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Citrus slow decline caused by Tylenchulus Semipenetrans is a common disease deteriorating both quality and quantity of citrus fruits. The
need to assess the citrus nematode population in citrus orchards is of fundamental importance in designing suitable management
strategies. Population densities of nematode were assessed in different age groups and in different genera of citrus crops. Orchards
reaching to the age of 20 years were most infested by T. semipenetrans as compared to new established orchards and very old orchards.
Kinow genus was the most infested by nematodes as compared to sweet orange, fruiter and grapefruit. Plant parasitic nematodes are
commonly managed by chemical control due to its rapid results but it is toxic to human health, causes resistance development in
pathogens and exerts harmful effects on environment. So, there is a need of an alternatives to these noxious chemicals because world is
shifting to organic farming. Bacterial isolates were collected from citrus rhizosphere and subjected to biochemical characterization.
Nematicidal activity of isolates against citrus nematode was screened in laboratory conditions. Out of total 41 tested bacteria, 20 (48.5
% of total) displayed more than 50 % nematicidal activity against T. semipenetrans, among which 2 isolates CA26 and CA41 exhibited
nematicidal activity more than 80%. Culture filtrate of tested bacteria also reduced the population of nematode. 5 strains from total
tested bacteria exhibited nematicidal volatile effect on T. semipenetrans. Bacterium degrades multiple tissues of nematode body
including, pharynx, intestine, cuticle, stylet, esophagus lobe and reproductive system of nematode.
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INTRODUCTION: Citrus belongs to the Rutaceae family, which
includes a diverse range of fruit trees and shrubs such as sour
orange (Citrus aurantium), lime (C. aurantifolia), lemon (C. limonia)
wild orange (C. macroptera), mandarins (C. reticulata), grapefruit (C.
paradisi), sweet orange (C. sinensis), and Fortunella spp. (Hazarika,
2023). Citrus growing is widely practiced across the world's tropical
and subtropical zones (Zekri, 2011). Tylenchulus semipenetrans is a
major citrus nematode of citrus crops worldwide (Verdejo-Lucas
and McKenry, 2004) . Male of T. semipenitrans has a life cycle of 7-10
days while for female it is 6-8 weeks. They reproduce either by
amphimixis and parthenogenesis. The citrus nematode is a semi
endoparasite of fibrous root of citrus; the female anterior section of
the worm penetrates the cells of the roots while the posterior part
remains outside the roots (Noe and Bernard, 2004). T
semipenetrans has been discovered in every citrus-growing region in
the world since its discovery (Bozbuga et al., 2023). Citrus nematode
poses a serious warning to the industry because of its widespread
incidence throughout the major citrus producing countries
(Hammam et al, 2021). Citrus nematode T. semipenetrans causes 10-
30% yield losses, depending on the extent of infection, population
density, soil quality, root stock type, presence or absence of other
soil-borne diseases, and cultural practices (Abd-Elgawad et al,
2016; Abd-Elgawad, 2020). T. semipenetrans has been documented
from all citrus growing areas in Pakistan; however, it is more
prevalent in Punjab than in other provinces and may be to blame for
the citrus loss in this region (Haseeb et al, 2024). Citrus nematode
among other pathogens, is wreaking destruction on the district of
Sargodha, which accounts for half of Pakistan's entire national citrus
production. Bacillus spp. is responsible for the production of a vast
number of noxious compounds to plant parasitic nematodes (Subedi
et al, 2020; Antil et al, 2023). B. thuringiensis generates toxin
inclusion protein, which is extremely poisonous to nematodes
(Fernandez-Chapa et al., 2019). Bacillus cereus strain S2 has also
been reported to produce nematicidal toxin to decrease the quantity
of plant parasitic nematodes (Gao et al, 2016; Yin et al, 2021).
Pseudomonas spp. is a genus of gram-negative, aerobic, chemo
heterotrophic, and rod-shaped bacteria (Midhat and Abed, 2023).
The genome sizes of a number of Pseudomonas spp. are >5,500 ORFs
(Stover et al, 2000), that are smaller than the genome size of other
plant associated bacteria (Van Sluys et al., 2003). Pseudomonas spp.
include plant growth promoting and large group of secondary
metabolites producing bacteria that are found in the rhizosphere of
plants, and are active against plant pathogens (Shahid et al., 2018).
The phylogeny and diversity of different Pseudomonas spp. is
responsible for the natural control of T semipenetrans (Loper et al,
2012; Shokoohi and Duncan, 2018). Pseudomonads suppress disease
through direct aggressive actions on the plant pathogen and create

