eight genes encoding fputativepolysaccharide lyases (PL) have bpezdictedn R. similis

These genes belong to fivanfilies, namely PL1, PL3, PL5, PL9 and PLZ. simils
possessefur putativePL3 (pectate lyaseproteins,fewer thanotherPPNsin cladel2 such

asM. hapla(20PL3), M. incognita(33PL3), H. glycine15PL3), G. pallida(8 PL3) andthe

clade 10 PPNB. xylophilus(15 PL3) (supporting information, table33l). Pectate lyase
catalyze the breakdown and degradation of pectins, which is an important component of plant
cell wall, in addition to hemicellulose and celluld68]. Combined withcellulass, pectate
lyaseinducesoftening 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 duritige infection stageand feedingactivity of the nematode.
SignalP was used to search for signal peptidéisasePL3 sequences order to ategorize
these proteins as O6secr et oputatdePL3\Weteinsshawn d t h a
presence ofonservedignal peptide sequencigstheir Nterminal (supporting information,

S3.4) and they do not possess a transmembrane doReaitate yases have also been used to
study phylogenetic associations in sedentary and migratory endoparasitic nerfGaotiks

We performed phylogenetic analysis on the four PL3s and fapatternsimilar tothe GH5
cellulase phylogenetic trgsupportinginformation, Hg S3.1). However, he putative PL3s
received a lower bootstrap support value when compared with most GH5 cellulasés. The
similis PL3sare clusterednto a monophyletic cladand share a common ancestor with the
cyst nematodes belonging to tBéoboderaand HeteroderagenusAdditionally, the branch

length leading to the cyst nematodes from the common ancestor is relatively longer when
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compared withthe branch length leading to tie similisPL3s This might indicate higher

divergence and increassubstitutions per siteelative to the ancestor as wellRssimilis

Phylogenetic analysis of orthologous genes

Plant-parasitic nematodesccur inclade 1 (Triplonchida), clade 2 (Dorylaimida), clade 10
(Aphelencoididae) and clade 1@ylenchida) of the 12 cladesomprising the phylum
Nematodaln a phylogenetic tre@resentedy Holtermanet al., (2017 [32] , disparate gene
loss and gain events in parasitic abilities are seen amemgtode lineage$Ve identified
orthologouggeneclusters shared 4. similiswith othernematodescluding aplantparasitic,
humanparasitic anéfreeliving one R. similisforms a total of 8542 orthologous clusters and
5115 singletonswith these nematoded\ll the species combined, shared a total of 3690
orthologous clusters (fig.2). We observethatR. similisshares higher number of orthologous
clusters with the cyst nemato@e rostochiensi$4034), compared to the rekhot nemabdde

M. hapla (3911), the frediving nematodeC. elegang3726) the migratory endoparasitic

nematode. destructor(3785) and the human parasitic nematBdenalayi(3723).

Additionally, alignments of 180 orthologs foreight different speciespecificaly 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 sharBd $iyilis. The
resultingspecies tree corroborates the existing hiygsis, thatR. similisis indeed a sister
taxon to thecyst nematode<s. rostochiensis, G. pallidandH. glycine$ and therebyhare

the latest common ancestor with tlegst nematodes thamith the rootknot nematoded\l.

haplaandM. incognitaor the migratory endoparasiiz destructor(Fig 3.3) [24,71]
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Conclusion

Ourstudy confirms the close association betw&esimilisand thecyst nematodespecifically

thatR. similisand the cyst nematodes share the latest common andestwultiple analys

that we have performedcluding phylogenetic analysis ainglecopyorthologs analysis of
secreted proteins such as cellulase, pectate lyase as well lesutekeepingpd gene,R.

similis appearss a sister taxon dfie cyst nematodes (see Bid, Fig 3.2, Fig 3.2 andFig

S3.3), reinforcing previous finding$24]. Additionally, our data conforms well with the
transcriptome analysis by Huang et[al7], specifically, the absence of putative cyst nematode
genes that code for CLIlke peptides and the presence of the GH28 gene as a significant
indicator. Our findings reveal a basid séeffectors for a nofieeding 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 giann |¢a@
evolution of plariparasitic nematodes and an important milestone in achieving an intimate
hostparasite interactionSedentary endoparasitism has been proposed to have evolved
independently through five separate pathways in clade 12 of the piNdumatoda[32].
Additionally, even within the sedentary endoparasitic nematodes, the cyst akdaotsthave

few parallels in their feeding site development or their effector suite, indicating further
disparate origing72]. 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 tedestary lifestyleor possess

distinct arsenals for establishing a sedentary lifesflgure work which analyzd?. similis

96



genomesand the genomes of numerous sedentary endoparasitic nematodedifferent
geographical locatiorend ecological nichesan provide further insight into these evolutionary
patterns Additionally, functional characterization studies of leffectorscommon between
R. similis the cyst nematodesd the seraéndoparasitiR. reniformis could provide telttale
signaturesegardingthe evolution oendoparasism in plantparasitic nematodegVith these
data, wehope to furthetheunderstandingf the complex multipartite parasitism mechanisms

that maked$R. similisan economically important pathogen.

NCBI accessiomumber

The Whole genome shotgun (WGS) has been deposited in NCBI under the accession number

SJFO0000000and BioProject PRINA522283
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Table3.1 Blast analysis céomeknown parasitism genes agdifs similispredicted protein set

Acc_No.

Gene Name

# of
hits

E-value

Similarity mean
(%)

AHWO8772
A

4D06 protein (Globodera
rostochiensip

EN69461.1

30C02 Meloidogyne incognita

AHWO8771
A

Peroxiredoxin Globodera
rostochiensip

10

2.93E126

65.27

2MFM_A

CEP [Meloidogyne haplp

CAM84513
1

transthyretinlike protein 4 precursor,
partial

10

1.56E113

68.41

AHWO8763
1

VAP1 protein Globodera
rostochiensip

10

1.01E80

59.57

AHWO875¢
1

CLAVATAZ3/ESR-related protein
[Globodera rostochiengis

AAR35032]
1

SXP/RAL-2 protein Meloidogyne
incognitd

1.77E25

54.76

AFK76483.
1

Calreticulin

0

79.18

AHX24644|
1

manganese superoxide dismutase,
partial Meloidogyne hapla

6

3.32E50

60.69

AAS82581,
1

Chorismate mutasé/eloidogyne
incognitd

8.08E13

51.18

AAZ29194.
1

Superoxide dismutas&gloidogyne
incognitd

6

2.75E40

62.27

ABNG64198|
1

GlutathioneS-transferase
[Meloidogynencognitg

10

4.23E71

60.62

Q06JG6.1

16D10 Meloidogyne javanica

CAAT70477]

Fatty acid and retindbinding protein

2

(FAR) [G. pallidd]

3

1.92E82

60.13
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100 [ AAK21882.1 beta-14-endoglucanase partial Meloidogyne incognita
a7 CAJ77137.1 cellulase Meloidogyne javanica
e ABX79356.1 GHF5 endoglucanase precursor Pratylenchus coffeae
_SB|—78A858523,1 beta-14-endoglucanase Pratylenchus penetrans

AFI83769.1 cellulase partial Aphelenchoides fragariae

Radopholus similis
Radopholus similis
Radopholus similis
ACJE0676.1 beta-14-endoglucanase Ditylenchus destructor

_SB|:CAC1 2959 1 beta-14-endoglucanase 2 precursor Heterodera schachtii
AAD56393.1 beta-14-endoglucanase 2 precursor Globodera tabacum solanacearum

33 Radopholus similis
4‘_'jRadopho\us similis
83

Radopholus similis

AAN03645.1 beta-14-endoglucanase precursor Globodera rostochiensis

99, Radopholus similis
= I— Radopholus similis

100

Radopholus similis
AAO25506.1 cellulase Heterodera glycines

99 ADMT72857.1 GHF5 beta-14-endoglucanase Rotylenchulus reniformis
100 E Radopholus similis
&2 AJD14760.1 beta-14-endoglucanase Pratylenchus goodeyi

0.20

Figure 3.1 Evolutionary analysis of cellulase genBhylogenetic analysis based on concatenated
alignments of 22 cellulase protein sequences from multiple-pkassitic nematode in clade 10 and
clade 12The evolutionary history was inferred by using mh@ximunilikelihood method with the

bestfit (\ WAG+G+I) substitution model predicted using MEGA Mumbers indicate bootstrap
values. 1000 bootstrap replications were perforrRedimiliscellulase genes are highlighted in red.

Evolutionary analyis wasperformedusing MEGA X.
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A Rsimilis B

Figure 3.2 Venn diagramslisplaying overlapping ortholog clusters sharedRbgimilis.(A)
Orthologous clusters shared betw&ersimilis the potato cyst nematoe rostochiensisnd the
potato rot nematode D. destructor (B) Orthologous clusters shared b&waenilis the oot-knot
nematodeM. haplaand the frediving nematodeC. elegangC) Orthologous clusters shared between
R. similis the potato cyst nemato@e rostochiensisind the human parasitic filarial nematdzle
malayi(D) Orthologous clusters shared betw&ersimilis G. rostochiensigV. hapla C. elegansD.
destructorandB. malayi
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260 Globodera pallida

1 Globedera rostochiensis

Heterodera glycines

p - Ry Iy NS
Radopholus similis

’_ Meloidegyne incognita
e ‘_ Meloidegyne hapla

Ditylenchus destrucror

Caenorhabditis elegans

Figure 3.3 Characterization of species phylogenetic tree: Species tree constructed using concatenated
alignments of 1630 orthogroups with minimum of 75% of species hawigp£opy 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 suhgtins per site.
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Supporting information

TableS3.1 CAZyme repertoire oR. similiscompared to other nematodes
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TableS3.2 PPN effector protein sequences blasted Ritlsimilis

Blasted? Accession | Gene description no. of | E- Sim
No. hits value | mean

[BLASTED | AJR19784.1| esophageal glanidcalized 2 1.12E | 52.75
] secretory protein 16 [Heteroder 12

glycines]
[BLASTED | AJR19771.1| esophageal glanidcalized 1 498k | 77.23
] secretory protein 3 [Heterodera 33

glycines]
[BLASTED | AVA09730. | putative effector protein 5 2.61E |55.71
] 1 [Heterodera avenae] 38
[BLASTED | AVA09729. | putative effector protein 10 3.16E |51.1
] 1 [Heterodera avenae] 152
[BLASTED | AVA09724. | putative effector protein 10 1.51E |61.9
] 1 [Heterodera avenae] 48
[NO- AVA09723. | putative effector protein
BLAST] 1 [Heterodera avenae]
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Table S3.2 (Continued).

[BLASTED | AVA09713. | putative effector protein 7 7.85E | 58.61
] 1 [Heterodera avenae] -70
[BLASTED | AVA09712. | putative effector protein 10 | 2.37E | 65.11
] 1 [Heterodera avenae] -75

[NO- AVAQ9711. | putative effector protein

BLAST] 1 [Heterodera avenae]

[BLASTED | AVA09710. | putative effector protein 10 | 9.22E | 61.77
] 1 [Heterodera avenae] -44
[BLASTED | AVA09709. | putative effector protein 7 3.65E | 50.63
] 1 [Heterodera avenae] -50
[BLASTED | AVA09708. | putative effector protein 1 2.23E | 85.23
] 1 [Heterodera avenae] -79

[NO- AVAQ09707. | putative effector protein

BLAST] 1 [Heterodera avenae]

[BLASTED | AVA09706. | putative effector protein 10 | 5.01E | 65.33
] 1 [Heterodera avenae] -56
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Table S3.2 (Continued).

