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Abstract

Root-knot nematode is an important soil pest in horticulture crops and constrains the pro-
tected cultivation development after methyl bromide (MB) was phased out in China. Dimethyl
disulfide (DMDS) exhibits excellent efficacy against nematodes. Laboratory experiments and
field trials were set up to clarify DMDS dose, efficacy, and yield. A dose-response experiment
using three methods showed that DMDS presented high efficacy against the nematode
Meloidogyne incongnita. The LCsq values of direct fumigation activity in the dessicator
method were 0.086 and 0.070 mg L™ for DMDS and 1,3-D, 29.865 and 18.851 mg L™ for
DMDS and 1,3-D of direct contact activity in the small tube method, 6.438 and 3.061 mg L™
for DMDS and 1,3-D of soil fumigation activity in the soil fumigation method, respectively.
The field trials indicated that DMDS showed an excellent efficacy of 80%-94% on root-knot
nematode applied at 10-100 g m~2 on tomato in Tongzhou, Beijing. The crop yields showed
no significant difference after applying 10-80 g m? DMDS. Results indicate that DMDS
applied at 10 g m™ for controlling root-knot nematode in Beijing is cost effective. In conclu-
sion, DMDS is an excellent soil fumigant that can be used for controlling root-knot nematode
and can be an potential novel alternative to MB in China.

Introduction

Protected cultivation of high-value crops are important techniques used to increase farmers’
income and modernize traditional agriculture. These techniques have become increasingly
important in China’s economy and thus are expected to continue booming. The area for vege-
table cultivation in China is 24,549,160 ha in 2015 [1]. However, the occurrence of root-knot
nematode (Meloidogyne spp.) is becoming more severe, causing farmers to suffer huge losses.
Crop yield and quality are usually decreased significantly after 3-5 years of cultivation without
rotation. The yield losses are normally 20% to 40%, though they may reach more than 60% or
total yield losses [2].

Methyl bromide (MB) is a highly effective fumigant used to control various soilborne pests
for approximately past 50 years. Farmers gained good profits from using MB, which engen-
dered their dependence on this chemical. Although useful for pest management [3], MB was
included on the list of substances that deplete the stratospheric ozone layer under the Montreal
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Protocol, and its registration in cucumber and tomato was cancelled in China in 2011. There-
fore, economical, effective, and feasible alternatives to MB must be found to reduce the real
losses caused by the phasing out of MB in China.

Dimethyl disulfide (DMDS) is a sulfide-based volatile compound that has no ozone deple-
tion potential. DMDS exhibits great insecticidal and fungicidal activities in vitro study[4, 5].
And DMDS is highly efficient in controlling many soilborne diseases and nematodes of
numerous crops, such as tomato[6], cacumber[7], strawberry[8] and other crops [9, 10]. This
fumigant also provides good control on yellow nutsedge [11, 12]. The efficacy of DMDS can
be improved when combined with virtually impermeable films or totally impermeable films
[13].

Aim of the present study was to evaluate the efficacy of DMDS to control nematodes and its
feasibility as an MB alternative in soil fumigation. The suitable DMDS dosage for practical use
in China was also identified.

Materials and methods
Laboratory dose-response experiments

Three methods were used to identify the dose response curve on chemicals direct contact and
fumigation activity and soil fumigation activity: small tube, desiccator, and soil fumigation
[14]. The small tube method was applied to evaluate the contact toxicity of chemicals. A nema-
tode egg mass was isolated from tomato knot roots collected from Tongzhou, Beijing. The egg
mass was hatched at 28°C in an incubator. After 3 days, the hatched eggs, which contained
about 150 nematodes in 0.5 mL of water, was transferred to a 1.5 mL small tube. 1,3-D (95%
1,3-D technical concentrate, provided by Beijing Zhongzhikehua Agricultural Technology Co.
Ltd.) and DMDS (98% DMDS technical concentrate provided by Linhai Jianxin Chemical Co.
Ltd.) were diluted into the following concentrations: 2.5, 5, 10, 20, 40 and 80 mg L', Distilled
water was used as control. The number of dead nematodes was calculated after 24 h. All dos-
ages were repeated three times.

