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Abstract
In Georgia, pecans are commercially grown in the Piedmont and 
Coastal Plain ecoregions which are characterized by sandy-loam, 
sandy, and/or clay soils. If well-drained, these soils are suitable for 
pecan production, but the soil characteristics differ enough between 
ecoregions in which the plant-parasitic nematode (PPN) communities 
could differ substantially. We studied PPN communities in pecan 
orchards to evaluate the potential for ecoregion differences. In total, 11 
genera (Helicotylenchus, Hemicycliophora, Heterodera, Hoplolaimus, 
Meloidogyne, Mesocriconema, Pratylenchus, Paratylenchus, Para­
trichodorus, Tylenchorhynchs, Xiphenema) were recovered from 
pecan orchards in the Piedmont and Coastal Plain ecoregions. 
However, Non-Metric Multi-Dimensional Scaling ordination, Multi-
Rank Permutation Procedure, and Indicator Species Analyses 
indicated that the pecan PPN communities strongly differed between 
ecoregions and that different genera were strongly associated with 
different ecoregions. For 9 of the 11 PPN genera, the maximum 
counts occurred in Coastal Plain locations, suggesting that the well-
drained sandy soils of the Coastal Plain and comparatively ill-drained 
red clay soils of the Piedmont may be conducive and unfavorable for 
movement/reproduction of PPNs, respectively.

Keywords
Ecology, Host-parasite relationship, Multivariate analyses, Non-metric 
multi-dimensional analyses.

Nematodes are among the most ubiquitous, abun
dant, and biologically diversified groups of inverteb
rate soil organisms. Based on their feeding behavior, 
nematodes can be grouped as bacterivores, fungivores, 
predatory, carnivores, and herbivores (plant-parasites) 
(Pen-Mouratov et al., 2003; Yeates and Bongers, 
1999; Yeates et al., 1993). All of these nematodes 
generally play key roles in ecological processes 
like nutrient recycling, decomposition of organic 
matter, and suppression of diseases (Briar et al.,  
2007; Ferris et al., 2004; Mulder et al., 2003; Neher, 
2001, 2010; Yeates, 1999; Yeates and Bongers, 1999). 
Nematode species abundance and occurrence, and 

community composition are known to be influenced 
by both abiotic (physical and chemical properties of 
soil, temperature, and moisture) and biotic (e.g. host 
plant occurrence and abundance) factors (Bakonyi 
and Nagy, 2000; Freckman and Ettema, 1993; 
Kandji et al., 2001; Norton, 1989; Yeates, 1999). In 
agricultural systems, cultural practices like tillage, 
crop rotation, and addition of inputs can alter physical 
and chemical properties of soil that in turn can modify 
abundances and community structures of nematodes 
(Porazinska et al., 1999; Timper et al., 2012). For 
example, incorporation of organic soil amendments 
and fertilizers, such as compost, can change soil 
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properties which favor the increase in bacterivores 
nematodes, which shifts the nematode community, 
but also promotes N-mineralization in the soil that in 
turn can increase the crop productivity (Neher, 1999).

For plant-parasitic nematodes (hereafter PPNs), 
they are obligately tied to the presence and relative 
abundance of host plants, but like other nematodes, 
their relative abundances may be influenced by soil 
properties such as the relative amounts of sand, 
slit, and clay (Van Gundy, 1985). For example, high 
populations densities of Meloidogyne spp. are 
commonly found in sandy soils over those soils with 
a large percentage of clay (Prot and Gundy, 1981), 
Xiphenema americanum densities were greater in 
silty clay-loam soils than silt-loam soils (Schmitt 
and Norton, 1972), and high population densities of 
Pratylenchus and Criconemella are typically found in 
fine silt and sandy soils, respectively (Wallace et al., 
1993).

Over their North America distribution, pecan 
trees can be harmed with diminished yields from 
PPNs, especially three species of root-knot nema
todes (RKN) Meloidogyne incognita (Hendrix and 
Powell, 1968), M. arenaria (Carithers, 1978) and  
M. partityla (Kleynhans, 1986), and ring nematodes 
(Mesocriconema xenoplax) (Nyczepir and Wood, 
2008). In Georgia, pecans are primarily grown in 
two ecoregions, the Piedmont and Coastal Plains 
with estimated yields across the state totaling over 
45 million kg and over $401 million pecan farm gate 
value obtained from over 177,000 acres planted in 
2017 (Anonymous, 2017, 2019). Over the last 11 years, 
the Nematode Diagnostic Laboratory, University of 
Georgia, Athens had received and processed only 
14 soil samples from pecan growers. These samples 
contained seven PPN genera including Meloidogyne, 
Mesocriconema, stubby-root (Paratrichodorus), stunt 
(Tylenchorhynchs), spiral (Helicotylenchus), lance 
(Hoplolaimus), and dagger (Xiphenema) nematodes 
(Jagdale pers. obs.). Of these seven PPN genera, only 
Meloidogyne spp. and Mesocriconema are known 
to cause damage to pecans (Nyczepir and Wood, 
2008). Interpretation of PPN-pecan associations is 
further complicated by soil differences in the two 
biogeographic regions in which pecans are grown. 
The Piedmont ecoregion is located in the central part 
of Georgia between the Appalachian mountain foothills 
of North Georgia and the fall line, and is dominated by 
sandy loam soil with 43–85% sand, 0–50% silt, and 
0–25% clay (Markewich et al., 1990; Pederson and 
Lathem, 1999), and red clay soil containing 40–50% 
sand, 10–15% silt, and 35% clay (Dr. Lessl personal 
communication, UGA Soil Test Lab). The Coastal Plain 
is divided into upper and lower subregions that occupy 

