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Abstract Turnip mosaic virus (TUMV) is the mgjor vi-
rus infecting Brassica crops. A dominant gene, TURBOL1,
that confers extreme resistance to some isolates of
TuMV on Brassica napus (oilseed rape), has been
mapped genetically. The mapping employed a set of
doubled-haploid lines extracted from a population used
previously to develop a reference RFLP map of the B.
napus genome. The positioning of TURBO1 on linkage
group N6 of the B. napus A—genome indicated that the
gene probably originated from Brassica rapa. Resistance
phenotypes were confirmed by indirect plate-trapped an-
tigen ELISA using a monoclonal antibody raised against
TuMV. The specificity of TURBO1 was determined using
awide range of TUMV isolates, including representatives
of the European and American/Taiwanese pathotyping
systems. Some isolates of TuMV that did not normally
infect B. napus plants possessing TURBOL produced mu-
tant viruses able to overcome the action of the resistance
gene. TURBO1 is the first gene for host resistance to
TuMV to be mapped in aBrassica crop. A second locus,
TuRBO02, that appeared to control the degree of suscepti-
bility to the TuMV isolate CHN 1 in a quantitative man-
ner, was identified on the C-genome linkage group N14.
The mapping of other complementary genes and the se-
lective combining of such genes, using marker-assisted
breeding, will make durable resistance to TuUMV areali-
sable breeding objective.
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Introduction

Turnip mosaic virus (TuMV) is a member of the Potyvi-
rus genus which is the largest genus of plant viruses, with
180 members (Shukla et al. 1994). In an international sur-
vey of economically significant field-vegetable viruses
(Tomlinson 1987), TuMV was found to be second only to
cucumber mosaic virus in importance. TUMV has a wide
experimental host range infecting 318 species from 156
genera (Edwardson and Christie 1991). It naturaly in-
fects horticultural Brassica crops (including cauliflower,
broccoli, cabbage, Brussels sprout and Chinese cabbage),
other horticultural crops (including artichoke, peas, rhu-
barb, chicory and lettuce), arable Brassica crops (includ-
ing oilseed rape and turnip rape), ornamentals (including
stocks and wall flowers) and a wide range of weed spe-
cies. TUMV is transmitted in a non-persistent manner by
over 40 aphid species and occurs in the temperate and
tropical regions of Africa, Asia, Australia, Europe, India
and North and South America. TuMV is particularly
damaging in parts of the world where horticultural and
arable Brassica crops are grown al year round, such as
Canada (Stobbs et al. 1991), China (Liu et a. 1996), Tai-
wan (Yoon et a. 1993), Korea (Choi et a. 1992), and the
UK (Hardwick et al. 1994).

Attempts to control vector and TuMV spread with in-
secticides have been unsuccessful (Evans and MacNeil
1983; Niu et al. 1983) and the deployment of virus-resis-
tant crop varietiesis likely to be the most effective, envi-
ronmentally friendly and sustainable approach to control.
The plant genes that confer resistance against viruses
mediate a wide range of interactions from reduction or
restriction of infection through to complete immunity to
disease development (Ponz and Bruening 1986; Fraser
1990). Severa resistances effective against TUMV have
been identified and partially characterised in Brassica
napus (Shattuck and Stobbs 1987; Walsh 1989) and
Brassica rapa (Suh et al. 1995). However, the only gene
for resistance to TuUMV that had been mapped previous
to the current report was the Tu gene of lettuce (Lactuca
sativa) (Robbins et al. 1994).
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B. napus (oilseed rape) is an amphidiploid species
equivalent to a chromosome-doubled interspecies hybrid
between B. rapa (the A genome) and Brassica oleracea
(the C genome) (U 1935). The linkage groups of the B.
napus genetic map have recently been assigned to the A
and C genomes (Parkin et al. 1995) and trait mapping us-
ing aligned RFLP maps of the B. napus genome is be-
coming routine (Parkin et al. 1994; Fray et a. 1997).
With the advent of marker-assisted breeding in Brassica
crops (Lydiate et al. 1995) the rational combining of indi-
vidual resistance genes to create durably resistant variet-
ies has become a realisable objective. This paper de-
scribes the mapping of a gene for resistance to TUMV in
B. napus and the interactions of this gene with a wide
range of TUMV isolates representing different pathotypes.

