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Abstract

Kansas is one of the top whgabducing states in tHénited States Many wheat viruses
have been recognized as common yrelducing factorsThe synergistic impact of several
concurrent infecting wheat viruses is responsible for millions of dollarslegheat production.
Genetic resistance, using virtesistant cultivars, is one of the key management practices of
wheat viruses. The primary threat to durable genetic resistance is the presence of potential new
virus variantsin the field. The main objective of this study was &xplore thdield wheat \rus
population We used the higthroughput Oxford Nanopore sequencing technique (ONT) to
study the wheat virome. A survey was conducted in 2019, 2020, andn2@2jor wheat
growing counties of Kansas, and wheat leaves showing-Nkeisymptoms were collected.

Total RNA was extracted, and cDNA sequencing libraries were made using thellNZR
barcoding kit and loaded into ONT MinlON flow cells. Sequencingserere aligned to cereal
virus references. We identified eight wheat viruses belonging to the g@énéraovirus,
PoacevirusEmaravirus, Bromovirud_uteovirus Polerovirus Bymovirus andFurovirus.We
recorded mixed infections oivo to five viruses in asingle sampléWheat streak mosaic virus
(WSMV) + triticum mosaic virus (TriMV) mixed infection was the most predominant infection
(16.7%), followed by WSMV + TriMV 4rome mosaic viruBMV) (11.9%) and WSMV

single infection (11.9%). Phylogenetic analysighe whole genomes of WSMYV revealed the
wide distribution of isolates into clades and subcladesding Europearisolate Potential

WSMV recombinant isolates wefeund BMV was identified for the first time in Kansas wheat.
We used genetic and evolutionary eggches to characterize BMV isolates. On average, US
BMV isolates showed low divergence. Coding regions dd®lV RNAs wereunderpurifying

or negativeselection pressure. The whalenome sequences of multiple isolates of High Plains



wheat mosaiemaravirus andoilborne wheat mosaic virus were characterized. Additionally,
virus viability in the inoculum over time was determined, and the relation of viral load and
phenotypic symptoms were established, which assists in unbiased disease asses#meant i

virus varietal screening nurseries. Overall,khewledge of the complexity of hesirus
interactionsinformation of genetic variability, the phylogenetic relationship among isolates, and
reports of new isolates of viruses and thetirdections will helpin recommendtion for

sustainable management practiaaswheat viruses
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Chapterl-l nt roducti on

General background

Agriculture production has been increasing globally, but the food production system will
face significant challenges to meet such unprecedented deR@odisecurity will be the
primary concern to feed the eviacreasing human population. It isogected that the human
population will reach over 9 billion in 2050, which is close to the maximum carrying capacity of
thekar t h’ s f o(dlexandratss and Braimssa, 201Zhe current agricultural
production needs tdoubleto meet tis demandwhile increasing the sustainability of the
environment and socie(frAO, 2017) Production of major crops will need to increase by
enhancing the production potemtid cropswhile minimizing crop yield losses. The potential
yield of major crops is significantly affected by diseases, pests, and other abiotic factors
(Mylonas et al.2020) Theglobalestimated average yield loss of major crops at a global level
due to the emerging or-emerging of pests and plant pathogensvheat Triticum aestivuni..)
21.5%, rice Qryza sativd..) 30.0%, maizedea mayd..) 22.5%, potatogolanum tuberosum
L.) 17.2%, and soybea(ycine maxX.. merr.) 21.4%Savary et al., 2019)

Wheatplays a vital role in food securityVheat belongs to the family Poaceaeshared
a common ancestor withce (Oryza sativd..) approximately 40 to 54 million years BECwith
BrachypodiunB82 - 39 million BCE (Vogel et al., 2010and it diverged from barlefHordeum
vulgareL) approximately 8 9 million years ag@Middleton et al., 2014)The center of origin of
cultivated wheat is the Fertile Crescent regiotheMiddle East The first wheat domestication
occurred around 10,000 years ago during the
emmer(Chantret et al2005; Shewry, 2009Hexaploid wheat (AABBDD, 2n = 6x = 42) is

derived from hybridization betwegeatraploid emmer wheaT (iticum turgidumsspdicoccoides,



AABB) and diploidgoatgrassAegilops tauchiipD) hybridized approximately 7,000 to 9,000
years ag@Brenchley et al., 2012; Chantret et al., 200%)is hybridization might have occurred
few times independentlgs farmers selected hexaploid whéat its superior qualitieé€Shewry,
2009) The AA genomes originated frometlprogenitor genomes of the earliest cultivated
einkorn wheatTriticum monococcureg,T. urartu), BB genome is believed to be originated
from Sitopsissection ofAegilopswhich is in the same section Asgilops speltoide@renchley
et al., 2012; Feldman et al., 2001)

Wheat is an important cereal crop and bataple food growin all food production
regions of the world. In 2021, world wheat production @&$billion bushel{fUSDA, Foreign
Agriculture Service). In the USA, it is a principal food grain, and a total@8billion bushels
was produced (USDA CmProduction 2021 summary, National Agricultural Statistics Service).
There are three major categories of wheat grains: winter wheat, spring wheat, and durum wheat.
Among them, winter wheat production represents the most productive of total wheat prgductio
equal tol.28hillion bushelfUSDA Crop Production 2021 summary, National Agricultural
Statistics Service)n the UnitedStatesthree categories of wheat are further classified into five
classeshard red winter wheat, hard red spring wheat, soft red winter wheat, whiter(and
spring) wheat, and durum wheat. Hard red winter wheat is primarily grown in the Great Plains
and accountfor 40% of the total wheat productiokansas is one of the top two wheat
producing states in the United States. It prod@&d25million busheldn 2020 and64 million
busheldan 2021, ranked second and first leading produvespectivel(USDA, Nationd
Agricultural Statistics Service, 20 and 202).

Several abiotic and biotic factors threaten wheat production. The common atregg

factorsare variable weather and climatic conditions, prolonged heat and cold, drought, salinity,



andnutrient limitationgHalvin et al., 2005; Kajla et al., 2013lany biotic agents inctle
fungal, bacterial, and viral pathogens, insects, and melesgKashyap et al., 2020t is
difficult to accuratelyestimate crop lossaused by biotic factors only. Researchers in Kansas
estimated the history of cumulative disegisdd loss for wheat from 1976 to 2020 ranged from
0.2% to 22.2% of potential yield lb$n 20 and 204, the cumulativevheat diseaskss of
wheat by disease (excluding nematodes) esdisnated to b&0.8%and16.2%or about 31.8
million bushelsand70.4million bushelgespectively (Hollandbeck et al 2020 and 2021).

Viral pathogens are a common threatvheat production. These viruses are vectored by
aphids (e.g.Barley yellow dwarf virusCereal yellow dwarf virus mite (e.g.yviruses of wheat
streak mosaic complexplasmodiophorigPolymyxa graminige.g.,soilborne wheat viruses), or

leafhopperheat dwarf virus(Ordon et al., 2009)n Kansas, the most commuaheatviral

di seases of wheat ambeBartegakembseswi dwa¢ WSMj h

soilborne viruses. Barley yellow dwarf is a disease caused by the infecismtadésof barley
yellow dwarf viruses (BYDV) of Genusuteovirus(e.g.,barley ydlow dwarf virus MAV, barley
yellow dwarf virus PASbarley yellow dwarf virus PAV), and Gen@bemoviruge.g.,barley
yellow dwarf virus GPV antlarley yellow dwarf virus SGVaccording to efficiency odiphid
transmissior{Virus Taxonomy 2020 Releas&).SM disease can be caused by up to three
distinct viral pathogens; wheat stkemosaic virus (WSMV)triticum mosaic virus (TriMV), and
High Plains wheat mosaic emaravirus (HPWMoV). All three viruses of the WSM complex are
transmitted by an eriophyid mite, the wheat curl méteefia tosichellaKeifer) within and

between the fieldd&Mahmood et al., 1998; Seifers et al., 2008 7)9In the Great Plains, WSM
causes approximately 2% estimated log= 6 years average, howeveruch greater losses

localized fields is commoespecially during epidemic yegiBurrows et al. 2009Ranabhat, N.



personal observation 201Bigure 1.). Annual yield loss due to WSM is variable, in 2017
Kansas wheat producers ladtout 5.6% of total yield (19.2 million bushels of wheat) worth
$76.8 million (KSwheat 2017, Hollandbeck et al 20ITHe typical symptom of WSM is a
yellow mosaic ostreaking on infected leaves (Rahman et al. 1974). Other symptoms include
stuntedgrowth, reduced root biomass, low water use efficiency, low seed test weights, poor
tillering, and yield losgMurray et al., 2005; Precet al., 2010b)Generally, early fall infection
before tillering stages has a more severe impact on yield than infection in the later growing
stagegHunger et b, 1992; Thomas and Hein, 200®) the field, the symptoms appear first on
the edgeof the plot as the vector (wheat curl mite, WCM) moves with the virus from adjacent
infected alternative hosts wheat fieldgpassivelywith wind (Slykhuis, 1955)

The WCM is an eriophyid spindighaped mite with two pairs of lef)seifer, 1969)
Feeding of WCM causes curling of the leaf edges and creates a protective microclimate for its
growth and reproductio(Slykhuis, 1955; Thomas et al., 200Fhe significant yield loss
associated with WCMsithevirus infection, as the feeding of aviruliferous mites has a minor
impact on yieldHarvey et al., 1999WCM transmits VMV in a semipersistent manner
(Seifers et b, 2006; Siriwetwiwat, 20060 WSMV transmissiorfficiency varies by the stage of
the mite; the nymphal stages are more efficient at transmitting than g&icittsetwiwat, 2006)

Common wheat viruses

Wheat streak mosaic virus (WSMV)

Wheat streak mosaic virwgas first discovered in 192R1cKinney, 1937)and became
one of the most common viral pathogens of wheat. The virus is widely distributed throtighout
globe(Ellis et al., 2003; Kapooria and Ndunguru, 2004; Navia et al., 20¥3Je wheat is the

primary host of WSMV, it can infect a variety of crops including c@ea(mayd..), barley



(Hordeum vulgard..), rye (Secale cearedl.), oat Avena sativd..), pearl millet Pennisetum
glucum(L.) R. Br.), and foxtail millet $etaria italic(L.) P. Beauvois). Additionally, WSMV
infects several graspeciesncluding downy bromeBromus tectorunh..), rye brome B.
secalinud..) green foxtail Setaria viridis(L). Beauv), jointed goat gras8d€giops cylindrica
Host), and barnyard gradschinochloa cruggali (L.) Beauv.)(Brey et al., 1998; Ito et al., 2012;
Somsenetal.,1970) These grass species can serve as al
bridge” in the dibldsandase sourte ofurtfeetiart for thafollowing wheat
growing seasofBrey et al., 1998; Jiang et al., 2005; Somdeal.e1970)

WSMV (genomicstructure)

WSMV is the type species of the gerugimoviruswithin the familyPotyviridae
(Stenge et al., 1998)WSMV is a singlestranded, monopatrtite, flexuous fskgped, positive
sense RNAvirus with agenome consisting of 9384 nucleotides and a single large open reading
frame (ORF)Stenger et al., 1998The WSMV genome has 130 and 149 nucledide
untranslatedregi@( UTR) on 5’ andendlbftheRNstpe@ct ienel gomamnds
of apoly-A tail whereas VPg (virus protein linkedtothee nome ) i s covalently
end(Stenger et al., 1998The RNA genome is transcribed into a large polyprotein (~350kDa) of
3,035 amino acids and the protein undergoescéedivage by three encoded proteinases into 11
mature proteingTatineni and Hein, 2018Yhey are protein P1, helper component protease (HC
Pro), protein P3, 6K1, 6K2, cytoplasmic inclusion protein (Cl), nuclear inclusion putative
protease (Nlgro), viral protein genomknked proteinase\Pg), nuclear inclusion putative
polymerase (NIb), and coat protein (CP) (F@l.2) (Choi et al., 2001a; Chung et al., 2008a,;
Stenger et al., 1998%imilar to other potyviruses, WSMaiso has a conserved feature in the

genome, a short ORPretty interesting potyvirus ORF (PIPO) embedded within tiersinal



half of P3 encoding region in a reading frame different from the polyprotein which expresses
P3N-PIPO protein using +2 framesh{fthung etl., 2008a)

The P1 protein (40 kDa) is a serine protease that cleaves itselfathtscy terminal and
is an RNA silencing suppressor and enhances disease syn{jytomng et al. 2012)Gupta and
Tatineni 201%ound thatWSMV P1bindsand protectsisRNAsfrom the hydrolytic activity of
hostDicer family proteinsand plays a significant role in suppressing RNA silencing. In detail,
they reported that thé-terminal region of P1 is responsible for the RNA silencing activity as the
deletion of singlemino acid from this region completely abolished the silencing function. In
particular, the disruption of tHel GW motif AGO-binding linear peptideesulted in the loss of
silencing suppression function and revoked WSMYV viab{l@ypta and Tatineni 2019)

The HGPro in potyviruses is multifunctional. It is responsible for vector transmission,
long-distance movement, polyprotein maturatiorhamcement ofirus particlesyield and
suppression of postanscriptional gene silencing (PTG@nandalakshmi et al., 1998; Blanc et
al., 1998; Carrington et al., 1996; Revers and (@a&015) HC-Pro has three structural
domains: the Nerminal, central portion, and-terminal. Most of the H&ro functions are
based on the central region. Theégfminal region is responsible for the protealdctivity and
the Nterminalregionis responsible fofacilitating vector transmission. H@ro provides a link
between virus particles and vector stylets through interaction wiGRHRAG moatif andHC-

Pro PTK motif (Blanc et al., 1998)This mechanism of H®ro acts as a reversible link between
the viral particle (CP) and vector mouthparta | | ed t he “ K\allietgl.e200Vv)y pot hes

WSMV HC-Pro (44 kDa) is required for WCM vector transmission and has cysteine

proteinase activityStenger et al., 2005; Young et al., 20@¢letion and mutation analysis of

WSMV HC-Pro revealed no effect on WSMV virulence in whégitenger et al., 20051} is



dispensable for systemic movement but plays a role in repliq@tenger, et al. 2006a)
According toStenger, etal. 2006b a seri es of 5’ pr oxRrawading ne st e (
regions (1152 nt), a deletion of as few as 24 nt (codei®) atthe5 ’ e mptetelg abolished
transmission by WCM. Additionally, alanine substitution of cysteine residues at amino acid
positions 16, 46, or 49 also eliminated vector transmigdonng et al., 2007and emphasized
the essential role of H@ro invectortransmission

In potyviruses, Piteracts with CI, NIb, and NIéRevers and Gaia, 2015) but the
essential role of P3 Hill obscure. It is found that P3 is required for viral replication and
pathogenicityKlein et al., 1994)P3N-PIPO in WSMV andn othea potyvirusess required for
virus celtto-cell movement, amplification dheviral genome, virion assembly, and suppression
of RNA silencing(Chung et al. 2008; Wei et al. 2010Among WSMYV isolates, P3IRIPO is
highly conserved, and any mutatiseverely reduced WSMV cell to cell moveméahoi et al.,
2005; Chung et al., 28b).

Out of the 11 proteins, 6K1 and 6K (6 kDa) are the smallémt function of these
proteins is characterized in some potyvirusas.and Wang 201undthat 6K1is responsible
for viral replication and cinvolved with 6K2 to form viral replication vesicles. 6K2 is an
integral membrane protein and induces the endoplasmic reticulum originated replication vesicles,
therdore playing an essential role in forming the potyviral replication com(uiési et al.,
2010)

Cl (73 kDa) is the largest protein amagpotyvirus-encoded proteins. It forms the
characteristipinwheelcylindrical inclusionsn the cytoplasm of infected cefEdwardson et
al., 1984) Cl interacts with other proteins and has ATPase and RNA helicase activities, playing

a significant role in viral replicatiofFerrandez et al., 1997Along with P3NPIPO, Classists



in viral cell to cell movemenfWei et al., 10). Cl also acts as a virulence factor and interacts
with different host factoréRevers and Gara, 2015)

Nla (49 kD3 is the majopotyvirusprotease of the potyviruses responsible for the
proteolytic cleavage of the polyprotdi@arrington and Dougherty, 1988)la has two domains,
the Nterminal VPg domain (NRYPg) and the @erminal proteinase domain (Nfao). The free
VPg protein is covalentl y atinhperhindthea methylh e 5°
7-G cap of the mRNA, anahieracts with several host factors including-bapling proteins
leading to the initiation of translation of the viral genaiikkan et al., 2008)Nla-pro is
responsible for proteolytic processing and cleavage efficiency that plays an important role in
controlling viral infection(Revers and Gara, 2015)and also form nuclear inclusions.

NIb (57 kDa) is the RNAdependent RNA pghmerase responsible for genome replication
in potyviruses. It is reported that NIb interacts with theMbli&-VVPg or Nlapro protein complex
and is targeted to the replication vesicles where the viral RNA replication takegpldiasne
et al., 2008; Fellers et al., 1998; Leonard et al., 2004; Li et al., 1B9€pntaining two
independent nuclear localization signals, NIb also has nuclear translocation activities. The
nucleocytoplasmic transport of protein complex (NIb/SCE1 or SUMOylated form of NIb) helps
regulate NIb activity and generates a favorable envirohfeerirus multiplication(Li et al.,

1997; Xiong and Wang, 2013)

Protection of the viral genome through encapsidation is the primary function of the CP.
In addition to virion assembly and disassembly, CP in potyviruses tgunational and
perforns several nonstructural functions including replication, vector transmission, virus
translocatior(Bol, 2005; Callaway et al., 2001; Dreher and Miller, 20@8)d suppression of

host RNA silencindQu et al., 2003; Wang and Metzlaff, 2006 consists of three regions; N



terminal, central, and-@&rminal domains. The central core domain is highly conserved and
responsible for cell to cell movement and virion asser(ibbjja et al., 1994, 1995¥he N and
C termini are variable and exposed on the virion surface.

In WSMV, CP (37 kDa) is 349 amino acids long. The CP of WSMV is responsible for
the virus transmission with its vector WCM, cell to cell movement, and pathogdfiiatigeni
and French, 2014WWSMV CP shows variation and tolerates deletions at the N ternaigiain
Tatineni et al. 2014fundthatdeletng of amino acids 6 to 27, 36 to 100 até&mirus and 65
at the Gterminal ends did not affect systemic infection. Howevetemhinal amino acids 6 to
27 and 85 to 100 are still reiged for efficient virion assembly and cédl-cell movement. The
C-terminal 65 amino acids are required for ¢eicell movement, but not virion assembly.

Interestingly, a WSMV mutant lacking part of thet@&fminal amino acid 58 to 84, but
not 36 to 574nduced more severe symptoms than wild tfetineni et al., 2017)n that study,
authors reported that the deletion of amino acids from 58 to 84 acceleratesced
movement, enhances the accumulation of CP and genomic &idalters CPspecific protein
profiles in multiple hosts, including wheat, barley, maize, andGfeamino acids 5800 are
required for WCM transmission of WSMa&hd he aspartic acid residue at théegZminal region
of CP determines WCM transmissiaas the mutation of aspartic acid residues at 289 or 326
(D289A or D326A) significantly reduces the mite transmisgiatineni et al., 2018)

WSMYV phylogeny

WSMV has beewrollectedfrom around the warld, sequencednad the fylogenetic
relationshipwas deternmed. WSMYV isolateswere groupedhto four distinct clades based on the
sequence of the coat pein genes. El Batan isolates from Mexico represent cla@@i#chez

Sanchez et al., 2001)solates from Europe and Russia comprise cladsoBtes from Iran



represent clade C, and several isolates from North America and Turkey constitute clade D
(Rabenstein et al., 2002; Stenger et al., 200)de B is characterized by the deletion of 3
nucleotides at position 8412 to 8414 resulting in thetd® of glycine residue Glys:, Clade B

is referred toVSMV-A HGadiou et al., 2009 IadeB share 97.5% to 100% nucleotide

sequence identity. The pairise nucleotide divergence between Clade A (El Batan) and Clade D
representive Sidney 81s 20%. Clade D undergoes substantial and recent divergence with most
consensus sequence substitutig@tenger et al., 2002)

Choi et al. 2001lsompared the genome sequences of three WSMV isolates, two from
Clade D and one from Clade A. TWSMYV type strainand Sidney 81 strain (Clade D) has
97.6% (nucleotide) and 98.7% (amino acid) sequence identities; however, El Batan (Clade A)
shared only ~79 (nieotide) and ~90% (amino acid) sequence identity with sgxsenand
Sidney 81. In that study, they mentioned that El Batan had 15 fewer amino acid residues in the
coat protein and constituted the second WSMV population of North America.

Clade D isolatearea large polytomy witimanybranches at the basal node and further
divided into sukclades. WSMV isolates from Kansas are highly diverse falling into many sub
clades of the CladB. SubcladeD1 contains isolates from American Pacific Northwest
(APNW), Kansagsolate,and Coloradasolateconstitute D2.dolates from Kentucky, Ohio,
Missouri, and also Kansas constitute D3, and D4 contains isolates from Nebraska and Kansas
(Stenger et al., 2002The WSMV isolates reported from Australia and Argentina are similar to
subclade D1, APNWDwyer et al., 2007)

WSMV field populatiors arecomplex and diverse, facilitated by distiigeinetic isolation
mechanismgMcNeil et al., 1996)Hall et al. 2001describedhree distinct genetic isolation

mechanismscrossprotection among closely related strains, the spatial distribution of WSMV
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strains in the canfected plantand vector transmission bottlenecks. Additionally, diversity in the
WSMYV field population is also driven by interactions with host and vector (acquisition and
transmission)by selection for replication fitness of the viraslaptation to various altnative
host specie@VicNeil et al., 1996)and systemic movement bottlenecks.

Triticum mosaic virus (TriMV)

TriMV was first identifiedfirst time in Kansas infectinthe WSMV-resistant wheat
cul tivar ' (Saferdetal.,i2dB). TENVOGa member of th@otyviridaefamily and
the type member of the genBsaevirus(Seifers et al., 2008; Tatineni et al., 200Biis virus is
transmitted mechanically and vectored by WCM individually or together with WSMV and
HPWMoV (Seifers et al., 2009YriMV posseses a singtstranded, positiveense RNA
genomewith a polyproteirconsisting of 3112mino acidsa similar genomic organization to
WSMV (Fellers et al., 2009; Tatineni et al., 200B)iMV showed 46%CP amino acid sequence
identity in coat protein ta closely relateadnember ofPoacevirusthe Sugarcane streak mosaic
virus, and 23.2% identity with WSMYFellers et al., 2009; Tatineni et al., 200Bhe distinct
genomic organization of the Tr i Munrapngdated me f r om
region of 738 nt with a tot@genome lengtlof 10,266 nucleotide@-ellers et al., 2009Bimilar
to WSMV, polyprotein of TriMV also consists of proteins P1,-A@, P3 with PIPO, 6K1, CI,
6K2, Nla, NIb, and CRFellerset al., 2009)TriMV is most commonly cenfected with WSMV
in the Great Plaing/heat fielddByamukama et al., 201#hich induces synergism that
exacerbates the symptomgavtiter, and yield losgByamukama et al., 2014; Tatineni et al.,

20144a)
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High Plains wheat mosaic emaravirugHPWMoV)

HPWMoV was first identifiedn 1993asthe causative agent afheat and maizeligh
Plains diseaswith severe mosaic and necrosis symptddessen et al., 199@)ater, researchers
assigned different namesich as maize red stripe virus, wheat mosaic virus, and High Plains
wheat mosaic virugSkare et al., 2006; Tatineni et al., 2014i)e International Committee on
Taxonomy ofViruses(ICTV) renamed this virus as High Plains wheat mosaic emaravirus under
the familyFimoviridaeand genug&maravirusin 2016

(https://talk.ictvonline.org/taxonomy/p/taxonorhistory?taxnode id=202000012As

HPWMoV is a member of the WSM complex, it is also vectored by WCMoéted found co
infected with WSMV and TriMBurrows et al., 2009; Byamukama et al., 2013)

HPWMoV genomés composed okight negativesense singkstranded RNA segments
encoding a single ORF in each RNA segni@atineni et al., 2014b; Tatineni and Hein, 2021)
RNAL1 encodes 2272 amino acid RNAlependent RNA polymerase (RdRp), RNA2 encodes a
667 amino acigjlycoprotein precurspRNA3 encodeshte nucleoprotein (NQ)Tatineni et al.,
2014b) RNAS contains two distinct variants, 3A (286 amino acids) and 3B (289 amino acids),
with 12.5% sequence divergen&tewart, 2016; Tateni et al., 2014b)These two variants of
RNAS3 shared 95 99% withingroup and 88 89% betweefrgroup protein identityStewart,

2016) RNA4 encodes a polyprotein with 364 amino agidedicted to be involved in virus
movementRNA5 andRNAG6 eachencodes protein of unknown functioof size 478 and 492
amino acidsrespectivelyStewart, 2016; Tatineni et al., 2014b; Tatineni and Hein, 2028
proteirs encode by RNA7 (305 aajand RNA8(176 aahas beenaported as RNA silencing

suppressor3upta et al. 2018, 20).9
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Management of WSM complex

The management of WSM is based miybn the integration of cultural practices and
genetic resistance. Cultural practices are general preventive measures and cannot provide
sufficient protection once the virus infects the wheat field. These prartatedeslateplanting
of wheat, modification of nitrogen application in the field, and management of alternative hosts
includingvolunteer wheatf virus and its WCM vectadfHadi et al., 2011; Miller et al., 2015)
There is no effective chemical option available for the control of the Vii@iphy, 2016;

Velandia et al., 2010)herefore, limiting the vector s@e and/or reducing the source of
inoculum may be done by controlling alternative hosts that act as resefMiEM virusesand
WCM.

