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Development of a field biotest using artificial inoculation
to evaluate resistance and yield effects in sugar beet cultivars

against Cercospora beticola
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Abstract Cercospora beticola resistance and disease
yield loss relationships in sugar beet cultivars are best
characterised under field conditions with heavy
natural infection; this does not occur regularly under
German climatic conditions. Since Cercospora resis-
tance reduces the rate of pathogen development, high
yield loss was observed in studies using artificial
inoculation. Our study, therefore aimed to optimise
inoculum density to obtain cultivar differentiation,
which correlates to natural infection. In 2005 and
2006, field trials were carried out to determine the
effect of different inoculum densities on Cercospora
resistance of three sugar beet cultivars possessing
variable resistance. The epidemic progress and white
sugar yield loss (WSY,s) were determined and their
relationship evaluated. An optimal inoculum concen-
tration range (between 10,000-20,000 infectious
Cercospora units ml™' inoculum suspension) was
determined which allowed maximum resistance pa-
rameter differentiation in terms of C. beticola disease
severity (DS), area under the disease progress curve
(AUDPC) and WSYy,s The correlation between
AUDPC and WSY . was identical for all cultivars
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independent of the resistance level, demonstrating that
tolerant reactions of the cultivars under study were
not detectable. This study provides evidence that even
under optimal inoculum levels necessary to obtain
maximum differentiation between cultivars, climatic
conditions are important for disease management, but
remain unpredictable, indicating that artificial inocu-
lation needs to be optimised, but that single field
locations are not sufficient and reliable to evaluate
Cercospora resistance.

Keywords Beta vulgaris - Area under disease progress
curve - Quantitative resistance - Inoculum density

Introduction

The most destructive foliar disease in sugar beet (Beta
vulgaris spp. vulgaris) is Cercospora leaf spot (CLS)
caused by the fungus Cercospora beticola (Rossi et
al. 2000b) and occurs in all sugar beet-growing areas
worldwide (Bleiholder and Weltzien 1972b). Yield
reductions due to CLS in susceptible cultivars range
from 10 to 50% in Austria, and from 15 to 40% in
France (Byford 1996). There are conflicting reports of
yield losses caused by C. beticola in Germany.
Byford (1996) reported losses <10%, whereas Wolf
et al. (1995) observed yield losses up to 50% in
diseased areas. In general, the first leaf spots appear
after canopy closure, which is usually at the begin-
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ning of July in Germany. Before canopy closure the
climate in the plant stand is less conducive for fungal
infection (Wolf and Verreet 1997; Wolf et al. 2001). The
pathogenesis of C. beticola depends strongly on weather
conditions. The optimal conditions for infection and
subsequent spreading in the plant are high temperatures
(27-30°C) and high relative humidity (RH) (98—100%)
(Bleiholder and Weltzien 1971, 1972a).

Resistant sugar beet cultivars adapted to the
different sugar beet-growing areas worldwide where
C. beticola occurs regularly are available (Byford
1996; Mechelke 2000). Breeding efforts to generate
Cercospora resistance in sugar beet started in the 1920s
by Munerati (1920). Resistance against C. beticola was
introgressed from the wild sea beet (Beta vulgaris spp.
maritima); additional resistant accessions were also
found in other subspecies of B. vulgaris and in other
sections of the genus Beta, namely Corollinae, Nanae
and Procumbentes (Asher et al. 2001). Resistance
against C. beticola is a quantitative trait based on the
additive effects of at least four to five major resistance
genes (Smith and Gaskill 1970). However, the exact
number of host genes involved is unknown (Weiland
and Koch 2004). Host resistance is not efficient to
prevent infection by C. beticola entirely but reduces
the pathogen’s development (infection efficiency, spore
production, lesion size) (Rossi et al. 1999, 2000a).
Therefore, especially at the late stages of epidemics,
leaf damage in combination with leaf regrowth and
subsequent yield reduction cannot be prevented (Rossi
et al. 2000Db).

