
Introduction

The genetic and phenotypic variability of RNA vi-
ruses provides a means to trace their evolution.
The simplicity of viral genomes (small numbers of
encoded proteins), their quick replication rate, and
the high mutability of viral genes, confer great
value upon viruses as model systems to under-
stand evolution. The observed differences be-
tween viruses make it possible to classify them
into different families, genera and species. Less
obvious differences facilitate the grouping of vi-
ruses into serotypes, genotypes, pathotypes or
phenotypes. A pure culture of a virus derived from
a naturally or experimentally infected host plant is
called an isolate. The isolates (of the same virus)
that differ in some property are called variants
or mutants. Variant isolates have distinct genomic
sequences as a result of mutation, recombination,

genetic drift and selection pressure. A set of
isolates and variants constitute a population of vi-
ruses. These populations are genetically heteroge-
neous (Smith et al. 1997; Isnard et al. 1998; Sole
et al. 1999; Garcia-Arenal et al. 2001).

The most important factors limiting horserad-
ish (Cochlearia armoracia L.) production are in-
fectious diseases, especially viral ones (Hickman
and Varma 1968). Evidence that horseradish is
a host of Turnip mosaic virus (TuMV) was re-
ported as early as in 1948 (Pound 1948). TuMV is
known to cause a serious reduction of the horse-
radish root yield (Paludan 1973). Further evidence
of the importance of TuMV in reducing yield was
reported by Shukla and Schmelzer (1972), and the
disease was reviewed by Górecka and Lehmann
(2001). However, systematic studies on the host
range and symptoms by TuMV isolates from
horseradish and studies at the molecular level
were never performed.
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TuMV is a member of the family Potyviridae,
genus Potyvirus. It infects plants of the family
Brassicaceae and many important crops belonging
to different families throughout the world, causing
economically significant losses (Shattuct 1992;
Ostrówka et al. 1993; Hardwick et al. 1994;
Schröder 1994; Maisonneuve et al. 1995). It is
transmitted by aphids in the non-persistent manner
(Shukla et al. 1994). The TuMV virions are flexu-
ous filamentous particles 700–750 nm long, each
containing a single copy of the genome, which is
a single-stranded RNA(+) molecule 9834 nucleo-
tides (nt) long and is covalently linked to a viral
genome-linked protein (VPg) at the 5’-end and
polyadenylated at the 3’-end. The RNA of TuMV
has a single ORF that is translated into a single
large polyprotein, which is digested by viral pro-
teases into a few proteins (Riechmann et al. 1992).
Several partial nt sequences of different TuMV
isolates have been reported (Kong et al. 1990;
Nakashima et al. 1991; Sano et al. 1992; Choi and
Choi 1993; Nakashima et al. 1993; Kim et al.
1995; Petrzik and Lehmann 1996; Lehmann et al.
1997). The first complete nt sequences of Cana-
dian and Japanese isolates were presented by
Nicolas and Lalibertë (1992) and Ohshima et al.
(1996). Transgenic viral-derived resistance to
TuMV has also been reported (Lehmann et al.
1996; Jan et al. 1999; Lehmann et al. 2003).

The most common criteria to discriminate be-
tween viruses and viral variants are: host range,
serology, pathotyping, symptomatology, particle
morphology, and nt sequences. The first attempts
to classify TuMV isolates into groups were made
according to symptomatology and host range
(Yoshii 1963; McDonald and Hiebert 1975; Choi
et al. 1980), and pathotypes were identified ac-
cording to the response of resistant and susceptible
differential lines of oilseed rape (Brassica napus

var. oleifera) and swede (B. napus var.
napobrassica) to TuMV infection (Jenner and
Walsh 1996). Further efforts to classify and char-
acterize TuMV isolates have been made with iso-
lates from Italy (Stavolone et al. 1998). Nucleotide
sequence analysis has also been used to classify
TuMV isolates. Nucleotide sequences of some
fragments of the TuMV genome have been used to
classify isolates: the 3’-untranslated region
(3’-UTR) (Petrzik and Lehmann 1996), the coat
protein (CP) gene (Lehmann et al. 1997; Chen
et al. 2002), or both the P1 and CP genes
(Ohshima et al. 2002).

In this study, we identified and characterized
a novel Turnip mosaic virus population from
horseradish plants (Cochlearia armoracia L.).
We characterized the host range and symptoms in-

duced by TuMV isolates from this population by
using 4 differential rape and swede lines as well as
rape cultivar (cv.) Westar. Complete genome se-
quences of isolates CAR37 and CAR37A of
TuMV were determined and compared with others
to provide insight into their relationship with other
isolates of TuMV from diverse locations around
the world.

