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% Viruses are obligate molecular
pathogens. They depend on living
host cells for their multiplication,
including synthesis of the viral
nucleic acids and proteins. The
infection cycle of viruses in plants
includes three main phases: i)
replication, ii) cell to cell movement
via plasmodesmata, and iii) long
distance movement to different parts
of the plant. During all these steps

of the infection cycle viruses are
challenged by the genetic variability
of their hosts, which requires the
virus to be adjusted to minor or major
differences in virus-host interactions.
These adjustments require mutations
in the viral genome. Most plant
viruses are also dependent on vector
organisms for their spread to new
host plants. The changes in virus
genomes for better adaptability to
the host should not compromise
vector-transmissibility of progeny
viruses. Host adaptation and vector
adaptation can therefore be seen as
the main forces influencing plant
virus evolution.
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EVOLUTION OF PLANT VIRUSES: ADAPTATION TO HOSTS
AND VECTORS

THE MAIN STEPS OF THE VIRAL INFECTION CYCLE IN PLANTS

For replication, the virus particle disassembles in the initially infected cell and
the viral genome becomes ‘activated’ (Atabekov et al., 2007). RNA viruses rep-
licate in the cytoplasm. The viral RNA encodes an RNA-dependent RNA poly-
merase enzyme (replicase) for synthesis of new copies of the viral RNA genome.
The first step of replication is hence translation of the replicase directly from the
exposed viral genome. However, viruses that have a non-coding RNA strand
(“negative strand”) or double-stranded RNA genome need to carry the replicase
protein incorporated in their virions in order to initiate replication following dis-
assembly (Ueda et al., 1997; Jackson et al., 2005). DNA viruses replicate in the
nucleus where they utilize the DNA polymerase of the host for synthesis of new
genomes (Rojas et al., 2005).

Cell-to-cell movement of plant viruses takes places via plasmodesmata con-
necting the cytoplasma of adjacent cells. Movement from cell to cell through
cellular membranes is possible in animal tissues but not in plants that have cell
walls. Cell-to-cell movement of viruses requires active participation of the plant
cells. Viral nucleic acids or virus particles need to be recognized by putative
receptors at the openings of plasmodesmata and the plasmodesmata widened
for the virus to pass through (Lucas and Lee, 2004 ). Viruses encode dedicated
movement proteins to augment this step of the infection cycle (Lucas, 2006).
Successiul cell-to-cell movement is also a prerequisite for the viral long distance
movement. Viruses must pass through plasmodesmata connecting several types
of cells in leaf veins before reaching the sieve elements (SE) in which transport
occurs to other parts of the plant (Lough and Lucas, 2006). The plasmodesmata
connecting companion cells (CC) and phloem parenchyma cells (PPC) exhibit
strict control on movement of macromolecules. This cell boundary may often
be to step where systemic infection fails (Rajamiki and Valkonen, 2002). On
the other hand, viruses that are injected directly into SE by their vector insects
are not able to move out from SE and CC through the CC-PPC boundary and
remain phloem-limited (Savenkov and Valkonen, 2001 ).

Systemic movement of viruses occurs according to the source-sink transition
of tissues, during which import of photoassimilates ceases and export is initiated
at the transition boundary (Lough and Lucas, 2004). It is commonly thought
that long distance movement occurs passively in SE. However, there are data
that do not fully fit in this scenario but suggest a more complicated mechanism
in which long distance movement takes places via repeated cycles of movement
through SE, unloading, replication, and re-entry into the SE (Germundsson and
Valkonen, 2006). After systemic movement to distant parts of the plant the virus
is unloaded from in veins and invades the cells and tissues by cell-to-cell move-
ment.

SOURCES OF VARIABILITY IN PLANT VIRUSES

The main sources of variability providing the basis for virus evolution are point
mutations and recombination (Worobey and Holmes, 1999). Point mutations
occur frequently during the replication of RNA viruses whose RNA-dependent
RNA polymerase lacks the proof-reading properties characteristic of DNA poly-
merases (Domingo and Holland, 1997). However, mutations occur also during
DNA virus replication (Delatte et al., 2007; Lefeuvre et al., 2007). Thus, plant
virus populations possess intrinsic heterogeneity. They consist of a major geno-
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type that usually becomes characterized as ‘the isolate’ and
a set of minor variants that are generated by mutation and
kept at lower frequency by selection (Garcia-Arenal et al.,
2001). A population of nearly-identical sequences, a quasi-
species (Domingo and Holland, 1997), is therefore always
found in virus-infected plants.

