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Abstract

Wheat dwarf disease is caused by wheat dwarf virus (WDV) and is transmitted by the leafhopper
Psammotettix alienus. The disease has been reported in many European countries, as well as in West
Asia, China, and one country in North Africa. There are five strains (ABCDE) of WDV, with isolates
of strains A, B and C infecting barley, and isolates of strains D and E infecting wheat. Although
mixed infections can occur, in Sweden only the WDV-E strain has been found so far and the
hypothesis is that it is still the same strain found in Sweden as the first sequenced WDV isolate from
1969.

During the summer and autumn of 2022, symptomatic winter wheat and leafhopper samples
were collected and distributed by the Swedish Board of Agriculture to investigate the presence of
WDV from different locations. Winter wheat leaves from three counties (S6dermanland, Véstra
Gotaland and Ostergétland) and six fields all tested positive for WDV with DAS-ELISA.
Leafhopper samples from 28 locations distributed in the counties Uppsala, Stockholm,
Sédermanland, Orebro and Ostergétland were tested for WDV through PCR with primer pair 1877-
1896 and 328-309, which gives a PCR product of 1.2 kb. Three leafhopper samples, two from
Uppsala (Haga, Saby) and one from Ostergétland (Skarpenberga), tested positive and were further
characterised with the help of cloning and sequence determination. Four clones from Haga and three
clones from Séby were obtained and the sequenced isolates were analysed with the programmes
BLASTX, BLASTn, MEGAL1 and SDT.

The sequences of the isolates from Haga and Saby showed 97.5% identity to those of other
previously sequenced WDV-E isolates including the isolate from 1969. In a phylogenetic analysis,
three sequences grouped together with subtype B also of the WDV-E strain. This subtype B has
been found before in co-infections with the common genotype of WDV (Ramsell et al. 2008).

In conclusion, the WDV isolates in Sweden have not changed much over time. It is still the same
strain, with 97.5% nucleotide identity between isolates. Instead, main factors for outbreaks are
probably volunteer plants, symptomless reservoirs, and dry climate with temperatures above 15 °C,
which will increase the activity of the leafhopper.

Keywords: WDV, strain, wheat-infecting
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Popular science summary

One important plant pathogen is wheat dwarf virus (WDV), which causes yellowing
and dwarfed plants with no or poor fed grains in wheat and barley. Infected plants
are usually seen as patches of dwarfed and yellowing plants in the field. The virus
Is spread by a leafhopper called Psammotettix alienus, which can feed on infected
plants and then transmit the virus to susceptible plants. WDV can persist in many
grasses with no symptoms such as ryegrass, common wild oat, common windgrass
and meadowgrass. Infected volunteer plants of barley or wheat that are self-set from
previous year’s crop may also be a source of inoculum. There are five strains of
WDV with isolates of strains A, B, and C infecting barley and D, E infecting wheat.
In Sweden, only one of the wheat-infecting strains, E, has been reported. Over the
past century, incidences of WDV have been reported from many parts of Europe as
well as China, west Asia and northern Africa, causing significant yield losses. To
reduce losses, studying the vector, the virus, hosts, environment and monitoring of
disease outbreaks and presence of vector/virus are necessary.

In Sweden, wheat dwarf disease has been reported almost every year with large
outbreaks in 2009, 2010 and 2017. In this master thesis, symptomatic winter wheat
and leafhoppers collected from yellow water traps were sent in by the Swedish
Board of Agriculture to test for the presence of WDV. The results showed presence
of WDV in all symptomatic winter wheat and three leafhopper samples out of 28
locations. All samples of winter wheat and leafhoppers were from the central parts
of Sweden, which is an area commonly affected by wheat dwarf disease.

WDV isolates from positive leafhopper samples were sequenced to identify strain
and possible changes in the genome. The virus isolates were almost identical to
other isolates sequenced 20 years ago and had a 97.5 % pairwise identity to the first
sequenced WDV isolate from 1969. This contributes to earlier reports of low
genetic diversity in Swedish isolates in comparison to the region of the Fertile
Crescent where higher genetic diversity of cereals and grasses co-exists with a
greater variability of WDV.
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Introduction

The general division of cereal virus diseases is into those caused by soil-borne
viruses transmitted by the plasmodiophorid Polymyxa graminis, and those
transmitted by insects, such as aphids and leafhoppers, or by mites (Ordon et al.,
2009; Jin et al., 2023). Wheat dwarf disease is one of the virus diseases transmitted
by leafhoppers. It is a widely distributed disease reported from several parts of the
world among them are Northern Africa, Europe, West Asia and China (Serfling et
al., 2017; Rojas et al., 2018). It is caused by wheat dwarf virus (WDV), which
belongs to the family of Geminiviridae and genus Mastrevirus, and of which there
are five known strains. WDV infects and causes disease in winter wheat and barley
(Muhire et al., 2013; Rojas et al., 2018), but there are also reports of severe
infections by WDV in durum wheat, triticale, and rye (Lapierre & Hariri, 2008;
Pfrieme et al., 2023). Because plant viruses cannot infect an intact plant the
transmission of WDV is dependent on the vector Psammotettix alienus or P.
provincialis (Vacke, 1961; Palmer & Rybicki, 1998; Ekzayez et al., 2011).

The vector is a member of the family Cicadellidae (leafhoppers), which has over
20 000 described species distributed all over the world. Leafhoppers are plant-
sucking insects and different species have been found to transmit different viruses
in a persistent circulative manner (Hull, 2014). The leafhopper P. alienus is the
most studied vector for WDV and the persistent circulative manner of transmission
through the vector means that the virus circulates through the anterior of the body,
back through the salivary glands and into the plant. The virus does not multiply
within the vector (Wang et al., 2014). In detail, the virus can be transmitted within
minutes from one plant through the vector and to a new plant. The virus can also
accumulate inside the leafhopper midgut, hemicoel and salivary glands and stay
there for the entire life of the insect (Wang et al., 2014).

Components in the epidemics of wheat dwarf disease are populations of leafhoppers
and reservoirs of volunteer plants of cereal crops, like wheat, barley, rye, oat or
triticale, which may serve as inoculum of the virus. Symptomless wild grasses, like
Avena fatua, Aspera spica-venti and Poa pratensis, have been testing positive for
WDV, some with low incidence but nonetheless they have the possibility to serve



as reservoirs (Ramsell et al., 2008). This is the case also for Lolium spp., which are
cultivated grasses (Vacke, 1972; Yazdkhasti et al., 2021).

An earlier analysis of ryegrass and leafhopper samples gathered from different
counties in Sweden has shown that the number of leafhoppers and incidence of
wheat dwarf disease correlate positively. The temperature during autumn was also
found to influence the population size of the leafhoppers, where higher
temperatures increased the activity of the leafhoppers. Significant damage with
periodic re-appearance of wheat dwarf disease in the central parts of Sweden could
be linked with changes in agricultural practises and presence of alternative host
plants (Yazdkasti, 2022).

1.1 Epidemiology in Sweden

In Sweden, the first reports of what is believed to be infections of WDV on wheat
are from the beginning of the 20" century and at that time it was called “slidsjuka”
(Jordbruksverket, 2021). Slidsjuka translates into sheath disease which was used to
describe the disease symptom of partially stuck ears in the leaf sheaths (Pfrieme et
al., 2023). A report by Nilsson-Ehle (1918) discusses the possible cause and
symptoms when the disease caused great damage in the years 1902, 1912, 1915 and
1918. The most affected areas were in the mid-part of Sweden mentioning
Ostergétland as the worst affected county, but the symptoms were also extensive in
the counties of Uppsala and S6dermanland. The disease was noted in the county of
Skane as well, which is in the south of Sweden, but only to a lesser extent. Later
transmission experiments in 1969 proved that P. alienus was the vector that
transmitted the virus causing wheat dwarf disease in Sweden, also discussing the
similarities from the previous reports of the so-called slidsjukan (Lindsten et al.,
1970).

