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INTRODUCTION

Black pepper (Piper nigrum L.) is a perennial 
vine whose berries are highly valued as a spice 
and a medicine (Izzah and Wan Asrina, 2019). It 
is an economically important crop in Malaysia 
and an important cash crop of Sarawak (Izzah 
and Wan Asrina, 2019). ‘Kuching’ is one of the 
traditional cultivars grown with high yields but 
it is highly prone to major root diseases, e.g., 
root knot nematodes (RKN) (Izzah and Wan 
Asrina, 2019). In Malaysia, RKN are ubiquitous, 
severely damage black pepper roots (Trinh, 
2010) and are among the major causes of reduced 
yields and quality in black pepper (Ravindra et 
al., 2014). Therefore, eco-friendly strategies 
to reduce RKN infestation in black pepper are 
required, especially owing to the fact that a given 
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ABSTRACT

Purpose: Root-knot nematodes (RKN) remain one of the leading causes of economic damage in black 
pepper (Piper nigrum L.) cultivation worldwide. An experiment was conducted to evaluate the response of 
black pepper plants to RKN when irrigated with three nutrient solutions; Hoagland solution only, Hoagland 
solution + 0.005 mM potassium silicate solution, and Hoagland solution + 2 mM salicylic acid solution.

Research Method: Plants grown in medium-sized polybags were inoculated with RKN and routinely 
irrigated with the appropriate nutrient solutions. Presence of foliar symptoms of RKN infection on plants, 
their aerial growth plus root infestation were assessed. Superoxide anion and hydrogen peroxide production 
from the plant leaves were also detected after inoculation. 

Findings: Foliar symptoms of RKN infection started manifesting after 81 days from inoculation. Plants 
without silicate or salicylic acid supplementation displayed the most severe foliar disorder symptoms, 
highest root galling and the shortest aerial growth. Plants irrigated with potassium silicate had the highest 
aerial growth and their leaves showed the least oxidative stress when challenged with RKN.

Originality/value: From present results, soil amendment with potassium silicate is a promising tool for 
reducing root galling and promoting aerial growth in RKN-infested black pepper fields.

Keywords: Hoagland solution, Induced plant health, Potassium silicate, Reactive oxygen species, Root 
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black pepper farm can be infested by many RKN 
species at one time (Trinh, 2010). The RKN 
problem can be escalated if the nematode species 
favour the available weeds in a given field (Naz 
et al., 2012). 

Among the advances employed to control 
RKN include crop rotation, application of wide 
spectrum of chemical nematicides plus use of 
resistance genes (Mitkowski and Abawi, 2003), 
use of bioagents (Naz et al., 2020), grafting 
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susceptible varieties onto nematode-resistant 
rootstocks (Sim and Rosmah, 2011), besides 
others. Each of the above advances has associated 
challenges that limit its sustainability; the broad 
host spectrum of RKN species limits the use 
of crop rotation (Mitkowski and Abawi, 2003). 
Fumigants and nematicides pose a threat to both 
humans and the ecosystem due to their gradual 
environmental toxicities (Naz et al., 2020). Efforts 
to graft P. nigrum shoots onto P. colubrinum 
rootstocks yielded high initial success but graft 
incompatibility (Sim and Rosmah, 2011) led to 
poor plant survival (Lau et al., 2012). 

Although silicon (Si) is a non-essential nutrient, 
its roles in disease/pathogen suppression and in 
regulation of plant nutrient uptake have been 
highlighted in previous works (Laane, 2018). 
Amendment of soil with Si has successfully 
decreased the RKN reproduction rate, root 
galling, population density and overall RKN 
development in cucumber, rice, sugarcane, coffee, 
among others (El-sherif et al., 2016; Zhan et al., 
2018). Several related reports have revealed an 
increasing interest in inducing RKN resistance 
using exogenous salicylic acid (SA) in different 
crops e.g. okra, tomatoes, cowpeas, among 
others (Molinari et al., 2014; Moslemi et al., 
2016). In many plant-pathogen interactions, SA 
has been linked with H2O2 accumulation during 
regulation of plant defence responses (Matthew 
and Olubukola, 2019). Additionally, exogenous 
SA has been extensively used in improving 
nutrient uptake, stimulating vegetative growth 
and root development (Pasternak et al., 2019). 
Therefore, irrigating black pepper seedlings with 
nutrient solutions supplemented with exogenous 
Si and SA provides hope for production of 
healthier roots which are less susceptible to RKN 
infestation.

Production of hydrogen peroxide, superoxide 
anions, among other reactive oxygen species 
(ROS) is one of the many defence responses 
exhibited by plants (Ali et al., 2018). Pietrowska 
et al., 2014 observed the superoxide anion (O2•-
) generation was almost doubled in the leaves 
of tested plants after inoculation with fungal 
pathogen as compared to the non-inoculated 
cultures from 6 hours post inoculation. Similarly, 
infestation of plant roots by RKN subjects plants 

to oxidative stress, which manifests as increased 
production of ROS. Hydrogen peroxide (H2O2) 
accumulation is reflective of oxidative stress in 
the plant and a characteristic of increased defence 
responses by the plant, during and after successful 
microbial infection (Nicholas and Dominique, 
2019). Hydrogen peroxide accumulation is 
known to increase during disease development, 
as proved in tomato leaf tissues and sugarcane 
plants (Pietrowska et al., 2014; Ashwin et al., 
2018).

Although information regarding the use of 
ROS detection approach to diagnose RKN 
infestation in black pepper fields is still lacking 
in the available literature, its application and/or 
adoption could provide timely insights onto the 
extent of RKN infestation in black pepper farms 
and ultimately reveal which nutrient composition 
protects RKN-inoculated black pepper plants 
from deleterious oxidative impact.

