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Snap bean (Phaseolus vulgaris L.) and pepper (Capsicum annuum L.) crops in the Midwest and
Northeast United States have been affected by a complex of plant virus epidemics since 2000.
Cucumber mosaic cucumovirus (CMV) was consistently recovered from infected plants. The
reasons behind these virus outbreaks are not well known. In the current project, the
phylogeographic structure and genetic variation of CMV isolates was investigated at the local,
state and national levels. The genetic diversity was low in the US and Wisconsin, with the 2b
gene possessing the greatest variability. CMV subgroup | was identified as the predominant
subgroup in the US and within the state of Wisconsin. Furthermore, both subgroups IA and IB
were recognized among the CMV isolates evaluated. In Wisconsin specifically, a host-specific
association between genetic subgroups and host plants was observed, such that subgroup 1A was
the only subgroup obtained from snap bean, whereas the CMV population in pepper was more
diverse and consisted of both subgroups. However, no significant association between
phylogenetic groups, location or year was observed in the US and Wisconsin. More specifically,
CMV subpopulations from different fields within Wisconsin were not genetically differentiated

in most instances, while they were different in two hosts. Evidence for genetic exchange through



recombination (6%) and reassortment (10%) was rare in natural populations of CMV in US.
Purifying selection was determined as the major natural force on the CMV genome, whereas
positively selected sites were detected in the 2a, 2b and CP proteins. In addition, satellite RNA
(satRNA) was discovered in CMV field isolates of snap bean for the first time. Sequence
comparisons with other available CMV satRNAs illustrated that these are novel satRNAs.
Results obtained from a greenhouse bioassay illustrated that this extra RNA exacerbated
symptom development and hastened the time of symptom expression in snap bean. In contrast,
satRNAs attenuated symptoms in tobacco. In conclusion, our analyses provided a snap shot of
the genetic diversity and phylogenetic relationships among representative CMV isolates in the
US and Wisconsin. It seems that the recent virus epidemics may not have been due to the
invasion of a new CMV subgroup or genotype in snap bean and probably a founder effect has
played a role in shaping the CMV structure in this host. The presence of satRNA in the CMV
population together with the introduction of a novel vector, the soybean aphid (Aphis glycines

Matsumura), may be partial explanations for the emergence of these virus outbreaks.
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Chapter 1

Introduction



Plants provide food to humans and nearly all other non-primary producers, either directly or
indirectly. According to the Food and Agriculture Organization (FAO), the world population will
rise from 6.8 billion today to 9.1 billion in 2050 - a third more mouths to feed than there are
today (FAO 2012). As agriculture struggles to support the rapidly growing global population,
plant diseases reduce the production and quality of food. More than 800 million people do not
have adequate food and at least 10% of global food production is lost to plant disease (132).
Plant pathogens are difficult to control because their populations are variable in time, space, and

genotype.

Crops

Snap bean (Phaseolus vulgaris L.) and pepper (Capsicum annuum L.) are two of the most
important, commercially grown vegetables in the United States. According to NASS (Natural
Agricultural Statistics Service, 2011) estimates, the US ranks 15" in snap bean production in the
world with Wisconsin being the domestic leader in total processing production. In 2011, 176,000
acres of snap bean were planted in US and the crop was valued at $161 M dollars (NASS 2011).
According to the FAO, the US ranked sixth in green pepper production in 2009
(http://www.agmrc.org/commodities_products/vegetables/bell_and_chili_peppersprofile.cfm)
with more recent estimates in 2011, showing 56,200 and 23,400 acres of bell and chili pepper
were planted in US, respectively. The crop was valued at $684 and 146.8 M dollars for bell and
chili pepper, respectively. California leads the nation in pepper production (NASS 2011).
Processing and fresh pepper production in Wisconsin has been estimated around 1300 acres in
2007 (WI NASS — Census of Agriculture 2007.). However, plant pathogens and insects are

major limiting factors for snap bean and pepper production because the quality and size of pods


http://www.agmrc.org/commodities_products/vegetables/bell_and_chili_peppersprofile.cfm

and fruits are often adversely affected by pest outbreaks and disease. In particular, virus diseases

can affect processing crop production dramatically.

Virus complex disease epidemics in the Upper Midwest of the United States

A disease outbreak beginning in 2000, caused by a novel complex of plant viruses, has affected
the snap bean processing industry and has limited revenue increases of snap bean in the Midwest
and the Northeastern US (New York State) (41, 47, 76, 94). Cucumber mosaic virus (CMV),
Alfalfa mosaic virus (AMV), Bean common mosaic virus (BCMV), Bean yellow mosaic virus
(BYMV) and Clover yellow mosaic virus (CIYMV) were viruses documented in affected snap
beans and associated with this outbreak. Prior to 2000, all of these viruses were noted to affect
processing snap bean, however significant increases in virus incidence were observed in several
regions, with a significantly large proportion of infection explained by the prevalence of CMV
(41, 43, 47, 76, 125). In New York in 2005, up to 100% of plants in some snap bean fields were
infected with CMV (96). Several hypotheses have emerged to explain these virus epidemics.
Coincident with the increasing incidence of viruses statewide, the soybean aphid
(Aphis glycines Matsumura) was first discovered feeding on soybean in Wisconsin in July of
2000. Soybean aphid is native to Southeast Asia and a recent investigation has placed the
soybean aphid among the four most efficient vectors of CMV (43). Therefore, one hypothesis
which has emerged suggests that CMV and its local vectors have co-existed for a long time
without serious disease outbreaks on cultivated plants prior to the introduction of the exotic
soybean aphid. Additionally, a significant influence on the occurrence, or emergence, of a novel
virus epidemic, may result from changes or variations in the virus population. However, there is
currently insufficient molecular-based phylogenetic information to describe bio-geographical

differences of CMV isolates in the US. To our knowledge, very few investigations have



demonstrated the genetic structure of the US CMV population or its relationship to disease
development. Genetic resistance is by far the most effective way to control plant viruses, and
without a comprehensive understanding of the genetic structure of the virus, the durability and
success of long-term resistance is in question. A final hypothesis for these recent outbreaks,
many of which have occurred around the world, may be due to the presence of an extra RNA

molecule (satellite RNA) in the CMV genome (20, 64, 66, 73).

Cucumber mosaic cucumovirus (CMV)

Cucumber mosaic cucumovirus is one of the most economically important plant viruses (102)
which can cause severe damage in numerous crop species including cucumbers, melons, squash,
peppers, tomatoes, crucifers, lilies and many non-crop weed species. CMV is the type member of
the Cucumovirus genus in the family Bromoviridae (119). CMV was first reported in 1916 as the
causal agent of select plant diseases (29). It has the largest host range of any virus, a worldwide

distribution and a severe impact on cultivated crops as previously noted (102).

CMV Structure and Genome
Cucumber mosaic cucumovirus is a tripartite, polyhedral virus with a diameter of 29 nm (102).
CMV nparticles are isometric and are composed of a coat protein shell which encapsidates the
single-stranded, plus-sense RNA genome. The virions contain 18% RNA and 82% protein. The
RNA consists of three genomic RNAs, designated RNA 1 (3.3 kb in length), RNA 2 (3.0 kb),
and RNA 3 (2.2 kb), and two subgenomic RNAs, RNA 4 (1.0 kb) and RNA 4A (682
nucleotides), which are transcribed from the 3’ portions of RNA 3 and RNA 2, respectively

(24,104). The genomic RNAs are packaged in individual particles while the two subgenomic



RNAs are packaged with genomic RNA3. Five proteins designated 1a, 2a, 2b, 3a and 3b are

encoded by five open reading frames (ORFs) located on these three RNAs (102).

Encoded proteins by CMV coding regions and their functions
RNA 1 encodes protein 1a (110 KDa) that is necessary for viral replication and contains two
functional domains: an N-terminal domain that is a putative methyl-transferase domain involved
in the capping of genomic and subgenomic RNAs and a C-terminal proximal domain that is a
putative helicase (45, 51, 56, 65).
The 2a protein (98 kDa) is translated directly from RNA 2 containing a number of motifs
characteristic of RNA-dependent RNA polymerases (16, 51, 60, 110). The 2a protein interacts
with the 1a protein in vivo and in vitro (72) forming the replication complex along with host
factors (53). Moreover, CMV 2a sequences, located in two polymerase motifs (D and B), affect
systemic infection in bean (Phaseolus vulgaris L.) and pea (Pisum sativum L.) (69).
RNA 2 also encodes another protein called 2b protein (11-13 KDa) via its subgenomic RNA 4A
(24). The 2b ORF overlaps with the C-terminus of the 2a ORF and the 2b protein is considered a
multifunctional protein involved in suppression of RNA silencing (14, 23), symptom induction
(25) and viral movement (25, 104, 131). The CMV 2b protein has been shown to inhibit the
ability of the gene silencing signal to activate gene silencing in distant tissues, as well as
interfering with DNA methylation in such tissues (14, 49). The 2b is a nuclear protein (82, 87)
and this localization facilitates its ability to inhibit DNA methylation. The CMV 2b protein also
inhibits salicylic acid-mediated virus resistance (62).
RNA 3 encodes two proteins, 3a, or movement protein (MP) (28.8 KDa) and 3b, or capsid
protein (CP) (24KDa); this latter protein being translated from subgenomic RNA 4 (123). The 3a

protein is a nucleic acid-binding protein that is essential for the virus during short and long-



distance movement (11, 17, 135). The 3a protein has been localized to plasmodesmata (9, 141),
as well as to large aggregates inside vascular sieve elements (9). The 3b or capsid protein is a
structural protein and is also required for virus movement within plants and as well as between
plants by aphid vectors (11, 17, 90, 135).

All of the five known genes of CMV are also considered as host range and pathogenicity

determinants (104).

CMV Satellite RNA
In addition to the CMV genomic and subgenomic RNAs, some strains of CMV carry an extra
RNA molecule known as satellite RNA. The satRNA is a 5- capped, linear, single-stranded
RNA molecule, ranging in size from 332 to 405 nucleotides (38, 127). These small RNAs are
dependent on CMV (helper virus) for replication and movement (46). In addition, satRNA can be
encapsidated in the CMV virion which allows transmission of satRNA along with CMV by the
aphid vectors (46). However, the efficiency of transmission of CMV isolates supporting satRNA
is much less than CMV isolates without satRNA, presumably because of the depression of CMV
accumulation (33). Although, different ORFs have been found for CMV satRNAs producing
protein products in vitro (6, 55, 99), none of them are conserved and translation products have
not been found in vivo (116). Also, mutational experiments showed that these ORFs probably are
not functional (116). They demonstrate a high secondary structure that is important for their
biological properties, sharing little or no sequence homology with CMV (38, 59, 127). This
highly structured form could explain stability and infectivity of these molecules (38). In spite of
lack of any functional ORF, the presence of this extra RNA can influence symptom expression,
ranging from attenuation to increased severity depending on the particular CMV genotype and

host plant (20, 38, 44, 64, 66, 73, 127, 137). The presence of satRNA is considered very common



in greenhouse environments, but the frequency of satRNA in field populations of CMV appears
to be low (3, 48, 68). Most CMV satRNAs reduce the replication and accumulation of their
helper virus, which effectively results in the attenuation of symptoms (8, 50, 58, 67, 78).
Attenuated satRNAs can be used as biocontrol agents of their helper virus (CMV), whether
expressed as a transgene in the host plants or applied mechanically to the host (38, 116, 139).
However, applying attenuated satRNAs in a broad- spectrum manner may increase the risk of
disease as there is some evidence suggesting that a benign satRNA can easily mutate to a
pathogenic form (103). In some cases, satRNAs that attenuate the symptoms in many hosts can
exacerbate symptoms in certain hosts, such as severe systemic chlorosis in tobacco, pepper and
tomato (44, 101, 137). The co-occurrence of the satRNA with CMV has been linked to four
important historical epidemics in tomato in different parts of the world (20, 64, 66, 73). A
specific domain within the 5 half of the molecule inducing chlorosis has been determined
(61,75), and specific changes that affected the host specificity have been identified (128, 129,
147). A necrosis-inducing domain has been mapped within the 3™ half of the satRNA molecule
(21, 75, 86). The pathogenicity mechanism (s) that satRNAs apply to intensify disease symptoms
was a big mysterious for many years, but recent studies have brought evidence that RNA
silencing mechanisms of the host plants are involved in the pathogenicity of satRNAs (126, 130,
144) and there is a complex competition among host plants, helper viruses and satRNAs in the
targeting of the RNA silencing mechanisms. The CMV-satRNA populations in field are
reportedly very heterogeneous because of high genetic variability resulting from the
accumulation of mutations (4, 112). It has also been shown that CMV satRNA genetic structure
and population dynamics are different from the helper virus (CMV) and that satRNA spreads

epidemically as a parasite on the population of CMV (3). The spatio-temporal dynamics of the



principal aphid vector(s) and the efficiency of their transmission also play an important role in

the invasion of the CMV population by satRNA (34).

Symptoms

Symptoms induced by CMV can vary greatly depending on the host and the age of the plant at
the infection time. Most strains induce mosaic (light or dark green) symptoms; however some
strains induce other symptoms such as stunting, filiform, epinasty or necrotic lesions (22, 41,
124, 136). Studies to date have shown that all three RNAs of CMV are involved in symptom
induction (32, 104). Also, the occurrence of satellite RNA with CMV can further influence the
induced symptoms during infection (8, 44, 48, 50, 58, 64, 66, 67, 78, 101, 137). CMV symptoms
in affected snap bean often consist of green mottling, leaf curl and blistering. Pod infection and
loss is greatest if infection occurs before bloom, because CMV causes flower abortion and
abnormal development (63, 143). Infected pods are typically mottled and can be reduced in size
(76, 125). In pepper, CMV causes chlorosis in young leaves, whereas oak leaf and ring spot
symptoms can be observed in older, infected leaves (138). Pepper fruit may develop ring spots

and irregular patches of necrotic tissue affecting the quality of fruit (138).

Variability and Evolution
Studies of host range, symptomatology, immunology, and molecular analysis of the CMV

genomic RNAs demonstrate that isolates of this virus are heterogeneous (104).

Genetic diversity and Taxonomy
Early classification divided CMV isolates into two subgroups designated as subgroups | and 1l
based on serology (102, 142), nucleic acid hybridization (100), RT-PCR followed by RFLP

(113) and nucleotide sequence identity (102, 118). These two subgroups show approximately



75% nucleotide identity (118). Isolates of subgroup Il demonstrate 96% identity, whereas this
percentage is estimated at 88% among isolates in subgroup 1. This shows that subgroup I is more
heterogeneous than subgroup Il (104). Analysis of the CP gene and 5 non-translated region
(NTR) of the RNAS has led to further sub-division of subgroup I into subgroups IA and IB, with
92-95% nucleotide identity (117, 118). However, phylogenetic analysis of nucleotide sequences
of some CMV strains showed that the estimated trees for various ORFs located on the different
RNAs were not congruent and did not completely support the subgrouping indicated by the CP
ORF. This indicates that different RNAs may have independent evolutionary histories and
reassortment plays an important role in CMV evolution (118). Subgroups IA and Il have been
documented as worldwide in their distribution (91), while the majority of subgroup IB isolates
have principally been restricted to East Asia (118). However, CMV subgroup IB isolates have
been reported from Italy (36) and India (10, 83, 132). Recently reported in the US, subgroup IB
has now been confirmed from both Hawaii and California (80, 117). There is evidence showing a
relationship between some strains of CMV and specific hosts such as legumes (70, 145). Hence,
CMV is a heterogenic group with significant variation among isolates documented in different
crops and geographic locations, providing the ability to rapidly evolve in unique environments
with shifting selection pressures. (39, 74, 80, 81, 115, 118, 134). However, phylogeography
studies of CMV natural populations in Spain and California illustrated no correlation of the
CMV population structure with geographical region, year, or plant species (35, 80). Thus, a
metapopulation structure has been proposed for CMV natural population with local extinction
and recolonization by either local or distant isolates (35). It is impossible to predict the type of
isolates that will occur in a certain region at a particular time in this type of structure. This limits

the use of strategies based on strain-specific resistance.
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Variation mechanisms
Several potential mechanisms of CMV variation and evolution have been proposed. Random
mutation, recombination and reassortment are most common sources of RNA virus evolution and

variability (26, 40, 42, 57, 89).

Mutation

Mutation results in nucleotide sequence differences between the template and daughter strand
during virus replication. RNA viruses have high mutation rates because of error-prone RNA
replication, large population sizes and short generation times (31); and a consequence of the
replication is a swarm of sequence variants around a consensus sequence called a ‘quasispecies’
(27, 28). Plant RNA viruses show a lower mutation rate than animal RNA viruses (84, 121, 140)
and the results of several studies show that plant RNA viruses are highly genetically stable (35,
54, 85, 114) in comparison with animal viruses. This behavior might be due to strong bottlenecks
either during colonization of the host plant (52, 79, 120) or during transmission by the arthropod
vector (1, 7, 92) or weaker immune-mediated positive selection (40). Although, there is no
documented data to illustrate the exact mutation rate of CMV, this plant RNA virus is not an

exceptional case (122).

Genetic exchange (Recombination and reassortment)

Genetic exchange by either recombination or by reassortment is another source of genetic
variation in CMV populations. Genetic exchange can compensate the fitness losses due to the
accumulation of deleterious mutations (94). Recombination is the result of switching of genetic
information segments between the nucleotide strands of different genetic variants during the

replication. It has been shown that CMV replicase can switch templates in vitro through a copy
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choice mechanism, generating recombinant RNAs (71). Recombination in the 5 and 3°
nontranslated regions (NTR), between ORFs 3a and 3b (12, 18, 35, 104, 109, 117) and in natural
populations containing sat-CMV’s (5) have been shown to be sources of variability in the virus
population. Recombination may change the biological properties of the virus at the population
level, including the appearance of resistance-breaking strains or host range expansion which
potentially leads to disease epidemics (77, 88). In natural populations of CMV in Spain,
recombinants in the intergenic region of RNA 3, between subgroups IA and 1B, were estimated
at frequencies of about 0.07. These data, however, indicate that they were selected against and
did not become established in CMV populations (35). Reassortment, also called
pseudorecombination is another approach by which viruses with a segmented genome can
exchange their genomic information. There is direct evidence for the occurrence of reassortment
within all three subgroups of CMV (12, 19, 81, 118). However, in natural CMV populations in
Spain, reassortants between subgroups IA and IB isolates were rare (4%) and appeared to be
selected against (35). Thus, it seems that CMV reassortants or recombinants are not favored
under natural conditions. The nature of this disadvantage is not clear, but one hypothesis
suggests that in natural populations of CMV, reassortment is selected against during aphid

transmission (35, 37).

CMV Epidemiology and Control

Cucumber mosaic cucumovirus is one of the most economically important plant viruses (102)
which infects more than 1,000 species including monocots and dicots, as well as herbaceous
shrubs and trees in over 70 families of plants (102). Most temperate zones, tropical regions and
Mediterranean countries are affected by CMV. CMV has been documented as an endemic virus

and the most important virus of some annual crops in Argentina, eastern China, Croatia, France,
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Egypt, Greece, Israel, Italy, Japan, Poland, Portugal, Spain, Sweden and in the north east of US.
In other countries, CMV ranks second or third in importance (138). Numerous non-crop weed
species and crop plants can serve as reservoirs for CMV because of its wide host range (93, 125).
These reservoirs can contribute to virus spread to crops at various times throughout the season.
CMV can be transmitted through seed in some host species, including weed hosts (2, 15, 30, 97,
98, 102, 146). Seed transmission (7%) of CMV in snap bean (P. vulgaris) was reported for the
first time with a Spanish isolate in 1974 (13). There is evidence that seed transmission in P.
vulgaris may be determined by the RNAL, suggesting a relationship between the RNA1-encoded
product of the viral replicase complex and seed-transmission (36). CMV can also be acquired
and transmitted by more than 80 different aphid vector species in a non-persistent manner (102).
During non-persistent transmission, viruses are acquired after short probes (generally less than
60 sec.), retained for short periods of time (a few minutes), and lost due to normal feeding
activities. As a non-persistently transmitted virus, CMV does not require a latent period in the
vector (111). The rate of transmission can be affected by the virus strain, aphid vector species
and by the quality of the host plant (106, 107). Different aphid species can be expected to select
different components in virus populations (108). Recent investigations have shown that the four
most efficient vectors of CMV include melon/cotton aphid (Aphis gossypii Glover), soybean
aphid (Aphis glycines Matsumura), pea aphid (Acyrthosiphon pisum Harris) and yellow clover
aphid (Therioaphis trifolii Monell) (43). An example of the importance of the arthropod vector in
CMV disease development is highlighted by a tomato necrosis epidemic reported in France in
the early 1970’s. This epidemic was induced by CMV with the co-occurrence of satellite RNA
(66). Three similar epidemics in tomato were reported in Spain, Italy and Japan (20, 64, 73), all

of which reportedly contained satRNA with a helper (CMV) virus. The origin of these satellite
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RNAs was unknown. However, results of a study in Spain suggest that changes in the size and
composition of the aphid (vector) populations may have created conditions extremely favorable
for CMV transmission, increasing the infection frequency in tomatoes and its spread to epidemic
proportions. Since CMV has been very successful in rapidly adapting to new hosts and
environments, it is not easy to control. Application of insecticide to control aphid vectors has had
minor impact, but it is not a good candidate for a long-term control of virus diseases. Because of
the absence of resistance genes in the germplasm of most susceptible crops and CMV’s unique
epidemiological features, it seems that the only effective, long- term control strategy to limit this
virus is through genetic resistance, either conventional or transgenic, or by cross protection with
attenuated strains, which often involves the use of attenuated satRNAs. However, fast genetic
divergence in the satRNA population, and in the virus itself, may make this approach very

challenging.

