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POPULAR SCIENCE:

Virus infections cause diseases in crop plants that result in yield and quality losses in crop
production. Barley yellow dwarf (BYD) is one of the most important diseases of cereals
worldwide and is caused by viruses of several closely related species. All cereals grown in
Sweden are susceptible to BYD. In an earlier virus diversity study, a new tentative species,
BYDV-oat yellowing virus (BYDV-OYV), was discovered in Latvia. This species has also
been discovered in different parts of Sweden. This project was designed to investigate the
origin of BYDV-OYV and its relationship with other species of BYD-associated viruses.
Using various molecular techniques an almost complete genome sequence of BYDV-OYV
was obtained. Further sequence analysis showed that BYDV-OYV differ significantly from
other BYD-associated viruses according to standardized molecular diversity criteria. BYDV-
OYV can thus be regarded as a distinct species and seem to have formed through a cross
between two related BYD-associated viruses. The information can be used for better
understanding of the biology and evolution of these viruses in different environments and

ultimately develop strategies for improved plant protection.



Abstract

Barley yellow dwarf-associated viruses (BYD-associated viruses) belong to the family
Luteoviridae and are of high economical relevance for cultivation of cereals. BY D-associated
viruses are phloem-restricted pathogens that cause yellowing and reddening of leaves, plant
dwarfing and reduction in size and number of grains. The viruses are transmitted only by
aphids and have a genome of single-stranded positive sense RNA (+ssRNA). BYDV-oat
yellowing virus (BYDV-0YV) was discovered in Latvia in a study on molecular variability
of the coat protein gene (CP gene) of BYD-associated viruses from Latvia and Sweden. The
virus was proposed to be a new species within the family Luteoviridae. Recently, BYDV-
OYV has also been found in Sweden. In my previous study, a partial genome sequence, which
comprised 2,792 nucleotides (nt) of the 3" end of BYDV-OYV, was determined to investigate
the relationship with other isolates of BYD-associated viruses. A phylogenetic analysis with
the partial genome sequence of BYDV-OYV and other isolates of family Luteoviridae
showed that BYDV-OYV is a new variant within the family Luteoviridae. BYDV-OYV
shared higher nucleotide identity with the groups PAV-Illa and PAV-I1lIb than to the groups
PAV-I and PAV-II. In the current study, a molecular investigation of BYDV-OYV was
carried out by determining also the 5" part of the genome sequence to explore genome
organization, relationship with other viruses of family Luteoviridae, recombination events and
taxonomic classification. The total determined sequence contained 5,132 nt and covered an
almost complete genome except the un-translated region 1 (UTR1), the 5' end of open reading
frame 1 (ORF1) and the 3' end of UTR4. The genome organization of BYDV-OYV is similar
to other members of the genus Luteovirus. BYDV-OYV differs enough in sequence from
other isolates of the genus Luteovirus to be regarded as a separate species. Overall genome
sequence identity was only 72 - 83 % between BYDV-OYV and other viruses of genus
Luteovirus. BYDV-PAS-129 (GenBank accession no AY218796) belonging to group PAV-II,
had the highest nucleotide identity (83 %). Nucleotide identities of individual ORFs and
UTRs showed more complex relationship between BYDV-OYV and other viruses of genus
Luteovirus and ranged from 50 - 97%. ORF1, ORF2 and UTR2 are more closely related to
those of BYDV-PAS-129, while other regions are more closely related to those of BYDV-
PAV-CN and BYDV-PAV isolate 05271 in group PAV-IIl. One putative recombination
event was detected when the genome sequence of BYDV-OYV was analysed together with
12 other isolates of the genus Luteovirus. The recombinant seem to originate from BYDV-
PAS-129 (minor) and BYDV-PAV-CN (major) with the recombinant region starting and
ending at nt positions 772 and 1,013, respectively. The genome of BYDV-OYV has thus
probably evolved through recombination between ancestors of BYDV-PAS-129 and BYDV-
PAV-CN. BYDV-PAS-129 also seems to be a recombinant with a virus related to BYDV-
OYV as minor parent. The recombination event in the genome of BYDV-OYV was detected
within the ORF1 and ORF2 region, which is a hot spot in the evolution of the family
Luteoviridae.






Table of contents

1.

INEFOTUCTION ...t b e st a ettt b e eh e b sb et e s et et ebeeaeebenren 8
1.1, BYD-8SSOCIALEU VITUSES .....ceerviruerririeieienieiieieeitetesse sttt ssest et st esesbessesbe st ssese s eneeneesesseeneneens 9
1.2, Current classification of BYD-aSSOCIAted VIFUSES.........ccrveerreirrerirerieienieienieieseeeseeesneeneeneas 9
1.3.  Anew tentative sSpecies 0f BYDV-PAV ...ttt 10
1.4.  Importance of a complete gENOME SEQUENCE........ecverviereerieeieeeesteeeetesreeaesresreeresreeaesseereenns 10
1.5.  Genome organization and gene functions of family Luteoviridae ..........cccocveevevvrvecienennene. 11
1.6.  Relationship between family Luteoviridae genomes..........cccveerererenrenienienieneeeeeeeeeseesnene 12

ATMS OF TNE STUAY ..ottt st b ettt ettt besae b neens 14

Materials aNd METNOGS .........coiueirieice e 15

3.1 PlaNE MALEITAL ...oveiiiiieiici e 15

KT o 4101011 o 1Y T o DO USRS 15

3.3.  Immunocapture-reverse transcription-polymerase chain reaction (IC-RT-PCR), gel

eXtraction and PUIITICALION. .......cceeciiee e sttt et s b e beeanas 17

3.4.  Cloning of purified DNA fragments 1-3 ........ccceeiiiiieieiieeerre ettt 18

3.5, Overnight Dacterial CUIUIE ........coouieeeeceeee ettt s 18

3.6.  Restriction analysis of purified plasmid DNA and Sequencing........c.cceeveeveevvereeceereeneennn. 19

3.7.  5'/3 rapid amplification of CDNA end (57/3" RACE) ....ccoeveeeieireseseseeeeeeeee e 19

3.8.  Sequence analyses and phylogenetic analySses ........c.cceceeeereiieecienieeeesie et 22

3.9.  Recombination AELECLION ........ccoveuirieiirieirieirtce ettt 23

RESUILS ...t 25
4.1, PCR OFfragments 1-3.......ccioieriiiieierieeeeste st ete et ste st et e e be e e tesreessesteesaesesseensesreeneas 25
4.2,  Gel extraction and PUrfICALION........cocieiericiccseeese et 27
4.3.  Restriction analysis of purified recombinant plasmids for fragments 1-3...........cccccevvrennen. 27
A, 5 RAGCE.. ..ttt sttt ettt e bt e sheesabeebe e beenbeens 28
4.5.  Gel extraction and PUFITICATION.........c.eiieierieeeeee e 29
4.6.  Restriction analysis of recombinant plasmid for fragment 4...........ccoovvveeeeeiecereeceececeeen, 30
A7, B'RAGCE. .. e ettt st s b e et besae et b eanes 31
4.8.  Restriction analyses of recombinant plasmid of 3' end of BYDV-OYV genome.................. 31
4.9.  Genome organization 0f BYDV-OYV ...ttt 32
4.10. Comparisons With Other TULEOVITUSES .........ccvveeierieeeeseeierie et 34
4.11. Phyl0GENEtIC @NAIYSIS ...eeeeieeeeeie ettt st 35



4.12. Evidence for recombination 0f BYDV-OYV ....ouooo ittt ettt e seeaeeesssaeee s

5. Discussion.......

References..............

