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Wheat dwarf disease (WDD) is an important disease of monocotyledonous species, including economically important

cereals. The causative pathogen, wheat dwarf virus (WDV), is persistently transmitted mainly by the leafhopper

Psammotettix alienus and can lead to high yield losses. Due to climate change, the periods of vector activity increased,

and the vectors have spread to new habitats, leading to an increased importance of WDV in large parts of Europe. In the

light of integrated pest management, cultivation practices and the use of resistant/tolerant host plants are currently the

only effective methods to control WDV.
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1. Introduction

As early as the 8th century AD, the Japanese Anthology described the first observations of viroses on Eupatorium
chinense L., which, according to current knowledge, were caused by geminiviruses . As a consequence of climate

change, insect-transmitted viruses are gaining increased importance because vectors may benefit from a temperature

increase in different ways . Damage caused by viruses in agriculture includes not only yield and biomass losses

but also the weakening of infected plants, making them more susceptible to abiotic and biotic stressors, so that quality

losses may also occur . Currently, there are no approved options for direct chemical control of viruses. So, appropriate

measures in accordance with integrated pest management include farm hygiene, quarantine programs for the import and

export of plant products, production of virus-free seeds and planting materials, breeding of resistant varieties, and, as a

last measure, the control of vector insects by the use of chemical insecticides .

In Europe, more than 30 different viruses are known to occur in cereals . These include wheat dwarf virus (WDV, family

Geminiviridae, genus Mastrevirusas the causal agent of wheat dwarf disease (WDD). The virus is transmitted from plant

to plant exclusively by leafhoppers . The first occurrence was described in the former Czechoslovakia ,

followed by subsequent outbreaks in the 1990s . Outbreaks vary from year to year and differ in the damage

they cause, with early infections in the fall leading to drastic yield losses . Lindblad and Waern  put the average

yield losses in winter wheat fields at 35–90% for sites studied in Sweden, while a study in southern Finland found losses

of 20–100% .

2. Wheat Dwarf Virus (WDV)

2.1. Classification and Genomic Organization of WDV

WDV belongs to a group of viruses originally described as wheat dwarfing viruses within the family Geminiviridae, genus

Mastrevirus .

Geminiviruses themselves are defined as plant pathogenic circular single-stranded DNA (ssDNA) viruses . Their virion

consists of twinned (geminate) icosahedra with a bipartite capsid  and a genome packaged in 11 subunits .

In addition to nanoviruses (family Nanoviridae), they are the only phytopathogenic representatives with a genome

consisting of a circular ssDNA . Actual research on the family Geminiviridae began in the 1980s, although they have

been known since the beginning of the 20th century, mainly as causal agents of yield loss in tomato, sugar beet, cassava,

maize, and cotton in tropical and subtropical countries . Based on their genome structure, vector, host range,

and phylogeny, geminiviruses are classified into 14 genera with 520 species (Figure 1) .
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Figure 1. Classification and genomic organization of wheat dwarf virus (WDV): (a) classification of the family

Geminiviridae is based on their molecular and biological characteristics. WDV species belong to the mastreviruses and

consist of the main strains of wheat and barley, to which the various isolates are subordinated in clades. The percentage

of nucleotide similarity is given for the species, strains, and clades. WDV Bar [TR] refers to the recombinant isolate

between a barley isolate and a yet unknown member of the mastreviruses. (b) Genomic organization of mastreviruses,

which include wheat dwarf virus (WDV). These have a circular ssDNA genome (black circle) and four ORFs. Code of viral

proteins: MP—movement protein, CP—capsid protein, RepA—replication-associated protein, Rep—replication initiation

protein. Also shown are the non-coding regions of the large intergenic region (LIR) and small intergenic region (SIR).

Currently, 45 different mastreviruses are known, which type species is Maize streak virus (MSV) , and share a

common phylogenetic tree . They predominantly infect monocotyledonous plants, with a few exceptions, such as

Tobacco yellow dwarf virus , Bean yellow dwarf virus , and Chickpea redleaf virus , which can infect

susceptible dicotyledonous host plants. Transmission of these viruses to host plants is mainly persistent and non-

propagative through leafhoppers as vectors . The Mastrevirus genus has a monopartite circular ssDNA genome with

a length of 2.6–2.8 kb . The genome of WDV , which belongs to this group, is 2.73–2.75 kb in size .

