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Abstract

Nematodes  are  non-segmented  invertebrate  animals,  which  are  one  of  the  major
phytosanitary  problems  worldwide,  especially  in  tropical  and  subtropical  regions,
attacking  the  root  system  of  plants  they  removing  photo-assimilates  and  reducing  the
absorption capacity of water and nutrients of plant. In order to avoid economic losses by
reducing productivity and quality, synthetic compounds have been developed to control
nematodes. The use of these synthetic compounds, known as chemical control, has high
economic importance,  being the current tool most used by farmers for control of these
individuals.  Moreover,  only in Brazil,  the trade of  these products  reaches  hundreds of
millions  of  dollars  per  year.  This  review  aims  to  address  the  fundamental  aspects  of
nematode biology and the chemical control of the major genus (Meloidogyne, Heterodera,
and Globodera). It covers the historical evolution of the chemical control agents since its
beginning in the nineteenth century until today, their mode of action (fumigants and non-
fumigants), mechanisms of action (inhibition of the acetylcholinesterase enzyme, opening
of the chloride channel,  inhibition of electron transport in the electron transport chain,
enzymatic  inactivation, as  a  Dauer  phase-inducing  agent  or  agent  that  ensures  the
organism remains irreversibly in the Dauer phase), the products available for each crop,
including their commercial names and forms of application.
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Introduction

Nematodes  are  non-segmented  invertebrate
animals  (1).  Parasitic-plant  nematodes  are  small,
typically 300–1,000 µm in length, although some are
up  to  4  mm  long,  by  15–35  µm  in  width  (2).
Nematodes  possess  a  relatively  simple  anatomy
(“tube  within  a  tube”),  characterized  as  limbless,
cylindrical, and elongated (3).

Fossil  records show that  the first  parasitic
relationships  between  nematodes  and  plants

occurred approximately 150 million years ago (4).
Today,  the  main  phytopathogenic  nematodes  in
economic  terms  are root-knot  nematodes
(Meloidogyne spp.),  followed  by  cyst  nematodes
(Heterodera  and Globodera spp.),  root  lesion
nematodes  (Pratylenchu  spp.),  the  burrowing
nematode (Radopholus similis Cobb), and the stem
nematode (Ditylenchus dipsaci Filipjev) (5). 

The  parasitism  occurs  by  insertion  of  the
stylet (spear-like structure attached to the mouth of
the  nematode)  into  the  plant  tissue  (6).  The
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parasitism relationships established between these
antagonistic  individuals  cause  serious damage to
the infested plant. The nematodes can trigger two
kinds  of  symptoms;  direct  symptoms,  such  as  a
reduction  of  root  mass,  a  distortion  of  root
structure, and enlargement of the roots, or indirect
symptoms,  which  include  a  deficiency  in
absorption  water  and  nutrients  (7).  Usually,  the
infestation will occur in circles in the area, and not
throughout the entire crop.

Although the infestation takes place in the
host's  root  system,  this  infestation  is  covered  by
soil. Hence, the reflex symptoms seen in the shoot
are  the  guidelines  for  the  investigation  of  the
presence  of  nematodes  in  the  area.  An
investigation  into  the  root-knot  nematode
(Meloidogyne  enterolobii)  induced  decay  of  the
guava (Psidium guajava L.)  observed that  due  to
the  parasite's  action  on  the  tree's  roots,  visual
symptoms were noticed, including yellow leaves or
red  spots,  necrosis,  wilting  and  premature  leaf
abscission, loss of vigor (8).

Due to the problems caused by nematodes,
they  are  considered  as  important  pathogens  in
many crops (9), for example, soybean (Glycine max
(L). Merr.) (10), coffee (Coffea arabica L.) (11), and
sugarcane (Saccharum sp.) (12). In some crops and
localities,  these  animals  may  even  be  the  main
phytosanitary  problem.  For  example,  the  cereal
cyst  nematode  (Heterodera  avenae Woll.)  is  the
main pathogen of wheat (Triticum aestivum L.) and
barley  (Hordeum  vulgare L.)  in  the  Middle  East,
reducing  yields  by  up  to  92%,  in  extreme  cases
(13).  It was estimated that  nematodes generate a
projected  yield  loss  of  12.3%  (US$157  billion
dollars) worldwide (14).

