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ABSTRACT
Maizestreakdisease (MSD), caused by Maize streak virus (MSV), reduces maize yields in an
infectedmaize plant by up to 100% even in high potential zones. The geographical range of
MSVis restricted to Africa and its neighbouring islands. Recurrent outbreaks of MSV have
been reported in several Sub-Saharan African countries, including Kenya. The causes of
outbreakshave inadequately been investigated and remain unresolved. A significant influence
on the appearance of virus epidemics is virus diversity. Very few natural sources of
resistance/toleranceamongst maize genotypes have been developed and therefore there is
need to screen more genotypes for resistance/tolerance. The objective of this study was to
survey and characterise MSV genetic diversity in Kenya, to understand the population
genetic, phylogenetic, and phylogeographic characteristics of MSVs from Kenya and
elsewherein Africa; characterize patterns of natural selection in the protein coding regions of
maize streak virus so as to identify genomic sites that have undergone adaptive changes
facilitatingthe infection of maize. To genetically characterise a streak causing mastrevirus
fromLa Reunion isolated from maize and to evaluate the levels of resistance/tolerance of
selectedmaize genotypes. The virus genomes were cloned using Phi29 DNA polymerase and
sequencedby primer walking. These sequences together with those obtained from public
sequencedatabases were subjected to various bioinformatic tools implemented in Molecular
EvolutionaryGenetic Analysis (MEGA 5), Recombination Detection Programme (RDP 3)
and datamonkey web server. Maize inbred genotypes were screened under controlled
agroinoculationconditions using three cloned MSV genotypes on a split plot arranged on a
completely randomised design. Disease severity in growth rooms was scored using a
completely objective computer based image analysis system and the data subjected to
Analysisof variance (ANOVA), and means separated by Duncan's multiple range test. The
studyidentified seven recombinant lineages circulating in Kenya (MSV-Al-II, III, IV, V, VI,
VII, XIII), and revealed geographical clustering of recombinant lineages, highlighting the
importanceof the preventing movement of lineages between these regions and targeting
breedingof maize varieties against the specific lineages in the regions. It also revealed that no
particularMSV coding region is evolutionarily constrained however, breeding work can focus
on nine sites identified as evolving under purifying selection distributed across its three genes
(cp, mp & rep); and that the novel virus named: Maize Streak Reunion Virus (MSRV) is
geneticallyunique and can pose a new threat to maize production. The Maseno University
developedmaize genotypes: AB2, ABLEP and EX44/42-2 were found to possess degrees of
MSV tolerance similar to previously described resistant genotypes such as Pan77 and are
potentialsources of new MSV tolerance genes in Kenya.
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CHAPTER ONE

INTRODUCTION
1.1 BackgroundInformation

Originating in Central America and introduced into Africa by the Portuguese in the 16th

century,Maize (Zea may L) has become the most important staple food crop in both Kenya

and the rest of Africa (IITA & CIMMYT, 2010). Both large and small-scale farmers grow

maizein various ecological zones, and it has replaced traditional food crops, including cereals

suchas Sorghum and Millet. Maize is so important that, in most of Sub- Sahara Africa, poor

maize yields are usually linked to food shortages and famine (Thottappilly et al., 1993). An

importantbiotic limiting factor to maize production in Kenya and other parts of Sub- Saharan

Africais Maize Streak Virus (MSV).

In Kenya, MSV is endemic and recurring. Epidemics leading to incidence of 100% and

estimated yield reductions of 45% have been recorded (Theuri & Njuguna, 1988), however,

the level of diversity of MSV genotypes are not known. Maize streak virus is indigenous to
c

Africaand its offshore islands, in years of epidemic it can cause yield losses in infected plants

of up to 100% in even highly productive agricultural zones (Kyetere etal., 1999; Lagat et al.,

2008).Since only one third of Kenya's land is classified as arable, such serious crop losses in

highpotential zones can devastate the national economy and threaten already precarious food

security.

Maize streak virus is believed to have evolved within native African grasses (Varsani et al.,

2008b) and originated from Southern Africa (Monjane et at, 2011) where it spread and

diversified into different genotypes. The MSV-Al genotype has continually been moving back
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and forth between southern and East Africa and from East to West Africa. In Kenya, the

primaryroutes used by the virus are not known. It is transmitted by various leafhopper species

belongingto the genus Cicadulina with different species varying in their abilities to transmit

the virus (Okoth et al., 1987a). Species known to transmit MSV include: cicadulina mbila; C.

latens; C. bipunctata; C. ghauri and C. paragea. C. mbila is, however, considered the most

commonand important (Bigirwa et al., 1995; Okoth et al., 1987b) vector of the virus.

Maize streak virus is a single stranded DNA virus belonging to the family Geminiviridae and

is the most economically significant of seven viruses that threaten maize production in Africa.

It exists as a group of related viral strains that are apparently specifically adapted to several

graminaceous species, and can evolve through recombination into a more virulent strain that

can be economically devastating (Varsani et al., 2008b). Molecular evolution studies are

important to better understand the adaptation to new hosts and to design better epidemics
('

control strategies (Elena et al., 2011). Although only one of these strains, MSV-A, is

particularly well adapted to infecting maize (it is the strain that is apparently exclusively

responsible for the most economically devastating version of Maize streak disease (MSD»

(Martinet al., 2001; Martin et al., 1999), Given the diversity of Mastreviruses in Africa, other

unknown streak causing maize adapted strains could exist like some streak inducing virus

samples were collected from maize in La Reunion Island (Dr. Lefeuvre, Personal

communication), which nothing is known about.

Neither MSV virions nor purified MSV DNA can be easily transmitted mechanically, Cloned

viral genomes can, however, be artificially transmitted with high efficiency to maize using a

technique called agroinoculation involving the delivery of viral genomic DNA into host cells
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by theAgrooacterium tumefaciens. Agroinoculation makes it easy to distinguish between both

the pathogenic potentials of different virus genotypes and degrees of MSV

resistance/tolerance within maize, when coupled with controlled insect transmission of viruses

from agroinoculated plants and accurate quantification of disease symptoms. The technique

could also potentially be useful for the quantitative analysis of both MSV resistance (with

respect to the host) and MSV pathogenicity (with respect to the virus) in grass species other

than maize. However, to date only limited success has been achieved with agroinoculation of

anymonocotyledonous host species other than maize.

Althoughonly a few sources of genetic resistance to MSV have been identified (Lagat et al.,

2008), it is possible that _many others might exist. For example; Rodier et al. (1995) found

both unimodal and bimodal frequency distributions of symptom ratings amongst selfed

progenyfrom resistant partially inbred lines following controlled inoculation. This suggested

the possible existence of two different systems for genetic control of resistance: One

involving loci with major genes providing complete resistance, the other with minor genes

affordingpartial resistance.

Comparing results amongst different MSV resistance breeders is difficult because of

differences in leafhoppers infestation methods, MSV isolates, parental genotypes, disease

rating scales, statistical analysis methods and possible genotype x environmental interactions.

As a result it is currently unknown whether multiple genetic systems for MSV tolerance exist.

Nevertheless, MSV resistant/tolerant maize genotypes have been developed and have played a

major role in reducing the threat posed by MSV.
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Diversity studies in Kenya had been conducted on East African Cassava Mosaic Virus

(EACMV)(Bull et al., 2006). However, little is known about the MSV diversity. Therefore

thereis need to conduct studies on MSV diversity in the country similar to the diversity study

doneby Owor et al. (2007a) in Uganda.

1.2 Statementof the Problem

Maizestreak disease is the most economically significant viral constraint on maize production

in Sub-Saharan Africa, in terms of lost income and higher maize prices due to poor yields.

Unfortunately, very few sources of resistance or tolerance to MSV have been identified in

cultivatedmaize.

Recurrent outbreaks of MSD have been reported in several African countries, including

Kenya, and although extensive studies have been conducted on MSV and its vectors, it still

remainsa threat to maize production especially in Kenya Studies on the variability of MSV

in Kenya have not been done and therefore it is not clear (1) the precise MSV genotypes

primarily responsible for maize streak disease in Kenya, primary routes of MSV migration

into and across East Africa, and the extent of gene flow between grass and maize adapted

MSVgenotypes, (2) the specific molecular adaptations of MSV to infecting maize in general

and East African maize in particular, (3) the geographical origins of virulent East African

MSVgenotypes.

In the year 2009, Dr. Pierre Lefeuvre (Universite' de la Reunion) collected some samples

from maize with streak symptoms similar to those of MSV from La Reunion Island, but the

infection did not quite look like MSV's. MSV is the only known maize infecting mastrevirus
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that induces streak symptoms in maize and poses a threat to maize production in Sub-Saharan

Africa.However, it is possible other streak causing mastreviruses exist.

1.3 Justification

Studyingthe molecular variation, population structure and phylogeography of MSV isolates

in Kenya advances our understanding of the epidemiology of maize streak disease in various

regions of Kenya. This information is pertinent in formulating maize streak disease

managementprogrammes in the country such as planning an appropriate cropping calendar to

avoid infections during the most susceptible stage of the crop. Studies on selection and the

identificationof molecular changes that MSV-A has undergone (and is possibly continuing to

undergo) in its adaptation to maize may be key to illuminating strategies to mitigate the

endemiccrop losses caused by this virus throughout sub-Saharan Africa.

Molecularcharacterisation of the maize infecting Mastrevirus from La Reunion Island might

establisha novel virus and its molecular relationship with MSV, and therefore its potential to
r,

being a threat to maize production. This is essential to developing a sustainable MSV

resistancebreeding programme.

It is imperative that more maize genotypes be screened for MSV tolerance to identify new

sources of MSV tolerance which are adapted to Kenyan environments. Identification and

characterizationof the virus genotypes are necessary for breeding for resistance to MSV.
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To study the genetic variability of MSV and characterise maize infecting mastreviruses; and

evaluatethe tolerance of selected Zea mays genotypes to maize streak virus, so as to better

managethe threat ofMSV to maize production

Specificobjectives

I. To examine the genetic diversity and phylogeography of MSV in Kenya; and identify the

routes that MSV has used when moving into and out of East Africa.

II. To characterise patterns of natural selection in the protein coding regions of maize streak

virus so as to identify genomic sites that have undergone adaptive changes facilitating the

infection of maize.

III. To genetically characterise a novel maize infecting mastrevirus isolated from maize in La

Reunion Island.

IV. To quantitatively evaluate the responses of maize genotypes to three MSV -A variants

under controlled agroinoculation conditions.

1.5 Hypotheses

I. There is no spatial structuring of MSV populations in Kenya that is detectable using

sequence analyses and the MSV routes into and out of East Africa .are not traceable.

II. Protein coding regions in the MSV genome do not evolve under strong purifying

selection.

III. There is no genetic difference between novel maize infecting mastrevirus isolated from

maize in La Reunion Island and maize streak virus.

IV. MSV resistant maize genotypes generally display similar levels of tolerance to MSV-A

genotypes and the relatively minor genetic variants of MSV -A genotypes do not display

detectable differences in their pathogenic potentials.

6



CHAPTER TWO

LITERATURE REVIEW

2.1 MSVEvolution and Distribution

Maizestreak virus is found in Africa, from Egypt in the north (Ammar, 1983) to Sudan in the

East,Senegal in the west and South Africa in the south. It is also found on the Atlantic and

IndianOcean islands adjacent to Africa including Madagascar, Mauritius, Reunion, and Sao

Tome(Monjane et al., 2011; Storey, 1936a).

Maizestreak virus -A is believed to have originated in Southern Africa in the mid-1800s and,

basedon full genome data analysed with a range of Bayesian phylogeographic approaches, it

is thenbelieved to have spread to La Reunion Island between 1888 and 1970 (in the process

of diverging into the MSV- ~ isolate), to East Africa between 1915 and 1969 (in the process

ofdiverging into the MSV -A3 genotype) and to West Africa between 1930 and 1968, (in the

process of diversifying into the MSV-A2 genotype) (Monjane et al., 2011). Whereas the

MSV-At genotype has apparently remained in Southern Africa, over the past 50 years the

MSV-AI genotype has continually been moving back and forth between southern and East

Africaand from East to West Africa (Monjane et al., 2011).

Outside Africa, virus diseases symptomatically resembling maize streak disease have been

describedin cereals in Yemen and India but it is unknown whether these are caused by MSV

(Sethet al., 1972a, 1972b). It is therefore generally accepted that MSV is an endemic African

virus that is restricted to the African continent and neighbouring islands (Bosque-Perez,

2000).
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2.1.1 Epidemiology

Epidemicsof MSV have been attributed to the effects of different interacting factors. Rose

(1978) concluded that MSV epidemics in Zimbabwe were associated closely with the ecology

and behaviour of Cicadulina leafhopper species. Outbreaks of MSV in West Africa have been

associatedwith drought or irregular, early rains which are consistent with the notion that

leafhopperpopulation dynamics (which are likely strongly influenced by such factors) are a

primarydeterminant of when and where MSV epidemics occur.

Perpetuationof MSV and its vectors during the dry season in West Africa appears to occur

mostlyin riverine areas and low-lying fields where there is residual moisture, and both maize

and grass weeds occur. MSV outbreaks appear to occur only when favourable weather

conditions allow vector survival and population build-up, and where maize-adapted MSV

genotypesinfect grass hosts. Based on host range, serological tests and the symptom severity

of the isolates tested, it was concluded that weeds of importance in perpetuating an

epidemiologically competent maize strain of MSV (presumably MSV-A) in Nigeria include

the native annual species Setaria barbata and Brachiaria lata and the introduced perennial

Axonopus compressus

(Mesfin et al., 1992). These weeds are known to harbour MSV-A isolates under field

conditions (Varsani et al., 2008a), and are prevalent throughout Africa, especially in the

humidforest zones, and hydromorphic areas (Mesfin et al., 1992).

Additionally, in West Africa leafhoppers have been commonly found in farmers' fields on S.

barbata and B. lata implying that these species likely harbour both MSV and its vector

species.No indigenous perennial grass harbouring MSV -A isolates have been found in West
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Afiica.At locations where maize is grown under irrigation - such as experimental plantings

at Ikenne in southern Nigeria, small-scale farmers' fields in Kaduna in northern Nigeria -

leafhoppersoccur throughout the year, and streak symptoms are often seen on annual grasses

(Bosque-perez,2000). It is unknown however, if this pattern is mirrored throughout Africa.

ThespreadofMSV in a forest location was studied in Nigeria (Asanzi, 1991). MSV infected

plantswere apparently randomly distributed throughout maize fields during the early stages of

an epidemic, but as the number of infected plants increased over time this randomness

declined,and MSV-infected maize plants appeared in clusters. It was concluded that, while

the initial virus infection source was located outside the field, once a few plants had become

infectedfurther spread was mainly the result of transient leafhoppers spreading the virus from

plant- to- plant within the field (Asanzi, 1991). It is possible that leafhoppers largely

responsiblefor transmitting MSV within a maize field are invaders that are not necessarily

colonizingthe surrounding grasses, but spread the virus from infected to healthy plants within

thefield(Rose, 1973).

Inadditionto MSV incidences varying between ecological zones, they also vary according to

themaize genotype concerned and its planting date (Bosque-Perez et al., 1998). Late season

plantings (July-October) had higher virus incidence than those planted in the early season

(March-May)(Fajemisin et al., 1976). Furthermore, maize genotypes differ in their ability to

sustainepidemics (Mesfin & Bosque-Perez, 1998).

Ina more recent study on genetic diversities, geographical distribution and natural host ranges

of MSV-A with other MSV strains, MSV -A apparently moves throughout Africa far more
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rapidlythan both grass-adapted MSV strains (Varsani et aZ., 2008a) and the related African

streak virus, PanSY (Varsani et aZ., 2009a). This increased movement rate Martin and

Shepherd(2009) argues could be attributable to MSV -A having either a broader host range or

greaterprobability of being spread by humans (within infected leaf material or viruliferous

insects)than its grass-adapted relatives.

2.1.2 Cultivation practices affecting MSD epidemiology

Thedevelopmentand release of many high yielding maize varieties to farmers in Sub Saharan

Africa(Timothy et aZ., 1988) has increased the importance of maize as an African staple food

crop.In West Africa, maize cultivation has now largely replaced that of millet and sorghum,

especiallyin the Guinea Savannah zone (Fajemisin, 1992). This shift in agricultural practices

bas greatlyincreased the acreage of cultivated maize throughout this region.

In other parts of Africa, the shift in maize cultural practices away from mixed culture to

monoculture(aimed at increasing productivity) and the introduction of new higher yielding,

MSV susceptible genotypes, besides increasing the land area under maize, is believed to have

ledto increased MSV and Cicadulina occurrences. These changes have potentially increased

the likelihood of epidemics occurring. Growing cereal crops year-round under irrigation has

alsopotentially contributed to an increased incidence of maize streak disease in countries such

as Zimbabwe where winter cereal crops including wheat serve as a host for leafhoppers that

latermove to early-planted maize (Rose, 1973).
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Kenya,the causes of MSV epidemics are unknown. However, they may be attributed to

practicessuch as succession and overlapping of maize crops in humid zones and irrigated

areas found in western and central regions of the country. Another epidemiological

importanceis the increasing number of the peri-urban farms which are characteristically small

units,but support the production of a wide range of irregularly planted crops.

In most areas where cereals are cultivated, but particularly in temperate regions,

environmentalconditions prevent the continuous presence of crops. In many tropical parts of

Africa,however, maize is persistently grown throughout the year. The continuous presence of

maizeand the grassy weeds associated with it probably has a strong influence on MSV

epidemiologyin these regions. In regions where maize is grown in defined seasons the "over-

wintering" (actually over-dry-seasoning) mechanisms used by leafhoppers are not well

understood.Neither is the mechanism whereby MSV resurges following the dry season

(Bosque-Perez& Buddenhagen, 1999).