Acknowledgements



1. Introduction

RNA viruses are common pathogens of all organisms including humans, animals and plants.
Plant-infecting viruses may affect the fitness of infected plants by reducing their survival
(Sacristan et al., 2005), yield or competitive ability with healthy plants. The viruses also show
high evolutionary potential through a high mutation rate and high rate of recombination
(Elena & Sanjuan, 2008). One of the best examples for plant RNA viruses, which have these
features, is barley yellow dwarf-associated viruses (BY D-associated viruses). Oswald and
Houston identified barley yellow dwarf virus (BYDV) in 1951 (Oswald & Houston, 1951).
Since then, BYD-associated viruses have been recognized as being among the most
economically important and damaging viruses of cereals and fodder grasses and are found in
every cereal-growing area in the world (Irwin & Thresh, 1990; D’Arcy, 1995; Power &
Remold, 1996; Nega, 2014). BYD-associated viruses are members of the genera Luteovirus
and Polerovirus in the family Luteoviridae (Domier, 2012). The causal agents of barley
yellow dwarf disease are only transmitted by aphids in a circulative and non-propagative
manner (Gray & Gildow, 2003; Fiebig et al., 2004; Hogenhout et al., 2008). Initially, BYD-
associated viruses were classified as five different strains by their aphid vector specificities
(Rochow, 1969; Rochow & Muller, 1971). More recently the viruses have been classified into
species within the family Luteoviridae. They are denoted as Barley yellow dwarf virus-PAV
(BYDV-PAV), Barley yellow dwarf virus-MAV (BYDV-MAYV), Cereal yellow dwarf virus-
RPV (CYDV-RPV), Barley yellow dwarf virus-RMV (BYDV-RMV), Barley yellow dwarf
virus-SGV (BYDV-SGV) and Barley yellow dwarf virus-GPV (BYDV-GAV) (Domier, 2012).
Among these species, BYDV-PAYV is the most economically important and widely distributed
one. PAV isolates have been divided into two species, PAV and PAS, to reflect significant
variation in the coat protein gene (CP gene) sequence (Mayo, 2002; Liu et al., 2007). A new
tentative species, BYDV-OYYV, has been discovered in Latvia and Sweden based on the CP
gene analysis of BYD-associated viruses (Bisnieks et al., 2004; Eriksson et al., unpublished).
In addition, a new species, BYDV-PAV-CN, has been identified in China (Liu et al., 2007).
The new species were identified according to the recent agreement that viruses with a
variation at the amino acid level exceeding 10 % for any viral gene product could be
classified as belonging to separate species within the family Luteoviridae (Domier, 2012).

New viruses of the family Luteoviridae have often evolved as a result of recombination
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events. This is a major mechanism in virus evolution allowing viruses to evolve rapidly
(Knierima et al., 2010; Sztuba-Solinska et al., 2011). Improved knowledge of recombination
events within the family Luteoviridae enables a better understanding of how these viruses

evolve and adapt to changes in natural ecosystems as well as in agricultural systems.

1.1. BYD-associated viruses

Even though outbreaks of BYD were noted in the United States in 1907 and 1949, BYD in
California was first shown to be caused by viruses in 1951 and then BYDV was subsequently
found to have a worldwide distribution being able to infect nearly all members of the family
Poaceae (Irwin & Thresh, 1990; D’Arcy, 1995; Power & Remold, 1996; Nega, 2014). BYD-
associated viruses have a genome of single-stranded positive-sense RNA (+ssRNA). It is
difficult to estimate the global yield losses due to the fact that these viruses induce symptoms
that resemble the effects of other biotic and abiotic factors.

1.2. Current classification of BYD-associated viruses

Recently, BYD-associated viruses have been classified as separate species in two genera
based on the degree of identity between their nucleotide sequences (Fattouh et al., 1990;
Domier, 1995). BYDV-PAV and BYDV-MAYV are within the genus Luteovirus. The former
designation as BYDV-RPV was changed to Cereal yellow dwarf virus-RPV (CYDV-RPV)
and classified within the genus Polerovirus along with CYDV-RPS. BYDV-SGV, BYDV-
GAV and BYDV-RMV have not yet been assigned to any genus (Domier, 2012). Recent
analyses of the complete genome sequence of BYDV-RMV revealed it to be a new
polerovirus, distantly related to other BYD-associated viruses, and with the suggested
designation as Maize yellow dwarf virus-RMV (MYDV-RMV) (Kruger et al., 2013). In recent
literature, an alternative naming of PAV-related isolates has also been proposed with the
species PAV-I, PAV-I1l and PAV-I1II, where PAV-I corresponds to PAV, PAV-II to PAS and
PAV-I11l to PAV-CN (Liu etal., 2007; Wu et al., 2011).



1.3. A new tentative species of BYDV-PAV

A new, distinct genotype of BYDV-PAV (PAV-Sall) (GenBank accession number:
AJ563410) was discovered in Latvia in a study on molecular diversity of the CP-encoding
region of BYDV-PAV and BYDV-MAYV isolates from Latvia and Sweden (Bisnieks et al.,
2004). Initially, the isolate was classified as belonging to the species BYDV-PAV, since the
isolate showed a positive reaction for BYDV-PAV based on detection by a PAV-specific
antibody. However, it was revealed that PAV-Sall could represent a new species after CP
gene sequence comparisons with other isolates of BYDV-PAV and BYDV-MAV, where the
amino acid (aa) sequence of PAV-Sall differed by more than 10 % to any other isolate. Then,
BYDV-OYV (OYV for oat yellowing virus) was proposed as a name for this new tentative
virus. BYDV-OYV showed closest relationship with BYDV-PAV-CN, which represents a
third distinct species within the PAV serotype (GenBank: AY855920). Since then, BYDV-
OYV has also been identified in different parts of Sweden (Eriksson et al., unpublished). In a
previous study (Sathees, 2015), a partial genome sequence of BYDV-OYV from Sweden was
determined to investigate the relationship to other isolates of BYDV. The partial genome
sequence of BYDV-OYV comprised 2,792 nucleotides (nt) of the 3' end. Organization of
open reading frames (ORF) and un-translated regions (UTR) of the genome sequence was
similar to those of viruses in the genus Luteovirus, but the nt identity of the partial genome
sequence was less than 90 %. This study also revealed that BYDV-OYV isolates from
Sweden and Latvia belong to the same species, since the CP gene of these isolates shared 95

% nt and 93 % aa identities.

1.4. Importance of a complete genome sequence

Although the experiment revealed that BYDV-OYV is a new tentative species within the
family Luteoviridae, a complete genome sequence of BYDV-OYV is necessary for a
taxonomic classification and understanding of its evolutionary history. Some virus isolates
have been reclassified according to the guidelines of the International Committee on
Taxonomy of Viruses (ICTV) after determining their complete genome sequences. Complete
genome sequences help to discover genetic recombination, which is the exchange of
nucleotide segments among molecules. Recombination may play an important role in the

emergence of new viral pathogens (Knierima et al., 2010; Sztuba-Solinska et al., 2011,
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Bujarski, 2013). For instance, sequence analysis of individual ORFs and UTRs of PAV-CN
and other PAV isolates showed that PAV-CN may have been formed through recombination
events. The 5' UTR and ORF 1 of PAV-CN are most closely related to GAV, which is another
Chinese species of BYDV, while PAV-CN is most closely related to BYDV-PAS for all other
regions (Liu et al., 2007). Recombination may also lead to changes in the biological properties
of a virus affecting host resistance and specificity (Sztuba-Solinska et al., 2011; Bujarski,
2013).