Al ternative hosts including volunteer whea
spread WCM and viruses from oneging season to the neiiang et al., 2005Viruliferous
mites move from infected wheat fields to alternative hosts befmtelaring senescence. After
the emergence déall planted wintewheat, WCM infected with WSMirusescan move from
alternative hosts to the newly emerged wheat. Warm fall, cool and wet summer, and the presence
of alternative hosts including volunteer whaad downy brome increase survival and
reproduction of WCM and increase the risk of WCM infestationvam infection (Jiang et al.,
2005; Ranabhat et al., 28; Singh et al., 2018)

Host resistance is an effective, efficient, ang &emponent for the sustainable
management of WSMV. Three resistance gevssnl Wsm2andWsm3have been identified
(Fahim et al., 2012; Friebat al., 2009; Haley et al., 2002; Lu et al., 201¥édmlwas
transferred to wheat from intermediate wheatgidssopyrum intermediurfHost) Barkworth &

D.R. Dewey(Friebe et al., 1991gndi nt r oduc e d i n({Gaybaschlettal, 2089) ‘ Mac e
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The source o¥Wsm2s unknown and present in the germplasm line CO96@2®&aley et al.,
2002) 't has been incorporated (Seifetsetals 2007)r a |
‘* SnowitHalsyset al., 2011) ‘ C| @vamin eCdl,’2014) a n d(Zhang et al., 2016)
However, these resistance genes are temperséunsitiveywhereresistance itesseffective at
higher temperaturesbove 20C (Seifers et al., 2006, 2007&Ysm3wvas derivedy a
Robertsonian translocation from intermediunchromosome are7S#3L to the short arof
chromosome 7Besulting in the T7BS.7S#3L translocation chromosdiem3confers

resistance to WSMV and TriMV &mperature alsigh as 24° ¢Danilova et al., 2017; Liu et

al., 2011)

Other major wheat viruses include Cereal yellow dwarf virus (CYDV), Wheat spindle
streak mosaic virus (WSSMV), Wheat yellow raimsvirus, and Soilborne wheat mosaic virus
(SBWMV) (Brakke, 1987; Hodge et al., 2020; Rotenberg et al., 20t@se vial pathogens
reduce wheat production qualitatively, as well as quantitatiBgmukama et al., 2014;
Campbell et al., 1975; Choudhury et al., 2019;f€uat al., 1988)Hodge et al. 2028lso
reportedorome mosaic virus and Cockfoot mottle virus from Olfweat amples.

Brome mosaic virus (BMV)

Brome mosaic virugGenus:Bromovirus family: Bromoviridag is the type member of a
group of icosahedral, positistrand ssRNA viruses with a tripartite linear genome. The genome
consists of RNAL, RNA2, and RNARhlquist et al., 1984; Kao and Sivakumaran, 2000)
RNA1 and RNA2 are encapsidated separatethencosahedral virion, wie RNA3 is
encapsidatedeparatelyvith an additional suigenomicRNA (Rao, 2006)RNA1 encodes
protein 1awhich has capping and RNA helicase activities, RNekZ2odes protein 2a putative

RNA-dependenRNA polymeraseRNA3 encodes two proteins: &ovement protein, MP and
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coat protein, CPCP is traslatedor derived from RNA3 asubgenomic RNAand referred as
RNA4 (Kao and Sivakumaran 200Rao 2008 The capsid of all three particles contains 180
subunits of the CP arranged in icosahedral symn(ketryas et al., 2002)

BMV was studied extensively as a model for RNA virus biolagglin recombinant
DNA technology(He et al., 2021; Kao and Sivakumaran, 20@)ly a few studies were
conducted to evaluate the BMV incidence on economically important crops. A 13% incidence of
BMV was reported from wheat fields Escambia county oklabama in 2004Srivatsavai,
2005) BMV was detected with a high prevalencesoft red wintewwheat and showed a
potentially high isk to wheat productiowith up to 61% yield loss on soft red winter wheat
when inoculated at early growth stadel®dge et al., 204®lodge et al., 2020)
Nanopore sequencing

The idea of sequencing a single strand of DNA by altering the ianierd was first
describedyy aprofessoifrom University of Calibrnia Davis David Deamer in 1989 in his
notebook and later in collaboration with George Church and Daniel Branton (both at Harvard
University)In 1993 Deamer , Dani el Branhemol gl i n Kaai a
a poreforming protein secreted bySiaphylococcus bacteria and in 1996 their results of DNA
t rans| oc at-HLmanoporéwas pulgishéBeamer et al., 2016; Kasianowicz et al.,
1996) In 2012, Oxford Nanopore presented the f&&r Nanopore sequencing data. In 2014 the
MinlON as MinlON Acces®rogram (MAP) became available to the public with the invention
of new robust membrane and data analysis methods to enable basédalljeg 2014; Wang et
al., 2015) Currently, Oxford Nanopore sequencing Technologies (ONT) has been an excellent
method for geeratinghigh throughput long reads of both DNA and RNA in +&&ale with no

prior amplification (Ayub et al., 2013; Kasianowicz et al., 1996)
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The portability of MinlONand improvements in read accuracy make ONT a cost
effective option for both high and lescale diagnostics tools. The application of ONT for plant
virus detection isapidly progressindLiefting et al., 2021; Mehetre et al., 202Recently, ONT
has beemised for the detection and genomic analysis of causative agents of plant viral diseases
of various crops. For examplé3assava mosaic virus (Boykin et al. 20\8heat streak mosaic
virus (J. Fellers et al., 2019Potato virus YDella Bartola et al., 20203 owthistle yellow vein
virus (Stenger et al., 2020 owpea bright yellow mosaic vir(ilaito et al., 2019)Plum pox
virus from prunus planiBronzato Badial et al., 201,8)omato yellow leaf curl virus,

Watermelon chlorotic stunt virus and Tomato brown rugose fruit y@halupowicz et al.,

2019) Cucumber green mottle mosaic virugamato,Zucchini yellow mosaic virus in Butter
squash,andthree viruses including Dioscorea bacilliform virus, Yam mild mosaic virus and

Yam chlorotic necrosis virus from Water yam pléfitloux et al., 2018)Additionally, first

report of Arabis mosaic virus in potat@onger et al., 2020and Tomato severe rugose virus in
Tomato weedFhysalis angulatpas well as complete genome sequencing of Sri Lankan cassava
mosaic virugLeiva et al., 2020)vere performed using ONT.

A significant issue wittONT isthat t is more errofprone in singlebase accuracy than
the current high throughput sequencing methods including lllu(@han et al., 2020;

Lebrigand et al., 2020}t is improving through the use of downstream high accuracy basecalling
and polishing softwar@Cao et al., 2019)The singleread accuracy igp to98% for the current
MinION device44(Jain et al., 201Ayhich is often sufficient for the identification of pathogens
(Jain et al., 2016)ONT continues to improve with high accuracy beaking softvare, for

example, folE. coliwhere the single read consensus accuracy improved to 99.5% at 30X

coveragdLoman etal., 2015) Currently, MinlON achieves read length of 50kb with al8#i1
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95% single read accuracy, and basecalling and polishing software are likely to continue to
improveand consensus accuracy recorded up to 99C3ang et al., 202@nd

(https://nanoporetech.com/abawg/news/r10dhewestnanoporehigh-accuracynanopore

sequencinanow-availablestore.

Mechanical inoculation and phenotypic rating

Mechanical inoculation is a common practice for plants screened for breeding programs
to test wus resistance. Biological vector inoculation is rarely applied because of the difficulty of
maintaining vector coloniesiniform inoculation to all plants/field plots, as well as low vector
survival after inoculatiofLu et al., 2011a; Wosula et al., 2018)uccessful mechanical
inoculation is essential to evaluate the level of resistance in breeding lines. Success largely
depends on the infectivity of the virus particle, and the effectiveness of the inoculum depends on
both concentration andafility

Historically, the resistance level of cultivars inoculated with thal yiathogenss
determired based on phenotypic symptom assessment (DeWolf et al. 2019; Johnson et al. 2019;
Marburger et al. 2018; Rupp 2015). Additionally, the phenotypicgataldas often
inconsistefy which hinders the scientific comparison on a larger scale. The commonly used scale
is 1 to 9 resistance to susceptible (DeWolf et al. 2019; Johnson et al. Bodris et al. 2011)
but other categorical scales, such as susceptible, moderately susceptible, moderately resistant,
resistant ve also been used (Guill&rortal et al. 2021; Kleinjan et al. 2021). Reproducible
inoculation of the virus by mechanical methods and measurement of viral load in initial
inoculation andn plantawill provide an accurate assessment as the level of symspdoes not

always correspond to the level of virus tifRanieri et al., 1993; Roossinck, 2012)
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Significance of the tudy and objectives

Plant viruses cause severe economic losses by reducing yield, negatively affecting
quality, and continuously threatening sustainable agriculure.to apid symptom
development and a short lifgate, plant virusesausea highHy negative impact on crop
production(Mehetre et al., 2021Multiple virus infections in &ingle plant are common.
Frequent monitoring of viral pathogen and accurate diagod§isld virus diversityis essential
to design management strategi€Bere is a great demand faccuratenew techniques to identify
multiple virusinfectionin asingle plant Currently, identification and detectioely on target
specific tests, based on either serologassaysuch as ELISAor moleculamapproachesuch as
PCR nucleic acid spot hybridization methods microarray techniqgue@Boonham et al., 2007,
Gibbs and Mackenzie, 1997;ndas et al., 200655ometimes sophisticated techniques, including
electron microscopy and a combination of ELISA and electron microscapg/sobeused to
confirm or as investigational metho@dumford et al., 2006)

These contemporary methods have some shortcomings. First, most of these methods
require prior knowledge of the genome to use specific primers, probes, odatitmidentify
the pathogen. These primers or probes are specific to a particular strain, individual species, or
small group(Chalupowicz et al., 2019These method®llow high workloadassag to predict
potential pathogesinfecting a new host or previously uncharacterized ag&etond
nonspecific methods such as electron microscopy are costlyctingiming, andequire a high
degree oexpertse, and this method only provides information on the pathogen presence.
Further analysis is then required for the characterization of thegeihldentifyingand

characterizing novel viral pathogens through conventiomdécular andliagnostic methods
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takes several montt{Susi, 2004) Therefore, a promising approachaetddresshese
shortcomingss the use ohigh throughput sequencing includinlgird-generation sequencing

ONT is adiagnostic method that does not requirect prior knowledge of the pathogen,
discovers novel viruses, and sequences the whole genome fordiyatimstudy of the
patlogens. ONTis alsoused as an esite diagnostic tool. The cassava virus action project used a
pocketsized portable field diagnostic system with MinlON and MinIT mobile sequencing
devices and successfullyagnogdof the viruson site(Boykin et al., 2019)

For wheat virusnanagement, cultural preventive measutfee key management
practice, along witlthe good cultwal practice, is the application of genetic resistance. However,
there are a few challenges for managing wheat viruses through genetic resistance. This
dissertation has the following objectives to address the challenges of wheat virus management
through geetic resistance.

First, a threat to the durability of resistant cultivars is due to the presence of potential new
variantsor new combinationsef the viruses in the field population. Mixed infections of multiple
viruses are common in the natural and agnizal production systesnand disease severity in a
wheat plant is generally increag@&@Yller 2012; Sanfacon 2017; Tatineni et al. 2021
Unfortunately, it is hard to distinguish between single and mixed infegtienotypically. The
synergistic interactions of multiple virus infections are common in wheat, leading to significant
crop production losses even in moderately resistant cultivars. Therefore, the wheat virome study
by using ONT for the identificatioof diversity of virusegviral population)and characterization
of new isolates or new virus combinations was one of the primary objectives of this study.

Secondgenetic,andevolutionarycharacterizatiomwf the viral field populatiomprovides

in-depth information about pathogeRathogens having high evolutionary potential are most
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likely capable of overcoming genetic resistaffdeDonald and Linde 20Q2Using resistant

wheat cultivarss the mosipromising strategy for wheat virus management. The knowledge of
molecular characterization, the phylogenetic relationship among virus isolates, and the study of
the population genetic parametersiafurallyoccurringvirus isolatesvould helpto desgnan
effectivebreeding program for durable resistance. Therefore, establishing phylogenetic
relationships and population genetic structures of known and unknown wheat viruses was the
second objective of this study.

Third, exploring the viability of virusnoculum in mechanicahoculationmethods to
evaluate resistance in breeding lines and establishing the relationship between virus load and
phenotypic expression is essential for the successful and effective screening of wheat cultivar
resistance againstruses at the field level. Accurate quantification of virus load will provide an
unbiased plantirus interaction evaluation for breeding lines with no or mild symptoms but with
higher virus titer as these linean sprad thevirusin the fields.Therefore, the third objective of
this study was to determine the viability and stability ofWteeat streak mosaic virus in
inoculum with time and to establish the relation oMoad to phenotypic symptom expression.
The specific objectives were:

1 Implement high throughput Oxford Nanopore sequencing technique for wheat
virome detection and diagnosis

1 Establish phylogenetic relations of common wheat virus isolates based on whole
genome sequencing

1 Characterize whole genome sequences of previously utthidzad Kansas

wheat viruses
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Characterizéorome mosaic virus isolate and its association with other wheat
viruses in Kansas

Establish evolutionary relatishipsand determine population characteristics of
brome mosaic virus

Determine stability andiability of wheat streak mosaic virus in inoculum over
time

Quantify accurate wheat streak mosaic virus titer in the inoculum and virus
infected leaves

Establish the relati@hipbetween virus titer and phenotypic ranting scale
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Figure 1.1. A wheat field inNess Count)Kansas infected with wheat stkemosaic complex in 2019. Symptoms of yellow mosaic can

be seen in the field and highlighted part of the picture; total loss of yield was observed in the individ(RhG&dredit Ranabhat
2019)
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Figure 1.2. Genomic organization of Wheat streak mosaic virus (WSMV) representing a typical genomic organization of potyviruses
The poly protein is composed of 10 proteins: P1 (P1 protein: 40 kDaprélCGHelper component proteasd: kDa); P3 (P3 protein:

32 kDA); 6K1 and 6K2 (6 kDA protein), CI (Cytoplasmic inclusion protein: 73 kDa); VPg (viral protein gelimdad proteinase: 23

kDa); Nla (Nuclear inclusion putative protease: 26 kDa); NIb (Nuclear inclusion putative polym&&B&)5CP (Coat protein: 37

kDa). nt, nucleotides; UTR, untranslated regiGmaphiccredit: Ranabhat 2020)
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Chapter2-Wheat viageea@amieElt phyl ogeneti c
usi ngt hnglhghput Nanopore sequ

Abstract

Wheat viruses have been recognized as commonngdleting factors of wheat. The
synergistic impact of several concurtgrinfecting wheat viruses is responsible for millions of
dollars lostin wheat production. Genetic resistambang with good culturapracticeds one of
the key management practices of wheat viruses. The primary thchabtuderesistageis the
presence of potential nevirus variants Contemporary targetpecific diagnosis methods use
specific antibodies, primers, and probes to detieat pathogensin this work,high-throughput
Oxford Nanopore sequencing technique (OMW&} usedo detect and determine theal
population structuren wheat samplesA survey was conducted in 2019, 2020, and 2021 in
major wheaigrowing counties of Kansas, and wheat leasresving viruslike symptomswvere
collected. Total RNA was extracted, and cDNA sequencing libraries were mada &R
cDNA barcoding kit and loaded onto ONT MinION flow cells. Sequencing reads were aligned to
cereal virus reference¥/e identifed eight wheat viruses belonging to the gen&réimovirus,
PoacevirusEmaraviurs Bromovirus Luteovirus Polerovirus Bymovirus andFurovirus.We
recorded mixed infections oivo to five viruses in a single sample. Wheat streak mosaic virus
(WSMV) + triticum mosaic virus (TriMV) mixed infection wamost predominantl6.7%),
followed by WSMV + TriMV + BMV (brome mosaic virus) (11.9%) and WSMV single
infection (11.9%). BMV was identified for the first time in a Kansas wheat field infected with
other wheat viruses. Phylogenetic analysis of the whole genomes of WSMV revealed the wide
distribution of isoateswith European and recombinasolates A phylogenetic analysis of

HPWMoV Kansas isolatesasconductedased on RNA 3A and 3Bhe wholegenome
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sequenceof soilborne wheat mosaic virus isolatesrealso characterize Overall, the

information of genetic variability, the phylogenetic relationship among isolates, and reports of
new isolates of viruses and theiriodections will help recommend sustainable management
practices for wheat viruses throulgbstgenetic restance

Introduction

Kansas is one of the top whgabducing states in the United States. It produced 7.654
million tons in 2020, and.906 million tons in 2021, ranked second and first leading producer
(USDA, National Agricultural Statistics Service, 2019 and 2020). Many biotic agents, such as
fungal, bacterial, and viral pathogens, insects, and nematalessignificantlossin wheat
producton. It is hard to estimate crop loss accurately due to biotic factorsasrdbiotic fators
are alvays asociated withHoweverresearchers in Kansas estimated the history of cumulative
disease loss for wheat from 1976 to 2020 that was ranged from 0.2% to 22.2% of potential yield
loss; in2020 and 202, the cumulative loss of wheat by disease (excluding nematodes) was
estimated to ©10.8% andL6.2%or about 31.8 million bushels ai@@.4million bushels
respectivelyHollandbeck et al 2020 and 2021).

The frequent monitoring and characterization of viral field populations provide
information about new isolatedominant or new coccurring vius combinations, or novel
viruses Diagnosis of virudike symptoms in plants has been mostly dominated by specific
methods with known antibodies, primers, and probes. These conventional diagnostic techniques,
such as serological testscareversdranscription PCR, can only test known virusesBecause
of the portability, rapid results, accurate identification of multiple pathogens, shory librar
preparation time, Oxford Nanopore sequencing technology (ONT) is a commonly used cutting

edge technolog{Phannareth et al., 2020)his technologyas beemsedas a surveillance tool
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for detecting fungal, bacteriéBronzato Badial et al., 201,8s well as plant virgdathogens
(Fellers et al., 2019

Viral pathogens are a common threat to wheat production. These viruses are vectored by
aphid (e.g.Barley yellow dwarf virusCereal gllow dwarf virug, mite (e.g., Viruses of wheat
streak mosaic complex), plasmodiophdPiolymyxa graminige.g., Soilborne wheat viruses), or
leafhoppes (Wheat dwarf virug(Ordon et al., 2009)n Kansas, the most common viral diseases
of wheat are Barley yellow dwarf Wheat steak mosaic’ (WSM) comp
Barley yellow dwarf is aidease caused by the infectiorgobup of Barley yellow dwarf viruses
(BYDV) of GenusLuteovirus(e.g., Barley yellow dwarf virus MAV, Barley yellow dwarf virus
PAS, Barley yellow dwarf virus PAV), and Genisbemoviruge.g., Barley yellow dwarf virus
GPV and Barley yellow dwarf virus SGV) (Virus Taxonomy 2020 Relegessg)vectoredby a
different aphidWSM disease can be caused by three distinct viral pathogens including wheat
streak mosaic virus (WSMV), Triticum mosaic virus (TriMV), and High plains wheat mosaic
emaravirus (HPWMoV). All three virusege transmitted by an eriophyid mite, the wheat curl
mite (Aceria tosichell&Keifer) within and between the fields. In the Great Plains, WSM causes
approximately 2% estimated losgen5 years average; however, total loss in localized fields is
common Burrows et al. 2009Ranabhat, N. personal observation 2019). Annual yield loss
caused by WSNk variable In anepidemic year such as 2017 Kansas wheat producers lost an
estimate.6% of total yield (19.2 million bushels of wheat) worth $76.8 million (KSwheat
2017, Hollandbeck et &2017).

Other major wheat viruses inclu@ereal yellow dwarf virus (CYDV)Wheat spindle
streak mosaic virus (WSSMWYheat yellow mosaic virus, and i®mrne wheat mosaic virus

(SBWMV) (Brakke, 1987; Hodge et al., 2020; Rotenberg et al., 20@se vial pathogens
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reduce wheat production qualitatively and quantitatiyBlyamukama et al., 2014; Campbell et
al., 1975; Choudhury et al., 2019; Cunfer et al., 1988}ige et al. 202@lso reportedrome
mosaic virus and Cockfoot mottle virus from ORitne Oho isolate, BMV_OH, deiced grain
yield by 61%in soft red winter wheat inoculated mechanically at an early growth stage
compared to noimoculated contro{Hodge et al., 2019)

Surveys of wheat viruses have been conducted in many states of Grea{Baiog/s et
al., 2009)and Kansas onlfRotenberg et al., 2016)hese studies reported that BYBRAV,
CYDV-RPV, WSMV, TriMV, HPWMoV, SBWMV, and WSSMV were the most common
wheat viruses in KansaRotenberg et al. 20f6und that BYDVPAV and WSMV were the
most prevalent coccurring viruses across the state. Otheooourring virus combinations in
the single plant were WSMV + TriMV, WSMV + HPWY, WSMV + TriMV + HPWMoV,
BYDV + SBWMV, BYDV + WSMV + HPWMoV + CYDV-RPV, WSMV + SBWMV, BYDV
+ SBWMV, BYDV + WSSM in Kansas wheat fiel@Burrows et al., 2009; Rotenberg et al.,
2016) However, these surveys mebased only on detectisgmples by ELISA of only known
viruses

High throughpunext geneation sequencing with barcodingche usedo characterize
large numbers of field samplekhis method could be cesffective and precise in
metagenomics studies and future plant disdasgnostic areas. Comparing whgenome
(complete or neacomplete) sequersamong isolates will increase the likelihood ekdribing
genomic variability among them. In this study, we established the current statewide prevalence
and distribution of what viruses in Kansas wheat fieldlssing ONT, we determined that
WSMV, TriMV and HPWMoV were still the predominant viruseBut we identifiedorome

mosaic virudor the first timaein Kansas wheat field9 he information on wheat virus
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prevalence, characterization, statewide distribution, and statusimfiection of viruses will

better manage the wheat viruses through genetic resistance.