After some severe outbreaks during the 1940s, the disease frequency decreased
until 1996 when some affected fields again were noticed. The following year,
hundreds of fields were affected in the counties of Uppsala, S6dermanland and
Vastra Gotaland (Sigvald, 2006). After 1997, wheat dwarf disease has been
reported almost annually with severe outbreaks in 2009, 2010 and 2017. So far,
only the wheat-infecting strain called WDV-E has been reported, indicating that the
genetic diversity of the Swedish WDV population is low (Yazdkhasti, 2022).
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1.2 Cicadellidae (leafhoppers)

In Sweden, there are almost 300 different species of leafhoppers and several of them
can be pests on different crops (Douwes, 1998). For a very long time, P. alienus
was considered the only vector for WDV, but one study from Syria found that P.
provincialis could transmit WDV to barley crops as well (Ekzayez et al., 2011).
Other studies have shown that P. alienus can transmit other diseases as well such
as wheat blue dwarf disease caused by phytoplasma (Wilson & Turner, 2021; Zhao
et al., 2010). Determining Psammotettix species can be very difficult because it
requires the characteristics of the male genitalia, and many studies do not classify
the leafhopper species when analysing virus. Therefore, little is known of how
many different Psammotettix spp. that are vectors and for which diseases (Abt et
al., 2018).

Figure 1. Adult leafhopper "Psammotettix alienus" photo by Pavel Sinkyrik is licensed under CC
BY-NC 4.0.

Psammotettix alienus is a small brownish insect that was first described by
Dahlbom in 1850 (Wilson & Turner, 2021) (Figure 1). The males can measure up
to 3.8-4.1 mm and females 4.1-4.3 mm. All Cicadellidae insects have mate
recognition and localisation via vibrational signals. The general pattern of
leafhopper mating signalling starts with the male attention call and the stationary
female responding signal and recordings can tell differences between Psammotetix
species. After the female has laid her eggs, it is possible that she will mate again
(Derlink et al., 2018).
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1.3 Symptoms and disease cycle

The characteristics of wheat dwarf disease for winter wheat and winter barley are
dwarfing, yellowing of leaf tips and reduced spikes on short rachis. The disease
cycle in Sweden can start with infections early in autumn that lead to very weakened
or dying plants. A secondary spread of the virus is carried out by the nymphs, which
hatch in spring and jumps from infected crops to new plants causing even greater
damage (Lindsten & Lindsten, 1999). Symptoms in the field (Figure 2) are often
seen as patches of damaged crops in field edges or where the crop has emerged
earlier (Vacke, 1972; Jordbruksverket, 2021). Young plants are more susceptible
and after the stem extension has started the plant becomes resistant (Lindblad &
Sigvald, 2004).

Figure 2. Symptoms in a field affected by WDV infection with a border between two fields of different
cultivation practices. The right field had been ploughed and the left had no-till. Picture taken in
Véstra Gotaland county by Lars Johansson (Plant protection agency in Skara, 2022).

In warmer regions, the leafhopper can have up to four generations per year
compared to colder regions, as in Sweden, where two generations are more
common. Elevated risk of transmission is during autumn when adult leafhoppers
lay their eggs in newly sown fields of winter cereals and the second infection in
spring when the nymphs start feeding (Figure 3). The virus does not follow the egg,
but the nymph can transmit the virus from infected hosts to crops within the field
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(Abtetal., 2015). Leafhoppers are more active during dry weather and temperatures
above 15°C, and this can cause a greater spread of the disease (Lindblad & Arend,
2002; Jordbruksverket, 2021).

Winter Summer *

Autumn

Figure 3. Disease cycle. The inner circle demonstrates four generations of leafhoppers and the outer
circle winter cereals. The red label marks periods for risk of transmission of WDV from infected
plants to cereal crops via leafhoppers.

1.4 Control measures

This geminivirus group of plant viruses causes great losses in agricultural food,
feed, and fibre production globally and is often managed by pesticide use (Rojas et
al., 2018). To apply integrated pest management (IPM) against wheat dwarf
disease, there are several practises that can be combined. At the moment there are
no resistant cultivars, therefore, in temperate regions, it is possible with late sowing
in autumn to avoid temperatures above 15°C when leafhoppers are more active. If
no crop rotation is applied, ploughing between cultivation periods to avoid
volunteer plants and host weeds (figure 2), such as Apera spica-venti or Avena
fatua, can reduce virus reservoirs (Ramsell et al., 2008; Jordbruksverket, 2021).
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Other host plants that are possible sources of outbreaks are P. pratensis and P.
annua (Lindsten & Lindsten, 1999), as well as L. perenne (Yazdkhasti et al., 2021).
It should be kept in mind that cultivated grasses, as such, in large scale or in field
edges, can maintain the virus inoculum between years.

The use of pesticides should always be a last resort in IPM considering that the
long-term effects for the environment are difficult to measure including the risk of
resistant pests. Applying insecticides when certain risk factors have been met can
reduce the spread in the field and it is most effective for reducing the secondary
infection in spring. These risk factors are measured by a combination of monitoring
of leafhoppers and the presence of the virus in leafhoppers, as well as previous
disease outbreaks in the area (Rojas et al., 2018) and agricultural practices,
including early sowing and reduced tilling.

Climate change has been predicted to increase the population sizes of leafhoppers
in autumns, which in turn could increase the incidence of wheat dwarf disease. This
is because a warmer climate would prolong their reproduction period and the
populations would grow (Roos et al., 2011; Abt et al., 2015). For future aspects
some alternatives could be used to avoid the use of insecticides. One alternative is
finding resistance genes against the virus and creating more resilient crops. In a
report from Buerstmayr and Buerstmayr (2023), two significant QTLs were
identified contributing to resistance against WDV in wheat, which could be a
valuable resource when breeding for resistance. The other is finding a way to
disrupt the leafhoppers’ transmission of WDV to the crop. Some studies of the
vibrational signalling of insects suggest that disruption of mating patterns could
reduce disease indices (Derlink et al., 2018; Fattoruso et al., 2021; Berardo et al.,
2022). Making accurate species classifications of Psammotettix in fields can help
to determine if insecticide use is necessary, but better knowledge of the
transmission of WDV through other Psammotettix species is also needed. A study
from France showed that P. alienus was the most common species in cereal fields
and that it sometimes occurred together with P. confinis (Abt et al., 2018). Looking
at a compilation from the Swedish website artportalen.se, the most reported species
is P. confinis followed by P. nodosus, which are not known to transmit WDV. Many
of the reported Psammotettix species are found in agricultural fields or grasslands,
but there are two species whose habitats are in the seashore and mountains (Table
1).
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Table 1. Reported findings of Psammotettix leafhoppers in Sweden between 2000 and 2022

Scientific name Habitat™ Number of reported leafhoppers
Psammotettix 18
P. albomarginatus A 12
P. alienus A 57
P. cephalotes A F 17
P. confinis AU 606
P. dubius A S 28
P. excisus A 3
P. frigidus M 3
P. nodosus AW 491
P. poecilus AU 11
P. putoni S 1
P. sabulicola A'S 2
P. lapponicus A M -
P. pallidinervis A -