Objectives of the research

The overall goal of this research was to improve our understanding of the molecular
epidemiology of CMV in susceptible crops on a local (state of Wisconsin) and national (United
States) scale. The reason(s) behind the recent virus outbreaks in select regions of the US is not
well understood. In this dissertation research we investigated the potential for major shifts, or
changes in the natural CMV population structure resulting from the introduction of a new
genotype or subgroup. The presence of satRNA in CMV field populations was also investigated
as a partial reason for the virus epidemics in selected regions. Hence, the following objectives
were pursued in this thesis: 1) provide a “snapshot” of the geographic distribution
(phylogeography) and the genetic variation of CMV isolates in different locations of the US.

Possible genetic variation mechanism (s) is investigated for the representative, US-collected
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CMV isolates 2) estimate the genetic variation and phylogenetic relationships of CMV isolates at
different geographic locations and two host crops across years in Wisconsin, a region challenged
with recent CMV epidemics for over a decade. Genetic differentiation of CMV subpopulations
within and among fields, hosts and years is investigated in the state 3) assessment of the presence
of satRNA in CMV populations in select regions and the role of this extra RNA molecule in
disease symptom development. Taken together, this information will be useful to address
possible reasons behind the recent virus outbreaks in select regions of the US and development

of more comprehensive control strategies for virus diseases, in particular CMV epidemics.
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Chapter 2

PHYLOGEOGRAPHY AND GENETIC DIVERSITY OF CUCUMBER MOSAIC

CUCUMOVIRUS (CMV) ISOLATES IN THE UNITED STATES*

* A slightly modified version of this chapter will be submitted for publication to PLoS ONE as:

Nouri S, Falk B-W, Groves R-L. (2012). Phylogeography and Genetic diversity of Cucumber

mosaic cucumovirus (CMV) in the United States.
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Abstract

Cucumber mosaic cucumovirus (CMV) has a worldwide distribution and the widest host range of
any known plant virus. During the 2000s, epidemics of CMV severely affected the production of
important processing crops such as snap bean and pepper in Midwest and Northeastern United
States. Virus diversity leading to emergence of new strains is often considered a significant
factor in the appearance of virus epidemics. In addition to epidemics, new disease phenotypes
arising from genetic exchanges or mutation can compromise the effectiveness of plant disease
management strategies. Here, we investigated the phylogeographic structure and genetic
variation of CMV isolates collected from different regions of US. Nucleotide diversity (1) was
low for US CMV isolates. Phylogenetic analysis based on neighbor joining (NJ) trees did not
show a significant association between phylogenetic groups and environmental factors such as
geographical origin, collection year, or plant host species. Sequence and phylogenetic analyses
revealed that subgroup I is predominate in the US and further suggests that the CMV population
is a mixture of subgroups IA and IB. Furthermore, phylogenetic analysis suggests the likely
reassortment between subgroups IA and IB. Based on phylogenetic and computational analysis,
recombination between subgroups | and Il was detected in RNA3. Neutrality tests illustrated that
negative selection was the major force operating upon the CMV genome, although some
positively- selected sites were detected in the 2a, 2b and CP proteins. Together, this suggests that
different regions of the CMV genome are under different evolutionary constraints. Taken
together, these results delineate the CMV strain composition in the US, suggest that
recombination and reassortment among strain groups occur but at a low frequency, and point

towards CMV genomic regions that differ in types of selection pressure.
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Introduction

Cucumber mosaic cucomovirus (CMV) is one of the most common plant viruses causing disease
in various crop and non-crop plants in the United States and worldwide. Cucumber mosaic virus,
the type species of the genus Cucumovirus in the family Bromoviridae, is one of the most
widespread plant viruses. The host range of CMV includes over 1,000 plant species comprised of
both crop and non-crop weed species (68, 69) and is transmitted by over 75 species of aphids in a
non-persistent manner (69). The genome of CMV contains three, positive-sense, single-stranded
RNAs packaged in separated particles and two subgenomic RNAs (15, 69, 70). RNA 1 encodes
the 1a protein which contains methyl transferase and helicase motifs (28, 31, 34, 39). RNA 2
encodes two proteins, 2a and 2b. The 2a protein encodes RNA-dependent-RNA polymerase
(RdRp) (6, 31, 37, 75) which, together with the 1a protein, forms the viral components of the
replicase complex (32). The 2b protein is a multifunctional protein and functions in host-specific,
long-distance movement, symptom induction, and as a virulence determinant by suppressing
gene silencing (7, 14, 15, 16). Moreover, a recent study has demonstrated that the 2b gene
determines the selection of inter-viral recombination (89). The CMV RNA 3 encodes two
proteins, 3a, a cell-to-cell movement protein (MP) (16) and 3b or capsid protein (CP); this latter
protein being translated from a sub-genomic RNA 4 (87) which is also involved in cell-to-cell

movement, virus assembly and aphid-mediated transmission (3, 8, 61, 72, 73, 94).

CMV strains have been classified into two main subgroups designated as subgroups | and Il
based on serology (69, 100), nucleic acid hybridization (66), RT-PCR followed by RFLP (78)
and nucleotide sequence identity (69, 81). These two subgroups have showed 75% nucleotide
identity (81). Subgroup 1 is more heterogeneous than subgroup Il (68). Further analysis of the CP

gene and 5" non-translated region (NTR) of RNAS3 has led to division of subgroup I into IA and
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IB with 92-95% nucleotide identity between these two subgroups (81, 82). Phylogenetic analysis
of some CMV strains showed that the estimated trees for various Open Reading Frames (ORFs)
located on the different RNAs are not congruent and do not completely support the subgrouping
from CP ORF analysis. This indicates that different RNAs may have independent evolutionary
histories (81). The subgroups are not evenly distributed across agricultural regions. Subgroups
IA and 11 have a worldwide distribution (59), while subgroup IB is principally restricted to Asia
(81). Subgroup IB was recently reported in both Hawaii and California (51, 52, 82). CMV is a
helper virus for a linear, single-stranded satellite RNA (satRNA) with 332-405 nucleotide
residues that can modulate, attenuate, or exacerbate the symptoms induced by CMV depending
on the particular CMV strain and host (68, 69, 82). RNA viruses undergo rapid genetic variation
and random mutation, recombination and reassortment are the most common sources of RNA
virus evolution and variability (17, 23, 25, 35, 58). Reassortment among RNAs within all three
subgroups of CMV has been reported (5, 10, 51, 81). Moreover, recombination in the 5° and 3"
non-translated regions (NTR), between ORFs 3a and 3b (5, 11, 20, 68, 74, 82) and in natural
populations containing satRNA (2), have been shown to be additional sources of variability in
the virus population. Hence, CMV is a heterogenic group with significant variation among
isolates documented in different crops providing the ability to rapidly evolve in unique
environments with shifting selection pressures. (22, 44, 51, 52, 80, 81, 93). Studies focusing on
this genetic diversity and sources of variation in the viral populations are important to better
understand the evolutionary mechanisms that generate variation.

CMV has been endemic in many parts of the United States for decades. However, during the
2000s, a series of the virus epidemics emerged that affected several processing crops including

succulent snap bean (Phaseolus vulgaris L.) and pepper (Capsicum annuum L.) in agriculturally
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important regions of the upper Midwest and Northeast US (24, 29, 47, 62). A significant
influence on the appearance of virus epidemics is variation in virus population. However, there is
currently insufficient molecular-based phylogenetic information to describe bio-geographical
differences among CMV isolates in the United States. In the current study, we have attempted to
characterize the geographic variation of CMV isolates collected among locations on a national
scale and make comparisons among these US isolates with reference or historical isolates. We
determined sources of genetic variation acting upon these isolates and discuss potential
evolutionary mechanisms acting upon domestic CMV isolates included in the investigation. In a
practical context, this information can be very useful towards the development of more

comprehensive control strategies for virus diseases that attempt to integrate plant resistance.

Materials and Methods

Virus isolates and propagation

CMV isolates were collected from a range of naturally infected host plants as either dried or
fresh leaf tissue, and from a range of geographic locations throughout the US representing
several collection years. Each of the geographic locations was considered as a representative of a
unique agriculture region of US. Five CMV isolates (PV544NJU04, PV30MDHS85,
PV59AZSUB4, PV243AZMT77 and PV29WIC76) were originally obtained from ATCC
(Manassa, VA, USA) as infected plant tissue. Prior to characterization, all infected leaf tissues
were first mechanically inoculated into both Nicotiana benthamiana and small sugar pumpkin
(Cucurbita pepo L. cv. ‘Small Sugar’). The leaves were ground in 0.1 M potassium phosphate
buffer (0.03 M potassium phosphate, pH 7.4, containing 0.05 % Na2SO3) and leaves were

mechanically sap-inoculated. Inoculated plants were maintained in an insect-proof greenhouse at



38

21-25 °C and 16:8 (L:D) photoperiod for 4 weeks post-inoculation. Leaves from symptomatic

plants were then vacuum-dried and stored at -20 °C prior to analysis.

RNA extraction and RT- PCR amplification

Total RNA extractions were performed on all samples using an RNeasy Mini kit (Qiagen, CA,
USA) according to the manufacturer’s instructions. The first strand cDNAs were synthesized in a
20 pl volume of 1X Superscript 111 reaction buffer (Invitrogen, Carlsbad, USA), containing 0.5
mM dNTP mix, 5 mM DTT, 40 U RNaseOut, 200 U of SuperScript 11l Reverse Transcriptase
(Invitrogen, Carlsbad, USA), and 20 pmol of a specific reverse primer for each region (51). The
first strand cDNAs were synthesized at 53°C for 45 minutes. Subsequent PCR reactions were
conducted in 25 pl volume of 1X Go Taq Flexi DNA Polymerase reaction buffer (Promega, W1,
USA), containing 0.2 mM dNTP mix, 1.1 mM MgClI2, 0.75 U of Go Taq Flexi DNA Polymerase
(Promega, WI, USA) and 12.5 mM of each forward and reverse primer (51). The thermal cycles
were as follows: 5 min at 94°C followed by 22 cycles at 94°C for 30s, 54°C (CP, MP, 2a and 3"
NTR) and 51°C (la and 2b) for 30s, 72°C for 1 minute (80s for 1a) and finished by 72°C for 7

minutes.

Sequencing

Gel purifications were carried out using a QIA quick gel extraction (QIAGEN, CA, USA).
Purified products for each gene / isolate combination were bi-directionally sequenced using a
model 377 ABI PRISM DNA sequencer (Perkin-Elmer, Fremont, CA) in the Automated DNA
Sequencing Facility of the University of California-Davis. Consensus sequences of each gene /
isolate combination obtained using the NTI Advance 11 program (Invitrogen, Carlsbad, USA)

and later used for phylogenetic analysis.
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Sequence Alignment

Multiple nucleotide sequence alignments were performed using CLUSTALW in MEGA version
5 (97). Alignments were manually edited to maximize nucleotide homology, to ensure proper
reading frame in the coding regions, and to limit the number of gaps present in the sequence

record.

Phylogenetic analysis and estimation of population genetic parameters

Aligned CMV sequences were assessed using DnaSP version 5.1 (83) software, to estimate
genetic diversity and other population genetic parameters. Phylogenetic trees were constructed
for six genomic segments by the neighbor-joining (NJ) method (84) using the MEGA program
with 1,000 bootstrap replicates under the Kimura 2-parameter model (41). Bootstrap consensus
trees were rooted using Peanut stunt virus (PSV) and Tomato aspermy virus (TAV) as the out-
groups based on the current knowledge of the Bromoviridae (12). All branches with <70%
bootstrap support were judged inconclusive and were collapsed (18, 33). For further analyses,
reference isolate sequences were included as representatives of CMV subgroups IA, IB and Il
and these were downloaded from the NCBI Nucleotide Database

(www.ncbi.nlm.nih.gov/nuccore).

Neutrality tests (Tests for selection)

To assess the potential for selection pressure to be imposed upon CMV coding regions, non-
synonymous (dN, amino-acid altering) and synonymous (dS, silent) substitution rates and their
associated ratios (dN/dS= ) were estimated for each segment by using the bootstrap method
with 500 replicates under the Kumar method (46) in MEGA version 5 (97). To determine the site

specific selection pressure in each region, three complementary maximum-likelihood methods
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including single likelihood ancestor counting (SLAC), fixed effects likelihood (FEL) and random
effects likelihood (REL) (44, 45) were implemented in the Hyphy package available at the
Datamonkey web server (http://www. Datamonkey.org). To classify a site as positively or
negatively selected, the cutoff P-value was selected to be 0.1 for SLAC and FEL. For REL, a
Bayes factor of 50 was selected as the cut-off value. The most appropriate nucleotide substitution
models were selected for each gene by the software and only selections determined to be

significant by at least two methods were considered as a significant positive.

Recombination Analysis

To detect any possible recombination between different CMV isolates, the automatic
recombination scans of the sequence alignments were carried out using the RDP3 program (56).
In total, 7 recombination detection methods were implemented and included RDP (56), Bootscan
(85), GENECONYV (67), Maximum Chi Square (77, 92), Chimaera (77), Sister Scanning (25)
and 3SQE (4). These methods were used to detect recombinant sequences, possible
recombination break points, and identification of potential parental sequences among the CMV
isolates. The program was run using the default settings plus the Bonferroni corrected p-value
cut-off (0=0.05). Recombination events were considered as significant if four or more methods
had a consensus P- value <0.01, in addition to phylogenetic evidence of recombination. The
results obtained in the recombination analysis by RDP were confirmed using a boot scanning
method (85) in the SimPlot program (54). The window width and the step size were set to 200

and 20 bp, respectively.
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Results

Genetic diversity of selected CMV isolates

A total of thirty-five CMV isolates (Table 1) were included in this study and cDNA fragments
representing 6 genomic regions of CMV (la, 2a, 2b, MP, CP and 3'NTR of RNA3) were
amplified from CMV isolates with RT-PCR. The six regions generated amplicons of 1000, 653,
378, 848, 678 and 315 bp in length, respectively for each of the viral genomic segments. The
number of isolates which were amplified with specific primer sets for each genomic segment is
illustrated in Table 2. Associated population genetic parameters were estimated (Table 2)
including =, the average pairwise nucleotide difference per site and ®, the mutation rate from
segregating number, and these estimators were used as two indicators of genetic diversity for
each gene. Overall, the genetic diversity for US CMV isolates was low with a mean genetic
diversity of 0.034. Specifically, the 2b region showed the highest genetic variation among CMV

coding regions followed by MP, 2a, CP and 1a considering both genetic variation estimations.

Phylogenetic relationship of CMV isolates

Phylogenetic trees were constructed for US CMV isolates based on partial nucleotide sequences
of 1a and 2a and full nucleotide sequences of 2b, MP, CP and the 3'NTR of RNA 3 (Appendix
1). Fifteen reference sequences obtained from GenBank were included in phylogenetic analysis
and phylogenetic trees were re-constructed (Fig. 1). Divergence of subgroups I and Il, with high
supporting values, was observed in all phylogenetic trees. Based on these analyses, subgroup I
was the predominant subgroup among the US isolates included in this investigation (Fig. 1). Two
isolates belonging to subgroup Il were recognized according to the MP tree, but further analysis
suggested that these may have been recombinants (details in the recombination analysis section)

and were removed from the data set for the remainder of the analyses. The presence of both
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subgroups IA and IB in US was confirmed by phylogenetic analyses and the divergence of these
two subgroups was clear in most trees (Fig. 1). According to the CP phylogenetic tree, historical
isolates included in this study represented a mixture of both subgroup IA and 1B, while all new
isolates collected in the last decade (e.g. 2002 — present) belonged to subgroup IA (Fig. le).
These newly collected isolates were sampled from snap bean, with the exception of “HWH10”
and “PV544NJU04” isolates, which were collected from other hosts. Furthermore, all subgroup
IB isolates examined in this study were clustered together in the CP gene tree, separately from
two other subgroup IB reference isolates (OHW and 2A1IL) previously collected from various
locations in the US. These newly identified subgroup IB isolates in the US illustrated a close
phylogenetic relationship with the ‘Nt9’ and ‘Tfn’ reference isolates, also determined to be
subgroup IB strains and isolated in Taiwan and Italy, respectively, with a high supporting values
(Fig. 1e). Upon closer examination of the MP tree, US subgroup IB isolates were placed in two
separate clades (Appendix 1d and Fig. 1d). Two additional subgroup IB isolates (‘PV29WIC76’
and ‘PV243AZM77’) were separated from the remaining isolates and formed a unique clade
which illustrated a close phylogenetic relationship with a reference subgroup IB strain (‘SD’)
submitted from China also with a high supporting value (Fig. 1d). Similar to the CP gene tree,
the remainder of subgroup 1B isolates formed a cluster with ‘Nt9” and ‘Tfn’ strains (Fig. 1d). In
both CP and MP gene trees, subgroup IA US isolates formed a large clade with reference isolates
from the same subgroups (Figs. 1d and 1e). Based on the 2a gene tree, subgroup IB clustering
followed a similar trend as the CP gene tree (Fig. 1b). In contrast, two branches were seen inside
of the subgroup IA clade forming a group with higher phylogenetic relationship to the ’Leg*
isolate obtained from Japan (Fig. 1b). The topology of the 2b gene tree was different from 2a

(Figs. 1b and 1c) which may be related to independent evolutionary histories of these two genes
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originating from the same RNA. The similar pattern of the 2a gene subgroup IB clustering was
observed for four identified subgroup IB isolates in the 2b gene tree (Fig. 1c). No specific
clustering was observed inside of subgroup 1A based on this gene (Fig. 1c and Appendix 1c).

More branching was observed in subgroup IA based on the 1a tree (Fig. 1a). It was interesting
that all US isolates, with the exception of the ‘HWH10’ and ‘KNYS09’ isolates formed a unique
clad inside of subgroup 1A (Fig. 1a). Although these two isolates formed a separate clade inside
the 1a tree, they were still recognized as subgroup IA (Fig. 1a and Appendix 1a) isolates. This
result suggested that this gene may be conserved among the US CMV isolates included in the
current study. Overall, no clear, significant associations between phylogenetic groups with
location (e.g. state or origin of collection), host plant species, or collection year was observed

and this result was consistent for all gene trees examined (Fig. 1 and Appendix 1).

Reassortment trace

To assess the potential for genetic exchange resulting from reassortment among the
representatives of the US CMV population, phylogenetic trees of full nucleotide sequences of 2b,
MP, CP, 3'NTR of RNAS3, as well as partial sequences of 1a and 2a together with 15 additional
reference CMV isolates from GenBank were compared. These phylogenetic comparisons
suggested at least three obvious reassortants that had occurred in US isolates included in the
current study. Specifically, analysis of the RNA3 (MP, CP and 3'NTR) and RNA2 (2a and 2b)
placed the isolates ‘PV243°, ‘PV29WI’ and ‘CaNY’ into subgroup IB, whereas they belonged to
subgroup IA based on analysis of the RNA1 (1a) segment (Fig. 1). These data suggested the
potential for these three isolates to be the result of natural reassortment between subgroup IA and

IB isolates at some point in their history.
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Recombination analysis

Phylogenetic analysis further illustrated evidence for recombination between two CMV isolates
included in this research. Two isolates (‘BORU93’ and ‘HORPR94’) were assigned to subgroup
| based on the phylogenetic trees of the CP and 3'NTR genomic regions of the RNA3 (Fig. 2b
and 2c), but were assigned to subgroup Il according to the MP tree (Fig. 2a). Since these three
regions occur on the RNA3, recombination may be a possible explanation for this outcome. To
further investigate the accuracy of this phylogenetic signature of recombination, we concatenated
the nucleotide sequences of MP, CP and the 3'NTR and subsequently evaluated them in the
RDP3 package. Here, the RDP3 package scanned the aligned sequences using multiple methods
including RDP, BootScan, GENECOV, Maxichi, Chimaera, Siscan and 3SEQ. Six out of seven
methods implemented in this package suggested recombination events for these two isolates with
highly significant p-values (Table 3). Moreover, the RDP3 program could detect the ‘NNY” and
“Trk7’ isolates as the possible major and minor parents, respectively with a high level of
confidence for both recombinants. Positions 1 and 840 in each sequence were detected as the
beginning and ending breakpoints for both isolates, respectively. Phylogenetic trees were
constructed separately according to the non-recombination and detected recombination regions
(Fig. 3). Both the ‘BORU93’ and ‘HORPR94’ isolates were assigned as subgroup 1A based on
the non-recombination region (Fig. 3a), while inclusion of the recombination region clustered
these two isolates within subgroup I1 isolates (Fig. 3b).