The circular genome contains two open reading frames (ORFs) on the sense side and two ORFs on the antisense side,

separated by two noncoding regions that encode four viral proteins. On the virion sense strand, ORFs V1 and V2 are

responsible for encoding the viral movement protein (MP) and the coat protein (CP). On the complementary sense strand

are C1 and C2, which encode the replication-associated proteins (Rep, RepA) and are expressed through script splicing

. The two strands are separated by a large (LIR) and a small (SIR) non-coding intergenic unit, whose

sequences are substantially involved in viral replication and regulation of gene expression  and control bidirectional

transcription based on promoter (transcription initiation step) and terminator (transcription termination step) sequences 

. Between the 5′ ends of the Rep/RepA and MP genes is the LIR sequence .
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The replication-associated proteins (Rep, RepA) are encoded by a gene and are expressed by a complementary sense

transcript. Both forms differ due to an intron in the Rep gene  and are involved in the early stages of

infection . Rep is involved in viral replication, while RepA affects the control of the host cell cycle to support viral

replication . Translation of RepA occurs directly from the native RNA transcript, whereas production of the Rep protein

requires a splice cut of the RNA molecule. Therefore, the proteins have identical N-terminal sequences .

MP, as a product of V2, is a 10.9-kDa protein involved in systemic infection of the host by increasing the exclusion limit of

plasmodesmata, allowing intercellular spread of viral DNA . The functions of the coat protein (CP) have been studied

most extensively for mastreviruses . In addition to encapsulating viral DNA with a capsid, it is involved in various

functions in the infection cycle, i.e., virus–vector interaction during transmission . Thus, it plays an important role in

vector specificity , viral nuclear import , insect transmission, systemic viral movement, and symptom development

. For the establishment of systemic infection, both MP and CP (V1 and V2) have been found to be essential,

although they do not contribute to virus replication. CP binds ssDNA and dsDNA in vitro in this process, so its presence is

essential for the accumulation of viral ssDNA in infected host cells and protoplasts .

The geminiviral transcriptional activator protein (TrAP) plays a role in pathogenicity by inhibiting a plant’s transcriptional

and post-transcriptional gene silencing . Enhanced viral replication is initiated by the replication

enhancer protein (Ren), which interacts with host factors and Rep .

In several wheat isolates, a putative fifth ORF was discovered on the complementary (−) strand, coding for a protein (14.6

kDa) whose function is still unknown . An additional ORF has not yet been detected in barley-adapted WDV

isolates .

2.2. Life Cycle of the Virus

The life cycle of geminiviruses require both host proteins and viral proteins. Infection of the host plant begins as soon as

the virus-bearing insect vector secretes saliva into the host plantit. Deposition and unpacking of the viral genome occurs

in the phloem companion cells . Replication of geminiviruses takes place in the nucleus of the companion cells

because the sieve elements do not have a nucleus as a consequence of ontogenesis . The entry of viral DNA into the

nucleus is supported by the coat protein (CP). This is thought to interact with host-specific transport receptors. Within the

intergenic regions, there are signal motifs controlling the two phases of replication. The onset of DNA synthesis is initiated

specifically for representatives of the genus by a primer (approximately 80 bp long) located in the SIR, which is

complementary to the intergenic region . In the first phase, ssDNA is converted into a double-stranded (ds) DNA

intermediate , which serves as a template for the production of complementary and virus-sense transcripts .

Replication of the genomic (+) DNA strand is initiated (ori) by cleavage of the virion-sense strand at a specific, highly

conserved nona-nucleotide motif (5′ TAATATT ↓ AC 3′) by Rep (replication initiator protein) within the LIR sequence .

The motif is partially enclosed within the head of a stem-loop structure and contains the initiation point (↓) of the second

replication phase to produce the (+) DNA strand using a rolling circle replication process .