* F=Forest, A= Agricultural landscape, U=Urban environment, W=Wetlands, S=Seashore,
M=mountain. All Psammotettix species are registered as viable and reproducing 2020. Source:
artportalen.se

1.5 WDV genome

WDV belongs to the family of Geminiviridae and the genus Mastrevirus. Viruses
in this family have a genome of circular single-stranded (ss)DNA encapsidated in
a geminate formed capsid. Mastreviruses have small monopartite genomes with
around 2700 nucleotides. Most of them infect monocotyledonous plants in the
family Poaceae but there are those infecting dicots as well (Rojas et al., 2018). The
WDV genome has around 2750 nucleotides, but the genome size differs between
WDV strains give or take one or two nucleotides (Kvarnheden et al., 2002; Abt et
al., 2015). The synthesis of ssDNA starts in a loop structure in the long intergenic
region (LIR) (Figure 4). This loop structure is conserved in all geminiviruses. To
initiate replication, the virus depends on the host DNA polymerase, and the coding
region functions in two directions (Fiallo-Olivé et al., 2021). The genomes of
mastreviruses, including WDV, encode four proteins: the coat protein (CP),
movement protein (MP) and two different replication proteins (Rep and RepA)
(Figure 4). The different replication proteins are produced because of an intron in
the Rep gene. Sequences for regulation of replication and transcription are in LIR
and the short intergenic region (SIR). Synthesis of dsSDNA starts with the help of a
primer in SIR, while synthesis of sSDNA starts in LIR (Kvarnheden et al., 2002).
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LIR MP SIR Rep A LIR

7 o

CP Intron Rep

Figure 4. Genomic organization of WDV. LIR: long intergenic region; MP: movement protein gene;
CP: coat protein gene; SIR: small-intergenic region; Rep: replication-associated protein gene
including intron and RepA: replication-associated protein A gene.

WDV are categorised into five different strains (ABCDE), where A, B and C are
barley-infecting strains and D, and E are wheat-infecting strains. Because the
demarcation criteria for the genus Mastrevirus are set to 78% nucleotide identity
for species and 94% for strains, the barley and wheat strains are considered as the
same species (Muhire et al., 2013).

1.6 Aim of project

During the summer of 2022, symptomatic winter wheat samples were collected by
the Swedish Board of Agriculture. The symptoms and history of the fields indicated
that it was an infection of WDV, and the samples were sent to the Swedish
University of Agricultural Science (SLU) for testing. Knowing what disease exists
in the field helps the farmer in planning future agricultural practises like crop
rotations, soil preparation and pesticide use. The aim was to test these wheat
samples, report the results and discuss possible factors that could have caused the
outbreak.

The Swedish Board of Agriculture also has cooperation with farmers scattered
around in Sweden. During spring and autumn 2022, yellow water traps were placed
in fields or field edges to collect insects. A total of 28 locations contributed and the
leafhoppers found were sorted and sent to SLU for testing of WDV. The aim was
to test the leafhoppers, report the results and sequence virus isolates. Sequencing
the virus is of interest because it can help indicate changes in the genome that might
lead to epidemics or altered host specificity. It might also be possible to see the
relationship between isolates from different locations.

There was also a comparison of the results for 2021 (Appendix 1), as well as the

wide survey (2002-2020) of wheat dwarf disease incidence in Sweden (Yazdkhasti,
2022). The comparison discussed the questions:
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e In which locations were the WDV-positive leafhoppers from 2021
compared with the analysed winter wheat and leafhopper samples from
20227

e Which factors could be behind these results?

The expected result of this thesis is that it is still the same strain of WDV occurring
in the fields in Sweden as the first sequenced WDV isolate from 1969 as described
in McDowell et al. (1985). The isolate from 1969 is from a Swedish wheat plant
collected in the field in 1969 (Lindsten et al., 1970) and was later supplied by Klas
Lindsten to the Imperial College of Science and Technology in the UK for
sequencing.
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Materials and methods

Plant material consisted of symptomatic dried leaves of winter wheat, collected in
2022 from six fields located in the counties of Véastra Gotaland, Sédermanland and
Ostergotland (Figure 5). From one of the locations, wheat samples had been
collected a two different time points (June and July). The other plants were
collected in July. Since there where several plants collected from each location,
they were divided into five replicates for each location (Table 2). These samples
were analysed with the double antibody sandwich enzyme-linked immunosorbent
assay (DAS-ELISA).

- Uppsala l&n
Vastmanlands l&n PP

- Stockholms l&n

Orebro l&n i
——— Sodermanlands l&n

Vistra Gotalands lan

Figure 5. Counties with high incidence of wheat dwarf disease in Sweden (Yazdkhasti, 2022). For
the present study, wheat samples were collected from the counties of Vastra Goétaland,
Sodermanland and Ostergétland.

Table 2. Location for collected wheat samples

Location County
Fyr6 Gard (Valla) Sodermanland
Prastgarden (Horn, Skovde) Vastra Gotaland
Axtorp (Horn, Skdvde) Vastra Gotaland
Vistra Husby Ostergotland
Evertsholm, Séderkdping Ostergotland
Skarpenberga, A (2022-06-13) Ostergétland
Skarpenberga, A (2022-07-13) Ostergétland

Leafhopper samples stored in 70% ethanol were from different locations at different
dates, collected in yellow water traps in or next to fields of winter oilseed rape,

18



winter wheat or oat (Tables 3 and 4). All samples were collected and distributed by
the Swedish Board of Agriculture in 2022 from the counties of Orebro, Uppsala,

Stockholm, Sodermanland and Ostergétland (Figure 5).

Table 3. Leafhopper samples from Plant protection agency in Linkdping

County Location Leafhoppers™ Field type
Orebro Valla 1 Oilseed rape
Ostergétland Boberg 13 Oilseed rape
Ostergétland Yxstad 6 Oilseed rape
Ostergétland Saby 19 Oilseed rape
Ostergétland Renstad 3 Oilseed rape
Ostergétland Hagelstad 19 Oilseed rape
Ostergétland Forrad 8 Oilseed rape
Ostergétland Hyttringe 6 Oilseed rape
Ostergétland Skarpenberga 6 Oilseed rape
Ostergdtland Borringe 8 Wheat
Ostergétland Skalbod 22 Wheat
Ostergétland Gérdeby 40 Wheat
Sddermanland Fyro gard 12 Wheat
Ostergdtland Ostervarv 13 Oilseed rape
Ostergotland Helleberga 17 Oilseed rape
Ostergétland Gammelkil 1 Oilseed rape
Ostergdtland Skélsund 2 Oilseed rape

*Number of leafthoppers per sample, a maximum of 10 leafhoppers were used for each PCR test

19



Table 4. Leafhopper samples from Plant protection agency in Uppsala

County Location Date Leafhoppers™ Field type
Uppsala Nyborg 16/05 1 Wheat
23/05 1 Wheat

Stockholm  Frélunda 16/05 3 Wheat
23/05 1 Wheat

Uppsala Haga, Enkdping 13/05 1 Wheat
20/05 1 Wheat

Stockholm  Markim 16/05 2 Oat
30/05 2 Oat

Uppsala Britehov 05/09 5 Wheat
Uppsala Fyrisvall, Storvreta 30/08 19 Oilseed
rape

27/09 14 Wheat

13/10 36 Wheat

Uppsala Brunnby 23/09 5 Wheat
Uppsala Saby, Ultuna 12/09 4 Wheat

egendom

13/10 4 Wheat

Uppsala BCA lantbruk 15/08 2 Oilseed
rape

02/09 1 Oilseed

rape

Uppsala Satuna, Bjorklinge 30/08 7 Oilseed
rape

27/09 6 Wheat

13/10 14 Wheat

Uppsala Lilla Vallskog 30/08 29 Oilseed
rape

05/09 10 Oilseed

rape

13/10 4 Oilseed

rape

* Number of leafhoppers per sample, a maximum of 10 leafhoppers were used for each PCR test

2.1 DAS-ELISA of winter wheat

To measure the virus titre in the wheat samples, DAS-ELISA was performed. This
method uses specific antibodies that react with WDV antigens in the sample. These
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form a complex that in the last enzymatic step will give a yellow colour, which can
be measured in a spectrophotometer (Loewe, 2013).

