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ABSTRACT 

Barley yellow dwarf virus (BYDV) is distributed worldwide, and infects most cereals and grasses. It is a 
phloem-restricted pathogen, causing yellowing, reddening, and brittleness of leaves, dwarfing, and reduction in 
size and number of ears and grains. BYDV is a luteovirus with small isometric particles containing an ssRNA 
genome, and is transmitted persistently by more than 20 aphid species. Five virus isolates have been 
distinguished and divided into two subgroups on the basis of cytopathology and serology. Recent serological 
evidence also indicates that BYDV isolates are related to other luteoviruses, suggesting that a continuous, over 
lapping range of viruses may be implicated in the barley yellow dwarf syndrome. Until future research clarifies 
this point, the term BYDV continues to be used to indicate the agent(s) involved. Perennial wild or cultivated 
grasses constitute a large and permanent virus pool. Primary and secondary virus spread depends on the aphid 
vector reproduction and flight which, in turn, are influenced by climatic conditions. Recent research on 
monitoring and control of aphid vectors and on development of resistant cereal cultivars has improved the 
prospect of minimizing losses from BYDV infections. Because of the economic importance of the BYDVs, more 
research is needed. The specific locations and timing of virus outbreaks, and the particular causal isolates, need 
to be monitored. This is will allow breeders to decide which BYDV isolate to target with transgenic resistance in 
a given locality. It will help growers decide whether to pay the extra premium for BYDV-resistant crops. 
Another area of applied research may be to engineer aphid-resistant crops. With the growing number of 
sequenced or partially sequenced isolates of BYDV and CYDV around the world, it’s important 1) to develop 
rapid means of nucleic acid-based detection (e.g., PCR), 2) to understand the epidemiology of BYDV/CYDV, 
and 3) to develop transgenic and other means of disease control. The better understanding of BYDV molecular 
mechanisms that ultimately lead to new means of controlling or mitigating the effects of the disease, and it sheds 
light on processes relevant to medically important viruses. In addition, further review is needed to identify all 
recovered BYDV and evaluation of promising treatments for use in integrated disease management strategy to 
manage not only BYDV but also other related viral diseases of plant. 
Keywords: Barley, Barley yellow dwarf virus (BYDV), and luteovirus. 
 
1. INTRODUCTION 

Plant viruses may affect the fitness of their hosts by reducing host survivorship, fecundity or competitive ability 
relative to uninfected individuals in the population. Virus strains may differ markedly in the severity of 
symptoms they induce (Anderson et al., 1991, Bencharki et al., 1999) and their ability to infect a given host 
(Moury et al., 2001, Sacristan et al., 2005). Variation among strains in virulence, infectivity and transmission 
may affect patterns of disease spread and, thereby, host population dynamics in natural systems (Raybould et al., 
1999) or crop yield in agricultural systems. The behavior and constraints of a virus upon host infection surely 
have a genetic underpinning. Thus, it is necessary to acquire knowledge of genetic diversity in pathogen 
populations to better understand the role they play in ecological processes and as impediments to agricultural 
production. Barley yellow dwarf virus (BYDV) is the most economically important virus disease of cereals, and 
is found in almost every grain growing region in the world. Widespread BYDV outbreaks in cereals were noted 
in the United States in 1907 and 1949. However, it was not until 1951 that a virus was proposed as the cause of 
the disease. The causal agents of BYD are obligately transmitted by aphids, which probably delayed the initial 
classification of BYD as a virus disease. Subsequently BYD was shown to be caused by multiple viruses 
belonging to the species barley yellow dwarf virus (BYDV) and cereal yellow dwarf virus (CYDV). Depending 
on the virulence of the virus strain, infection may contribute to winter kill in regions with harsh winters, induce 
plant stunting, inhibit root growth, reduce or prevent heading, or increase plant susceptibility to opportunistic 
pathogens and other stresses. Yield losses to wheat in the United States alone are estimated at 1-3% annually, 
exceeding 30% in certain regions in epidemic ears. The effects of BYDV in barley and oats typically are more 
severe than in wheat; sometimes resulting in complete crop losses. The existence of multiple strains of viruses 
that are transmitted in strain specific manner has made BYDV and CYDV model systems to study interactions 
between viruses and aphid vectors in the circulative transmission of plant viruses. In addition, the compact 
genomes of the viruses have provided useful insights into the manipulation of host translation machinery by 
RNA viruses. Every year barley yellow dwarf viruses (BYDVs) cause substantial losses throughout the world 
wherever their hosts, mainly wheat, barley, and oats, occasionally rice and maize, are grown (Lister RM, Ranieri 
R., 1995). In addition to their economic importance, the gene expression mechanisms, evolution and taxonomy, 
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satellite RNA, and intimate interactions with their aphid vectors are quite fascinating and unlike those of any 
other viruses. Moreover, barley yellow dwarf disease is caused by Luteoviridae species in the genera Luteovirus 

and Polerovirus. Each virus species has a distinct aphid transmission phenotype and the acronym for the species 
is derived from this specificity. Luteoviridae species commonly isolated from grain crops include: GAV 
(Luteovirus) transmitted most efficiently by Schizaphis graminum and Sitobion avenae (Wang et al., 2001), 
MAV (Luteovirus) transmitted most efficiently by S. avenae (formerly Macrosiphum avenae), PAV (Luteovirus) 
transmitted most efficiently by Rhopalosiphum padi and S. avenae, SGV (unassigned to a genus within the 
family) transmitted most efficiently by S. graminum and RPV (Polerovirus) transmitted most efficiently by R. 

padi (Rochow, 1969, Rochow & Muller, 1971). BYD disease has significant impacts in agricultural and natural 
plant communities. It is the most economically damaging viral disease of grain crops worldwide (Lister & 
Ranieri, 1995) and in grasslands it may contribute to shifts in community composition due to asymmetrical 
fitness effects on exotic and native grass species (Malmstrom et al., 2005a, Malmstrom et al., 2005b). Among 
the species listed above PAV is the most widely distributed and economically important. Significant impacts in 
agricultural and natural plant communities. It is the most economically damaging viral disease of grain crops 
worldwide (Lister & Ranieri, 1995) and in grasslands it may contribute to shifts in community composition due 
to asymmetrical fitness effects on exotic and native grass species (Malmstrom et al., 2005a, Malmstrom et al., 
2005b). Among the species listed above PAV is the most widely distributed and economically important. To 
reflect significant variation in coat protein (CP) sequence among isolates PAV has recently been divided into 
two species, PAV and PAS (Mayo, 2002). Sympatric populations of both species have been identified in 
Morocco (Bencharki et al., 1999), New York State (Chay et al., 1996a) and France (Mastari et al., 1998). BYDV 
is composed of a single-stranded, positive sense RNA with six open reading frames (ORF) in total (Miller et al., 
2002). Three viral genes were analyzed in this study, ORFs 2, 3 and 4. ORF2 encodes the viral RNA-dependent 
RNA-polymerase (RdRp) and is responsible for the replication of all viral RNAs (Koev et al., 2002). ORF3 
encodes the major component of the CP which is required for virion assembly (Mohan et al., 1995) and is 
thereby a prerequisite for aphid transmission (Gildow, 1987,  Gildow, 1993) and systemic plant infection 
(Filichkin et al., 1994). ORF 4 encodes the movement protein (MP) which is required for the virus to spread 
systemically in the host (Chay et al., 1996b). ORF 4 is completely embedded within ORF 3 but is translated +1 
base pair out of the CP reading frame (Dinesh-Kumar & Miller, 1993). The objective of this review is to give an 
overview on Barely Yellow Dwarf Viruses (BYDV).  
 
2. History of Barley Yellow Dwarf Virus 
Barley yellow dwarf symptoms were first observed in 1951 on barley (Horedum vulgare L.) in California 
(Oswald and Houston, 1951). The disease was later characterized in oat (Avena sativa L.) and wheat. Since then 
it has been identified worldwide. Barley yellow dwarf symptoms are often mis-diagnosed because they resemble 
plant nutrient deficiencies. The most obvious symptoms are stunting and leaf discoloration. The stunted plants 
often appear in circular patches or as randomly scattered plants within a field. Leaf discoloration varies from 
shades of yellow, to red or purple. Visual leaf symptoms begin at the leaf tip and progress toward the middle and 
base of the leaves. High light intensity and cool temperatures (15 to18° C) have been found to favor expression 
of BYD symptoms (D’Arcy, 1995). Symptom expression is generally dependent on the time of infection. 
Seedling infection may be lethal or cause a distinct yellowing of older leaves (Wiese, 1977). Plots with post 
seedling infections have a yellowed or reddened flag leaf (Wiese, 1977). Disease symptoms usually appear in 
late spring at jointing. Symptoms at jointing are predominately from fall infections. Spring infections have 
delayed symptoms that are usually less severe. Carrigan et al. (1981) and Herbert et al. (1999) noted that fall 
infection reduced yield to a greater extent than spring infection. Cisar et al. (1982) indicated that fall infection 
reduced yield 63%. Yield loss from spring infection is generally lower due to the shortened period of virus 
replication in the plant. However, significant yield loss may still occur. Cisar et al. (1982) reported spring 
infection reduced yield by 41%. Though, fall infections tend to be more severe, Perry et al. (2000) reported that 
there may be little yield difference between fall and early spring infections. Barley yellow dwarf virus also 

weakens plants, making them more susceptible to winter injury. Stand loss may be attributed to winterkill, but 
other factors may have weakened the plants, putting them at greater risk for winterkill. Cook and Veseth (1991) 
reported that stand loss may be a warning that the entire crop is in trouble, the survivors may only appear healthy 
and the culprit may be BYDV. Additional BYD symptomology may include stiff leaves, underdeveloped root 
systems, decreased tillering, and inhibited head development and grain fill (Wiese, 1977).  
 

2.1. Current Classification 

BYDV is the sole member of genus Luteovirus and the type member of the Luteoviridae family (formerly 
luteovirus group) (D’Arcy et al., 2000). BYDV serotypes were divided into two subgroups, which were 
subsequently reclassified as separate species. Currently, only BYDV-MAV (transmitted primarily by Sitobion 
avenae) and BYDV-PAV (transmitted efficiently by S. avenae and Rhopalosiphum padi) are barley yellow 
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dwarf viruses. Former BYDV serotype RPV (transmitted primarily by R. padi) was given a new name, Cereal 
yellow dwarf virus-RPV (CYDV-RPV) and placed in genus Polerovirus along with four non-BYDV viruses in 
the Luteoviridae. A third genus, Enamovirus, consists only of RNA-1 of the bipartite Pea enation mosaic virus 
(PEMV). Its organization resembles poleroviruses, but lacks open reading frame (ORF) 4. After publication of 
the BYDV sequence, the sequences of several other luteoviruses were determined in rapid succession. These 
revealed a taxonomic dilemma that has continued to this day. Essentially the replication machinery of the 
Luteoviridae has two different evolutionary histories, whereas the proteins that form the virus particles and 
interact with the aphid vectors clearly have a common origin. Functional and comparative genomic analyses of 
BYDV and related viruses indicate that, from a molecular virological point of view, BYDV belongs in the 
Tombusviridae family (Miller et al., 2002). The replication proteins and the RNA sequences that control 
replication and translation most closely resemble those of viruses in the Tombusviridae family (Figure 1). Yet 
the coat protein, movement and aphid transmission proteins clearly resemble those of the other Luteoviridae, 
including genus Polerovirus. Like the Tombusviridae, BYDV RNA lacks a 5’ cap or any other modification 
(Allen et al., 1999), and terminates at the 3’ end with the sequence CCC, preceded by a conserved stem-loop 
(Koev et al., 2002). In contrast, the poleroviruses, including CYDVRPV have a protein (VPg) linked to the 5’ 
end and terminate in GU. In poleroviruses ORF 0 codes for a suppressor of the post-transcriptional gene 
silencing defense response (Pfeffer et al., 2002). This ORF is absent in BYDV. ORF 1 of poleroviruses encodes 
a proteinase and the VPg which also are lacking in BYDV. All of the luteovirus-like genes of BYDV can be 
deleted and the remaining RNA can still replicate in protoplasts. Thus, the core of the virus, i.e. the 
gene expression and replication framework is more closely related to the Tombusviridae family than to other me
mbers of the Luteoviridae (Miller et al., 2002).  

