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Summary

Resistance to four foliar diseases of sugar beet (Beta vulgaris ssp. vulgaris), virus yellows caused by Beet mild
yellowing virus (BMY V) and Beet yellows virus (BY V), powdery mildew (Erysiphe betae) and Cercospora leaf spot
(Cercospora beticola), was assessed in up to 600 accessions of closely related wild and cultivated Beta species. Most
accessions were from the Section Beta, a taxon containing types most closely related to, and sexually compatible
with, sugar beet and therefore most valuable for use in crop improvement. Between 1-12% of accessions were
highly resistant (resistance scores of <2 on an international standardised resistance scale of 1-9) to these diseases.
These levels, however, underestimate the potential number of resistant sources available from this section as some
accessions with intermediate mean resistance scores contained a significant proportion of highly resistant plants
within segregating populations. Variation in resistance to all diseases except BYV was observed within the Section
Beta. Much higher levels of resistance were observed, and more frequently, in more distantly related sections of
the genus Beta. Accessions of the Section Corollinae were highly resistant to both viruses (>62% of accessions
tested), but less so to Cercospora (15%) and they were very susceptible to powdery mildew. Section Procumbentes
accessions were highly resistant to BMYV and Cercospora (100%) but less so to powdery mildew (50%) and BYV
(20%). However, sexual incompatibility between these sections and sugar beet make utilisation of these sources
impractical using conventional breeding methods.

Introduction Genetic resistance to several pathogens has been

identified, e.g. the agents of downy mildew and rhi-

Sugar beet (Beta vulgaris ssp. vulgaris) is an economi-
cally important crop grown throughout the non-tropical
world and produces about 30% of the world’s sugar
(Cooke & Scott, 1993). It is a host to several foliar and
soil-borne diseases, some of which have a significant
impact on yields, and intervention is often required to
maintain production. Control of many of these diseases
is achieved by pesticides, applied either directly against
the pathogens responsible or against their vectors.

zomania (Bosemark, 1993; Scholten & Lange, 2000),
but for some this is only partial and pesticides are
still needed, e.g. powdery mildew and Cercospora leaf
spot; for others resistance is currently not available,
e.g. virus yellows (Luterbacher et al., 1998; Panella &
Frese, 2000). The lack of resistance to some diseases
reflects the success of pesticides in their control and
plant breeder’s priorities, e.g. higher yields and quality.
However, pesticides are coming under greater scrutiny
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in relation to safety, cost, environmental impact and
the development of resistance in the target organisms.
For other diseases, particularly those that are soil-borne
such as rhizomania, resistance offers the only practical
solution for control.

Several potential sources of resistance genes are
available. Sugar beet germplasm held by breeders are
the most obvious, but the gene pool from which most
modern cultivars are derived is relatively small and
has been made narrower by breeding for specific agro-
nomic traits (Doney, 1993). Alternatively, related Beta
species can be used as resistance sources (Heijbroek
et al., 1988; Van Geyt et al., 1990). The genus Beta is
composed of a diverse range of highly variable wild
and cultivated species with a number of useful traits
including disease resistance (Buttler, 1977; Letschert,
1993; Lange et al., 1999). The genus is subdivided into
four sections (Figure 1), each having varying poten-
tial as a source of resistance genes. A detailed account

of the importance of each Beta section as a resistance
source is given in Frese & Desprez (1999).

With a view to exploring a wider gene-pool
than that normally used by breeders the project
‘Evaluation and enhancement of Beta collections
for the extensification of agricultural production’
(GENRES - CT95 — 42) was established, managed by
several European agricultural research institutes and
sugar beet breeding companies. It was led by the BAZ
Gene Bank in Germany, and co-funded by the European
Union and several national funding bodies. Among the
traits being evaluated were resistance to several foliar
diseases of sugar beet, including virus yellows, pow-
dery mildew and Cercospora leaf spot.

Virus yellows are a group of aphid-transmitted dis-
eases found on sugar beet throughout the world (Duffus
& Ruppel, 1993). Several viruses are involved but
among the most important are Beet mild yellowing
virus (BMYYV, family Luteoviridae) and Beet yellows
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Figure 1. The taxonomy of the genus Beta.



virus (BYV, family Closteroviridae). BMYYV is found
throughout the Eurasian region but predominates in
northern areas e.g. the U.K., whilst BYV has a wider,
worldwide distribution and is important in southern
Europe (Cariolle, 1990). A third virus, Beet chloro-
sis virus (BChV), has recently been identified on the
basis of different biological, serological and molecular
characters (Hauser et al., 2000).

BMYV and BYV cause yellowing of leaves, which
reduces photosynthetic activity and yield. Maximum
losses arise when infection via aphids (primarily Myzus
persicae) occurs early in the growing season and in
the absence of control measures. Yield reductions can
be as high as 30% and 50% for BMYV and BYV re-
spectively and sugar impurities increase significantly
(Smith & Hallsworth, 1990). Currently, virus yellows
is controlled by using insecticides directed at the aphid
vectors, applied as a seed treatment, e.g. imidacloprid,
or as foliar sprays, e.g. pirimicarb (Dewar et al., 1996).

Although breeding for virus yellows resistance has
been attempted, success remains elusive. Some tolerant
cultivars were bred in the 1960s but these suffered from
a yield penalty when grown in years of low disease in-
cidence and fell out of favour with growers (Bosemark,
1993). However, some moderate resistance to the re-
lated virus, Beet western yellows virus (BWYV), has
been exploited in the US (Duffus & Ruppel, 1993). Al-
though virus yellows resistance has been reported in
Beta vulgaris ssp. maritima (B. v. maritima, sea beet)
and species of the sections Corollinae and Procum-
bentes (Van Geyt et al., 1990), none has been fully
exploited in sugar beet.

