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Managing nematodes in Egyptian citrus

orchards
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Abstract

Backed by its Mediterranean climate, fertile soils, cheap labor, and geographic location, Egypt ranks high among
citrus producer countries. These factors can collectively offer early fruiting and long harvest season, good quality,
low production costs, and closeness of export markets. However, citrus trees are attacked by many plant-parasitic
nematode species in Egypt and abroad; all but one, the citrus nematode Tylenchulus semipenetrans, of which are of
limited distribution. Tylenchulus semipenetrans impacts the size and quality of citrus yields differently under various
conditions, but guidelines have been published to help interpret soil sample results. Other species such as migratory
endoparasites (lesion nematodes), sedentary endoparasites (root-knot nematodes), and several species of ectoparasitic
nematodes (spiral and stunt nematodes) can damage citrus in Egypt. Yet, due to their limited distribution and very low
population densities in citrus orchards, their damaging level is uncertain or not believed to cause significant damage of
citrus yield. Clearly, T. semipenetrans interacts differently with other plant pathogens often found in citrus rhizosphere.
While its infection to citrus seedlings can reduce subsequent infection of roots by Phytophthora nicotianae, it can
increase the virulence of Fusarium solani. Therefore, issues closely connected with citrus yield losses are presented
herein. Perspectives for management of nematodes associated with citrus in Egypt were discussed in the light of their
economic importance, sampling accuracy, phytosanitary measures, ecology, and biology. Cultural practices should
tackle other citrus problems before managing these nematodes.
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Introduction
Cheap labor, geographic location, Mediterranean climate,
and fertile soils have granted Egypt a high rank among
citrus producer countries (Abd-Elgawad et al. 2016). It is
expected (Omar and Tate 2018) that Egypt will remain the
first or the second largest exporter of fresh oranges in the
world and the sixth largest orange producer (Fig. 1). More-
over, the ongoing nature of the economic crisis has been
enhancing the socioeconomic importance of citrus; citri-
culture provides a significant source of foreign currency in
parallel to citrus local consumption as fresh fruit and juice.
Citriculture alleviates the striking problem of unemploy-
ment in Egypt. Many orchards-owning families join to
work due to the frequently small orchard size in Egypt and
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labor-intensive nature of citriculture. So, there is a continu-
ous expansion in citriculture to newly reclaimed areas of
Egypt. For example, in 2018/2019, Foreign Agricultural
Service (FAS) in Cairo, related to the United States Depart-
ment of Agriculture (USDA), forecast total planted area in
oranges at 162,000 ha, a 5.1% increase from the previous
year (Omar and Tate 2018). The increase in planted area is
attributed to increased demand for the Egyptian citrus in
the local and international markets. This increase also con-
tributes to solve the present pressing problem of overpopu-
lation by resettling people in such new areas.
Yet, the expansion via wide desert reclaimed land en-

tails the danger of growing citrus seedlings infected with
plant-parasitic nematodes (PPNs) especially the citrus
nematode (Tylenchulus semipenetrans). The implication
is that citrus growth and yield is threatened by the nem-
atodes which invade the newly planted area via infected
seedlings, organic fertilizers, plant materials, irrigation,
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Fig. 1 World’s largest orange producer countries in 2017/18 (Omar and Tate 2018)
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and machinery (Abd-Elgawad et al. 2016). Also, mulch-
ing virgin soil with fertile, but probably nematode-
infested, silty soil from the Nile Valley, to improve the
soil quality, before planting possible infested material
may aggravate the infection (Abd-Elgawad and McSor-
ley 2009). Over time, the nematode populations develop
and reproduce rapidly and progressive increases in
citrus yield losses are assumed (Abd-Elgawad et al.
2016).
Numerous citrus varieties are cultivated in Egypt.

Washington Navel and Valencia orange are the main
varieties related to Citrus sinensis followed by Mandarins
group varieties (C. reticulata), lemon (C. aurantifolia),
and Balady orange (C. sinensis), while other varieties like
Grapefruit (C. × paradisi), Sour orange (C. aurantium),
and Kumquat (C. japonica) are cultivated in small areas
(Abobatta 2019). In parallel, many PPN species are asso-
ciated with their tree rhizosphere since these varieties
are mostly grafted on nematode-susceptible rootstocks
in Egypt especially sour orange Citrus aurantum (El-
Mohamedy et al. 2016) and Volkamer lime C. volkamer-
ina (Hammam et al. 2016a). Few PPN species, however,
have proved to be of economic importance. Except
Tylenchulus semipenetrans, PPNs known to be capable
of damaging citrus are very limited in distribution in
Egypt (Abd-Elgawad, 1992a, b; Korayem and Hassabo
2005; Abd-Elgawad et al. 2016) and elsewhere (Duncan
2009; Shokoohi and Duncan 2018). This is due either to
edaphic conditions or to the natural distribution of a
particular PPN species. Thus, the relationships between
citrus trees and several of these species are not docu-
mented in terms of their importance and/or pathogen-
icity. Although regional or local in scope, nematode
parasites of citrus are varied in their habitats (Duncan
2009). Migratory endoparasites (lesion and burrowing
nematodes), sedentary endoparasites (citrus and root-
knot nematodes), and several species of ectoparasitic
nematodes can damage citrus under certain conditions.
Other PPN species associated with the citrus rhizosphere
lack information to set their pathogenic potential.
The present review will address the most important