Thepreferred weed grass species that act as MSV reservoirs between maize seasons are an

obviouslyvital component of the epidemic cycle. Research has shown, however, that virus

isolatesoccurring in many grasses are MSV strains other than MSV -A that are not readily

transmissibleto susceptible field maize (Mesfin et aI., 1992). However, a number of MSV-A

isolateshave been found to naturally occur in weeds. Understanding the survival of the

grassesthat harbour vectors and MSV isolates that are capable of infecting maize during the

dry season is critical for understanding MSV ecology and epidemiology (Bosque-Perez &

Buddenhagen,1999).
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Maizestreakvirus has been described by Buddenhagen (1983) as causing a 'new-encounter'

diseasein maize, which emerged after maize was introduced to Africa from the Americas

approximately400 years ago. Most likely, only some of the original isolates of this African

viruswere capable of naturally infecting maize plants. A shift to maize from indigenous

grasseswould have required that both virus and leafhopper vectors expanded their host ranges

toincludemaize.

It is likelythat the first maize adapted MSV -A progenitor either gradually adapted to infecting

maizeor suddenly became infectious in maize following a chance genetic recombination of

two grass-adapted MSV strains. Specifically, the ancestor of all maize infecting MSV-A
i

genomesapparently originated in southern Africa in the mid-1800s from an inter-strain

recombinationbetween MSV-B like movement protein (mp) and coat protein (cp) and the rest

of the genome from MSV-F and MSV-G- like parents (Harkins et al., 2009; Monjane et al.,

2011; Varsani et al., 2008b). With the movement of the virus across the continent at an

estimatedrate of 30 km per year, sporadic MSD outbreaks have ensued since the mid-1800s

whichhave continued until modem times (Monjane et al., 2011).

Fromthe earliest studies on MSV in the 1920s and 30's it was realised that the virus occurred

as distinct strains (Storey & McClean, 1930) and that the adaptation of particular strains to

particularhosts was evident (Bock et al., 1974; Ricaud & Felix, 1978; Storey & McClean,

1930). Bock et al. (1974) identified apparently distinct strains ofMSV from maize, sugarcane

(Saccharum officinarum L.), and Panicum maximum Jacq. Isolates from maize, Eleusine

indica (1) Gaertner, P. maximum, and sugarcane were reported to be morphologically
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indistinguishableand serologically related, but not identical. Similarly, Ricaud and Felix

(1978), identified what appeared to be different MSV strains in sugarcane, maize and Coix

lacryma-jobi L., and concluded that the latter two strains were closely related. All viruses

causing "streak: diseases" in maize, grasses and sugarcane in Africa were previously

concludedas strains ofMSV (Pinner et al., 1988).

However,application of polyclonal and monoclonal antibody based techniques to MSV

diversitystudies demonstrated the inherent serological differences between apparent MSV

isolatesfrom different host plant species (Mesfin et al., 1992; Peterschmitt et al., 1991; Pinner

& Markham,1990). Hughes et al. (1991) concluded that the causal agent of streak disease in

sugarcaneis distinct from MSV and named it Sugarcane streak virus. Similarly, Briddon et
I

aI. (1992) determined that, at the sequence level, the Panicum strain is sufficiently distinct

from MSV to be considered a separate virus species, and named it Panicum streak virus. A

virus that infects Digitaria setigera (previously reported as Digitaria sanguinalis) was

describedfrom Vanuatu (South Pacific) (Dollet et al., 1986; Donson et al., 1987) and

originallyreported as a strain of MSV (Pinner et al., 1988). However, in this case two further

studiesrevealed that the causal agent, Digitaria streak virus, was serologically related but not

identicalto MSV (Dekker et al., 1988; Dollet et aI., 1986).

Despitemany previously identified MSV strains turning out to be distinct species, Pinner et

al. (1988) studying 24 isolates of MSV derived from different host plants identified 14 as

belongingto the "maize strain" which were likely MSV isolates. Later sequencing of some of

these isolates confirmed that they were indeed members of MSV strains that were distinct

from the MSV-A strain typically found in maize (Varsani et al., 2008a).
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inceall 14 of the MSV isolates tested by (pinner et aI., 1988) were transmissible to maize

cv. GoldenBantam using Cicadulina mbila as a vector, they concluded that none of the

analysedstrains were specifically adaptated to particular grass hosts. Results of later work

haveconfirmed that the various MSV strains are likely generalists with each likely being

adaptedto infecting multiple different host species (Mesfin et al., 1992). The maize adapted

strain of MSV, MSV-A, for example, has a very wide host range within the Gramineae

(Damsteegt,1983; Mesfin et al., 1992) and occurs naturally in various indigenous African

grasses(Onudi, 1995; Rose, 1978; Varsani et al., 2008b).

Amongthe plants that MSV-A is able to 'infect (albeit with low efficiency) are indigenous

Africancrops such as sorghum (Sorghum bicolor (L) Moench), pearl millet (Pennisetum
i

americanum(L) K. Schum) and finger millet (E. coracana (L) Gaertner; (Rose, 1978».

However,the economic and social relevance of MSV -A infections in these native African

cropsis likely low since there they have never yet been found naturally infected with MSV

underfield conditions (Bosque-Perez & Buddenhagen, 1999).

In addition to maize, other introduced crops including rice (Oryza sativa L.), oats (Avena

sativa L.), wheat (Triticum aestivum L.), and sugarcane have all been reported to be naturally

infectedwith MSV (Gorter, 1953; Rose, 1978; Van Rensburg & Kuhn, 1977). Serological

analysesof MSV isolates in these species have revealed a great diversity of likely MSV

strains (Dekker et aI., 1988; Pinner et al., 1988). Ngwira (1988) detected a serological

relationshipamong MSV isolates from Malawi, Uganda, South Africa, Nigeria and Egypt

(peterschmitt et aI., 1992). Peterschmitt et al. (1991) characterized MSV isolates from 11

African countries which they regarded as all belonging to the same serotype, and which were

14



lateridentifiedby full genome sequencing as variants of the MSV-A strain (Varsani et al.,

2008a).Characterization of 24 isolates originating from grasses and cereal crops in Nigeria

revealedthat 19 of the isolates reacted with a polyclonal antiserum to a severe MSV isolate

from maize (Mesfm et al., 1992). All the 24 isolates were transmissible to the sweet com cv.

GoldenBantam. Differences in virulence were observed among the MSV isolates tested,

manyof which were only transmissible to maize at low rates (Mesfin et al., 1992). Those

mildisolatesthat had reacted strongly to the polyclonal MSV antiserum were later revealed

byfullgenome sequencing to belong to the MSV-B, MSV-F and MSV-G strains (Varsani et

0I.,2008a).

To date,five hundred full genome sequences of MSV isolates have been published (Monjane

et 01., 2011; Muhire et al., 2013). All sequenced isolates had been obtained from mainly

severelysymptomatic maize and grass species and shared greater than 95% sequence identity

(peterschmittet aI., 1996). Various studies using partial nucleotide sequencing of MSV

genomesand/or restriction fragment length polymorphism (RFLP) analysis of MSV -derived

peR products have attempted to determine both the extent of MSV diversity and the

distributionof MSV genotypes across Africa (Willment et al., 2001). Although it was

possibleto differentiate between MSV strains and between MSV and other African streak

virusspecies by RFLP and particle genome sequencing, full genome sequencing is currently

thepreferredmethod of analysis (Monjane et aI., 2011; Varsani et aI., 2008a).

Agroinoculation of differentially resistant maize genotypes with 18 agroinfectious MSV

isolatesand symptom quantification by image analysis has been used to determine that it is

likelyonly the MSV -A strain that poses a serious threat to maize production (Martin et al.,

2001).While MSV-A isolates from maize share genome-wide nucleotide sequence identities

15



pser than95%, those from wheat and annual grasses are more distantly related to MSV-A

Iates sharingbetween 89% and 78% genome-wide nucleotide sequences identity with these

lites (Martin et aI., 2001; Rybicki et al., 1998; Varsani et af., 2008b; Willment et af.,

Today, based on more than 94% sequence identity strain demarcation threshold, MSV is

classifiedinto eleven strains (named MSV-A to-K; Figure 1) (Muhire et al., 2013). Despite

largescale sampling efforts all indicators are that only MSV -A- causes severe disease in

Maize. MSV-B apparently primarily infects grass species in the genus Digitaria, MSV -F and

-G primarilyinfect species in the genus Urochloa, MSV -J has only been found infecting a

grassin the genus Pennisetum and MSV -C, -H and -K have primarily been found infecting

grassspecies in the genus Setaria (Rybicki et al., 1998; Varsani et al., 2008a). 'Grass-

adapted'strains such as MSV -B, -C, -D and -E cannot symptomatically infect any but the

most susceptible maize genotypes (Martin et al., 2001; Schnippenkoetter et aI., 2001;

Willmentet al., 2001). Although the grass-adapted MSV strains may not be an obvious threat

tocrops,they could nevertheless provide valuable information on the epidemiology, evolution

andemergenceof MSV-A.
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MSV-A

MSV-K

MSV-F

MSV-D MSV-G

MSV-H

MSV-E Other African streak viruses

MSV-T

0.05 substitutions
per site

Figure 1:Phylogenetic relationship between MSVs. (Source: Shephard et al., 2010).

To determinethe nucleotide sequences relationships between MSV viruses Iin different

groups,Martinet al. (2001) analysed eight MSV-A isolates, and other grass adapted MSV

isolateswhichwere cloned, made agroinfectious and fully sequenced. Besides defining an

MSV strainas a group of MSV isolates sharing >93% genome-wide sequence similarity,

MSV-A isolates, sharing> 98% sequence identity, were classified into different subtype

groupingsnamed MSV-AI-~ (Figure 2, below). Owor et al. (2007a) later further refined the

MSV-A classification to account for recombination patterns and characterised MSV -AI

isolatesoccurringin Uganda into eight distinct recombinant lineages named MSV- AII-MSV-
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MSV-A,

MSV-A2

MSV-At

MSV-~

0.025 substitutions
per site

Figure2: Phylogenetic relationship between MSV-As. (Source: Shephard et al., 2010).

2.2 Molecular Properties of MSV

The first successful virus purification and preparation of an antiserum to MSV was reported

by Bock et al. (1974). At the time, it was recognized that the virus had an unusual particle

morphology.Paired (or geminate), quasi-icosahedral MSV particles approximately 18x30 nm

(Figure 3) and generally stable at pH 4-8 were noted to occur within the nuclei of MSV-

infected cells (Sylvester et al., 1973). MSV has a single coat protein gene expressing a

proteinwith a MW of 28 000 KDa (Bock et al., 1977) with 110 CP molecules oligomerizing

to form a virus particle (Bennett et al., 2008; Zhang et al., 2001). Another peculiarity ofMSV

was that the encapsidated genome was found to be a single-stranded circular DNA molecule

witha molecular weight (MW) of 7.1 xl 05 KDa (Harrison et al., 1977).
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Figure 3: Three dimensional reconstruction of a germinate particle.

(Credit:ArvindVarsani, Electron Microscope Unit, University of Cape Town, Rondebosch,
CapeTown7701, South Africa).

In the late 1970s, MSV and related viruses with geminate particles were recognized as a

distinctgroup by the International Committee on the Taxonomy of viruses. These viruses

weredistinguishedby the size and predominantly geminate appearance of their virus particles

underthe electron microscope and the evidence that they contained single-stranded DNA.

MSV wasadopted as the type member of the geminivirus group which was later renamed the

family Geminiviridae. While initially classified as a "subgroup I" geminivirus, this

terminologyhas since been dropped in favour of Mastrevirus, the official name of the genus

towhichMSVbelongs (Harrison et al., 1977).

2.2.1 Genome organisation

Aswith other mastreviruses the genome of MSV consists of a circular, single-stranded (ss)

DNA molecule of approximately 2.7kb (Howell, 1984; Mullineaux et al., 1984) that is

replicatedby both rolling circle (Davies et al., 1987; Jeske, 2007) and recombination

dependentmechanisms (Erdmann et al., 2010; Jeske, 2007).
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MSVtranscription and rolling circle DNA replication in the nucleus of host plant cells

proceedsvia double-stranded (ds) replicative forms. Transcription of DNA is bidirectional

(Morris-Krsinichet al., 1985), and is initiated in the large intergenic region (LIR). Rolling

circlereplicationis also initiated in the LIR but at a conserved nine nucleotide long sequence

betweenthe virion and complementary sense gene TATA boxes (Gutierrez, 2000; Horvath et

al., 1998).

The non-encapsidated double stranded (ds) DNA of the VIruS provides a bidirectional

templatefor transcription that initiates from the large intergenic region (UR) of the genome

andterminatesin the small intergenic region (SIR) (Gutierrez, 2000; Wright et al., 1997) to

producea range of complementary (C-) sense and virion (V-) sense transcripts. Sequence,
I

transcriptionand translation analyses of the MSV genome have revealed the expression of

fourproteins: The coat protein (VI or cp) and the movement protein (V2 or mp) on the

complementarystrand, and, via alternative splicing of the complementary sense transcript the

complementarytflj-sense genes expressing the replication associated proteins Rep (rep or

C1+C2) and RepA (repA or Cl; (Davies & Stanley, 1989; Gutierrez, 2002; Lazarowitz &

Shepherd,1992;Liu et al., 1999a; Mullineaux et al., 1984;Nikovics et al., 2001)(Figure 4).
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Figure 4: Genome organisation of a representative maize streak virus isolate from
Nigeria (MSV-Ns). (Source: Shepherd et al., 2010).

The41 kDa Rep protein is the sole viral protein essential for replication of dsDNA in
I

protoplastcells and is responsible for initiating rolling circle replication. RepA on the other

handlikely interacts with host factors to initiate a cellular environment amenable to virus

replication(Gutierrez, 2002; Horvath et al., 1998; Munoz-Martin et al., 2003; Nikovics et aI.,

2001;,Wrightet al., 1997).

Whereasapproximately 80% of the complementary-sense transcripts are suitable for the

expressionof RepA, the remaining 20% are spliced to remove an intron and are suitable for

theexpressionof Rep. The RepA protein of mastreviruses has been reported to function as a

transcriptionalactivator of V-sense gene expression (reviewed by Horvath et al., 1998).

However,the mechanisms by which Rep and RepA regulate V-sense gene expression are

largelyunknown. The movement protein of MSV (expressed from the V2 ORF) is believed to

playa role in cell to cell movement of MSV in infected plants. The protein is associated with

secondaryplasmodesmata and its detection coincides with the first appearance of viral
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symptomsin plants (Dickinson et al., 1996; Gutierrez, 2002). The coat protein of MSV

(expressedfrom the VI ORF) is involved both with intra- and extra-cellular trafficking of

MSV withininfected plants and is the sole determinant of virus-vector specificity (Kotlizky et

al.,2000;Liu et al., 1999a).

BoththeMSV coat protein and movement proteins are required for systematic spread of the

virusand subsequent symptom development in plants (Boulton et al., 1989b; Liu et aI.,

1999a;Wright et al., 1997). Deletion or mutation of the coat protein gene leads to a loss of

infectivityin the inoculated plant, although it does not prevent virus replication (Liu et al.,

1997).The coat protein binds ss and ds viral and plasmid DNA, has identifiable nuclear

localisationsignals, and is likely involved in shuttling genomic DNA into and/or out of the
I

nucleusof infected cells (Liu et aI., 1997).

Cuevaset al. (2012a) and Cuevas et al. (2012b) while studying the phylogeography and

molecularevolution of Potato Virus Y (PVY) whole genomes, showed that host and

geographicorigin influenced PVY diversification. Most codons evolved neutrally, whereas

purifyingselection is the main force driving the evolution of cp. Negatively selected sites

were found to be scattered along the ORFs, suggesting that no domain is particularly

constrained.

22



2.3 Maize Infecting Mastreviruses

2.3.1 Names and taxonomy

Maizestreakdisease symptoms were first described as 'mealie variegation' (Fuller, 1901) but

thedisease was later renamed 'maize streak: virus disease' by Storey in 1925 when he

demonstratedthat the causal agent is transmitted by Cicadulina mbila. His studies on the

relationshipbetween the putative virus and its leafhopper vectors was a major development in

thefieldsof plant virology and entomology (Storey, 1925, 1936a, 1936b, 1938, 1939). Since

thisground-breakingwork, much has been discovered about maize streak:disease, its vectors

andthevirus that causes it.

MSV is the type member of the most divergent genus, Mastrevirus, in the family

Geminiviridae. As with other geminiviruses MSV possess a circular single-stranded DNA

(ssDNA)genome that is encapsidated within quasi-isometric virions. Based on host ranges,

vector specificities, genome organisations and genome-wide sequence similarities, the

geminiviruses are split into the Begomovirus, Curtovirus, Topocuvirus, Becurtovirus,

Tumcurtovirus, Eragrovirus and Mastrevirus genera (Adams et al., 2013).

Mastrevirusesinfect both monocotyledonous and dicotyledonous plants in Africa, Europe,

westernand southern-central Asia, and Australia (Stanley et al., 2005). While mastrevirus

lineagesthat are found on the different continent are highly divergent from one another (i.e.

they display a high degree of geographical clustering on a continental scale), groups of

speciesthat are found within individual continents (such as Australian or African monocot
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infecting viruses) also display high degrees of within-continent phylogeographic clustering

(Hadfieldet ai., 2012; Kraberger et al., 2012).