Materials and methods

Plant materials

The horseradish (Cochlearia armoracia L.) plants
that were used as a source of TuMV, originated
from 2 horseradish farms located in central Poland
and were selected randomly after harvest (as roots)
in the 2004 growing season. Oilseed rape (Bras-
sica napus var. oleifera) lines R4, S6 and cv.
Westar as well as swede (Brassica napus var.
napobrassica) lines 165 and S1 were kindly pro-
vided by Dr. John Walsh (Horticultural Research
International, Wellesbourne, Warwick, UK).

Identification, grouping and propagation of

TuMV isolates

The horseradish roots were placed in an in-
sect-proof greenhouse with the temperature range
of 21–22oC. Leaves showing symptoms were col-
lected, frozen in liquid nitrogen, and stored

at –70ºC. We considered an isolate of TuMV as

a virus derived from a single infected horseradish

plant displaying leaf symptoms. Each isolate was

identified as TuMV by using both DAS-ELISA

and RT-PCR. The isolates identified in horserad-

ish plants were propagated at first by mechanical
inoculation of rape line S6 with inocula prepared
from horseradish leaves showing symptoms. The
inocula from the infected S6 plants were then used
to inoculate plants of rape cv. Westar to group the
CAR TuMV population isolates. All isolates iden-
tified were maintained in rape line S6 or Nicotiana

benthamiana plants and stored as freeze-dried

leaves at 4ºC or as frozen leaves at –70ºC.

Specific detection of TuMV by RT-PCR and

DAS-ELISA

Reverse transcriptase-polymerase chain reaction

(RT-PCR)

Total RNA used for RT-PCR was extracted from
horseradish leaves showing symptoms of the dis-
ease with TRIZOL, according to the manufac-
turer’s recommendations. RT-PCR was performed
as described previously (Lehmann et al. 1997).
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Two oligonucleotide primers flanking the TuMV
CP gene sequence were used (P4S,
5’-ATCAAGCTTCAGGCAATCTTTGAGGATT
AT-3’; and P3S, 5’-ATCGTCGACTACTAC
TCGAGTTTTTTTTTTTTTTTTT-3’) during PCR
performed as described previously (Lehmann et al.
1997). PCR products were analysed on 1.0%
agarose gels.

Double antibody sandwich enzyme-linked

immunosorbent assay (DAS-ELISA)

DAS-ELISA was used to detect the TuMV virus
(Clark and Adams, 1977), with EMA67 (from
HRI, Wellesbourne, UK) as the first monoclonal
antibody. Absorbance was recorded at 405 nm by
using a microplate reader. The absorbance values
(A405) were regarded as positive if they were twice
as high as those of healthy control plants. Each
value was a mean of 10 ELISA readings.

Phenotypic characterization of the TuMV

isolates by using the differential rape and swede

lines

Oilseed rape lines R4 and S6 as well as swede lines
165 and S1 are 4 differentials from the European
system for pathotyping the isolates of TuMV (Jen-
ner and Walsh 1996). Oilseed rape lines R4 and S6
originating from cv. Rafal and swede line 165 se-
lected from cv. Ruta Otofte were described by
Tomlinson and Ward (1982) and Walsh (1989).
Line S1 was selected from swede cultivar Ruta
Otofte as well. All the differential lines were
selfed and tested to confirm their stability in re-
sponse to TuMV. The plants of rape and swede
lines at the 3–4-true-leaf stage were inoculated

mechanically with selected TuMV isolates
propagated in rape line S6 for phenotypic charac-
terization. The tests were repeated in at least 3 rep-
lications per isolate, on a total of at least 10 plants
of each of the four rape and swede lines. Develop-
ment of local and systemic symptoms was moni-
tored for up to 28 days post inoculation (dpi), and
the TuMV titres were determined by DAS-ELISA
at 24 to 26 dpi.

Nucleotide sequencing

The complete sequence of isolate CAR37 and
variant CAR37A of TuMV were determined. To-
tal RNA used for RT-PCR was extracted from
rape line S6 leaves or cv. Westar plants with
TRIZOL according to the manufacturer’s recom-
mendations. RT-PCR was performed as described
previously (Lehmann et al. 1997). During
RT-PCR, primers designed to produce overlap-
ping products of approximately 1–2 kb along the
length of the viral genome were used (Figure 1).
PCR was performed by using Platinum Pfx DNA
Polymerase (Invitrogen).

