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Full genomic sequences were determined for 12 Maize streak virus (MSV) isolates obtained from Zea mays and wild grass
species. These and 10 other publicly available full-length sequences were used to classify a total of 66 additional MSV
isolates that had been characterized by PCR–restriction fragment length polymorphism and/or partial nucleotide sequence
analysis. A description is given of the host and geographical distribution of the MSV strain and subtype groupings identified.
The relationship between the genotypes of 21 fully sequenced virus isolates and their virulence in differentially MSV-resistant
Z. mays genotypes was examined. Within the only MSV strain grouping that produced severe symptoms in maize, highly
virulent and widely distributed genotypes were identified that are likely to pose the most serious threat to maize production
in Africa. Evidence is presented that certain of the isolates investigated may be the products of either intra- or interspecific
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INTRODUCTION

Maize streak virus (MSV) is the causal agent of maize
streak disease, the most important disease of maize in
Africa (Bosque-Perez, 2000). It is the type member of the
genus Mastrevirus (family: Geminiviridae) and is rela-
tively closely related to the less economically significant
African and Australasian streak viruses Panicum streak
virus (PanSV), Sugarcane streak virus (SSV), Sugarcane
streak Réunion virus (SSRV), sugarcane streak Egypt
virus (SSEV), and Digitaria streak virus (DSV) (Bigarré et
al., 1999; Briddon et al., 1992; Briddon, 1996; Donson et
al., 1987; Hughes et al., 1992). Together with other mem-
bers of the genus these viruses have a single genomic
component and an almost identical arrangement of
genes (Rybicki et al., 2000).

Since 1984 the full genomic sequences of nine unique
MSV isolates have been published. Until recently all
sequenced isolates had been obtained from severely
symptomatic maize and shared greater than 95% se-
quence identity (Peterschmitt et al., 1996). Full genomic
sequences have now also been determined for three
MSV isolates obtained from wild annual grass species
and wheat (Schnippenkoetter et al., 2001; Willment,
1999). These sequences share less than 90% identity
with those of the isolates obtained from maize.

Various studies using partial nucleotide sequencing of
MSV genomes and/or restriction fragment length poly-
morphism (RFLP) analysis of MSV-derived PCR products
1 To whom correspondence and reprint requests should be ad-
ressed. E-mail: ed@molbiol.uct.ac.za. Fax: x27-21-689-7573.
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have attempted to determine both the extent of MSV
diversity and the distribution of MSV genotypes in Africa
(Briddon et al., 1994; Rybicki et al., 1998; Willment et al.,
2001). Collectively these studies have involved the anal-
ysis of only 28 isolates from maize and 11 isolates from
annual grasses and wheat. These investigations have
confirmed that while virtually all isolates from maize
shared greater than 95% nucleotide sequence identity
(Briddon et al., 1994; Rybicki et al., 1998; Willment, 1999),
isolates from wheat and annual grasses were consider-
ably more diverse and shared between ;89 and ;78%
nucleotide sequence identity with the maize isolates
(Rybicki et al., 1998; Willment et al., 2001). All of these
studies, however, concentrated on inferring phylogenies
of isolates from nucleotide sequence data obtained from
less than half of the isolates’ genomes, and none fully
explored the relationship between isolate genotypes and
virulence in maize.

Here we describe the PCR–RFLP typing of 49 MSV
isolates and the complete sequencing and analysis of 12
new MSV genomes selected from among the 49 as being
representative of major virus groupings. These and 10
other publicly available full-length MSV sequences were
used to classify a total of 85 MSV isolates into tentative
strain and subtype groupings for which geographical and
host distributions were determined. Agroinoculation of
differentially resistant maize genotypes with 18 agroin-
fectious MSV isolates and symptom quantification by
image analysis were used to identify specific groups of
MSV genotypes that are likely to pose serious threats to

maize production. Recombination between viruses was
assessed using custom-written analysis software, and

0042-6822/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.

https://core.ac.uk/display/82639321?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


(

s
m
M
M
J
q
A
m
1
G
f
p
a
t
d
t
t

s
i
t
i
g
n

248 MARTIN ET AL.
the potential contribution of less virulent virus strains
and species to the evolution of economically significant
MSV genotypes was investigated.