Disease control in susceptible cultivars is achieved
with fungicide application. Because of the quantita-
tive character of the resistance, under a certain but yet
unknown infection pressure, fungicide treatment may
also become necessary to prevent yield losses in
resistant cultivars (Harveson et al. 2002). The
development of fungicide-resistant Cercospora strains
(Karaoglanidis et al. 2002) and the need to use
fungicides only when necessary in integrated crop
protection strategies (BMVEL 2004) necessitates the
cultivation of Cercospora-resistant cultivars. To eval-
uate Cercospora resistance and resulting yield losses
under field conditions, an adequate infection level is
necessary (Ruppel and Gaskill 1971; Ossenkop et al.
2002). The estimation and comparative evaluation of
cultivar performance in the field is possible, if
evaluation is done in parallel thereby minimising the
risk of weak or late-occurring epidemics (Ossenkop et
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al. 2004). However, due to highly variable climatic
conditions on a single location, Cercospora field
resistance tests in Germany are still unreliable
(Pfleiderer and Schéufele 2000). Therefore, in com-
mercial breeding, sugar beet lines are selected for
resistance against C. beticola in the greenhouse using
artificial inoculation or in regions where natural
infection occurs annually, namely Italy and Greece
in southern Europe (Byford 1996). As the climatic
conditions in these countries are different from
Germany, selected sugar beet lines do not corre-
spond to the demands of the German sugar beet
growers who need high yielding sugar beet cultivars
with moderate resistance to C. beticola (Mérlander
et al. 2003). In addition, yield evaluation of cultivars
adapted to north-European demands under Mediter-
ranean conditions with reliable Cercospora incidence
is not appropriate. Hence, it was necessary to
develop a method for testing for resistance against
C. beticola in the field under the climatic conditions
of Germany. Adams et al. (1995) field-tested
artificial Cercospora inoculation by spraying a spore
suspension of C. beticola at the time of canopy
closure. A high inoculum density (one fungal
overgrown agar-plate homogenised with 400 1 ha™'
water per 4.5 m?) was used, whereas the inoculum
density in this study was not determined by counting
infectious units of C. beticola (conidial and myceli-
um fragments) and resulted in high infection levels
and severe epidemics. Resistant genotypes were
infected similarly to susceptible ones. Consequently,
differences in white sugar yield (WSY) between
susceptible and resistant cultivars were not pro-
nounced (Ossenkop et al. 2004). Pfleiderer and
Schiufele (2000) proposed that the inoculum density
obtained using the method of Adams et al. (1995)
should be reduced for a widespread testing system.
Pundhir and Mukhopadhyay (1987) showed that (i)
in greenhouse infection experiments, a minimum
inoculum concentration was required to cause visible
lesions and (ii) that inoculum concentration, final
disease index and sugar yield reduction were
positively related.

We therefore aimed to improve the field inocula-
tion method of Adams et al. (1995) by varying the
Cercospora inoculum density and by quantifying
the number of infectious units in order to determine
the inoculum parameters which allow the different-
iation of susceptible and resistant cultivars based
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not only on epidemic progress but also on WSY losses.
In 2005 and 2006 Cercospora resistance field trials
using artificial inoculation were conducted to test
different inoculum densities, starting with the lowest
inoculum density tested by Pfleiderer and Schéufele
(2000), in sugar beet cultivars with varying levels of
resistance to C. beticola. The epidemic progress was
monitored and analysed; additionally WSY and its
correlation with infection level were evaluated.

Materials and methods
Field trials

In 2005 and 2006, field trials using artificial inocu-
lation were carried out, testing one susceptible (ZR
registration identifier of the Bundessortenamt (Ger-
man cultivar office) 1464) and two resistant (1374
and 1341) registered sugar beet cultivars. Additional-
ly, these cultivars were evaluated under natural
infection at seven locations in a German and
Austria-wide cultivar trial series in 2004 and 2005
(Kaiser 2007). In this study, one location of this trial
series with severe disease occurrence in 2004 was
selected to analyse the epidemic progress of Cerco-
spora under strong natural infection. For artificial
inoculation, three (2005) and four (2006) different
inoculum densities, respectively, were tested in
comparison to a fungicide-treated healthy control.
Field trials with artificial inoculation were conducted
at one site per year in the south of Lower Saxony. The
experimental design was a complete randomised
block with three (natural infection) and four (artificial
inoculation) replicates, respectively. Field trials were
sown between mid-and end of April with 45 cm
(artificial inoculation) and 50 cm (natural infection)
distance between rows, determined by the harvesting
technology available. The distances between plants
within rows in the artificial inoculation trials were
18 ¢cm in 2005 and 12 c¢m in 2006, and in the natural
infection trial 6 cm, and the trials were manually
thinned to a density of 75,000-100,000 plants ha .
Fertilisation and weed control were carried out
according to local standards. Inoculation and harvest
were conducted in a three-row core of the six-row
plots to avoid neighbourhood effects. WSY was
calculated as described by Mirlander et al. (2003),
whereas in this study loss of WSY (WSY ) at any

inoculum density in relation to the healthy control
was determined using equation (1):

(WSYhe—WSYiq) x 100

relative WSY o5 = WSY
he

(1)

where WSY,. = WSY of the healthy control and
WSY;q = WSY at different inoculum densities.
However, the results for WSY s were evaluable only
for 2005. In 2006, we observed a late and extremely
non-uniform homogeneous field emergence due to
strong environmental fluctuations during germination
and early plant development, leading to an incomplete
plant stand with considerable heterogeneities in plant
development throughout the growing season. Severe-
ly hail-damaged leaves and bacterial infections (Pseu-
domonas spp.) were frequently observed. In addition,
insufficient weed control and nematode attack (Het-
erodera schachtii) occurred.