The current study aimed to evaluate the impact of 
potassium silicate and exogenous SA amendments 
in the nutrient solution, on RKN infestation in 
black pepper (P. nigrum cv. ‘Kuching’) plants. 
This study also aimed at evaluating the oxidative 
stress by assessing the production of superoxide 
anion (O2•-) and hydrogen peroxide (H2O2) in 
black pepper leaves after inoculation of the plant 
rhizosphere with RKN. From our knowledge, 
this will be the first study documenting the 
influence of RKN on black pepper plants by 
the use of potassium silicate and detecting the 
production of ROS in leaves of black pepper 
plants inoculated with RKN. Because of the 
significance of Sarawak black pepper production 
to Malaysia’s economy, positive results of this 
study can be exploited by both future researchers 
and black pepper farmers. 

MATERIALS AND METHODS

Black pepper (P. nigrum cv. ‘Kuching’) stem 
cuttings with 2-3 nodes were obtained from the 
Malaysian Pepper Board and hydroponically 
planted in three nutrient media namely; 
Hoagland solution only (T1), Hoagland solution 
+ 0.005 mM potassium silicate solution (T2) 
and Hoagland solution + 2 mM salicylic acid 
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solution (T3). Hoagland solution (T1) was used 
as the baseline nutrient medium i.e. negative 
control formulation. Nutrient salts used 
included Hoagland’s No. 2 basal salt mixture 
powder (Sigma-Aldrich, USA), potassium 
silicate (sigma-Aldrich, Canada), Salicylic acid 
(Merck, China), among others. After 12 weeks 
of hydroponic culturing, each black pepper plant 
was carefully transplanted into 23 cm × 15 cm 
sized polybags containing moist autoclaved 
soil (loam sand - 1:1 v/v). These plants were 
transferred to the green house, organised in a 
completely randomized design, followed by 
irrigation of each plant with its treatment every 
5 days throughout the experimental period. Each 
nutrient medium i.e. T1, T2, T3 comprised of 3 
replicates, each containing 15 plants.

Root knot nematodes (Meloidogyne species) 
were sourced from soil samples collected from 
a black pepper farm infested with RKN in 
Bintulu-Sarawak, Malaysia. Approximately 500 
g soil from the rhizosphere of each galled root 
system was collected and transported in coolers 
to the laboratory for extraction of Meloidogyne 
species, following the tray/sieving procedure 
modified from Whitehead and Hemming (1965). 
Pre-sieved 200 mL soil subsamples were wetted 
and spread out thinly on stainless steel sieves 
(BS410, Malaysia) of different apertures stacked 
in sequence, namely 150, 75, 45 µm, respectively. 
A filter paper (Whatman, 150 mm) was placed 
on top of the 45 µm sieve resting in a collecting 
dish, after which the experiment was left to stand 
for 12 hours. The filtrate in the collecting dish 
was carefully poured into a measuring cylinder 
and the supernatant was carefully sucked off 
using a pipette, leaving the nematode suspension 
(Meloidogyne species inoculum) in the cylinder. 
Morphological species identification of the 
nematode inocula revealed a mixture of more 
than one Meloidogyne species in the soil samples 
and the presence of egg cases, second-stage 
juveniles and adult male Meloidogyne species 
(data not shown). Using a pipette, 30 mL of the 
Meloidogyne species inoculum was inoculated 
7 cm deep into the root rhizosphere of each 
experimental plant, at an inoculation distance of 
3 cm from the experimental plant’s stem base. 
A total of 15 P. nigrum cv. ‘Kuching’ plants 

from each treatment (5 random plants from each 
replicate), were not inoculated and thus served 
as control samples. Experimental plants were 
continuously monitored for presence of any 
foliar symptom of RKN infection. 

Assessment of the impact RKN had on shoot 
criteria in each treatment composition was carried 
out every 07 days after inoculation (dai) i.e. at 07, 
14, 21, until 140 (end of the experiment). Total 
number of spikes, new leaves, leaf area of new 
leaves, shoot height, and number of new nodes 
were the growth assessments made. Leaf area 
was calculated from an indirect non-destructive 
method proposed by De Swart et al. (2004) 
and adopted in Khan et al. (2016)’s study; LA 
= 0.690 × L × W where LA = Leaf Area (cm)2, 
L = leaf length (cm) and W = leaf width (cm). 
For assessment of root galls on the root system 
of inoculated P. nigrum cv. ‘Kuching’ plants, 
randomly-selected symptomatic plants from each 
treatment were uprooted at 140 dai, their roots 
gently washed in tap water and blotted until dry.

In vivo detection of superoxide anion (O2•-) 
and hydrogen peroxide (H2O2) in leaves of P. 
nigrum cv. ‘Kuching’ plants inoculated with 
Meloidogyne species was done every 05 days 
after inoculation (dai) i.e. at 0, 05, 10, 15, 20 
and at 25. On each of these sampling days, three 
leaves (second-young leaf) from different plants 
of the same treatment were randomly selected for 
each treatment composition and used as samples 
for the O2•- assay. On the same days, a similar 
procedure was repeated for samples used in 
the H2O2 assay. Leaves were excised from the 
plants, their petioles were immediately wrapped 
with wet tissue paper to minimize water loss 
after excising and were quickly transferred in 
coolers to the laboratory. Detection of hydrogen 
peroxide and superoxide anions were done using 
the 3,3’ diaminobenzidine (DAB) and Nitro 
Blue Tetrazolium (NBT) assays respectively, 
following Kumar et al. (2014)’s histochemical 
protocols. Data were processed using the SAS 
software version 9.2 and the Shapiro-Wilk test 
was employed to check data normality. Mean 
separations were performed through the Duncan’s 
multiple range test, at 0.05 probability level. 
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RESULTS 