systemic resistance (Shaikh et al., 2020). There is battle for nutrient
acquisition and other effects like that of antibiosis plausibly
impacting the plants, without any direct contact with pest
(Boominadhan et al., 2009). Expression of Pseudomonas antibiotic
and siderophore biosynthesis genes in the rhizosphere has been
demonstrate (Zboralski and Filion, 2020). Gram negative bacteria,
such as Pseudomonas isolates and chitinolytic bacteria, have the
ability to manage nematodes (Soliman et al, 2019).

OBJECTIVES: The present study has been designed to explore the
bacterial species connected with citrus rhizosphere and play role in
the inhibition of nematodes parasitizing the citrus roots.
MATERIALS AND METHODS: Survey and sampling: A survey of
citrus orchards from District Sargodha was conducted for the
collection of soil samples from at least 5 plants by digging up to 30
cm under the plant canopy from each location (Ullah et al.,, 2023).
The samples were packed appropriately in polythene bags, labelled
and transferred to lab for further assessment (Stewart-Jones and
Poppy, 2006).

Extraction of plant-parasitic nematodes: Before nematode
extraction, soil samples were mixed thoroughly to remove stone and
debris. The samples were subjected to nematode extraction by using
tray method (Bhuiyan et al., 2014). For extraction 100 g soil sample
was placed on a perforated tray having towel paper (Haluschak,
2006). The perforated tray was placed on non-perforated tray
having the water that just touches the surface of the perforated tray
(Damodara, 2008). After 48 h, water was collected in a beaker. The
excessive water was siphoned out when the juveniles settled (Bell
and Watson, 2001).

Assessment of nematode population: Extracted nematodes were
viewed and counted at magnification of 40X by using an inverted
microscope (Murfin et al, 2012). Then nematode suspension was
collected in the pipette and placed in a counting dish. The nematodes
were counted systematically following gridlines with each for
three replicates. The average nematodes in a suspension of 1 ml
were multiplied by the total suspension volume for the
measurement of total population of nematodes. Total number of
nematodes were counted from formula (Shapiro and Lewis, 1999).
Total no of Nematodes =

No. of nematode in mL of suspension X total volume of suspension.
After extraction, healthy nematodes were picked by micropipette,
placed in a sterilized glass slide and covered with a cover slip.
Physical and anatomical features of nematodes were identified
under a camera fitted compound microscope.

Collection of rhizobacteria: The Pseudomonas strain was isolated
from citrus rhizosphere and cultured on Nutrient Agar (NA)
comprising of NaCl (0.05 g), agar (2 g), peptone (0.5 g) and beef
extract (0.3 g) and distilled water up to 100 mL by following serial
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dilution method (Nam, 2021). The colonies produced fluorescent
pigments as siderophores (pyoverdine) and were carefully picked.
The pure culture was transferred to nutrient broth media and stored
at 28 °C for 24 h.

