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Reproduction of Heterodera schachtii Schmidt on Resistant Mustard,
Radish, and Sugar Beet Cultivars’

Heip1 J. SmrtH,? FRED A. GraY,® AND Davip W. Kocu?

Abstract: The reproduction of a Wyoming population of Heterodera schachtii was determined for resistant trap crop radish (Rapha-
nus sattvus) and mustard (Sinapis alba) cultivars, and resistant and susceptible sugar beet (Beta vulgaris) cultivars in a greenhouse
(21 °CG/16 °C) and a growth chamber study (25 °C). Oil radish cultivars also were field tested in 2000 and 2001. In the greenhouse
study, reproduction was suppressed similarly by the resistant sugar beet cultivar Nematop and all trap crop cultivars (P = 0.05). In
the growth chamber study, the radish cultivars were superior to most of the mustard cultivars in reducing nematode populations.
All trap crops showed less reproduction than Nematop (P = 0.05). In both studies, Nematop and all trap crops had lower Pf than
susceptible sugar beet cultivars HH50 and HM9155 (P = 0.05). In field studies, Rf values of radish cultivars decreased with
increasing Pi of H. schachtii (r* = 0.59 in 2000 and r* = 0.26 in 2001). In 2000, trap crop radish cv. Colonel (Rf = 0.89) reduced
nematode populations more than cv. Adagio (Rf = 4.67) and cv. Rimbo (Rf = 13.23) (P = 0.05) when Pi was lower than 2.5 H.
schachtii eggs and J2/cm® soil. There were no differences in reproductive factors for radish cultivars in 2001 (P < 0.05); Rf ranged

from 0.23 for Adagio to 1.31 for Commodore for all Pi.
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The sugar beet nematode (SBN) (Heterodera schachtii
Schmidt) is one of the most serious pests of sugar beet
(Beta vulgaris L.) in the western United States (Griffin,
1981b) and most other sugar beet production areas
worldwide, especially where beets have been grown for
an extended number of years (Cooke, 1991). This
nematode pest causes severe yield reductions when
population densities are high (Griffin, 1981a). Crop
losses can be reduced by cultural methods such as sani-
tation and crop rotation, and with pesticide applica-
tions.

A recent approach to H. schachtii control in the
United States is the planting of resistant cultivars of oil
radish (Raphanus sativus var. oleifera L.) and yellow mus-
tard (Sinapis alba L.) as trap crops. Trap cropping with
resistant radish and mustard cultivars has been prac-
ticed in German and other Furopean sugar beet pro-
duction areas since the 1980s (Schlang, 1985). In Ger-
many, all newly developed trap crop cultivars are rated
for resistance to the SBN by the Federal Research Cen-
ter for Agriculture and Forestry (BBA, Biologische Bun-
desanstalt fir Land- und Forstwirtschaft) (Bundessorte-
namt, 2002; Miiller and Rumpenhorst, 2000). Nema-
tode soil populations are determined in closed
containers before and after growing a trap crop culti-
var. Reproductive factors (Rf = Pf/Pi) for each cultivar
are calculated and standardized to those of standard
resistant trap crop cultivars. Resistance ratings are as-
signed according to the Rf: 1 = Rf less than 0.1, 2 = Rf
from 0.1 to 0.3, and 3 = Rf from 0.31 to 0.5. Cultivars
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with Rf above 0.5 are classified as susceptible. Only cul-
tivars with Rf values less than 0.5 are federally registered
as resistant in Germany. However, no such restriction
has been proposed on varieties being used in the
United States.

Schlang (1985, 1989, 1997) observed a high correla-
tion between initial population density and Rf value
under field conditions. Reproductive factors increased
with low initial populations and decreased with high
initial populations. The nematode equilibrium density
(Pi at an Rf value of 1.0) indicates the host status of a
plant (Ferris, 1985).

Gardner and Caswell-Chen (1993) showed that de-
velopment of the SBN was suppressed by resistant trap
crop cultivars under a controlled environment. Resis-
tant trap crops also have proven effective in decreasing
soil populations of H. schachtiiin Wyoming (Gray et al.,
1994, 1997; Koch and Gray, 1997; Koch et al., 1998), in
Idaho (Hafez, 1994; Hafez and Sundararaj, 1998, 1999,
2000, 2001), and in Nebraska (Kerr et al., 1995). Cur-
rently, the oil radish cultivar Colonel is being used in
northwestern Wyoming in sugar beet rotations for man-
agement of the SBN.