Foliar Symptoms of infection exhibited by P. 
nigrum cv. ‘Kuching’ plants inoculated with 
Root Knot Nematodes

Foliar symptoms of root knot nematode (RKN) 
infection in P. nigrum cv. ‘Kuching’ plants were 
first observed in plants irrigated with Hoagland 
solution only (T1) at 81 days after inoculation 
(dai) (Table 01). These symptoms were 
manifested as; (i) non-uniform leaf yellowing 
(ii) wilted upper leaves and (iii) leaf defoliation. 
Generally, plants displaying foliar RKN infection 
symptoms followed the order; T1 > T3 > T2 > 
uninoculated plants. Leaves of inoculated plants 
irrigated with Hoagland solution supplemented 
with potassium silicate (T2) appeared healthy 
and uniformly green even by 95 dai (Table 01). 
Similarly, the shoot system of uninoculated plants 
appeared healthy and uniformly green even at 
102 dai. Infection symptoms in uninoculated 
plants slowly started manifesting at 109 days of 

experimentation, displaying a few leaves with 
non-uniform yellowing i.e. 0.13 ± 0.07 leaves.

Effect of Root Knot Nematodes on the aerial 
growth of P. nigrum cv. ‘Kuching’ plants 
irrigated with Different Treatment Compositions

The first spike was observed at 49 dai in T2 
plants (Table 02) and this treatment composition 
promoted production of the significantly 
highest total number of spikes throughout the 
experimental period, with 38.25 ± 0.21 spikes 
at 140 dai. T1 and T3 plants generally produced 
similar total number of spikes. Results in Table 
03 indicate that T2 favoured production of the 
significantly highest number of new leaves i.e. 
39.02 ± 0.11 at 140 dai. Additionally, plants 
irrigated with T2 produced the significantly 
highest shoot height, leaf area of new leaves, and 
the highest number of new nodes followed by 
plants irrigated with T3 i.e. T2 > T3 > T1 (Tables 
04, 05 and 06, respectively).

Table 01:	 Total number of P. nigrum cv. ‘Kuching’ plants exhibiting foliar symptoms of root knot 
nematode infection.

Days after 
inoculation

Total No. of plants exhibiting foliar symptoms of root knot nematode infection

Treatment 1 Treatment 2 Treatment 3 Uninoculated plants

81 5.88 ± 0.02a 0.0000a 0.0000a 0.0000a

88 11.76 ± 0.09a 0.0000b 7.14 ± 0.03a 0.0000b

95 17.65 ± 0.06a 0.0000b 21.43 ± 0.02a 0.0000b

102 23.78 ± 0.48a 3.43 ± 1.10b 23.35 ± 0.67a 0.0000b

109 24.39 ± 0.21a 12.20 ± 0.01b 29.26 ± 0.52a 0.13 ± 0.07c

116 27.01 ± 0.29a 18.24 ± 1.11b 33.41 ± 0.29a 4.11 ± 0.47c

123 32.40 ± 0.09a 23.81 ± 0.53b 33.96 ± 0.30a 7.46 ± 0.73c

130 33.30 ± 0.15a 25.40 ± 0.00b 38.23 ± 0.55a 7.60 ± 0.91c

137 43.76 ± 0.20a 25.62 ± 0.10b 41.46 ± 0.77a 12.87 ± 1.13c

144 55.99 ± 0.30a 29.87 ± 0.09c 43.32 ± 0.61b 16.78 ± 1.07d

Values in the Table 0are Mean ± standard deviation. Means with the same superscript in the row are not significantly different at P ≤ 
0.05 using Duncan’s Multiple Range Test
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Table 02:	 Total number of spikes produced by P. nigrum cv. ‘Kuching’ plants inoculated with root 
knot nematodes.

Days after 
inoculation

Number of spikes

Treatment 1 Treatment 2 Treatment 3

49 0.0000a 2.67 ± 0.70a 0.0000a

56 4.47 ± 0.20ab 6.37 ± 0.88a 2.46 ± 0.50b

63 5.96 ± 0.22a 6.47 ± 0.51a 4.26 ± 0.71b

70 6.15 ± 0.45a 7.83 ± 0.57a 6.05 ± 0.93a

77 9.48 ± 0.62b 13.62 ± 0.91a 7.32 ± 0.41b

84 9.82 ± 0.35b 14.97 ± 0.70a 8.07 ± 0.88b

91 10.89 ± 0.58b 15.83 ± 0.50a 13.45 ± 0.20ab

98 14.39 ± 0.60a 15.93 ± 0.58a 14.70 ± 0.28a

105 16.91 ± 0.18a 18.62 ± 0.74a 19.19 ± 0.81a

112 17.18 ± 0.52b 26.72 ± 0.09a 22.93 ± 0.18ab

119 19.20 ± 0.73b 29.52 ± 0.55a 26.05 ± 0.37a

126 24.33 ± 0.63b 32.32 ± 1.02a 26.26 ± 0.60b

133 27.55 ± 0.43b 35.16 ± 0.10a 28.79 ± 0.15b

140 29.02 ± 0.28b 38.25 ± 0.21a 29.18 ± 0.31b

Values in the Table 0are Mean ± standard deviation. Means with the same superscript in the row are not significantly different at P ≤ 
0.05 using Duncan’s Multiple Range Test

Table 03:	 Number of new leaves of P. nigrum cv. ‘Kuching’ plants inoculated with root knot 
nematodes.