PCR products were separated on LMP-agarose
gels and were purified with phenol. Bidirectional
sequencing of cDNA products was performed by
using the DNA Sequencing Kit BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied
Biosystems). The products from at least 2 inde-
pendent sequencing reactions were analysed by an
automated sequencing system Applied Biosystems
3730 DNA Analyzer. The obtained data were pro-
cessed by the CHROMAS Program. Nucleotide
sequences of CAR37 and CAR37A were depos-
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5’UTR P1 HC-Pro P3 6K1 CI 6K2 VPg NIa NIb CP 3’UTR
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Figure 1. Diagram of the TuMV genome, showing positions of fragments synthesized during RT-PCR. 5’UTR =
5’-untranslated region; P1 = protein 1; HC-Pro = helper component proteinase; P3 = protein 3; 6K1 = peptide 1; CI =
cylindrical inclusion protein; 6K2 = peptide 2; VPg = viral genome-linked protein; NIa = nuclear inclusion

a (proteinase); NIb = nuclear inclusion b (viral replicase); CP = coat protein; 3’UTR = 3’-untranslated region.



ited in the DDBJ/GenBank/EMBL databases un-
der the accession numbers DQ648592 and
DQ648591, respectively. The complete nt and de-
duced aa sequences of CAR37 and CAR37A were
compared by using ClustalW Program.

Phylogenetic analysis of the CAR isolates

Sequences of the HC-Pro and CP genes of both se-
lected CAR isolates were compared with 18 previ-
ously characterized TuMV isolates, and
phylogenetic trees were prepared by using the pro-
gram ClustalW. The TuMV isolates used in the
analyses are listed in Table 1.

Results

Origin of CAR isolates of TuMV

In this study, we collected from infected horserad-
ish plants 28 TuMV isolates, which constituted the
Cochlearia ARmoracia (CAR) TuMV population.

The leaves displaying typical viral symptoms
(mosaic or ringspots and leaf malformations) gen-
erated positive TuMV titres (measured by
DAS-ELISA) and demonstrated a single DNA
band on agarose gel, specific for the potyviral coat
protein gene (tested by RT-PCR). A lack of symp-
toms on the tested plants was always correlated
with negative ELISA results.

The inocula prepared from the infected leaves
were used to inoculate rape line S6 plants.
As many as 22 out of the 28 CAR isolates tested,
infected rape line S6 plants systemically.
The TuMV-infected line S6 plants developed sys-
temic mosaic symptoms on upper uninoculated
leaves and positive TuMV titres (data not shown).
Inocula from all 22 infected rape line S6 plants
were used to inoculate rape cv. Westar plants.
Most of the CAR TuMV isolates (19 out of 22 iso-
lates) did not infect cv. Westar (the plants devel-
oped no symptoms and did not generate positive
results of DAS-ELISA and RT-PCR). Only 3 out
of 22 isolates of TuMV systemically infected rape
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Table 1. TuMV isolates used for the construction of phylogenetic trees

Isolate Country of origin Accession No. Gene position References

HC-Pro CP

CAR37 Poland DQ648592 1217–2590 8759–9622 this study

CAR37A Poland DQ648591 1217–2590 8759–9622 this study

TW China (Taiwan) AF394602 1162–2535 8704–9567 Tsao Wang Wu (2001)
DDBJ/GenBank/EMBL

C1 China (Taiwan) AF394601 1190–2563 8732–9595 Tsao Wang Wu (2001)
DDBJ/GenBank/EMBL

CHN12 China AY090660 1216–2589 8758–9621 Jenner et al. (1996)

KYD81J Japan AB093613 1181–2554 8723–9586 Tomimura et al. (2003)

NZ290 New Zealand AB093612 1181–2554 8723–9586 Tomimura et al. (2003)

BZ1 Brazil AB093611 1181–2554 8723–9586 Tomimura et al. (2003)

CDN1 Canada AB093610 1181–2554 8723–9586 Tomimura et al. (2003)

USA1 USA AB093609 1181–2554 8723–9586 Tomimura et al. (2003)

CZE1 Czech Republic AB093608 1181–2554 8723–9586 Tomimura et al. (2003)

RUS1 Russia AB093606 1181–2554 8723–9586 Tomimura et al. (2003)

KEN1 Kenya AB093605 1181–2554 8723–9586 Tomimura et al. (2003)

PV376-Br Germany AB093604 1181–2554 8723–9586 Tomimura et al. (2003)