For the amplification of viral dsDNA and the production of ssDNA genomes, the dsDNA intermediate is used as a

template. Starting from the LIR, passing through the (−) and (+) strands, and continuing to the SIR, bidirectional

transcription of the DNA occurs using host DNA polymerase . Geminiviruses do not code for a DNA polymerase in this

process, so the production of dsDNA using complementary DNA synthesis depends exclusively on host factors recruited

during the early stages of replication . Synthesis of the complementary minus (−) DNA strand begins at the 3′ end of a

short complementary primer. This is packaged into viral particles and can hybridize with a sequence in the SIR region .

Transcription is bidirectional, with coding regions diverging from the LIR in both strands. For gene expression,

geminiviruses use multiple overlapping transcripts .

The movement of the virus depends on the outcome of interaction with different parts of the cell (cytoskeleton), the type of

plasmodesmata, and the ability of the virus to replicate in different cells . In infected plants, electron microscopy has

revealed altered nuclei in the phloem companion and in the parenchyma cells of roots and leaves . In these cells, there

is an accumulation of virus particles arranged in groups and rows, filling almost the entire nucleoplasm. High particle

concentrations have been detected, especially in plants with wilted leaves in the stem region .

To spread the infection, the virus must overcome barriers such as the nuclear envelope and spread between adjacent

cells . Viral DNA is transported from the nucleus to the cell membrane as a V2-DNA complex with the help of the

transport protein (MP), which binds to host receptors . To spread the infection from one cell to another, the virus must

pass through plasmodesmata. This is possible exclusively between the companion cells (CC) and the sieve element (SE)

of the CC/SE complex because they are isolated from the surrounding phloem parenchyma cells, as indicated by a very
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low number of plasmodesmata in barley  and their absence in wheat . Depending upon the developmental stage, the

size of the protein that can pass through the plasmodesmata varies, as shown forwheat . The authors furthermore

demonstrated that a viral movement protein is able to increase the open width of plasmodesmata so that proteins with

higher molecular weight can pass through, independent of the leaves’ developmental stage. This would facilitate the

systemic movement of a virus such as WDV. WDV is distributed together with photoassimilates and other nutrients along

the sieve tube with transport based on turgor-driven mass flow from source to sink . For maize streak virus in maize, it

has been shown that younger leaves formed after inoculation are more likely to be infected with the virus than older

leaves because the viral antigen is distributed according to the age of the tissue. The virus can, therefore, be detected in

the basal meristem of young leaves as it reaches them through the phloem with the metabolites of older leaves. For long-

distance transport, probably only the thin-walled SEs that form the above-mentioned CC/SE complexes are relevant, while

the thick-walled SEs lack CCs and, thus, the basis for virus replication .

Regarding the molecular mechanisms of spread and the associated interaction with host components, many questions

remain open in the relationship between geminiviruses and hosts. Cell-to-cell spread is ensured by phosphorilization of

the transport protein (MP) by host kinases . A study of begomoviruses (Geminiviridae) in tomato (Solanum
lycopersicum) and soybean (Glycine max [L.] Merr) identified the cellular interaction partners that support the transport of

the viral genome from the nucleus to the cytoplasm. For both plant species, a membrane-associated plant species–

specific kinase belonging to the LRR-RLK family of proteins (leucine-rich-repeat receptor-like kinase) was discovered.

Within the highly specific interaction, short-term formation of a complex of nuclear shuttle protein (NSP) and NSP-

interacting kinase (NIK) occurs, which provides targeted and active recognition of nuclear pores, plasma membrane, and

plasmodesmata modes. The complex presumably serves to regulate the biochemical activity of the viral protein in

phosphorylating the transport protein. In this case, NSP would regulate the movement of viral DNA through the kinase

activity of transmembrane receptors for this purpose. Host kinase as enzyme and viral NSP as substrate are related here

. Therefore, the non-host relationship between the wheat and barley strains of WDV could be due to the non-

recognition of the viral protein by the plant receptor. In this case, the low incidence of winter barley infected with the wheat

strain and winter wheat infected with the barley strain could be attributed to a sequence swap resulting from a mutation

.