[BLASTED | AVA09705. | putative effector protein 10 6.43E | 50.49
] 1 [Heterodera avenae] 28

[BLASTED | AVA09704. | putative effector protein 3 7.82E | 52.02
] 1 [Heterodera avenae] 08

[BLASTED | AVA09703. | putativeeffector protein 10 5.97E | 48.11
] 1 [Heterodera avenae] 67

[BLASTED | AVA09702. | putative effector protein 9 1.68E | 49.75
] 1 [Heterodera avenae] 37

[NO- AVAQ09701. | putative effector protein

BLAST] 1 [Heterodera avenae]

[BLASTED | AVA09698. | putativeeffector protein 10 1.29E | 68.94
] 1 [Heterodera avenae] 122
[BLASTED | AVA09697. | putative effector protein 2 6.32E | 60.1
] 1 [Heterodera avenae] 18

[BLASTED |[ADK469/Cat heBpsi n 10 0 66.03
] 1
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Table S3.2 (Continued).

[BLASTED | AVA09696. | putativeeffector protein 8 2.11E |58.69
] 1 [Heterodera avenae] 49

[NO- AVA09695. | putative effector protein

BLAST] 1 [Heterodera avenae]

[BLASTED | AVA09694. | putative effector protein 5 2.33E |51.55
] 1 [Heterodera avenae] 15

[BLASTED | AVA09693. | putativeeffector protein 3 2.16E | 58.92
] 1 [Heterodera avenae] 32

[NO- AVA09692. | putative effector protein

BLAST] 1 [Heterodera avenae]

[BLASTED | AVA09691. | putative effector protein 1 1.22E | 62.61
] 1 [Heterodera avenae] 118
[BLASTED | AVA09690. | putativeeffector protein 7 4.71E | 86.75
] 1 [Heterodera avenae] 162
[BLASTED | AVA09689. | putative effector protein 10 2.27E | 57.14
] 1 [Heterodera avenae] 108
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Table S3.2 (Continued).

[BLASTED | AVA09688. | putative effector protein 10 2.61E |60.8
] 1 [Heterodera avenae] 94 2
[BLASTED | AVA09687. | putative effector protein 10 3.16E |51.1
] 1 [Heterodera avenae] 152
[BLASTED | AVA09686. | putative effector protein 1 251E |69

] 1 [Heterodera avenae] 28
[BLASTED | AVA09685. | putative effector protein 1 2.75E | 394
] 1 [Heterodera avenae] 23 6
[BLASTED | AVA09684. | putative effector protein 1 9.87E |43.1
] 1 [Heterodera avenae] 12
[BLASTED | AVA09683. | putative effector protein 10 6.34E | 57.2
] 1 [Heterodera avenae] 139 2
[BLASTED | AVA09682. | putative effector protein 10 2.00E |65.2
] 1 [Heteroderaavenae] 157 3
[BLASTED | AVA09681. | putative effector protein 7 8.99E | 87.0
] 1 [Heterodera avenae] 161 7
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Table S3.2 (Continued).

[NO- AJR19786. | esophageal glanibcalized
BLAST] 1 secretory protein 18 [Heterodera
glycines]
[NO- AJR19785. | esophageal glanibcalized
BLAST] 1 secretory protein 17 [Heterodera
glycines]
[BLASTED | AJR19782. | esophageal glanidcalized 2.94E | 66.13
] 1 secretory protein 14 [Heterodera 63
glycines]
[BLASTED | AJR19781. | esophageal glanidcalized 3.63E | 49.77
] 1 secretory protein 13 [Heterodera 53
glycines]
[BLASTED | AJR19780. | esophageal glaribcalized 1.15E | 59.29
] 1 secretory protein 12 [Heterodera 50
glycines]
[NO- AJR19779. | esophageal glaribcalized
BLAST] 1 secretory protein 1[Heterodera

glycines]
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Table S3.2 (Continued).

[BLASTED | AHX24637.1| betal,4endoglucanasé, partial | 10 5.95E | 70.48
] [Meloidogyne hapla] -27
[BLASTED | AHX24632.1| calreticulin, partial [Meloidogyng 3 7.49E | 77.39
] hapla] -98
[BLASTED | AHX24628.1 | cathepsin L protease, partial 10 1.21E | 62.19
] [Meloidogyne hapla] -33
[NO- AHA80140.1 | CLAVATAS3/ESR-related protein
BLAST] [Globodera tabacum ssp. 'aztec
[NO- AHA80124.1| CLAVATA3/ESR-related protein
BLAST] [Globodera virginiae]
[NO- AHB30308.1 | CLAVATAS3/ESR-related protein
BLAST] [Globodera virginiae]
[BLASTED | AHZ59334.1 | truncated secreted SPRY 2 4.03E | 58.57
] domaircontaining protein 15, -29

partial [Globodera rostochiensis
[BLASTED | AHW98770. | S-phase kinasassociated proteil 5 1.16E | 58.53
] 1 1 [Globodera rostochiensis] -113
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Table S3.2 (Continued).

[BLASTED | AHW98769. | secreted glutathione peroxidase| 10 3.35E |63.0
] 1 [Globodera rostochiensis] 150 1
[BLASTED | AHW98768. | putative amphid protein 2 2.08e |51.0
] 1 [Globodera rostochiensis] 13 8
[BLASTED | AHW98767. | E9 protein, partial [Globodera | 10 3.58E |63.1
] 1 rostochiensis] 148
[BLASTED | AHW98766. | matrix metalloproteinase 7 3.59E |52.5
] 1 [Globodera rostochiensis] 87 7
[BLASTED | AHW98765. | pectate lyase 2 precursor 10 5.31E |55.1
] 1 [Globodera rostochiensis] 65 5
[BLASTED | AHW98764. | Gr-pell pectate lyase 1 9 1.27E | 52.5
] 1 [Globodera rostochiensis] 41 6
[BLASTED | AHW98762. | betal,4-endoglucanase precursq 10 1.89E | 60.3
] 1 [Globodera rostochiensis] 102 5
[BLASTED | AHW98761. | betal,4-endoglucanase precursq 10 2.44E | 66.5
] 1 [Globodera rostochiensis] 126 3
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Table S3.2 (Continued).

[BLASTED | AHW98760. | betal,4endoglucanase precurs 10| 3.64E | 64.88
] 1 [Globodera rostochiensis] 150
[BLASTED | AHW98758. | secreted SPRYomaincontaining 2| 8.66E | 53.66
] 1 protein 4, partial [Globoder 20
rostochiensis]
[BLASTED | ACO35734.1| RBP-5 protein [Globodera pallidz 2| 5.33E | 47.88
] 14
[BLASTED | ACO35733.1| RBP-4 protein [Globodera pallidz 2| 6.22E| 58.5
] 26
[NO- ACO035732.1| RBP-3 protein [Globodera pallide
BLAST]
[BLASTED | ACO35731.1| RBP-2 protein [Globodera pallidg 2| 8.96E | 49.24
] 19
[NO- AHA80136.1 | CLAVATAS/ESR-related protein
BLAST] [Globodera tabacun
solanacearum]
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Table S3.2 (Continued).

[NO- AHA80119. | CLAVATA3/ESR-related protein
BLAST] 1 [Globodera tabacum tabacum]
[NO- AHB30320. | CLAVATA3/ESR-related protein
BLAST] 1 [Globodera tabacum ssp. 'aztece
[NO- AHB30312. | CLAVATA3/ESR-related protein
BLAST] 1 [Globodera tabacum
solanacearum]
[NO- AHB30307. | CLAVATA3/ESR-related protein
BLAST] 1 [Globodera tabacum tabacum]
[BLASTED | pdb|50EV|D| Chain D, Glutathione synthetase| 10 1.60E | 54.61
] like effector 22 (Gpa5SS22apo) -107
[BLASTED | pdb|SOET|A | Chain A,Glutathione synthetase | 10 7.36E | 50
] like effector 30 (GpaGSS306apo) -73
[BLASTED |[ACH56 2| cat hespska 6&yst ¢10 0 56.58
] 1 proteinase
[BLASTED |[Al C758|serine carboxyp@gh 0 73.97

]
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TableS3.3 Presence or absence of signal peptide and the localization likelihBodiohilis

cellulase genes

Gene_name Localization SignalP (yes or | CAZyme
no)
Cellulase _contig_1188 Extracellular yesi NoTM GH5 2
Cellulase _contig 3276 Cytoplasm No GH5 2
Cellulase_ contig_2108 Extracellular yesi NoTM GH5 2
Cellulase _ contig 6969 Extracellular yesi NoTM GH5 2
Cellulase _ contig 3275 Extracellular yesi NoTM GH5 2
Cellulase _contig_1188 Extracellular yesi NoTM GH5 2
Cellulase_contig_482 Extracellular yesi NoTM GH5 2
Cellulase_contig_2617 Extracellular yesi NoTM GH5 2
Cellulase _contig 2204 Extracellular yesi NoTM GH5 2
Cellulase _ contig_1300 Extracellular yesi NoTM GH5 2
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TableS3.4 Localization patterns dR. similispectate lyases (PL3)

Entry ID Localization Type SignalP
PL3_contig_402 Extracellular Soluble YesnoTM
PL3_contig_1659 Extracellular Soluble YesnoTM
PL3_contig_403 Cell membrane | Membrane | no
PL3_contig_1047 Cell membrane | Membrane | YesnoTM
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AFL48198.1 pectatelyase Ditylenchus destructor
m —— AID59201.1 pectate lyase Meloidogyne graminicola

100 ADNB87334.1 pectate lyase Meloidogyne enterolobii
5 r AALE6022.1 pectate lyase Meloidogyne javanica
86 - AAQO09004.1 pectate lyase Meloidogyne incognita

99 Radopholus similis

Radopholus similis
Radopholus similis

54| 25 Radopholus similis
ABN14272.1 pectate lyase precursor Heterodera schachtii
91 | ACUB4859.1 pectate lyase 2 partial Globodera tabacum tabacum
13 s ACU64864.1 pectate lyase 2 partial Globodera virginiae
98 AHW98765.1 pectate lyase 2 precursor Globodera rostochiensis
9 ACUB4843.1 pectate lyase 2 partial Globodera pallida
8 BAI44497 1 pectate lyase Aphelenchus avenae
BAE48369.1 pectate lyase Bursaphelenchus xylophilus
—ss‘—— BAE48375.1 pectate lyase Bursaphelenchus mucronatus
—_
020

Figure S3.1 Phylogenetic analysis &. similispectate lyase R. similisproteins 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.
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destructor Dd 06105
Radopholus similis

67 pallida GPLIN 000665000
E rostochiensis GROS g05801
o glycines Hetgly. GOO000BE17

—— graminicola NXFT01004283.1.11166 g
43 r~ floridensis scf7180000421475.97019
hapla MhA1 Contig163 frz3.gene44
javanica scaffold1845 cov170.93731
incognita scaffold32878 covB4.g15352
arenaria Scaff66249059645

100

0.050

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 numbeisabstitutions 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 likelihoodhi different compartments. Ideal localization path is highlighted in

red.
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Abstract

The soil and the rhizospheria particular areinhabited bya constellationof organismghat

play important roles imumerous ecological functions, includimgrbon cycling, nutrient
release and plant growth. Despite recent advances in low cost sequencing technologies and the
ecological importance of nematoddsere exists a wide knowledge gap in the microbiomes
associated with them. Additionally, when combined with the host genotypiaatabiome
profiles can provide insights into the metabolic activities taking place in the rhizosphere
(specific to a host e@notype) In this study, we analyzedthe microbial community
(microbiome)associated witthe burrowing nematodRadopholusimilis parasitizing banana

and determinethe functional potential of tlsemicrobes. Our analysis revealed a diveiRe
similis microkiome in the three sampledones (Northern, Southern and Lake}pecially
abundant in proteobacterialThe reported nematodmtagonistic bacteriumSerratia
marcesceng@ppeared prominently in the Northern ahé Southern zones. In contrast, we
found apreponderancef adifferentsoil-borne bactedm, Variovorax paradoxus the Lake

zone samples. IntriguinglyR. similiswas less prevalent in Lake zone samples collected from
banana, indicating a potentialtagonistic interaction. A functional potential analysis of the
microbial community as a whole was also conducted. Although core microbial communities
and similar metabolic pathways were obserirethe Northern and Southern zones, notable

differences in th microbial communities were observed from the Lake zone.
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Introduction

Banana and PlantarfMusa spp. arean economically important staple fooor inore than
100 million people living in the suBaharan Africa (SSAJL]. Tanzania ranks tenth among
the banana producing coues in the world2]. Additionally, in 2017, bananas were the fourth
most produced commodity by the United Republic of Tanzania,raftiee,cassava and sweet
potatoes. Annually, Tanzania produces 3.48 million tons of bd@hnalthough, mosbf this
productionis used for consumption, Tanzanaéong with countries such as Uganda in East
Africa, registered aotal export of 104,555 million tons of banana in the year 2Q2p
Therefore, banana play vital role in the economy as well as tfued securityof a majority

of the populationiving in SSA.

