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Abstract The stem nematode, Ditylenchus dipsaci, is a
severe pest in European sugar beet production. In
France, Germany, and Switzerland, D. dipsaci damage
in sugar beet varies among specific geographic areas. In
this study, the reproduction potential of four geograph-
ically distinct D. dipsaci populations was determined
using sterile carrot disc cultures. In addition, virulence
and pathogenicity were investigated in-vivo using sugar
beet. No difference was found in the reproduction po-
tential on carrot discs, as well as penetration rate in sugar
beet seedlings. The reproduction rate in sugar beet tissue
was significantly affected by the D. dipsaci population
used. The population from Seeland (CH) showed the
highest number of nematodes per plant at 60 dpi
(21,071.8 £5340.0), compared to the three other
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populations contained 3588.6+3858.3, 5136.9+
4950.8, and 3579.7+£5174.2, respectively. Further-
more, the reproduction rate of D. dipsaci was negatively
correlated with fresh biomass of sugar beets at 60 dpi.
Based on these results, the D. dipsaci population
“Seeland” is suitable for breeding programs to detect
resistance in sugar beet. After selecting candidate geno-
types/varieties, these should be further evaluated for
their field resistance in their targeted growing regions.

Keywords Beta vulgaris - Carrot disc rearing -
Penetration - Reproduction - Resistance breeding

Introduction

The stem and bulb nematode Ditylenchus dipsaci
(Kiihn, 1857) Filipjev 1936 is an obligate endoparasite
with more than 500 host plants and ranking in the top 10
of plant-parasitic nematodes worldwide (Jones et al.,
2013; Sturhan & Brzeski, 1991). This nematode is high-
ly pathogenic on onion (Allium cepa L.), garlic (Allium
sativum L.), narcissus (Narcissus spp.), alfalfa
(Medicago sativa L.), and clover (Trifolium spp.)
(Boelter et al., 1985; Grandison, 1965; Siti et al., 1982;
Windrich, 1986; Yuksel, 1960). The host range of
D. dipsaci varies among biological races which repre-
sent a species complex (Subbotin et al., 2005; Sturhan
etal., 2008). Ritzema Bos (1888) was the first to observe
host preferences of different D. dipsaci populations.
Later, up to 30 biological races were determined by their
host preferences (Bovien, 1955; Seinhorst, 1957;
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Sturhan & Brzeski, 1991). Eriksson (1965) defined
biological races as populations distinguished by host
preference but not morphologically. He pointed out the
races’ ability to interbreed and de facto the impossibility
of being considered as different species. While some
biological races are polyphagous, some are specific to a
limited number of plant species as the red clover race
(Webster, 1967). The reproduction of polyphagous
races varies greatly among host plant species
(Whitehead et al., 1987). Qiao et al. (2013) and Poirier
et al. (2019) reported distinct genotypes among
D. dipsaci populations within a geographic region and
between neighboring farms. Esquibet et al. (1998)
succeeded to molecularly distinguish the species
D. dipsaci sensu lato from the giant race D. gigas,
recently singled out as new species (Vovlas et al,,
2011). To date, molecular analyses do not distinguish
the biological races of D. dipsaci, while the chromo-
some number may vary among the races (D’Addabbo
Gallo et al., 1982). In this study, the term “population” is
reflecting different geographic origins without taking
host plant references into account.

Fields may be composed of populations with diverg-
ing genetic characters that can interbreed (Bovien,
1955). Eriksson (1965) reported fertile polyphagous
progenies of interbreeding between the red clover and
lucerne races. Interbreeding can occur under natural
conditions in plants contaminated by individuals of
different biological races (Janssen, 1994). However,
the red clover (Trifolium pratense L.), white clover
(Trifolium repens L.), and lucerne races may distinguish
themselves from polyphagous races by frequent failure
of fertile progenies (Eriksson, 1974).