Another means for controlling the SBN in sugar
beets is host resistance, which has only recently become
available in Europe (Miller, 1999). In 1996, H.
schachtitresistant sugar beet cultivars Evasion and Ne-
makill were released in France followed in 1998 by the
registration of the SBN-resistant cultivar Nematop in
Germany (Schlang, 1999). No SBN resistance has been
found in Beta vulgaris (Roberts, 1992). Savitsky (1975)
was the first to produce viable hybrids by the crossing of
the wild species B. procumbens and B. vulgaris. The U.S.
Department of Agriculture released Savitsky’s cyst
nematode resistant sugar beet breeding lines in 1982
(Doney, 1995). Breeding programs in Europe have
been using these lines as well as producing further
crosses (Heijbroek et al., 1988; Lange and De Bock,
1994; Lange et al., 1990; Loptien, 1984, 1985). Sugar
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beet cultivars with resistance to the SBN are currently
not commercially available in the United States.

Control of H. schachtii with resistant trap crops and
sugar beet cultivars would reduce environmental risks
associated with pesticides (Griffin, 1987; Thomason,
1987) and decrease sugar beet production cost (Held et
al., 2000). However, physiological variation is present in
H. schachtii (Griffin, 1981c), and it is not clear how
sugar beet and trap crop cultivars resistant to German
SBN populations respond to Wyoming SBN popula-
tion. The purpose of this study was to evaluate SBN-
resistant oil radish and yellow mustard cultivars, and
one resistant sugar beet cultivar, for their potential to
control Wyoming populations of the sugar beet cyst
nematode.

MATERIALS AND METHODS

Two experiments were designed to compare nema-
tode reproduction on resistant oil radish and mustard
cultivars and resistant and susceptible sugar beet culti-
vars in a controlled environment. Information on crop
cultivars entered into the studies are shown in Table 1.
The resistance ratings presented are according to evalu-
ations done in Germany (Bundessortenamt, 2002; Mull-
er and Rumpenhorst, 2000).

Experiment 1. Reproduction in the greenhouse: The ex-
periment was a randomized complete block design with
eight replications, and each plant was one experimen-
tal unit. Four seeds of each cultivar were planted per
round pot (15-cm top diam., 10.5-cm bottom diam., 14
cm deep, 1,100 cm® soil volume) filled with a pasteur-
ized (1:1, v/v) sand and soil mixture (88% sand, 9%
silt, 3% clay; pH 7.7). Radish and mustard cultivars
were thinned to 1 plant/pot 13 days after planting
(DAP), and sugar beet cultivars were thinned 16 DAP.
Plants were held at 21 °C during the day and 16 °C
during the night with ambient natural light. Pots were
irrigated as needed and fertilized weekly with a

0.0002% 21-18-18 N-P-K fertilizer solution. The insecti-
cide malathion, which has shown not to be nematicidal
to several plant-parasitic nematodes (Elgin and Evans,
1975), was applied foliarly at a concentration of 400 mg
a.i./liter starting 9 weeks after planting in 4 successive
weeks for aphid control.

Inoculum was extracted from SBN populations main-
tained on HH50 sugar beets in a greenhouse by crush-
ing the cysts and sieving to catch eggs and juveniles
(Halbrendt et al., 1987). A total of 4,260 eggs and sec-
ond-stage juveniles (J2) of H. schachtii were applied to
each plant by pipeting aliquots into 3-cm deep holes in
the soil around the basal stem between 29 DAP and 57
DAP: 1,720 eggs and J2 in a 5-ml aliquot 29 DAP, 1,000
eggs and J2 in a 5-ml aliquot 35 DAP, and 1,540 eggs
and J2 in a 10-ml aliquot 57 DAP. This resulted in an
initial nematode density of 3.87 eggs and J2/cm? soil.

Plants were maintained under described conditions
for 92 days to allow for nematode reproduction. Plant
shoots were removed 1 cm above the soil level, succes-
sively block by block (block one and two at 92 days,
block three and four at 102 days, block five and six at
118 days, and block seven and eight at 134 days after
last inoculation). After shoot removal, pots with the
remaining roots and soil were stored in a refrigerator at
6 °C, and nematodes were extracted within 2 weeks.
Roots were removed and attached soil was collected by
shaking into a plastic tray. Roots were then gently
rinsed with tap water and observed for female nema-
todes using a 10x illuminated magnifying glass (Luxo
Magnifier, Luxo Lamp Corp., Port Chester, NY). Soil
was moved from each pot into the tray and thoroughly
mixed, and two subsamples of 250 cm® each (total of
500 cm®) were taken for nematode extraction. Each
subsample was placed on a 2-mm-pore sieve. The soil
was washed through the sieve into a 10-liter bucket.
Stones and debris in the sieve were discarded. The
sieved soil and water were placed into a flotation can