The desiccator method was applied to evaluate the direct fumigation toxicity of chemicals
toward nematodes. A 2.5 L desiccator was prepared for the experiment. The nematode suspen-
sion, which contained about 150 nematodes in 100 uL of water, was transferred to a double
concave slide glass. Each treatment was repeated six times. Exactly 5 mL of distilled water for
moisture was poured into the bottom of the desiccator, and the double concave slide glass was
placed inside. 1,3-D and DMDS were added to a small culture dish, and the final concentration
was adjusted to 0.8, 0.4, 0.2, 0.1, and 0.05 mg L ™" in the desiccator. The desiccator was covered
quickly and placed in an incubator at 28°C. The number of dead nematodes was calculated
after 72 h.

The soil fumigation method was applied to evaluate the fumigation toxicity of chemicals in
soil. Soil samples (300 g) heavily infected with nematodes were collected from Tongzhou and
stored in a 500 mL wide-mouth bottle, and 1,3-D or DMDS was pipetted into the bottle. The
final dosages of DMDS were 80, 40, 20, 10, 5, and 2.5 mg kg ', and the dosages of 1,3-D were
40, 20, 10, 5, 2.5, and 1.15 mg kg . After 6 days of fumigation, 100 g of soil was collected for
nematode analysis and 5 g of soil for pathogen analysis. Fusarium spp. and Phytophthora spp.
populations were quantified as indicators of the relative efficacy of each treatment in control-
ling soilborne fungal pathogens. Fusarium spp. and Phytophthora spp. were isolated according
to Komada’s method [15] and Masago’s method [16], respectively. Soil nematodes (Meloido-
gyne spp.) in soil were extracted based on the sugar-flotation-sieving method [17].
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Field experiments

Field experiments were conducted in 2011-2014 in Tongzhou and Fangshan, Beijing. The
field studies were authorized by the Tongzhou Agricultural Science Institution and Fangshan
Agricultural Science Institution (Beijing City), and no other specific permissions were
required for the field site. The field studies did not involve any endangered or protected spe-
cies. The conventional crop pattern is tomato—cucumber rotation system. Root-knot nema-
tode has been severe due to consecutive planting without effective rotation. Detailed soil
analytical data of different field sites are presented in Table 1.

Field trials were conducted in greenhouses with areas within 800 m*. Each greenhouse was
divided into completely randomized plots corresponding to different treatments: 60, 80, and
100 g m™ DMDS; 50 g m™> MB; 9 g m™* 1,3-D and untreated control for 2011-2012 and 10, 20,
30, and 40 g m > DMDS; 30 g m > dazomet; 9 g m ™ 1,3-D and untreated control for 2014. Each
treatment has four replications. The plot area was 24 m?. The crops were double-row planted
with the density of 45,000 plants ha™'. All of the plots treated with DMDS, 1,3-D, dazomet, and
MB were covered with polyethylene film (40 um thickness) after fumigation. DMDS and 1,3-D
were applied using hand injection, and MB was applied using hot gas. Dazomet was applied
through soil incorporation. The covered film for fumigation was removed from all plots after
about 7 days after fumigation. Normal cultivation techniques were used in all treatments.
Information about the soil treatment and cultivation is listed in Table 2. The severity of root-
knot disease was evaluated at the end of the trials. Twenty plants were picked from each plot,
and the severity of root-knot disease were assessed. Marketable yields of cucumber or tomato
were recorded at each harvest.

Statistical analysis

Laboratory study. Nematode mortality was calculated using the following formula:

N,
=1 %100, (1)
N, +N,
where M is percentages of the nematode mortality (%), N; is the number of dead nematodes,
and N, is the number of alive nematodes.
The efficacy on nematodes after fumigation was calculated using the following formula:

M, - M,

E =
"TI-M,

x 100, (2)

where En is the efficacy on nematodes (%), M; is percentages of the nematode mortality of
treatments (%), and M, is percentages of the nematode mortality of untreated control (%).

The observed efficacy on soil pathogens was calculated using the following formula:

E = it ; P2 s 100, (3)
1
where Eyis the efficacy on fungi (%), P; is the population density of untreated control, and P,
is the population density under the treatments.

The dose response relationship was analyzed by using the Probit method. LCs, and regres-
sion equation were calculated using DPS software(Zhejiang University, China), Probit analysis
[18].