RESULTS

Full genome sequencing and classification of MSV
isolates

To enable the classification of MSV isolates charac-
terized in this and other studies using PCR–RFLP and
partial sequence analysis, isolates that represented as
much as possible of the currently observed MSV diver-
sity were selected for full genome sequencing. Forty-
nine MSV isolates were analyzed using the PCR–RFLP
technique developed by Willment et al. (2001). The iso-
lates were of four major types: a “maize type” (repre-
sented by 37 isolates) found almost exclusively in maize,
a “grass type” (represented by 10 isolates) found in a
range of predominantly wild grass species, a “Urochloa
type” (represented by MSV-Raw), and a “Digitaria type”
represented by MSV-Pat).

To determine the actual nucleotide sequence relation-
hips between viruses in the different groups, eight
aize-type isolates (MSV-MatA, MSV-MatB, MSV-MatC,
SV-Sag, MSV-Ama, MSV-Gat, MSV-MtKA, and MSV-
akD), two grass-type isolates (MSV-Mom and MSV-

am), MSV-Raw, and MSV-Pat were cloned and fully se-
uenced (GenBank Accession Nos. AF329878–
F329889). A pairwise nucleotide sequence identity
atrix was constructed using these 12 sequences and

0 other full-length MSV sequences currently available in
enBank (the matrix can be found on our Web site:

tp://ftp.uct.ac.za/pub/data/geminivirus/diversity/figa.
df). To classify the sequenced isolates, a strain was
rbitrarily defined as a group of isolates sharing greater

han 94% nucleotide sequence identity. Based on this
efinition, the 22 sequences assessed contain represen-

atives of five MSV strains. We have tentatively named
hese MSV-A, -B, -C, -D, and -E (Fig. 1).

To further classify the large group of MSV-A isolates, a
ubtype was arbitrarily defined as a group of isolates shar-

ng greater than 98% sequence identity. By this definition
he MSV-A sequences currently available could be divided
nto six subtypes, all of which were supported by phylo-
enetic analysis of the sequences. These were tentatively
amed MSV-A1, -A2 -A3, -A4, -A5 and -A6 (Fig. 1).

Geographical and host distribution of MSV strains
and subtypes

We assigned strain and subtype classifications to
PCR–RFLP typed isolates from both this study and that
carried out by Willment et al. (2001) by comparing their
RFLPs to those of the fully sequenced isolates. Similarly,

isolates previously typed by partial nucleotide sequence
analysis (Briddon et al., 1994; Rybicki et al., 1998) were
also classified based on their relatedness to the fully
sequenced isolates. Collectively, 85 MSV isolates were
typed and used to assess both the prevalence of differ-
ent MSV strains in nonmaize hosts and the distribution of
different MSV-A subtypes in maize throughout Africa (Fig.
2). A listing of the strain and subtype classifications of
each of the 85 MSV isolates can be found on our Web
site: ftp://ftp.uct.ac.za/pub/data/geminivirus/diversity/
tablea.pdf.

MSV-B was both the only detectable strain found in
cultivated species, such as wheat and rye, and the most
commonly detected strain in wild grasses (70%; Fig. 2).
Although strain B viruses were also detected in maize,
they represented only 3% of all isolates detected in this
host. Whereas MSV-A subtypes accounted for 20% of the

FIG. 1. A rooted neighbor joining tree (Saito and Nei, 1987) indicating
the relationships between the MSV genomes sequenced in this study
and all other publicly accessible full-length African streak virus
genomic sequences. GenBank accession numbers for the sequences
not determined in this study can be found on our Web site (ftp://
ftp.uct.ac.za/pub/data/geminivirus/diversity/tableb.pdf). The MSV se-
quences can be divided into five major strain groupings (designated
A–E). The MSV-A isolates were subdivided into six subtypes for purely
descriptive purposes. The tree has been rooted on the sequence of the
mastrevirus Chloris striate mosaic virus (not shown). Numbers associ-
ated with nodes represent the percentage of 1000 bootstrap iterations
supporting the nodes. Nodes with less than 60% bootstrap support
were collapsed.
isolates detected among wild grasses (none was from
wheat or rye), strain C, D, and E viruses are apparently
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quite rare and collectively comprised only 15% of isolates
obtained from nonmaize hosts.