Mastreviruses that infect dicots include the recognised species: Tobacco yellow dwarf virus

(TYDV)(Morris et al., 1992) from Australia and Bean yellow dwarf virus (BeYDV) (Liu et

aI., 1999b) from southern Africa and Pakistan, Chickpea chlorosis virus (CpCV-A, CpCV-B,

CpCV-C, CpCV-D, CpCV-E) and Chickpea redleafvirus (CpRLV) from Australia (Thomas

et 01., 2010) and Chickpea chlorotic dwarf virus (CpCDV-A, CpCDV-B, CpCDV-C,

CpCDV-D) from IndialMiddle EastJPakistan (Ali et al., 2004; Horn et al., 1993; Mumtaz et

al.,2011; Nahid et ai., 2008).

(

Among the monocot infecting mastreviruses, Maize streak virus is one of twelve known

African streak virus species. The other African streak viruses include: Panicum streak virus

(panSV) (Briddon et al., 1992), Sugarcane streak virus (SSV) (Hughes et al., 1993),

SugarcaneStreak Reunion Virus (SSRV) (Bigarre et al., 1999), Sugarcane Streak Egypt Virus

(SSEV) (Bigarre et al., 1999), Eragrotis streak virus (ESV) (Shepherd et al., 2008b),

Saccharum streak virus (SacSV) (Lawry et al., 2009), Urochloa streak virus (USV)

(Oluwafemi et al., 2008), Eragrotis minor streak virus (EMSV) (Martin et al., 2011),

Digitaria streak virus (DSV) (Donson et aI., 1987), and Maize streak Reunion virus (MSRV)

(pande et al., 2012).

Besides the African streak viruses, the monocot infecting mastreviruses also include: Wheat

dwarf virus (WDV-A, WDV-B, WDV-C, WDV-D) (Istvan et al., 2011; Mesterhazy et al.,

2002; Snihur et al., 2007; Vacke, 1961) from Europe/ Asia and Oat dwarf virus (ODV)
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(Schubertet aI., 2007) from Germany; Australasian striate mosaic viruses: Digitaria didactyla

striatemosaic virus (DDSMV) (Briddon et al., 2010) and Chloris Striate Mosaic virus

(CSMV) (Hatta & Francki, 1979) Bromus catharticus striate mosaic virus (BCSMV)

(Hadfieldet al., 201l) Paspalum dilatatum striate mosaic virus (PDSMV), Paspalum striate

mosaicvirus (PSMV-A, PSMV-B) (Geering et al., 2012), Digitaria ciliaris striate mosaic

virus (DCSMV -A, DCSMV -B), Sporobolus striate mosaic virus (SSMV -1, SSMV -2)

(Krabergeret al., 2012), all from Australia and Miscanthus streak virus (MiSV) (Chatani et

al.,1991) from Japan.

Of all these viruses, the only one known to cause MSD is MSV and of all the eleven known

MSVstrains (Varsani et al., 200Sb), only one, called MSV-A, causes severe disease in maize

(Briddonet al., 1994; Hughes et al., 1992; Martin et al., 2001; Martin et al., 1999; Owor et

al., 2007a; Varsani et al., 200Sa; Willment et al., 2001). Due primarily to the grass-adapted

MSVstrains (MSV -B to -K) not being an obvious threat to agriculture, very little is known

about these viruses, which are known to infect barley, wheat, oats, rye, sugarcane, millet and

manywild, mostly annual grass species (Shepherd et aI., 2010).

2.3.2 MSV transmission

Maize streak virus is transmitted by leafhoppers in the genus Cicadulina. Among the earliest

references to these leafhoppers are those of China (1926) and China (192S) who described

them as a pest of maize. Twenty-two species of Cicadulina are now recognized, of which IS

occur in Africa (Webb, 19S7), which is presumed to be the centre of origin of Cicadulina

(Rose, 1972). The known vectors of MSV include C. arachidis China, C. bipunctata

25



MASENO UNIVERSTTY
S.G. S. LIBRARY

(=bipunctella)(Melichar),C. ghauri Dabrowski, C. lateens Fennah, C. mbila, C. niger China,

C. parazeae Ghuri, C. similes China and C. storeyi (=tciangula) (Bigirwa et al., 1995; Okoth

etal., 1987b;Storey, 1925, 1936a; Webb, 1987).

MSV is transmitted by these various species in a persistent manner (Storey, 1932, 1939). It

hasbeenshown that once acquired by a leafhopper, MSV circulates within the insect (Nault

& Ammar,1989)but probably does not replicate (Boulton & Markham, 1986). Storey (1931,

1932) demonstratedthat the ability to transmit the virus is a genetically inherited trait in C.

mbila, and is related to the permeability of the insect's gut (Storey, 1931, 1932).

Bothvirus transmitters and non-transmitters have been detected in populations of C. storeyi
I

(Zagre& Bi, 1983), C. ghauri and C. arachidis(Asanzi et al., 1995). The transmission of

MSV by C. mbila was elucidated by Storey (1925) following a series of classic experiments

in which he established that the virus acquisition period was only 15 seconds and that

transmissionrequired an inoculation period of -5 minutes (Storey, 1925). He also

demonstratedthat following virus acquisition, the latent period of MSV within C. mbila was

6-12 h and the virus persists in the leafhopper throughout its life span (Storey, 1925). (Okoth

et al., 1987a)doing experiments on C. storeyi reported a minimum latent period of 14-18 h

(i.e, the time needed post virus acquisition for the leafhoppers to become viruliferous) and a

medianlatent period (LP 50) of 16-20 h. Also, Asanzi et al. (1995), focusing on C. arachidis

andC. ghauri, found LP 50 values for these species of 14-24 and 12-14 h, respectively.

Besides,he reported a minimum acquisition access period (AAP) of 15min for C. arachidis

andof 1 h for C. ghauri and a minimum inoculation access period (lAP) of 1 h for both
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species.Working with C. storeyi, Zagre and Bi (1983) found a minimum AAP of 30s and

transmissionafter an lAP of2 h.

Okothet al. (l987a) reported that a lower percentage of C. arachidis transmitted MSV

comparedwith other Cicadulina species. Other virus transmission efficiency studies were

conductedby Asanzi et al. (1995). These researchers found that C. mbila, C. storeyi and C.

ghauritransmitted MSV more efficiently than C. arachidis, confirming the earlier results of

Okoth et al. (l987a). C. arachidis was in fact found to have a maximum transmission

frequencyof only 15%. C. ghauri, C. mbila and C. storey by contrast had virus transmission

frequenciesof between 40-45% (Asanzi et al., 1995). IMASENO UNIVERSITY
S.G. S. LIBRARY

Another discovery made by Asanzi et al. (1995) is that whereas virus transmission

frequenciesonly occasionally increased with increased AAP for C. mbila and C. arachidis,

forC. storeyi AAP and transmission frequencies showed a strong positive correlation. It was

alsofound that transmission efficiencies increased with increased lAP.

Onceinoculated into a new host the systemic movement of MSV is known to be influenced

by plant species and variety, and rates of virus movement may be greater in sensitive

comparedwith tolerant plant species or genotypes. Changes in virus titres have the potential

to alter the chances of vectors acquiring and transmitting viruses and, thus, may influence

diseaseepidemics (Irwin & Thresh, 1990).

In this regard the feeding behaviours of different Cicadulina spp. may also influence their

abilities to transmit MSV. MSV is found in the mesophyll tissues of infected maize leaves

suchthat leafhoppers might acquire MSV during short feeding on mesophyll cells following
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theirinitialcontact with infected plants (Oluwafemi & Jackai, 20l3; Pinner et al., 1993). In

contrast,inoculation of MSV into healthy maize occurs when insects salivate into the phloem

tissue,possibly explaining why more time is required for inoculation than acquisition

(Oluwafemi& Jackai, 20l3).

Maizevariety and disease status influence feeding by C. storeyi (Mesfin & Bosque-Perez,

1998). Insects probed more frequently, spent a greater proportion of time involved in non-

probingactivities (such as resting or walking) and less time feeding in the phloem of healthy

MSV-resistant maize genotypes, than they did on susceptible genotypes. The occurrence of

many,short- duration probes indicated that C. storey; prefers to not feed on the particular

MSVresistant maize genotype examined (hybrid 8321-21), suggesting that this genotype may
I

exhibitan antixenosis-type resistance mechanism to C. storeyi. The credibility of this

hypothesisis supported by the fact that evidence exists for Cicadulina resistance genes in

maize(Kairo et al., 1995). Also, insects feeding on this potentially Cicadulina resistant

maizegenotype tend to make many brief probes without reaching the phloem, in many

instances,abandoning plants soon after landing (Kimmins & Bosque-Perez, 1996).

Whereasfor viruses that are transmitted in a non- persistent manner (such as many of those

transmitted by aphids), such probing behaviours would be likely to increase virus

transmission,for persistent viruses such as MSV, short duration probes that do not reach the

phloemwould reduce the probability of virus transmission. Thus, the development of maize

genotypesexhibiting Cicadulina resistance in addition to MSV resistance will likely be a

powerfulapproach to both protecting plants from infection and reducing MSV spread in the

field.
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Ithasalso been demonstrated that infection with MSV may affect the feeding behaviour of

leafhoppers(Mesfin & Bosque-Perez, 1998). For example, whereas the percentage of time

spentfeeding on phloem by C. storey; was significantly shorter on virus-infected plants than

on healthy ones, the time spent ingesting from tissues such as the mesophyll was higher for

infectedthan non-infected plants. Since MSV tends to occur within the nuclei of infected

mesophyll cells this behaviour should increase the likelihood of virus acquisition by

leafhoppers(pinner et al., 1993). Thus, MSV -infection of maize plants has the potential to

changevector feeding behaviour in ways which directly impact virus transmission.

Atthis point it is worth revisiting the apparently Cicadulina resistant maize hybrid, 8321-21

identifiedby Mesfin and Bosque-Perez (1998). Since MSV titres in this maize genotype were

significantly lower than in MSV sensitive maize genotypes (as determined by Asanzi et al.

(1995)) implying that, rather than low transmission efficiencies from this hybrid being

attributablesolely to it directly inhibiting leafhopper feeding, they may have also been at least

partiallyattributable to low virus titres within the cells upon which leafhoppers fed.

2.3.3 Symptoms of Maize streak disease

Fuller(1901) was the first to accurately describe the symptoms ofMSD including: (i) streaks

composed of a 'series of elongated or almost circular spots' (Figure 5), (ii) fewer green leaves

atthe base of severely affected plants than in mildly diseased plants; and (iii) chlorosis caused

by the absence of chloroplasts within mesophyll cells (Fuller, 1901). Symptoms of MSD

begin as small circular, chlorotic spots 0.5 to 2.0 mm in diameter on the younger leaves of

maize plants (Barrow, 1992; Bosque-Perez et al., 1998; Guthrie, 1989) which on subsequent

leaves can become continuous longitudinal chlorotic streaks along the veins of the leaf
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laminae (Okoth et al., 1987a). Since the VIruS likely moves unidirectionally from

photosyntheticsource to photosynthetic sink tissues, symptoms appear only on the inoculated

andsubsequently emerging leaves (Thottapilly et al., 1993).

Figure5: Chlorotic streaks on maize leaf.

(photocredit: Molecular and Cell Biology laboratory, University of Cape Town).

Immunohistochemical and in-situ hybridization techniques utilized by Lucy et al. (1996) to

studythe specificity of MSV infection in maize tissues demonstrated that, within the shoot

apex,the virus occurs only in vascular tissues and does not invade the apical meristem. The

characteristic streaking pattern of symptoms in mature leaves corresponds to the presence of

virus,which occurs only in those areas of the leaves displaying symptoms. In such leaves, in

contrast to the apical and stem tissues, the virus is not restricted to the vascular tissue. MSV

coatprotein molecules and both virion and complementary strands of the MSV genome (Le.

double stranded replicating virus) were detected in mesophyll, bundle sheath cells of the leaf

and vascular-associated parenchyma. Usually, MSV was not found in non-photosynthetic

tissues beyond the vascular tissue (Lucy et al., 1996).
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Symptomseverity in maize depends on both the genetic susceptibility of maize genotypes, the

ageof plants at the time of infection (Bosque-Perez et al., 1998; Van Rensburg & Kuhn,

1977) and the virulence of the virus strain (McClean, 1947). In severely affected plants,

chloroticstripes may be pale green, yellow or even white in appearance. In highly sensitive

varieties,chlorotic striping often develops into chlorosis of almost the entire lamina. This may

be followedby progressive necrosis and plant death, particularly if infection has occurred at

anearly stage of plant growth (Bosque-Perez et al., 1998; Mesfin et al., 1995). The streak

patternis as a result of the failure of chloroplast development in tissues surrounding the

vascular bundles (Barrow, 1992; Bosque-Perez, 2000; Mesfin et al., 1995). In general,

affectedmaize plants are stunted (Figure 6), have less vigour and produce smaller grains and

ears than uninfected plants (Okoth et al., 1987b). Severe stunting can result in yield

reductionswithin individual plants of greater than 70% (Bosque-Perez et al., 1998; Guthrie,

1978) due to diminished photosynthesis.

Uninfected
plants

Infected plants

Figure6: Stunting of infected maize plants.

(photo credit: Molecular and Cell Biology laboratory, University of Cape Town).
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2.3.4 Diagnostic methods

2.3.4.1 Diagnostic hosts

Undervery specific conditions MSV can be mechanically transmissible, and induces

conspicuoussymptoms in very susceptible maize genotypes such as Sweet com cv. Golden

Bantam,(Redinbaugh, 2003). A Maize genotype such as Golden Bantam is in fact so

susceptibleto MSV that it is generally used as an index host and is additionally frequently

usedasa positive susceptible control during agroinoculation mediated infectivity studies.

Agroinoculationis a technique whereby cloned MSV genomes can be inoculated into maize

usingthe T-DNA transfer mechanisms of Agrobacterium tumefaciens (Boulton et al., 1989a;

Grimsleyet al., 1987; Grimsley et al., 1991). The use of such procedures have assisted greatly
!

intestingthe infectivity of MSV mutants, comparing the virulence of different MSV field

isolates,comparing degrees of MSV resistance displayed by different maize genotypes and in

determiningthe properties and functions of virus gene products.

Theuse of agroinoculation does not only allow high rates of transmission, but also the

infectionof plants at very specific time points with a precise amount of inoculum and avoids

the issue of differential feeding preferences of leafhoppers. Also, it avoids the logistical

problemsassociated with mass rearing of clean (i.e. not MSV carrying) and viruliferous (i.e.

MSV carrying) leafhoppers for simultaneous controlled transmission of different virus

isolates.The main limitation however, is that agroinoculation must be carried out under very

controlled conditions because A. tumefaciens transformed with an agroinfectious MSV

constructconstitutes a genetically modified organism that cannot be freely released into the

environment(Martin et al., 1999).
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2.3.4.2 Serological procedures for identifying and characterizing MSV isolates

Maize streak virus is readily detected and identified by several serological techniques

includingdouble antibody sandwich - enzyme linked-immuno-sorbent assay (DAS-ELISA)

(Clark& Adams, 1977). Prior to the widespread use of peR and sequencing based techniques

forvirus identification various attempts were made to devise serology based approaches for the

analysisofMSV diversity (Bock et al., 1974; Dekker et al., 1988; Dollet et al., 1986; Mesfin et

al.,1992; Pinner & Markham, 1990; Pinner et al., 1988). Bock et al. (1974), using Ouchterlony

geldiffusion assay, found that MSV and a streak virus from sugarcane (later identified by

sequencingas SSV) were closely related but that a streak virus from guinea grass (later identified

as PanSY) was more distantly related to MSV.

Inan attempt to quantitatively analyse the relationships between different streak virus isolates

ELISA based approaches have been used to examine antigenic cross-reactivity between streak

virus isolates derived from maize, sugarcane and various grasses originating from Africa, the

adjoining Indian Ocean islands and Vanuatu island in the Pacific Ocean (Dekker et aZ., 1988;

Pinner et al., 1988). Relatedness of the isolates was compared by calculating the serological

differentiation index (SDI) of Van Regenmortel et al. (1970). The analysis established the

existence of the distinct streak virus serogroups infecting maize (presumably MSV), sugarcane

(presumably SSV, SSRV, SacSV or SSEV), P. maximum (presumably PanSY) and Digitaria

sagittaria (presumably DSV). Besides being found in maize, isolates in the same serogroup as

MSV were obtained from sugarcane and wild-grasses such as C. lachryma jobi, Paspalum spp.

andDigitaria spp.
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Whereasthe maize-serogroup isolates (all later identified as MSV strains -A, -B and -F; (Varsani

et al., 2008a» clustered within less than 2 SDI units from one another, the sugarcane virus,

PanSVand DSV were all separated from the maize group by more than two SDI units (pinner &

Markham, 1990; Pinner et al., 1988). Similar approaches to these were used to analyse streak

viruses isolated from grasses, cereals and sugarcane in Nigeria (Mesfin et al., 1992), Reunion

(peterschmitt et al., 1991) and South Africa .

2.3.4.3 DNA-based procedures for identifying and characterizing MSV isolates

In the past two decades the identification and characterization of MSV by a combination of

peR or rolling circle amplification (RCA) coupled with restriction fragment length

polymorphism (RFLP) or sequencing analyses has completely superseded the serology based

approaches of the 1970s and 80s (Willment et al., 2001). Willment et al. (2001) applied PCR-

RFLP using a set of seven enzymes to accurately type closely related virus isolates. This

technique also helped (Willment et al., 2001) in typing 49 MSV isolates. They sequenced and

analysed twelve new MSV genomes selected from among the 49 as being representative of

major virus groupings, used to classify eighty five MSV isolates into strains and subtype

groupmg.