Field trials. The root galling index was assessed on 0 to 4 scale. 0 = no gall, 1 = 1-25%,

2 =26-50%, 3 = 51-75%, and 4 = 76-100% roots galled [19]. The root galling index was
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Table 1. Basic physical and chemical properties of the experimental soil.

Soil Ammonium Nitrate Available phosphorus Available potassium Organic matter pH Water content
(mgkg™) (mgkg™) (mgkg™) (mgkg™) (gkg™ (%)
2011 Tongzhou 3.3 118.5 349.9 335.1 30.5 7.3 17.4
2012 Tongzhou 13.9 205.2 347.5 632.6 38.2 7.4 18.2
2014 Tongzhou 16.4 423.4 387.5 790.0 40.4 6.3 15.9
2014 Fangshan 25.9 603.1 425.1 655.0 29.9 7.0 8.2

https://doi.org/10.1371/journal.pone.0224456.t001

calculated using the following formula described by McKinney [20]:

2.(n-v)

N -X

GI = x 100, (4)
where GI is the root galling index (%), v is the class value, 7 is the number of plants in each
class, N is the number of observed plants, and X is highest value of the evaluation scale.

Data were subjected to variance analysis using DPS software (Zhejiang University, China).
The percentage data for efficacy of galling index were transformed using arcsine transforma-
tion before variation analysis. The resulting data on yield were directly analyzed. Significant
differences among means were compared by Fisher’s LSD test at P = 0.05.

Results
Effect of DMDS on soil pathogens in lab

As shown in Table 3, DMDS exhibited good bioactivity against nematodes. The LCs, values in
the dessicator method were 0.086 and 0.070 mg L™ for DMDS and 1,3-D, 29.865 and 18.851
mg L™ for DMDS and 1,3-D in the small tube method, 6.438 and 3.061 mg L™ for DMDS and
1,3-D in the soil fumigation method, respectively.

The bioassay results of soil pathogens with the soil fumigation method in the laboratory are
presented in Table 4. Dose-response results showed that the activity of DMDS against soil
pathogens was lower than that of 1,3-D.

Effect of DMDS on root-knot disease and crop yields

The field experiments showed that DMDS at 60, 80, and 100 g m ™ effectively controlled
cucumber nematodes in 2011 to 2012 (Table 5). No significant difference in nematode control
and yield was observed among the treatments of DMDS, 1,3-D, and MB.

The galling index of cucumber was analyzed, and the results are displayed in Table 5. The
root galling index of cucumber significantly decreased after treated with DMDS and MB at 40
g m? in the Tongzhou site. All DMDS and MB treatments significantly reduced the root gall-
ing index.

Table 2. Variety and growth calendar of the vegetables.

Year Field Site Crop/Variety Seedling Transplanting Beginning of harvesting Finish of the season

2011 Tongzhou cucumber/ Aug. 22,2011 Sep. 5,2011 Oct.14, 2011 Dec. 2, 2011
Zhongnong 16

2012 Tongzhou cucumber/ Zhongnong 16 Aug. 18,2012 Aug. 28,2012 Oct. 2, 2012 Dec. 3, 2012

2014 Tongzhou cucumber/ Zhongnong 16 Aug. 16, 2014 Aug. 25,2014 Sep. 29, 2014 Dec. 1, 2014

2014 Fangshan Tomato/ Jul. 20, 2014 Aug. 13,2014 Oct. 27,2014 Dec. 31,2014
Nongda 3

https://doi.org/10.1371/journal.pone.0224456.t1002
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Table 3. Dose-response result of nematode on chemicals direct contact and fumigation activity and soil fumigation activity in small tube, desiccator, and soil fumi-
gation methods.

Method DMDS* 1,3-D
LCs Regression equation LCso Regression equation
(95% confidence limit mg LY (95% confidence limit mg L™

Small tube 29.865 Y =2.994+1.360x 18.851 Y =3.072+1.512x
(23.118-38.581) (14.998-23.694)

Desiccator 0.086 Y =6.300+1.220x 0.070 Y = 6.700+1.445x
(0.067-0.110) (0.056—-0.080)

Soil fumigation 6.438 Y =4.097+1.117x 3.061 Y =4.150+1.526x
(4.605-9.003) (3.100-4.200)

Z Abbreviations: DMDS = dimethyl disulfide, 1,3-D = 1,3-dichloropropene.

https://doi.org/10.1371/journal.pone.0224456.t003

The yield of cucumber in 2011 to 2012 was significantly higher in all treated plots than
untreated control treatment. No significant difference in yield was observed among the all
treated plots. The highest yields were observed in MB treatment, and it was about twice as
much as that in the untreated control.