Fungal isolates, inoculum production and inoculation

A mixture of four German field isolates from three
different geographical regions (Mecklenburg, Lower
Saxony and two isolates from Bavaria) and one Greek
field isolate (Thessaloniki) of C. beticola was used for
inoculation in both years. The isolates were kept as
long-term cultures before mass spore production; all
isolates were host-passaged to ensure pathogenicity.
Host-passage was carried out as follows: three sugar
beet plants per isolate were spray-inoculated with
conidial suspensions and incubated under plastic bags
in a climate chamber at temperatures of 24°C for 14 h
under supplementary assimilation light, and 18°C for
10 h in the dark with a RH of 100%. After the
appearance of the first Cercospora leaf spots, the
pathogen was re-isolated and grown on V8 agar (50%
Grannini® Vegetable Juice, 50% demineralised water,
1.5% Agar, pH 5.8). For mass production of the
fungus, an agar plug (2 cm? surface) overgrown with
fungal mycelium was homogenised with 3 ml of
sterile tap water, and 300 pl of the homogenate was
plated onto solid fresh V8 agar in Petri dishes
(92 mm ©) incubated at 24°C under diffuse daylight.
After 8-14 days the overgrown plates were homoge-
nised for 90 s in a mixer (Stephan, Type UM44A,
Stephan und Sohne, Hameln, Germany) and diluted
with tap water to adjust the inoculum concentration,
determined by counting C. beticola conidia and
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mycelial fragments with a minimum size of one septum.
In 2005, inoculum density 1 was adjusted to about
30,000 infections units (iu) ml™', density 2 to about
20,000 iu ml 'and density 3 to about 10,000 iu ml .
Due to the heavy infection in plots treated with the
highest inoculum density 1 in 2005, this inoculum
density was not used in 2006. Inoculum densities 2 and
3 were used in 2006; additionally inoculum densities 4
(5,000 iu ml™") and 5 (2,500 iu ml ") were included.
Inoculation was carried out when canopy closure was
fully established under warm temperatures and humid
conditions. Inoculum was sprayed at a rate of 400 1 ha ™'
with a six-row plot hand-driven air-pressure sprayer in
three core rows of the plots, starting with the lowest
inoculum density. Inoculation was done during the
early morning with natural leaf wetness at about 20°C.
In all treatments, no rainfall occurred during the next
12 h.

Assessment of disease parameters

Infection with C. beticola was assessed weekly
starting at 7 days post-inoculation (dpi) and at the
beginning of July under natural infection conditions.
One hundred plants per cultivar and per inoculum
density were used for the assessment of disease
severity (DS) as percentage of infected leaf area on
one leaf of the middle leaf apparatus (Wolf and
Verreet 1997). The assessment of DS on every single
leaf was determined according to Battilani et al.
(1990). As a descriptor for epidemics, the area under
the disease progress curve (AUDPC) was calculated
in accordance to Shaner and Finney (1977) using
equation (2):

Y1 + Y1+1)

AUDPC = Z X (tiyg —t) (2)

where n = number of assessment times, 1 = assess-
ment time, y = DS (%) and t = dpi. Due to the weekly
assessment of DS, AUDPC has units of ("% DS x
weeks ") but this not used in the text.

CLS progress over time follows a typical sigmoid
curve and is adequately described by a logistic model
(Rossi 2000). Therefore, the following equation (3)
was fitted to the observed DS values:

100

@ Springer

x exp(—b X t) (3)

where y = DS (%), a = DS at the beginning of the
epidemic, b = the expansion rate (% DS per unit time)
and t = dpi. Parameters a and b were estimated.

Assessment of weather data

Weather data were monitored with a weather station
on the field where the trials were situated. Tempera-
ture was measured as °C in the crop (0.05 m above
ground) and at 2 m above ground. RH was measured
as % at 2 m above ground. Precipitation was
determined in mm at 1 m above ground. All weather
data were recorded hourly. The monthly means were
calculated and are given in Table 1.

Statistics

Analysis of variance (ANOVA) was carried out with
the programme SAS version 8.1 (SAS Institute Inc.,
Cary, NC, USA) using the GLM procedure followed
by a multiple comparison of means according to
Tukey (Dufner et al. 2002). Significant differences are
indicated with different letters for probabilities of P <
0.05, whereas n.s. indicates non-significant. The
logistic model was fitted to observed DS values and
was carried out with the NLIN procedure. The
disease-loss relationship was described with a linear
regression using the REG procedure. For each cultivar
all four replicate values of the three inoculum
densities were used to calculate the disease-loss
relationship. Significance of the coefficient of deter-
mination (r*) of the fitted regression model are
indicated with *, ** or *** for probabilities of P <
0.05, 0.01 or 0.001, respectively.

