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Stellingen

De conclusies van Pang et a/. (1992}, betreffende transgena resistentie tegen
heterologe TSWV-isolaten uit verschillende serogroepen, worden niet
ondersteund door de gepresenteerde resultaten.

Pang S-Z, Nagpala P, Wang P, Slightom JL and Gonsalves D {1992). Resistance to
heterologous isolates of tomato spotted wilt virus in transgenic tobacco expressing
its nucleocapsid protein gene. Phytopathology 82: 1223-1229.

De conclusie van Price, dat op grond van het voorkomen van diverse klassen
van kortere virugdeeltjes van het aardappelvirus X, dit virus beschouwd dignt
te worden als een ‘multipartite’ virus, is onjuist.

Price M {1993}, Mulitipartite nature of potato virus X. J Virology 67: 596-600.

Herschlag (1981) gaat er ten onrechte van uit dat binding van een
‘hammerhead ribozyme’ aan een substraat altijd resulteert in kiieving van dat
substraat.

Herschiag D (1991}, Implications of ribozyme kinetics for targeting the cleavage of
specific RNA molecules in vivo: More isn’t always better, Proc Natl Acad Sci USA 88:
£921-6925,

De naam ‘symbionine’ voor het eiwit dat in grote hoeveelheid door de
endosymbiont van Acyrthosiphon pisum, in situ wordt geproduceerd, dient
wellicht te worden herzien nu is aangetoond dat dit eiwit enkel ten voordele
van de endosymbiont lijkt te komen.

Fukatsu T and Ishikawa H (1992}, Synthesis and localization of symbionin, an aphid
endosymbiont protein. Insect Biochem Molec Biol 22: 167-174.

De virusfamilie Filoviridae dient als genus Filovirus binnen de familie
Paramyxoviridae te worden geclassificeerd.

Feldman H, Mdhlberger €, Randoif A, Will C, Kiley MP, Sanchez A and Klenk H-D
(1992}, Marburg virus, a filovirus: messenger RNAs, gene order, and regulatory
elements of the replication cycle. Virus Research 24: 1-19.

McCormick JB {1991). Filoviridae. In: Classification and Nomenclature of Viruses,
Fifth repart of the International Committee on Taxonamy of Viruses, Arch Virology
supplementum 2, pp. 247-249. Francki RIB, Fauquet CM, Knudson DL and Brown F
(eds.). Springer-Verlag, Wien.




6. De aanduiding 'niet-coderende gebieden’ voor niet-vertaalde gebieden in
virale genomen, doet onrecht aan de grote biologische betekenis van deze
regio’s.

7. De architectuuwr van ‘het Hoofdgebouw’ suggereert ten onrechte een
doorzichtige bestuursstructuur aan de Landbouwuniversiteit.

8. Het verschil tussen een systemische en een lokale infectie met ‘het
motorrijdersvirus’ wordt slechts zichtbaar na een langere incubatietijd bij
temperaturen beneden 5°C.

9. Emancipatie wordt niet door een wet maar door een samenleving geregeld.

Stellingen behorend bij het proefschrift:
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Chapter 1

General Introduction

1.1 The Potyviridae

Potato virus Y (PVY) is the type member of the Potyviridae, probably the largest
and most wide-spread plant virus family in the world. This group of plant pathogens
contains over 200 definitive and possible members (Barnett, 1991a), many of which
occur in a wide range of crops in, especially, tropical and sub-tropical areas. Most
viruses have narrow and often extremely restricted host ranges though some can
infect plant species in up to 30 families (Hollings and Brunt, 1981; Barnett, 1991a).
Members of the Potyviridae are generally classified on the basis of the following

criteria:

- Flexuous filamentous particles, 680-900 nm long and 11 to 15 nm wide, with
helical symmetry, containing one type of coat protein.

- A single-stranded positive sense RNA genome of 8.5-10 kb in length with at its
5’-and a protein denoted VPg (Viral Protein genome-linked) and at its 3"-end a
poly(A)-tail. Functional proteins are generated by processing of polyprotein precur-
SOrs.

- Virusinfections induce the formation of characteristic cytoplasmic inclusion bodies
{’pinwheels’).

- Serologically clearly distinguishable from morpholoegically similar viruses.

Most potyviruses have been described as being transmitted by aphid vectorsin a
non-persistent, stylet-borne manner (Hollings and Brunt, 1981). Over the years
however, a number of filamentous viruses have been described, which also induce
the typical cytoplasmic inclusion bodies aor pinwheels, but were shown to be
transmitted by vectors other than aphids. Reported vectors were eriophydic mites,
the fungus Polymyxa graminis and whiteflies. Though it has been suggested that,
based on their different mode of transmission, these viruses should be excluded from
the potyvirus group {Hollings and Brunt, 1981}, they are nowadays included as
possible members. Recently, a new system for the classification of this virus group
was proposed with the new Potyviridae plant virus family that is to include, based on
their mode of virus transmission, three definitive genera and one possible genus
{Barnstt, 1921b, 1992). The genus Potyvirus consists of the largest group, the aphid-
transmitted viruses, with potato virus Y as the type species. Viruses belonging to the
genus B8ymovirus are fungal-borne with barley yellow mosaic virus {Ba¥YMV)} as the




type species, while the mite-transmitted viruses, with ryegrass mosaic virus {RGMV)
as the type species, are included in the genus Rymovirus. The only whitefly
transmitted virus reported sofar, sweet potato mild mottle virus {(SPMMV), is included
in the possible genus fpomovirus,

Viruses belonging to the proposed genus Potyvirus possess one non-segmented
RNA genome of approximately 10 kb, encoding one large polyprotein {Allison et a/.,
1986; Domier et a/., 1986; Maiss et a/., 1989; Robaglia et af., 1989; Johansen et a/.,
1991). In contrast BaYMV, the type species of the baymoviruses, contains two
genomic RNAs (Kashiwazaki et a/., 1990; 1991; Davidson et a/., 1991; Peerenboom
et al., 1992). This supported the previous observation of a bimodal particle
distribution (Huth et a/.,, 1984). Wheat streak masaic virus, a member of the
ryemoviruses, contains a monopartite single-stranded RNA genome of approximately
8.5 kb and preliminary sequence data show a similar genome organization as
observed for tha genus Patyvirus (Niblett et af., 1991). No data on the genama of the
ibomovirus sweet potato mottie virus are available yet.

Genomic sequence comparisons have revealed that potyviruses resemble the plant
bipartite como- and nepoviruses and the animal picornaviruses, both in general
genome organization and expression. All viruses from these groups contain a set of
genes, conserved in order, that encode non-structural proteins which, on the basis
of a number of characteristic amino acid motifs, are thought to be involved in RNA-
replication. This resemblance in genome structure and expression has prompted the
sﬁggestio'n that these plant virus groups can all be arranged in the supergroup of
'picorna-like’ viruses (Goldbach, 1986, 1987, 1992; Goldbach et a/., 1990).