Field trial results in 2014 showed that DMDS significantly reduced the root gall index of
cucumber, even if DMDS was applied at low dosage. In tomato field, plants were seriously
infected by root knot nematode at harvest time. The root gall index in untreated control
reached up to 93.75%. DMDS applied at high dosage of 40, 80 g m™ significantly reduced the
root gall index of tomato. All DMDS fumigation treatments significantly increased the crop
yields compared to untreated control in both cucumber and tomato fields (Fig 1), and the
yields showed no significant difference among different application dosages.

Discussion

Root-knot nematode has threatened the protected agriculture worldwide. With the phased-out
of MB, new fumigants must be found to replace MB. 1,3-D is an excellent fumigant, but it
poses environmental and health problems [21], which have greatly reduced its chances for reg-
istration in China. DMDS shows promising efficacy in controlling root-knot nematode with
rates that can be as low as 10-20 g m 2. DMDS exhibited efficacy in controlling soil pathogens,
such as Fusarium and Phytophthora, but its bioactivity was weaker than that of 1,3-D, which
shows moderate efficacy in controlling soil pathogens. 1,3-D needs to be mixed with chloro-
picrin, a fumigant with high efficacy to control pathogens, for practical application as an alter-
native to MB. Same result was also observed by Cabrera, low dosages of DMDS were sufficient
for nematode control, but less efficacious against soilborne pathogens[22]. High dosages of 60

Table 4. Dose response result of soil pathogens to DMDS and 1,3-D with the soil fumigation method.

Soil pathogens DMDS? 1,3-D
LCso Regression equation LCs Regression equation
(95% confidence limit mg LY (95% confidence limit mg L

Phytophthora spp. 2.670 Y =4.410+1.383x 0.981 Y =5.007+0.804x
(1.715-4.157) (0568-1.694)

Fusarium spp. 3.901 Y =4.239+1.288x 1.647 Y =4.797+0.938x
(1.532-9.935) (0.946-20867)

Z Abbreviations: DMDS = dimethyl disulfide, 1,3-D = 1,3-dichloropropene.

https://doi.org/10.1371/journal.pone.0224456.t004
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Table 5. Marketable yield of crop and galling index at harvest.

Field site and crop Treatment ” Dosage (g m™>) Galling index of tomato and cucumber Yield
kg ha!
2011 DMDS 60 3.75b” 4838.41 ab
Tongzhou cucumber DMDS 80 0b 4410.69 b
DMDS 100 0b 4240.07 b
MB 40 0b 5495.86 a
1,3-D 9 0b 4253.11b
Untreated Control - 49.38 a 2936.09 ¢
2012 DMDS 60 0b 7871.51 a
Tongzhou cucumber DMDS 30 0b 8044.55 a
DMDS 100 0b 8402.76 a
MB 40 0b 9022.01 a
1,3-D 9 0b 8757.63 a
Untreated Control - 72.50 a 5406.49 b
2014 DMDS 10 17.50 b 4215.11a
Tongzhou cucumber DMDS 20 10.63b 3732.32ab
DMDS 40 438c¢c 4041.56 a
DMDS 80 0.63 ¢ 4112.72 a
Dz 30 13.75b 3121.92 be
Untreated Control 66.25a 2747.17 ¢
2014 DMDS 10 76.25 ab 3642.87 a
Fangshan tomato DMDS 20 62.50 ab 3674.98 2
DMDS 40 48.75 bc 3915.23 a
DMDS 80 18.75¢ 3494.65 a
1,3-D 9 61.25b 3517.81a
Untreated Control - 93.75a 2362.91b

YAbbreviations: 1,3-D = 1,3-dichloropropene, DMDS = dimethyl disulfide, MB = methyl bromide, DZ = Dazomet.
“Data are the means of three replications in the column. Means followed by the same letter are not significantly different (P = 0.05) according to the LSD test.