Two important fungal diseases affecting sugar beet
foliage are powdery mildew (Erysiphe betae (Vanha)
Weltz) and Cercospora leaf spot (Cercospora beti-
cola Sacc). Both are common throughout the world
but powdery mildew is particularly damaging in ar-
eas with relatively mild winters that allow overwin-
tering survival of the inoculum, e.g. southern and
maritime Europe, the Middle-East and California,
whilst Cercospora development is greatest in warm
humid regions (Ruppel, 1995) such as the Mediter-
ranean region, mid-Europe, and parts of the U.S.A.
(Holtschulte, 2000).

Powdery mildew causes chlorosis of the host tis-
sue, reduces photosynthesis, accelerates leaf senes-
cence and can reduce sugar yield by 25% (Anon, 1982;
Byford, 1996). Cercospora leaf spot causes progressive
destruction of leaves, which induces the plant to contin-
ually replace leaves at the expense of sugar production,
leading to yield losses of up to 50% and an increase in
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impurities (Holtschulte, 2000). The effects on yield are
aggravated when sugar beet is attacked simultaneously
by both diseases (Ayala & Gordo, 1998).

Currently, there are some partially resistant cul-
tivars available to both diseases (Bosemark, 1993;
Panella & Frese, 2000). The development of partially
resistant cultivars for powdery mildew has occurred
by selecting for high yielding cultivars in areas where
the disease is prevalent (Francis, 2002). Resistance
to powdery mildew has been identified in B.v. mar-
itima (Whitney, 1989) and within the Section Procum-
bentes (Ruppel & Tomasovic, 1997). Several sugar
beet breeding lines have been developed from B.v.
maritima in the U.S.A. (Lewellen & Schrandt, 2001).
Most Cercospora resistant material presently avail-
able is derived from breeding programmes started in
Italy in the 1930s; resistance genes in B.v. maritima
were introgressed into sugar beet by Munerati (1932).
Since then, there has been little effort to identify novel
sources of Cercospora resistance (Panella & Frese,
2000)

Despite the availability of cultivars moderately re-
sistant to both diseases, fungicides are still required to
maintain high yields, in particular to Cercospora leaf
spot (Panella & Frese, 2000). However, the recent dis-
covery of C. beticola strains resistant to fungicides, e.g.
DMI fungicides in Greece (Ioannidis & Karaoglandis,
2000), has prompted renewed interest in developing
new resistant lines.

In this paper, we describe the outcome of eval-
uating Beta germplasm for BMYYV, BYV, powdery
mildew and Cercospora leaf spot resistance and con-
sider its potential in future breeding programmes. In
this context, we also consider the possibility of iden-
tifying Beta accessions that show ‘multiple’ resistance
to several foliar diseases. We explore the merits of
the evaluation procedures and how they can be im-
proved. Finally, we examine how this material is be-
ing utilised in the development of new resistant sugar
beet cultivars and in improving our understanding of
the genetic mechanisms that control resistance to these
pathogens.

Materials and methods

The evaluation of resistance to virus yellows and pow-
dery mildew was conducted at Broom’s Barn Research
Station, U.K., whilst Cercospora resistance was evalu-
ated jointly by the Societa Produttori Sementi (SPSB)
and the Istituto Sperimentale per le Colture Industriali
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(ISCI) in Italy. Up to 600 accessions were provided
by the BAZ Gene Bank, Germany to be evaluated for
each resistance trait. Most were cultivated beets (50%)
or wild species (40%) of the Section Beta. The rest
were from the Sections Corollinae (8%) and Procum-
bentes (2%). Accessions were provided as seed which
was stored at 8 °C until use. Seed of accessions from the
sections Corollinae and Procumbentes were scarified
to facilitate germination.

Virus yellows

All virus yellows screening tests were conducted in
a temperature-controlled glasshouse maintained at ca.
22 °C with a 16/8 h light/dark regime, during the years
1997-2000. In total, 16 and 14 tests were conducted
for BMYV and BYV resistance respectively. In each
test, depending on seed viability, 18 to 24 seedlings per
accession were grown (except in the sections Corolli-
nae and Procumbentes, where 10-24 seedlings were
grown) to the two true-leaf stage and inoculated with
aphids (Myzus persicae) carrying BMYV or BYV. Vir-
uliferous aphids were raised on either BMYV infected
Capsella bursa pastoris or BYV infected Tetragonia
expansa. After four days, inoculated plants were fumi-
gated using nicotine (Dow Agrosciences, U.K.) to re-
move aphids and grown on for four weeks under high
light intensity (supplementary light of ca. 300 pmol
m~2 for 16 h per day).

Sap was extracted from 15 mm discs cut from the
two first true leaves of each plant and the virus con-
tent was quantified by an ELISA test specific for each
virus. BMYV resistance was assessed with a triple-
antibody sandwich (TAS) ELISA test using a BMYV
specific monoclonal antibody (MAFF 24) according
to the method of Smith et al. (1996). BYV resistance
was assessed with a double-antibody sandwich (DAS)
ELISA test and a BYV polyclonal antibody produced
at Rothamsted Research, using the method of Stevens
etal. (1994). In all ELISA tests, the mean % virus con-
tent of each accession was estimated using a standard
curve derived from the serially diluted sap of a highly
infected plant of the susceptible U.K. sugar beet culti-
var ‘Saxon’.

Tests were conducted over a period of four years
and, to improve the comparability of results between
tests for each trait, it was necessary to minimise any
inter-experimental variation. Therefore, the % virus
content of each accession was expressed relative to
that of the susceptible standard sugar beet cv. Saxon

included as a control in each test, thus:

Relative level of infection of accession (RLI)
% virus content of test accession

" % virus content of susceptible standard

Subsequently, the RLI values were used to adjust
% virus content values of each accession relative to
the mean % virus content of the susceptible standard
across all tests, thus:

Adjusted % virus content = RLI of accession

x mean % virus content of standard

These ‘adjusted’ % virus content values of each ac-
cession were transformed to a simplified international
standard 1-9 resistance scale, where a resistance score
(RS) of 1 indicated no or extremely low symptom ex-
pression (equivalent to 0—11% ‘adjusted’ mean % virus
content) and an RS of 9 signified extremely high symp-
tom expression (equivalent to >88% ‘adjusted’ mean
% virus content).

