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ABSTRACT

Meloidogyne javanica induces the formation of specialized feeding sites in host roots, affecting nutrient
absorption by the plant. Biological control agents, such as Pochonia chlamydosporia, may mitigate the damage
caused by nematodes. We hypothesized that the fungus contributes to plant nutrient absorption and soil
microbial activity, thereby reducing the negative impacts of nematode infection. This study aimed to assess the
influence of P. chlamydosporia on M. javanica reproduction, soil respiration, vegetative development, and
accumulation of macro- and micronutrients in soybean. Experiments were conducted in a greenhouse using
plants inoculated with M. javanica and treated with P. chlamydosporia, uninoculated plants treated with P.
chlamydosporia, untreated plants inoculated with M. javanica, and uninoculated untreated plants (absolute
control). The inoculum consisted of 2000 eggs and second-stage juveniles of M. javanica, and the treatment
consisted of 5.2x107 chlamydospores g™t at a dose of 2.5 kg ha™t. Water was used as control. At 60 d after
treatment, P. chlamydosporia reduced M. javanica reproduction by 40.3% and plant height was highest in
inoculated treated plants. Soil microbial biomass C reached the highest level in nematode-inoculated soil (3665
mg C kg), whereas basal respiration was stimulated by P. chlamydosporia treatment (0.51 mg CO,-C kgt h?).
The microbial metabolic quotient peaked in soils with both nematodes and the fungus. Regarding nutrition, P.
chlamydosporia enhanced P (+46%) and K (+69%) accumulation in leaves, while M. javanica infection increased
Zn content.
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INTRODUCTION

Nematodes of the genus Meloidogyne, commonly known as root-knot nematodes, are obligate parasites that
feed on plant roots by inducing specialized feeding sites composed of giant cells (Mahapatra and Nayak, 2019).
Giant cells have dense and granular cytoplasm, a large number of organelles, invaginated cell walls, and several
conspicuous nuclei (Favery et al., 2016; Mahapatra and Nayak, 2019). Parasitism results in cell hyperplasia and
hypertrophy, culminating in the formation of root galls (Favery et al., 2016).

The feeding sites of Meloidogyne females are formed in or near the xylem of the host plant, causing tissue
damage (Siddique and Grundler, 2018) and compromising water and nutrient absorption by the host
(Palomares-Rius et al., 2017). Infection symptoms, such as yellowed leaves, discolored stems and branches,

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 85(6) December 2025 - www.chileanjar.cl 894



defoliation, reduced plant size, and low yields, are observed in the aerial parts of infected plants as a result of
root dysfunction (Favery et al., 2016).

A strategy to mitigate the damage caused to host roots is to apply control methods that reduce nematode
penetration. Biological control tactics are widely used for nematode control (Hussain et al., 2017), and, in some
cases, have the advantage of promoting plant nutrition and growth, soil organic matter decomposition, mineral
solubilization, and release of chelating agents. Such effects contribute to root development, even in the
presence of nematodes (Manzanilla-Lépez et al., 2017), improving nutrient absorption efficiency (Abhilash et
al., 2016; Rinaldi et al., 2023). Endophytic organisms are the most promising in this regard (Kumar and Dara,
2021). The most widely used biological agents are fungi of the genus Trichoderma and bacteria of the genus
Bacillus (Albahadli et al., 2019; Messa et al., 2019).

Pochonia chlamydosporia (Goddard) Zare and Gams (Hypocreales, Clavicipitaceae) is another endophytic
fungus that shows potential for the control of nematodes. This soil saprophyte can parasitize eggs and
sedentary females of root-knot nematodes (Yi et al., 2021), including those of Meloidogyne enterolobii, M.
javanica, and M. incognita (Medeiros et al., 2015; Silva et al., 2017; Ghahremani et al., 2019). The action of P.
chlamydosporia seems to go beyond direct parasitism. Studies have shown that the fungus is able to induce
resistance to nematodes in plants (Medeiros et al., 2015; Zavala-Gonzalez et al.,, 2017) and compete with
nematodes in the rhizosphere (Zavala-Gonzalez et al., 2015). Because P. chlamydosporia is a good rhizosphere
colonizer (Zavala-Gonzalez et al., 2015), it is believed that it can improve microbial activity in the soil and
contribute to plant nutrient absorption; however, more research is needed to confirm these hypotheses.

The aim of this study was to assess nematode reproduction, plant vegetative development, soil respiration, and
macro- and micronutrient leaf contents of soybean infected with M. javanica and treated with P. chlamydosporia.

