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Abstract: With the increasing importance of soilborne plant pest nematodes and the relatively recent
phase-out of methyl bromide as a key soil fumigant, there is an urgent need for new fumigants
with good nematicidal properties. Ethanedinitrile (EDN) is a promising fumigant and preparation
because of its physical, agrochemical, and nematicidal properties. However, its efficacy against
nematode pests of different crops under field conditions has not been fully validated and understood.
Therefore, the aim of our study was to evaluate the effect of two concentrations of EDN on the survival
of northern root-knot nematodes (Meloidogyne hapla) and on carrot yield and quality under field
conditions. The evaluation was performed using naturally infested carrot plots, and EDN application
to the soil was followed by covering the treated area with film. A high biological effect was observed
for both EDN concentrations tested, with even the lower dose (30 g-m~2) being sufficient for M.
hapla suppression. Positive effects of EDN application—likely due to EDN partial conversion into
biologically available nitrogen in soil—on carrot root weight, in comparison with the untreated
control, were also observed.

Keywords: Meloidogyne; soil fumigation; ethanedinitrile

1. Introduction

Twelve percent of all crop losses caused by pests can be attributed to nematodes, ac-
counting for annual monetary losses equal to 157 billion USD (United States dollar) [1]. This
is especially true for root-knot nematodes belonging to the genus Meloidogyne, which has
been reported as the most important genus of plant-parasitic nematodes worldwide [2,3].
For farmers, any type of chemical management of soil-borne plant parasitic nematodes
presents challenges. The occurrence of nematodes in lower levels of the soil profile forces
growers to apply conventional nematicides at the highest recommended concentrations and
doses. Another problem is the general decrease in the number of traditional nematicides
available and the lack of development of new and effective substances for crop protec-
tion against plant parasitic nematodes. For example, as of 2020, only two conventional
nematicides (dazomet and oxamyl) were available for open field application in the Czech
Republic. Other aspects hindering the routine application of nematicides are the high
prices of these substances and the risks that their application presents for the environment,
especially for groundwater reservoirs.

In the agro-climatic and soil conditions of the Czech Republic (CZ), Meloidogyne hapla
presents a serious threat to field-grown root vegetables localized on sandy soils of the
Elbe lowland [4]. Since the first report of M. hapla in the CZ in 2003 [5], the species has
become well established and is causing substantial losses regularly. The frequent and
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abundant occurrence of M. hapla in a number of irrigated fields, i.e., those most suited for
root vegetable production, leads to an urgent need for efficient management techniques for
this pest. Methyl bromide was applied as a soil fumigant for eradication of Meloidogyne sp.
until its ban for most purposes at the worldwide scale [6]. Unfortunately, no fully fledged
alternative to methyl bromide is currently available. A number of methyl bromide alter-
natives is currently being investigated, such as dichloropropen, chloropicrin, metolachlor,
trifloxysulfuron, metam potassium, iodomethane, dimethyl disulfide, 1,3-dichloropropene,
fluensulfone, fluopyram or fosthiazate [7-14]. The effect of hydrogen cyanide as a tool for
the fumigation of agricultural and wooden commodities has also been evaluated [15,16].
Ethanedinitrile (EDN) is also a promising methyl bromide alternative since it is a broad-
spectrum fumigant with herbicidal, insecticidal, fungicidal, and nematicidal activities.
Several authors have demonstrated the high activity of EDN against several species of
nematodes, such as Bursaphelenchus xylophilus [17-20] and Steinernema carpocapsae [21,22].
Due to its broad-spectrum pesticide activity, EDN has the potential to become an effective
preplant soil fumigant. When compared with the abovementioned substances, EDN pro-
vided some additional advantages, even from application and agro-technical points of view.
For example, it was found that EDN can act even as a fertilizer since after its application, it
added a significant amount of nitrogen to the soil [23]. EDN penetrates substrates fairly
well and is heavier than air and other gases [24]. Therefore, it is easy to apply and seal
under a film using appropriate mechanization, and it decomposes rapidly into nontoxic
products [25]. Apart from application techniques, the efficacy of fumigants is also affected
by environmental conditions. The important conditions include soil properties, humidity,
and temperature [26]. In particular, the temperature affects fumigation due to its influence
on invertebrate pest metabolism and breathing rate [27]. All of the degradation products
of EDN naturally occur in the soil environment [21].

The main aim of this work was to evaluate the effect of EDN soil application on the
viability of Meloidogyne hapla nematodes. An additional goal was to evaluate the effect of
an EDN preplant soil treatment on the basic qualitative and quantitative parameters of
carrot yield.

2. Materials and Methods

Experiments were conducted in a field naturally infested with M. hapla in Litol (Lysa
nad Labem, Central Bohemia region, 50°11'3.288” N, 14°50'16.429” E). The occurrence of M.
hapla and crop damage in the locality has been observed regularly since at least 2012 [28].