1.2 Potyviral RNA genome organization and expression

Viruses belonging to the genus Patyvirus share the same characteristics with
respect to particle morphology and the organization and expression strategy of their
RNA genomes. The flexuous and rod-shaped virus particles of 680 to 300 nm lang
and 117 to 15 nm wide consist of approximately 2000 units of one type of structural
protein that encapsidate a non-segmented, single-stranded RNA molecule of positive
polarity and with a length of approximately 9700 nucleotides. This RNA is at its 5'-
end covalently coupled to a viral encoded protein (VPg) {Siaw et a/., 1985; Murphy
et al., 1990) and at its 3'-terminus it contains a poly{Al-tail {Hari et af., 1979). The
potyviral genome contains one large open reading frame (ORF) which is translated
into a large polyprotein of 340 to 368 kDa, depending on the virus. Cleavage of the
polyprotein, by three virally encoded proteases, results in maturation of 7 to 10
functional proteins (Dougherty and Carrington, 1988; Goldbach, 1990; Rischmann
etal, 1992, see Fig 1.1) for most of which their (likely) hiological functions are now
known. Starting with the N-terminal protein these are:
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Fig. 1.1 Schematic representation of the erganization of the potato virus Y RNA genome. See
text for abbreviations of encoded proteins.

P1 with a sofar unknown function, however the C-terminal part of the protein is
involved in autoproteolytic cleavage at its C-terminus between P1 and the second
protein, the HelperComponent/Protease (HC-Pro) (Verchot et a/., 1991). This latter
protein constitutes a factor necessary for aphid-transmission of the virus (Pirone and
Thornbury, 1983; Thornbury et a/., 1285}, while the C-terminal part is involved in
autoproteolytic cleavage at its C-terminal cleavage site (Carrington and Herndon,
1992). The third protein (P3) also has an unknown function though the N-terminal
part contains a motif that resembles a motif present in the 32 kDa protein of cowpea
mosaic virus (CPMV), a protein involved in ragulation of proteolytic processing of the
polypratein {Vos et a/., 1988)}. The fourth, putative, protein is a 6 kDa protein (6K,),
which is only partially released from the N-terminus of the cytoplasmic inclusion (Cl)
protein (Garcia et al., 1992). This Cl-protein aggregates to form the typical
cytoplasmic pinwheel inclusion bodies, found in potyvirus infected cells (Edwardson,
1974; Dougherty and Hiebert, 1280). It contains a nucleotide binding motif (NTBM)
{Domier et al., 1987; L.ain et a/., 1989; Robaglia et a/., 1289} and was shown to have
a nucieic acid stimulated ATPase and a RNA helicase activity and is tharefore believed
to be involved in potyviral RNA-replication {Lain et a/., 1990, 1991}. At the C-
terminus of the Cl-protein a second, putative, 6 kDa protein {6K,) is found. Both the
6K, and 6K, proteins resemble the picornaviral 2B and 3A peptides, as well as in
relative genome location as in amino acid compesition (Lain et a/., 1989), and these
proteins are therefore also thought to be involved in potyviral replication {(Riechmann
etal., 1992). The small nuclear inclusion protein {Nla}, together with the large nuclear
inclusion protein {NIb), forms the nuclear inclusion bedies found upon infection with
some {e.g. TEV) but not all potyviruses. The most prominent function of the Nla
protein is that of the main protease responsibls for all but two cleavage events (those
at the C-termini of both P1 and HC-Pro} in the potyviral polyprotein. The protease
activity is located in the C-terminal part of the protein {Garcia and Lain, 1991;
Dougherty and Parks, 1981}, while the complete Nla protein, or its N-terminal half,
functions as the VPg (Shahabuddin et a/., 1988; Murphy et a/., 1290Q). A number of
conserved motifs, characteristic of RNA-dependent RNA-polymerases, identified the




NIb protein as the potyviral polymerase (Domier et a/., 1987; Robaglia et af., 1989;
Poch et al., 1989). Finally the last protein of the polyprotein is the viral coat protein
(CP) of which the central part is highly conserved while in contrast, the N-terminus
is extremely variable, both in length and in sequence, among the different potyvirus
species. Comparisons of potyviral coat protein sequences therefore form the,
nowadays widely accepted, malecular basis of potyvirus taxonomy (Ward and Shukla,
1991).

Potyviruses, unlike viruses that have segmented ganomes or produce subgenomic
RNAs, are unable to regulate their genome expression at either the transcriptional or
translational level. It has been shown that for the majority of the potyviral polyprotein
cleavage sites a conserved hepta-peptide sequence, characteristic of a particular
potyvirus, determines the specificity and efficiency of the cleavage reaction
{Dougherty et a/., 1989; Dougherty and Parks, 1989; Garcia et a/., 1992). Poty-
viruses might therefore use post-translational, sequential polyprotein cleavage events
to regulate the expression and function of their gene products. The possible roie of
partially processed intermediates (like e.g. the VPg/Nta precursor protein) however
remains to be elucidated.

1.3 Potato virus Y

The type species of the genus Potyvirus potato virus Y (PVY) was first identified
as a separate virus from a composite group of viruses causing mosaic diseases on
potatoes (Smith, 1931). Virus particle dimensions are 730 x 11 nm, the apparent M,
of the coat protein is 34,000 (Huttinga and Mosch, 1974). Numerous studies on the
host range have shown that the virus is mainly restricted to plants belonging to the
Sofanaceae but some plants from other families are also infected {Horvéth, 1967).
The virus is readily transmitted mechanically, however in the field it is mainky
transmitted by aphids in a non-persistent manner, with Myzus persicae being the
maost efficient vector. Three major strains of the virus were identified, mainly on the
basis of characteristic symptoms on different potato cultivars and indicator plants like
Nicotiana tabacum "White Burley’ and '‘Samsun NN’ and Physalis floridana (De Bokx,
1961; De Bokx and Piron, 1977; De Bokx and Huttinga, 1981; Beemster and De
Bokx, 1987):

- The PVY? strain (or ‘common’ strain}, occurring worldwide and causing severe
systemic crinkle symptoms, rugosity or leaf-drop streak in potato, systemic
necrosis on P. floridana and systemic maottling in tobacco.

- The PVY" strain (or ‘tobacco veinal necrosis’ strain) occurring in Europe, Africa
and South-America. Isolates of this strain induce very mild mottling in almost all




potato cultivars, systemic mottling in P. floridana and severe systemic veinal
necrosis in tobacco.

- The PVY® strain {or 'stipple streak’ strain) occurs in Europe, India and Australia,
Most potato cultivars are hypersensitive to isolates belonging to this strain while
susceptible cultivars show systemic mosaic or stipple streak. Infection with
isolates from this group causes systemic necrosis on P. floridana and systemic
mottling in tobacco.

- Several other isolates or strains, that appear to belong to none of the above
strains, have been identified like an anomalous strain (PVY*™, Horvath, 1967), and
recently, PVY™, a group of virus isolates highly resembling PVY" however causing
very characteristic necrotic ringspots on potato tubers {Potato Tuber Necrotic
Ringspot Disease or PTNRD), (Van den Bovenkamp, 1992).

Though PVY can cause serious damage in pepper, tobacco and tomato, especially
in warmer climates (Edwardson, 1974; De Bokx and Huttinga, 1981), its major
impact is in potato crops all over the warld. Infections generally result in yield losses
up ta 80%, depending on the virus strain, potato cultivar and time of infection {De
Bokx and Huttinga, 1981). The virus translocates to the tubers, resulting in
secondary infections upon replanting of infected tubers, Symptom expression varies
greatly with the virus strain, potato cultivar and climate conditions (De Bokx and
Piron, 1977) with secondary symptoms usually being more severe. In most potato
cultivars PVY® and PVY® induce necrosis, mottling and other symptoms that are
readily detectable (De Bokx and Huttinga, 1981}. In contrast, PVY" induces only mild
mottling in most potato cultivars, making detection of infected plants in {seed) potato
crops difficult. This facilitated the accumulation of the virus in potato stocks and its
subsequent spread over Europe, Africa, Asia and South-America since it was first
detected in a collection of wild potatoes in England (Munro, 1955; Weidemann,
1988).