Days after 
inoculation

Number of new leaves
Treatment 1 Treatment 2 Treatment 3

7 0.33 ± 0.88b 0.37 ± 0.50b 2.14 ± 0.20a

14 1.16 ± 0.45b 0.62 ± 0.35b 2.01 ± 0.62a

21 1.19 ± 0.04b 0.81 ± 0.01b 1.92 ± 0.05a

28 2.00 ± 0.88a 0.71 ± 0.50b 1.51 ± 0.20ab

35 3.50 ± 0.24a 1.54 ± 0.35b 1.68 ± 0.62b

42 4.11 ± 0.05a 3. 45 ± 0.04ab 2.84 ± 0.09b

49 4.32 ± 0.18b 6.68 ± 0.35a 3.38 ± 0.58b

56 5.14 ± 0.11ab 6.61 ± 0.13a 3.46 ± 0.24b

63 5.78 ± 0.16a 6.97 ± 0.11a 3.72 ± 0.23b

70 4.85 ± 0.59b 8.46 ± 0.44a 4.03 ± 0.47b

77 4.75 ± 0.26b 9.73 ± 0.35a 4.45 ± 0.13b

84 6.93 ± 0.08b 11.09 ± 0.07a 7.81 ± 0.03b

91 8.06 ± 0.26b 15.29 ± 0.28a 8.89 ± 0.21b

98 9.04 ± 0.01b 16.43 ± 0.07a 9.04 ± 0.20b

105 15.55 ± 0.03a 16.36 ± 0.18a 13.49 ± 0.04a

112 18.00 ± 0.10a 18.09 ± 0.14a 17.55 ± 0.08a

119 24.94 ± 0.08a 25.37 ± 0.07a 17.82 ± 0.17b

126 27.50 ± 0.10b 36.49 ± 0.12a 19.08 ± 0.21c

133 27.68 ± 0.22b 37.07 ± 0.00a 24.73 ± 0.30b

140 29.94 ± 0.10b 39.02 ± 0.11a 28.33 ± 0.20b

Values in the Table 0are Mean ± standard deviation. Means with the same superscript in the row are not significantly different at P ≤ 
0.05 using Duncan’s Multiple Range Test
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Table 04:	 Shoot height of P. nigrum cv. ‘Kuching’ plants inoculated with root knot nematodes.

Days after 
inoculation

Shoot height (cm)

Treatment 1 Treatment 2 Treatment 3

7 4.89 ± 0.55a 5.33 ± 0.25a 6.03 ± 0.19a

14 5.33 ± 0.20a 7.20 ± 0.26a 7.87 ± 0.07a

21 5.90 ± 0.46b 7.85 ± 0.60ab 9.53 ± 0.74a

28 7.39 ± 0.52b 12.34 ± 0.66a 8.65 ± 0.47b

35 8.31 ± 0.49b 11.39 ± 0.33a 8.67 ± 0.72b

42 12.52 ± 0.53b 17.90 ± 0.41a 12.40 ± 0.53b

49 13.71 ± 0.60b 21.44 ± 0.62a 15.79 ± 0.66b

56 14.05 ± 0.12b 22.06 ± 0.29a 15.80 ± 0.57b

63 15.08 ± 0.19b 25.84 ± 0.04a 16.40 ± 0.05b

70 17.24 ± 0.09b 26.06 ± 0.09a 18.13 ± 0.05b

77 17.39 ± 0.18b 26.62 ± 0.22a 19.46 ± 0.25b

84 19.07 ± 0.93b 27.34 ± 0.57a 21.44 ± 0.45b

91 20.35 ± 0.04b 27.76 ± 0.01a 21.62 ± 0.05b

98 24.35 ± 0.05b 30.62 ± 0.07a 24.90 ± 0.02b

105 27.81 ± 0.04a 31.45 ± 0.03a 29.01 ± 0.06a

112 30.01 ± 0.02a 32.63 ± 0.09a 29.71 ± 0.00a

119 34.01 ± 0.10a 35.37 ± 0.05a 33.64 ± 0.05a

126 42.39 ± 0.23a 44.71 ± 0.03a 43.05 ± 0.02a

133 45.17 ± 0.06a 45.91 ± 0.23a 43.93 ± 0.11a

140 45.21 ± 0.21a 48.19 ± 0.06a 45.51 ± 0.02a

Values in the Table 0are Mean ± standard deviation. Means with the same superscript in the row are not significantly different at P ≤ 
0.05 using Duncan’s Multiple Range Test
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Table 05:	 Leaf area of new leaves of P. nigrum cv. ‘Kuching’ plants inoculated with root knot 
nematodes