nematode pests that cause losses in the citrus crop in
Egypt and their management. Needless to remind that
there are other biotic and abiotic factors that may cause
additional losses. The most important abiotic factors in
Egypt are bad weather conditions, such as relatively high
temperatures and severe winds during flowering and
early fruit set that cause flowers and small fruits to dra-
matically fall. This might happen during February to
June. As for biotic stresses, Citrus tristeza virus, Citrus
psorosis virus, Phytophthora, Fusarium, and T. semipe-
netrans are the most important in Egypt. Therefore,
agricultural practices should typically tackle all yield-
reducing factors which would benefit sustainability
evaluation in citriculture. Although the magnitude of
nematode damage to any crop is related to PPN species,
densities, and favoring conditions, there is consensus on
the supreme importance of T. semipenetrans relative to
other PPNs on citrus in Egypt (Abd-Elgawad, 1992a, b;
Korayem and Hassabo 2005; Hammam et al. 2016b;
Abd-Elgawad et al. 2016). This review throws light on
the significance of the citrus nematode and provides a
way forward for updated control tactics of the most
common and damaging nematodes associated with cit-
rus trees as well as general management strategies to
maximize citrus yield and quality in Egypt.
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PPNs of citrus in Egypt
The citrus nematode (Tylenchulus semipenetrans)
It is a parasite of many plant species since more than 75
rutaceous species (especially citrus and their close rela-
tives) are suitable hosts (Duncan 2009). Moreover, a few
non-rutaceous hosts such as olive, grape, lilac, and per-
simmon are also infected. This nematode constituted
81.2% (Abd-Elgawad, 1992a, b) and 99.1% (Abd-Elgawad
et al. 2016) of the total nematode community in surveys
targeting two areas famous for citriculture in Egypt. In
contrast, foreign surveys found that T. semipenetrans
infested 24–60% in Florida and California (USA) to 70–
90% in Brazil and Spain (Shokoohi and Duncan 2018) of
commercial orchards. Such common infestations world-
wide inform that it can damage citrus yield under a wide
range of environmental and edaphic conditions. Slow de-
cline disease of citrus is caused by this nematode where
gradual tree debilitation is noticed. Aboveground symp-
toms of the disease are similar to those resulting from
lack of nutrition, poor root development, or drought.
Moreover, citrus trees can usually support very high T.
semipenetrans population levels before damage becomes
clear. Leaves and fruit are smaller and chlorosis may be
evident (Philis 1989; McClure and Schmitt 1996). Symp-
tom development depends on overall orchard condi-
tions. Root hairs are less abundant resulting in wilting
especially during periods of water stress and leaf drop is
more pronounced causing thinner tree canopies in heav-
ily infested trees. Infected trees growing under otherwise
optimum conditions may yield somewhat less fruit while
looking quite healthy (Duncan 2009). Under unfavorable
conditions for tree growth, the T. semipenetrans effects
are quite apparent; leaf drop is more pronounced, produ-
cing exposed branch terminals (twig dieback). In saline
conditions, excessive sodium accumulates in leaves
(Mashela and Nthangeni 2002). Feeder roots are somewhat
thicker than healthy ones with a dirty look due to adhering
soil particles to gelatinous nematode-egg masses on the
surface of severely infected roots. On the contrary, such
symptoms may not be evident on root systems with light
T. semipenetrans infections. Unfortunately, infected nur-
sery seedlings may easily go undetected in such cases (Sho-
koohi and Duncan 2018). Infected roots decay faster
leading to invasion by secondary organisms (Hamid et al.
1988). This may appear as root lesions in light infection,
but severe infections lead to cortical sloughing and root
death. Nematode infection enhances levels of the cell-
damaging enzymes (Abd-Elgawad et al. 2015).
The T. semipenetrans biology and ecology have been

extensively studied (Shokoohi and Duncan 2018). The
egg hatches to filiform second stage juvenile (J2) which
does not immediately penetrate the roots. The nematode
is sexually dimorphic with males having the ability ma-
ture to the filiform adults without feeding. The female
juveniles can survive more than 2 years in the absence of
roots (Duncan 2009). Amphimictic females can produce
male and female offspring in the absence of males. Fe-
male J2s feed for up to 2 weeks on epidermal cells before
molting in approximately 7 days to the third, fourth, and
adult stages. The anterior of young adult females pene-
trate deep into the fibrous root cortex to initiate a per-
manent feeding site at which time the females become
increasingly swollen (Cohn 1964). These females feed
routinely from several nurse cells that surround the
nematode heads while their posteriors stay exposed on
the roots. About 6 weeks after hatching at 25 °C, females
lay eggs on the root surface in a gelatinous egg mass se-
creted from the excretory pore.
Duncan (2009) speculated an intimate coevolution of T.

semipenetrans with citrus and other deep-rooted trees
since this parasite is able to induce an intricate series of
nurse cells in the cortex of the host species. Nutrients are
frequently conveyed to the nematode via nurse cells with
slight damage to the host. Consequently, this host can sup-
port large T. semipenetrans numbers for years. The nema-
tode population levels may be affected differently in
response to various edaphic and environmental factors
such as temperature, soil moisture, and natural enemies.
Depending on the region and these factors, one (Sorribas
et al. 2000), two (Salem 1980), or three (Abd-Elgawad et al.
1994) distinct periods of active population development
per year are recorded, but no seasonality was also found
(Cohn 1966). The best T. semipenetrans development
occurred at 25 °C with slower rates as temperatures
approached upper (31 °C) and lower (20 °C) limits for
population growth (O’Bannon et al. 1966). High summer
soil temperatures may be associated with seasonally low
populations in Egypt (Salem 1980). Reynolds and O’Ban-
non (1963) thought that T. semipenetrans population level
was minimal on young trees in Arizona and Florida until
the canopies developed enough to provide shade and re-
duce soil temperature. The nematode has little capacity for
desiccation survival compared to many PPNs that must
routinely survive soil drying cycles in a state of anhydrobio-
sis (Tsai and Van Gundy 1988). So, if the degree of soil
drought causes the tree wilting, this also reduces T. semipe-
netrans population. Yet, soil moisture is often inversely re-
lated to such a population growth (Sorribas et al. 2000).
Relying on whether part or all of the root system is affected
by drought, the nematode populations in extremely dry
parts of the rhizosphere can either grow very rapidly or de-
cline precipitously (Duncan 2009). The T. semipenetrans
population densities were higher under drip than under
flood irrigation (Sorribas et al. 2000). Likewise, the popula-
tion fluctuation of T. semipenetrans is regulated by season-
ality in the growth of citrus organs and the availability of
nutrients in roots. New and seasonal roots are favorable for
nematode penetration, development, and reproduction.
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Heavy infection can kill and decay considerable feeder root
masses. Thus, lightly infected trees have more rooted mass
than severely infected trees. This may lead to erratic esti-
mation via relating yield loss to nematode numbers if new
root growth is still not initiated to replace those damaged
by the nematode during sampling. Salinity and pH of soil
can affect T. semipenetrans differently (Shokoohi and Dun-
can 2018). The T. semipenetrans populations grow best at
pH 6–8. So, the nematode damage to citrus is greater in
mild alkaline calcareous soil than in highly acidic soils.
While tree nutrition affects population levels (Mangat and
Sharma 1981), the genetic variety of roots affects popula-
tion growth of T. semipenetrans, even among rootstocks
that are not considered to be resistant (O’Bannon and
Hutchinson 1974).
The citrus nematode in the undisturbed citrus rhizo-

sphere is often associated with a diverse and plentiful
community of other microorganisms worldwide (Sho-
koohi and Duncan 2018). In Egypt, some agricultural
practices such as addition of humic acid can enhance mi-
crobial activity and available nutrients in favor of citrus
yield (Ennab 2016). Nevertheless, T. semipenetrans inter-
acts with such microorganisms in inconsistent ways;
apparently depending on the interacted species. While its
infection to citrus seedlings can reduce subsequent infec-
tion of roots by Phytophthora nicotianae, it can increase
the virulence of Fusarium solani (Shokoohi and Duncan
2018). Moreover, high population level of the nematode
combined with Fusarium semitectum had synergistic
effect on damaging citrus seedlings (Safdar et al. 2013).
The citrus nematode impacts citrus yields differently