Indirect control of PVY by spraying with insecticides and/or mineral oil to control
natural aphid vectors is difficult because most compounds act too slow to prevent
brief probing by aphids and in fact often cause more active probing behaviour of the
aphids, resulting in increased virus acquisition and inoculation (Schepers et al., 1984).
In addition, the use of chemicals to controi pests is more and more questioned as a
result of the large impact such compounds can have on the environment. Breeding
for resistance would therefore be the most acceptable and most efficient means of
controlling virus diseases in potato. Several different types of resistance to PVY have
sofar been reported and will be discussed below.

The effect that virus replication and transiocation is slowed down in older potato
plants thus preventing tubers from becoming infected is known as mature-plant
resistance (Beemster, 1987). Large differences in the onset of this type of resistance
however can ocecur depending on the potato cultivar, virus strain and environmental




conditions (Weidemann, 1988). More important than mature plant resistance is field
resistance, also known as quantitative resistance. This polygenic resistance is
effective against all PVY strains and occurs in a farge number of cultivars. However,
depending on the degree of resistance, a number of plants still becomes infected.
Affording complete protection to PVY, are both ‘hypersensitivity raesistance’ and
‘extreme resistance’ (Beemster, 1987; Colon, 1987}). The first type of resistance
leads to necrosis of infected cells, restricting the spread of the virus. This type of
{dominant) monogenic resistance is available against PVY® (N,-gene) and PVYT (N,
and N,-gene}. A number of N-genes appear to interact with virulence genes in a gene-
for-gene relationship, and therefore potato cuiltivars hypersensitive to a particular
strain may be normally susceptible to another strain {Beekman, 1987). Extreme
resistance, or immunity, is the most important type of PVY-resistance in potato
breeding, and depends on the presence of dominant genes (‘R-genes’). These genes
have been found in a number of wild Solanum species and S. tuberosum ssp.
andigena. S. stoloniferum was shown to possess at least six resistance genes to PVY
and potato virus A (PVA} (Cockerham, 1970). R, and R,y confer resistance to all
known strains of PVY (Beekman, 1987; Colon, 1987; Weidemann, 1988).
Introduction of these genes by breeding programs has resulted in a growing number
of new resistant potato cultivars. Nowadays most potato cultivars grown in the
Netherlands (and Western Europe) possess average to good levels of {field) resistance
to PVY" and other PVY strains (66° Beschrijvende Rassenlijst, 1991). However there
are still a number of older cultivars of significant economic importance grown, in
which only low levels of PVY-resistance are present, with as best known example
‘Bintje’. Qriginally obtained in the beginning of this century, this cultivar is still a
major potato crop worldwide, howaever its complex genetic background has sofar
hampared the introduction of any of the available PVY-resistance genes into its
genome. As in most cultivars PVY" symptoms are not easy to detect and infected
plants are therefore very hard to identify visually (Weidemann, 19288). Extensive
screening for PVYW is therefore required to guarantee virus-free potato stocks.

1.4 CQutline of the thesis

Potato virus Y¥, as outlined above, represents an important pathogen of potato
cultivars and other solanaceous crops like tomato and pepper. Though certain poly-
and monogenic resistances to the virus are available, introduction in breeding
programs or in registered cultivars is not always possible or very time consuming.
Novel techniques, like genetic engineering, are expected to speed up the introduction
of these, and other, traits in new crops.

At the start of this investigation a number of reports on genetically engineered
virus resistance wers published, to which generally is referred to as ‘coat protein-
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mediated resistance’. This coat protein-mediated resistance, is based on the A.
tumefaciens mediated introduction of a viral coat protein gene into the genome of
susceptible host plants. Expression of the coat protein gene may result in resistance
to the homologous virus, and a number of closely related viruses {Powell et af.,
1986). Following these initial results on, mostly, well studied model viruses like
tobacco masaic virus (TMV}, the aim of the research reported in this thesis was to
establish some form of ‘genetically engineered’ resistance against PVYN,

As a first step, part (4412 nt} of the nuclectide sequence of the PVYM RNA
genome (approx. 9500 nt} has been determined, i.e. the 3’-terminal half which
contains the gene coding for the viral coat protein {Chapter 2). The cloning and
sequence determination of the PVYN RNA genome, necessary to enable engineered
resistance involving viral genes, also enabled the investigation of the precise
taxonomic position of this virus among a large number of (geographically) distinct
PVY isolates. Sequence data, that became available during the course of this PhD
research, allowed detailed comparisons of the amino acid and nucleotide sequences
of their coat protein and 3'-non-translated regions {Chapter 3). Upon addition of the
necessary transcriptional and translational start signals the PVY" CP gene was
transferred to the genome of potato cv. Bintje. The resulting transgenic plants were
analyzed for the presence and expression of the viral transgene and possible
protection against mechanical inoculation with the virus (Chapter 4}. Constructs
employing the PvY" CP cistron, were also used for the transformation of tobacco ¢cv.
SR1. High levels of protaction to PVY" are described that are most likely based on the
presence of viral RNA transcripts rather than on the presence of the coat protein itself
{Chapter B}. This form of 'RNA-mediated resistance’ was further analyzed for its
potential to protect transgenic plants against different PVY isolates belonging to the
major strains PVY", PvY° and PVY¥, and challenging with viruliferous Myzus persicae,
a natural aphid vector of PVY (Chapter 6). Finally the design and construction of a
‘ribozyme’ (a RNA sequence able to specifically cleave another RNA sequence},
directed against a conserved region in the RNA-dependent RNA-polymerase gene of
PVYY, is described {Chapter 7). Some factors that influence the efficiency of cleavage
of the substrate RNA by the ribozyme, and implications for the possible use of
ribozymes as anti-viral agents, are discussed.
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Chapter 2

Nucleotide sequence of the 3'-terminal half of
the potato virus Y" RNA genome.

Summary

The nucleotide sequence of the 3'-terminal 4412 nucleotides (nt) of the RNA
genome of the tobacco wveinal necrosis strain of potato virus Y (PVYN) was
determined. The sequence revealed an open reading frame (ORF) of 4082 nt, of
which the start was not identified, followed by an 3"-non-translated region {3'-NTR)
of 329 nt upstream of a poly{A)-tract. The ORF corresponded with that part of the
polyprotein that encompassed the C-terminal sequence of the cytoplasmic inclusion
{Cl) protein and the complete sequences of the putative 6K, protein, the nuclear
inclusion proteins Nla and Nib and the viral coat protein (CP}. Cleavage sites in the
polyprotein, releasing the functional viral proteins, were identified by comparisons
with polyprotein sequences of a French isolate of PVY" and several other potyviruses.
In addition, the sequence of the amino terminal part of the CP was determined
chemically, allowing precise mapping of its coding sequence.