TasLE 1. Trap crop radish and mustard cultivars and sugar beet cultivars evaluated in the greenhouse and the growth chamber studies.
Crop Cultivar Origin Resistance rating
Trap crop oil radish Adagio Petersen Saatzucht, Lundsgaard, Germany 2°
Arena Seed Research of Oregon, Corvallis, Oregon 2%
Colonel Petersen Saatzucht 12
Commodore Petersen Saatzucht 1°
Rimbo Seed Research of Oregon 2°
Trap crop mustard Concerta Petersen Saatzucht 2*
Metex Petersen Saatzucht 2be
Rivona Seed Research of Oregon —
Salvo Seed Research of Oregon 2°
Serval Seed Research of Oregon 2°
Vertus Seed Research of Oregon —
Sugar beet Nematop Hilleshog (Syngenta) resistant™
HH50 Holly Sugar (Imperial Sugar) susceptible®
HM9155 Hilleshog (Syngenta) susceptible®

* According to Bundessortenamt (2002).

b According to Petersen Saatzucht, Germany: Rating system for resistance in trap crops: 1 = Rf < 0.1, 2 = Rf from 0.1 to 0.3.

¢ No rating available.

4 Unknown but presumed to be susceptible since no SBN resistance has been reported in B. vulgaris (Roberts, 1992).
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apparatus (Roberts and Thomason, 1981) and pro-
cessed for 4 minutes. Cysts were collected on a 250-pm-
pore sieve. Males, juveniles, and eggs were collected on
a 25-pm-pore sieve attached below the 250-pm-pore
sieve. The cysts located on the sieve surface of the 250-
pm-pore sieve were crushed by gently rubbing with a
rubber stopper to liberate eggs and juveniles (Hal-
brendt et al., 1987). The residue on the 25-pm-pore
sieve was collected into a beaker. The residue of the
second 250-cm” subsample was rinsed into the same
beaker. After nematodes were separated from remain-
ing soil by centrifugal flotation (Jenkins, 1964), eggs,
juveniles, and males were collected in a 25-pm pore
sieve and counted using a compound microscope at
100x magnification. Final H. schachtii populations re-
covered from each pot were extrapolated.

Variances were unequal and blocks were not effi-
cient; therefore, data were analyzed as weighted one-
way analysis of variance (weight = 1/ \/?) set in a com-
pletely randomized design using the general linear
models (GLM) procedure in SAS (SAS Institute, Cary,
NC). Treatment means were separated on basis of Stu-
dent’s ttest (P = 0.05).

Experiment 2. Reproduction in the growth chamber: To
increase nematode reproduction, a number of changes
from experiment 1 were made: (i) Soil volume was de-
creased and initial nematode density was increased, (ii)
plants were inoculated at a younger age, and (iii) tem-
perature was increased. The test was a randomized
complete block design with 16 replications, and each
plant was one experimental unit. Cultivars were planted
as 1 seed/pot (Conetainer: 3.8-cm top diam., 2.5-cm
bottom diam., 21 cm deep, 164-cm® volume, Stuewe &
Sons, Corvallis, OR) filled with a pasteurized sand and
soil mixture. Pots were placed in a 30-cm by 60-cm hold-
ing rack (56 plants/rack) and maintained in a growth
chamber (Puffer-Hubbard Environmental, Weaverville,
NC) at 25 °C with the following 24-hour light cycle: 1
hour low-light intensity (6 incandescent Slimlite 60-W
bulbs), 1 hour medium-light intensity (6 bulbs plus 8
fluorescent Slimlite 160-W bulbs), 10 hours full-light
intensity of 500 pE m? sec! at the pot surface (6 incan-
descent bulbs plus 16 fluorescent bulbs), 1 hour me-
dium-light intensity, 2 hour low-light intensity, and 10
hours dark. The distance from the pot rim to the lights
was 100 cm. Pots were irrigated daily and fertilized
weekly with a 0.0002% 15-30-15 N-P-K fertilizer solution
(Miracle Gro, Port Washington, NY). Inoculum from
the same source was extracted as described under ex-
periment 1. Plants were inoculated by pipeting 2-ml
aliquots containing H. schachtii eggs and J2 into 3-cm-
deep holes in the soil around the basal stem: 550 eggs
and J2 11 DAP and 2,000 eggs and J2 17 DAP. This
resulted in a total of 2,550 eggs and J2/pot and an
initial nematode density of 17 eggs and JQ/cm3 soil.