Materials and methods

Plant material and RFLP analysis

The B. napus lines 165, S1, R4 and S6 are four differentials from
the European system for pathotyping isolates of TuMV (Jenner
and Walsh 1996). The spring oilseed rape (SOSR) cultivar "We-
star” gave identical phenotypes to line R4 when challenged with
five different pathotypes of TuMV (Jenner and Walsh 1996) and
N-o0-1 is a doubled-haploid (DH) line of SOSR derived from
“Westar” via microspore culture (Sharpe et a. 1995). As described
in Sharpe et a (1995), N—o—1 was crossed with N-0-9 (a DH line
of winter oilseed rape) and one of the resulting F, plants was sub-
jected to microspore culture to produce a segregating population
of DH lines (N-0-72-8). The N—0-72-8 population was assayed
at 277 RFLP-defined loci and the resulting data were used to con-
struct a genetic map of B. napus (Sharpe et al. 1995).

Turnip mosaic virus isolates and propagation

The geographic origin, propagation in B. juncea, and phenotypes
on the B. napus differentials of the European pathotyping scheme
of al 20 TuMV isolates used in this study (see Table 1) were de-
scribed by Jenner and Walsh (1996). The UK 1M isolate originat-
ed from the UK 1 isolate by mutation (Jenner and Walsh 1996).

Disease assays

The phenotypes of virus-plant interactions were determined using
young B. napus plants at the two true-leaf stage. The plants were
mechanically inoculated (all leaves) as described by Jenner and
Walsh (1996) and the plant phenotypes were assessed visualy at
weekly intervals. Indirect plate-trapped antigen (PTA) ELISA was
used as described by Jenner and Walsh (1996) to confirm lack of
infection where no symptoms were observed, except for the fol-
lowing modifications: leaf sap was diluted 1:1 in 0.05 M sodium
carbonate buffer; antibodies were diluted in phosphate-buffered
saline (pH 7.3) containing Tween 20 (0.05%) and bovine serum al-
bumin (0.5 g/l); the first antibody was a mouse monoclonal (EMA
67) produced against TuUMV isolate CZE 1 and shown to be capa-
ble of recognising al isolates of TuMV used in these experiments
(Jenner et a. 1999); the second antibody was goat anti-mouse 1gG
conjugated to alkaline phosphatase (Sigma Chemica Co., Poole,
UK) which was incubated for 3 h at room temperature; the sub-
strate was made up in 10% diethanolamine. Complete resistance
was verified by performing ELISA tests on inoculated |leaves and
partial resistance (i.e. the infection of inoculated |eaves but the ab-
sence of systemic spread) was verified by performing ELISA tests
on the fourth (and uninoculated) true leaf.

Fig. 1 Leaves of N-0-1 (left) and N-0-9 (right) plants illustrating
the phenotypes of the parenta lines after inoculation with TuMV
isolate UK 1

Results
Mapping a single dominant resistance gene in B. napus

The resistance/susceptibility phenotypes of the two pa-
rental lines (N—o0—1 and N—0-9) and of F, plants resulting
from the N-0-9xN-0-1 cross were tested. All N-o-1 plants
were completely resistant to TuMV pathotype 1 (UK 1),
no symptoms of virus infection were observed and no vi-
rus was detected by ELISA after inoculation (Table 1;
Fig 1). N-o-1 was susceptible to pathotypes 3 (CZE 1)
and 4 (CDN 1) and the second parental line N-0-9 was
susceptible to all three TuUMV pathotypes (Table 1). Eight
F, plants were tested and all were resistant to UK 1
TuMYV, demonstrating that resistance was dominant.

