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ABSTRACT

The use of non-host cover crops is a key strategy for controlling root-knot nematodes in infested fields. However,
pathogenicity of nematodes to cover crops may vary between populations and localities. This study assessed the response
of green manure species and millet (Pennisetum glaucum (L.) R Br.) cultivars to four populations of Meloidogyne javanica
(denominated Mj-2, Mj-3, Mj-6 and Mj-7). Seedlings of radish (Raphanus sativus L.), pigeon pea (Cajanus cajan (L.)
Huth) ‘IAPAR 43°, buckwheat (Fagopyrum esculentum Moench) ‘IPR 92-Altar’ and millet ‘BRS 1501°, ‘ADR 300’ and
‘ADR 500’ were inoculated with 1000 eggs and second-stage juveniles of M. javanica. Soybean (Glycine max (L.) Merr.)
‘M6210 IPRO’ was used as control. At 60 d after inoculation, plants were evaluated for root fresh weight, gall index (GI),
number of nematodes per gram of root and reproduction factor (RF). For GI, Mj-3 and Mj-6 were the most aggressive to
soybean (GI = 5.0). In pigeon pea, Mj-7 resulted in the highest GI (3.5). Radish had the lowest GI (0.67) with Mj-2. For
buckwheat, Mj-3 was the most aggressive population, with a GI of 4.50. Mj-3 and Mj-7 resulted in the highest Gl in ‘ADR
300’, and Mj-6 and Mj-7 in ‘ADR 500°. The reproductive ability of nematode populations differed between hosts. Mj-2
was the most pathogenic to ‘ADR 300’ (RF = 10.88), Mj-3 to buckwheat (RF = 53.46) and radish (RF = 4.81), Mj-6 to
‘ADR 500’ (RF = 19.58) and Mj-7 to pigeon pea (RF =2.99) and ‘BRS 1501 (RF = 15.05). Soybean was susceptible to
all M. javanica populations (RF = 33.69 to 257.22). Green manure species and millet cultivars varied in their responses
to M. javanica populations of different origins.
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INTRODUCTION

Meloidogyne javanica (Treub, 1885) Chitwood (Tylenchida: Heteroderidae) is one of the most important plant-parasitic
nematodes because of its wide host range and geographical distribution. This pathogen can substantially limit the yield
of grains, vegetables and fruits (Oliveira et al., 2017). In soybean, M. javanica can cause losses of up to 30% (Dias et al.,
2010). A complex interaction occurs between plant and pathogen. The establishment of nematode feeding sites in the host
root system causes cell hyperplasia and hypertrophy (Ferraz and Brown, 2016), leading to gall formation in roots, wilting
during the hottest hours of the day and leaf chlorosis (Oliveira et al., 2017).

An efficient strategy to manage nematodes is crop rotation with antagonistic, non-host or resistant plants (Debiasi et
al., 2016). When used as cover crops, rotation crops or intercrops, millet (Pennisetum glaucum (L.) R.Br.), buckwheat
(Fagopyrum esculentum Moench), radish (Raphanus sativus L.) and pigeon pea (Cajanus cajan (L.) Huth) effectively
controlled nematode populations, preventing infection and/or nematode multiplication (Aradjo Filho et al.,2010; Miamoto
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etal.,2016). Although these crops have potential against nematodes, their susceptibility may vary depending on nematode
population, climate and soil conditions (Silva et al., 2014; Castagnone-Sereno et al., 2019). Nematode pathogenicity
is also determined by environmental conditions and genetic mutations (Castagnone-Sereno et al., 2019). Because M.
Jjavanica reproduces by mitotic parthenogenesis, it is likely that mechanisms other than those related to genes contribute
to the differences in virulence observed between populations of the same species (Barbary et al., 2015).

Identification of the aggressiveness and pathogenicity of nematode populations is crucial for the development of
effective control strategies. This study aimed to assess the response of green manure species and millet cultivars to
different populations of M. javanica.