under various conditions and locations. Consequently, dif-
ferent damage thresholds accompanied with relevant
guidelines have been published to help interpret soil sam-
ple results (Duncan 2009). Admittedly, loss estimates for
citrus nematode vary extensively between systems and
applied functions (Shokoohi and Duncan 2018). In Egypt,
the economic threshold figures per 1 kg soil and 5 g roots
were 13,000 and 15,000 nematodes during periods of low
populations in February and August but 36000 nematodes
during the peak period in March for Navel orange trees
grafted on sour orange rootstock (Korayem and Hassabo,
2005). Also, the gain thresholds (the value of harvested
lemon that equals the cost of T. semipenetrans sampling
and nematicide application) in Egypt were 6.083 and 4.014
metric tons of lemon feddan−1 (= 4200 m−2) for cadusafos
and oxamyl, respectively. Likewise, the economic thresh-
olds (the population density of T. semipenetrans at which
the value of the damage caused is equal to the cost of both
sampling and control) were 1810 and 141 second-stage
juveniles (150 cm3 soil)−1. Contrary to variously defined
thresholds (e.g., Ferris 1978; Sorribas et al. 2008), these
thresholds were based on the combined costs of nematode
sampling and control to provide an actual estimate of a
budget conscious choice (Abd-Elgawad et al. 2016). In
California, soil stages (juveniles/100 g soil) below 800
proved a non-damaging level, more than 1600 may re-
spond economically to nematicide treatment, and above
3600 treatments may improve yield substantially (Garabe-
dian et al. 1984). These T. semipenetrans population levels
were recorded during the peak growth period of May–July.
Yet, the T. semipenetrans females per g root there with
counts of less than 300, more than 700 and more than
1400 represented low, moderate, and high levels, respect-
ively; the threshold was about 850 juveniles/100 cm3 soil
when nematode population levels were estimated during
periods of low nematode development.

Diagnosis of the citrus nematode
Caution and experience should be combined for nema-
tode sampling and extraction to avoid erratic results.
Usually nematodes are clumped in soil and along roots.
So, sample size can be reduced with the same level of ac-
curacy by sampling during seasons of high population
level and in locations of abundant feeder root for nema-
tode feeding. Also, stratified sampling of orchards into
strata of healthy and unhealthy trees may increase sam-
ple precision. However, it is logic to sample during the
same season each year, preferably when peak nematode
levels exist, when comparison is intended. In this re-
spect, such roots and nematodes are more plenty under
the tree canopy than at the drip-line or in rows between
trees (Duncan 1986). Low-volume irrigation systems
concentrate root and nematode densities even further in
the wetted zones (Shokoohi and Duncan 2018).
An optimum sample size with accurate estimation of

T. semipenetrans density is often costly (Abd-Elgawad
2016a, 2017). Fortunately, sampling even with low preci-
sion is mostly valuable because the majority of nematode
population levels are well above or below management
threshold levels (Shokoohi and Duncan 2018). On the
other hand, improving optimum size of nematode sam-
ples via iteration was suggested (Abd-Elgawad 2016a).
This iteration, simple on using Microsoft Excel Work-
sheet, is followed to find a more suitable value of the
statistical variable t instead of, 2, its supposed imprecise
value. As a case in point, precision for population dens-
ity assessments of T. semipenetrans on citrus in Egypt
and Florida are shown (Table 1) for three different sam-
pling plans. For each method, standard error to mean ra-
tios and confidence intervals at three probability levels
are calculated using the published Taylor Power Law pa-
rameters of these plans. The confidence bands around
the means of T. semipenetrans numbers are generally
wide for 99%, 95%, and 80% probability levels compared
to Meloidogyne spp. (Abd-Elgawad 2017) probably due
to the high mean of citrus nematode population used
and the relatively low number of samples. Yet, Florida



Table 1 Precision estimates for Tylenchulus semipenetrans population densities based on data derived from citrus orchardsa

Standard error to mean ratio (E)b ½ confidence interval
to mean ratio (D)b

99% confidence
interval+

95% confidence
interval++

80% confidence
interval+++

Taylor’s power law parameters: a = 0.83, b = 1.95; in stratified random sampling, Egypt

0.17 0.35 1302–3698 1623–3377 1945–3055t

0.17 0.33 1421–3579 1679–3321 1963–3037z

Taylor’s power law parameters: a = 1.175, b = 1.95; in systematic sampling, Egypt

20% 42% 1074–3926 1457–3543 1838–3162t

20% 39% 1216–3784 1523–3477 1861–3139z

Taylor’s power law parameters: a = 9.2, b = 1.57; in random sampling, Florida, USA

13% 26% 1598–3402 1840–3160 2081–2919t

13% 25% 1688–3312 1882–3118 2095–2904z

aAbd-Elgawad (1992a, b) for citrus in Egypt, and Duncan et al. (1989) for citrus in Florida. Soil sample size of 100 g in Egypt or 100 cm3 in Florida
t and z refer to using Student’s t value and standard normal deviate, respectively
bE and D values rounded up to nearest two decimals with D at 95% probability
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populations of the citrus nematode showed narrower
confidence bands than those of stratified random. This
latter in turn had limited confidence bands compared to
systematic sampling method in Egypt.
Estimating yield loss is based on the relationship between

either natural nematode infestation densities or nematode
population levels following nematicidal application and
yields. Both of them have limitations. For example, nemati-
cides may affect not only the nematodes but also other
rhizosphere organisms such as natural enemies and fungal
or/and bacterial pathogens. Moreover, nematicidal applica-
tion may also directly affect plant development negatively
(Timmer 1977) or positively (Wheaton et al. 1985). On the
other hand, edaphic factors can affect both nematode and
tree to various extents. Also, this relationship is sometimes
falsified and/or complicated by cyclic T. semipenetrans
population growth, carry-over stress effects from one crop/
year to the next, the interaction between nematode and
other stresses and by the capacity for vigorous trees to sup-
port (tolerate) higher population levels than trees in decline
(Abd-Elgawad et al. 2016). However, several models for
relating yield to nematode infestation densities proved
significant citrus yield loss due to the citrus nematode. In
Table 2 Predicted marketable fruit losses in “banzaheer” lemon (Citr
Elgawad et al. 2016)

Nematode population (J2/150 cm3 soil) Predicted fruit weight (kg/tree)

0 126.529

110 102.702

500 95.027

900 92.048

1200 90.59

1500 89.459

2000 88.0

2300 87.292
this respect, yield loss of lemon in Egypt was estimated
(Table 2) and averaged 28.7% (P = 0.026). The estimation
related tree yield to natural nematode infestation level.
Hence, it should be noted that the disparity in yields be-
tween infected and non-infected lemon trees is due to
long-term, cumulative stress. During such a long-term,
other stresses such as soil-borne pathogens, poor soil
drainage, salinity, drought, and nutrient deficiency can
maximize the yield loss. Thus, yields may (McClure and
Schmitt 1996) or may not increase in the first year follow-
ing nematode control. Abd-Elgawad et al. (2016) specu-
lated that this yield loss of lemon will result from damage
T. semipenetrans has already caused at sampling (February)
because fruit set in Egypt always occurs until June. This is
consistent with the report by Duncan (1989) that fruit yield
5 months only after nematicide application was not af-
fected by treatment. Sorribas et al. (2008) reported that the
effect of nematicides on citrus yield will be shown after the
first- (McClure and Schmitt 1996), second- (Duncan
1989), or third-year applications (Greco et al. 1993). More-
over, such an effect ranged from none to several hundred
percent increase in citrus fruits from treated trees but few
negative impacts were recorded. Eventually, citrus yield
us aurantifolia) at increasing citrus nematode density (Abd-

Predicted fruit loss (kg/tree) Fruit loss (Tons/feddan) % loss

0 0 0

23.827 3.812 18.8

31.502 5.040 24.9

34.481 5.517 27.3

35.939 5.750 28.4

37.07 5.931 29.3

38.529 6.165 30.5

39.237 6.278 31.0
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often increases in response to nematicide application (Sho-
koohi and Duncan 2018).