https://doi.org/10.1371/journal.pone.0224456.t005

g m ™2 DMDS were also used to control Fusarium and Verticillium wilt disease[23, 24]. DMDS
also needs to be mixed with chloropicrin for controlling nematodes and pathogens. Similarly,
previous studies reported that the use of DMDS plus chloropicrin consistently improves early
and total marketable strawberry yields due to successful soilborne fungi and nematode control
[25, 26]. Combination use of DMDS plus dazomet and DMDS plus 1,3-D can also improve the
control efficacy on root-knot nematode and soilborne fungi [7, 27].

Many novel fumigants and potential soil disinfestation technologies were developed to con-
trol soilborne disease besides DMDS. Allyl isothiocyanate (AITC) used as a soil fumigant effec-
tively controlled major bacterial and fungal pathogens and root knot nematode[28].
Nonchemical methods of soil disinfestation include anaerobic soil disinfestation (ASD) [29]
and soil biosolarization[30] were also widely used to control soilborne disease. Soil flame disin-
festation, a promising non-chemical method, was also developed to control soilborne nema-
todes, fungal and bacterial pathogens in China[31]. Soilborne diseases caused damage to the
crops throughout the whole growing season, biological control agent (BCA)[32] such as Tri-
choderma harzianum or Bacillus spp. and plant growth-promoting rhizobacteria(PGPR) [33]
were also applied combined with pre-plant soil treatment to control root and soilborne disease.
BCA were also used for seed treatment and root drenching to improve plant vigor[34, 35]. Soil
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Yield(kg ha™)

4000 - a y
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2000 .

1000 S

1 7] cucumber .

2 5 a B tomato

ab 4

bc

DMDS 10 DMDS20 DMDS40 DMDS 80 DZ 30/1,3-D 9 Untreated

Treatments

Fig 1. Cucumber and tomato yields after different fumigation treatments in the year 2014. Abbreviations: DMDS = dimethyl
disulfide, 1,3-D = 1,3-dichloropropene, DZ = Dazomet, DMDS 10 = DMDS 10 g m > treatment, DZ 30 = DZ 30 g m™> treatment of
cucumber trials in the year 2014, 1,3-D 9 = 1,3-D 9 g m ™ treatment of tomato trials in the year 2014. Different letters indicate significant
differences in each treatment group according to the LSD test.

https://doi.org/10.1371/journal.pone.0224456.9001

drenching with BCA in crop growing season also increase the control effect on soilborne
disease.

DMDS is a technically and economically feasible soil fumigant for controlling root-knot
nematode in China. The dose recommended is 10-20 g m™ for controlling short-term crops,
such as cucumber or tomato, in autumn.

Acknowledgments

The authors are grateful for the financial support from the National Key Research and Devel-
opment Program of China (2017YFD0201600), National Natural Science Foundation of China
(41601267), the Project of China Ministry of Agriculture (2110402) and Beijing Agriculture
Innovation Consortium (BAIC01-2019) the over the years.

Author Contributions

Data curation: Dongdong Yan.

Funding acquisition: Dongdong Yan, Aocheng Cao.
Investigation: Qiuxia Wang, Yuan Li, Meixia Guo, Xiaogin Guo.

Methodology: Dongdong Yan, Qiuxia Wang, Meixia Guo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224456 October 28, 2019 7/9


https://doi.org/10.1371/journal.pone.0224456.g001
https://doi.org/10.1371/journal.pone.0224456

@ PLOS|ONE

DMDS an effective soil fumigant against nematodes in China

Resources: Yuan Li.

Software: Ouyang Canbin.

Supervision: Aocheng Cao.

Validation: Aocheng Cao.

Writing - original draft: Dongdong Yan.

Writing - review & editing: Aocheng Cao.

References

10.

11.

12

13.

14.

15.

16.

17.

18.

MOA. China Agriculture Yearbook. Beijing,China: China Agriculture Press; 2016.

Cao A, Guo M, Wang Q, Li Y, Yan D. Progress on soil disinfestation in China and abroad. China vegeta-
bles. 2010; 21:17-22.

MBTOC. Report of the Methyl Bromide Technical Options Committee. Nairobi, Kenya: United Nations
Environment Programme, 2010.