Materials and methods

Winter wheat field survey

A survey of major wheagrowing countie®f Kansas was carried out during the wheat
growing season from May to July 2019, 2020, and 2021. $3atit virus-like symptoms of
yellow discoloration and/or streaking or mosaic patterns on leamesampledduring stem
elongationand head developmegtowth stageRKeeles 6 to 10) A total of 84 symptomatic
wheat leaves (2A® = 46, 2020 = 25, and 2021= 13) were collected from winter wheat fields in
47 different counties of Kansas (Fig4). Leaf tissue ofach sample wastoredat- 20°C
until the tissue codl be processefdr RNA extraction.
RNA extraction

Total RNA from each sampl@00 mg of tissueyvas extracted usg amirVana miRNA
extraction kit (Ambion Catalog number: AM1560, TherRisherScientific MA, USA)

according to the manufacturer’s instructions.
spectrophotometer (NanoDrop Technologies, Rockland, DE, US#&hdied total RNAT ug)
was cleaned withiul of DNase using urbo DNaseFree™ kit (AM 1907, Ambion®, Thermo
FisherScientific MA , USA) according to the mantof act ur e
get rid of host genomic DNA
Reverse transcription and strandswitching

MinlON library preparation for multiple sampgevas achieved using an Oxford RCR

cDNA Barcoding (SQKPCB109) kit foll owing the manufactu

Nanopore Technologies, Oxford, U.K.) with the following detailgotal of 1 pl (100 to
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120ng/|) total RNA was used with 1 pl of 2 uM VN primers (VNP, SERCB109, ONT), 1 ul
of 10 mM dNTPs (Invitrogen, catalog number: 18751680d 8 pl of nucleastree water (NFW)
were incubated at 65°C for 5 minutes. Then the mixture of 4 ul 5x RT buffer (Insitragtalog
number 18090200), 1 ul of RNaseOUT (Invitrogen, catalog number 10777019), 2 ul of 2.0uM
StrandSwitching primer (SSP, SQRCB109, ONT), and 1 ul of NFW were added to the
incubated mixture and incubated at@Zor 2 minutes. 1 yl of Maxima H minus Reserve
Transcriptase (Invitrogen, catalog number 18090200), was added and that 20 pl total reaction
volume wasncubated for 90 minutes at 42and followed by heat inactivation for 5 rates at
85°C.
PCR and barcodng

For up to 12 samples, 5 pl of revertsanscribeccDNA sample was used with 1.5 pl
Barcode Primers (BP0O1 to BP12, SGKB109, ONT), 18.5 pl of NFW, and 25 pl of 2x
LongAmp Taq Mastemix (New England Biolabs, catalog number #M0287) mix with a total
volume d 50 ul. Thethermal cycler program was 35 for 30secs for initiatlenaturation, 15
cycles of 95°C for 15secs, 62°C for 15secs @t 12 minutes and fnal extension of 6
minutes at 65C to amplify ~10kb products. After completing PCR, 1 pl of NEB exxdease 1
(New England Biolabs, catalog number #M0293) was added to each PCR tubeudnaded for
15 minutes at 37°C, followed by 80For 15 minutes. Then 0.8x volume of AMPure XP beads
(BeckmanCoulter, #A63881) was added to the reaction and inculfatégiminutes in a rotator
mi xer. The beads were washed with freshly pre
instruction (Oxford Nanopore Technologies, Oxford, U.K.). cDNA library was eluted in 12 pl of
Elution buffer (EB, SQKPCB109, ONT), anche concentration of the DNA was measured by

nanodrop. After quantification, cDNA barcoded samples were pooled to a final volume of 11 pl
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and 1 ul of Rapid Adaptor (RAP, SQRCB109, ONT) was added to the amplified\bt®library
and incubated at 2€°for 15 mnutes. The prepared library was loaded on the MinlON R 9.4.1
flow cell (Oxford Nanopore) foll owing the
Nanopore Technologies, Oxford, U.K.).
Bioinformatics analysis

Raw fast5format data from MiKNOW software(version:21.06.13) guppy basecaller
high accuracy\ersion 3.1.5, dna_r8.4.1_450bps_hac.cfg, R 9.4.1, Oxford Nanoguvek et
al., 2019)was used to translate the raw electrical signal to the nucleotide sequenfastdhe
formatdata obtained after basalling was separated by barcoda guppybarcode After
separation, adapters were trimmed using porechop V@4cK et al., 2017)Nanofilt v2.3.0
(De Coster et al., 2018yas used to sehin-length to 75andmaxlengthto 30000.Following
porechop ancdhanofilt processingreads were imported and mapped against cereal virus
reference genomellsing CLC Genomic Workbench® v21.0.4 (Qiagen, MD, United Stdigs)
aligning readsagainstreferencegenomeof the most commonoereal virusegSupplementary
Table Al). Referencewvas made by assembling the whole genomes sequéngsss The
following parameters were used in Clworkbenchreadswere mapped to referenasingthe
paraméersfollowing resequencing analysis withasking mode :0 maskingmatch score 1,
mismatch cost = 2, cost of insertions and deletiongedr gap costnsertion cost =3, deletion
cost =3, length fraction = 0.5similarity fraction = 0.8, global alignmentro, non-specific
match handling = mamndomly, output mode = create staaldne read mppings, create rept
= yes, collect unmpped reads = ndhe viruses with incomplete sequences werddxdiin the
NCBI nucleotide (blastn) database to confirm the presence of wheat vifhgesinimum

sequene readlengthwas1000 bp were considereds lower limitto count
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Recombinant analysis

Whole-genome consensus sequences of WSMV or TriMV of this stbidyplementary
TableA2 andA3) and the complete reference genome sequences obtained from GenBank
(Supplementaryrable A4) were aligned using muscle alignment in MegéKx¥mar et al.,
2018) Seven different algorithms weeused in the RDP5 prograidartin et al., 2021)o
examine the recombinant isolates. These algorithms were(RBfin and Rybicki, 200Q)
Bootscan(Martin et al., 2005)GENECONV/(Padidam et al., 1999MaxChi(Smith, 1992)
3SEQ(Lam et al., 2018)ChimaergPosada and Crandall, 200and SiScaGibbs et al.,
2000) Putative recombinants and potential parents were determined if at least four out of seven
algorithm methods were significarR € 0.01).
Phylogenetic aalysis

Realignment of nucleoprotein sequences of all WSMV isolates except putative
recombinants was performed with a muscle program in Me@@Kar et al., 2018)ncluding
Oat necrotic mottle virus (for WSMV), Sugarcane streak mosaic,\@ngsCalademia virus A
(for TriMV) (Supplementaryfable A5) and Raspberry leaf blotch virus (for HPWMoV)
(Supplementaryrable A7) asoutgrous. The besfittednucleotide substition models were
determined by the maximum likelihood f{isumar et al., 2018; Nei and Kumar, 2000)
necessary for constructing the phylogenetic tree. Thefittest model was selected based on the
lowest Akaike information criterion (AIC) and Bayesian information criterion (BIC) scores
(Guindon and Gascuel, 2003)hese models were GTR + G + | (General Time Reversible model
with Gamna distributed and Invariant sites) for WSMV, GTR + G (General Time Reversible
model with Gamma distributed rate) for TriMV, and T92 + G (TanBipmrameter model with

Gamma distributed rate) for HPWMa¥Xumar et al., 2018 Maximum likelihood phylogenetic
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trees were constructed using Mega X with parameters as follows: number of Bootstrap
replications of 1000, raleotide substitution model as mentioned above for differienses,

number of threads of 4.

Results

Virome analysis of symptomatic samples using Nanopore sequencing

After mapping with cereal viral reference genomes, we identified eight different wheat
virusesin samples collected from 47 countiaKansasncluding WSMV, TriMV, BMV,
HPWMoV, BYDV, CYDV, WSSMV, and SBWMV Figure 22 illustrates the distribution of
wheat viusesacross the major whegtowing counties of Kansa¥he most dominant €o
infection was WSMV + TriMV (16.7%) follwed by WSMV + TriMV + BMV (11.96) and
single virus infectionWSMV only (11.9%) (Figur@.3). We found ceinfection of wheat viruses
was more common than single virus infectidriMV was found ceinfected with all other
viruses excepbBWMV, and we found one sample infected with TriMV only. BMV was found
co-infected with allother wheat viruses however most commonhirdected with WSMV,
TriMV, and HPWMoV.2.4% of samples that had five viruses (WSMV + TriMV + HPWMoV +
BMV + BYDV) infected in a single sample. WSSMV was foundicfected with all other eight
viruses foundn different samples, but SBWMV was found-icdected only with WSSMV,
WSMV, and BMV in one sample (Figu&3). Pawnee and Riley were thely two counties
whereSBWMV was found. However, WSSMV was also recorded from Barton, Kingman, and
Reno counties afgg with Pawnee and Riley counties (Figar2).

The total incidence of a virus was calculated by the infection of the samples by a virus
alone or ceinfected with other viruse3.heindividual virus incidencéased or84 total sample

collected fromdifferent couties WSMV was the mosiominant virug94.43%)identified in all
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47 counties sampletbllowed by TriMV (58.33%) identified in 33 counties out of 47 sampled,
and BMV (44.05%) detected in 30 aties out of 47 sampled (Table 2Higure 22). BYDV
(34.52%) and HPWMoV (27.38%) weidentified in 22 and 21 counties, respectively, out of the
sampled 47 major whegrowing counties of Kansas sampled. WSSMV, CYDV, and SBWMV
were found in only a few samples; they comprised only 8.33%%3.&fd 2.38% incidence.
Whole-genome sequencingf wheat viruses

An average of 4.48 x 2@aw readgSupplementary Table2and A3) was obtainedfter
mappingto acereal virugeference genomgatabaseAn average of 9.78 x $@eads of WSMV
were obtained after apping with a reference sequence with an average coverage of 991.82 X
(Supplementary Table4. 36 Completesequencesf nucleoproteirof WSMV were olbained
(Supplementary Table4) and deposited in GenBank. Tre@maining samples did not produce
enough coverage andAweremissingafew nucleotides in the coding region of the genoveee
excluded for further study. For TriMV, an average of 6.06 %ré@ds wih an average coverage
of 301.56X was obtained after mapping with the reference gen@upplementary Table3).
11 TriMV completeandnearo mpl et e (only missing a few nucl
region of the genome) genome sequences were depiosEshBank Supplementary Table
A4). Complete and neamomplete one RNA1 and RNA2, four RNA3A, three RNA3B, four
RNA4, one RNA5, two RNAG, four RNA7, and two RNA8 genomes of HPWMoV with an
average of 4.5 x £@ong reads with an average coverage of 11PR&.8vere obtained and
deposited in the GenBanspplementary TableA. For BMV, complete and neaomplete
genome sequences of two RNAL, two RNA2, and seven RNA3 were obtained with an average of
1.43 x 18long reads and an average coverage of 4072¥ dfd deposited in GenBank

(Supplementary Table B3Two complete genomes of RNA1 and RNA2 with an average of 6.93
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x 10° long reads with an average coverage of 418 T$upplementary Table9) of SWMV
were obtainedCoverage oBYDV and WSSMVwas insufficiemto produce useful full genome
sequences and were omitted from GenBank submission
Sequence alignments

WSMV

The wholegenome sequences were aligned with sequences obtained from GenBank
(Supplementary Table@). Most of the isolates showed high nucleosiailarities 097%)
with other already characterized isolates from the US except for three isolates (19RH1, 19SV,
and 20GO). 19RH1 showed only 88.4%, 19SV showed 90.4%, but 20GO showed 94.5%
nucleotide similarities with WSMV typstrainand other US isakes Supplementary Table4).
Most isolates showed lower nucleotide similarities (~ 88%) with Central European isolates.
However, 19RH1 showed > 97%, 19SV showed > 95% and 20GO sl®&9 similarities
with central European isolates. 19RH1 hadraframe threenucleotideGCA deletion at
nucleotide position 8412 to 8414 of coat protein, leading tto8s®f a glycine residue at
position 2761 in the polyprotein.

TriMV

The wholegenome sequences of 11 isolates TriMV were aligned with the complete
genome squence of the TriMV retrieved from the GenBaS8kijplementary Table3). TriMV
isolates from this study showed high similarities (> 99%) with isolates from Colorado, Nebraska,
and KansasSupplementary Table 3.

HPWMoV

The complete and neapmplete genme sequences of eight RNA segments of

HPWMoV isolates obtained in this study were aligned with reference genomes and other
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published isolates retrieved from GenBaSkiplementary Table8). All RNA segments had
high nucleotide similarities (> 99%) withfezence genomes, but 20MC2 RNA3A and RNA7
sequenceshowed 96.3% and 96.6% similarities, respectively, with the reference genome
(Supplementary TableA. Isolate 20RH2 RNA7 showed only 85.5% similarity with the RNA7
reference genomé&(pplementary Tabled. Two variant sequences of RNA 3A and RNA 3B
were found. RNA 3A encodes 286 amino acids of 33.2 kDa, and RNA 3B encodes for the 289
amino acids of 33.4 kDa nucleocapsid proteins. RNA 3A and RNA 3B variants found in this
study had an average within group andetween groupercent identityi2.43% segence
divergencebetveen these variantshe alignment of protein sequences of 3A and 3B obtained
from this study and with sequence retrieved from GenBank showeanin®acid insertion in
RNA 3B at the positions of 23, 24n& 287 Gterminus of the protein in all isolates used
(Supplementary Figur&l). These insertions differentiate RNA 3B from 3A.

SBWMV

The complete genome sequence of both RNAL1 and RNA2 of SBWMV isolates obtained
from Pawnee and Riley counties were aligned with RMAd RNA2 reference genomes
separatelf{Supplementary Table9). RNA1 genomes of SBWMYV isolates from Pawnee and
Riley Countywere more than 98% and 96% nucleotide similarity with the reference genome,
respectively. RNA2 genomes of both isolates from Pavamel Riley counties were more than
98% similar to the reference genonsapplementary Table®. RNAL of Riley and Pawnee
County isolategncodes threproteins:measuring 149.9/150 kDa (from 102 to 4064 nt, 1320
amino acids), 54.7 /54.6 kDa (from 4185 to 5588, 467 amino acids), and 37.2 /37.3 kDa (5653
6636, 327aa) respectivelRNAL of Riley and Pawne€ounty isolategonsists of 796 ard

6995nucleotidesespectively The reference genome was 709¢lratides longaround100 bps
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were missing from the’ 3intranslated region ofdvneeCountyisolates The RNA2 is the
shorter particle. Both countieisolates contain 3590/3591 nucleotides and encode for three
proteins:measuring 19.3 kDdrom 334 to 864 nt, 176 amino acids), 54.0 kDa (from 1141 to
2598, 458 amino acids), and 18.8 kDa (from 2665 to 3189, 174 amino acids).
Recombinant analysis of WSMV and TriMV

A 37.8% of total samples of WSMV (14 out of 37) were identified as potential
recanbinants by at least five algorithms of the RDP5 program at a significant veffue @05
(Supplementary Table ). These algorithms also provided the potential major and minor
parents. These recombinant isolates were 19SV, 19ST, 19RA3, 19TR1, 19FL,, 1199&MV,
20GO, 20WA, 20EW, 20TR2, 20GH2 and 20JW& also analyzed the recombinant analysis of
TriMV isolates obtaned from this study and reference genomes retrieved from the GenBank
(Supplementary Table®. No potential TriMV recombinant isolates wenedictedby the
RDPS5 program.
Phylogenetic analysis

WSMV

The complete nucleoprotein or coding sequence of 23 W&ldtes (9 from 2019 and
2020, 5 from 2021) from this survey and 22 reference isolates obtained from GenBank
(Supplementary Table® were used to construaphylogenetic tree. Constructing phylogenetic
trees without recombination analysis leads to ¢ctirily phylogenetic signalBraidwood et al.,
2019) Therefore, before phylogenetic analysis, recombinant analysigsesasmedand 14
potential recomiiant isolates detected by the RDP5 program were excluded from phylogenetic
analysis. Oat necrotic mottle virus (ONMV) was used as an outgroup. The phylogenetic tree

constructed from 45 complete nucleoprotein sequences of WSMYV isolates consists of four main
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clades (Figure5) . Cl ade A repPaddésdmtosn Mexli &atoe ‘CElade
European isolates characterized by a deletion of the glyesidueat position 2761 in the coat
protein region because of the deletion of the GCA codon at nutdquiisitions 8412 to 8414.
The isolate (19RH1) collected froRush Countyf KS was clustered with European isolates.
Clade C represents an isolate from Iran. Clade D includes isolates from the United States,
Argentina, and Turkey. Clade D isolates wengher divided into four subclades (D1 to D4). D1
contained isolates from the American Pacific Northwest and WSMYV type isolate, D2 was
constituted by only isolates from this study. Isolates from Colorado, other already detected
Kansas isolates and other Ksas isolates from this study comprised a small group and
polytomies between sutiades D1 and D2. D3 also contained the isolates from Kansas only with
one already detected Kansas isolate. D4 included isolates from Kansas, Nebraska, Idaho, and
Turkey.

Tri MV

The phylogenetic tree was constructed using a complete nucleoprotein sequence with 11
TriMV Kansas isolates from this studgpplementary Table%) and 6 TriMV isolates from
sequenceretrieved from GenBanlSupplementary Table®). Sugarcane mosaicrus (YN
YZ211) and Caladenia virus A (CalVA KP1) were used as outgroups. The topology of the tree
consists of three clades: A, B, and C (Fig®. Clade A consisted of single isolates from
Colorado. Clade B contained two isolates, 19 MT and 20GL2 atetleduring this study. Clade
C consisted of one isolate from Nebraska and four isolates previously collected from Kansas and
9 isolates collected during this study. Clade C comprises one subclade C1, including two isolates
from Wichita and_ane Countycollected in 2021 and one froBeward CountyKansas collected

in 2019.
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HPWMoV

The coding sequence of HPWMoV nucleocapsid protein RNA3 ahdatgariants,
RNAS3A and RNA 3Bwere used to construct a phylogenetic tree (Figute Five RNA3, three
RNAS3A, and RNA3B nucleocapsid protein sequences obtained from GenBapjil¢ mentary
Table A8), four RNA3A, and three RNA3B sequences obtained from this study were included in
the phylogenetic tree. Raspberry leaf blotch virus (RLBV) RNA3 nucleoprotein sequence was
used as an outgroup. Because of the @6 withingroup sequence identity and 889%
betweengroup identity, RNA3 clustered separately in the middle of the topoldgyeba
RNA3A and RNA3B. RNA3A isolates from this study and previously sequenced Nebraska and
Kansas isolates were clustered together with a common node of significant bootstrap support
(Figure2.7). RNA3B GG1 Ohio isolates form a separate cluster. HowBMNA3B isolates from
this study (20MC2 and 20SC2) and previously sequenced Kansas isolate (KS7) clustered
together. One Nebraska isolate, and 20KEZ2 isolate, formed a single polytomy within the RNA3B
cluster.

Discussion

Oxford Nanopore sequencing (ONfAasgreat potential to identify viral diseasa
wheat field samples and could be used as a disease diagno@ietieos et al., 2019DNT is a
promisingmethod for generating high throughput long reddsoth DNA/RNA in realtime
with no prior amplificationAyub et al., 2013; Piombo et al., 202This methochas recently
been used aslong-read sequencing technique to characterize many plant vinesegding
maize viruseg¢Adams et al., 2017potato virus Y(Della Bartola et al., 2020plum pox virus
(Bronzato Badial et al., 201,8yam virusegFilloux et al., 2018)and wheat virusg$-ellers et

al., 2019) Cost per sample processing can be a major consfaitiagnostic labs to adopt
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technology. One way of reducing the cost of OblTo evaluatanultiple samples in a single run
using barcodesn this study, ve loaded up to 12 barcoded samples per MinlON flow cell run
and obtained a total of 5 to 16.64 million reddsproved protocls using ONT as aiagnostic

tool for plantviruseshave been conductedncluding ue of aribodepletion kit to remove host
ribosome and increase coverage of viral pathogefting et al. 202). ONT could beafeasible
method for accurate diagnosis of plant viruses and could address tlhestiogt of target

specific methodscluding the requirement of prior knowledge of the genome, limited ability to
detect multiplepathogensimultaneouslyandlow sensitivity.

Aside from diseassurveillance, ONT is powerful choicdor viral metagenomicer
pathaenomicand transcriptomic studseONT generates long reads that potentially reduce the
biases that arise during metagenomics stuifiGsnmack et al., 2008Yhe primary biasn
using shorread sequencing platforms is the likelihood of generating chimeras from short reads
from different virus variants durinde novaassemblyRoux et al., 2017; Wommack et al.,

2008) In contrast, the lorgeads of ONT reduce the chances of having unassigned reads during
contig assembly and irease the probability afetting true (unbiasedjenetic variabilityby

adjusting requiremesatiuring sequencing and pestquencing bioinformatspipeline(Filloux

et al., 2018)ONT still suffers from high error ratesdinconsistencies inoverage onumber of

reads while loading multiple samp)désit high accuracy base calling packages and downstream
computational methods are available to correct ONT sequencing data for deep sequence analysis
and metagenomid$ahlin and Medvesl/, 2021) The ONT platform shows great promise for
downstream analysis, including genetic modifications, recombination, adaptive evolution or

resistant breaking mutations, and metageno(8oswn et al., 2017)
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Plantviral diagnostisis complicated bynixed infectiors of multiple virusesAccurate
diagnosis of plant viruses is essential to reduce disease smetatanage them effectiveljhis
studyidentified positivesense ssRNA viruses, bipartite positsense RNAviruses a ripartite
positivesense RNAvirus, andanoctapartite negativeense RNAvirus in a single sampléhis
result shows ONT is an efficient means of deteatimugiple viruses with different genomic
structursin a mixed infectionCo-infection of plant viruses in a single plant is comrnieading
to a synergistinegativempact on the hogSanfacon, 2017; Syller, 2012; Tatineni et al., 2021)
Maize lethal necrosis, maize chlorotic mottle virus and sugarcane mosaic virus cause synergistic
impacs (Redinbaugh and Stewart, 2018ynergistic interactiabetween isolates of casava
mosaic virus have been documenteda et al., 2001Past researdhas showrhat coeinfection
increasesector transmission efficien@ndsystemic movemerand gave a fithess advantage
due tothe synergistic effect of emfection and high titers of WSMV and TriM{Seifers et al.,
2009; Tatineni et al., 2010Additionally, the transmission efficiency of TriMV and HPWMoV
mixed infection with WSMWvas higheccompared to a single infection of these viru&esfers
et al, 2009, 2002)Mixed infection leads to mutual benefits between thénéected viruses and
cause greater impacbn yield loss Greenhouse and fiestudiesshowedsignificant yield loss as
a result of cenfection of WSMV and TriMV(Byamukama et al., 2012; Wegulo et al., 20112)
this study, we targetastheat RNA viruses by using Oligo(dT) primer and could alsotifyetie

Viruses with mul ti pl e adwralgehomswitlopoly(A)tats. t he ge
However, future studsusing random primers, polyA tailing, and other ONBEkitich as
“ W a ti'My Pot” (EPI2ZME WIMP workflow) could diagnosaultiple RNA and DNA

viruses in a single run.
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Understandingiral population structure would help us develop or recomniestier
source of genetic resistanc&@heseresuls showthatthefield viral populatiors arevery diverse.
Wheat breeding prograamainly focused on screening the wheat cultivars aigfingle virus
especiallywheat streak mosaic virudlith thisknowledge othediversty of field viral
populatiors, bree@rsshouldconsiderscreeningheir cultivars with multiple viruse§.he
selectionof virus resistance cultivars through varietal screening progsawuld be dynamic
based orfrequent monitoring and characterization of fieéd viral population Screening
nurserescan mechanically inoculate withultiple viruses or set their breeding nursery in the
field with a history ofuniform naturainfections For best natural inoculation with field viral
populatiors, onecan establish the nursery next to the field with voluntderat orsimulate the
volunteer wheat around the varietal screening nursery.

Thesamplingmethodof this studytargetedsymptomatic wheat leave#\dditionally,
sampling was done nstly from the edge of the field§herefore, this studywasinadvertently
biased towarsimultiple infection. Howeverfuture studeswith arandom sampling of
symptomatic anaeighboringnonsymptomatic wheat leaves with a thorough investigation of
the distribution might help fully understand the distributidnvheat viruses in the wheat
growing reasons of Kansas

Some samples of this work were collected frauttivarswith known resistance genes
from Lane and Wichitaounties We observed that whecultivarswith Wsm2such as J amd’
‘ Gar diWsm2+ cufl mite resistance gene) were heavily infected with high virus Tdeal.
counties wher®/SM complex viruses and Brome mosaic viwessidentified were
superimposed with the area aflaption of these variet Both varietiesvere infected with

WSMYV and TriMV. This result leads tlurther investigatiorof whether that is due taigh
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temperaturg, asWsma2s temperaturesensitive meaning resistananesnot work effectivelyat
highertemperature(Seifers et al., 2007, 20Q&)r due to thegresence of resistant breaking
isolates of WSMW. OneWsm2resistant breaking isolate (KSH294) wadeadyidentified from
foxtail in 2019at Hays Kansakumssa et al., 2019T hereforethe presence of similar isolates
in the field ispossible A growth chamber studyp evaluate the infectioof the isolates identified

from “Joe ia diferent t@uparatwte regimvill provide information an the
effect of temperature dheability of the isolates to overconW#sm2resistancattemperaturg
below 24°C.