The Nia, NIb and CP of PvY" displayed significant sequence homology to the
corresponding proteins of several other potyviruses like tobacco etch virus (TEV),
tobacco vein mottling virus (TVMV), plum pox virus {PPV} and bean yellow mosaic
virus {(BYMV). Highest sequence homologies were observed to the Nia, NIb and CP
of a French isolate of PVY" and to the CP of another potyvirus, pepper mottle virus
(PepMoV). Based on this sequence homology, and on the homology observed in the
3’-NTR, it should be concluded that PepMoV is to be regarded as a strain of PVY.

Parts of this chapter have been published as: Van der Viugt et a/. |1989}. J Gen Virology 70: 229-
233; and R. van der Viugt {1992). Arch Virology, supplementum 5: 327-335.
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2.1 Introduction

The Potyviridae represent the largest plant virus family containing more than 70
established and 140 possible members (Barnett, 1991}. Most of these viruses have
been taxonomically included on the basis of their particle marphology and biclogical
properties, such as distinct reactions on indicator plants and serological reactions.
Viruses belonging to the genus Potyvirus, the largest genus within this family, have
a single-stranded RNA genome of approximately 9700 nucleotides, provided with a
small protein {VPg) at the 5'"-end and a poly(A)-tail at the 3'-end. For several
potyviruses e.g. tobacco etch virus {TEV), tobacco vein mottling virus (TVMV), plum
pox virus (PPV) and pea seedborne mosaic virus {(PSbMV) nucleotide sequence
analysis of their genomes has revealed the presence of one large open reading frame
(Allison et al., 1986; Domier et al., 1986; Maiss et al., 1988; Johansen eta/., 19921).
This open reading frame (ORF) encodes a high molecular weight (=340 kDa}
polyprotein which is processed into functional proteins by virally encoded proteinases
(Dougherty & Hiebert, 1985; Riechmann et a/l., 1992; Goldbach, 1990).

For a growing number of economically important plant viruses it has been shown
that transformation of hosts with a translationally active form of the coat protein
gene of a given virus, may confer resistance to infections and/or disease development
by the corresponding virus. This form of engineered resistance is now generally
referred to as "coat protein-mediated resistance’ {for reviews see Beachy et al., 1890;
Hemenway et a/., 1990; Nejidat et a/., 1990).

As a first step towards genetically engineered protection against PVY" and to gain
a better insight in the complex serological relationships existing among the
potyviruses, the nucleotide sequence of the 3'-terminal region of the PVY" RNA
genome, containing the complete CP cistron, was determined (Van der Vlugt et a/.,
1989). During the course of this investigation additional ¢cDNA clones from the 3°-
terminal half of the PVY" genome were obtained and their sequences determined.
This chapter reports the cloning and sequence determination of the 4412 3'-terminal
nt of the PVY" RNA genome, encompassing the coding regions for bath Nla and Nlb
nuclear inclusion proteins, the viral CP and the 3'-NTR.

2.2 Materials and Methods
2.2.1 Virus and viral RNA purification

A Dutch isolate (PVY-NI1) of PVY" (Hollings and Brunt, 1981), was obtained from
Ing. D.Z. Maat (DLO Research Institute for Plant Protection; IPO-DLO, Wageningen)
and purified from Nicotiana benthamiana 2-3 weeks after inoculation as described
helow. Purification steps were performed at 4°C.
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Leaf material was homogenized in 2 volumes of citric acid-phosphate buffer
{CAP-buffer: 0.14 M Na,HP0,/0.036 M citric acid, pH 7.0}, containing 0.01 M
sodium thioglycolate and 0.02 M sodium diethyldithiocarbamate. Triton X-100 was
added to a final concentration of 1% (v/v} and the mixture was incubated for 18 h
under continuous stirring. The homogenate was filtered through cheesecloth,
centrifuged for 10 min at 6,500g and the resulting supernatant centrifuged for 2 h
at 50,000g. The pellet was resuspended in 0.1 vol of CAP-buffer and the centrifuga-
tion steps repeatad again. The final pellet was resuspended in 0.1 vol CAP-buffer and
clarified by centrifugation for 10 min at 6,500g. The supernatant was layered on top
of a 10-40% (w/v) sucrose gradient in the same buffer and centrifuged at 75,000g
for 2 h. Pooled virus fractions wera diluted 1:1 with CAP-buffer and centrifuged for
2.5 h at 52,500g.

The remaining virus pellet was resuspended in 21.6 ml of CAP-buffer, mixed with
38.4 ml of a 0.623 g/ml CsCl solution in distilled water and centrifuged for 22 h at
110,000g and 20°C. Virus fractions were collected and dialyzed against CAP-buffer.
The CsCl centrifugation step was repeated and after dialysis against CAP-buffer the
virus concentration determined. Virus yield was about 1-5 mg per 100 g of fresh
leaves. Virus was stored in small aliquots at either -196°C or -20°C.

2.2.2 PVYY RNA isolation

RNA was purified from virus preparations by a 15 min incubation at room
temperature in 10 mM Tris-HC! pH 8.0, 100 mM NaCl, 1 mM EDTA, 1% SDS (final
concentrations) followed by repeated phenol/chloroform extractions and ethanol
precipitation of the RNA (Sambrook et a/., 1989). Purified RNA was resuspended in
double distilled water and stored in small aliquots at -20°C.

2.2.3 Synthesis and cloning of complementary DNA

Synthesis of double-stranded cDNA of PVY" RNA was done essentially by the
method as described by Gibler and Hoffmann (1983) involving oligo-dT,,.,s Priming
and AMV Reverse Transcriptase for first strand synthesis followed by second strand
synthesis using RNaseH, £. cofi DNA polymerase | and T, DNA ligase. cODNA was
gither made blunt-end by incubation with T, DNA polymerase and cloned directly into
a Smal-digested pUC19 plasmid (Yarrish-Perron et al., 1985) or digested with an
appropriate rastriction-enzyme and cloned in the polylinker region of Bluescript
(Stratagene) KS or SK vectors.



2.2.4 identification of recombinant clones

Recombinant plasmids were transformed to £. coli strain MH1 using the CaCl,
transformation method (Sambrook et a/., 1989) or to E. coli strain DH5aF by
electroporation. Ampicillin-resistant colonies, harbouring recombinant plasmids
containing PVYM-specific inserts, were identified by plating on LB-agar plates
containing 20 pg/ml IPTG and X-gal and colony filter hybridization (Grunstein and
Hogness, 1975) using oligo-dT,,,, primed first strand a-*?P-dATP labelled PVY®
cDNA. Plasmid DNA containing viral cDNA-inserts was analyzed by restriction
enzyme mapping and Southern analysis (Southern, 1975) using first strand a-32P-
dATP-labelled cDNA as a probe. To definitely confirm their genetic origin the
cDNA-inserts were isolated from Low Melting Point agarose gels, labelled with a-*2P-
dATP in a nick-translation reaction {Rigby et al., 1977} and hybridized with PVYN RNA
on Northern blots {(Sambrook et a/., 1989).