MATERIALS AND METHODS

Meloidogyne javanica and Pochonia chlamydosporia inocula

Meloidogyne javanica inoculum was obtained from a single-species population maintained on tomato in a

greenhouse (23°47'34.5" S, 53°15'22.1" W). Nematodes were extracted from plant roots by the method of

Hussey and Barker (1973) modified by Boneti and Ferraz (1981). The suspension was calibrated to 2000 eggs

and eventual second-stage juveniles (J2) mL™ using a Peter’s counting chamber under an optical microscope.
Pochonia chlamydosporia Pc-10 (Rizotec, 5.2x107 chlamydospores g™, Stoller, Campinas, Brazil) was used at the

manufacturer’s recommended dose (2.5 kg ha™). The product was applied to the soil in a spray volume of 50 L ha™.

Effect of P. chlamydosporia on M. javanica reproduction and soybean vegetative development

The experiment was carried out in a greenhouse, with temperatures ranging from 19.8 to 31.0 °C. A completely
randomized experimental design with four treatments and five replicates was used. The treatments consisted
of plants inoculated with M. javanica, plants treated with P. chlamydosporia, plants inoculated with M. javanica
and treated with P. chlamydosporia, as well as the absolute control (untreated and uninoculated plants).

Each experimental unit consisted of a polystyrene pot with 500 cm? of a 1:1 (v/v) mixture of soil (dystrophic
Red Latosol) and sand previously autoclaved at 121 °C for 2 h. Pots were fertilized with 0.7 g limestone and 0.12 g
NPK (04-14-08) fertilizer, as determined on the basis of soil chemical properties. A5 cm wide and 4 cm deep hole
was made in the soil and inoculated with 1 mL nematode suspension containing 2000 eggs + J2. Then, P.
chlamydosporia was applied to the hole at the specified dose, and a seed of soybean (Glycine max (L.) Merr.)
‘M6410 IPRO’" was sown.

After 60 d, the plants were harvested and separated into shoots and roots. Roots were washed, weighed, and
subjected to nematode extraction (Hussey and Barker, 1973; Boneti and Ferraz, 1981). Total nematode number
was determined using a Peter’s counting chamber under a light microscope. Nematode number was divided by
the root fresh weight to obtain the nematode population density (nematodes g root). The reproduction factor
was calculated as the final population density divided by the initial population density (Oostenbrink, 1966).

Root length, plant height, and shoot fresh and dry weights were assessed. For dry weight determination,
shoots were washed in deionized water and dried in a forced-air oven at 60 °C for 72 h until constant weight
was achieved. The dried material was stored in a dry room until analysis.
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Soil respiration

Soil was collected after plant harvest for determination of respiratory activity. Soil moisture content was
determined using a portion of wet soil with known weight. The wet soil was oven-dried at 105 °C to constant
weight. Then, moisture content was obtained as the difference between fresh and dry weights.

Soil basal respiration was evaluated by using the method of Jenkinson and Powlson (1976). Briefly, 30 g soil
was weighed and added to a 100 mL glass flask, and 10 mL 1 M sodium hydroxide (NaOH) was added to another
flask (100 mL). Both flasks were placed in a hermetically sealed glass container (500 mL) to ensure that CO:
entry or escape did not occur. The control consisted of flask containing 10 mL 1 M NaOH placed in a separate
glass container (500 mL). Samples and control were incubated for 7 d in the dark at room temperature (25-28
°C). After incubation, NaOH flasks were removed from the containers and received the addition of 2 mL 10%
barium chloride and three drops of 3% phenolphthalein solution in alcohol. The mixture was titrated using 0.5
M hydrochloric acid (HCI) until the color changed from pink to colorless. The concentration of CO2 absorbed by
the NaOH solution was calculated according to Equation 1:

* M % 6 1000
SxXT

SBR = (vg —vs) [1}

where SBR is the soil basal respiration (mg CO2-C kg™ soil h™%); vc is the volume of NaOH consumed in the control
titration (mL); vs is the volume of NaOH consumed in the sample titration (mL); M is the molar concentration
of HCl (mol L™Y), S is the soil dry weight (g), and T is the incubation time (h).

Soil microbial biomass C was determined by the fumigation-extraction method (Medeiros et al., 2015;
2019). For this, 20 g soil was collected from each experimental unit and divided into two 100 mL glass flasks (10
g soil each). One flask was subjected to fumigation and the other was not. For fumigation, flasks received 1 mL
ethanol-free chloroform and were closed and stored in the dark for 24 h at 25-28 °C. After this period, caps
were removed under a fume hood, and chloroform was allowed to evaporate (Brookes et al., 1982; Witt et al.,
2000). Nonfumigated samples received the addition of 10 g soil only.