Thedeployment of wheat cultivakgith a single resistance geimealarge geographic
area increasghe selection pressure on virusése has been cultivated in Kansasne of the
top five most plantedheat cultivardy thetotal area of plantatiorPhylogenetic analysis of
WSMV showed the diversity among Kansas isolates as they clustered intasaizies and
subclades.This phylogenetic relationship of WSMV isolaisxonsistent with previous
phylogenetic clustered WSMV isolates based on the CP seq{Raloenstein et al., 2002;
Stenger et al., 2002nd recent full genome sequeriBedila et al., 2021)heisolatecollected
from Rush County19RH1) was clustered in Clade B with the European isolatespean
isolateswere reported fronthe Pacific Northvest region othe United StatesRobinson and
Murray 2013 and also from Great PlaifRedila et al.2021) In the applied aspedhediversty
of WSMV isolatesincludingthe European isolate and the putative recombinenk&ansas
couldhave significant implicationfor breeding programs becauiéferent WSMYV isolatesnay
interact differently with resistance genBggardingselection pressure, tipgesence of

genetically variable WSMYV isolates in Kansas could increase the likelihood of the evolution of

resistanceoreaking isolats Breeders should consider using tolerant cultivars or cultivars with
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stack of minors and major resistance ganagduce the selection pressure in viral populations.
A high virus load with nao little impact on overall yield is not much of great conc@ims
mechanism is less likely to break down as it causes less selection priessuneresearch
targeting toleraincultivars in breeding programs ordeph investigationof the interaction of
wheat viruses with tolera cultivars would help makeonclusive recommendations toward
wheat virusmanagement

Recombination is a common phenomenon in plant viruses for evolutionary advantage
Evidence oimultiple recombinants were reported from other potyviruses inclualimy pox
virus (Cervera et al., 1993jsolates of potato potyvirus (Glais et al., 2002; Revers et al.,
1996) bean common mosaic virugjcchini yellow mosaic virugRevers et al., 1996and
watermelon mosaic viru®esbiez and Lecoq, 2008 this studyrecombinant analysis showed
thatabout38% of the total characterized isolates were recombinants. The putative recombinant
isolates from this study were recombined with isolates from Europe (Clade B)taridolates
from United State¢Clade D) as the major and minor pardi@spplementary Tabla10). The
presence of recombinant isolates in the fielcbiscerningas theWsm2resistant breaking isolate
(KSH294) was reported a& potential recombinant isolatiedila et al., 2021)his result
suggestthe recombination plays important role in the evolution of WSMV strains that might
causenfectionin cultivars of wheat with resistance genadditionally, thepossibility of
expandhg the hostrangeor evolving to bemore aggessive or virulenéxists However, there
was no information of host resistance genes for those recombinant isolates reported in this study.
Future studies require a systemic survey of wheat cultivars with known resistance genes or

defense mechanisms taderstand the virugirus-host interaction.
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From this study, the whole genome sequence of all eight segments of HPWasoV
obtained from different Kansasunties Among RNA3 variants sequenced in this study
RNA3B wasmorediverse tharRNA3A. Thesequence divergence between RNA3A anchB8
within-group and betweegroupidentity among RNA3A and 3B isconsistent with the sequence
divergence between RNA 3A and 3B reported in Ohio iso(@esvart, 2016and Nebraska
isolateg(Tatineni et al., 2014)he phylogenic relationship showelansas and Nebraska
isolates have more similarities than Ohio isolates. However, RNA3A isolates obtained from this
study and isolates from Nebraska and Ohio clustered together, showing lower variability in
RNA3A compared to RNA3B. Ae comparison of isolates from these three states shews
locationwise variabilityof HPWMoV RNA3B, but that is not true with RNA3A. In contrast,
Stewart 201&howed that neither locatiaor collection host was useful in predicting the
nucleoprotein variability of HPWMoV. A significant number of HPWM@dlates from
different hosts, locations, and vector types would be an interesting future comparison that helps
better understand the variability HPWMoV isolates.

The whole genomes of RNA1 and RNA2 of SBWMYV isolate characterized in this study
are the two first isolates ever characterized from Kansas. The molecular charactesidation
thecorrect diagnosis arahyfuture phylogenetic and evolutionary studies of SBWMV. Accurate
diagnosis of SBWMYV igrucial because the vector of this vird®lymyxa graminisproduces
resting spores that can remain dormant and invasive in soil for up to 30 years and then infect the
host in favorable condition€adleDavidson and Gray, 2006)he vector can be easily
distributed through water aridrm machinery (Niblett et al. 1976). It is difficult to control this
disease once it infectswvheat field. Therefore, molecular characterization of SBWMYV isolates

helps accurate diagnosis and helps to develop resistant cultivars through a bnegptang.p
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Overall, the results obtained from this study demonstih&tpotentialcosteffective use
of third generation long reads ONT to analyze multiple samples in a single run using barcoded
samples. We could identify wheat viruses belonging to sixliesrand eight genera: family
Potyviridae(Generalritimovirus, PoacevirusandBymovirug, family Fimoviridae(Genus
Emaravirug, family Tombusviridagd GenusLuteovirug, family SolemoviridaeGenus
Polerovirug, family Virgaviridae (Genus krovirus), family Bromoviridae(GenusBromovirug
and with mono, bi, tri, and ocfaartite positive to negativeense RNA viruses in a single
sample. The information afiverse wheat virus populatishelpsdesign sustainable

management strategieswleat viruses through genetic resistance
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Figure2.1. Map of Kansas countieghere samples wer@kectedin 2019, 2020, and 2021
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66



16.7

15 7

-
o
1

()]
w
()]
w0
w
w

% incidence in a single sample
(93]
&
&
P

QI JIIJIFdIJII L4000 0848
$ S TS PSS ST OTFT LSS
FFI IR IR SRR OFTEFT I LIS REE
'g'\ §§$'§$$ﬁ§ g\§6§® *@3;{‘ §.§§¢"_§‘
€ FYPTPITTE P q TSSO S
y RIS T Yo s ST L
‘#*3' S X é@ ;\Q\ _&’{\ }2? §x é@ ;5\ R S R ;2‘ R
VT LTESSESE & L s S&Es
SR EL LS SO
SN Y L g
°’§$ §‘¢ 3 S X
e g K g o S
5 S
S

wheat viruses*
Figure2.3. Percent incidence afheatstreakmosaicvirus (WSMV), triticum mosaic virus
(TriMV), High Plains wheat masc emaravirus (HPWM@), brome mosaic virus (BMV)arley
yellow dwarf virus (BYDV), wheat spindle streak mosaic Vi@ SSMV), cereal yellowdwarf
virus (CYDV), soilborne wheat mosaic vir/SBWMYV) and virus combinations in samples
collected from Kansas wheat fields detected through Oxford Nanopore sequencingik¥irus

symptomatic wheat leaves were collected from the field in 20020),2and 2021
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Table2.1. Individual virus detected through Oxford Nanopore sequencing. The percentage of
incidence was measured in total samples if that individual wiassidentified as a single

infection or ceinfected with other viruses. Virtl&ke symptomatic wheat leaves were collected
from the field in 2019, 2020, and 2021.

% sample incidence in a

Wheat virus detected in samples* single sample (n = 84)
WSMV 96.43

TriMV 58.33

BMV 44.05

HPWMoV 27.38

BYDV 34.52

WSSMV 8.33

CYDV 3.57

SBWMV 2.38

*WSMV= wheat streak mosaic virus, TriMVtsiticum mosaic virus, HPWMoV = High Planwheat
mosaic emaravirus, BYDV barley yellow dwarf virus, BMV sbrome mosaic virus, WSSMV = wheat
spindle streak mosaic virus, CYDVcereal yellow dwarf virus, SBWMV soilborne wheat mosaic virus
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Figure2.4. Phylogenetic tree of wheat streak mosaic virus (WSMV) isolates sequenced in this
study (heightened in purple text) and selected strains. The phylogenetic tree wagtmade
maximum likelihood analysis with a GTR + G + bstitution model of nucleoprotein sequence

with 1000 bootstrap. The tree with the highest log likeliheb8327.64) is shown. The

percentage of trees in which the associated taxa were clustered is shown next to the branches.
The posterior probability of0%6 was the cutoff value and branches not supported were
collapsed. Oat necrotic mottle virus was used as an outgroup in the analysis. Brackets on the
right side indicate the taxa clustered in WSMV clades A to D. Clade D is further divided into

subclades D1o D4.
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Figure2.5. Phylogenetic tree of Triticum mosaic virus (TriMV) isolates sequenced in this study
(heightened in purple text) and selected strains. TriMV isolates are divided into four clades A to
C and clade C with C1 sutlade. The phylogenetic tree was mad maximum likelihood

analysis with a GTR + G substitution model of nucleoprotein sequence with 1000 bootstrap. The
tree with the highest log likelihood26213.21) is shown. The percentagéreés in which the
associated taxa were clustered is shown next to the branches. The posterior probability of 70%
was the cutoff value and branches not supported were collapsed. Sugarcane streak mosaic virus
and Caladenia virus A were used as outgroupisaranalysis.
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Figure 2.6. Phylogenetic tree of High Plains wheat mosaic emaravirus (HPWMoV) isolates
sequenced in this study (heightened in purple text) and selected strains. The phylogenetic tree

was madevith maximum likelihood analysis with a T92 + G substitution model ofeaprotein
sequence with 1000 bootstrap. The tree with the highest log likeliR8®824(14.21) is shown.
The percentage of trees in which the associated taxa were clustered is shown next to the

branches. The posterior probability of 70% was the cutofferahd branches not supported were

collapsed. Raspberry leaf blotch virus (RLBV) was used as an outgroup in the analysis.
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Chapter3-Geneti c andceaobuot mdbnam@ i on
mosai c virushassloaiasi amdwi th ot he

I n Kansas

Abstract

Brome mosaic virus (BMV) was recently identified from the Kansas wheat fields in
association with othexheat viruses. In this study, we report the details of BMN¥héection
with other wheat viruses and compare the genetic variability andtievary characteristics of
the complete genomes of the BMV isolates obtained using Nanopore sequencing. BMV was
found coinfected with wheat streak mosaic virus (WSMV) and Triticum mosaic virus (TriMV)
(27.8%), followed by canfection with WSMV only (130%) and WSMV + TriMV + HPWMoV
(High Plains wheat mosaic emaravirus) (13.9%). BMV isolates obtained in this study had greater
nucleotide and amino acid sequence identity (99.4 to 100%) to eachQitlsteing of BMV
isolates variedvhile constructing phipgenetic trees based on nucleotide sequences of coding
regions of each RNAgenomeOn averageUS BMV isolates showed low divergené&dNA2a
possessed relatively high divergence (m = 0.0
Coding regions of all RNAs of BMV were considered negative or purifying selection pressure as
nonsynonymous, and synonymous nucleotide ratio was less thatiNsf#S>1). The
molecular characterization of Kansas BMV isolates aids in designing appropriate diagnostic
tools, understanding genetic variation, phylogenetic relationships with the other US ad8 non
isolates, and evolutionary mechanisms employed bgrgersubunits of BMV would support the

sustainable management of wheat viruses through genetic resistance.

72



Introduction

Brome mosaic virugGenus:Bromovirus family: Bromoviridag is the type member of a
group of icosahedral, positistrand ssRNA virusesith a tripartite linear genome. The genome
is comprised of RNA1, RNA2, and RNAAhlquist et al., 1984; Kao and Sivakumaran, 2000)
RNAL encodes protein 1a (containing capping and RNA helicase activities), RNA2 encodes
protein 2a (putative RNAlependenRNA polymerase)andRNA3 encodes two proteins: 3a
(movement protein, MP and coat protein, CRje CP idranslated or derived from RNA3 as
subgenomic RNA andecognized as RNA&ao and Sivakumaran, 200Rao, 200k Brome
mosaic viion encapsidate RNA1 and RNA2 separately, whereas RislABcapsidawith
subgenomic RNAJin a single virionRao, 2006)The capdd of all three particles contains 180
subunitsarranged in icosahedral symmettyicas et al., 2002)

Brome mosaic viru¢BMV) distribuedworldwide, as it has been reported in the United
StategHodge et al., 2019; Mian et al., 2005; Srivatsavai, 200&haddDiazCruz et al., 2018)
South Africa(Von Wechmar and Rybicki, 1983 stonia(Sdmera et al., 2016Poland(Trzmiel
et al., 2015)Lithuania( Ur banavi ¢ i e ®ekiaeTto Sail ¢, Hund280PLL2i et al.,
1991) Great BritainGibson and Kenten, 1978razil (Caetano et al., 1990and RussiélLane,
1974) BMV has wic host range and mainly infects grasses from the Poaceae family, including
major crops such as wheat, barley, oats, corn, and sorghum, as well as dicot plants including
soybean, common beans, faba beans, cowpea, tobacddicatidna benthamianar
ChenopdiumspeciefHodge et al., 2019; Kao and Sivakumaran, 2000; Lane, 1974; Trzmiel et
al., 2016) The symptoms caused by this virus vary by plant species. In grasses, the distinct
symptoms of BMV include yellow mosaic with light and darkayr streaks similar to the

symptoms caused by many cereal viruses.
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The primary transmission route of BMV in plants is still ambigugieset al., 2021)
However, the spread of the virus has been teddsy several modes of transmission.
Mechanical inoculation using plant sap prepared from Bkfécted leaves and purified virions
or virion RNAs orin vitro transcripts from cloned viral cDNAs was commonly used in
greenhouse transmissi@ide et al., 2021; Hodge et al., 2019; Srivatsavai, 20G86)n
machinery can ab transmit the virus in the field mechanicdllane, 1974; Mian et al., 20R5
A low rate of transmission by vectors, including flea be&tlgqa foliaceag (Srivatsavai, 2005)
Russian wheat aphid{uraphis noxig, nematoded-ongidorus breviannulatuandXiphinema
spp (Huff et al., 1987; Schmidt et al., 1968nd bird cherryoat aphid Rhopalosiphum payli
(Damsteeqt et al., 1992; Rgki and Von Wechmar, 1982)ere recorded in greenhouse
experiments with wheat or barley as a hB8tV transmgssion was associated with uredospores
of wheat stem rust and claimed that BMV attached to the uredospores surface and spread in the
fields (Erasmus et al., 1983Infectious BMV was detected in water resources surrounding
cereals fields, demonstrating that the virus can suwitleut its hostand vectqr J e z e ws k a et
al., 2019)

BMV was studiedas a model for RNA virus biology and adactious cDNAs in
recombinant DNA technolog{He et al., 2021; Kao and Sivakumaran, 206@wever, despite
the extensive studies on its use as cDNA da® its basic biology, only a few studies have
been conducted to evaluate the BMV incidence on economically important crops. For example,
BMV was the dominant virusm wheat fields, among other wheat viruses in Hungary in 3994
95 (Papp et al., 1996andan average 3% incidence of BMV samples collected frevheat
fieldsin Alabama in 2004Srivatsavai, 2006 Greenhouse studies showed that BMV reduced

wheat height, weight, and yiel@ocsai et al., 1991Hodge et al., 2018ported up to 61%
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yield loss on soft red winter wheat when inoculated at early growth stages. BMV was detected
with a high prevalence in wheat and showed a potentially high risk to wheat production in Ohio
(Hodge et al., 2020Mixed infection of multiple wheat viruses in a single plant compounds the
risk, resulting in a synergistic yield reductiirane, 1974)

BMV co-infection has been reported with other cereal viruses from HuiBapp et al.,
1996)and Ohio wheat fieldéHodge et al., 2020As Kansas is one of the top wheabducing
states in the USA (USDA, National Agricultural Statistics Service, 2020 and 2021), any new
threat to wheat production could lead to millions of dollars in lost productivity (Hollandbeck et
al 2020 and 2021). Therefore, the wide distribution of BiM¥ansas wheat fields demands
further study.

This studypreserd the detection and characterization of BMV isolaib&ined from
Kansas wheaitsingOxford nanopore sequencing techniques (QNRg information oBMV
co-infectionwith other virusegprovides the foundation for accurate diagnasisixed infection
of multiple virusesand use of ONT fothe dual purposef surveillance and walepth genetic and

evolutionary characterization.
Materials and methods
Field survey

A field survey was conducted during the wheat growing season from May to July 2019 to
2021 in major wheat growing countieskKdnsas. A total of 84 wheat leaves with yellow
discoloration or mosaic patterns were sampled from 47 different counties of Kagesatissue

of each sample wastoredat - 20°C until the tissue codlbe processefbr RNA extraction.
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RNA extraction
A mirVana miRNA extraction ki{Ambion Cataloghumber: AM1560, Thermbisher
Scientific MA, USA) was used to extract the total RNA from the sar(®0@ mg of tissue)
foll owing the company’s instructions. After e
by NanoDrop spectrophotometer (NanoDrop Technologies, Rutki2E, USA).Sevenug of
total RNA was treated withul of DNase using urbo DNaseFree™ kit (AM 1907, Ambion®,
ThermoFi s her |, MA, USA) in a 50 upl reaction volun
instruction to get rid of host genomic DNA.
Nanopore sequencing
An Oxford PCRcDNA Barcoding kit (SQKPCB109) was used to prepare the MinlON
cDNA library following the manufacture s i nstructi on (Oxford Nanopc
U.K.) and withthe following modifications. A total reaction volume of 11 ul was prepared with
1pl (100 to 120 ng/ul) total RNA, 1 ul of 2 uM VN primersl{igo dT VNP, SQKPCB109,
ONT), 1 pl of 10mM dNTPs (Invitrogen, catalog number: 1875160d 8 pl of nucleastree
water (NFW) and incubated at 65°C for 5 minutes. Then a total volume of/&spbtained
from mixing 4 pl 5x RT buffer (Invitrogen, catalog number 18090200), 1 pl of RNaseOUT
(Invitrogen, catalog number 10777019), 2 pl of 10 uM Str@8mdtching primer (SSP, SQK
PCB109, ONT), and 1 ul of NFW was added to the incubated mixture making total reaction
volume of 19 ul and incubated at 42°C for 2 minutes. 1 ul of Maxima H minus Reserve
Transcriptase (Invitrogen, catalog number 18090200), was added to make a total volume of 20 pl
and incubated for 90 minutes at 42°C and followed by heat inactivation for fesaiu85°C.
For PCR and barcoding, a 5 pl of revetsmnscribed RNA out of 20 ul was used and

1.5ul Barcode Primers (BPO1 to BP12, S@KB109, ONT) each barcode for each sample up to
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12 samples, 18.5 pl of NFW, and 25 pl of 2x LongAmp Taq Master (Nevakddiolabs,

catalog number #M0287) was addednake total reaction volum&he thermal cycler program

was 95°C for 30secs for initial denaturation, 15 cycles of 95°C for 15secs, 62°C for 15secs, 65°C
for 12 minutes, and final extension of 6 minutes&ibGto amplify ~10kb products. 1 pl of NEB
exonuclease 1 (New England Biolabs, catalog number #M0293) was added after completing
PCR and incubated for 15 minutes at 37°C, followed by 80°C for 15 minutes. After completing
the incubation and heating, 40 [{lAMPure XP beads (Beckmatoulter, #A63881) was added

to the reaction and incubated for 5 minutes in a rotator mixer. Then the beads were washed with
freshly prepared 70% et hanol following the ma
Technologies, Oxird, U.K.). The cDNA library was eluted in 12 pl of Elution buffer (EB, SQK
PCB109, ONT). After measuring the concentratiothefcDNA library, the barcoded samples

were pooled to a final volume of 11 pl and a 1 pl of Rapid Adaptor (RAP,-BQEB109, ONT)

was added. Then the 12 pl total volume was incubated at 22°C for 15 minwgashd&prepared

library was loaded on the MinlION R 9.4.1 flow cell (Oxford Nanopore) following the

manufactur er ' s ipstruction(Qxford lManapord Tecarbloge®xford, U.K.).
Bioinformatics

MinKNOW software(version: 21.06.13 Oxford Nanopore Technologies, Oxford, U.K.)
provided the fast5 format data which was the raw electrical signal to the nucleotide sequence
passing through the nanopore. These sgynate translated to nucleotide bases by usieg
guppy basecadr high accuracy optiorvérsion 3.1.5, dna_r8.4.1_450bps_hac.cfg, R 9.4.1,
Oxford NanoporefWick et al., 2019jo get fastq data. The fastq data obtained after basecalling

were separated by barcode and the adapters were dlionsimey porechop v0.2(8Vick et al.,

2017) The small sequende 75 bp)and potential larger sequence lenftraxlength 3000D
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were filtered by using Nanofilt v2.3(@e Coster et al., 2018Thus, obtained reads were
mapped against tHmrome mosaic virus reference genomisgession numbers: X02380.1,
X01678.1, and J02042.1) to get the consensus sequence using CLC Genomic Workbench®
v21.0.4 (Qiagen, MD, United State3he following parameters were used inCilvorkbench,
readswere mapped to referenasingthe parameersfollowing resequencing analysis with
masking mode o0 maskingmatch scores 1, mismatch cost = 2, cost of insertions and
deletions = inear gap costnsertion cost 3, deletioncost =3, length fraction = 0.5imilarity
fraction = 0.8, global alignmentro, nonspecificmatch handling = ma@ndomly, output
mode = create starmlone read @ppings, create rept = yes, collect unapped reads = ndhe
consensus sequersagith low coverage were blasted in the NCBI nucleotide (blastn) database to
confirmthe presence of BMVI'he minimum squene readlengthwas1000 bp were considered
as lower limitto count
Sequence alignment, percent identity, and similarity

The coding region of each protein (RNAla, RNA2a, MP, and CP) of BMV isolates
sequenced in this study and selected isolates from GenBank (Supplementary Table B1) were
aligned using Mscle alignment in Mega ¥Kumar et al., 2018ith default parameters (Max
Iterations 16, Cluster Methodgparately. Aligned sequences were analyzed to obtain percent
identity using arMultiple Sequene Alignment MUSCLE online program supported by
EMBL-EBI (Edgar, 2004)The amino acid sequence alignments obtained from Mega X were
analyzed using the SMS (Sequence Manipulation Suite) online program avthiahigh
bioinformatics.org Stothard, 2000a)p get amino acid percent identity and similarity of the

coding regions of each protein of BMV.
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Phylogenetic analysis

Alignment of coding regions of RNAla, RNA2a, RNA4P andCP) sequences of
BMV was performed with a muscle program in Meg&Xxmar et al., 2018ncluding
outgroups. The Cassia yalv blotch virus (CYBV) and Olive latent virds(OLV) were used as
outgroups (Supplementary Table B1). To construct the phylogenetic tree, the best fitting
nucleotide substitution models were determined by the maximum likelihod# ditsar et al.,
2018; Nei and Kumar, 2000) he besfitted model was selected based on the lowest Akaike
information criterion (AIC) and Bayesian information criterion (BIC) sc¢@&sndon and
Gascuel, 2003)These models were TN93 + G (Tamivai substitution model with Gamma
distributed rate) for RNAla, HKY + G (Hasega¥ahino-Yano model with Gamma distributed
rate) for RNA2a, K2 + | (Kimur&-parameter model with Invariant sites) for MP and CP of
BMV. Maximum likelihood phylogenetic trees were constructed using Mega X with parameters
as follows: the number of Bootstrap replications of 1000, nucleotide substitution model as
mentioned above faroding regions of different RNAs, and the number of threads of 4.
Population genetics analysis

The population genetic analysis was done with the BMV US isolate sequences obtained
from this study and isolates with complet&ing sequene available in GenBank. The program
DnaSP version 5.1(Librado and Rozas, 2009)as used to analyzed the population genetic
parameters including the number of segregatin
nud eotide diversity (m), and mut &ddingsequencet e ( 6w
of RNAla (five isolates: 20SM3, 19RP1, BMV_OK, BMV_M1, and BMV_M2), of RNA2a and
RNA4 (seven isolates: 20SM3, 19RP1, BMV_OK, BMV_OH, BMV_OH2, BMV_M1, and

BMV_M2) and for RNA3a (12 isolates; 7 isolates obtained from this study and five BMV_OK,
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BMV_OH, BMV_OH2, BMV_M1, and BMV_M2). The program MEGA gKumar et al.,

2018)was used to estimate the rRgynonymous substitutions (dN), and synonymous
substitutions (dS) and their ratio (dN/dS = w
with 1000 replicates under the neaf Kumar method (Kimura-para) for each encoded

protein.