To confirm the result obtained from the RDP3, phylogenetic and bootscan analyses using
‘BORU93” and ‘HORPRY94’ isolates as the query sequences were performed with Simplot
package. We used the assumed parents estimated by RDP3 (NNY and Trk7) and representatives

from both subgroups I and Il (NNY, PNY, Fny and IA for subgroup I and Trk7, LS, and Q for
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subgroup 1) as the references. When the phylogenetic analysis was carried out for ‘BORU93’, a
recombination point was detected at position 825 (Fig. 4a) of the sequence alignment, while for
‘HORPr94’, this position was nucleotide 841 (Fig.4b). Both of these positions were close to the
position 844 estimated by RDP3 program. In order to confirm the results obtained by Simplot,
similar sequences were used for a bootscanning analysis. The basic principle of bootscanning is
that ‘mosaicism’ is suggested when one observes high levels of phylogenetic relatedness
between a query sequence and more than one reference sequences in different genomic regions
(85). Evidence of recombination is typically considered to be supported when 70% of permuted
trees support a particular grouping of sequences. Bootscan analyses demonstrated that the
‘BORU93’ and ‘HORPr94’ isolates were built from a movement protein region related to the
isolate from subgroup II, and a CP and 3'NTR region related to the isolate from subgroup 1A
(Fig. 5).

We also examined sequence alignments of other genomic regions to detect any possible
recombination event by RDP3. Several isolates in each region were predicated to experience
recombination events, but less than four out of seven methods with non-expected, significant p-
values supported them. Also, Bootscan analysis with the Simplot program did not confirm these
isolates as candidate recombinants. Therefore, they were not considered as candidate

recombinants in our analyses.

Selection pressure on different coding regions

To determine the direction of the selective constraints imposed on different genomic regions of
CMV and compare the degree of this selection among the coding regions, the patterns of
selection in these genes was further analyzed. For this, the ratio of non-synonymous and

synonymous substitutions was estimated for each segment (Table 2). There was no evidence for
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positive selection in any of the CMV coding regions among the isolates included in this
investigation. The mean ® values estimated from pairwise comparisons between sequences were
less than 1 for all regions with the highest value for the 2b gene (Table 2). These ratios of ®
indicated that CMV coding regions were subjected to negative or purifying selection. The 1a,
MP and CP genes showed low o ratios, suggesting high selective pressure, whereas this ratio
was 5 to 9 times greater for 2a and 2b (Table 2), suggesting a greater tolerance for amino acid
substitutions among these latter two genes. To identify selection at individual codons in each
coding region, we applied three complementary maximum- likelihood methods (SLAC, FEL and
REL). Overall, the estimated o ratios using these methods further confirmed the result obtained
from pairwise comparisons. However, sites 72 (V — A,V — M, A — V or V — T) in the 2b, 25
(P—>LorP — S)in the CP and 76 (D — V or D — Q) in the 2a proteins were accepted as
positively selected codons by two methods (Table 4). No positively selected codons were

detected in the 1a and MP genes.

Discussion

Changes in the genetic composition of a virus population and new phenotypes which can arise as
a result of genetic exchanges (e.g. reassortment and recombination), can compromise the
effectiveness of disease control strategies. Therefore, an improved understanding of genetic
structure of CMV and the associated factors or selective forces driving virus evolution can help
to design improved disease management strategies. In the current study, our goal was to analyze
the phylogeography and genetic diversity of CMV. Furthermore, we investigated sources of
variation in the genetic diversity of CMV. The US CMV isolates included in this investigation
exhibited a low genetic diversity. The observed low genetic diversity among isolates in this

investigation is not surprising, however, as similar results have previously been reported for
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populations of this virus in large geographic regions including California (51) and Spain (5, 20).
A founder effect has been suggested as a partial explanation potentially shaping the observed
genetic structure of CMV (20, 51). Genetic bottleneck(s) may also have contributed to this
observed low genetic diversity and function to minimize the extent of genetic variation. Genetic
bottlenecks during CMV systemic movement in host plants and CMV transmission through the
aphid vector(s) have previously been reported (1, 50). This low genetic variation is true for most
plant virus populations (23) and our finding is consistent with the concept that genetic stability is
the rule in natural plant virus populations (23). Among US CMV coding regions in the current
study, the 2b gene demonstrated more genetic variability (7=0.051) when comparing among all
other regions. This result was consistent with previous investigations by Liu et al. (2004) and Lin
et al. (2009), demonstrating that the 2b gene possessed the greatest diversity in the CMV
genome. In our study, there was no clear association between phylogenetic groups and other
biotic (host plant species) or abiotic factors (geographic location or year). Here again, our results
are in agreement with previous findings obtained from California (51), Spain (22), and China
(53) illustrating that the genetic structure of CMV varied randomly, without association with
location, year, or host plant species. However, our sampling procedure may have had some
limitations in this study. For example, we may have had insufficient replicates from each
geographic region and host plant to conclude that genetic structure of CMV varied randomly. All
CMV isolates included in this investigation belonged to subgroup I. If we consider these isolates
as a reasonable approximation of the US CMV population, it suggests that subgroup | is of
greater prevalence than subgroup Il in this region, and this observation is consistent with
previous results (22, 63). Within subgroup I, 1A has a worldwide distribution (59), while most of

the previously described subgroup IB strains were from Asia (82), although the presence of this
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subgroup in other regions such as Italy (81) and Greece (88) has been reported. In the United
States, the presence of two CMV subgroup IB strains isolated from pepper in 1990 in CA and
one strain isolated from banana in 1995 in Hawaii was reported for the first time (51, 82).
Sequence analysis in the current study detected several subgroup IB isolates among historic
CMV isolates and phylogenetic analysis further revealed the presence of this specific subgroup
in the US prior to these references. However, no CMV subgroup IB was detected among recently
collected isolates sampled from a single host, snap bean in affected regions by the recent virus
outbreaks.

Reassortment in RNA viruses with segmented genome has been shown for animal and plant
viruses (9, 30, 51, 71, 79, 81, 87, 101, 102). Here, we report phylogenetic evidence for natural,
inter-subgroup reassortment between subgroups 1A and IB for three CMV isolates included in
this study. This type of reassortment has been previously reported for CMV isolates (5, 51, 81).
Although, we were only able to partially assess the RNAL (~1Kb), we believe that this sequence
is sufficient to distinguish subgroup 1A and IB from each other.

This study also detected two isolates as the natural recombinants from a subgroup Il pattern for
the MP gene and a subgroup IA pattern for CP gene. Recombination was confirmed by both
phylogenetic and computational analyses designed to detect recombination events. In similar
studies investigating natural CMV populations in Spain, approximately 17% of the sequenced
isolates possessed evidence for recombination derived principally from the RNA 3 of CMV
subgroup IA and IB, with MP CMV (I1A)/CP CMV (IB) as the most prevalent type of
recombinant (5). To our knowledge, this is the first report of recombination between subgroups |

and Il at the RNA 3 in natural populations of CMV. To construct phylogenetic trees, however,



49

we removed the sequences of these two recombinant isolates from our data because
recombination can mislead the phylogenetic estimation procedures (76).

A low frequency of genetic exchange (reassortment and recombination) among CMYV isolates
assessed in this research agrees with the previous results obtained from analysis of the genetic
structure of field population of CMV in Spain and California (5, 10, 20, 51) and illustrates that
these events are counter- selected in CMV natural population (19).

An analysis of natural selection showed that negative (or purifying) selection was the
predominant evolutionary force operating upon all CMV coding regions. This type of selection
imposed on CMV encoded proteins has been shown with CMV population of California and
China (51, 59). On the average, the evolutionary constraints exerted on proteins 1a, MP and CP
were larger than 2b and 2a. This observation is in agreement with the previous observation from
California CMV populations (51) showing that the 2b and 2a proteins are more flexible with
regard to amino acid substitutions and is also consistent with the idea that different coding
regions of CMV are under different constraints. However, the o ratio was higher for 2a and 2b
genes in our research when compared to the CA ® values, likely because we had a diverse
collection of CMV isolates from both subgroups IA and IB and different geographic locations
throughout the US. Selection can be associated with various factors such as structural features of
the virus, host plant and a vector. Garcia-Arenal et al. (2001) illustrated that negative selection
predominates during evolution of plant viruses when the entire genome is assayed and that this
purifying selection is principally due to the internal and external constraints (23). In the case of
CMV, almost all encoded proteins have direct or indirect interactions either with the host plant
(1a, 2a, 2b, MP and CP) or the insect vector (CP). Moreover, CMV possesses a very broad host

range and can be transmitted by a large number of aphid vectors, but there remains some degree
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of specificity for both transmission and infectivity by this virus (42, 72, 90, 95, 96). In order for
this virus to effectively adapt to this level of host and vector variation, we expected to see some
degree of positive (diversifying) selection in portions of the CMV coding regions similar to those
presented for other plant viruses in the past surveys (27, 59, 60, 86, 98). In the CP gene, we
noted that site 25 was accepted as the positively selected codon in subgroup IA. This result
corroborated previous reports illustrating diversifying selection for this codon (59). This amino
acid is located in the folded portion of CP (92) and it affects virus transmission by aphid (72).
Hence, a positive selection pattern in this CP region could be related to the role of different aphid
species in selection of different virus variants (59). Furthermore, Site 76 in the 2a protein was
shown to be under positive selection in the current study. These changes were detected in only a
portion of subgroup IB isolates. Referencing the brome mosaic virus (BMV), another member of
the family Bromoviridae, the N-terminal, 115 amino acids of the 2a protein are necessary to
interact with the helicase domain of 1a protein in the yeast two- hybrid system (40, 65). Hence,
the detected positively selected site in the CMV 2a protein is probably involved in this
interaction and is necessary for replication. Positively selected site 72 in the 2b protein located in
the overlapping region with ORF2a was strongly accepted by all three maximum-likelihood
methods, demonstrating a strong diversifying selection on this particular codon. Here again, 2b is
a multifunctional protein involved in virus, long- distance movement, symptom induction,
silencing suppressor and as a pathogenicity determinant (7, 14, 15, 16). Therefore, there is likely
a high level of interaction between this protein and host components and, at least in the case of
long- distance movement, this interaction may regulate host specificity (16). This host-specific
function and the extremely wide host range of CMV allow this protein to be considerably more

tolerant to nucleotide and amino acid changes (The highest estimated @ value among all coding
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regions). Multiple amino acid substitutions at this particular site suggest a greater selection
potential for adaptation. However, no specific amino acid / host relationship was recognized for
this particular site in this study. Compared to the known domains of the 2b protein with known
functions, this specific codon does not belong to any (48, 49). Hence, we have insufficient
information at the current time to propose reasons of this selection. However, we hypothesize
that amino acids located in this region of the protein are involved in an important function,
because CMV isolates from California showed a greater average number of non-synonymous
mutations than synonymous in a short region of the 2b gene (codons 81-93) (51). Also, we have
demonstrated in our current investigations (Chapter 3 of this thesis) that codon 80 of the 2b
protein of CMV field isolates in Wisconsin snap bean is under positive selection. Therefore, an
improved understanding of the function of this region remains as an interesting aspect that
warrants further investigation.

Although, the selection determination methods applied in the current study detected two
positively selected sites 249 and 258 in the 1a and MP proteins, respectively, but we did not
accept them because only one out of three methods confirmed these selections. Both of these
sites have been reported as the positively selected codons in the previous studies (13, 59).

It is also noteworthy here to mention that positively selected codons reported for the 2a and 2b
proteins in this research, have not been reported in the previous investigations (59) and may be
unique. However, the number of positively selected sites for the CP and 1la genes among the
range of CMV isolates included in this investigation was much less. There are possible
explanations for these differences. First of all, different methods for detecting positive selection,
may well account for the observed differences between these two studies. Secondly, we selected

isolates from natural populations of CMV in our research composed of subgroups IA and IB in
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US, while the previous research included only available CMV sequences in GenBank belonging
to subgroups 1A, IB and Il obtained from both experimental and natural conditions with
undefined constraints imposed upon the coding regions. Finally, we sequenced ORFla only
partially. Therefore, if we had assessed the whole gene, perhaps we would have detected more

positive codons with a higher level of statistical confidence.
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Table 1. CMV isolates collected in the United States and included in the phylogenetic

analysis.
Isolate Geog_r gphlc Host Date Isolate Geogr a_phlc Host Date
origin collected origin collected
AORU93 Oregon Unknown 1993 NNYS09 New York Snap Bean 2009
BORU93 Oregon Unknown 1993 ONYS09 New York Snap Bean 2009
FORU93 Oregon Unknown 1993 HWH10 Hawaii CO(;‘:&Z';”’" 2010
GORU93 Oregon Unknown 1993 NS3WIS09 Wisconsin Snap bean 2009
HORPr94 Oregon Primula sp. 1994 TWIS08 Wisconsin Snap bean 2008
KYKTTo08 Kentucky Tobacco 2008 WWIS07 Wisconsin Snap bean 2007
CaNYU90 New York Unknown Bleggze M'”O;WISO Wisconsin Snap bean 2007
Before i
CENYP90 New York Pepper 1991 3ARS50 Arkansas Spinach 1950
Before T
PNYU90 New York Unknown 1991 113CAT90 California Tomato 1990
Before I
NKNYC90 New York Cucumber 1991 116CAP90 California Pepper 1990
Before T
V154NYT85 New York Tomato 1989 160ECAP90 California Pepper 1990
Before I
V85NYT80 New York Tomato 1982 MDCAP93 California Pepper 1993
PV243AZMT77 Arizona Mungbean 1977 1441CAP90 California Pepper 1990
PV29WIC76 Wisconsin Cucumber 1976 INYS09 New York Snap Bean 2009
PV30MDH85 Maryland Cr?u”;’l‘]?fu';ga 1985 INYS09 New York | Snap Bean 2009
PV544NJU04 New Jersey Unknown 2004 KNYS09 New York Snap Bean 2009
PV59AZSU84 Arizona Sugar beet 1984 MNYS09 New York Snap Bean 2009
LNYS09 New York Snap Bean 2009 - - - -




54

Table 2. Population genetic parameters estimated for coding regions of US CMV isolates

using DnaSP and MEGA program.

Genomic Number

region  of isolates s m K O oS "dN o (AN/dS)
la 29 68 70 0.013 0.017 0.033%0.005 0.005%0.002 0.151
2a 31 67 69 0.034 0.030 0.068+0.012 0.022+0.005 0.323
2b 30 74 76 0.051 0.058 0.072+0.017 0.041+0.009 0.570
MP 30 116 123 0.039 0.034 0.111+0.013 0.011+0.003 0.100
CP 31 72 76 0.033 0.028 0.098+0.013 0.006+0.002 0.061

'S: Total number of segregating sites

2n: Total number of Mutations

*1: Nucleotide Diversity, average pairwise nucleotide difference per site
@, Mutation rate estimated from S

>dS: The average number of pairwise differences per synonymous site
®dN: The average number of pairwise differences per non-synonymous site

’dS and dN were estimated by Kumar method
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Table 3. Probability estimates for the ‘BORU93’ and ‘HORPr94’ isolates to be considered
as recombinants.

Concatenated nucleotide sequences of MP, CP and 3'NTR regions was used as a query.
Probability values (p-value) were set at level of 0.05 for all methods and the program was
implemented using the default settings.

Algorithm p-value
RDP -
Geneconve 3.361x10™
BootScan 6.209x10°°
Maxichi 2.649x10%
Chimaera 1.676x10%
SisCan 1.773x10°%

3SEQ

1.172x107100
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Table 4. Codon positions of the coding regions in the US CMV populations affected by

positive selection.

Positively selected codons were determined using three maximum-likelihood methods. Critical
p- values for SLAC and FEL were 0.1 and the minimum Bayes factor value was set at 50. The
best nucleotide substitution model for each coding region was selected as follows: 1la and CP,
HKY85; 2b and MP, TrN93; 2a, REV. **Sites detected as statistically significant by two

methods. ***Site detected as statistically significant by all three methods.

Coding . SLAC FEL REL  Bayes

region Site dN-gs  SCACPvalie g FELPvale o ds Factor
2a 76** 5.453 0.401 46.346 0.070 1.369 88.763
2b 12%** 7.664 0.099 34.739 0.032 7.787 693.8643

CP 25** 8.110 0.296 23.710 0.077 0.662 334.124
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Figure 1. CMV phylogenetic analysis based on six genomic regions including US and 15

reference isolates.

The rooted condensed tree (cutoff value of 70%) was constructed for US CMV isolates based on
the a) la (Partial sequence); b) 2a (Partial sequence); c) 2b (Complete sequence); d) MP
(Complete sequence); e) CP (Complete sequence); and f) 3'NTR of RNA3 complete sequence by
the neighbor-joining method using the Kimura-2 parameters model of nucleotide substitution
implemented in MEGA 5. The robustness of branching patterns was tested by 1,000 bootstrap
replications and bootstrap values are indicated at nodes. The trees were rooted by using PSTV
and TAV as out-groups. CMV subgroups are indicated by vertical brackets. Reference isolates
from GenBank are indicated by red stars and the accession numbers were listed in Appendix 3.
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Figure 1- Continued
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Figure 2. Phylogenetic position of two US CMYV isolates, ‘BORU93’ and ‘HORPr94’ based
on a) MP, b) CP, ¢) 3'NTR of RNA3.

CMV subgroups are indicated by vertical brackets and the position of these two isolates is

marked by orange arrows.
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Figure 3. Concatenated trees constructed based on the non-recombination (a) and
recombination (b) regions detected for ‘BORU93’ and ‘HORPr94’ isolates.

‘BORU93’ and ‘HORPr94’ were grouped with other subgroup I isolates based on the non-
recombination while these two particular isolates were clustered with the reference isolates
belonging to subgroup 1l according to the recombination region. CMV subgroups | and Il are
indicated by vertical brackets and the position of the two isolates is marked by pink arrows.
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Figure 4. Phylogenetic relationship of CMV isolates on the basis of concatenation of

nucleotide sequences of MP, CP and 3'NTR using Simplot.

Two US CMV isolates, ‘BORU93’ (a) and ‘HORPr94’ (b) were used as the query sequence and
six CMV isolates as reference sequences. Y-axis varies in identity percentage within a sliding
window of 200 bp and a step size of 20 bp. Black vertical dashed line shows the proposed
recombination break point. Sequences compared with the query sequence are indicated in the
legend.
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Figure 5. Bootscan analysis with ‘BORU93’ (a) and ‘HORPr94’ (b) isolates as the query

sequence.