Wheat samples were homogenized in approximately 2 ml of sample buffer and
stored at -20°C. One positive and one negative control were made from winter
wheat samples, which had tested positive and negative, respectively, in a previous
analysis. The ELISA was carried out according to Yazdkhasti et al. (2021) and the
protocol provided with the WDV antiserum (Loewe Biochemica). The absorbance
was measured at 405 nm in a spectrophotometer after 2 hours of dark reaction at
room temperature. Samples were considered positive if the absorbance value was
twice as high as for the negative controls. Additional negative controls with buffer
were used as back-up if negative controls failed.

2.2 DNA extraction and PCR detection of WDV in
leafhoppers

A total of 35 PCR tests were carried out for the leafhopper samples (Table 3 and
4). For PCR tests of samples from the Plant protection agency in Uppsala (Table
4), leafhoppers from the same location, but different dates, were merged into a
single DNA extraction. A maximum of 10 individuals were used for each DNA
extraction and subsequent PCR.

2.2.1 DNA extraction from leafhoppers

To remove ethanol, the leafhoppers were washed with water three times and
allowed to dry on a paper towel. In the first round of DNA extractions, leafhoppers
from Fyrisvall 13/10 and Lilla Vallskog 30/08 were put in 2 ml Eppendorf tubes
containing a glass bead, frozen in liquid nitrogen and homogenized using a Tissue
Lyser (Qiagen) for 2 minutes. For a better homogenisation of the following
samples, a metal bead was used instead and the leafhoppers were grinded for 3
minutes. For the DNA extraction, Sigma’s GenElute Mammalian Genomic DNA
Miniprep kit was used with step 2b to 8 as in the manufacturer’s protocol. In step
9, the first round of elution was done with 50 ul of Elution Solution, followed by
incubation for 5 minutes and the second round of elution was then done with 100
pl of Elution Solution.

Five samples (Skarpenberga E62, Ostervarv E3, Helleberga E2, Gammelkil E46
and Skélsund E63) were processed with Sigma-Aldrich GenElute -E single spin
tissue DNA kit. The leafhoppers in the sample from Helleberga was split into two
samples. Concentration and purity of the DNA extracts were analysed using a
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NanoDrop 1000 (Thermo Fisher Scientific) and the DNA was stored at -20°C or
4°C for later analysis.

2.2.2 PCR and gel electrophoresis

For PCR, Thermo scientific™ DreamTaq Green PCR Master Mix (2x) was used
according to the manufacturer’s protocol. The total volume for the reaction was set
to 25 pl, with 1.5 pl of DNA extract and 0.5 uM of each primer. The positive control
was taken from a previous DNA extract of leafhoppers, for which WDV had been
confirmed, and for the negative control, nuclease free water was added. The primer
pair 1877-1896 (5’-CTTAC GGAGT AGAGA TGTTC-3") and 328-309 (5°-
AACAG AGTGT AAGCA AGCCA-3’) designed by Kvarnheden et al., (2002) was
used. The expected amplification product is a fragment of 1201 bp that corresponds
to nucleotide positions 1877-2750 and 1-328 of WDV-E (original isolate called
WDV-F, F for France), which is the entire LIR plus the 5’ends of Rep and MP of
the WDV genome. The PCR conditions were as in Kvarnheden et al. (2002) with
minor adjustments: initial incubation for 2 min at 94°C, followed by 35 cycles with
30 s at 94°C, 1 min at 55°C and 2 min at 72°C, and final extension for 10 min at
72°C.

Gel electrophoresis was run with 0.8% or 1% agarose, TAE buffer and Midori
Green for 30 to 50 min at 80 V. The GeneRuler 1 kb DNA ladder from Thermo
scientific was used as a size marker.

2.3 Cloning of amplicons for WDV-positive leafhoppers

For cloning of amplicons for WDV from leafhoppers, a new PCR was run with the
same settings as described above, but in a larger volume (50 ul). The results of the
PCR were visualized by gel electrophoresis, where 7 ul of the PCR solution was
used. For purification, 40 pl of the remaining PCR solution was used together with
the GeneJET™ PCR Purification Kit (Thermo scientific). The purification of the
amplicons was carried out according to the manufacturer’s recommendations and
the concentration of the purified amplicons was estimated using a Nanodrop.

For ligation of the purified PCR products, CloneJET PCR Cloning kit (Thermo
scientific) was used following the kit protocol and the instructions for sticky-end
cloning. The molar ratio between vector (pJET1.2/blunt) and insert was set to 1:3,
and the incubation was prolonged to 1 h at room temperature.

For the transformation, 5 ul of the ligated DNA products were transformed into
competent cells of Escherichia coli DHSa (Invitrogen) according to manufacturer’s

22



protocol. As a transformation control, pUC19 plasmid was used. From each
transformation, cells were spread on two plates of LB-agar containing 100 pg/ml
ampicillin with 100 pl transformation solution on one plate and a second plate with
resuspended cell pellets, produced by centrifugation at 2500 rpm for 3 min. The
plates were incubated over night for about 18 hours at 37°C.

Plasmid DNA was purified using the Thermo scientific GeneJET plasmid miniprep
kit following the kit protocol. One colony was used to inoculate 4 ml LB medium
containing 100 pg/ml ampicillin. The bacterial culture was incubated overnight at
37°C and with shaking at 180 rpm. The next day, 1.5-3 ml bacterial culture was
harvested by centrifugation, and used for plasmid purification with the steps for
protocol A (Plasmid DNA purification using centrifuges), where plasmid DNA was
eluted in a volume of 50 pl. The bacterial culture was also used for making single
colony streaks on LB ampicillin plate. After overnight incubation at 37°C, the plate
was stored at 4°C. Single colony streaks were used as back-ups if repeated plasmid
purifications were needed.

To increase the DNA concentration in a repeated plasmid purification, 3 ml of
bacterial culture was harvested in two rounds of centrifugation, and the incubation
period for the Lysis solution was prolonged to 10 min and the elution volume was
reduced to 2x 15 pl. The concentration and purity of the plasmid DNA were
determined using a NanoDrop.

For plasmid digestion, FastDigest BglIl (Thermo scientific) and a protocol called
Fast digestion of DNA were used. The Bglll restriction enzyme recognises a
palindromic site (AGATCT) and cuts between the adenine and guanine on both
DNA strands leaving a sticky end with 3’ protrusive termini (Sambrook et al.,
2001). This releases the ligated insert from the pJET1.2/blunt cloning vector
making it possible to verify insert size by gel electrophoresis (Petterson, 2020). The
total volume of the reaction mixture was 20 pl and the volume of purified plasmid
used for the digest was adjusted depending on DNA concentration, where a volume
of 5 pl or 10 pl were used. The digested plasmid DNA was analysed by
electrophoresis in an 1% agarose gel to see which clones that had the expected insert
size.