  
Figure 1. Genome organization of BYDV and CYDV-RPV. 
 

Notes: Bold black line indicates genomic RNA; bold dashed line, subgenomic RNA. Open reading frames are 
numbered and functions indicated where known. POL, RNA-dependent RNA polymerase; CP, major coat 
protein; RTD, readthrough domain required for aphid transmission (AT); 3’TE, 3' cap-independent translation 
element; fs, frameshift signal; rt, readthrough site; VPg, viral genome-linked protein. Stemloops and terminal 
bases are shown at 3' ends of genomes. Light gray shading, features in common with at least one genus of the 
Tombusviridae and not with genus Polerovirus. Dark gray shading, shared among Polerovirus and Enamovirus 

genera and not genus Luteovirus. Black boxes, ORFs common to all Luteoviridae and absent in other families. 
White boxes, ORFs unique to the genus.  

Yet with regard to symptomatology and practical plant pathology, BYDV is clearly a member of the 

Luteoviridae, defined as those viruses that: 1) are transmitted only by aphids in a persistent manner and not 
mechanically; 2) circulate but do not replicate in the aphid; 3) are confined to the phloem in the plant; and 4) 
have 25 nm icosahedral particles consisting of a major ~22 kDa coat protein and a minor component. None of 
these properties apply to the Tombusviridae. 
 
2.2. Economic importance 

BYDVs can have a serious impact on, and be an important limiting factor for, grain production wherever cereals 
are grown. However, global yield losses due to the BYDVs are difficult to estimate because of insufficient 
information. Average yield losses attributable to natural BYDV infection can range between 11 and 33% (Lister 
RM, Ranieri R. 1995); in some areas the losses were reported to reach up to 86%. The relationship between the 
disease incidence and yield loss was found to be linear in wheat and oats. A 1%increase in BYD disease 
incidence caused yield reduction to increase from 20 to 50 kg/ha in wheat and from 30 to 60 kg/ha in oats (F 
Nutter, personal communication). Hewings & Eastman (1995) calculated that hypothetical 5% losses caused by 
BYDVs in the United States in 1989 would result in crop losses valued at $847.0 million for corn, $387.1 
million for wheat, $48.5 million for barley, and $28.0 million for oats. A PAV-like virus may also cause 
sugarcane yellow leaf disease in Brazil, Hawaii, and Australia Vega et al. (1997a). Thus the range of 
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economically important crops affected by BYDVs may be greater than previously thought. 
 

2.3. Main Diseases 

Causes stunting and chlorosis of a wide range of monocotyledonous species, including oats, barley, wheat, and 
many grasses (Bruehl, 1961; Rochow, 1961; Slykhuis, 1967). Losses may be great if infection occurs early in the 
growing season. BYD is diagnosed in the field by the presence of yellowish to reddish stunted plants grouped 
singly or in small patches among normal plants. Early infection of any of the cereals may result in severe 
stunting, excessive or reduced tillering, bright-yellowing or reddening of older leaves, delayed heading or 
ripening, increased sterility, and fewer and lighter kernels. In some oat cultivars, leaves become bronzed. This 
disease is not the only cause of red coloration in oats. Post-seedling infections are progressively less severe to the 
point where only the upper leaves, or the flag leaves, show discoloration. The leaves of plants infected with 
BYDV are shorter than normal and the flag leaf may be severely shortened. Leaves are often stiffer and more 
erect. Root systems are reduced and diseased plants are more easily pulled up than healthy ones (Wallwork, 
1992; Watkins and Lane, 2004). On oats the first symptoms are yellowish-green spots or blotches near the tips of 
older leaves. Eventually these blotches enlarge and coalesce. Symptoms vary according to the variety, the virus 
strain, the growth stage of the plant at the time of infection, the general health of the plant, the temperature and 
other environmental factors. The main colour change is to shades of yellow, reddish-orange, reddish-brown, or 
purple (Martens, Seaman and Atkinson, 1985). In barley, the most characteristic symptoms are dwarfing and the 
brilliant yellow coloring of the leaves which extends from the tip towards the base. With late infections only the 
flag leaf may show symptoms. In wheat, severe dwarfing and general yellowing are less common, and the 
disease is more severe when infection takes place in the fall than in the spring. Although fall symptoms may be 
absent, infection predisposes the plants to winterkilling, and disease is severe when new growth starts the 
following spring. Yellowed or reddened leaves on otherwise normal plants are often typical of post seedling 
infections. Some cultivars show stunting but no leaf discoloration. Generally, the earlier the infection, the more 
severe the disease with the root system damaged as severely as the tops. Stunted plants result from the failure of 
stem internodes to elongate. This leads to a "telescoped" plant where the leaves may unfurl before they have 
fully emerged from the sheath of the previous leaf. Infected plants are "dwarfs" and have lost their normal 
conformation. Even the panicle fails to emerge fully or properly. Patterns of BYD in a field may be seen either 
as random within the crop or as circular or angular patches, which reflect the pattern of movement of the aphid 
vectors or carriers. Many infected plants ripen prematurely, after which they may be invaded by sooty moulds, 
which give them a dirty appearance and may lower germination of harvested seed (Watkins and Lane, 2004). 
 
2.4. Geographical distribution 

It is not surprising that BYDVs are of global importance (Lister and Ranieri, 1995) because they have a very 
wide host range in the Poaceae and can be spread efficiently by several aphid vectors that are prevalent 
worldwide. They are present in most of the countries where their vectors (Rhopalosiphum padi, Sitobion avenae, 

Metopolophium dirhodum, Rhopalosiphum maidis, Schizaphis graminum among others) have been reported. 
 
2.5. Host Range  

BYDVs are restricted in host range to the Poaceae. Cultivated hosts include all the major cereal crops: barley, 
maize, oat, rice, rye and wheat (Triticum aestivum, T. durum) (Oswald and Houston, 1951, 1953; Watson and 
Mulligan, 1960). Many annual and perennial lawn and weed pasture species are also hosts (D'Arcy, 1995). The 
pasture crops that are mostly affected include ryegrass (Lolium perenne, Lolium multiflorum) (Catherall and 
Parry, 1987; Eagling et al., 1989), Fescue spp., Bromus spp. (Henry and Dedryver, 1991), cocksfoot (Dactylis 

glomerata), Phalaris (Phalaris aquatica) and Timothy grass (Phleum pratense) (Guy et al., 1986; Guy, 1988). 
The known host range of the BYDVs includes more than 150 species (D'Arcy, 1995).  D'Arcy (1995) lists wild 
Poaceae that have been reported to be naturally infected with BYDVs. These wild hosts may act as reservoirs for 
the virus. In addition, BYDV has been transmitted under experimental conditions to a wider range of Poaceae. In 
general, plants are more sensitive to BYDVs when they are infected at early growth stages. Smith and Sward 
(1982) showed nearly no damage occurred when the wheat was inoculated when the first node of the stem was 
visible, compared with up to more than 40% loss when inoculated before tillering.  Comeau (1987) suggests that 
wheat has a temporary rise of resistance at the end of tillering, a period of higher sensitivity during stem 
elongation and second decrease in sensitivity at flowering time.  
 
2.6. Symptom 

Symptoms caused by BYDVs differ with the host species and cultivar, the age and the physiological state of the 
host plant at the time of infection, the strain and the environmental conditions and can be easily confused with 
nutritional and abiotic disorders. Symptoms include leaf discoloration from tip to base and from margin to 
centre. The discoloration takes on different colours depending on the plant. In barley, the leaf turns bright 
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yellow; in oat, an orange, red or purple discoloration is seen and in wheat, rye and triticale, the infected leaves 
are generally yellow and sometimes red. In maize, a conspicuous reddening occurs on the lower leaves, while in 
rice, infected leaves turn yellow to orange (D'Arcy, 1995) Some species of grasses show reddening or yellowing, 
but many of them are symptomless. Other leaf symptoms include serrations along leaf borders and corkscrew 
symptoms as observed on some wheat cultivars infected with RPV-Mexico. Plants are usually stunted, with a 
decrease in tiller number and biomass and a weak root system. Suppressed heading, sterility and failure of grains 
to fill occur in the most severe cases. In the field, symptoms appear usually as yellow or red patches of stunted 
plants. In hydroponic culture, the root system of BYDV-infected seedlings was initially more severely affected 
than the shoot, stunting was observed 4 days after infection in roots and only after 18 days in shoots (Hoffman 
and Kolb, 1997).  In general, PAV causes severe symptoms, MAV moderately severe and RPV, RMV and SGV 
produce mild symptoms. However, there is a high variability amongst the severity of isolates from the same 
BYDV strain. Chay et al. (1996) reported PAV isolates ranging from mild to very severe, an RPV isolate 
producing corkscrew symptoms was isolated in Mexico, and in Ecuador. BYDVs are included in the Luteovirus 
genus. Their virus particles are isometric (measuring about 24-28 nm diameter), sedimenting as a single 
component at ca 104-118 S, and with a buoyant density in CsCl of ca 1.40g/cm³. The protein shell is composed 
of one polypeptide species of MW 23.5-24.4 x 10³ and the genome consists of one single molecule of positive 
sense single-stranded RNA (MWs: PAV, 1,850,000; MAV, 2,000,000; RPV, 1,850,000 - 2,000,000) 
(Waterhouse et al., 1988). All of the luteovirus nucleotide sequences contain six open reading frames. The MAV 
and PAV (Group I) nucleotide sequences contain very small ORFs near the 3'-termini of their RNAs that are not 
present in the nucleotide sequences of the group II viruses (BYDV-RPV, BWYV, PLRV). The nucleotide 
sequences of the group II luteoviruses contain much larger ORFs near their 5'-termini than are found in the PAV 
and MAV sequences (Domier, 1995; Miller and Rosochová, 1997). BYDVs are distinct from the other viruses 
infecting cereals in their symptomatology, the morphology and size of their particles and the type of 
transmission. The symptoms can easily be confused with those of other biotic stresses. Therefore, diagnosis 
cannot be solely based on symptomatology but must be supported by other techniques such as transmission 
pattern, serology or PCR. 
 