The overwhelming majority of MSVs obtained from
maize were strain A isolates (Fig. 2). There appear to be
substantial differences in the subtype composition of the
MSV-A populations infecting maize in different parts of
Africa (Fig. 2). While subtype A1 isolates occur through-

ut Africa from Nigeria to South Africa, subtype A2, A3,
nd A4 MSVs were found only in western, eastern, and

FIG. 2. The geographical and host distribution of 85 MSV isolates
that have currently been typed in this and other MSV diversity studies
(Briddon et al., 1994; Rybicki et al., 1998; Willment et al., 2001). While
54% of the isolates used to construct this figure were typed exclusively
by PCR–RFLP analysis, the rest were typed by partial and full-length
genomic sequencing (a description of the subtype and strain classifi-
cations of all these isolates can be obtained from our Web site:
ftp://ftp.uct.ac.za/pub/data/geminivirus/diversity/tablea.pdf). Numbers
above bars (n) indicate the number of isolates used to construct the
bars. Note that samples from nonmaize hosts were predominantly
obtained from South Africa and percentages presented here are prob-
ably not representative of any individual nonmaize host species or of
nonmaize hosts throughout the entire African continent.

FIG. 3. Average percentages of chlorotic leaf areas occurring on le
range of MSV, PanSV, SSV, SSMV, and DSV isolates. The MSV isolate
genotypes were highly sensitive (B73, white bars), moderately sensitive

MSV infection. No agroinfectious clones were available for the isolates pr
PanSV-Ken, SSEV-Asw, -Ben, and SSV-N). Error bars represent 95% confidenc
southern Africa, respectively (Fig. 2). Only subtype A6

isolates have been detected in MSV-infected maize on
the Indian Ocean islands of La Réunion and Mauritius
(Briddon et al., 1994) and no MSV-A6 isolates have yet
been detected on the African continent.

Pathogenicity of virus isolates in Zea mays

To determine the relationship between the genotypes
of streak virus isolates and their pathogenicity in maize,
we agroinoculated differentially MSV-resistant maize ge-
notypes with 21 fully sequenced MSV, PanSV, DSV, SSRV,
and SSV isolates. MSV strain A isolates produced the
most severe symptoms in all the maize genotypes tested
(Fig. 3). While all these isolates share greater than 95%
nucleotide sequence identity, there are significant differ-
ences in their pathogenicity in maize. Whereas subtype
A1 (MSV-Ama, -Gat, -MatA, -MatB, and -Sag), A2 (MSV-
Ns), and A5 (MSV-MakD and -MatC) isolates produced
the severest symptoms in all the maize genotypes (C4–6

of 68.6–75.5), subtype A4 isolates (MSV-Kom and -VM)
roduced the least severe symptoms (C4–6 of 54.0–54.4).

Although subtypes A3 (MSV-MtKA) and A6 (MSV-R2) iso-
lates generally produced intermediate symptoms in all
the maize genotypes (C4–6 of 62.8–63.2), the subtype A6

isolate produced symptoms as severe as the subtype A1,
A2, and A5 isolates in the MSV-resistant maize genotype
PAN6099 (Fig. 3).

The MSV-B, -C, -D, and -E isolates were all substan-
tially less severe (C4–6 of 32.3–5.5) than the MSV-A iso-
lates in all the maize genotypes. The single maize-de-
rived strain B isolate (MSV-Mom) was significantly less
severe in maize than the maize-derived strain A isolates
(Fig. 3). No strain B, C, D, or E isolates produced any

ur through six (C4–6) of different maize genotypes agroinfected with a
been labeled according to their strain and subtype groupings. Maize
t corn, hatched bars), or moderately resistant (PAN6099, black bars) to
aves fo
s have

(swee

esented in Fig. 1 that are not represented here (MSV-K, -SA, -Jam,
e intervals of the means (based on Student’s t distribution).
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symptoms in the moderately resistant maize genotype
PAN6099.

The PanSV, DSV, SSMV, and SSV isolates produced the
mildest symptoms in maize (C4–6 of 0.06 to 1.69). None of
hese viruses produced any symptoms in PAN6099.

hereas the PanSV isolate was slightly more severe
han the rest of these viruses (particularly in sweet corn),

SV was by far the mildest and produced no symptoms
n B73.