In Europe, D. dipsaci is an important threat for sugar
beet (Beta vulgaris L.) (Dewar & Cook, 2006; Leipertz,
2007). In Germany and Switzerland, some major sugar
beet growing regions are particularly affected by the
stem and bulb nematode (Leipertz, 2007; Storelli,
Keiser, et al., 2021a). Its penetration on sugar beet
seedlings leads to the dissolution of the middle lamellae
and swelling of the hypocotyl (Duncan & Moens, 2013;
Madani et al., 2015). Later in the growing season,
bacterial and fungal pathogens introduced by
D. dipsaci engender rotting of the sugar beet crown
(Hillnhiitter et al., 2011; Kiihnhold, 2011; Storelli
et al., 2020). To date, no resistant cultivars towards
D. dipsaci are available to farmers (Storelli, Minder,
et al., 2021b). Leipertz (2007) and Kiihnhold (2011)
reported evidence for tolerance of sugar beet cultivars
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toward crown rot. Variations in the sensitivity of culti-
vars towards crown rotting were observed among geo-
graphic regions in France, Germany, and Switzerland
(Leipertz & Valder, 2017, 2018, 2020).

In this study, the term virulence refers to the ability of
a nematode population to reproduce in a plant, whereas
pathogenicity refers to the level of damage inflicted to
the host plant (Miiller, 1989; Perry & Moens, 2013;
Shaner et al., 1992). Variations in the pathogenicity of
D. dipsaci populations challenge breeders in their search
for resistant cultivars. Ditylenchus dipsaci populations
have been shown virulent to cultivars of alfalfa, white
clover, and faba bean (Vicia faba L.), previously de-
scribed as resistant towards D. dipsaci populations from
other geographic origins (Elgin et al., 1977; Plowright
et al., 2002; Whitehead, 1992). Therefore, breeders
should consider the pathogenicity and virulence of nem-
atode populations from target regions for commercial
cultivars right when choosing the reference population
at the start of the breeding process.

This study determines the virulence and pathogenic-
ity of four representative D. dipsaci populations from
the regions of Aisne (FR), Franconia (DE), Rhineland
(DE), and Seeland (CH). Initial levels of virulence were
assessed using a standardized carrot disc in-vitro assay.
Furthermore, the D. dipsaci populations were evaluated
in-vivo concerning the penetration rate, virulence, and
pathogenicity toward sugar beet seedlings.

Materials and methods
General methods

Carrots used for D. dipsaci rearing were surface steril-
ized by soaking them for 40 min in 1% NaOCl-solution
(w/w). Carrots were then rinsed with sterile
demineralized water, transferred to a clean bench (HS
18, Kendro Laboratory Products, Germany), and peeled
under sterile conditions (Kiithnhold et al., 2006). After
removing end parts, carrots were cut into three cylin-
ders, which were transferred into a 500-ml sterile glass
bottle. After 15 days of incubation in the dark at room
temperature, the carrot disc callus was ready for nema-
tode inoculation. A suspension of D. dipsaci (juvenile
and adult stages) was centrifuged (3500 rpm, 5 min) and
washed three times with sterile demineralized water.
Afterward, they were re-suspended for 30 min in a
sterile antibiotic solution containing 0.1% streptomycin
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sulfate (w/v) and 0.1% amphotericin-B (w/v), and final-
ly washed twice with sterile demineralized water
(Kiihnhold et al., 2006). The nematodes were then in-
oculated on the surface sterilized carrot disc callus with
50 nematodes per cylinder and incubated for 45 days in
the dark at 20+2 °C (Storelli, Keiser, et al., 2021a).
Nematodes were extracted from carrot discs for 24 h
using Oostenbrink dishes and collected on a 20 pm
mesh sieve. The nematodes were then stored in the dark
at 68 °C for 24 h until the start of the new experiment.