2.3. Phylogenetics

Based on phylogenetic analyses of WDV sequences from isolates of different host species, WDV has been shown to form

a clade that is distinctly different from other mastreviruses and consists of multiple strains . WDV sequence identity

is below the delimitation criterion of <75% for the Mastrevirus species .

A further Mastrevirus species was later identified in Avena fatua in Germany, based on sequences of isolates collected

from plant samples from cereal fields. Oat dwarf virus (ODV) is closely related to the WDV species but is distinct from

wheat and barley strains and appears to be one of the causal agents of WDD in oats , with symptoms comparable to

those of WDD (Figure 1a). Although some relationships exist between WDV and ODV based upon a sequence analysis,

the whole genome of ODV has only a nucleotide sequence similarity of approx. 70% compared to the wheat and barley

strains of WDV. Based on a phylogenetic analysis, a revision of the classification of the Mastrevirus species into five

phylogenetic groups (A–E) was proposed in 2013. In this context, WDV strains that preferentially infect wheat (WDV-W) or

barley (WDV-B) should be assigned to groups A and C, respectively . Phylogenetic analysis of 230 isolates identified

six strains (A–F) based on sequence similarity. Strains A- and F- were assigned to WDV-B (Figure 1, Clade A1, A1, WDV-

Bar), and strains B–E were mainly assigned to WDV-W (Figure 1, Clade WDV-A, WDV-B) .

Macdowell et al.  and Matzeit  sequenced a 2749 bp Swedish isolate (WDV-S), which was isolated from wheat in

1969 . Two other wheat-adapted isolates from the Czech Republic (WDV-C)  and France (WDV-F)  showed a

genome size of 2750 bp. Sequence analyses showed that barley WDV isolates had at least 94% similarity, whereas

wheat isolates had at least 98.3 to 98.8% sequence similarity with the respective strains . LIR and SIR represent

the most variable parts of the WDV genome . Within the genomes, nucleotide exchanges in coding regions were

observed but did not result in amino acid sequence substitutions, so this had no effect on the gene products .

Depending on the WDV isolate, differences in WDV virulence can be observed. Significantly increased symptoms of a

WDV infection can be attributed to amino acid substitutions in the CP gene. This was reported in a Ukrainian study in

which the Ukrainian isolate Khm-K-Ukr caused a significantly greater reduction in seeds per ear and thousand-grain

weight compared to the isolate MIP-12-Ukr, which had fewer mutations in the CP gene than Khm-K-Ukr. The authors of

the study suggested that the isolate MIP-K-Ukr has a higher divergence potential so that the CP sequence contains more
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non-synonymous changes that are subject to selection . This has already been observed for the maize streak virus,

where even a few changes in nucleotide sequence have large effects on virus functionality .

Within a host, different WDV populations can occur , and a lack of antagonism between isolates may favor

recombination between viral sequences during host infection. Such a case has already been described for the isolate

WDV Bar [TR]. The isolate is a variant of the barley WDV strain described in infected barley in Turkey . Whole

genome sequence analysis showed that the barley WDV isolate partially corresponds to a novel WDV-like Mastrevirus

species . In addition to the WDV Bar [TR] isolate, sequence alignment analysis of field isolates revealed regions of the

viral genome with short, few-nucleotide recombination patterns between wheat and barley strains. This suggests that

sequences from barley strains were replaced by functionally homologous sequences from wheat strains . Moreover,

intra-specific recombinant genomes were detected with two WDV wheat strains in China . In this context, it should be

noted that defective forms of wheat and barley strains containing at least part of the SIR and LIR sequences have also

been detected in WDV-infected plants . Putative recombinant isolates have also been identified for other members

of the Mastrevirus genus, such as the maize streak virus .

3. Wheat Dwarf Disease (WDD)

3.1. History

The first dwarfing of wheat in Europe was observed in the early 20th century, with characteristic heavy tillering, dwarfing,

and deformation of the plants and subsequent death, while the first similar symptoms were described as early as 1863 in

a region that is now part of Poland . In Sweden, the leafhopper species Psammotettix alienus was made responsible

for this by Tullgren in 1918 . At that time, it was assumed that other insects besides P. alienus were involved in the

transmission of the so-called slidsjuka, or sheath disease, due to the partially stuck ears in the leaf sheaths. Overall, there

were differing opinions on the cause, but it was consistently observed that the damage occurred particularly in dry and hot

years . Field prevalence was relatively low in the 20th century, and thus, there are few descriptions of dwarfing

symptoms in the scientific literature, but sometimes in the context of severe outbreaks in wheat .