Culture filtrate preparation: Bacterial strains were grown on
nutrient agar plates at 25 °C for 48 h, injected into 100 mL nutrient
broth (0.05 g NaCl, 0.5 g peptone, and 0.3 g beef extract), centrifuged
twice at 3000 rpm for 10 min., and filtered through a 0.4 um to
create cell-free cultures, then collected in sterilized falcon tubes.
In-vitro efficacy of bacterial cell culture on nematodes: Culture
filtrates from all selected isolates were produced and passed
through a 0.4 um bacterial micro-filter (Khanal, 2019). The culture
filtrates (20%) were made by diluting the filtrate in 1:4 ratios with
sterilized distilled water (Cayrol et al., 1989). About 5 mL of 20%
filtrate was placed in sterilized petri plates and 1mL of nematode
suspension (150-200 ] 2/ mL) was added. In the control
treatment, 5 mL of nutrient broth was mixed with 1 mL of
nematode suspension. The data of percentage nematode mortality
was recorded after 24, 48, and 72 h of incubation at room
temperature (Mahar et al, 2005). Each treatment had three
replicates in the experiment.

n
Percentage of Mortality = NX 100

N= Total number of nematodes

n= Total number of dead nematodes

Nematicidal activity of cultural filtrate: B. subtilis and P.
fluorescens bacteria were grown separately at 30°C for 1 week in
conical flasks containing 100 mL of nutrient broth medium (Sharma
et al, 2023). The cultural filtrate was obtained by filtering each
biocontrol agent and then centrifuged at 3000 rpm for 3 min.
(Ganaie et al, 2011; Pan and Jash, 2011). The cell filtrate and
nematode suspension with 1:1 ratio was transferred into 24 well
plates and observed under microscope to check the mortality rate
and morphological changes of nematode (Aballay et al,, 2017).
Activity of bacterial volatiles on nematode: The nematicidal
activity of bacterial volatile organic compounds(VOCs) was studied
using a petri plate method (Fernando et al., 2005; Xu et al,, 2015). In
one compartment, 3 mL of the culture filtrate was added, and in the
other, 0.2L nematode suspension was introduced. To prevent the
volatiles from escaping, the plate lids were immediately sealed with
para-film, and the plates were incubated at 28°C in the dark. Each
treatment had three replicates and the trials were performed twice.
The numbers of alive and dead nematodes were counted under an
inverted microscope at 40X magnification after 24, 48, and 72 h to
confirm the nematicidal activity of VOCs produced by different
bacterial strains (Li et al., 2024).

Examination of filtrate affected nematodes: After 48 h of
treatment, anatomical modifications were studied under a
microscope to identify the mechanism of action of potent strains. A
micropipette was used to remove dead and straight nematodes from
the treatment, which were then placed on a clean glass slide and
covered with a cover slip (Hunt, 2020). The internal structure of
fresh and treated nematodes was examined using a 40x lens in a
camera-equipped compound microscope (Florman, 2020).

Data analysis: Nematicidal activity of Pseudomonas spp. was
estimated by nematode mortality % during predacious test (EI-
Nagdi et al, 2021). Data was collected as % nematode mortality
against cell filtrates and volatiles of isolated bacteria. Collected data
was subjected to analyses of variance, multiple comparison test,
standard error and standard deviation using Microsoft Excel
software. Graphs were plotted to show the means of percentage
mortality.

RESULTS: Extraction and examination of T. semipenetrans: Soil
samples were collected from 4 locations of district Sargodha. Soil
samples collected from 97% of citrus orchards were contaminated
with T semipenetrans. Soil was sampled at the rate of 5 samples per
orchard. Location 1 had 1104, location 2 had 884, location 3 had
1062 and location 4 had 1106 nematodes / 100 g of soil respectively.
Microscopic examination of nematode: Following anatomical
features of nematodes were noted; nematodes are vermiform at the
juvenile stage, and female nematode had a sharp and robust stylet
(figure 1). The excretory orifice and vulva were found at the
juvenile's posterior end. A tiny irregular lobed structure surrounds
the pore. The female esophagus is longer than the male. The
intestine was not merged and was segregated into distinct
segments. There was no bursa, smaller stylet, smaller esophagus

and larger diameter in males while females were swallowed, and
enlarged with solitary ovary.
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Figure 1: Microscopic examination of plant parasitic nematodes
(T.semipenetrans). Nematodes exhibited vermiform shape at juvenile
stage of growth (a), male with smaller esophagus (b), female with
longer esophagus than male (c).