Plant shoots from blocks 1 to 16 were cut 1 cm above
soil level 33, 36, 41, 49, 64, 72, 80, 93, 99, 107, 113, 117,

130, 135, 144, and 150 days after the second inocula-
tion, respectively. Containers with soil were stored at
6 °C until they were processed to extract H. schachtii,
generally within 14 days after shoot removal. Soil and
roots were placed on three stacked sieves (2-mm-pore,
250-pm-pore, and 25-pm-pore), and roots were gently
rinsed free from soil. Females were removed from the
roots using a dissecting microscope at 10x and counted.
Females were crushed in a glass tissue grinder (7-ml
Pyrex Tenbroek, Corning, NY), and released eggs and
J2 were counted using a 1-ml counting slide (Advanced
Equine Products, Issaquah, WA). Sugar beet cyst nema-
todes of all growth stages were extracted from soil col-
lected on the three stacked sieves (2-mm, 250-pm, and
25-pm) and counted as described for experiment 1.
The final nematode density (Pf) was considered to be
the sum of eggs and ]2 from females plus nematodes of
all growth stages extracted from the soil. The reproduc-
tive factor

Pf Pf Pf

Pi _ number of eggs = 2,550
+J2 inoculated

was calculated.

Data on the number of females per root system and
reproductive factors were subjected to analysis of vari-
ance using the SAS general linear model procedure.
Because the variances were not equal and the blocks
were not efficient, both variables were analyzed as
weighted one-way analysis of variance (weight =1/ Vs?)
set in a completely randomized design. Cultivar means
were separated on the basis of Student’s ttest (P =
0.05).

Field trials: An experiment was conducted on two ad-
jacent sugar beet production fields in cooperation with
John Snyder of the Sage Creek Land & Cattle Com-
pany, near Worland, Wyoming, in 2000 (trial 1, field 1)
and was repeated in 2001 (trial 2, field 2). The soil of
field 1 was a fine-loamy over sandy, mixed, superactive,
mesic Typic Haplargid with 59% sand, 18% silt, 23%
clay, 1.2% organic matter, and pH 7.9. Field 2 soil was
a fine-loamy, mixed, superactive, calcareous, mesic
Typic Torrifluvent with 39% sand, 36% silt, 256% clay,
1.5% organic matter, and pH 7.8. The H. schachtii-
resistant radish cultivars Adagio, Arena, Colonel, Com-
modore, and Rimbo were evaluated for their efficiency
in reducing SBN soil populations. Only radish cultivars
were tested because this was the trap crop of choice of
the local sugar beet growers. Both trials were arranged
in a randomized complete block design with five repli-
cations. Both test sites had been in a barley-sugar beet
rotation for the previous 3 years. The plots measured
9.14 m by 2.13 m. The 9.1-m wide borders and 6.1-m
wide alleys between blocks were seeded to the SBN-
resistant mustard cultivar Metex. After barley harvest in
early August 2000 and 2001, fields were irrigated and
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cultipacked. Radish was seeded in both years on 15
August at 25 kg/ha with a double-disk drill. The entire
field surrounding the test site was planted to Adagio
radish in 2000 and to Colonel radish in 2001 at 25
kg/ha. Ammonium nitrate was applied through the
drill at seeding at 67 kg N/ha to the field and to the test
site. Following seeding, the field was irrigated with 20
mm of water through a center pivot sprinkler irrigation
system, and soil moisture for good plant growth was
maintained for 10 weeks with subsequent irrigation un-
til the end of October. Prior to planting on 15 August
and after growing trap crops on 21 October 2000 for
trial 1 and on 6 October 2001 for trial 2, 12 soil cores to
a depth of 30 cm were taken per plot with a 2.5-cm-
diam. soil probe and combined, following an x-shaped
pattern within plots. Each soil sample was thoroughly
mixed, passed through a 4mm-pore sieve, and allowed
to dry at room temperature. A subsample of 200 cm®
was randomly taken after the soil was mixed for 3 min-
utes in a rotary mixer (Twin shell dru blender, The
Patterson Kelley Company Inc., East Stroudsburg, PA).
Cysts were extracted from the subsample using a semi-
automatic elutriator (Byrd et al., 1976) with a 2-mm-
pore sieve for collecting debris nested over a 250-pm-
pore sieve for collecting the cysts. Cysts from the 200-
cm® subsample were crushed in a glass tissue grinder,
and released eggs and J2 were counted. This number
was multiplied by a correction factor of 1.47 (previously
determined by the authors) to adjust for the extraction
efficiency. Preplant and final nematode densities were
expressed as eggs and juveniles per cm® of field soil,
and reproductive factors were determined.