Slidsjuka, or WDD, declined in Sweden around 1950 and occurred only sporadically in the following 30–40 years until the

1980s/1990s . This decline was attributed to changes in agricultural practices. The abandonment of

undersowing in winter wheat, which was common in the first half of the century, or even the increased use of combine

harvesters, was considered to have had a positive effect on disease control .

The direct relationship between virus, vector, and symptoms was first reported in 1961 using samples from wheat fields in

western parts of the Czechoslovakia . However, there was still confusion about the cause, as no clear virus

particles or possible pathogens could be detected . The identification and current taxonomic classification of the virus

did not occur until 1980, when, after three decades, there was again an increased incidence of the disease in a number of

European countries . In the late 1980s, a new disease (pieds chétifs) occurred in central France, causing severe

damage in wheat, with yield losses of more than 50%, and was associated with a high incidence of the leafhopper P.
alienus . Initially, only Mycoplasma-like organisms were diagnosed in this context . In collaboration with a Swedish

research group, the disease-causing pathogen was identified as WDV .

From this time on, the occurrence of vectors and viruses was studied, with WDV occurring mainly in central France and

adjacent areas but not in the coastal regions and south of the country . The level of knowledge at that time was

very low and was mainly based on studies from the Czech Republic , Sweden , and France . In Germany, the

first record probably occurred in 1990 near Dresden by Vacke  (Figure 2).
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Figure 2. World map with countries where WDV could be detected (marked in red). WDV was reported in Ukraine ,

Romania , Bulgaria , Hungary , Italy , France , Sweden , Poland , Finland , Spain , the

United Kingdom , Austria  and Slovenia , as well as regions in Iran , the Middle East (Turkey , Africa

(Tunisia  and Zambia ), West Asia (Syria , and China ). .

A concrete dispersal route cannot be deduced from the data. However, based on the biology of the animals and their

activity, a natural spread over land seems most likely. The virus has been detected in the main Eurasian cereal-growing

areas and in its region of origin in the Middle East. This can possibly be attributed to the fact that the climatic requirements

for wheat cultivation, for example, match with those of P. alienus. Exceptions like India, as well as Canada and Australia,

underline these theories.

The reason for the increasing spread of WDV and the increased occurrence in areas where WDV has been previously

reported is not clearly understood but is probably caused by changes in agricultural practices. One of the main causes is

assumed to be the increased use of ploughless tillage. Also, the EU regulation on the use of a large part of stubble fields

after winter wheat cultivation as set-aside areas was thought to be favorable for P. alienus reproduction and overwintering.

Avoiding set-aside areas after the occurrence of WDV-infected wheat and avoiding undersowing crops were therefore

considered as possible control measures in Sweden . Furthermore, harvesting with short stubble, early tillage in

autumn, and avoiding early sowing had a positive effect on reducing the population of P. alienus . Global climate

change may also play a role in promoting the spread of vector-borne diseases. In this context, higher temperatures may

favor the colonization of new habitats and hosts. Field monitoring is therefore essential, especially in cereal-growing

regions, to identify additional regions where P. alienus may spread together with WDV  since the

spread of WDV results from the migration of virulent vectors from wild or cultivated reservoirs into cereal fields . 

3.2. Host Range

The host range of WDV includes mainly monocotyledonous plants . In addition to a variety of members of the

Poaceae family, including important cereals such as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), rye

(Secale cereale L.), oats (Avena sativa), and triticale , WDV also infects various wild and cultivated grasses,

including Bromus secalinus L., Lolium multiflorum Lam. , Avena fatua L., B. inermis Leyss., B. tectorum L., H. murinum
L., L. perenne L., L. temulentum L. , A. sterilis L., A. strigosa Schreb., Poa annua L. , L. remotum Schrk., Lagurus
ovatus L. , and Apera spica-venti (L.) P. Beauv. , which are considered virus reservoirs .