Days after 
inoculation

Leaf area of new leaves (cm)2

Treatment 1 Treatment 2 Treatment 3

7 17.69 ± 0.59b 15.95 ± 0.30b 58.93 ± 0.79a

14 19.58 ± 0.60b 23.28 ± 0.39b 40.59 ± 0.77a

21 19.91 ± 0.44c 28.05 ± 0.53b 39.50 ± 0. 11a

28 23.01 ± 0.63b 32.99 ± 0.85a 23.28 ± 0.70b

35 24.67 ± 0.40b 44.10 ± 0.37a 17.34 ± 0.97b 

42 32.29 ± 0.34b 59.42 ± 0.11a 18.05 ± 0.33c

49 40.36 ± 0.72b 66.24 ± 0.28a 21.44 ±0.68c

56 44.21 ± 0.41b 64.81 ± 0.23a 36.40 ± 0.15b

63 44.91 ± 0.35b 60.86 ± 0.59a 40.18 ± 0.58b

70 45.58 ± 0.12b 61.74 ± 0.71a 43.21 ± 0.69b

77 48.26 ± 0.24b 68.83 ± 0.11a 44.15 ± 0.25b

84 50.25 ± 0.72b 70.53 ± 0.25a 47.07 ± 0.21b

91 51.66 ± 0.87b 72.04 ± 0.10a 50.20 ± 0.18b

98 52.70 ± 0.175b 77.54 ± 0.61a 52.46 ± 0.54b

105 69.38 ± 0.48a 77.75 ± 0.24a 69.90 ± 0.49a

112 71.09 ± 0.83b 84.34 ± 0.73a 80.01 ± 0.12a

119 74.54 ± 0.63b 86.04 ± 0.10a 85.63 ± 0.69a

126 83.37 ± 0.07a 87.01 ± 0.02a 85.45 ± 0.10a

133 84.16 ± 0.10a 87.56 ± 0.08a 87.07 ± 0.05a

140 84.28 ± 0.05c 96.34 ± 0.12a 89.93 ± 0.03b

Values in the Table 0are Mean ± standard deviation. Means with the same superscript in the row are not significantly different at P ≤ 
0.05 using Duncan’s Multiple Range Test.
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Table 06:	 Number of new nodes of P. nigrum cv. ‘Kuching’ plants inoculated with root knot 
nematodes

Days after 
inoculation

Number of new nodes  

Treatment 1 Treatment 2 Treatment 3

7 0.16 ± 0.02a 0.37 ± 0.04a 0.13 ± 0.06a

14 0.201± 0.09a 0.58 ± 0.06a 0.53 ± 0.03a

21 0.29 ± 0.06a 1.37 ± 0.02a 1.26 ± 0.02a

28 0.57 ± 0.06b 3.53 ± 0.02a 2.01 ± 0.03ab

35 1.81 ± 0.08b 5.44 ± 0.01a 5.38 ± 0.03a 

42 2.47 ± 0.06b 6.24 ± 0.03a 7.45 ± 0.02a

49 4.01 ± 0.02b 8.18 ± 0.01a 8.10 ± 0.05a

56 5.33 ± 0.54b 8.57 ± 0.06a 8.42 ± 0.09a

63 5.83 ± 0.08b 9.88 ± 0.05a 9.55 ± 0.09a

70 6.34 ± 0.02b 10.57 ± 0.05a 9.72 ± 0.03a 

77 7.50 ± 0.02b 10.76 ± 0.09a 9.75 ± 0.04ab

84 9.24 ± 0.04b 13.12 ± 0.05a 10.04 ± 0.01b

91 10.21 ± 0.05b 14.65 ± 0.09a 10.00 ± 0.02b

98 14.50 ± 0.10ab 17.55 ± 0.04a 10.84 ± 0.04b

105 15.12 ± 0.03a 17.83 ± 0.07a 15.09 ± 0.08a

112 19.63 ± 0.05a 21.39 ± 0.09a 19.04 ± 0.08a

119 20.88 ± 0.08a 22.97 ± 0.07a 20.49 ± 0.05a

126 22.69 ± 0.09a 23.69 ± 0.51a 23.04 ± 0.50a

133 25.55 ± 0.21b 32.55 ± 0.83a 28.52 ± 0.06ab

140 27.71 ± 0.12b 38.97 ± 0.81a 32.09 ± 0.32ab

Values in the Table 0are Mean ± standard deviation. Means with the same superscript in the row are not significantly different at P ≤ 
0.05 using Duncan’s Multiple Range Test

Effect on the root system of P. nigrum cv. 
‘Kuching’ plants inoculated with Root Knot 
Nematodes 

Hoagland solution only (T1): Roots of P. nigrum 
cv. ‘Kuching’ plants irrigated with Hoagland 
solution only (T1) were the most RKN-infested 
(Fig.01.) compared to roots from Hoagland 
solution supplemented with potassium silicate 
(T2) and Hoagland solution supplemented with 

salicylic acid (T3) (Fig.02. and 03., respectively). 
In T1, rotten root and broken root galls were 
observed in addition to damaged lower root 
section. Additionally, root tips and root hairs of 
most roots were ‘colonized’ by many small root 
galls (Fig.01.).

Hoagland solution + 0.005 mM potassium 
silicate solution (T2): Roots from P. nigrum 
cv. ‘Kuching’ plants irrigated with Hoagland 
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Figure 01:	 Heavily galled roots of RKN-inoculated Piper nigrum L. var Kuching plants irrigated 
with Hoagland solution only (T1). Root galls distributed on quaternary and tertiary roots 
(A), primary roots (B), secondary roots (C), at the point of attachment of the primary 
root to the stem (D). Rotten and broken root galls were observed (E, F), and, in some 
roots, the lower section was damaged (G). Root tips and root hairs of most roots were 
‘colonized’ by many root galls (H, I, J, K).

solution supplemented with potassium silicate 
(T2) produced the fewest number of root galls, as 
shown in Fig.02.
Hoagland solution + 2 mM salicylic acid solution 
(T3): Roots of P. nigrum cv. ‘Kuching’ plants 
irrigated with Hoagland solution supplemented 
with salicylic acid (T3) had a higher number of 
infested roots coupled with bigger root galls 
(Fig.03.) compared to the roots of P. nigrum cv. 

‘Kuching’ plants irrigated with Hoagland solution 
supplemented with potassium silicate (T2). Root 
galls of the former were observed even at the 
point of attachment of the primary roots to the 
stems, others formed at the point of attachment 
of tertiary roots to secondary roots (Fig.03.), and 
the majority of the root galls were observed on 
tertiary roots.
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Figure 02:	 Uninoculated roots (A) and RKN-inoculated roots (B) of Piper nigrum L. var Kuching 
plants irrigated with Hoagland solution supplemented with potassium silicate solution 
(T2).