2.4 Sequencing of the WDV from leafhoppers

Sequencing of the virus genome was conducted to confirm if the isolate belongs to
the common wheat-infecting strain (WDV-E) previously found in Sweden. Clones
with the highest DNA concentration and having an insert size of 1.2 kb were sent
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for Sanger sequencing at Macrogen, both forward and reverse reads were ordered.
The sequencing results, the chromatograms, were checked visually for errors and
the primer sequences were removed. Programmes used for analysis in GenBank
were BLASTn and BLASTx (Basic Local Alignment Search Tool). To find
accessions with highest nucleotide identity to the sequenced clones, BLASTn
search was used (Altschul et al., 1990). BLASTX uses translation of a nucleotide
sequence to search a protein database and identify proteins with highest amino acid
identity.

For this study, the programme MEGA 11 (Molecular Evolutionary Genetics
Analysis) version 11.03.13 was used to construct a phylogenetic tree (Kumar et al.,
2018). A total of 17 nucleotide sequences were used, including the seven sequences
from this study and those of five different WDV strains used in Yazdkhasti et al.
(2021): FN806787 (WDV-A), FJ620684 (WDV-B), JQ647455 (WDV-C),
JN791096 (WDV-D), MN453813 (WDV-E). In addition, four accessions with the
highest identity from the BLASTn search were included (AM491482, AM491483,
AM491475, AM491477) as well as the WDV isolate from 1969 (X02869;
McDowell et al., 1985). The sequences of all accessions were adjusted to match the
region of LIR, partial Rep and MP genes (1162 nt) and were aligned using the
Clustal W algorithm. The alignment was used to compute the distances for
neighbour-joining analyses with the Kimura two-parameter method. To test the
robustness of the internal branches, bootstrap analysis was carried out with 500
replicates.

The pairwise nucleotide identity between the sequences was calculated in SDT

(Sequence Demarcation Tool) to create a colour-coded pairwise identity matrix that
visually aids the classifications of the sequences (Muhire et al., 2014).
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Results

3.1 DAS-ELISA of winter wheat samples

The symptomatic winter wheat samples were tested for WDV infection using DAS-
ELISA. From six locations, five samples were analysed for each location and the
locations represented the counties Sodermanland, Vastra Gotaland and
Ostergotland. For the location Skarpenberga, two sets of samples were collected at
different time points.

All locations had at least one positive out of five samples (Table 5). The negative
control is not taken in consideration, because it was unusually high compared to the
buffer and absorbance values twice the buffer indicate a more reliable limit for a
sample to be positive. Samples from the location (Skarpenberga) that had been
collected at different time points are considered as positive for both time points.
The spectrophotometric measurements revealed a high titre of WDV in many
samples, and this tells us that the suspected winter wheat samples indeed were
infected by WDV (Table 5).

Table 5. Absorbance values from DAS-ELISA test for WDV infection of wheat samples

Location/Sample 1 2 3 4 5
Fyr6 Gard (Valla) 0.099° 0.443® 0.140 0.090 0.098
Prastgarden (Horn, Skovde) 0.270 0.889 0.728 0.750 0.823
Axtorp (Horn, Skdvde) 0.840 0.675 0581 0.677 0.838
Vastra Husby 0.093 0.904 0.103 0.641 0.136
Evertsholm, Sdderkoping 0.217 0.620 0.746 0.878 0.892
Skarpenberga, A (220613) 0.899 0995 0938 0.851 0.888
Skarpenberga, A (220713) 0.098 0.115 0.099 0661 0.111
Positive control 0.928

Negative control 0.365

Buffer 0.117

3V/alues from 2 h of incubation with substrate. ®Values 2x 0.117 (Buffer) are considered as positive
for WDV and marked in bold.
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3.2 DNA extraction from leafhoppers and PCR
detection of WDV

3.2.1 DNA extraction from leafhoppers

A total of 36 DNA extractions were made from the leafhoppers gathered from 28
locations. The DNA extracts of the leafhopper samples had varying DNA
concentration, which ranged from 3.3 ng/pl to 706.9 ng/pl. From the column for
DNA purification, the first eluate had generally higher DNA concentration
compared to the second eluate (Tables 6 and 7), except for leafhoppers from
Nyborg, Frélunda and Lilla VVallskog (30/08) in Uppsala County (Table 6). The low
DNA concentrations for samples Lilla VVallskog (30/08) and Fyrisvall (13/10) could
be due to the grinding with glass beads and the leafhoppers may then not have been
sufficiently homogenised (Table 6).

Table 6. DNA concentrations in DNA extracts from leafhoppers

Location Date Leafhoppers 1% elution 2" elution

Uppsala (spring) in sample* (ng/ul) (ng/ul)

Nyborg, Upplands Bro  16/05 (merged) 2 9.7 26.6
23/05

Frolunda, Kungsangen 16/05 (merged) 4 19.2 47.0
23/05

Haga, Enkoping 13/05 (merged) 2 95.7 16.8
20/05

Markim 16/05 (merged) 4 86.7 17.9
30/05

Uppsala (autumn)

Britehov 05/09 5 143.2 32.9

Fyrisvall, Storvreta 30/08 10 118.0 35.8
27/09 10 751.1 81.7
13/10 10 148.8 28.5

Brunnby 23/09 5 337.8 37.2

Saby, Ultuna egendom  12/09 4 16.0 55
13/10 4 303.2 83.0

BCA lantbruk, Hagby  15/08 (merged) 3 227.3 27.5
02/08

Sétuna, Bjorklinge 30/08 7 71.4 24.4
27/09 6 235.2 345
13/10 10 275.3 56.0

Lilla Vallskog 30/08 10 8.7 21.6
05/09 10 549.7 71.0
13/10 4 223.0 29.8

*Leafhoppers collected by Plant protection agency in Uppsala.
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Five samples (Skarpenberga E62, Ostervarv E3, Helleberga E2, Gammelkil E46
and Skélsund E63) were processed with GenElute-E single spin tissue DNA kit
from Sigma-Aldrich (Table 7), and no second elution was made with this kit. These
DNA extracts had a DNA concentration ranging from 3.3 ng/ul to 134.4 ng/pl.
Compared to Sigma’s GenElute Mammalian Genomic DNA Miniprep Kit, a lower
amount of DNA was obtained. However, the low DNA concentrations should not
have affected further downstream analysis. Generally, DNA extracts from samples
with more leafhoppers had a higher DNA concentration and for PCR testing, the
DNA concentration should ideally be above 100 ng/ul (Tables 6 and 7). One thing
to take into account is that the extracted DNA is a combination of DNA from
leafhoppers, virus, and other possible organisms.

Table 7. DNA concentrations in DNA extracts from leafhoppers

Location Sample  Leafhoppers 1telution 2" elution
Linkdping in sample* (ng/ul) (ng/ul)
Valla, Orebro T151 1 162.4 16.7
Borringe E15 8 513.3 77.3
Skalbod E67 10 673.1 934
Gardeby (Vastra Husby) E71 10 583.6 214.7
Fyro gard D95 10 552.9 130.2
Boberg E4 10 469.4 101.6
Y xstad E21 6 123.0 27.6
Saby E61 10 706.9 150.3
Renstad E22 3 20.0 5.0
Hagelstad E41 10 256.2 100.6
Forrad E42 8 357.7 102.9
Hyttringe El 6 166.3 11.3
Skarpenberga E62 6 94.5

Ostervarv E3 10 134.4

1Helleberga E2 8 69.7

Helleberga E2 9 97.0

Gammelkil E46 1 3.3

Skélsund E63 2 12.4

* Leafhoppers collected by Plant protection agency in Linkdping.