As a result of the extensive damage caused
by  these  organisms,  the  synthesis  of  compounds
and test products aimed at controlling nematodes
began  in  the  nineteenth  century  as  a  way  to
ensure  food  safety  and  avoid  economic  losses.
Originally applied to the soil, these substances had
the  objective  of  sterilizing  the  soil,  thereby
removing any pests and phytoparasites, including
phytonematodes  (15).  Thus,  the  use  of  such
chemical agents in agriculture had a major impact
on  agricultural  production,  improving  the  yield
and quality of crops worldwide (16).

Fumigant  nematicides,  such  as  methyl
bromide,  were  the  first  to  be  used  in  crops  to
control  nematodes  and  were  widely  applied  to
high-value crops, like tobacco (17). However, these
products  presented problems, like environmental
toxicity and high risks to the applicators (18). From
the  1940s  onwards,  strategies  were  sought  to
improve  the  application  technology  as  a  way  to
reduce  the  toxicity.  Methods  for  applying  these
liquid  products  through  agricultural  implements
coupled with injector nozzles at  different depths
were developed (15). 

Afterward, products with other nematicidal
properties were developed that were less toxic and
without  a  vapor  phase.  These  so-called  non-
fumigant  nematicides  are  represented  by  two
main  classes  of  chemical  compounds:
organophosphates  (terbufos,  ethoprophos,
fenamiphos)  and  carbamates  (aldicarb,
carbofuran, carbosulfan, oxamyl) (16), and widely
used  in  Brazil,  mainly  in  sugarcane,  maize  (Zea
mays L.) soybean, and cotton (Gossypium hirsutum
L.). It is worth highlighting the emergence of more
recent  compounds,  such  as  fluensulfone,  which
have started to compete for the market, especially
for application in sugarcane (15).

It  is  important  to  note  that  some
insecticidal  products  also  present  nematicidal
action,  like  abamectin  and  imidacloprid–
thiodicarb.  These products  are intended for seed
treatments for cotton, maize, and soybean, acting
on  species  of  Meloidogyne  incognita (Chitwood),
Meloidogyne  javanica (Chitwood),  Pratylenchus
brachyurus (Filipjev  &  Stekhoven),  and
Rotylenchus reniformis (Linford & Oliveira), among
others (15). 

This  article  discusses  the  history  of
chemical control of nematodes, covering the mode
and mechanism of action of nematicides, and the
forms of application.

History of chemical control

Chemical control is an important tool in nematode
control.  It  is  considered  as  one  of  the  most
effective  and  reliable  control  techniques  within
integrated management (19). The use of chemical
agents began in 1881, with carbon disulfide, which
was the first product  identified with nematicidal
properties (16). At the time, it was used to treat soil
for the control of  Filoxera sp. in grapevine (Vitis
vinifera L.). Another chemical tested in the control
of nematodes due to its nematicidal properties was
chloropicrin (trichloronitromethane) (20). 

Methyl bromide is classified as a pesticide
of  restricted  use  and  registered  as  a  herbicide,
nematicide,  insecticide,  and  fungicide  (21).  It
started to be used in the early 1940s and was once
the most popular nematicide in the USA (17). The
production  and  use  of  methyl  bromide  were
eliminated internationally in developed countries
in 2005 because the chemical was categorized as a
Class I ozone-depleting substance by the Montreal
Protocol (21).

Since its elimination, a significant amount
of research has been devoted to finding alternative
fumigants  to  methyl  bromide.  Much  of  this
research was focused on the evaluation of existing
fumigants  that  had  limited  use  while  methyl
bromide  was  available,  such  as  1,3-
dichloropropene,  metam  sodium,  and
chloropicrin,  as well as some new fumigants,  for
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instance,  dimethyl  disulfide  and  allyl
isothiocyanate (22).