Although useful for cheaply screening very large numbers of MSV isolates, PCR-RFLP

and/or partial genome sequencing approaches that were popular in the 1990s and early 2000s

(Briddon et al., 1994; Martin et al., 2001; Owor et al., 2007a; Rybicki & Hughes, 1990;

Willment et al., 2001) have now in turn been completely superseded by RCA and complete

genome sequencing-based approaches (Monjane et al., 2011; Owor et al., 2007b; Shepherd et

al., 2008a; Varsani et al., 2008a). Specifically a high throughput method of isolating and
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cloninggeminivirus genomes from dried or fresh plant material that combines high efficiency

DNA extraction procedures (such as those applied in the Extract-n-Amp'P'cbased DNA

isolationkits) with ReA of viral DNA and cheap full genome sequencing has in the past five

yearsalone resulted in a 85 fold increase in the number of mastrevirus full-genomes deposited

inpublic sequence databases. Using these methods it has even been possible to characterise

virusesstored in dried leaves at room temperature from between 6-10 years (Owor et ai.,

2007b;Shepherd et ai., 2008a).

2.4 Importance of Maize

Approximately 15 million ha. of maize (Zea mays L) is planted annually in sub-Saharan

Africa (Bosque-Perez, 2000). Ground maize kernels are the most important staple food

sourcefor over 100 million people on the continent, accounting for, on average, more than

50%of African calorific intake (Shepherd et ai., 2007). In Kenya it accounts for a larger

cultivatedcrop than any other crop and is produced almost everywhere including in the arid

andsemi-arid agro-ecological zones (Jayne et ai., 2001).

2.4.1 Pests and diseases affecting maize production

Thereis a large yield gap between the potential and present yield for Sub-Saharan African

tropicalhighlands (5 and 0.6 tonneslha respectively), in subtropical and mid-altitude zones (7

and2.5 tonneslha respectively), and in tropical lowlands (4.5 and 0.7 tonneslha respectively

(Pingali,2001). This large yield gap is attributable to mainly biotic constraints (Wambugu &

Wafula,2000). While the major abiotic constraint is drought, causing annual yield losses of

about 15% (Kamara et ai., 2003), secondary abiotic constraints are soil, nitrogen and

phosphorusdeficiencies (Nziguheba et ai., 2002; Whitbread et ai., 2004).
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Bioticfactors that reduce maize yields in the field in Africa are stem-borers, army worms, the

Striga(the parasitic weed), and diseases such as leaf blight, rusts, stalk and ear rots, smuts and

systemicfoliar diseases (Alegbejo et a!., 2002). One such systemic foliar disease is maize

streakdisease (MSD), caused by the geminivirus, Maize streak virus (MSV). Maize streak

virusis by far the most important and widespread microbial constraint to maize production in

Africa(Bosque-Perez, 2000; Fajemisin et al., 1976; Thottappilly et al., 1993) where it causes

yieldlosses in individual plants ranging from negligible to almost 100% (Alegbejo et al.,

2002;Kyetere et al., 1999).

2.4.2 Economic impact of Maize streak disease

Theoverall economic and social costs of MSD remain almost completely unknown (Martin &

Shepherd, 2009). Whereas Lagat et al. (2008) and Kyetere et al. (1999), justify the

development of MSD control strategies stating that MSD causes up to 100% yield losses in

individual severely infected maize plants, MSD has never destroyed anywhere near 100% of

anentire countries maize yields (Martin & Shepherd, 2009).

However, during the most severe epidemics, the disease will frequently cause 100% yield

losses in individual fields, depending on the virus virulence, crop susceptibility and the stage

of infection. At 2nd leaf stage, when a susceptible crop is infected by a virulent strain, it will

not yield any seed and hence it will suffer 100% loss while at 10th leaf stage it will produce

25% less yield than an uninfected plant (Bock, 1982). Martin and Shepherd (2009) suggest

that it is, however, useful to think of the economic cost of MSD in terms of the economic
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benefitsthat would be gained by its eradication. These benefits would include lower and

morestable maize prices for maize consumers, and increased income for small scale farmers.

Ithas been estimated that modest use of "immune" maize genotypes in countries like Kenya

wherethe yield loss is close to 1 million metric tonnes per year (Wambugu & Wafula, 2000)

wouldresult in maize yield increase worth between US$ 4M - US$ 15M per year to mainly

subsistence farmers, and maize price decreases of 0.7-2.6%, saving consumers between US$

6M - US$ 17M per year (Andreu et 01.,2006).

2.4.3 Management of MSV

Management of MSD is difficult partly due to the genetic variability of the virus, the

susceptibility of locally adapted maize lines and the unpredictability of vector migratory and

survival patterns (Danson et 01., 2006). Sporadic maize streak disease epidemics continue to

occur in much of Africa and the resulting crop losses can be devastating. Various cultural

practices have been suggested for control. According to Gorter (1953), use of barriers of bare

ground between early and late planted maize fields, reduce leafhopper movement and the

subsequent spread of MSV. Adjusting planting dates to avoid infestation of young plants,

avoiding maize plantings downwind from older cereal crops, and the use of crop rotations also

minimize invasions by viruliferous leafhoppers (Rose, 1978). Crop rotation and intercropping

(page et 01., 1999) are also possible cultural control strategies which might disrupt leafhopper

mating behaviour.
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Martinand Shepherd (2009), questioned the feasibility of cheap and accessible cultural

controlstrategies given the unpredictability of MSD epidemiology. They argue that without

accurateweather forecasts and a reasonably predictive MSD epidemiological model, it is

pointless to plan planting dates with the hope of avoiding infestation of young MSD

susceptibleplants by migrating viruliferous leafhoppers. The cultural strategies that do not

requireadvanced disease forecasting infrastructure are the use of fertilizers and irrigation. By

ensuringstrong and healthy plants which are better able to resist pathogens and are potentially

lessappealing to leafhoppers (which are attracted by yellowing), fertilizers and irrigation may

be a viable means of reducing MSD infection rates (Magenya et al., 2010). It remains to be

demonstrated,however, whether this is the case. Also since plants are most susceptible to

infectionand experience their heaviest yield losses when infected young, rapidly maturing

maizevarieties should perhaps be favoured in areas where MSD is endemic. Again, however,

thevalue of such a control strategy remains to be scientifically demonstrated.

Whileinsecticides such as Carbofuran granules applied as seed dressing have been reported to

reduceMSD incidence (Drinkwater et al., 1979) and have been used to effectively control

leafhopper vectors (Barrow, 1992; Rose, 1978), absolute protection againstMSD is not

however,achievable unless the insecticide is able to kill all the leafhoppers on contact before

they are able to feed on maize (Martin & Shepherd, 2009). Furthermore, the Food and

Agricultural Organisation (Allen et al., 1998) and the World Health Organisation (WHO,

1986) have documented a list of concerns associated with the widespread application of

pesticides in African maize cropping systems.
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Pesticidepoisoning affects a million people in Africa annually, with 20,000 cases resulting in

death (WHO, 1986). Similarly, in the vast majority of resource constrained African farming

sectors the costs of pesticide use are almost completely prohibitive. Appropriate insecticide

usewill continue to play an important role in maize viral disease/vector control. Nevertheless,

non-chemical alternatives remain the most cost effective, safe and environmentally

appropriate approaches for tropical, resource restricted farmers (pingali, 2001).

Resistance breeding is considered to be the most practical solution for the control of MSV

(Danson et ai., 2006). Resistance in maize was first reported in the variety, Peruvian Yellow

in 1931, in South Africa by Fielding (1931). Later, tolerance was found in other maize

genotypes and has been utilized to develop a variety of MSV resistant genotypes such as the

hybrid, PxH (Soto et al., 1982). Resistance to MSV has also been identified in East Africa

(Storey & Howland, 1967). In West Africa, the International Institute of Tropical Agriculture

(UTA), in Nigeria discovered evidence of resistance within its n TZ- Yellow genotype. On the

island of Reunion at the Institute Recherche Agronomique Tropicale (IRA T), resistance has

been detected in the genotype, Revolution (Soto et ai., 1982). Finally, in Southern Africa,

immunity to MSV has been detected in various inbred lines and in experimental hybrids

(Barrow, 1992).

Resistance to MSV in many of the lIT A open-pollinated varieties and hybrids has manifested

itself as reduced symptom severity combined with low virus incidence in the field (Soto et al.,

1982). Moreover, when they do become infected, highly MSV resistant maize genotypes have

been shown to have low virus titres (Asanzi, 1991). Yield comparisons between infected and
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uninfected plots of resistant and susceptible maize genotypes have unequivocally

demonstratedthe superiority of resistant genotypes (Bosque-Perez et al., 1998).

Reductionin yield due to MSV is a function of the age of plants at the time of infection, with

youngerplants sustaining greater reductions than older ones (Bosque-Perez et al., 1998;

Guthrie,1978; Mzira, 1984; Van Rensburg, 1981). Moreover, yield loss is a function of the

relativelevel of susceptibility/resistance of the maize variety (Barrow, 1992; Bosque-Perez et

al., 1998). Varieties have been found to be differently affected by MSV in relation to the

growthstage when challenged with disease incidence and severity being markedly reduced

forthe most resistant varieties which yield well even when infected young (Bosque-Perez et

aI., 1998).

Maize varieties that combine tolerance to MSV with other desirable characters have been

developed both at lITA and, at the Harare station of the International Maize and Wheat

ImprovementCentre (CIMMYT). Many high-yielding varieties traditionally grown in various

African countries have been upgraded with MSV-resistance at lITA in cooperation with

CIMMYTand other African MSV resistance breeding programs (Efron et al., 1989).

Breeding lines of maize with tolerance to MSV have also been independently developed by

IRAT in Reunion (Rodier et al., 1995). Several national programmes in Africa are breeding

for resistance to MSV and in Kenya breeding for resistance involves the collection of diverse

sourcesof resistance, and looking at the combining abilities of the inbred lines (Gichuru et al.,

2011), so as to develop high yielding disease resistant maize multi-lines.
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2.4.4 Selection of MSV resistant cultivars

Resistance to MSV in IITA maize germplasm is controlled by two or three major genes, with

thepossible involvement of additional minor genes (Kim et 01., 1989). Analysis of the genetic

controlof resistance in the MSV -tolerant line Tzi 4, was conducted by Kyetere et 01. (1999).

Theyreported a single major gene (designated msv 1) controlling tolerance to MSV in Tzi 4.

Thegene was located on the short arm of chromosome 1 and tightly linked (3 cM distance) to

themolecular marker locus npi262.

Martin et 01. (1999), formulated a technique to assess the pathogenicity of MSV isolates and

the differential response of maize genotypes. Quantification of chlorotic leaf areas through

image analysis allowed differentiation of levels of virus resistance not otherwise quantifiable

(Martin et 01., 1999). Furthermore, Danson et 01. (2006) established that a conventional maize

breeder, requires the use of molecular markers (simple sequence repeats) in order to improve

selection intensity and maximise genetic gain. In the study three genetic markers: p-bnlg

1811, p-umc 1144 and p-umc 1917 were used against three different maize family lines (114,

118 and 141) with the primers targeting three loci of chromosome 1 to reveal the genetic

MSV resistance trait. It is, however, widely thought that the best MSV resistance so far

achieved is polygenic (Lagat et 01., 2008) with, for some unknown reason(s) the traits not

being transferable with agronomically favoured genes (Martin & Shepherd, 2009).
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2.4.5 Use of genetic engineering to control MSV

Thedevelopment and utilisation of resistant commercially favourable maize genotypes would

be the most attractive MSD control option (Martin & Shepherd, 2009). It is however

expensiveand time consuming to develop such maize genotypes (Danson et al., 2006).

While significant strides have been made towards breeding for other desirable traits such as

highyield and environmental adaptability, most commercially available maize hybrids are at

besttolerant to MSV. This has been occasioned by the challenge of removing the undesirable

traitsassociated with complex multigenic MSV resistance (Martin & Shepherd, 2009).

Genetic engineering therefore offers an alternative to conventional MSV resistance breeding

strategies (Shepherd et al., 2007). Genetic engineering enables the direct transfer of any genes

between any species and also the construction and transfer of genes that do not exist in nature

(Gadani et al., 1990). It therefore becomes easier to design virus resistance strategies that

while working against the broadest possible range of virus strains, will also be durable in the

wake of persistent virus evolution. A number of strategies have been developed to introduce

geminivirus resistance into economically important crops (Shepherd et aI., 2007), and the use

of Pathogen Derived Resistance (PDR) has particularly shown exciting promise as a

technique for producing MSV resistant maize.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Genetic Diversity and Phytogeography of MSV in Kenya

3.1.1 Virus sampling

A total of 170 Maize samples and a range of 122 uncultivated grass specimens displaying

symptoms characteristic of MSV infection were collected between 2008 and 2011, during

Mayand June (first cropping season) and November and December (second cropping season);

fromthe major maize growing areas in Kenya, Viz: The Kenyan Coast, Central, Rift Valley,

Western Kenya and parts of Eastern region. For each sample, the geographical coordinates

(determined using a global positioning system; GPS, to increase the precision of sampling

location), sampling dates (to determine the inter-seasonal fluctuations in MSVi populations

and sizes) and host species {to determine the host ranges of various MSV pathotypes

(recombinant lineages)) were recorded (Appendix I). There was however, no criterion used in

terms of areas to avoid, so long as the fields had maize or grass displaying MSV symptoms.

Three samples from each field were collected where possible. Each field was divided into two

diagonals and the three samples were picked, two from the first diagonal and the third from

the second diagonal. In fields with fewer than three diseased plants on the two diagonals, up

to three symptomatic plants were sampled from the remainder of the field. Samples were fresh

leaves. The fields were approximately 20 kilometers apart, (with the first position determined

by the nearest maize field from the county headquarters along the main road) and contained

maize plants ranging from 1 to 3.5 months old and symptomatic grass of any species and age.
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Thesamples were press dried between pages of a ledger book later packaged in small

envelopesfor long-term preservation before processing.

3.1.2 Field symptom and degrees of virulence scores

Diseaseseverity in the field was scored using UTA's subjective six-point MSV resistance

ratingsystem (where plants rated 0 are immune, while those rated 5 are highly sensitive). In

addition,a field MSV degree of incidence was determined by the percentage number of maize

plantsinfected against the total number of maize plants along the sampling field diagonal.

3.1.3 Cloning and sequencing of full genomes

Viralgenomes were isolated from leaf material, circular viral DNA molecules were amplified

froma crude total DNA extract using Phi29 DNA polymerase (TempliPhi™, GE Healthcare,

USA) as previously described by Owor et al. (2007b) and Shepherd et al. (2008a). Briefly,

the amplified concatemers were digested (cut) with KpnI or BamHI to yield ~2.7-Kb,

potentiallylinearised viral genomes which were gel purified. (invisorb spin DNA extraction

kit; invitek) and were subsequently ligated to the KpnI and BamHI sites of pGEMZf+

(promegaBiotech, USA). The clones were fully sequenced by primer walking at Macrogen

Ine(Korea).

3.1.4 Virus isolates

A total of 163 MSV-Al sequences representing isolates determined in this study, 391 MSV-

Al sequences from GenBank and one representative. of the MSV-~ subtype

(http://web.cbio.uct.ac.zar darren/SupplementaryFigure I.fas) were included in the analyses. A
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total of 45 genome sequences from grass adapted MSV isolates from Kenya that were

determinedin this study and 148 MSV B-K genome sequences from GenBank were also

includedin a separate analysis (http://web.cbio.uct.ac.zar darreniSupplementaryFigure2.fas).

3.1.5 Phylogenetic and recombination analyses

Allthe sequences were aligned by MUSCLE (Edgar, 2004) with manual editing using MEGA

5 (Kumaret al., 2008) and using the CLUSTAL-W (Thompson et al., 1994) based sequence

alignmenttool implemented in MEGA 5. In total, 553 MSV-A1 sequences and one MSV-~

(usedto re-root the tree) were firstly analysed for recombination using the computer program

RDP4(with default settings and sequences auto-masked for optimal recombination detection

(Martinet aZ.,2010».

Maximum likelihood (ML) phylogenetic trees were constructed either using PHYML vl.

(Guindon& Gascuel, 2003) with the GTR+I+G4nucleotide substitution model (selected as the

most appropriate by RDP3 (Martin et al., 2010) or with FastTree2 (with the GTR-CAT

nucleotide substitution model and an approximate likelihood ratio test for branch support

(priceet al., 2010).

Recombination was analysed usmg the RDP (Martin & Rybicki, 2000), GENECNOV

(Padidam et al., 1999), BOOTSCAN (Martin et al., 2005), MAXCHI (Smith, 1992),

CHIMAERA(Posada & Crandall, 2001) SISCAN (Gibbs et aI., 2000) and 3SEQ (Boni et ai.,

2007) recombination detection methods implemented in RDP3 (Martin et al., 2010). Default

settings in all programmes were used throughout and only potential recombination events
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detected by two or more of these methods together with phylogenetic evidence of

recombination were considered strong evidence of recombination.

Phylogeographic analyses of full viral genome datasets were carried out using visual nested

cladeanalyses of geographically labeled sequences in different clades within the phylogenetic

tree.