Query sequences are illustrated on the upper portion of the figure. Sequences compared with the
query sequence are indicated in the legend. Analysis was performed with a sliding window of
200 bp and a step size of 20 bp. The y-axis illustrates the percentage of permuted trees in which
each selected isolate cluster with the query sequence. The 70% cutoff level, representing possible
recombination, is indicated by the dashed line.
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Chapter 3

POPULATION GENETICS AND PHYLOGENETIC ANALYSIS OF CUCUMBER
MOSAIC CUCUMOVIRUS (CMV) FIELD ISOLATES COLLECTED IN SNAP BEAN
AND PEPPER IN WISCONSIN*

* A slightly modified version of this chapter will be submitted for publication to Phytopathology

as:
Nouri, S., Groves, C. L., and Groves, R. L. (2012). Population genetics and phylogenetic
analysis of natural populations of Cucumber mosaic cucumovirus (CMV): Implications for the

novel epidemics in Wisconsin.
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Abstract

Cucumber mosaic cucomovirus (CMV) is one of the most common and economically important
plant viruses with a worldwide distribution and the widest host range among all known plant
viruses. Recent outbreaks of CMV, which started in 2000 in the Midwest and Northeast US, have
caused significant economic losses to processing snap bean (Phaseolus vulgaris L.) and pepper
(Capsicum annuum L.). Our analysis provides a genotyping profile of CMV 2b and CP genes
from field isolates in Wisconsin from 2007, 2008, and 2010, and describes the phylogenetic
relationships of these isolates within and among affected fields and two crop hosts in the state.
The nucleotide diversity (w) was estimated at 0.055 and 0.036 for the 2b and CP genes,
respectively. Phylogenetic analysis placed all selected isolates in the CMV subgroup | clade.
Both subgroups IA and IB were detected among Wisconsin CMV isolates in both processing
snap bean and pepper crops. The distribution of these subgroups was not correlated with their
geographical location or collection year, but it was associated with the host plant. Subgroups 1A
and IB were detected in pepper, whereas only subgroup 1A was found in snap bean. The
subgroup IA isolates collected in Wisconsin possessed a high sequence identity with other U.S.
subgroup IA reference isolates including historic CMV isolates from New York, another region
recently challenged with CMV outbreaks. In contrast, subgroup IB isolates collected from pepper
were different from other reference subgroup IB isolates. The CP and 2b genes of the newly
detected subgroup IB isolates in Wisconsin were more closely related with two other isolates
originating from Illinois and China, respectively. When comparing the CMV subpopulations
within and among fields, limited genetic variation was detected among isolates using the 2b and
CP genomic regions. The frequency of gene flow was limited for the 2b while it was frequent for

the CP gene. Intersubpopulation genetic distance of CMV isolates between two hosts was higher
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than intrasubpopulation suggesting genetic differentiation between two CMV subpopulations.
Neutrality tests further illustrated that negative selection was the major evolutionary force on the
2b and CP coding regions although some positively selected codons were detected inside of each

gene (often evidence of interaction with a host or vector).
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Introduction

Cucumber mosaic virus (CMV), the type species of the genus Cucumovirus in the family
Bromoviridae, is one of the most common and economically important plant viruses with more
than 1000 host species (57). CMV is transmitted by over 75 species of aphids in a non-persistent
manner (58). The genome of CMV contains three positive-sense, single-stranded RNAs
packaged in separate particles and two subgenomic RNAs (12, 58, 60). RNA 1 encodes the 1a
protein which is a replicase subunit and which contains methyl transferase and helicase motifs
(24, 26, 29, 33). RNA 2 encodes two proteins, 2a and 2b. The 2a protein encodes RNA-
dependent-RNA polymerase (RdRp) (6, 32, 26, 63) which together with the 1a protein forms the
viral components of the replicase complex (27). The 2b protein encoded via a subgenomic RNA
derived from RNAZ2, is a multifunctional protein and functions in host-specific, long-distance
movement, symptom induction, and as a virulence determinant by suppressing gene silencing (5,
11, 12, 13). The CMV RNA 3 encodes two proteins, 3a, a cell-to-cell movement protein (MP)
(13) and 3b or capsid protein (CP); this latter protein being translated from a sub-genomic RNA
4 (71). CP is involved in cell-to-cell movement, virus assembly and aphid- mediated
transmission (3, 7, 51, 61, 62, 75). Moreover, some strains of CMV carry an extra RNA
molecule known as satellite RNA. This satRNA is a linear, single-stranded RNA molecule,
ranging in size from 332 to 405 nucleotides (21), which can modify symptom expression induced
by the helper virus, ranging from attenuation to increased severity (57, 58, 68). CMV isolates
were previously placed into two subgroups, designated as subgroups | and Il based on serology
(58, 80), nucleic acid hybridization (56), RT-PCR followed by RFLP (65), and nucleotide
sequence identity (58, 67). The two groups have an average of 75% nucleotide identity overall
(67). Subgroup I is more heterogeneous than subgroup Il (57). Analysis of the CP gene and 5°

non-translated region (NTR) of RNAS3 led to further division of subgroup I into IA and IB with
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92-95% nucleotide identity among strains across these groups (67, 68). It has been shown that
estimated trees for different Open Reading Frames (ORFs) located on the different RNAs are not
congruent, suggesting that different RNAs may have independent evolutionary histories (67).
Subgroups 1A and 11 are found worldwide in distribution (52), while the majority of subgroup 1B
isolates are principally restricted to East Asia (67). Subgroup 1B was recently confirmed to be in
Hawaii and California (45, 68). Hence, CMV is a heterogenic group with significant variation
among isolates documented in different crops and geographic locations and as an RNA virus, it
able to rapidly evolve in unique environments with shifting selection pressures. (19, 39, 45, 46,
66, 67, 74).

CMV has been endemic in many parts of the United States for decades. Beginning in 2000,
however, a significant increase in virus outbreaks emerged in the processing snap bean
(Phaseolus vulgaris L.) industry in Wisconsin and later became prevalent in this crop in other
parts of Midwest and Northeastern U.S. (e.g. New York and Pennsylvania) (22, 25, 41, 53).
Succulent snap bean is grown as a canning crop in the upper Midwest and is considered one of
the most important commercially grown vegetables in the U.S. with an estimated $161 M dollar
in revenue (Natural Agricultural Statistics Service, 2011) and with Wisconsin as a domestic
leader on total production. Moreover, in 2007, the first among a series of CMV outbreaks was
observed in processing pepper (Capsicum annuum L.) fields in Wisconsin (Thomas L. German,
University of Wisconsin, personal observation). This has become a serious concern because
observed disease incidence approaching 100% had been observed in some snap bean fields (54).
Explanations for the emergence of these novel virus outbreaks are not well known.

Changes in the population structure of viruses, or virus diversity, has been considered as a

significant factor in the appearance of novel virus epidemics. However, the spatial structure of
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CMV genetic diversity, especially as it relates to plant host type, has not been fully investigated.
Hence, we implemented a molecular, phylogenetic analysis of CMV isolates based on two
important genomic regions, the 2b and CP genes, collected from selected field sites over the
course of a three year study. We chose the 2b gene because it is a multifunctional gene and is
involved in host-specific symptom induction (14, 43). Moreover, the presence of different
subgroups of CMV in the selected field locations can be determined by comparing CP sequences
among isolates. Two susceptible crops, succulent snap bean and pepper, were included in the

study as these were the two major virus-affected crops observed in outbreaks early in the 2000’s.

Materials and Methods

Virus isolates

In total, nine succulent snap bean fields and five pepper fields were sampled in 3 years. Three
snap bean and two pepper fields were sampled in both 2007 and 2008. In 2010, our collection
was limited to three snap bean and one pepper field. All sample fields were located in central
Wisconsin and specifically in the irrigated processing vegetable growing region known as the
Central Sands. All symptomatic plant samples in each year were collected between August and
October in 2007, 2008 and 2010. Specifically, a total of 25 symptomatic plants were collected
from each field. From among these field / year combinations, four plants, each showing a very
consistent set of foliar symptoms, were further subsampled from each field. Individual fields,
host plants and collection year represented a potentially different population in this study and
were subsequently termed sub-populations during analysis. From each plant, single trifoliate leaf
possessing disease symptoms including mottling, blistering and mosaic were sampled. Collected
leaves were immediately processed after sampling and the remaining foliage was kept in -80 °C

ultra-cold freezer.
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RNA extraction and RT- PCR amplification

Total RNAs were extracted from leaf samples using an RNeasy Mini kit (Qiagen, CA, USA)
according to manufacturer’s instructions. Two sets of primers (45) were used in one-step RT-
PCR to amplify the 2b and CP genes. Amplification was carried out in a 25 pl volume of 1X Go
Taq Flexi DNA polymerase reaction buffer (Promega, W1, USA), containing 0.2 mM dNTP mix,
5 mM DTT, 1.1 mM MgCI2, 10 U of SuperScript Il Reverse Transcriptase (Invitrogen,
Carlsbad ,USA), 0.75 U of Go Taq Flexi DNA Polymerase (Promega, WI, USA) and 12.5 mM
of each primer. The PCR program was initiated at 53°C for 45 minutes, followed by 25 cycles at
94°C for 30s, 54°C (CP) and 51 °C (2b) for 30s, 72°C for 1 minute and finished by 72°C for 7
minutes. Products were separated on a 1.2% agarose gel to initially screen for the presence of

product.

Sequencing

Observed bands of the appropriate size for the 2b (370 bp) and CP (675 bp) genes, respectively,
were excised and purified using a QIA quick gel extraction (QIAGEN, CA, USA). Purified
products for each gene / isolate combination were bi-directionally sequenced using a BigDye
termination sequencing kit and gene specific primers in an automated DNA sequencer (ABI
Prism 310 Genetic Analyzer, Applied Biosystem) in the DNA Sequencing Facility at

Biotechnology Center of University of Wisconsin-Madison.

Sequence alignment, phylogenetic analysis and estimation of nucleotide diversity
Consensus sequences of each gene / isolate combination obtained using the DNASTAR
(Madison, WI, USA) were later used for phylogenetic analysis. Multiple nucleotide sequence

alignments were performed using CLUSTALW in MEGA 5 (78). The sequence alignments were
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cleaned manually. Phylogenetic trees were constructed for each genomic segment by the
neighbor-joining (NJ) method (70) using the MEGA 5 program with 1,000 bootstrap replicates
under the Kimura 2- parameter model (34). Bootstrap consensus trees were rooted using Peanut
stunt virus (PSV) and Tomato aspermy virus (TAV) as the out-groups based on the current
knowledge of the Bromoviridae (8). All branches with <70% bootstrap support were judged
inconclusive and were collapsed (15, 28). For further analyses, reference isolate sequences as
representatives of CMV subgroups 1A, IB and Il, were downloaded from the NCBI Nucleotide
Database. We also used some previously recognized CMV isolates from the US (Chapter 2) to
compare with the current WI isolates. A portion of these extra selected isolates were
representatives of CMV from other geographic regions with the recent history of virus outbreak.
The list of the reference CMV sequences obtained from GenBank has been illustrated in
Appendix 3. The overall nucleotide diversity () among isolates and other genetic parameters for

each gene were determined using the DnaSP version 5.1 (69).

Measuring genetic differentiation

To measure the genetic variation of CMV subpopulations within and among fields, estimates of
nucleotide diversity were calculated within and among fields using DnaSP 5. To test if CMV
subpopulations between fields were genetically different, three independent permutation tests,
Ks*, Z and Snn, which represent the most powerful sequence-based, statistical tests for genetic
differentiation, with 1,000 permutation replicates implemented in DnaSP for the 2b and CP
genes (30, 31). Ks* is the weighted average of the nucleotide differences between two sequences
from two subpopulations and it is close to zero under the null hypothesis (no genetic
differentiation). The Z or rank statistic is the weighted sum of two assigned ranks obtained from

a matrix of pairwise number of differences for all pairs of sequences. Snn is the frequency of
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finding the nearest neighbor of sequences in the same locality. A Snn value is in the range of 0 to
1 for undifferentiated to high subpopulation differentiation, respectively (30). When taken
together, the null hypothesis is rejected if estimates for K* Z and Snn resulted in corresponding
P- values < 0.05. Also, DnaSP was used to estimate another parameter, Fsr, fixation index, a
measure of the proportion of the total genetic variance contained in a subpopulation relative to
the total genetic variance (83). Fstvalues range between 0 and 1, with respect to undifferentiated
to fully differentiated subpopulations. Furthermore, the level of gene flow can be estimated by
Fst, with an absolute value > 0.33 normally used as a standard for infrequent gene flow.

In order to identify genetic diversity of subpopulations on different host species and year of
collection, mean genetic distance was estimated within and between hosts and years using
MEGA 5 with 500 replicates. Pairwise Fst values between hosts and also years were used to

estimate genetic differentiation between subpopulations by the host species and collection year.

Natural selection analysis

To assess any type of natural selection pressure on either the 2b or CP genes of the representative
CMV isolates, non-synonymous (dN) and synonymous (dS) substitution rates and their
associated ratios (dN/dS= ) were estimated for each segment by using the bootstrap method
with 500 replicates in MEGA version 5. To determine the site specific selection pressure in each
region, three complementary maximum-likelihood methods including single likelihood ancestor
counting (SLAC), fixed effects likelihood (FEL) and random effects likelihood (REL) (37, 38)
were implemented in the Hyphy package available at the Datamonkey web server (http://www.
Datamonkey.org). To classify a site as positively or negatively selected, the cutoff P-value was
established as 0.1 for SLAC and FEL. For REL, a Bayes factor of 50 was selected as the cut-off

value. The most appropriate nucleotide substitution models were selected for each gene by the
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software and only selections determined to be significant by at least two methods were

considered as a significant positive.

Results

Genotype profile and phylogenetic relationship of CMV field isolates

The molecular signature of selected CMV field isolates in WI (Table 1) was determined based on
upon two genomic elements. To provide a genotype profile for CMV isolates in this area, we
performed phylogenetic analyses of fifty-three and forty-six isolates focusing on the 2b and CP
genes collected from different fields in the Central Sands vegetable production region.
Nucleotide sequences of both genes were aligned and used to construct NJ trees with 1,000
bootstrap replications and a Kimura 2-parameter model using MEGA (Fig. 1). As illustrated in
Figure 1, selected CMV isolates formed two main clades, with high bootstrap values. When
including both genes, the majority of isolates fell inside of clade CMV-1. Sequences of selected
isolates in the current study were compared with those of other available CMV isolates. This
analysis placed all Wisconsin collected CMV isolates in the subgroup I designation and further
illustrated that isolates in clade CMV-1 (Fig. 1) were a combination of host associations of snap
bean and pepper belonging to subgroup 1A (Fig. 2). All Wisconsin collected isolates in clade
CMV-2 (Fig. 1) were from pepper and belonged to subgroup IB of CMV (Fig. 2). No association
was documented between phylogenetic groups and geographic locations or collection years.
Wisconsin subgroup IA isolates showed 97% and 96% sequence identity when compared to six,
contemporary (2009) and five historical New York snap bean isolates, respectively, based on the

2b gene. This sequence identity was 97% and 95% for the CP gene, respectively.

The 2b and CP phylogenetic trees constructed with the Wisconsin sequences and reference CMV

isolates, grouped subgroup IB isolates, in the current study, separately from the PV29 isolate
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belonging to the same subgroup isolated from cucumber in 1975 from Wisconsin (Fig. 2).
According to these trees, the newly detected subgroup IB Wisconsin sequences demonstrated a
close phylogenetic relationship with 2A1IL isolate (Illinois) collected in 1999 from pepper (Fig.
2b) and an SD isolate submitted from China (Fig. 2a), when comparing the CP and 2b genes,

respectively.

Genetic diversity of selected CMV isolates and genetic differentiation between
subpopulations

To investigate the genetic diversity among selected CMV isolates in Wisconsin, population
genetic parameters for the 2b and CP genes were estimated using DnaSP 5 (Table 2). Overall, ©
values (nucleotide diversity, average number of nucleotide differences per site between two
sequences) for our CMV isolates ranged between 0.055 and 0.036 for the 2b and CP genes
(Table 2). The mean nucleotide diversity was 0.017 and 0.014 when comparing isolates within
fields based on the 2b and CP genes, respectively (Tables 3 and 4). However, three pepper fields
(JPO8, CAPO7 and E3P10) demonstrated higher within field nucleotide diversity based on both
genes (Tables 3 and 4). This result could be related to the unique composition of CMV in these
three specific fields, which was composed of both subgroups IA and IB (Fig. 1 and 2), whereas
CMV isolates in other fields exclusively belonged to either subgroup IA or IB. To measure the
genetic variation among fields, pairwise nucleotide diversity () was estimated using DnaSP and
these estimates ranged between 0.000 and 0.067, plus 0.000 and 0.052 for the 2b and CP genes,
respectively (Tables 3 and 4). Statistical tests, Ks*, Z, Snn and Fst were applied to test the
hypothesis that subpopulations between fields were genetically differentiated. The null
hypothesis (no genetic differentiation) was rejected for less than half of the field comparisons (33

out of 91 comparisons ~ 36.2% for 2b and 18 out of 91 ~ 19.7% for CP) for both genes
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supported by P- values less than 0.05 (Tables 3 and 4). Fst values ranged between 0 and 0.75,
but most comparisons (55 out of 91 ~ 60%) exceeded 0.33 for the 2b gene (Appendix 2). In
contrast, more than half of the comparisons (51 out of 91 ~ 56%) resulted in Fst values < 0.33
for the CP gene. Mean values of Fst ranged between 0.36 and 0.28 for the 2b and CP genes,
respectively. These values suggested a limited and frequent gene flow for the 2b and CP genes,
respectively. In order to measure the genetic diversity of the CMV subpopulation between the
two different host species (snap bean and pepper), within and between mean distances were
calculated using MEGA with 500 bootstrap iterations under the Kimura 2-parameter model
(Table 5a). Estimated within host mean distances was low in snap bean and higher in pepper for
both genomic elements (Table 5a). Between subpopulation diversity values were greater in their
order of magnitude to those corresponding to within subpopulation diversity values (Table 5a).
This indicates that there is differentiation of the population according to the host species.
Pairwise Fst values between these two host species was also applied to test if CMV
subpopulations were genetically differentiated. Fst values between these two hosts ranged
between 0.53 and 0.46 for the 2b and CP genes, respectively, which is sufficiently high to
differentiate CMV subpopulations between the two hosts. Phylogenetic analysis confirmed this
result in which subpopulations of CMV in pepper and snap bean were not fully differentiated
based on the 2b and CP phylogenetic trees. A total of 12 out of 19 isolates collected from pepper
formed a cluster in the 2b tree; however, the remaining seven isolates were grouped with other
snap bean isolates (Fig. 1a). This clustering remained consistent regarding the CP phylogenetic
tree (Fig. 2a). CMV isolates in this study were collected during 2007, 2008 and 2010. To
evaluate genetic differentiation of CMV subpopulations between these three years, we

considered subpopulation as those isolates that were sampled during a given growing season and
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genetic distance values were estimated within and between years (Tables 5b and 5c) as
previously described for host species. Intrapopulation diversity was similar for 2007 and 2008,
whereas 2010 subpopulations illustrated the lowest genetic diversity. Interpopulation diversity
values were similar to estimated intra-subpopulation values for 2007 and 2008, suggesting no
genetic differentiation between these two years (Tables 5a and 5b). In contrast, computed genetic
diversity between 2010 and the two other included years was greater than within subpopulation
diversity (Tables 5a and 5b). This indicates that CMV subpopulations in 2010 were genetically
differentiated more so than 2007 and 2008. Estimated Fst values were 0 when comparing sample
years 2007 and 2008, suggesting that CMV subpopulations in these two years were similar
(Tables 5a and 5b). Calculated Fst values between subpopulations of 2010 and the other years
confirmed the result obtained from genetic diversity comparisons and further illustrated that
there was some degree of differentiation between 2010 and CMV subpopulations in both
remaining years for both genomic regions (Tables 5a and 5b).

Overall, Fst and test statistic estimates illustrated that CMV subpopulations among Wisconsin
fields, based on the 2b and CP genes, were not genetically differentiated. Moreover,
phylogenetic analysis and Fsr values suggested genetically differentiated CMV subpopulations
between the two host species examined in a common geographic area (e.g. Central Sands
region). The genetically differentiated CMV subpopulation in 2010 was additionally confirmed

by within and between-subpopulation mean genetic distance comparisons and also Fst values.

Selection pressure on the two coding regions
The genetic distances at non-synonymous (dN) and synonymous (dS) sites and the dN/ dS ratios
were estimated for the 2b and CP genes to determine the direction of selective constraints

imposed on the coding regions (Table 2). The genetic distance at non-synonymous sites between



88

isolates was higher in the 2b gene (0.047) than CP (0.009). The mean ® values estimated from
pairwise comparisons between sequences were less than 1 for both 2b and CP genes suggesting
overall negative (purifying) selection imposed on these coding regions. However,
complementary maximume- likelihood methods (SLAC, FEL and REL) implemented using the
Hyphy package under HKY85 model could recognize single sites (codons) inside of coding
regions potentially undergoing positive selection. Data in Table 6 illustrates the position of these
positively selected areas within 2b and CP genes. Site 24 (Q — L) in the 2b gene was accepted
as the positively selected codon most strongly recognized by all three methods, while Sites 3
(L — 1) and 80 (P — S) in the 2b and codon 25 (S — P) in the CP were detected by two methods
with high supporting values. The positively selected amino acid change at sites 24 and 3 of the
2b was present in 14 and 6 isolates, respectively, collected from snap bean and phylogenetic
group 1 (CMV IA) in various years and fields. A change at the site 80 of the 2b protein was
detected in 17 isolates from snap bean and pepper (both subgroups) collected in 2007 and 2008.
This latter change in pepper was present in only subgroup IB. In the CP coding region, site 25
was positively selected in 31 isolates from among different hosts, years and both phylogenetic

groups.

Discussion

We surveyed the genetic diversity and phylogenetic relationship of CMV isolates in Wisconsin
collected from different fields, years and two host plants. A distance-based NJ method was
applied to construct the phylogenetic trees based on the nucleotide sequences of the 2b and CP
genes. Overall, CMV field isolates in Wisconsin demonstrated low genetic diversity, with «
estimates of 0.055 and 0.036 for the 2b and CP genes, respectively. Our results are consistent

with previous studies investigations of natural CMV populations in Spain and California
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illustrating a low genetic diversity (17, 45, 46). Additionally, Wisconsin CMV isolates included
in this investigation fell into subgroup | which was in agreement with the results obtained from
the previous studies which showed a higher incidence of subgroup I more so than subgroup |1
(10, 17, 19, 46, 66, chapter 2 of this thesis). One possible reason for not detecting any subgroup
Il isolates among our field collections could be related to the different adaptive responses of
these two subgroups to temperature. Specifically, it has been shown that CMV subgroup Il has a
lower thermal optima than subgroup | and this latter subgroup is predominate in collections
obtained during the summer (9, 17), the season in which isolates were collected in the current
investigation. Taken together, the structure of field CMV isolates in Wisconsin was comprised of
a combination of subgroup IA and IB. However, the distribution of these two subgroups was
different between two hosts. Our data showed that all isolates collected from snap bean belonged
to subgroup 1A, whereas isolates from pepper were more diverse, composed of both subgroups
IA and IB with the latter being predominant (Figs. 1a and 2a). It has been shown previously that
mixed infections of subgroups IA and IB were common in affected tomato fields in Spain (4,
17). No significant association was seen between phylogenetic groups and other factors such as
geographic region or collection date, which was again consistent with previous investigations
(19, 45, 47). In contrast, an observed association between phylogenetic subgroups and host plant
was noted, and this observation is inconsistent with previous studies in Spain and California,
USA (19, 45). A question that emerges here centers on the variation in genetic diversity and
specifically subgroups, explained by host plant. Specifically, why is the population of CMV in
snap bean composed of only the specific subgroup IA, with low intra-host genetic variation,
whereas populations in pepper were more diverse and containing both subgroups. One possible

explanation is related to host-virus strain specificity. There is evidence suggesting that specific
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strains of CMV, termed “legume strains”, can cause systemic infection in legumes such as bean
(16, 34, 40, 50, 64, 82). Although no investigation has been performed to determine the genetic
profile(s) of CMV legume strains, and furthermore there is no evidence to suggest that subgroup
IB is unable to cause infection in succulent snap bean.