Auger J, Arnault I, Diwo-Allain S, Ravier M, Molia F, Pettiti M. Insecticidal and fungicidal potential of
Allium substances as biofumigants. Agroindustria. 2004; 3:5-8. https://doi.org/10.1007/bf01012271
PMID: 24272187

Wang F, Wang Q, Yan D, Mao L, Guo M, Yan P, et al. Effects of dimethyl disulfide on microbial commu-
nities in protectorate soils under continuous cropping. Chinese Journal of Eco-Agriculture. 2011; 19
(4):890-6. https://doi.org/10.3724/sp.j.1011.2011.00890

Yu J, Land CJ, Vallad GE, Boyd NS. Tomato tolerance and pest control following fumigation with differ-
ent ratios of dimethyl disulfide and chloropicrin. Pest Manage Sci. 2019; 75(5):1416-24. https://doi.org/
10.1002/ps.5262 PMID: 30417562

MaoL, Yan D, Wang Q, Li Y, Ouyang C, Liu P, et al. Evaluation of the combination of dimethyl disulfide
and dazomet as an efficient methyl bromide alternative for cucumber production in China. J Agric Food
Chem. 2014; 62(21):4864-9. https://doi.org/10.1021/jf501255w PMID: 24820184

Chamorro M, Seijo TE, Noling JC, Santos BDL, Peres NA. Efficacy of fumigant treatments and inocu-
lum placement on control of Macrophomina phaseolina in strawberry beds. Crop Prot. 2016; 90:163-9.
https://doi.org/10.1016/j.cropro.2016.08.020

Godmez-Tenorio MA, Zanén MJ, de Cara M, Lupién B, Tello JC. Efficacy of dimethyl disulfide (DMDS)
against Meloidogyne sp. and three formae speciales of Fusarium oxysporum under controlled condi-
tions. Crop Prot. 2015; 78:263-9. https://doi.org/10.1016/j.cropro.2015.09.013

Conkle JL, Cabrera JA, Thomas JE, Wang D, Gan J. Effects of CO2 dissolution on phase distribution
and degradation of dimethyl disulfide in soils under grape production. Pest Manage Sci. 2016; 72
(2):349-53. https://doi.org/10.1002/ps.4004 PMID: 25765585

McAvoy T, Freeman JH. Yellow nutsedge (Cyperus esculentus) control with reduced rates of dimethyl
disulfide in combination with totally impermeable film. Weed Technol. 2013; 27(3):515-9. https://doi.
org/10.1614/wt-d-12-00128.1

Stevens M, Freeman J. Efficacy of dimethyl disulfide and metam sodium combinations for the control of
nutsedge species. Crop Prot. 2018; 110:131—4. https://doi.org/10.1016/j.cropro.2018.04.010

Wang X, Fang W, Yan D, Han D, Huang B, Ren Z, et al. Effect of films on dimethyl disulfide emissions,
vertical distribution in soil and residues remaining after fumigation. Ecotoxicol Environ Saf. 2018;
163:76-83. https://doi.org/10.1016/j.ecoenv.2018.07.063 PMID: 30048876

Bond EJ. Manual of fumigation for insect control. Caracalla VdTd, editor. Rome, Italy: Food and Agri-
culture Organization of the United Nations; 1984.

Komada H. Development of a selective medium for quantitative isolation of Fusarium oxysporum from
natural soil. Rev Plant Prot Res. 1975; 8:115-25.

Masago H, Yoshikawa M, Fukada M, Nakanishi N. Selective inhibition of Pythium spp. on a medium for
direct isolation of Phytophthora spp. from soils and plants. Phytopathology. 1977; 67:425-8.