Untreated sugar beet seeds were sown in 200-ml
plastic pots filled with 180 ml non-sterile sieved loess
soil/sand/compost mixture (1/1/1) (v/v/v). The paternal
line ‘DIT 006’ of the cv. BELLADONNA KWS, pre-
viously shown to be susceptible to D. dipsaci induced
crown rot (Leipertz & Valder, 2020), was used to deter-
mine the penetration rate and reproduction potential of
D. dipsaci populations in sugar beet. Two seeds were
sown per pot and after the first plant’s emergence, all
following emerging plants were removed to ensure only
one seedling per pot. The plants were covered with a
Plexiglas mini-glasshouse and regularly watered to
maintain a suitable soil moisture allowing nematode
movement throughout the duration of the experiment.
At 8 days post-planting (dpp), 1000 nematodes were
inoculated in 500 pl into two 1-cm deep holes (diam.
3 mm) approx. 1.5 cm from the center of the pot
(Storelli, Keiser, et al., 2021a).

Isolation, extraction, and maintenance of nematode
populations

The four D. dipsaci populations investigated were orig-
inally obtained from either infested soil or sugar beets,
respectively. The nematode population from the
Seeland region was extracted from the hypocotyl of
infested sugar beets (cv. SAMUELA KWS) collected
in 2015. Nematodes were extracted for 24 h using the
Oostenbrink dish technique (European and
Mediterranean Plant Protection Organization, 2013).
The three D. dipsaci populations from Franconia,
Rhineland, and Aisne were extracted in 2018 from
infested field soils after the sugar beet harvest as de-
scribed above. Ditylenchus dipsaci was identified with
the aid of an optical microscope at 40x magnification
using morphological characteristics described in taxo-
nomic literature (European and Mediterranean Plant
Protection Organization, 2017). Approximately 300
fourth-stage juveniles (J4) and adult stages of

D. dipsaci were hand-picked, transferred to 1.5-ml
microcentrifuge tubes, and incubated for 45 days on
carrot discs after surface sterilization as mentioned
above. Nematodes were then extracted for 24 h as
mentioned above.

Virulence of Ditylenchus dipsaci populations on carrots
discs

Initial virulence of the four D. dipsaci populations was
determined using an in-vitro assay with carrot discs.
Fifty nematodes (J4 and adult stage) were inoculated
per carrot disc and incubated for 45 days as described
above. After Oostenbrink extraction for 24 h, the num-
bers of eggs, second-and third-stage juveniles (J2 and
J3), J4, and adults in one reagent bottle containing three
carrot discs were determined separately using an optical
microscope at 40x magnification. Five reagent bottles
were prepared per D. dipsaci population, and the exper-
iment was conducted twice.

Infectivity of Ditylenchus dipsaci populations on sugar
beet

The penetration rate in the breeding line ‘DIT 006’ was
determined for all four D. dipsaci populations. At
15 days post-inoculation (dpi), the sugar beet seedlings
were collected, washed, and stained in a plastic beaker
containing a 0.1% acid fuchsin/lactic acid dye solution
by heating them twice in a microwave until boiling and
subsequently stored at 6 °C until further use. Stained
seedlings were rinsed with tap water to remove the dye
solution. After a maceration (6500 rpm, 15 s) of the
seedlings in 30 ml of tap water using an Ultra Turrax
blender (T25 basic/S25 N - 18 G, IKA Labortechnik,
Germany) (Kiihnhold et al., 2006), the number of
D. dipsaci per seedling was determined using a stereo-
microscope at 10x magnification. The experiment was
set up in a growth chamber (KBWF 720, Binder GmbH,
Germany) at 15/8 °C and a photoperiod of 18/6 h day/
night. The experiment was conducted twice with 10
replicates per population.