etection of recombination between virus isolates

Because recombination has potentially resulted in the
ecent emergence of a number of serious begomovirus
iseases (Umaharan et al., 1998; Zhou et al., 1997, 1998),

he prevalence of recombination among MSV genomes
as investigated. Using a custom-written analysis soft-
are (RDP version 1.8; Martin and Rybicki, 2000), nine
nique recombination events were detected among 28

ull-length African streak virus sequences (Fig. 4). Appar-
ntly recombinant regions ranged in size from 23 to 501
ucleotides, with interspecies recombination apparently

nvolving smaller regions (23–55 nucleotides) than in-

FIG. 4. A schematic representation of the recombinant regions in th
major genomic features of all the recombinant virus isolates that were
protein gene; CP, coat protein gene; SIR, short intergenic region; RepA
regions is indicated by their shading. Note that while the recombinant r
t could be more accurately described as being MSV-A-like. Potential
o not have a recombinant origin (Martin and Rybicki, 2000) are prese
raspecies recombination (56–501 nucleotides).
Two groups of recombinant sequences were particu-

r
h

arly interesting. All the subtype A4 sequences examined
(MSV-SA, -Kom, and -VW) contain strain B-like se-
quences at the 39 termini of their C2 ORFs (Fig. 4). This
potentially recombinant region has apparently altered
the position of the C2 termination codon so that subtype
A4 viruses would be predicted to express Rep proteins
that, relative to viruses belonging to the other MSV-A
subtypes, are missing five C-terminal amino acids. The
MSV-B isolates MSV-Mom, -Tas, and -VW all contain 55
nucleotides of PanSV-like sequence in their short inter-
genic regions (SIRs). The recombinant portion of their
SIRs is within the ;80-nucleotide region to which a
primer-like oligonucleotide involved in virus replication
has been found bound in encapsidated virions (Donson
et al., 1984).

DISCUSSION

Whereas a number of studies have begun to reveal the
extent of MSV diversity (Briddon et al., 1994; Hughes et
al., 1992; Rybicki et al., 1998; Schnippenkoetter et al.,

001; Willment et al., 2001), virtually nothing is known of
ither the geographical and host distributions or the

n streak virus genomes analyzed during this study. Indicated are the
ed (labeled for MSV-Ama). LIR, long intergenic region; MP, movement
, replication associated protein gene. The origin of different genomic
etected within RepA of SSV-N is presented here as being MSV-A1-like,
ination break points and the probability (P) that the indicated regions
e Africa
detect
1 C2

egion d
elative pathogenic potentials of the virus genotypes that
ave been detected. Our aim here was both to provide
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251MAIZE STREAK VIRUS: DIVERSITY AND VIRULENCE
an expanded view of MSV diversity and to explore the
relationships between the known MSV genotypic group-
ings and their host specificities, geographical distribu-
tions, and virulence in maize.

For descriptive purposes, 22 unique full-length MSV
genome sequences were classified into strain and sub-
type groupings. While these groupings were not in-
tended to be definitive, they are supported directly by
phylogenetic analysis of the sequences and indirectly by
both their pathogenicity in differentially MSV resistant
maize genotypes and their geographical distributions.

It is potentially controversial that the isolates classified
in strains MSV-C, -D, and -E were grouped together in the
same species as MSV-A and -B isolates, since they
share less nucleotide sequence identity (between 78 and
83%) than is shared by many distinct geminivirus species
in the genus Begomovirus. However, it has been pro-

osed that a species be defined as any group of isolates
apable of trans-replicating one another (Rybicki et al.,

2000). The trans-replication of MSV-A and -C isolates has
been demonstrated (Schnippenkoetter, 1998; Willment,
1999). The fact that these strains are more dissimilar
than are MSV-A and either MSV-D or -E implies that
MSV-A isolates may also be able to trans-replicate and
be trans-replicated by both MSV-D and -E isolates. More-
over, the MSV-C, -D, and -E isolates we examined are all
more virulent in maize than the distinct mastreviruses
PanSV, DSV, and SSV, meaning that there is a less clear-
cut biological difference between them and the MSV-A
isolates than there is between the “MSVs” and other
mastreviruses.

MSV is known to infect over 80 wild and cultivated
grass species (Büchen-Osmond, 1998; Damsteegt, 1983;
Konate and Traore, 1992). This and other studies have
indicated that severe streak disease in one of these
species, Z. mays, is predominantly caused by MSV-A
solates (Briddon et al., 1994; Willment et al., 2001). Col-
ectively, all major MSV diversity studies that have typed

SV isolates by either partial sequencing or RFLP anal-
sis have examined only 23 isolates from eight nonmaize
ost species, almost all of which have originated from
outh Africa. Given such a small sample size, it is inter-
sting that five unique MSV strains have been detected

n these hosts. It is not inconceivable that the over-
helming predominance of MSV-A isolates in maize is

he consequence of a common MSV host adaptation
trategy and that there may be nearly as many host-
dapted MSV strains as there are host species.