Another possible explanation for the extremely low genetic diversity among CMV isolates in
snap bean, and furthermore the existence of only a single subgroup (IA) in this crop, could result
from the ‘founder effect’ which has previously been suggested to play a role in shaping the
genetic structure of CMV in California and Spain (17, 45). Founder effect is often invoked to
explain the low genetic diversity of certain populations of various plant viruses, including the
rice yellow mottle virus population in western Africa, rice strip virus in China and cucurbit
yellow stunting disorder virus in Spain (20, 48, 81). Introduction or selection of a relatively few
CMV variants in a discrete field, area or region could result in a lack of significant genetic
variation. Genetic bottlenecks may contribute to the founder effect and reduced genetic variation
ultimately leading to a lack of intra-population differentiation. Genetic bottlenecks during CMV
systemic movement in the host as well as during transmission by aphid vectors have previously
been reported (1, 44). However, we cannot rule out the possibility of the presence of both
subgroups 1A and IB in snap bean fields in the past, with only the emergence of subgroup IA
recently. Furthermore, we included only affected plants showing typical CMV symptoms in this
study. Hence, it is possible that subgroup IB in snap bean was among asymptomatic, non-
included plants.

We did observe a high level of sequence identity (98%) between the legume subgroup IA CMV
isolates in snap bean and the same subgroup in pepper and phylogenetic trees clustered them

together (Fig. 1a and 2a). Although, the legume strains of CMV can cause systemic infection in
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legumes, these strains have also been isolated from pepper (59), spinach (18) and lettuce (79).
Therefore, our observation of a high level of similarity between subgroup IA isolates in these
two hosts is not surprising.

Moreover, it was interesting to observe that the CP phylogenetic tree classified subgroup 1B
isolates, recognized in the current survey in pepper, separately from other available CMV
subgroup IB isolates in other parts of the world and as well as the 2A1IL isolate from pepper in
Illinois (55). In the case of the 2b gene, the sequence of the 2A1IL isolate was not available in
GenBank for comparison, but a close phylogenetic relationship was determined between
Wisconsin subgroup 1B and the SD-CMV isolate from China, suggesting the potential for a long-
distance migration (gene flow) between these two geographic regions for this specific gene.
Furthermore, a high level of sequence identity was found between six CMV subgroup IA isolates
collected from snap bean fields in 2009 in New York, another region with a recent history of
virus outbreak and recently collected, Wisconsin subgroup IA isolates. Although, we did not
have historic subgroup 1A CMV isolates from Wisconsin, we were able to compare these to the
historic, New York isolates. Sequence comparisons demonstrated a range of 95-97% identity
between the CMV isolates recently collected from snap bean in Wisconsin and New York, to the
historic New York isolates, respectively. Hence, these results suggest that the recent virus
outbreaks in selected regions of U.S. may have not been due to invasion of a new subgroup 1A
serotype.

It is worthwhile to note here that coincident with the increasing incidence of the virus epidemic
in the selected regions, the soybean aphid (Aphis glycines), a novel and highly efficient vector
for CMV (23, 53), was introduced to the United States (and specifically the State of Wisconsin)

from Asia in 2000. Although there is insufficient evidence to demonstrate that there may be
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vector selection pressure for specific subgroups of CMV, it has been shown that there is some
degree of specificity for transmission of this virus by other aphid species (61). Similar biases in
transmissibility have been reported for other plant virus—vector systems. For example, whitefly
Bemisia tabaci populations from various geographical locations had different transmission
efficiencies with different isolates of tomato leaf curl geminivirus or other geminiviruses (2, 49).
Hence, one proposed scenario for the recent virus epidemics in select regions of US is that when
the first CMV outbreak occurred in Wisconsin, one or a few genetic types established an initial
population and this genetic type (subgroup) may have been selected by the soybean aphid and
was subsequently distributed rapidly and widely due to the tremendous number of aphids during
dispersal. Another plausible explanation might be a constriction, or genetic bottleneck, which
may happen at the end of the growing season. Specifically, the virus may successfully overwinter
in only a very discrete set of biennial or perennial host plants, and in the following growing
season, a very wide range of crop hosts are again recolonized from this reservoir. Marco and
Arenda (2005) proposed a similar scenario for the Cucurbit yellow stunting disorder virus
epidemics in Spain. However, in this instance, genetic bottlenecks resulting from host plant
constraints during overwintering may be unlikely because of the year-round maintenance of the
vector and plant populations (48). Further research would be required to link this aphid with the
observed subgroup distributions in the current study.

The genetic variation (nucleotide diversity) within fields was very low for both genes suggesting
that the CMV population in individual sample fields could have been derived from a single
origin and a predominate haplotype. However, isolates from three pepper fields (JP08, CAPO7
and E3P10) showed genetic variation among isolates in the same sample field location (Tables 3

and 4). This result was not very surprising, because isolates collected from these two fields
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belonged to both subgroups IA and IB (Figs. 1a and 2a) and these two subgroups of CMV show
5-8% nucleotide sequence difference (67, 68). Overall, genetic differentiation of CMV
subpopulations among fields for both genes was not supported in most comparisons. However,
this differentiation for 2b was seen approximately twice as often as the CP gene. This result was
consistent with the estimated Fst values illustrating that gene flow among fields for the CP gene
was more frequent than the 2b.

Although the majority of CMV isolates sampled from pepper were grouped together and formed
a cluster, phylogenetic trees did not place these CMV isolates sampled from the two host species
into completely separate clades. A few CMV isolates from pepper were grouped with isolates in
snap bean. It shows that the CMV subpopulations in these two hosts cannot by fully differentiate
among the host types. This degree of genetic differentiation is also consistent with the limited
gene flow (Fst value=0.53 and 0.46) between these two subpopulations. Estimated genetic
diversity for CMV subpopulations by year illustrated that the 2010 subpopulation had the lowest
genetic diversity among all three years. One possible reason for this low amount of variation
could be related to the number of CMV subgroup IB isolates collected from pepper fields in this
particular year. We had two subgroup IB versus 11 subgroup IA isolates in the 2010 CMV
subpopulation and it was previously shown that subgroup IA isolates included in this study were
genetically uniform.

Comparison of synonymous to non-synonymous substitutions and calculated ® values showed
that the CMV population in Wisconsin fields is experiencing purifying selection upon both
genes, especially CP as has been shown in other studies for this virus (45, 52). Although,
negative selection has been demonstrated as the predominate constraint imposed on coding

regions during the evolution of plant viruses and purifying selection is due to both internal and
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external constraints (20), there is some degree of specificity for both transmission and infectivity
by some plant viruses such as CMV (36, 61, 72, 76, 77). CMV shows a broad host range and can
be transmitted by a large number of aphid vectors. Hence, in order to adapt to this level of host
and vector variation, we expected to see some degree of positive (diversifying) selection in some
codons in the CMV coding regions. In a previous study to identify positively selected amino acid
changes in different coding regions of CMV, no evidence of positive selection was found in the
2b gene (52), whereas this was detected in three positively selected sites in the 2b gene in the
current study (Table 6). The 2b protein is a multifunctional protein involved in long-distance
movement, virulence and is a suppressor of RNA silencing (5, 11, 12, 13). Hence, this protein
interacts directly with the host and there is evidence that this interaction is host specific (14).
This host-specific function, coupled with the extremely wide host range of CMV, allow this
protein to be considerably more tolerant to nucleotide and amino acid changes. Positively
selected amino acids 24 and 3 in the 2b gene have been located in NLS1 (nuclear localization
signal 1) and the N-terminal region of the protein which are required for symptom induction,
respectively (42, 43). RNA silencing suppression is another assumed function for the NLS region
of the CMV 2b protein (43). It suggests that host- virus interaction plays an important role in
selection and adaptation. Although, we could not find any information about the specific
function of codon 80 in the 2b coding region of CMV in the current literature, it seems that
amino acids located in this region are involved in an important function because CMV isolates
from California showed a greater average number of non-synonymous mutations than
synonymous in a short region of 2b (codons 81-93) and close to our detected site (45). It is
noteworthy that the majority of isolates exhibiting positive selection at sites 3 and 24 were

collected from snap bean, while site 80 was detected among subgroup 1A isolates collected from



95

both snap bean and pepper. It may suggest some degree of host adaptation selection pressure for
CMV selected isolates. For the CP gene, our approach found site 25 under positive selection.
This result confirmed the previous report showing diversifying selection for this codon (52). This
amino acid is located in the folded region of the CP (73) and it affects virus transmission by the
aphid vector (61). Hence, a positive selection pattern in this codon of the CP gene could be
related to the role of different aphid species in selection of different virus variants (52).

In conclusion, CMV displays low genetic variation in Wisconsin processing vegetable crop
fields for the 2b and CP genes. Our analyses provided a genotyping profile of CMV field isolates
in the state, and this allowed us to investigate the genetic composition of CMV populations in
this agriculturally important region. Subgroups IA and IB were prevalent in the subset of CMV
isolates sampled, but the distribution of subgroup IB appears to be host-specific. Therefore,
further investigation of more CMV isolates in other host plants in this geographic region can
generate more information about the composition and genetic structure of the virus. Purifying
selection was determined as the predominant evolutionary force acting on the 2b and CP genes,
although certain amino acids under positive selection could be detected. Our data also confirmed
mixed infections of subgroups in pepper fields which can lead to the possibility for reassortment.
Hence, assessments of the phylogenetic relationships among CMV isolates in other genomic
segments of CMV for the selected isolates in this study will provide valuable information about

the most important genetic variation and evolutionary source in this segmented virus.
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Table 1. CMV isolates collected in Wisconsin through the experimental interval 2007, 2008

and 2010.
Field Number of isolates for
Host Plant Collection Date Farm Identity
ID 2b/CP
CA 4/3 Pepper 2007 Heath
BD 4/4 Snap bean 2007 Hartung Bros.
DB 4/4 Snap bean 2007 Hartung Bros.
DA 4/3 Snap bean 2007 Affeldt
HP 3/3 Pepper 2007 Heath
Y 3/3 Snap bean 2008 Hartung Bros.
C 4/3 Pepper 2008 Heath
B 3/3 Snap bean 2008 Seneca
J 4/4 Pepper 2008 Heath
H 4/4 Snap bean 2008 Hartung Bros.
K24 4/3 Snap bean 2010 Hancock AES
SC2 4/3 Snap bean 2010 Seneca
S1C 4/3 Snap bean 2010 Seneca
E3 4/3 Pepper 2010 Heath




Table 2. Population genetic parameter estimates for Wisconsin CMV isolates.

97

Genomic Nun}ber st ) 3 0.4 4s® AN ®
region isocl’ates n T w (dN/dS)’
2b 56 49 49 0055 0035 0093£0.019 0.047:0010 0505
CP 4 78 80 0036 0027  0.108:0.014 0.009+0.003  0.083

1S: Total number of segregating sites

?1): Total number of Mutations

% 1: Nucleotide Diversity, average pairwise nucleotide difference per site
@, Mutation rate estimated from S

>dS: The average number of pairwise differences per synonymous site
®dN: The average number of pairwise differences per non-synonymous site
o (dS/dN) were estimated by Kumar method
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Table 3. Nucleotide diversity (7r) within (in bold) and between CMYV subpopulations for the
2b gene by field.

An asterisk indicates sample pairs for which a null hypothesis of no genetic differentiation was
rejected (P<0.05) using genetic differentiation estimates by Ks*, Z and Snn implemented in

DnaSP program.

Field J Y H DA BD C DB SIC B K24 CA HP SC2  E3
J 0.067

Y 0043 0000

H 0046+ 0013  0.000

DA 0041 0010 0017 0014

BD 0043 0006 0015 0015+  0.008

C 0067 0068 0076+ 0070+ 0074~ 0001

DB 0042+ 0005 0018 0013 0005 0070+  0.002

SIC 0040 0013 0013+ 0017 0017 0077+ 0016  0.012

B 0044 0006 0019+ 0015 0009 0072« 0006 0014 0.007

K24 0037 0006~ 0018 0013 0008 0074~ 0007 0014 0006  0.008

CA 0071 0065 0068+ 0063 0064« 0031~ 0061 0068 0069 0061  0.053

HP 0072 0073 0078 0073« 0076 0000 0072 0080 0077 0075+ 0034 0000

SC2 0035 0009 0014~ 0013+ 0013+ 0076+ 0014 0010 0010 0011 0067 0078  0.000
E3 0059 0040 0046+ 0041 0041 0072 0039 0042 0042 0038 0065 0076 0038 (o7
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Table 4. Nucleotide diversity (zr) within (in bold) and between CMYV subpopulations for the
CP gene by field.

An asterisk indicates sample pairs for which a null hypothesis of no genetic differentiation was
rejected (P<0.05) using genetic differentiation estimates by Ks*, Z and Snn implemented in

DnaSP program.

Field J Y H DA BD C DB SiC B K24 CA HP  sC2 E3
J 0.037

Y 0030 0011

H 003+ 002+ 0001

DA 0038 0023 0015~ 0028

BD 0020~ 0012« 0020~ 0020 0.001

c 0042 0046 0.045 0051 0041  0.000

DB 0024~ 0005~ 0020 0019~ 0008 0040  0.000

SIC 0030 0015 0027+ 0029 0013 0047 0010+  0.020

B 0025 0012 0023+ 0024 0006 0044 0007+ 0014 0010

K24 0022 0012 0.022 0024 0003 0043 0008 0013 0005 0.001

CA 0043 0043  0.043+ 000 0037 o022 0034 0045 0041 0.041 0.044

HP 0042 0048 0.046 0053 0042 0001 0041 0048 0045 0044 oo 0002

SC2 0022 0011 0.021 0023 0002 0042 0007 0012 0005 0000 .0 0.044  0.000

E3 0038 0032 0037~ 0042 0025 0038 0024~ 0034 0029 0028 0044  0.039 0027 0052
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Table 5. Within- and between-subpopulations genetic distance (D) for the 2b and CP genes
of CMV by host species and year.

A subpopulation here is considered as a set of isolates from a given host species (Snap bean and
Pepper) (a) or collected during a growing season (years 2007, 2008 and 2010) (b is for 2b gene
and c for CP gene). Genetic distance refers to the average number of nucleotide substitutions
between two randomly selected sequences in a population estimated by 1,000 bootstrap
replicates under the Kimura 2-parameter model in MEGADS program. Fst values were calculated
using DnaSP 5. Fsr values range between 0 and 1 for undifferentiated to fully differentiated
populations. Also, the level of gene flow can be estimated by Fsr. The absolute value > 0.33 is

normally used as a standard for infrequent gene flow (S = Snap bean, P = Pepper).*Estimated

FstVvalues.
a
Gene D Fst
Within S Within P Between Sand P Between S and P
2b 0.017+0.004 0.075+0.011 0.097+0.015 0.53
CP 0.020+0.004 0.039+0.006 0.055+0.007 0.46
b
Year 2007 2008 2010
2007 0.068+0.011 0.069+0.010/0.000* 0.061+0.010/0.200*
2008 0.074+0.011 0.058+0.009/0.112*
2010 0.029+0.005
C
Year 2007 2008 2010
2007 0.043+0.006 0.042+0.005/0.000* 0.034+0.004/0.116*
2008 0.044+0.006 0.035+0.004/0.084*
2010 0.021+0.03
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Table 6. Codon positions of the 2b and CP coding regions of Wisconsin CMV isolates

affected by positive selection.

Positively selected codons were determined using three maximume-likelihood methods. p- value
for SLAC and FEL was 0.1 and the minimum Bayes factor value was set at 50. *Sites were
detected as statistically significant by two methods. ** Sites were detected as statistically

significant by all three methods.

o ST o e S B
3* 43,915 0.126 37.813 0.024 2.741 1527.270
2b 24** 60.396 0.085 77.468 0.028 2.709 667.389
80* 28.244 0.296 18.551 0.098 2.698 234.077

CP 25* 15.258 0.296 24.209 0.077 2.074  4399.340
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Figure 1. Bootstrap majority rule (70%) consensus trees for the 2b and CP genes of

Wisconsin CMV isolates in snap bean and pepper fields.

Constructed phylogenetic trees for the 2b (a) and CP (b) genes using the neighbor-joining (NJ)
method with 1000 bootstrap replicates under the Kimura 2-parameter model implemented in
MEGA 5. Phylogenetic trees were rooted using Peanut stunt virus (PSTV) and Tomato aspermy
virus (TAV) as out-groups. CMV subgroups have been indicated by vertical brackets (P =

pepper; S = snap bean; Numbers at the end of taxon represent collection year).
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Figure 2. Bootstrap majority rule (70%) consensus trees for the 2b and CP genes of

Wisconsin and reference CMV isolates.

Constructed phylogenetic trees for the 2b (a) and CP (b) genes using the neighbor-joining (NJ)

method with 1000 bootstrap replicates under the Kimura 2-parameter model implemented in

MEGA 5. Selected CMV isolates from GenBank and sixteen additional CMV isolates previously

collected in the U.S. were included as reference isolates (Appendix 3). Reference isolates have

been marked with red boxes. Phylogenetic trees were rooted using Peanut stunt virus (PSTV)

and Tomato aspermy virus (TAV) as out-groups. CMV subgroups have been indicated by

vertical brackets (P = pepper; S = snap bean; Numbers at the end of taxon represent collection

year).
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Chapter 4

ASSOCIATION OF NEW SATELLITE RNAs WITH NATURAL INFECTIONS OF
CUCUMBER MOSAIC CUCUMOVIRUS (CMV) IN SUCCULENT SNAP BEAN AND

THE ROLE OF EXTRA RNAs IN SYMPTOM DEVELOPMENT*

* The first part of this chapter (satellite RNA discovery) is a slightly modified version of the
following publication:
Nouri S, Falk BW, Groves RL. 2012. A new satellite RNA is associated with natural infections

of cucumber mosaic virus in succulent snap bean. Arch Virol 157: 375- 378.

*A slightly modified version of the second part of this chapter (symptom development bioassay)
will be submitted for publication as:
Nouri, S., Palukaitis, P., and Groves, R. L. 2012. Symptom enhancement by two newly

characterized satellite RNAs of Cucumber mosaic cucumovirus (CMV) in snap bean.
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Abstract

From ~2000 to the present, snap bean (Phaseolus vulgaris L.) production in the Midwest and
Northeast United States has been affected by a complex of virus disease epidemics.
Cucumber mosaic cucomovirus (CMV) was consistently recovered from symptomatic and
asymptomatic plants infected with CMV during surveys conducted in 2007, 2008 and 2010 in
Wisconsin. Satellite RNAs (satRNA) were detected in 71% of selected samples by RT-PCR.
Comparison of satRNA sequences with currently available CMV satRNA sequences suggested
these to be novel satRNAs. A greenhouse bioassay used to measure symptom development
illustrated that the co-association of the two satRNAs with CMV infections exacerbated
symptoms in snap bean and hastened the onset of symptom expression in this host. The effects
on symptom development were host specific since the new satRNAs attenuated CMV symptoms

in tobacco.
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Introduction

Snap bean (Phaseolus vulgaris L.) is one of the most important commercially grown vegetables
in the United States with 161 M dollars in revenue (Natural Agricultural Statistics Service, 2011)
with Wisconsin as a domestic production leader. In 2000, a widespread Cucumber mosaic
cucomovirus (CMV) outbreak significantly affected the snap bean processing industry in
Wisconsin and then progressed to the other portions of Midwest and Northeast United States
(New York and Pennsylvania States) (23, 27, 46, 53), plus Ontario, Canada (46). In some cases,
nearly 100% of plants in snap bean fields were infected with CMV (54). In the US, CMV has
been regarded as endemic for many years, yet it had only intermittently affected snap bean
production prior to 2000 (15, 78).