The burrowing nematodeRadopholus similishas been identified in several regions in
Tanzana [3]. R. similisburrows and feeds in the root cortex of banana and numerous other
economically important crops such @grus spp, ginger, black peppecoffeeandavocado

[4]. R.similis infectiondrasttally affects the yield, especially the resource poor nations of
SSA wheremanagementools are limited. Whole genome shotgun sequencing has been
widely used for analyzing the genomes of a variety of parasites in order to undénstand
genomic traitaunderlying parasitism. Recently, genomesRofsimilisisolated frombanana
plantsin CorbanaCosta Rica haalsobeen sequencdd,42). Annotation of these sequences
identified several genegotentially involved in parasitismby R. similis Additionally,
phylogenetic analysis of small subunit ribosomal DNA (SSU rDIdAJ conservedingle

copy orthologous genes IinR. similishave indicatedR. similisis a sister tagn to the cyst
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forming nematodes from thideteroderaand Globoderagenus,revealingimportant clues

regardingthe evolution of parasitisim this cladeof phytonematode,6].

Shotgun metagenomic sequencior whole metagenome sequencing (WMS) has been used
previously to understand the microbiome in food, watetsoil sampleg7]. Anothertool that

has been widelytilized for analyzing microbial communities in a variety of ecosysterh6%

or 18S rRNA amplicon sequencing. However, one of the disadvantages abrmérf
amplicon sequencing is the use of single combination PCR primers (designed to target
conserved regions of thargetgenes), which has been shown to naissnuch asalf of the

rDNA microbial diversityin a given sampl@8]. Additionally, a recent study by Goét al.,

(2016) identified a series of errors and biases inherent in the library preparation step during
amplicon sequencinff]. In contrast, WMS, can be utilized to identify any possible DNA
sequencegprokaryotic or eukaryotic) irrespective of the conserved dl6ES genesWMS

also serves asn upgrade from the conventional culturing and cloning technighieh is
generallylimited to microbes that can be cultured isterilenutritionalmedia.Therefore, this
technique can be used to understand the diverseyl oficrobesoccuringin anyecosystem.

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, andMetaPhlanZ10,11]}

Studies focused on microbial community analysis can providghnhsito microlal groups
that play important roles in plant growthutrient cyclingand pathogen control. Moreover, due
to their shorter life cycle and rapid adafmin times microbes could be an excellent indicator

of changing soil dynamics and soilrzbtions Parasitic phytonematodes creatduits for
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opportunistic microbes such g@athogenicbacteriaand fungi for entry to the host roots
increasing the pathogen burden in the pl&or example, pathogenic inoculum levels of the
rootknot nematodé\l. incognitaalong withthe soitborne bacteriurRalstonia solanacearum
increased the wilting dbrinjal [13]. R. solanacearumvas also found attached to parasitic
stages of the root lesion nematoBe penetrangluring a microbme analysis by Elhadgt

al., (2017)[14]. In another study, the fungal plant pathogen and causal agamigafl leaf
spot,Alternaria alternatawasfound on the roeknot nematodeM. incognita[15]. Parasitic
phytonematodesarryingthe human microkal pathogenEscherichia colhavebeenreporte,

however transmission to host plants has not been extensively stutliede instancdg$4,16].

The goal ofthe currentresearctwas to analyze R. similisassociateanicrobiome(endo and
ecto microbiomelrom three different banana growing regions of Tanzaramely Lake zone
(LZ) (Kagera region), Northern zo(Z) (Arusha and Kilimanjaro region) and Southern zone
(S2) (Mbeya and Ruvuma regiondg)y combiningnextgeneration sagencing technologies
with robust bioinformatic toolswe identified microbial communities in theNorthern and
Southern zonend foundtheseto be differenfrom theLZ community.However, functional
potential analyss of the individual microbial communitie as groups revealed similar
metabolic and biochemical pathways occurring across the three awhieating a common

rhizosphere functional profile, despitecrobial andgyeographical differences
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Materials and Methods
Sample collection, DNA extraction andsequencing

Banana oot samplesvere collectedrom three different zones iflanzaniaspecifically the

Lake Zone NorthernZone and SouthernZone A geogrgphical map showingthe different
regions of Tanzania is provided Fig 4.1. DNA was extracted frolR. similisnematodes
isolatedfrom the roots of thénfectedbanana plantsy TanzaniaBriefly, banana roots were
chopped and macerated, following which the nematodes were extracted using a modified
B a e r maechmiges[43]. Genomic DNA was isolatetom pooled nematode samples,
utilizing the standardaetyl trimethylammonium bromidéCTAB) protocol[44]. Following

DNA acquisition from Tanzania by NC Statiiversity, genomic DNA was quantified using

a Nanodrop as well as a Qubl#s, 46]. Briefly, 1 ul of sample DNA was placed on the
nanodrop pedestal. Foll owi ng t Nhtolse,quadtiieM)Ad wa ¢
and the A260/280 ratio as well as the DNAncentration in ng/ul was determinedNA
integrity using an Agilent TapeStatioand Qubit analysis was performetl the Genomic
Science Laboratory (GSL) at North Carolina State University (NCSU). Samples with DNA
integrity value greater than 5.8 were uid for further sequencing and analysis. Libraries
were prepared usindjlumina TruSeq Nano DNA Library Prep kitollowing manufacturer
instructions After thelibrary premration stepsamples were sequenced at N@SU GSL

using the Illlumina Miseq paide end (2* 300 bp) sequencing technology as per the

recommended protocol.
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Quiality control of reads

A brief graphical schematic of tl@C workflow is provided in Fig 4.2Briefly, demultiplexed

reads were quality checked using FASTQQC]. Following this, overhanging nucleotides in

the 36 end (such a sead@Bwere remaved 89hg the BBMARIIte2tax 3 0 0 b p
reduce any error associated with overhanging nuclecfidjsAfter theinitial cleanup of the
overhangng nucleotides, llluminaadaptes i n t he 36 and 56 ends as
(Phred < 30) weraentified andemoved using the BBMAP software suite. Finally, the reads

were guality checked again using FASTQC to confirm removal ofgjoality reads, adapters

and 36 overhangs.

Assembly, taxonomy, gene prediction and functional annotation

A schematic of thassembly workflowecological diversity analysis and functional potential
analysiss presented in Fig 4.Briefly, in the first step, we usdBlobtools to get an overview
of the diversanicrobial sequences presantthe cleanreads[19]. Blobtools requires tiee
inputs for creating &lobplot: draft genomeassembly, blast outp@nd asortedfile of the
reads aligned against the draft genome asseMi#yperformed théraft assembly using the
lowest kmer (k=31) with the assembler AByg30]. Following this, the assembly was
mapped to the clean reads usBawtie2[21]. This was performed in order to get an overall
idea about the alignment of the assembly with the reads. The SAM outpuBbowtie2 was
converted to BAM using SAMtool22]. Following this, theBAM output was sorted in order
to generate a sortd8lAM file, a requirement for runninBlobtools. For thethird input for

Blobtools,ablast output file, MEGABLAST against the NCBIl ucleotide(nt) database was
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performed with an -@alue set to 125 [23]. All the three generated files were used to run

Blobtools and generateBdobplot.

In the second stage, ecologidalersity classification and functiahannotationof the clean
sequences wegerformed. For this analysigptentialhuman contamination was removed by
mapping the clean readsttehuman genome database uddayvtie2. Following this, Kraken
v.1.0 withDB 2019.06 (archaea, bacteria, fungi, protozoa, viral) was utilized to perform the
ecological diversity analysi§24]. For functional annotation, the clean reads wirst
assembled using multiplerkers with the assembler BGAHIT [25]. After the assembly,
ORFs and genes were predicted in the assembly using the gene predictor Frag@é6gScan
Following this, functional annotation was performed in tseparate mannerin the first
approach, we utilized the BRand genes as input to align againstielutionaryGenealogy

of Genes: Norsupervised Orthologous Groufisgg-NOG) databaseThis was performedin
order to obtain theluster of orthologous groups of protefCOGs). In the second apprach,
we usedthe ORFs and genes as input to blast againdyb& Encyclopedia of Genes and
GenomegKEGG) GHOSTKoala databage7]. For the KEGG GENES, genuysrokaryotes

+ family eukaryotes + viruses were utilized as the database.

Resultsand Discussion

Overview of Assembly

We obtained a total of 26.9 million raw reads after the lllumina sequenemdgrollowing
adapter and low quality read removal, the total number of reads dropped to 26.07 million,

indicating a good sequencing run with lirguality reads. After the assembly with MEGR',
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the total number of contigs for the NZ and SZ samplese~180,000 contigeach Despite

repeated attempts, reads for LZ could not be assembled using ABySS. Several other assemblers
including Platanus [28and SPAdes [29] were also utilized, however a compact assembly
could not be generatetihe 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 avage 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 utiliziBjobtoolsagainst the NCBI nt dabase for the NZ and

SZ samples revealed large percentage of reads belonging to the phylum proteobacteria
(supporting information, fig S4.1 and S4.2). A preliminanalysisof the percentage of reads

with taxonomic classification, revealed significalifferences between the LZ alone and the
NZ-SZ combined sample$if) 4.3). We obtained a good level of read classification in the
super kingdomevel, specifically 72.34% for NZ, 69.89% for SZ and 23.03% for LZ. Of the
72.34% of reads classified in the Mample, 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 re@@34% belonged to bacteria, 0.14% to
viruses and 0.02% aels were classified as Eukaryofdne 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 proteobacteoiaprises o& urique blend of

the largest and phenotypically divergent species within prokary[®@F Moreover,
approximately half of the prokaryotic genomes deposited in the National Center for
Biotechnola@y Information (NCBI) belong to the phylum Proteobacti. Hence it is not
uncommonto find a significant representation of this taxa in terrestrial ecosysidrasext
diverse phylum found in #se 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 tI8% is thelarger representation of the phylum Actinobacteria in LZ
(1.62% compared to 0.3% in NZ and SZ (supporting informattog S4.5). Additionallywe

also noted reads belonging to the phyMenrucomicrobiain the LZ sample(0.44%)anda

lower representatiomf this phylum(representation < 0.01%) the Northern and Southern
zones Members of the phyluiWwerrucomicrobiaare widely abundant in freshwater systems
such as lakes and rivdB2]. Since the LZ region is locatetbser to_ake Victoria,an increase

in these microbes in tHeZ sample isot urexpected TheProteobacterian the three samples
comprised of Alphaproteobacteria Betaproteobacteria Gammaproteobacteriawith an
exception oDeltaproteobacteriavhich was absent in SZ sample. In the NZ and SZ samples,
the occurrence dsammaproteobacteriéNZ-39.89%, SZ38.54%) was highest followed by
BetaproteobacterigNZ-15.04%, SZ13.22%) and Alphaproteobacteria(NZ-12.55%, SZ
13.24%) (supporting informatiorkig S4.6). Relative abundances$ Alpha (8.29%) Beta

(6.69%)and Gamna proteobacterig2.73%)in the LZ sample were lower when compared
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with NZ and SZ, except fdbeltaproteobacteriawhich was 0.33% for LZ and 0.03% for NZ

samples.