2.7. Strain of BYDV 

There are several strains of BYDV; most are associated with a particular species of aphid (Table 1.1). The virus 
strains were originally differentiated by aphid vector, but now they are often differentiated by serotype-specific 
antibodies, with most of the strains classified under BYDV or Cereal yellow dwarf virus (CYDV). Barley yellow 
dwarf virus and CYDV are in the Luteoviridae family; however BYDV is in the genus Luteovirus and CYDV is 
in the genus Polerovirus (Miller et al., 2002). The five common strains of BYDV/CYDV are PAV, SGV, RPV, 
RMV, and MAV. The RPV strain is now classified under CYDV. PAV and MAV remain classified under 
BYDV. However, SGV and MRV are currently not assigned to a Luteoviridae genus but remain under BYDV. 
PAV, a strain vectored by R. padi and S. avenae (Rochow 1979), is the most common and devastating strain in 
the Midwest. Aphid species, length of feeding period, and the physiological age of plant tissue influence 
transmission efficiency of various BYD viral strains (Gray et al., 1991). Barley yellow dwarf virus is phloem 
restricted and is vectored more efficiently by different aphid species (Slykhuis 1967). Gray et al. (1991) reported 
that R. padi required a 1- to 2-hr or 2- to 3-hr acquisition access period (AAP) for 50% of the aphids to transmit 
PAV or RPV, whereas 50% of S. avenae required a 4- to 6-hr or 10- to 12-hr AAP to transmit MAV or PAV. It 
may take up to 48 hours for BYDV to be acquired from phloem sap, move through the aphid gut, and then be 
transmitted back into the phloem of another host plant (Zitter 2001). 
 
Table 1. BYDV strains transmitted regularly by aphid species and Luteoviridae genus. 

Virus Efficient vector Luteoviridae genus 

RPV 
RMV 
MAV 
SGV 
PAV 

Rhopalosiphum padi (BCOA) 
Rhopalosiphum maidis (CLA) 
Sitobion avenae (EGA) 
Schizaphis graminum (GB) 
R. padi and S. avenae 

Polerovirus (CYDV) 
Not assigned 
Luteovirus (BYDV) 
Not assigned 
Luteovirus (BYDV) 

Adapted from Compendium of Wheat Diseases and Miller et al. (2002). 
Moreover, many variants have been identified on the basis of virulence, host range, and vector 

specificity. Recent evidence suggests that some of the variants are so different that they should perhaps be 
considered as distinct viruses, for not only do they seem serologically unrelated but their interactions in mixed 
infections and in cross-protection tests resemble those of unrelated viruses (Aapola, 1968). RMV - Weakly 
virulent in Coast Black oats, transmitted regularly by R. maidis, but infrequently by R. padi, M. avenae, and S. 

graminum. RPV - Weakly virulent in Coast Black oats, transmitted regularly by R. padi, erratically by S. 
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graminum, but rarely by R. maidis and M. avenae. MAV - Moderately virulent in Coast Black oats, transmitted 
regularly by M. avenae, but rarely by R. padi, R. maidis, and S. graminum. PAV - Strongly virulent in Coast 
Black oats, transmitted regularly by R. padi and M. avenae, erratically by S. graminum, but rarely by R. maidis. 
Three of these virus isolates (MAV, RPV, and PAV) have also been differentiated by serological techniques. 
SGV - Weakly virulent in Clintland 64 oats, transmitted regularly by S. graminum, but rarely if at all by M. 

avenae, R. padi, or R. maidis. 
 

2.8. Morphology of BYDV 
BYDVs are included in the Luteovirus genus. Their virus particles are isometric (measuring about 24-28 nm 
diameter), sedimenting as a single component at ca 104-118 S, and with a buoyant density in CsCl of ca 
1.40g/cm³. The protein shell is composed of one polypeptide species of MW 23.5-24.4 x 10³ and the genome 
consists of one single molecule of positive sense single-stranded RNA (MWs: PAV, 1,850,000; MAV, 
2,000,000; RPV, 1,850,000 - 2,000,000) (Waterhouse et al., 1988). All of the luteovirus nucleotide sequences 
contain six open reading frames. The MAV and PAV (Group I) nucleotide sequences contain very small ORFs 
near the 3'-termini of their RNAs that are not present in the nucleotide sequences of the group II viruses (BYDV-
RPV, BWYV, PLRV). The nucleotide sequences of the group II luteoviruses contain much larger ORFs near 
their 5'-termini than are found in the PAV and MAV sequences (Domier, 1995; Miller and Rosochova, 1997). 
BYDVs are distinct from the other viruses infecting cereals in their symptomatology, the morphology and size of 
their particles and the type of transmission. The symptoms can easily be confused with those of other biotic 
stresses. Therefore, diagnosis cannot be solely based on symptomatology but must be supported by other 
techniques such as transmission pattern, serology or PCR. 
 

2.9. Disease Cycle of BYDV 

Barley yellow dwarf virus (BYDV), a member of the Luteoviruses, is a group of five closely related virus strains. 
Strains of BYDV differ serologically and in virulence, host range and vector specificity. Virus particles are 
spherical. BYDV is transmitted by more than 20 aphid species. The most important are the oat bird-cherry aphid, 
the corn leaf aphid, the English grain aphid and the green bug. Aphids acquire BYDV by feeding on infected 
plants and transmit the virus in subsequent feedings (Watkins, J. 2003). The virus survives in perennial grasses 
and is spread by aphids to and within crops. Autumn and spring flights of aphids from infected grasses or crop 
plants establish colonies in crops. The disease is not transmitted by any other insects and aphids need to feed on 
an infected plant for at least 5 minutes followed by a latent period of 12 hours, before the virus will transmit to a 
healthy plant. Aphids remain infected for the rest of their life. However, infective aphids do not pass on the virus 
to their progeny. Losses depend strongly on time of infection. If plants are infected in the fall, losses can exceed 
35%. If plants are infected after heading, losses are minimal (Bowden, R.L. 2000).  
 

BYDV Disease Cycle  

 

Source: (Zishan G, Aftab A.K. and Jamil K., 2011) 
Figure 2. Barley yellow dwarf virus-PAV life cycle. Virus particles are deposited in sieve elements by 

aphid vectors. By a yet unknown process, single-stranded messenger-sense genomic RNA is released from virus 
particles and translated by host translation machinery, which is facilitated by long-distance RNA-RNA 
interactions. Open reading frames (ORF5) 1 and 2, which encode the viral replicase, are expressed first because 
of their proximity to the 5' termini of genomic RNAs. Virus encoded replicase then synthesizes negative-sense 
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RNAs that are used as templates for the production of new full-length positive-sense genomic RNAs and 
subgenomic RNAs. Production of subgenomic RNAs results in synthesis of structural and cell-to-cell movement 
proteins. Subgenomic RNA2 suppresses translation from genomic RNAs, furthering the switch from early to late 
gene expression. Full-length positive-sense genomic RNAs and structural proteins then assemble into virions in 
cells of phloem tissues where they can be ingested by aphid vectors to start the process again. 
 

2.10. Transmission of BYDV 

BYDVs are not mechanically or seed transmissible, but are transmitted by aphids in a persistent, circulative but 
non-propagative manner. They are not transmitted to the progeny. Aphids acquire and transmit BYDVs while 
feeding on the phloem sieve tube elements of host plants. Minimum feeding access times reported for aphids to 
acquire or inoculate luteoviruses range from 0.1-4.0 h and 0.2-1.0 h, respectively. These reported times include 
the time required for the aphid's stylets to penetrate to the phloem tissue. Efficient transmission of most 
luteoviruses requires acquisition (AAP) and inoculation access period (IAP), each of 24 h. The minimum latent 
period (time from the start of acquisition feeding period until the insect becomes able to infect a plant) is 
normally between 12 and 24h (Waterhouse et al., 1988). After acquisition through the phloem, virions are 
transported to the aphid hindgut. They cross the hindgut epithelium and are transported in the hemocoel in 
coated vesicles. The virions must then penetrate the accessory salivary gland basal lamina and plasmalemma to 
be released into the salivary canals. The virions will then be excreted while the aphid is feeding (Gildow and 
Gray, 1993). It is suggested that the accessory salivary gland basal lamina possess a selective function that 
regulates vector specificity through receptors on the plasmalemma and domains of the BYDV virions that 
interact with these receptors. Van den Heuvel et al. (1994) showed that the aphid protein symbionin was 
associated with luteovirus transmission and suggested that the interaction between virions and symbionin is 
involved in maintaining virus integrity and thus specificity. The specificity of transmission is high. Vector 
transmission pattern corresponds to serotypes in most cases. However, because more BYDV isolates are being 
characterized, inconsistencies between transmission pattern and serotypes are becoming more and more common 
(Power and Gray, 1995). Examples are given by Eweida and Oxelfelt (1985), Lister and Sward (1988), Creamer 
and Falk (1989) and Halbert et al. (1992). 
 

2.11. Transmission by Aphid 

BYDV virions pass through at least three barriers in the aphid (Figure 3) by specific uptake. They do not 
replicate in the aphid. Each BYDV serotype is transmitted efficiently by only a limited number of aphid species 
(PowerAG, Gray SM., 1995). The vector specificity of BYDVs does not always correlate with serotype (Halbert 
et al., 1992, Lei et al., 1995, Lister RM, Sward RJ., 1988). For example, Creamer & Falk (Creamer R, Falk BW., 
1989) described an RPV isolate from California (RPV-CA) that is transmitted efficiently by Sitobion avenae, 
which gives it the transmission phenotype of PAV. The genomes of RPV-CA and the type RPVNY isolate 
exhibit sequence homology in the 30 halves but are unrelated in their 50 halves, based on the northern blot 
hybridization. The transmission phenotypes of BYDVs also may be altered transiently by heterologous 
encapsidation during mixed infections (Creamer R, Falk BW., 1990, RochowWF., 1970, Wen F, Lister RM., 
1991).  
 

Figure 3. Schematic diagram of aphid feeding and luteovirus transmission (Chay et al., 1996). Arrows indicate 
circulative pathway of transmission. ASG, the accessory salivary gland; HG, hindgut; MG, midgut; PSG, 
principle salivary gland. 
 