Recombination occurs frequently between virus isolates
and sometime even virus species that co-infect plants, as
shown in potyviruses (family Potyviridae) that have an
(+)ssRNA genome (Tomitaka and Ohshima, 2006) and be-
gomoviruses (family Geminiviridae) whose genome con-
sists of two circular ssDNA molecules (Rojas et al., 2005).
These viral taxa contain the largest numbers of plant-infect-
ing viruses (Fauquet et al., 2005).

Clostero- and criniviruses (family Closteroviridae) have
some of the largest genomes among plant-infecting virus-
es. They possess a unique ability to integrate foreign genes
into their genome (Dolja et al., 2006). A plant heat shock
protein homolog encoded by these viruses is involved in vi-
ral movement. Recently, a crinivirus was found to encode a
Class 1 dsRNA-specific endonuclease that is homologous
to the well-characterized Class [ RNase in Escherichia coli.
The viral RNase is used for suppression of RNA silencing,
the fundamental antiviral system in eukaryotic organisms
(Kreuze et al., 2005). No other RNA viruses are known to
carry an RNase gene. It seems to be recently incorporated
into the viral genome (Cuellar et al. 2008). Tenui- and to-
spoviruses (family Bunyaviridae) snatch ca. 10—20 nucle-
otides from the 7mG-capped 5'-end of host mRNAs and use
them to prime transcription of the viral genome. However,
the snatched nucleotides do not become an integral part of
progeny viruses (Duijsings et al., 2001).

MEANS AND MECHANISMS FOR ADAPTATION

A member of the quasispecies may become the major
genotype ifit shows higher compatibility in virus-vector and/
or virus-host interactions than other virus variants. How-
ever, genetic bottlenecks are common during vector-medi-
ated transmissions of viruses (Moury et al. 2007). They also
occur during systemic infection that results in somewhat
diverse viral populations in different leaves or parts of the
plant (De la Iglesia and Elena 2007; Moury et al. 2007; and
refs. cited). When repeated, the genetic bottleneck events
may reduce viral fitness because purifying selection does
not work efficiently in small populations. Hence, reversions
and second-site compensatory mutations that could restore
fitness remain rare. The role of genetic bottlenecks in plant
virus evolution has gained little attention in experimental
research, until recently (De la Iglesia and Elena 2007).

Intramolecular interactions of the viral genome and in-
teractions between the virus-encoded proteins drive a ge-
nome-wide coordinated evolution in which mutation at one
site may cause complementary mutations in other parts of
the genome. Therefore, a mutation that could provide bet-

ter compatibility for interaction with the host may impair
intramolecular interactions of the virus and hence be of no
benefit. In potyviruses that do not contain genes but express
all proteins initially as a single large polyprotein the intra-
molecular interactions at protein and RNA levels seem par-
ticularly important (Rajamaki et al., 2004).

Viruses utilize the cellular transcription, translation and
macromolecular transport systems for their infection cycle.
Identification of viral, host and vector proteins which interact
during the infection cycle should offer means to make func-
tion-based molecular predictions about factors that pro-
vide selection pressures and drive evolution of plant viruses
(Singh et al., 2008). However, the knowledge in this area
is still limited. Currently, members of the eukaryotic trans-
lation initiation complex, such as elF4E and elF(iso)4E,
belong to the most widely studied host proteins regarding
infection with potyviruses. The viral genome-linked protein
(VPg) is studied as the interacting counterpart (Robaglia
and Caranta, 20006).

Viruses need to suppress, circumvent or bypass antiviral
defence mechanisms of the host plant, which constitutes an
important challenge in host adaptation. RNA silencing is
one of the most crucial obstacles that the virus needs to cope
with. In the past 10 years it has become evident that all vi-
ruses encode at least one protein or possess RNA structures
whose main purpose is to suppress or help to circumvent
RNA silencing (Ding and Voinnet, 2007). The aforemen-
tioned incorporation of an RNase gene into the genome of
a crinivirus is one example of the evolution for better coun-
ter-defence against RNA silencing (Kreuze et al., 2005).
Plant cells can detect viral RNA also by a mechanism that
resembles the dsRNA-activated protein kinase pathway of
animals. However, viruses can suppress this defence mech-
anism by recruiting a cellular protein to block the pathway
(Bilgin et al., 2003). Plants have also evolved to specifically
recognize pathogens, including viruses, with the products
of resistance (R) genes. Recognition by an R gene elicits
a large number and variety of defence responses of which
some are detrimental to the virus. Viruses can circumvent
recognition via mutation in the corresponding viral aviru-
lence gene, unless this turns out to cause a serious loss of
fitness for other reasons (Taraporewala and Culver, 1996;
Weber and Pfitzner, 1998).