Figure 03:	 Distribution of galls on different roots of RKN-inoculated Piper nigrum L. var Kuching 
plants irrigated with Hoagland solution supplemented with salicylic acid solution (T3). 
Big root galls formed at the root tip (A), at the point of attachment of the primary root 
to the stem (B), at the point of attachment of the tertiary root to the secondary root (C). 
Majority of the root galls on tertiary roots (D).
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Detection of Superoxide anion and Hydrogen 
peroxide in leaves of P. nigrum cv. ‘Kuching’ 
plants inoculated with Root Knot Nematodes

Production of superoxide anions (O2•-) and 
hydrogen peroxide (H2O2) in leaves of P. 
nigrum cv. ‘Kuching’ plants inoculated with 
RKN generally increased as the number of 
days after inoculation (dai) increased from 0 to 
25, as shown in Figs.04 and 05., respectively. 
Considerable differences in accumulation of 
O2•- among the investigated treatments were 
evident at 10 dai, with the strongest staining 
intensity in leaves of Hoagland solution only (T1) 
followed by Hoagland solution supplemented 
with salicylic acid (T3) and then by Hoagland 
solution supplemented with potassium silicate 

(T2) i.e. T1 > T3 > T2. Overall, Hoagland solution 
supplemented with potassium silicate solution 
produced the least O2•-, whereas Hoagland 
solution supplemented with salicylic acid 
produced the highest O2•-, as shown in Fig.04. 
On the other hand, considerable differences 
in the 3,3’diaminobenzidine (DAB) staining 
intensity among the treatments were manifested 
as early as 05 dai, with the strongest detection in 
leaves of Hoagland solution supplemented with 
salicylic acid (T3) followed by Hoagland solution 
only (T1) i.e. T3 > T1 > T2. Once again, Hoagland 
solution supplemented with potassium silicate 
solution (T2) produced the least H2O2. Traces of 
O2•- and H2O2 were detected at 0 dai and in some 
leaves of the control samples at several dai, as 
shown in Figs.04 and 05., respectively.

Figure 04:	 Superoxide anion assay of leaves of Piper nigrum L. var Kuching plants at different dai 
(days after inoculation). Leaves on the second row of each dai are control leaves for 
the corresponding treatment. One representative leaf is shown for each treatment and 
control, on each dai.
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DISCUSSION

Foliar Symptoms of Infection exhibited by P. 
nigrum cv. ‘Kuching’ plants inoculated with 
Root Knot Nematodes

Root knot nematodes (RKN) infection is 
accompanied by nutrient partitioning in the 
host plant which manifests as leaf yellowing, 
wilting even when the soil is adequately moist, 
nutritional deficiencies, stunted growth, among 
other symptoms (Mhatre et al., 2020). The non-
uniform leaf yellowing and plant wilting even 
in the presence of adequate soil moisture, have 
also been observed by Trinh (2010) in leaves 
of P. nigrum infested with M. incognita. Leaf 
yellowing as a result of Meloidogyne species 
infection in P. nigrum fields has also been 
reported in previous studies (Phong et al., 2020). 

Present findings indicate that the total number of 
P. nigrum cv. ‘Kuching’ plants exhibiting foliar 
symptoms of RKN infection increased with time 
in all treatments (Table 01). This result agrees with 
Trinh (2010) in which the proportion of yellow 
leaves in M. incognita and F. solani-inoculated 
black pepper plants increased as the period after 
inoculation increased. Foliar symptoms of RKN 
infection were first observed and was significantly 
the highest in plants irrigated with Hoagland 
solution only (T1) followed by Hoagland solution 
supplemented with salicylic acid (T3) (Table 01). 
This was due to reduced soil nutrient absorption 
owing to the majority of the root hairs and root 
tips being ‘colonized’ by many root galls, as 
discussed in the following sections of this report 
and shown in Figs.01 and 03. This observation 
suggests that T1 and T3 did not reduce root galling 
and with our experimental conditions, non-

Figure 05:	 Hydrogen peroxide assay of leaves of Piper nigrum L. var Kuching plants at different 
dai (days after inoculation). Leaves on the second row of each dai are control leaves for 
the corresponding treatment. One representative leaf is shown for each treatment and 
control, on each dai.
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uniform yellowing of leaves and wilting even 
in the presence of adequate soil moisture was 
prevalent in black pepper plants. These effects 
were most pronounced at 109 dai, when all the 
inoculated plants in the experiment showed 
significant results over the uninoculated plants! 
Above ground symptoms of RKN infection e.g. 
wilting during the hottest times of the day reduce 
the water and nutrient absorption ability of plants, 
hence nutrient deficiencies accompanied by poor 
plant growth (Decraemer and Hunt, 2006).
 As expected, the shoot system of uninoculated 
plants appeared healthy and uniformly green up 
to 102 dai. Infection symptoms in uninoculated 
plants slowly started manifesting at 109 dai and 
such symptomatic plants remained very few 
even by the end of the experiment, compared 
to inoculated plants in all other treatments. 
This observation is supported by Trinh (2010)’s 
findings for which the proportion of yellow black 
pepper leaves was lowest in the uninoculated 
plants, with only ~ 8% of yellow leaves at the end 
of the experiment. Presence of some infection 
symptoms in the leaves of uninoculated plants 
suggests that the soil/greenhouse could have 
been contaminated with another pathogen (not 
identified in the present study) from 109 dai up 
to 144 dai (end of the experiment).