2.12. Transmission by Dodder 

Virus has been recovered by aphids feeding on dodder established on infected barley (Orlob & Medler, 1961), 
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and virus has been transmitted from barley to barley by Cuscuta campestris (Timian, 1964). 
2.13. Serology 
Serologically, BYDV viruses can be divided into subgroups: subgroup I includes PAV, MAV and SGV and 
subgroup II includes RPV and RMV. ELISA has been proven to be a fast, sensitive and versatile method to 
detect plant viruses (Clark and Adams, 1977) including BYDVs (Lister and Rochow, 1979; Rochow and 
Carmichael, 1979). There is a high serological specificity among BYDVs, so that individual strains can be easily 
identified. RMV reacts weakly with polyclonal antiserum to RPV, while MAV and SGV cross-react with 
polyclonal antiserum to PAV. ELISA can be used to detect BYDVs in air-dried samples (Lister et al., 1985) 
allowing samples to be sent by mail to a testing laboratory. Monoclonal antibodies have been prepared against 
several of the BYDVs (Hsu et al., 1984; Diaco et al., 1986; Torrance et al., 1986; Pead and Torrance, 1988; 
D'Arcy et al., 1990). These can be used to better separate BYDV strains as no cross reaction exists. However, 
when used in a survey, they might be too restrictive, resulting in some particular isolates with different epitopes 
not being detected. For example, unusual epitope profiles of BYDVs have been identified in Asia using a range 
of polyclonal and monoclonal antibodies from various origins (McGrath et al., 1996). Several private companies 
sell polyclonal and monoclonal antibodies and ELISA kits for the detection of the five BYDV strains. 
Immunosorbent electron microscopy (ISEM) can also be used to detect BYDVs and to separate strains (Forde, 
1989), while the tissue-blot immunoassay (TBIA) has been used to evaluate resistance of wheat and barley 
germplasm to BYDV (Makkouk et al., 1994; Makkouk and Comeau, 1994b). Detection at the level of a single 
aphid vector has been achieved by using an amplified ELISA (Torrance, 1987). 
 
2.14. Polymerase Chain Reaction (PCR) 

Luteovirus-specific PCR primers in RT-PCR (reverse-transcriptase PCR) allow PCR amplification of a 530bp 
cDNA fragment from all five strains of BYDV (Robertson et al., 1991). Strains of BYDV can then be 
distinguished by cutting the PCR products with restriction endonucleases. With the sequence data of more 
BYDVs being made available, strain specific primers BYDV primers are being developed (French, 1997). 
BYDV has been detected in single aphids using the RT-PCR technique (Canning et al., 1996). 
 

2.15. Relationships between BYDV isolates 

In the classification of luteviruses agreed upon by the international committee on taxonomy of viruses (Randles 
and Rathjen,1995), the five isolate of BYDV defined by Rochow (1969) and Jhonson and Rochow (1972) are 
placed in to two sub group as shown Table 2. This grouping is based on a range of criteria , including serology 
(Aapola and Rochow,1971); Rochow and Carmichael, 1979), ultra structural symptomology (Gill and Chong, 
1979),synergy and cross protection between isolates within the host (Halstead and Gill,1971; Rochow, 1975; 
Wen et al, 1991), and the size and number of double stranded RNAs found in infected plant tissue (Gildow et al., 
1983).Recently, the sequencing of the RNA genome of number of BYDV isolates in part or in full has provided 
additional information concerning the relationship between BYDV isolates (Miller et al., 1988;Vincent et 

al.,1990,Vincent et al., 1991; Ueng et al., 1992; Domier et al., 1994).Most significantly the genome organization 
of the subgroup I isolate PAV and MAV was found to differ from the genome organization of the subgroup II 
isolate PAV (Miller et al., 1995).In addition the degree of similarity between the nucleotide sequences of 
different BYDV isolate , shown  by coat protein gene sequence comparison (Domier et al., 1994) and nucleic 
acid hybridization studies  (Fattouh et al., 1990) have agreed with the classification of BYDV isolates in to two 
subgroups 
 
Table 2. The classification of BYDV isolates in to two subgroups. 

BYDV sub group BYDV isolate 

I MAV 
PAV 
SGV 

II RPV 
RMV 

The difference between sub group I and II BYDV isolates are so great that isolates from the two BYDV 
sub groups are considered by some to be two separate viruses (Miller et al., 1995). Interestingly, the genome 
organization, nucleotide sequence and the serology of subgroup II BYDV isolates are more similar to the 
luteviruse beet western yellow virus (BWYV) and potato leaf roll virus (PLRV), which infect dicotyledons, than 
to the BYDV isolates from subgroup I (Rochow and Duffus, 1978; Domier et al., 1994; Miller et al., 1995) 
 
2.16. Stability in Sap 

MAV has been recovered from crude sap (diluted as much as 1/1000) by M. avenae feeding through membranes 
on sap containing added sucrose. The thermal inactivation point (10 min) for RPV and MAV both in crude and 
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in partially purified preparations is between 65 and 70°C (Heagy & Rochow, 1965). 
2.17. Purification of BYDV 
MAV has been purified by chloroform clarification, differential centrifugation, and density gradient 
centrifugation (Rochow and Brakke, 1964). Yields of MAV are usually less than 100 µg/l of juice. Purified 
preparations of RPV, PAV and RMV have also been obtained by the same method, but yields of virus are 
usually less, especially with PAV and RMV. Precipitation by polyethylene glycol (M. Wt = 6000) (Hebert, 
1963) has shown promise in preliminary tests. Growth of source plants at temperatures below 20°C and thorough 
extraction of virus from tissue are two critical steps in purification. Moreover, a vector-specific strain of barley 
yellow dwarf virus (transmitted selectively by Macrosiphum avenae) was partially purified from frozen oats by 
differential centrifugation following clarification by chloroform. Since the virus is not mechanically 
transmissible to plants, infectivity assays were based on feeding aphid vectors through membranes on test 
inocula. Concentrated virus preparations stored at 3°C remained infectious for up to 16 weeks; similar 
preparations were infectious following treatment (18 hours at 15°C) with any of several proteases and nucleases. 
A major limiting factor in purification appeared to be the low concentration of virus in source plants; usually the 
yield of purified virus from 1 liter of plant juice was only about 25-50 µg. Analytical sucrose density-gradient 
centrifugation of preparations made from infected oats revealed a component (sedimentation coefficient 115–
118S) that was not present in comparable preparations made from healthy oats in each of three experiments. A 
dense polyhedral particle about 30mµ in diameter was the major constituent of the extra component from 
infected plants. This polyhedral particle is believed to be the virus because it sedimented to the same depth as did 
the infectious entity in rate and equilibrium-zonal centrifugations, and it 
migrated with the infectious entity in Sephadex gel filtration. The particle also was obtained from viruliferous ap
hids.http://www.sciencedirect.com/science/article/pii/0042682264901692 
 

2.18. Physicochemical properties of BYDV 

2.18.1. Physical properties 
Usually one sedimenting component in partially purified preparation; sedimentation coefficient is 115-118S (for 
BYDV-MAV). 1.4-1.405GCM IN CsCL (for BYDV-PAV).Density is 1.533g/cm3 in CsSO4 for BYDV-PAV. In 
addition, sedimentation coefficient (s20, w) is c. 115-118S for MAV. Other isolates studied appear to have a 
similar coefficient.  A260/A280: c. 1.92 (MAV), 1.72 (RPV) (Brakke & Rochow, 1964). 
 

2.18.2. Particle Structure 
Particles are isometric; diameter c. 30 nm in shadowed preparations (Rochow and Brakke, 1964), c. 24nm in thin 
sections of host tissue (Jensen, 1969), and c. 20 nm in negatively stained virus preparations. Particles of four 
isolates appear similar, although RPV is less stable than MAV in phosphotungstate at pH 6.85. The particle may 
be an octahedron (Israel & Rochow, unpublished). Moreover, it has no information on particle compositions. 
 
2.18.3. Particle Morphology 
All BYDV have many common features. The virus particles is 25nm icosahedral (T = 3) virion. One major 
(22kda) and one minor (50-55kda) coat protein. 5.6-5.8kb positive sense RAN genome with no 5’ cap and no 
poly (A) tail (Miller et al., 2002)   
 
2.18.4. Biochemical properties 
Virion contains 28% of nucleic acid (in BYDV-MAV like isolates), 72% protein and no lipid (Paliwal, 1982). 
Genome consists of single stranded, linear RNA with molecular weight 2x106d. Total genome size is 5.673kb 
(Gerlach et al., 1987). Genome is unipartite, largest (or only) genome part 5.6kb (BYDV-RPV; 5.677 for 
BYDV-PAV).Genome nucleic acid was isolated by Brake and Rochow (1974). Base composition is 24.6%G, 
29.6%A, 23.8%C AND 22%U.Poly A region is absent. Information on nucleotide sequence on various isolate of 
BYDV has been reviewed by Miller et al., 1987. 
 

2.19. Genome organization 

The recent determination of the complete nucleotide sequence of three members of the luteovirus group has 
greatly enhanced our understanding of genome organization and gene-expression strategies of luteoviruses. The 
complete nucleotide sequence of P A V serotype of barley yellow dwarf virus (BYDV-PAV), PLRV (Keese et 

al., 1990, Mayo et al., 1989, Van der et al., 1989), and BWYV (Veidt et al., 1988), as well as the partial 
sequences of RNAs of SDV and CRL V, allows delineation of the features of genome organization that are most 
likely common to all luteoviruses, and other features unique to particular subgroups of the luteoviruses. 
Comparison of the BYDV-PAV, PLRV, and BWYV nucleotide sequences suggests that the luteovirus group 
contains at least two major genome organization maps. The two maps are represented, respectively, by 
PLRV/BWYV and BYDV-PAV. The organization and general features of the three fully sequenced luteovirus 
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genomes are shown in Figure 4 and Table 3. For this review we have reassigned the numbering of the open 
reading frames (ORFs) from those designated by the original investigators, including ourselves. The renumbered 
ORFs shown in Figure 4 reflect the sequence similarities found between the three luteoviruses. ORFs 1-5 of 
BYDV -PAY (Figure 4A) correspond in sequence similarity and likely function to ORFs 1-5 of PLRV and 
BWYV (Figure 5B). It remains to be determined if the two subgroups of genome organization represented by 
PLRV/BWYV and BYDV-PAV are the only ones among the luteoviruses. Partial sequences available for SDV, 
CRLV, and PEMV suggests that they too will have genome organizations corresponding to either BYDV-PAV 
or PLRV/BWYV genome organization. The genomes of all members of the luteovirus group share common 
structural and organizational features. They all have a positive-sense ssRNA genome of about 1.8-2 x 106 Mr 
(5.5-6.0 kb) with a genome-linked protein (VPg) at the 5' end (Mayo et al., 1982, Murphy et al., 1989). 
Luteovirus genomes are most likely not 3' polyadenylated (Mayo et al., 1982), nor do the 3' ends appear to 
possess tRNA-like structures such as that associated with other plant viral groups (Miller et al., 1988). There is 
little noncoding sequence and all genomes possess at least four overlapping ORFs (Figure 4). All three viruses 
encode their ORFs in one or another of the three reading frames on the positive sense RNA (encapsidated RNA). 
The sizes of the predicted ORFs are indicated in Table 3. The BYOV-PAV genome is comprised of five large 
ORFs (ORFs 1-5) and a small 6.7K ORF 6, whereas both PLRV and BWYV encode six major ORFs (ORFs 0-
5). There is no evidence that the small ORFs encoded by the complementary RNA are expressed. As is discussed 
below, each class of genome organization shares common properties that clearly identify each virus as a member 
of the luteovirus group. Common features of genome organization include; (a) overlapping ORFs 1 and 2; (b) 
ORF 3, which entirely encompasses ORF 4; and (e) an ORF 5 that is separated from the preceding ORF 3 by an 
amber termination codon. In general, the 3' halves of both genome organizations are similar. But the 5' halves are 
quite divergent. The genome organization of PLRV and BWYV is distinguished from BYDV-PAV genome 
organization by an additional ORF, designated ORF 0 at the 5' end. ORF 0 of PLRV and BWYV encode 28K 
and 29K products respectively. There is no corresponding ORF in the BYDV-PAV genome. 
 