Preplant nematode densities varied greatly among
plots in both years. Heterodera schachtii populations in
2000 increased (Rf > 1) in most plots where Pi was
below a threshold of 2.5 eggs + JQ/CIIIS soil and de-
creased (Rf < 1) in all plots where Pi was above 2.5 eggs
+J2/cm® soil. Therefore, a binary threshold term was
included in the 2000 data analysis: 1 for Pi < 2.5 eggs +
]2/cm3 soil and 2 for Pi > 2.5 eggs +]2/cm3 soil. Be-
cause variances were not equal and blocks were not
efficient, Rf data were analyzed as weighted analysis of
variance (weight = 1/ \/?) set in a completely random-
ized design. Due to two Pi values of zero, only 23 ob-
servations could be included in the analysis: cultivars
Adagio, Colonel, and Commodore with n =5 and cul-
tivars Arena and Rimbo with n = 4. The SAS general
linear model procedure was used for all statistical analy-
ses with the least square means statement to determine
significant differences between cultivar means (P =
0.05).

In 2001, H. schachtii populations increased in only
four plots with Pi < 2.7 eggs and J2/cm? soil and de-
creased in all plots with Pi > 2.7 eggs and J2/cm? soil.
However, the threshold factor of 2.7 eggs +J2/Crn3 soil
was not significant (P = 0.05) when added to an analy-
sis of variance. Therefore, the covariate Pi was included,

and Rf data were analyzed as analysis of covariance set
in a randomized complete block design. Because two
plots had Pi values of zero, only 23 observations were
used in the analysis: cultivars Colonel, Commodore,
and Rimbo with n = 5 and cultivars Adagio and Arena
with n=4. The SAS general linear model procedure was
used for statistical analyses.

RESULTS

Experiment 1: Reproduction in the greenhouse: No H.
schachtii females were detected on the rinsed roots of
any entry. Nematode reproduction could be verified
only for one plant of the susceptible sugar beet cultivar
HH50. Average Pf values per container were similar for
all trap crops (P> 0.05) and ranged from 32.7 for Com-
modore radish to 144.3 for Rivona mustard (Table 2,
Greenhouse). Average Pf values of the sugar beets were
59.2 for Nematop, 830.4 for HM9155, and 2078.4 for
HH50. The SBN-resistant cultivar Nematop and all trap
crop cultivars were similar with regard to reducing soil
populations of the SBN (P > 0.05) and had lower Pf
values than the susceptible beet cultivars (P = 0.05).
Final densities of the SBN-susceptible sugar beets var-
ied, with HH50 having a higher Pf than HM9155 (P =
0.05).

Experiment 2: Reproduction in the growth chamber: The
number of females per trap crop plant ranged from 0.1
for Commodore radish to 8.4 for Serval mustard (Table
2, Growth chamber). Numbers of females per sugar
beet root system ranged from 64.6 for SBN-resistant
Nematop to 249.4 for susceptible HH50. Numbers of
females per root were similar for all radish cultivars, as
well as the mustard cultivars Concerta and Salvo (P =
0.05). All radishes and Concerta mustard supported
fewer females per root than mustard cultivars Rivona,
Vertus, Metex, and Serval that were equal in number of
females (P = 0.05). For mustard cultivars, Salvo had as
many females as Rivona and Vertus but fewer than Me-
tex and Serval (P = 0.05). Roots of the SBN-resistant
Nematop carried more females than any of the trap
crop cultivars but fewer than SBN-susceptible HH50
and HM9155 (P = 0.05). Numbers of H. schachtii fe-
males per root of HH50 and HM9155 were not differ-
ent (P> 0.05).

Reproductive factors ranged from 0.08 for Colonel
radish to 0.94 for Metex mustard and from 3.55 for the
resistant sugar beet Nematop to 16.2 for the susceptible
sugar beet HH50. Reproductive factors of all radish
cultivars were similar (P = 0.05) (Table 2). However,
Colonel radish had a lower reproductive factor than
any of the mustard cultivars. Radishes Commodore,
Arena, and Adagio performed better than any of the
mustards except Concerta. The reproductive factor of
Metex mustard was equal to mustard cultivars Serval
and Vertus but higher than the Rf values of any of the
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TABLE 2.
reproductive factors of cultivars tested in the growth chamber study.