Results

Disease progress and yield effects under natural
infection

In a German and Austria-wide cultivar trial series in
2004 and 2005, the three cultivars used in this study
were evaluated under natural C. beticola infection at
seven locations. One location in 2004 with the best
differentiation of cultivar resistance was selected.
First symptoms of C. beticola appeared at the
beginning of July (Fig. 1). DS increase was slow in
August and gained momentum in September. Subse-
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Table 1 Climatic conditions of the field trial location in 2005 and 2006

Month Ta in 2 m (°C) T in 0.05 m (°C) Hb in 2 m (%) Pc in 1 m (mm)
April 2005 93 9.7 78.7 43.4
May 2005 12.6 11.5 82.3 80.1
June 2005 15.7 17.2 81.1 40.3
July 2005 17.8 18.6 83.4 56.3
August 2005 15.3 15.2 84.6 67.2
September 2005 14.6 14.2 83.7 32.6
October 2005 10.7 10.1 88.8 48.3
November 2005 5.1 n.m. 92.7 29.1
December 2005 1.8 2.1 94.2 39.3
January 2006 -2.3 -2.4 923 14.7
February 2006 0.1 -0.2 92.4 28.8
March 2006 1.8 2.2 87.6 58.7
April 2006 8.2 8.5 83.2 44.1
May 2006 13.0 13.8 77.7 74.2
June 2006 16.5 18.0 78.7 85.1
July 2006 21.5 233 73.9 30.6
August 2006 15.7 16.0 85.2 514
September 2006 16.8 17.6 78.4 4.8
October 2006 12.5 12.2 87.9 38.7

AT = temperature, ®H = relative humidity(RH), °P = precipitation,  n.m. = no measurement

quently, DS increased rapidly, particularly the suscep-
tible cultivar which reached a higher DS than the
resistant cultivars. However, the stationary phase of
the expected sigmoid growth curve was not observed
until harvest. Because only three values per cultivar
were available, the mean AUDPC values of the
cultivars (susceptible cultivar: 243, resistant cultivar
1: 194 and resistant cultivar 2: 127) were not

100 1 Natural infection
Cultivar:
804 e susceptible
® — ——-— resistant1 °
v — — — resistant2

DS (%)

Fig. 1 Progress of disease severity (DS) of C. beticola under
natural infection in sugar beet cultivars with different suscepti-
bilities after fitting a logistic growth curve to the measured
values; three cultivars, Germany, 2004

significantly different. However, statistical analysis
revealed a significantly higher WSY 4 for the suscep-
tible cultivar (approximately 12%) than for resistant
cultivars (1.4% resistant cultivar 1 and 3.6%, resistant
cultivar 2).

Disease progress in field trials following artificial
inoculation

In trials with artificial inoculation, first C. beticola
symptoms appeared 1 week after inoculation (disease
index data not shown). As expected, the DS increase
followed a typical sigmoid curve consisting of lag
(slow growth), log (exponential growth) and station-
ary phases, and the maximum of 100% DS was only
reached under very conducive climatic conditions in
2005 (Figs. 2, 3). The exponential increase of DS was
not observed until six (in 2005) or eight weeks (in
2006) post-inoculation depending on the cultivar,
indicating an extended incubation period between
infection and first appearance of leaf spots. In July
and the first half of August 2005, daily mean
temperatures in the crop (at a height of 0.05 m)
varied between 12°C and 27°C and the RH ranged
between 70% and 99% (Table 1). Initial pathogen
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Inoculum density 2

7 inoculum density 1

Cultivar:
susceptible
resistant 1
resistant 2

DS (%)

Inoculum density 3

Fig. 2 Progress of disease severity (DS) of C. beticola
following artificial inoculation in sugar beet cultivars with
different susceptibilities depending on inoculum density after

development could have been inhibited or delayed,
which might explain the extended incubation period.
Subsequently, climatic conditions became more
favourable for the fungus and DS increased exponen-
tially. In July and August 2006, climatic conditions

Fig. 3 Progress of disease 100 -
severity (DS) of C. beticola
following artificial inocula-
tion in sugar beet cultivars
with different susceptibil-
ities depending on the inoc-
ulum density after fitting a
logistic growth curve to the
measured values; three cul-
tivars, Germany, 2006, dpi
days post-inoculation

Inoculum density 2

DS (%)

Inoculum density 4

DS (%)

dpi

fitting a logistic growth curve to measured values; three
cultivars, Germany, 2005, dpi days post-inoculation

were less favourable than in 2005. At the beginning
of July 2006, temperatures and RH were high;
however, inoculation was carried out after mid-July,
when canopy closure was fully established. After-
wards, daily mean temperatures varied between 20°C

g Inoculum density 3
°
Cultivar:
o susceptible :
. ———— resistant 1 /'/
v — — — resistant2

Inoculum density 5
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and 27°C, but the RH mostly ranged between 60%
and 70% with a maximum of 87% for 1 day.
Temperatures in August 2006 ranged from 12 to 20°
C but it was very dry (RH between 72% and 97%). At
the end of August, rainfall and increasing RH
occurred. Thus, in 2006, pathogen development was
delayed by suboptimal climatic conditions for a
considerable length of time during the crop growth
period.