Results

Co-infection of brome mosaic virus

Brome mosaic virus was identified from 29 different counties of Kansas out of 48
counties sampled (Figure 3.8%% (37 out of 84otal sampes) of thesample processedising
ONT were positivdor BMV. A chord interaction diagrashows the canfection of BMV with
six otherwheat viruses (Figure 3.2). Out of these 37 positive samples, BMV was found co
infected mostly with WSMV and TriMV (27.8%), followed by-adected with WSMV only
(13.9%) and canfected with WSMV + TriMV+ HPWMoV (13.9%) (Figure 3.3). BMV was
found ceinfected with BYDV along with WSMV, TriMV, and HPWMoV (11.1%).
Approximately 3% of the BMV positive samples were identifiedndected with wheat spindle
streak mosaic virus (WSSMV) aisdilborne wheat mosaic virus (SBWMVfrigure 3.3).
Sequencing BMV genome

We obtained an average of 4.52 ¥ i@ reads from 37 samples obtained from
Nanopore sequencing (Supplementary Table B2). After mappingwithe mosaic virus
reference genome (Supplementary Table B3), an average of 1.48zad$® of BMV were
obtained with variable coverage by tleargle having an average coverage of 40717.19X
(Supplementary Table B3). Complete genome and complete nucleoprotein sequence of 11

isolates (Supplementary Table B3) were obtained and deposited in GenBank. The remaining
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samples, lacking adequate coveragda@nuhissing few nucleotides in the coding regions of the
genome, were excluded from further study. Complete genomes of RNA1, RNA2, and RNA3 of
BMV were obtained from Smith and Republic counties of Kansas. However, the complete
sequence of movement protewas obtained from Cheyenne, Decatur, Ness, and Jewell counties
(Supplementary Table B3).

Sequence alignment, percent identity, and similarity

The complete coding sequences of RNAla and RNA2a (Babknd Table3.2
respectively) as well RNA3a (movemenbf®in, MP) and sugenomic RNA4 (coat protein,

CP) (Table3.3 and Table.4 respectively) were aligned with the sequences obtained from the
GenBank.

RNA1: RNA1 of BMV encodes for methyltransferaamed helicase. The nucleotide
sequences of RNAla (ORFla)me 99% identical and 100% amino acid sequence identity
between the isolates 20SM3 and 19R®in Smith and Republic counti€§able 3.1). The
nucleotide sequence and amino acid sequence of both isolates were >@88alidiith the
other US isolates from OH, OK, and WI. However, the nucleotide sequence of BMV isolates
from the Czech Republic (BMV_CZ) and Estonia (BMV_Estonia) were 98.2% and 98.5%
identical with 20SM4 and were 97.9 and 98.2 identical with 19RP1 tegglgcThe nucleotide
sequence of the BMV_CZ isolate wai5.8% to 98.3% identical with other US isolates (OH,, OK
and WI).

In ORF1a, the amino acid substitutions were unique among isolates. Two Ohio isolates
(BMV_OH, and BMV_OH2) share two amino dcubstitutions (Q278R and D569A) out of
three. BMV_OH2 and BMV_OK shared one amino acid substitution (K536l). The isolate from

Estonia had eight amino acid substitutions out of 10 isolates compared (Supplementary Figure
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B1), including three consecutive am acid substitutions and deletion from 21 to 23 (T21H,
T22del, and N23H). It also shared three amino acid substitutions (A257T, D573G, and K827Q)
with the BMV_CZ isolate. Both Czech and Estonian isolates showed higher variability than US
isolates and idates from UK and Germany in RNA1la.

RNA2: RNA2 of BMV encodes RNAlependent RNA polymerase. The complete
genome coding sequence of RNA2 was 99.6% identical and 100% amino acid sequence identity
between the two isolates 20SM3 and 19RP1 (Table 3.2). Theatidel sequence and amino
acid sequence of both isolates were > 99% identical with other US isolates. However, the
nucleotide sequence of both isolates was about 98% and 97.5% identical to the isoltie from
Czech Republic and Estonia respectively. Taalates from OH were 99.9% nucleotide and
100% amino acid sequence identical to each other. Notably, the 20SH3 and 19RP1 isolates share
one amino acid substitution (E667K) in ORF2a or RNA2a which is unique to only these Kansas
isolates (Supplementary FiguB2). Among other US isolates, there were four amino acid
substitutions in BMV_OK isolate (L606W, D627E, T717M, K776R), three amino acid
substitutions in BMV_M1 isolate (1609V, M655T, and 17461), two amino acid substitutions in
BMV_M2 isolate (K567R and T17M), and BMV_UK isolate also had three amino acid
substitutions (S132T, R277K, and T784A) (Supplementary Figure B2). There were six amino
acid substitutions in the Czech isolate (H199R, R277K, K281R, K621R, L766S, and L809V) and
five amino acid substitigns in Estonian isolate (A134V, A135D, D148E, D162V, and A677S).

RNA3: RNA3 of BMV encodes two proteins: the Movement protein (MP) and the coat
protein (CP). The nucleotide and amino acid sequences were 100% identical for ORF 3a (MP)
among the three isdks obtained in this study (20SM3, 19CN1, and 19CN3). 19JW1 and 19

RP1 were also 100% identical for nucleotide and amino acid sequences to each other. 19NS2
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was >99% nucleotide sequence and 100% amino acid sequence identity for ORF 3a with 20SM3,
19CN1, 1€N3, and 19DC1 (Table 3.3). The nucleotide and amino acid sequences of isolates
19JW1 were >99% identical for ORF 3a (MP) among isolates obtained in this study. The
nucleotide sequence and amino acid sequence identity were >99% among isolates from OH, OK,
WI, and Estonia. However, nucleotide sequence and amino acid sequence of ORF 3a of the
Czech isolate were >98% identical among all isolates analyzed except BMV_OH?2 isolate (>97%
identity). The 19RP1 and 19JW1 isolates share one amino acid subs{it2{féi) with each

other The isolates 19NS2 has one amino acid substation (D166N) (Supplementary Figure B3).
BMV_OH, BMV_OH2, BMV_OK, and BMV_M2 shared one amino acid substitution (T299S).
Two OH isolates of BMV shared one more isolate (V162l). BMV_M1 and BMV_UK isolates
shaed one amino acid substitution (P81S) and BMV_UK also shared one more amino acid
substitution (D166H) to BMV_Germany. Czech isolate has five amino acid substitutions on
S57P, 199V, Q225R, L275P, and G276D (Supplementary Figure B3).

In CP ORF (coat protein}he nucleotide and amino acid sequences were 100% identical
among two isolates obtained in this study (20SM3 and 19RP1) as well as with BMV_OH isolate
(Table 3.4). The nucleotide sequences were 99.8% and 100% identical with 20SM3 and 19RP1
to BMV_OH2 andBMV_Estonia. However, the nucleotide sequences were about 96.8% and
97.4% amino acid identity between BMV_CZ isolate compared with 20SM3 and 19RP1.
BMV_CZ had 95.8% to 96.8% nucleotide sequence and 97.4% to 97.9% amino acid sequence
identity with other islates analyzed in this study. Czech isolate has five amino acid substitutions
including R22P, T24A, A25V, R26K, and A124V (Supplementary Figure B4). BMV_OK (R26T
and L35F) and BMV_UK (R26G and V100I) have two amino acid substitutions and BMV_M1

(R23W) andBMV_M2 (A25T) have one amino acid substitution (Supplementary Figure B4).
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Phylogenetic analysis

The sequence of coding regions of RNAla, RNA2a, and RNA4 of 11 BMV isolates, two
isolates from this study, and nine isolates obtained from GenBagplementary Table B3)
were used to construct the three phylogenetic trees separately (Figure 3.4, 3.5, and 3.7).
However, we obtained complete sequences of RNA3a of seven isolates from this study and the
phylogenetic tree constructed of a total of 16 BMdates (Figure 3.6), nine isolates obtained
from GenBank (Supplementary Table B1). Cassia yellow blotch virus (CYBV) and Olive latent
virus2 (OLV) were used as outgroups in the analysis.

The eleven BMV isolates used in this study were grouped intoagtepdades depending
upon the RNA genome. The coding sequence of RNAla of 11 BMV isolates consists of three
clades (Figure 3.4). Clade A was represented by three isolates: Czech, Estonian, and a Wisconsin
isolate from the US. Clade B was represented sipgle isolate 20SM3 from Smith County, KS.
Clade C included isolates from the US, UK, and Germany. In clade C, two isolates from Ohio
and isolates from UK and Germany form separate sister taxa groups (Figure 3.4).

Based on the coding sequence of RNA2bBMYV isolates, the BMV RNA2a topology
grouped into a single clade (Figu®). However, similar two isolates from Ohio and isolates
from UK and Germany form a swudtade with separate sister taxa groups (Figbg

The topology constructed using the cafdsequence of the movement protein of BMV
consisted of two clades (Figure 3.6). Clade A included the isolatestis@zech Republic and
Estonia. Clade B polytomies included isolates from the UK, Germany, and other US isolates.
The isolates collecteddm Jewell (19JW1) and Republic (19RP1) Kansas counties form a sister

taxa group and similarly two isolates also form a sister taxa group (Figure 3.6). The other three
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isolates collected from Smith (20SM3), Ness (19NS2), Cheyenne (19CN1 and 19CN3), and
Decaur (19DC1) counties form the polytomy in clade B
Similarly, the Phylogenetic tree constructed using coding sequences of RNA4 (Coat
protein also consists of two cladeSigure3.7). Clade A was represented a single BMV Czech
isolate. Clade B consisted alf US isolates and isolate from Estonia, the UK, and Germany. In
Clade B, a sister taxa group was formed by isolates from Germany and UK.
Population genetic parameters and putrality tests
The population genetic parameters including nucleotide diversityation, and mutation
rate per segregating site of BMV US isolates were calculated using DnaSP 5.10 (Table 3.5).
Among four proteins, RNA2a exhibited the high
RNA3a showed t he | owe s tgreeaf comstrams formmiormcid= 0. 00 4)
changes measured by the dN/dS for each encoded region showed that RNA3a was the least
tolerant region with the order of tolerance RNAla > RNA2a > RNA3b > RNA4 compared to
RNA3a and RNA4
The dN/dS ratio of the number ofmynonymous substitutions to the number of
synonymous substitutions for all proteins coding genes was < 1 for US isolates of BMV (Table
3.5). The selection pressure was measured from the three different algorithms (FEL, FUBAR,
and SLAC) and the purifyingranegative selection was supported by all three methods. No

positive selection pressure was significantly reported at least by two methods (data not shown).
Discussion

One of the main factors that affect the durability of resistance is the dynamics of genetic
variability of a pathogefGarciaArenal and McDonald, 2003Theresults of the genetic

characterization of BMV isolates we recently identified enkas wheat fields provide
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information on the further study of wheat virus evolution, designing appropriate diagnostic tools,
and developing durable viral disease management strategpegh the breeding program
this study, we reported the details of BM\tiodection with other wheat viruses in Kansas that
were not previously ehtified and compared genetic variability and evolutionary characteristics
with other BMV isolates obtained from this study and retrieved from the GenBank. Here, we
have established the phylogenetic relationship and determined the major evolutionary
mechaimsms of KS BMV isolates based on coding sequences of all four RNAs.

Our results identifying BMV from 29 different counties of Kansas suggested that BMV
has the potentidb caug significant economic losses in Kansas wheat producti@vidrs
studies showed that BMV reduced the wheat kernel weight and number of Kernel per spike
(Pocsai et ,&a97l)and tatabgdain yieldTup t& 6186 at early stage inoculation in
Ohio wheat fieldgHodge et al., 20190ur finding of this virus coinfected with common yield
reducing wheat viruses in Kansas demands future studies to examine ttie guadri,or
multipartite interaction of these viruses in wheat and their impact on production. A recent study
reported the quadrartite infection of wheat by BMV, WSMV, TriMV, and Barley stripe mosaic
virus (BSMV) resulted in severe disease synergism with the death of most infected plants
(Tatineni et al., 2021)The authors also reported the titer of the viruses depends upon the types
of multipartite infection. Therefore, future research should endeavor to measure the impact of
multipartite infection on Kansasdapted wheat cultivars to estimate the differential synergistic
impact of viruses on Kansas wheat production.

In this study, BMV was oly identified on the samples that were infected with WSMV.
After WSMV, the order of common eafection of BMV was TriMV > BYDV > HPWMoV.

Paliwal, 1972eported wheat curl mite (WCM), a vector of WSMV, TriMV, and HPWMoV
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coul dn’ t M\ aithougls BMV was Beported from the body cavity, they found no virus
particle in salivary glands:uturein vitro feedingstudyof purified virus isolates tagged with a
fluorescent protein in aficial stretched parafilm membranesin vivofeeding of the
fluorescenttagged virusvould help to track the movement of the virus in the body of WCM.
Suppose WCM cannot transmit BMV, in that case, the potem@hervector could be an aphid
that trasmits BYDV, or it also could be transmitted by different methods, including
mechanically or by other vectors.studyof adaptive evolutionary response with a serial
passage of BMV isolates on WCM from infected plants helps to estimate the virus population
structure changén one sample BMV was emfected with two soilborne wheat viruses,
WSSMV and SBWMYV as well. It is difficult to determine the potential BMV vect#actor
determination is crucial for plant virus management as one of the important control strategies of
viruses is vector contr@leger et al., 2004; Perring et al., 1999)erefore, a comprehensive
future study to determanfield transmission of BMV, including a survey of wheat fields, would
answer this ambiguous transmission of BMV.

Sequence alignment analysis of the coding regions of BMV RNAs showed that they were
closely related to each other as they shared a highatigdelesequence identity (>95%)
However, US isolates showed lower similarity to Czech and Estonian isolates. Similar results
were also reported by e z e ws k a @mparandg BMV is@ades fiom Poland with BMV
isolates from other European and US isoldBa.d i ou and Kundu, 2013; Jez
reported the most divergence in coat protein RNA4 region. Our results also showed higher
similarities in botmucleotide and amino acid sequence of RNA3a movement protein, and US
isolates had the least nucleotide sequence identity with Czech isolate in coat protein region

(96.5%).
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The two conserved domains of RNAla are RNA capping enzyme domain (L52, H80,
D106, anl R136) helicastike domains (K691, D755, and G781) and a polymerakded
domain of RNA2a (451 to 484) required for BMV RNA replication and mutation in or near these
domains abolishes or decrease BMV RNA synth@siela et al., 2000; Koonin et al., 1991,

Kroner et al., 1989)Amino acid sequence alignments of the BMV isolates in this study also
maintained the integrity of thenserved domains of RNAla and RNA2a (Supplementary Figure
B1 and B2).

The amino acid substitutions were variable among isolates, and past studies showed that
host adoption played an important rdbe Jong and Ahlquist, 199fescribed viral RNA
accumulation in systemic infection closely associated with interaction withvirsts They
reported that both BMV_M1 and M2 strains systemically infected the mbhosbbarley but
the dicot host cowpea was infected systemically only by BMV_M2. RNA3a movement protein
and Gterminus of coat protein control the BMV movement from cell to cell and systemic
movemen{De Jong et al., 1995; Okinaka et 2001)and movement protein also played a role
in host specificityDe Jong and Ahlquist, 1992; Mise et al., 1993; Mise and Ahlquist, 1D85)
Jong et al., 1995howed that quadruple substitution in BMV_M2 movement protein (E59Q,
S81P, S297G, and T229S) were required to infect cowpea dicot host systemically. Nose of the
substitutions were found in BMV_M1, the monoeatapted isolate. Our results of BMV isolates
obtained from the wheat host in this study had only one amino acid (8&m)esimilar to
BMV_M2 (Supplementary Figure B3). However, BMV_OH, BMV_OH2, and BMV_OK star
only two amino acid substitutions with BMV_M2 ( S81P and T29BiB}lge et al., 2019
reported that cowpea and soybeamensystematically infected by BMV_OH, which means only

two amino acid substitution in MP were sufficient to infect dicot hosts. The isolates obtained in
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this study had only one amino acid substitution out of four essential substitutions. If these
isolatescan infect the dicot host with one amino acid substitution, that threatens the crop
production of dicot and monocot crops due to host expansion. Therefore, future studies to
determine the host ranges of Kanas BMV isolates, or survey of corn, soybeaa fiflestu

Kansas for detection of BMV will help to develop the management strategies of crop rotation or
management of the BMV reservoir or alternative hosts.

Sacher and Ahlquisf,989reported that the deletion of the first 25 amino acids of BMV
coat protein failed othe packaging of RNA and systemic infection. BMV isolates analyzed in
this study have no change in the first 23akminal amino acids in coat protein showing the
conserved Nerminal region required for packaging and systemic infection. Additioridlg,
and Grantham, 199®vealed that aminterminal residues of 1 to 7 are required for chlorotic
local lesions, and systemic @dtion inChenopodium quinobhowever did not affect barley plant
infections. Therefore-¥ N-terminal residues play important role in viiigst interactions.

Deletion first 11, 14, and 18-drminal amino acids, especially arginineh motif, played a role

in modulating symptom expssion and movement in dicot and monocot hg&® and

Grantham, 1996)0kinaka et al., 200hvestigated the 19 alaniksezanning mutant, the results
indicated that the ®erminal region (mainly from 178 to 187 residues) played send&l role in

virus encapsidation and movement as alanine mutant on this region failed to produce virion and
cell to cell movementyi et al., 200%showed that three residues (D139, R142, and D 148) in the
C-terminal of CP required for the BMV RNA accumulation as a mutation on these residues
impact CPassociated activities. We also found no variationserfitst 23 Nterminal and last

64 Gterminal amino acid residues in CP of BMV isolates analyzed in this study (Supplementary

Table B4).
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Phylogenetic relations showed modest variation among isolates with slightly different
clustering based on nucleotide segceof RNA genomegFigure 3.4 to 3.7) and indicated
different evolutionary constraints in the different coding regions of RRA&snly limited
completegenome of BMV avidable inthe GenBank, tphylogenetic treemdicatedno clear
grouping of isolates by geographical areas. Thets®laom the Czech Republic and Estonia,

UK and German, and two isolates from Ohio were most closely related to each other as they
formed sister taxa in all four treeslso, the BMV_M1 (US isolates) clustered with isolates from
Estonia andhe Czech Republic and 20SM3 singly formed clade B on phylogenetic tree
constructed based on ORF la. These results suggested that although, 20SM3 was 100% similar
in protein identity with 19RP1 it was sufficiently differenttire nucleotide sequence, suggegti
synonymous substitutiond.e Z e ws k a reportedakimilar cl@stering of the US isolates,
Czech and Estoniandkates based afne CP region that we reported in this study. The slight
variability among BMV isolates in different coding regions might be associated with interaction
with the specific hosts and the genetic requirements to perform successful celatalcell

systemic movemer{De Jonget al., 1995; De Jonand Ahlquist, 1995)

The selection pressure in prot@oading genes was calculated by nonsynonymous to
synonymous substitution (dNs/Ds) ratio. The values of the dNs/Ds used to identify protein sites
t hat experience neut rtweorpuehling seledtiom (dNs/Dd N3, anDs =
experience positive or adaptive/diversifying selection (dNs/Dgkdgakovsky Pond and Frost,
2005; Yang et al., 20007 he ratio of the nonsynonymous and synonymous positions (dNs/Ds)
estimation of all ORF of BMV genome was belone that idicatesthe negative or purifying
selection.This result is similar to the common negative, or purifying selection of other plant

RNA viruses(GarciaArenal et al., 2001&s genetic stability isommon Only few complete

90



coding sequences of LBV isolatesavailablein the GenBankfuture analysisof manyBMV
isolates wouldbe needd for moreaccurateassessmertf population paraeters.The high
genetic stability found for all proteins of BMV could be attributed to negative or purifying
selection to maintain the functidnategrity of the viral genome as described by other RNA
viruses(Moreno et al., 2004)The low genetic diversity and purifying selection as common
selection pressa was also reported for populations of other RNA viruses including WSMV,
TriMV, cucumber mosaic virus, and Citrus psorosis v{Martin et al., 2006; Nouri et al., 2014;
Redila et al., 2021; Stenger et al., 2008 plant RNA viruses have a short genosagh amino
acid sequence contributed to encode protein. However, there igeoméor the variation in
RNA viruses through mutation and recombinatibnake and Holland, 1999; Garefaenal et

al., 2001) The linear model of replication, preventing mutational meltdown, and genetic
bottleneck are the other reasons for low variability or neutral and purifying selection in RNA
viruses(French and Stenger, 2003; Stent, 1963)

Overall, the present study characterized the newly identified BMV isolates from Kansas
wheat field. This study showed the significance of nanopore sequencing in detection, diagnosis,
and molecular characterization based on the whole genome sequence of undetected plant
pathogenslnformation of genetic variation, phylogenetic relationship with the other US and
nonUS isolates, and evolutionary mechanism employed by four different RNA genomes of

BMV would support the sustainable management of wheat viruses through genetic resistance
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Figure3.1. The map of Kansas with counties whier@me mosaic virus was identified using

Nanopore sequencing.
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Figure3.2. A chord interaction diagram of g@ofection ofwheatstreakmosaicvirus (WSMV),
triticum mosaic virugTriMV), High Plains wheat masc emaravirus (HPWM), brome
mosaic virus (BMV)barley yellowdwarf virus (BYDV), wheat spindle streak mosaic virus
(WSSMV), cereal yellomdwarf virus(CYDV), soilborne wheat mosaic vir(SBWMV) in
symptomatic wheat leaves detectesthgNanopore sequencing (n = 84). The arch shows the

connection and size of the total percentage of virdgfezted in a single sample
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Figure 3.3. Percent incidence dfome mosaic virus emfected withof wheatstreakmosaic

virus (WSMV), triticum mosaic virugTriMV), High Plains wheat masc emaravirus

(HPWMoV), brome mosaic virus (BMV)arley yellowdwarf virus (BYDV), wheat spindle

streak mosaic viruBNSSMV), cereal yellowdwarf virus(CYDV), soilborne wheat mosaic virus
(SBWMV)in leaf samples collected from Kansas wheat fields detected by Nanopore sequencing.
Virus-like sympbmatic wheat leaves were collected from winter wheat freRD19, 2020, and

2021
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Table3.1. Nucleotides/amino acid sequence identity (similarityRNAL/RNAla genome afome mosaic virugBMV) isolates
from Kansas and other known BMYV isolates retrieved from GeneBank. The nucleotide percentage identity was calculated from
ClustalW alignment online tools (Clustal 2(Madeira et al., 2019and amino acid sequence identity and similarity were calculated

from a sequence manipulation sui@othard, 2000

BMV isolates*  20SM3 19RP1 BMV-OH BMV-OH2 BMV-OK BMV-M1

20SM3 -

19RP1 99.5/100(100) -

BMV -OH 99.3/99.6(99.7) 99.2/99.6(99.7) -

BMV -OH2 99.3/99.7(99.7) 99.3/99.7(99.7) 99.7/99.8(99.9) -

BMV-OK 99.5/99.8(99.8) 99.5/99.8(99.8) 99.2/99.5(99.6) 99.5/99.7(99.7) -

BMV-M1 99.3/99.5(99.7) 99.1/99.5(99.7) 98.8/99.1(99.4) 98.8/99.2(99.4) 99.1/99.3(99.5) -

BMV-M2 99.3/99.7(99.9) 99.5/99.7(99.9) 99.1/99.3(99.6) 99.3/99.4(99.6) 99.5/99.5(99.7) 98.9/99.2(99.6)

BMV -UK 99.5/99.7(99.8) 99.5/99.7(99.8) 99.2/99.3(99.5) 99.3/99.4(99.5) 99.5/99.5(99.6) 99.1/99.3(99.5)