 
 Figure 4. Genome organization of the BYDVs. Boxes indicate open reading frames, numbered as in Martin et al 
(1990), with molecular weight of protein products in kilodaltons (K). Black-shaded ORFsare conserved between 
subgroups. Abbreviations: CP, major coat protein gene; POL, putative polymerase gene; AT, readthrough 
domain probably required for aphid transmission; MP, putative cell-to-cell movement protein. Checkered POL 
ORF has homology to Tombusviridae, especially dianthoviruses. Striped POL ORF is homologous to 
sobemoviruses. Unshaded ORFs have no significant similarity to ORFs of any virus, with the exception of a 
possible protease motif in ORF 1 of subgroup II. Known positions of subgenomic RNAs are shown below the 
genomes. 
 
Table 3. Size of proteins encoded by predicted ORFs of three luteoviruses and lengths of noncoding regions. 

 
ORF or NCR' 

Virus 

BYDV-PAV                          BWYV                           PLRV 

0 
1 
2 
3 
4 
5 
6 
5'NeR 
INTERNAUNCR 
3'NCR 

- 
39 
60 
22 
17 
50 
6.7 
141ntb 
116nt 
568nt 

29k 
66 
67 
22.5 
19.5 
51.5 
- 
31nt 
202nt 
146nt 

28k 
70 
69 
23 
17 
56 
- 
71nt 
196-197nl 
141nt 

• NCR = noncoding region, bnt = nucleotides 
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ORFs 1 and 2 in both types of genome organizations overlap, but the amount of overlap varies. ORFs of 

PLRV and BWYV overlap by 298nt or 474nt, respectively, but ORFs of BYDV-PAV overlap by only 13nt. 
ORFs 1 of BYDV -PA V, PLRV, and BWYV code for products of 39K, 70K, or 66K, respectively. As detailed 
below, ORF 2 does not encode a separate gene product but, rather, is expressed as a fusion protein with the 
product of ORF 1. ORF 3, which ranges in predicted size from 22K-23K, follows a tract of noncoding sequence 
of varying lengths beyond ORF 2 (Table 3). Contained entirely within ORF 3 is yet another ORF, designated 
ORF 4, that ranges in predicted size from 17K-20K (Figure 4). The last ORF shared by all three viruses is ORF 5, 
which is found in the same translational reading frame as the upstream ORF 3, but is separated from ORF 3 by 
an amber termination codon. The predicted molecular weights for these ORFs range from 50K-56K (Table 3). 
Evidence given below suggests that ORF 5 is expressed as a readthrough product of ORF 3. In addition to the 
large ORFs discussed above, BYDV-PA V has an additional ORF (with a 6.7K product) downstream of its ORF 
5 (Figure 4). Finally, the 3' noncoding regions of PLRV and BWYV are relatively short (141nt and 146nt, 
respectively), compared to that of BYDVPAY (568nt) (Table 3). 
 

2.19. 1. Replication Proteins 

Gene functions are not well characterized for BYDVs and are currently under investigation in many laboratories. 
Sequence comparisons revealed that open reading frame (ORF) 2 encodes the catalytic domain of the RNA-
dependent RNA polymerase (Figure 4) (Miller et al., 1988, Ueng et al., 1992, Vincent et al., 1991). There is no 
evidence that the product of this ORF, P2, is translated by itself in luteoviruses of either subgroup. Rather, it 
appears to be expressed only fused to P1 (product of ORF 1) via translational frameshifting, in a P1-2 fusion 
(Figure 5). Consistent with a role in RNA replication, deletion mutations in ORFs 1 or 2 of PAV (Mohan et al., 
1995) or BWYV (Reutenauer et al., 1993) destroyed the ability to replicate in plant cells. Because P1 is 
expressed by itself (the most abundant form) and fused to P2, it has two functions. In its rarer form, fused to P2, 
it is part of the RNA-dependent RNA polymerase. Its function when expressed by itself is unknown for PAV. 
Habili and Symons (1989) proposed that it is a helicase. It makes sense that a replicase-associated protein would 
have such a function, keeping (+) and (-) strands apart during RNA synthesis. However, Koonin & Dolja (1993) 
and Gibbs (1995) assert that this ORF has no homology to known helicases and that RNA viruses with genomes 
under 6 kb lack helicases. ORF 1 of subgroup II-like RNA1 of PEMV (Demler SA, de Zoeten GA., 1991) and all 
subgroup II luteoviruses including RPV (Miller et al., 1985) have homology to the catalytic triad of 
chymostrypsin- like proteases. This implies that the P1-2 fusion protein has a protease in its N-terminal half, and 
the polymerase in its C terminus. Such an arrangement resembles poty-, como-, and picornaviruses that have a 
VPg-proteasepolymerase polyprotein, which subsequently self-cleaves as replication initiates. The VPg is a 
genome-linked protein covalently attached to the 50 end of some viral RNAs including those of subgroup II 
luteoviruses (Mayo et al., 1982, Murphy JF, D’Arcy CJ, Clark JMJ., 1989). Thus we speculated that the VPg of 
RPV might be encoded in the 50 end of ORF 1, upstream of the protease domain. Luteoviruses also appear to 
differ from others in that the Vpg would be produced in large molar excess to the polymerase which is expressed 
only as a result of a rare frameshift event (BraultV, MillerWA., 1992, Di et al., 1993). In contrast to our 
speculation several years ago (Miller et al., 1988), ORF 4 does not encode a genome-linked protein (VPg). 
Despite much phylogenetic (Miller et al., 1995), biochemical (Tacke et al., 1996), and genetic (Mohan et al., 
1995, Rathjen et al., 1994) evidence that ORF 4 does not encode the VPg, some researchers still refer to ORF 4 
as encoding the VPg.  
 

2.19. 2. Structural Proteins 

Much progress has been made recently in elucidating the roles of the proteins most conserved among all 
luteoviruses, those encoded by ORFs 3, 4, and 5. Besides its obvious function in forming virions, the coat 
protein (encoded by ORF 3) may have roles in virus movement in plants (Ziegler-Graff et al., 1996) and in 
replication. Mutations that render ORF 3 untranslatable reduced accumulation of genomic RNA of both BWYV 
(Reutenauer et al., 1993) and PAV (Mohan et al., 1995). This may be due to simple increased sensitivity of the 
genomic RNA to nucleases during extraction because it cannot be encapsidated, or the CP may be involved more 
directly in RNA replication. The coat protein is obviously required for aphid transmission and it may confer 
aphid vector-specificity.  

ORF 5 is expressed as a carboxy-terminal extension to the CP, produced in low abundance by in-frame 
readthrough of the CP ORF stop codon. The CP and the extended form containing the readthrough domain (RTD) 
make up the virion (Cheng et al., 1994, Filichkin et al., 1994, Wang et al., 1995), with the RTD probably located 
on the surface (Filichkin et al., 1997). A significant portion of the C terminus of the RTD is cleaved 
proteolytically to give the truncated form of the CP-RTD fusion (MW 51–58 kDa) that is found in purified 
virions. Substantial evidence indicates that this truncated CP-RTD is required for aphid transmission. The C-
terminal portion that is cleaved off may be involved in systemic movement in the plant. None of the RTD is 
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required for virion formation. Deletions in this ORF in PAV and in BWYV actually increased RNA replication 
in protoplasts and did not affect the ability of the RNA to be encapsidated (Mohan et al., 1995, Reutenauer et al., 
1993). 
 

2.19. 3. Movement Protein 

ORF 4 probably codes for a cell-to-cell movement protein. This protein may facilitate viral genome movement 
only through the specialized plasmodesmata of phloem cells and thus explain confinement of virus to these cell 
types. P4 of PLRV has many of the biochemical properties expected of a movement protein. It binds single-
stranded nucleic acid nonspecifically (Tacke et al., 1991); it has a protein-protein binding domain (Tacke et al., 
1993); and it localizes to the membrane fraction (Tacke et al., 1996). Knocking out ORF 4 (but not the 
overlapping CP gene) did not affect accumulation of PAV (Mohan et al., 1995) or BWYV (Ziegler-Graff et al., 
1996) in protoplasts. PAV mutants containing this mutation could not be transmitted to plants (Chay et al., 
1996). Virus from protoplasts mixedly infected with two mutant PAVs, one containing this ORF 4 knock-out 
mutation and the other containing a deletion in ORF 5, was able to infect plants. The only viral genome that 
accumulated in plants from this mixed inoculum was that containing the deletion in ORF 5 (Chay et al., 1996). 
Thus P4 is required for systemic infection of plants but not for infection of protoplasts. This is consistent with a 
cell-to-cell movement function. In contrast, Ziegler- Graff et al. (1996) constructed a mutant BWYV genome 
with three stop codons interrupting ORF 4. Progeny virus replicated well, maintained the mutations, and was 
aphid transmissible to other hosts. In both PAV (Chay et al., 1996) and BWYV (Brault et al., 1995), mutations 
in the RTD reduced virus titer in plants, leading Ziegler-Graff et al. (1996) to propose that a domain in the C 
terminus of the RTD was required for movement in the plant, perhaps redundant to, or stimulated by, the P4 
function. 
 
2.19. 4. Gene expression 

BYDVs use a combination of RNA-templated transcription and noncanonical translation mechanisms to express 
their six genes from a single genomic RNA. One of the most remarkable features of BYDVs, PAV in particular, 
is the plethora of unusual mechanisms by which the genes are translated. These include cap-independent 
translation, ribosomal frameshifting, in-frame stop codon readthrough, and leaky scanning (MayoMA, 
ZieglerGrafV., 1996, Miller et al., 1995, and Miller et al., 1997). 
 