In total, 595 and 597 accessions were evaluated for
BMYV and BYV resistance respectively. Most were
from the Section Beta (96%) but species of the Sections
Corollinae, (B. corolliflora, B. intermedia, B. lomatog-
ona, B. macrorhiza and B. trigyna) and Procumbentes
(B. patellaris, B. procumbens and B. webbiana) were
also evaluated.

Powdery mildew

Field evaluation

Four years of evaluations were conducted (1997-2000)
and, because of the vulnerability of accessions of the
Sections Corollinae and Procumbentes to the U K. cli-
mate, field testing was limited to Section Beta acces-
sions. Evaluations were made in nurseries constructed
to maximise infection from naturally occurring pow-
dery mildew epiphytotics. Accessions were sown in
single plots, each containing 20-30 plants, depending
on seed viability, (except in 1997 when 10 plants per
plot were sown) divided equally in three rows. Plots
were sown in May to avoid frosts. Every fourth plot
and the space between parallel rows of plots were sown
with the susceptible U.K. sugar beet cultivar ‘Sandra’
to encourage uniform infection. Bolting and senescing
plants were cut back to encourage re-growth and thus
lengthen the growing period. A single disease assess-
ment on up to 25 plants (10 in 1997) was made in late



Table 1. Powdery mildew disease assessment scale

Score Description

0 No obvious infection.

Very few colonies present on some leaves; colonies
discrete.

2 Increasing number of discrete colonies, occasionally
coalescing, on many older leaves (<50% of surface
area). Young leaves not affected.

3 Many older leaves extensively infected (>50% of leaf
area).

No or very little infection of younger leaves.

4 Profuse growth and sporulation. All older leaves
extensively infected; many younger leaves
also infected.

5 Almost total infection of all leaves.

August/September using a 0-5 infection scale (Table 1)
and a mean resistance value for each accession was ob-
tained. Mean resistance values were adjusted in rela-
tion to the standard sugar beet cultivar Sandra using the
method described for virus yellows and transformed to
the standard 1-9 resistance scale (a RS of 1 was equiv-
alent to a mean resistance value of <0.55 and a RS of
9 > 4.45).

In 1998, an experiment examining different dis-
ease assessment dates was conducted within the main
trial. Sixteen accessions, previously tested in 1997 and
representing all resistance levels, were resown and as-
sessed using the standard infection assessment scale
at two-weekly intervals from the first appearance of
powdery mildew (late July). Data were analysed using
Spearman’s Rank Correlation test to see if the relative
resistance of accessions in earlier assessments corre-
lated with those in the final assessment. Additionally,
the single point assessment data were combined to pro-
duce a value for the Area Under the Disease Progress
Curve (AUDPC - Campbell & Madden, 1990) to rep-
resent the continuous development of powdery mildew
on each accession, thus:

n—1

AUDPC = " (3 + Yis1)/2)ti1 — 1;)

where y = disease intensity (expressed as a mean plant
score of each test accession) at intervals i and i + 1
separated between times ¢ and t + 1.

During each year’s trial, data were collected on the
extent of bolting exhibited by each accession in or-
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der to assess the influence that the annual growth habit
had on resistance. Accessions were classified as an-
nual (>90% plants bolted), biennial (<10% bolted)
or mixed (10-90% bolted). These were collated with
the powdery mildew RS values obtained for each ac-
cession. Analysis was confined to Befa species where
relative resistance exhibited by annual and biennial ac-
cessions was measured by counting the number of ac-
cessions of each with RS values above and below the
mean RS for all accessions.

Additionally, the geographical distribution of pow-
dery mildew resistance in B.v. maritima was exam-
ined; this sub-species was used because sufficient ac-
cessions had been evaluated and accurate information
on their geographical origin was available on the IDBB
database (IDBB, 2003). Analysis was restricted to ac-
cessions from Europe and North Africa (98% of to-
tal). This area was divided into two zones, north and
south of 46°N; the southern zone was further subdi-
vided, east and west of 15°E. Effectively, this delin-
eated three geographical zones: NW Europe, the West-
ern Mediterranean (centred on Spain) and the Eastern
Mediterranean (centred on Greece). The level of pow-
dery mildew resistance observed in each zone was mea-
sured in the same manner used for testing the effects
of annuality on resistance.

Glasshouse evaluation

A single glasshouse experiment was conducted to com-
pare the relative resistance of the sections Corollinae
and Procumbentes, both considered too vulnerable to
test in the U.K. climate, with selected Section Beta ac-
cessions representing arange of resistance levels. Com-
parisons of the resistance levels expressed by Section
Beta accessions in the glasshouse and field were also
made to see if glasshouse evaluation might be a feasible
alternative to field testing.

Thirty-two accessions of the Sections Beta, Corol-
linae and Procumbentes were evaluated. Thirty seeds
were sown per accession; emerged seedlings were
transplanted to 6.5 cm pots, and maintained in a
glasshouse at ca. 25 °C with 16 h supplementary light.
Seedlings were infected with naturally occurring pow-
dery mildew inoculum present in the glasshouse. All
emerged plants (Section Beta >20 plants; sections
Corollinae and Procumbentes 6-20) were assessed for
infection using the field assessment scale (Table 1) after
10 weeks from sowing and a mean infection score cal-
culated for each accession. Results for Section Beta
accessions were compared with the equivalent field
results collected in 1998.
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Table 2. Location of Cercospora trials in Italy

Table 3. Cercospora leaf spot assessment scale

Year Trial Organisers' ~ Location in Italy Score Description

1997 SPSB Bentivoglio, Bologna (Azienda 1 Very low susceptibility; no or very few discrete
Olmo Donzelli) lesions observed on outer leaves.