In 2005, DS differences between resistant and
susceptible cultivars across the different inoculum
densities were clear (Fig. 2). The DS progress of the
susceptible cultivar, however, was nearly identical at
the different inoculum levels. In resistant cultivars,
the DS increase in the log phase was less with
decreasing inoculum density and hence the stationary
phase of 100% DS was reached later compared to the
susceptible cultivar. In 2006, as a result of unfav-
ourable climatic conditions, the entire sigmoid curve
of DS progress, including the stationary phase, was
observed only in the high inoculum density treatment
and in the susceptible cultivar (Fig. 3). In contrast to
2005, the beginning of the exponential phase of DS
progress started earlier in the susceptible cultivar than
in both resistant cultivars, when the highest inoculum
density was applied. This difference was reduced with
decreasing inoculum densities.

In both years, the differentiation of DS develop-
ment between resistant and susceptible cultivars was
most obvious in the treatments with inoculum
densities 2 and 3. However, in 2005 when the log
phase of the growth curve displayed maximum slope,
the differences in slope and delay of DS progress
between the cultivars were obviously higher. In all
environments and at all different inoculum densities
applied, the log phase of the DS progress in resistant
cultivar 1 started earlier than in resistant cultivar 2.

In order to determine the inoculum density that
produced the maximum DS differentiation between
resistant and susceptible cultivars at several times
post-inoculation, the following calculations were
carried out. After fitting a logistic growth equation
to DS values, an ANOVA was conducted to determine
DS values at different dpi (Table 2). Interestingly, a
significant interaction of cultivar and inoculum
density was only detected at 75 dpi in both years
and additionally at 50 dpi in 2005. Therefore, a
multiple comparison test was carried out with the DS
values of these dates to determine differences between

the susceptible and resistant cultivars at different
inoculum densities (Table 3). In 2005, this resulted
in a clear differentiation of DS between susceptible
and resistant cultivars, at 50 dpi for all inoculum
densities. However, at 75 dpi, only at the lower
inoculum density 3 were the differences between
susceptible and resistant cultivars significant, whereas
at the higher densities, only one resistant cultivar
differed significantly from the susceptible one. In
contrast, in 2006, a significant differentiation between
cultivars was observed only at the high inoculum
densities 2 and 3. At the lower inoculum densities 4
and 5, no significant differences between cultivars
were detectable at any time.

Area under the disease progress curve (AUDPC)

AUDPC was calculated for all treatments of the trials
in both years (Fig. 4). AUDPC of C. beticola varied
between 837 and 6,264 depending on cultivar,
inoculum density and year. In general, the susceptible
cultivar had considerably higher AUDPC values than
the resistant cultivars. However, the differences
among cultivars were significant only in treatments
with inoculum densities 1, 2 and 3 but not with
inoculum densities 4 and 5. In both years, the
differentiation between susceptible and resistant culti-
vars was most apparent at inoculum densities 2 and 3.
The AUDPC differences between resistant and sus-
ceptible cultivars increased with decreasing inoculum
density in 2005. In inoculum density 1, a significant
difference in AUDPC between the two resistant
cultivars was also observed, mirroring the earlier DS
progress of the resistant 1 cultivar as shown in Fig. 2.
In 2006 due to unfavourable climatic conditions,
AUDPC values were low and significant differences
among cultivars were not detected.

Yield effects

In 2005 WSY,, differed between cultivars and
inoculum densities (Fig. 5). The susceptible cultivar
reached a significantly higher WSY,s than the
resistant cultivars in all inoculum densities except
when compared to resistant cultivar 1 with inoculum
density 1. Thus with increasing inoculum densities,
the quantitative resistance in resistant cultivar 1
seemed to be more strongly affected than in resistant
cultivar 2. Again, as observed for AUDPC in 2005,
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Table 2 ANOVA for disease severity (DS) of C. beticola in sugar beet cultivars (cv.) with different levels of susceptibility following
artificial inoculation with different inoculum densities (id) at different days post-inoculation (dpi), Germany, 2005 and 2006