Final Heterodera schachtii soil density of cultivars tested in the greenhouse study, and number of females per root system and

Greenhouse

Growth chamber

Crop Cultivar Reaction to SBN? nematodes/ pot (Pf) females/root system Rf value (Pf/Pi)
Oil radish Colonel R 71.8 a 0.31 a 0.08 a
Arena R 83.13 a 0.44 a 0.15 ab
Commodore R 32.7 a 0.13 a 0.15 ab
Adagio R 78.05 a 0.88 a 0.16 ab
Rimbo R 86.59 a 0.75 a 0.30 abc
Mustard Concerta R 45.54 a 1.31 a 0.28 bc
Salvo R 98.09 a 2.19 ab 0.44 cd
Rivona R 144.29 a 4.38 bc 0.49 cd
Vertus R 108.52 a 5.63 bc 0.74 de
Serval R 73.45 a 8.44 c 0.84 de
Metex R 96.28 a 7.5 [ 0.94 e
Sugar beet Nematop R 59.24 a 64.63 d 3.55 f
HM9155 S 830.42 b 210.38 e 11.20 g
HH50 S 2,078.42 c 249.38 e 16.20 h

Data are means of 8 replicates for the greenhouse study and 16 replicates for the growth chamber study. Means within a column followed by a common letter

are not different according to Student’s ttest (P = 0.05).
“R = resistant, S = susceptible.

other trap crop cultivars (P = 0.05). Reproductive fac-
tors differed among the three sugar beet cultivars,
which all had higher Rf values than any of the trap
crops.

Average Rf values were less than one for all resistant
trap crop cultivars, indicating no population increase.
However, Rf values greater than one occurred on single
plants of the Arena and Rimbo radish and on all mus-
tard cultivars except Concerta (data not shown). The
high average Rf value of 3.55 for the resistant sugar beet
cultivar Nematop was caused by a single plant on which
H. schachtii reproduced at a rate of 39.54. Average Rf
value for Nematop without this outlier was 1.15. Rates
greater than one occurred on only 5 of 16 Nematop
plants.

Field Trial 1 (2000): The relationship between Pi and
Rf was expressed by a non-linear statistical model with
the equation Rf = (3.4154 — 1.9765 x Pji’-24!)238095258
(Fig. 1A). Average reproductive factors differed among
radish cultivars (P = 0.0115) and between initial nema-
tode densities below and above the threshold of 2.5
eggs +J2/cm3 soil (P< 0.0001) (Table 3). However, an
interaction between cultivars and threshold was de-
tected (P = 0.02). At initial nematode densities below
the threshold, reproductive factors differed between
cultivars with Colonel having a lower reproductive fac-
tor than Adagio and Rimbo (P < 0.05). Only Colonel
decreased H. schachtii populations at preplant densities
below the threshold with an Rf of 0.89, while the repro-
ductive factors of the other cultivars were 2.81 for
Arena and 13.23 for Rimbo. At preplant densities above
the threshold, reproductive factors did not differ
among cultivars (P > 0.05) and ranged from 0.02 for
Colonel to 0.44 for Rimbo, indicating that all cultivars
reduced SBN populations.

Field Trial 2 (2001): Similarly to field trial 1, a rela-
tionship between Rf and Pi existed in field trial 2 with

the non-linear statistical model Rf = (0.837517 + 0.53031
s Pj0-2)%5483893 (Fig. 1B). Reproductive factors were
similar for all cultivars (P=0.37). At preplant nematode
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factor of Heterodera schachtii on five SBN-resistant oil radish cultivars in
the field trials in Worland, Wyoming. A) Field Trial 1: August—
October 2000 and B) Field Trial 2: August-October 2001.
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TABLE 3.

Preplant and final Heterodera schachtii densities and reproductive factors below and above the Pi threshold of 2.5 eggs + J2/cm®

of soil in the radish cultivar field study in Worland, Wyoming, August to October 2000 (field trial 1).

Pi < 2.5 eggs + ]2/cm?® soil Pi > 2.5 eggs + ]2/cm? soil All Pi
Radish cultivar nt Pi Pf Rf n® Pi Pf Rf ne Rf
Colonel 3 0.99 1.00 0.89 a 2 7.69 0.21 0.02 a 5 0.54
Arena 2 0.92 2.56 2.81 ab 2 5.96 1.42 0.23 a 4 2.22
Commodore 2 1.51 3.63 3.26 ab 3 5.38 0.82 0.21 a 5 1.43
Adagio 3 1.31 4.03 4.67 2 4.28 0.62 0.17 a 5 2.87
Rimbo 1 0.26 3.44 13.23 c 3 3.46 1.62 0.44 a 4 3.64

Data are means of n replicates. Rf means within a column followed by a common letter are not different according to the LSMEANS option of PROC GLM in

SAS (P = 0.05).
2 Eleven observations had Pi < 2.5 eggs and juveniles per cm® of soil.
P Twelve observations had Pi > 2.5 eggs and juveniles per cm® of soil.