1998 SPSB Budrio, Bologna (Azienda 3 Low susceptibility; few, evenly distributed discrete
Riccardina) lesions found on outer leaves.

1998-2000  ISCI Rovigo (Azienda di Consorzio

Agrario Provinciale)

2001 ISCI Rovigo (Azienda Saccomani)

ISPSB = Societa Produttori Sementi S.p.a, Italy; ISCI = Istituto
Sperimentale per le Colture Industriali, Italy.

Cercospora leaf spot

The Cercospora evaluation programme was conducted
by SPSB (1997-1998) and ISCI (1998-2001) at several
sites in Italy (Table 2). Changes in location and manage-
ment were required as the SPSB sites were located in
Emilia-Romagna, a region where growing annual Beta
species is prohibited to protect locally grown sugar beet
seed crops from pollen contamination; this prevented
annual accessions from being tested in this region.

A similar protocol was used at all sites. Section Beta
accessions were sown directly in the field in March-
April. Section Corollinae and Procumbentes acces-
sions were initially propagated in glasshouses; seed
was sown in pots containing a soil/sand mixture, left to
grow to the 6-8 leaf stage in a controlled environment
(20-25 °C and a natural photoperiod) and subsequently
transplanted in May into the same trial used for evaluat-
ing Section Beta accessions. Plants were distributed in
1-3 rows, each row containing 20—45 plants, depend-
ing on seed viability. Uniform infection was achieved
by artificially inoculating accessions with C. beticola
spores, prepared by grinding severely infected sugar
beet leaves collected in the previous year, suspending
the inoculum in water and spraying it onto plants in
the first week of June (to coincide with the first natu-
ral infections). Infection assessment was made in late
July-August (except in 1997, when a hailstorm, which
destroyed many original leaves, forced the assessment
to take place in September on newly emerged leaves).
The leaf symptoms on each row per accession were
assessed using a 1-9 Cercospora leaf-spot assessment
scale (Table 3) and a mean score derived. The Cer-
cospora data collected in each region were adjusted
using the standard susceptible sugar beet cultivar ‘Gil-
amon’ (1997-1998) or ‘Gabriela’ (1999-2001); both
cultivars exhibited similar levels of susceptibility. Sub-

5 Intermediate susceptibility; lesions beginning to
coalesce forming small areas of necrotic tissue
(about 25% of total leaf area).

7 High susceptibility; lesions coalescing to form large
areas of necrotic tissue (about 75% of total
leaf area).

9 Very high susceptibility; diseased leaves and

petioles completely necrotic and dry.

sequently, results were transformed to the standard RS
1-9 resistance scale.

Data interpretation and analysis

Analyses were conducted hierarchically. In the first
place, the distribution of RS (resistance score) values
of all accessions, regardless of identity, was measured
and an overall mean estimated. Subsequently, compar-
isons were made between the three Beta sections (Beta,
Corollinae, and Procumbentes). Next, contrasts were
made between species within the Section Beta (not
repeated with other sections as relatively few acces-
sions were assessed) by counting the number of acces-
sions within each species above and below the overall
mean response, and comparing distributions. Finally,
the number of very highly resistant accessions (RS <2)
within each species is reported.

Assessments of multiple resistance were limited
to the 428 accessions tested against all four diseases.
Each accession was assigned an RS value equivalent to
the worst score observed for any of the resistance traits
under consideration. Data were then investigated in the
same hierarchical manner used for single resistance
traits.

Results
Virus yellows resistance

Overall, a wide range of resistance was observed; the
distribution of all results was near-normal (Figure 2a)
with a mean RS of 4.4 and 4.6 recorded for BMYV and
BYYV respectively. The mean resistance and the range



(a) Virus Yellows Diseases - glasshouse tests
40

OBMYV OBYV

[5] [
o o
L i

% accessions in each category
-
o
2

Resistance Score

(b) Powdery Mildew - field trials
40

(2]
o
L

28

20

% accessions in each category
- nN
o (=]
L L

1 2 3 4 5 6 7 8 9
Resistance Score

(c) Cercospora Leaf Spot - field trials

40

W
o
i

% accessions in each category
— [\
o o
A L

1 2 3 4 5 6 7 8 9
Resistance Score

Figure 2. Frequency distribution of resistance in genus Beta accessions to four foliar diseases in glasshouse and field tests.
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Table 4. Summary of resistance to virus diseases within the genus Beta

Disease BMYV BYV
Test Centre/Method! BB - GLASS BB - GLASS
Beta section/species n? Mean RS®  RangeRS nRS1-2* n Mean RS  Range RS  nRS 1-2
Sections of the genus Beta
Corollinae 12 1.0 1 12 13 23 1-4
Procumbentes 10 1.1 12 10 10 39 1-9 2
Beta 573 45 1-9 69 574 4.6 1-9 40
Species/sub-species/cultivars of the Section Beta
Wild types
B. macrocarpa 13 45 3-6 0 13 52 3-8 0
B. patula 1 1.0 1 1 1 70 7 0
B. vulgaris spp. 52 44 2-8 9 52 45 1-7 4
B.v. adanensis 13 5.8 4-9 0 13 57 3-9 0
B.v. maritima 158 4.8 2-9 10 159 4.7 2-9 11
Cultivated types
Fodder beet 61 4.2 1-9 6 61 45 2-8
Garden beet 121 35 1-9 35 121 4.6 1-9
Leaf beet 123 54 1-9 5 123 47 2-9 11
Sugar beet 31 44 2-9 2 31 47 1-9 1
x? value’ 56.5 (p < 0.001) 8.5 (ns)

'BB = Broom’s Barn; GLASS = evaluations conducted in glasshouse.