3.2 Characterisation of Patterns of "Natural Selection" In the Coding Regions of

Maize Streak Viruses and the Identification of Likely Maize Adaptive Mutations

3.2.1 Assembly of datasets
A total of 41 of the MSV full genome sequences cloned and sequenced in section 3.1.1 along

with an additional 540 MSV sequences (http://web.cbio.uct.ac.zaI~darrenisupplementary

Figure3.fas); 31 Australasian streak virus sequences: (Paspalum striate mosaic virus [PSMV];

Bromus catharticus striate mosaic virus [BCSMV]; Digitaria ciliaris striate mosaic virus

[DCSMV], Digitaria didactyla striate mosaic virus [DDSMV]; Chloris striate mosaic virus

[CSMV])) (http://web.cbio.uct.ac.zardarreniSupplementaryFigure4.fas); 76 Dicot-infecting

mastrevirus sequences: (Tobacco yellow dwarf virus [TYDV] Bean yellow dwarf virus [BeYDV];

Chickpea chlorosis virus [CpCV-A, CpCV-B, CpCV-C, CpCV-E]; Chickpea redleaf virus

[CpRV];Chickpea chlorotic dwarf virus [CpCDV-A, CpCDV-B, CpCDV-C, CpCDV-D, CpCDV-

E] (http://web.cbio.uct.ac.zardarreniSupplementaryFigure5.fas); 81 Eurasian dwarf virus

sequences: (wheat dwarf VIrus [WDV] and Oat Dwarf Virus [ODV])
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3.2.2 Sequence analyses

Allthe coding regions (movement protein (MP), coat protein (CP) and Rep genes) ofMSV-A

(themaize adapted MSV strain), grass adapted maize streak viruses (wild grass adapted MSV

strains), PanSY, Australasian streak viruses, Eurasian dwarf viruses and dicot-infecting

mastreviruses were codon aligned using MUSCLE (Edgar, 2004) and edited by eye and by

partial realignment with CLUSTAL-W (Thompson et al., 1994) using MEGA 5 (Tamura et

al., 2007; Tamura et aI., 2011).

3.2.3 Detection of selection

To deduce the selection pressures acting on individual codons of MSV-A and other related

mastrevirus coding regions, the ratio of the normalised rates of non-synonymops (dN) and

synonymous (dS) substitutions (i.e. the dN/dS ratio) was calculated using the codon-based

selection detection methods: Random Effect Likelihood (REL), Internal Fixed Effect

Likelihood (IFEL), and Single Likelihood Ancestor Counting (SLAC) (pond & Muse, 2005;

Pond & Frost, 2005) implemented on the Datamonkey web-server- http://www.

datamonkey.org. All analyses accounted for the potentially confounding influences of

recombination using the GARD method (Pond et al., 2006a, 2006b), also implemented on the

datamonkeyweb server.

Amongst all the positively and negatively selected codon sites detected by these methods, the

sites that were most interesting from the perspective of identifying maize adaptive nucleotide

polymorphism~were those that were evolving under negative selection in MSV-A (and were

therefore likely important for MSV-A survival) that correspond to codon sites in other groups

of grass adapted streak viruses (wild grass adapted MSV strains, Panicum streak virus,
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Australasianstreak viruses, Wheat dwarf virus and dicotyledonous host infecting mastrevirus)

encodingamino acids different to those found in MSV-A that were either at >90% frequency .

inthe population (i.e. either fixed or almost fixed) or were detectably evolving under negative

selection.

3.3 Characterisation of a Novel Maize Infecting Mastrevirus from La Reunion

Island: Maize Streak Reunion Virus (MSRV)

3.3.1 Sample collection

Leaf samples were collected from (ClRAD, St. Pierre) from Saint Pierre (-21.6161 S,

55.45784 E and -21.3206 S, 55.48536E) in La Reunion island from three maize plants

displayingchlorotic streaks along leaf veins similar to those seen in MSV infections of maize.

3.3.2 Cloning and sequencing

Circular viral DNA molecules were amplified from a crude total DNA extract from the two

maize samples using Phi29 DNA polymerase (TempliPhi™, GE Healthcare, USA) as

previously described by Owor et al. (2007b) and (Shepherd et al., 2008a), following the kit

instructions. The cloned DNA was then cut with KpnI (PR50) and BamHI (PR52) to yield

-2.7-Kb DNA fragments. After digestion, genomic DNA was gel purified and subsequently

ligated to the KpnI and BamHI sites of pGEMZf+ (Promega Biotech, USA). The clones were

fully sequenced by primer walking at Macrogen Inc. (Korea).
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3.3.3 Sequence analyses

The assembled sequences of the virus isolates were then subjected to a range NCBI BLASTn

and BLASTx (Altschul et al., 1990) analyses for comparison with sequences in the GenBank

database. The viral genomes were aligned using MUSCLE (Edgar, 2004) with representative

sequences of mastrevirus species and major strain groupings using MEGA version 5 (Tamura

et al., 2011). Pairwise identity analysis (Hamming- or p-distance with pairwise deletion of

gaps) was done using MEGA 5. Phylogenetic analyses was done using PHYML (Guindon &

Gascuel, 2003) using the model GTR+ 1+ G4 , automatically selected as the best fit model

using RDP3 (Martin et aI., 2010).

Also identified was the canonical virion strand origin of replication (v-ori) TAATATTAC

sequence and its associated conserved inverted repeat sequences. TAT A boxes for virion- and

complementary-sense transcription and GC- rich sequences (close to the v-ori; similar to the

MSV rightward promoter elements (Fenoll et aI., 1988; Fenoll et al., 1990).

3.4 Evaluation of the Response of Maize Inbred Lines to Agroinfection by Three

Virulent Maize Streak Virus Isolates

3.4.1 Maize genotypes and virus strains

Seed of the inbred maize lines which included Sweet com varieties: Golden bantam from

Millington Seed (USA) and Starr 7714 from Starke Ayres (South Africa); PAN77 from

Pannar Seed Co. (South Africa), CML389 from International Maize and wheat Improvement

Centre (CIMMYT, Mexico); AB2, ABLEP, 44/42-2, MSMPIIMSMP2 FW and EX-CIMMYT

all from Maseno University, were used in agroinoculation experiments. Agroinfectious clones of

the field isolated MSV variants currently circulating in Africa: (MSV-A [-KE-MtKA-1997],

Genebank accession number: AF 329885; MSV -A [-MZ-Bil6-Bet25-2007], Genebank
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accession number: HQ693340 and MSV-A [MZ-Pem2-Moz37-2007], Genebank accession

number: HQ693363) (

Table 1, below) were provided by DP Martin at the University of Cape Town. Preliminary studies

indicatedthat these MSV isolates produced symptoms in sweet com ranging from very severe to

moderately severe (D. P. Martin et al., unpublished data). A. tumefaciens C58Cl (pMP90)

(Koncz & Schell, 1986) was used to deliver agroinfectious constructs during agroinoculation

experiments.

Table 1: MSV-A genotypes selected for evaluation in maize genotypes

Name of isolate Genbank Restriction Host Sample Latitude Longitude Country
accession enzyme Species dateJyear
number site used

forcioning

MSY-A -KE-MtKA-I997 AF329885 Bamlll Maize 1997 -0.439743 37.127454 Kenya

MSY-A -MZ-Bil6-Bet25-2007 HQ693340 KpnI Maize 2007 -25.931800 33.4071331 Mozambique

MSY-A -MZ-Pem2-Moz37-2007 HQ693363 BamHl Maize 2007 -13.072850 40.394833 Mozambique

MASENO UNIVERSI1Y
S.G. S. LIBRARY3.4.2 Agroinoculation

To permit efficient replicative release upon agroinfection, all constructs contained one full

MSV genome bounded by two full, large intergenic region sequence(Schnippenkoetter, 1998).

Agroinoculation was performed according to Grimsley et al. (1987) with the following

modifications:

(i) Standardized inoculum was obtained from actively growing A. tumefaciens cultures with an

optical density at 600 nm of 0.4 OD units and was concentrated 10-fold by low speed

centrifugation (2000 rpm in a microfuge). After two washes with sterile distilled water tubes were

stored at room temperature for no more than 30 minutes before injection.
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(ii)3 days old seedlings were inoculated.

MASENO UNIVERSIT'vf
S.G. 5. LIBRARY J

(iii)2-5 ul of inoculum were injected 1 mm beneath the coleoptilar node of seedlings using a

25-fll Hamilton syringe (Hamilton, Bonaduz, Switzerland), with its beveled tip inserted to a

standardizeddepth of 1.5 mm (aided by a specifically designed collar permitting penetration

ofonly 1.5 mm of the tip into the coleoptile.

(iv) only seedlings with a coleoptile between 15 and 30 mm in length were selected for

injection. Agro-infection experiments involving specific constructs were carried out

ongroupsof twenty plants of each maize genotype.

3.4.3 The experimental design

Theexperimental design was split plot arranged on a Completely Randomised Design (CRD)

with the inoculum (virus isolates) as the main plot factor and the inbred lines subplot factor

andreplicated three times.

A group of 20 seedlings of each maize variety/line was injected with each MSV isolate

while six seedlings of each genotype were injected with sterile distilled water which served

as uninfected controls. Seedlings were grown under near-uniform conditions in a plant growth

roommaintained at 27°C, 60% relative humidity, with 16 hours of light per day.

3.4.4 Data collection

Disease severity was measured in terms of (i) percentages of agroinoculated plants that

became infected, (ii) percentages of leaf areas (leaves 2 through 6) covered by chlorotic

lesions in infected plants, and (iii) leaf sizes of infected plants relative to uninfected control
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plants based on . The proportion of plants showing symptoms were determined at 3-day

intervals between 5 and 14 days after injection. For each MSV isolate-maize genotype

combination, these measurements were integrated into an infection rate value (IR) calculated as

the mean percentage of infected plants observed at the four assessment times.

Percentage of leaf area covered by chlorotic lesions in symptomatic plants was estimated for

leaves two through six using a previously described microcomputer-based image analysis

technique (Martin & Rybicki, 1998). The image analysis protocol required the use of a digital

image capture device (in this case a HP Scanjet 5590P flatbed scanner, set at 300dpi) and

analysis software developed in the MCB laboratory (available online free of charge from the

University of Cape Town). The percentage of chlorotic areas of leaves two and three was

assessed 15 days after agroinoculation; the percentage chlorotic areas of leaf four, five and six

was assessed 22, 29, and 35 days after agroinoculation, respectively. For each MSV isolate-

maize genotype combination, the mean percentage of chlorotic area of the six leaves was used as

a representative measure of chlorosis.

3.4.5 Statistical analysis and evaluation of maize genotypes resistance to MSV

The data collected was subjected to analysis of variance (ANOVA) using MSTAT-C program

(Freed et al., 1991). Parameters analysed included: leaf area relative to the standard,

percentage chlorotic area of the leaf, relative average streak width and yellowness induced by

the MSV variants. The means were separated by Dancun's Multiple Range Test (DMRT)
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Genetic Diversity and Pbylogeograpby of MSV in Kenya

4.1.1 Pbylogeograpby of tbe maize adapted MSV -A strain

Out of the 292 symptomatic maize and grass leaf samples collected, 178 (142 from maize and

36 from grass samples) yielded clones of full MSV genomes which, once sequenced, were all

found to belong to the MSV-AI subtype. An additional 15 previously sampled MSV full

genomes from Kenya were obtained from GenBank (accession numbers: HQ693329,

HQ693330. HQ693331, HQ693332, HQ693333, HQ693334, FJ882090, FJ882092,

FJ882093, FJ882094, EU152256, EU152257, AF329878, AF329879 and AF329880) along

with 375 MSV- Al genomes obtained from elsewhere in Africa.

Monjane et al. (2011) classified MSV-A1 subtypes into 15 recombinant lineages (MSV-AII-

MSV-AIXV) , retaining both the recombinant lineage naming convention and the recombinant

lineage names designated by who had identified and named just six lineages (but referred to

them as haplotypes).

In order to track movements of MSV- A, recombinant lineages between East Africa and

different regions of Africa, the sequences from outside East Africa (i.e. not sampled in

Uganda or Kenya) were categorized into southern African (from South Africa, Zimbabwe,

Zambia, and Mozambique), west African (from Ghana, Nigeria, Burkina Faso, Benin and

Cameroon) and central African (Central African Republic) groups. The distribution of these

sequences within the resulting phylogenie tree (Figure 7), revealed much about the likely

movement pathways of MSV-A1 recombinant lineages between East Africa and the rest of
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Africa. Noteworthy within the phylogenetic tree are numerous nested clusters of non-

Kenyan/Ugandan sequences within Kenyan/Ugandan clades of the tree (indicated by red

arrowsin the tree). Similarly the tree revealed numerous instances of virus movements from

elsewherein Africa, particularly from west and southern Africa, to East Africa (indicated by

bluearrows in the tree).

It is important to note that even though an MSV-AIVII variant is indicated to have moved

fromWest Africa - where it is presently the dominant MSV-AI lineage - to East Africa, the

most recent common ancestor of the MSV-AIVII viruses is actually most likely to have

originated from East Africa (Monjane et al., 2011). This lineage likely moved from East

Africaboth westwards and southwards and is presently also prevalent in South Africa.

Similarly, MSV-AIVI which is indicated in the figure to be predominant in Central Africa,

alsolikely originated in East Africa where this lineage has apparently been displaced by more

recentlyevolved lineages (Monjane et al., 2011).

In summary, the phylogenetic tree indicates that the following lineages moved into East

Africa from other parts of Africa: MSV-AlII from southern Africa and MSV-Al IV from

Central Africa (but ultimately most likely from southern Africa). While MSV-AlIII has

moved to southern, West and Central Africa from East Africa, MSV-AIVI and MSV-AIV

have moved to West and southern Africa. MSV-AIXV and MSV-AlXIII have likely moved

fromEast Africa to southern Africa.
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Figure 7: Maximum likelihood phylogenetic tree of 554 MSV -AI full genome sequences.

55



Sincethe MSV-AI subtype has a continent-wide distribution, but its recombinant lineages

display a discernable degree of geographical clustering (Monjane et al., 2011), I was

interestedin the differences in the MSV-AI recombinant lineage demographics in different

regionsof Kenya, since the most significant influence on the appearance of virus epidemics is

diversity.From the surveyed sequences, seven major Kenyan MSV-AI recombinant lineages

wereidentified (MSV-AIII, MSV-AlIII, MSV-AIIV, MSV-AIV, MSV-AIVI, MSV-AIVII,

andMSV-A1XIII).As was found in a 2005 survey of Ugandan MSVs (Owor et al., 2007), the

mostwidely distributed MSV genotypes in Kenya in my 2008-2011 survey were MSV-AIIII

andMSV-AIV which were found in at least half of the regions.

The predominant recombinant lineages per region included: MSV-AIV in Nairobi (3/3

sequencedMSVAI viruses), MSV-AIXIII on the coast (10/12 sequenced MSV-AI viruses),

MSV-AIV in the eastern region (4/8 sequenced MSV-Al viruses), MSV-AlIII in Nyanza

(37176sequenced MSV-AI viruses), MSV-AIIII in the western region (9/12 sequenced MSV-

Al viruses) and MSV-AIIII and MSV-AIV in the Rift Valley (17/43 and 10/43 Sequenced

MSVAIviruses respectively) (Appendix I). These results mirror a phylogeographical finding

on East African Cassava Mosaic Virus (EACMV) strains by Bull et al. (2006) in Kenya

wherethe isolates had a distinct but overlapping geographical distributions.

The most and least virulent of these recombinant MSV-Al lineages based on the subjective

field visual symptom assessment scores (Figure 8) were MSV-AlIII and MSV-A1V,

respectively. It should be noted, however, that the high degrees of MSV virulence in fields

from which MSV-AIIII was isolated may have been influenced by the hot and wet climatic
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conditionsaround the great lake region where very high virulence scores were recorded in

most surveyed fields irrespective of the recombinant lineage present. Fields from which

MSV-AIIIIisolates were sampled elsewhere in the country were found to be not as severely

affectedas those around the lake region.
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Figure 8: Subjective MSV-A. symptom severity ratings (on a scale of 0 to 5). The error
bars represent 95% confidence intervals of the means.

There was an apparent association between the symptom severity and the incidence

(percentage field infected plants, Figure 9), save for MSV -AIV and MSV -AIXIII, which

respectivelyhad an elevated and decreased incidence as compared to their relative symptom

severities (which were respectively low and high). This may have been due to the fewer

numbersof surveyed maize samples showing low incidence: particularly in the coastal region

wherepredominantly MSV -AIXIII isolates were found. Conversely in regions where MSV AI-

Vwas found, infected fields frequently had a 100% incidence.
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Figure 9: Average MSV-Al Percentage field incidence. The error bars represent 95%
confidence intervals of the means.

Whenfocusing on the phylogenetic relationships and sampling locations of the 178 MSV-AI

sequences sampled in Kenya between 2008 and 2011 (Figure 10), it is again apparent that

MSV-A populations in Kenya might display a slightly greater degree of geographical

clustering than those reported in Uganda by Owor et al. (2007a), very similar to what was

observedin the diversity of cassava mosaic virus in Kenya by Bull et al. (2006). In particular,

Nyanzaand the Rift valley have very similar MSV population structures and display evidence

of extensive mixing between MSV-AlIII and MSV-AIXIII lineages (Table 2; Figure 11).

Similarly the Eastern and Central regions also have similar MSV population structures and

display evidence of frequent movements of MSV-AIV and MSV-AIIV lineages between the

regions. This implies that there are substantial impediments to the movement of MSV

throughout the country, which could be attributed to wind pattern. The distribution of the

MSV-AlXIII lineages in Coastal and Nyanza, Rift Valley regions is intriguing and suggests

that there have been some movements of the virus between the three regions but since MSV is

40~
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only transmitted by leaf hoppers, it remains to be established how this happened because of

the vast distance separating the in Coastal and Nyanza, Rift Valley regions.

5

6
1

Figure 10: Kenyan map showing the distribution of sampled MSV-AI sequences in
various regions. 1: Central; 2: Coast; 3: Eastern; 4: Nairobi; 5: Northeastern 6: Nyanza; 7:
Rift Valley and 8: Western.

Table 2: The regional distributions of each of seven MSV -AI genotypes found in Kenya.
The figures represent the counts of the individual MSV -AI genotypes.