2.2.5 Nucleotide sequence determination

Restriction fragments of cloned ¢cDNA were inserted into the polylinker region of
either M13mp18 or M13mp19 (Norrander et a/., 1983) or Bluescript KS and 3K
plasmids {Stratagene). Single stranded template DNA was isolated and sequenced by
the dideoxy chain termination method {(Sanger et a/., 1977) using the universal M13
17-mer primer. Double stranded sequencing on plasmid DNA was performed as
described in the "Sequenase™ manual (United States Biochemical Corporation, 3rd
edition}. Chain elongation reactions were carried out using either the large fragment
of DNA polymerase 1 ("Klenow fragment”} or modified T, DNA polymerase
{"Sequenase”, USB) in the presence of a-*?P-dATP or ¢-*S-dATP. Nucleotide
sequences and protein data were analyzed using the Staden program {Staden, 1986}
and University of Wisconsin GCG program package {Devereux et al., 1984}.

2.3 Results
2.3.1 The sequence of the 3"-terminal half of PVY" RNA genome

Double-stranded cDNA, transcribed from PVY" RNA, was ligated into the Smal-site
of pUC19 or, upon digestion with restriction enzymes, in the polylinker region of
Bluescript vectors and recombinant plasmids were transformed to £ cofi. Using
oligo-dT,,.s primed, a-**P-dATP labelled PVY" cDNA as a probe, recombinant
plasmids containing PVY"-specific cDNA inserts were identified, the inserts ranging
in size from 300 to 2600 nucleotidas. Sequence analysis of the 3’-end of the cDNA
inserts demonstrated that three clones, with inserts of 1600, 1250 and 1200 base-
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Fig. 2.1 Schematic representation af the organization of the PVY" RNA genome and the
localization of the different cDNA clones.

pairs (bp), contained a poly(A)-tract and therefore comprised the 3’-terminal sequence
of PVYN RNA. Sequence determination of clone pvY8, containing a 1600 bp cDNA
insert that sncodes the complete PVYY CP cistron, has been described previously
(Van der Vlugt et a/., 1989). The positions of additional clones on the viral genome
waere determined by restriction enzyme mapping and are shown in Figure 2.1. The
cDNA insert contained in clone pAY104 had previously been prepared by Dr. H.
Huttinga {IPO-DLO, Wageningen).

The sequence of the 4412 3'-terminal nt of PVYM RNA, excluding the poly-(A} tail,
is presented in Fig. 2.2. Computer analysis revealed a large ORF of 4080 nt in reading
frame three of the {+) strand {virion polarity). The other reading frames of the {+)
strand and all three reading frames in the {-} strand contained numerous stopcodons
and few extended ORF’s. The AUG start codon of the single ORF was not identified
and is, in analogy with the other potyviral RNA genomes sequenced sofar, located far
upstream of the sequence analyzed. The large ORF was terminated by a single opal
stopcodon located 326 residues upstream of the 3’-poly(A)-tail. A second, amber
stopcadon was found in the same reading frame two codons downstream of this first
stopcodon (Fig. 2.2).

Cleavage sites in the polyprotein sequence were identified by comparison with the
sequence of a French isolate {PVY-Fr) of PVY", published during the course of this
work (Robaglia et al., 1989). Different polyprotein cleavage sites have beenidentified
for different potyviruses, however all cleavage sites located in the C-terminal half of
the polyprotein of one potyvirus display a consarved heptapeptide sequence that is
recognized by the Nla protease (Dougherty et a/., 1989; Riechmann et a/., 1992). The
PVYM-specific cleavage site sequence was identified as Vx(H/E)Q ¥ (G/S/A) {Robaglia
et al., 1989) and this sequence was found at positions 88/89, 140/141, 532/533
and 1093/1024 in the polyprotein (underlined in Fig. 2.2), Cleavage at these sites
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ATCTAGTTGAAAGAT TGCTCGAGGAGGAACGAGTGANACAGAGTCAATTCAGAAGTCTCAT TGATGAAGGATGCTCAAGCATGTTTTCAATTGTTAATTT
L VERTLULEETERVKQ®S o« FRSLIDEGTCSSMFS I VNL

AACAAACACTCTTAGAGCTAGATATGCAAAGGATTACACTGCAGAARACATACAGRAGCTCGAGAAAGTGAGAAGTCAGT TAAAGGAGTTCTCAAATTTA
TNTLRARYAKTDTYTAENTI KULETZ KV VRSO QLI KTETFSNIL

Cl =~/ —= 6K1
ARTGGCTCTGCATGCGAGGAGAACT TAATGAAGAGGTATGAATCTCTACAGTTTGTGCATCATCAAGCAATCAACTCACTCGCARAGGATT TGAAGTTGA
¥ 6 8§ ACEEWNLMIKRYTESILGQFVY HHalaI NSLAKDELIKLEK

AAGGAGTTTGGAAGAAGTCATTAGTTGTGLAGCACT TACTCATAGCGGLTGCCGTYTGCTATTGGTGGAATAGGGCTCATCTATAGTTGGTTTACTCAATC
6 VW KK SLVVYVYQQDLLI AGAVAIGEGEIGLII Y S WEFT Qs
GK1 = { —= Nia-VPg
AGFTGARACTGTGTCTCACCAGGGCAAGAACAAAT CCAAAAGAAT TCAAGCAT TGAAGT TTCGACACGCCCGCGATAAGAGGGCTGGCTTTGARATTGAT
VET VY S H ed6 KNKSKXR1@ALIKTFRHMHARDTIEKTEREAGTFTETITD

AACAATGATGATACAATAGAGGAATTCTTTGGATCTGCATACAGGAAGAAGGGAAAAGGT AAAGGCACCACTGTTGGTATGGGCAAGTCAAGCAGGAGGT
N NDDTTIEETFTFUGSAYRIKEKTESEGIKTSGSKTSGTT VY GMGEKSSRREF

TTGTTAATATGTATGGATTTGACCCAACAGAATATTCATTCATCCAGTTCGTTGATCCGCTCACTGGAGC TCAAATTGAAGAGAACATCTATGUTGATAT
YV NMWYGFDPTEYSFI &@F VDPLTGARTITETENTITYAD!I

TAGAGACATCCAAGAGCGCTTTAGTGATGTCCGCAGGAAAAT GGTAGAGGAT GATGAAATCGAATTGCAAGCATTGAGCAGCAACACAAACATCCATGLT
R DI @ ERF SDVRRKMYVYEDTDETIEL®SG®ALSSANTNIHA

TACTICAGGAAAGATTTGTCTGACAAGGCTCTAAAAATTGATTTGATGCCACGCAACCCAETCAAAATETGTGATAAATCGAATGGCATTGCTAAGTTTC:
Y FRKODULSDKALIKTIDILMPRHMNPLIEKTITCDEIKTSNSGIAKTFP:

Nia-VPg <« / — Nla-Pro
CTGAAAGAGAACTTGAGTTGAGGCAAACT GGGCCAGCAATAGAGGTTGATGTGAAAGACATTCCAAAACAGGAAGTGGAGCATGAAGCCARATCACTCAT
ERELETLG R GTGPATIEUWVD VY KDTIPTZEKSO QEVEHEI KSLN

GAGAGGTTTAAGGGAT TTCAATCCAATTGCTCAAACAGT TTGCAGAGTAAAAGTGTCTGTTGAATATGGAACGTCTGARATGTATGGGTTCGGTTTTGET
R 6 LRDFNPTIAQTUVCRYKVYVSVEYGTSEMYTEGFGFGE