Virulence and pathogenicity of Ditylenchus dipsaci
populations on sugar beet

Virulence and pathogenicity of the four D. dipsaci pop-

ulations were determined using the breeding line
‘DIT _006°. At 15 dpi, the effect of the D. dipsaci
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populations on symptom expression on sugar beet seed-
lings was determined by assessing the incidence of
swollen hypocotyls. At 60 dpi, the plants were harvest-
ed, total fresh weight determined, and cut into small
pieces. The number of nematodes per plant was deter-
mined using an optical microscope at 40x magnification
after extraction for 24 h in Oostenbrink dishes
(European and Mediterranean Plant Protection
Organization, 2013). The experiment was conducted in
a growth chamber (KBWF 720, Binder GmbH, Germa-
ny) at 15/8 °C and a photoperiod of 18/6 h day/night.
For secondary growth of the sugar beets, the plants were
transferred, at 15 dpi, to a glasshouse at 22/15 °C with a
photoperiod of 18/6 h day/night. Nematode reproduc-
tion, symptom development, biomass and plant survival
was determined in 10 plants per D. dipsaci population,
and the experiment was replicated twice. Non-
inoculated plants were used as a control to determine
the nematode pathogenicity.

Data analyses

All experiments were arranged in a complete random-
ized design (CRD). The data from repeated experiments
were pooled after confirming the homogeneity of vari-
ances between experiments. Analyses of variance were
performed to determine the nematode population’s ef-
fect on their development on carrot discs and sugar
beets. As the normal distribution of data was not given,
the Kruskal-Wallis rank-sum test was performed to
identify significant effects of population on the number
of produced nematodes during the rearing process on
carrots. A Friedman test determined the effect of the
nematode populations on plant survival and symptoms
incidence. Tukey test of multiple comparisons of means
was performed as posthoc tests. Values show the mean
of the standard deviation (+ SD). Statistical analyses, as
well as graphs, were performed with R (4.04).

Results

Virulence of Ditylenchus dipsaci populations on carrot
discs

The number of nematodes reproduced per carrot disc did
not vary among the four D. dipsaci populations testet
(Table 1). All D. dipsaci populations reproduced well on
carrot callus. An average of 111,425.1+10,009.9
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nematodes was obtained after 45 days from an initial
inoculum of 150 D. dipsaci individuals per reagent
bottle. The proportion of the different nematode stages
varied significantly among the four D. dipsaci popula-
tions (Table 1). The nematode population from Franco-
nia (DE) produced a greater percentage of eggs
(P<0.05) and a lower percentage of J2 and J3
(P<0.01) compared to the populations from Rhineland
(DE) and Seeland (CH), respectively.

Infectivity of Ditylenchus dipsaci populations on sugar
beet

The number of nematodes in sugar beet seedlings at 15
dpi did not vary among the four D. dipsaci populations
tested, with an average of 22.8 D. dipsaci per seedling
(Fig. 1). After inoculation with the Franconia popula-
tion, D. dipsaci was detected in 100% of the plants at 15
dpi. The remaining populations showed few escapes for
the Rhineland and Aisne (F) population (2 plants each)
as well as Seeland (1 plant).

Virulence and pathogenicity of Ditylenchus dipsaci
populations in sugar beet

The number of nematodes in sugar beets at 60 dpi varied
significantly among the four D. dipsaci populations
(Fig. 2, P<0.001). While all D. dipsaci populations
could reproduce on sugar beets, reproduction was sig-
nificantly higher for Seeland nematodes, with 21,071 +
16,020 individuals per plant. At 60 dpi, the sugar beets
inoculated with nematodes from Aisne, Franconia, and
Rhineland contained 3588 +3858, 5136 +4950, and
3579+ 5174 individuals, respectively. The incidence
for plants showing reproduction of D. dipsaci was
100%, except for the population Aisne, where one plant
contained no nematodes.