1.5. Genome organization and gene functions of family Luteoviridae

Luteovirus

ORF3 ORF5 ‘

5 3'0H
ORF1 ORF4 \
ORF6

Polerovirus

m ORF3 ORF5

ORF4

Fig. 1. Genome organization of viruses belonging to the genera Luteovirus and Polerovirus

The determination of complete genome sequences of virus isolates in family Luteoviridae has
greatly enhanced our understanding of their genome organization and gene-expression
strategies. The members of the genera Luteovirus and Polerovirus have six ORFs in their
genome (Domier, 2012). The 5'-proximal ORFs are necessary for RNA replication. The 5
part of the genome of viruses in the genus Polerovirus contains ORFO, which encodes a
suppressor of RNA silencing (VSR) (Pfeffer et al., 2002; Mangwende et al., 2009;
Kozlowska-Makulska et al., 2010), but that is absent in BYDV-PAV and other viruses of the
genus Luteovirus. ORFO is also responsible for symptom induction and determination of viral
host range, and it overlaps with ORF1. ORF1 and ORF2 overlap for both genera, but the
length of nucleotide overlap varies. ORF2 encodes the RNA-dependent RNA polymerase
(RdRp) but that must be fused to ORF1 to encode the RdRp. ORF1 and ORF2 are essential
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for RNA replication in plant cells (Koev et al., 2002). ORF3 encodes the major CP. ORF5 is
translated in fusion with ORF3 as a result of in-frame translational read-through of the ORF3
stop codon. ORF5 encodes a read-through domain (RTD) necessary for aphid transmission
(Chay et al., 1996; Gray & Gildow, 2003) and it may also be involved in systemic virus
movement within plants (Ziegler-Graff et al., 1996; Peter et al., 2009) and phloem limitation
(Peter et al., 2009). ORF4 is entirely located within ORF3 and encodes a movement protein
(MP) and permits infection of the phloem tissue of the host plant (Chay et al., 1996). BYD-
associated viruses are phloem-limited (Peter et al., 2009) and interfere with translocation of
photosynthesis products from cells in leaves to sieve tube elements through plasmodesmata
(Rochow & Duffus, 1981; Gray, 1996). The genome of viruses in the genus Luteovirus
contains ORF6, which encodes a silencing suppressor (Liu et al., 2012).

1.6. Relationship between family Luteoviridae genomes

Family Luteoviridae falls into three genera: Luteovirus, Polerovirus and Enamovirus
(Domier, 2012), differing in genome organization, replication strategies and expression
mechanisms (Maia et al., 2000). Viruses of the genera Luteovirus and Polerovirus differ at the
5" end of their genomes (Domier, 2012) with viruses in the genus Luteovirus being most
closely related to those of genus Dianthovirus in the family Tombusviridae (Miller et al.,
2002). Thus, the replication proteins of genus Luteovirus most closely resemble those of
viruses in the family Tombusviridae. ORF1 of poleroviruses is longer than ORF1 of
luteoviruses. ORF1 of genus Polerovirus encodes different functions such as a proteinase
motif and viral genome-linked protein (VPg) (van der Wilk et al., 1997). The VPg is absent in
genus Luteovirus. In contrast, an important sequence similarity is detected between ORFs at
the genome 3' end of genera Luteovirus and Polerovirus. This sequence similarity is detected
between CP (ORF3), MP (ORF4) and RTD (ORF5) (Miller et al., 2002). A number of
recombination events have been detected between luteoviruses and poleroviruses (Domier et
al., 2002). These two genera diverged from a common ancestor through recombination (Miller
et al., 2002; Pagan & Holmes, 2010). Since then, a number of recombination events have
occurred between and among luteoviruses and poleroviruses (Domier et al., 2002). The RdRp
genes of genera Polerovirus and Enamovirus show closest relationship to each other but they

have a different origin to those of Luteovirus (Miller et al., 2002; Domier, 2012). In addition,
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the genome of viruses in the genus Enamovirus has a genome-linked viral protein (VPQ)
attached to the 5° end of the genome like viruses of the genus Polerovirus (Pfeffer et al.,
2002; Mangwende et al., 2009).
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2. Aims of the study

BYDV is a group of plant viruses of high economical relevance in cereal cultivation and that
are transmitted by aphids. However, knowledge about the taxonomic status, evolutionary
dynamics and genetic diversity of BYD-associated viruses in northern Europe is limited.
Therefore, the aim of the study was to determine the complete genome sequence of a Swedish
isolate of BYDV-0OYYV, which is a new tentative species within the family Luteoviridae, and

to study its origin and relationship with other isolates within the family Luteoviridae.

Hypothesis

BYDV-OYV is a new species within the family Luteoviridae and has evolved through a

recombination event.
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3. Materials and Methods

3.1. Plant material

Plant material previously shown to be infected with BYDV-0OYYV (Sathees, 2015; Eriksson et
al., unpublished) was used to obtain the complete viral genome sequence. Virus-infected plant
extracts were obtained from two different grasses from the county of Jamtland, Sweden,
collected in 2010: couch grass (Elytrigia repens; Kvickrot) and Festuca pratensis
(Angssvingel). In my previous study, two extracts (A2 and A30) of F. pratensis and two
extracts (K15 and K19) of E. repens, which had previously been positive in ELISA tests for
BYDV-PAV and -MAYV, were tested by immunocapture reverse transcription polymerase
chain reaction (IC-RT-PCR) for the CP gene (Bisnieks et al., 2004). Two extracts (A2 and
A30) were then used to determine the partial genome sequence of BYDV-OYV. In the current

study, A30 was used to obtain the complete viral genome sequence.

3.2.  Primer design

A.
UTRI1 UTR2 UTR3 UTR4
ORF2 ORF3 ORF5 ORF6
ORF1 1156 2742 28% ORF4 3455 4790 4920 5024 5652
140 1157 2896 3357
P326(+) P12(-) Shu-F Yan-R? P47(+) P55(-)
<+ ->
5'RACE P115(+) P29(-) P33(+) P48(-) 3'RACE
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2792
]
UTRI UTR2 UTR3 UTR4
ORF2 ORF3 ORF5 ORF6
5 ¥ # ¢ ¢ 3
OrRF1 37 2424 2538 oo, | 3138 4470 4599 4722 5132
838 2581 3043
P326(+) 3 P12(-) Shu-F Yan-R* P47(+) P55(-)
SP3 SP2 SPI pijsi) 2 OYVS(-) oYV2(+) OYV3(-) SPs
4 <
OYV4(+) 1 OYVI(-)

Fig. 2. A. Genomic map of members of BYDV-PAV-CN with localization of primers for
amplification of different segments of the BYDV-OYV genome (adapted from Liu et al.,
2007). B. Genomic map for the new tentative species BYDV-OYV with positions for newly
designed primers. The highlighted part of the genome (2,792 nt) was already sequenced in a
previous study (Sathees, 2015). For amplification of genome fragments 1, 2, 3, 4 and 5 by
immunocapture RT-PCR, primers OYV1 (-), OYV4 (+), OYV5 (-), P115 (+), P12 (-), P326
(+), SP1, SP2, SP3 and SP5 were used. The boxes indicate ORFs and the block arrows
indicate UTRs. The numbers indicate nucleotide positions. The bars under the genomic map
indicate the overlapping products of RT-PCR.

Primers used in RT-PCR to amplify the 5' part of the BYDV-OYV genome were obtained
from the published sequence of BYDV-PAV-CN (Liu et al., 2007) (Fig. 2). The 5' part of the
genome, which includes part of ORF1, ORF3 and ORF4 as well as the complete ORF2 and
UTR2, was attempted to be amplified as two overlapping fragments using two primer pairs:
P29 (-) / P115 (+) and P12 (-) / P326 (+) (Fig. 2A). Although the fragment, which covered
most of ORF1 could be amplified by RT-PCR using primers P12 (-) and P326 (+), primers
P29 (-) and P115 (+) failed to amplify the other fragment. Thus, primer OYV1 (-) was
designed instead of primer P29 (-) based on the determined nucleotide sequence of the
BYDV-OYV CP gene (Sathees, 2015). After failing to clone the fragment, which was
amplified using the primers OYV1 (-) and P115 (+), this region was divided into two
overlapping fragments (1 and 2) (Fig. 2B). Two primers, OYV4 (+) and OYV5 (-), were

16



designed for highly conserved regions of other BYD-associated viruses (Table 1) to amplify

the overlapping fragments 1 and 2.