MATERIAL AND METHODS

Collection and maintenance of nematode populations

Samples of soil and plant roots with galls were collected between March and May 2017 in Formosa do Rio Preto, Bahia
(Mj-2 and Mj-6); Londrina, Parand (Mj-3); and Nova Maringd, Mato Grosso (Mj-7), Brazil. Then, 3 L soil and roots from
each locality were placed in pots and sown with four seeds of tomato (Solanum lycopersicum L.) ‘Santa Clara’ or okra
(Abelmoschus esculentus (L.) Moench) ‘Santa Cruz’, to promote nematode (Meloidogyne javanica) multiplication. Pots
were kept in greenhouse (23°24'17.39" S, 51°56"27.00" W; 596 m a.s.l.) for 60 d. Irrigation was applied as needed.

After 60 d of cultivation, some plants were collected for isoenzymatic analysis and inoculum purification. Twenty
milky-white M. javanica females and their egg masses were collected from each sample using a pair of fine-tipped forceps
and a stereoscope microscope. Females were transferred to capillary tubes containing extraction buffer (Carneiro and
Almeida, 2001), macerated with a needle, mixed with bromophenol blue and loaded onto a polyacrylamide gel. A sample
of M. javanica was used as an internal standard for phenotypic comparison.

One egg mass of each M. javanica female was inoculated on tomato, individually. Tomato plants were transplanted
to pots containing 2 L autoclaved soil (120 °C for 2 h) and kept under greenhouse conditions for 5-mo for nematode
multiplication.

Response of green manure species and millet cultivars to M. javanica

Two experiments were conducted under greenhouse conditions using a 4 x 4 factorial design with six replicates. In the first
experiment, soybean (Glycine max (L.) Merr.) ‘M6210 IPRO’ (control) and three green manure species were inoculated
with four populations of M. javanica: pigeon pea (Cajanus cajan (L.) Huth) ‘IAPAR 43’, radish (Raphanus sativus L.)
and buckwheat (Fagopyrum esculentum Moench) ‘IPR 92-Altar’. The second experiment comprised soybean ‘M6210
IPRO’ (control) and millet (Pennisetum glaucum (L.) R.Br.) ‘BRS1501°, ‘ADR 300’ and ‘ADR 500’ inoculated with
four M. javanica populations. Experiments were performed between April and June 2019, when the average minimum
temperature was 16.2 °C and average maximum 26.3 °C.

Seeds were sown in pots containing commercial substrate (Horta 2, MecPlant, Telémaco Borba, Parand, Brazil).
Fifteen days after sowing, seedlings were transplanted to expanded polystyrene containers filled with 500 mL substrate
(1:1 mixture of clay soil and sand autoclaved for 2 h at 120 °C). At the time of transplant, plants were inoculated with 3
mL suspension containing 1000 eggs and eventual second-stage juveniles of M. javanica. Nematodes were extracted from
roots according to Boneti and Ferraz (1981), and the inoculum was adjusted using a Peters counting chamber under a light
microscope.

At 60 d after sowing, plants were collected and the roots washed, blotted dry with paper towels and weighed to obtain
fresh root weight. Galls were counted and the gall index (GI) was rated on a scale of 1 to 5, where 0 indicates absence of
galls, 1 indicates the presence of 1 to 2 galls, 2 represents 3 to 10 galls, 3 represents 11 to 30 galls, 4 represents 31 to 100
galls and 5 indicates the presence of more than 100 galls per plant (Taylor and Sasser, 1978). Nematodes were extracted
from roots according to Boneti and Ferraz (1981) and counted under a light microscope to obtain the total number of
nematodes, which was divided by the root fresh weight to obtain the nematode population density (number of nematodes
per gram of root). The reproduction factor (RF) was calculated as the total number of nematodes divided by the inoculum
amount (Oostenbrink, 1966). Plants with a RF < 1 were considered resistant and those with RF = 1 were considered
susceptible to the nematode.
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Statistical analysis

Data were subjected to ANOVA followed by Tukey’s test at P < 0.05. When necessary, data were transformed to Vix+1)
to meet normality assumptions based on the Shapiro-Wilk test. Statistical analyses were performed using the ExpDes.pt
package (Ferreira et al., 2011) of R version 3.5.1 (R Core Team, 2018).