GCGTATATTATAGTAAACCACCATCTATTCAAGAGCTTCAATGGATCCATGGAAGTGUGATCAATGCATGGAACATTCAGAGTGAAGAATTTGCATAGCT
A Y I 1 VN # HLF KSTF NGS MEVRSMHEGTTFRVYVKNLUHSL

TGAGTGTTY YACCGATCAAAGGCAGAGACATTATCATCATAAAGATGCCAAAGGACT TCCCTGTTTTCCCACAAAAACTGCACT TCCGAGCTCCAATACA
§$ V.IPI KGRDII1T11KMPIKTDTFPVFPQKTLUHKFRAPIAG

AAATGAGAGGATTTGTTTGBTTGGAACTAACTTTCAAGAAAAACATGCATCGTCAATCATCACAGAAACGAGTACTATATACAATGTGCCGGGCAGCACT
N ER I CLVGTNTF®GQETKMHHASSTIT I TETZSTI1IYNVPG ST

TTTTGGAAGCATTGGATTGAAACAAATGATGGGLATTGTGGAT TACCAGTAGTGAGTACAGCTGATGGATATCTGGT TGGAATACACAGCTTGGCGAATA
F WKHMWIETWNDBDGHESCGLPVVY STADGC CLVYGEI HSLANN

ATGTGCAAACCACGAATTATTATTCAGCTTTTGATGAGGAT TTTGAAAGCAAGTATCTCCGAACTAATGAACACAAT GAGTGGACCAAATCGTGGATATA
vVa T TNHNYY S A FDETDTFTETSTI KTYTU LRTWHKETHNEWMKTI KT SUWIZY

TAACCCAGACACTGTGTTGTGGGGTCCATTGAAGCTCAAGGAGAGTACLCCCCTAAAGCTGT TTAAGACAACAAAACTCGTACAGGATTTAATTGATCAT
N PDT VYL WGPLIEKILZE KTESTH®PLIEKTLTFIKTTIEKILUVY@DLTITUDH
Nla-Pro =/ -+ NIb
GATGTTGTTGTAGAGCAAGCYAAACATTCTGLGAGBATGTGTGAGGCTCTAACAGGGAATTTGCAAGCTGTGGCGACAATGAAGAGTCAGCTAGTRACAA
0 VV VE QdrA KH S ARBMKTETEATLTIGNL® EAVYATMEKT SO OQLUVT.

AGCACGTGGTGAAAGGGGAGTGTCGGCACTTCAAAGAGTTCTTAACTGTGGAT TCGGAAGCAGAAGCTGAAGCTTTCTTCAGGCCTTTGATGGATGCTTA)
H v VKGET CRI KTFEKTETFTLTVDSEHAEA AEHATFTFRPLMWDATY

TGGGAAGAGCTTATTAAATAGAGAAGCATATATARAGGACATAATGAAATACTCAAAGCCTATTGATGT TGGAATAGTAGAC TGCGATGCTT TGAAGAG
G XK 8 L LNREAYTIKDI#MWKTYSKPIDUVGIVDCDALIKTE

CTATCAATAGGGTTATCATTTATCTGCAACTCGGTACCCGGGCAGAAAT GCAATTACATCACCGATGAGCAGGAAATTTTCAAAGCTCTCAATATGAAA
L 8L 6L S F 1 CNSVPGOKTCHNYTT TDODE®©ETITFIKALWNMEK

CTGCTGTCGGAGCTATGTATGGAGGCAAGAAGAAAGACTACTTTGAGCATTTTACTGAGGCGGATAAAGAGGAAATTGTTATGCAAAGTTGCTTGCGAT
AV GAMNMYGGKI K KDY FEHFTESANDIKTETETI VMNGEGS CLRL

GTACAAGGGCTCGCTTGGCATATGGAATGGATCATTGAAAGCAGAACTCCGGT GCARAGAGAAGATACTTGCAAATAAGACAAGGACAT TCACTGCTGE
¥ K6 8 L 61 WNGZSLKAETILR RTECEKTET KTILANEKTRTEFETAA

CCTTTAGATACTCTACTGGGTGGAAAGGTGTGCGTTGATGATTTTAATAATCAATTCTACTCARAGAACAT TGAATGCTGCTGGACTGTTGGAATGACT
P LDTLLGGEKVYCVDDFNMNNRDTFTYSKNHNTIETCTLCWTUVGEMNT




2401 AGTTTTATGGAGGT TGGRACAAATTGCTTCGCGCTCTACCTGAAAATTGGGTGTACTGCGATGCTGATGGT TCACAATTCGATAGT TCACTCACCCCATA
F Y G&GG WD K LLRALPEANUNWYYCDADGSQFD SSTULTPY

2507 CCTAATCAATGCTGTTCTCATCATCAGAAGCACATACATGGAAGATTGGGAATTGGGGTTGCAAATGT TGCGCAATTTGTACACAGAARTAATTTACACA
LI NAV LI TRSTYMNKNETDWETLGLGMLRNLYTEI1LIYT

2601 CCAATCTCAACTCCAGATGGAACAATTGTCAAGAAGTTTAGAGGTAATAATAGCGGTCAACCTTCTACCGTTGTGGATAATTCTCTCATGGTTGTACTTG
P TS TPDGTI1IVEKIKTFRTIGNNSGOQPSTVVDNSILHKVYVLA

2701 CTATGCATTACGCTCTCATTAAGGAGGGCGTTGAGT TTGAAGARATCGACAGCACGTGTGTATTCTTTGTTAATGGTGATGATTTATTGATTGCTGTAAA
HY A LI KEGVYETFETETILIDSTCVFFVKGDDULLTIAVHN

2801 TCCGGAGAARGAGAGCATTCTCGATAGAATCTCACAACATTTCTCAGATCTTGGTTTGAACTATGATTTTTCATCGAGAACAAGAAGGAAGGAGGAATTG
P EKES T LD RII S5QHF SDLGLNYDTFSESSRTDRRIEKTETE'L

2901 TGGTTCATGTCCCACAGAGGCCTGCTAATCGAGGGCATGTACGTGCCAAAGCTTGAAGAAGAGAGAAT TGTATCCATTCTGCAATGGGATAGAGCTGATC
W F WS HRGULLI EGMYVYPKLETEERTIUVSILGQ@UWUDERATDIL

3001 YGCCAGAGCACAGATTAGAAGCGATTTGTGCAGCAATGATAGAATCCTGEGGTTATTTTAAGTTAACGCACCAAATCAGGAGATTCTACTCATGGTTGYT
P EHRLEASAAICAAMIESWGEY F KLTHa1ilRRTFYSWLL

3101 GCAACAGCAACCTTTTTCAACGATAGCGLAGGAAGGAAAAGCT CCATACATAGCGAGCATGGCAT TGAAGAAGCTGTACATGGACAGGACAGTAGATGAG
Q@ a P F 88T 1 A QEGKAPY [ ASMALIKTEKTILYMDRTWVDE
Nib =/ —= CP

3201 GAGGAACTGAAAGCTTTCACTGAAATGATGGTTGCCTTGGATGATGAATTTGAGTGCGATACTTATGAAGTGCACCATCAAGGAAATGACACAATCGATG
EELKAFTEMMYALDDETFETCDTTYEUVHHO4I HNDO T I DA