In the genus level, largepercentage of read®longing tahe genuserratiawasnotedin the

NZ (21.69%) and SZ samples (18.05%ijg(4.5). In contrast a higher percentage of reads
belonging to the gausVariovoraxwasobservedn theLZ sampleq2.56%) when compared
with theNZ sample 0.92%Kig S4.7).Lower representatiofrepresentation < 0.019%f this
genus was seen in the SZ samplee second largeseadrepresentation in the NZ and SZ
samples was the gen8senotrophomonasyhich occupied.57% of NZ reads and 8.24% of
SZ readsStenotrophomonasas comparatively lowe (representation < 0.01%) the LZ
samples The commonbaderial generanotedin all three samples includ§phingobium,
Achromdpacter and Xanthomonasindicating that theserganismscould be part of a core

microbialcommunitysurrounding the banana rhizosphere durin@asimilisinfection.

In the species level taxonomical classification for the NZ and SZ samples, pattern of
occurrence ofepresentednicrobial speciesrom the highesto the lowest percentagef
classified reads is similar Fig S4.9 and S4.10). The descending order beBwyratia
marcescens,Stenotrophomonas maltophilia, Achromobacter xylosoxidans, Sphingobium
yanoikuyae, Sphingobacterium sp. 21, Sphingobium sp. PAMC28499, Delftia tsuruhatensis,
Novosphingohim resinovorum, Agrobacterium tumefaciens, Agrobacterium rhizogenes
Approximately, 30% of reads in NZ and SZ samples are occupied by the top three species
specifically,Serratia marcescen®Z - 19.52%, SZ 16.16%) Stenotrophomonas maltophilia
(NZ-7.73%, SZ- 7.41%)andAchromobacter xylosoxidafNZ - 7.14%, SZ6.23%).Serratia

marcescenss a gramnegative bacteriurpresentin a variety ofbiological systemssuch as
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soil, water, plants and inse¢83]. Association of the geni&erratiawith nematodes has been
made in previous studies as wigHWi 37]. In the planparasitic nematodeyl. artiellia, an
upregulation of the lysozyme gene was seen in the intestine of juveniles expoSed to

marcescengmplicating S. marcescerss anematodeintagonistianicrobe[38].

In the LZ samplea significantly large portiof the reads belonged to treerobic,gram
negative bacteriupVariovorax paradoxugFig S4.8).V. paradoxuss an endophyte that has
been shown to contribute towards plant growth. Additionallyparadoxs is involved in
symbiotic interactions with other bactef&9]. A strain ofV. paradoxusS110, has also been
recommende as a putative candidate to be used for biological applications such as a pesticide
or fertilizer [39]. In addition toV. paradoxus two other strains o¥ariovorax namely,V.
boronicumulansandVariovorax spPMC12were also identified in theZ samples. Several
members of the gent&ariovorax have been shown to be involved in symbiotic relationships

with plants and other microbg4$0].

Functional annotation utilizing COG analysis

Functional annotation of the predicted ORFsm the entire datasetere conducted using

COG analysis. Briefly, the COG annotations were classified into dategories namely,
information storage and processing (category I), cellular processes and signaling (category 1),
metabolism (category lll), and poorly functional characterized (category V). Catdgorg |

IIl were the most represented in all threaes, followed by category | and finally category 1V

(Fig 4.6). Noteworthy herg 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 logat because, all three zones show significatdhge percentage of
prokaryotc organismsand prokaryotes undergo minimal or no RNA procesdimgategory

Il, genes involved inytoskeletorsignaling extracellularstructuresand rnuclear structurgvere

also poorly represented (<5%) in all three zones. In contrast, genes related to metabolism
(category Ill) such asAmino acid transport and metabolisimorganic ion transport and
metabolism, Energy production and conversion, Carbaltgdransport and metabolism, Lipid
transport and metabolism, Coenzyme transport and metabolism, Secondary metabolites
biosynthesis, transport and catabolism, Nucleotide transport and metalsbieaed a
consistentlyhigherexpression (>20%) throughouttte three sampled zone$ien compared

to other categorig$ig 4.6) The highestepresentatiom category Il were the genes involved

in amino acid transport and metaboligr20%). These data indicate that & microbiome
displays a similarCOG profile (with significant metabolic potentialyrespective of the

geographical location.

KEGG classification

In addition to COG analysis, functional potential was also analyzed tsiKg=GG database

to identify biochemical pathways encoded by the micratmaimunity as a wholePredicted

genes were blasted against a nonredundant set of KEGG genes, to reveal encoded biochemical
pathwaysTotalrelativeabundance of the top 11 catego(i@arbohydrate metabolism, Protein

family genetic information and processjr@enetic 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, Uncléigsl) occupied approximately 82% of the total number
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of genes annotated in the respective zoheshe LZ sample, approximately 35% of the
predicted genes were annotated which Veager than the NZ sample (42.8%) and the SZ
samples (44.4%). We have defindominant genes as the genes with % abundance higher than
3% of total number of annotated genes. Genes involved in carbohydrate metabolism occupied
the largest portio(~12%)of the annotated genes and was dominant in all three saGpless
involved in Protein families: signaling and cellular process and Environmental Information
Processing showeslightly higher representation in the NZ and SZ samples (~11%) when
compared to the LZ samples (~10%)g 4.7). However, genes involved in metabolism
(energy,amino acids and vitamins) showed consistepresentatiorihroughoutthe three
sampledzonesThisresult corroboratesell with the COG analysindingsthat themetabolic
potential ofR. similis microbiomeis similar irrespective of thdisparateyeographical locatian

and microbiacommunities

Conclusion

In this study, weperformeda whole metagenome sequen@nalysisof the microbial
community associated with the burrowing nematdiesimilisduringaninfection inbanana
plants cultivated in three different geographical regions of Tanzania. Preliminary analysis of
thesemicrobial populations revealatbtabledifferences inthe microbial community profile
between the NZ, SZ (combined) and LZ samdferences in theepresentationf several
microbes in the NZ and SZ samples were minimalaivereadabundancd&elonging to the
genusVariovoraxwashigherin the LZ sampleq2.56%)when compared to the NZ and SZ
sampls (<0.01%) Most members of the genuariovoraxconsists of plant growth promoting

endophytes that have been demonstrated tsékilfor biological control of plant pests.
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A significantpercentage foreads in all three zones belonged to the gnagative phylum

0 Pr ot e o blaableanong éhérepresentation offramnegativeprotedacteria, is the
least relative abundance (<0.01%) of theugSerratiain the LZ samplén comparison to the

NZ andSZ samplesSerratiais a ubiquitous genusccupying avariety of ecosystems like soil,
water etc. Théow representationf this genuss well as the loer classificationof microbial
communitiesin the LZ sample(in comparison to the NZ and SZyight indcate two
possibilities. First, th&®. similispopulationgresent in the banamgowing regionsn thelLZ
region, hae developed a unique microbiome as a characteristic of niche specialization which
is devoid of certain commonly occurrifgacterialorgansms such aSerratia marcescens

This microbial community has achieved normal/comparable levelmetabolic and
biochemical activity by replacingommonly occuringoot microbes withunique microbes
performingsimilar functions Second, th&Z samplesnightbecomprisel of novel organisms
which have hitherto beeancharacterized in common microbial databases such as NCBI.
Noteworthy here, is thegeographicalproximity of the Lake zoneto Lake Victoria. Lake
Victoria is one of the largest freshter lakes in Africa spanning around 68,800 dan. The
proximity of this banana growing region (LZ) to Lake Victomaight explain thepresencef
unusualnovel microbesin the Lakeregion which could be entering this zonethrough
irrigation channels atwaterpipelinesCOG andKEGG analysis of the three samples revealed

a significant number ajenes involved in metabolpathways. 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 despmeinimal differences inthe R. similissbanana microbiome
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species complementhe metabolic andiochemicalpotential of the microbes appear similar,
irrespective of the distinct sampled ecological zoragure studiesvhich correlates the
nematodehizosgheremicrobiome, soil microbiome, host genotypest phenotypand PPN
occurrence can shed light into thwulti-facetedprocesses occurringuring ahostnematode
interaction Ultimately, these studiesanhelppinpointspecific group/groups of microbes that

could be utilizedhs 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 8,750928 9,806,930
Clean reads 8,121,368 8,465,176 9,490,966
Assembled contigs 699,680 181,067 178635
Largestcontig length (bp) | 213,079 319,788 540,049

GC (%) 56.22 58.13 58.69
ContigN50 (bp) 1,043 3,342 3,178
PredictedORFs 746,302 252,075 254,070
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Supporting information

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

Sample Name DIN value Concentration (ng/ul)
LakeZone 5.8 27

NorthernZone 6.9 44.3

SouthernZone 6.7 118

162



100% 100%
85.09%
80% 80%
67.78%
60% 60%
40% 40%
20%1{ 12901% 20% 15.45%
182% 049 012 019 .
0% - | 0% - - > (mzvnb 0.01% 0.0 /eb omm@ ooo%b 0005
< N
& & & & & & & 55 & 5 &
& & 5 55 < & & & & &
& & & ¥ A & & o &
& & <& & & Bl &
S &
o D
& K
0{‘

Figure S4.1Bowtie2 alignment results ar®lobtools results for Northern zone samples.

163



100%
80%
60%
40%

20%

0%

12.51%

87.49%

100%
80%
60%
40%

20%

0%

67.19%
19.55%
0.72% 0.02% 0.01% 0.01% 0.00% 0.00% 0.00%
< ﬁ: & ® 2 & & I &
& béz ta & o & & {,\“z &
& " N & R & @ &
& & W & i & &
5@ & 5 ol & °
q<° <F ) o ©

Figure S4.2Bowtie2 alignment results ar®lobtools results for Southern zone samples.

164



Figure S4.3Tapestatioranalysis results and quantification before sequencing. lLlatider. Lake

zone =Lz, Northern zone=Nz, Southern zone=Sz.
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Chapter 5: Conclusion
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Plantparasitic nematodes (PPNs) are a huge agronomical burden worldwide. Because of the
polyphagous nature ofianyPPNs, conventional management strategies such as crop rotation
might not provide a reduction mematodg@opulation(Chapter iseecurrentPPN management
strategiels Currently, technologies that analyze genome and transcrignatgsesre being
heavily exploitedto understand fundamentdéterminentof host parasitism across a wide
gamut of plant pathogens. SinEe similisis an economically importantjuarantine pst
evaluating the genomic basis of parasitismy aid in identifying important parasitism
markers, which can be utilized to develop valuable diagnostic tRolsimilispossessea
genome size of65Mbp coding forapproximately 18000 genes. Functional annotation studies
showed that genes involved in a variety of biochemical pathways, RNAi pathwalaaed
pathwayareconserved ifR. similiswhen compared to the fréi®ing nematodeC. elegansand
other PPNgChapter). Significantly, an mportantobservatiomoted during our analysigas

the occurenceof a nearly completadauer pathway in R. similis when compared with
Caenorhabditiselegans This observation was also noted during transcriptome analysis by
Huanget al, (2019) The presence alauergenesaloneis not indicative of an activdauer
pathway however the transcriptome data supports a potential functmctional
characterization studies, such as utilizing knockdown mutdith®se dauer genean provide
aclearpicture of the trueole of these genes R. similis In this context, it is important to note
the close relationshighared byr. similiswith the cyst nematodes belonging to theterodera
andGloboderagenus. In the phylogenéic studiesof single copy orthologand several key
parasitism genes, the migratory PRNsimilisis shown as sister taxon bthe sedentary cyst

nematode¢Chapter 3)It is alsowell-known that cyst nematoaggs can remain in a staik
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dormancy for decades during unfavorable conditi®@wsthen the question arisesiow did

the trait for achieving dormancy evolve in one group of PPNs and not the e8pacially
considering their close phylogenetic relation8hyoteworthy, is thenfluenceof longterm
intimate associatiorof sedentary endoparasitic nematodath the hostsuch aghrough a
feeding sitdormation gyncytiain case of cyst nematoddsat has keredthe biology of the
nematodg(in this case, the globoshapeof the female cyst nematode as opposed to the
vermiformR. simili§. Therefore, in the future studies, it wouldusefulto aralyzeeffectors
common betweethe sedentary and migratory PPNs to hdifferentiatethe core effectors
involved in sedentarys. migratory endoparasitisnPAnotherimportantdeterminentfor the
evolution of plant parasitisin nematodess the acquisition of multiplenicrobial genes
through horizontabr lateral gene transfer events. These geneisitipn event€ombined with
disparate gene loss evertiave also helped shape the backbone of plant paragitism
nematodesSeveral PPNs also harbor prokaryotic endosymbionts that have been demonstrated
to be vital fornematodeeproduction and parasthn. Intriguingly, interaction with microbes
(antagonistic), is also a strategy harnessed as a tool for managing severaMeRiNalyzed
theR. similismi cr obi al communi ty ddarohgRi dinsli§infettionofc t | o n a
banana from three differentbanana growing regienin TanzaniaThe reported nematode
antagonistic bacteriurerratia marcescenappeared prominently in the Northern and the
Southern zonesn contrast, we found &rge percentage of reother soil-borne bacteria,
Variovorax paradoxus the Lake zone samplddotably, R. similiswas less prevalent in Lake
zone samples collected from banana, indicating a potential antagonistic inter8etreral

species oVariovoraxhave already been shown to provide plant growtimptong properties
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Future studies, which analyze and correthéeoccurrence afeveral species &fPNs (not just
R. similis) with host genotypephenotypendassociateanicrobiomemay shed light into the

true role of these organisms in the rhizosphere.