RESULTS AND DISCUSSION

Green manure species

The aggressiveness of M. javanica populations to green manure species varied for buckwheat and soybean (Table 1).
Host x Nematode population interaction effects were significant for all parameters. Nematological parameters were high
in soybean, confirming the crop suitability (Table 1). Mj-3 and Mj-6 were the most aggressive to soybean (GI = 5.0),
followed by Mj-7 (GI = 3.5) and Mj-2 (GI = 2.67). Mj-2 had the lowest population density (9813 nematodes g"' root) in the
control; all other population densities were higher than 38 000 nematodes g root. Although the RF of Mj-2 on soybean
was high (33.69), it was still lower than that of the other populations (mean RF = 221; Table 1).

In pigeon pea, Mj-7 infection resulted in the highest GI (3.5); and Mj-6, in the lowest (GI = 0) (Table 1). Population
density and RF did not vary between populations. Pigeon pea was susceptible to Mj-2 (RF =2.56) and Mj-7 (RF = 2.99)
and resistant to Mj-3 (RF = 0.58) and Mj-6 (RF = 0.65).

The resistance of pigeon pea ‘IAPAR-43’ to M. javanica was previously reported (Miamoto et al., 2016). Its use as a
rotation crop with soybean is indicated because of its low susceptibility to Pratylenchus zeae Graham and P. brachyurus
(Godfrey) Filipjev & Schuurmans Stekhoven (Santana-Gomes et al., 2019). However, our results showed that caution
must be taken when using pigeon pea to control M. javanica, because, although its RF was lower than that of soybean,
pigeon pea was susceptible to Mj-2 and Mj-7.

The ability of M. javanica to infect a wide variety of hosts makes it difficult to select rotation crops for nematode
control. Plants that are considered susceptible (RF > 1) should not be disregarded if their RF is lower than that of
highly susceptible plants, such as soybean and maize, and especially if they provide other benefits, including N fixation,
competition with weeds and high production of organic matter (Debiase et al., 2016; Santana-Gomes et al., 2019).

Table 1. Gall index, nematode population density and reproduction factor of Meloidogyne javanica populations
inoculated in green manure species and soybean (control).

Population Gall index

Pigeon pea Radish Buckwheat Soybean
Mj-2 1.33bAB 0.67bB 2.00bA 2.67bA
Mj-3 1.67bB 3.17aAB 4.50aA 5.00aA
Mj-6 0.00cC 2.17aB 4.00aA 5.00aA
M;j-7 3.50aA 2.50aA 3.50abA 3.50abA
CV, % 14.83

Population density, nematodes g root

Mj-2 3889aAB 1438aB 1116bB 9813bA
Mj-3 94aC 3124aC 13316aB 40775aA
Mj-6 184aB 2076aB 1773bB 45161aA
M;j-7 2987aB 2614aB 4522abB 38422aA
CV, % 48.79

Reproduction factor

Mj-2 2.56aA 1.69aA 2.94bA 33.69bA
Mj-3 0.58aC 4.81aC 53.46aB 257.22aA
Mj-6 0.65aB 2.55aB 5.85bB 221.93aA
M;j-7 2.99aB 2.95aB 7.71bB 224.90aA
CV, % 55.73

For each parameter, means followed by the same lowercase letter in a column or uppercase letter in a row did not
differ (P> 0.05) by Tukey’s test. Data were transformed to V(x + 1) before analysis.
CV: Coefficient of variation.
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Radish had the lowest GI (0.67) when inoculated with Mj-2, indicating that this population was the least aggressive
to the crop (Table 1). Population densities did not differ, and the RF ranged from 1.69 (Mj-2) to 4.81 (Mj-3). Previous
studies found that M. javanica had an RF of 2.14, 2.44 and 2.20 on radish in three different seasons (Rosa et al., 2013).
As observed for pigeon pea, the RF on radish was much lower than that on soybean (33.69 to 257.22). Radish can grow
in weak and acid soils, contributing to soil decompaction, nutrient cycling (Krenchinski et al., 2018) and control of
Heterodera glycines Ichinohe and Rotylenchulus reniformis Lindford & Oliveira (Inomoto and Asmus 2009).