While small, diverse, and potentially unrepresentative
amples and host adaptation may explain why only sin-
le MSV-C, -D, and -E isolates have been detected, the

elatively frequent occurrence of MSV-A and -B isolates
ithin a wide range of grass species demands an ex-
lanation. Whereas MSV-A isolates have been detected
n three nonmaize grass species (Coix lachryma jobi, a
ennisetum sp., and a Digitaria sp.; Briddon et al., 1994),

d
w

SV-B isolates have been detected in at least seven
pecies (maize, wheat, rye, Digitaria spp., a Paspalum
p., an Eleusine sp., a Setaria sp., and Urochloa spp.;
illment et al., 2001). MSV-A and -B are also the only
SV strains that have currently been detected in exotic

ultivated grass species such as maize and wheat,
hich may indicate that they have a fundamentally dif-

erent survival strategy from that of the other MSV
trains. The ability of MSV-A and MSV-B isolates to ef-

ectively use a wide range of grass species as hosts was
ossibly an important factor enabling them to success-

ully infect and produce severe symptoms in different
ultivated species that have been introduced into Africa

rom other parts of the world.
While too few MSV-B, -C, -D, and -E isolates were

nalyzed to determine the geographical distribution of
ubtypes within these strains, enough MSV-A samples
ere characterized to obtain a low-resolution picture of

ubtype distributions in three different parts of Africa.
he six MSV-A subtypes identified each displayed vary-

ng degrees of geographical localization. Two of the
ubtypes, MSV-A1 and MSV-A5, are widely distributed,
ith both being found in eastern and southern Africa and
SV-A1 also in west Africa. Currently MSV-A2, MSV-A3,

nd MSV-A4 isolates have only been found in west Africa,
ast Africa, and southern Africa, respectively. MSV-A6

isolates have only been found on the Indian Ocean
islands of Mauritius and La Réunion.

We detected potentially important differences between
the virulence of different MSV-A subtypes in maize. The
degree of symptom severity produced by the MSV-A1,
-A2, and -A5 isolates was greater than that produced by
the MSV-A3 and -A4 isolates we examined. It is possible
that the wider distribution of MSV-A1 and MSV-A5 relative
o that of other MSV-A subtypes is related to their greater
irulence in maize.

The virulence of all the non-MSV-A isolates tested
ppears to be roughly correlated with the degree of
ucleotide sequence identity they share with MSV-A iso-

ates. Therefore, while MSV-B, -C, -D, and -E isolates
ere less virulent than MSV-A isolates, all MSV isolates
ere more virulent than other African streak viruses.
irtually every MSV isolate detected to date has been
btained from either cultivated or wild annual grass spe-
ies. With the exception of SSV-Mil (Briddon et al., 1996),
very non-MSV African streak virus currently character-

zed has been obtained from perennial grass species. It
s possible that adaptation of MSV isolates to infecting
nnual grass species—which perhaps requires the virus

o produce more striking symptoms more quickly, to
uarantee leafhopper transmission—has predisposed

hem to greater virulence in maize than the other African
treak virus species.

It is unlikely that non-MSV-A isolates could pose any

irect threat to maize production. MSV-A isolates tested
ere all significantly more severe in maize than all other



m
t
t
i

t
(

w
q
s
t
m
b
c
M
s
a
e
q
t

w
v
b
c
n
o
d
t
f
v
r
m
t
c

t
t
m
n
t
c
W
w
t
i
i
d
t
b

e
c
a

M

p
P
G
l
S
s
p
c
n
p

D

s
l
a
s
c
s
m
P
(
a
d
a
o
o
t

u
M
M
R
e

S

252 MARTIN ET AL.
virus isolates we examined and only MSV-A isolates
were shown to be capable of producing any symptoms in
the moderately MSV-resistant maize genotype PAN6099.
Of the MSV-A subtypes, A1 and A5 potentially pose the

ost significant threat to maize production because of
heir wide distribution throughout Africa and their ex-
reme virulence relative to most of the other MSV-A
solates tested.