IS1 Israel AB093602 1181–2554 8723–9586 Tomimura et al. (2003)

Cal1 Italy AB093601 1181–2554 8723–9586 Tomimura et al. (2003)

ITA7 Italy AB093600 1181–2554 8723–9586 Tomimura et al. (2003)

A64 Italy AB093599 1181–2554 8723–9586 Tomimura et al. (2003)

Tu-3 Japan AB105134 1216–2589 8758–9621 Suehiro et al. (2004)

Tu-2R1 Japan AB105135 1216–2589 8758–9621 Suehiro et al. (2004)



cv. Westar (the plants developed symptoms and
generated positive results of ELISA and
RT-PCR). Thus 2 subgroups (N and A) of CAR

isolates could be distinguished among the 22 iso-
lates. Those that did not infect cv. Westar plants
were included in subgroup N. Isolate CAR37 was
selected randomly as a representative of this sub-
group for subsequent tests. After the second pas-
sage of isolate CAR37 in the plants of rape line S6,
a novel variant of TuMV (designated CAR37A)
appeared. The rape cv. Westar plants developed
black local necrotic spots on inoculated leaves,
systemic necrotic lesions on upper uninoculated
leaves, and systemic stem necrosis after infection
with CAR37A. Consequently, variant CAR37A
and the 3 TuMV isolates (CAR36, CAR39 and
CAR44) that infected rape cv. Westar systemi-
cally, were included in subgroup A.

Virulence of the CAR isolates

Five CAR TuMV isolates were selected for further
characterization of the host range of the CAR iso-
lates and expression of their symptoms following
mechanical inoculation of differential rape line
plants. These comprised all 4 isolates that infected
cv. Westar (subgroup A) and isolate CAR37 that
did not infect it (subgroup N). All of them were
tested for ability to infect four differential rape and
swede lines.

Isolate CAR37 did not infect rape line R4 and
swede line 165 (no symptoms), either, but was
able to infect systemically rape line S6 and swede
line S1. On the latter lines, leaf malformations and
systemic mosaic on upper uninoculated leaves ap-
peared at 18 to 20 dpi. Isolate CAR37 generated

positive TuMV titres (measured by DAS-ELISA)
in plants of rape line S6 and swede line S1 (Ta-
ble 2).

Isolate CAR36 systemically infected the lines
S6, R4, and S1, but did not infect swede line 165
plants (Table 2). After inoculation of rape lines S6,
R4 and cv. Westar with CAR36, TuMV titres in
leaves were positive (measured by DAS-ELISA,
data not shown). Rape line R4 and cv. Westar de-
veloped systemic necrotic lesions and malforma-
tions of upper uninoculated leaves after infection
with this isolate. The plants of rape line S6 and
swede line S1 developed systemic mosaic on
uninoculated leaves and positive TuMV titres at
21 dpi.

Isolate CAR44 systemically infected rape lines
S6 and R4 and swede line S1 plants and generated
systemic mosaic on upper uninoculated leaves of
rape line S6 and swede line S1. This isolate gener-
ated systemic necrotic lesions on rape line R4 and
positive TuMV titres in uninoculated leaves of all
lines. Unlike all other CAR isolates, isolate
CAR44 did not infect swede line 165. Oilseed rape
cv. Westar developed systemic necrotic lesions,
malformations of upper uninoculated leaves, and
positive TuMV titres were observed at 21 dpi with
isolate CAR44. These symptoms were very simi-
lar to those induced by isolate CAR36.

Isolate CAR39 systemically infected and in-
duced yellow local necrotic spots on inoculated
leaves, systemic mosaic, and malformations of up-
per uninoculated leaves of oilseed rape line S6.
This isolate generated positive TuMV titres
at 21 dpi in line S6. Systemic lethal necrosis was
observed when plants of rape line R4 were inocu-
lated with CAR39. It caused black local necrotic

Genetic and molecular variability of a Tu MV population 299

Table 2. Symptoms caused by the CAR isolates of TuMV on differential oilseed
rape and swede lines and rape cv. Westar plants

Host (line
or cultivar)

CAR isolates of Turnip mosaic virus

CAR37 CAR37A CAR36 CAR39 CAR44

Oilseed rape
line S6

SM YLNS, SM SM YLNS, SM SM

Oilseed rape
line R4

0 BLNS, SNL SLN BLNS, SLN SNL

Swede
line 165

0 0 0 0 0

Swede
line S1

SM YLNS, SM SM YLNS, SM SM

Oilseed rape
cv. Westar

0 BLNS,
SNL, SSN

SNL YLNS, SNL SNL

0 = no reaction (no symptoms, negative TuMV titre); SLN = systemic lethal necrosis; SM = systemic
mosaic; SNL = systemic necrotic lesions; SSN = systemic stem necrosis; BLNS = black local necrotic
spots; YLNS = yellow local necrotic spots; S6, R4, 165 and S1 = rape and swede lines.