Western Nyanza Rift Valley Central Eastern Coast Nairobi
MSVA-lIl 2 8 6 2 0 0 0
MSVA-11II 9 37 17 0 0 2 0
MSVA-lIV 0 1 1 3 2 0 0
MSVA-lV 0 7 10 19 4 0 3
MSVA-1VI 0 2 2 1 0 0 0
MSVA-1VII 0 10 0 0 1 0 0
MSVA-1XIII 0 11 7 0 1 10 0
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Figure 11: Maximum likelihood phylogenetic tree of 178 full genome sequences of MSV-
At isolates from Kenya.
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4.1.2 Phylogeography of the grass adapted MSV strains

Out of the 45 grass adapted viruses determined in this study, only the MSV-B, -C, -E, -F, -J

and - K strains were identified (Figure 12).
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Figure 12: Maximum likelihood phylogeny of 193 full genome sequences of grass
adaptedMSVs and 11 MSV-A sequences.
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These included six MSV -B isolates, 26 MSV -C isolates, three MSV -E isolates, six MSV-F

isolates, one MSV-J isolate and two MSV-K isolates. Whereas too few MSV-E, -J and K

isolates were detected to determine the preferred grass hosts of these MSV -strains, MSV-B

isolates were primarily found infecting species in the genus Digitaria: a finding similar to that

of Varsani et al. (2008a). Also similar to the findings of (Varsani et al., 2008a), MSV-C

isolates were mainly found infecting grasses in the genera Setaria and Digitaria species.

It is however, noteworthy that some MSV -AI isolates were also detected in and cloned from

East African grasses both in this study and in that ofVarsani et al. (2008a). In this study, they

were isolated mainly from Digitaria sanguinalis, D. didactila, D. ciliaries, Panicum laetum

and a saccharum hybrid. It is likely that grasses such as these are the over-wintering hosts for

MSV -AI from which the MSV -A strain re-emerges periodically to infect maize plants during

the maize growing season.

Although there are presently too few sampled isolates for most of the grass adapted MSV

strains to properly assess their movement dynamics, there is some evidence within the tree

presented in Figure12 of trans-continental movements of MSV-B, -C and -F variants. Based

on the nesting of southern African MSV -C and MSV -B2 sequences within clades of Kenyan

sequences in the tree, it is evident that variants of these two lineages have likely moved from

East Africa (colored in red and pink in the tree) into Southern Africa (cyan). Conversely the

nesting of East African MSV -F variants within southern African clades indicates that variants

of this lineage have likely moved from southern Africa to East Africa.
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It is interesting to note that, consistent with low frequencies of MSV-A movement from West

Africa to East Africa, the grass adapted MSV-G strain which is common in West Africa is

apparently either very rare or absent in East Africa.

4.2 Characterising Patterns of "Natural Selection" In the Coding Regions of Maize

Streak Virus and the Identification of Likely Maize Adaptive Mutations

4.2.1 Diversifying and purifying selection acting on codon sites

MSV-A, the strain of MSV that constrains maize production throughout sub-Saharan Africa,

likely arose as a result of a recombination event between two wild grass adapted MSV strains

in southern Africa approximately 150 years ago (Monjane et al., 2011). In order to investigate

maize adaptive changes that occurred (and are possibly still occurring) after the generation of

the first MSV-A genome, every codon displaying some evidence of non-neutral evolution (i.e.

codons evolving under either positive or negative selection pressures as indicated by an

associated p-value <0.05 in IFEL and SLAC or a Bayes factor [BF] >50 in REL) was

identified within the coding regions of seven different groups of mastreviruses: MSV-A,

grass adapted MSV strains, Pannicum streak virus (PanSV), Australasian streak viruses

(AuSV including the species Paspalum striate mosaic virus [PSMV]; Bromus catharticus

striate mosaic virus [BCSMV]; Digitaria didactyla striate mosaic virus [DDSMV]; Chloris

striate mosaic virus [CSMV]), Wheat dwarf virus (WDV); including the species wheat dwarf

virus [WDV], Wheat Dwarf India Virus [WDIV] and Oat dwarf India Virus [ODV]), and

two dicot infecting mastrevirus groups: Dieotl (including the species Tobacco yellow dwarf

virus [TYDV]; Chickpea chlorosis virus [CpCV] and Chickpea redleaf virus [CpRV]) and
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Dicot2 (including the species Chickpea chlorotic dwarf virus [CpCDV], and Bean yellow

dwarfvirus [BeYDV]; Table 3)

Table 3: Numbers of mp, cp and rep codon sites detectably evolving under either positive
or negative selection in various groups of mastreviruses (only sites identified by at least
twoof the following methods are shown: SLAC, IFEL or REL).

Mastrevirus MSV-A MSV- PanSY AuSV WDV Dicotl Dicot2
group Grass (01) (D2)

adapted
Selection -ve +ve -ve +ve -ve +ve -ve +ve -ve +ve -ve +ve -ve +ve
Pressure
mpgene 6 2 25 1 13 1 8 1 4 0 14 0 29 0
cp gene 48 4 82 2 92 0 55 0 35 0 73 0 87 0
rep gene 86 14 112 3 77 5 66 2 34 1 68 0 45 2

In Table 3, it should be noted that the codons in these genes that were not detectably evolving

under positive or negative selection pressures were not necessarily evolving neutrally:

Whereas many codon sites had no detected nucleotide polymorphisms which suggests that

thesetoo are evolving under very strong negative selection, other codon sites may have been

evolvingunder selection so weak that it was simply not detectable. Nevertheless, this analysis

revealed that across all mastrevirus coding regions purifying selection is the dominant

evolutionary force, with negatively selected codon sites for the most part being distributed

throughout the various genes and indicating that no particular gene region is obviously more

evolutionarilyconstrained than any other.

4.2.2 Clustering analysis of the selection patterns evident within various mastreviruses

A clustering analysis was used to globally compare patterns of selection evident within the

codingregions of the seven different mastrevirus datasets analysed here (Figure 13). Although

these clustering dendrograms are not expected to resemble the phylogenetic trees of these taxa
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(i.e. they do not depict the evolutionary relationships of these viruses), it is notable that across

all genes, the MSV-A and the grass adapted MSVs display selection patterns that clearly

distinguish them from the remainder of the mastreviruses analyzed. Interestingly, although

PanSY is closely related to MSV and is transmitted by the same vector species, it does not

cluster with the two MSV groups. It is also noteworthy that although the two dicot infecting

mastreviruses display very similar selection patterns in rep and cp, these patterns are also

similar to those of grass-infecting Australasian striate mosaic viruses. Although it is perhaps

co-incidental it is interesting that the viruses from these three datasets were predominantly

obtained from Australia.
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Figure 13: Schematic presentation of regression analysis of evolution for fitness on
various genes: mp, cp and rep.
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4.2.2.1Unique selection signals within the MSV-A coding regions that are possibly

indicative of MSV-A adaptation to maize

In order to identify codon sites within the MSV-A genome that are likely to be maize

adaptive, evidence was sought for sites evolving under strong purifying selection for a

different amino acid in MSV-A than is found both in wild-grass adapted MSV strains and

other mastreviruses.

The results (Figure 14, Figure 15 and Figure 16) represent selection signals detected using the

SLAC method taking recombination into account. Coloured blocks below each of the amino

acid sites indicates whether the site is detectably evolving under negative selection in the

MSV-A dataset with the colour and border of the blocks indicating the range of other datasets

in which these particular sites were also detectably evolving under negative selection.

Red blocks indicate sites at which only MSV-A is evolving under purifying selection. Orange

blocks indicate sites at which only MSV-A and the grass adapted MSV strains are evolving

under purifying selection. Yellow blocks with a black border indicate PanSV, Grass adapted

MSVs and MSV-A are all evolving under purifying selection; Yellow blocks with a grey

border indicate sites at which only PanSY and MSV-A are evolving under purifying selection.

Green blocks with black border indicate sites at which only AuSMV, PanSV, Grass adapted

MSVs and MSV-A are all evolving under purifying selection. Green blocks with a grey

border indicate sites at which AuSMV and MSV-A and either PanSY or the Grass-adapted

MSVs are evolving under purifying selection.
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Light blue blocks with a black border indicate sites at which only WDV, PanSY, Grass-

adapted MSVs and MSV-A are all evolving under negative selection; Light blue blocks with

grey border boarders indicate sites at which only MSV-A, WDV along with one (lighter grey)

or more (darker grey) of AuSV, PanSY and Grass-adapted MSVs are evolving under negative

selection. Blue blocks with black borders indicate sites at which sequences in every monocot-

infecting mastrevirus and at least one of the dicot-infecting datasets are evolving under

purifying selection. Blue blocks with grey borders indicate sites at which MSV-A and one of

the dicot-infecting virus datasets are evolving under negative selection along with (in

progressively darker shades of grey) sequences in the WDV, AuSV, PanSY and Grass-

adapted MSV datasets. Completely black blocks indicate possible (if not very likely) sites

evolving under very strong purifying selection in MSV since amino acids encoded at these

sites are absolutely conserved in all MSV-A isolates.

Whereas two such sites were found within the probable DNA-binding domain encoding

region of the cp gene (codons 88 and 97 indicated in orange in Figure 14) and two near the N-

terminus of the mp gene (codons 7 and 19 indicated in orange in Figure 15), in the rep gene

five such sites were found (indicated in Orange in Figure 16). Two of these sites in rep were

just before and after the VRDYILK rolling circle replication (RCR) motif (motif III) at

positions 95 andl08, one between the RCR motifs and the oligomerisation domain at position

128, one at position 219 between the retinoblastoma binding domain and the myb-like

transactivation domain and one at position 285 after the myb-like transactivation domain

(Figure 16). It is probable that some or all these nine codon sites spread across mp, cp and rep

represent sites that, under the action of unidirectional positive selection acting immediately

before or after the emergence of MSV-A as a severe pathogen, were instrumental in the

67



adaptation of MSV-A to maize, similar to what Cuevas et al. (2012a) established in their

research on PVY cp gene.

Interestingly, within these sites, some of the other mastreviruses showed strong negative

selection meaning that they are sites that are likely functionally constrained across all of the

mastrevirus groups (Table 4; where A=Alanine, R=Arginine, N=Asparagine, D=Aspartic

acid, C=Cysteine, Q=Glutamine, G=Glysine, H=Histidine, I=Isoleucine, L=Leucine,

K=Lysine, M=Methionine, S=Serine, T=Threonine, W=Tryptophan, Y=Tyrosine and

V=Valine).

Table 4: MSV-A favoured amino acids at sites evolving under purifying selection (in
blue) and diversifying selection (in red) compared to amino acids in other mastrevirus
groups.

Gene Codon MSV-A MSV- Grass PanSY AuSV WDV Dicotl Dicot2
position adapted

cp 12 8=76. 83%;A=2 A=83.67%;S=8 v= 100.0"10 0=3.23%;8= Y=100.0% Y=I00.0% 8=97.5%;V=2
3.17% .16%;V=8. 16% 96.77% .5%

19 T=52.2%;P=43. T=67.35%;A=3 P= I00.0% - Y=IOO.O% Y=47.22%; 0=7.5%;A=77

7%;1=0.59%;0 2.65% N=52.78% .5%;S=15.0%

=0.29%;8=2.64
%;H=O.29%;N

=0.29%

88 I=75.07%;V=2 V=68.37%;L=3 L= 100.0% V=16.13%;L L=41.03%;1 1=75.0%;V= A=95.0%;8=5
4.93% 0.61 %;1= 1.02% =16.13%;1=6 =58.97% 22.22%;L=2. .0%

7.74% 78%

97 A=99.41%;S Q=53.06%;A A=lOO.O% T=I00.0% S=39.74% S=lOO.O% S=lOO.O%
=O.29%;T=O. =41.84%;G= ;V=1.28%;
29% 5.1% A=58.97%

mp 7 L=95.61%;F L=2.86%;F= F=48.28% - Q=98.77% S=97.14% S=100%
=3.9%;R=O. 58.57%;1=8. ;P=51.72 ;L=1.23% ;T=2.86%
49% 57%;Y=18.5 %

7%;V=1O.0
%;S=I.43%

19 A=67.8%;S= R=I.43%;T= V=44.83% H=3.23%; Y=96.3%; T=17.14% G=22.5%;A
O.49%;T=31. 68.57%;P=8. ;S=55.17 R=90.32% . H=2.47%; ;P=22.86 =70.0%;V=
71% 57%;S=21.4 % ;Q=6.45% L=1.23% %;G=57.1 2.5%;S=5.0

3% 4%;S=2.8 %
6%
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Table 4 cont ...

Gene Codon MSV-A MSV- Grass PanSY AuSV WDV Dicotl Dicot2
position adapted

rep 95 R=99.44%;K K=100.0% K=100.0% K=100.0% Q=97.53% Q=94.44% Q=100.0%
=0.28%;G=0 ;D=1.23%; ;E=5.56%
.28% P=1.23%

108 V=42.18%; L=79.8%;V= K=97.44% F=22.58% T=100.0% V=94.44% 1=100.0%
M=57.82% 19.19%;F=1. ;~2.56% ;Y=12.9%; ;1=5.56%

01% D=6.45%;
E=58.06%

128 E=100.0% G=62.63%;E E=82.05% K=96.77% K=98.77% - -
=32.32%;- ;N=2.56%; ;R=3.23% ;P=1.23%

=5.05% D=15.38%

219 A=99.72%;E S=80.81%;A A=100.0% A=93.55% S=100.0% A=83.33% A=100.0%
=0.28% =19.19% ;V=6.45% ;S=16.67

%
285 R=96.09%;K K=100.0% K=64.l%; F=3.23%; R=98.77% K=69.44% S=87.5%;F

=3.91% T=35.9% R=32.26% ;K=1.23% ;Y=2.78%; =7.5%;L=5.
;K=64.52 S=19.44% 0%
% ;~5.5~%;

R=2.78%

In addition to negative selection favouring the maintenance of amino acids that, following the

divergence of MSV-A from the other MSV strains -150 years ago, were likely driven to

fixation within MSV -A genomes by strong directional positive selection, two sites were found

which are presently still evolving under positive selection.

The type of positive selection detected at these sites is, however, not directional (i.e. towards a

particular amino acid) but is rather diversifying (ie. towards no particular amino acid). Both of

these positively selected codon sites are within the cp gene, one at position 12 within the

DNA biding domain and another at position 19 within the likely nuclear localization signal.

At these sites, at position 12, Dicot 2 is evolving under strong purifying selection while at

position 19 in both PanSY and WDV; the homologous site is evolving under strong purifying
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selection. The two sites show a probable change from their progenitors, A and T, to a Sand P

respectively and, possibly under the influence of balancing selection, there is evidence of

toggling between T and P at position 19.

MSV-A MSTSKRKRGD KKPSSAGLKRAGSKADRPSLQIQTLQHAGT 50
MSV-B STSKRKRGD KKPSSAGLKkAGSKAeRPSLQIQTLQHAGs 50
MSV-C MSTSKRKRaD KKgSapqaKkpGgKvekPSLQIQTLIHsGd 50
MSV-D STSKRKRaD KKgSapqaKkpGgKgeRPSLQIQTL1HsGd 50
MSV-E MSTSKRKRaD KKaSappvKktGgKADRPSLQIQTLIHsGd 50
MSV-F STSKRKRGD KKtSaAGLKksatKAeRPSLQIQTLIHAGT 50
MSV-G MSTSKRKRGD KKtSaAGLKksvSKADRPSLQIQTL1HAGT 50
MSV-H MSTSKRKRaD KKPSSAGLKkAGaKADRPSLQIQTLQHcGs 50
MSV-I -TSKRKRaD KKaSappvKkpGgKADkPSLQIQTL1HsGT 50
MSV-J MSTSKRKRaD KKaSappvKkpGgKAeRPSLQIQTL1Hsas 50
MSV-K STSKRKRaD KKaSapkaKkAGgKgekPSLQIQTL1HsGd 50
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Figure 14: Selection pressures acting on the codon sites of cp gene.
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Green: indicates the probable DNA-binding domain (Liu et al., 1999a).
m indicates likely nuclear localisation signal (Liu et al., 1997).
) anz . indicates sites under purifying selection for a different amino acid in maize than in

other grasses.
Red: indicates sites evolving under diversifying (positive) selection.
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Figure 15: Selection pressures acting on the codon sites of mp gene.
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Green bars: indicate the probable trans-membrane domain (Wright et al., 1997).
indicate sites under selection for a different amino acid in maize than in other

grasses.
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Figure 16: Selection pressures acting on the codon sites of rep.
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Sky blue: indicates rolling circle replication motifs (Koonin & Ilyina, 1992).
indicates sites under selection for a different amino acid in maize than in other

grasses.
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4.3 Characterisation of a Novel Maize Infecting Mastrevirus from La Reunion

Island: Maize Streak Reunion Virus (MSRV)

The genome sequences of two isolates (pR50 and PR52) of a divergent mastrevirus species

from La Reunion are analysed as shown in Figure 17. The two viral isolates share 97.3%

nucleotide identity between themselves. A NeBI BLASTn (Altschul et al., 1990) analyses of

the assembled 2882 bp sequence of the virus isolates from both plants indicated that they

shared significant degrees of similarity with mastreviruses in general and in particular to

Panicum streak:virus (panSV) isolates in the coat protein and replication associated protein

(Rep) open reading frames (ORFs; maximum identity of 72% with 30% genome wide

coverage E value 6 x 10-49to PanSV-A [ZM-Nya-gI80-2007], GenBank # EU224263).

Pairwise identity analysis (Hamming- or p-distance with pairwise deletion of gaps) indicated

that, with the exception of Eragrostis minor streak: virus (EMSV), the novel viral isolates

shared only 53 - 57% genome wide identity with all other known African streak:viruses. The

novel maize viruses shared only 48.7% genome-wide identity with EMSV (Figure 17). It is

clear that these new viral genomes represent a new mastrevirus species (based on the

currently accepted International committee for the taxonomy of viruses 75% identity

mastrevirus species demarcation threshold; (Fauquet et al., 2008) and therefore propose the

name: Maize streak:Reunion virus (MSRV, sensu Pande) (Figure 17).