€ Only 23 observations were included in the analysis due to two plots with Pi = 0.

densities above 2.7 eggs + J2/ml soil, reproductive fac-
tors ranged from 0.05 for Colonel to 0.52 for Rimbo
(Table 4).

DiscussioN

Results of the greenhouse and the growth chamber
studies were different because experimental methods
were not the same. Reproduction of H. schachtii is de-
pendent on host plant status, plant age at penetration,
soil temperature, soil moisture, and presence of preda-
tors and parasites of the nematode (Roberts et al.,
1981). Lower soil temperature, periods of low soil mois-
ture, and more advanced plant age at inoculation in the
greenhouse study resulted in lower nematode repro-
duction than in the growth chamber study, where en-
vironmental conditions were more favorable for nema-
tode reproduction and plants were younger.

The final nematode populations of the greenhouse
study indicated that all trap crop radish and mustard
cultivars tested, as well as the SBN-resistant sugar beet
cultivar Nematop, had similar levels of resistance. The
growth chamber study, on the other hand, showed dif-
ferences between radish and mustard cultivars and
Nematop in number of females, as well as in reproduc-
tive factors. These findings suggest that the radish cul-
tivars have a higher nematode reduction potential un-
der optimal conditions than most of the mustard culti-
vars. Radish cv. Colonel decreased nematode

TABLE 4.

population densities the most, more than any of the
mustards but equal to the other radish cultivars. Colo-
nel was the only cultivar with an Rf value less than 0.1,
which is in agreement with a nematode population re-
duction of more than 90% and a BBA resistance rating
of 1 (Bundessortenamt, 2002; Miiller and Rumpen-
horst, 2000).

Reproductive factors, on which resistance ratings in
Germany are based, are determined by BBA under dif-
ferent environmental conditions than in the growth
chamber study and are standardized to Rf values of
select resistant standard cultivars. However, due to the
25 °C optimal temperature for H. schachtii reproduc-
tion (Griffin, 1981b) in the growth chamber study, re-
productive factors were probably equal to or higher
than standardized BBA rates, which were obtained at
temperatures of 18 °C to 20 °C day and 14 °C to 16 °C
night (Miller and Rumpenhorst, 2000). Therefore, it
can be concluded that the low Rf value of 0.08 for
radish cultivar Colonel under favorable conditions for
nematode reproduction is in accordance with the resis-
tance evaluation of the BBA (Bundessortenamt, 2002).

Reproductive factors of radish cultivars Commodore,
Adagio, Arena, and Rimbo in the growth chamber
study were between 0.11 and 0.3. This corresponds to
BBA resistance levels of 2 (Rf = 0.1-0.3) and is, with
exception of Commodore, also in accordance with BBA
evaluations. Under the optimal conditions for nema-

Preplant and final Heterodera schachtii densities and reproductive factors below and above the Pi threshold of 2.7 eggs + J2/cm?

of soil in the radish cultivar field study in Worland, Wyoming, August to October 2001 (field trial 2).

Pi < 2.7 eggs +‘]2/cm3 soil Pi > 2.7 eggs +]2/cm3 soil All Pi
Radish cultivar n* Pi Pf Rf n° Pi Pf Rf n Rf
Colonel 2 0.71 0.83 0.63 3 7.22 0.6 0.05 5 0.29
Arena 2 1.01 0.46 1.14 2 13.64 3.1 0.36 4 0.75
Commodore 4 1.05 2.72 1.55 1 8.89 3.38 0.38 5 1.31
Adagio 0 — — — 4 5.84 1.3 0.23 4 0.23
Rimbo 1 0.1 0 0 4 8.76 4.51 0.52 5 0.42

Data are means of n replicates. Rf means are not different according to the F-test (P = 0.37).

# Nine observations had Pi < 2.7 eggs and juveniles per cm® of soil.
" Fourteen observations had Pi > 2.7 eggs and juveniles per cm? of soil.