Table 1. Primers used for amplification of 5’ part and 3' end of the BYDV-OYV genome

Primers Nucleotide sequences (5" to 3") Position Reference

OYV1 (-)* AGTACGTGAGAGCTAATGTAC 2491-2471°  This study
OYV4 (+) ATGTTCGTTGAGGATAAGATGC  1643-1665 This study
OYV5 (-) TCACCATGTTGAAGCCGTATT 1890-1869 This study

SP1(-)  CCTGCACCATTTTCGTGACC 490-471 This study
SP2(-)  TCGTGACCTCCTTCATTAGACCA  478-456 This study
SP3(-)  TGGATGTTGGTGGGTGCAGAGA  416-395 This study
SP5(+)  ACCCACCACCGATCAAATAAGCT 4808-4831  This study
P12()  GCTCCGTCTGTGACCGCAAT 895-875 Liu et al., 2007
P115(+) GGGTTTTTAGAGGGGCTCTGT 828-848 Liu et al., 2007
P326 (+) GACTTCGAGGCNGANCTCGCT  1-21 Liu et al., 2007

P29 (-) TCGATTGGGTTGGACCACAACC  2958-2937 Liu etal., 2007

(Y32

> indicates positive-sense sequence; “-” indicates complementary sequence.
® Position of the primers in the determined sequence of the BYDY-OYV genome.

3.3.  Immunocapture-reverse transcription-polymerase chain reaction (IC-RT-PCR),

gel extraction and purification

The virus particles were captured using immunocapture techniques to amplify fragments 1, 2
and 3 (Fig. 2B). Then, cDNA for amplification of fragments 1- 3 was synthesized by RT
using appropriate reverse primers (Fig. 2A and 2B; Table 1) using a cDNA synthesis kit
(Superscript 111 Reverse Transcriptase, Invitrogen by Life Technologies) according to
manufacturer’s instructions (Bisnieks et al., 2004; Sathees, 2015).

PCR amplification of fragments 1-3 was carried out using appropriate forward and reverse
primers with Dream Tag DNA Polymerase (Thermo Scientific) (Malmstrom and Shu, 2004;
Bisnieks et al., 2004; Liu et al., 2007; Sathees, 2015). As a negative control, PCR was run
with water instead of cDNA to monitor any contamination. The fragments were amplified
using a T100™ Thermal Cycler (Bio-Rad). PCR amplification of fragment 1 consisted of an

initial denaturation step of 2 minutes and 30 seconds at 95°C followed by 35 cycles of

17



denaturation at 95°C for 30 seconds, annealing at 51°C for 2 minutes and primer extension at
72°C for 2 minutes. The final PCR cycle was followed by a final extension at 72°C for 10
minutes and indefinite hold at 12°C. In PCR amplification of fragments 2 and 3, the annealing
temperatures were altered according to the melting temperatures of the primer pairs. The
annealing temperature for amplification of fragment 2 was 63°C, while it was 55°C for
fragment 3. However, the annealing temperatures were changed according to the results of
PCR amplifications. For example, initially, the annealing temperature for amplification of
fragment 1 was set to 56°C but the amplification of fragment 1 failed to give the expected
result. Then the annealing temperature was changed and set to 51°C. The PCR products were
analyzed in a 1 % agarose gel with 0.5x TBE and stained with 1 pg/ml Gel Red. Fragments 1
and 3 were purified from gels using a gel purification kit (Gene JET™ Gel Extraction Kit,
Thermo Scientific) according to the manufacturer’s instructions, since the PCR amplification
resulted in more than one band. For confirmation, purified PCR fragments were analyzed by

gel electrophoresis.

3.4.  Cloning of purified DNA fragments 1-3

The purified DNA was cloned using CloneJET PCR Cloning Kit (Thermo Scientific) and
Subcloning Efficiency Escherichia coli DH5a Competent Cells (Invitrogen) according to the

manufacturers’ instructions.

3.5.  Overnight bacterial culture

The presence of clone inserts in the selected colonies was analyzed by gel electrophoresis
after PCR amplification using 2 pl 10X Dream Taq buffer (Fermentas), 0.2 pl from 10 uM
pJET Forward sequencing primer, 0.2 pl from 10 uM pJET Reverse sequencing primer, 0.4 pl
from 2 mM dNTP, 0.1 pl Dream Taq (5 U/ul), 16 pl water and 1 pl bacterial suspension.
Clones containing inserts of the expected size were inoculated into 4 ml LB containing
ampicillin (4 pg/ml) and incubated overnight at 37°C with shaking. Plasmid DNA was
isolated from the overnight cultures using the Gene JET Plasmid Miniprep Kit (Thermo
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Scientific) according to the manufacturer’s instructions. After purification, the yield and

purity of plasmid DNA was measured using a nanodrop instrument (Thermo Scientific).

3.6.  Restriction analysis of purified plasmid DNA and sequencing

The purified plasmids were cut by the two restriction enzymes Xhol and Xbal (Sathees, 2015).
The presence of inserts was analyzed and confirmed by agarose gel electrophoresis. Twenty
pl of purified plasmid DNA (100 ng/pl) with insert of the expected size was sent to Macrogen
(Amsterdam, the Netherlands) for sequencing. The purified plasmid DNA was sequenced

using primers pJET forward and pJET reverse (Thermo Scientific).

3.7.  5°/3 rapid amplification of cDNA end (5"/3" RACE)

3.7.1. Primer design for RACE

Four primers were designed to amplify the 5' and 3' ends of the BYDV-OYV genome. For
amplification of the 5' end of the genome, primers SP1, SP2 and SP3 were designed based on
the sequence of fragment 3, which includes ORF1 and ORF2. For amplification of the 3' end
of the genome, primer SP5 was designed from the previously determined sequence (Sathees,
2015) (Fig. 2B; Table 1).

3.7.2. 5'RACE

3.7.2.1.  First-strand cDNA synthesis

To amplify the 5 end, virus particles were captured from plant extract using the
immunocapture process as in step 3.3 (Sathees, 2015). cDNA synthesis was carried out using
primer SP1 and cDNA synthesis kit (5/3' RACE Kit, 2" Generation, Roche) according to
manufacturer’s instructions. A control reaction was carried out using Control Primer neol/rev
and Control neo-RNA.
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3.7.2.2.  Purification of cDNA

The cDNA was purified using a PCR purification kit (GeneJET PCR purification kit, Thermo
Scientific) according to the manufacturer’s instructions. Concentration and purity of the
purified cDNA was determined using a nanodrop instrument. One ul of the purified cDNA
was taken for a later control by PCR. The purified cDNA was directly used for poly(A) tailing
by recombinant Terminal Transferase and dATP (573' RACE Kit, 2" Generation, Roche)

according to manufacturer’s instructions.

3.7.2.3.  PCR amplification of dA-tailed cDNA and control reaction

PCR amplification of dA-tailed cDNA was carried out using the Expand High Fidelity PCR
System (Roche) according to manufacturer’s instructions. Two PCR rounds were carried out
in the amplification process. However, the second round PCR is optional. If the first round
PCR results in sufficient amount of PCR product, the second round PCR is not necessary.
Otherwise, the second round PCR is carried out. The first round of PCR was run using a
T100™ Thermal Cycler with the conditions according to manufacturer’s instructions (Roche).
Control reaction was carried out using Oligo dT Anchor Primer and Control Primer neo2/rev
to confirm that the dA-tailing was successful. A band of around 300 bp should be obtained if
the dT-tailing reaction has been successful, according to the manufacturer’s instructions for
the 5'/3' RACE Kit (Roche). As a negative control, PCR was run without template to monitor

for contamination.

The second PCR round was performed with diluted (product of the first round diluted 1:20 in
double-distilled water) or undiluted product from the first PCR round as template using the
Expand High Fidelity PCR System (Roche) and a T100™ Thermal Cycler according to

manufacturer’s instructions.
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3.7.2.4.  Agarose gel electrophoresis

The products from the first and second rounds of PCR were analysed as described in section
3.3. DNA fragments of the first PCR round were purified from the gel (see section 3.3). For

confirmation, purified PCR fragments were analyzed by gel electrophoresis.