spots on inoculated leaves at 8 to 10 dpi and then
necrosis that expanded along the veins. The inocu-
lated line R4 plants then wilted and died at 21 to
24 dpi. Plants of swede line S1 developed yellow
local necrotic spots on inoculated leaves and sys-
temic mosaic on upper uninoculated leaves at
21 dpi after infection with isolate CAR39. It also
generated positive TuMV titres in uninoculated
leaves of line S1. Isolate CAR39 induced yellow
local necrotic spots on inoculated leaves, systemic
necrotic lesions, and malformations of upper
uninoculated leaves of rape cv. Westar. It caused
numerous systemic necrotic lesions on upper
uninoculated leaves and generated positive TuMV
titres in uninoculated leaves. This was followed by
a slight reduction in growth rate at 28 dpi. Isolate
CAR39 did not infect swede line 165 (Table 2).

CAR37A induced black local necrotic spots on
inoculated leaves of rape cv. Westar and line R4.
The plants inoculated with CAR37A developed
a small number of systemic necrotic lesions on up-
per uninoculated leaves, similar to those that ap-
peared on leaves after inoculation with isolate
CAR39, and generated positive TuMV titres in
uninoculated leaves. Inoculation of cv. Westar
with the variant CAR37A caused systemic stem
necrosis, followed by cracking expanding along

the length of stems, malformation of plants, and a
very large reduction in growth rate. Variant
CAR37A also infected rape line S6 and swede line
S1 systemically, but it did not infect swede line
165. Isolate CAR37A produced local necrotic
spots on inoculated and systemic mosaic on upper
uninoculated leaves of rape line S6 and swede line
S1 (Table 2).

Altogether, the 5 CAR isolates of TuMV tested
during this experiment differed in biological prop-
erties, such as host range and symptom expres-
sion. The results showed that there are 2 patterns
of infection of Brassica plants with CAR isolates
(Table 3). The first type of infection was observed
on plants of oilseed rape line S6 and swede line S1.
After inoculation with CAR37A and CAR39, yel-
low local necrotic spots appeared on inoculated
leaves, and systemic mosaic on upper
uninoculated leaves after inoculation with all of
the CAR isolates tested. The second type of infec-
tion was observed on rape plants of line R4 and cv.
Westar. Leaves inoculated with CAR37A and
CAR39 developed black local necrotic spots (only
cv. Westar inoculated with CAR39 developed yel-
low local necrotic spots), while uninoculated
leaves had systemic necrotic lesions after inocula-
tion with CAR36, CAR37A, CAR39 and CAR44.
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Table 3. Types of infection induced by inoculation of differential oilseed rape and swede lines and
rape cv. Westar with CAR isolates of TuMV

Infection types Localization of
symptoms

Host line or cultivar CAR isolates
of TuMV

Symptoms

Systemic
mosaic

inoculated leaves

uninoculated leaves

rape S6
rape S6
swede S1
swede S1

rape S6
rape S6
rape S6
rape S6
rape S6
swede S1
swede S1
swede S1
swede S1
swede S1

39
37A
39
37A

36
39
44
37
37A
36
39
44
37
37A

yellow local necrotic spots

systemic mosaic

Systemic
necrotic
lesions

inoculated leaves

uninoculated leaves

rape R4
rape R4
rape Westar

rape Westar
rape R4
rape R4
rape R4
rape Westar
rape Westar
rape Westar
rape Westar

39
37A
37A

39
36
37A
44
36
39
44
37A

black local necrotic spots

yellow local necrotic spots

systemic necrotic lesions



Comparison of complete nucleotide sequences

of CAR37 and CAR37A

To assess variability among CAR isolates of TuMV
at the molecular level, complete nt and deduced aa
sequences of both CAR37 and CAR37A were de-
termined. The complete sequence of CAR37A was
determined from the virus present in systemically
infected rape cv. Westar, and of CAR37 from in-
fected rape line S6.