The Maximum likelihood phylogenetic tree (constructed with GTR + I + G4 selected as the

best fit model by RDP3) and pair-wise sequence similarity matrix of 48 virus isolates

representing each known mastrevirus species and major strain. Tree branches are coloured

according to the geographical origins of viruses. Branches marked with filled and open circles

were supported in >90% and 60-89% bootstrap replicates, respectively and branches with

76



<50% bootstrap supports, collapsed. The phylogenetic tree is rooted using the full genome

sequence ofEragrostis curvula streak: virus (ECSV; not shown).

Figure 18 shows the maximum likelihood phylogenetic tree of Rep (A), and cp (B) proteins

(constructed using the LG amino acid substitution model) along with the pairwise distance

matrix of Rep and cp, Branches marked with filled and open circles were supported in >90%

and 60-89% of bootstrap replicates respectively, and branches with <50% bootstrap support,

collapsed. Tree branches are coloured according to the geographical origins of the viruses.

Eragrotis curvula streak: virus (ECSV) is included in both trees despite not being a mastrevirus

because it has a very mastrevirus-like coat protein gene. Beet curly top Iran virus was used to

root both the trees.
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Figure 17: Maximum likelihood phylogenetic tree (constructed with GTR + I + G4selected as the best fit model by RDP3).
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Figure 18: Maximum likelihood phylogenetic tree ofRep (A), and CP (B) proteins.
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Recombination analysis using RDP3 (with default settings; (Martin et aI., 2010) failed to

reveal any evidence that the virus was recombinant. A maximum likelihood (ML)

phylogenetic tree was therefore constructed from the full alignment using PHYML (version 3

with GTR+I+G4 chosen as the best fit model by RDP; (Guindon & Gascuel, 2003; Martin et

al., 2010) (Figure 17). The ML tree clearly indicated that the new virus is a mastrevirus that is
"

most closely related to the virus clade including Digitaria streak virus from (DSV) Vanuatu

and the various known African streak virus species (with the notable exception of EMSV

which is more closely related to the Asian streak virus, Miscanthus streak virus from Japan

MASEr-V" 'JNIVERSITY\
S.G. -, . '_iBRARY j

(Chatani et aI., 1991).

As with almost all known geminiviruses, MSRV contains the ubiquitous nonanucleotide

sequence TAA TAITAC that marks its probable origin of virion strand DNA replication. The

MSRV genomes contain (1) two probable intergenic regions (one short and one long), (2) two

probable virion strand genes (likely encoding a movement protein [mp] and a coat protein

[cp]) and (3) an intron containing complementary sense gene (likely expressing both a

replication associated protein [Rep] from the spliced transcript and a Rep derivative, RepA

(Figure 19). Various nucleotide sequence motifs that are probably functional within the full

genome nucleotide and ORF sequences of MSRV are shown in Figure 19 and Figure 20,

respectively.

While the movement protein (MP) of MSRV shares the highest amino acid identity with a

Chickpea chlorosis virus B (CpCV-B-[AU:Qld21:2003]-GU256531 (42.9%), its CP is most

similar to that of Sugarcane streak Egypt virus (60.6%; SSEV; SSEV-[EG:Egypt:2000]-

AF239159). Since it is known that the African streak viruses: MSV, PanSY, SSRV and SSV
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are all transmitted by Cicadulina species (Antwerpen, 2008; Bosque-Perez, 2000; Lett et al.,

2002; Oluwafemi et al., 2007; Shepherd et al., 2010; Storey & McClean, 1930; Varsani et al.,

2009b) it is likely that the other viruses in the main African streak virus group are also

transmitted by these same species. It is, however, not all certain that MSRV is also

transmissible by Cicadulina species since the CP is the determinant of geminivirus

transmission specificity, and the MRSV CP sequence branches basal to the African streak

VIrUS group sequences.
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Stem JOOI' sequenceVirion-strand origin of replicartion
MSRV-PR52
[120]
MSRV-PR50
[120]

MSRV-PR52
[240]
MSRV-PR50
[240]

MSRV-PR52
[360]

MSRV-PR50
[360]

MSRV-PR52
[480]
MSRV-PR50
[480]

MSRV-PR52
[600]
MSRV-PR50
[600]

MSRV-PR52
[720]
MSRV-PR50
[720]

MSRV-PR52
[840]
MSRV-PR50
[840]

MSRV-PR52
[960]
MSRV-PR50
[960]

MSRV-PR52
[1080]
MSRV-PR50
[1080]

TATTACGAiiriiii'd**§ri§333§3GACTGCGACGGCCACATGGCCCTGTATGTGGACGGAGCGCACTACAGGTAAAGCGGGAGGGAATCCCCCGTGCAATAATTTAGACTTTCCGAGTC

TATTACGAldONiiii ••••tiM---•• GACTGCGACGTCCACATGGCTCTGTATGTGGACGGAGCGCACTACAGGTAAAGCGGGAGGGAATCCCCCGTGCAATAATTTAGACTTTCCTAGTC

IDihWm!II

ATTCTTTATTAAAGGAGAGGTTACCCGTCAGAACGTGillGAGGCGCCCTCGACGTTGCAGGiIDICCCTCAGCCCTTGAGCCTTGTAACCCAGTCTCCGCCGGCACCCACCGCCGGCGA

ATTCTTTATTAAAGAAGAGGTTACCCCACAGAACGTGillGAGGCGCCATCGACGTTGCAGGIIIICCCGCAGCCCTTGAGCCTAGTAACCCAGTCTCCGCCGGCACCCCCCGCCGGCGA

TCCGTGGTTCCGTGTCGTCTTTGTGTTGGTTATTGCACTCATCTGCTTAGGTATCGTGTACCTGTCTTATCGGTGGTTCATCAGAGATGTCATCATACTGCTTAGGGCGAAGAGACAGCG

TCCGTGGTTCCGTGTCGTCTTTGTGTTGGTTATTGCACTCATCTGCTTAGGTATTGTGTACCTGTCTTATCGGTGGTTCATCAGAGATGTCATCATACTGCTTAGGGCGAAGAGACAGCG

GAGCACGGAATATATTGGTTTCGGCAATACTCCAGCTAGGGCCGACGGTGGATTCCCAATCCACGGACGAGGAACTGATAGGCAGGGCCCTGTTCCTCCTGTCIliGGCAGGGAAGCTCT

GAGCACGGAAGAGATTGGTTTCGGCAATACTCCAGCTAGGGCCGACGGTGGATTCCCAATCCACGGACGAGGAACTGATAGGCAGGGCCCTGTTCCTCCTGTcIIIGGCAGGGAAGCTCT

Capsld proteln start codon

TAGACGAGCTTCAGGAAGAGCTCTACTACGAGACCGIDIGCAGGGAGTTCGCGCAAGAGGACCCGTCGGGGGGACGAGGTGGCCTGGAACTCGAAGAGATCCAGGTTGAGCGCTCAACGG

TAGACGAGCTTCAGGAAGAGCTCTACTACGAGACCGlDlGCAGGGAGTTCGCGCAAGAGGACCCGTCGGGGGGACGAGGTGGCCTGGAACTCGAAGAGATCCAGGTTGAGCGCTCAACGG

AACCCCTCGAAGAGGGTCCCCAGAAATCCAAGGGTGCGCCCCAGTCTCCAGATCCAGACAATTACCAACGGAAGCTCAAGCATGGTTCCGGTTAAGCAACCGGGGTACTGTGGTCTCCTC

AACGCCTCGAAGAGGGTCCCCAGAAATCCAAGGGTGCGCCCCAGTCTCCAGATCCAGACAATTACCAACGGAAGCTCAAGCATGGTTCCGGTTAAGCAACCGGGGTACTGTGGTCTCCTC

GGGACTTATTCCCGAGGCTCTGATGAGAATCAGAGGCACACCAGCGAGACTATGACGTATAAAATAGCGTTAGATCTGCATTTCAGTATTACTTCTGCTGCCGCTGCTTATAGCAATTCA

GGGACTTATTCCCGAGGCTCTGATGAGAATCAGAGGCACACCAGCGAGACTATGACGTATAAAATAGCGTTAGATCTGCATTTCAGTATTACTTCTGCTGCCGCTGCTTATAGCAATTCA

GGTACTGGGGTCTTGTGGCTGATTTACGATTCACAGCCGAACGGAGCTCAGCCTACGTTGAAGGACATCTTCGCTTACGAGGATTCACTGGTAGCGTGGCCATACACCTGGAAGGTCTCA

GGTACTGGGGTCTTGTGGCTGATTTACGATTCACAGCCGAACGGAGCTCAGCCTACGTTGAAGGACATCTTCGCTTACGAGGATTCACTGGTAGCGTGGCCATACACCTGGAAGGTCTCA

AGAGAGGTCTGTCATCGCTTTGTGGTTAAACGGAGGTACACGTTCACACTCGAGTCAAATGGAAGAAGGAATGATGAGCAGCCGCCATCAAACTCAGTTTGGCCGCCTTGTAAGACTCAC

AGAGAGGTCTGTCATCGCTTTGTGGTTAAACGGAGGTACACGTTCACACTCGAGTCAAATGGAAGAAGGAATGATGAGCAGCCGCCATCAAACTCAGTTTGGCCGCCTTGTAAGACTCAC
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MSRV-PR52
[1200)
MSRV-PR50
[1200)

MSRV-PR52
[1320)
MSRV-PR50
[1320)

MSRV-PR52
[1440)
MSRV-PR50
[1440)

CTGTACTTCCACAAGTTCGCTAAGGGTTTGGGCGTGAGGACGGAGTGGAAGAACGATACAGCCGGTAGTGTTGGTAACATCAAGAAAGGAGCACTGTACATAGGTATAGCTCCAGGTAAC

CTGTACTTCCACAAGTTCGCTAAGGGTTTGGGCGTGAGGACGGAGTGGAAGAACGATACAGCCGGTAGTGTTGGTAACATCAAGAAAGGAGCACTGTACATAGGTATAGCTCCAGGTAAC

Capsld proteln stop codon

GGGGTTGAGTTTAATGTGTTTGGCAAGACCCGTCTGTACTTCAAGAGCATTGGAAATCAAiIIGAAAGTGTTATTCAAATAACCTGGTACTCCAGGTTATTATGTTCGTGTACAAAACAC

GGAGTTGAGTTTAATGTGTTTGGCAAGACCCGTCTGTACTTCAAAAGCATTGGAAATCAADIIGAAACTTTTATTTAAATAACCTGGTACTCCAGGTTATTATGTTCGTGTACAAAACAC

TGAGTACATAGAGGTCGCTTGCGACCAAAGAAAACACACATGAAGAAGGGCGGACAGGACAAAGCAGGCGGCATACGGGCGCGATAGGGGCAACACACTGAAAAAAAATCACACAATAGT

TGATTACATTGAGGTCGCTTGCGACCAAAGAAAACACACATTAATAAGGGCGGACAGGACAAAGCAGGCGGCATACGGGCGCGATAGGGGCAACACACTGAAAAAAAATCACACAATAGT

MSRV-PR52
[1560)
MSRV-PR50
[1560)

MSRV-PR52
[1680)
MSRV-PR50
[1680)

MSRV-PR52
[1800)
MSRV-PR50
[1800)

MSRV-PR52
[1920)
MSRV-PR50
[1920)

MSRV-PR52
[2040)
MSRV-PR50
[2040)

MSRV-PR52
[2160)
MSRV-PR50
[2160)

AATGAAATCACTCCIilAGAGGGAGTGTAGAACTTCTCATGAAGTTCCATCTGATACACAACGCAGTTGTCGTAGAAGTACTCCAGCTGAGCTGGAGTCATCACCTTCAGCCAGTCCTCA

AATGAAATCACTCCIilAGAGGGAGTGTAGAACTTCTCATGAAGTTCCATCTGATACACAACGCAGTTGTCGTAGAAGTACTCCAGCTGCGCTGGAGTCATCACCTTAAGCCAGTCCTCA

TCGTAGTTGACGAGAATGATCGAGGGAATGCCTCCCGGTACTTCCATCCTGCGTGCATACTTAGGGTTAACGGTGTAGTCCTTCTGCCCCCCGACCAGCTGCTTCCAGCACGGGCAGAAC

TCGTAATTGACGAGAATGATCGAGGGAATGCCTCCCGGTACTTCCATCCTGCGTGCATACTTAGGGTTAACGGTGTAGTCCTTCTGCCCCCCGACCAGCTGCTTCCAGCACGGGCAGAAC

TTGAAGGGTATGTCGTCCAGAACGTTGTACTTGGCAGACTTCCTGTACTTCAGGAAGTCCACCCCGTTCTGCCAGTAGTTATGGTTCACTGGGTCGATGCTCCGGGCCCAGGTAGTCTTG

TTGAAGGGTATGTCGTCCAGAACGTTGTACTTGGCAGACTTCCTGTACTTCAGGAAGTCCACCCCGTTCTGCCAGTAGTTGTGGTTCACTGGGTCGATGCTTCGGGCCCAGGTAGTCTTG

1BiI_I'W.il

CTGC,TGr:ATTCGTCCATCCACTTCAGGGACW'TGCAGCTT(,CTr I .CAGATT(,ACCCCGTGCGTGTAGGCCCAACGATGTAGAGGCTCCTTGGTCTTGAGGTGCGTGTAGCAGCATCCCC

r:TGGTGr:ATTCGTCCATCCACTTCAGGGACTCTGCAGCTTGC'rr TACAGATTGACCCCGTGCGTGTAGGCCCAACGATGTAGAGGCTCCTTGGTCTTGAGGTGCGTGACGCAGCATCCCC

z\GTGAGGATGTTCGAGCATGTA(,ATGTA TGGGTGTAC CTGAAAGATGTTCTCGTCCTTCCAGGATCGGATGGTCTCGTAGCATGTCAGGTCGGGCTCTGAGGGTGGATGAGGTGGCACGA

AGTGACCA TG1'1'C (,AGCA1'G rAGA 1'G1'A T GC;C;TC,TAC CTGAAAGATGTTCTCGTCCTTCCAGGATCGGATGGTCTCGTAGCAGTGCAGGTCGGGTTCCGAGGGTGGATGAGGTGGCACGA

AAGGTGATGGTAGTGTTGGGAAGAGTCGTTCTGCCGAGTACTCGAACTGTTGCAGTTTAGTAGCCCACTCGAAAGGGAAGGCCTTCTGGACTTCGGACAGGTACTCAGCCTTGCTGGTTG

AAGGTGATGGTAGTGTTGGGAAGAGACGCTCTGCCGAGTACTCGAACTGTTGTAGTTTAGTAGCCCACTCAAAAGGGAAGGCCTTCTGGACTTCGGATAGGTACTCGGCTTTGTTGGTTG
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MSRV-PR52
[2280]
MSRV-PR50
[2280]

MSRV-PR52
[2400]
MSRV-PR50
[2400]

MSRV-PR52
[2520]
MSRV-PR50
[2520]

MSRV-PR52
[2640]
MSRV-PR50
[2640]

MSRV-PR52
[2760]
MSRV-PR50
[2760]

IiIiIIIB!IIIIIIi'II

MSRV-PR52
[2880]

MSRV-PR50
[2880]

TGGTTTC~TGCCACGCATTATCTCGTTACGCTTTGGAACAGGGGTACTCCCGTAACCGGCTCCTGATGTGCCGGCTCTGGGAATGAAAGTACCTCTGGAGTAAACGGTGATCGGAC

TGGTTTC~TGCCACGCATTATCTCGTTACGCTTTGGAACAGGGGTACTCCCGTAACCGGCTCCTGATGTACCGGCTCTGGGAATGAAAGTACCTCTGGAGTAAACGGTGATCGGAC

TCTTGAGGATGTACTCTCTAGTCTTGTTAGGACTTCGAGAAGCCTGGATGTTAGGGTGGTAACCCTGAATGTCAAAAAAACCAGGATCCCTAGTAGACATAGGACGAATAGTCTGTAGCA

TCTTGAGGATGTACTCTCTAGTCTTATTAGGACTTCGAGAAGCCTGGATGTTAGGGTGGTAACCCTGAATGTCAAAAAAACTAGGATCCCTAGTAGACATAGGACGCATAGTCTGTAGTA

AAACATGAAGATGTGGAGTCCCATCCTGGTGAGACTCAGAAGAAGCAAGAATGTAACTAGGAGTCCAAGGACGTGCGACCTCCCAGAGATGCTGCCCTGCCTCGAACGGGGTGAGGAGGC

AAACATGAAGATGTGGAGTCCCATCCTGGTGAGACTCAGAAGAAGCAAGAACGTAGCTAGGAGTCCAATGACGTGCGACCTCCCAGAGATGCTGCCCTGCCTCGAACGGGGTGAGTAGGC

AGCGGGGGTAAGTGAGGAAGGCATTTGCAGACTTGAACTGGAAATTTCGTCGTGGTGGATCTGGTCCCACAGGGGTGTCGTGCTGGAGGAGGTCATCCTCCTCAGAGGGGTAGTCAGAGC

AGCGGGGGTAAGTGAGGAAGGCATTTGCAGACTTGAACTGGAAGTTACGCCTTGGTGGATCTGGTCCTACAGGGGTGTTCTGCTGGTGGAGGTCTTCCTCCTCGGAGGGGTAGTCAGAGC

~~ I j (It nIl uL.: -"'1 ,It I! I .t : .l Fi ~t jl I !\)'1

CAGGCAGAGGTGTGGGAACCTCAGCCTGAACGGAGGGCGTAGGCACGAAGTGGTTGCCGAACGCACTIIIGCTCTGGGACTTGGTCGCACCACGGGGCAAGGAGGCTGAGAAGATACTCA

CAGGCATAGGGTTGAAGACCCCAGCCTGAACGGAGGGCATATGCACGAAGTGGTTGCCGAACGCACTillGCTCTGGGACTTGGTCGCACAACGGGGCAAGGAGTCTGAGAAGATACTCA

IM1r!W1imII JF!!iEIilWl'iTifi.l

GCTTCTCAACTCTATCCCTTACCTGCGTTTTTGTTTCCGCCTCACAGCTTCTCAGCAAGCGTACTIIIIGTACGCCATGTT

CCTTCTCAACTCTATCCCTTACCTGCGTTTTTGTTTCCGCCTCACAGCTTCTCAGCAAGCGTACTIIIIGTACGCAATGTT

CGCGGCCCAAAAACGC,TTAAGTCCAG IGAAAAAT

CGCGGCCCAAAAACGCiTTGAGTCCAGG' IGAAAAAT

MSRV-PR52 AA [2882]
MSRV-PR50 AA [2882]