Other nematode parasites of citrus
Although many PPN genera and species other than T.
semipenetrans are found in the rhizosphere of citrus trees,
currently recorded nematodes to damage citrus tend to be
very limited in distribution. Generally, Ibrahim (2006) re-
ported the following genera (with related species) from cit-
rus orchards: the spiral nematode Helicotylenchus (H.
dihstera, H. hydrophilus, H. microcephalus, H. multicinctus,
H. pseudorobustus), the sheath nematode Hemicycliophora
(H. Arenaria, H. similes), the lance nematode Hoplolaimus
(H. Columbus, H. galeatus, H. seshadrii), the needle nema-
tode Longidorus (L. africanus, L. alongates, L. gerogiensis, L.
taniwha), the lesion nematode Pratylenchus (P. bra-
chyurus, P. coffeae, P. nreglectus, P. penetrans, P. pratensis,
P. vulnus, P. zeae), the burrowing nematode Radopholus
(R. similes, R. citri), the stubby root nematode Trichodorus
(T. teres, T. christiei), the stunt nematode Tylenchor-
hynchus (T. besselatus, T. brassicae, T. clavicaudatus, T.
latus, T. nothus, T. phaseoli), the dagger nematode Xiphi-
nema (X. imitator, X. insigne, X. lamberti), and the reni-
form nematode Rotylenchulus reniformis. For example, in
Egypt PPNs found in the citrus soil and the average per-
centages of the total nematode community were T. semipe-
netrans (81.2%), Helicotylenchus pseudorobustus (11.7%),
Criconemella spp. (6.5%), Pratylenchus brachyurus (0.2%),
and Tylenchorhynchus spp. (0.4%) in Northern Tahrir
Province (Abd-Elgawad, 1992a, b). Other than T. semipe-
netrans (99.1%), the genera Tylenchorhynchus, Helicoty-
lenchus, Criconemoides, Xiphinema, and Pratylenchus
accounted for 0.9% of the total nematode community in
citrus groves of El-Nubaria district, El-Behera governorate
(Abd-Elgawad et al. 2016). Additional genera such as
Meloidogyne (root-knot nematode, RKN) and Longidorus
were found in citrus orchards intercropped with tomato in
the New Valley governorate (Abd-Elgawad unpublished).
Shokoohi and Duncan (2018) reported that species re-

lated to both migratory endoparasite genera (Radopholus
and Pratylenchus) and sedentary endoparasites (Meloido-
gyne), as well as a number of species of ectoparasitic nema-
todes can damage citrus. Fortunately, the most dangerous
nematode (i.e., the citrus race of Radopholus similis) which
causes the spreading decline disease of citrus is not found
in Egypt. Clearly, the presence of nematode genera/species
of citrus varies by geographic region. So, it is not odd to re-
port the pathogenicity of R. citri associated with declining
trees in Indonesia (Machon and Bridge 1996). Following
are the most common PPN species of citrus groves.

Pratylenchus Three species; i.e., P. coffeae, P. bra-
chyurus, and P. vulnus can damage citrus. All are found
in Egyptian citrus orchards (Ibrahim et al. 2010). The
widespread P. coffeae is the most pathogenic (Shokoohi
and Duncan 2018). Lesion nematode infection occurs
mainly in the feeder roots by all motile stages that pene-
trate cortical tissue, but vascular tissues remain intact until
invaded by secondary organisms. Pratylenchus coffeae is
obligatorily amphimictic, with males feeding in the roots
(Inserra et al. 2001). The current climate change toward
higher temperature in Egypt may aggravate root damage
by P. coffeae because its reproduction is highest when soil
temperatures are relatively high (26–30 °C). At such tem-
peratures, the life cycle is completed in less than 1 month
and may reach density levels as high as 10,000 nematodes/
g root (O'Bannon and Tomerlin 1969), and can survive in
roots in soil for at least 4 months. This species could re-
duce citrus root weights by as much as half. Growth reduc-
tion of young trees in the field ranged from 49 to 80%, and
the numbers of Fruit during the first bearing years ranged
from 3-fold to 20-fold differences between infected and
non-infected trees (O'Bannon and Tomerlin 1973). Com-
mercial rootstocks resistant to P. coffeae have not been
identified yet.
Similar to the biology of P. coffeae is that of P. bra-

chyurus (Duncan 2009). It is a reported pathogen of cit-
rus seedlings in different soil types (Tomerlin and
O'Bannon 1974). Yields of Valencia orange trees grafted
on rough lemon were enhanced after controlling P. bra-
chyurus with aldicarb and trees showed less frost dam-
age in winter (Wheaton et al. 1985). The fact that P.
vulnus has been found associated with citrus trees in
Egypt (Ibrahim et al. 2010) was not recognized in some
reports (Duncan 2009; Shokoohi and Duncan 2018). The
species is capable of causing severe damage to citrus
seedlings, but is not reported to damage mature trees
(Inserra and Vovlas 1977). Biology, population growth
rates, and root damage are similar to those described for
P. coffeae (Duncan 2009). Based on field surveys, numer-
ous Pratylenchus species were identified in Egyptian cit-
rus orchards (Ibrahim et al. 2010) but little studies have
been done on their pathogenicity and damage to citrus.

Meloidogyne Root knot nematodes capable of attacking
citrus are very limited in distribution (Shokoohi and
Duncan 2018); RKNs found in citrus orchards in Egypt
were possibly reproducing on tomato which was inter-
cropped with the citrus (Abd-Elgawad unpublished).
They appear to be a problem in only a few localized re-
gions in the world. A pathogenic RKN species (known as
Asiatic pyroid citrus nematode) recorded from Taiwan
and New Delhi could cause elongated galls on citrus
roots (Duncan 2009). It can complete its life cycle on
several citrus and other plant species. Other RKN spe-
cies were reported from citrus in specific regions but the
common species M. incognita, M. javanica, and M. are-
naria were found infecting roots of Troyer citrange and



Table 3 Effect of sample size on the detection of Tylenchulus
semipenetrans in a mixture with both T. palustris and T. graminis
(Abd-Elgawad and McSorley 2009)a

Number of Tylenchulus
spp. (sample size)

% Tylenchulus
semipenetrans
in the population

Percentage of detecting
T. semipenetrans

10 1 10

20 1 18

30 1 26

10 5 40

20 5 64

30 5 79

10 10 65

20 10 88

30 10 96

10 20 89

20 20 99

30 20 >99
aAll fractional values rounded up to nearest integer
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sour orange, causing small galls, but without reprodu-
cing (Van Gundy et al. 1959).