2.19. 5. Subgenomic RNA Synthesis 
Viral RNAs with 5’ truncations but the same 3’ ends as genomic RNA are generated in infected cells. These 
subgenomic RNAs serve as messages for the 5’-distal open reading frames. The 5’ end of subgenomic RNA 1 
(sgRNA1) of PAV has been mapped to base 2769 by Dinesh-Kumar et al. (1992) and to base 2670 by Kelly et 

al. (1994). This difference may be due to strain variation, but we now have data that support the base 2670 start 
site. The apparent 5’ end of 2769 is probably incorrect owing to an unlucky combination of misleading results. 
The 5’ end determined by Kelly is appealing because it shares sequence with the 5’ end of the genome: (A) 
GUGAAG (A in parentheses is absent in sgRNA1), and is similar to the 5’ end of sgRNA2 at base 4809: 
AGUGAAGA (Kelly et al., 1994). SgRNA1 is the mRNA for ORFs 3, 4, and 5 (Dinesh-Kumar et al., 1992). 
SgRNA2 can act as mRNA for ORF 6 in vitro (Kelly et al., 1994). The first ten codons of ORF 6 vary only in 
the wobble position giving silent mutations (no change in amino acid sequence), suggesting that its product, P6, 
is functional. However, the remaining codons are not conserved, as the rest of the ORF is the most variable 
region in the BYDV genome (Chaloub et al., 1994). P6 has not been detected in vivo, despite considerable 
efforts (M Young, personal communication). Mutation of the ORF6 start codon reduces but does not eliminate 
genomic RNA replication in protoplasts (Mohan et al., 1995). The role of sgRNA3, which seems to have no 
message function and which differs at its 5’ terminus (GACGACC) (Kelly et al., 1994) from the other viral 
RNAs, is unknown. Subgroup II BYDV sgRNAs have not been studied, but the 5’ ends of genomic and sgRNAs 
of other subgroup II luteoviruses begin in ACAAA (Miller et al., 1991), as does genomic RNA. This sequence is 
also present within 20 bases of the 5’ ends of PAV genomic and sgRNAs (Miller et al., 1995). One candidate 
start site for sgRNA1 of RPV (Miller et al., 1995) at base 3576 begins in ACAAACGUA, which is a perfect 
match with the start site of RCNMV sgRNA1 (Zavreiv et al., 1996). If this is the start site for RPV sgRNA, we 
can expect that subgenomic promoter analysis of RCNMV may apply to RPV. Alteration of the ACAAA to 
ACUAA in an infectious transcript of RCNMV had little effect on sgRNA synthesis (Zavreiv et al., 1996). 
Changes that may weaken a proposed minus-strand stem-loop structure, which flanks the complement of the 
RCNMV sgRNA1 5’ end, eliminated sgRNA synthesis (Zavreiv et al., 1996). However, whether it is secondary 
structure or actual RNA sequence that provides promoter function was not determined. Alteration of the ORF6 
start codon to AUC abolished accumulation of sgRNA2 (Mohan et al., 1995). Either this mutation disrupted the 
promoter of sgRNA2, which begins 114 bases upstream, or by making sgRNA2 untranslatable, the stability is 
decreased. It has been assumed that sgRNAs are synthesized by internal initiation of the polymerase on full-
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length minus stranded RNA (Zavreiv et al., 1996), based on studies of brome mosaic (Miller et al., 1985) and 
other viruses. This may be the case for BYDVs, but also plausible is the possibility that the replicase terminates 
prematurely at a defined site during minus strand synthesis (Miller et al., 1997). Plus strand synthesis would then 
initiate at the 3’ end of this 3’ terminally truncated minus stranded RNA to make plus stranded sgRNA. The 
extensive homology between 5’ termini of genomic and sgRNAs, and the abundant, subgenomic-sized double-
stranded RNAs in BYDV-infected tissue (Gildow et al., 1983), support this possibility. Functional dissection of 
subgenomic promoters will determine which mechanism applies. 
 

2.19. 6. Translation 

Leaky scanning: - In all luteoviruses, ORFs 3 and 4, and in subgroup II luteoviruses, ORFs 0 and 1 (Mayo et 

al., 1989, Veidt et al., 1992, Ziegler-Graff et al., 1996), are translated by leaky scanning. According to this 
mechanism, if the first (5’-proximal) AUG on an Mrna is in a poor context, some scanning ribosomes can ignore 
this AUG and start protein synthesis at the second AUG. The AUGs of ORFs 4 and 1 are the second AUGs on 
their mRNAs and are indeed in better contexts than the first AUGs, which initiate ORFs 3 and 0, respectively 
(Miller et al., 1995). Both products of ORFs 3 and 4 (CP and P4) can be translated from sgRNA1 of PAV 
(Dinesh-Kumar et al., 1992), RPV (Vincent et al., 1990), BWYV (Veidt et al., 1988), and PLRV (Tacke et al., 
1990). In addition to the primary sequence context controlling AUG choice as expected, further observations led 
us to propose a new mechanism by which pausing of ribosomes during initiation at the second (ORF 4) AUG 
transiently “melts” secondary structure, which enhances initiation at the upstream (ORF 3) AUG by the 
following ribosome (Dinesh-Kumar et al., 1993). The arrangement of ORF 4 completely nested within, and out 
of frame of, ORF 3 led to the hypothesis that ORF 4 evolved relatively recently as a kind of accident during out-
of-frame translation of ORF 3 (Keese PK, Gibbs A., 1992).  
 

Ribosomal frame shifting: - In all luteoviruses, the polymerase is translated by minus 1 (-1) ribosomal 
frameshifting. During the elongation process in translation of ORF 1, a small fraction of translating ribosomes 
slip back one base at a specific sequence, called the shifty heptanucleotide, and then resume translation in a new 
reading frame. This shift allows the ribosomes to bypass the stop codon of ORF 1. This has been demonstrated 
for several luteoviruses including PAV (Brault et al., 1992, Di et al., 1993, Garcia et al., 1993, Miller et al., 
1995). The consensus signals known to facilitate -1 frameshifting for polymerase expression in corona-, retro-, 
and yeast viruses are the shifty site with the consensus XXXYYYZ, followed by a region of substantial 
secondary structure, usually a pseudoknot (Farabaugh PJ., 1996). These sequences and structures are present or 
predicted in all luteoviruses (Miller et al., 1995). They are also present in other -1 frameshifting plant viruses, all 
of which are members of the groups most closely related to luteoviruses, including cocksfoot mottle 
sobemovirus (Makinen et al., 1995), both PEMVRNAs (Demler SA, de Zoeten GA., 1991, Demler et al., 1993), 
and the dianthoviruses (Kim KH, Lommel SA., 1994). The actual frameshift signals differ between the 
subgroups. PAV and MAV have GGGUUUU as the shifty site, followed by a region that can be folded into two 
stem-loops in which the loops base-pair to each other, or into a large stem-loop (Brault et al., 1992). They favor 
the latter structure, based on phylogenetic comparisons (Miller et al., 1995). A shifty site of GGGAAAC 
followed by a small, conserved pseudoknot has been found for BWYV (Garcia et al., 1993) and predicted for 
RPV (Miller et al., 1995). More recently, they found an additional sequence required for frameshifting by PAV. 
Remarkably, it is located four kilo bases downstream of the frameshift site (Wang S, Miller WA., 1995). This is 
higher than the very low level observed in reporter gene studies in oat cells using constructs that lacked the 
downstream region (Brault et al., 1992). They have no idea of the mechanism, but this is only the first example 
of downstream elements controlling translation of PAV RNA.  
 

 
 Figure 5. Map of cis-acting signals regulating PAV RNA translation (Miller et al., 1997). Bold line indicates 
RNA on which boxes with different fill patterns demarcate the locations of sequences required for the indicated 
translational event. Solid-headed arrows indicated long-distance interactions. Openheaded arrows indicate 
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subgenomic RNA synthesis. sgRNA3 is not shown because it contains no ORFs and does not appear to be 
translated (Kelly et al., 1994).  
 
Readthrough:- As mentioned above, ORF 5 is expressed by readthrough of the coat protein gene stop codon 
during translation of sgRNA1 (Dinesh-Kumar et al., 1992), i.e. when the ribosomes reach the stop codon, a small 
portion of them do not stop, but continue translating in the same frame 3’ of the stop codon. The actual rate of 
readthrough is difficult to estimate because the ratio of CP-RTD fusion protein to CP in purified virions varies 
greatly (between 1:100 and 1:4) among BYDV serotypes (Filichkin et al., 1994, Wang et al., 1995) and even 
among individual virus preparations. In the most reliable cell-free wheat germ translation system, the rate was 
about one percent.  The different researchers studied that cis-acting signals required for readthrough of the PAV 
CP ORF stop codon by translating an in vitro transcript of sgRNA1 containing various mutations (Brown et al., 
1996). In addition, these mutations were placed in a PAV cDNA clone such that resulting infectious transcripts 
contained a modified reporter gene (GUS) inserted in ORF 5 so that readthrough of the CP gene stop codon was 
required for GUS activity in oat protoplasts. Using these two assays, two regions 3’ to the stop codon were 
identified as necessary for readthrough (Brown et al., 1996). One is a repeated sequence motif: CCN NNN, 
located about 20 bases 3’ to the stop codon. A second sequence, located 697 to 758 bases 30 of the stop codon, 
was also required (Figure 5). It occurs naturally within ORF 5, but functions well in the GUS-expressing virus, 
in which it is located two kilobases downstream of the CP stop codon and in the untranslated region following 
the GUS ORF. Highly conserved bases at and flanking the CP stop codon were not necessary. Deletions in and 
around the homologous regions in infectious clones of BWYV also destroyed or greatly reduced accumulation of 
RTD in infected plants (Bruyere et al., 1997). In PEMV, a single, naturally occurring base change in the region 
homologous to the downstream readthrough element of PAV prevented readthrough and aphid transmissibility of 
the virus (Demler et al., 1997). As in the case of frameshifting, they do not know the mechanism of readthrough. 
Long-distance base-pairing between the two required sequence elements can be imagined (Brown et al., 1996) 
but this is not conserved among luteoviruses. Gibbs & Cooper provided evolutionary evidence that these two 
regions may interact during RNA replication (Gibbs MJ, Cooper JI., 1995). They proposed that strand-switching 
by the replicase facilitated recombination at these sites. Furthermore, Demler et al. (1997) found a natural PEMV 
deletion mutant in which a large region of the readthrough ORF, including portions of the proximal and distal 
elements and all the sequence between them, was deleted. This deletion could be explained by an intramolecular 
strand-switching event that would be favored if the two sequence elements were located in close proximity. If 
they are in proximity during replication, they could also interact during translation, and facilitate readthrough. 
The only type of readthrough control that remotely resembles this is that of selenocysteine-encoding genes. A 
sequence called the SECIS element in the 3’UTR, located kilobases downstream of a UGA (stop) codon, 
facilitates recognition of the UGA codon by a special tRNA charged with the amino acid selenocysteine 
(Walczak et al., 1996). The luteovirus readthrough resembles this only in that the distal element functions at 
large, variable distances downstream. There is no structural similarity, nor is readthrough dependent on a UGA 
or any other particular stop codon (Brown et al., 1996).  
 
Cap-independent translation signal in the 3’ untranslated region of PAV-RNA:- An unexpected finding was 
that a sequence we call the 3’ translation enhancer (3’TE), located between ORFs 5 and 6, confers very efficient 
translation on mRNAs lacking the 5’ cap structure that is normally required for translation of eukaryotic mRNAs 
(Figure 5) (Wang S, Miller WA., 1995). In order for the 3’TE to function, the mRNA must also contain the 
5’UTR of either PAV genomic RNA or sgRNA1. This cap-independent translation has been observed in wheat 
germ translation extracts (Wang S, Miller WA., 1995) and in oat protoplasts (Wang et al., 1997). Deletion or 
mutation of the 3’TE reduces translation of uncapped mRNA by more than an order of magnitude and renders 
the virus unable to replicate (Wang et al., 1997). Addition of a cap restores translatability (Wang S, Miller WA., 
1995). The only other known eukaryotic mRNA that has a cap-independent translation signal in its 3’UTR is 
satellite tobacco necrosis virus (STNV) RNA (Danthinne et al., 1993, Timmer et al., 1993). There is little or no 
sequence homology between STNV and PAV RNA. However, a portion of the 3’TE sequence is conserved in all 
subgroup I luteoviruses and in the 3’UTR of tobacco necrosis virus (TNV) RNA, the helper for STNV. Because 
TNV RNA is naturally uncapped, the sequence homologous to the 3’TE may facilitate translation initiation. As 
we would expect, PAV RNA also appears to lack a 5’ cap (Wang et al., 1997). This 3’TE phenomenon may be 
confined to subgroup I luteovirus and TNV RNAs. No sequence with homology to the 3’TE was detected in 
subgroup II luteoviruses, even though it is expected that subgroup II luteoviral genomes would also translate 
cap-independently because other VPg-containing genomes can do so (Carrington JC, Freed DD., 1990, Sarnow 
P., 1995). 
 