Barker KR, Nusbaum CJ, Nelson LA. Effects of storage temperature and extraction procedure on recov-
ery of plant-parasitic nematodes from field soils. J Nematol. 1969; 1(3):240-7. PMID: 19325684

Tang QY, Zhang CX. Data Processing System (DPS) software with experimental design, statistical
analysis and data mining developed for use in entomological research. Insect Sci. 2013; 20(2):254-60.
https://doi.org/10.1111/j.1744-7917.2012.01519.x PMID: 23955865

PLOS ONE | https://doi.org/10.1371/journal.pone.0224456 October 28, 2019 8/9


https://doi.org/10.1007/bf01012271
http://www.ncbi.nlm.nih.gov/pubmed/24272187
https://doi.org/10.3724/sp.j.1011.2011.00890
https://doi.org/10.1002/ps.5262
https://doi.org/10.1002/ps.5262
http://www.ncbi.nlm.nih.gov/pubmed/30417562
https://doi.org/10.1021/jf501255w
http://www.ncbi.nlm.nih.gov/pubmed/24820184
https://doi.org/10.1016/j.cropro.2016.08.020
https://doi.org/10.1016/j.cropro.2015.09.013
https://doi.org/10.1002/ps.4004
http://www.ncbi.nlm.nih.gov/pubmed/25765585
https://doi.org/10.1614/wt-d-12-00128.1
https://doi.org/10.1614/wt-d-12-00128.1
https://doi.org/10.1016/j.cropro.2018.04.010
https://doi.org/10.1016/j.ecoenv.2018.07.063
http://www.ncbi.nlm.nih.gov/pubmed/30048876
http://www.ncbi.nlm.nih.gov/pubmed/19325684
https://doi.org/10.1111/j.1744-7917.2012.01519.x
http://www.ncbi.nlm.nih.gov/pubmed/23955865
https://doi.org/10.1371/journal.pone.0224456

@ PLOS|ONE

DMDS an effective soil fumigant against nematodes in China

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Csinos AS, Sumner DR, Johnson WC, Johnson AW, McPherson RM, Dowler CC. Methyl bromide alter-
natives in tobacco, tomato and pepper transplant production. Crop Prot. 2000; 19(1):39—49. https://doi.
0rg/10.1016/s0261-2194(99)00086-1

McKinney HH. Influence of soil, temperature and moisture on infection of wheat seedling by Hel-
minthosporium sativum. J Agric Res. 1923; 26:195-217.

Ruzo LO. Physical, chemical and environmental properties of selected chemical alternatives for the
pre-plant use of methyl bromide as soil fumigant. Pest Manag Sci. 2006; 62(2):99—-113. https://doi.org/
10.1002/ps.1135 PMID: 16308867

Cabrera JA, Wang D, Gerik JS, Gan J. Spot drip application of dimethyl disulfide as a post-plant treat-
ment for the control of plant parasitic nematodes and soilborne pathogens in grape production. Pest
Manage Sci. 2014; 70(7):1151-7. https://doi.org/10.1002/ps.3666 PMID: 24307137

Pecchia S, Franceschini A, Santori A, Vannacci G, Myrta A. Efficacy of dimethyl disulfide (DMDS) for
the control of chrysanthemum Verticillium wilt in Italy. Crop Prot. 2017; 93:28-32. https://doi.org/10.
1016/j.cropro.2016.11.019

Gilardi G, Gullino ML, Garibaldi A. Soil disinfestation with dimethyl disulfide for management of Fusar-
ium wilt on lettuce in Italy. Journal of Plant Diseases and Protection. 2017; 124(4):361-70. https://doi.
org/10.1007/s41348-017-0071-2

Santos BM, Lopez-Aranda JM, Miranda L, Medina JJ, Soria C, de los Santos B, et al. Methyl bromide
alternatives for high tunnel strawberry production in southern spain. HortTechnology. 2009; 19(1):187—
92.

Cebolla V, Llobell D, Oliver A, Valero LM, Torro F, Hernandez A. The emulsifiable formulations of
dimethyldisulfide (DMDS) and its mixtures with chloropicrin as alternatives to methyl bromide. ActaHor-
tic. 2010; 883(18):163-70.