Despite the enormous reseafoleused orbiological organisms for plant pathogeantrol,

very few have beesuccessful andommercializedAdditionaly, the increase in food demand,
humanpopulation, plant diseases and erratic weather patéemess the globe, fia forced
growers and researchers to look for alternate strategies for crop protection. In this castext, it
important to note thextensiveutilization of agrchemicals for crop protection. However,
increased dependence on thesechgmicalshasalso led to increased groundwater and air
pollution, pesfpathogerresistanceand reduced natural enemies of these pathodeeso
norttarget effectsAs the demand fomagrichemicalshas grownconsiderablyover several
decades across thengk, researchers are now focusing on designing sustainable matrices for
the optimized release ofhese agrichemicalsn order to enable more precise and
environmentally safe application¥his would aid in increasing the bioavailability thiese
agrichemialsand thereby provide longer and sustained crop protedtmaddress thipoint,

in vitro trials withtwo types ofdelivery matricesvereconductedin the first set of experiments
(Appendix A),nanofiber matgarrying pesticidespecifically fungicideand nematicidevere
tested Mycelial growth inhibition assays with the fungicidduopyram, demonstrated the
ability of the nanofibers to release the fungicide efficie{tigducedradial growth of
Alternaria lineariae mycelial plug3, when compared to untreated nanofibénsaddition,
onset of paralysis inthe freeliving nematodeC. eleganswas observedwith Abamectin

(nematicid¢ loaded nanofibersvhen compared tabsolute control (no nanofibers, no
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Abamectin) and nanofibers onlyafirming the ability of these nanofibers to releasan
agrichemical (Fluopyram okbamectin) efficiently. Lab trialswere also conductegith C.
elegandn order to gauge the efficiency ofignocellulosicbiodegradable matrigmadefrom

the pseudostem dfanana plants) to deliver Abamec{isppendix B) Preliminarystudies
showeda gradual onset of nematode paralysislicatinga controlled release @&bamectin
Our resultsdemonstratethat both, nanofibers and the lignocellubosnatrix, could be
promising platforms for sustained delivery of agrichemica3ur goal is to employthese
technologesin growerfields infected withR. similisor other plartpathogensThesedelivery
matrices can be used to wrap seed pigsesh asanana corg) or coat seedss(ich ablack
pepper)before planting, thereby providing a crucial layer of protection to the germinating
seedlingrom plantpathogensThe combination ofjenomis and metagenomswith cutting
edgesustainablenanagemenethnologiesvill ultimately pave the way to a greener & cleaner

future.

180



APPENDICES

181



Appendix A: Electrospun Polymer Nanofibers as Seed Coatings for Craprotection

Published inACS Sustainable chemistry & Engineering

Citation:

Farias, B. V., Pirzada, TMathew, R., Sit, T. L., Opperman, C., & Khan, S. A. (2019).
Electrospun Polymer Nanofibers as Seed Coatings for Crop Protection. ACS Sustainable

Chemistry & Engineering, 7(24), 19848856.

182



Abstract

Ineffective delivery of pesticides leads to multiple application cycles of active ingredients (Al)
resulting in increased cost while endangering the environment via soil, water and air
contamination. ldrein, 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 Als. CDA is used as the polymer of choice becafises good
electrospimbility, low water solubility,and eventual biodegradability. Nanofibrous coatings

are directly electrospun onto soybean seadd show no deleterious effects on seed
germiration 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. Al release studies displasgioav and sustained Iease of both
abamectin anfluopyramfrom the nanofibers, with abamectin exhibiting a slower release due
to its more hydrophobic nature and possibly stronger interaction with CDA. Functional
performance, tested using fluopyrdoaded nanofibers in an vitro fungal assay against the

plant pathoger\lternaria 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 alternativagibrm 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 deozalesehsf

the constantly expanding world population and the concomitant increase in food
consumptiort:> One of the major factors affecting food availability is reduced agricultural
productivity caused by plant diseaséa/orldwide, approximately 16% of crop yield losses

are caused by plant pathogéisConsequently, one of the biggest challenges for modern
agriculture is to maximize crop yield through judicious use of pestiedddertilizers in an
ecofriendly manner. However, indiscriminate use of these products can result in pathogen
resistance, reduction of soil biodiversity, and other undesirable side éffeBlisect
application of agrochemicals often causes leaching to groundwater ttsutate application

fast evaporation and runoff, necessitating their frequeappleation?’ 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 encapsulatéigéss in order to improve germination and
plant establishmerit® Typical industrial standards for seed coatérgail use of fluidized

bed or a rotary coater to achieve a film coafimghich have the possible limitations of low
water permeability and reduced exchange of gaSiaker approaches, albeit smadlale and
sciencebased, are therefore being examined and include the use of laboratory mixers and
shaker§?? and seed molding)*® Recently, coating seeds with electrospun nanofibers of

various polymers were also investigated as an alternate appfdéch.

Electrospinning is a simple and versatile approach taym® nanofibers from polymer
solutions by applying an electrical force, resulting in fibers ranging from a few nanometers to

500 nm in diametef®?°Nanofibers are being consideffed a wide range of applications from
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batteries’! to tissue engineeridg®>and protective clothings:>*Due to their high surfaet-
volume ratio, high porosity and tunable release ¥até2>nanofibers have become attractive

for agricultural applications, such as sensors for pesticide detétpontective clothing for

farm workers’® and encapsulation of biocontrol agents oroagjemical material$. When
compared to conventional film coatings, polymeric nanofibrous coatings are superior in terms

of water permeability, gaseous exchange, and lack of residual sblvent.

Krishnamoorthyet all* have created a polyvinylpyrrolidone (PVP) coating incorporated with
urea (fertilizer) and cobalt nanoparticles (micronutrient) to coat cowpea seeds via
electrospinning andipl 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 saméayroup,
blend of PVP and poly(diethoxy) phosphazdpi4) was used to fabricate nanofibers for seed
coating. Although their rationale to u$d”Z was to improve the retention of the active
ingredient, the expensive natureRIPZis a barrier to the exploitation tfiese systems for
broad scale applications. Recently, Hussdial!’ have successfully coated canola segds
electrospinning blended PVA (polyvinyl alcohol)/PVP nanofibers plasticized with glycerol
containing a microbial consortium. They have shown that the seed coating was aipi®ve

the bioinoculant effectiveness in the rawil 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 #utive ingredientThese 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 deliveagtofe 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’® 3! In addition, CDA is soluble in a wide range of solvents and easily
electrospinnablé A significant advantage of CDA when compared to other polymers used
for seedcoatings such as PVA and PVP, is that it is hydrophobic in nature, as can be seen in
its structure shown in Figurd.1l. This characteristic makes theesl 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 ahelntintic which has a strong activity against
certain arthropods and a broad spectrum of nematodes and shows low toxicitytaogebn
organisms. However, application of Abm is limited by poor soil mobifyTherefore,a
delivery system that can release it in a slow and sustained way can ensure its effective
application. Fuopyramis a succinate dehydrogenase inhibitor fungicide, which has also been
proven to be a very successful nematiéff&,and while it shows moderate soil mobility,

efficacy could be augmented by a séehtment delivery.

In addition to using a hydrophobic polymer for sustained release and examinirg weabl
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 intjeats 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 genatiion. 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. witbgeeeof
substitution of 2.45 and acetyl content of 39.8% were used as received. Reagent grade acetone
(99.5%) (Ac), reagent graddimethyl acetamidg99%) (DMAc), anhydrous acetorile

(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 tiseaighout the
experi ments. Soybean seeds (cultivar OWi I | i
(NCSU Agriculture Extension Service). For fungal assays, the Acidified Potato Dextrose Agar
(APDA) consisted of PDA and 85% lactic acid. The PDA was sag@gly Becton Dickinson

and 85% lactic acid was supplied by Fisher Scientific

Preparation of nanofibersvia electrospinning and seed coating

A 5 wt.% (w/w) solution of the active ingredient (either Abni-g) was prepared in acetone.
Then, DMAc was addeith order to have a final ratio of 2:1 AaMAc. CDA flakes were then
added to this solution to obtain a final concentration of 11 wt.% QIs. concentration for

CDA was chosen after investigating a range of concentrations and finding the point where we
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obtained defecfree 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® The solutions were left under magnetic stirring overnight. CDA solutions
free of active ingredierwere 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 higbltage power supply, flow rate of 0.5 mL/h of the
polymer sdution loaded in a 10 mL syringe with a metal hub needle (22 gauge) placed on a
precision syring@ump,and tipto-collector distance of 15 crit.should be noted that changing
electrospinning condition can lead to different nanofiber production raten@jptiy 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 coatinhe nanofibers were collected on aluminum foil placed on an
aluminum collector plate connected to the groundedteide. The electrospinning process
was performed at ambient temperature and at 45+3% relative huriidéyfinal content of

active ingredient in the electrospun nanofibers, after solvent evaporation during
electrospinning, was 21.5%. This corresporadart average of 0.034 mg of active ingredient

per seed, assuming ehdur coating, substantially lower than commercial entifles.

To coatsoybean seeds directly with the nanofibers, the electrospinning setup was mounted
vertically (Figure .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 nanoféeranually turned

and rotated their positions on the collector plate every 20 minutes.
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Solution characterization

Steadyshear experiments were conducted on all the solutions used for electrospinning on a
Discovery Hybrid Rheometer (DHR3) from TA Instrume(tlew Castle, DE) using a 25 mm,

1° coneandplate geometry and a solvent trap, with shear rates ranging from 0.1 td.200 s
The experiments were performed at room temperature and the standard error is below 10% for

all the solutions tested.

The conductiity 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 Angstroms goniometer. An average volume of 5 pL of
ead solution was used to determine surface tension. The experiments were coatRiEt€d

and performed in triplicate for each solution.