The genomic RNAs of 2 sequenced TuMV iso-
lates are 9834 nt in length and contain 8 regions
encoding proteins. The lengths of these regions in
the isolates tested are identical to those described
previously for other TuMV isolates, as follows:
protein 1 (P1 gene) = 1086 nt; helper component
proteinase (HC-Pro gene) = 1374 nt; protein
3 (P3 gene) = 1065 nt; cylindrical inclusion pro-
tein (CI gene) = 1932 nt; viral genome-linked pro-
tein (VPg gene) = 576 nt; nuclear inclusion
a (proteinase, NIa gene) = 729 nt; nuclear inclu-
sion b (viral replicase, NIb gene) = 1551 nt;
and coat protein (CP gene) = 864 nt. The genomic
RNAs contained 2 short regions encoding pep-
tides: peptide 1 (6K1 gene) = 156 nt; and peptide
2 (6K2 gene) = 159 nt. In the TuMV genome, there
is a single open reading frame (ORF, starting from
initiation codon ATG131–133 and ending with termi-
nation codonTGA9623–9625). The ORF is flanked by
2 untranslated regions: 5’-untranslated region
(5’UTR) = 130 nt; and 3’-untranslated region
(3’UTR) = 209 nt. The 5’-terminus of genomic
RNA consists of six A1–6 residues and the
3’-terminus consists of a poly-A tail of uniform
length (17 A residues). The genomic RNAs en-
code a polyprotein of 3164 amino acids (aa).
When the sequencing of randomly selected frag-
ments 2 and 7 (Figure 1) was repeated after 6 pas-
sages of isolates CAR37 and CAR37A in rape line
S6 plants, then substitutions appeared: of a nucleo-
tide in fragment 2 (C � T1630) and a nucleotide in
fragment 7 (A � G9081). Fragment 7 of CAR37
and both fragments of CAR37A did not change af-
ter 6 passages. These observations indicated that
under experimental conditions, genetic stability of
the viral genome is rather high. The pairwise com-
parisons of the nt and deduced aa sequences were
calculated for the complete genomic sequences
and for every gene of CAR37 and CAR37A. Simi-
larity between complete sequences reached 86.1%
for the nt sequences and 94.1% for the deduced aa
sequences. These differences for each gene were:
for P1, 81.2% for the nt sequences and 80.9% for

the deduced aa sequences; for HC-Pro, 83.1% and
95.4%; for P3, 82.8% and 90.1%; for 6K1, 84.6%
and 98.1%; for CI, 86.4% and 96.9%; for 6K2,
86.8% and 94.3%; for VPg , 87.0% and 94.3%; for
NIa, 88.9% and 97.9%; for NIb, 87.2% and 96.9%;
and for CP, 92.7% and 97.6%, respectively.
As shown above, the percentage of nt sequence
identity between these CAR isolates was low and
dependent on particular TuMV genes. The lowest
similarity of nt sequences was for the P1 gene
(81.2%) and the highest for the 3’UTR region
(98.1%). These identity patterns were not exactly
reflected in those of aa sequences. The lowest val-
ues were for the P1 gene (80.9%) and 90.1% for
P3. For the other genes these values were higher
(94.3–98.1%).

Differences at the molecular level between
CAR37 and CAR37A were consistent with differ-
ences in the host range and symptoms developed
by the isolates. For example, while CAR37 was
not able to overcome the resistance of cv. Westar,
CAR37A established systemic infections in this
cultivar.

Percentage identity of coat protein nt and aa

sequences of CAR37, CAR37A and randomly

selected isolates from other countries

In order to evaluate the taxonomic relationships
between CAR37 and CAR37A and 10 other iso-
lates listed in Table 1, their percentage identity
was analysed (Table 4).

As shown in the upper half of Table 4, CAR37
was very similar to the other TuMV isolates that
were used in these tests (6 isolates had more than
95% identical nt and 9 isolates had more than 97%
identical aa in the viral polyprotein). Only isolate
KYD81J was more distantly related to CAR37
(89.2% identical nt and 95.1% identical aa).
CAR37A was also very similar to most of the
TuMV isolates tested (2 isolates had more than
97% identical nt and 9 isolates had more than 97%
identical aa). Similarly, as was shown for CAR37,
isolate KYD81J was more distantly related to
CAR37A (89.1% identical nt and 94.8% identi-
cal aa). These analyses confirmed that both iso-
lates CAR37 and CAR37A are TuMV viruses,
because their coat protein gene sequences were
identical to previously characterized TuMV iso-
lates for more than about 95% nt and almost 98%
aa (Table 4). However, because the sequences of
CAR37 and CAR37A had 92.7% identical nucleo-
tides and 97.6% identical aa in coat protein genes,
pairwise comparisons could indicate some obvi-
ous differences between them.
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Phylogenetic analysis of CAR37, CAR37A and

randomly selected isolates from other countries

In this work, we focused on comparison of isolates
CAR37 and CAR37A with others, giving insight
into their relationships with other TuMV isolates.
We conducted phylogenetic analysis of the
HC-Pro and CP nt sequences from these 2 CAR
isolates and 18 isolates selected randomly from di-
verse locations around the world (Figure 2). De-

tails of the isolates, countries of origin, their
names and accession numbers are shown in Ta-
ble 1.