Because widespread recombination has been de-
ected among geminiviruses in the genus Begomovirus
Padidam et al., 1999) and has potentially been respon-

sible for the emergence of highly pathogenic virus ge-
notypes (Umaharan et al., 1998; Zhou et al., 1997, 1998),

e examined all available African streak virus se-
uences for evidence of recombination. An extensive
tudy of recombination among geminiviruses indicated

hat recombination among mastreviruses occurs at a
uch lower frequency than that which occurs among

egomoviruses (Padidam et al., 1999). Our results indi-
ate that this observation may not be accurate: enough
SV sequences were examined here to detect a sub-

tantial degree of recombination both within this species
nd with other African streak viruses. There are, how-
ver, still too few non-MSV African streak virus se-
uences available to properly detect recombination be-

ween them and any species other than MSV.
It is unknown whether any of the recombinant viruses

e identified have modified host ranges or enhanced
irulence under certain conditions. None of the recom-
inants was detectably more pathogenic in maize than
losely related nonrecombinant viruses. In three cases,
early identical recombinant regions were noted in two
r more isolates obtained from different locations and in
ifferent years, indicating that certain recombinants de-

ected in this study are potentially major circulating MSV
orms. Whether recombination has provided any of these
iruses with subtle selective advantages over their non-
ecombinant counterparts is, however, unknown and

ay be difficult to test experimentally if, for example,
hese advantages are only apparent in certain host spe-
ies or cell types.

Through an analysis of MSV genotypic diversity, dis-
ribution, and virulence, we have identified MSV-A sub-
ypes that could potentially pose the greatest threat to

aize production in Africa. It is hoped that our prelimi-
ary low-resolution description of MSV-A genotype dis-

ributions will aid future epidemiological investigations of
hanges in MSV-A population compositions over time.
hereas it was determined that only MSV-A isolates
ere likely to have any direct impact on maize produc-

ion, the identification of inter-MSV strain recombination
ndicates that strains other than MSV-A may have an
ndirect impact on the epidemiology of maize streak
isease. It has been widely speculated that recombina-
ion may be responsible for the emergence of certain
egomoviral diseases (Padidam et al., 1999; Umaharan

o
m

t al., 1998; Zhou et al., 1997, 1998) and it is quite con-
eivable that recombination might also yield MSV vari-
nts with enhanced pathogenic properties.

MATERIALS AND METHODS

aize genotypes and virus isolates

Seed for the maize genotypes B73 and PAN6099 was
rovided by J. B. J. van Rensburg (Summer Grains Centre,
otchefstroom, South Africa) and D. Nowell (PANNAR Ltd.,
reytown, South Africa), respectively. Sweet corn (cv. Jubi-

ee) seed was obtained from Starke Ayres Ltd. (Cape Town,
outh Africa). A list of the 85 MSV isolates involved in this
tudy can be obtained from our Web site (ftp://ftp.uct.ac.za/
ub/data/geminivirus/diversity/tablea.pdf). The origin of
loned full-length and completely sequenced virus ge-
omes used to produce agroinfectious constructs are
resented in Table 1.

etection of MSV diversity

DNA from the leaves of 46 MSV infected maize (37
amples collected between 1994 and 2000 from five

ocations in southern Africa, 24 locations in east Africa,
nd 1 location in west Africa), Urochloa spp., an Eleusine
p., and Digitaria spp. plants (collectively 9 samples
ollected between 1998 and 2000 from 6 locations in
outhern Africa and 1 in east Africa) was isolated by the
ethod of Palmer et al. (1998) and analyzed using the

CR–RFLP MSV typing technique of Willment et al.
2001). For each of the MSV isolates examined, this
nalysis involved (1) the PCR amplification (using the
egenerate primer set 59-CAAAKDTCAGCTCCTCCG-39
nd 59-TTGGVCCGMVGATGTASAG-39) of a ;1300-nucle-
tide sequence spanning RepA, the LIR, and the 59 half
f MP, (2) digestion of the PCR product with the restric-

ion enzymes RsaI, HpaII, HaeIII, SauIIIa, BamHI, CfoI,
and HindIII (Boehringer Mannheim, Mannheim, Ger-
many), and (3) matching restriction fragment lengths to
those of a reference set of fully or partially sequenced
isolates (Willment et al., 2001).