BMV-Germany 99.6/99.7(99.8) 99.5/99.7(99.8) 99.2/99.3(99.5) 99.3/99.4(99.5) 99.6/99.5(99.6) 99.1/99.3(99.5)

BMV-CZ 98.2/98.9(99.2) 97.9/98.9(99.1) 97.7/98.5(98.9) 97.7/98.7(98.9) 97.8/98.8(98.9) 98.2/99.1(99.3)

BMV-Estonia  98.5/99.5(99.5) 98.2/99.2(99.2) 98.1/99.1(99.2) 98.2/99.2(99.2) 98.1/99.3(99.3) 98.3/99.3(99.6)
BMV_M2 BMV_UK BMV_Germany BMV_CZ

BMV_UK 99.4/99.4(99.7) -

BMV_Germany 99.5/99.4(99.7) 99.9/100(100) -

BMV_CZ 97.6/98.7(99.1) 97.9/98.8(98.9) 97.9/98.8(98.9) -

BMV_Estonia  98.1/99.2(99.4) 98.2/99.3(99.3) 98.3/99.3(99.3) 97.8/99.2(99.5)
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Table3.2. Nucleotides/amino acid sequence identity (similarity) of RNA2/RNA2a genolmemie mosaic virus (BMV) isolates
from Kansas and other known BMYV isolates retrieved from GeneBank. The nucleotide percentage identity was calculated from
ClustalW alignment wline tools (Clustal 2.1(Madeira et al., 2019and amino acid sequence identity and similarity were calculated

from a sequence manipulation sui@othard, 2000

BMV isolates* 20SM3 19RP1 BMV_OH BMV OH2  BMV_OK BMV_M1

20SM3 -

19RP1 99.6/100(100) -

BMV -OH 99.2/99.4(99.6) 99.3/99.9(99.9) -

BMV -OH2 99.4/99.9(99.9) 99.5/99.9(99.9) 99.9/100(100) -

BMV -OK 99.2/99.4(99.6) 99.3/99.4(99.6) 99.1/99.5(99.8) 99.2/99.5(99.8) -

BMV-M1 98.3/99.0(99.5) 98.1/99.0(99.5) 97.9/99.2(99.6) 98.0/99.2(99.6) 97.9/98.7(99.4) -

BMV-M2 99.3/99.6(99.8) 99.3/99.6(99.8) 99.2/99.8(99.9) 99.3/99.8(99.9) 99.2/99.5(99.9) 98.1/98.9(99.5)

BMV -UK 98.3/99.5(99.8) 99.5/99.5(99.8) 99.3/99.6(99.9) 99.4/99.6(99.9) 99.2/99.2(99.6) 98.1/98.8(99.5)

BMV-Germany 99.4/99.6(99.8) 99.6/99.6(99.8) 99.5/99.8(99.9) 99.6/99.8(99.9) 99.3/99.3(99.6) 98.2/98.9(99.5)

BMV-CZ 98.4/98.8(99.5) 98.2/98.8(99.5) 98.0/98.9(99.6) 98.1/98.9(99.6) 98.0/98.4(99.4) 98.3/99.1(99.8)

BMV-Estonia  97.5/98.5(99.0) 97.4/98.5(99.1) 97.2/98.7(99.2) 97.3/98.7(99.2) 97.2/98.2(98.9) 97.5/98.8(99.3)
BMV_M2 BMV_UK BMV_Germany BMV_CZ

BMV_UK 99.2/99.4(99.8) -

BMV_Germany 99.4/99.5(99.8) 99.9/99.9(100) -

BMV_CZ 98.2/98.8(99.5
BMV Estonia  97.3/98.3(99.0

98.1/98.7(99.5) 98.3/98.7(99.5) -
97.4/98.4(99.0) 97.4/98.4(99.0) 97.2/98.5(99.3)

Mo~
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Table3.3. Nucleotides/amino acid sequence identity (similarity) of RNA3/RNA3a (Movement protein, MP) genbramefmosaic
virus (BMV) isolates from Kansas and other known BMV isolates retrieved from GeneBank. The nucleotidageidentity was
calculated from ClustalW alignment online tools (Clustal 2M3adeira et al., 2019and amino acid sequence identity and similarity

were calculated from a sequence manipulation ¢8itethard, 2000

BMV isolates* 20SM3 19CN1 19CN3 19DC1 19NS2 19JW1

19CN1 100/100(100) -

19CN3 100/100(100) 100/100(100) -

19DC1 100/100(100  100/100(100)  100/100(100) -

19NS2 99.8/99.7(100) 99.8/99.7(100) 99.8/99.7(100) 99.8/99.7(100) -

19JW1 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.3(99.7) -

19RP1 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.3(99.7) 100/100(100)
BMV-OH2 99.3/99.3(100) 99.3/99.3(100) 99.3/99.3(100) 99.3/99.3(100) 99.3/99.0(100) 99.3/99.0(99.7)
BMV -OH 99.5/99.3(100) 99.5/99.3(100) 99.5/99.3(100) 99.5/99.3(100) 99.5/99.0(100) 99.5/99.0(99.7)
BMV_M1 99.3/99.7(99.7) 99.3/99.7(99.7) 99.3/99.7(99.7) 99.3/99.7(99.7) 99.3/99.3(99.7) 99.3/99.3(99.3)
BMV-M2 99.6/99.0(99.7) 99.6/99.0(99.7) 99.6/99.0(99.7) 99.6/99.0(99.7) 99.6/98.7(99.7) 99.6/98.7(99.3)
BMV-OK 99.8/99.7(100) 99.8/99.7(100) 99.8/99.7(100) 99.8/99.7(100) 99.8/99.3(100) 99.8/99.3(99.7)
BMV -UK 99.6/99.0(99.3) 99.6/99.0(99.3) 99.6/99.0(99.3) 99.6/99.0(99.3) 99.7/99.0(99.3) 99.6/98.7(99.0)
BMV-Germany 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.7(99.7) 99.8/99.3(99.3)
BMV-Estonia  99.6/100(100) 99.6/100(100) 99.6/100(100) 99.6/100(100) 99.3/99.7(100) 99.3/99.7(99.7)
BMV-CZ 98.6/98.4(98.7) 99.6/98.4(98.7) 98.6/98.4(98.7) 99.6/98.4(98.7) 98.4/98.0(98.7) 98.4/98.4(98.7)
BMV isolates* 19RP1 BMV -OH2 BMV_OH BMV-M1 BMV-M2 BMV-OK

BMV -OH2 99.3/99.0(99.7) -

BMV -OH 99.5/99.0(99.7) 99.9/100(100) -

BMV_M1 99.3/99.3(99.3) 98.9/99.0(99.7) 99.0/99.0(99.7) -

BMV-M2 99.6/98.7(99.3) 99.3/99.0(99.7) 99.5/99.0(99.7) 99.1/98.7(99.3) -

BMV-OK 99.8/99.3(99.7) 99.6/99.7(100) 99.7/99.7(100) 99.3/99.3(99.7) 99.8/99.3(99.7) -

BMV -UK 99.6/98.7(99.0) 99.1/98.4(99.3) 99.2/98.4(99.3) 99.3/98.3(99.3) 99.3/98.0(99.0) 99.6/98.7(99.3)
BMV-Germany 99.8/99.3(99.3) 99.3/99.0(99.7) 99.5/99.0(99.7) 99.3/99.3(99.3) 99.6/98.7(99.3) 99.8/99.3(99.7)
BMV-Estonia  99.3/99.7(99.7) 98.9/99.3(100) 99.0/99.3(100) 99.1/99.7(99.7) 99.1/99.0(99.7) 99.3/99.7(100)
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BMV-CZ 98.4/98.4(98.7) 97.9/97.7(98.7) 98.0/97.7(98.7) 98.1/98.0(98.4) 98.1/97.4(98.4) 98.4/98.0(98.7)

BMV_ UK BMV_Germany BMV Estonia

BMV_Germany 99.8/99.3(99.7) -
BMV_Estonia  99.1/99.0(99.3) 99.3/99.7(99.7) -
BMV_CZ 98.1/97.4(98.0) 98.4/98.0(98.4) 98.8/98.4(98.7)
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Table3.4. Nucleotides/amino acid sequence identity (similarity) of RNA4 (coat protein, CP) genbnoenef mosaic viruBMV)
isolates from Kansas anther known BMV isolates retrieved from GeneBank. The nucleotide percentage identity was calculated
from ClustalW alignment online tools (Clustal 2(l)adeira et al., 2D9), and amino acid sequence identity and similarity were

calculated from a sequence manipulation gi8tethard, 2000

BMV isolates*  20SM3 19RP1 BMV-OH BMV-OH2 BMV-OK BMV-M1

19RP1 100/100 (100) -

BMV -OH 100/100(100)  100/100(100) -

BMV -OH2 99.8/100(100) 99.8/100(100  99.8/100(100) -

BMV -OK 99.6/98.9(98.9) 99.6/98.9(98.9) 99.7/98.9(98.9) 99.5/98.9(98.9) -

BMV-M1 98.9/99.5(99.5) 98.9/99.5(99.5) 98.9/99.5(99.5) 99.8/99.5(99.5) 98.6/98.4(98.4) -

BMV -M2 99.5/99.5(99.5) 99.5/99.5(99.5) 99.5/99.5(99.5) 99.3/99.5(99.5) 99.1/98.4(98.4) 98.4/98.9(98.9)

BMV-UK 98.9/98.4(99.5) 98.9/98.4(99.5) 98.9/98.4(99.5) 98.8/98.4(99.5) 98.8/98.4(98.4) 98.3/97.9(98.9)

BMV-Germany  99.6/100(100) 99.6/100(100) 99.6/100(100) 99.5/100(100) 99.3/98.9(98.9) 98.9/99.5(99.5)

BMV-CZ 96.8/97.4(98.9) 96.8/97.4(98.9) 96.8/97.4(98.9) 96.7/97.4(98.9) 96.7/96.8(97.9) 96.5/96.8(98.4)

BMV-Estonia  98.9/100(100) 98.9/100(100) 98.9/100(100) 98.8/100(100) 98.6/98.9(98.9) 98.6/99.5(99.5)
BMV_M?2 BMV_UK BMV_Germany BMV_CZ

BMV_UK 98.4/97.9(98.9) -

BMV_Germany  99.1/99.5(99.5) 99.3/98.4(99.5) -

BMV_CZ 96.3/97.4(98.4) 95.8/96.3(98.4) 96.5/97.4(98.9) -

BMV Estonia  98.4/99.5(99.5) 97.9/98.4(99.5) 98.6/100(100) 96.8/97.4(98.9)
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Table3.5. Population genetics parameters for encoded region of selected UnitediStaesnosaic virugsolatescalculated using

DnaSP(Librado and Rozas, 2008hd MEGA X(Kumar et al., 2018)

Genomic Numberof S nt 1t 0 ds dN¥ dN/ D¢
region isolates
RNAla 5 30 30 0.0048 +0.001 0.0049 +0.003 0.013+0.003 0.001+0.0004 0.077
RNA2a 7 79 79 0.01+0.003 0.013+£0.006 0.027 £0.003 0.002 +0.001 0.074
RNA3a (MP) 12 15 15 0.004 +0.0008 0.005+0.002 0.007 £0.003 0.003+0.001 0.428
RNA3a (CP) 7 12 12 0.006 £0.002 0.008 +£0.004 0.014+0.005 0.003+0.001 0.214
*Total number of segregating sites
tTot al number of mutations
$fOverall mean diversity with the standard deviation calcul at

#Estimated mutation rate using segregation sites

8Number of synonymous substitutions per site from the overall ofesaguence pairs

¥ Nu mb e r-symoriymaussabstitutions per site from the overall mean of sequence pairs

WRati o of dN/ Ds wused to determine the selective pressure for
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Figure3.4. Phylogenetic tree dirome mosaic virus (BMV) isolates based on the coding

sequence alignment of RNAla sequenced in this study (highlighted in purple text) and selected
strains retrieved from GenBank. The phylogeneticwag made using the maximum likelihood
analysis with a TN93 + G substitution model conducted in MEGKMmar et al., 2018)The

tree with the highest log likelihoodl(1086.86) is shown. The percentage of replicate trees in

which the associated taxa clustered together based on 1000 bootstrap replicates is presented. The
posterior probability of 70% was thatoff value and branches not supported were collapsed.

Cassia yellow blotch virus (CYBV) and Olive latent virus2 (OLV) were used as outgroups in the

analysis. Brackets on the right side indicate the taxa clustered in BMV clades A to C.
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Figure3.5. Phylogenetic tree dirome mosaic virus (BMV) isolates based on the coding

sequence alignment of RNA2a sequenced in this study (highlighted in purple text) and selected
strains retrieved from GenBank. The phyloggc tree was made using the maximum likelihood
analysis with a TN93 + G substitution model conducted in MEGKMmar et al., 2018)The

tree with the highest log likelihooe9(746.52) is shown. The percentage of replicate trees in

which the associated taxa clustered together based on 1000 bootstrap replicates is presented. The
posterior probability of 70%vas the cutoff value and branches not supported were collapsed.
Cassia yellow blotch virus (CYBV) and Olive latent viu§OLV) were used as outgroups in the

analysis.
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Figure3.6. Phylogenetic tree dirome mosaic virus (BMV) isolates based on the coding

sequence alignment of RNA3a (movement protein) sequenced in this study (highlighted in
purple text) and selected strains retrieved from GenBank. The phylogenetic tree wasingade us
the maximum likelihood analysis with a K2 + | substitution model conducted in MEGA X

(Kumar et al., 2018 The tree with the highest log likelihoo@d{71.53) is shown. The

percentage of replicate trees in which the associated taxa clustered together based on 1000
bootstrap replicates is presented. The posterior probability of 70% was the cutoff value and
branches not supported were collapsed. Cassia yellow blotch virus (CYBV) and Olive latent
virus 2 (OLV) were used as outgroups in the analysis. Brackets on the right side indicate the taxa

clustered in BMV clades A and B.
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Figure3.7. Phylogenetic tree dirome mosaic virus (BMV) isolates based on the coding

sequence alignment of RNA4 (coat protein) sequenced in this study (highlighted in purple text)
and selected strains retrieved from GenBank. The phy&igetree was made using the

maximum likelihood analysis with a K2 + | substitution model conducted in MEGKuxhar et

al., 2018) The tree with the highest log likelihoo@859.86) is shown. The percentage of

replicate trees in which the associated taxa clustered together based on 1000 bootstrap replicates
is presented. The posterior probability of 70%swee cutoff value and branches not supported

were collapsed. Cassia yellow blotch virus (CYBV) and Olive latent @ir@LV) were used as
outgroups in the analysis. Brackets on the right side indicate the taxa clustered in BMV clades A

and B.
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Abstract

Wheat streak mosaic virus (WSMV) is a common wheat virus causing economic losses to
production in the Great P& of North America. Reproducible inoculation of WSMV by
mechanical methods is essential to evaluate the resistance in breeding lines and relies on
successful inoculation and infectivity of the virus particles. We used reserve transeription
guantitative P& (RT-gPCR) for absolute quantification of viral genome copy numbers in both
WSMYV inoculum and in infected wheat leaves. A tiowirse study was designed to determine
the viability of WSMV in inoculum over time as well as the copy number related to the
phenotypic rating scale. In the phosphate inoculation buffer, WSMV was stable with average
viral genome copy number 1.86 x®#04.85 x 108. Plants inoculated with this inoculation buffer
using finger rub mechanical inoculation contained WSMV genome copyersritbthe infected
leaves ranging between 2.66 » add 4.69 x 19at 21 to 28 days pestoculation. Viral copy
numbers were statistically similar between leaves inoculated immediately and those inoculated at
later time points. There was a weak linegdationship between phenotypic rating score and copy

number in infected leaves with the linear model explaining 40 % of the variabifity QRI0)
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indicating the difficulty in disease assessment based solely on phenotypic symptoms. This work
describes aaccurate methodology to quantify virus concentration in the inoculum and infected
plants, as well as emphasizes the demand for absolute measurement of virus load to validate the
subjective assessment for unbiased viral disease assessment.

Introduction

Wheat streak mosaic virUg-amily: Potyviridae GenusTritimovirus) is one of the most
common cereal viruses infecting wheati{icum aestivuni..) in the North American Great
Plains(Burrows et al., 2009Wheat streak mosaic virus (WSMV) has also been reported across
the globe, causing sporadic epidemics on wlteléis et al., 2003; French and Stenger, 2003;
Navia et al., 2013)In the Great Plains, WSMYV infections can cause wheat yield losses that
range from 1 to 5% annually, however total loss in localized fields is contiBBuwrows et al.

2009; Appel et al2015 Ranabhat, N. Kansas State University, USA, 2019 personal
observation). In 2017, Kansas wheat producers lost 19.2 million bushels of wheat worth $76.8
million due to WSMV (KSwheat 2017). WSMV symptomology includes yellow streaked leaves
with a mosic pattern, stunted growth, reduced root mass, and decrease(@Pyieddet al.,

2010b; Rahman et al., 1974)

WSMYV, along with two other virusesiticum mosaic virugFamily: Potyviridae Genus:
Poaceviru} andHigh Plains wheat mosaic emaravifiamily: Fimoviridae; Genus:

Emaravirug congitute the wheat streak mosaic (WSM) complex. All three viruses are primarily
transmitted by the eriophyid wheat curl miteéria tosichell&Kiefer, (Seifers et al., 1997,
Slykhuis, 1973; Tatineni et al., 2008YSMV and Triticum mosaic virus (TriMV) can also be
transmitted mechanicalfByamukama et al., 2014; Wosula et al., 20@8)mmercial wheat

cultivars with genetic resistance to WSMV are available; however, resistance is limited to three
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major resistance genéaismlWsm2andWsm3(Friebe et al., 2011; Graybosch et al., 2009; Lu
et al., 2011h)Therefore, reliable identification of new germplasm with WSMV resistance and
the subsequent development of new resistant cultivars thtmegding programs is essential for
the sustainable management of WSMV.

Plant cultivars that are screened for virus resistance are most often inoculated
mechanicallyLu et al., 2011b; Seifers et al., 2007b, 2006; Wosula et al., 20&8pt those
viruses which can’t be mechanically inocul at
mechanical methods is necessary to evaluate the level of resistance in breeding lines. Inoculation
requires appropriate delivery tife virus to wheat and success largely depends on the infectivity
of the virus particle. The effectiveness of the inoculum depends on concentration and its viability
to systemically infect plants. Traditionally, the resistance level of cultivars inodwlétte the
virus is based on phenotypic symptom assessment (DeWolf et al. 2019; Johnson et al. 2019;
Marburger et al. 2018; Rupg al.2014). There are currently no recognized standard area
diagrams for the assessment of wheat streak mosaic, adding gramggetivity phenotypic
scoring. This is further complicated by the difficulty of accurately capturing symptoms to
provide a reference. However, rating based only on symptom assessment during virus resistance
screening cannot provide an accurate assegsasanild or no symptoms can have a relatively
higher virus titer or vice verghecoq et al., 2004; Ranieri et al., 1993)

Previous work has shown that WSMV has differing infectidgas@yamukama et al.,

2012; OliveiraHofman et al., 2015; Tatineni et al., 2010bhe relative level of viral genomes
was calculated by comparing the threshold cycle (Ct) values ofiviieited samples with the
normalized expression of Ct values of wheat 18S R#ineni et al., 2019, 2010b)\bsolute

viral genome copy number is more accurate quantification of viral load in both viral inoculum
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and infected tissue. Proper quantification of viral load provides actuavinostinteaction and
helps in making an unbiased decision during the breeding program. The following work was
designed with the overall objective of developing a reproducible method of absolute
guantification of WSMV and determination of the inoculum viability arfdctivity over time.

We hypothesized the initial viral genome copy number in inoculum influences the final virus
titer in plantaand the virus titer in inoculum is unaffected by the time measuring the titer
immediately and after a few hours post inoculum@parations. In this study, we used sensitive
and robust SYBR green RJPCR assay for absolute quantification of viral genome copy
number in the inoculum and inoculated wheat, as well as its relationship to the phenotypic rating
scale. Accurate quantifition of virus load will provide an unbiased plamus interaction
evaluation for those breeding lines having no or mild symptoms but have higher virus titer as

these lines contribute to virus spreads in the fields.

Materials and methods

Source of viralinoculum

WSMV (KSMHK isolate, GenBank MK318280Rellers et al. 2019)as maintained in
the susceptible winter whe atngreenmHouse coraitions (I6o ma h a
to 20°C and 16/8 light/dark cycles) in the Applied Wheat Pathology Laboratory, Kansas State
University, Manhattan, KS. Wheat plants were inoculated by using the finger rubbing technique
(Ruppet al.2014). Tomahawk seeds weragad in condainers (3.8 cm diameter, 21 cm depth,
Ray Leach, Model SC10, Stuewe & Sons, OR, USA) containing premium potting soil (Baccto®,
sphagnum peat bog, Michigan Peat Co, TX, USA). Wheat plants were grown in a growth

chamber at 18 - 20 (day) (trmoi ditbt ) t emperature, with 16:
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Virus inoculum was prepared by macerating 0.45 g tissue per 15-g0lt®.01 M
sodium phosphate buffer, pH 7.2 (1:33.3 [wt/vol] tissue: buffer) using a chilled ceramic mortar
and pestle. Inodum viability was tested in a timeourse study where plants were inoculated at
0, 2, 6, 10, 24, 48, 72, and 96 hours after inoculum preparationndtidum was stored at 4
after preparation for successive inoculation at different times. Wheat plaatgated after 10 h
were of different ages by day(s). Forty plants were arranged in a completely randomized design
with four subsamples (individual plants) per treatment per biological replication. Each time point
consisted of four inoculated plants ana anockinoculated (buffer only) plant as a negative
control. The entire experiment was repeated twice for a sum total of 80 plants in two
independent biological replicates. In each biological replicate, the inoculum was prepared
independently as descrihdebr each time point, the second leaf of plants at the three {eaves
stage was dusted lightly with carborundum (Fisher Scientific, MA, USA) and 40 pl of inoculum
was placed over the carborundum. The leaf was pinched between the thumb and forefinger and
thevirus inoculum was pulled down the length of the leaf three to four times to increase the
chances of infection (Rupgt al 2014). For each time point, 500 ul of inoculum was flislzen
in liquid nitrogen for reserve transcriptiguantitative PCR (R'GPCR). The youngest Feekes
stage 4 leaf was sampled from each plant after 21 days of inoculation-fff &K analysis and
phenotypic rating. Leaf samples were fldgbzen in liquid nitrogen and stored 40 unt il
RNA extraction. The phenotypic rating semf the sample was done following th® Kansas
StateUniversity rating scale (Supplementary Figure (Rupp 2015).
RNA extraction and reserve transcription

Leaf tissue samples from each plant (total 4 plants per biological replication) were pooled

and the pooled sample was considered one sample pepdimtefor each biological replication.
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That means four plants of each treatment per replication were goolRd@-gPCR analysis (n =
8 per treatment, two such pools for each treatment). The leaf sample was subjected to RNA
extraction. For RNA extraction from inoculum, 50 pl of inoculum solution was used as one
sample per timgoint for each biological replicain (two replications per treatment). Total RNA
from each sample was extracted with thieVana RNA extraction kit (Ambion Catalog number:
AM1560, Ther moFi sher, MA, USA) according to t
The RNA concentration waneasured spectrophotometrically by a NanoDrop
spectrophotometer (NanoDrop Technologies, Rockland, DE, USA). Extracted total RNA (7 pg)
was cleaned with the Turbo DNaBeee™ kit (AM 1907, Ambion®, ThermoFisher, MA, USA)
according t o tdtrectionsanmabd i ceaiction.er ' s i n

DNase treated total RNA (1 pug) was used to synthesize thestiiestd cDNA in 20 L
reaction volume by using a 5x iScript supermix (BioRad, La Jolla, CA, USA) according to the

manufacturer’s i nst ions.dtinmes fosRRCRAvere @designediframn cond
the gene sequence of WSMV KSMHK (GenBank MK318280.1) using Integrated DNA

Technologies, Primer Quest\yw.idtdna.com with the parameters of Tm 58 °C, 18 to 22 nt,

and 100 200 bp amplicon size. Primer efficiencies were tested before use and primers with
efficiencies between 90 to 110% weiged in the experimenh a fourpoint dilution series.
Cloning and sequencingof WSMV genome fragment

The firststrand cDNA obtained from RNA extracted from symptomatic leaf sample was
used as a template for PCR. To obtain a large amplicon of the WSMV genome, \MEIK¥-
F (forward) and WSMWHK1-R (reverse) primers were used to progla 2,264 bp product
covering the Cl and VRllla (3398 to 5644 bp) region of the WSMV genome (Tdlil¢. PCR

was performed using a 2x PCR master mix (Promega Corp., Madison, WI, USA) in a 25 pl of
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vol ume according to t he temperature prafile iorPER ihchidei nst r u
an initial denaturation at 9€ for 3 min followed by 35 cyes of 1 min denaturation at 94°C, 30

seconds annealing at 55°C, and 2 min extension®°&t W&h final extension for 7 m at 72C.