CMV is one of the most economically important plant viruses with a worldwide distribution and
a potentially severe impact on cultivated crops (59). Cucumber mosaic cucomovirus, the type
species of the genus Cucumovirus in the family Bromoviridae, is also one of the most
widespread plant viruses. The host range of CMV includes over 1,000 plant species (56, 59) and
the virus is transmitted by over 75 species of aphids in a non-persistent manner (59). The
genome of CMV contains three positive-sense, single-stranded RNAs packaged in separated
particles and two subgenomic RNAs (13, 59, 60). RNA 1 and 2 encode the 1la and 2a proteins;
respectively constitute two subunits of the virus replicase complex (31). The 2b protein, encoded
via a subgenomic RNA derived from RNAZ2, is a multifunctional protein and functions in host-
specific, long-distance movement, symptom induction, and as a virulence determinant by
suppressing gene silencing (7, 12, 13, 14). The CMV RNA 3 encodes two proteins, 3a, a cell-to-
cell movement protein (MP) (14) and 3b or capsid protein (CP); this latter protein being

translated from a sub-genomic RNA 4 (71) which is also involved in cell-to-cell movement,
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virus assembly and aphid-mediated transmission (6, 9, 51, 61, 62, 75). Furthermore, CMV is a
heterogenic group divided into two subgroups designated as subgroups | and Il based on
serological (59, 77) and nucleotide sequence identities (59, 66), with each subgroup sharing
approximately 75% nucleotide identity (66). Analysis of the CP gene and 5 non-translated
region (NTR) of the RNA3 has led to further division of subgroup I into designations of 1A and
IB, sharing approximately 92-95% nucleotide identity (66, 69). There is also evidence showing a
relationship between some strains of CMV and specific host plants such as legumes (19, 42, 45,
49, 78).

Some strains of CMV carry an extra RNA molecule known as satellite RNA (satRNA). This
satRNA is a linear, single-stranded RNA molecule, ranging in size from 332 to 405 nucleotides
(21, 73). These small RNAs do not encode any protein and are dependent on CMV for
replication, encapsidation and transmission (26, 68). A unique feature of satRNAs is their ability
to modify symptom expression induced by the helper virus, ranging from attenuation to
increased severity depending on the CMV genotype (57, 67), host plant (22, 39, 44, 50) and
satRNA (57). Most CMV satRNAs reduce the replication and accumulation of their helper virus,
which results in symptom attenuation (5, 29, 33, 36, 47). However, the presence of hypervirulent
satRNA in the CMV population has been described to cause severe systemic chlorosis in
tobacco, pepper and tomato (25, 55, 76). The co-occurrence of the satRNA with natural CMV
populations has further been linked to four important historical epidemics in tomato in different
parts of the world (11, 35, 40, 43).

Consistent with these previous reports, one hypothesis that we propose as a partial explanation of

the recent CMV epidemics, is the co-occurrence, or presence of satRNA in affected snap bean
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fields. Specifically, our objective in the current study was to investigate the relationship of this
extra RNA and disease symptom development within susceptible snap bean.

Towards this end, we collected CMV infected samples from symptomatic snap bean fields in
Wisconsin to document the possible association of satRNA with these field-collected isolates.
Following characterization, we investigated the role of field-collected satRNA in disease
symptom development using greenhouse inoculation bioassays including a satellite free, legume-
specific CMV infectious clone that was in the same subgroup as the CMV in the snap bean fields

and two satRNA variants isolated from Wisconsin field samples.

Materials and Methods

Sampling and virus isolates

Five leaf samples from snap bean (Phaseolus vulgaris L.) plants showing disease symptoms,
including mottling, blistering and stunting, were collected from 12 fields in Wisconsin during the
2007, 2008 and 2010 production seasons between July and September in each year. Samples
were initially returned to the laboratory and assayed for the presence of CMV. Three sets of
CMV-infected trifoliate leaves were then flash frozen in liquid nitrogen and held in a freezer at -

80 °C until RNA extraction were completed.

RNA extraction and RT- PCR amplification

Total RNA was extracted from leaf samples using an RNeasy Mini kit (Qiagen, CA, USA)
according to the manufacturer’s instructions. To select CMV isolates, the CMV coat protein (CP)
gene was targeted for amplification with a specific primer pair (CP F: 5'-
TTGAGTCGAGTCATGGACAAATC-3' and CP R:5-AACACGGAATCAGACTGGGAG-3)

(48). One-step RT-PCR amplification was carried out in 25 pl volume of 1X Go Tag Flexi DNA
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Polymerase reaction buffer (Promega, WI, USA), containing 0.2 mM dNTP mix, 5 mM DTT,
1.1 mM MgCI2, 10 U of SuperScript Il Reverse Transcriptase (Invitrogen, Carlsbad ,USA),
0.75 U of Go Taq Flexi DNA Polymerase (Promega, WI, USA) and 12.5 mM of each primer.
The first strand cDNAs were synthesized at 53°C for 45 minutes and then PCR reactions were
conducted by 25 cycles in 94°C for 30s, 54°C for 30s, 72°C for 1 minute and finished by 72°C
for 7 minutes. RT-PCR with specific satRNA primer pairs (CMV sat F:
5 GGGAATTCATTTAGGTGACACTATAGTTTTGTTTG3® and CMv sat R:
5 GGGGTCTAGACCCGGGTCCTG3") was conducted for a subset of CMV isolates (30). The
RT-PCR reaction and PCR program was the same as described above for the CP gene, except
that the annealing temperature was 56 °C for satRNA amplification. Products were separated on
a 2% TAE agarose gel to initially screen for the presence or absence of satRNA. Mock, buffer-
inoculated plant and a CMV Ky-strain with associated satRNA, were used as negative and
positive controls (30), respectively. Gel purification was performed using a QIAquick Gel

Purification Kit (QIAGEN, CA, USA).

Cloning, sequencing and sequence comparison

The purified PCR products of satRNA were directly sequenced. Ten satRNA cDNAs were
cloned using the pGEMT Easy Vector kit (Promega, WI, USA) and transformed in chemically
competent cells of Escherichia coli strain DH5a according to the manufacturer’s instructions.
Three colonies from each isolate were selected from the plates and screened by PCR for the
presence of appropriately sized inserts using the M13F and M13R primers. Minipreps were
performed using the Qiaprep Spin Miniprep kit (Qiagen, CA, USA) and the satRNA cDNA
inserts were sequenced using a BigDye termination sequencing kit and universal M13F and

M13R primers in an automated DNA sequencer (ABI Prism 310 Genetic Analyzer, Applied
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Biosystem) at the DNA Sequencing Facility at Biotechnology Center of the University of
Wisconsin-Madison. Consensus sequences were obtained with the DNASTAR (Madison, WI,
USA) and products were blasted against GenBank sequences using the local alignment tool,

BLASTN (2).

Purification of CMV satellite RNA

The total RNAs of two satRNA positive CMV isolates confirmed by nucleotide sequencing were
separated by electrophoresis on a 1% agarose denaturing gel containing glyoxal/DMSO (8).
These isolates were obtained from a single snap bean field in Wisconsin. The total RNAs of
reference controls, including a healthy plant and the CMV Ky-strain carrying satRNA, were used
as negative and positive controls, respectively to determine satRNA bands on the gel. A 0.1-2 Kb
RNA ladder (Invitrogen, Carlsbad, USA) was also run next to the RNA samples to estimate the
approximate size of satRNA bands. The region of the gel containing the satellite RNA was
excised and gel slices were ground into a paste with nuclease free plastic pestles, and eluted
overnight with 0.5M ammonium acetate (Fisher Scientific, Waltham, MA), 1ImM EDTA and
0.2% SDS (Fisher Scientific, Waltham, MA) (70). The eluted RNAs were transferred to new
tubes and precipitated with 3V of cold ethanol. RNA concentrations were measured with the
Nanodrop apparatus (Thermo Scientific, USA) and RNA quality was analyzed by a denaturing
gel electrophoresis. Total RNAs were also examined by RT-PCR with satRNA specific primers,
as described previously, to check the size of amplicons. These isolated satRNAs were referred to

as IR-WI and Sb-WI- satRNAs. They were stored at -80 °C for future experiments.
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Plasmid construction and in vitro transcription

Viral RNAs were transcribed from full-length infectious cDNA clones (kindly donated by Dr.
Peter Palukaitis) and obtained from CMV-B RNA2 (a legume-specific, systemically-infecting
strain of CMV), CMV-Fny RNA1 (pFny-109) and CMV-Fny RNA3 (pFny-309) (65). Obtained
constructs were transformed into chemically competent cells of Escherichia coli strain JM101
(Agilent, CA, USA) according to the manufacturer’s instructions and DNA was extracted with a
Qiaprep Spin Miniprep kit (Qiagen, CA, USA). The plasmids were linearized with Pstl and
blunt-ended by treatment with T4 DNA polymerase prior to application as a template for in vitro
transcription using mMMESSAGE mMACHINE T7 kit (Ambion, Forster, CA, USA), according to
the manufacture’s instruction. Transcripts were precipitated with ethanol and then dissolved in

nuclease free water.

Inoculation source preparation

RNA transcripts obtained from the above experiment were mechanically, sap-inoculated into
Nicotiana benthamiana plants as described previously (65, 74). Equal amounts of each RNA
(~ 200 pg) were mixed with EFS buffer (1.6 pg / pL bentonite, 0.05M phosphate buffer, pH 7.2
and carborundum powder) and inoculated onto 6-7 fully expanded leaves of 5-8 week old
N.benthamiana plants (20 microliter per plant). Inoculated plants were maintained in an insect-
proof growth chamber at 22 °C and a 16:8 (L:D) photoperiod. Inoculated plants were examined
at 14 days post inoculation (dpi) by RT-PCR with a CMV CP specific primer, as described
previously. CMV positive leaves were later used as a satRNA free, CMV inoculation source for
the remainder of the study. To obtain isolates carrying satRNA, each purified satRNA (~ 25 ug)
was mechanically inoculated into the fully expanded leaves of N. benthamiana plants after being

mixed with aforementioned, CMV RNA transcripts (74). We also inoculated N. benthamiana
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plants with satRNA alone to confirm that no genomic RNA was transferred with satRNA from
gel. Inoculated plants were held in insect-free cages in a separate growth chamber under the
same conditions, as described above. The plants were assayed at 14 dpi by RT-PCR with CMV
satRNA specific primer. Infected leaves were used as a CMV+ satRNA inoculation sources for
the remaining experiments described in the next section. Plants inoculated with phosphate buffer
(pH 7.0) were grown under similar conditions as all groups to compare symptoms and to also

serve as a negative control in RT-PCR reactions.

Symptom development assay in snap bean and tobacco

To test the effect of each satRNA on disease symptom development, replicate sets of even-aged
snap bean plants (Phaseolus vulgaris, cv. ‘Hystyle”) were mechanically sap-inoculated onto fully
expanded cotyledons and the first true trifoliate leaves with plant sap extracted from leaves from
among the 3 groups of N. benthamiana each containing CMV, CMV+ IR-WI- satRNA, and
CMV+ Sh-WI-satRNA, in 0.1M potassium phosphate buffer. A total of 10 plants, plus a mock
inoculated buffer control, were considered as a replicate set with 3 experimental replications
arranged as a randomized complete block design using time as a blocking factor. Replicate sets
of plants were maintained separately in insect-proof cages within greenhouse rooms with a 14:10
(L:D) photoperiod and temperatures ranging between 22-26 and 18-24°C during the daylight and
nighttime hours, respectively. The same experimental procedure was performed for tobacco
(Nicotiana tabacum cv. ‘Xanthi’). In these experiments, plants were inoculated at the four- to
six true leaf stage and again maintained in insect-proof cages under similar temperature and

photoperiod conditions for 3 weeks post-inoculation.
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Influence of satRNA constructs on symptom expression and pod yield and quality in
succulent snap bean

Following the 7 dpi period, symptoms of disease were recorded daily for the next 20. Foliar plant
disease symptoms recorded included mosaic, mottling and rugosity. We also measured the plant
heights from different experimental groups. The presence of both satRNA and CMV genomic
RNAs were confirmed at 21 dpi in the inoculated plants by RT-PCR using CP and satRNA-
specific primers (30, 48). To investigate the potential influence of experimental constructs on
pod yield and quality, inoculated snap bean plants from among all constructs were allowed to
grow for a total of 53 days to produce marketable pods. Fresh above-ground biomass, pod
number and shape were recorded for all pods and subsequently compared among experimental

treatments.

Results

Identification of satellite RNA in natural infections of Cucumber mosaic cucomovirus
(CMV) in succulent snap bean

Fifty-three isolates of CMV were obtained from symptomatic snap bean plants in 12 separate
fields in Wisconsin (Table 1). Fragments of approximately 380 bp were amplified with RT-PCR
using satRNA primer from 38 of 53 isolates (71.6%) and from all 12 fields (Table 1; Fig. 1). The

identity of the satRNAs was confirmed by direct sequencing the amplified cDNA fragments.

Characterizations of satRNAs and relationship to other known CMV satRNAs
The isolated CMV satRNAs obtained from Wisconsin fields varied in nucleotide sequence. In
some cases, multiple variants were isolated from a single field. Since our goal was to examine

effects of satRNA on CMV symptom expression and not to assess satRNA diversity, we
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randomly selected two satRNA variants obtained from a single field. As previously mentioned,
these isolates are referred to as IR-WI (GenBank accession number JF834526) and Sh-WI-
satRNA (GenBank accession number to be determined) with 338 and 339 nucleotide length,
respectively. These satRNA were 96% identical, with 12 substitutions and one deletion (Fig. 2).
Comparison of these novel CMV satRNAs with previously described CMV satRNAs available in
GenBank showed that IR-WI and Sb-WI- satRNA sequences shared the highest nucleotide
identity with a Spanish satRNA (ca. 94%) (4) and an E-satRNA from Japan (ca. 93%) (32),
respectively. The IR-WI and Spanish satRNAs were differentiated by 17 nucleotide
substitutions, two deletions and one insertion (Fig. 3a) and the Sb-WI and E-satRNAs included
22 nucleotide substitutions and one deletion (Fig. 3b). The two satRNAs isolated from
Wisconsin snap bean fields, IR-WI and Sb-WI-satRNA, shared 94% and 90% identity,
respectively, with the 1CARNAS5 satRNA, an attenuating satRNA, originally isolated from
cucumber (Cucumis sativus L.) in Wisconsin and described in 1983 (10). Also, the range of
sequence identity between these newly detected satRNAs in Wisconsin and two previously
reported satRNAs, CMV-WL (25) and B- satRNA (16) in New York, another U. S. snap bean
production region with a recent history of CMV outbreaks, was 89 to 91%. B- satRNA is an
attenuating variant from a strain of CMV isolated from red kidney bean (63), whereas CMV-WL

is a chlorogenic satRNA on tomato.

Determining the potential role of newly characterized satRNAs in disease symptom
development, pod quality, and pod yield in succulent snap bean

To characterize the role of the newly emerged satRNAs in the development of disease symptoms
induced by the helper virus (CMV) in snap bean, the two recently discovered satRNA variants in

this study, IR-WI and Sh-WI-satRNAs were tested in snap bean, in combination with a satRNA-
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free legume- specific CMV. The satRNA-free CMV was used as a reference control for
comparison of symptom production and yield impacts. We did not inoculate constructs directly
into snap bean plants, because establishing infection through the use of transcripts is inconsistent
in P. vulgaris (P. Palukaitis, Personal communication). Therefore, constructs were inoculated
into N.benthamiana plants, prior to inoculation into P. vulgaris. The sap of N. benthamiana
plants that were PCR positive for CMV or CMV and satRNA were used as an inoculum source
for snap bean. Plants inoculated with satRNA alone did not show any symptom and these plants
did not support satRNA replication based on RT-PCR assays. The satRNA-free CMV
inoculations into snap bean produced only a mild mosaic and green mottling pattern, which
appeared in as few as 14 to 16 dpi (Table 2; Fig. 4a). Disease symptoms progressed and by 25
dpi, there was more obvious mottling and leaf malformation in infected plants (Fig. 4b). In
contrast, plants inoculated with the CMV/IR-WI or Sb-WI- satRNA had severe initial symptoms
including leaf rugosity and blistering (Fig. 5a) which appeared in as few as 7 to 10 dpi (Table 2).
And shortly thereafter, symptoms continued to develop into a more severe blistering and leaf
deformation at 14 dpi (Fig. 5b). No significant differences were observed with respect to the
plant height (Table 3). To determine the effects of newly characterized satRNAs on the quantity
and quality of pods, the above-ground biomass of infected plants and the total number of pods
were measured at the completion of the experiment (Table 3). No significant differences were
observed between experimental treatments including CMV alone and CMV plus satRNAs with
respect to the measured parameters; however, they were different from healthy controls (Table
3). The majority of pods generated from infected plants with CMV/satRNA combinations

produced a characteristic “C-shaped” pod symptom when compared to pods of infected plants by



125

CMV alone and the healthy control plants (Fig. 6). The presence of satRNA in all infected plants

was confirmed by RT-PCR with satRNA specific primer (Fig. 7).

The influence of IR-WI-satRNA and Sb-WI-satRNA on symptom development in tobacco

To further test the role of the newly discovered satRNAs in symptom modification in other plant
species, we conducted an additional inoculation bioassay on tobacco plants. Table 4 illustrates
the results obtained from this bioassay. Plants infected with CMV alone possessed chlorotic
spots mainly along the margins of leaves and veins which later became translucent (Fig.8a). The
mixed infection of CMV with either IR-WI or Sb-WI- satRNA induced an oak leaf and ring spot
symptom at 10 dpi initially in the inoculated leaf and in the newest leaf above the mechanical
inoculation point. The progression of these symptoms to the upper leaves, however was abated at

approximately 20 dpi, and leaves above this point remained asymptomatic (Fig. 8b and 9).

Discussion

We found that satRNAs were prevalent in snap bean with CMV symptoms in Wisconsin fields.
We identified two novel CMV satRNAs and showed that they increase CMV symptom severity
on snap bean, but alter symptoms and decrease CMV severity on tobacco. Our results support the
hypothesis that novel satRNAs play an important role in the recent CMV epidemic on snap bean
in the United States.

CMV is endemic in most agricultural areas of the United States. CMV was first reported in 1916
as the causal agent of a plant disease in cucumber and muskmelon in Wisconsin and Michigan
(15) and also in cucumber in New York (34). In 2000, snap bean growers in Wisconsin
experienced a significant increase in several plant-infecting viruses, with CMV contributing

significantly to these epidemics. Since 2000, the incidence of CMV in snap beans has steadily
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increased in different parts of the country including the Midwest and portions of the Northeast
including Pennsylvania and New York (23, 24, 27, 46, 53). The presence of an extra RNA
molecule (satRNA) in the genome of some CMV isolates can intensify symptom expression
induced by the helper virus (11, 25, 35, 40, 43, 55, 76) and four devastating CMV epidemics
around the world in tomato were the result of this association (11, 35, 40, 43). To our knowledge,
this is the first report describing an association of CMV and satRNA in snap bean fields.
Although examination of the genetic diversity among CMV satRNAs was not the purpose of this
study, we observed variation among the two satRNA sequenced. Heterogeneity in nucleotide
sequence has been documented among CMV satRNAs in both experimental (e.g. greenhouse)
and field conditions in various studies (1, 3, 20, 28, 44, 64) and it seems plausible that the
populations of satRNA in the affected areas in U.S. is not exceptional.

The origin of these new satRNAs is not clear. A report of the isolation of an attenuating variant
(1-CARNAG5) from a CMV isolate previously reported on cucumber (Cucumis sativus) in
Wisconsin was published in 1983 (10), thus CMV satRNA may have been present in Wisconsin
for decades. However, sequence comparisons showed that the newly determined satRNA
sequences are different from the previous report and are more closely related to satRNA from
Spain and Japan. Our data provide additional evidence demonstrating that CMV satRNAs consist
of a population of closely related sequence variants.

To determine the role of the newly characterized satRNAs in symptom expression, we inoculated
two variants, IR-WI and Sb-WI-satRNAs that are 96% identical and that were obtained from
single snap bean field, onto two hosts, snap bean and tobacco. Our rationale arose from previous
research suggesting that even single nucleotide changes can modify the behavior of satRNA and

its effects on symptom expression (58). Furthermore, it has been shown that solanaceous plants
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(e.g. N. tabacum) are good hosts for satRNA, supporting high levels of satRNA accumulation
(21, 38, 50). Results from the greenhouse-based bioassay show that these novel satRNAs impact
CMYV symptom severity and time to development in snap bean. Although this association did not
lead to particular disease phenotypes, including necrogenic or chlorogenic symptoms previously
reported for pathogenic CMV satRNAs in tomato, tobacco and pepper (11, 25, 35, 40, 43, 55,
76), the increased severity of symptoms and shorter expression time in the presence of both
satRNA variants was obvious.

The satRNA impacted pod quality by causing pod distortion when co-inoculated with CMV, but
did not appear to impact pod number or the weight of the above-ground plant biomass. This
result was unexpected based on our observations in snap bean fields, where we did observe a
reduction in the number of pods apparently due to viral disease. The outcome of CMV-satRNA
interactions depend on several factors, including the host, CMV genotype, satRNA variant and
environmental conditions, and field conditions are difficult to replicate in greenhouse assays (21,
37). We also cannot rule out the possibility that the associated molecular and biological
properties of the CMV infectious clone used in this experiment may have interacted differently
with the satRNA and the plant when compared to the wild-type virus.