Mao L, Wang Q, Yan D, Liu P, Shen J, Fang W, et al. Application of the combination of 1,3-dichloropro-
pene and dimethyl disulfide by soil injection or chemigation: effects against soilborne pests in cucumber
in China. Journal of Integrative Agriculture. 2016; 15(1):145-52. https://doi.org/10.1016/S2095-3119
(15)61065-6

Ren Z, LiY, FangW, Yan D, Huang B, Zhu J, et al. Evaluation of allyl isothiocyanate as a soil fumigant
against soil-borne diseases in commercial tomato (Lycopersicon esculentum Mill.) production in China.
Pest Manage Sci. 2018; 74(9):2146-55. https://doi.org/10.1002/ps.4911 PMID: 29527806

Strauss SL, Kluepfel DA. Anaerobic soil disinfestation: A chemical-independent approach to pre-plant
control of plant pathogens. Journal of Integrative Agriculture. 2015; 14(11):2309-18. https://doi.org/10.
1016/s2095-3119(15)61118-2

Fernandez-Bayo JD, Achmon Y, Harrold DR, Claypool JT, Simmons BA, Singer SW, et al. Comparison
of soil biosolarization with mesophilic and thermophilic solid digestates on soil microbial quantity and
diversity. Appl Soil Ecol. 2017; 119:183-91. https://doi.org/10.1016/j.apsoil.2017.06.016

Mao L, Wang Q, Yan D, Li Y, Ouyang C, Guo M, et al. Flame soil disinfestation: A novel, promising,
non-chemical method to control soilborne nematodes, fungal and bacterial pathogens in China. Crop
Prot. 2016; 83:90—4. https://doi.org/10.1016/j.cropro.2016.02.002

Tian T, Li S, Sun M. Synergistic effect of dazomet soil fumigation and clonostachys rosea against
cucumber fusarium wilt. Phytopathology. 2014; 104(12):1314-21. https://doi.org/10.1094/PHYTO-11-
13-0297-R PMID: 24941326

Raupach GS, Kloepper JW. Biocontrol of cucumber diseases in the field by plant growth-promoting rhi-
zobacteria with and without methyl bromide fumigation. Plant Dis. 2000; 84(10):1073-5. https://doi.org/
10.1094/PDIS.2000.84.10.1073 PMID: 30831895

Ahmed AS, Sanchez CP, Candela ME. Evaluation of induction of systemic resistance in pepper plants
(Capsicum annuum) to Phytophthora capsici using Trichoderma harzianum and its relation with capsi-
diol accumulation. Eur J Plant Pathol. 2000; 106(9):817-24. https://doi.org/10.1023/a:1008780022925

Sid Ahmed A, Ezziyyani M, Pérez Sanchez C, Candela ME. Effect of chitin on biological control activity
of Bacillus spp. and Trichoderma harzianum against root rot disease in pepper (Capsicum annuum)
plants. Eur J Plant Pathol. 2003; 109(6):633—7. https://doi.org/10.1023/a:1024734216814

PLOS ONE | https://doi.org/10.1371/journal.pone.0224456 October 28, 2019 9/9


https://doi.org/10.1016/s0261-2194(99)00086-1
https://doi.org/10.1016/s0261-2194(99)00086-1
https://doi.org/10.1002/ps.1135
https://doi.org/10.1002/ps.1135
http://www.ncbi.nlm.nih.gov/pubmed/16308867
https://doi.org/10.1002/ps.3666
http://www.ncbi.nlm.nih.gov/pubmed/24307137
https://doi.org/10.1016/j.cropro.2016.11.019
https://doi.org/10.1016/j.cropro.2016.11.019
https://doi.org/10.1007/s41348-017-0071-2
https://doi.org/10.1007/s41348-017-0071-2
https://doi.org/10.1016/S2095-3119(15)61065-6
https://doi.org/10.1016/S2095-3119(15)61065-6
https://doi.org/10.1002/ps.4911
http://www.ncbi.nlm.nih.gov/pubmed/29527806
https://doi.org/10.1016/s2095-3119(15)61118-2
https://doi.org/10.1016/s2095-3119(15)61118-2
https://doi.org/10.1016/j.apsoil.2017.06.016
https://doi.org/10.1016/j.cropro.2016.02.002
https://doi.org/10.1094/PHYTO-11-13-0297-R
https://doi.org/10.1094/PHYTO-11-13-0297-R
http://www.ncbi.nlm.nih.gov/pubmed/24941326
https://doi.org/10.1094/PDIS.2000.84.10.1073
https://doi.org/10.1094/PDIS.2000.84.10.1073
http://www.ncbi.nlm.nih.gov/pubmed/30831895
https://doi.org/10.1023/a:1008780022925
https://doi.org/10.1023/a:1024734216814
https://doi.org/10.1371/journal.pone.0224456