Figure 19: Genome sequence annotations of MSRV. Sequences either known or believed to have some biological function are
marked on the nucleotide sequence alignment. Gaps are represented with "-"
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Replication associated protein

n: c DNA binding domain Rep catalytic domain GRS motif [2]

MPGSDYPSEEEDLHQQNTPVVPDPPRRNFQFKSAN~RCLLTPFEAGQHLWEVARHWTPSYVLASSESHQDGTPi TMRPMSTRDPGFFDIQGYHPNI

Ollgomerlsatlon domaln [31 Po t c n t i a I PLOR b.i nd i.nu doma i.n [41

QASRSPNKTRD ITVYSRGTFIPRAGTSGAGYGSTPVPKRNEIMRGIIETTTNKAEYLSEVQKAFPFEWATKLQQFEY@,jslj""dlIhPPHPPSEIi!IIYETIR

dNTP-binding domain [5]

SWKDENIFQGDAASRTSRPRSLYIVGPTRTGKTTWARSIDPVNHNYWQNGVDFLKYRKSAKYNVLDDIPFKFCPCWKQLVGGQKDYTVNPKYARRMEVPGGIPSIILV

NYDEDWLKVMTPAQLEYFYDNCVVYQMELHEKFYTPS*

Capsid protein

DNA binding domain [6] otential nuclear localisation ~iana
MAGSSRKRTRRGDEVAWNSk~SRLSAQRNASKRVPRNPRVRPSLQIQTITNGSTSMVPVKQPGYCGLLGTYSRGSDENQRHTSETMTYKIALDLHFSITVEASAYSNTG
TGVLWLIYDSQPNGAQPTLKDIFAYEDSLVAWPYTWKVSREVCHRFVVKRRYTFTLESNGRRADEKPPSNSVWPPCKTHLYFHKFAKGLGVRTEWKNDTAGSVGNIKK
GALYIGIAPGNGVEFNVFGKTRLYFKSIGNQ

Movement protein

rOPhol::liC ntial frans-membrane domain
MEAPSTLQVYPQPLSLVTQS!l>P~PPFGPPWF~VVF\'r..VI~r..ICfGIV .WFIRDV 'RAKRQRSTEEIGFGNTPARTDGGFSIHGRGTDRQGPVPPV*

[1] Koonin, Ilyina. 1992. J Gen Virol, 73:2763; [2] Nash et al., (2011) J Virol 85: 1182-1192; [3] Horvath et al. 1998. Plant Mol. BioI.

38:699-712; [4] Xie et al., 1995. EMBO 1. 14:4073-4082; [5] Xie et al., 1999. Plant Mol. BioI. 39:647-656. [6] ; Liu et al., 1999. Mol.

Plant Microbe Interact. 12:894-900; [7] Liu et al., 1997. J Gen. ViroI. 78:1265-1270; [8] Wright et al., 1997 Plant J. 12:1285-1297

Figure 20: Annotated replication associated protein, coat protein and movement protein amino acid sequences of MSRV.
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The Rep of MSRV shares 56.3% amino acid identity with MSV-I (MSV-I [ZA-NewA-g217-

2007]-EU62863) and 47-55% identity with those of other Africa streak viruses Reps. Within

Rep (Figure 20), we identified various amino acid motifs previously identified in other

mastreviruses including: (1) a likely rolling circle replication (RCR) motif! sequence, FLTYP

(Koonin & Ilyina, 1992); (2) a possible metal ion coordination domain (HLHVLLQ)

corresponding to RCR motif II; (Koonin & Ilyina, 1992); (3) a possible GRS motif

(YHPNIQASR; (Nash et al., 2011)); (4) a possible RCR motif ill sequence (YILKSP;

(Koonin & Ilyina, 1992)); (5) a probable dNTP-binding domain sequence

(VG)4GKTTW30DD; (Gorbalenya & Koonin, 1989)); (6) a retinoblastoma-related protein

binding motif (LHCYE; (Xie et al., 1999; Xie et al., 1995)); and (7) a potential

oligomerisation domain (SAERLFPTLPSPFV; (Horvath et al., 1998)).

4.4 Evaluation of the Response of Maize Inbred Lines to Agroinfection by Three

Virulent Maize Streak Virus Isolates

4.4.1 Relative virulence of different isolates

The initial infection symptoms observed were characterised by small circular, chlorotic spots

on the younger leaves of maize plants which became continuous longitudinal chlorotic streaks

along the veins of the leaf laminae. Two weeks after inoculation all successfully infected

plants displayed symptoms. Only 41%, 60% and 65% of plants inoculated with MSV-

A_KE_MtKA-1997, MSV-A [MZ-Pem2-Moz37-2007], and MSV-A [MZ-BiI6-Bet25-2007]

respectively became infected. Although MSV-A [MZ-Bil6-Bet25-2007] had a higher infection

rate to the other two isolates, MSV-A [MZ-Pem2-Moz37-2007] appeared to be the most
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virulent of the isolates (Table 5, Figure 21) besides inducing the highest stunting compared to

the other two isolates, which were not significantly different.

Table 5: Means of various variables (Leaf area relative to standard, % chlorotic area,
relative average streak width and yellowness) to compare the virulence levels of
different isolates.

Leaf area relative to Relative average streak
Isolate standard % Chlorotic area width Yellowness
Control 2.36259a* 4.6438c* O.0268022b* O.575319d*
MSV-A [KE-MtKA-
19971 1.24601b 25.0930b O.0381214a O.611306b
MSV-A [MZ-Bil6-
Bet25-20071 1.9687b 35.7833a O.0385639a O.598686c
MSV-A [MZ-Pem2-
Moz37-20071 1.01150c 36.7338a O.0387624a O.619075a
Mean Value 1.6472 25.563475 0.0355625 0.601097
CV(%) 25.54 8.55 26.0 5.0004

* Means within a column followed by the same letter are not significantly different according
to DMRT (p~O.05).
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Figure 21: Cumulative mean values of relative average streak width and %chlorotic
area for different isolates. The error bars represent 95% confidence intervals of the
means.
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4.4.2 The response of maize genotypes to infection

Studies on plant response to their pathogens is particularly useful for the establishment of

their tolerance to different strains and for breeding plants with elevated tolerance (Rodier et

al., 1995). Here, there were significant differences between the maize genotypes with respect

to the various measures of virus virulence (Leaf area relative to standard, % chlorotic area,

relative average streak width and yellowness) (Table 6). With respect to percentage chlorotic

area (Figure 22), the Sweet com variety GB had the highest % chlorotic area, followed by the

sweet com variety Starr 7714, MSMP then CML which was not significantly different from

EXC. AB2, 44/42-2 and PAN then followed in that order. This is similar to what Martin et at.

(1999) observed in sweet com varieties and PAN varieties tolerance to MSV isolates: MSV -

Mat A, MSV-Kom and MSV-Set. The same trend was more or less mirrored by the relative

average streak width with just a few deviations.

0.05

0.045

0.04

III 0.035

fi 0.03
III

~ 0.025
',;::1
..!! 0.02
GI
a: 0.015

0.01

0.005

o
PAN Starr AB2 MSMP EXC 44/42 CML ABLEP GB

Varieties/lines

Figure 22: Relative scores on the streak width induced on varieties as a result of
infection by the MSV isolates. The error bars represent 95%) confidence intervals of the
means.

It is expected that the higher the mean value of percentage chlorotic area, relative average

streak width and yellowness, the more MSV susceptible a maize genotype is and vice versa.
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Conversely, it is expected that the higher the relative leaf area, the more MSV tolerant a

genotype is and vice versa (Barrow, 1992; Martin & Rybicki, 1998; Rodier et al., 1995).

In table 6, based on the percentage chlorotic area, the varieties can be separated into three

groups: a relatively susceptible group consisting of Sweet com variety GB, Sweet com variety

Starr 7714 and MSMP (Group I); a moderately tolerant/resistant group consisting of CML,

EXC, and AB2 (Group II) and a highly tolerant/resistant group consisting of PAN 77, 44/42-2

and ABLEP (Group III). The results conform to the infection frequency (Boulton et al.,

1991), with MSMP and CML exhibiting over 90% frequencies and ABLEP showing less than

a 40% infection frequency.

Table 6: Comparison of maize genotypes by means of various variables (Leaf area
relative to standard, % chlorotic area, relative average streak width and yellowness).

" Leaf area Relative average streak
Variety/line reduction " Chlorotic area width Yellowness
PAN 77 22.12h* 17.856f* 0.035705c* 0.612790c*
Starr 7714 44.65e 33.546b 0.039945b 0.561991h
AB2 55.31cd 21.340e 0.029015d 0.596311e
MSMP 61.73b 31.198c 0.039119b 0.611335c
EXC 52.46d 27.446d 0.032651c 0.602856d
44/42-2 71.96a 17.425f 0.027246d 0.575282g
CML 42.94f 25.476d 0.029369d 0.618534b
ABLEP 56.92c 18.606f 0.026925d 0.584546f
GB 40.82g 35.954a 0.045319a 0.624597a
Mean 49.88 25.4274 0.0339 0.5987
CV(") 19.66 9.4343 26.28 5.0004

* Means within a column followed by the same letter are not significantly different according
to DMRT (p~0.05).
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There was a strong relationship between percentage relative leaf area reduction (in which

resistance is best reflected) and susceptibility/tolerance of maize genotypes (lsnard et al.,

1998) (Figure 23). Pan 77, regarded as highly resistant maize genotype exhibited the least

percentage leaf area reduction while 44142 expressed the highest stunting. This was

inconsistent with the percentage chlorosis induced in the genotypes since 44/42-2 together

with Pan 77 had the least accumulated chlorosis.
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Varieties/lines

Figure 23: Percentage leaf area reduction induced on varieties as a result of infection by
the MSV isolates relative to their controls. The error bars represent 95% confidence
intervals of the means.

There was however little information that could be obtained from observed means of

yellowness (Figure 24), since it was not consistent with the other parameters for measuring

resistance in the individual maize genotypes. This may be due to varietal genetic differences.

90



PAN Starr AB2 MSMP EXC 44/42 CML ABLEP GB

Varieties/lines

0.64

III 0.6
!!o~ 0.58

~
-; 0.56
"ii
ell: 0.54

0.62 -+---.--------=---------::=1=-----1

0.52

0.5

Figure 24: Relative scores on the yellowness induced on varieties as a result of infection
by the MSV isolates. The error bars represent 95% confidence intervals of the means.
Since the technique used addresses the problem of sufficient resolution to differentiate

between lines with similar tolerance and rigorous enough to examine highly tolerant lines

(Martin & Rybicki, 1998; Martin et al., 1999), the subtle differences could be due to the

highly heterogeneous mix of MSV tolerance genes found in the different maize genotypes.

4.4.3 Progression of infection symptoms on successive leaves

Table 7 shows the progression of infection symptoms on successive leaf numbers (Martin &

Rybicki, 1998; Martin et al., 1999). Increase in the percentage chlorotic area of the leaves was

noted from leaf two to four, and then it leveled off. Leaf four accumulated the highest

percentage. There was, however no significant difference between leaf five and six (Table 7).

Though leaf five had a lower relative streak width mean compared to leaf four the trend was

consistent and there was no significant difference between leaves three through to six similar

to what Martin et al. (1999) observed. Mean values of symptom yellowness were also
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consistent, with leaf six and five having higher means (but not being significantly different

from one another), and leaf two having the lowest mean symptom yellowness (Table 7).

Table 7: Comparison leaf number by means of various variables (Leaf area relative to
standard, % chlorotic area, relative average streak width and veUowness).
Foliage number % Chlorotic area Relative average streak width Yellowness
6 34.5817b* 0.041180a* 0.617665a*
5 33.6780b 0.039623a 0.619550a
4 37.4638a 0.040311a 0.607177b
3 28.2385c 0.039909a 0.587557c
2 3.7380d 0.019494b 0.577050d
Mean 27.54 0.0361 0.6018
Cv(%) 9.06 26.01 5.0

* Means within a column followed by the same letter are not significantly different according
to DMRT (p~O.05).
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

The phylogeographic analysis revealed that MSVA.-II and MAVA.-IV moved into East

Africafrom South and Central Africa respectively, while MSVA.-III, VI, XV and XIII moved

from East Africa to other regions of Africa. While focusing on the phylogeographic

relationshipofMSVA1 sequences sampled in Kenya, it was apparent that MSVA1 populations

showedgreater degree of geographical clustering than those reported in Uganda.

Lookingat the natural selection, Codons 7 and 19 of mp gene; codon 88 and 97 of cp gene

togetherwith codon 95,108,128219 and 285 of the rep gene were found to be evolving under

purifyingselection. It is possible that these sites represent the sites that were instrumental in

the adaptation of MSVA to maize; immediately before or after the emergence as a severe

pathogen.However, codon sites 12 and 19 of the cp gene were found to be evolving under

positive (diversifying) selection, which is an indication of probable change from their

progenitors.

In addition to MSV, which displays maize streak disease symptoms, the only other distinct

mastrevirusever sampled from maize is Maize Streak Reunion Virus (MSRV), which share

only 53-57% genome wide identity with all other known African streak viruses and a

significantdegree of similarity (maximum identity of 72%) with the Panicum streak virus

(panSV)cp gene in particular.
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Under equal infection pressures, infection rate and disease severity were variable for the plant

materials. Based on percentage chlorotic area, the varieties were separated into three groups:

(1) Relatively susceptible group consisting of Starr 7714 and MSMP, (2) moderately tolerant

group consisting of CML, EXC and AB2 and (3) a highly tolerant group consisting of PAN

77,44/42-2 and ABLEP.

5.2 Conclusions

Objective 1

Out of 15 MSV-AI recombinant lineages, seven (MSV-Al-II, III, IV, V, VI, VII, XIII) were

determined in this study to be presently circulating in Kenya. The various identified MSVAl

lineages display some degree of geographical clustering. In particular, MSVAI-III and

MSVAl-XIII display evidence of movements between Nyanza and Rift- Valley regions.

Similarly the Eastern and Central regions of Kenya also have similar MSV population

structures and display evidence of frequent movements of MSV-AlV and MSV-AlIV lineages

between the regions.

Objective 2

Across the various genes (mp, cp and rep), there was no indication of particular coding

regions that were especially evolutionarily constrained, with negatively selected codon sites

being distributed throughout the various genes.

However, nine codon sites were found to have unique signals of purifying selection within the

MSV-A coding regions: two within the DNA binding domain coding region of the cp gene,

two near the N- terminus of the mp gene and five within the repgene (two of these sites in the

Rep were just before and after the VRDYILK rolling circle replication (RCR) motif (motif
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III), one between the RCR motifs and the oligomerisation domain, one between the

retinoblastoma binding domain and the myb-like transactivation domain and one at after the

myb-like transactivation domain.

Objective 3

Maize Streak Reunion Virus (MSRV) is a new maize infecting mastrevirus which like MSV,

induces maize streak disease symptoms.

Objective 4

The Maseno University developed maize genotypes: AB2, ABLEP and EX44/42-2 have here

been identified as having high degrees MSV tolerance as in Pan77. Additionally, the MSV-A

isolates tested displayed differences in their pathogenic potentials, with MSV-A [MZ-Pem2-

Moz37-2007] being the most virulent.

5.3 Recommendations

From the study I wish to recommend that:

1. Kenyan plant breeders should develop varieties resistant or tolerant to MSVAl-III and

MSVAl-XIII recombinant lineages which are predominant in the major maize growing areas

of the country.

2. Molecular breeding work should focus on the nine unique sites evolving under purifying

selection when targeting resistance to MSV.

3. Maize Streak Reunion Virus is a potential new viral threat to maize and should be

monitored for its epidemiology since it might together with MSV form a disease complex

with a far reaching impact on African maize production, just as multiple different geminivirus

species form a disease complex affecting Africa's other important food crops like cassava
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4. The Maseno University developed maize genotypes: AB2, ABLEP and EX44/42-2,

identified as possessing degrees of MSV tolerance and should be important sources of

resistance to breeders in the region.

5.3.1 Suggestions for future research
From the study I wish to suggest:

(1) That a wider geographical survey be carried out to establish the inter-seasonal fluctuations

in MSV population sizes and composition. This will help ensure the necessary mitigation

measures against any sporadic out-break of MSV in East African region and Africa as a whole

and will determine how the genetic structure of Kenyan MSV populations changes.

(2) That MSRV be further characterised to determine whether it poses a serious threat to

maize production in the mainland Africa. Surveys to determine the geographical range of the

virus and identification of its insect vector should clearly determine whether the virus is likely

to emerge as a major maize pathogen.

(3) That further investigations be made into the genetic causes of different MSV tolerance

displayed by AB2, ABLEP and EX44/42-2 relative to the South African MSV resistant

genotype, Pan77.
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