For buckwheat, Mj-3 was the most aggressive population, with a GI of 4.50, an RF of 53.46 and a population density
of 13316 nematodes g root (Table 1). Values of RF of the other nematode populations ranged from 2.94 to 7.71. The
susceptibility of buckwheat to M. javanica shows that care must be taken when using the crop as a control strategy.
The literature lacks information about the plant’s response to nematodes, precluding comparison of results. Aissani et
al. (2018) showed that polyphenols, fagopyrine and aldehydes extracted from buckwheat had nematicidal effects on M.
incognita (Kofoid & White, 1919) Chitwood. This plant is considered a green manure species because it regenerates
depleted soils, controls weeds and is tolerant to low soil pH and high Al levels (Al**) (Klein et al., 2010).

When comparing the different crops, we observed that soybean and buckwheat had the highest GI, except when
inoculated with Mj-7; plants inoculated with this population did not differ in GI (Table 1). Nematode population density
was highest in soybean for all M. javanica populations. In pigeon pea, radish and buckwheat, Mj-3 had the highest
population density. The population densities of Mj-2, Mj-6 and Mj-7 did not differ among the crops. Soybean had the
highest RF for all populations, except for Mj-2, which did not differ of the other crops (Table 1). On buckwheat, Mj-3
showed the highest RF.

Variation in nematode pathogenicity and virulence is not uncommon. This characteristic increases the difficulty in
controlling root-knot nematodes using crop rotation and resistant plants (Bucki et al., 2017). Potato cultivars showed
different susceptibilities to M. javanica populations (Lima-Medina et al., 2017). Mattos et al. (2016) evaluated the
aggressiveness of M. javanica and M. morocciensis Rammah & Hirschmann populations extracted from native vegetation
and soybean to different soybean genotypes and observed that nematodes extracted from soybean fields were more
aggressive than those extracted from native plants. Such studies demonstrate the importance of using aggressive nematode
populations to test the susceptibility of resistant plants and rotation crops (Lima-Medina et al., 2017), since a crop that is
resistant to a nematode population may be susceptible to another. Therefore, it is necessary to investigate the virulence
characteristics of nematode populations occurring in each locality (Bucki et al., 2017).

Meloidogyne javanica reproduces by mitotic parthenogenesis, sharing the same genetic heritage as its descendants.
However, phenotypic variations may occur when individuals are exposed to unfavorable environments, such as resistant
plants (Barbary et al., 2015). Thus, virulent specimens may descend from avirulent nematodes, contributing to the
maintenance of nematodes in the field over the generations (Castagnone-Sereno et al., 2019). Sharma et al. (2018)
argued that adaptive genetic variation is an evolutionary force that promotes morphological, physiological and metabolic
adaptations in the face of changes to the environment.

Millet cultivars

Significant interaction effects between M. javanica populations and millet cultivars were observed for all parameters. GI
values did not vary between populations in ‘BRS 1501” and soybean (Table 2). Mj-3 and Mj-7 resulted in the highest GI
in “ADR 300’, and Mj-6 and Mj-7 in ‘ADR 500°.

Nematode population density did not vary between populations in ‘BRS 1501” and ‘ADR 300’. In ‘ADR 500’ and
soybean, Mj-6 had the highest population density. In soybean, the population density of Mj-3 did not differ from that of
Mj-6 (Table 2).