dpi Source 2005 2006
DF F-value P DF F-value P
14 cv. 2 11.02 0.0004 2 6.22 0.0051
id 2 0.74 0.4855 3 0.10 0.9612
rep 3 2.73 0.0659 3 1.73 0.1803
cv. x id 4 1.48 0.2390 6 0.35 0.9051
20 cv. 2 12.16 0.0002 2 6.62 0.0038
id 2 0.78 0.4692 3 0.18 0.9064
rep 3 2.78 0.0626 3 1.67 0.1921
cv. x id 4 1.63 0.1985 6 0.42 0.8574
50 cv. 2 57.63 <0.0001 2 15.42 <0.0001
id 2 15.83 <0.0001 3 3.63 0.0227
rep 3 0.06 0.9817 3 1.15 0.3446
cv. x id 4 3.95 0.0133* 6 1.83 0.1240
75 cv. 2 53.25 <0.0001 2 39.44 <0.0001
id 2 22.05 <0.0001 3 16.59 <0.0001
rep 3 2.84 0.0593 3 0.52 0.6735
cv. x id 4 5.64 0.0024 6 4.37 0.0024
100 cv. 2 13.98 <0.0001 2 24.98 <0.0001
id 2 7.29 0.0034 3 19.85 <0.0001
rep 3 2.94 0.0534 3 2.74 0.0589
cv. x id 4 1.84 0.1543 6 0.40 0.8714
125 cv. 2 10.21 0.0006 2 10.07 0.0004
id 2 2.61 0.0946 3 4.27 0.0118
Rep 3 3.04 0.0485 3 2.31 0.0942
cv. x id 4 0.70 0.5979 6 0.43 0.8525
DS was calculated using a logistic growth equation; rep=replication
#Values in bold indicate significant interaction of cultivar x inoculum density
the differences in WSY), increased with decreasing The relationship between AUDPC and WSY
inoculum density. In inoculum densities 2 and 3, the was positively correlated with an identical slope
differentiation between the susceptible and resistant independent of the genotype (Fig. 6). However, the
cultivars was significant. susceptible cultivar showed a higher AUDPC than

Table 3 Differences in disease severity (DS) of C. beticola in sugar beet among cultivars at different days post-inoculation (dpi)
depending on inoculum density (1-5); Germany, 2005 and 2006

2005 2006

50 dpi 75 dpi 75 dpi

Inoculum density

Cultivar 1 ™ 2 T 3 T 1 T 2 T 3 T 2 T 3 T 4 T 5 T
Susceptible 20.99 a® 1816 a 9.69 a 10000 a 9953 a 99.10 a 4196 a 27.68 a 1936 ns. 11.02 ns.
Resistant 1 6.28 b 2.87 ¢ 3.77 b 9123 ab 7881 ab 4526 b 2181 b 1458 b 12.69 10.80
Resistant2 881 b 935 b 349 b 7057 b 6386 b 3830 b 10.89 c 506 c 726 5.73

DS was calculated using a logistic growth equation
* multiple comparison test carried out according to Tukey (T), P<0.05

® different letters indicate significant differences between cultivars, n.s. non-significant effects
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Fig. 4 Area under the dis-

2006

€ase progress curve 7000 - Cultivar:
(AUDPC) of C. beticola in a BN susceptible
sugar beet cultivars with 6000 - a resistant 1
different susceptibilities _ b 1 resistant 2
depending on the inoculum £ 5000 A 7
density; Germany, 2005 and 3 % <
2006. Multiple comparison 2 4000 - % b
test carried out according to a\:‘, % b
Tukey (P<0.05), different S w00{ W
letters indicate significant o % 2
differences among cultivars S 2000 4 % b a n.s. n.s.
for each inoculum density, < % b b
n.s. non-significant effects 1000 % b
% il (1N [l
o | M7
1 3 2 3 4 5

both resistant cultivars. This resulted in a higher
WSY s of the susceptible cultivar than the resistant
cultivars. The resistant cultivars had a high determi-
nation coefficient (+°) of 0.74 and 0.68 while 7 of the
susceptible cultivar reached only 0.45.

Discussion

In this study, we aimed to estimate optimal C. beticola
inoculum densities in field tests using artificial inocu-

Cultivar:

EE susceptible
resistant 1
[ resistant 2

oo
o

WSY, . (%)

g949

Healthy control

Inoculum density

Fig. 5 Loss of white sugar yield (WSY.s) in sugar beet
cultivars with different susceptibilities to C. beticola depend-
ing on inoculum density, Germany, 2005, healthy control per
cultivar = 100. Multiple comparison test carried out according
to Tukey (P<0.05), different letters indicate significant
differences among cultivars for each inoculum density, n.s.
non-significant effects

Inoculum density

lation, suitable for the differentiation of commercially-
cultivated sugar beet hybrids possessing variable
degrees of Cercospora resistance. We quantified for
the first time that in our artificial inoculation experi-
ments the disease progress, in addition to climatic