One year before the initiation of the experiments, carrot samples were collected in
zigzag patterns from the experimental plot, and the presence of M. hapla nematodes was
evaluated by estimation of root galling. The homogeneity of the plot infestation was
assessed, and the area best suited for the experimental seedbeds was chosen. The northern
part of the plot was selected for the parallel establishment of experimental and control
variants. The area was divided into eight belts, each 150 m long and 1.5 m wide and
divided by 1 m wide gaps. Each area was traced out and prepared for the experiment. Two
experimental and two control variants were established. The first experimental variant was
treated with EDN at a concentration of 30 g/ m?2, and the second variant was treated with
EDN at 50 g/m?. The first control variant was covered with film without EDN application
to exclude the potential effect of soil solarization on nematode viability. The second variant
was left completely untreated as a control. Each variant was repeated twice. EDN treatment
was performed using the modified towed bed mulch layer method with a Rain-Flo 2600
(Dubois Agrinovation, Simcoe, QC, Canada). A pressurized vessel containing EDN was
placed on the mulch layer, and EDN was applied to the soil at a depth of 20 cm. The towing
speed and EDN flow were adjusted to reach desired concentrations of 30 g/m? and 50 g/m?.
The applicator was adjusted to a width of 1 m, constant speed was maintained during the
application, and this was verified using GPS (Global Positioning System). The flow rate of
EDN (kg per minute) necessary to reach the desired concentration was established and set
using the regulation valve. EDN flow was observed during application with the help of a
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flow rate meter placed on the pressurized vessel. The volume of the vessel was 73 L and
it was filled with 50 kg of EDN. The vessel was not the component of the applicator and
was supplied separately (Faber Industrie SpA, Cividale del Friuli, Italy). Immediately after
EDN application, the treated area was covered by totally impermeable film (TTF®, Raven
Industries, Inc., Sioux Falls, SD, USA), which is normally used as a mulch layer (Figure 1,
Scheme 1). EDN detectors (MSA, Hopton Park, UK) were placed around the treated area
during the application. The covering was removed 14 days after application, and carrots
(cultivar Natuna F1, BEJO BOHEMIA, S.R.O., Podtilsany, Czech Republic) were sown on
24 April 2019 into each experimental belt, with four rows of carrots in each plot.

This experimental setup was replicated twice during the course of 2019. The second
replication was performed on the experimental plot adjoining the area used for the first
experiment. Sowing of carrots was conducted on 1 August in this case.

Afterwards, both the treated and nontreated carrot plants were grown for 90 days
under standard field conditions with irrigation. For analysis, 120 carrot plants were
randomly picked from each experimental variant, and the following parameters of each
plant were assessed: fresh root weight, fresh leaf weight, largest root diameter, root length,
and number of root galls. The statistical significance of the variability in the observed
parameters was tested by one-way ANOVA followed by post hoc comparisons using
the Tukey HSD method. Before ANOVA was applied, data were tested for homogeneity
of variance using the Bartlett test (Statistica 13.3, TIBCO Software Inc., Palo Alto, CA,
USA). The chemical analysis of nutritional parameters and basic element contents was
performed by a commercial laboratory (Laboratof Postoloprty, s.r.0., Postoloprty, Czech
Republic) using standard laboratory protocols. Randomly chosen samples from both EDN-
treated replications and untreated control variants (i.e., those not covered by the film) were
subjected to these analyses; only the samples from the second experiment established in
summer were analyzed in this way.

Figure 1. Visualization of the preplant soil treatment with ethanedinitrile (EDN) in the experimental plot using the modified

bed mulch layer method (black stripes on soil = plastic cover made from TIF® film).
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Scheme 1. (A)—Side view of the application device in operation. (B)—Front view of the treated soil profile. 1. pressurized
vessel containing EDN. 2. control valve. 3. cultivation blade for EDN application. 4. TIF® film role. 5. cover disk. 6. soil
profile. 7. the direction of movement of the application device. 8. the direction of movement of the EDN in the polyethene
tube. 9. EDN expanding into the soil profile. 10. TIF® film covering the treated area.

3. Results and Discussion

All results are summarized in Tables 1 and 2. The effect of EDN application on M.
hapla presence/absence was clearly apparent from the numbers of root galls observed in
treated and untreated variants. Statistically lower numbers of root galls were detected in
all EDN-treated variants. Both tested EDN concentrations produced statistically similar
results; the lower EDN concentration of 30 g/m? was completely sufficient for nematode
suppression. On the other hand, both control variants were extensively infested by the
nematode (Figure 2).
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Table 1. Results of the 1st experiment established in spring; average values per plant & standard deviation. Variants with significant differences (ANOVA, Tukey’s test; p < 0.05) are

indicated by different letters.