The PCR fragments were cloned and analysed as described in sections 3.4 — 3.6, but using E.

coli Library Efficiency DH5a Competent Cells (Invitrogen).

3.7.3. 3'RACE

3.7.3.1.  Immunocapture for 3' end and poly(A) tailing

Virus particles were captured by immunocapture (section 3.3) to determine the sequence of
the 3' end of the BYDV-OYYV genome. A poly(A) tail was added to the captured viral RNA

using a Poly(A) Tailing Kit (Invitrogen) according to manufacturer’s instruction.

3.7.3.2.  First-strand cDNA synthesis and PCR amplification of cDNA

After poly(A) tailing, cDNA synthesis was carried out (5/3' RACE Kit, 2" Generation,
Roche) according to manufacturer’s instructions. The cDNA was used as template for PCR
without prior purification. Then, PCR amplification using poly(A) tailed cDNA as template

OTM

was carried out using the Expand High Fidelity PCR System (Roche) and a T10 Thermal

Cycler according to manufacturer’s instruction (Roche). As a negative control, PCR was run

without template to monitor for contamination.

3.7.3.3.  Agarose gel electrophoresis

The PCR product for the 3' end of the genome was analysed using gel electrophoresis and the
DNA fragment was purified from the gel as described in section 3.3. The purified PCR
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fragment was analyzed by gel electrophoresis and then cloned as described in sections 3.4 to
3.6.

3.8.  Sequence analyses and phylogenetic analyses

At least two clones were sequenced for each fragment. Sequences of the five genome
fragments (1, 2, 3, 4 and 5) of BYDV-OYV were analysed by nucleotide identity searches in
the GenBank database with Blastn (http://www.ncbi.nlm.nih.gov/BLAST/). An almost
complete genomic sequence of BYDV-OYV was assembled using MegAlign (DNASTAR
Lasergene 11) from the four sequenced PCR fragments (1, 2, 3 and 4) and the 3' part of the
BYDV-OYV genome (2,792 nt), which was determined in a previous study (Sathees, 2015).

The assembled sequence was analysed using ORF finder in NCBI
(http://lwww.ncbi.nlm.nih.gov/projects/gorf/) to locate open reading frames (ORFs) and
untranslated intergenic regions (UTRs). Nucleotide identities of BYDV-OYV ORFs and
UTRs and deduced amino acid sequence identities of BYDV-OYV ORFs to other members of
family Luteoviridae were calculated in ClustalW (http://www.genome.jp/tools/clustalw/). For
phylogenetic analyses, a multiple alignment of the assembled genome sequence of BYDV-
OYV and those of different BYD-associated viruses, which were obtained from GenBank
(Table 2), was performed using Clustalw in MEGA 5.2.1 (Tamura et al., 2011) before
phylogenetic analyses. The phylogenetic tree was constructed using the neighbour-joining
algorithm in MEGA 5.2.1 with distances calculated using Tamura 3-parameter model. The
robustness of the internal branches of the tree was estimated by bootstrap analysis using 500

replicates.

Table 2. The virus sequences used for sequence comparisons and for phylogenetic

analyses

Name of virus Accession number
PAV-Sall AJ563410
BYDV-PAS-129 AF218798
BYDV-PAV- Il AF235167
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BYDV-GAV AY220739

BYDV-PAV-CN AY855920
BYDV-OYV -
BYDV-MAV-PS1 D11028
BYDV-PAYV isolate 016 EF521835
BYDV-PAYV isolate 052 EF521841
BYDV-PAYV isolate 068 EF521846
BYDV-PAYV isolate 05GG2 EU332309
BYDV-PAYV isolate 05GG5 EU332310
BYDV-PAV isolate 05274 EU332321
BYDV-PAYV isolate 05271 EU332320
BYDV-PAYV isolate 06GY5 EU332329
BYDV-PAYV isolate 06KM14 EU332332
CYDV-RPV L25299

3.9. Recombination detection

The sequences of 13 isolates of the genus Lutovirus (Table 2) were aligned using ClustalW in
MEGA 5.2.1 (Tamura et al., 2011) and the output of the alignment was saved as a FASTA file
for opening in the recombination detection program package (RDP v.4.46) (http://en.bio-
soft.net/tree/RDP.html) (Martin et al., 2015) for detection of putative recombination events in
BYDV-OYV. The advantage of the program is that the program simultaneously allows
different recombination detection algorithms, which sequentially test every combination of
three sequences of input data to identify recombination events based on the assumption of one

recombinant and two non-recombinant sequences. RDP4 is also able to detect recombination
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events without predefined non-recombinant reference sequences (Martin et al., 2011). The
package contained a series of recombination detection algorithms, including GENECOV
(Padidam et al., 1999), Bootscan (Martin et al., 2005), Chimaera (Posada & Crandall, 2001),
SiScan (Gibbs et al., 2000), MaxChi (Maynard Smith, 1992), 3Seq (Boni et al., 2007) and
RDP (Martin & Rybicki, 2010). All these methods were utilized and compared to identify and
characterise individual recombination events, positions of beginning and ending breakpoints
and sequences most closely related to the parental sequences (major and minor parents). The
minor parent is the one contributing the smaller fraction of the recombinant, while the major
parent is the one contributing the larger fraction of the recombinant (Martin et al., 2010). A
putative recombination event that was identified by at least three of the seven recombination
detection algorithms (Liu et al., 2010) was retained. Phylogenetic analysis with recombinant
regions was performed to confirm results of recombination analysis. The trees were
constructed using the neighbour-joining algorithm to show topological shift of specific

sequences of minor and major parents in the recombinant (Liu et al., 2010).
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4. Results

4.1. PCR of fragments 1-3

PCR primers were designed to amplify the 5' end of the BYDV-OYV genome as partially
overlapping fragments (Fig. 2A; Table 1). PCR using primers P29 (-) and P115 (+) to amplify
a fragment corresponding to ORF2 and UTR2 (Fig. 2) did not give any visible product (Fig.
3).

Fig. 3. Gel electrophoresis for analysis of attempt to amplify part of BYDV-OYV genome
(ORF2 and UTR2) using the primers P29 (-) and P115 (+). Lane 1 was loaded with amplified
PCR product (expected size ~1,765 bp). Lane 2 represents a negative control and lane M
contains 80-10,000 bp Mass Ruler DNA.

Instead, this genome segment was amplified using primer P115 (+) and the newly designed
primer OYV1 (-) yielding an amplification product with the expected size of ~1,765 bp, (Fig.
4A). The gel electrophoresis also showed that this PCR amplification resulted in primer-dimer
and an unexpected PCR product. However, purification of the expected band using a gel
extraction kit was successful and the strength of the purified band in gel electrophoresis
showed that the DNA amount was sufficient for cloning (Fig. 4B).
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A B

Fig. 4. A. Gel electrophoresis of PCR products, which were amplified using the primers
OYV1 (-) and P115 (+). B. Gel electrophoresis of PCR product after gel purification. Black
arrows in A and B indicate the expected PCR product (~1,765 bp) and gray arrows indicate
primer-dimer and unwanted PCR product. Lane 2 represents a negative control and lane M
contains 80-10,000 bp Mass Ruler DNA.

However, no colonies were obtained when attempting to clone the fragment. Hence, this
genome region was divided into two overlapping fragments (1 and 2) and amplified.
Fragment 1 mainly contained ORF2 and UTR2, while fragment 2 mainly contained the 5' end
of ORF2. In addition, primers were designed for amplification of fragment 3 covering most of
ORF1 (Fig. 2B).

The obtained PCR products were of the expected sizes for the targeted genome regions of
BYDV-OYV: ~805 bp (fragment 1), ~1,021 bp (fragment 2) and ~875 bp (fragment 3),
respectively (Fig. 5).