Nanofibers and coated seeds characterization

The surface morphology of the nanofibers (nanofibers only, nanofibersircngt@Abm,
nanofibers containingrlp) was observed by field emission scanning electron microscopy,
FESEM (Verios FE1). Since our polymer is poonductive, the samples were sputteated

with a 10 nm thick layer of golgalladium, and the acceleration tage 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 incorpggedawere tested by measuring the water
contact angle of a i droplet of water on the nanofiber mat with the help of a First Ten

Angstromgyoniometer.
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Laser scanning images and surface profile of the seeds coated with the nanofibers were taken
with a Keyance Confocal Laser Scanning MicroscopekKX1100 at 5 times magnification

while the data was analyzea 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 witimigDA
nanofibers (free of any active ingredient). We coated seeds on only offesdid®ated seeds)

and also on both sides (entirely coated seeds) for different time intervals, for a total of six
conditions: 60 min hal€oated, 90 min haifoated, 2 hours hatfoated, 2 hours entirely
coated, 3 hours entirely coated, and 4 hoursenttoated. For eaatondition,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 towadse then placedth a 500 mL beaker

filled about 1/3 with deonized 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 performeeifor sev

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 mahat 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
intervalsranging 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 acétamitfully
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
guantification of Abm and Flp was done through HRgrformance Ligid Chromatography
(HPLC). A Phenomenex, Kinetex§tolumn was used to analyze the samples at a wavelength
of 245 nm; while a 50:50 mixture of deionized wadeetonitrilewas used as the mobile phase

using Isocratic Elution mode.

Bioavailability of Abm baded nanofibers was measured usragnorhabditis elegan&C.
elegan} 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 efficacyf the nanofibers containinglp in reducing the mycelial growth of

the fungal plant pathogerlternaria lineariae, we performed 16 dalpng in vitro fungal
assays. First, 20 mL of sterilized fgirength acidified potato dextrose agar (APDA) was
poured nto polystyrengetridishes 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

diameterAlternaria lineariae mycelial plug at a 2 cm distance from thenofiber disk (as
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shown in FiguréA.7a). The following treatments were performed: untreated control (mycelial
plug only), untreated CDAanofibersCDA nanofibers containinglp, filter paper containing

Flp, and untreated filter paper. Based on the amouripafontained 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 replicatesp@tiadishes were sealed with
Parafilmand randomly placed on a tray at room temperature under 12 hours light and 12 hours
dark conditions. Starting on thd @lay after the start of the experiments, dates recorded

every two days by taking correspondingtpres and conducting radial growth measurements.

Statistical analysis

The radial growth data obtained from the fungal inhibition assays was analyzed in Minitab 19
software by onavay Analysis of Variance (ANOVA) assuming equal variances for the
analysisTukeyb6s method with a 95% confidence | e

whether the difference between a pair of treatments was statistically significant.

Results and Discussion
Nanofiber morphology

The SEM images of untreated CDA nanofibers, Abm incaifgor nanofibers anélp
incorporated nanofibers are shown in FigAr2. Fibers from all the samples appear smooth
and defecfree. The size distribution of the nanofibers can be seen on Figugedd the
supporting information while the fiber diametestsown in TableA.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 andFlp incorporated nanofibers, respectivaBonsideringhe standard deviation shown

in Table A.1, the fiber diameter®f 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 3.2 in wpporting 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 (Tabfel; Figure $.3 of supporting information).

TableA.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 visceity 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
conductiviy 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 194941 This phenomenon holds true in our case as we observe almostadwarease

in the conductivity of CDA solution &dr 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 germinatio 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 Figarers
the supporting information. Optical images of uncoatadl tvo-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 unt@iafedanofibers

for 2, 3 and 4 hours, using a confocal laser microscope. Corresponding depth profile images
and graphs are displayed in Figéxd. Itis apparent from the figure that the difference in the
depth profile correlates qualitatively with th@dkness of the seed coat. i.e., 988 thick

coating for the zhour coated seeds and a 1,488 thick coating for 3 hour coated seeds. 4

hour coated seed, on the other hand, displays a depth profile ofrinR@fich is less than

that of the 3 hour coated seed. However, one important point to consider here is that the laser
cannot penetrate throbgpaque 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 poart$stow

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 freedtandt anywhere on the
collector. Since the seed surface is not flat, as revealed in the 3D image dfahecdated

seed in Figuréd.4b the depth profile images also give the impression that the coatings are

thicker on the center (based on the scals)bavhich 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 observihat the coatings are all smooth and there is not a large difference in the highest
and deepest point shown on the graphs displayed in FAgdes f and g. When compared to

each other, we can conclude that the longer the coating time the rougher agrdhieicoating

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 othersoatesl completely (fully

2, 3 and 4 hours). After 7 days, all seeds exhibited a germination rate of 90% or higher (Table
A.2, FigureA.5). These results suggest that the coating does not prevent the seeds from
germinating independent of the conditions duger coating the seeds e.g., hatfated 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 uncoatedseedsed

seeds. The fact that unifortyiand 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 aré&!® most have not investigated the role of the coating
thickness and area of coverage on seed germination. Hussairt’ etoabucted a pot
experiment to idenfly the role of the seed treatment, in particular if the micredmalapsulated
seed coat enhanced germination and health of the plant. However, theolabde nature of
the electrospun fibers compromises the result and further impedes exploringrthalafimn

for longer term sustained release of active ingredient in moist agricultural soils.
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Active ingredient release fromfiber mat

After confirming that the thickness of the seed coat does not affect the seed germination
process, we investigated thelgase 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 cropThe resultant release profiles of Abm angd ffom circular nanofiber

disks are shown in Figurds6a andA.6b, respectively and sample chromatograms are shown

in Figure .3 of supporting information. The percent active ingredient release displayed in
the figures was obtained as a ratio betweeratheunt 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 reggtive nanofiber disks contained averagd.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 homogeistastizbn

of the active ingredient based on the small error observed between measurements, 7.2% and

8.6% for Abm andFIp, respectively.

Figure A.6 showsthat the nanofiber mats exhibit sustained release of the respective active
ingredients over time, witno indication of burst release. While comparing the release profile
of both active ingredients, we observe that Abm is being releaseaténmuch more slowly

thanFIp, releasing only 5.5% of its total content after 2 weeks WHpereleases 25% of its

196



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 hadf distmeter of the nanofibers
containing Abm (~242 nm). Thinner fibers have been linked to higher release rates, as has been

observed by Siafaka et &lfor the release of teriflunomide fropoly lacticacid fibers.

The second factor that may be influencing a higher release of Flp stems from Abm being
significantly more hydropHaic thanFlp, with water solubility of 1.21 mg/3 versusl6 mg/L*

for fluopyramat 25°C. This could lead to stronger interactions of Abm with CDA. The effect

of hydrophobicity was confirmed by water contact angle measurements, thbeapparent

water contact angle for the fiber mat containing Abm (138.2°, Figufk) is higher than the

one for untreated CDA nanofibers (128.3°, FigAréa). Interestingly, the water droplet gets
immediately absorbed on Flp loaded nanofibers (Fighgc), 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 wédhown fact that the presence of air pockets under the
water droplet render a surface hyplhobic?® 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 theofmation of air pockets, increasing their hydrophobicity. Wicking
experiments, shown on Figurd$ of the supporting information, demonstrate higher water
absorption capacity of the CDA nanofibers containing Flp, which is consistent with the

behavior obseved 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 polyiiéfs®that dissoles 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 weeksl drying them under vacuum at 45°C
overnight. SEM images of the fibers (FigukeBae) 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 wanttlctive seed coating to be maintained for at le&st 5
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 moréharsh 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, CbAbm and CDAFIp were measured to be 364+110,
2661100 and 158+42 nm respectively. Similar behavior of fiber structure retenti@Edhd
images has been observed for crosslinked PVA nanofiber impregnated with enzymes upon

exposure to soeak test.

Effectiveness of fluopyramincorporated nanofibers

To estimate the bioavailability of the active ingredient, we explored the efficagypof
incorporated nanofibers through a fungal assay usitegnaria lineariae as a modefungal

plant pathogen. Figu.9a shows the setup of the experiment, with the mycelial plug placed

198



2 cm apart from the nanofiber disk while FigureSb and displaytheradial 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 filb@per impregnated with the same amourklpf

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 replates seed treatment, while simply spotting the FIp would mimic an

in-furrow application, not a seed treatment.

Samples containing Flp loaded nanofitgtewedsignificantly smaller radial growth than that
displayed by the controls. The difference in ragralwth 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 forhe nanofibers containing fungicide versus ~7.5 cm for the controls.
Statistical analysis on the radial growth of the different treatments was performedvdlbe p
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 predictedi&e of 93.7% indicates

that the model generates precise predictions for the studied groups.

Preliminary bioavailability experiments conducted for Abm loaded nanofibers @ing

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/AS1-SA.4 and Figure A.7 in supporting information).

Conclusion

We hawe 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 fentiEm
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 germinatiahthe 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 incase (>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
comparedo Flp. A high water contact angle value for a GBBmM fiber mat as compared to

a CDAFIp fiber mat provides further evidence of the suggested interactions.

Compared with the existing seed coating technologies, we present an alternative and effective
seedcoating approach by electrospinning active ingredient loaded CDA nanofibers directly
onto soybean seeddecause CDA is hydrophobic in nature, the nanofibrous mat was able to
maintain its integrity in moist environments without hindering seed germinatitich 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 nanofiberddigiri on the seed surface
(fully coated or half coated) does not negatively affect seed germinahiese results together

with the fungal inhibition assays, demonstrate that these coatings are suitable for sustained and
localized delivery of different aive ingredients.Further studies could include the
investigation of the maximum loading capacity of active ingredients in the electrospinning
solution to optimize seed coating effectiven&ew release of the active ingredient from the
seed coat is aosteffective and environmetitiendly 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 soilefdrkerthis
method has the potential of increasing crop yield by inhibiting the propagation of pathogens
during the early stages of crop establishment. The proposddestdly coating approach has

the flexibility of being used for various type of actiimgredients including nematicides,

fungicides and/or nutrients.
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TableA.1. Fiber diameter and solution properties for untreated CDA and CDA containing Abm or

Flp.

Untreated CDA + Abm CDA + Flp

CDA
Fiber Diameter (nm). 335+ 81 242 + 162 129 + 98
Zero-shear viscosity 2.97 £0.16 2.88 £0.20 2.65+0.23
(Pa.s)
Surface tension (mN/m) | 33.47 £0.70 | 34.38 £0.22 3453 £0.13
Conductivity (uS/cm)A | 17.16 £0.13 | 19.38 + 0.28 +0.69
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TableA.2. Germination rate measured byagdolltest. Results obtained after 7 days on different
coating conditions.