The nematode populations from Franconia, Rhine-
land, and Aisne showed a significantly greater percent-
age of plants with swollen hypocotyls compared to the
non-inoculated control (Table 2, P<0.05). The nema-
tode populations significantly affected the sugar beet
fresh weight at 60 dpi (Table 2, P <0.0001), with the
lowest value recorded after inoculation with the Seeland
population. In addition, the population of D. dipsaci
significantly influenced the plant survival at 60 dpi
(Table 2, P < 0.05), with the nematode populations from
Franconia and Seeland leading to the lowest percentage
of survivors (70.8%).
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Table 1 Effect of the Ditylenchus dipsaci population on the number of produced nematodes and the percentage of eggs, second- (J2), third-
(J3), fourth-stage juveniles (J4), and adult stages (+ SD) in a reagent bottle containing three carrot discs incubated for 45 days

Nematode population Nematodes per 3 carrot discs Eggs (%) 12-J3 (%) J4-Adult (%)

Aisne (F) 111,231.0+76,452.0 17.8+5.7 ab 29.4+6.2 ab 52.7£8.2

Franconia (DE) 85,885.9+68,828.9 21.5€79b 23.7+6.1 a 54.8+10.3

Rhineland (DE) 116,083.4+49,111.6 13.9+48 a 347+79b 51.4+7.3

Seeland (CH) 132,500.3+55,954.3 13.8+4.0 a 342+7.7b 52.0+10.0
n.s. P<0.05 P<0.01 n.s.

Different letters indicate a significant difference at P <0.05, according to the Tukey test of multiple comparisons of means; n.s. =non-

significant; (n = 10)
Discussion

Our study demonstrated variations of virulence and
pathogenicity of the different nematode populations on
carrot discs and sugar beet. All four D. dipsaci popula-
tions were able to invade sugar beet seedlings. As the
soil inoculation method was applied, sugar beet evident-
ly attracted all four populations. While penetration was
similar for the four nematode populations, the Seeland
population showed a significantly greater reproduction.
This finding correlates with the observation of Elgin
etal. (1977), where D. dipsaci populations did not differ
in their ability to invade the host plant but differed in
reproducing in their host. All four D. dipsaci popula-
tions did not show a significant variation of nematode
incidence, defined by the percentage of plants affected
by D. dipsaci. In contrast, Whitehead (1984) observed a
different percentage of infected lucerne among 11 nem-
atode populations from England. The very few non-
infected plants in our experiments were probably due
to plants escaping inoculation.

The different nematode populations did significantly
influence the fresh weight of infected sugar beet. As the
non-inoculated plants showed a significantly higher
biomass, we can assume that all populations are patho-
genic to sugar beet. Inoculation of the Seeland popula-
tion resulted in the lowest biomass in comparison to the
other populations. Additionally, the Seeland population
led to a low percentage of plants surviving nematode
infection. These results validate the observations in field
trials located in the Seeland region, where crown rotting
regularly occurs more severely than in other regions
(Leipertz, 2011; Leipertz & Valder, 2017, 2018,
2020). However, this may also be enhanced through
many host plants in the crop rotation. Indeed, the
Seeland region is an important vegetable growing re-
gion, where it is common to find sugar beets, onions,
and carrots in the crop rotation. Similar penetration and
symptoms incidence of all four populations at 14 dpi,
followed by a greater number of nematode and a lower
biomass and survival rate of plant inoculated with the
Seeland population, suggest the presence of a D. dipsaci

Fig. 1 Number of Ditylenchus 40

dipsaci per plant, 15 days post-
inoculation (dpi) with the four
populations Aisne, Franconia,
Rhineland, and Seeland. (n=20)

301

20+

o

No. of nematodes per harvested plant

Aisne

Franconia Rhineland
Nematode population

Seeland
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Fig. 2 Number of Ditylenchus 30,0004
dipsaci per plant, 60 days post-
inoculation (dpi) with the four
populations Aisne, Franconia,
Rhineland, and Seeland. (n=20).
Bars (+ SD) showing different
letters are significantly different
according to a Tukey test at
P<0.05 (n=20)

No. of nematodes per harvested plant

b
25,000+
20,000
15,000
10,000+
a
a a

” ﬂ ﬁ ﬂ
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biological race highly adapted to sugar beet in the
Seeland.