12 M
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Fig. 5. Gel electrophoresis of PCR products for the 5' end of the BYDV-OYV genome. Black
arrows indicate the expected PCR product and gray arrows indicate primer-dimer. A. PCR
product of fragment 1, which was amplified using the primers OYV1 and OYV4 (~805 bp).
B. PCR product of fragment 2, which was amplified using primers OYV5 and P115 (~1,021
bp). C. PCR product of fragment 3, which was amplified using primers P12 and P326 (~875
bp). Lane 2 contains negative control. Lane M in A and C contain 80-10,000 bp Mass Ruler
DNA Ladder, while lane M in B contains GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp).

4.2.  Gel extraction and purification

Gel extraction of fragments 1 and 3 resulted in pure fragments of the expected sizes (~805 bp

and ~875 bp) and at a high concentration suitable for cloning (Fig. 6).

A B

Fig. 6. Gel electrophoresis of PCR products for BYDV-OYV fragments 1 and 3 after gel
purifications. A. Purified PCR product of fragment 1 (~805 bp). B. Purified PCR product of
fragment 3 (~875 bp). Lane M in A is 80-10,000 bp Mass Ruler DNA Ladder and lane M in B
contains GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp).

4.3.  Restriction analysis of purified recombinant plasmids for fragments 1-3

Restriction analysis of recombinant plasmids for the three fragments of the BYDV-OYV
genome was performed to ensure that all the clones contained the expected DNA inserts.
According to the gel electrophoresis of restriction products, out of nine clones, R3, R4 and R9
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contained an insert of the expected size for fragment 1 (Fig. 7A). For fragment 2, two clones
out of nine (S1 and S9) contained inserts of the expected size (Fig. 7B). For fragment 3, two
clones (T1 and T2) contained inserts of the expected size (Fig. 7C). The insert sequences of
these positive clones (R3, R4, R9, S1, S9, T1 and T2) showed high identity to other BYD-

associated viruses in the GenBank database.

R1 R2R3 R4 RS R6 R7 RS R9 M S1S2 S3 S4 S5 S6 57 s8 s9 M nn M

(‘

Fig. 7. Plasmid restriction analyses with Xbal and Xhol. A. Cloning of PCR products of
fragment 1 (insert size ~805 bp). B. Cloning of PCR products of fragment 2 (insert size ~1021
bp). C. Cloning of PCR products of fragment 3 (~875 bp). Black arrows indicate insert and
gray arrows indicate vector DNA. Lane M in A and C was loaded with 80-10,000 bp Mass
Ruler DNA Ladder, while lane M in B contains GeneRuler ™ 1 kb DNA Ladder (250 to
10,000 bp).

44. 5" RACE

Two subsequent PCR rounds were performed to amplify the 5" end of the BYDV-OYV
genome after poly(A)-tailing of first-strand cDNA (Fragment 4). In this experiment, two PCR
rounds were carried out, even if the first PCR round was successful (Fig. 8A and B). The
resulting band of around 500 bp in the control reaction confirmed the successful dA-tailing
(Fig. 8A). No amplification was obtained in the negative control experiment indicating the

absence of any contamination.
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Fig. 8. Gel electrophoresis of PCR products from nested amplification to obtain the 5' end of
the BYDV-OYV genome. A. Lane 1: First round PCR product amplified using specific
primer SP2 and Oligo dT-Anchor Primer (~500 bp); Lane 2: positive control reaction. B.
Lane 1: Second round PCR product amplified using specific primer SP3 and PCR Anchor
Primer. M indicates GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp). N indicates negative

control.

4.5.  Gel extraction and purification

Gel extraction of first round PCR resulted in a pure fragment of the expected size (~500 bp)

and at a high concentration suitable for cloning (Fig. 9).

Fig. 9. Gel electrophoresis of first round PCR product, which was obtained through
amplification of the 5" end of the BYDV-0OYV genome, after gel purification. Arrow indicates
the PCR product. M indicates GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp).
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4.6.  Restriction analysis of recombinant plasmid for fragment 4

After cloning, restriction analysis was performed to confirm that clones contained inserts of
the expected size (Fig. 10) of PCR product (~500 bp) from first or second round PCR. The gel
showed that all of the ten clones for the product of the first PCR round had the expected size
of DNA inserts (Fig. 10A), except U1 and U6 (Fig. 8A). For the second PCR round only two

(V2 and V9) of ten clones showed the expected band size (Fig. 10B) from the second PCR
round.

vz pussvrisvue M VI V2V3 V4 V5 V6 V7 V8 Vovio M
Plasmid ‘

Insert wmmp

A

Fig. 10. Gel electrophoresis of digested plasmids with putative inserts for the 5' end of the
BYDV-OYV genome. A. Cloning of first round PCR product. B. Cloning of second round
PCR product. Lane M contains GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp).

Only one clone (U4) showed significant similarity to BYD-associated viruses in GenBank
database searches with Blastn. The insert of this clone was 438 bp excluding primers and
around 349 bp overlapped with fragment 3. However, the insert sequence of clone U4 had
several T residues in the 5' end (Fig. 11) which did not correspond to the added dT-tail and
the PCR Anchor primer.

@ Alignment of Contig 1
g Position: 1
Reference Coordnates 1C 2c 30 40 SC 60 7C 8C 18 10 11
S = L 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1
. P Translate P Consensus TITTTT T T T I T TTCTAT T T T T T TGGTTCCTCCTCTGCTTTCTGGAACTCGCTGAAGAGTATGCTGCCAAGGAGGAGGAAATCGAGGAAGCCCAGAGCCTCCTCAG.
5'end reverse_l.seq(1>406) * | ETTTTT T T T T T T T T TC TTC TATT T TTTT 66 TTCCTCCTC TG CTTTC TGGAAC TCGCTGAAGAGTATGCTGCC AAGGAGGAGGAAATC GAGGAAGCCCAGAGCCTCCTCAG
pl2 &« P326 2_l.seq(1>875) = | GAAGAGTATGCTGCCAAGGAGGAGGAAATCGAGGAAGCCCAGAGCCTCCTCAG,
=T PplZ &« P326 1_l.2eq(1>875) - | GAAGAGTATGCTGCCAAGGAGGAGGAAATCGAGGAAGCCCAGAGCCTCCTCAG,
g plZ & P326 4_l.seq(1>875) - | GAAGAGTATGCTGCCAAGGAGGAGGAAATCGAGGAAGCCCAGAGCCTCCTCAG.
pl2 &« P326 3_l.seq(1>875) - | GAAGAGTATGCTGCCAAGGAGGAGGAAMTCGAGGAAGCCCAGAGCCTCCTCAG,
P

Fig. 11. Sequence alignment of fragments 3 and 4 of BYDV-OYV using MegAlign in
DNASTAR.
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4.7. 3'RACE

Gel electrophoresis of the PCR product for the 3' end of the BYDV-OYV genome showed the
expected DNA band of around 750 bp and a primer-dimer (Fig. 12A). Gel electrophoresis of
extracted and purified PCR product showed that the amount of product was sufficient for
cloning (Fig. 12B).

A

Fig. 12. A. PCR amplification of the 3' end of the BYDV-OYV genome. A black arrow marks
the expected PCR product (~750 bp) and the gray arrow indicates primer-dimer in lane 1.
Lane 2 indicates negative control. B. Gel electrophoresis of gel-purified PCR product of 3'
end of BYDV-OYV genome. The black arrow marks the expected purified PCR product
(~750 bp). M refers to the GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp).

4.8.  Restriction analyses of recombinant plasmid of 3' end of BYDV-OYV genome

After cloning, restriction analysis was carried out to confirm that clones had the expected size
of inserts corresponding to the PCR product of the 3' end of the BYDV-OYV genome. Clones
X1 and X2 had the expected inserts of around 750 bp (Fig. 13).

Even though insert sequences of clones X1 and X2 contained forward (specific primer SP5)
and reverse (PCR Anchor) primers in their sequences, the sequences between the primers did
not show any significant identity to those of other members of family Luteoviridae in the

GenBank database.
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XI X2 X3 X4 XS X6 X7 M

Fig. 13. Gel electrophoresis of digested plasmids with putative inserts for the 3' end of the
BYDV-OYV genome. The black arrow indicates inserts and the gray arrow indicates vector.
Lane M contains GeneRuler ™ 1 kb DNA Ladder (250 to 10,000 bp).