Advanced adaptation of viruses to hosts and vectors can
take intriguing and complicated forms. Chlorosis and yel-
lowing of leaves and stunted growth make the infected plants
more easily detectable for the vector aphids, but Potato leaf
roll virus has evolved also additional means to attract the
aphids, which it is fully dependent on for transmission. This
virus affects the volatiles of potato plants in a manner that
makes the plant more attractive to aphids and increases the
numbers of aphids landing on the infected plant (Eigen-
brode et al., 2002).

Coat protein (CP) is the key player in transmission of
viruses by vectors and determines vector-specificity, but still
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few vector proteins interacting with the CP are known (Ng
and Falk, 2006). However, there are recent break-through
findings in mapping genetic loci controlling virus transmis-
sion in aphids (Gray et al., 2007) and identification of aphid
receptors that interact with other viral proteins required for
transmission (Uzest et al., 2007). Analysis of the CP se-
quences from a broad range of viruses suggests that the
virus-vector interaction dominates over the virus-host in-
teractions as a selective force in virus evolution (Chare and
Holmes, 2004).

FUTURE PERSPECTIVES

Recent advances in DNA sequencing technology have
made it feasible to characterize not only specific genes but
partial or full viral genomes of many virus isolates (Ala-Poi-
kela et al. 2006; Dijkeng et al. 2008). The comprehensive
amount of sequence data analyzed by phylogenetic and
other methods will provide a strong basis for further devel-
opment of theories on genetic drift and adaptation in plants
viruses. The molecular features are also becoming the pre-
dominant criteria in viral taxonomy.

However, most of the plant viruses studied so far have
been described isolated from cultivated plants in the agri-
cultural or horticultural environments. There is little knowl-
edge of the natural hosts and especially the variability of
plant viruses in wild species (Tugume et al. 2008). There-
fore, the current picture of plant virus evolution is probably
incomplete and will gain from studies on viruses in the wild
vegetation.
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JBOJIOLMS BUPYCOB PACTEHHUI:
ajianTauus K Xxo3sieBaM M K BEKTOpam

Baakonew . 11. T.

% PE3HOME: Bupycb! sIBJSIIOTCS 06,1MraTHBIMU MOJIEKYJISIPHBIMU N1aTO-
reHamu. [lnsi pa3MHOXKeHHs!, B TOM YHCJIe CHHTe3a HYKJIE€MHOBBIX KUCJIOT
1 0eJIKOB, BUPYCY HEOOXOAMMbI XKUBble KieTKh-Xo3sieBa. Llmkn undek-
LMY BUPYCOB B PACTEHUSIX BKJIOYAET TPU OCHOBHbIX (ha3bl: i) pennka-
uus, ii) nepemeleHre U3 KJIETKH B KJIETKY Yepe3 Maa3Mojecmbl, U iii)
JaJibHUN TPAHCNOPT B pa3JjiMyHble YacTH pacTeHuii. B xone atux craguit
Ha WH(EKUMOHHDIH LMK BUPYCOB OKa3blBaeT BJMsSHUE reHeThuecKas
WU3MEHYMBOCTb UX X035eB, B pe3yJbTaTe Yero BUPYC JOKEH <MPUCHO-
cab/IMBaThCS» K HE3HAYNTEJbHBIM WM KPYIHBIM Pa3JiMYUsIM BO B3aUMO-
JENCTBUSIX MEXK/Y BUPYCOM U X03siMHOM. [ljisl TakKuX «npucrnocodeHuii»
HeoOX0MMbl MyTaLM¥ B BUPYCHOM reHome. MHorue BUpychbl pacTeHui
TaKXKe 3aBUCST OT OPraHU3MOB-MEPEHOCYMKOB JJISl 3aPAXKEHUs] HOBBIX
pacreHuii-xo3sieB. U3MeHeHHs1 B BUPYCHOM reHoMe sl JIyulleil «ajar-
TaUUU» K XO35IMHY He JI0JKHbl HapyllaTh CNOCOGHOCTb OpraHu3ma-ne-
peHocuMKa nepejaBaTb BUPYCHOE MOTOMCTBO. AJanTaLMi0 X03siMHA W
ajanTauuio OpraHu3Ma-nepeHocunkKa, TakuM 00pa3oM, MOXKHO pac-
CMaTpUBaTh KaK OCHOBHbIe (DAaKTOPbI, OKa3bIBaIOLLMe BJIUSIHUE HA 3BO-
JIIOLMIO BUPYCOB PacTeHHd.

% KJIKOUEBDIE CJIOBA: Bupychl pacTeHuil, 3BOJHIOLHs, OPraHH3Mbl-T1e-

PEHOCUMKH, [JIa3MOJIeCMbl, PEKOMOUHALIHSL.
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