Four groups generally separable on the basis of
their geographic origin were also clearly recog-
nized on the phylogenetic tree based on the
HC-Pro gene (Figure 2A). The first group com-
prised 6 isolates from the New World (NZ290,
BZ1, CDN1, C1 and USA1) and 1 from Germany
(PV376-Br). The second group comprised 4 iso-
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Table 4. Percentage identity of nucleotide (above the diagonal) and amino acid (below the diagonal) sequences
of coat protein between 2 CAR isolates and 10 other isolates of TuMV (listed in Table 1)

TuMV
isolates

CAR37 CAR37A TW C1 CHN12 KYD81J NZ290 BZ1 CDN1 USA1 CZE1 RUS1

CAR37 92.7 95.6 95.8 97.2 89.2 96.1 94.6 96.2 95.7 92.9 92.5

CAR37A 97.6 92.6 91.6 93.1 89.1 92.5 92.2 92.5 91.4 97.1 98.0

TW 96.9 97.6 94.7 97.2 88.5 96.1 94.3 95.7 94.8 92.6 92.1

C1 97.2 97.2 95.8 96.3 89.0 96.8 94.7 96.6 99.9 92.6 91.4

CHN12 98.6 98.6 98.3 97.6 89.4 97.5 95.5 97.3 96.2 93.5 92.8

KYD81J 95.1 94.8 95.5 94.1 95.5 89.9 88.7 89.1 88.9 88.9 89.4

NZ290 98.3 98.3 97.2 98.6 99.0 95.5 95.1 97.7 96.6 93.5 92.4

BZ1 97.2 97.2 96.2 97.6 97.9 94.1 98.3 96.0 94.6 92.4 91.2

CDN1 98.3 98.3 97.2 98.6 99.0 95.1 99.3 99.0 96.5 92.8 91.9

USA1 97.2 97.2 95.8 100.0 97.6 94.1 98.6 97.6 98.6 92.5 91.3

CZE1 97.9 99.0 97.2 97.6 99.0 94.4 98.6 97.6 98.6 97.6 97.2

RUS1 97.2 99.7 97.2 96.9 98.3 94.4 97.9 96.9 97.9 96.9 98.6

Figure 2. Dendrograms prepared with ClustalW (1.83), based on the nucleotide sequences of HC-Pro (A) and CP (B)
genes of the 2 CAR isolates and 18 others from different geographic regions. Details about isolates are shown in Table 1.

All data obtained from the NCBI.

(A)
(B)



lates from Eastern Asia (TW, Tu-3, CHN12 and
Tu-2R1), 1 from Africa (KEN1) and, unexpect-
edly, CAR37. The third group comprised isolates
from central Europe (RUS1 and CZE1) and
CAR37A, and the last group, isolates from the
Mediterranean region (CAL1, ITA7, IS1 and A64)
and unexpectedly from Japan (KYD81J).

The dendrogram based on the CP gene also
separated the isolates into 4 groups (Eastern Asi-
atic, Central European, Mediterranean and New
World) (Figure 2B). Isolate CAR37A was in-
cluded in the Central European group, as in the
dendrogram based on the HC-Pro gene. CAR37
seemed to be very closely related to isolates from
East Asia.

Discussion

Differentiation of natural viral populations ac-
cording to host-plants can indicate that
host-associated selection determines virus evolu-
tion (host adaptation). Numerous data provide evi-
dence of a viral population differentiated
according to host-plant species (Rodriguez-
Cerezo et al. 1989; Mastari et al. 1998; Moury
et al. 2000). Previous reports on TuMV variability
have not been made with a mind to characterize
the genetic structure of the population of this virus
from a single host-plant species. In this study, all
the horseradish plants that were sources of TuMV
isolates were found in two distant farms, and were
collected over a short time. This approach can be
extremely interesting and fruitful in understanding
the evolutionary processes in TuMV populations.