3301 CAGGAGGAAGCACTAAGAAAGATGCAAAACAAGAGCAAGGTAGCATTCAACCAAATCTCAACAAGGAAAAGGTAAAGGACGTGAATGTTGGAACATCTGG
G G § T KKDAK®®EOGQGS 1T @PNLNEKEIKVIKD?VRKVGETSG

3401 AACTCACACTGTGCCACGAATTAAAGCTATCACGTCCAAAATGAGAATGCCCAAGAGTAAGGGTGCAACTGTACTAAATTTGGAACACCTACTCGAGTAT
TH TV PRTIIKMSAZITSIKMEBRMEPIKS?SKOGATVLNLEWHLLTEY

3501 GCTCCACAGCAAATTGAAATCTCAAATACTCGAGCAACTCAATCACAGTTTGATACATGGTATGAAGCAGTACAACTTGCATACGACATAGGAGAARACTG
AP Qg alET S$NTRATA® GGSQFDLOT WY EAVY QL AYDTIGETE

3501 AAATGCCAACTGTGATGAATGGOCTTATGGTTTGGTGCATTGAAAATGGAACCTCGCCAAATATCAATGGAGT TTGGGT TATGATGGATGGAGATGAACA
M P T VvV HHNGLMY W ECITEWNIGTESPNIMNGYMWV HNDGDEOQ

3701 AGTCGAATACCCACTGAAACCAATCGTTGAGAATGCAAAACCAACACTTAGGCAAATCATGGCACATTTCTCAGATGTTGCAGAAGCGTATATAGAAATG
vV E Y P L KOP T VENAKZPTILRQOI MALHNKT FSODVATEAYTITENHN

3801 CGCAACAAAAAGGAACCATATATGCCACGATATGGTTTAGTTCGTAATCTGCGCGATGGAAGTTTGGCTCGCTATGCTTTTGACTTTTATGAAGTTACAT
R N K KEPYHWPRY G LV RNILURDTGSLARTYATFDTFYEVTS

3901 CACGTACACCAGTGAGGGCTAGAGAGGCACACATTCAAATGAAGGCCGCAGCT TTAAAATCAGCTCAATCTCGACTTTTCGGATTGGATGGTGGCATTAG
R TPV RARE AMHIQONIKAAALIKTSHA®SSURLTFGLDIGSE G111 S

4001 TACACAAGAGGAAAACACAGAGAGGCACACCACCGAGGATGTTTCTCCAAGTATGCATACTCTACTTGGAGTGAAGAACATG1GATTGTAGTGTCTTTEE
T @E ENTERMHTTEDUWVSP S HHTLL GV KMNHMW®™

4101 GGACGATATATAGATATTTATGTTTGCAGTAAGTATTTTGGCTTTTCCTGTACTACTTTTATCGTAATTAATAATCGTTTGAATATTACTGGCAGATAGG
4201 GGTGGTGTAGCGATTCCGTCGTTGCAGTGACCTTAGCTGTCGTTTCTGTATTATTATGTTCGTATAARAGTGECGGGTTGTTGTTGTTGTGGETGATETA
4301 TCGATTAGGTGATGTTGCGATTCGTCGIAGCAGTGACTATGTCTGGATTTAGTTACTTGGGTGATGCTGTGATTCTGTCATAGCAGTGACT GTAAACTTC

4401 AATCAGGAGACAAAAARAAAARARRAAAAARAA

Fig. 2.2 Nucleotide sequence of the 3'-terminal half of the PVYY RNA genome. The
predicted amino acid sequence is shown under the nucleotide sequence.
Asteriks {*) indicate stop codons. Hepta-peptide cleavage sites processed by
the Nla protease are underlined, actual cleavge sites are indicated with an
arrow {}) and cistrons are indicated. Amino acid residues or motifs involved
in specific protein functions (see text) are shown in bold and underlined
lettering. Eight and eleven nucleotide direct repeats in the 3'-NTR are
underiined.




would result in proteins of 88, 52, 432, 521 and 267 amino acids long, corres-
ponding respectively with the C-terminal 88 amino acids of the cytopiasmic inclusion
(CI) protein, the putative 6K, protein, the Nia VPg/protease, the NIb RNA-dependent
RNA-polymerase and the viral coat protein (Riechmann et af., 1992).

The base composition of the 329 nt 3’-NTR showed a high percentage of uridine
(39.3%) and a low percentage of cytosine (14.1%). Amounts of guanosine and
adenosine were average to below average {resp. 25.4% and 21.2%]}. Analysis of this
region revealed three regions, 35 to 40 nt in length, which were strongly
homologous. In addition, 8-nucleotide and 11-nuclectide direct repeats were also
present in the 3'-untranslated region of PVY™-NI1 (Fig 2.1 and Van der Vlugt et al.,
1989). Considerable homology in nucleotide sequence and length could only be
detected to the 3'-NTRs of other PVY isclates and PepMoV, while, in contrast, no
homaology could be detected with the 3°'-region of other unrelated potyviruses or RNA
plant viruses {data not shown).

2.2.2 Comparisons of PVY¥-specific proteins

The Nla protein has been identified as the protease involved in seven cleavage
events in the central and C-tarminal part of the potyviral polyprotein {Carrington and
Dougherty, 1987; Hellman et al., 1988; Chang et al., 1988; Garcia et al., 1989;
Ghabrial et al., 1990; Garcia et 2/, 1992). The N-terminal region of the protein is
proposed to contain the VPg protein while the proteolytic activity is located in its C-
terminal part (Murphy et af., 1990; Dougherty and Parks, 1991). Alignment of the Nla
VPg/protease protein with the homologous proteins from the French PVY" isolate
(PVY-Fr; Robaglia et al., 1989) and four other potyviruses revealed significant levels
of overall sequence homology, ranging from 64 to 72% for the unrelated potyviruses
to 97% for PVY-Fr (see Table 2.1A). No extended regions of strict sequence
conservation are present but certain conserved amino acid residues and sequence
motifs can be identified. A tyrosine residue, present at pos. 64 (Y#), is thought to
function as the VPg-RNA attachment site (Murphy et a/., 1291) and is strictly
conserved in all potyviral Nla sequences. Two basic domains containing a high
concentration of Arg and Lys residues were recently identified in the N-terminus of
the TEV Nla protein as nuclear translocation signals (Carrington et a/., 1991). Similar
regions are present in the Nla protein N-termini of the other potyviruses, though strict
sequence conservation is not apparent. The suboptimal cleavage site QEVEHE A
within Nla, at which the VPg domain is proposed tc be released from the protease
domain {(Garcia et a/., 1892}, is located at pos. 188/189 of the PVY Nia protein {see
Fig. 2.2} and conservation of residues between potyviruses appears to be limited to
the dipeptide sequence at which cleavage is thought to occur {i.e. E4{G/S/A). The
rasidues of the catalytic triad [His, Asp, Cys], conserved in viral cysteine proteases

18




(Bazan and Fletterick, 1988; Gorbalenya et a/., 1989; Goldbach, 1990) are found at
pos. 234, 269 and 339 respectively. Several other amino acid residues were
identified as possibly involved in substrate recognition and binding of the Nla protease
of TEV (Parks and Dougherty, 1891) however, only three amino aids (i.e. T3, H®**
and F*™) are strictly conserved among the different potyviruses.