Cloning of full-length MSV genomes

MSV replicative form (RF) DNAs were isolated as de-
scribed by Palmer et al. (1998). RF DNAs were linearised

sing either BamHI (MSV-MatA, MSV-MatB, MSV-MatC,
SV-MtKA, MSV-Sag, MSV-Ama, MSV-Gat, MSV-MakD,
SV-Jam, and MSV-Pat) or SalI (MSV-Mom and MSV-

aw) and cloned using standard techniques (Sambrook
t al., 1989) into similarly linearized pBluescript(SK1)

(pSK1; Stratagene, La Jolla, CA).

equencing and analysis of full-length MSV genomes

Sequencing of the 12 cloned MSV isolates was carried

ut using an ALF Express automated sequencer (Phar-
acia Corp., Peapack, NJ). The full nucleotide se-
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quences of these isolates were determined in both ori-
entations. Sequence assembly, alignment, and phyloge-
netic analyses were done using DNAMAN (version 4.0;
Lynnon BioSoft, Quebec) and PHYLIP (version 3.57c; J.
Felsenstein, University of Washington). Open reading
frames and intergenic regions within newly sequenced
genomes were inferred by analogy with those of other
MSV isolates. Nucleotide sequence elements and amino
acid motifs with either known or suspected functions
within predicted gene products were also inferred by
analogy with other mastreviruses (reviewed by Palmer
and Rybicki, 1998; Gutierrez, 1999). Annotated align-
ments of all the nucleotide and amino acid sequences
determined in this study can be found on our Web site
(ftp://ftp.uct.ac.za/pub/data/geminivirus/diversity/figc.
pdf).

Generation of agroinfectious constructs

Agroinfectious clones were constructed according to
the method of Palmer (1997). XbaI–EcoRI fragments con-
taining full tandem repeats of MSV-MatA, MSV-MatB,
MSV-MatC, MSV-MtK, MSV-Sag, MSV-Ama, MSV-Gat,
and MSV-MakD genomes were cloned from pSK1 into
the XbaI and EcoRI sites of pBI121 (CLONTECH, CA).
XbaI–XhoI fragments containing full tandem repeats of
MSV-Pat, MSV-Mom, and MSV-Raw genomes were
cloned from pSK1 into the XbaI–SalI sites of pBIN19
CLONTECH). Agroinfectious clones were transformed

T

Agroinfectious Mastreviru

Virus isolate Source of isolate Year of isolation

MSV-Ama Zea mays 1998
MSV-Gat Zea mays 1998
MSV-Kom Zea mays 1989
MSV-MakD Zea mays 1998
MSV-MatA Zea mays 1994
MSV-MatB Zea mays 1996
MSV-MatC Zea mays 1998
MSV-Mom Zea mays 1998
MSV-MtKA Zea mays 1997
MSV-Ns Zea mays 1984
MSV-R2 Zea mays 1997
MSV-Sag Zea mays 1998
MSV-VM Zea mays 1993
MSV-Jam Digitaria sp. 1999
MSV-Pat Digitaria sp. 1999
MSV-Raw Urochloa sp. 1998
MSV-Set Setaria sp. 1988
MSV-Tas Triticum aestivum 1991
MSV-VW Triticum aestivum 1993
DSV Digitaria sanguinalis 1987
PanSV-Kar Panicum maximum 1989
SSV-Mil Pennisetum sp. 1994
SSRV-Reu Saccharum officinarum 1998
nto Agrobacterium tumefaciens C58C1 (pMP90) (Koncz
nd Schell, 1986) using the method of An et al. (1988).

d
i

Agroinfectious virus constructs were also obtained
rom M. I. Boulton (MSV-Ns, DSV; John Innes Centre,

orwich, UK), M. Peterschmitt (MSV-R2X2, SSRV-Reu;
IRAD, Montpellier, France), R. Briddon (SSV-Mil; John

nnes Centre), W. Schnippenkoetter (MSV-Kom, MSV-Set,
anSV-Kar; University of Cape Town, Cape Town, South
frica), and J. Willment (MSV-VM, MSV-VW, MSV-Tas; Uni-
ersity of Cape Town) (Table 1).

groinoculation and evaluation of isolate
athogenicity

Agroinoculation was performed according to Grimsley
t al. (1987) with modifications described previously

Martin and Rybicki, 1998). Agroinfectious constructs of
ll the MSV, DSV, SSV, and PanSV isolates were used to

nfect three maize genotypes—B73 (highly susceptible),
weet corn (moderately susceptible), and PAN6099

moderately resistant). Agroinfection experiments involv-
ng each maize genotype–MSV isolate combination were
epeated at least three times. Agroinfection experiments
nvolving specific constructs were carried out on groups
f 14 plants.