A random sample of 28 DH lines from the N-0—72-8
mapping population of B. napus, along with the parental
lines (N-o-1 and N-0-9), were inoculated (4-5
plants/line per isolate) with TUMV isolates UK 1, CZE 1
and CDN 1. All the lines were completely susceptible to
CZE 1 and CDN 1 and the phenotypes after inoculation
with UK 1 are presented in Fig. 2. The segregation of re-
sistance (15 lines) and susceptibility (13 lines), in the 28
lines tested, allowed the resistance gene to be localized
to two map intervals flanking the pO120b cluster on
linkage group N6 (Fig. 2). The resistance gene was
called TuMV RESISTANCE IN BRASSICA 01 (TuRBO1).
Phenotypes were very clear; susceptible plants devel-
oped severe systemic mosaic-type symptoms whereas re-
sistant plants showed no symptoms at all.

Stability and specificity of the resistance

Westar (N-o0-1) was completely resistant to four of the
TuMV isolates (UK 1, CHN 1, JPN 1 and JPN 2), par-



Table1 Phenotypes of thein-

1151

teractions between 20 isolates E/Iélr;:g:)segn atp?athotype) Number of plants infected systemically/number inocul ated
f TuUMV and vari B.
ﬁn£ UK z;n C\é? iu(s:DNnalpus [original strain designation]  N-o-1 N-0-9 Differentials of European pathotyping scheme
and GK 1 represent pathotypes
1, 3, 4 and 9 respectively of the 165 S1 R4 S6
European pathotyping scheme
(Jennper ang der?lgggﬁ) CHN UK 1(1) 0/10 9/9 0/2 2/2 0/2 2/2
typing scheme (Provvidenti CDN 1(4) 10/10 8/8 2/2 2/2 2/2 2/2
1980; Green and Deng 1985) CDN 2(3) 5/5 5/5 0/2 2/2 2/2 2/2
and CHN 6-12 represent strain ~ GK 1(9) 3/5 5/52 072 22 2/22 212
Groups TUL_7 of the Chinese | CHN 1(D)[C1] o4 44 02 2122 02 22
1990) CHN 3(3)[C3] 5/5 5/5 0/2 2/2 2/2 2/2
CHN 4(3)[C4] 5/5 5/5 0/2 2/2 2/2 2/2
CHN 5(3)[C5] 5/5 4/4 0/2 212 212 2/2
CHN 6(3)[Tul] 5/5 4/4 012 212 212 2/2
CHN 7(3)[Tu2] 5/5 5/5 02 212 212 2/2
CHN 8(3)[Tu3] 5/5 4/4 012 212 212 2/2
. . . CHN 9(3)[Tu4] 5/5 44 0/2 212 212 2/2
Only inoculated leaves infect-  cHN 10(3)[Tu5] 5/5 4/4 012 212 212 212
ed,i.e nosystemicspread - CHN 11(19)[Tu6] 3/5 414 0/2 212 212 2/2
° Virus appeared to mutale giv-  CHN 12(3)[ Tu7] 5/5 4/4 212 212 212 212
ing atypical phenotypeonthe — jpN 1(7) 0/5 3/4 0/2 2/2 012 212
R4 differential and theline JPN 2(7) 0/5 0/4 0/2 2/2a 0/2 2/2
containing TURBO1
Fig. 2 Genetic scoring data at N6
RFLP-defined loci and at the
TuRBO1 locus on linkage group e L A S pW217b, pW115b +
N6 of the B. napus genomein p‘géwb f“‘:"”‘“““*“ ________ S 10.9
. e pO%a B e 09%a -+
2D lstton et 729 A s s S S N
N-0-9 parehtal alele — inherit- pW1l99a B e T ST DRI pW199a, pN52b 3.6
ance of the N-o-1 pa}ental al- p0152b R e Rttt pN199b 10.9
lele; columns, DH lines; rows, POL05a  —dtbtotbodbo bbbt o ot pN123X2 -
loci. The order of theloci on PNISOD  —bddobd bbb o oo oot 10.9
linkage group N6 is based on pN123X2 I R e e Bt o b ol B pO143b -+
the map derived from theseg- pO143b Ftt—t—tt——t =ttt tt——t 10.9
regation data of all 92 DH lines Pgéé%NM :+‘+++++‘+“++++“"“‘“*“*“ pO119cNM, pR6b -
o e N-oTz Spopiaion e
arpe et a. . The genet- L e A e p a, .
ic distances shown are calculat- pN10la  dbb—do—ddode bbbt oot \ pO120b, T gg
ed from the segregation data of pO120b FrEodosdb bbbt U RBO pW167a,
the 28 DH lines pwWle7a R I e At Rl el el pW137cNM 18.7
PW137CNM  +++—+——t+—t—tt—tt——t——fo—f—m / ’
i e e Rttt ST R3a— 56
PR3a e S S N RS S pN86a—- =
pN86a +H—————= T it e pO112a— 7.2
pOll2a R e e +-— —
10cM 102 oM