The NIb protein has been identified as the RNA-polymerase protein an the basis of
conserved sequence simitarities with picorna- and como-viral polymerases {Allison et
al., 1988; Domier et al., 1987). Alignment of the NIb polymerase with the
homaologous proteins from the French PVY" isclate and four other potyviruses
revealed even higher levels of overall sequence homoelogy than previously observed
for the Nla protein, ranging from 74 to 78% for the unrelated potyviruses to 95% for
PVY-Fr {sae Table 2.1B). The N- and C-termini are more variable in sequence while
the central region of the polymerase contains a number of highly conserved sequence
blocks {data not shown). Several conserved amino acid motifs, typical of plant viral
proteins involved in replication (Kamer and Arges, 1984; Goldbach, 1986; Domier ef
al., 1987; Candresse et af., 1990; Koonin, 1921), could be identified {see Fig. 2.2)
and were fully conserved in all potyviral Nib sequences under investigation. The first
motif, DxxxxD, was present as a DGSQFD block, starting at pos 250 of the PVYN NIb
protein. The second motif, (T/S)GxxxTxxxN(T/S}, started at pos. 312 and was
present as a SGQPSTVVDNS hlock and the third motif, GDD, started at pos. 353. A
fourth motif, a Lys residue typical of RNA-dependent RNA-polymerases (Poch et
al.,1989) is located at pos. 391 {K*).

The start of the PvY™ CP was identified both by multiple sequence alignment with
other PVY isolates and by chemical determination of the N-terminal amino acids of
the CP (Van der Vlugt et a/., 1989). This located the cleavage site in the polyprotein
at pos. -267 corresponding to a CP M, of 29,833. This is in reasonable agreement
with the apparent M, 33,000 to 34,000 as estimated from PAGE studies (Huttinga
and Mosch, 1974). The DAG-motif, proposed to be involved in potyviral aphid-
transmission {(Harrison and Robinson, 1988; Atreya et a/., 1990) is located at pos.
6 of the PVY™ CP sequence. Multiple potyviral CP sequence alignments, including the
CP sequence of pepper mottle virus {(PepMoV; Dougherty et al., 1985b) showed
considerable homology throughout the CPs except for the N-terminal parts which
were highly variable for the different viruses, both in length and in amino acid
composition {Van der Vlugt et a/., 1989; Ward and Shukla, 1991}. The highest
degree of homology, of around 95%, was found between the capsid proteins of PVY-
NI, PVY-Fr and PepMoV, with these viruses showing a CP N-terminus equal in length
and sequence. CP sequence homologies for the other, non-related, potyviruses ranged
from 69 to 79% (see Table 2.1C), with most differences located in the N-terminal
regions.




Table 2.1

Percentages of homology between Nia proteins (Al, NIb proteins (B} and coat proteins
[C) of different potyviruses. Sources of sequence data are: PVY-NI1; Van der Viugt
et al., 1989 and this Chapter, PVY-Fr; Robaglia et af., 1989, TEV; Allison et al.,
1986, TVMV; Domier at a/., 1986, PPV; Maiss et al., 1988, BYMV,; Bovye et al,,
1992, PepMoV; Dougherty et a/., 1985b.

NI Fr TEV TVMV PPV BYMV
PVY-NIT 100
PVY-Fr 96.3 100
TEV 62.3 63.0 100
TVMV 61.1 61.1 64.9 100
PPV 68.3 69.2 87.0 68.6 100
BYMV 61.3 61.6 63.5 65.3 66.8 100
NI Fr TEV TVMV PPV BYMV
PVY-NIT 100
PVY-Fr 94.8 100
TEV 72.7 70.8 100
TVMV 73.6 73.3 75.4 100
PPV 74.5 736 76.C0 74.2 100
BYMV 72.8 72.3 76.2 73.1 75.5 100
C:
NI Fr PepMoV  TEV TVMV PPV BYMV
PVY-NI1 100
PVY-Fr 96.3 100
PepMoV  94.4 951 100
TEV 77.6 77.6 77.2 100
TVMYV 67.6 66.8 66.4 69.6 100
PPV 75.7 75.3 75.7 75.3 67.9 100
BYMV 73.8 74,2 73.8 77.2 67.6 71.4 100
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2.4 Discussion

We have detarmined the nucleic acid sequence of the 3'-terminal half of the RNA
genome of a Dutch isolate of PVY". The sequence obtained encodes respectively the
C-terminal part of the cytoplasmic inclusion (Cl} protein, the putative 6K, protein,
both Nia and NIb nuclear inclusion proteins and the viral coat protein,

Extensive sequence comparisons between the CPs of many potyvirus species has
previously revealed a bimodal distribution of sequence homologies, with distinct
species having 38 to 71% (average 54%) homology and isolates of one species
showing 90 to 99% sequence homolegy (Shukla and Ward, 1989; Ward and Shukla,
1981). The 3'-NTRs of different potyviruses also display a high level of variahility,
both in length and in primary sequence (39 to 53%), whereas the homology in this
region between strains of one virus species generally ranges from 83 to 99% (Frenkel
et al., 1989). This has prompted the suggestion that both the sequences of the CP
and tha 3'-NTR of the potyvirus genome can serve as accurate markers of genatic
refatedness and shouid form the basis of potyvirus taxonomy {Ward and Shukla,
1991; Shukla et al., 1991). Comparisons between the non-structural proteins of both
a Dutch and a French isolate of PVY" and a number of other distinct potyvirus
species, show a similar bimodal distribution of homologies as observed for the CP and
3'-NTR sequences (see Table 2.1). Therefore, similar as the CP and 3'-NTR
sequences, these sequences also appear suitable genetic markers for the taxonomic
position of potyviruses as the CP and 3'-NTR sequences. It should be noted however,
that large sequence divergences, possibly arising from genomic recombination events
between different viruses, can not be ruled out as a cause for biological differences
between isalates of distinct potyvirus species and that therefore preferably sequence
data of complete potyviral genomes should serve to differentiate between distinct
potyvirus species.

Interestingly the first PepMoV isolate whose sequence was determined {Dougherty
et al., 1985), shares a much higher homology in its CP sequence to PVY" than the
other potyviruses. This homology is extended to the 3'-non-coding region of the RNA
where it shares about 84% nucleotide homology to both PVY™ isclates and up to
94% with other PVY isolates {see Chapter 3 and Van der Viugt et al., 1993). No
extensive sequence homology to the 3'-NTR of other potyviral genomes was
detectad. This and other comparisons of the sequence of the PepMoV CP with those
of other PVY isolates and unrelated potyviruses (Van der Vlugt et al., 1989, Van der
Viugt, 1992} show that PepMoV is much more related to PVY than was previously

believed from serological studies (Bartels, 1964; Purcifull & Gooding, 1970; Purcifull
et al., 1975; Nelson & Wheeler, 1978}. The high levels of homology in both the
polymerase coding region and the 3-NTR sequence confirm this close relationship.
On the basis of host range studies and serological tests PepMoV was first described
as an atypical strain of PVY (PVY® or PVY-speckling, Zitter, 1972}. On the basis of
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serological distinction and differencesin symptoms onindicator plants, PVYS has later
been tentatively renamed PepMoV and proposed to be a distinct potyvirus (Zitter,
1972; Zitter and Cook, 1973; Nelson and Wheeler, 1972; 1978). On the basis of the
published sequence information and the sequence comparisons made here, it should
be concluded that PepMoV can be regarded as a strain of PVY.
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