40 4
35 -
g 30 -
]
8
> 25 1
(%2
s
20 -
15
10 T T T T
3000 4000 5000 6000
AUDPC (% x weeks)
cultivar
Susceptible ® =-12.267 + 0.008 x
r’=0.45*
Resistant1 8 —— — — y=-9.436 + 0.008 x
r’=0.68 ***
Resistant2 v — — — y=-9.948 + 0.008 x
r2=0.74 **

Fig. 6 Correlation between area under the disease progress
curve for C. beticola (AUDPC) and loss of white sugar yield
(WSY,ss) in sugar beet cultivars with different susceptibilities,
Germany, 2005. For each cultivar all four replicate values of the
three inoculum densities, were used for calculation. WSY of
healthy control per cultivar = 100. 7 coefficient of determina-
tion, *, ** *** indicate significant results for probabilities of
error at P<0.05, 0.01, 0.001
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conditions, strongly depended on the inoculum density.
Additionally, for the cultivars tested, AUDPC and
WSY s Were strongly correlated independently of the
cultivar’s resistance traits. Artificial inoculation can
result in rapid disease progress of C. beticola and
can have an effect on yield similar to heavy natural
infection, and can therefore be used to evaluate the
possible impact of a severe epidemic. Because
climatic conditions cannot be foreseen in field
experiments we conclude that resistance tests apply-
ing varying inoculum densities would be the correct
procedure to use to evaluate Cercospora resistance,
and might help to reduce the high number of field
locations required to evaluate and compare the
resistance of cultivars under natural infection as
described by Ossenkop et al. (2004).

In both years inoculation with the fungus was
successful and at 7 dpi first symptoms were found in
all cultivars independently of their resistance. This
incubation period is in contrast to former field studies
using artificial inoculation (Pfleiderer and Schiufele
2000) where first symptoms of C. beticola appeared
not earlier than 15 dpi and 30 dpi depending on the
cultivar’s susceptibility, although the inoculum densi-
ty in their trials was higher than in the experiments
described here. The authors applied an inoculum
density of one Cercospora overgrown Petri dish per
plot, which can only be roughly estimated to represent
a density of 100,000 iu mI™'. The variable length of
incubation period observed might be explained by the
different climatic conditions that were not docu-
mented. The observation that the first Cercospora
leaf spots, independently of the genotype, appeared
simultaneously, is in agreement with previous descrip-
tions of Rossi and Battilani (1990; cited in Rossi
2000) who demonstrated that the time of disease onset
on susceptible and resistant cultivars was nearly
identical. In addition, no influence of the inoculum
density on the time of first spot appearance was
detected.

An exponential increase of DS was observed not
earlier than 6 or 8 weeks post-inoculation; this might
be explained by the suboptimal climatic conditions
for fungal development and sporulation in the field in
both years. Infection with C. beticola as well as
incubation period, lag phase and conidial production
strongly depend on climatic conditions. High temper-
atures with an optimum of 30°C and a high RH
ranging between 98% and 100% as well as adequate

@ Springer

leaf wetness duration accelerate fungal development
and spread (Bleiholder and Weltzien 1971, 1972a).
RH is the most important climatic factor influencing
infection; at a RH of 96% the conidial production is
already inhibited and at <88.5% RH conidial produc-
tion is completely inhibited (Bleiholder and Weltzien
1971, 1972a). These conditions were assumed to be
the reasons for the long lag phase and the late spread
of the fungus in the field observed in our inves-
tigations.

The DS progress of C. beticola varied between
cultivars and inoculum densities in our experiments.
In contrast, Pfleiderer and Schaufele (2000) did not
detect differences in final DS at harvest, when
applying two different inoculum densities (one and
one quarter Cercospora overgrown Petri dishes per
plot). Probably both inoculum concentrations were at
a very high level, inducing no differential genotypic
reactions. In both years the resistant cultivars obvi-
ously showed a delayed DS development in compar-
ison to the susceptible cultivar. This was probably the
result of the rate-reducing resistance character as
described by Rossi et al. (1999, 2000a). The DS
development of both resistant cultivars displayed the
same effect of the climatic conditions but the
relationship to DS development of the susceptible
cultivar varied with the inoculum density. DS differ-
entiation between the susceptible and both resistant
cultivars at different dpi was most pronounced at
inoculum densities 2 and 3 in 2005 as well as in 2006.
The DS development of the tested cultivars at these
two inoculum densities was similar to DS develop-
ment under natural infection in 2004. Evaluating DS
development at all other inoculum densities applied in
both years clearly showed that densities higher and
lower than 20,000 iu ml™" and 10,000 iu ml™" resulted
in less or no detectable differentiation between
resistant and susceptible genotypes. Because inocu-
lum density 1 was not applied in 2006, we can only
speculate whether a better differentiation between the
genotypes would have been observed. Therefore, we
conclude that the components of partial resistance that
reduce the development of the pathogen’s disease-
cycle (infection rate, lag phase and infectious period),
perform best at a certain primary inoculum density.