tially resistant to two isolates (GK 1 and CHN 11) and
completely susceptible to 14 isolates (Table 1). The
specificity of the resistance in N—o—1 was almost identi-
cal to that of the oilseed rape line R4 (Table 1). N-o0-1
only differed from R4 with respect to its reaction with
GK 1, all of the R4 plants inoculated with GK 1 were in-
fected, whereas only three of the five N—o—1 plants were
infected (Table 1). This non-uniform infection by GK 1
was also observed in the DH lines of the N-0—72-8 pop-
ulation that carried the TURBO1 gene, those lines that
lacked the TURBO1 gene were completely sensitive to
GK 1 (Table 2), suggesting that this partial resistance
was associated, perhaps by linkage, with the TuRBO1

gene. The pathotype 1 isolate, CHN 11, appeared to mu-
tate to pathotype 3 in that it infected systemically all the
R4 plants, some of the N-o-1 plants (Table 1), and some
of the plants in the DH lines of the N-0-72-8 population
that had the TuRBO1 gene (Table 2).

Additional resistance genes

Some lines not carrying the TURBO1 gene were partially
(or totally) resistant to TuMV isolates CHN 1, JPN 1 and
JPN 2 (Tables 1 and 2) suggesting the existence of an ad-
ditional resistance gene. The resistance was quantitative
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Table 2 Phenotypes of the in-

teractions between six isolates E/EIIrJurgpl)se.;natp?athotype) N-0-72-8-
BN o ion ™™ [original strandesgnation] 48 60 126 152 241 12 54 77 137 178
UK 1(1) o5 05 04 05 05 55 55 55 55 55
P : GK 1(9) 442 55 152 55 352 5/5a 55a 553 5/5a 5/5a
Only inoculated leaves infect-  cHN 1(1)[C1] 04 05 05 05 05 45 45 05 25 45
ed,i.e nosystemicspread - CHN 11(10)[Tu6] 24 05 2/5 05 15 55 55 55 55 5[5
> Virus appeared to mutate giv- - jpN 1(7) o5 05 05 05 05 55 55 55 35 4/5
ing atypical phenotype on the  jpN 2(7) 04 05 05 05 05 25 35 05 05 35
lines containing TURBO1
:—e?géﬁg’ngggtnxg;ﬂ?&{ﬂt\%g_ Plant line Number of plantsinfected systemically/number inocul ated
lates CHN 1, JPN 2 and UK 1 with TuMV isolate as determined by ELISA:
and 22 microspore-derived
lines from plant N-72-8 (F; UK1 CHN 1 JPN 2
D N ggossbeneen N o 72 g4 5/5 910(+1)2 010
-8 5/5 1/10 0/10
24 5/5 0/10 0/10
-31 5/5 4/10 0/10
-34 414 3/10 0/9
-53 5/5 0/10 9/10
55 5/5 0/10 0/10
67 5/5 4/10 3/10
77 5/5 3/10(+2) 0/10
-78 5/5 2/10(+2) 1/10
-82 5/5 4/10(+6) 0/10
-83 5/5 1/10 0/10
-84 5/5 1/10 1/10
-89 5/5 5/10(+1) 0/10
-90 5/5 2/10 0/10
-101 5/5 3/10 0/10
-115 5/5 6/10(+2) 0/10
-116 5/5 7/10(+1) 0/10
-136 5/5 9/10 0/10
-137 5/5 5/10(+1) 0/10
147 5/5 0/10 0/10
-191 5/5 10/10 5/10(+2)
aNumbersin brackets refer to gﬁ gfg gjg g;g
plants where virus symptoms s1 5/5 0/5 0/5
were seen but viruswasnot de- 15 0/5 0/5 0/5