Carbon was extracted from fumigated and nonfumigated samples by addition of 50 mL 0.5 M potassium
sulfate solution. Samples were shaken at 220 rpm for 30 min in an orbital shaker and then allowed to stand for
30 min. The supernatant (extract) was filtered and collected. An aliquot of 8 mL extract was transferred to a
250 mL Erlenmeyer flask and received the addition of 2 mL 0.066 M potassium dichromate solution, 10 mL
95%-98% sulfuric acid (H2504), and 5 mL 85% orthophosphoric acid. After cooling, the solution was mixed with
70 mL deionized water, cooled again, and mixed with four drops of 1% diphenylamine (C12H11N). Titration was
performed with a solution of 0.033 M ammonium ferrous sulfate [(NH2)2Fe(S0a4)2:6H20] until the color changed
from purple to green. Microbial biomass C was calculated using Equation 2:

(Ve—Vg) M % 0.003 x ¥, x 10°
SXV,

MBC = (2)

where MBC is the microbial biomass C (mg C kg™ soil), Vc is the volume of ammonium ferrous sulfate consumed
in control titration (mL), Vs is the volume of ammonia ferrous sulfate consumed in sample titration (mL), M is
the molar concentration of ammonium ferrous sulfate (mol L™), V1 is the volume of potassium sulfate (mL), V2
is the volume of extract used for titration (mL), 0.0033 is the milliequivalent of C, S is the soil dry weight (g),
and Kc is the correction factor (0.4) proposed by Kaschuk et al. (2010).

The soil microbial metabolic quotient was determined as the ratio of basal respiration to microbial biomass
C (Silva et al., 2007), as shown in Equation 3. The parameter can indicate microbial stress.

qCo, = % x 1000 (3)

where qCO; is the microbial metabolic quotient (mg CO»-C gt MBC h™?), SBR is the soil basal respiration (mg
CO»-C kg™t soil h™), and MBC is the microbial biomass C (mg C kg™ soil).

Accumulation of macro- and micronutrients in soybean leaves

Dry leaves were ground using a Willey knife mill and sieved through 20 and 40 mesh sieves to obtain powdered
samples. Samples were packed in hermetically sealed plastic bags. Aliquots of 500 mg were taken from
powdered samples to determine macronutrient (P, K, Ca and Mg) and micronutrient (Zn, Cu, Fe and Mn)
contents. Nutrient analyses were performed using the method of Malavolta et al. (1997). The N content was
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determined by the semi-micro Kjeldahl method using 100 mg powdered samples. Samples were transferred to
digestion tubes, placed in a digester block, and mixed with 6 M digester solution until the temperature reached
about 450 °C. Digestion was complete after about 10 h, when samples showed a clear color. Digested samples
were distilled using an N distiller (Tecnal, Piracicaba, Brazil) with boric acid indicator solution until the color
changed from pink to green. Then, distilled samples were titrated with H2SO4 until the color changed from
green to pink. N content was calculated using Equation 4:

Vg X 0.021 X 4 X Fg X 100
- 1000 X w

N (4)

where N is the sample N content (%), Vg is the titrant (H25S04) volume, 0.021 is the molar concentration of H2SOa, Fc
is the correction factor for H2SO4 (1.675), and w is the sample weight. The N content was then transformed to g kg™

The other compounds were determined by using 500 mg powdered samples. Briefly, samples were digested
in a block digester using nitric-perchloric acid solution until the temperature reached about 450 °C. Then, each
sample (2 mL) was transferred to a volumetric flask. Deionized water was added to complete the volume to 50
mL. The absorbance was read using an atomic emission spectrometer (4200 MP-AES, Agilent Technologies,
Santa Clara, California, USA), according to Malavolta et al. (1997). Macronutrient content was expressed as g kg™,
and micronutrient content was expressed as mg kg™.

Statistical analysis

Experimental data were subjected to ANOVA at the 5% significance level. When differences were significant,
means were compared by Tukey’s test at the 5% significance level. Analyses were performed using Sisvar
software (Ferreira, 2011).

RESULTS AND DISCUSSION

Effect of Pochonia chlamydosporia on Meloidogyne javanica reproduction and soybean vegetative development
Total nematode number and reproduction factor were influenced by treatment with P. chlamydosporia. The fungus
promoted a 40.3% reduction in M. javanica reproduction (Table 1). Inoculated treated plants had a greater height
than the inoculated control, but differences were nonsignificant (Table 2). Root fresh weight was higher in inoculated
plants. The other vegetative parameters were not influenced by nematode inoculation or fungal treatment.