Amplified products were atyzed by agarose gel electrophoresis.

The PCR product was purified using a QIAquick gel extraction kit (QIAGEN, USA)
according to the manufacturer’s instructions.
topoisomerasactivated vector, pPCR® 2TOPO (Invitogen, Life Technologies, CA, USA)
according to the manufacturer’s instructions.
TOP10 competent cells (One Shot®, Invitrogen, CA, USA). Plasmid DNA was extracted from
cultures using a plasmid purificatiort KQIAGEN spin miniprep kit, QIAGEN, USA) according
to the company’s instructions. The plasmid wa
universal sequencing primer M13 forwar@(@) and M13 reverse. Plasmid sequenced was
blasted by using the NCBI BLAST db(Altschul et al., 1990after being obtained from
MCLAB, CA.

Plasmid dilution, standard curve, and reverse transcription gPCR

A standard curve method was used to determine théudd3SMV copy number in
samples. A serial dilution of plasmid DNA carrying the previously cloned WSMV fragment was
used as a template in a 5 point;fd@l dilution series. The mass of plasmid and concentration of
the plasmid solution was used to calcaildite desired copy number and the dilution series was
calculated as described in Ta#lg. The plasmid solution with calculated copy number
3,000,000 was serially diluted (Tall) and used as a template to establish a standard curve.

The RT-gPCR was pd#ormed in a BioRad CFX96 Redime System (BioRad, La Jolla, CA,

USA) with a total reaction volume of 25 pul. Each reaction included 12.5 ul of iQ SYBR Green
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Supermix (BioRad, La Jolla, CA, USA), 50 ng of cDNA, 10 pmol of MHK3and MHK3R
primer (Table4.1), and water added to a total volume of 25 ul accordingetagebauer et al.
2018 Technical replicates were prepared in triplicate. thieemocycleiconditions were 9%
for 3 min for initial denaturation, followedyl85 cycles of 10 seconds at’@5denaturation, and
30 seconds anneal/extend at®0The run was gopleted with a melt curve of 65°C to @5
heating for 0.5°C increments for 5 seconds.dawh biological replication of the experiment, the
plasmid dilution series reactions were loaded on the same plate to build the appropriate standard
curve. Data of each reaction was analyzed by BioRad Reed System (CFX96, version
3.01215.0601) to detine the quantification cycle (Cq) values, PCR efficiency, and the
standard curve.
Statistical analysis

The WSMV copy number in each sample was calculated by plotting the quantification
cycle (Cq) values of the samples into the standard curve geneteth& plasmid dilution
series by BioRad CFX96 software. Plotted copy humbers of samples within the range of the
dilution series standard curve descending from 3%td8 x 13 were included for further
analysis. In this experiment, data below the lol@indary of the standard curve were excluded
from the analysis to avoid extrapolation. Data of mmaculated control Cq values were below
the lower boundary of the standard curve were excluded from the analysis. The absolute copy
number of the samplesoim two biological replicates was analyzed using the SAS PROC mixed
procedure (SAS Institute Inc., Cary, NC, USA). Treatment was used as a fixed effect and
replication was used as a r and(okeyelPfwast . Tuke
used to compare the mean difference in the WSMV copy number in inoculum among treatments.

The mean compaws of WSMV copy number in infected wheat leaves was done by using
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Dunnet t ' (Bunnete 196580 dompare the treatment means against treatment, O h was

used as a baseline group. The average phenotypic rating scores from eagntreate

regressed with the viral copy number of the infected leaf. Log transformed copy number data and
square root transformed rating data were used for analysis to satisfy the constant variance and
normality. An influence observation was detectedf@mo k° s di st ance and rerm

analysigRamsey and Schafer, 2012)

Results

Plasmid and standard curve determination

Cloned plasmid fragments were verified as the sequence aligned to the genome sequence
of WSMV (isolates KSMHK, Accession number MK318280.1) of the desired WSBM\NIa
fragment in the plasmid (348573 nt in the rerence sequence)fplementary Table Z).
The standard curve was prepared using-#oliDserial dilution of plasmid copy number
descending from 3 x £@o 3 x 16 molecules and &howed a strong linear relationship with the
value of R 0.999. The amgiication efficiencies wereanging from 96.9% to 1038 between
replicates Supplementary Table A, B). While the standard curve of each assay was used to
calculate the copy number of each sample, the standard curve data from different assays were
also potted to calculate the overalPRf 0.982, indicating good reproducibility of the plasmid,
primer, and the techniqu8ypplementary Table 4). A single sharp peak #ite melting
temperature of 80°C (Supplementary Table &C, D) shows the specific PCRqulucts
amplified with primer set MHK1. Similar results were observed in each replication.
Assessment of the WSMV copy number in the inoculum

The WSMYV inoculum genomic RNA copy numbers in the inoculum ranged between 1.15

x 1P and 3.28 x 19and varied with time post preparation (F = 4B6; 0.001). RNA copy
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number at 0 h was similar to numbers at 2 h, 6 h, 24 h, andR8 B.05, Tablet.3) but it was
higher than the RNA copy number of 10 h, 72 h, and (05, Tablet.3).
Estimation of the absolute WSMV copy number in inoculated wheat leaves

The absolute genomic RNA copy numbers in the WSMYV infected leaves inoculated with
inoculum prepared at different times ranged between 2.66 ant4.69x 10 Dunnett ' s t ¢
showed that the WMV RNA copy numbers in wheat leaves inoculated at different time points
were statistically similar to the leaf inoculated at ®P»(0.05, Tabletl.3). As expected, Cq
values of mocknoculated control were outside of the lowest point in the dilutioeséhnerefore
those data were not included in the table.
The relation between absolute WSMV copy number and the phenotypic rating
score

In order to establish the relationship between viral copy number and phenotypic rating
score, a linear regression of #erage rating scores with the average viral genome copy
number of infected leaves at each time point of inoculation post preparation was performed.
There was a weak linear trend of phenotypic rating score and WMSV copy number gFigure
The value offie regression coefficient of determinatioh=R0.40 (Figuret.1). The typical
WSMV symptoms on infected leaves varied with the time of inoculation (Fiy2ye

Discussion

The results presented in this study describe quantifiable methodologies that can be
applied to planirus resistance evaluation studies and highlights the necessity of using
guantitative methods to facilitate accurate disease assessment in plant breeding programs
especially to those breeding line having no or mild symptoms with higtusrtiter or vice

versa. Accurate measurement of viral load provides the quantitativeihasinteraction and
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helps to make the accurate decision of varietal selection. The information on virus stability helps
to make the decision of inoculum prepasattime while screening the breeding nursery with
mechanichinoculation of plant viruses.

Viral genome copy numbers were determined usingjRCR. The RIGPCR has
previously been used for WSMV detecti@rice et al., 2010and examined the relative
guantification of WSMV compared with wheat reference gemasr(eni et al. 2010, 20)®ut
not the absolute viral copy nhumber. Here, a quantitative method was used to calculate the
absolute viral copy number using a WSMV genome fragroentaining plasmid to simulate
viral RNA strands of a known copy number. The dilution series determined thg®R could
detect the plasmid at dilutions of 3 216 3 x 16 particles, covering a wide dynamic range of
concentrations (4 orders of magnitude). A strong linear reldtiprngth the value of coefficients
of determination, R= 0.999, and the presence of a single fluorescence peak in the melting curve
analysis support the primer specificity and indicating good reproducibility of the plasmid as a
standard and the RGPCR tehnique to determine viral copy number in the inoculumiand
planta

In mechanical infections, viral movement and titer are affected by what cells are infected,
how many cells are infected, and how many virions are active. The knowledge of the viability o
the virus particles in the homogenized buffer over time will particularly assist researchers and
breeders during field or other largeale inoculations. Generally, it is assumed that inoculum has
a viability limit. Our data revealed that WSMV was stahléhe phosphate buffer for hours after
post inoculum preparation as the inoculum contained more than a million viral genome copies
per 50 ul of inoculum solution at each time point tested. Virus copy humber at 10h showed

deviation from the tendency, whienight need furthenquiry, but data were consistent over all
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the subsamples within the replicate and no outlier was detected statistically. This finding
indicates that inoculum can be made in the laboratory at least 6 hours from preparation to
inoculatian with no loss of viability when considering both viral copy number and adequate
ability to phenotype.

The number of virus particles in the initial inoculum influences the final virus titer in
inoculated wheat leaves. Our data showed that the viral caplgerin wheat leaves inoculated
immediately after inoculum preparation was statistically similar to the viral copy nhumber at other
time points. This result further supports the stable viability of WSMV KSMHK in the described
buffer. The variability of thend viral titer in the inoculated leaves depends on several factors
such as inoculation efficiency, the number of wounds made by carborundum during inoculation,
and physiological conditions of the plant during infect{iBoenhorst et al., 1988)he success
of mechanical inoculation is further impeded by heavily damaged cells during inoculation
resulting in inducing stress response proteins and release of vacuole contents, further producing
antagonistsdr virus infection mediated by plant hormori8avatin et al., 2014)

Phenotyping is a common screening method used by plant breeders to develop new plant
cultivars. It is tme-sensitive and considered a bottleneck for a breeding pragrarnank and
Tester, 2011)Visual rating scales are subjective and require highly skilled workers. Our data
revealed that the linear model robustness calculated by thecea@ffof determination was only
40%. This implies that only 40 percent of the sample variability of copy numbers and phenotypic
rating scores was explained by the estimated regression model. This implies that the relationship
between viral copy numbers anidual rating has a weak linear relationship pRovides an
estimate of the proportion of variability between copy number and rating score and explains the

dynamics of the relationship between them.
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Although analysis might warrant a larger data setdorcthe nodinear relationship
between copy number and rating scale, it demands the quantitative methods of viral titer
measurement to enable the accurate screening of breeding material. Plants infected with
pathogens can show inconsistent in @Ype resstance phenotypes that need careful phenotypic
analysigPoland et al., 2009Roossinck, 201found that plants infected in a natural ecological
setting often lacked symptoms and titerlexkis d n” t corr el ate. Scoring «L
symptom expression could select the lines having high virus titer and low phenotypic symptom
expression. Plants with low or sgmptoms bubhaving high titer can serve as disease reservoirs
and are epiduaiologically significant. Therefore, it is important to validate phenotypic
assessment with absolute quantification of viral load for at least selected lines during the
development of virusesistant germplasm through a breeding program.

Copy number (Talel4.3) showed comparatively high virus accumulation (high mean
copy number) in wheat leaves inoculated after 48 h of post inoculum preparation but did not
di spl ay a ‘' seve4d Thismdomsistentcyeiveen \(irdd ioagl and symptom
severitymight be due to several molecular interactions between host and virus, one possible
reason could be after 10 h of post inoculum preparation the aggressiveness of the virus particles
might decrease. However -gdepth molecular analysis on the interactietween viral proteins
and host gene expression might add a clearer picture. The phenomenon of weak symptoms and
high virus accumulation and vieersa is common in plant viruses and virdideres et al.,
2016) Therdore, using only phenotypic assessment of cultivars for breeding programs might
increase the likelihood of misleading results as high virus titer correlates with high yield loss and

vice-versa.
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This work is the first to examine the effect of the initiahility (stability of virus in
buffer) and the concentration of WSMV particles used in inoculated studies. Using the highly
sensitive absolute measurement of viral copy numbers to validate the visual rating score will
provide an accurate disease severigegsment thus sets an improved standard in virus

resistance breeding.
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Table4.1. Primers used in this study

Position in sequence*

Primer Name Sequence 5’ t o Tm(°C) Amplicon size (bp)

WSMV-MHK1-F TGGACCGATCGGATTAAG 58 107 55555573
WSMV-MHK1-R TAGAAGTGCCAGTAT 56445662
WSMV-MHK3-F CATGAGGCAACACAAGTAG 58 104 33983417
WSMV-MHK3-F CCATCAAGTGGTGCATATC 34833502

“Nucleotide positions on the sequence of isolate WSMV KSMHK (Gene&8agssion number MK318280.1, Fellers et al. 2019)
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Table4.2. Dilution series of plasmid from initial plasmid concentration and standard copy number*

Copy number Mass in gram’s 6pl of plasmid DNA solution s pipetted into each reaction
(grams/pl)
3000000 300000 x 6.72 x 18#=2.0156 x 131 2.0156 x 16?/6 = 3.359 x 102
300,000 300000 x 6.72 x 1= 2.0156 x 132 2.0156 x 16?/6 = 3.359 x 103
30,000 30000 x 6.72 x 1= 2.0156 x 133 2.0156 x 16°/6 = 3.359 x 10*
3,000 3000 x 6.72 x 18=2.0156 x 16* 2.0156 x 1646 = 3.359 x 183°
300 300 x 6.72 x 18%=2.0156 x 16° 2.0156 x 10°/6 = 3.359 x 10°
Source of Initial conc.  Volume of plasmid DNA  Volume of diluent Final volume Final conc.  Resulting copy
plasmid DNA  (grams/pl) (ul) () (ul) (grams/ul) number of 6pl
for dilution Ci1 Vi V2 C2 plasmid
Stock 4.07 x 10’ 10 990 1000 4.07 x 10°° N/A
Dilution 1 4.07 x 1° 10 990 1000 4.07 x 101 N/A
Dilution 2 4.07 x 101 8.3 91.7 100 3.359 x 10 3000000
Dilution 3 4.07 x 10° 10 90 100 3.359 x 10° 300000
Dilution 4  3.359 x 1013 10 90 100 3.359 x 10+ 30000
Dilution5  3.359 x 10 10 90 100 3.359 x 10° 3000
Dilution 6  3.359 x 10° 10 90 100 3.359 x 10° 300

“Calculation adapted from Applied Biosystems (2003)

TMass of the 1 bp of the plasmid was calculated by using the average mass of orgudésnside monophosphate pair (DNMP = 654
Da = 1.09 x 13'g). Therefore, mass of one 6164 bp plasmid = 6164 x 1.09°kg18 6.72 x 168g
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Table4.3. Absolute quantification of genomic RNA copies in wheat streak mosaic virus
(WSMV) inoculum and théeaf of wheat (Tomahawk) infected with that inoculum during the
different times after inoculum prepared obtained by SYBR green quantitativegfROIR) using
the standard curve of plasmid DNA

TAIP” Copy number in Copy number in infected Average phenotypic
inoculum? leaf* A scoré ¥
Oh 3.28 x 16+ 4.85 x 16a 1.71 x 16 % 1.09 x 16 5.25+5.3
2h 221x16+485x16ab  4.69 x 16+ 1.09 x 10a 7.25+2.4
6 h 1.81x 16+ 4.85 x 16ab 1.34 x 16+ 1.09 x 108a 462+5.1
10 h 1.15x 16+ 4.85 x 16b 2.66 x 10+ 1.09 x 16a 4.25+45
24h 1.88x16+4.85x16ab  3.68 x 10+ 1.09 x 16a 1.25+0.3
48h 191x16+4.85x16ab 4.46 x 16+ 1.09 x 10a 2.37+1.9
72h  1.34x16+4.85x 16b 1.57 x 16+ 1.09 x 108a 2.75+0.3
96h  1.30x16+4.85x106b 2.10 x 10+ 1.09 x 16a 2.00+1.4

"Time after inoculation preparation.

TAverage copy number in inoculum from two replicates. Different letter within the copy number of

inoculum column indicates significantly differemtr oups of means based on Tuke
T 'Average copy number and standard error in infected wheat leaves from two biological replicates (Four
plants of each treatment per biological replication were pooled feffROR analysis, therefore @tal of

eight plants were used per treatment). The same letter within the column of copy number in infected

|l eaves indicates no significant difference bet wee
0.05)
‘Baseline contr ol mulpleBomparisetst °' s met hod of

¥ Average phenotypic score obtained by following the Kansas State University standard scoring protocol
(Rupp, 2015)
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Fit Plot for Log_copy_number

B Observations 15
§ Parameters 2
& Enror DF 13
& MSE 0.6982
A R-Square  0.4024
k: Adj R-Square 0.3565

10 1.5 20 25 30
Sqrt rating score
| Fit O 95% Confidence Limits - - - - - - 95% Prediction Limits |

Figure4.1l. Regression of WSMV log copy number in inoculated leaves and phenotypic rating
score. Blue shading around the fitted line represents 95% confilii@itse Sqrt = square root.
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CNTL Oh 6 10h 24

Figure4.2. Wheat streak mosaic virus (WSMV) infected symptomatic leaves of wheat (Tomahawk) inoculated at a different time of O
h to 96 h after inoculum preparatid@NTL = mockinoculated control.
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Appendix A-Suppl ement ary

Appendix A. Tables and Figures

Supplementary TableA.1. List of sequences of cereal virugesrievedfrom GenBank that

were used as reference genonmeget cmsensus sequences

Figures 2and

Name of virus

Acces®n number

Ageratum yellov leaf curl betasatellite

Agropyron mosaic Yus

Barley mild mosaic virus

Barley stripe mosaic virus RNIA

Barley stripe mosaic virus RNA

Barley stripe mosaic virus RNA3

Barley yellow dwarf virusPAS

Barley yellow dwarf virusVIAvV

Barley yellow dwarf virusGAV

Barley yellow dwarf virusPAV

Barley yellowstriate mosaiwirus, polymerae (L) gene
Barley yellowstriate mosaiwirus, glycoprotein(G) gene
Ceral yellow dwarf virus

Hordeummosaicvirus

Maize streak vus

Oat golden stpe virus RNA1

Oat golden stpe virus RNA

Oat necrotic mottle virus

Tobacco mosaic viruQueensland

Rice bla& streaked dwarf viruss()

Rice bla& streaked dwarf virus)

Rice bla& streaked dwarf virus3)

Rice bla& streaked dwarf virus¥4)

Rice bla& streaked dwarf virussb)

Rice bla& streaked dwarf virussg)

Rice bla& streaked dwarf virussy)

Rice bla& streaked dwarf virusSg)

Rice bla& streaked dwarf virusSQ) cds_ AFX68415.1 1
Rice bla& streaked dwarf virusSQ) cds_ AFX68415.12
Rice blak streaked dwarf virusS10)

Soil borne wheat wsaic virus RNA

Soil borne wheat wsaic virus RNA2

Wheat streak mosaic virus type strain

Wheat streak mosaic virdoym

Wheatmosaic virukS7 RNAL

Wheatmosaic viruKS7 RNA2

Wheatmosaic viruKS7 RNA3A

Wheatmosaic viruKS7 RNA3B

KC305091.1
NC_005903.1
AJ544268.1
NC_003469.1
NC_003481.1
NC_003478.1
NC_002160.2
NC_003680.1
KF523382.1
EF043235.1
FJ665628
KP163565.1
EF521830.1
NC_005904.1
AF239960.1
NC_002358.1
NC_002357.1
NC_005136.1
AF332868
KC134289.1
KC134290.1
KC134291.1
KC134292.1
KC134293.1
KC134294.1
KC134295.1
KC134296.1
KC134297.1
KC134297.1
KC134298.1
KT736088.1
KT736089.1
AF285169
HG810954.1
KT988860.1
KT988861.1
KT988862.1
KT988863.1
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Name of virus

Accesson number

Wheatmosaic viruKS7 RNA4
Wheatmosaic viruKS7 RNAS
Wheatmosaic viruKS7 RNA6
Wheatmosaic viruKS7 RNA7
Wheatmosaic viruKS7 RNA8
Wheatdwarf virus

Wheat eqlid mosaic virus

Wheat rosette stunt virus

Wheat spindletseak moaic virus RNAL
Wheat spindletseak mosic virus RNA2
Wheat $ripe virus RNA2

Wheat $ripe virus RNA3

Wheat $ripe virus RNA4

Wheat yellow mosaivirus RNA1
Wheat yellow mosaivirus RNA2

Foxtal mosaic virus

Triticum mosaic virus KS

Barley virus G

Barey yellowmosaic virus RNA1
Barley yellowmosaic virus RNA&
Brome mosaic virus RA1

Brome mosaic virus RA2

Brome mosaic virus RA3

European wheatate mosaic viruRNA1
European wheat$ate mosaic viruRNA2
European wheatate mosaic viruRNA3
European wheati$ate mosaic viruRNA4
Chinese wheat mosaic virutNR1
Chinese wheat mosaic virutNR 2
Johnsongrass mosaic virus

Maize chlorotic mottle virus

Maize yellow dwarf virusRMV

Maize yellow mosai virusMorogoro
Maize yellowstriate virus

Oat dwarf virus

Panicummosaic virus

Ryegrass mosaic virus
Sitobionmiscanthiflavi-like virus

Soil borne cereal mag: virus RNAL
Soil borne cereal magc virus RNA2
Sugarcane mosaic virus

Wheat leaf yellowingassocaited virus
Wheatyellow dwarf virusGPV

Wheat yellow striate virus

Brome steak mosaic rymovirus

KT988864.1
KT988865.1
KT988866.1
KT988867.1
KT988868.1
KJ473705.1
NC_009805.1
AF059602.1
NC_040508.1
NC_040507.1
AY312434.1
AY312435.1
AY312436.1
AB910332.1
AB9103361
EF630359.1
FJ263671.1
KT962089.1
AJ132268.1
AJ132269.1
NC_002026.1
NC_002027.1
NC_002028.2
MNO044342.1
MN044343.1
MNO044344.1
MN044345.1
NC_002359.1
NC_002356.1
KX897165.1
X14736.2
KC921392.1
MW036244.1
KY884303.1
KX533459.1
MH885652.1
MT005828.1
MH778148.1
NC_00D421
NC_00D411
AJ297628.1
KY605226.1
NC_012931.1
MG604920.1
748506.1
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Supplementary TableA.2. List of 2019 survey samples chosen for Nanopore setugenc

Sample ID County Number oftotal reads
19CN1 Cheyenne 771585
19CN3 Cheyenne 244288
19CY4 Clay 358208
19DC1 Decatur 1016763
19EW2 Ellsworth 299673
19FI Finney 321968
19FI2 Finney 152662
19FO Ford 314710
19GH1 Graham 307261
19GH2 Graham 130419
19GL1 Greeley 785329
19GT Grant 249860
19HM1 Hamilton 304740
19Jw1 Jewell 282607
19KE1 Kearny 137360
19KM Kingman 97922
19KW Kiowa 378653
19LG2 Logan 682766
19MC1 Mitchell 792618
19ME Meade 359888
19MN Marion 145666
19MP McPherson 284984
19MT Morton 295365
19NS2 Ness 221786
19NS3 Ness 270071
190B1 Osborne 221669
19PL1 Phillips 136534
19PL3 Phillips 87385
19PN1 Pawnee 609762
19PN2 Pawnee 130358
19PN3 Pawnee 115807
19RA3 Rawlins 565130
19RH1 Rush 344955
19RN Reno 119307
19RO1 Rooks 145552
19RP1 Republic 608705
19RS2 Russell 269145
19SA1 Saline 482021
19SH3 Sherman 300490
19SM4 Smith 59895
19ST Stanton 317525
19SVv Stevens 557096
19SWwW Seward 401427
19TH2 Thomas 52369
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19TR1 Trego 654870
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Supplementary TableA.3. List of 2020 and 2021 survey samples chosen for Nanopore
sequencing