tected by ELISA

rather than absolute and was more effective against JPN
2 than either CHN 1 or JPN 1. Segregation for this par-
tial resistance was again observed when an increased
number of DH lines from the N—0—72—8 population (all
lacking the TURBO1 gene) were inoculated with the CHN
1 and JPN 2 isolates of TuMV (Table 3). Some of the 22
lines exhibited different segregation patterns for quanti-
tative resistance to TUMV CHN 1 compared with that for
guantitative resistance to TuMV JPN 2. This suggested
that different genes might be involved, although the ex-
periment was somewhat compromised by the low levels
of infection achieved by JPN 2.

Mapmaker QTL (Lincoln et al. 1992) was used to
probe for the existence of a gene controlling quantitative
resistance to CHN 1 using existing genetic marker data,
and the number of plants susceptible to CHN 1 (out of
the ten plants tested) as a quantitative measure of suscep-
tibility for each of the 22 DH lines tested. This analysis
identified a locus (TURB02) on the lower part of the C-

genome linkage group N14, flanked by pW133a and
pR113bNM (Fig. 1 in Sharpe et a. 1995), with a LOD
score of 2.4 for association with the trait. While the LOD
score was too low to give complete confidence in the ex-
istence of a resistance gene, the locus appeared to have
an appreciable effect. In the eight DH lines where the
whole interval was derived from the N-0-9 parent, the
mean number of infected plants was 1.5 out of 10. In the
seven DH lines where the corresponding interval was de-
rived from the N-o-1 parent, the mean number of infect-
ed plants was 6 out of 10. Confirmation of the effect of
TuRBO2 will await the analysis of an increased number
of lines from the N-0-72—8 population lacking TURBOL.

Discussion

Visual inspection of symptoms following inoculation of
B. napus with TuMV UK 1 proved an accurate assay of



phenotype (confirmed by ELISA) because of the severe
infection induced in susceptible individuals and the ab-
sence of symptoms in resistant individuals. The segrega-
tion of the resistance phenotype was consistent with a
single dominant resistance gene, TuMV RESI STANCE IN
BRASSICA 01 (TuRBO1), mapping to a locus on linkage
group N6 of B. napus (Sharpe et a. 1995). TuURBO1 is the
first gene for resistance to a virus to be mapped in a
Brassica species. TUMV resistance in the oilseed rape
variety "Rafal” (Walsh 1989), with a very similar speci-
ficity to that of TuRBO1, might result from the same
gene. The "Rafal” resistance was classified as immunity
based on the definition of Cooper and Jones (1983) and
the inability to detect virus in inoculated leaves using a
range of techniques. It is possible that TURBO1 induces
an extreme form of hypersensitivity where single infect-
ed cells are killed (localising infection to these cells and
preventing spread to adjacent cells) or operational immu-
nity where cell-to-cell movement is impaired (Arroyo et
al. 1996). Further research is required to thoroughly de-
fine the nature of resistance mediated by TURBO1.