Njiti et al. (2001) evaluated quantitative cultivar
resistance against soybean sudden death syndrom in
greenhouse experiments. Similar to our results, low
inoculum densities did not allow a sufficiently clear
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differentiation among cultivars. Since AUDPC is a
result of DS and time, the maximum AUDPC
differentiation was observed at the same inoculum
densities (2 and 3) in both years as for DS. In
addition, maximum AUDPC differentiation between
susceptible and resistant cultivars was only achieved
if an epidemic occurred at optimal inoculum densities.
This supports the previous observations of Pfleiderer
and Schéaufele (2000) and Ossenkop et al. (2004) and
provides further evidence for the necessity of opti-
mised inoculum densities in resistance screening.

The fact that DS differentiation between resistant
and susceptible cultivars varied over time has con-
sequences for field disease assessment. In order not to
underestimate the resistance of the cultivar, disease
assessment should be made at the time when
maximum differentiation between resistant and sus-
ceptible cultivars is observed. Assessment during the
whole of disease progress and comparison of AUDPC
values between cultivars, however, are the most
appropriate measurements to evaluate resistance.
Therefore, assessing DS just one or two times during
the whole of disease progress may give misleading
results. Assessing DS regularly during the whole of
disease progress and subsequent calculation of the
AUDPC gives an advantage over single DS values
as the whole of disease progress is reflected in just
one value. We conclude that AUDPC is more
appropriate to detect a clear differentiation between
cultivars. However, time and labour costs for regular
DS assessment may be too high to be feasible if
many cultivars have to be tested in parallel.
Additionally, single DS measurements do not cover
changing climatic conditions that affect epidemic
development (Danielsen et al. 2001). This is in
agreement with Broers et al. (1996), who analysed
resistance of spring wheat cultivars against yellow
rust and demonstrated that AUDPC is a suitable
parameter to characterise quantitative resistance in
host-pathogen interactions.

For sugar beet, the determination of WSY
induced by the destruction of leaf green area and
subsequent leaf regrowth (Rossi et al. 2000b) is a
very important parameter to evaluate cultivar perfor-
mance under disease conditions. Only in 2005, under
optimal conditions for Cercospora disease progress,
were yield effects observed. In 2006, where the
stationary phase of DS of the susceptible cultivar
was reached close to harvest, no yield differences

were observed. Only if densities lower than inocu-
lum density 1 of C. beticola infectious units under
favourable climatic conditions caused an epidemic,
was maximum differentiation of WSY .. between
resistant and susceptible cultivars observed. The
optimal inoculum density for cultivar differentiation
in disease progress as well as in WSY,, ranged
between 10,000 and 20,000 iu ml™' and a similar
differentiation between resistant and susceptible
cultivars was found under natural infection. In
contrast to the artificially inoculated trial, resistant
cultivar 2 displayed a higher WSY ¢ than resistant
cultivar 1, although the DS progress in the former
was delayed in comparison to the latter.

There was a positive linear correlation of AUDPC
with WSY s, Supporting previous observations (Wolf
et al. 1995). This leads to the conclusion that at an
optimal inoculum density, maximum differentiation of
WSY s can be expected at high AUDPC wvalues.
However, as all cultivars tested here showed an
identical slope in this relationship, we conclude that
identical AUDPC will produce similar WSY
independent of genotypes. Therefore, yield tolerance
to infection with C. beticola of the cultivars in this
study, was not detectable. Lower WSY . of the
tested resistant cultivars was the result of lower
AUDPC values, based on resistance traits. This is in
contrast to the findings of Ossenkop et al. (2004) who
detected differences in symptom expression and yield
reaction between resistant cultivars; however AUDPC
values were not determined. Further studies with
more cultivars are needed to prove if this is a general
correlation for sugar beet. It is important to mention
the fact that WSY s in this study is a relative value,
and does not consider the absolute yield of a specific
cultivar. Most Cercospora-resistant cultivars still
suffer from a yield penalty under non-diseased
conditions (Mechelke 2000), although some compa-
rable high-yielding cultivars are now available (BSA,
Bundessortenamt 2007). As long as the above
relationship is true for all resistant cultivars, it has to
be considered when comparing the performance of
resistant and susceptible cultivars.

This study has clearly demonstrated that the
inoculum density for testing cultivar resistance has
to be carefully optimised. The optimal concentration
of 10,000 to 20,000 iu ml™! for maximum AUDPC
differentiation under the environmental conditions of
our field tests represents only one important factor for
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resistance screening. The influence of post-inocula-
tion climatic conditions on epidemic progress is
equally important and remains unpredictable. Initial
infection is no guarantee for successful disease spread
and rapid disease progress, but the use of optimal
inoculum densities will render Cercospora field
resistance tests more reliable and reproducible under
variable climatic conditions.
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