Table 1. Population of Meloidogyne javanica in soybean ‘M6410 IPRO’ roots, treated or not with
Pochonia chlamydosporia. Means followed by the same letters within a column do not differ
significantly at p < 0.05 by Tukey at 5%. "“Nonsignificant. CV: Coefficient of variation.

Treatments Nematodes g' root Total nematodes Reproduction factor
M. javanica 6634 22903° 11.47°
M. javanica + P. chlamydosporia 4661 13677° 6.83°
CV, % 45.20 24.95 21.72

Table 2. Height, fresh weight (FSW) and dry shoot weight (DSW), fresh root weight (FRW) and root
length (RL) of soybean ‘M6410 IPRO’ parasitized or not per Meloidogyne javanica and treated or not
with Pochonia chlamydosporia. Means followed by the same letters within a column do not differ
significantly at p < 0.05 by Tukey at 5%. "“Nonsignificant. CV: Coefficient of variation.

Treatments Height FSW DSW FRW RL

cm g g g cm
M. javanica (Mj) 280  80.9™ 211"  56.0°  20.8™
Mj + P. chlamydosporia 34.42 82.7 26.5 35.9° 18.6
P. chlamydosporia 28.2% 101.2 26.3 27.3P 19.2
Control 24.7° 74.9 21.1 33.6° 20.8
CV, % 15.12 27.33 16.12 24.42 36.01
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Soil respiration

Microbial biomass C was highest in untreated soil inoculated with M. javanica, followed by uninoculated soil
treated with P. chlamydosporia (Table 3). The presence of M. javanica alone reduced soil basal respiration
compared with other treatments, which did not differ from each other or from the control. The microbial
metabolic quotient was highest in inoculated treated soil (Table 3).

Table 3. Soil respiratory activity cultivated with soybean ‘M6410 IPRO’, parasitized per Meloidogyne
javanica and treated or not with Pochonia chlamydosporia. Means followed by the same letters within a
column do not differ significantly at p < 0.05 by Tukey at 5%. MBC: Microbial biomass C; RBS: soil basal
respiration; qCO2: microbial metabolic quotient. “Nonsignificant. CV: Coefficient of variation.

Treatments MBC SBR qCO2

mg C kg'lsoil mgCOxCkgtsoilh? mgCO.,.CglMBCh?
M. javanica (Mj) 3665.84° 0.29° 0.08°
Mj + P. chlamydosporia 166.62°¢ 0.61° 4.46°
P. chlamydosporia 2381.41° 0.51° 0.21°
Control 685.03¢ 0.59° 0.87°
CV, % 23.98 16.58 84.09

Accumulation of macro- and micronutrients in soybean leaves

The P and K levels were highest in uninoculated treated plants (Figure 1). Compared to inoculated untreated
plants, plants treated with the fungus had a 46% higher P content and a 69% higher K content. Treatment with
P. chlamydosporia did not differ from treatment with M. javanica and P. chlamydosporia. Regarding
micronutrients, Zn levels were higher in inoculated untreated plants than in inoculated treated plants (Figure
2), which did not differ from other plants.

Pochonia chlamydosporia was effective in controlling M. javanica reproduction on soybean, corroborating
the results of previous studies (Medeiros et al., 2015; Ghahremani et al., 2019). Pochonia chlamydosporia is a
chitinolytic fungus (Yi et al., 2021) that acts mainly by parasitizing nematode eggs (Ghahremani et al., 2019).
Root-knot nematodes deposit eggs in a gelatinous matrix. Not only the egg sac but also individuals within the
sac can be destroyed by the action of the fungus (Yi et al., 2021).

Pochonia chlamydosporia has other mechanisms of action against Meloidogyne spp. The fungus can
endophytically colonize plant roots, promoting hormonal and enzymatic changes that lead to enhanced plant
development or activation of natural defense mechanisms (Medeiros et al., 2015; Zavala-Gonzalez et al., 2017).
Rhizosphere colonization by the fungus also reduces nematode penetration in roots, compromising nematode
development and reproduction (Zavala-Gonzalez et al., 2015).