€ Only 23 observations were included in the analysis due to two plots with Pi = 0.
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Reproductive factor (Pf/Pi)

Initial population {(eggs + juveniles/cm® of soil)

~%—2000 ——-2001 —e—Res. Level 1 ——Res. Level 2

F16. 2. Relationship between initial population and reproductive
factor of H. schachtii for oil radish cultivars of the resistance levels 1
and 2 (Schlang, 1997) and for oil radish cultivars Adagio, Arena,
Colonel, Commodore, and Rimbo (resistance levels 1 and 2) in the
radish cultivar field tests in Worland, Wyoming, in 2000 and 2001.

tode reproduction in our study, Rf values of four out of
five radish cultivars tested confirmed the resistance lev-
els found by BBA. The similarity of Rf values obtained
from the growth chamber study with the ones reported
by Bundessortenamt (2002) leads to the conclusion
that resistant oil radish cultivars have comparable resis-
tance to Wyoming and German populations of the
SBN. Cultivar information from Bundessortenamt ap-
pears to be a valid indicator of nematode resistance in
radish for Wyoming growers.

In contrast to the results found on the radish culti-
vars, the mustards, with the exception of Concerta,
showed much higher reproductive factors that were not
in agreement with BBA findings. According to Rf values
in the growth chamber study, mustards Vertus, Serval,
and Metex could not be classified as resistant at all,
while Salvo and Rivona both would have a resistance
rating of 3 (Rf = 0.3-0.5). This may relate to a higher
nematode reproduction on the resistant host plant
mustard than on oil radish under optimal temperature.

Resistance of a cultivar is assessed according to its
effect on nematode reproduction (Trudgill, 1986).
Miiller and Rumpenhorst (2000) found no females on
one third of tested Nematop plants, but some beets had
20 to 30 females. In their studies, this relates to an Rf
value of 7 to 8 under the assumption that each cyst
contains 300 eggs. They questioned if a cultivar that
allows this amount of reproduction can be considered
as resistant. However, they found many females and
cysts to be empty or with few eggs. In the growth cham-
ber study, the average of 64.6 females/plant seems to
be high, compared to Miller and Rumpenhorst’s
(2000) findings. Temperatures in their studies were
lower, the same as for the trap crops. Also, females were
counted 6 weeks after inoculation (Miiller and
Rumpenhorst, 2000), while counts in the growth cham-
ber were done 1 to 5 months after inoculation. In
agreement with Miller and Rumpenhorst (2000),
Nematop had, on average, fewer eggs per female than
the susceptible cultivars. There were a few plants with

large reproduction rates, contributing to the high av-
erage number of females in the growth chamber study.
Fifty-six percent of Nematop plants had 0 to 30 females.

Serendipitously, a difference (P = 0.05) in final
nematode populations and thus Rf values on suscep-
tible sugar beet cultivars was found in greenhouse and
growth chamber studies, with HH50 having higher
populations than HM9155. This indicates a possible dif-
ference in susceptibility to the SBN among U.S. sugar
beet cultivars. However, numbers of females in the
growth chamber study were the same.

As previously reported (Muller, 1986; Schlang, 1985,
1989, 1997; Steudel et al., 1989), the reproductive fac-
tor decreases with increasing initial nematode popula-
tions. Gardner and Caswell-Chen (1993) described a
similar regression curve between reproductive factor
and initial population for resistant and susceptible cab-
bage cultivars, resistant mustard and oil radish cultivars,
as well as for the non-hosts Phacelia tanacetiifolia and
buckwheat. In accordance with these findings, a curvi-
linear relationship between Rf and Pi was observed in
the two radish cultivar field trials 2000 and 2001 (Fig.
1A,B). Schlang (1997) developed regression curves
from field data for oil radish cultivars of all resistance
ratings. The regression curve for 2001 is in the range of
the two curves for oil radish cultivars of resistance rat-
ing 1 (Rf < 0.01) and 2 (0.01 < Rf < 0.03), while the
regression curve for the 2000 test descends below the
curve for resistance level 1 at Pi = 5 eggs and J2/cm?®
soil, thus underestimating Rf (Fig. 2). This was caused
by population reductions of up to 100% at high Pi.

In the radish cultivar field study in 2000, Colonel had
lower reproductive rates than Adagio and Rimbo and
also was the only cultivar that reduced nematode soil
densities at initial nematode densities below threshold
(2.5 eggs and J2/cm? soil). This is in agreement with
Schlang’s (1997) regression curve of oil radish cultivars
of resistance rating 1 (Fig. 2).

In conclusion, radish cultivars are superior to mus-
tard cultivars relative to their potential in reducing
Wyoming SBN populations. Concerning new cultivars
that might be marketed in the United States in the
future, only varieties with a resistance rating of 1 should
be used as trap crops for managing the SBN in Wyo-
ming because they reduce H. schachtii soil populations
the most and cause a population decrease even at low
initial populations (Schlang, 1997).
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