Despite  the  efficiency  of  fumigants  in
nematode  control,  the  application  difficulties
associated  with  the  high  costs  and  high
environmental  risk  of  these  extremely  toxic
products resulted in the reduction of their use (18).

Based on difficulties in the management of
fumigant  nematicides,  such  as  the  control  of  its
application  and  the  high  toxicity  of  this  group,
after the second half of the 20th century, two new
classes  of  nematicides  were  developed:
organophosphates and carbamates. Less toxic and
without a vapor phase, they came to be called non-
fumigant  nematicides  (23).  The  first  active
ingredient of the non-fumigant nematicides was O-
2,4-dichlorophenyl  O,O-diethyl  phosphorothioate,
which was commercialized in 1957 (17).

In Brazil, the management of nematodes is
done by using nematicides to treat the seeds or via
their  application  in the planting groove;  another
technique includes the use of resistant cultivars or
crop  rotation  (23).  In  the  case  of  cotton,  in
situations of technical or economic impossibility of
the use of management practices, the application
of nematicides cannot be neglected, because it can
generate  increases  of  up  to  10%  in  crop
productivity (24). Applying nematicides at planting
of sugarcane in areas infested by nematodes can
result in agricultural productivity increases of 40 t/
ha (25).

In  research  studies  with  abamectin-based
products,  despite  good  control  effectiveness,  the
emulsifiable concentrate formulations with 18% or
36%  active  ingredient  may  lead  to  phytotoxicity
when used for seed treatment (26). In addition, it
was  found  that  a  large  part  of  the  abamectin
applied via seed treatment remains adhered to the
seed coat (27).

A  limited  number  of  crops  are  the  main
consumers  of  nematicides,  such  as  sugarcane,
corn,  and  soybeans  (which  together  account  for
90% of  the  market  for chemical  nematicides),  as
well  as  cotton,  coffee,  potatoes  (Solanum
tuberosum L.), citrus, and rice (Oryza sativa L) (15).
More products have appeared in recent years, for
instance,  benfuracarb  and  fluensulfone,  which
have  been  proven  effective  against  nematode
control in sugarcane and other crops (15).

Data  on  the  chemical  composition,
extensions of use, recommended doses, and modes
of  application  of  agents  for  the  control  of
nematodes  is  regularly  updated  by  Brazil’s
Ministry  of  Agriculture,  Livestock,  and  Supply
(MAPA).  This  list  contains 16 registered chemical
nematicides in commercial use (Table 1), although
not all  are  still  present in  the market  (028).  The
products  include  aldicarb  (banned),  methyl
bromide  (for  quarantine  use  only),  cadusafos,
carbofuran,  carbosulfan,  dazomet,  ethoprophos,
fenamiphos,  fluensulfone,  phorate,  fosthiazate,
isazofos  (banned),  metamodic,  oxamyl  (no
commercial product), terbufos, and triazophos.

Mode of action

The mode of  action of  all  products  is  essentially
similar  (21).  The  nematicides  applied  directly  to
the soil are classified into two distinct categories
(Fig. 1) based on their movement in the soil, such
as fumigants and non-fumigants (23).

In general, fumigant nematicides are liquid
formulations that are vaporized when they come
in contact with the air (23). By the detachment of
their molecules in the vapour phase, they move in
the  soil  usually  in  depth,  and  when  they  are
exposed  to  the  water  available  in  the  soil,  they
decompose  into  products  that  penetrate  directly
into the cuticle of the nematode, reacting rapidly
with amino acids, oxidases, and proteins, causing
metabolic dysfunctions (23).