The D. dipsaci population from Seeland may consist
of the beet race. As onion is frequently cultivated in the
Seeland region, the D. dipsaci onion race, which repro-
duces greatly on sugar beet (Whitehead et al., 1987),
may also be the original race of this population. In
contrast, the three other populations may come from
different races’ interbreeding, reducing their reproduc-
tion (Janssen, 1994). Indeed, interbreeding can easily
occur under natural conditions (Bovien, 1955). In
France, D. dipsaci mainly infects faba bean and lucerne
(Esquibet et al., 1998; Mouttet et al., 2014). The dam-
ages on sugar beets are rare in France and not published.
This correlates with our study, where the Asine popula-
tion showed a survival rate similar to non-inoculated
plants and a low impact on sugar beet biomass. We
assume that the Aisne region’s nematode population
does probably not belong to the beet race, and its
reproduction is de facto lower on sugar beet.
Whitehead et al. (1987) observed a lower reproduction
ofthe lucerne and bean races on sugar beet. A D. dipsaci

Aisne Franconia

Rhineland Seeland

Nematode population

population from the Aisne region proved to be a lucerne
race (Whitehead, 1992). Similar can be assumed for the
Rhineland population. Indeed, Kotthoff (1950) reported
rye (Secale cereale L.) as the main host crop for
D. dipsaci in this region.

All four populations were able to reproduce on carrot
callus. The reproduction was very high on carrots,
where the population increased by almost 750 times in
45 days. A previous study performed by the authors of
this paper obtained a similar reproduction of the Seeland
population on carrot discs (Storelli, Keiser, et al.,
2021a). The reproduction was higher than reported from
a Canadian population observed by Abolfazl et al.
(2017), where the population increased up to 250 times
in three months. However, the reproduction may vary
greatly depending on the experimental settings. Indeed,
Kiihnhold et al. (2006) observed high variations of the
reproduction in a D. dipsaci population from the Rhine-
land region depending on the incubation period and
inoculum level on carrot discs. Although all
populations were successfully reared on carrot callus,
our study cannot state that carrot is a host plant for each

Table 2 Effect of the

Ditylenchus dipsaci population
on the incidence of plants with
swollen hypocotyl (%) at 15 days
post-inoculation (dpi), plant fresh
weight (g), and survivor plants
(%) at 60 dpi (+= SD)

Different letters indicate a signif-
icant difference at P <0.05, ac-
cording to the Tukey test of mul-
tiple comparisons of means
(n=20)
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Nematode population Swelling incidence (%) Plant fresh weight (g) Survivor (%)
Non-inoculated 0.0+£0.0 b 12.1+£1.8d 100+0.0 a
Aisne (F) 75.0£319a 92+25¢ 100+£0.0 a
Franconia (DE) 81.2+239 a 6.2+1.6 ab 66.7+31.2 b
Rhineland (DE) 87.5t144 a 8.1£2.6 be 87.5+14.4 ab
Seeland (CH) 56.2+18.5 ab 5.0+2.7 a 70.8+21.0b
P<0.05 P<0.0001 P<0.05
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D. dipsaci population under natural conditions.
Eriksson (1965) demonstrated that D. dipsaci popula-
tions could reproduce on the callus of non-host plants.

Our study demonstrated that pathogenicity and viru-
lence vary among nematode populations. While the
penetration was similar among the four populations,
the Seeland population showed a greater reproduction
and, thus, a higher virulence on sugar beets than popu-
lations from other regions. Therefore, the authors rec-
ommend using the D. dipsaci population from Seeland
for the selection of resistant or tolerant sugar beet lines
in the breeding process. Due to the uncertainty of a
mixed composition of D. dipsaci races in field popula-
tions and differences in virulence and pathogenicity
between populations, it is a prerequisite to conduct field
trials in the target regions to validate resistance or toler-
ance towards D. dipsaci. This study did not aim to
determine the biological race of the four D. dipsaci
populations. A host preference investigation is, to date,
the only way to determine a D. dipsaci population’s
biological race (Poirier et al., 2019). An easy method
to determine the biological race of field population
would help growers to adapt their crop rotation and
reduce nematode pressure by avoiding host plant
species.
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