3.2.2 PCR detection of WDV in leafhoppers

All 36 DNA extracts from leafhoppers were used for analysis of WDV using PCR.
Gel electrophoresis of PCR tests showed a PCR-band (1.2 kb) of the expected size
for leafhoppers from five out of 28 locations. The locations that clearly tested
positive for WDV were Haga and Saby from Uppsala County (Figure 6). There
were false positive results for Renstad and Valla (Figure 7). A positive result for
Skarpenberga from Ostergotland County (Figure 8).
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1.2 kb

Both positive and negative controls indicated a successful PCR, where the positive
control gave a clear band after gel electrophoresis for the expected size of 1.2 kb
(Figures 6, 7 and 8).

For Uppsala County there were a total of 18 samples from eleven locations, and 16
samples tested negative for WDV. Two samples from the locations Haga and Saby
(date 12/9) tested positive for WDV, with Haga having a weak band and Saby a
clearer band with the expected size of 1.2 kb (Figure 6). Even though the sample
Saby date 13/10 gave a negative result, the location Saby is still considered positive
for WDV because the leafhoppers that were from 13/10, did not carry WDV it does
not mean that WDV disappeared from the area. WDV were still present in
symptomless reservoirs of other host plants.

For Orebro County, only leafhoppers from one location were tested, Valla, which
gave a weak PCR band barely visible in gel electrophoresis with the size of 1.2 kb
(Figure 7). There was also one sample from Fyré Gard in Sédermanland County
that tested negative (result not shown). For the County of Ostergotland, there were
a total of 16 samples, and leafhoppers from two locations, Renstad (Figure 7) and
Skarpenberga (Figure 8) gave WDV-positive results. A second PCR and gel was
run for samples Fyr6 Gard and Renstad that came out negative (result not shown).

Figure 6. Gel electrophoresis after PCR to detect WDV in leafhoppers. Samples from Uppsala
agency. M = size marker and the arrow marks the 1.2 kb PCR-band. Order of samples in lanes: 1.
Positive control, 2. Negative control, 3. Nyborg, 4. Frélunda, 5. Haga (weak band), 6. Markim, 7.
Fyrisvall 30/8, 8. Séby 12/9 (band), 9. BCA lantbruk Hagby, 10. Satuna 30/8 11. Lilla Vallskog 5/9
and 12. Lilla Vallskog 13/10.

28



1.2 kb

1.2 kb

Figure 7. Gel electrophoresis after PCR to detect WDV in leafhoppers. Samples from Linkdping
agency. M = size marker and the arrow marks the 1.2 kb PCR-band. Order of samples in lanes: 1.
Positive control, 2. Negative control, 3. Valla (weak band), 4. Boberg, 5. Yxstad, 6. Saby, 7. Renstad
(two bands), 8. Hagelstad, 9. Forrad, 10. Hyttringe.

Figure 8. Gel electrophoresis after PCR to detect WDV in leafhoppers. Samples from Linkdping
agency. M = size marker and the arrow marks the 1.2 kb PCR-band. Order of samples in lanes: 1.
Positive control, 2. Negative control, 3. Skarpenberga (band), 4. Ostervarv, 5. ;Helleberga, 6.
2Helleberga, 7. Gammelkil, 8. Sk&lsund.

3.3 Cloning of amplicons

For the cloning, the PCR was repeated in a larger volume for previously positive
samples. Gel electrophoresis then showed positive results for Saby, Haga (Uppsala
County) and Skarpenberga (Osterg6tland County). Because the second PCR for the
leafhopper samples Valla and Renstad (counties of Orebro and Ostergétland,
respectively) was negative, no cloning was conducted for those samples. The
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purified PCR products of 1.2 kb for Saby had a DNA concentration of 19.8 ng/pl,
Haga 17.0 ng/pl and Skarpenberga 21.8 ng/pl.

After cloning to identify clones with the expected insert, the plasmids were digested
with BglII. In total 30 clones were digested, and gel electrophoresis showed that 14
clones had an insert with the expected size of 1.2 kb (Figures 9 and 10).

For the sample from Haga, eleven clones were obtained: H1-H5 (Figure 9) and Hla-
H6a (Figure 10). Five clones (H1, H2a, H3a, H4a, and H5a) had inserts of the
expected size (Figures 9 and 10). For the sample from Saby, eleven clones were
obtained: S1-S5 (Figure 9) and S1a-S6a (Figure 10). These gave seven clones (S1,
S2, S4, S5, Sla, S2a, S4a, S2 and S4) with inserts of the expected size (Figures 9
and 10). For the sample from Skarpenberga, six clones were obtained (E1-E6), none
of which had inserts of the expected size (Figure 10). A larger band could be seen
at approximately 3 kb for isolated plasmids. This corresponded to the pJetl.2
vector, which has a size of 2.9 kb (Figures 9 and 10).

After cloning, a total of six clones for S&by (S2, S4, S5, S1a, S2a and S4a) and four

clones for Haga (H1, H2a, H3a and H5a) with the expected insert size of 1.2 kb and
the highest DNA concentration were chosen for sequence determination.

M
S1 S2 S3 S4 S5 H1 H2 H3 H4 HS5

Figure 9. Gel electrophoresis of BgllI-digested plasmids for cloning of PCR-fragments of WDV from
leafhoppers. M = size marker and the arrow marks the 1.2 kb insert.
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M

Sla S2a S3a S4a S5a S6a 52°64

Figure 10. Gel electrophoresis of Bglll-digested plasmids for cloning of PCR-fragments of WDV
from leafhoppers. M = size marker and the arrow marks the 1.2 kb insert.

3.4 Sequence analyses

The determined sequences for clones H1, H2a, H3a and H5a (from Haga) as well
as Sla, S2a and S4a (from S&by) had clear sequencing signals in the chromatograms
and were further analysed. The sequencing of clones S2, S4 and S5 did not produce
clear signals and these clones were excluded.

3.4.1 BLAST searches

A sequence search of GenBank was performed using BLASTn and the two
accessions with the highest identity for each clone were noted. These accessions
with highest identities were all for isolates of WDV-E from Sweden. The identity
ranged from 99.74% to 99.31% (Table 8). The clones H3a, Sla, S2a and S4a
showed highest identity with accession number AM491482 (isolate Ojebro). The
clones H1l, H2a and H5a showed highest identity with accession number
AM491475 (isolate Hacksta), which is mentioned in Ramsell et al. (2008) as a
subtype B that was always found in mixed infections together with the main WDV
genotype. This states a mixed infection to what was found for leafhopper sample
Haga with clones H1, H2a, H3a and H5a. Isolate Ojebro (AM491482) was isolated
from a common meadow-grass (Poa pratensis) in 2001 from the county of
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https://www.ncbi.nlm.nih.gov/nucleotide/AM491482.1?report=genbank&log$=nucltop&blast_rank=1&RID=2B0BX6J7016
https://www.ncbi.nlm.nih.gov/nucleotide/AM491475.1?report=genbank&log$=nucltop&blast_rank=2&RID=2B0BX6J7016

Ostergotland and isolate Hacksta (AM491475) was isolated from a wheat plant in
2001 from the county of Uppsala. The sequence of H3a shared highest identity to
accession number AM491477 (Haga), which was for a leafhopper sample collected
in 2002 from the same location as in this study. The sequences of WDV isolates
from leafhopper collected in Haga are almost identical although 20 years separate
them.