4.9. Genome organization of BYDV-OYV

U U UTR4
837 1[42538 3138 447;];1“6 T[
g o e I
ORF1 2424 ORF4 4599 4722 5132
838 2581 3043

Fig. 14. Genomic map of BYDV-OYV. The boxes indicate ORFs and the arrows indicate

UTRs. The numbers indicate nucleotide positions.

The assembled BYDV-OYV genome sequence, with 5" and 3' ends missing, was 5,132 nt in
length (Fig. 14). The genome sequence was assembled from sequences of overlapping
fragments 1, 2 and 3 of the 5' end obtained in the current study (Fig. 3) and 3' end sequences
from a previous study (Sathees, 2015). The assembled genome contained six ORFs and three
UTRs, which were organized similarly as for other members of the genus Luteovirus (Liu et
al., 2007; Domier, 2012). The partial sequence of ORF1 is 837 nt with the termination codon
(TAG) at nt 838. ORF2 (nt 837-2424) partially overlapped with ORF1 and encoded a putative
protein of 58.8 kDa. Similar to other luteoviruses, ORF2 is likely to be expressed by a
frameshift regulated by the sequence GGGTTTT, which is immediately upstream of the
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ORF1 stop codon (Mayo & Miller, 1999) (Table 4). UTR2 between ORF2 and ORF3 was 114
nt in length. ORF3, ORF4 and ORF5 showed similar structure to those of viruses in the
genera Luteovirus and Polerovirus (Fig. 1). ORF3 (nt 2538-3138) encoded a coat protein of
22 kDa. ORF4 (462 nt) was contained completely within ORF3, but in a different reading
frame, and encoded a movement protein of 17 kDa. ORF5 was immediately adjacent to the
ORF3 stop codon and encoded a read-through protein of 49.4 kDa. UTR3 was 129 nt in
length and located between ORF5 and ORF6. ORF6 (123 nt) was similar in length to ORF6
of BYDV-PAY isolate 05274, but longer than for BYDV-PAV-CN (Table 4).

Table 4. Length in nucleotides of ORFs and UTRs of BYDY-OYYV and other members of

the genus Luteovirus

Region BYDV- BYDV-PAV- BYDV- BYDV-PAV BYDV- BYDV- BYDV-
oyYv CN PAS-129 isolate MAV-PS1 PAV PAV
057274 isolate isolate

016 06KM14

UTR1 - 141 138 144 105 141 138
ORF1 837° 1020 1023 1020 1020 1020 1020
ORF2 1587 1581 1590 1587 1593 1593 1590
UTR2 114 114 114 114 114 114 114
ORF3 600 600 603 600 600 603 603
ORF4 462 462 462 462 465 462 462
ORF5 1332 1335 1335 1335 1374 1338 1350
UTR3 129 129 129 129 111 117 108
ORF6 123 105 120 123 132 126 129
UTR4 420° 627 636 630 237 624 630

% Partial sequence
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4.10. Comparisons with other luteoviruses

Table 5. Nucleotide and deduced amino acid sequence identities of BYDV-OYV ORFs
and UTRs with other members of the genus Luteovirus

Region BYDV-PAV- BYDV-PAS- BYDV-PAV- BYDV-PAV BYDV-PAV BYDV-GAV BYDV-PAV

CN 129 1l isolate 05ZZ1  isolate isolate 016
06KM14

ORF1 71.6 (71.3)% 84.7 (87.8) 74.0 (75.9) 73.0 (79.5) 72.9(75.2) 72.4(72.3) 75.5(75.2)
ORF2 85.5 (84.9) 90.0 (94.7) 81.4 (89.2) 85.8 (91.3) 81.0 (87.9) 80.7 (87.5) 81.0 (88.8)
UTR2 95.6 97.4 929 95.6 93.8 88.5 92.9
ORF3 88.2 (87.9) 81.4 (71.5) 81.6 (74.0) 88.5 (87.4) 81.8 (74.4) 75.2 (65.3) 81.9 (73.5)
ORF4 91.1 (86.3) 84.0 (79.1) 83.7 (78.4) 91.1(86.3) 83.8 (80.4) 78.1(71.9) 84.0 (80.4)
ORF5 74.7 (79.6) 77.0 (62.4) 76.3 (82.8) 73.4 (54.3) 76.0 (63.0) 58.7 (58.2) 77.0 (60.0)
UTR3 86.1 86.8 79.3 84.4 82.1 59.4 79.3
ORF6 59.4 (55.0) 62.2 (41.0) 50.4 (42.4) 61.8 (50.0) 58.7 (39.0) 53.5 (44.7) 52.9 (42.5)
UTR4 80.9 83.0 75.4 85.4 73.2 75.9 74.9
Genome  80.1 83.3 78.1 80.5 7.7 71.9 78.0

8 The values within brackets are identities of deduced amino acid sequences.
The values in bold show the highest nt and aa identities.

Nucleotide and deduced amino acid sequence identities were calculated for ORFs and UTRs
of BYDV-OYYV relative to other members of the genus Luteovirus available in GenBank. The
results showed that the determined nucleotide sequence of BYDV-0OYV (5,132 nt) shared 72 -
83 % identity with other luteoviruses. Sequence identities of each ORF and UTR of BYDV-
OYYV with other luteoviruses ranged from 50 to 97 %. The BYDV-OYV genome and BYDV-
PAS-129 shared highest nucleotide identity (83.3 %). BYDV-OYV and BYDV-PAS-129
shared highest nucleotide and deduced amino acid identities for ORF1 (84.7 and 87.8 %,
respectively), ORF2 (90.0 and 94.7 %, respectively) and highest nucleotide identity for UTR2
(97.4 %). Among individual ORFs and UTRs, UTR2 of all compared isolates shared highest
nucleotide sequence identities at 88.5 - 97.4 % and ORF6 of all compared isolates shared
lowest nucleotide sequence identities at 50.4 - 62.2 %. At the 3' end of the genome, UTR4 of
BYDV-0OYV showed highest identity to BYDV-PAYV isolate 05ZZ1 (85.4 %) (Table 5).
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4.11. Phylogenetic analysis

100} gypy-pay-il
100 BYDV-PAV isolate 06GY5
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Fig. 15. Neighbour-joining analysis of sequences of BYDV-OYV and members of the genera
Luteovirus and Polerovirus based on alignment of the almost complete genome of BYDV-
OYYV (5,132 nt). The bootstrap values are indicated at the branch points. Horizontal lines are
in proportion to the number of nucleotide differences between branch nodes. The scale bar
corresponds to 0.05 estimated nucleotide substitutions per site. Accession numbers are listed
in Table 3.

The phylogenetic analysis with the almost complete genome sequence (5,132 nt) indicated
that BYDV-OYV showed closest relationship with BYDV-PAS-129 (PAV-II), but with a
bootstrap value of only 68 % (Fig. 15). In the previous study (Sathees, 2015), the
phylogenetic analysis of the 3' part (2,792 nt) suggested that BYDV-OYYV is more closely
related to PAV-III.

4.12. Evidence for recombination of BYDV-OYV

Two putative recombination events were detected in the genome sequence of BYDV-OYV.
The first recombination event was supported by only two of the seven detection methods used
(Fig. 16) and it had starting and ending breakpoints at nt positions 112 and 660, respectively.
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The second recombination event was supported by four methods (RDP - 1.061 x 10,
GENECONYV - 7.942 x 10 Chimaera - 1.632 x 10 and MaxChi - 3.976 x 10%) (Fig. 16).
The second recombination event with the parents BYDV-PAS-129 (GenBank AF218798)
(minor) and BYDV-PAV-CN (GenBank AY855920) (major) had starting and ending
breakpoints at nt positions 772 and 1013, respectively. The beginning and ending breakpoints
were located within ORF1 and ORF2, respectively (Fig. 14 and Fig. 16).