Fumigant  nematicides  are  considered
biocidal  substances,  acting  on  fungi,  bacteria,
seeds, and other organisms present in the soil and,
when  applied  in  can  cause  environmental
disturbance  and  phytotoxicity  (29).  Fumigants
perform better on soils that do not have high levels
of  organic  matter  because  they  react  with
nucleophilic sites in soil organic matter (-SH, -NH2,
-OH,  -COO-).  The  same  happens  with  clay,
especially 2:1 clay mineral, which has the capacity
to adsorb fumigants (30). In general, fumigants are
more effective in soils with temperatures above 12
or  15  °C  since  the  dispersion  is  related  to
temperature (31).

Broad-spectrum  fumigant  nematicides
penetrate  directly  into  the  body  wall  of  the
nematode  and do  not  need to  be  ingested to  be
effective. Once inside the cavity of the nematode
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body, they affect different internal organs (32). It
should  be  noted  that  non-fumigant  nematicides
can  also  penetrate  directly  into  the  wall  of  the
nematode body (32).

From the 1960s, new classes of nematicidal
products  were developed:  organophosphates  and
carbamates,  classified  as  non-fumigant
nematicides  (23).  The  major  advantage  of  the
organophosphates  and  carbamates  is  their
reduced persistence as toxic molecules compared
with  chlorinated  hydrocarbon  nematicides  (23).
These agents are produced as granules or liquids
or  both.  Caudusafos  (an  organophosphorus
pesticide) comes as granules (Rugby 200 CS) and in
liquid  form (Apache  100  GR).  These  nematicides
have a systemic action on phytonematodes and are
effective  even  at  low  dosages  than  fumigants.
Despite  little  or  no  phytotoxic  activity,  they  are

highly  toxic  to  mammals  and  insects,  which
generates environmental problems (29).

Mechanism of action

The mechanism of action of a nematicide refers to
the  lethal  effect  of  the  product  on  specific
processes  in  the  nematode  (Fig.  1)  (32).
Organophosphates  and  carbamates  act  as
nematicides  by  inhibiting  the  enzyme
acetylcholinesterase, causing the cession of nerve
impulses  and  ultimately,  the  death  of  the
nematode  (33).  However,  abamectin  also  affects
acetylcholinesterase, and has deleterious effects on
ATPase  activity,  acting  as  a  neurotoxin  and
triggering respiratory failure (33).

However,  despite  these  effects,  the
mechanism of action attributed to abamectin is the
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Table 1. List of active ingredients registered for nematode control.

Chemical group Common name Crop Commercial Name

Organophosphorus

Cadusafos Cotton, potato, coffee and  
sugar cane

Apache 100 GR, Rugby 100 
GR, Rugby 200 CS  

Ethoproph Potato. Rhocap

Fenamiphos Cotton, banana, potato, 
coffee, melon and tomato. Nemacur, Nemacur EC

Phorate
Cotton, peanuts, potatoes, 
coffee, beans, corn, tomatoes
and wheat.

Granutox

Fosthiazate Banana, potato, coffee, 
carrot. Cierto 100 GR

Terbufos
Cotton, peanuts, bananas, 
coffee, sugar cane, beans 
and corn.

Counter 150 G

Triazophos
Cotton, potato, coffee, citrus, 
beans, corn, soybean, tomato
and wheat.

Hostathion 400 BR

Methyl carbamate 

Carbofuran

Cotton, peanuts, rice, 
bananas, potatoes, coffee, 
sugar cane, carrots, beans, 
tobacco, corn, cabbage, 
tomato and wheat.

Furadan 50 GR

Carbosulfan

Cotton, rice, potatoes, citrus, 
beans, tobacco, papaya, 
corn, soybeans, tomatoes, 
wheat and grapes.

Fenix, Marshal, Marshal 
Star, Marshal 400, 
Talisman

Thiodicarb*
Cotton, oats, peanuts, barley,
beans, corn, sorghum, 
soybeans and wheat.