Our observations confirm that a high percent-
age (about 50%) of horseradish plants from the
production farm were infected with TuMV.
In a previous study, Paludan (1973) reported
TuMV infection of nearly 90% of horseradish
plants and a reduction in root crop of 37%.

We suppose that the CAR isolates that induced
systemic necrotic lesions in plants of cv. Westar
contain mutated genes encoding inappropriate
proteins that are crucial in the initiation of a hyper-
sensitive response (HR). This could explain the
delay of HR and the creation of systemic necrotic
lesions. The infecting viruses moved out of the en-
try sites and systemically invaded the entire leaves
or plants before the HR killed them. Kim and
Palukaitis (1997) showed that amino acids Phe631

and Ala641 in the 2a protein of Cucumber mosaic

virus (CMV) were responsible for HR elicitation
on leaves of cowpea plants. These 2 amino acids

were replaced by Tyr and Ser, respectively, in the
2a proteins of resistance-breaking strains of CMV.
Ala641 alone could induce the HR, but viral con-
finement in lesions was not complete and systemic
necrosis developed on uninoculated leaves of
cowpea plants. Karasawa et al. (1999) suggested
further that the nature of the amino acid side chain
at position 631 of the 2a protein correlates with
symptom expression.

The similarity between the complete sequences
of isolate CAR37 and its supposed variant
CAR37A was 86.1% for the nt sequences and
94.1% for the deduced aa sequences. Differences
of this magnitude between an isolate and a derived
mutant are not possible after host passage.
The original CAR37 probably also included the
second genetically different isolate CAR37A (ini-
tially regarded as a variant), which was selected
after the second passage in the S6 line. Although
further experimental work is clearly needed to ex-
plain fully the genetic structure of the TuMV CAR
population, the results reported here provide
strong evidence of genetic diversity generated by
mutation and recombination. This differentiation
between CAR37 and CAR37A is at variance with
the genetic stability of viral populations identified
in crops in contrast to populations identified in
wild plants (Sanz et al. 1999), thought to be due to
the genetic homogeneity of crops that results in
fewer different ecological niches. When 2 ran-
domly selected fragments were re-sequenced after
6 passages of isolates CAR37 and CAR37A in
rape line S6, substitutions of a nucleotide in frag-
ment 2 and a nucleotide in fragment 7 appeared.
Fragment 7 of CAR37 and both fragments of
CAR37A did not change after the 6 passages.
Our results on CAR37 and CAR37A provide fur-
ther evidence of genetic stability of RNA plant vi-
ruses under experimental conditions. Indeed,
sequence data of populations of plant viruses ac-
cumulated during the past 10 years show that very
little diversity is often observed (Hillmann et al.
1991; Fraile et al. 1997). The analysed regions of
the TuMV genome (HC-Pro and CP) suggest that
isolates CAR37 and CAR37A belong to the phylo-
genetically defined Turnip mosaic virus species.
These viruses most probably have evolved from
a common ancestor that was adapted to infecting
horseradish plants.

A preliminary analysis using dendrograms
constructed from the alignment of the HC-Pro and
CP sequences was applied to propose the taxo-
nomic and evolutionary relationships among
2 CAR isolates of TuMV (CAR37 and CAR37A)
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and 18 randomly selected isolates from other
countries, deposited in the GenBank. In this work,
we focused on comparing those CAR isolates with
others, to gain some insight into their relationship
with other TuMV isolates. We cannot explain why
CAR37 shows greater similarity to the Asiatic
group than to the European group. Although this
result suggests that CAR37 has some connection
with Asiatic isolates of TuMV, it could also be that
the sequences obtained do not provide a true indi-
cation of genetic relatedness.

An interesting subject worthy of further studies
will be to determine the effect of processes like ge-
netic drift or selection in a single host-plant on the
genetic structure of the TuMV population. Analy-
sis of the genetic structure of the TuMV popula-
tion may shed light on what factors determine its
evolution.

Conclusions

The results of our experiment showed that there
are 2 patterns of infection of Brassica plants with
TuMV isolates. The similarity between the com-
plete sequences of isolate CAR37 and its supposed
variant CAR37A was 86.1% for the nt sequences
and 94.1% for the deduced aa sequences. Differ-
ences of this magnitude between an isolate and
a derived mutant are not possible after host pas-
sage. Thus the original CAR37 probably also in-
cluded the second, genetically different isolate
CAR37A (initially regarded as a variant), which
was selected after the second passage in the S6
line.

Our results with CAR37 and CAR37A provide
further evidence of the genetic stability of RNA
plant viruses under experimental conditions.
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