the southern part of Georgia between the fall line and 
the coast of Atlantic Ocean, and it is primarily sandy 
soil with 85–100% sand, 0–15% silt, and 0–10% clay, 
and clay soil with > 40% clay, < 45% sand, and < 40% 
silt (Markewich et al., 1990; Pederson and Lathem, 
1999). Sandy-loam soils with a permeable clay subsoil 
is considered ideal for high pecan yields due to their 
good drainage and water holding capacities, yet the 
soil composition differences between ecoregions 
could generate PPN community differences that may 
require different control practices.

Based on the relative abundance of these PPN 
genera from the limited number of soil samples 
processed in the University of Georgia Diagnostic 
lab, and the potential that the sandy soils of the 
Coastal Plains may be more favorable for certain 
PPN genera, we used multivariate statistical tests, 
which are frequently used in community ecology 
studies, to determine whether the pecan nematode 
assemblages differed between the Piedmont and 
Coastal Plains ecoregions and which nematodes 
statistically contributed to any between ecoregion 
differences. Our findings could have implications for 
planning and implementing appropriate nematode 
control strategies in Georgia pecans.

Materials and methods

Selection of pecan orchards

Working in conjunction with Cooperative Extension 
agents and pecan growers, PPNs were sampled 
in 6 and 22 commercial pecan orchards located in 
four and 21 Georgia counties from Piedmont and 
Coastal Plain regions, respectively (Tables 1–3). Actively 
managed pecan orchards were selected from each 
county with possible symptoms (stunted growth and 
loss of vigor) of PPN infestations. In each orchard, 
7–14 individual pecan trees were arbitrarily selected 
for soil sampling.

Soil sampling

Each tree was then sampled by removing 10 random 
soil cores (15 cm deep x 2.5 cm diam) under canopy 
drip line around tree stem (Khanal et al., 2016). 
Soil cores from each tree were combined into one 
composite sample and 7–14 such composite samples 
were collected for each orchard. A total of 282 
composite samples collected from all the selected 
pecan orchards and each composite sample was 
placed in a plastic bag and transported back to the 
Extension Nematology Laboratory, Athens, Georgia 
in coolers to assay nematode populations.
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Table 1. Plant-parasitic nematodes found in commercial pecan orchards in Georgia 
in 2017, 2018, and 2019.

County Nematode genera and ecoregions

Piedmont region

Clarke Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema, Paratylenchus, 
Hemicycliophora, Heterodera

Rockdale Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema

Spalding Meloidogyne, Mesocriconema, Tylenchorhynchus, Helichotylenchus, Xiphinema

Walton Meloidogyne, Hoplolaimus, Pratylenchus, Paratrichodorus, Mesocriconema, Tylenchorhynchus, 
Helichotylenchus, Hemicycliophora, Xiphenema

Coastal Plain region

Appling Meloidogyne, Hoplolaimus, Paratrichodorus, Mesocriconema, Helichotylenchus

Berrien Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus

Bibb Meloidogyne, Pratylenchus, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema

Colquitt Meloidogyne, Paratrichodorus, Mesocriconema, Tylenchorynchus, Helichotylenchus, Xiphinema

Cook Paratrichodorus, Mesocriconema, Xiphenema

Crisp Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema and Heterodera

Decatur Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema

Dougherty Meloidogyne, Hoplolaimus, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema, 
Paratylenchus

Grady Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema

Houston Meloidogyne, Hoplolaimus, Pratylenchus, Paratrichodorus, Mesocriconema, Helichotylenchus, 
Xiphinema

Irwin Meloidogyne, Paratrichodorus and Mesocriconema

Jefferson Meloidogyne, Paratrichodorus, Mesocriconema, Tylenchorhynchus, Helichotylenchus, Xiphinema