Xiphinema Although many species related to this genus
are reported from the citrus rhizosphere, very little research
has been undertaken regarding their pathogenicity to citrus
(Gozel et al. 2006). Most species of Xiphinema predominate
in lighter-textured soils (Cohn 1969). In Egypt, Xiphinema
rivesi was isolated from soil around the rhizosphere of cit-
rus trees (Citrus sinensis) with poor growth appearance and
low yield from EL-Nobarria, EL-Behera governorate (Han-
doo et al. 2015). High densities of Xiphinema brevicollum
were associated with declining grapefruit trees and infected
seedlings had stubby, swollen, and reduced roots in Sudan
(Yassin 1974). Similarly, other Xiphinema spp. were associ-
ated with similar symptoms and declining growth of citrus
trees (Shokoohi and Duncan 2018).

Other plant-parasitic nematodes
Numerous nematode species such as those related to the
genera Trichodorus, Paratrichodorus, and Hemicyclio-
phora were also isolated from citrus fields (Abou-El-
Naga et al. 1984) but their importance and damage to
citrus trees have not been documented yet.

Management of nematodes on citrus in Egypt
Primary considerations
Appropriate nematode sampling and extraction
Nematode sampling and extraction are basic to nema-
tode advisory and diagnostic services. Nematode sam-
pling should be a pre-consideration (Abd-Elgawad
2019a). Appropriate PPN sampling time and method as
well as extraction and processing technique (Abd-Elga-
wad 2016a; Shokoohi and Duncan 2018) are fundamen-
tal to detect and identify PPN problems through
adequate collection of relevant soil and fibrous roots.
The samples should be sent and examined by a relevant
Diagnostic and Advisory Services such as that of Diag-
nostic Laboratory at the Special Unit of the National
Research Centre, Dokki, Giza governorate for analyses.
Wise laboratory recommendations are always based on
nematode history and other stressing factors, and previ-
ous production practices at the sampled grove as well as
level of nematode numbers, symptoms, and damage of
the sampled species/genera. The limiting factor principle
should be considered (Thomason and Caswell 1987). It
denotes that trees cannot respond to nematode treat-
ment if PPNs especially T. semipenetrans are but one
among other constraints to root growth. That is because
the trees damaged by soil borne-pathogens, salinity, poor
drainage, frequent drought, or other problems are
unlikely to respond consistently to management of just
PPNs. Groves should be managed adequately in all re-
spects, before investing in nematode control tactics. On
the contrary, healthy groves with high T. semipenetrans
population densities are those in which nematode manage-
ment is most likely to be profitable (Duncan 2009). More-
over, PPNs especially T. semipenetrans may sometimes
exacerbate damage caused by other stresses (Mashela and
Nthangeni 2002). Nematode threshold numbers or at least
the common importance of the detected PPN species
should be considered. Such thresholds may vary from one
region to another and are influenced by various biotic and
abiotic factors. In Egypt, the economic thresholds of T.
semipenetrans have been estimated in the Nile valley (Kor-
ayem and Hasabo 2005) and newly reclaimed land (Abd-
Elgawad et al. 2016) as well as on different citrus varieties
(Abd-Elgawad 1995; Abd-Elgawad et al. 2016). Due to the
absence of the burrowing nematode, Radopholus similis, in
Egypt, treatment for other PPN species is usually only con-
sidered when they are found in combination with T. semi-
penetrans in the same field. As mentioned above, these
may include many others such as stunt (Tylenchorhynchus
spp.), spiral (Helicotylenchus spp.), and ring (Criconemoides
spp.) nematodes which are frequently found in samples
from citrus orchards. Therefore, Abd-Elgawad and McSor-
ley (2009) applied the positive binomial model to deter-
mine the probability of detecting a particular nematode
species in a sample containing mixed species (Table 3). In
this respect, Abd-Elgawad (1992b) implied the presence of
Tylenchulus graminis and/or T. palustris since statistically
significant differences in the numbers of citrus nematode
associated with the same rootstock (Citrus aurantium), be-
tween weed-free areas and weed-infested sites were found.
Such results might suggest a possible presence of sympat-
ric Tylenchulus species; i.e., T. semipenetrans is found with
either or both T. palustris and T. graminis (Fig. 2). The



Fig. 2 Drawings of mature females. Tylenchulus palustris (Tp), T. graminis (Tg), and T. semipenetrans (Ts). Tylenchulus graminis and T. palustris
parasitize native plants of Florida, whereas T. semipenetrans is a citrus parasitic species (Inserra et al. 2005)
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importance of determining the effect of sample size on the
detection of T. semipenetrans in a mixture with T. palustris
and T. graminis (Table 3) stems from the fact that neither
T. palustris nor T. graminis parasitizes citrus (Inserra et al.
1988, 2005). The former species attacks non-rutaceous di-
cots but the latter feeds only on monocots such as broom-
sedge and other grassesince. Thus, of the three species,
only T. semipenetrans is a quarantine nematode. Generally,
Table 3 gives probability model for detecting any species
based on its prevalence in a polyspecific nematode popula-
tion; a case often found in Egyptian citrus orchards (e.g.,
Abd-Elgawad, 1992a, b; Abd-Elgawad et al. 2016). In other
words, probability of detecting T. semipenetrans may be
applied to any mixtures of other nematode species. Yet,
the exact damage to citrus yield, if any, is still restricted to
a few nematode species. In this respect, minimum num-
bers of the lesion nematode (Pratylenchus spp.) per 100
cm3 of soil at which the crop is at risk of nematode dam-
age is ten nematodes as given by nematode extension ser-
vice, University of Florida, USA (Abd-Elgawad and Askary
2015). Nevertheless, due to their limited distribution and
very low population densities, same as other PPN species
except T. semipenetrans in citrus orchards, Pratylenchus
spp. damaging level is uncertain or not believed to cause
significant damage of citrus yield in Egypt. Fortunately,
the most serious PPN species of citrus, Radopholus similis,
has not been found in Egypt. Generally, other PPN popu-
lation levels may affect citrus yields differently under vari-
ous conditions.
Accumulated experience and advances in nematode sam-