Identification of isolated bacteria: Pseudomonas spp. had an
irregular colony that was dull white to blue in color, short rod cells
and were gram-negative and migratory. In the presence of light, the
colony exits yellow to blue pigment. Pseudomonas bacterium did
not produces gas, and sugar fermentation was similarly negative in
the majority of strains (figure 2). The cell motility of Pseudomonas
bacteria was observed to be positive under a compound microscope.
Most bacteria discovered in the citrus rhizosphere belong to Bacillus
spp. It accounted for 31% of all bacteria identified from citrus
rhizosphere. Colonies were typically white in color, rhizoid to
filamentous, and irregular in shape in rare cases. Except for a few
strains, there was no gas generation in this group, and glucose
fermentation was negative. There was no pigment production in this
group of bacteria.

In-vitro interaction of cell suspension of bacterial isolates
against citrus nematode: The tested bacteria showed a wide range
of nematicidal activity against T. semipenetrans (figure 3). After 24h.
of incubation, bacterial isolate CA26 showed considerable nematode
mortality (63.03%), followed by CA41 (55.7%), CA09 (50.6%), CA27
(48.8%),and CA62 (48.8%). After 48h of incubation, CA26 (88.02%)
was followed by CA41 (70.8%), CA27 (70.52%), and 62(69.14%).
From 5 isolated bacteria, 2 demonstrated more than 30%
nematicidal activity against T. semipenetrans.

Microscopic examination of filtrate-treated nematodes: The
nematicidal activity of the culture filtrate caused anatomical
variations and death of nematodes. Isolates exhibiting significant
nematicidal activity were studied for their mechanism of action
against T. semipenetrans. Pathological characteristics of bacterial
culture filtrate were assessed against T semipenetrans. The
nematodes (30-40 for each petri dish of T. semipenetrans) were
treated with culture filtrate of isolates for 48 h. The sterilized
nutrient broth was used as positive control. Then the differences
between the culture filtrate treated group and the control group
were examined and matched with compound microscope. The
results indicated that the pathological characteristics of CA09
include accumulated intestinal tissue(a) and pharyngeal segment
(b) and induced the reproductive system of nematode (c). CA26
affected on pharyngeal (d) and reproductive parts of nematodes that
were distinct from control (f). Filtrate CA27 induced amalgamated
structure of all parts of nematode (g, h, i). CA41 turned the intestine
into granule (k), disrupted pharyngeal tissue (j) and malformed the
genital area (1). CA62 disappeared from the pharyngeal parts (figure
4).

Volatile activity of bacteria against citrus nematode: The
nematicidal effects of selected isolates (CA09, CA26, CA27, CA41,
CA62) exhibiting substantial nematicidal activity were examined in
a Petri plate assay for volatile effect against T. semipenetrans and
data were recorded after 24, 48, and 72 h of incubation (figure 5).
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Figure 3: Nematicidal activity of cell suspensions of bacteria strains
at 24 h, 48 h and 72 h against T. semipenetrans.
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Figure 4: Structural changes induced by culture filtrate of different
bacteria on the nematodes were observed under an inverted
microscope after 72 h of incubation at 40X magnification. Nematode
treated with sterilized nutrient broth accumulates different changes
in its body. Isolate CA09 of B. licheniformis affects intestinal tissue (a)
and induces pharyngeal area of nematode (b). Isolate CA26 of P.
putida affects pharyngeal and reproductive parts of nematode (c, d).
Isolate CA27 of B. subtilis induces amalgamated structure of all parts
of nematode (e, f). Isolate CA41 of P. putida turns the pharyngeal parts
of nematodes into granules (g to 1). CA62 of B. subtilis also induces
amalgamated structure of all segments of nematode body (m to o).
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Figure 5: Nematicidal effects of different bacterial volatiles on T.
semipenetrans at 24,48 and 72 h.