Percentages of leaf areas covered by chlorotic lesions
n symptomatic plants were estimated for leaves four
hrough six using a microcomputer-based image analy-
is technique described previously (Martin and Rybicki,
998; Martin et al., 1999). Percentages of chlorotic areas
f leaves four, five, and six were assessed 22, 29, and 35

es Involved in This Study

Region and country of origin Reference

Amagoro, Kenya This study
Gathuke-ini, Kenya This study
Komatipoort, South Africa Schnippenkoetter et al. (2001)
Makatini, South Africa This study
Matabeleland, Zimbabwe This study
Matabeleland, Zimbabwe This study
Matabeleland, Zimbabwe This study
Mombasa, Kenya This study
Mt. Kenya, Kenya This study
Nigeria Mullineaux et al. (1984)
La Réunion Isnard et al. (1998)
Sagana, Kenya This study
Vaalharts, South Africa Willment (1999)
Jamaica, Kenya This study
Durban, South Africa This study
Rawsonville, South Africa This study
Durban, South Africa Schnippenkoetter et al. (2001)
Elseberg, South Africa Willment (1999)
Vaalharts, South Africa Willment (1999)
Vanuatu Donson et al. (1987)
Karina, South Africa Schnippenkoetter et al. (2001)
Kenya Briddon et al. (1996)
La Réunion Bigarré et al. (1999)
ABLE 1

s Isolat
ays after agroinoculation, respectively. For each virus
solate–plant genotype combination, the mean percent-
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ages of chlorotic areas of the fourth to sixth leaves
(designated C4–6) were used as representative measures
of chlorosis. For each MSV isolate, a single value des-
ignated C4–6, representing the mean of the C4–6 values
calculated for B73, sweet corn, and PAN6099, was used
as a generalized measure of pathogenicity.

Detection of recombinant genomes

Detection of potentially recombinant sequences, iden-
tification of likely parent sequences, and localization of
possible recombination break points was carried out
using RDP (Recombination Detection Program; Martin
and Rybicki, 2000). The software has been developed in
this laboratory and is available free of charge from
our Web site (http://www.uct.ac.za/depts/microbiology/
microdescription.htm). The RDP settings used were mul-
tiple comparison correction off, internal reference selec-
tion, and a window size of 10. An alignment containing 28
full-length African streak virus sequences was analyzed
for evidence of intersubtype, interstrain, and interspecies
recombination in two sets, each using a different highest
acceptable P-value setting. The first set contained 15
MSV-A sequences (MSV-Ns, MSV-MatA, MSV-MatB,
MSV-MatC, MSV-MakD, MSV-Ama, MSV-Sag, MSV-Gat,
MSV-MtKA, MSV-Ken, MSV-Kom, MSV-SA, MSV-VM,
MSV-Reu, and MSV-R2) and was analyzed with a highest
acceptable P value of 1 3 1023. The second set con-
tained 22 MSV (the 15 MSV-A sequences, MSV-Tas, MSV-
Mom, MSV-VW, MSV-Jam, MSV-Pat, MSV-Set, MSV-Raw),
2 PanSV (PanSV-Ken and PanSV-Kar), and 4 SSV se-
quences (SSEV-Asw, SSEV-Ben, SSMV-Reu, and SSV-N;
GenBank accession numbers for sequences not deter-
mined in this study are available from our Web site:
ftp://ftp.uct.ac.za/pub/data/geminivirus/diversity/tableb.
pdf) and was analyzed with a highest acceptable P value
of 1 3 1024.

Neighbor joining trees (Saitou and Nei, 1987) were
onstructed using regions within the aligned genomes

hat RDP identified as having a potentially recombinant
rigin and in all cases bootstrap analysis was used to
onfirm the program’s findings. Briefly, this involved re-
lignment of sequences within all regions of the original
lignment that corresponded with sets of potential re-
ombination break points and construction of a series of
eighbor joining trees, each with 1000 bootstrap itera-

ions. Acceptable confirmation that a sequence was of
ecombinant origin was “movement” of the sequence
ith over 70% bootstrap support from its position in a

ree constructed with full-length sequences to a diver-
ent branch of a tree constructed using only a potentially

ecombinant region within the alignment.
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