Cropstar, Saddler 350 SC, 
Pontiac 350 SC

Isothiocyanates
Dazomet Soil treatment Basamid

Metam sodium Potato, carrot, tobacco, 
strawberry and tomato Bunema 330 CS

Abamectin

Abamectin* Cotton, garlic, corn and 
soybeans

Abadin 72 EC, Abamex, 
Avicta 500 FS, Mantis 400  
WG, Vertimec 18 EC

Fluoroalkenyl

 Fluensulfone
Cotton, potato, coffee, sugar 
cane, citrus, guava, chili, 
pepper, soybean and tomato

Nimitz TS, Blindado, 
Legado

Based on: Agrofit (2018) * Registered as insecticides-nematicides.
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blockade  of  the  electrical  impulse  transmission
between  the  nerve  cell  and  the  muscle,  by  the
uninterrupted opening of the chloride channels in
the  cellular  membranes,  with  little  effect  on
muscle  excitation  unlike  the  organophosphates
(23).  Abamectin  has  been  shown  to  inhibit  egg
hatching and cause paralysis of the juveniles (34),
which  is  irreversible  in  nematodes  of  the  genus
Meloidogyne spp. (27).

Isocyanate acts in various ways in the cell,
the  main  ones  being  the  inhibition  of  electron
transport  in  the  electron  transport  chain,
enzymatic  inactivation,  and  signaling  for  the
induction of cell apoptosis (35). The mechanism of
the  nematicides  belonging  to  the  halogenated
aliphatic  compounds,  like  methyl  bromide,  are
similar  to  the  isocyanates,  serving  as  alkylating
agents  of  proteins  and,  also,  oxidizing  the  Fe2+

centers  in  the  cytochrome,  blocking  respiration
(36).

The  mechanisms of  action  of  nematicides
are  not  always  easily  detected,  because  it  may
involve  different  sites  of  the  nematode  or  the
action of combined effects (23), as exemplified by
abamectin and isothiocyanates. 

Narcotic effects and behavioral changes in
nematodes  are  also  described  for  fumigant  and
non-fumigant  nematicides.  An  example  is  the
initial  hyperactivity  of  the  nematodes  when  in
contact with the products,  followed by decreased
movement  and  paralysis  of  activities  (29).  The
effect  of  aldicarb  on  Heterodera  rostochiensis
(Woll.)  inhibited  the  nematoid body  activity  and
generated abnormal movement of the stylet (37).
Other  effects  observed  were  the  delays  in  the
molting  process,  metabolic  toxicity,  and  a
reduction in hatch and egg production (38).

Nematicides  containing  the  active
ingredient  fluensulfone  in  its  composition,  the
more  recently  registered  control  agent,  act  in  a
more  distinct  way,  promoting  changes  in  the
constitution  of  the  steroids  of  the  nematodes,
causing  them  to  bind  to  intracellular  nuclear
receptors,  inducing  the  nematode  to  enter  the
Dauer phase or remain irreversibly in the Dauer
phase (39). The Dauer phase is a stage of resistance
to  stress  conditions  in  which  the  nematode
presents  a  decrease  in  its  development  over
adverse  conditions,  and  is  not  phytopathogenic
(40).

The use of  nematicides  may not result  in
the  promotion  of  irreversible  damage  to
nematodes (19), particularly if the exposure to the
product  is  short  or  at  low  concentration.
Reversible effects  can be observed in nematodes
exposed to these conditions, and, thus, the animals
can  complete  their  normal  recovery  and
reproduction  (32).  An  example  of  this  behavior
was demonstrated in a study with carbamates (32).

Factors, such as plant exposure time to the
pathogen, stage of development of the nematode,
the  location  of  the  nematode,  enviromment
temperature,  soil  moisture,  and  composition,
besides  chemical,  physical,  and  biological
processes  occurring  in  the  soil,  can  affect  the
performance of nematicides (23).

Application technologies

The concept of using a volatile compound, such as
nematicides/insecticides/fumigants  for  the
management  of  pests  and  nematodes  present  in
the soil arose from the need to dispose of the large
quantity of chemicals left over from World War 1
(20). Thus, these products were applied directly to
the soil, via fumigation, mainly in the USA (18).