In three replicates, the experiment was carried out in sealed petri
plates with a plastic cup in the middle of the plate containing
bacterium filtrate. Out of the five studied bacteria, two isolates CA26
and CA41 showed the highest mortality of 90% after 72 hours of
incubation. In a sealed petri plate assay, isolates of CA26 caused
(58.3%) mortality after 48 h and (79.2%) after 72 h. CA09, CA27,
and CA62 isolates all demonstrated considerable mortality, with
58.3%, 62.5% and 54.2%, respectively.

DISCUSSION: Current analysis of citrus slow decline provides
insights about incidence of T. semipenetrans in the rhizosphere of
citrus plants of different age groups present in citrus orchards of
Sargodha District of Punjab, Pakistan (Haseeb et al., 2024). Our data
analysis revealed that few of orchards were free from infection by
the slow decline nematode and those were all properly managed
and sanitized orchards. The population of nematodes is not
consistent from per 100 g of soil as change observed in the number
and type of nematode recovered (Gao et al, 2020). Factors
associated with the decline of nematode population in citrus
orchards was attributed to the application of chemical pesticides
including nematicides, followed by cultural and soil solarization
measures as well on the type of root stock, soil and on the incidence
or prevalence of other bacterial and fungal phytopathogens (Duncan
and Cohn, 1990). Some citrus root stocks of Sunki, Tuzku 891, C-35
and Citrumelo 4475 are resistant to T. semipenetrants, thus offer
genetic resistance against nematode. However, microbial
composition in rhizosphere also suppresses the plant parasitic
nematode to damage. B. cereus commonly found in rhizosphere of
crops suppresses plant parasitic nematodes by adopting aggressive
strategy (Gao et al, 2016). P. fluorescens, P. aeruginosa, P. striata, and
P. stutzeri isolated from citrus rhizosphere and play a vital role in
disease suppression, growth promotion and nodulation (Ezrari et
al, 2021). In this study we demonstrated that 70% of the total 40
bacteria exhibited more than 30% nematicidal activity to T.
semipenetrans. This suggested that some of the bacteria could play a
skeleton for development of potential biocontrol agents of plant
parasitic nematode by further modification. Chemical nematicide
can also guide to suppression of beneficial microflora in the
environment, and negative impact on biological equilibrium. Such
shift in biological balance may produce a microbial vacuum, leading
to increase in nematode population in future & cause even more
spoilage than originally under attack. Thus, non-synthetic chemical
methods that efficiently control plant parasitic nematodes are
highly desired. Bacterial secondary metabolites and volatile
compounds may be similar in their structure and mode of action.
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Results obtained from current study show that more than one
nematicidal compounds are present in bacterial filtrates with
diverse modes of action against plant parasitic nematodes. The
volatile compounds released by these bacteria have different
nematicidal mechanisms and are more efficient for the management
of nematodes as compared to direct exposure. The mixture of
potential bacteria could be more effective for nematode control and
less chance of development of resistance than exposure of chemical
nematicides composed of a single active compound. Among the
mechanisms of action examined in this study, degradation of
intestine is the most important because main digestive system of
nematode gets damaged and nematode will not able to parasitize
and will ultimately lead to death of nematode. Disintegration of the
reproductive system leads to sterility in the nematode.
Pseudomonas putida was reported to degrade multiple intestinal
factors of T. semipenetrans. In this study we identified 2 isolates
with more than 90% nematicidal activity towards Tylenchulus
semipenetrans. These screened isolates could have the possible
biocontrol efficacy in opposition to T. semipenetrans. The next step
would be to search the potential of bacterium, secondary
metabolite, and their volatile organic compounds in the control of
citrus nematode in lab conditions using bacteria, either bacterial
product, bacterial-bacterial combination and use of bacteria with
organic amendment.

CONCLUSION: In comparison to sweat orange, fruiter, and grape

fruit, the Kinow genus was the most affected by nematodes.

Bacterial stains (CA26 and CA41) exhibited nematicidal activity

more than 80% and can be used for the development potential

biocontrol agents against citrus nematode.
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