Effect of Root Knot Nematodes on the aerial 
growth of P. nigrum cv. ‘Kuching’ plants 
irrigated with different Treatment Compositions

In the present study, RKN impacted on shoot 
growth differently under different treatments. 
Highest shoot growth parameters were observed 
in plants irrigated with Hoagland solution 
supplemented with potassium silicate (T2), 
followed by Hoagland solution supplemented 
with salicylic acid (T3) whereas the least shoot 
growth was generally observed in plants irrigated 
with Hoagland solution only (T1) (Tables 02, 03, 
04, 05 and 06). The significantly lowest shoot 
growth parameters of P. nigrum cv. ‘Kuching’ 
plants irrigated with Hoagland solution only 
are attributed to heavy root colonization by 
RKN (Fig.01.) which not only impairs efficient 
nutrient and water absorption from the soil but 
also impedes their movement to the upper parts 
of the plant hence poor shoot growth (Kayani et 

al., 2017).

Present results for which supplementation of 
Hoagland solution with 2 mM salicylic acid 
solution (T3) in RKN-inoculated experimental 
plants generally produced better shoot criteria 
than those plants irrigated with Hoagland solution 
only (T1) corroborate with previous findings 
(Vicente and Plasencia, 2011). The significantly 
lower shoot growth criteria of inoculated 
plants irrigated with T3 than inoculated plants 
irrigated with T2 in the present study could be 
arising from the 2 mM SA-associated toxicity 
towards experimental plants, owing to the long 
experimental duration. This hypothesis is backed 
by Vicente and Plasencia (2011) who emphasized 
that success of exogenous SA in alleviating biotic 
stress depends on the SA concentration used, 
duration of exposure, the particular cause of biotic 
stress (e.g. fungal, bacterial, parasite, etc.), plant 
variety in question and its developmental stage. 
Moreover, no studies on the use of exogenous 
SA to reduce root galling in P. nigrum cv. ‘plants 
could be traced from the literature available.

P. nigrum cv. ‘Kuching’ plants irrigated with 
Hoagland solution supplemented with potassium 
silicate (T2) produced the highest aerial growth 
parameters throughout the experimental period. 
Present findings are supported by Ahmed et al. 
(2013) in which the increasing concentrations of 
potassium silicate applied facilitated higher plant 
growth, chlorophyll content and percentage fruit 
set than salicylic acid treatments. In a greenhouse 
experiment, application of potassium silicate on 
cucumber plant cv. ‘Hybrid Alpha’ improved 
the shoot growth parameters i.e. plant length, 
number of leaves per plant, total plant fresh 
weight and shoot dry weight, compared to non-
silicon treated plants (El-sherif et al., 2016).

From the current study, the first spike was observed 
in P. nigrum cv. ‘Kuching’ plants irrigated with 
Hoagland solution supplemented with potassium 
silicate (T2), indicating that Si has an effect on 
flowering and fruit production as highlighted by 
Dehghanipoodeh et al. (2015). Silicon-deprived 
plants can reduce growth, making them more 
prone to both biotic and abiotic stresses (Laane, 
2018). 
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Additional potassium may have contributed to 
the significantly highest shoot growth parameters 
observed in T2 plants in this study. Also the 
damage caused by RKN may be reduced with 
the increased amount of potassium supplied to 
the host plant; as demonstrated by Bakir (1952) 
where growth of lima bean plants inoculated with 
M. incognita increased with increased amounts of 
potassium supplied to the plants. From the present 
study therefore, RKN impacted on the shoot 
growth parameters of P. nigrum cv. ‘Kuching’ 
plants differently in different treatments; better 
shoot growth was promoted in spite of RKN 
presence in potassium silicate amendments, than 
with other nutrient compositions. 

Effect on the root system of P. nigrum cv. 
‘Kuching’ plants inoculated with Root Knot 
Nematodes 

According to Baidoo et al. (2014), root galling, 
loss of root hairs, and ultimately susceptibility 
to other root infections are among the most 
prominent root symptoms of RKN infestation. 
From the present study, roots of P. nigrum 
cv. ‘Kuching’ plants irrigated with Hoagland 
solution only (T1) were the most RKN-infested 
(Fig.01.) followed by roots from plants irrigated 
with Hoagland solution supplemented with 
salicylic acid (T3) (Fig.03.). Rotten and broken 
root galls were observed in T1 roots in addition 
to damaged root tips. Root tips and root hairs of 
most roots were ‘colonized’ by many small root 
galls (Fig.01.). After penetrating the host, RKN 
interferes with nutrient and water uptake of the 
plant resulting in root malformations, typical 
knots and in severe cases root galls formed on 
the invaded root break, causing root damage, 
resulting in a rot (Moens et al., 2009). This gives 
opportunity to pathogenic fungi such as P. capsici 
and bacteria to colonize and accelerate root decay 
(Megir and Paulus, 2011). This explains the 
damaged root tips, rotten and damaged root galls 
observed in T1 in addition to heavy colonization 
of root hairs with root galls. 

In this study, irrigation of P. nigrum cv. ‘Kuching’ 
plants with Hoagland solution supplemented with 
salicylic acid (T3) presented many infested roots 
coupled with bigger root galls (Fig.03.) compared 

to the roots of plants irrigated with Hoagland 
solution supplemented with potassium silicate 
(T2). Root galls of the former were observed even 
at the point of attachment of the primary roots 
to the stem. Present results are partly supported 
by Moslemi et al. (2016) where application of 
50 μM SA on tomato (Solanum lycopersicum) 
seedlings through soil drenching only reduced 
the number of root galls to a lesser extent; SA 
effectively lowered M. javanica root infestation 
only when it was applied through seed priming. 
As few studies have reported positive results 
of SA application through soil drenching, its 
potential in halting the process of giant cell and/
or root gall formation in RKN-inoculated plant 
roots still merits further investigation.