Despite the reports that P. chlamydosporia promotes plant growth (Zavala-Gonzalez et al., 2015), there was
no conclusive evidence of this effect in the present study. An increase in plant height was observed only in plants
treated with P. chlamydosporia and inoculated with M. javanica. However, inoculated treated plants did not differ
from inoculated untreated or uninoculated treated plants, which can be attributed to the fact that both the fungus
and the nematode induce indoleacetic acid synthesis (Zavala-Gonzalez et al., 2015), contributing to plant
development (Meneguzzi et al., 2015). On the other hand, the fungus did not promote an increase in other
vegetative parameters, in agreement with the findings of Ghahremani et al. (2019), who, in applying P.
chlamydosporia to control M. incognita in tomato, did not observe an increase in shoot fresh or dry weights.

The complex relationship between biological agent, nematode, and plant is influenced by soil parameters.
Thus, the plant’s response to inoculation and treatment is expected to be variable. The high root weight
observed in inoculated untreated plants may be associated with the formation of root galls by nematode action
(Vilela et al., 2021).

Soil microbial biomass C was highest in inoculated untreated plants, followed by uninoculated treated
plants. In this case, as there were no interactions between organisms, soil conditions were likely favorable for
the development of nematodes and fungi (Oliveira et al., 2016), thereby increasing microbial biomass in the
soil. On the other hand, the parasitic interaction of the fungus with the nematode probably reduced the number
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of soil microorganisms (Maboreke et al., 2017). It is worth noting that the soil used in this study was previously
autoclaved; thus, other natural soil inhabitants were partially or completely eliminated (Hu et al., 2020), and
the results of microbial biomass (living organisms) are associated almost entirely to the presence of the
introduced organisms (Kaschuk et al., 2010).
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Figure 1. Macronutrients in soybean ‘M6410 IPRO’ leaves, parasitized or not per Meloidogyne
javanica (Mj) and treated or not with Pochonia chlamydosporia (Pc). Means followed by the same
letters between columns do not differ significantly at p < 0.05 by Tukey at 5%. "Nonsignificant.

Soil basal respiration is the amount of soil Cin the form of CO; resulting from the respiration of decomposers
(Medeiros et al., 2019). Pochonia chlamydosporia is a saprobiontic fungus; i.e., it feeds on decaying organic
matter, contributing to soil basal respiration (Dhiman et al.,, 2024). This explains why P. chlamydosporia
treatment increased basal respiration. However, the treatment did not differ from the uninoculated untreated
control, which might be associated with the effects of abiotic factors, such as soil moisture, temperature, and
aeration (Silva et al., 2007).

Microbial metabolic quotient was highest in soil inoculated with both nematodes and fungi. This parameter
is related to the efficiency of microorganisms to use available C for growth (Batista et al., 2018). It is possible
that nematodes had high energy expenditure because of the stress caused by P. chlamydosporia parasitism
(Manzanilla-Lopez et al., 2017; Monteiro et al., 2017), affecting the soil microbial biomass.

The P and K accumulated in the leaves of soybean treated with P. chlamydosporia compared with leaves of
untreated plants inoculated with M. javanica. This result supports the hypothesis that the fungus can solubilize
nonlabile forms of P, making the compound soluble and available for plant absorption (Zavala-Gonzalez et al.,
2015). A previous study showed that P. chlamydosporia increases the availability of other nutrients, such as K
(Zavala-Gonzalez et al., 2015). The endophytic relationship between fungus and plant might have contributed to
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nutrient absorption. In plants infected with nematodes, absorption and translocation of water and nutrients are
affected by the formation of feeding sites in the xylem (Palomares-Rius et al., 2017; Siddique and Grundler, 2018).

Under the experimental conditions of the present study, P. chlamydosporia did not positively influence
micronutrient absorption. One hypothesis is that soil autoclaving reduced organic matter content and,
consequently, micronutrient levels, leading to low micronutrient availability for plant absorption. However, Zn
absorption was highest in untreated plants inoculated with M. javanica. Because research on the effects of
nematodes on micronutrient absorption is scarce, further investigations with different types of soil and
fertilization strategies are needed to better understand this relationship.
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Figure 2. Micronutrients in soybean ‘M6410 IPRO’ leaves, parasitized or not per Meloidogyne
javanica (Mj) and treated or not with Pochonia chlamydosporia (Pc). Means followed by the same
letters between columns do not differ significantly at p < 0.05 by Tukey at 5%. ™Nonsignificant.

CONCLUSIONS

Pochonia chlamydosporia treatment not only effectively controlled Meloidogyne javanica reproduction but also
positively influenced the soil microbial community and plant absorption of P and K. This biological agent shows
potential to be used in sustainable nematode management strategies. However, further research is needed to
understand the relationship between macro- and micronutrient accumulation, soil properties, and the plant-
fungus-nematode pathosystem.
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