Nematicides  are  highly  toxic  compounds
that  have  a  very  low  lethal  rate  (LC50,  the
concentration that kills 50% of the animals). This
property is particularly important for operators of
application  machines  and  people  at  risk  of
exposure  to  chemicals  during  their  application
(31).

Fumigant  nematicides  are  applied  to  the
soil as a solid, liquid or gas, before planting. The
product  vaporizes  and  disperses  by  fumigant
action  in  the  aerial  spaces  of  the  soil  and  then
dissolves  in  the  soil  moisture,  killing  the
nematodes (21). However, not all individuals of the
present  nematode population  are killed,  and not
all of the fumigants are active on nematode eggs
(21). 

Non-fumigant  nematicides  are
predominantly applied to soil as groove, band or
broadcast  applications (32).  The  applications  are
followed  by  washes  in  the  soil  for  greater
uniformity  of  distribution,  where  soil  solution
distribution is critical.  The organic matter and a
2:1  clay  content  of  the  soil  also  affects  the
movement of non-fumigant nematicides (30). Thus,
the  products  are  more  effective  in  fine-textured
soil,  because these soils have less organic matter
and clay. The pH of the soil and water affect how
much time an active ingredient remains in the soil.
Active  ingredients  in  the  organophosphate  and
carbamate  families  are  acidic,  so  they  generally
degrade more rapidly in soils with a pH above 7.0
(21).

Currently,  other  nematicide  application
strategies have been adopted,  such as the use of
lower doses of active principles and syrups, which
reduce the risk of environmental pollution caused
by  nematicides  without  affecting  the  efficiency
(23). Among them, the chemical management can
involve  treatment  of  the  seeds  (41),  or  direct
application to the planting groove (42).  The seed
treatment  promotes  the  protection  of  the  initial
roots against penetration of the nematodes present
in the soil, ensuring a better initial development of
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the crop (43). In this approach, the applicability of
the product is easier than the applying in soil.

Protection of root development in the first
few days or weeks after germination is critical to
the establishment of optimal productive potential
(18).  Therefore,  the  treatment  of  seeds  with
nematicides  contributes  positively  to  the  initial
development of the plant, as it reduces nematode
penetration  (43)  and,  consequently,  its
reproductive  factor,  thereby  reducing  its  final
population  (44).  Although  this  technique  has  a
great advantage in the initial protection of the root
system,  the  amount  of  product  used  in  seed
treatment is not enough to protect the crop during
its  entire  cycle  since  the  protection  effect  lasts
around 25–30 days, and after this period, the roots
was  once  again  exposed  to  the  attack  of  the
phytonematodes (45). 

In  areas  with  high  pathogen  infestations,
the application of nematicides in the liquid form
can  be  an  option  because  it  ensures  better
distribution of the product in the groove, not only
in  the  vicinity  of  the  already  treated  seeds.
Moreover, it can limit the mobility of nematodes
(46).

When  testing  different  positions  of
incorporation  of  nematicides  in  the  planting
groove,  it  was  verified  that  cadusafos  and
fluensulfone provided control efficiencies greater
than  50%  and  80%,  respectively,  for  different
nematodes  (47).  Regarding  the  phytotoxicity
resulting  from  this  process,  no  symptoms  were
detected  in  soybean  plants  when  cadusafos  and
fluensulfone  were  directed  apply  in  the  seeding
furrow (47). However, this application method still
has  little  information  about  its  phytonematode
control,  performance,  selectivity  (phytotoxicity),
and crop response to yield.

Conclusion

The  use  of  chemical  control  should  be  seen  as
another  tool  capable  of  nematode  control.  It  is
necessary that other control methods be integrated
for better control.  Although chemical control has
started with compounds that are highly harmful to
humans  and  the  environment,  new  compounds
that  are  less  aggressive  and  more  specific  have
been  developed  for  phytoparasitic  nematodes,
making  this  tool  safer  for  the  producer,  the
consumer, and the environment.
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