The TuRBO1 gene was only effective against one of
the five American/Taiwanese TuUMV pathotypes, one of
the seven Chinese strain types and two of the five Euro-
pean pathotypes. TuMV pathotype 1 (against which
TuRBOL1 is effective) is the most abundant pathotype in
Europe although pathotypes 3 and 4 (both of which over-
come TuRBO01) are also common (Jenner and Walsh
1996). Widespread deployment of TuRBO1 in Brassica
cultivars would obviously select for resistance-breaking
isolates of TUMV where they exist alongside isolates un-
able to overcome the resistance. In an earlier study (Jen-
ner and Walsh 1996), the type pathotype 1 isolate of
TuMV, UK 1, infected a proportion of plants of the culti-
var Westar, which possesses TURBO1. When virus was
isolated from these plants and inoculated to plants of the
line R4, al were infected. The coat-protein coding re-
gion of this variant (UK 1M) was subsequently se-
guenced and found to differ from UK 1 by a single nu-
cleotide (Lehmann et al. 1997). This suggests very
strongly that UK 1M was a mutant form of the UK 1 iso-
late. Jenner and Walsh (1996) also observed the infection
by 16 pathotype 1 isolates (including CHN 11) in a pro-
portion of what should have been resistant R4 plants.
When virus was subsequently recovered from these
plants, their identity confirmed as TuMV and inoculated
to further R4 plants, these all became infected. The ap-
parent propensity of TuMV isolates to mutate and over-
come the TURBOL1 resistance, as also suggested by CHN
11 in this study, is another potential problem in utilising
the gene in the development of resistant crop varieties.
These mutant TuUMV viruses could be particularly dam-
aging because the new/altered phenotype was necrotic
with severe symptoms often leading to plant death. How-
ever, it is impossible to predict whether such mutations
would be common in vivo. In tests where the resistance
gene in "Rafal” was challenged by aphid-inoculated
TuMV, no such mutations were observed (Walsh 1989).
A number of extreme forms of resistance to TUMV have
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been identified in swede forms of B. napus (Tomlinson
and Ward 1982; Shattuck and Stobbs 1987) and in B.
rapa (Provvidenti 1980; Suh et al. 1995). Genetic map-
ping of the individual resistance genes carried by these
cultivars and the definition of their precise resistance
profiles would make possible the design of genotypes
likely to exhibit durable resistance to TUMV and the de-
velopment of such genotypes using marker-assisted
breeding techniques.

No extreme forms of resistance to TuUMV have been
identified in B. oleracea, although quantitative resistance
has been reported on a number of occasions (Pound et al.
1965; Pink and Walkey 1988; Walkey and Pink 1988).
The putative resistance gene TURB0O2 on the C-genome
linkage group N14 might represent one of the loci con-
trolling quantitative resistance in B. oleracea and B.
napus. Genes for extreme forms of resistance might not
exist in the Brassica C-genome and the damage caused
to B. oleracea crops by TuMV makes the introgression
of genes for resistance to TuUMV from B. rapa into B. ol-
eracea desirable. Marker-assisted selection will acceler-
ate this intergenomic gene transfer (Lydiate et al. 1995)
and research on the mapping of a range of genes for re-
sistance to TUMV in B. rapa has already begun.

Circumstantial evidence derived from the interaction
between TuRBO1 and the sequenced isolates of TuMV
(Nakashima et a. 1991; Nicolas and Laliberté 1992;
Sano et al. 1992) supports the hypothesis that it interacts
with the coat protein coding region of the TUMV genome
(Lehmann et a. 1997). Cloning TURBO1 and identifying
the gene product would increase the understanding of vi-
rus recognition and the processes defining susceptibility
and resistance.
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