Untreated Control1  Untreated Control 2 g) Tz::;esycsol?et:?ll éi) I:Itz::ctiegycsol?:;?ll 30gEDN1 30g EDN 2 50 g EDN 1
fresh root weight [g] 8.3+ 6.292 12.88 + 12.21° 12.68 4+ 8.43P 11.20 + 8.38 b 19.18 +13.23 ¢4 17.35 & 8.46 21.12 + 8974
root length [cm] 6.76 + 3.59 7.91 4+ 3.482 7.25 + 3.86 2 749 +3.862 1412 +3.21P 15.57 +13.39 b 15.67 £9.33P
largest root diameter [mm] 12.77 £ 3.932 15.28 + 10.64 2P 16.69 & 17.08 13.79 & 6.51 2P 15.86 4 3.18 2P 16.67 +9.33 P 17.18 +3.39
fresh leaf weight [g] 41342322 6.31 & 3.532 6.44 + 328" 5.39 + 3.58 2P 8.43 + 3.97 be 9.824+11.21°¢ 11.59 + 6.30 €
gall number 32.53 +25.78 2 51.52 4 38.02 P 52.07 + 38.08 P 55.60 + 40.43 P 3.64 +10.66 0.87 +2.08 1.33 +3.37¢

Table 2. Results of the 2nd experiment established in summer; average values per plant + standard deviation. Variants with significant differences (ANOVA, Tukey’s test; p < 0.05) are

indicated by different letters.

Untreated Control1  Untreated Control 2 g:\tzzerztde(]iaycgﬁzoi ggiiii?iycgﬁzoi 30gEDN1 30g EDN 2 50 g EDN 1
fresh root weight [g] 21.68 +15.73 2 17.45 £ 14.21° 25.62 +17.94% 2193 +1746% 46.50 +22.24 b 3734 +£17.98¢ 50.78 + 32.28 P
root length [cm] 11.66 + 13.75 2P 8.94 14267 10.85 & 3.68 2P 10.38 + 3.44 2P 1539 +2.822 16.01 +12.56 2 15.97 2482
largest root diameter [mm] 18.44 +6.25% 16.76 £ 5242 19.24 + 5472 20.21 +18.44 7 26.28 +28.78 P 21.37 £4.27°2 24.25 4 4.40 2P
fresh leaf weight [g] 549 +324°2 53045772 577 +3512 52243102 9.69 + 4.03 b< 8.754+3.83P 10.59 + 6.69 P
gall number 35.91 £34.002 29.84 +33.75 ¢ 24.11 4 30.24 2P 21.03 £ 26.60 0.24 £0.99 ¢ 042 £1.30°¢ 037 £1.11°¢




Agronomy 2021, 11, 208

6 of 10

Figure 2. Samples of carrots from the experimental field; (A)—untreated control, (B)—untreated control covered by TIF®
film, (C)—30 g/m? of EDN applied, (D)—50 g/m? of EDN applied.

Although the duration of the soil being covered by the film was relatively short, a
certain effect of soil solarization could be observed in the experiment established in summer,
but this was not the case in the first experiment; spring temperatures were apparently
insufficient to suppress nematode viability.

Significantly higher fresh root weight was observed in the variants treated with
EDN. Higher weights of carrot plant samples were detected in EDN-treated plots of both
experimental terms. Weights tended to be higher in the variants treated with an EDN
concentration of 50 g/m?. However, the differences in carrot weight between variants
treated with 30 and 50 g/m? were not statistically significant. Considering fresh leaf weight,
the effect of EDN treatment was more apparent in the second term of the experiment, and
higher leaf weights were detected in the experiment established in spring; however, the
difference was not statistically significant in one case. No significant differences in this
parameter were observed between both tested EDN concentrations, although leaves of
variants treated with 50 g of EDN were slightly heavier. Root length was significantly
higher in EDN-treated variants in the first term of the experiment established in spring
only, and a difference was observed in the second term of the experiment only between
EDN-treated variants and untreated controls covered by film. No differences between the
EDN concentrations were detected. Root diameter was not affected by EDN application,
and a significant difference from the untreated control was detected in only one EDN-
treated variant. The results of nutritional and basic element analyses are presented in
Tables 3 and 4, respectively. A higher content of nitrate anions in variants treated with
EDN was clearly apparent.
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Table 3. Nutritional parameters and basic element contents of fresh carrot roots.
Parameter Unit Untreated Control 30 g/m? 50 g/m?
Dry mass % 12.9 11 10.6
N-total % 13 1.6 1.53
P % 0.3 0.28 0.35
K % 2.62 2.79 2.81
Ca % 0.29 0.22 0.27
Mg % 0.17 0.12 0.12
% 0.12 0.15 0.15
mg/kg 18.7 25.1 23.7
Cd mg/kg 0.772 0.935 0.852
Cr mg/kg 0.433 0.414 0.751
Cu mg/kg 4.8 6.4 5.9
Mo mg/kg <0.11 <0.12 0.15
Pb mg/kg 1.3 1.44 46
Dietary fiber % 8.58 9.31 8.62
Neutral detergent fiber % 15.8 19.8 17.8
Acid detergent fiber % 18.6 18.3 16.1
Sucrose % 457 51.8 50.1
Vitamin A int. unit/kg <1000 <1000 <1000
Vitamin E mg/kg 13.3 6.92 11
N-NO3 mg/kg 128 236 299
Table 4. Nutritional parameters and basic element contents of fresh carrot leaves.
Parameter Unit Untreated Control 30g/m? 50 g/m?
Dry mass % 15.5 15.3 13.2
N-total % 3.32 43 424
N-NO3 mg/kg 1170 1560 2340