25 = number of accessions tested.

3RS = mean and range of resistance scores (1-9 scale: 1 = very resistant and 9 = very susceptible).
4nRS 1-2 = number of very highly resistant accessions within section/species/subspecies/cultivar of Beta with RS

1-2.
542

of responses for each section, and within the Section
Beta, are given in Table 4. The mean RS of the standard
sugar beet cultivar (cv. Saxon) in each virus yellows test
was 6.

BMYV

All species evaluated in Sections Corollinae and
Procumbentes were very highly resistant (RS <2) to
BMYV withmean RS of 1.0 and 1.1 respectively; some
had no detectable virus (Table 4). Section Beta species
exhibited a more diverse range of resistance, which was
reflected in a mean RS of 4.5. Significant differences
(p < 0.001) in the relative resistance of Section Beta
species to BMYV were observed; collectively, garden
beets were the most resistant (mean RS 3.5) and leaf
beets the most susceptible (mean RS 5.4) cultivated
beets. Amongst wild types, B. vulgaris species (mean
RS 4.4) were generally the more resistant and B.v. ada-
nensis (mean RS 5.8) the more susceptible although a

value and probability for comparisons between Section Beta types (not including B. patula).

single accessions of B. patula had aRS of 1. These ob-
servations corresponded with the percentage of highly
resistant accessions (RS <2); garden beets (29%) and
B. vulgaris species (17%) accessions had the most,
whilst none were observed amongst B.v. adanensis and
B. macrocarpa accessions. Although leaf beets were
generally susceptible, a single accession had aRS of 1.

BYV

Section Corollinae and Procumbentes accessions were
also the most resistant to BYV, although mean RS
levels were lower (2.3 and 3.9 respectively) and the
infection range greater than for BMYV (Table 4).
Consequently, there were fewer accessions with high
resistance. Nevertheless, single B. intermedia, B. lo-
matogona, B. macrorhiza and B. patellaris accessions
with a RS of 1 were identified. Section Beta species
were the least resistant (RS 4.6), but the differen-
tial with other sections was lower. Collectively, there



were no significant differences within the Section Beta
(Table 4). The frequency of highly resistant (RS <2)
accessions was low among most types. The lone B.
patula accession was highly susceptible (RS 7). Nev-
ertheless, there were garden and sugar beet, and wild
B. vulgaris spp. accessions, which had RS values of 1.

Powdery mildew resistance

Field evaluation

The overall distribution of responses in the 575 Sec-
tion Beta accessions tested was skewed towards sus-
ceptibility (Figure 2b) with a mean RS of 6.0. Powdery
mildew epiphytotics were consistent throughout test-
ing with symptoms on the standard sugar beet cultivar
‘Sandra’ scoring 2.8-3.1 on the infection scale used
(equivalent to a mean RS of 6). Significant differences
in resistance were observed within the Section Beta
(p < 0.05) (Table 5). The most resistant cultivated and
wild types were garden beets and B. vulgaris spp. (both
mean RS 5.7), whilst sugar beet (mean RS 6.1) and B.
macrocarpa (mean RS 7.5) were the most susceptible.
Only three garden and leaf beet accessions had very
high levels of resistance (RS <2).

Disease evaluation dates had no effect on the rel-
ative resistance of individual accessions. Results from
evaluations 6, 4 and 2 weeks prior to the final assess-
ment on 7 September were highly correlated (p <
0.001) with the final assessment itself (Table 6). Nor
were there any differences between single point and
continuous (AUDPC) assessments.

Annuality levels varied in the powdery mildew tri-
als. Wild B. vulgaris spp. and cultivated garden and leaf
beets had a significant number of both annual and bien-
nial accessions (Table 7). When the resistance of annual
and biennial types was compared, only those within
B.v. maritima were significantly different (p < 0.001),
with biennial accessions being the most resistant. Sub-
sequent analysis (data not shown) showed that all but
one biennial B.v. maritima accession were from north-
ern Europe and resistance levels in this region were sig-
nificantly higher than in the south (p < 0.001). There
were no differences in annuality and resistance between
the areas of southern Europe. A sub-analysis of B. v.
maritima accessions in northern Europe indicated that
resistance levels in annual types were not significantly
different from those in biennial types (p = 0.12).

Glasshouse screening
Section Procumbentes accessions were the most resis-
tant (mean RS 3.0) in the glasshouse test; the most
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resistant species was B. patellaris (Table 5). Section
Beta accessions were intermediate in resistance (mean
RS 6.3), whilst all Section Corollinae accessions were
highly susceptible (mean RS 8.5). There was a sig-
nificant correlation between glasshouse and field re-
sults of the Section Beta accessions tested in both en-
vironments (Spearmans rank correlation R = 0.64;
p < 0.01) (Figure 3). However, relative differences in
the glasshouse were smaller as accessions exhibiting
resistance in the field were prone to higher infection
under the more severe disease pressure generated in
the glasshouse.

Cercospora resistance

512 accessions were tested for Cercospora resistance
(134 by SPSB in Emilia-Romagna and 378 by ISCI in
Veneto). Accessions of all Beta sections were tested in
Veneto, including a high proportion of Section Corol-
linae (7.8%), but the SPSB evaluation was confined to
predominately biennial accessions of the Section Beta
(Table 5). The frequency distribution of resistance was
skewed towards susceptibility in both regions, more so
in the ISCI (mean RS 7.7) than in SPSB trial (mean RS
6.3). The two distribution patterns were significantly
different (for analysis, data were divided into acces-
sions that had high (RS 1-3), intermediate (RS 4-6)
and low (RS 7-9) resistance regardless of whether all
accessions were included in the analysis (Figure 2c;
x237.4; p < 0.001) or Section Beta species alone (x>
48.8; p < 0.001). Consequently, the data from each
region were considered independently.