2.19. 7. Satellite RNA 

During the process of genome sequencing, a 322nt, single-stranded, noncoding satellite RNA (satRPV RNA) 
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was discovered serendipitously in an Australian isolate of RPV (Miller et al., 1991). This mysterious RNA is 
difficult or impossible to detect in the field and has been found only in Australian RPV-like isolates only after 
greenhouse propagation. It has no significant sequence similarity to BYDV genomic RNA (Miller et al., 1991) 
and it depends on RPV genomic RNA for replication (Silver et al., 1994). SatRPV RNA is the only known 
satellite of a luteovirus, although a different class of satellite RNAs is associated with some luteo-like viruses 
(Demler et al., 1996). SatRPV RNA replicates by a symmetrical rolling circle mechanism (Silver et al., 1994). 
This resembles that of satRNA of tobacco ringspot virus (satTRSV RNA) (Bruening et al., 1991) and several 
other viroid-like satellite RNAs (Bruening G., 1989). Linear and circular monomers and linear multimeric 
replication intermediates of both strands, which are formed during replication by this mechanism, were detected 
in satRPV RNA infected cells (Silver et al., 1994). Newly formed multimers self-cleave into monomers in vitro 
at sequences that fold into hammerhead ribozyme structures, one in each strand (Miller et al., 1991). The (+) 
strand hammerhead is an unusual derivation from the consensus structure. It has additional base-pairing that 
results in a pseudoknot that inhibits self-cleavage (Miller WA, Silver SL., 1991). This alternative conformation 
may serve as a molecular switch. The known range of helper viruses that support satRPV RNA is limited to 
subgroup II luteoviruses. RPV and BWYV support satRPV RNA replication (Rasochova et al., 1997). PAV and 
a BWYV-associated RNA (ST9a RNA), which encodes a subgroup I-like polymerase, do not replicate satRPV 
RNA (Rasochova et al., 1997, Silver et al., 1994). SatRPV RNA can be transmitted to plants by aphids that 
acquired virus from infected protoplasts. It reduces accumulation of RPV helper virus RNA in oat plants and 
protoplasts, and ameliorates symptoms caused by RPV in oats (Rasochova et al., 1996). SatRPV RNA had no 
effect on PAV RNA accumulation and did not affect symptoms caused by the severe mixed infection of RPV 
and PAV BYDVs in oats (Rasochova et al., 1996) or by BWYV and ST9a RNA in shepherd’s purse plants 
(Rasochova et al., 1997). SatRPV RNA symptom modulation seems to be determined by the competition 
between the satRPV RNA and its helper virus for both replication and encapsidation. Because satRPV RNA can 
replicate and move systemically in monocotyledonous and dicotyledonous hosts, the helper virus (probably the 
replicase gene) and not the type of plant host range is the limiting factor for satRPV RNA replication 
(Rasochova et al., 1997). 
 

2.20. Relations with cells and tissues 

Particles appear to be confined to the phloem (Jensen, 1969). Electron microscopy of leaves and roots of barley 
(Hordeum vulgare L.) infected with barley yellow dwarf virus (BYDV) has shown densely staining spherical 
particles, about 24 mµ in diameter, in certain phloem cells. Luteoviruses are tissue-specific and replicate in 
phloem cells of plant hosts. Virus particles are detected most readily in sieve elements, companion cells, and 
occasionally in phloem parenchyma. Particles were found only in phloem transfer cells of SCRLV-infected 
subterranean clover (Jayasena et al., 1981). With one exception (Gill & Chong, 1981), luteoviruses have not 
been observed in epidermal, mesophyll or xylem tissues of infected plants. Evidence suggests that luteoviruses 
spread rapidly from cell to cell longitudinally through the vascular bundle; however, lateral spread is slow and 
not all phloem cells of a bundle may be infected (Jensen, 1969; Murant & Roberts, 1979). The primary symptom 
of infection is necrosis of the phloem (Esau, 1957), which spreads from the initially inoculated sieve element to 
adjacent cells. Phloem necrosis is associated with resistance to translocation of plant metabolites, loss of 
chlorophyll, increased respiration, and decreased growth (Goodman et al., 1965; Jensen, 1972; Orlob & Arny, 
1961). Ultrastructural examinations of infected plants have been reported for several luteoviruses (D’Arcy & De 
Zoeten, 1979; Esau & Hoefert, 1972; Faoro et al., 1978; Jayasena et al., 1981; Jensen, 1969; Kojima et al., 1969; 
Kubo, 1981; Murant & Roberts, 1979; Shepardson et al., 1980). The most detailed study was that of Gill & 
Chong (1979) on BYDV isolates infecting oats, and showed that at least two distinct sequences of events may be 
involved in replication of viruses assigned to the luteovirus group. Based on cytopathological ultrastructure 
involving alterations of the nucleus, site of virus accumulation and types of vesicles produced, these authors 
suggested dividing BYDV isolates into subgroup 1 (MAV, PAV, SGV) and subgroup 2 (RPV, RMV). In oats 
infected with isolates of subgroup 1, virus particles seem to move from sites of initial inoculation in sieve 
elements through plasmodesmata into adjacent companion cells. Densely staining filaments (2-4 nm diameter) 
and single membrane-bound vesicles (50-230 nm diameter) form in the cytoplasm near the plasmodesmata. 
Filaments are later observed within the nucleus, which becomes distorted and begins to deteriorate soon after 
infection. Virus particles are first observed to occur in the cytoplasm, suggesting a cytoplasmic site for assembly. 
At about this time the mitochondria, plastids and ribosomes begin to disintegrate. Isolates in subgroup 2 initiate 
infection of companion cells in a similar manner; however, the vesicles produced are bounded by a second 
membrane which is continuous with the endoplasmic reticulum. A second type of membrane system (composed 
of tubules) proliferates, and the dense filaments are rare in the cytoplasm and do not occur in the nucleus. The 
nucleus does not deteriorate and virus particles are first observed surrounding the nucleolus within the nucleus. 
In addition, extensive wall thickenings develop in the infected parenchyma cells. Ultrastructural changes induced 
by BWYV and PLRV seem to be similar to those caused by BYDV isolates of subgroup 2 (Esau & Hoefert, 
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1972; Shepardson et al., 1980). However, cytopathological effects vary with host species and virus isolates 
(D'Arcy & De Zoeten, 1979; Gill & Chong, 1981; Kojima & Yanase, 1984). 
 

2.21. Management 

BYD management is imperfect; complete control is rarely, if ever, achieved. Still, significant levels of BYD 
control can be achieved using multiple management tactics as part of an overall BYD management strategy. 
BYDV is controlled mainly by the use of plant lines that are tolerant or resistant, cultural practice, chemical 
control, biological control, and transgenic resistance to certain BYDV isolates to varying degrees. Spread of the 
disease can be controlled by aphicides (McKirdy SJ, Jones RAC., 1996) or by carefully timed planting when 
aphid populations are monitored (Plumb RT., 1995). However, this is economically feasible only in the most 
intensive agricultural systems. Usually, especially in the developing world where disease pressure is high, 
growers simply live with losses to BYDV. Breeding for resistance, either by conventional or transgenic methods 
remains the most feasible means of disease control. 
 
2.21.1. Cultural Practice 

Cultural practices that could help reduce BYDVs incidence include changing sowing dates in order to avoid 
primary infection through viruliferous aphids, removal of cereal re- growths and stubble that can act as reservoirs 
of virus and vectors and the adoption of adequate cultivation methods (Plumb and Johnstone, 1995). In Australia, 
delaying sowing might be advisable in winter crops to minimize BYDV-induced grain yield losses. However, the 
yield benefits need to be balanced against possible yield reductions due to the late sowing (McKirdy and Jones, 
1997). 
 
2.21.2. Chemical Control 

As there is no chemical treatment effective against the virus, chemical control of BYDVs can only be achieved 
through control of its vectors.  The critical time for control is at an early growth stage (Plumb and Johnstone, 
1995). The need for aphid control can either be prophylactic or based on a forecasting system such as those 
described in Europe by Plumb et al. (1986) and Gillet et al. (1990). Mann et al. (1997) indicated that in England, 
UK, the spray regimes during spring are of little benefit and that sprays should be applied according to the time 
of aphid migration relative to crop development and the infectivity of the aphids migrating into the crop. The 
most commonly used aphicides are organophosphates or synthetic pyrethroids. Imidacloprid, an insecticidal seed 
treatment, reduced BYD infection under certain conditions (Gray et al., 1996; McKirdy and Jones, 1996). New 
generation synthetic pyrethroids (alpha-cypermethrin or beta-cyflurin) have been reported to be effective against 
BYDVs (McKirdy and Jones, 1996). 
 
2.21.3. Biological Control 

Success with biological control has been reported from South America, where Sitobion avenae and 
Metopolophium dirhodum, were controlled through the introduction of Coccinellid predators and Aphelinid and 
Aphidiid parasites (Zuniga, 1990) and in New Zealand, with the introduction of Aphidius rhopalosiphi (Farrell 
and Stufkens, 1990). In most areas, natural enemies limit aphid populations and it is important to integrate 
chemical and natural control methods. 
 