From the present study, roots of P. nigrum 
cv. ‘Kuching’ plants irrigated with Hoagland 
solution supplemented with potassium silicate 
(T2) presented root systems with a few root 
galls (Fig.02.) compared to other nutrient 
compositions. It has been evidenced that silicon 
(Si) negatively impacts on RKN reproduction and 
development in plant roots (Mattei et al., 2016; 
Zhan et al., 2018). Application of potassium 
silicate can reduce M. incognita infestation in 
which there are less numbers of root galls, egg 
masses, reproduction rate, and final population 
density as shown with cucumber plants treated 
with potassium silicate (El-sherif et al., 2016). 
Similarly, silicon application has a potential to 
reduce the population density of M. javanica as 
evidenced in soybean, common bean and rice 
(Mattei et al., 2016). 

Important to note, potassium might also have 
contributed to the very few root galls observed 
in T2 plants in the current study. Nourishment 
of plants with adequate potassium not only 
increases their pathogen penetration resistance 
but also impedes pathogen development (Huber 
and Arny, 1985; Santos et al., 1981). As the plants 
irrigated with potassium silicate (T2) suffered the 
least RKN infestation, present findings therefore, 
indicate that soil drenching with potassium 
silicate is a promising viable tool in reducing root 
galling caused by Meloidogyne species in black 
pepper (P. nigrum) fields heavily infested with 
root knot nematodes.



74

Babirye Khadijah, Patricia King Jie Hung, Zahora Binti Ismail and Ong Kian Huat

Detection of Superoxide anion and Hydrogen 
peroxide in leaves of P. nigrum cv. ‘Kuching’ 
plants inoculated with Root Knot Nematodes

Plant stress causes oxidative damage that 
manifests as increased production of reactive 
oxygen species (ROS) by the cells, whose role 
in plant defense is crucial (Sharma et al., 2012). 
ROS levels increase during pathogen feeding 
(Santamaria et al., 2018) and this supports 
present findings for which O2•- accumulation in 
leaves of inoculated plants generally increased 
as the number of days after inoculation increased 
(Fig.04.), synergizing with the increased root 
galling. The strong staining intensity in leaves 
of P. nigrum cv. ‘Kuching’ plants irrigated with 
Hoagland solution supplemented with salicylic 
acid (T3) and in Hoagland solution only (T1) in 
this study, reflect the increased O2•- accumulation 
and defense reaction from plants as a result of 
successful RKN root colonization, evidenced by 
the high root galling observed in Fig.01. and 03. 
Pepper plants irrigated with Hoagland solution 
supplemented with salicylic acid (T3) displayed 
strong staining intensity for O2•- accumulation, 
which could be mainly attributed by the presence 
of salicylic acid. Salicylic acid is known to 
mediate an increase in ROS production in 
stressed plants (Sharma et al., 2012). Sometimes, 
exogenous SA can induce an increase in the ROS 
concentration of plants even in the absence of a 
biotic stressor (Wang et al., 2011)! 

Hoagland solution supplemented with potassium 
silicate solution (T2) produced the least O2•- 
in leaves of P. nigrum cv. ‘Kuching’ plants 
inoculated with RKN (Fig.04.), owing to the least 
root galling (Fig.02.) due to the protective role of 
silicon against RKN (Zhan et al., 2018) which 
could have impeded most RKN from successful 
root colonization. 

In the present study, considerable differences 
in the DAB staining intensity amongst the 
investigated treatment compositions were evident 
as early as 05 dai, with the strongest detection in 
leaves of Hoagland solution supplemented with 
salicylic acid (T3) followed by Hoagland solution 
only (T1) i.e. T3 > T1 > T2 (Fig.05.). The present 
study thus indicates that the high RKN infestation 

evident in the root system of T3 and T1 plants is 
responsible for their high H2O2 accumulation. In 
line with the above argument, the weak staining 
intensity of T2 (Hoagland solution supplemented 
with potassium silicate solution) plants in the 
present study further verifies the protective role 
of potassium silicate solution against RKN, 
which was evidenced with low oxidative stress 
(least O2•- and H2O2 accumulation).
Traces of O2•- and H2O2 were detected at 0 dai 
and in the control leaves at several dai (Fig.04. 
and 05. respectively). This supports that ROS are 
consistently produced in lower quantities as by-
products during normal aerobic metabolism in 
plants (Ali et al., 2018; Charles et al., 1997). In 
the present study, expression of oxidative stress 
in the tested plants in the form of H2O2 was earlier 
and stronger staining intensity than as O2•-. This 
may associated to the high stability of H2O2, 
which is regarded as the most sTable 0ROS. In 
addition to its less reactivity, high diffusion rate 
across the cell membrane to distant locations 
from its production sites is also a recognisable 
feature of H2O2 (Nicholas and Dominique, 2019). 
On the other hand, O2•- are not only short-lived 
i.e. their production is followed by a rapid redox 
reaction to H2O2 but are also poorly membrane 
permeable (Nicholas and Dominique, 2019). 

CONCLUSIONS

Results of the present study support the concept 
that potassium silicate application through soil 
drenching not only reduces root galling caused 
by RKN in P. nigrum cv. ‘Kuching’ plants but 
also promotes better shoot growth. The NBT 
and DAB histochemical staining assays revealed 
increasing oxidative stress with time in P. 
nigrum cv. ‘Kuching’ leaves resulting from RKN 
infestation of the root system. Future research 
needs to address the effects of potassium 
silicate on RKN development in black pepper 
plants under field conditions, with less focus on 
greenhouse studies.
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