Table 8. GenBank accession with highest nucleotide identity to the clones of this study

Clone Accession Identity (%) Location County
H1* AM491482 99.48 Ojebro Ostergétland
AM491475 99.40 Hacksta Uppsala
H2a AM491482 99.65 Ojebro Ostergaétland
AM491475 99.65 Hacksta Uppsala
H3a AM491477 99.57 Haga Uppsala
AM491483 99.31 Ojebro Ostergotland
H5a AM491482 99.48 Ojebro Ostergétland
AM491475 99.40 Hacksta Uppsala
Sla AM491477 99.74 Haga Uppsala
AM491483 99.48 Ojebro Ostergotland
S2a AMA491477 99.74 Haga Uppsala
AM491483 99.48 Ojebro Ostergotland
Sda AMA491477 99.66 Haga Uppsala
AM491483 99.40 Ojebro Ostergotland

*Subtype B marked in bold.
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https://www.ncbi.nlm.nih.gov/nucleotide/AM491477.1?report=genbank&log$=nucltop&blast_rank=1&RID=2RPSEUYT013
https://www.ncbi.nlm.nih.gov/nucleotide/AM491483.1?report=genbank&log$=nucltop&blast_rank=2&RID=2RPWKSFU016
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https://www.ncbi.nlm.nih.gov/nucleotide/AM491475.1?report=genbank&log$=nucltop&blast_rank=2&RID=1V93NWYG016
https://www.ncbi.nlm.nih.gov/nucleotide/AM491477.1?report=genbank&log$=nucltop&blast_rank=1&RID=1VCUPEMS016
https://www.ncbi.nlm.nih.gov/nucleotide/AM491483.1?report=genbank&log$=nucltop&blast_rank=2&RID=2RPWKSFU016
https://www.ncbi.nlm.nih.gov/nucleotide/AM491477.1?report=genbank&log$=nucltop&blast_rank=1&RID=1VDW11SW01N
https://www.ncbi.nlm.nih.gov/nucleotide/AM491483.1?report=genbank&log$=nucltop&blast_rank=2&RID=2RPWKSFU016
https://www.ncbi.nlm.nih.gov/nucleotide/AM491477.1?report=genbank&log$=nucltop&blast_rank=1&RID=1VDW11SW01N
https://www.ncbi.nlm.nih.gov/nucleotide/AM491483.1?report=genbank&log$=nucltop&blast_rank=2&RID=2RPWKSFU016

A search using translated nucleotide sequences of the clones (H1, H2a, H3a, H5a,
Sla, S2a and S4a) with BLASTX showed some amino acid changes in RepA
compared to other WDV RepA sequences in the protein database. Most of these
amino acid changes are not expected to make any differences to the structure or
function of the protein (Table 9). However, the proline substitution in RepA of
clone H1 could influence the protein function, but further studies are needed to
investigate the effect.

Table 9. Identification of amino acid changes in RepA of new WDV isolates from leafhoppers

Clone Protein Nucleotide ~ Amino acid Comment
Accession Accession changes

H1 CAM33192.1  Hacksta QO95P and S147P  Proline could influence
AM491475 protein functions

H2a CAM33192.1  Hacksta No changes
AM491475

H3a CAM33196.1  Haga No changes
AMA491477

H5a CAM33192.1  Hacksta N193D Conservative
AM491475 substitution

Sla CAM33196.1  Haga 1107L Conservative
AM491477 substitution

S2a CAM33196.1  Haga 1107L Conservative
AM491477 substitution

Sda CAM33196.1  Haga 1107L Conservative
AM491477 substitution

3.4.2 Phylogenetic analysis

For the phylogenetic analysis, the sequences of the clones were analysed together
with those of the four isolates (AM491477, AM491483, AM491482 and
AMA491475) showing highest sequence identity (Table 8), as well as the first
sequenced WDV isolate from 1969 (McDowell et al., 1985) and five isolates of
different WDV-strains (ABCDE) used in Yazdkhasti et al. (2021). The four
sequences from isolates AM491477, AM491483, AM491482 and AM491475 were
used to give a broader view of the relationship between virus isolates in the WDV-
E strain.
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One group in the phylogenetic analysis consisted of WDV-E, where the clones of
this thesis were included, and the bootstrap value for this clade was 100%. The
clones H5a, H2a and H1 formed a cluster together with AM491482 and AM491475,
with a bootstrap value of 100% and is marked with Subtype B. Another group was
formed with the clones H3a, S4a, S2a and Sla together with AM491477 and
AM491483 with a bootstrap value of 90%. The Swedish isolate from 1969
(X02869) was in between these groups and a Swedish ryegrass isolate MN453813
was also separated from these groups. Accessions for different WDV strains (A, B,
C and D) from Europe and Iran, mentioned in Yazdkhasti et al. (2021), were used
as a demonstration to highlight that the Swedish isolates belong to the WDV-E
strain (Figure 11).

71{WDV7E SE:P.pratensis:2001 Ojebro AM491482
4“1t WDV-E SE:T.aestivum:2001 Hacksta AM491475
100~ H5a
57 H2a
sl H1
64— WDV-E SE:T.aestivum:1969 X02869
H3a
WDV-E SE:P.alienus:2002 Haga AM491477
WDV-E SE:P.pratensis:2001 Ojebro AM491483
100 S4a
. S2a
S1a
— WDV-E SE:Lolium sp:2012 MN453813
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Figure 11. Neighbour-joining analysis based on the LIR, 5" ends of Rep/RepA and MP (total of 1162
nt). Accession numbers for published isolates can be found in GenBank. The subtype B is marked
with a bracket. Horizontal lines are proportional to the number of nucleotide differences between
branch nodes. Numbers denote bootstrap values of 500 replicates.

3.4.3 Pairwise sequence identities

The sequence demarcation tool (SDT) was used to calculate the pairwise nucleotide
identity between the 17 isolates used in the phylogenetic analysis (Figure 11). All
WDV:-E isolates shared an identity of 97.5% or higher. Sequences of subtype B
(H1, H2a and H5a) shared 98.5 to 100% identity and the subtype B isolates shared
97% identity with the main type isolates S1la, S2a and S4a. Isolates of the other
WDV strains shared lower identity with those of the WDV-E strain, for WDV-D it
was 94%, WDV-C 88% and WDV-B/WDV-A 84% (Figure 12).
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Figure 12. Pairwise nucleotide identity (%) based on LIR as well as partial Rep and MP genes
(1162 nt) between clones H1, H2a, H3a, H5a, S1a, S2a, and S4a as well as other WDV isolates.
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Discussion

Summarizing the results for the symptomatic winter wheat samples, all locations
Fyro Gard (Sodermanland County), Prastgarden, Axtorp (Véastra Gotaland County),
Vastra Husby, Evertsholm and Skarpenberga (Ostergétland County) had at least
one out of five samples with positive values for WDV. The results confirmed that
WDV was present in all the sampled fields.

Looking at the leafhopper samples where three of these locations (Vastra Husby,
Fyro Gard and Skarpenberga) were represented for the wheat samples, only the
leafhopper sample from Skarpenberga (Ostergotland County) gave a positive result
for WDV. However, this sample did not give any clones for sequencing (Table 6).

In the testing of leafhoppers collected in 2021 (appendix 1), seven samples out of
35 had positive results for WDV. The leafhoppers testing positive were from
Hogsta (Uppsala County), Yxstad, Skilbod, Hagelstad, Forrdd (Ostergotland
County), Sabylund (Orebro County) and Lunda Prastgard (S6dermanland County).
None of these specific locations from 2021 had reports of wheat dwarf disease the
following year in winter wheat nor did any leafhoppers of these location test
positive for WDV in this study. However, comparing the WDV-positive
leafhoppers from this study (Haga, Saby and Skarpenberga) to the counties tested
in 2021, WDV were present in the same counties Uppsala and Ostergétland. There
was also WDV-positive winter wheat from two of the same counties S6dermanland
and Ostergotland compared to the testing in 2021.