The RF of M. javanica populations on ‘BRS 1501’ or ‘ADR 300’ did not differ significantly, although some values
were five times higher than others (Table 2). On ‘BRS 1501°, RF ranged from 2.73 (Mj-3) to 15.05 (Mj-7); and on ‘ADR
300, from 2.36 (Mj-6) to 10.88 (Mj-2). ‘ADR 500’ had the highest RF (about 19) when inoculated with Mj-6 and Mj-7,
much higher than when inoculated with Mj-2 (3.28). On soybean, the highest RF values were obtained with Mj-3 (152.91)
and Mj-6 (124.01), higher than those obtained with Mj-2 (43.31) and Mj-7 (72.66).

The variation in susceptibility between millet cultivars corroborates previous studies on BRS 1501. The cultivar was
found to be resistant to M. javanica in a study conducted by Gabriel et al. (2018) but susceptible to M. javanica in a study
by Inomoto et al. (2008).
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Table 2. Gall index, nematode population density and reproduction factor of Meloidogyne javanica populations
inoculated in millet ‘BRS 1501°, ‘ADR 300°, ‘ADR 500’ and soybean (control).

Population Gall index

BRS 1501 ADR 300 ADR 500 Soybean
Mj-2 0.43aB 1.00abB 0.86bB 2.71aA
M;j-3 1.00aB 1.71aB 1.43bB 4.86aA
Mj-6 0.43aB 0.14bB 3.43aA 5.00aA
Mj-7 1.57aB 1.43aB 2.86aAB 3.71aA
CV, % 19.45

Population density, nematodes g root

Mj-2 464aB 1323aB 346bB 17429bA
M;j-3 369aB 933aB 860abB 38793aA
Mj-6 389aBC 160aC 3430aB 38115aA
Mj-7 1753aB 257aB 3356abB 19930bA
CV, % 40.96

Reproduction factor

Mj-2 3.00aB 10.88aB 3.28bB 43.31bA
Mj-3 2.73aB 5.70aB 6.86abB 152.91aA
Mj-6 3.03aC 1.36aC 19.58aB 124.01aA
Mj-7 15.05aB 1.98aB 19.45aB 72.66bA
CV, % 37.93

For each parameter, means followed by the same lowercase letter in a column or uppercase letter in a row did not
differ (P> 0.05) by Tukey’s test. Data were transformed to V(x + 1) before analysis.
CV: Coefficient of variation.

Soybean had the highest GI compared to other crops, except ‘ADR 500’, from which it did not differ when inoculated
with Mj-6 (Table 2). Population density and RF were higher in soybean than in millet cultivars.

The RF of Mj-2 ranged from 3.00 on ‘BRS 1501’ to 43.31 on soybean (Table 2). The discrepancy between these crops
was even higher with Mj-3: the RF value ranged from 2.73 (‘BRS 1501°) to 152.91 (soybean). The RF of Mj-6 ranged
from 1.36 (‘ADR 300°) to 124.01 (soybean), and that of Mj-7 ranged from 1.98 (‘ADR 300’) to 72.66 (soybean).

Millet (cultivar not specified) and millet ‘ADR 300’ and ‘ADR 500’ were shown to be susceptible to M. javanica
(Carneiro et al., 2006; Gabriel et al., 2018) but resistant to P. brachyurus and R. reniformis (Gardiano et al., 2012; Neves,
2013). The plant has interesting characteristics for use as a cover crop, such as rapid growth, vigorous root system, high
tillering potential, high nutrient cycling ability and pathogen resistance (Padovan et al., 2012). The variability in the
aggressiveness of M. javanica populations to millet cultivars is likely due to genetic alterations in nematodes, which
influences how these individuals respond to plant defense mechanisms (Castagnone-Sereno, 2002). Therefore, it is
important to periodically monitor the root-knot nematode population in areas under millet cultivation. Added to this, the
need for additional care by seed companies, in evaluating new genetic materials against different populations of the same
species of nematode.

CONCLUSIONS

Green manure species and millet cultivars varied in their responses to Meloidogyne javanica populations of different
origins. Mj-2 was the most aggressive to millet ‘ADR 300’, Mj-3 to buckwheat and radish, Mj-6 to millet ‘ADR 500’ and
Mj-7 to pigeon pea and millet ‘BRS 1501°. Soybean was susceptible to all M. javanica populations.
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