Previously, Ren et al. [21] and Waterford et al. [22] reported that EDN showed equal
or even better nematicidal activity than methyl bromide in tests performed under in vitro
conditions on Steinernema carpocapsae entomoparasitic nematodes used as insect biocontrol
agents and thus readily available as a model organism. This comparison is of limited
value because of different biology of Steinernema sp. when compared with root knot plant
parasitic nematodes; however, until 2007, there was a complete lack of data validating the
effects of EDN on Meloidogyne nematodes under field conditions. Chung et al. [29] were the
first to demonstrate a high efficacy of EDN when applied to greenhouse plots infested with
Meloidogyne spp. In their experiments, the application concentrations were equivalent to
2.5,5, and 10 g of EDN/m?, thus being substantially lower than the EDN application rate
used in our study. These researchers claimed that even the lower EDN dose was sufficient
for nematode control, the effect was slightly better than that obtained by methyl bromide.
Concurrently, Rosskopf et al. [30] found high EDN efficacy against M. incognita, albeit
under seminatural conditions only. They also observed that the numbers of beneficial non-
pathogenic and nontarget free-living nematodes increased with the concentration of EDN
tested, even if the increase was not statistically significant. Similar results were obtained
by Mattner et al. [31], who tested EDN as a means of soil disinfestation in the nursery
production of strawberries. In this case, EDN application to microplots reduced the num-
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References

bers of Tylenchus and Helicotylenchus spp. plant parasitic nematodes to levels equivalent to
those achieved with methyl bromide, and the number of free-living nematodes increased
with the application of EDN. The reasons for such an ambiguous effect are not, from the
biological and toxicological perspective, quite clear. It can only be hypothesized that the
predominant occurrence of plant parasitic nematodes in the rhizosphere of host plants can
lead to a higher impact of EDN on this group of nematodes, whereas free living species
can migrate from deeper soil horizons and replace the specimens previously eliminated by
fumigation.

According to our findings, EDN represents a hopeful alternative to methyl bromide.
The significant effect of the EDN treatment on nematode viability, its easy penetration
into soil, decomposition into nontoxic products, and fertilizing effects [23,24] arising from
the resulting decomposition products make the substance ideal for the regulation of M.
hapla presence in soil. EDN is promising fumigant not only for its good efficacy but also
because it was recently found that EDN does not accumulate in soil and is not likely
to contaminate groundwater [26]. However, the acute toxicity of EDN does not allow
untrained and unlicensed farmers to conduct field soil fumigations by themselves. These
treatments must be performed by well-trained and experienced personnel equipped with
the appropriate field machinery and protective equipment. Therefore, EDN application
should be utilized as a preplant sanitation measure in plots with heavy M. hapla infestation.
According to the authors’ estimate, the economic feasibility of EDN treatment would be
fair under conditions of the Czech Republic as it would be paid out even in the first year
after treatment, and we can expect a longer effect of the EDN application. It is suggested
that synthetic pesticide fumigations can be combined with biofumigation, e.g., [28], which
can be applied in cases of lower M. hapla infestation. The application of appropriate
biological agents for the replenishment of the soil microflora should be considered after
EDN preplant application, as is common for soil fumigation with other fumigants, such as
carbon disulfide, brommetan, dichloropropen or methyl bromide.

4. Conclusions

Results presented in this study shows strong effect of EDN treatment on viability
of M. hapla nematode. Effective dose was 30 g/m?, no phytotoxic effects were observed
after EDN application. Some yield characteristics were positively influenced by EDN
treatment as a result of additional nitrate supplied within EDN. According our result EDN
is promising alternative of methyl bromide treatment against M. hapla nematode.
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