SPSB

Cercospora infection was consistent in 1997 and 1998;
the standard sugar beet cultivar ‘Gilamon’ had a RS of
9 in both years. Significant differences (p < 0.001)
in the relative resistance of Section Beta species were
observed (Table 5); B.v. maritima accessions were the
most resistant (mean RS of 4.5), whereas fodder (mean
RS 7.3) and sugar beets (mean RS 7.5) performed
poorly. Correspondingly, B.v. maritima had most re-
sistant accessions (RS <2), with three in total. A sin-
gle garden and sugar beet accession had a RS of 2. A
resistant sugar beet cultivar ‘Jollysaros’ had an RS of
3-4.

ISCI

Cercospora infection in Veneto was more variable (RS
of 7-9 on the susceptible sugar beet cv. ‘Gabriela’).
Collectively, Section Procumbentes accessions were
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Table 6. Comparison of single point and continuous assessment of powdery mildew infection levels on selected accessions within

the Section Beta

Accession Powdery mildew infection levels (0-5)"
IDBB No® Identity Final result* 6 weeks earlier 4 weeks earlier 2 weeks earlier AUDPC?
1098 Leaf beet 0.48 0.00 0.00 0.00 241
3408 Garden beet 0.52 0.00 0.18 0.33 2.70
6223 Garden beet 0.56 0.00 0.00 0.18 2.69
3963 Garden beet 1.04 0.18 0.37 0.78 5.33
6453 Garden beet 1.33 0.22 0.37 0.93 6.98
3863 B.v. maritima 1.81 0.26 0.41 0.74 9.57
2193 B.v. maritima 1.85 0.07 0.33 1.48 9.09
2671 B.v. maritima 2.81 0.96 1.55 2.44 16.15
6281 Garden beet 3.11 1.01 1.67 2.67 17.74
8540 Garden beet 342 1.56 2.16 3.04 20.39
7104 B.v. maritima 3.56 0.47 0.86 2.67 18.21
6327 Fodder beet 3.62 1.36 1.79 291 20.68
8643 Leaf beet 421 1.24 1.85 3.28 23.42
9080 Leaf beet 4.22 1.44 2.15 3.34 23.66
9058 Leaf beet 431 1.19 2.12 3.48 24.25
Sugar beet cultivars
Roberta Sugar beet 2.96 0.22 0.85 1.93 15.35
Saxon Sugar beet 3.19 1.44 1.74 2.63 18.67
Sandra Sugar beet 3.33 1.18 1.63 2.59 19.00
Mean’ 2.57 0.71 111 1.97 14.24
Spearman’s R value 0.84 0.91 0.97 0.98
P <0.001 <0.001 <0.001 <0.001

"Powdery mildew infection levels assessed using 05 assessment scale where O = no infection and 5 = almost total infection of

leaves (see Table 1).

2AUDPC = Area Under the Disease Progress Curve (Campbell & Madden 1990).

3IDBB = International Data Base for Bera.

4Final powdery mildew infection results (7 September) were compared with results taken 6, 4 and 2 weeks earlier.
SMean of powdery mildew infection levels of all accessions tested.

most resistant (mean RS 1.1); all but one accession had
RS of 1 and several had no symptoms at all. Overall,
Section Corollinae accessions were moderately resis-
tant (mean RS of 4.0) but individual species showed
high resistance, e.g. B. trigyna (mean RS of 2.8). De-
spite significant differences being observed within the
Section Beta (p < 0.001), these reflected varying de-
grees of susceptibility rather than any one type ex-
hibiting high levels of resistance; in general, leaf beets
(mean RS 7.1) and B.v. maritima (mean RS 7.3) were
not as susceptible as B. vulgaris spp. (mean RS 8.5).
However, no Section Beta accessions had very high re-
sistance (RS < 2); the best were three B.v. maritima
accessions with RS of 3.

Multiple resistance

The frequency of occurrence of resistance to more than
one disease within an accession was highest in the
Section Procumbentes, despite the low numbers tested
(Figure 4). Twenty-five percent of all Section Procum-
bentes accessions tested (all B. patellaris) were resis-
tant to the four foliar diseases at RS <2, and 50% at
RS <4.

The probability of multiple resistance occurring
in sections Corollinae (9 accessions tested) and Beta
(415 accessions tested) were progressively lower; nei-
ther had accessions resistant to more than two diseases
at RS <2. However, both showed greater potential at
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Table 7. Resistance to powdery mildew exhibited by annual and bi-
ennial accessions of the Section Beta in field trials

% Above

Section Number average resistance

Beta type Annuality! tested  accessions? Probability?

Garden beet  Annual 10 50 0.86
Biennial 66 47

Leaf beet Annual 33 46 0.16
Biennial 35 29

B. vulgaris spp. Annual 31 33 0.34
Biennial 10 50

B.v. maritima  Annual 129 29 <0.001
Biennial 14 86

! Annual accessions >90% bolting in field; biennial accessions <10%
bolting in field.

2 Percentage of accessions scoring above the mean resistance score
of all Section Beta accessions (RS <5).

3Probability of difference following analysis using Fisher exact test
on numbers of ‘above’ and ‘below’ mean resistance score.

a lower level of resistance (RS <4), depending on
the combination of diseases involved. B. corolliflora
and B. macrorhiza were the most promising within
the Section Corollinae, whilst in the Section Beta,B.v.

maritima had the greatest potential with three acces-
sions exhibiting resistance to four diseases at RS <4.
The only cultivated beet displaying the same poten-
tial was a single garden beet accession. The least likely
sources for multiple resistance were B.v. adanensis and
B. macrocarpa.