Coating Uncoated | Half Half Half Fully | Fully 3 | Fully 4
conditions 60 min |90 min | 2hrs | 2hrs | hrs hrs
Germination | 90% 100% | 100% | 90% 90% | 90% 100%
(%)
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FigureA.2. SEM micrographef: a) untreated CDA nanofibers; b) CDA nanofibers containing
abamectin (Abm); ¢) CDA nanofibers containing fluopyram (FIp).
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Figure A3. Optical images of uncoated vehdurs coated seeds. The coat consists of nanofibers

directly dectrospun on to them.
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FigureA.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 aysmdispl
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 hduB hour and g) 4 hour

coated seeds.
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FigureA.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, wheoan see the nanofibeoat still
Afencapsul atingdo the seed shell
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Figure A7. 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 (FIp).
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Figure A8. SEM micrograph®f nanofibers befre and after soaking in water for 2 weeks:
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; eCDA nanofibers containing fluopyram (FIp) before water soak; f) CDA nanofibers
containing fluopyram (Flp) after water soak.
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Figure A.Q a) Fungal assay setup with tAiternarialineariaemycelial 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 R.1. Electrosinning 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 electrospipmotgss as the seeds are

getting coated with a nanofibrous web, they are manually rotated periodically.
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Figure R.2. Fiber diameter distribution determined from SEM images using ImageJ for: a) untreated

CDA nanofibers, b) CDA nanofibec®ntaining abamectin (Abm), and ¢) CDA nanofibers containing

fluopyram (FlIp).
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Figure $\.3. Viscosity as a function of shear rate for the different polymeric solutions used in this

study: CDA only, CDA with abamectin, and CDA tvitluopyram.
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Figure $\.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, €) 5 hours, f) 24 hours, g) 72

hours, and h) 2 weeks.
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Figure $\.5. Sample chromatograms obtained via HPLC for the release studies of fluopyram loaded
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To test the wicking behavior, nanofiber matsrev cut into 12 mm by 50 mm strips and
immersed 1 mm into an infinite water reservoir, as described elseWkeswicking height

was measured with a ruler every minute for 10 min. Teiewtas performed in triplicate.
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Figure A.6. Wicking height over time of the CDA nanofibers (untreqtdeck squares)containing

abamectir(red circles) and containing fluopyrargblue triangles).
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Effectiveness ofabamectinincorporated 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 graggative bacteriurischerichia colstrain

OP50 was incubated overnight in &@7ncubator shaker. Following this 100 ml of freshly
prepared sterilized M9 buffer (3 g of KPIQs, 6 g of NaHPQ4, and 5 g of NaCl and 1 ml of

1M MgSQGiin 1 L of deionized water) was mixed with 10 ml of overni@f#50E. coliculture

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, 950ul oftds 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 spéc time period, the nanofiber mats were removed from the
treatment wells using sterilized forceps. About 100 mixed stages of model ne@abeigans

wild type strain N2, wre washed off nematode growth media plates:{RQs (1M stock
solution), KHPQs (1 M stock solution), NaCl, bacto peptone, 1L deionized water, M&EO

M stock solution), CaGl(1 M stock solution), cholesterol stock solution (5 mg/mL in ethanol))
using M9 buffer and were added into each well. Six technical replieassincluded pe
treatment. Observations in a singliended 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 ratalg were as follows:
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Rating scale

0 i All nematodes moving
1 71 1-24% paralyzed
2 1 2549% paralyzed
3 1 50-74% paralyzed
4 1 7599% paralyzed
5 T 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 observé after 1 and 24 hours (Tabled.3, SA.2, SA.3 and &.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 untoedted
(average rating = 0.82). The differences in the treatments are also visually demonstrated in
Figure .7 with straight dead worms (paralyzed nematodes) seen in abamectin treatments
(Figure $\.7c) compared to the wavy worms (live nematodes) irctmgrols (Figure 8.7a

& SA.7h).
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Experiment 1

Table $\.1. Nematode motility ratings after 1 hour for nanofibers soaked for 1 hour

Sample | Sample | Sample | Sample | Sample | Sample

Category 1 5 3 4 5 6 Average
untreated | a3 | 066 | 033 | 066 | 066 | 06 0.55
control
Nanofibers 1 1 1 1 1 1 1
only
Nanofibers
+ Abm 4 4 4 4 4 4 4
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Table \.2. Nematode motility ratings noted after 1 hour for nanofibers soaked for 24 hours

Sample | Sample | Sample | Sample | Sample | Sample

Category 1 5 3 4 5 6 Average
Untreated 133 1.66 1.66 1.33 1.66 1.33 1.5
control
Nanofibers 166 1.33 1.66 1.33 1 1.16 1.36
only
Nanofibers 5 466 4.66 4.33 4.66 5 4.72
+ Abm
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Experiment 2:

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

Sample | Sample | Sample | Sample | Sample | Sample
Category 1 5 3 4 5 6 Average

Untreated 033 0.66 0.83 05 0.83 1 0.69
control

Nanofibers 0.83 1 0.66 1 0.5 0.66 0.77
only

Nanofibers 433 416 4.33 4 4 4 4.13
+ Abm
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Table \.4. Worm motility ratings noted after 1 hour for nanofibers soaked for 24 hours

Sample | Sample | Sample | Sample | Sample | Sample
Category 1 5 3 4 5 5 Average

Untreated 133 133 1.33 1.33 1.33 1 1.27
control

Nanofibers| 53 | 133 | 133 | 133 | 133 | 166 | 138
only

Nanofibers 5 5 4.66 5 5 4.66 4.88

+ Abm
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Figure 3\.7. Digital images ofC.elegan®ne hour after placement in the wells containing (a)
untreated control (b) CDAnNly nanofibers and (c) Abm loaded CDA nanofibers.
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Abstract

Controlled release ana@rgeted delivery of agrochemicals is crucial for achieving effective

crop protection with minimal damage to the environmé&#. pr esent an 4 nnova:
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Introduction

Worldwide awareness for the conservation of natural resources is leading to the use of various
nonwood plant fibers as alternatives to wood pulp in the manufacture of paper and
paperboard'* Materials deived from noAawood plants (also known as lignocellulosic
materials) primarily consist of three important components: cellulosBd3&, hemicellulose
(20-35%), and lignin (1€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 plgh#Smong various noiwoody plants, fiber
removed from the banana plaMysa spp is found to consist of a comparatively higher
content of cellulose (484%) with a low amount of lignin (63%).® Bananas are alsté

worl dés most exported fresh fruit (US$ 10
plantains) reaching a record goal 8.1 million tons in 2018.It is estimated that wastes
produced by a single banana plant is 80% of its mass which is mestlyas animal feed or
fuell%! 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 produétmviously, 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 ¥bErOther than exploring the utility of banana
fibers in composites angorbent material¥12131¢17recently some research groups have
reported production of paper from banana fiber for various applications, including feminine

hygiene products and wrapping pap&t2° However, to the best of our knowledge, there has
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been no detailed research on understanding of the pratessureproperty relationship of

matrices produced from banana paper and its role on the cargo release profile.

In this study, we undertake an-depth examination of the impact of variation in picgl
characteristics of banana paper in order to engineer bananhdient biodegradable matrices
capable of controlled release of loaded cargo molecules (such as pesticides) for better crop
protection management in nematode infested soils. Pesticaes Ibeen an essential
component of pest management schemes for rgaass butconcerns about environmental
contamination and netarget impacts have led to increasing restrictions on ksoale
application. Generally, only ~10% of the pesticide is avhalaibthe crops while the remaining

90% becomes a part of the surrounding environmentsoil, water and air, resulting in
damage to the environment as well as human h&&ath controlled release of pesticide, or

any other active ingredient, woulde hdeal 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 forcontrolled release of pesticidéd.2® In addition, different bidbased materials such

as lignin, chitosan, alginates and plant virus nanoparticles are also being considered for
nanoencapsulation of agrochemicdlg® However, the cost of the process ohing
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 prgagigproach for

controlled release and targeted deliveryFafopyram and abamectin using biodegradable
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cellulose diacetate based nanofibers electrospun directly on to soybear® séedsver,

scaling the electrospinning process to a large scale remalmalenge.

We plan to use a unique wrapdplant (W&P) approach to explore the efficacy of banana
fiber based matrices as controlled release
active ingredient i mpregnat ethe doiaensunng nopaper
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 chetrgibecause 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 papétHowever, an irdepth anaisis 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)
additivefree fabrication of various matrices from banana fibers via a basic paper making
process, and (2) testing the developed matrices for their strength and release@bie

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 plaoiggh 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 througte 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?3*We use two different types of cargios., rhodamine B (RhB) as a

model molecule andbamectin (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 tracet®> Abm is a macrocyclic lactone that exhibits strong activity againstietyanf
nematodes by paralyzing them by binding with their nerve and musclé'céi3ne 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 unavailatdehe 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
molecule3!-*5these studies have notagnined 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 profdace we are developing pagike

matrices via additivéree 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 matricemnépaper) 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 prosasg 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 wi@B89b water in agitation tanks
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and thencast 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 (Rh@95%) dye was purchased from MillipoBgma 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 Fishem8fic. 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 waslapted from Wormboo¥.
Caenorhabditis elegangC. elegany 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. Deiahizater (pH5.77+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 teqater. 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 nse@ed using Canadian Standard Freeness (CSF) tester as per the
TAPPI T227 method. A standard laboratory British handsheet mold was used to prepare at
l east 10 circul ar handsheets (6.9%réGmthepudph es 6

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 0fQand a relative humidity of 50% accordingliaPPI

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 nemahddegansDetailed 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 oxidatios proces
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
(Elmendorftype methodpf the handsheets was tested with an L & W tester aicgptd the

TAPPI T 414 test method. The tensile strengiiis 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 |laugtiseness, fines
content, and kink index were measured using the Fiber Quality Analyzer RU684 C\-

M4+ IFC5.10 by OpTest Equipment Inc. according to the TAPPI T271 test method. A field
emission scanning electron microscope, FESEM (Verios FE1) wadstaissharacterize the
morphology of the cross sections and surface sections of various types of paper. The samples
were made conductive by coating with al®dnm thick layer of gold prior to characterization
while the acceleration voltage was kept atkX/0A First Ten Angstroms goniometer was used

to determine water contact angle of ai2iroplet 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 germinagedxf

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 inch 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

10mM solution of RhB vas used to study the release and sorption profiles of 1 b3jieces

of paper in 10 ml of the dye solution while Thermo Scientific Genesys 108/i8lV
spectrophotometer was used to measure the absorbance of the dye solution at 554.5 nm. All
the measuremés 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:

GaE BIED GRQ (Eq. 1)

Here, G is the initialconcentration (mg/l) of the dye in the solution,iCthe 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 oédeiater
(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.

b Y Q& Qi gu M (Eq. 2)

where, gis the amount of dye released (mg/g) aps the dye sorbed on each type of paper.

Pesticide release studse

Abm release profile: Following the already established protocol by our Bilvee prepared a
dilution of Abm from a 2 mg/ml stock solution in acetone, in order to achieve a final
concentration of 32.5g of Abm/n? on each sample after spraying. Using circular slisk7

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 werduexted 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)SAimadzu high performance liquid chromatograph
(HPLC) equipped with an autosampler and a diode arrayVigVdetector was used to
determine the concentration of Abm, for which a Phenomenex Kinetex C18 column (150 x 4.6
mn?, 2.6 um particle size) was suitabl The column temperature was held &4@vhereas

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 volme was 10 uL in each case. % Abm released was determined through

the following formula:
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Powa Qa Qi gt 0 (Eq. 3)

Where Qis the amount of Abm releasemy) and total amount of Abm loadediy) on each

sample.

Respective plots displaying kinetics of Abm release from all the samples are displayed in
FigureB.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 ughgleganstrain N2 asnodel nematodes£.
elegansare generally used as standard bioassays to test the efficacy of a nematicide or of a
delivery vehicle carrying the nematiciéR?’31This stems from the biotrophic nature of most
plant parasitic nematodes and similar respotos nematicides b. elegansas by typical
parasitic nematode<. eleganswere cultured on nematode growth media (NGM) plates
seeded withe. colistrain NA22.E. coliare added to provide nutrition for healthy growth of

C. elegansHealthyC. elegansiematodes exhibit characteristic flexible form and undulating
movement. Abm serves as a paralytic to the nematodes which show rigid movement and linear
shapes (immobilized: Supporting video S2 displays the change in movement and shape of
C. elegansafter being exposed to Abm. For this study, 7 mm diameter of the shibayed

paper was fixed inside the barrel of a 1ml luer lock syringe, and each paper was soaked with
400mM of sterile phosphate buffered saline (PBS) solution for 1, 2, 3 and 4 hdtes.ti#e
respective timeframe, the PBS solution was drained from the syringe into labelled wells of

sterile 24 well flat bottom plate€.. eleganslispersed in 2@1 M9 buffer were then added into
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individual wells. After 24 hours, the mortality of the neotes in the respective PBS buffer
containing wells was measured with the help of a dissecting microscope. The percent (%)
mortality of C. elegansn each case was determined from the number of immobile (rigid
movement and linear shape) nematodes as caapatotal number of nematodes in the well,

using the following relation:

N

Pi T O0AIFE6U (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 (Bigie

Results & Discussion
Effects of pulp refining on mechanical properties of handseets