In contrast, both satRNA variants used in this research attenuated the symptoms in tobacco in
combination with CMV. These results both illustrate that the host plays an important role in
satRNA effects on CMV symptom development.

Our results suggest that satRNA epidemiology differs in snap bean compared to crops in which
CMV satRNAs have previously been examined. According to a field survey for the satRNA of
CMV in New York State, the frequency of satRNA incidence in field populations of CMV in

tomato, pepper, lettuce and cucurbits is low (41), and in most natural population instances
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satRNAs are selected against because of their effect on virus fitness and potential vector
transmission limitations (5, 17, 18, 40, 47). Hence, the high incidence of satRNA in snap bean
infected with CMV may reflect a more favorable set of conditions for satRNA maintenance or
transmission. To partially explain this, and coincident with the emergence of CMV epidemics,
the soybean aphid (Aphis glycines Matsumura), was also first observed in Wisconsin in July of
2000 and the populations of this insect rapidly dispersed across several North Central states. This
insect is a competent vector of several nonpersistent viruses, including CMV (24, 53). With rapid
increases in the aphid populations observed annually, the likelihood of these insects visiting and
probing a myriad different host plants during migration flights, the virus and its associated
satRNA have the potential to spread very rapidly. Therefore, one explanation for the recent
epidemic of satRNA in snap bean CMV isolates may result from endemic satRNA in CMV
populations present in the North Central states for many years combined with the introduction of
a novel competent vector that is present in high numbers and that prefers legume crops. The
satRNA incidence was probably not of concern previously because it attenuates symptoms in
reservoir plants and also due to the potential disadvantage of satRNA for aphid transmission (5,
17, 18, 47). The introduction of this novel vector, the wide host range of the vector, the virus,
and the satRNA, and the prevalence of satRNA in CMV-infected snap beans may drive further
differentiation of CMV satRNA that cause severe symptoms on other CMV hosts.

It has been shown that both crop and non-crop reservoir plants containing CMV and satRNA
play an important role as the source of primary inoculum (3, 35, 71). The results obtained from a
recent survey in Wisconsin showed that Asclepias syriaca (common milkweed), cultivated
Cucurbita spp., or perhaps Capsicum annuum (pepper), are significant inoculum sources of

CMV in snap bean (52). The incidence of satRNA in the two first plant species has not been
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investigated as yet, but we have detected satRNA in CMV isolates from pepper at a low
frequency (data not shown). More detailed examination of CMV reservoir plants and an
exploration for sources of satRNA may provide important new information about the possible

source of these parasite RNAs in the affected areas.
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Table 1. CMV isolates from Wisconsin and associated frequency of occurrence of satRNA.

Field No. CMV isolates  No. satRNA with CMV Year
SB 4 4 2007
BD 5 3 2007
MR 5 2 2007
K24 4 4 2010
S1C 5 4 2010
SC2 5 5 2010

B 3 1 2008
S 5 4 2007
DA 4 3 2007
H 5 3 2008

WK 4 2 2007
FCS 4 3 2007

Total 53 38 -
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Table 2. Snap bean disease symptom development bioassay results.

This assay was conducted with three constructs over three experimental replicates. * Number of
snap bean plants with symptoms in each replication. 3 Observed symptoms included mosaic and

mottling. * Mottling, blistering and leaf rogusity symptoms were observed.

Treatment (Constructs) No. inoculated Rep. 1* Rep.2* Rep. 3* First symptom
plant appearance (dpi)
CMV 10 9 7 8 148
CMV+IR-WI satRNA 10 7 8 8 77
CMV+Sb-WI satRNA 10 9 9 9 9%
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Table 3. Effect of infection by CMV and CMV+ satRNA on biomass, plant height and pods

number in snap bean.

Data presented illustrate a mean £ SE among 10 plants from each experimental replicate.

Treatment Fresfgi%t;r(]);/fs- (ggr)ound Plant height (cm) Nur;ebrerr)lgl;tp od
Mock 411.95+27.68 38.75+0.74 18
CMV 360.11+29.26 34.70+0.38 12
CMV+IR-WI satRNA 352.20+32.04 33.06+0.35 10
CMV+Sh-WI satRNA 354.07+31.57 33.41+0.40 10
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Table 4. N. tabacum disease symptom development bioassay results.

This assay was conducted with three constructs and three experimental replicates. *Number of
tobacco plants illustrating symptoms in each replication. ® Observed symptoms included

chlorotic spots and vein clearing. * oak leaf/ asymptomatic plants.

Treatment (Constructs) No. inoculated Rep. 1* Rep.2* Rep.3* First symptom_
plant appearance (dpi)
CMV 10 8 9 10 148
CMV+IR-WI satRNA 10 8 9 8 10/ 7
asymptomatic
CMV+Sb-WI satRNA 10 9 8 10/ 7
asymptomatic
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Figure 1. Detection of satRNA in field isolates of CMV by RT-PCR.

M: 1Kb DNA ladder (Promega); 1- 12) CMV isolates collected from snap bean fields in
Wisconsin and New York; 13) CMV Ky-strain carrying satRNA (positive control); 14) mock
inoculated plant with phosphate buffer (pH 7.0) (negative control).

M1 2 3 4 5 6 7 8 9 1011 12 183 14 M
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Figure 2. Alignment of IR-WI and Sb-WI-satRNA sequences.

These two variants were differentiated by 12 nucleotide substitutions and one deletion. GenBank
accession numbers: IR-WI-satRNA, JF834526; Sh-WI-satRNA, the accession number is not

available at the time of thesis submission. Variations in the nucleotide sequence are illustrated by

boxes.
TR-WI (1)GTTTTGTTTITHA AGAATTGCGTAGAGGGGTTGTAIIC GTGAGGATJTATCACTCGG
Sb-WI (1) GTTTTGTTTHAMGGAGAATTGCGTNGIAGGGGTTG C GTGAGGATJCATCACTCGG
*********:_*********_******** * * Kk Kk Kk Kk Kk Kk kA e K% K Kk Kk Kk Kk kx %
IR-WI (61) CGGTGTGGET|TACCTCCCTGCTACGGCGGGTTGAJQET GACICiC TCGGACTGGGGACCG
Sb-WI (61)CGGTGTGG|A|ACCTCCCTGCTACGGCGGGTTGAG—|GAC!TiT TCGGACTGGGGACCG
* Kk k Kk k ok k Kk . AR AKRA KAk Ak Ak hkKhkhhkhkkhkkkk*H e % X % N ARk A KA KAk Kk hk*k*x%k
ITR-WI (121) CTGGCCTGAGGGCTATGTCCGCTACTCTCAGCACTGCGCTCTCATTTGAGCCCCCGCTCA
Sb-WI (120) CTGGCCTGAGGGCTATGTCCGCTACTCTCAGCACTGCGCTCTCATTTGAGCCCCCGCTCA
R i b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b d b b b b b i b b b b b b b b b b b b b g
IR-WI (181) GTTTGCTAGCAAAACCCGGCCCATGGTTTGCCGTTACCGTGGAAATTTCGAAAGAAACAC
Sb-WI (180) GTTTGCTAGCAAAACCCGGCCCATGGTTTGCCGTTACCGTGGAAATTTCGAAAGAAACAC
R e b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b db b b b I b b b b b b b b b b b b b b b b i g
IR-WI (241) TCTGTTAGGTGGTATCGTGGATGACGCACACAGGGAGAAGCTAAAACCTATATGGTCATG
Sb-WI (240) TCTGTTAGGTGGTATCGTGGACIGACGCACACAGGGAGAAGCTAAAACCTATATGGTCATG

khkkhkkhkkhkhkhkkhkhk Ak kA Ak kA kxhk KKK KAKRAKRKAAIAKAA I AA XA A XA A XA A I A A A A XA AKX XAk

IR-WI (301)CTGATCTCCGCGTATGTACATCATAClCHC'CAGGACCC
Sb-WI (300) CTGATCTCCGCGTATGTACATCATACHTTACAGGACCC
I H fossossnxnx

khkkhkhkkkhkhkhk kA khkhkkkhkhAkhkkhkhAk kA khkhkkhx*k
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Figure 3. Alignment of IR-WI-satRNA and Sb-WI-satRNA with Spanish satellite RNA and

E-satRNA sequences, respectively.

a) IR-WI-satRNA demonstrated the greatest sequence similarity with a Spanish satRNA (isolate
To0/1989/16.1) with 17 nucleotide substitutions, two deletions and one insertion. GenBank
accession numbers: IR-WI, JF834526; Spanish-satRNA, Z75870. b) Sb-WI-satRNA showed the
highest sequence similarity with E-satRNA with 22 nucleotide substitution and one deletion.
GenBank accession numbers: Sb-WI-satRNA, the accession number is not available at the time

of thesis submission; E-satRNA, M20844. Nucleotide variation is illustrated in box.

a
TR-WI (1) GTTTTGTTTGTTAGAGAATTGCGTAGAGGGG TGP ATCTACGTGAGGATCTATCACTCGG
Spanish  (1)GTTTTGTTTGTTAGAGAATTGCGTAGAGGGGTYAIATCTACGTGAGGATCTATCACTCGG
kAhkAk Ak kA hkkhkhAkhrkkhkdkhrhkkhkhkrkhkk hrhk ik kkxkkx*xA .F khkkhkkhk Ak khkhkrkkhkk Ak khkhkrxkhk kxkk*xx%x
TR-WI (61) CGGTGTGGGTTACCTCCCTGCTACGGCGGGTTGAGTTGACGCACCTCGGACTGGGGACCG
Spanish  (61)CGGTGTGGGTTACCTCCCTGCTACGGCGGGTTGAGTTGACGCACCTCGGACTGGGGACCG
R b I b b b S 2h Sh b 2 Sh Sb b 2h S b S Sh b b 2h Sh b J Sh b b 2h Sh b dh dh b b 2h b b dh b b 2b Sh b 2b Sh b b 2b Sh b 2h  Sh b b Sb I Y
IR-WI (121) CTGGYCFqAHGECTATGTCCGCTACTCTCAGCACYGEGYTE TCATTTGAGCCCCCGCTCA
Spanish (121)CTGGT| CTATGTCCGCTACTCTCAGCACTAEGAAETCATTTGAGCCCCCGCTCA
* Kk Kk Kk .. **********************.*-*******************
IR-WI (181) GTTTGCTAGCAAAACCCGGACFATGGTTECCGTTACAGIGGANA TTCGAAAGAAACAC

ATGGTYCECCGTTACUAIGGAATFTTCGAAAGAAACAC

ik k k ok Kk Kk *kk kK kK R BN ARk i i i b A b i 4

Spanish (181)GTTTGCTAGCAAAACCCGG(R

R i b dh b I A b I i b 4

IR-WI (241) TCTGTTAGGTGGTATCGTGGATGACGCACACAGGGAGHAECTAAAACCTATATEGTCATG
Spanish (241) TCTGTTAGGTGGTATCGTGGATGACGCACACAGGGAGHGICTAAAACCTATHALGTCATG
Kook ki ok ok k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok k ok ok k ok ok ok ok kA Bk ok ok kR ok

IR-WI (301) CTGATCTCCHCHTRTJ-|1

CI JCr¢ACAGGACCC
Spanish (301)CTGATCTCCGTEA*TCT3r

JA\
E JTECACAGGACCC

*kkkkkk kK Kk *kkkkkk kK Kk




137

Figure 3- continued.

Sb-WI (1) GTTTTGTTTGATGGAG GCGTGGAGGGGTTGTIFCTGCGTARFGAT CACTCGG
E-sat (1) GTTTTGTTTGATGGAG GCGTGGAGGGGTTGTRFCTGCGTGHGAT CACTCGG
Kk kk ok kkkkkhkkkkk ok ok ok kK| ***************: * Kk Kk Kk Kk Kk k| * K K % * kk Kk ok kK
Sb-WT (61) CGGTGTGGGATACCTCCCTGCTALEGCGGGTTGAGHFGACGTATCTCGGACTGGGGACCG
E-sat (61) CGGTGTGGGATACCTCCCTGCTAREGCGGGTTGAGRFGACGTATCTCGGACTGGGGACCG
KAk ANk A Ak kA Ak kdk Ak Ak kk,kKx*k *k Kk Kk Kk kK kKK R IR I b 2 A b b d db I b Jb db b b db Ib b db g 4
Sb-WT ) CTGG $CTATGTCCGCTACTCTCAGCACTGCGCTCTCATTTGAGCCCCCGCTCA
E-sat ) CTGG $CTATGTCCGCTACTCTCAGCACTGCGCTCTCATTTGAGCCCCCGCTCA
* Kk Kk Kk K KA AR A A AR A AR A A AR A AN A A AR A A AR A A A AR A A AR A AR A A AR A Xk,
Sb-WT (180) GTTTGCTAG CCCGGCCHATGGTTTGCCGTTACCGIT §GARAATTTCGAAAGAAACAC
E-sat (181) GTTTGCTAA ACCCGGCCHEFGGTTTGCCGTTACCGL$GARAT TTCGAAAGAAACAC
* kkk ok kK * k ok k k kK kK kkhkkhkkhkkhkikkkhkkkxkkk* kkhkkhkkhkkhkrkkhkkhkhkrkhkkkxkkk*x*k
Sb-WT (240) TCTGTTAGGTGGTATGE$
E-sat (241) TCTGTTAGGTGGTATCRFF$ACGACGCAC$AGGGAGAGECTAAAACCTATATGGTCATG

Ak kkhkkkhkKkkkkk k) )%k k * % k% % % % %% * kK k kKK kAR khkkkhkhAkkkhkkAkkhkhAkkkkkkkk*k

SACGACGCACF}AGGGAG“ CTAAAACCTATATGGTCATG

E-sat (301) CTGATCTCCGCGTATGT ACATACCT CAGGACCC

kkkkhkkkkkkhkkkkkkkk*k o kK ok kK kK Kk k kK Kk kK

Sb-WI (300) CTGATCTCCGCGTATGT T ATACCT:@CAGGACCC
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Figure 4. Symptoms caused by satRNA- free CMV on snap bean (Phaseolus vulgaris cv.
‘Hystyle’).

a) Mild mosaic and green mottling at 14 dpi; b) Severe mottling and leaf malformation at 25 dpi.

a
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Figure 5. Symptoms caused by two, newly characterized satRNAs in combination with a
legume CMV strain on snap bean (Phaseolus vulgaris cv. ‘Hystyle’)

Induced symptoms are shown at 7 dpi (a) and 14 dpi (b).

a

CMV IR-WI-satRNA CMV Sb-WI-satRNA

| CMV IR-WI-satRNA CMV Sb-WI-satRNA
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Figure 6. Effects of novel satRNAs on snap bean pod quality.

Pod distortion and a characteristic “C-shaped” pod symptom were consistently observed among

CMV/satRNA combinations with either IR-WI or Sh-WI.

T T

CMV+satRNA CcCMV
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Figure 7. The presence of satRNA was confirmed in inoculated snap bean plants by
RT-PCR.

M: 1Kb DNA ladder (Promega); 1) Wild-type CMV isolate from Wisconsin snap bean field; 2)
Mock inoculated plants with phosphate buffer (pH 7.0); 3) CMV Ky strain containing satRNA
(positive control); 4-6) Snap been plants inoculated by CMV alone, CMV plus Sh-WI-satRNA
and CMV plus IR-WI-satRNA, respectively.

T
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Figure 8. Symptoms induced by CMV alone (CMV) and in combination with the new
satRNAs (CMV+IR-WI-satRNA and CMV+Sb-WI-satRNA) on tobacco (N.tabacum cv.
‘Xanthi’).

a) Mild symptoms were often observed over the whole inoculated plant, with only localized oak-
leaf symptoms on or immediately above the inoculated leaf; b) Symptoms observed on the single
inoculated leaf; b-a; Mock, b-b; CMV, b-c; CMV+ satRNA (IR-WI and Sh-WI) at 10 dpi, B-d;
CMV+ satRNA (IR-WI and Sb-W1) at 20 dpi.

a

Mock CMV

CMV+IR-WI-satRNA CMV+Sb-WI-satRNA
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Figure 9. Symptoms induced by CMV in combination with IR-WI and Sb-WI-satRNA at
10 dpi in tobacco (N.tabacum cv. ‘Xanthi’).

Symptoms are illustrated on the leaves above mechanical inoculation points. a) Ring spot and

oak leaf symptoms; b) oak leaf symptom.
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Chapter 5

Conclusions and Future Directions
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The world of science is full of mystery and uncertainty; and the answer to one question may
reveal linkages to several other questions. This dissertation research is not an exception! We
hope that the results obtained from this research have increased our knowledge about CMV
genetic structure and components of the virus epidemiology, but it has also raised a number of
questions which can help to formulate new hypotheses and ultimately new research projects.
Here, 1 will highlight a portion of these questions and propose experiments that might be helpful

towards their resolution.

The aim of this thesis was to better understand the molecular epidemiology and genetic variation
among selected Cucumber mosaic cucumovirus (CMV) isolates. In the last decade, CMV
epidemics occurred in discrete regions of the US; however, the reason(s) behind these virus
outbreaks is not well known and several hypotheses have emerged to explain their occurrence.
Candidate explanations for the emergence of this virus complex includes, but is not limited to,
(1) the arrival and establishment of a novel aphid vector (A. glycines), (2) a shift in production
practices in the commercial crop including planting dates, plant protection inputs, or selection of
new varieties, (3) changes in the genetic structure of the virus populations or the emergence of
novel virus strains resulting from introductions, (4) the co-association of pathogenic satRNA
which could exacerbate symptom expression in the susceptible crop hosts. This dissertation
research attempts to investigate two of these candidate hypotheses and further suggests
explanations for the likelihood of their occurrence. Specifically, phylogenetic analyses
describing the current and historical genetic diversity of CMV isolates were performed at the
local, state and national levels in the US. Also, following the discovery of satRNA in CMV field
isolates, disease symptom development assays were conducted in a greenhouse environment to

determine the potential role of this RNA in symptom induction.
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One significant conclusion that emerged from our investigation of CMV isolates suggests that
there was a low likelihood of emergence of novel subgroup or strains of CMV that explains
recent epidemics in snap bean. Here again, our observations suggest low genetic variation at both
the local and national levels, and limited development of spatially explicit, structured
populations. Even within the state of Wisconsin, the genetic diversity of CMV isolates in snap
bean, a major host affected by the recent virus epidemics was low and the genetic structure of
CMV was composed of only subgroup IA in this specific host. This observation further suggests
the potential role of a founder effect, or the contribution of only a few discrete genotypes that
largely describe the genetic composition of CMV in the state.

One additional explanation for these virus epidemics is the adaptation of a new quasispecies
variant or subgroup (subgroup IA in this case) of CMV, specific to the new vector for this virus,
the soybean aphid. In turn, this quasispecies variant or subgroup may have become more widely
distributed due to the magnitude of flights often observed with this aphid vector. Sequence
comparisons and phylogenetic analyses, however, illustrated that the recent virus outbreaks were
not likely due to the invasion of a new subgroup or genotype of CMV in snap bean. A low
frequency of genetic exchange illustrates that these events are counter-selected in CMV field
isolates.

Furthermore, purifying selection was determined as the predominant natural force on the CMV
genome among isolates included in these investigations and at both geographic levels. Together
with a lack of observed shifts in the genetic structure of the CMV populations, these results may
lessen concerns the use of transgenic plants as a very effective CMV control strategy. However,

some positively selected codons were detected in the genomic regions of CMV which are
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involved in plant host defense. This observation may, however, increase the potential for the
emergence of resistance-breaking isolates of CMV.

Outlined in Chapter 2 of this thesis, three natural reassortants were recognized based on
phylogenetic analyses. Additionally, there were at least three other isolates (113CAT90,
AORU93 and GORU93) whose 1a gene belonged to the subgroup IA, whereas their associated
2a, 2b, MP and CP genes belonged to subgroup IB. We could not, however, strongly suggest that
these were reassortants, because of our inability to amplify their associated 3'NTR regions using
PCR. Hence, it would be worthwhile to amplify this region of the aforementioned isolates in

future investigations to more fully characterize their phylogenetic position in the 3'NTR trees.