pling, extraction processes, and counting (e.g., Been and
Schomaker 2013; Abd-Elgawad 2016b; Abd-Elgawad 2017;
Shokoohi and Duncan 2018; Abd-Elgawad 2019b) have
opened new avenues for further optimization of sampling
size and reduced costs. Since T. semipenetrans populations
are clumped in soil and along roots, sampling during sea-
sons of peak population and in locations of highest feeder
roots and nematode concentration can reduce sample size.
Abundance of T. semipenetrans populations are found be-
neath the tree canopy than in rows between trees. For com-
parative purposes, it is better to sample during the season
with peak population each year. Stratified random samples
for areas of healthy and unhealthy trees may also improve
sample precision. Irrigation system should be considered
during sampling since it influences root distribution and
consequently nematode spread. For a given sample size,
sample precision for root stages of the nematode is less
than that for soil stages. Nevertheless, reports on sample
size proved that accurate estimation of T. semipenetrans
population density is still rather costly (Duncan 2009).
Hence, Abd-Elgawad (2016a) rearranged Taylor Power
Law formulae to solve for the ratio of the half-width of the
confidence interval to the mean of the nematode numbers
rather than sample size in order to present different levels
of sampling accuracy. Such levels of accuracy could be
calculated which would give a primary approximation of
expenditure especially in case of limited fund (Abd-Elga-
wad 2017). For example, different levels of accuracy are es-
timated along with their corresponding costs for stratified
random sampling of Tylenchulus semipenetrans in citrus
orchards of Egypt (Table 4). Yet, if such an accuracy level
were a cause for concern, it could be minimized by collect-
ing, recovering, and counting more samples per plot.
Higher precision than the commonly used one is recom-
mended when the economic threshold figure for the tar-
geted nematode species lies within the confidence interval
of the sample mean. Recent developments in sample collec-
tion, processing, and counting (Reid et al. 2015; Holladay



Table 4 Percentage level of accuracy as defined in terms of the
standard error to mean ratio (E) and the ratio of the half-width
of the confidence intervala to the mean (D) for stratified
random sampling of Tylenchulus semipenetrans in citrus orchards
of Egypt (Abd-Elgawad 2017)

Cost of samples
(US $)

Finance-based
number of samples

Mean nematode
count per sampleb

Level of
accuracy/
reliabilityc

D E

Taylor’s power law parameters: a = 0.83, b = 1.95 in Egypt

100 10 800 55% 24%

150 15 100 45% 21%

150 15 1 50% 24%

200 20 1 43% 20%

250 25 1 38% 18%

750 150 1 15% 7%

200 20 2100 35% 17%

600 120 2100 14% 7%
at.05[15-1] = 2.145; t.05 [20-1] = 2.093; t.05 [25-1] = 2.064; t.05 [120-1] = 1.98; t.05
[150-1] = 1.96 from common t-tables
bBased on a sample size of 100 gm soil (Abd-Elgawad, 1992a, b)
cThe fractional values rounded up to nearest two decimals (i.e., percentage)
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et al. 2016, Abd-Elgawad 2019b) may facilitate such an
adoption. In contrast, if T. semipenetrans population
means, and consequently their confidence band, are well
above or below management threshold levels, there is no
matter to seek a high precision level.
As for nematode extraction, its efficiency is rarely re-

ported, and it is often difficult to make direct compari-
sons between laboratories. For some soils, Baermann
funnel’s extraction technique appear to be similar in
Fig. 3 Four quadrat sizes (a–d) with different distribution pattern though t
distribution with regularly distributed clumps of nematodes (Abd-Elgawad
efficiency to techniques employing density flotation
with relatively thin soil but major differences in the ef-
ficiency of the two approaches were also reported
(Duncan 2009). Abd-Elgawad (1992b) estimated num-
bers of T. semipenetrans soil stages per a definite fi-
brous root weight because a given population density
in soil may represent a different parasitic burden de-
pending on the root mass density of the tree. Finally,
atypical sampling procedures may lead to erratic re-
sults. Differences in the size or type of the sampling
unit may lead to various interpretations of the resulting
data (Abd-Elgawad 2019b). In essence, different sam-
pler diameters can result in different indices of nema-
tode distribution patterns for the same nematode
population (Fig. 3). These indices should be used to
normalizing the population distribution as a pre-
requisite to meet assumptions necessary for parametric
statistical analyses. Hence, erratic results will be ob-
tained. Therefore, standard sampling procedure is rec-
ommended for objective and more reliable comparison
among PPN distribution patterns. Figure 3 shows that
when an area of the sampling unit is much larger or
much smaller than the average size of PPN aggrega-
tions and their clumps are regularly or randomly dis-
tributed, then their population pattern is apparently
random; factual non-randomness is not detected.
Nevertheless, relatively small sampler diameter can
often detect non-randomness, particularly if there are
not a few individuals of nematodes in each aggregation.
Admittedly, sound conception of the temporal and
spatial distribution of PPNs in citrus orchards is essen-
tial for their biological and ecological studies.
aken from the largest sample size which represents a contagious
2019b)
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The need to improve PPN quarantine and develop
certification programs
Quarantine design and actions that have successfully
achieved protection of citrus trees from citrus nematode
pests in Florida (Inserra et al. 2005) should be imple-
mented in Egypt. So, it is timely to motivate private and
governmental sectors to fulfill the needs of our national
certified citrus seedlings. A citrus nursery certification
plan to control the nematodes particularly T. semipene-
trans should include two basic steps of such a program;
i.e., site approval and pre-movement certification of cit-
rus plants before they go away from the nurseries. Con-
tinuous monitoring through soil sampling of nematodes
is also basic to the program. Moreover, it focuses on iso-
lating nursery locations to avoid runoff water from
infested orchards and phytosanitary measures to avoid
contamination of planting media and equipment in nur-
sery area and non-infested orchards. Hence, nematode-free
tools and devices for use in nurseries and non-infested
orchards must be considered. Otherwise, such tools and
instruments must be disinfested continually prior to their
transfer to nurseries and non-infested orchards (Esser
1984). In fact, all investors and stakeholders in Egypt
should address the problem collectively and, especially,
allocate enough capital to produce enough certified citrus
seedlings and prepare pertinent experts who can apply
quarantine actions similar to those of Florida citrus. Rue-
fully, most citrus growers are forced to get uncertified
seedlings from informal nurseries of local private markets
since certified seedlings are expensive and not easily avail-
able. Limitation in distribution of certified seedlings is fur-
ther aggravated by both their relatively small-scale output
and the lack of awareness of citrus nematodes by many
resource-poor growers. Abd-Elgawad et al. (2016) stressed
that Egyptian quarantine on certifiable pathogens of citrus-
propagating material should also include bacteria, fungi,
and other transmissible pathogens. Abd-Elgawad and
McSorley (2009) also proposed a citrus nursery certifica-
tion program to help overcome the reluctance of nursery-
men in Egypt to move the nurseries to sites that can
produce nematode-free planting material and to convince
growers to refrain from mulching virgin soil with infested
soil from the Nile Valley. Additionally, irrigation with some
forms of running water, such as aqueducts, canals, and in-
land waterways, has been recognized to perform a serious
source of inter-orchard contamination by both nematodes
of citrus and other soil-borne pathogens especially several
fungal species which can spread widely and shortly via
water movement in Egypt. Cohn (1976) noted that irriga-
tion water can be decontaminated through the use of set-
tling ponds and filtration systems, but the procedures
require skillful maintenance. In their feasibility study of
such a potential program, Abd-Elgawad and McSorley
(2009) found that for every L.E. 59,524 invested in a
certification program, there would be a return of L.E. one
million. The Florida nursery certification program saved
farmers and investors US $33 million in 1994 by decreas-
ing citrus losses caused by the citrus nematode that would
have otherwise happened via the spread of T. semipene-
trans (Lehman 1996). Eventually, certified seedlings along
with other technically qualified specifications of seedlings
indicated by El-Barkoki and Abou-Aziz (1989) to ensure
healthy intact-rooted plants along with the above-
mentioned phytosanitary measures must be a way forward
in citrus protection/pest management in Egypt.