Two putative recombination events (recombination events 3 and 4) were also detected with
BYDV-OYYV as the minor parent in the genome sequence of BYDV-PAS-129 (Fig. 16). The
third event with BYDV-PAYV isolate 016 as major parent had starting and ending breakpoints
at nt positions 1155 and 1343, respectively. This recombination was identified in ORF2 of the
genome of BYDY-PAS-129. The third recombination event was supported by three of the
seven detection methods (RDP — 2.072 x 10, GENECONV - 1.821 x 10 and Chimaera -
2.483 x 10%%). The fourth recombination event was supported by only two of the seven
detection methods used (Fig. 16) and the recombination had starting and ending breakpoints

at nt positions 4,849 and 5,017, respectively.

Phylogenetic analyses including the major and minor parental regions of recombination
events 2 and 3 confirmed these two recombination events (2 and 3) with high bootstrap
support (Fig. 17 and Fig. 18).
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Fig. 16. Schematic sequence display of the recombinant regions.
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Fig. 17. Phylogenetic trees constructed using neighbour-joining analysis to confirm
recombination event 2 in the genome of BYDV-OYV. A. The tree was inferred from the
major region. B. The tree was inferred from the minor region. The sequence marked with red
is the recombinant (BYDV-OYV), blue indicates the minor parent (BYDV-PAS-129) and
green represents the major parent (BYDV-PAV-CN). Numbers indicate bootstrap support
values. All branch lengths are drawn to a scale of nucleotide substitutions per site.
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Fig. 18. Phylogenetic trees constructed using neighbour-joining analysis to confirm
recombination event 3 in the genome of BYDV-PAS-129. A. The tree was inferred from the
major region. B. The tree was inferred from the minor region. The sequence marked with red
is the recombinant (BYDV-PAS-129), blue indicates the minor parent (BYDV-OYV) and
green represents the major parent (BYDV-PAV isolate 016). Numbers indicate bootstrap

support values. All branch lengths are drawn to a scale of nucleotide substitutions per site.
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5. Discussion

The study aimed to characterize a new virus, BYDV-OYYV, by determination and analyses of
the complete genome sequence. Initially, BYDV-OYV was discovered in Latvia and it was
suggested as a new tentative species within the family Luteoviridae (Bisnieks et al., 2004).
Subsequently, the same species was identified from different parts of Sweden, including the
county of Jamtland, Sweden (Eriksson et al., unpublished). Determination of the partial
genome sequence of BYDV-OYV (2,792 nt of the 3' end) gave further support for the
classification of BYDV-OYYV as a new species, because BYDV-OYV showed more than 10%
nt difference to all other isolates of family Luteoviridae (Sathees, 2015). According to the
guidelines of ICTV, a virus could be separated as a distinct species within the family
Luteoviridae, if any viral product differs by more than 10% at amino acid level (Domier,
2012). Although other classification criteria, which include host range, symptomatology and
vector specificity, could be used to classify the plant viruses, the degree of relatedness of the

genome sequences of BY D-associated viruses is more suitable criterion (Sathees, 2015).

In the current study, the method of 5' and 3' RACE was used in attempt to determine the
terminal sequences of the BYDV-OYV genome. However, the RACE attempts failed to
provide the expected fragments. The missing sequences are in total around 520 nt (~323 nt at
the 5' end and ~197 nt at the 3' end) for obtaining the complete genome sequence of BYDV-
OYV. Mostly, the sequences obtained from 5' and 3' RACE did not correspond to known
sequences of the BYDV-OYV genome or other members of the family Luteoviridae.
According to the results, this could be due to mis-priming of the gene-specific primers
designed. In this case it seems that the conditions for the first round PCR were not optimal.
Poor quality RNA or low viral RNA concentration of the plant extract could also be the
reason for non-specific products being amplified. The quality of the isolated RNA could have
been assessed e.g. by high resolution denaturing gel electrophoresis using a Bioanalyzer. A
new extract of a BYDV-infected plant could be used for PCR amplification. Other factors
leading to long 5' T stretches in the 5' terminal region of the final PCR product may be wrong
annealing conditions resulting in internal binding of the Oligo-d(T) Anchor Primer to the 5'
poly(A) tail.

The almost complete genome sequence of BYDV-OYV showed highest nt identity with
BYDV-PAS-129 (83.3 %). If the missing sequences (520 nt) had shown 100 % identity with
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BYDV-PAS-129, the total nt identity would have been 84.8 %. Regarding the complex
relationship among individual ORFs and UTRs between BYDV-OYV and other members of
the genus Luteovirus, it is possible that BYDV-OYV may have evolved through
recombination events similar to BYDV-PAV-CN. The 5 UTR and ORF1 of PAV-CN are
most closely related to GAV, while PAV-CN is most closely related to BYDV-PAS-129 for
all other regions (Liu et al., 2007). BYDV-OYYV location in phylogenetic trees, which were
constructed using different regions of the BYDV-OYV genome, also indicated recombination
among isolates of the family Luteoviridae. The position of BYDV-OYV in a phylogenetic
analysis with the 3' end of the genome of BYDV-OYV (2,792 nt) and other isolates of family
Luteoviridae showed that BYDV-OYV is more closely related to the groups of PAV-Illla and
PAV-IIIb (Liu et al., 2007; Wu et al., 2011; Sathees, 2015), while the phylogenetic analysis
with the almost complete genome sequence of BYDV-OYV showed that BYDV-OYV is
more closely related to BYDV-PAS-129.

Sequences of thirteen virus isolates were analysed using RDP4 (Martin et al., 2015) to
identify putative recombination events in the genome of BYDV-OYV. The analysis gave a
good explanation for the complex relationship among isolates. BYDV-OYV seems to have
formed through recombination between ancestors of BYDV-PAV-CN (major parent) and
BYDV-PAS-129 (minor parent). Sequence comparisons showed that the 5' region of the
BYDV-OYV genome (ORF1-84.7 % and ORF2-90.0 %) shared the highest nt identity with
that of BYDV-PAS-129. Other parts of the genome of BYDV-OYV are most closely related
to BYDV-PAV-CN.

Results of phylogenetic analyses with the recombinant genome region of BYDV-OYV
supported that the genome of BYDV-OYV has undergone a recombination event during its
evolution. The recombination event was detected within ORF1 and ORF2. In another study, a
higher frequency of recombination was identified as a hot spot in the overlapping region
between ORF1 and ORF2 for BYDV, CABYV, CYDV, ScYLV and TuYV, which belong to
the family Luteoviridae (Pagan & Holmes, 2010). Similar results have been reported for

viruses of the genus Luteovirus (Wu et al., 2011).

Overall, the current study and previous studies suggest that recombination is a noticeable and
very frequent phenomenon within viruses of the family Luteoviridae (Moonan et al., 2000;
Miller et al., 2002; Pagan & Holmes, 2010; Wu et al., 2011; Boulila, 2011). There is

mounting evidence that recombination leads to rapid evolvement of new viruses (Chare &
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Holmes, 2006; Codoner & Elena, 2008). Accordingly, a greater understanding of the role of
recombination events in plant viruses is important for the development of appropriate control
strategies. Recombination may result in host-switching and resistance breaking (Codoner &
Elena, 2008; Sztuba-Solinska et al., 2011; Bujarski, 2013). For instance, virus isolates, which
have undergone recombination events with rapid generation of new genotypes, may be able to

overcome the immune system of new hosts (Chen et al., 2002; Miras et al., 2014).

In conclusion, molecular analysis conducted in this study shows that BYDV-OYV can be
regarded as a new species within the family Luteoviridae. Further, BYDV-OYV seems to
have evolved through recombination between ancestors of BYDV-PAS-129 and BYDV-
PAV-CN. However, the 5" and 3' ends of the genome sequence of BYDV-OYV remain to be

determined.
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