Discussion

The evaluation programmes have demonstrated the po-
tential of Beta germplasm as a source of resistance to
four important foliar diseases of sugar beet. For several
traits, there is a significant pool of resistance genes al-
ready available in gene banks that can be utilised imme-
diately. However, the value of these sources will differ.
The most important criterion for selection will be the
ease with which novel resistance genes can be intro-
gressed into sugar beet. Beta species differ in their sex-
ual compatibility with sugar beet and therefore in their
use as parents in conventional breeding programmes.
To reflect this, the genus has been divided into three
gene pools — primary, secondary and tertiary — each
containing species with differing compatibility status
with sugar beet. (Frese et al., 2001).
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Figure 3. Comparisons of powdery mildew infection levels in field and glasshouse tests of 17 Section Beta accessions.
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Figure 4. Multiple resistances within the genus Beta to powdery mildew, Cercospora leaf spot and the yellowing viruses (BMYV and BYV).

The primary gene pool, consisting of Section Beta
types, including cultivated beets, is highly compati-
ble with sugar beet; some species such as B.v. mar-
itima form natural hybrids with sugar beet (Van Geyt
et al., 1990). The cross-compatibility seen within the
Section Beta reflects their common heritage; B.v. mar-
itima is believed to be the progenitor of all cultivated
beets, including sugar beet, as it shares many genotypic
and phenotypic characters in common (Poehlman,
1987). Consequently, these species can be used read-
ily in conventional breeding programmes. However,
collectively they have the lowest potential as resis-
tance sources; mean RS values ranged from 4.5 to
7.7. Despite this, high levels of heterogeneity in re-
sistance were observed, perhaps as a result of the
species’ relatively widespread distribution and ge-
ographical variation in the prevalence of diseases
(Francis & Luterbacher, 2003), and high resistance
(RS < 2) was detected, albeit at a low frequency
(1-12%).

Species of sections Corollinae and Procumbentes
(secondary and tertiary gene pools respectively) are
progressively more incompatible with sugar beet.

Indeed, genomic differences between sugar beet and
Section Procumbentes species suggest that the latter
should be considered as a separate genus (Jung et al.,
1993). Consequently, these sections are regarded less
favourably by breeders. However, they could be invalu-
able as resistance sources; with one exception, species
of these sections were more resistant to the four foliar
diseases than those of the Section Beta, some exhibiting
apparent immunity.

The superiority of sections Corollinae and Procum-
bentes was demonstrated in the virus yellows eval-
uation tests, particularly against BMYYV, where the
high resistance observed confirmed earlier observa-
tions (Van Geyt et al., 1990). Of more immediate
practical use was the relatively high frequency of
virus yellows resistance found within the Section Beta.
Here, garden beets were more resistant collectively
and individually, with more highly resistant acces-
sions (RS <2) than in other cultivated types. Con-
versely, no differences were observed in the frequency
of BYV resistance among Section Beta species; the
numbers of highly resistant accessions were evenly dis-
tributed. How resistance to these virus yellows diseases
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functions — against the virus or the aphid vector —is un-
known. However, resistance to BMYV does not confer
resistance to Beet chlorosis virus; accessions identified
as resistant to the former were susceptible to the latter
(unpublished data).

Results from the powdery mildew and Cercospora
field trials indicated that most accessions were suscep-
tible to these diseases, giving skewed frequency dis-
tributions. Although there were significant differences
within the Section Beta, there was little to distinguish
the major types; all were variable, most were gener-
ally susceptible, and there were few highly resistant
(RS <2) accessions. B.v. maritima has been considered
an important source of resistance to powdery mildew
(Whitney, 1989), but here its performance was moder-
ate and similar to other Section Beta species. The differ-
ence may result from using different accessions of the
species or testing at widely separated locations, each of
which may have its own spectrum of pathogenicity or
exert different disease pressure. Other annual species
(B. macrocarpa and B.v. adanensis) performed rela-
tively poorly in our trials. However, glasshouse evalu-
ation indicated that Section Procumbentes species were
highly resistant, as observed by Ruppel & Tomasovic
(1997), but Section Corollinae species were suscepti-
ble.

The value of B.v. maritima was more apparent in
the Cercospora trials. Generally, it was the most re-
sistant species of the Section Beta types with several
highly resistant accessions identified. B.v. maritima
has been, and remains, a valuable source in breed-
ing for Cercospora resistance in sugar beet (Munerati,
1932, Panella & Frese, 2000; Skaracis & Biancardi,
2000). Usefully, high levels of resistance were also
identified in several sugar and garden beet acces-
sions. However, the highest level of resistance to
Cercospora was observed in the Section Procum-
bentes; all the species tested (B. patellaris, B. procum-
bens and B. webbiana) exhibited high resistance,
some were apparently immune. These observations
agree with those of Coons (1954). Some highly re-
sistant Section Corollinae accessions were also iden-
tified, but numbers were lower than in the Section
Procumbentes; B. trigyna accessions were the most
resistant.

There is some evidence to link levels of disease re-
sistance to the annuality of accessions, as biennial B.v.
maritima accessions were more resistant than annuals.
However, whether these differences are related to phys-
iological changes induced by bolting or some other
mechanism is unclear. Most biennial B.v. maritima

accessions originated from northern Europe, where
powdery mildew is endemic. It is possible that natu-
ral selection in response to continuing infection pres-
sure may account for the higher levels of resistance.
Interestingly, analysis of the subset of annual and bien-
nial B.v. maritima accessions from N. Europe revealed
no differences, although the sample size was small.
Alternatively, these differences may be an artefact of
the methodology since annual accessions had much re-
duced leaf sizes and, in order to prolong their life-span
to ensure infection, plants were repeatedly cut back to
promote new growth.

The number of useful sources of resistance iden-
tified using mean RS values for each accession con-
siderably underestimated the gene pool available for
breeding, particularly within the Section Beta where
significant heterogeneity within accessions was ob-
served. This can be demonstrated from the BMY'V re-
sistance results from two garden beet accessions, both
of which had a mean RS value of 5 (Figure 5). In ac-
cession #2582, 30% of the plants tested had RS scores
of 1, making it a useful source of resistance genes for
introgression into sugar beet. Therefore, both means
and variation should be considered when making selec-
tions for further development otherwise useful material
could be lost.