Consideration of the limiting factor principle
Firstly, the above-mentioned limiting factor principle
should be addressed in Egyptian citrus groves. Still, various
nematode management approaches may be included in a
conclusive program of assessing all yield-forming and -re-
ducing factors which would benefit citrus sustainability
evaluation. These approaches may implement one or more
of the cultural, chemical, and agronomic tactics relevant to
the underlying circumstances for pest control. In addition,
adequate watering to deliver irrigation rightly in terms of
proper time and amount, weed control comprising hand
hoeing, when necessary, integrated disease and pest man-
agement, adequate fertilization, and correct harvesting as
well as pruning. This latter should help trees to grow
strong and look neat as well as to remove damaged
branches, allow for new growth while preparing trees for
the best fruit bearing. Some Egyptian growers do it incor-
rectly, so they end up with damaging the tree which may
aggravate the tree burden of PPN infection and/or other
stressing factors. In other words, all production practices
should try to minimize losses through crop management
as a second step following nematode exclusion and quaran-
tine strategy. Many Egyptian farmers have been putting
some or all of these practices in effect. For example, im-
proving soil drainage could be done via skillful irrigation
system, tillage, and planting on raised beds in soils with
shallow water tables. Sensitive irrigation running in order
to supply water and fertilizer in accordance with the differ-
ent requirements of citrus trees is necessary for each stage
of the growing season particularly at the pre-bloom, bloom,
and fruiting periods. Admittedly, all stressing factors
that limit the productivity of citrus orchards must be
tackled before controlling the PPNs. Overcoming such
factors should help in and considered as indirect man-
agement of the nematodes.

Nematicidal application
Having ensured that groves are managed adequately in
all respects, direct control of citrus nematode tactics
should be sought. Globally, these tactics may utilize re-
sistant rootstocks, nematicides, or production practices
such as the type of the fertilizer used and solarization.
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The commercially resistant rootstock Swingle citrumelo is
common in Florida and, combined with regulation pro-
gram of the citrus nematode, has decreased the spread of
T. semipenetrans dramatically (Lehman 1996). Even so,
resistance-breaking biotypes were developed on Swingle
citrumelo there (Duncan et al. 1994). Also, Swingle citru-
melo proceeds poorly in Egyptian alkaline soils and those
high in lime; so it is not the best target in Egypt. This does
not negate that management of citrus nematode via resist-
ant rootstocks in Egypt should draw attention toward
other resistant rootstock varieties from soils similar to
ours. For example, Forner-Alcaide no.5 is a resistant root-
stock variety from Spain that tolerates alkaline and calcar-
eous soils of Egypt. It is a hybrid of Poncirus trifoliate and
Cleopatra mandarin (L. Duncan, pers comm). Sorribas
et al. (2003) demonstrated that trees on resistant root-
stocks grew more quickly than on susceptible root-stocks
in non-fumigated soil infested by T. semipenetrans, but
not in soil fumigated with 1,3-dl-chloropropene.
Shokoohi and Duncan (2018) stressed that the most

effective pre-plant nematicides in citrus are fumigants
such as metam sodium and 1,3-dichloropropene. The
latter fumigant has several commercial products in Egypt
such as Telone II or Dorlone II, which are used in citrus
nurseries/orchards for their high PPN control efficacy.
Moreover, soil-borne pathogen-effective but banned me-
thyl bromide (MB) fumigant is sometimes illegally used by
some small-scale growers in Egypt due to its high control
potential against nematodes and insect pests as well. In
contrast, a considerable re-orientation in the sort and
choice of applicable nematicides is being embraced by
medium and large companies in Egypt due to environ-
mental pollution and human health hazards of the prohib-
ited chemicals. In this respect, the safely used chloropicrin
is applied effectively against diseases but seldom nema-
todes or weeds. Thus, 1,3-dichloropropene is also mixed
with chloropicrin (Telone C17 or Telone C35), making it
a multi-purpose soil fumigant in Egypt too (Abd-Elgawad
2008). The product contains either 17% or 35% chloropic-
rin. Telone C35, applied in combination with a separate
herbicide for weed management, was reported as the best
chemical alternative replacing MB for achieving effective
PPN control and superior strawberry production (Noling
2016; Abd-Elgawad 2019a). That is because under-canopy
weed growth may reduce nematicide effectiveness (Dun-
can et al. 2019) in addition to sharing with the tree in its
nutrition. Pre-plant fumigation of old orchard sites with
histories of citrus nematode infestation can be important
to prevent the rapid infection of young trees (Shokoohi
and Duncan 2018). Yet, caution should be exercised to
protect groundwater since pre-plant fumigants can only
be used in areas with an underlying impermeable layer
within 6 ft of the soil surface capable of supporting seep
irrigation (Duncan et al. 2019). Also, carful nematicidal
applicators should be aware that such chemicals may gen-
erally be harmful for beneficial organisms or biological
control agents (BCAs) found in the tree rhizosphere.
Production practices should focus on tackling other

problems before post-plant chemical treatment to man-
age PPNs of citrus. Issues as improper irrigation, inferior
soil drainage, poor pest and disease control, and inad-
equate fertilization must be solved first. For example,
irrigation systems should regularly be examined prior to
pesticide application to soil to prevent under- or over-
application of pesticide or water. In this respect, inferior
pesticide application of chemigated nematicides could
result from faulty line-end pressure valves, blocked drip-
pers, line breaks, and/or missing emitters. However, if
high population densities of nematodes were found on
young trees, early management of T. semipenetrans pop-
ulations can have a long-term positive effect on subse-
quent growth and productivity of the trees. Admittedly,
pre-requisites for fumigation should be perfectly consid-
ered to avoid any negative results and phytotoxicity.
Post-plant, non-fumigant nematicides are usually ap-