2.21.4. Genetic Resistance 
Incorporating resistance or tolerance (Cooper and Jones, 1983) to BYDVs or their vectors is one of the most 
promising approaches to control. Most of the screening for field 'resistance' to BYD has been directed to the 
identification of tolerance. In wheat, sources of tolerance have been reported by several researchers (Burnett et 

al., 1995). Good tolerance has been reported in germplasm from South America (Ramirez, 1990. Tolerance in 
the variety Anza (Qualset et al., 1984) has been associated with the presence of the gene Bdv1. It is a partially 
dominant, partially effective gene that induces slow yellowing (Singh et al., 1993). It is probable that other genes 
are involved in tolerance to barley yellow dwarf. The winter wheat germplasm lines, Elmo and Caldwell were 
released as tolerant to BYDV (Ohm et al., 1981; Patterson et al., 1982). A decrease in virus multiplication has 
been reported from several wheat relatives, such as Aegilops, Elymus, Elytrigia, Hordeum, Leymus and 
Thinopyrum (Agropyron) (Sharma et al., 1984, Larkin et al., 1990; Makkouk et al., 1994a; Xu et al., 1994). 
Recently much effort has been directed toward incorporating these alien-derived resistances into wheat. 
Resistance is maintained in wheat x Leymus (Plourde et al., 1992), wheat x wheatgrass (Sharma et al., 1989; 
Goulart et al., 1993), and wheat x Agrotricum crosses (Comeau et al., 1994). Thinopyrum intermedium has been 
widely used to produce resistant introgressed material such as the TC lines (Banks et al., 1995b), Zhong 4 (Xin 
et al., 1988) and Zhong 5-derived lines (Larkin et al., 1995a). The 42 chromosome winter wheat line P29 and 
spring wheats TC5, TC6 and TC9 as well as the genetic stock Z1, Z2, Z6 with alien-derived resistance have been 
registered recently (Banks and Larkin, 1995; Larkin et al., 1995b; Sharma et al., 1997). In TC14, the alien 
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segment is located on 7DL (Hohmann et al., 1996). Tolerance to BYDVs in barley was reported as early as 1961 
(Bruehl, 1961; Rochow, 1961). Since then, several lines presenting tolerance to BYDVs have been reported. The 
resistance gene Yd2 (Rasmusson and Schaller, 1959) has been used extensively in barley breeding programmes 
and has been proven to be effective and stable over the years. Cultivars carrying this gene include Atlas 68, 
CM67 (Schaller and Chim, 1969), Shannon (Vertigan, 1979), Shyri (Vivar et al., 1991), Vixen (Parry and 
Habgood, 1986), Nomini (Starling et al., 1994) amongst others (Burnett et al., 1995). Delogu et al. (1995) have 
incorporated the Yd2 gene to high yielding winter wheat. Another resistance gene, yd1, was identified in the 
cultivar Rojo (Suneson, 1955) but was rarely used in barley breeding programmes because of the low level of 
resistance it confers. The gene Yd2 operates by retarding virus multiplication (Jones and Catherall, 1970) and 
may sometimes lose its effect when placed in a slow growing background. Virus movement from the inoculated 
leaf towards the roots and subsequently to the growing point was significantly slower in the resistant than 
susceptible barley genotypes tested by Makkouk et al. (1994b) using ELISA and tissue-printing. Resistance and 
susceptible lines could be differentiated as early as 3-4 days after inoculation. Yd2 is very effective against the 
group I BYDVs (PAV, MAV) but only moderately effective against group II (RPV, RMV) (Skaria et al., 1985; 
Herrera, 1989). In an ICARDA-CIMMYT programme, Yd2 was used extensively with other sources of 
resistance. Chalhoub et al. (1995) identified a Yd2 allele variant that does not originate from Ethiopia and that is 
overcome by one PAV isolate of BYDV. Yd2 is located close to the centromere of the long arm of chromosome 
3 of barley (Collins et al., 1996). A polypeptide marker of BYDVs resistance identified by Holloway and Heath 
(1992) can be used as a marker for Yd2. Effort is underway to clone the Yd2 gene. Sources of tolerance to 
BYDVs exist in oat but no true resistance has been reported. However, some tolerant lines significantly reduce 
virus multiplication (Gray et al., 1993) and could qualify as resistant. Many researchers have shown that the 
tolerance is heritable (Cooper and Sorrels, 1983; Gellner and Sechler, 1986) and that two to four genes 
contribute to the tolerance (Landry et al., 1984; McKenzie et al., 1985). It appears that released varieties have 
shown both a good level of protection over a wide range of field conditions and stability over broad geographic 
areas (Burnett et al., 1995). Selected oat cultivars tolerant to BYD include Otee (Brown and Jedlinsky, 1973); 
Ogle (Brown and Jedlinsky, 1983) and Hazel (Brown and Kolb, 1989) as the most notable (Burnett et al., 1995). 
Three major quantitative loci for tolerance to BYDV-PAV have been identified by Jin et al. (1998) to contribute 
25, 20 or 17% of the variability.  In addition, good sources of tolerance to BYDVs have been found in other oat 
species, including Avena sterilis, A. fatua and A. strigosa (Rines et al., 1980; Comeau, 1982, 1984; Jedlinski, 
1984). Good sources of tolerance have been found in triticale (Collin et al., 1990; Burnett and Mezzalama, 1992; 
Comeau and St-Pierre, 1992). The tolerance has been incorporated into wheat x triticale hybrids (Nkongolo, 
1996). 
 
2.21.5. Transgenic Resistance 

McGrath et al. (1997) transformed oat with the coat protein (CP) genes of BYDV-PAV, BYDV-MAV and 
BYDV-RPV together with a construct containing the bar gene for herbicide resistance and the uidA reporter 
gene. Plants with reduced virus titers were found in the T2 (MAV), T3 (RPV) and T4 (PAV) generations. Using 
the same construct, a few barley plants transformed with CP-PAV showed moderate to high levels of resistance 
against BYDV-PAV. The most cost-effective and environmentally desirable form of disease control is genetic 
resistance. However, natural resistance genes to BYDV are few (Burnett et al., 1995). Yet, because of the threat 
of BYDV, breeders are limited to lines that have significant natural BYDV resistance or tolerance. To allow 
breeders to expand beyond these limitations, they developed transgenic oats tolerant to BYDV (Koev et al., 
1998). Oats were transformed with a gene designed to express the 5’ half of the BYDV genome driven by a 
CaMV 35S promoter. The most resistant line of transgenic oats initially showed mild symptoms but then 
recovered and grew to maturity. In laboratory growth conditions, yield was slightly reduced compared to 
uninoculated controls and virus was sometimes detectable, but the yield was infinitely greater than in the 
inoculated non-transgenic controls which were actually killed by virus infection long before flowering. The 
transgene was stable inherited in a Mendelian fashion. Field trials were less promising, mainly because the only 
line of oats that could be transformed (genetically engineered) at the time was not agronomically useful (Somers 
et al., 1992). It was derived by artificial hybridization of Avena fatua with the Park cultivar of oat (A. sativa), 
followed by back crosses to oat. These plants (with or without a transgene) were smaller and less robust than 
agronomic cultivars, in the presence or absence of virus infection. Fortunately, recent improvements in 
technology now permit transformation of such agronomic lines as Bell. Peter Waterhouse and colleagues greatly 
improved design of transgenes to engineer resistant plants with high efficiency. Barley plants transformed with 
inverted sequences of BYDV genes, causing the transcripts to form long, double-stranded hairpin RNAs were 
immune to BYDV infection (Wang et al. 2000). Presumably the double-stranded RNA induces the host’s post-
transcriptional gene silencing system (Waterhouse et al., 2001). To the best of our knowledge, no plants 
engineered for BYDV resistance have been released for use by growers. Unfortunately, due to the low value of 
oats as a profit-making enterprise, and perhaps due to concern about consumer acceptance of food derived from 
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GMO crops, corporate interest in funding transgenic oat research has waned. Perceived risks imposed by 
transgenic BYDV-resistant oats drew attention in a Science magazine article about an unpublished poster 
presentation at a scientific conference (Kaiser, 2001). The experiments alleging that pollen escape from 
transgenic BYDV-resistant oats could lead to “super weeds” were confined to the greenhouse and used no 
transgenic plants. Yet the benefits of new resistance genes, such as reduced pesticide inputs and increased yields, 
are clear (Miller et al., 1997). Application of insecticides on wheat to control the aphid vectors of BYDV often 
results in substantial yield increases (Plumb and Johnstone, 1995) that are attributable to the absence of BYDV 
infection. One legitimate concern with regard to the applicability (but not safety) of virus-derived transgenes for 
resistance to BYDV is the wide range of sequence variation among isolates. BYDV isolates that lack high 
homology to the transgene would not be hindered by transgene-induced post-transcriptional gene silencing 
(Miller et al., 1997; Wang et al., 2000; Waterhouse et al., 2001). Thus, virus-derived transgenes may confer 
resistance to only a subset of BYDV isolates in the field.  
 

3. CONCLUDING REMARK 
Barley yellow dwarf virus (BYDV) is distributed worldwide, and infects most cereals and grasses. It is a 
phloem-restricted pathogen, causing yellowing, reddening, and brittleness of leaves, dwarfing, and reduction in 
size and number of ears and grains. BYDV is a luteovirus with small isometric particles containing an ssRNA 
genome, and is transmitted persistently by more than 20 aphid species. Five virus isolates have been 
distinguished and divided into two subgroups on the basis of cytopathology and serology. Recent serological 
evidence also indicates that BYDV isolates are related to other luteoviruses, suggesting that a continuous, over 
lapping range of viruses may be implicated in the barley yellow dwarf syndrome. Until future research clarifies 
this point, the term BYDV continues to be used to indicate the agent(s) involved. Perennial wild or cultivated 
grasses constitute a large and permanent virus pool. Primary and secondary virus spread depends on the aphid 
vector reproduction and flight which, in turn, are influenced by climatic conditions. Recent research on 
monitoring and control of aphid vectors and on development of resistant cereal cultivars has improved the 
prospect of minimizing losses from BYDV infections. Because of the economic importance of the BYDVs, more 
research is needed. The specific locations and timing of virus outbreaks, and the particular causal isolates, need 
to be monitored. This is will allow breeders to decide which BYDV isolate to target with transgenic resistance in 
a given locality. It will help growers decide whether to pay the extra premium for BYDV-resistant crops. 
Another area of applied research may be to engineer aphid-resistant crops. With the growing number of 
sequenced or partially sequenced isolates of BYDV and CYDV around the world, it’s important 1) to develop 
rapid means of nucleic acid-based detection (e.g., PCR), 2) to understand the epidemiology of BYDV/CYDV, 
and 3) to develop transgenic and other means of disease control. The better understanding of BYDV molecular 
mechanisms that ultimately lead to new means of controlling or mitigating the effects of the disease, and it sheds 
light on processes relevant to medically important viruses.  

In general, the developing world needs one of the most pressing reasons for comprehensive surveys of 
viruses affecting plants in the crop-growing areas to be aware of factors limiting crop yields. Although in many 
instances virus infections are suspected, these infections are never satisfactorily identified, and in many other 
cases it is not known whether crops are infected, let alone what effect the infection has on yield. Without a 
thorough understanding of the incidence and variety of virus infections in food crops in the developing world, it 
is hard to plan for improved crop yields. However, developing countries are often unable to do such surveys on 
their own due to lack of expertise and resources. Given the lack of respect of borders by plant (or any other) 
viruses, it is hoped that the more developed neighboring countries will assist those less well endowed in these 
endeavors. Another more future-oriented reason for surveys of viruses is the need to understand virus diversity in 
order to be able to combat virus diseases by genetic engineering of crop plants. Although there are many 
examples of crop plants transformed with viral genes or sequences exhibiting wide-spectrum resistance or 
tolerance to virus infection there are also many examples of an unexpected diversity of a given virus type being 
discovered within the crop in the same area or even within the same plants. Thus, it is quite possible that the use 
of transgenic material in areas where the virus diversity is not known could still result in crop failures. Moreover, 
the different viruses and transmission mechanisms that cause severe plant disease in plants in developing 
countries are that the main problem is often one of insect/vector control. If the vector populations or the 
interaction of vector populations with crop plants could be controlled or managed better, the incidence of severe 
disease could be drastically reduced. As a final note, it is well to realize that there are more direct threats to 
human health inherent in changing farming practices than simply a reduction in the amount of food being 
produced due to plant virus infections. In addition, further review is needed to identify all recovered BYDV and 
evaluation of promising treatments for use in integrated disease management strategy to manage not only BYDV 
but also other related viral diseases of plant. 
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