3.3. Symptoms of WDD

The name of the virus is derived from its main characteristics, the disruption of the shoot growth and the formation of

numerous shoots in wheat, resulting in the typical dwarf and bushy growth (Figure 3).
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Figure 3. Eight-week-old wheat plants with different degrees (symptom scoring 1, 2, 5, 6, 8) of dwarfing in the

greenhouse depending on their genotype (a) and at BBCH stage 30–39 in May 2021 under field conditions (b) after

artificial inoculation with symptom-bearing in the middle of the image. (c) Leaves of WDV-infected plants (left) show a

stripe-like lightening compared to healthy leaves (right), which later develops into yellowing.

Furthermore, symptoms of WDV infection in wheat also include chlorosis, reduced root size, intense yellow or red

discoloration of leaves with or without a mosaic pattern, deformation of leaves, reduced growth hardiness, delayed ear

emergence, reduced number of ears as well as sterile flowers, significant yield losses and even complete plant death

during early developmental stages of winter wheat and winter barley in winter and spring . These are

partly due to the side effects of infection, such as the effects of expression of viral suppressors of RNA silencing.

Symptoms may also affect plant defense responses, leading to plant overreaction in the form of necrosis , chlorotic

spots, and demarcated streaks on the leaves. The symptoms themselves first appear on the youngest and later on older

leaves in association with small cracks and deformations on the youngest leaf, which are characteristic of the infection.

This is followed by yellowing of the leaves at the leaf tips and margins with possible partial red coloration . Symptomatic

plants usually appear in patches in the field .

In addition to the described symptoms in wheat, the intensity of symptom expression varies among the other infested

species. Symptoms in winter barley are similar to those of winter wheat, with no red coloration. Spring barley responds

with a lower degree of dwarfing and yellowing of the leaf tips. Similar symptoms occur in winter rye, often associated with

anthocyanin formation in leaves and culms. Spring rye shows only minor developmental depression, few leaf spots, and

no disruption of generative plants. Oats show minor developmental depression, yellowing, and light red coloration .

Triticale shows no increased tillering after WDV infection compared to control plants, but spike-bearing culms shorten by

half . In A. spica, growth reductions of 20%, severe tillering, yellowing, and chlorotic spots were observed . The

wild grass Poa annua shows no symptoms after infection, while Lolium perenne and Lolium multiflorum showed tolerance

to WDV in studies with longer plant viability after infection .

The extent of damage and the development of symptoms depends on the time of infection. Early infections of winter

cereals at the 2–3 leaf stage during fall result in reduced winter hardiness, as well as severe developmental disorders,

with pronounced symptoms and negative effects on yield as a result of ear formation that is often partially stuck in the leaf

sheaths. The quality of the grains is reduced as they are dried out, shriveled, and partially unable to germinate . The

root system is also affected by WDV infection. As a result of the infection, there is a reduced formation of secondary roots.

The roots appear shorter and thinner overall .
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Infections in spring result in shortening of internodes and, in some cases, ears. In spring wheat, no severe developmental

disorders but shortening of shoots could be observed when infestation occurred from the beginning of shooting to ear

swelling (BBCH 31–45). Usually, the first signs of disease in winter wheat appear 18–25 days after infection. In general,

symptoms in early-sown wheat are considered to usually appear four to six weeks after infection, while in late-sown

wheat, the corresponding symptoms do not become visible until spring, provided the plants are able to overwinter. If

infection occurs in spring or early summer, the incubation period lasts three to four weeks. In spring wheat, under

greenhouse conditions, the first symptoms are expected 10–15 days after infection, while infections in the field have an

incubation period of three weeks .

Symptoms caused by infection with Barley yellow dwarf virus (BYDV), which belongs to the Luteoviridae family and is

transmitted by aphids, are visually similar to those caused by WDV. When infected in early fall, it causes WDV-like growth

depression. The two viruses can only be distinguished from each other by double antibody sandwich enzyme-linked

immunosorbent assay (DAS-ELISA) or polymerase chain reaction (PCR), so prior to the discovery of WDV, plants were

probably often assigned to BYDV on the basis of dwarfism .
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