plied in Egypt in February and March with flushing of
new fibrous roots (or periods when nematodes actively
invade new roots). Abd-Elgawad et al. (2016) found that
the economic thresholds, which refer to nematode popu-
lation level at which the value of the damage caused is
equal to the cost of nematode management, were 1810
and 141 T. semipenetrans-second-stage juveniles or J2
(150 cm3 soil)−1 for cadusafos and oxamyl, respectively
on lemon trees. Yet, chemical treatment to control the
nematodes is generally recommended at 4000 J2 (250 g
soil)−1 for fruit trees and 2400 J2 (250 g soil)−1 for young
trees of citrus (Anonymous 2017). Major groups of nem-
aticides are oxime-carbamates (aldicarb, oxamyl, carbo-
furan) and organophosphates (fenamiphos, ethoprophos,
and cadusaphos) but granular cadusafos has shown su-
perior efficacy against T. semipenetrans (Verdejo-Lucas
and McKenry 2014). Nevertheless, a few such as aldicarb
and fenamiphos were deregistered for use in citrus
whiles the efficacy and profitability of the other available
nematicides vary widely (Shokoohi and Duncan 2018;
El-Tanany et al. 2018). For mature citrus trees, Egyptian
governmental recommendations include distribution of
nematicides such as cadusaphos 10% granules at rate of
24 kg/Feddan on the soil surface and incorporate it
mechanically into the top 10 cm of soil or spraying oxa-
myl 24% liquid on soil surface under tree canopy and
on tree shoots at rate of 4 l per 600 l water/Feddan
twice; 3–4 weeks between them (Anonymous 2017).
For young citrus trees, similar broadcast and incorpor-
ation of nematicides such as oxamyl 10% granules at
rate of 25 kg/Feddan is recommended. For large-scale
and commercial orchards, nematicides are applied in
bands down the citrus tree rows or through low-
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volume irrigation systems. In all cases, these nemati-
cides should be incorporated in the soil, either mechan-
ically or with irrigation for efficacy and safety.
It is preferable to leave untreated trees as checks in

order to evaluate product performance and tree growth
response following nematicidal application. Moreover,
splitting the maximum allowable nematicide dose for
multiple applications within a season can increase effi-
cacy markedly (Shokoohi and Duncan 2018). Such nem-
aticides are directly lethal to PPNs and have activity
against insects. Their primary action is a result of direct
contact. Yet, their action is mostly due to sub-lethal
effects including modification of nematode behavior,
e.g., failure of males to mate with females, inhibition of
egg hatch, or inability of nematodes to complete the life
cycle. New compounds with nematicidal activity and dif-
ferent modes of action are being tested or are at the
pipeline for registration (Faske and Hurd 2015; Abd-
Elgawad and Askary, 2018, 2020). On the other hand,
some systemic nematicides, such as oxamyl, are translo-
cated within the tree and suppress both harmful and
beneficial species in addition to nematodes (Hammam
et al. 2016b; Shokoohi and Duncan 2018).
Since a large majority of fibrous roots grow within the

surface 24–30 in of soil and decrease in abundance from
the tree trunk to the row middle, proper, under-canopy,
nematicide placement to maximize coverage is of great
significance (Duncan et al. 2019). The under canopy
placement within the surface 24–30 in of soil should
best target applications to areas of highest nematode
density. It is also most effective at warm soil temperature
in order that nematode can develop and tree can uptake.
Although adequate nematicide application rate, place-
ment, and timing are substantial for its efficacy, repeated
nematicidal application often leads to lowered efficacy
due to accelerated microbial degradation. Nematicide
draining to depths below the major root zone can hap-
pen rapidly due to extreme irrigation or much rainfall.
Given the permeable nature of citrus sandy soils and
low organic matter content especially in newly
reclaimed land of Egypt, skillful irrigation schedules
can foster nematode control via optimizing retention of
toxic concentrations within the root zone of the trees
and prevent environmental pollution.
Other agricultural practices can contribute in nema-

tode management. Some organic and inorganic fertil-
izers have proved to suppress PPN populations; most
nematicidal amendments are oil cakes, or animal excre-
ments containing 2–7% (w:w) nitrogen (Rodríguez-
Kábana 1986). In Egypt, for example, Badra and Elgindi
(1979) found that ammonium nitrate, ammonium
sulphate, and urea could reduce Tylenchulus semipene-
trans populations in soi1 and roots of citrus seedlings.
Solarization of soil can also be highly beneficial to the
subsequent growth of cultivated crops in general (Abd-
Elgawad et al. 2019). Also, bionematicides especially
BCAs rank high among other PPN management options
given mounting care to lessen application of chemical
nematicides with a clear aim at the avoidance of human
health hazards and attaining pollution-free environment.
Nevertheless, BCAs are frequently slower acting, less ef-
fective, and more inconsistent than control normally
achieved with chemicals. Abd-Elgawad (2020) has re-
cently reviewed the different groups of BCAs to identify
conditions and practices that affected their use for
nematode management and alternatives to maximize
their useful applications against PPNs. He reported vari-
ous approaches to diminish costs, facilitate availability,
optimize application, and improve their efficacy. Re-
searchers should further grasp the complex network of
interactions among biotic and abiotic factors in intimate
contact with these BCAs to maximize their gains via safe
and skillful application and advanced technology (Abd-
Elgawad and Askary 2020). Integrated pest management
programs of citrus orchards in ways that make BCAs
complementary or superior to chemical nematicides
should further be addressed. This is timely with the fre-
quently reported incidence of naturally occurring com-
munities of nematophagous fungi and parasitic bacteria
such as Pasteuria species in citrus orchards (Shokoohi
and Duncan 2018). Pathak et al. (2017) demonstrated
habitat variation in the predominance of two of seven
species of biocontrol fungi found in the DNA recovered
from samples of nematodes in citrus orchards. The
predator-prey model parameters for a Pasteuria sp. and
T. semipenetrans in a citrus orchard was constructed
and may be useful as a basis to design augmentation
programs (Ciancio et al. 2015). Other biocontrol agents,
such as predaceous mites, Pseudomonas fluorescens,
Trichoderma spp., Pochonia chlamydosporia, and Pur-
pureocillium lilacinum, with most of them available
commercially (Abd-Elgawad and Askary 2018) have
mostly shown potential in T. semipenetrans regulation
(Hammam et al. 2016b; Shokoohi and Duncan 2018;
El-Tanany et al. 2018; El-Saedy et al. 2019). Also, bo-
tanical extracts proved to suppress T. semipenetrans in
Egypt (Amin and Youssef 2014; El-Zawahry et al. 2014).

Conclusions
The most economically important PPN species in Egypt
is Tylenchulus semipenetrans due to its wide distribution
in most citrus groves and population densities above the
economic threshold levels. Other PPN species are found
but with limited distribution and low population dens-
ities. So, their damaging level is uncertain or not be-
lieved to cause significant damage of citrus yield.
Management of nematodes on citrus in Egypt requires
primary considerations. These include precise and
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appropriate nematode sampling and efficient extraction,
improving PPN quarantine and develop certification
programs and consideration of the limiting factor
principle. Nematicidal application should consider useful
experience gained from previous experimentation on the
citrus nematode in Egypt and worldwide. In this respect,
holistic comprehension of the nematode biology and
ecology as well as their reflections on the economic im-
portance of these nematodes should be harnessed for
better pest control.

Abbreviations
PPNs: Plant-parasitic nematodes; MB: Methyl bromide; J2: Second-stage
juveniles; BCAs: Biological control agents
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