Phylogenetic analysis of CMV field isolates in Wisconsin suggests that subgroups IA and IB
together constitute the genetic structure of this virus in this geographic region. However, the
distribution of these subgroups was generally observed to be host specific. The only host plant in
which we could detect subgroup 1A was succulent snap bean (Phaseolus vulgaris L.), whereas
the subgroup composition of CMV in pepper was a mixture of both 1A and IB. One question that
emerges from this observation is “what, if any, biological significance or relevance may be
behind this host-subgroup interaction?”, “is subgroup IB incapable of systemic infection in snap
bean?”, “could there be functional differences in the binding affinities of these two subgroups to
the principal aphid vector species (e.g. Aphis glycines Matsumura)?”. A relatively simple and
replicated inoculation bioassay of succulent snap bean with extracted sap of subgroup IB (e.g.
subgroup IB isolate from pepper) could provide an answer to this first question. To test the
transmission efficiency question, we would propose to compare a few different aphid species
(e.0. A. glycines, Rhopalosiphum padi, R. maidis, Therioaphis trifolii), using appropriate

acquisition and inoculation access periods, with the two subgroups of CMV.
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Another unique outcome of this research was the discovery of satellite RNA (satRNA) in
association with natural populations of CMV in snap bean fields. Through sequence analysis, we
were able to demonstrate that these CMV satRNAs in snap bean are novel and supplementary
greenhouse experiments, using a satRNA- free CMV infectious clone, further demonstrated that
this extra RNA can enhance CMV symptom induction in snap bean. However, the specific
mechanism(s) by which satRNA influences symptoms in this particular crop is unclear. The
results of a recent study have demonstrated that satRNA can reduce the expression of the 2b
suppressor protein resulting in attenuation of induced symptoms by the helper virus (2), but how
this interaction results in disease symptom enhancement is unknown. Does satRNA increase
expression of the 2b protein lead to the further enhancement, or intensification of symptoms? To
answer this question, it may be appropriate to measure the relative proportions of the 2b gene
using gPCR during infection of the plant with the CMV+ satRNA construct and to compare this
with the satRNA-free CMV infected host plant. Furthermore, it may be intriguing to learn about
the up or down-regulation of host genes during infection using microarray analyses with
extracted RNA from both wild-type and CMV+ satRNA constructs. Although, a common bean
whole genome DNA microarray is not currently available, it has been shown that transcript
profiling in common bean can be performed in an analogous system, specifically using the
currently available soybean Gene Chip (3, 5). Presently, the whole genome sequence of P.
vulgaris (common bean) is being pursued (1) and upon completion of this project, a common
bean microarray can be synthesized. Additionally, after more than 40 years of research
investigating the interaction of CMV satRNAs, a recent study has clearly demonstrated that
satRNA uses the RNA silencing machinery in tobacco to target a host gene involved in

chlorophyll synthesis and symptom induction (4). Although our investigations of snap bean,
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CMV and CMV satRNAs, did not lead to predictable necrogenic or chlorogenic phenotypes, the
severity of symptoms and shorter expression time in the presence of both satRNA variants is
intriguing in this context. Therefore, one emerging hypothesis would suggest that satRNA may
target the host defense genes. Hence, it would be worthwhile to search for the presence of short
interfering RNAs (siRNAS) in infected plants containing CMV+ satRNA. Taken together, results
obtained from both microarray and SiRNA traces would provide sufficient, preliminary

information to assist in designing future experiments.
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Appendix 1. Phylogenetic trees constructed for US CMV isolates.
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The rooted condensed tree was constructed by the NJ method using the Kimura 2-parameter

model of nucleotide substitution in MEGA version 5 based on a) 1la (Partial sequence); b) 2a

(Partial sequence); c) 2b (Complete sequence); d) MP (Complete sequence); e) CP (Complete

sequence); f) the complete 3'NTR of RNA3 sequence. The robustness of branching patterns was

tested by 1,000 bootstrap replicates. Bootstrap values are indicated at nodes. All branches

supported by < 70% were collapsed. Trees were rooted using PSTV and TAV as the out-group.
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Appendix 2. Test statistics and parameter estimates assessed for genetic differentiation of

CMV subpopulations between fields.

Ks*, Z and Snn are three permutation statistical tests of genetic differentiation. P-values <0.05
resulted in rejection of the null hypothesis (no genetic differentiation) between two
subpopulations and these have been marked by asterisks. Fst provides an estimate of the extent

of genetic differentiation and gene flow. Fst > 0.33 indicates infrequent gene flow.

Gene  Compared
Ks* P-value Z P-value Snn P-value Fst

fields

2b Jvs. Y 1.245 0.051 8.00 0.137 0.857 0.051 0.196
Jvs. H 0.934 0.024* 8.50 0.021* 1.000 0.024* 0.178
Jvs. DA 1.750 0.125 12.50 0.125 0.875 0.043* 0.026
Jvs.BD 1.470 0.029* 9.25 0.029* 0.875 0.025* 0.230
Jvs.C 1.107 0.139 12.56 0.131 0.750 0.139 0.650
Jvs. DB 1.165 0.030* 9.50 0.030* 0.875 0.030* 0.270
Jvs. S1C 1.558 0.054 9.00 0.054 0.750 0.059 0.013
Jvs.B 1.533 0.143 8.00 0.080 0.850 0.061 0.150
Jvs. K24 1.397 0.156 13.74 0.077 0.880 0.156 0.034
Jvs. CA 1.921 0.056 18.33 0.145 0.750 0.088 0.250
Jvs. HP 0.935 0.156 10.25 0.156 0.750 0.156 0.660
Jvs. SC2 0.934 1.000 8.50 1.000 1.000 1.000 0.088
Jvs. E3 1.903 0.480 12.25 0.226 0.750 0.220 -0.248
Y vs. H 0.000 1.000 4.00 1.000 1.000 1.000 0.520
Y vs. DA 1.090 0.141 9.66 0.391 0.875 0.058 0.133
Y vs. BD 0.723 0.054 7.83 0.111 0.890 0.054 0.530
Y vs. C 0.231 0.159 5.95 0.159 1.000 0.094 0.555
Y vs. DB 0.308 0.408 4.00 0.408 1.000 0.408 0.333
Y vs. S1C 0.832 0.052 7.66 0.164 0.850 0.054 0.476
Y vs. B 0.462 0.110 4.00 0.092 0.833 0.110 0.400
Y vs. K24 0.812 0.043* 12.65 0.221 0.940 0.014* 0.400
Y vs. CA 1.316 0.069 5.00 0.069 0.850 0.069 0.700
Y vs. HP 0.000 0.031* 4.00 0.031* 1.000 0.031* 0.680
Y vs. SC2 0.000 1.000 4.00 1.000 1.000 1.000 0.456
Y vs. E3 1.268 0.229 8.000 0.143 0.877 0.053 0.083
H vs. DA 0.818 0.133 6.66 0.133 0.910 0.158 0.388
Hvs. BD 0.542 0.142 5.50 0.158 1.000 0.142 0.533
Hvs.C 0.173 0.024* 7.42 0.024* 1.000 0.024* 0.750
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2b

Hvs. DB
Hvs. S1C

Hvs. B

H vs. K24
Hvs. CA
H vs. HP
H vs. SC2
Hvs. E3

DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.

BD

DB
S1C
CA

K24
HP
sc2
E3

DB
S1C

K24
CA
HP
sc2
E3

Cvs. DB
Cvs. S1C

Cvs.B

Cvs. K24
Cvs.CA
Cvs. HP
Cvs. SC2
Cvs. E3

DB vs.
DB vs.
DB vs.
DB vs.
DB vs.
DB vs.

S1C

K24
CA
HP
sc2

0.231
0.624
0.308
0.649
0.987
0.000
0.000
0.951
1.361
0.991
1.041
1.442
1.805
1.399
1.304
0.818
0.818
1.769
0.716
0.773
1.167
1.031
1.080
1.529
0.542
0.542
1.494
0.404
0.797
0.539
0.788
1.160
0.173
0.173
1.124
0.855
0.616
0.834
1.218
0.231
0.231

0.459
0.020*
0.037*
0.006*
0.035*
0.029*
0.024*
0.029*
0.028*
0.023*

0.059

0.096

0.063

0.362

0.149
0.038*
0.028*

0.104
0.023*

0.196

0.056

0.232

0.254
0.031*
0.027*
0.029*
0.024*
0.036*
0.028*
0.023*
0.005*
0.036*

1.000
0.021*

0.132
0.025*

0.149

0.116

0.135

0.421

0.436

5.50
5.50
4.00
7.34
6.50
5.50
5.30
9.50
7.00
7.70
7.58
9.58
8.20
6.44
12.26
5.50
8.16
12.50
7.65
1241
6.91
7.83
15.36
6.83
5.50
5.50
10.00
7.55
7.62
6.06
9.50
10.62
17.80
7.40
10.00
6.66
7.00
14.99
6.50
5.50
5.30

0.459
0.020*
0.037*
0.006*
0.035*
0.029*
0.024*
0.029*
0.028*
0.023*

0.199

0.096

0.063

0.699

0.144
0.038*
0.028*

0.104
0.023*

0.196

0.011

0.122

0.176
0.031*
0.027*
0.029*

0.510
0.036*
0.032*

0.230
0.005*
0.036*

1.000
0.021*

0.132

0.081

0.087

0.109

0.148

0.421

0.436

1.000
1.000
1.000
1.000
0.870
1.000
1.000
1.000
1.000
1.000
1.000
0.900
0.610
1.000
1.000
1.000
1.000
0.875
1.000
0.610
0.870
0.670
0.620
0.870
1.000
1.000
0.875
1.000
1.000
1.000
1.000
1.000
0.430
1.000
0.718
0.870
0.710
0.660
0.870
1.000
1.000

0.459
0.020*
0.037*
0.006*
0.035*
0.029*
0.024*
0.029*
0.028*
0.023*

0.059

0.096
0.025*

0.054

0.149
0.038*
0.028*

0.062
0.023*

0.196

0.056

0.176

0.151
0.031*
0.027*
0.029*
0.024*
0.036*
0.028*
0.023*
0.005*
0.036*

1.000
0.021*

0.135

0.051

0.332

0.176

0.170

0.421

0.436

0.333
0.496
0.530
0.433
0.730
0.722
0.540
0.153
0.440
0.537
0.224
0.238
0.602
0.095
0.130
0.588
0.140
0.024
0.523
0.250
0.428
0.310
0.166
0.660
0.499
0.533
0.138
0.588
0.686
0.581
0.600
0.078
0.000
0.600
0.553
0.566
0.466
0.384
0.469
0.333
0.333
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2b DB vs. E3 1.182 0.025* 9.30 0.025* 0.875 0.028* 0.333
K24 vs. CA 1.439 0.010* 9.01 0.010* 0.880 0.025* 0.667
K24 vs. B 1.043 0.584 14.80 0.699 0.620 0.290 -0.171
K24 vs. S1C 1.149 0.151 11.57 0.151 0.880 0.151 0.124
K24 vs. HP 0.649 0.011* 7.34 0.011* 1.000 0.011* 0.481
K24 vs. SC2 0.649 0.442 9.26 0.442 1.000 0.258 0.333
K24 vs. E3 1.494 0.722 15.60 0.722 0.380 0.729 -0.013
CAvs. B 1.624 0.069 5.11 0.069 0.800 0.050 0.681
CAvs. HP 0.987 0.372 8.50 0.412 1.000 0.256 0.082
CAvs. S1C 1.611 0.059 7.10 0.059 0.750 0.127 0.666
CAvs. SC2 0.987 0.133 6.50 0.147 0.870 0.133 0.660
CAvs. E3 1.987 0.128 11.30 0.141 0.870 0.132 0.251
S1Cvs. SC2 0.624 0.147 8.50 0.147 1.000 0.147 0.083
S1Cvs. E3 1.575 0.087 11.80 0.087 0.875 0.087 0.049
S1Cvs. B 1.140 0.056 7.11 0.103 0.800 0.049* 0.200
S1Cvs. HP 0.624 0.019* 5.50 0.019* 1.000 0.019* 0.677
HP vs. B 0.308 0.150 4.00 0.164 1.000 0.095 0.500
HP vs. SC2 0.000 0.029* 5.50 0.029* 1.000 0.029* 0.489
HP vs. E3 0.951 0.023* 9.50 0.023* 1.000 0.023* 0.088
SC2vs. E3 0.000 1.000 5.50 1.000 1.000 1.000 0.431
B vs. SC2 0.308 0.432 5.33 0.432 1.000 0.124 0.000
Bvs. E3 1.576 1.000 10.33 1.000 0.857 0.121 0.000

CP Jvs. Y 2.093 0.057 8.555 0.158 0.857 0.780 0.119
Jvs. H 1.387 0.033* 8.500 0.033* 1.000 0.033* 0.324
Jvs. DA 2431 0.039* 9.333 0.255 0.714 0.130 0.214
Jvs.BD 1.387 0.027* 10.083 0.027* 0.750 0.096 0.095
Jvs.C 1.541 0.152 7.833 0.152 0.714 0.152 0.657
Jvs. DB 1.156 0.021* 9.500 0.021* 0.875 0.021* 0.241
Jvs. S1C 2.422* 0.311 9.777 0.353 0.714 0.142 0.025
Jvs. B 2.074 0.375 10.222 0.432 0.857 0.053 -0.016
Jvs. K24 1.695 0.354 8.777 0.196 0.785 0.123 0.073
Jvs.CA 2.387 0.225 8.888 0.225 0.571 0.225 0.112
Jvs. HP 1.817 0.140 7.000 0.088 0.571 0.265 0.645
Jvs. SC2 1.541 0.468 9.333 0.298 0.857 0.052 0.051
Jvs. E3 2.66 0.527 10.444 0.527 0.571 0.399 -0.277
Y vs. H 0.860 0.025* 4.000 0.025* 1.000 0.025* 0.441
Y vs. DA 2.164 0.169 6.000 0.169 0.777 0.103 0.250
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CP

Y vs. BD

Yvs. C

Y vs. DB
Y vs. S1C

Yvs. B

Y vs. K24
Y vs. CA
Y vs. HP

Y vs. SC2
Y vs. E3

H vs. DA
Hvs. BD

Hvs. C

Hvs. DB
Hvs. S1C

Hvs. B

H vs. K24
Hvs. CA
Hvs. HP
H vs. SC2
Hvs. E3

DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
DA vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.
BD vs.

BD

S1C
CA

K24
HP
sc2

DB
S1C

K24
CA
HP
sc2
E3

Cvs. DB

0.860
0.828
0.552
2.149
1.627
1.059
2.097
1.242
0.828
2.514
1.198
0.462
0.308
0.231
1.180
0.840
0.462
1.153
0.584
0.038
1.432*
1.198
1.335
0.890
2.656
2.604
2.135
1.566
1.749
1.335
3.022
0.308
0.231
1.180
0.840
0.462
1.153
0.584
0.308
1.432
0.000

0.024*
0.094
0.032*
0.290
0.198
0.101
0.207
0.087
0.087
0.312
0.028*
0.036*
0.410
0.432
0.020*
0.027*
0.198
0.020*
0.242
0.452
0.037*
0.029*
0.101
0.032*
0.309
0.194
0.102
0.103
0.100
0.119
0.315
0.447
0.401
0.162
0.224
0.190
0.023*
0.391
0.432
0.036*
0.084

4.444
2.500
6.666
7.000
6.500
4.500
4.166
2.500
4.500
6.666
6.555
5.500
4.000
5.500
4.000
4.000
4.000
4.888
4.000
4.000
6.888
6.666
2.500
6.666
5.333
4.500
5.833
5.500
2.500
5.500
6.750
4.000
5.500
6.111
5777
4.000
4.888
4.000
4.000
7.111
4.000

0.024*
0.094
0.032*
0.462
0.422
0.101
0.105
0.087
0.087
0.312
0.028*
0.036*
0.410
0.432
0.020*
0.027*
0.198
0.020*
0.146
0.452
0.037*
0.029*
0.101
0.032*
0.214
0.194
0.322
0.204
0.100
0.409
0.409
0.447
0.401
0.162
0.322
0.190
0.023*
0.391
0.432
0.036*
0.095

1.000
1.000
0.857
0.500
0.830
1.000
0.833
1.000
1.000
0.666
0.857
1.000
1.000
1.000
1.000
1.000
1.000
0.857
1.000
1.000
1.000
0.857
1.000
0.857
0.666
0.666
0.666
0.833
1.000
0.833
0.666
1.000
1.000
0.857
1.000
1.000
0.857
1.000
1.000
0.857
1.000

0.024*
0.094
0.032*
0.389
0.198
0.101
0.207
0.087
0.087
0.177
0.073
0.094
0.410
0.282
0.020*
0.027*
0.198
0.075
0.099
0.452
0.037*
0.084
0.101
0.032*
0.309
0.589
0.618
0.103
0.100
0.119
0.315
0.235
0.401
0.097
0.224
0.190
0.023*
0.391
0.412
0.092
0.084

0.314
0.266
0.153
-0.021
0.192
0.250
0.477
0.235
0.214
0.028
0.134
0.332
0.332
0.323
0.400
0.543
0.428
0.540
0.350
0.333
0.117
0.477
0.404
0.417
0.270
0.393
0.329
0.516
0.387
0.517
0.010
0.333
0.333
0.382
0.043
0.428
0.500
0.000
0.333
0.117
0.487
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CP

Cvs.S1C
Cvs.B
Cvs. K24
Cvs.CA
Cvs. HP
Cvs. SC2
Cvs. E3
DB vs. S1C
DB vs. B
DB vs. K24
DB vs. CA
DB vs. HP
DB vs. SC2
DB vs. E3
K24 vs. CA
K24 vs. B
K24 vs. S1C
K24 vs. HP
K24 vs. SC2
K24 vs. E3
CAvs.B
CAvs. HP
CAvs. S1C
CAvs. SC2
CAvs. E3
S1Cvs. SC2
S1Cvs. B
S1Cvs. HP
S1Cvs. E3
HP vs. B
HP vs. SC2
HP vs. E3
B vs. SC2
Bvs. E3
SC2vs. E3

1.321
0.799
0.231
1.268
0.414
0.000
1.686
0.880
0.532
0.154
0.845
0.276
0.000
1.124
1.499
1.030
1.552
0.645
0.231
1.917
2.068
1.683
2.590
1.268
2.955
1.321
2.120
1.735
3.007
1.213
0.414
2.100
0.799
2.485
1.686

0.095
0.121
0.097
1.000
0.401
0.1000
0.400
0.034*
0.024*
0.131
0.146
0.131
0.099
0.027*
0.105
0.370
0.179
0.103
0.383
0.213
0.088
1.000
0.319
0.079
0.707
0.381
1.000
0.106
0.808
0.091
0.100
0.394
1.000
1.000
0.387

2.500
2.500
2.500
7.000
6.750
2.500
5.750
7.111
6.666
4.000
4.888
4.000
4.000
7.333
3.500
6.333
5.916
2.500
5.500
5.916
4.166
7.166
4.666
3.500
7.083
6.250
7.333
2.500
7.250
2.500
2.500
5.666
7.000
7.416
6.250

0.095
0.121
0.097
1.000
0.401
0.1000
0.400
0.034*
0.024*
0.131
0.146
0.131
0.099
0.027*
0.105
0.370
0.179
0.103
0.383
0.213
0.088
1.000
0.104
0.079
0.0407
0.381
1.000
0.106
0.808
0.091
0.100
0.202
1.000
1.000
0.387

1.000
1.000
1.000
0.400
0.416
1.000
0.666
0.714
0.857
1.000
0.857
1.000
1.000
0.714
0.833
0.611
0.583
1.000
0.666
0.583
0.666
0.388
0.500
0.833
0.250
0.541
0.250
1.000
0.250
1.000
1.000
0.500
1.000
0.250
0.541

0.905
0.121
0.097
1.000
0.401
0.1000
0.400
0.034*
0.024*
0.131
0.124
0.131
0.099
0.027*
0.105
0.189
0.378
0.103
0.383
0.395
0.622
1.000
0.406
0.079
1.000
0.381
1.000
0.106
0.808
0.091
0.100
0.394
1.000
1.000
0.411

0.333
0.501
0.500
0.000
0.000
0.532
0.446
0.130
0.523
0.620
0.546
0.252
0.147
0.100
0.575
0.083
0.275
0.250
0.500
0.110
0.467
0.000
0.394
0.576
-0.174
0.259
-0.139
0.340
-0.094
0.286
0.477
0.436
0.000
-0.085
0.096
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Appendix 3. Accession numbers and country of origin of reference isolates and out-groups.

Accession numbers

Strain RNAL RNA? RNAZ Origin Subgroup
Fny D00356 D00355 D10538 United States 1A
Y D12537 D12538 D12499 Japan 1A
@) - D10209 D00385 Japan 1A
Mf AJ276479 AJ276480 AJ276481 South Korea 1A
Leg D16403 D16406 D16405 Japan 1A
Nt9 D28778 D28779 D28780 Taiwan IB
Tfn Y16924 Y16925 Y 16926 Italy IB
1A AB042292 AB042293 AB042294 Indonesia IB
IX U20220 U20218 U20219 Philippines IB
SD AF071551 D86330 ABQ008777 China IB
Q X02733 X00985 M21464 Australia 1
LS AF416899 AF416900 AF127976 United States I
LY AF198101 AF198102 AF198103 Australia 1
Trk7 AJ007933 AJ007934 L15336 Hungary 1
S Y10884 Y 10885 U37227 South Africa I
2AlIL - - AJ271416 United States IB
OHW - - U31220 United States IB
HW?2 - - U31219 United States IB
ER-PSV U15728 U15729 U15730 United States -
TAV D10044 D10663 AJ277268 Australia -