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 (FiBut8) prepared from pulp refined from

zero to 30 minutes, revealing a transition from a rough to a smooth spdpee Further
details on the characteristics of the paper as affected by mechanical refining of the pulp are
displayed Table 1 together with FiguB.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 expectedincefibers are shortened and become more fibrillated because of shearing
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and compression forces during refining thereby enhancing the available surface area for water
holding and slowing drainage., have lower CSF values. Fibrillation also resulitganeration

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 comaacture of the handsheets
produced from more reined pulp (FigiBelA). FigureB.1B revealghat the thickness of the
handsheets decreases (almost linearly) with refining as the fibers collapse under high shear and
compression during refining, resulgim the dense packing of fibers and fines in the resulting
paper? 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 b the consolidation of the fibers. One major outcome of the close packing of fibers is a
smooth finish of the handsheets (FigBr&A) because of a reduction in the free space between
the fibers. Close packing also increases the air resistance of the paper BEI@yré€able 1)

by well over an order of magnitude. One should note that increased air resistance relates to
lower porosityof paper, which can influence its usagea 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.gtireB.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
externalpressure. 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 fibersanefined 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 changdsoitvs with refining. As a first step, we
examined SEM images of the cross section of paper produced from unrefined banana fibers
(FigureB.2A). It clearly shows that the fibers consist of bundles of long tubular structures or
microfibrils made up of an irer hollow region (lumen) with diameter in the range ofi20

and a thin layer of aboutrtm between the cell walls known as middle lam&f.The long

hollow lumens in banana fibers are responsible for high capillary action in the banana stem
and playa major role in dictating the sorption properties of producésie from banana

fibers20:39:40

During refining, the fibers undergo considerable changes in its microstructure as is evident
from FigureB.1, FigureB.2 (B, C & D) and Figure S3. The digitahage in Figure 1A and

SEM micrographs of the surface sections in Figgi@B(ad) and Figure S3 (AC) show that

the fiber structure got compact with longer refining times leading to a smoother surface with
fewer loose fibers. The compaction is more evidlemtrosssectional images which show the
microfibrils to collapse and the lumens to lose their morphology with refining (FB}Qi&

(e-h) and S3 (&)). These changes in microstructure are consistent with our results of paper
getting thinner with refinig time (FigureB.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
timeiinter val s were coll ected and analyzed for
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 ifindhe pulp
contributes towards formation of mechanically strong and less porous*p&pdfinesare
referred to as the fraction of pulp which passes thr@augbGmesh screen of a fiber length
classifier according to thHBAPPItest method T 261 Ci94.324143 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 reffiatfGenerally, 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 FigBr2C. The change in percent
length of fines, on the other hansljnconsistent and stays almost in the same rang24%g§

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
havingfiber % content of less than 10¥%* 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 noticdumbdacrease in

the % length of the fines, which is understandable and supports the formation of more compact

and less porous handsheets as displayed in Agjifeand TableB.1.
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Two other interesting features of the fiber pulp which affect the propestithe paper are
variation in mean kink index and fiber coarseness (Figu2®). 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 minAtesduction in fiber coarseness can

be attributed to increased fibrillation and collapsing of the fibers with refining as supported by
macroscopic (1A) and microscopic (Figid2B) structure of the handsheets. While mean kink
index is indicative of antaupt change in fiber curvature, it is apparent from Figug® 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 sirajghte

of the fibers, therefore helping in stacking the fibers close together to generate stronger paper
with more smooth finish! Reduction in the kink index is also considered an advantage to
prepare mechanically strong paper since it improves the loadntpability as well as stress

distribution of the handshe€ts.

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 amendnvéhen 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 aadi of banana paper (FiglBelC and Tabl®.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 TableB.1 and Figure S4A, root penetration studies conducted for 2 weeks
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demonstrate the highest penetration (100%) in the setup that usedBBR and BP5 (paper
produced from unrefined,- Zninute refined, and-Gminute refined pulp, respectively) as the
seed wrap. We observed that-BPwhen removed from the soil, had aldg started to
disintegrate, which was undoubtedly because of its low streagttoperty that clearly makes

it unsuitable as a seed wrap. While the seeds wrapped with papers produced from 10 minute
refined pulp (BPL0) exhibit lower rates with a root pemation profile of 80%, the seed wraps
prepared from B (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,25- and D-minute refined pulp (BR, BR5 and BP10 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-@raB& it was apparent

that if kept in its present form, it would begin disintegrating within a week5B&n the other

hand, stayed as a single intact piece while the developing roots penetrated robustly (Figure
S4C)- a tendency which suggests that the strength &b BPPsuitable toexve as an effective

seed wrap. BBO (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 could be attributetb 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 sieadily,
neither too fast nor too slow. Banana paper exhibitsarkable capacity as a sorbent because

of the extensive network of tulde microfibrils, facilitating transport of various materials
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through the plant. We can exploit similar transport properties in the paper produced from the
banana fibers if speciabre is taken to retain its microfibrillar structdéAnother 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 difflerembts

of lignin is that the presence of diverse functional groups in lignin may help to bind any
exogenously applied molecule through chemical or physical bbitdsas also been suggested

by our group in a preliminary study that hydrophobic interastibetween lignin and Abm

result in the controlled release of Abtn.

FigureB.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 observationmgghedoptimum
strength profile of BF5 (previous section), we selected paper produced frommbte refined

pulp from different sources of banana fibers (P2, P3 & P4) having different lignin content and
morphology as compared with two contralg,, nonbanana papers containing high lignin

(P1- liner paper) and very low lignin content (R&py paper). Lignin content was estimated

as 19.7, 11.96, 10.25, 5.09 and 2.99 in P1-emana liner), P2, P3, P4 (banana papers) and

P5 (nonbanana copy paper), pectively (FigureB.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 thager 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 thragh 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 papsralsid
apparent in Figur®.3A that the lignin content of paper plays a key role in determining its
release profile.e., faster release with low lignin content. Both the controls also follow similar

lignin-dependent release trends, however displaysiggle 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 observativasgan surmise that the availability of multiple
binding sites in ligniAs capable of developing strong interactions with the hydrophilic dye
molecules. While presence of similar functional groups between RhB and the cellulose
component of banana fiberles 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 assorbents for RhB contaminants and there is clear evidence of electrostatic
interactions between oppositely charged functional groups of lignin and’RhBgnin 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 theitotzbignt of
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the paper, which determines its release proifie, low amount of lignin resulting in fewer
interactions between the dye and lignin, therefore, leading to fast release of the dye and vice

versd.

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. Fg8iBedepicts

the lignin content, density and air resistance (inversely relatedrasity) of P1, P3, P4, and

P5 while FigureB.3C displays the difference in morphology of the samples (surface and cross
section morphology of P2 is already shown in Figgui@B (b & 2f). It appears that low lignin
content paper (P5) consists of fibers with a compact structure and low porosity mitith

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 twestep release profile of P5 (FiguBe4A) indicaes 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) (FigusedB & B.4C (a & ¢)). However, the respective cross sections of P1
and P4 in Figurd.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 &ere c
attributed to highly porous nature of P4 as compared toeRP3ow air resistance of P4 is

indicative of its highly porosity (FigurB.3(B)). Presence of larger number of pores in P4,
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results in gradual release of loosely bound dye molecules eraritie 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 (¥Rfepresents its highly hydrophobic nature,

which might have played a role in demining its release profile in an aqueous medium, as
compared to hydrophilic nature of P2 (WCAL2P4 (WCA:2) , P2 and P3 (WCA
be measured). Therefore, it seems that a balance between the lignin content and fiber
morphology is critical for gosrning 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

loadal 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 trendstcae 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 \stitdis apparent from FigurB.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 almdbee same amount of Abm (24.33+2.04 %) as do the remaining
banana papers (P2 and P3) at the end ofwesk 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 Eatures to which its sorption/release properties can be attributed to. The low lignin
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content norbanana 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, whictaiadids

weaker ability to bind Abm molecules. Interestingly, the high lignin-ib@mana 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 compareRh@& 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 théte rate of release of Abm from P1, P2, P3 and P4 in the first
step is much slower than the release rate of BhBA), 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 usindgC. elegansas model nematodes following the procedure displayed in
FigureB. 4C that despite variation in lignin cemt, all the banana fiber samples exhibit similar
release profiles. Conversely, P1 (high lignin fi@mana paper) displays a slow release, in
contrast to P5 (low lignin nebanana paper), which exhibits a burst release with ~85% of the
nematodes becomingactive 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 thablgnin al
dictates release of active ingrediettté\s 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 containjpgy g85) 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 contaftdes not seem to support the previous
hypotheses regarding the solitary role of lignin in regulating release profiles of the
lignocellulosic materials developed from banana fiB&while molecular level understanding

of the binding and release of a&iingredients 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.
0duaolbdéknt unable functionality thus presents
release of loaded cargos for ceffiective and enhanced crop protection in nutrient depleted

and pest infested soils.

Conclusion

We have presented a sustainable waagplant approach to utilize wastes of banana harvests

as tunable release medium through a-effstictive and chemicdlee conversion method.

Since the biodegradable nature of this matrix can be exploifadricatingcontrolledrelease
matrices for crop mtection, 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 produged fro
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 rhodaenB (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 frbanaoa

fibers as controls. Interestingly, all the baafiher-basednatrices 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 load 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 inguthi@ir
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 invitro bioassays. Our studies demonstrate a ligniment dependent release
profile for the norbanana 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 iradites 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-amdjplant approach, we can design

biodegradable seadraps with tunable strength, soil integrity, and release properties.
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TableB.1. Comparative properties bndsheets prepared from banana fiber unrefined pul®YBP
and pulp refined for 1 minute (BB, 2 minutes (BR2), 3 minutes (BR), 5 minutes (BFA), 10
minutes (BP10), 20 minutes (BR20) and 30 minutes (BBO).

Samples BP-0 BP- | BP | BP-3 | BP-5 BP-10 | BP-20 | BP-30
1 -2

Refining time | 0 1 2 3 5 10 20 30

(minutes)

Freeness (mls) | 678 599 | 520|540 |479 381 307 185

Density 216.10 | 250. | 275 | 288.8 | 314.00 | 353.00 | 450.70 | 510.49

(kG/m3) 40 .70 |0

Air resistance | 2.19 7.84 | 22. |64.3 |163.06 | 669.7 |2977.0 | 3327.55

(gs/100 ml) 68 6

Tear Index 10.72 |11.2 | 13. |9.54 |10.48 |90.50 |7.58 5.38

(mN.m?/g) 6 14

Burst Index 0.46 0.77 |0.8 | 1.27 |1.32 1.66 2.72 3.29

(kPa.n¥/g) 5

Tensile Index | 0.015 |0.01 | 0.0 | 0.022 | 0.028 | 0.043 | 0.053 | 0.060

(N.m/g) 7 19

% Root 100 - 100 | - 100 80 - 00

penetration
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FigureB.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 amsiatance with
refining and (C) strength in terms of burst and tear indi€éise respective handsheets.
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FigureB.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 gality 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.
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RhB released (%)

0.1

01 0.3305 1 2 3 10 24 48 72100 168 336
Soaking time (hours)

Lignin | Density | Contact |Air resistance
(%)| (k6/m’) | angle (gs)
Liner paper (P1) 19.7 451.94 121° 6.5
Banana paper (P2) 11.96 277.05 127 45.24
Banana paper (P3) 10.25 316.49 | Cantbe 10.25
Banana paper (P4) 7.2 329.29 |measured 5.5

Copy paper (P5) 2.99 702.98 27 80.2

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, densityact angle and air resistance of

P1, P2, P3, P4 and P5; (C) SEM micrographs of surface sectidharfd cross sections-(@ of
Pl(a,e), P3 (b,f), P4 (c,g) and P5 (d,h). SEM images of surface and cross sections of P2 are displayed
in FigureB.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 feitia study to measure bioavailability
of Abm, (C) Time dependent bioavailability of Abm frorh,AP2, P3, P4 and P5. (Error bars in part
(A) and (C) indicate standard deviation, n=3)
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