In the PhD thesis of Yazdkhasti (2022), there is a compilation of observations of
wheat dwarf disease incidence in Sweden. The survey spans from 2002 till 2020
and the years 2002, 2003, 2009, 2010 and 2017 are mentioned as years with high
disease incidence. The severity was then estimated to three in a scale of five for the
counties of Uppsala, Stockholm and Vastmanland. For these counties, there was a
strong correlation between high vector populations, higher temperature during
autumn and incidence of wheat dwarf disease the following summer. Where WDV
is present in the environment, these factors can largely explain the occurrence of
high disease incidence. The other counties Sédermanland, Ostergétland and Vastra
Gotaland did not have these correlations and the severity of disease ranges from
zero to two. To add to this compilation, this study’s observation, and analyses of
plants with wheat dwarf disease in fields from the counties of Sédermanland, Véstra
Gotaland and Ostergo6tland would give a disease severity of two out of five: “plants
with disease common in some fields, few field severely affected”. There were no
reports of wheat dwarf disease in the counties of Uppsala, Stockholm or
Véstmanland in 2022, nor were there reports of wheat dwarf disease for 2021.
However, this does not exclude that there could have been disease-affected wheat
plants in additional places. Symptomless reservoirs or minor outbreaks of wheat
dwarf diseases are not discovered or reported. These factors can explain why WDV
keeps re-occurring in susceptible winter wheat.
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The sequenced WDV clones for Haga and Saby showed a close relationship to other
Swedish WDV-E isolates and shared more than 99% nucleotide identity with them,
which is similar to results of analyses from Yazdkhasti et al. (2021) and Ramsell et
al. (2008), where WDV-E isolates had 98 - 99% identity.

Through a BLASTX search, one conservative amino acid change in RepA was
identified for translated sequences of clones H1, H5a, S1a, S2a and S4a. However,
this change is not expected to result in any structural or functional changes to the
viral protein. Clone H1 also had two proline substitutions in RepA, which could
have influenced protein function. Clones H2a and H3a had no changes in RepA.
However, one interesting finding was that clone H3a, which originated from the
same location as accession number AM491477 (Haga), was almost identical in
sequence although 20 years separate them. The report from Ramsell et al. (2008)
further describes the low genetic diversity in Swedish WDV isolates analysed at
that time. The search of the sequences in BLASTXx for amino acid changes mainly
showed results for RepA because it is longer than the sequenced part encoding the
MP. For further studies, the MP could be analysed for changes and infectious clones
could be used to study the effects of amino acid differences in RepA.

Another finding was that of WDV-E subtype B, which has been found before. Two
variants of WDV-E isolates (AM491482 and AM491483) were then both found in
a single plant of P. pratensis in Ojebro, the latter sequence mentioned belonged to
subtype B (Ramsell et al., 2008). AM491482 had high sequence identity to clones
H1, H2a and H5a, while AM491483 (subtype B) had high identity to clones H3a,
Sla, S2a and S4a. These connections were also demonstrated in the phylogenetic
analysis. Clones H1, H2a, H5a and H3a are all from the same leafhopper sample,
indicating that there were two variants of WDV-E in the leafhoppers from Haga.
This tells us that the two variants of WDV-E were present in the feeding habitat of
the leafhopper population in Haga.

The SDT analysis demonstrated the high sequence identities among WDV-E
isolates in comparison to isolates of other WDV strains. All WDV-E isolates,
including the clones isolated in this report, shared more than 97.5% identity and
they were all Swedish isolates. One should mention that only part of the genome
was sequenced and analysed. There could be changes in other parts of the genome
that can give rise to changes in virulence factors. The LIR has very conserved
sections, but does not encode proteins, and mutations here would not affect the
amino acid sequences of proteins, which are virulence factors. Mutations in LIR
could, however, affect gene expression and replication.

37


https://www.ncbi.nlm.nih.gov/nucleotide/AM491482.1?report=genbank&log$=nucltop&blast_rank=1&RID=2B1WZJ4K016

There are many theories of virus evolution, and among them are Darwin’s theory
of evolution by natural selection, the punctuated equilibrium, and the symbiosis
model (Pagan, 2018). Selection pressure acts upon the evolution of viruses
(Monjane et al., 2020) and an important source for genetic diversity in virus
populations comes from recombination events (Pagan, 2018). Why WDV has slow
evolution in Sweden could partly be explained by the lack of genetic diversity in
the WDV population. No other WDV strains have been found so far, and therefore,
evolution through recombination would not occur. Host plants are not as diverse in
Sweden as, for example, the diversity of cereals and grasses in the Fertile Crescent
(Parizipour et al., 2017; Balla et al., 2022). Although there are host reservoirs of
symptomless grasses in Sweden, the problem arises when the virus is transmitted
to cultivated wheat that lacks resistance or tolerance. Even though many forces, like
selection pressure, punctuated equilibrium, and the symbiosis model, act upon the
evolution of WDV-E in Sweden, looking at the sequences from 1969 or from 2002,
there have not been any known changes in the genome that have led to more virulent
strains. This indicates that the virus population might have reached a peak of fitness,
where further changes through mutations impair its adaptation.

Even so, the dynamics of leafhopper populations in Sweden could also reduce the
transmission events. The climate is colder as well as the vegetative period shorter
compared to warmer regions, only producing two or three generations per year of
the leafhoppers. Compared to aphids, leafhoppers do not spread long distances,
which reduces the possibilities for long-distance virus transmission. This also
reduces the possibility for the virus population to come in contact with other WDV -
strains.

The leafhoppers were not classified into species in this study, but P. alienus is said
to be a very common species found in or near fields (Abt et al., 2018). At the
Swedish website Artportalen.se for amateurs to report species, the most reported
Psammotettix species (Table 1) are P. confinis and P. nodosus with 606 and 491
reports, respectively, during the years 2000-2022. These volunteer reports cannot
be subjected to any scientific analysis, but this shows that an inventory of the
different species could be of good use. This includes for example using
simultaneous easy methods for classification of leafhoppers when testing for WDV.

Identification of factors related to feeding, habitat preferences, predators and
competition between Psammotettix species, as well as mating disruptive patterns,
might help in reducing populations and virus transmission by P. alienus (Derlink et
al., 2018).
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4.1 Conclusions

To answer the hypothesis if it is still the same strain of WDV occurring in the fields
of Sweden as the first sequenced WDV isolate from 1969 and described in
McDowell et al. (1985), the answer is, yes. All WDV-E isolates showed over 97.5%
nucleotide identity to each other.

The presence of WDV in symptomless reservoirs makes it difficult to predict
disease outbreaks over time and space. This could be one of the reasons why it has
kept re-occurring since the early 20" century. Several reports (Lindsten & Lindsten,
1999; Mehner et al., 2003; Lindblad & Sigvald, 2004; Manurung et al., 2004)
suggest that volunteer plants play a crucial role in the epidemics of wheat dwarf
disease. Considering the slow evolution of WDV and lack of other strains in
Sweden, breeding and use of resistant wheat cultivars could be a good method of
decreasing crop losses.

This knowledge further supports that the combination and the quantity of hosts,

vectors + virus, and suitable environment, will define the magnitude of disease
outbreaks.
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