Sample ID County Year collected Number oftotal
reads
20 LE1 Lane 2020 90608
20LE10 Lane 2020 35844
20GH2 Graham 2020 1310636
20NT1 Norton 2020 138350
20SD4 Sheridan 2020 1294849
20GL2 Greeley 2020 106591
20TR2 Trego 2020 650465
20GO Gove 2020 1796859
20NS5 Ness 2020 743623
20SC2 Scott 2020 762741
20WA2 Wallace 2020 419192
20WH Wichita 2020 60378
20JW3 Jewell 2020 324793
20Jw4 Jewell 2020 1963095
20MC2 Mitchell 2020 327715
200B2 Osborne 2020 315507
20PL2 Phillips 2020 161659
20RP3 Republic 2020 361837
20KE2 Kearny 2020 129680
20KM Kingman 2020 367816
20EW Ellsworth 2020 174521
20SM3 Smith 2020 1392535
20SM4 Smith 2020 79933
20RH2 Rush 2020 171903
20LE17 Lane 2020 184671
21RL1 Riley 2021 580019
21RL4 Riley 2021 1348843
21RL5 Riley 2021 537729
21WH1 Wichita 2021 896519
21WH2 Wichita 2021 539305
21WH3 Wichita 2021 555369
21WH4 Wichita 2021 318681
21WH5 Wichita 2021 342432
21WH6 Wichita 2021 282203
21LE3 Lane 2021 524572
21BT1 Barton 2021 1909520
21BT2 Barton 2021 484472
21BT3 Barton 2021 101556
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Supplementary TableA.4. List of complete viral genome sequese@d characterization of the
consensus sequences of wheat streak mosaic virus that idemtifrdeeat samples using
Nanopore sequencing

Sample ID  County No of Coverage Nucleotide
(X) identity (%}
19CN1 Cheyenne 8232 334.28 98.0
19DC1 Decatur 32941 1141.6 97.2
19CN3 Cheyenne 4504 234.8 97.8
19SH3 Sherman 15240 2820.36 97.3
19SV Stevens 3929 141.3 90.4
19ST Stanton 3590 179.39 97.0
19NS2 Ness 12633 826.23 97.5
19RA3 Rawlins 23855 4180.06 97.8
19GH1 Graham 939 113.27 97.9
19SW Seward 4494 241.62 97.6
19TR1 Trego 8708 383.8 98.1
19MC1 Mitchell 6995 207.72 97.3
19FI Finney 5133 263.39 98.1
19RH1 Rush 4483 327.94 88.4
19HM1 Hamilton 8637 576.3 97.9
19ME Meade 4268 199.45 97.8
19MT Morton 28509 1752.32 984
20NS5 Ness 7971 405.12 97.8
20PL2 Phillips 1787 126.21 98.2
20SD4 Sheridan 31250 5432.71 97.6
20GL2 Greeley 16781 1449.28 98.2
20GO Gove 8357 307.58 94.9
20TR2 Trego 3833 182.9 97.6
20GH2 Graham 32426 7525.89 98.1
20WA2 Wallace 7400 258.44 96.3
20MC2 Mitchell 2608 163.53 97.3
20JW3 Jewell 5501 333.36 98.1
20EW Ellsworth 1033 93.7 96.9
20SM3 Smith 1454 86.21 97.6
20KE2 Kearny 2459 158.48 98.2
20LE17 Lane 10029 681.0 98.2
20RH2 Rush 4030 227.2 98.0
21WH6 Wichita 11896 834.85 97.1
21WH7 Wichita 7012 167.87 97.6
21WH3 Wichita 3345 162.04 98.2
21RL4 Riley 6224 430.08 97.4
21RL1 Riley 17683 3746.95 97.3

t  Nu mb e r obtaified usiagandn®posequencing anchapped with reference genome using CLC
Genomics Workbench

tPercent
isolate. AF285169.1) sequence

nucl eoti de

identity of

137

Kansas

i sol at es

S



Supplementary TableA.5. List of complete viral genome sequese@d characterization of the
consensus sequence of Triticum mosaic virus identified/heat samples usimMdanopore
sequencing

Sample ID  County No of Coverage Nucleotide
reads t (X identity (%}
19GT Grant 3228 109.63 99.7
19SW Seward 6891 316.79 99.7
19HM1 Hamilton 7776 324.93 99.7
19MT Morton 3152 160.25 99.7
20GL2 Greeley 6851 542.47 99.7
21WH1 Wichita 3750 129.6 99.6
21WH2 Wichita 14040 892.22 99.7
21WH3 Wichita 3041 110.26 99.7
21LE3 Lane 4939 213.8 99.7
21WH4 Wichita 3881 126.13 99.7
21WH6 Wichita 9071 391.06 99.6

t  Nu mb e r obtaified usiagandrn®posequencing anchapped with reference genome using CLC
Genomics Workbench

tPercent nucleotide identity of Kansas isol ates
isolate, FJ263671.1) sequence
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Supplementary TableA.6. List of sequences of viruses retrieved from GenBank

Sample ID virus Origin Accession
Number

Argentina Wheat streak mosaic virus Argentina FJ348359.1
Austria Wheat streak mosaic virus Austria LN624217.1
COKCar Wheat streak mosaic virus CO, USA MT762110.1
Czech Wheat streak mosaic virus Czech AF454454.1
El Batan3 Wheat streak mosaic virus Mexico AF285170.1
H95S Wheat streak mosaic virus KS, USA AF5116114.2
H98 Wheat streaknosaic virus KS, USA AF511615.2
Germany_Hoym  Wheat streak mosaic virus Germany HG810954.1
ID96 Wheat streak mosaic virus ID, USA AF511618.2
ID99 Wheat streak mosaic virus ID, USA AF511619.2
KSHmM1 Wheat streak mosaic virus KS, USA MK318276.1
KSWal2017 Wheat streak mosaic virus KS, USA MK318281.1
France_Marmagne Wheat streak mosaic virus France HG810953.1
MON96 Wheat streak mosaic virus MT, USA AF511630.2
Naghadeh Iran Wheat streak mosaic virus Iran EU914917.1
ONMV* Oat necrotianottle virus NC005136.1
Sidney81 Wheat streak mosaic virus NE, USA AF057533.1
Sosn Wheat streak mosaic virus Poland MH939146.1
Turkeyl Wheat streak mosaic virus Turkey AF454455.1
WA94 Wheat streak mosaic virus WA, USA FJ348358.1
WA99 Wheatstreak mosaic virus WA, USA AF511643.2
WSMV_OH1 Wheat streak mosaic virus OH, USA MK975887.1
WSMV_TYPE Wheat streak mosaic virus KS, USA AF285169.1
KSGre2017 Triticum mosaic virus KS, USA MK318272.1
COKCar Triticum mosaic virus CO, USA MT762125.1
KSHmM_2015 Triticum mosaic virus KS, USA MK318273.1
KSIct2017 Triticum mosaic virus KS, USA MK318274.1
NE Triticum mosaic virus NE, USA FJ669487.1
U06-123 Triticum mosaic virus KS, USA FJ263671.1
YN-YZ211* Sugarcane streak mosaic virus KJ187047.1
CalVA KP1* Caladenia virus A JX156425.1

*These viruses were used as outgroups for the phylogenetic analysis
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Supplementary TableA.7. List of complete viral genome sequese@d characterization of the
consensus sequersad High Plairs wheat mosaic emaravirus identified wheat samples using
Nanopore sequencing

i sol at es

Sample  county Genome No of Coverage Nucleotide

ID reads (X)Vy identit
20SC2 Scott RNA1 1181 67.4 99.4

20SC2 Scott RNA2 1291 159.7 99.4

20SC2 Scott RNA3A 2982 912.5 99.6

20SC2 Scott RNA3B 67011 18320.7 98.3

20SC2 Scott RNA4 6970 650.0 99.1

20SC2 Scott RNAS 198 43.3 99.6

20SC2 Scott RNAG6 869 194.8 99.4

20SC2 Scott RNA7 2232 757.0 99.1

20SC2 Scott RNA8 1222 37.7 98.8

20MC2 Mitchell RNA3A 370 16.1 96.3

20MC2 Mitchell RNA3B 972 250.6 99.3

20MC2 Mitchell RNA4 494 12.87 97.7

20MC2 Mitchell RNA7 210 18.0 96.6

20KE2 Kearny RNA3A 350 97.0 98.1

20KE2 Kearny RNA3B 8470 1995.0 99.4

20KE2 Kearny RNA4 1716 650.0 98.6

20KE2 Kearny RNAG6 121 16.0 99.1

20KE2 Kearny RNA7 369 88.6 98.3

20KE2 Kearny RNAS8 280 10.0 98.8

21LES3 Lane RNA3A 634 157.4 98.7

20RH2 Rush* RNA4 1289 2334 -

20RH2 Rush RNA7 655 90.6 85.5

T Nu mb e r obtaified usiegandn®posequencing anohapped with reference genome using CLC
Genomics Workbench

ftPercent nucleotide identity of Kansas
*Mi ssing 115 bps armnubléotide pectentage ilenttyxanalysisd e d
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Supplementary TableA.8. List of sequences of High Plawheat mosaic emaravirus

(HPWMoV) isolatesretired from GenBank

Sample ID RNA virus Origin Accession
Number

W1 RNA3 HPWMoV OH, USA KT970501.1
Cophil RNA3 HPWMoV CO, USA MT762120.1
K1 RNA3 HPWMoV OH, USA KT98889.1
H1 RNAS3 RNA3 HPWMoV OH, USA KT98881.1
NW2P3 RNA3 HPWMoV OH, USA MN250347.1
NE_RNA3A* RNA3A HPWMoV NE, USA KJ939625.1
KS7_3A RNA3A HPWMoV KS, USA KT988862.1
NW1_3A RNA3A HPWMoV OH, USA MN250339.1
NE_RNA3B* RNA3B HPWMoV NE, USA KJ939626.1
KS7_RNA3B RNA3B HPWMoV KS, USA KT988863.1
GG1_RNA3B RNA3B HPWMoV OH, USA KT988872.1
NE_RNA1* RNA1 HPWMoV NE, USA NC_029570.1
NE_RNA2* RNA2 HPWMoV NE, USA NC_029549.1
NE_RNA4* RNA4 HPWMoV NE, USA NC_029551.1
NE_RNA5* RNA5 HPWMoV NE, USA NC_029552.1
NE_RNAG* RNAG6 HPWMoV NE, USA NC_029553.1
NE_RNA7* RNA7 HPWMoV NE, USA NC_029554.1
NE_RNAS8* RNAS8 HPWMoV NE, USA NC_029555.1
RLBV** RNA3 Raspbernjeaf blotch virus - FR823301.1

*These HPWMoV isolates used as viral reference genomes used for mapping
**These viruses were used as outgroups for the phylogenetic analysis
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Supplementary TableA.9. List of complete viral genome sequesaad characterization of the
consensus sequence of Soillwheat mosaic virus identifiegh wheat samples using
Nanopore sequencing

Sample  county Accession Genome No of Coverage Nucleotide

ID numbers reac(X identit
19PN2 Pawnee RNA1 12818 816.55 98.47

19PN2 Pawnee RNA2 12723 596.12 98.52

21RL5 Riley RNA1 300 124.94 96.63

21RL5 Riley RNA2 1982 105.2 99.97

T Nu mb e r obtaified usiegandn®posequencing anohapped with reference genome using CLC

Genomics Workbench

fThe reference genome used to compare the nucl eot
NC_002042.1)
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Supplementary TableA.10. Potential recombinant isolates of wheat streak mosaic virus (WSMV) analyzed by using 7 different
algorithms in the RDP5 program

Recombinants Major Minor RDP* BootScart GENECONV* MaxChi* Chimera* 3sed SiScart
parent parent
Germany WSMV  1.51x10°*® 542x10*® 1.85x 1% 1.02 x 10t 3.25x 10?2 6.98 x 1077 4.47 x 10"
198V Hoym type
20GO H95S 19RH1  4.37x10® 289x10" 3.6 x10% 1.19x 107° 3.57 x10?* 2.84x10°" 2.61 x 16%°
20WA 20LE1 19RH1 6.16 x 1° 9.33x10Y 4.92 x 10" 856 x 1% 4.33x10P° 1.48x10° 2.12x 10"
19ST 19RH1  Sydney81 1.21 x 16 - 1.38 x 10 6.62 x 10'° 2.28 x 107® - 2.46 x 10¢°
19RA3 19SH3 19GH1 599 x 16> 1.46x 107 - 1.69 x 177 1.06 x 10 5.72x 10 3.43 x 10"
20EW Sydney81 19SH3 3.13x 10?2 1.24x10°® 2.16 x 107 1.72x10°° 2.04x 10 8.43x10° 6.52 x 101
20TR2 19MT 19GH2  1.27x 10" 3.42x1* 2.35x 10 428 x10°® 1.26x 10 2.02x 10" 3.8x 10"
20GH2 21RL1 21WH3  9.28x 10P* 2.79x 10 1.46 x 10 1.93x 102 245x 10 3.29x 1% 1.5x 10%
20JW3 19DC1 20MC2 - 411 x 1072 - 1.6 x 10°3 1.01x 1P 9.61 x 1?4 6.41 x 10
19TR1 19CN1  20MC2  3.09 x 1¢* - - 2.22x 1P 1.42x 10 3.23x 10°" 1.685x 103
19FI 19GH1 19SH3 4.07 x 10 1.82x 10°°  1.42x 107 3.23x 10°” 1.685x 107
19NS2 20SD4 MON96 1.28x 1’8 4.19x 1P - 3.37x 1P 1.48x10° 1.8x10? -
19GH1 21RL1 21WH3 597 x 1% 7.48x 10> 2.29x 103 - - 2.75x 10 1.32 x 1073
19SW 20MC2  19DC1 2.27 x 103 544 x 1 6.08x10°® 2.62x 10 5.99 x 10
*P-values
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Supplementary FigureA.l. Alignment of nucleocapsid protein sequence encoded by High
Plains wheat mosaic emaravirus RNA3 and its two variant RNA3A and 3B isolates obtained
from this study as well as isolates sequence retrieved frorB&&. RNA3B showed with a 3
aminoacid insertion at the positions of 23, 24, and the 287 C terminus of the protein.

'Protein Sequences.lv 2324 ?i E)ﬁ 23:;
Species/Abbrv *“'*. t '. * * = | | t.!tt. SRR IR R * *
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1.NERNAJA  [MAL
2.20SC2_RNA3A MAL
3.20MC2_RNA3A MAL
4. 20KE2_RNA3A MAL
5.21LE3_ RNA3A MAL
6. NW1P3A MAL
7. KS7_RNAZA MAL
8.NERNAIB  MAL
9.20SC2_RNA3B MAL
10. 20MC2_RNA3B M A L
11. 20KE2_RNA3B M A L
12.KS7_RNA3B WAL
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AppendixB-Suppl ement ary

Appendix B Supplementary Figures and Tables

Supplementary TablB.1. List of sequences of brome mosaic virus retrieved from GenBank.

Sample ID RNA genome Origin Accession Number
BMV_OH2 RNA1 OH, USA MN241035.1
BMV_OH2 RNA2 OH, USA MN241036.1
BMV_OH2 RNA3 OH, USA MN241037.1
BMV_OH RNA1 OH, USA MH025765.1
BMV_OH RNA2 OH, USA MH025766.1
BMV_OH RNA3 OH, USA MH025767.1
BMV_OK RNA1 OK, USA DQ530423.1
BMV_OK RNA2 OK, USA DQ530424.1
BMV_OK RNA3 OK, USA DQ530425.1
BMV_M1* RNA1 WI, USA  X02380.1
BMV_ M1* RNA2 WI, USA  X01678.1
BMV_ M1* RNA3 WI, USA  J02042.1
BMV_M2 RNA1 WI, USA  AB183262.1
BMV_M2 RNA2 WI, USA AB183263.1
BMV_M2 RNA3 WI, USA AB183261.1
BMV_DSMZ PV-0194 RNA1 UK MW582787.1
BMV_DSMZ PV-0194 RNA2 UK MW582788.1
BMV_DSMZ PV-0194 RNA3 UK MW582789.1
BMV_Germany RNA3 Germany MT737803.1
BMV_Estonia RNA1 Estonia KU726253.1
BMV_Estonia RNA2 Estonia KU726254.1
BMV_Estonia RNA3 Estonia KU726255.1
BMV_CZ RNA1 Czech GU584131.1
BMV_CZ RNA2 Czech GU584130.1
BMV_CZ RNA3 Czech GU584129.1
CYBV** RNA1 - NC_006999.2
CYBV** RNA2 - NC_007000.2
CYBV** RNA3 - NC 007001.1
OLV** RNA1 - X94346.1
OLV** RNA2 - X94347.1
OLV** RNA3 - X76993.1

*These viruses were used as the reference genomes

**These viruses were used astgroups for the phylogenetic analysis
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Supplementary TablB.2. List of survey samples positive to brome mosaic virus and number of
raw reads obtained from Nanopore sequencing

Sample ID County  Year collected Number of total reads
19CN1 Cheyenne 2019 771585
19CN3 Cheyenne 2019 244288
19CY4 Clay 2019 358208
19DC1 Decatur 2019 1016763
19GT Grant 2019 249860
19JW1 Jewell 2019 282607
19MT Morton 2019 295365
19NS2 Ness 2019 221786
190B1 Osborne 2019 221669
19PL1 Phillips 2019 136534
19PN1 Pawnee 2019 609762
19PN2 Pawnee 2019 130358
19RA3 Rawlins 2019 565130
19RH1 Rush 2019 344955
19RO1 Rooks 2019 145552
19RP1 Republic 2019 608705
19RS2 Russell 2019 269145
198V Stevens 2019 557096
19SW Seward 2019 401427
19TH2 Thomas 2019 52369
19TR1 Trego 2019 654870
20 LE1 Lane 2020 90608
20SD4 Sheridan 2020 1294849
20GL2 Greeley 2020 106591
20TR2 Trego 2020 650465
20GO Gove 2020 1796859
20SC2 Scott 2020 762741
20WH Wichita 2020 60378
20JW3 Jewell 2020 324793
20MC2 Mitchell 2020 327715
200B2 Osborne 2020 315507
20PL2 Phillips 2020 161659
20RP3 Republic 2020 361837
20KE2 Kearny 2020 129680
20KM Kingman 2020 367816
20SM3 Smith 2020 1392535
20SM4 Smith 2020 79933
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Supplementary TableB.3. A list of complete viral genome sequeseaead characterization of
the consensus sequencedmime mosaic virus identifiedn wheat samples usiidpnopore
sequencing

Sample ID county Genome No of Coverage (%)
20SM3 Smith RNA3 942377 243202.96
20SM3 Smith RNA2 64478 6437.2
20SM3 Smith RNA1 30245 3126.65
19CNP Cheyenne  RNA3 236 100.72
19CN3? Cheyenne  RNA3 92 40.65
19DC1° Decatur RNA3 241 113.76
19NS2° Ness RNA3 51 20.14
19JW1° Jewell RNA3 4597 1413.4
19RP1 Republic RNA3 522697 191560.5
19RP?P Republic RNA2 7513 1274.27
19RP? Republic RNA1 4731 598.79

T Nu mb e r obtaified usiegandn®posequencing anchapped with reference genome using CLC
Genomics Workbench

*Complete RNA3 sequence with both movement protein and coat praiding and nostoding regions
%iIncomplete RNA3 sequence with only movement preteiding regio
®Complete RNA2 sequence with coding and-goding regions

# Complete RNAL1 sequence with coding and-goding regions
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Supplementary FigureB.1. Amino acid sequence alignment diagram for RNAlbrome
mosaic virus. The alignment was obtained by using muscle alignment inXVédentical
amino acids in all isolates are indicated by dots. The substitution of amino acid irsetates
appears aa letter
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BMV-M2 . . L e e e e e e e e e
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460 470 430 420 300
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BMV-M2 . L e e e e e e e e e
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Supplementary FigureB.2. Amino acid sequence alignment diagram for RNA2brofne

mosaic virus. The alignment was obtained by using muscle alignment in MEGA X. Identical
aminoacids in all isolates are indicated by dots. The substitution of amino acid in some isolates
appears as a letter
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Supplementary FigureB.3. Amino acid sequence alignment diagramRiNA3a (Movement
protein) ofborome mosaic virus. The alignment was obtained by using muscle alignment in Mega
X. Identical amino acids in all isolates are indicated by dots. The substitution of amino acid in
some isolates appears as a letter
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Supplementary FigureB.4. Amino acid sequence alignment diagram for RNA3b (coat protein)
of brome mosaic virus. The alignment was obtained by using muscle alignment in Mega X.
Identical amino eids in all isolates are indicated by dots. The substitution of amino acid in some

isolates appears as a letter
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AppendixC- Suppl ementary Figures 4and T

Appendix C. Figures and Tables

Supplementary FigureC.1. Wheat streak mosaic virus rating scale adapted from (Rupp, 2015).
From left to right, resistant to susceptible rating sceerdpresenting an effective continuum of
the severity of phenotypic virus rating

1 2 3 4 5 6 /7 8 9
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Supplementary Figure C.2. Blast result of plasmid insert sequence for the determination of
WSMYV inserted amplicon (topoisomeraaetivated vector, pPCR® 2TOPO) sequenced with
universal sequencing primer Mi@&ward (20) and M13 reverse. The blast result confirmed that
the inserted amplicon matched with WSMV KSMHK isolate with 100% identities.

Wheat streak mosaic virus isolate KSMHK polyprotein gene, complete cds
Sequence ID: MK318280.1 Length: 9367 Number of Matches: 2

Range 1: 5302 to 5644 GenBank Graphics ¥ Mext Match
Score Expect Identities Gaps Strand
634 bits(343) 1le-177 343/343(100%) 0/343(0%) Plus/Plus

Query 168 TACCATATCTTGCAGTAGGAACTGCGTGTGCAATTGCTGGCACAACACTTGTAATGATGT 219

Sbjct 5382 TACCATATCTTGCAGTAGGAACTGCGTGTGCAATTGCTGGCACAACACTTGTAATGATGT 5361

Query 228  ACTACCGTCGCATGAAGCGTAGTGTAAAGTTTGAAGGCAAAGCAGCACGCAACAGGAGTG 279

Sbjct 5362 ACTACCGTCGCATGAAGLGTAGTGTAAAGTTTGAAGGCAAAGCAGCACGCAACAGGAGTG 5421

Query 28@ CAAAGCGACAATCAGCAAGGGATCAAAAGATGGAGCGTGGCAACGAATACACGTACTACG 339

Sbjct 5422 AAGCGACAATCAGCAAGGGATCAAAAGATGLAGCGTGGCAACGAATACACGTACTACE 5481
Query 348  ATGCTGGTGACACCTTGTATAATGGAGTACAAGAGAATATGAATCATGCACCAGACTGGA 399

Sbjct 5482 ATGCTGGTGACACCTTGTATAATGGAGTACAAGAGAATATGAATCATGCACCAGACTGGA 5541

Query 480  CCGATCGGATTAAGAAGAAGACTCAAGCATACGCTATGCAATTTGGTAGGGAAGTACCAA 459

CELEECEEEEEEE e e e et et e e e e e e e |
Sbjct 5542 CCGATCGGATTAAGAAGAAGACTCAAGCATACGCTATGCAATTTGGTAGGGAAGTACCAA 5601

Query 460  AAACTGAAACACAGCGATCCTCACAATACTGGCACTTCTACGG 502
FELLLCEETEEEE LR R LR el

Sbjct 5602 AAACTGAAACACAGCGATCCTCACAATACTGGCACTTCTACGG 5644
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Supplementary FigureC.3. Standard curves and melting curves obtained by an SYBR Green
RT-gPCR using a serial dilution. A serial dilution of plasmid DNA carrying the previously

cloned WSMV fragment was used as a template in a 5 ddhfitld dilution series. The five

serial dilutions from 3 x 100 3 x 1Gof plasmid were used. A and B, a standard curve of

WSMV plasmid and estimated WSMV copy numbers of the samples of two assays analyzed and
estimated from BioRad CFX96 ReBiime Sysem. C and D, are the melting curves of amplicons
representing A and B assay.
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Supplementary FigureC.4. A standard curve of WSMV plasmid and estimated WSMV copy
numbers of the samples frdiour separate assagbtained by an SYBR Green RJPCR using a
serial dilution of plasmid DNA carrying the previously cloned WSMV fragment. The plasmid
was used as a template in a 5 pointfdl@ dilution series. The five serial dilutions from 3 %10
to 3 x 1@ particlesof plasmid were used
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