Accessions with potential as multiple sources of
resistance were also identified. The numbers depended
on the Section to which they belonged, the diseases
of interest and the level of resistance sought. Multiple
resistance to all four diseases at the highest level (RS
<2) was common in the Section Procumbentes, largely
within B. patellaris. Other sections did not contain ac-
cessions with resistance to more than two diseases. At
resistance level RS <4, there were more candidates,
although Section Corollinae accessions could not be a
resistance source for more than three diseases because
of their universal susceptibility to powdery mildew.
Within the Section Beta, B.v. maritima and garden beets
were most likely to exhibit multiple resistance at this
level. RS values of 4 represent resistance levels higher
than that achieved by many, currently available sugar
beet cultivars. Details of the resistance observed (and
other phenotypic traits) in each accession described
here can be obtained from the International Database
for Beta IDBB) website: www.genres.de/idb/beta.

For resistant germplasm to be reliably identified,
evaluation methods must be straightforward to imple-
ment, flexible enough to accommodate the diversity of
material used, and sufficiently robust to provide con-
sistent results. The glasshouse tests were simpler to
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tests.

manage and under more precise environmental con-
trol than field trials, and were easier to evaluate. Virus
yellows results were relatively consistent, particularly
with BMY'V, where a specific monoclonal antibody was
used; resistant accessions were often tested twice to
confirm results. The polyclonal antibody used for de-
tecting BY'V also proved adequate for discriminating
between accessions. Another advantage of these tests
was that they provided measures of resistance on a con-
tinuous scale, which could be manipulated more easily
and were statistically more robust than those derived
from the discontinuous scoring system used in field
trials.

Field testing proved more challenging. Fortunately,
powdery mildew and Cercospora epiphytotics, ei-
ther naturally occurring or artificially created, were
moderately severe at all sites, an important factor
for the reliable identification of resistance (Panella
& Frese, 2000). However, Cercospora evaluation re-
sults showed that disease intensity varied between and
within regions, which may have influenced the results.
The exact cause(s) of this variation can only be spec-
ulated at — levels of naturally occurring disease inocu-
lum, the success of artificial inoculation, differences
in annuality of accessions used at both sites, varying
climatic conditions — but the outcome was to affect
the distribution of resistance scores from the two Cer-
cospora datasets. In the absence of susceptible and re-
sistant standards common to both sets of evaluation
data, it was difficult to combine the two and they were
therefore reported separately.

Field assessments were left as late as necessary to
ensure maximum infection, which may provide an ap-

parent reason for the skewness in the distribution. How-
ever, the RS values in each trial were adjusted to reflect
relative rather than absolute levels of disease infection
and, as was shown in the 1998 powdery mildew tri-
als, these do not appear to alter significantly during
the course of infection. Logistically, it is much easier,
and less prone to experimental variation, to assess large
volumes of material when the disease is more readily
observed.

During evaluation, a glasshouse test for assessing
powdery mildew resistance was explored. Results indi-
cated that field and glasshouse results were correlated,
but that accessions considered resistant in the field de-
veloped higher levels of infection under glass. This
effect may be due to plant age and its effect on the
expression of resistance, the glasshouse environment,
difficulties in assessing small plants using a scale devel-
oped for mature plants in the field, or a combination of
all three. Nevertheless, the distinctions within the sec-
tions Procumbentes and Corollinae were sufficiently
clear cut to warrant inclusion with results from field
tested germplasm. Glasshouses could provide an envi-
ronment in which to conduct a primary evaluation of
Beta germplasm for resistance, to eliminate highly sus-
ceptible germplasm prior to field screening. This would
reduce the size of field trials, which are more difficult
to infect, relatively labour intensive and expensive. At-
tempts to develop a glasshouse test for Cercospora have
met with limited success (Panella & Frese, 2000).

Exploitation of the resistant material so far iden-
tified has begun. Pre-breeding to introgress virus yel-
lows and powdery mildew resistance genes into sugar
beet breeding lines is being undertaken using Section
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Beta accessions. The rate of progress will depend on
the genetic complexity of the resistance but, even if
successful, incorporating such resistance genes into a
commercial sugar beet cultivar will be a lengthy pro-
cess. At the same time, this large resource of disease
resistant material offers the opportunity to increase our
understanding of the genetic mechanisms of resistance
and how they function, e.g. whether different sources
have different genes, whether genes are allelic, closely
linked or amenable to recombination to enhance resis-
tance and whether they are associated with other traits.
Many of these questions can be answered through the
development of molecular markers linked to resistance
genes, enabling the subsequent mapping of those genes.
Some molecular markers have already been developed,
for example to major genes for powdery mildew resis-
tance and qualitative trait loci (QTL) controlling resis-
tance to Cercospora (Nilsson et al., 1999; Schifer-Pregl
et al., 1999). Once identified, tightly linked molecular
makers can be used to assist in the selection of resistant
material, thus accelerating the breeding of new sugar
beet cultivars.

Perhaps the biggest advance in breeding for
resistance to virus yellows, powdery mildew and
Cercospora in sugar beet would result from the utilisa-
tion of the highly effective resistance genes in the sec-
tions Procumbentes and Corollinae. However, because
of sexual incompatibility, the utilisation of such genes
(e.g. through the use of monosomic addition lines; Hei-
jbroek etal., 1988) is difficult and can lead to genetic in-
stability in succeeding generations. Alternatively, gene
cloning and transformation of sugar beet with the target
genes could be attempted. Such an approach has been
used to isolate the gene in B. procumbens controlling re-
sistance to the beet cyst nematode Heterodera schachtii
(Cai et al., 1997). However, much research, breeding
effort and public debate will have to be conducted be-
fore sugar beet cultivars containing such genes from
these sources will be commercially available.
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