Lee Meloidogyne, Mesocriconema

Mitchell Meloidogyne, Hoplolaimus, Pratylenchus, Paratrichodorus, Mesocriconema, 
Helichotylenchus,Xiphinema, Paratylenchus

Peach Meloidogyne, Hoplolaimus, Pratylenchus, Paratrichodorus, Mesocriconema, Tylenchorhynchus, 
Helichotylenchus, Xiphinema

Taylor Meloidogyne, Paratrichodorus, Mesocriconema, Xiphinema

Tift Meloidogyne, Paratrichodorus, Mesocriconema, Tylenchorhynchus, Paratylenchus

Turner Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus, Xiphinema, Paratylenchus, 
Hemicycliophora

Ware Meloidogyne, Hoplolaimus, Paratrichodorus, Mesocriconema, Helichotylenchus and Xiphinema

Wilcox Meloidogyne, Paratrichodorus, Mesocriconema, Helichotylenchus,Xiphinema

Worth Meloidogyne, Paratrichodorus, Mesocriconema, Xiphinema

Extraction, identification, and counting of 
nematodes

Plant-parasitic nematodes were collected from a 
100 cm3 soil sub-sample taken from each of 282  

composite samples using centrifugal sugar floata
tion technique (Jenkins, 1964). Nematodes from 
each sample were identified to genus level using 
diagnostic keys by Mai et al. (1996) and counted 
at 40X magnification using an inverted compound 
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microscope. Then their frequency of occurrence, 
abundance, and maximum population densities were 
calculated using standard formulas (see Tables 2 and 
3 captions).

Soil properties

Soil pH and texture (proportions of sand, silt, and 
clay) analyses were conducted with four samples 
from two representative pecan orchards (Clarke and 
Walton counties – Piedmont ecoregion) and with 
six samples from four pecan orchards (Dougherty, 
Houston, Peach, and Tift counties – Coastal Plain 
ecoregion). A total of 10 soil samples were analyzed 
at the University of Georgia soil test laboratory in 
Athens, Georgia using standard methods (Gee and 
Bauder, 1986; Thomas, 1996).

Statistical analysis of ecoregion PPN 
communities

We used a trio of multivariate analyses to evaluate 
the potential for ecoregion associated pecan PPN 
community differences. First, we used Non-Metric 
Multi-Dimensional Scaling (NMS or NMDS) (Kruskal, 
1964; McCune and Grace, 2002), an ordination 
analysis that more accurately represents the structure 
within and between biological communities that PCA 
and PCoA (McCune et al., 2002), to visualize the 
patterns of PPN abundance and occurrence in soil 
samples collected from the Piedmont and Coastal 
Plain. NMS analysis was conducted using two data 
matrices, a primary and a secondary matrix. The 
primary matrix consisted of count data (relative 
abundance) from all 11 nematode from each pecan 
tree composite sample. Because nematode relative 
abundance varied by several orders of magnitude 
between genera and some genera were not present in 
a composite sample (a zero), we ln (x + 1) transformed 
the count data to conserve relative abundance 
(adding a 1 to all values enables us to ln transform all 
data while maintaining the zero in the data; ln 1 = 0, 
ln 0 is undefined and not appropriate for statistical 
analyses) and conform to multi-variate normality. Data 
from the primary, ln x + 1 transformed matrix, were 
converted to Gower’s distance values (Gower, 1971) 
for ordination. These values index the relative distance 
between the nematode counts for each pecan tree 
by simultaneously accounting for both PPN presence 
and relative abundance. NMS produces a scatterplot 
of how the pecan trees are related to each other 
given the Gower distance of each composite sample 
and calculates the centroid for each PPN genus in 
multivariate space. A secondary matrix was used to 

group the pecan tree PPN samples by ecoregion, 
either Piedmont or Coastal Plain. In ordination 
analyses, the more distant or closer the points are to 
each other in ordination space, the more dissimilar 
or similar the PPN communities in those samples 
are relative to each other, respectively. If there are 
differences in the PPN communities associated with 
ecoregion, we expect the NMS ordination to group 
pecan composite samples by ecoregion. NMS 
was accomplished through 500 real runs and 500 
randomized runs in the program PC-ORD 7 (McCune 
and Mefford, 2016).

To test for statistically significant differences 
between the Piedmont and Coastal Plant pecan 
PPN communities, we retained the primary matrix 
(ln x + 1 transformed) and secondary matrix in the 
NMDS analysis and used them both for Multi-Rank 
Permutation Procedure (MRPP) (Mielke and Berry, 
2001). MRPP is similar to an ANOVA but it is used for 
multivariate data. It evaluates group membership by 
comparing the distance values from each sample in 
the a priori selected groups (Piedmont and Coastal 
Plains ecoregions), calculates a test statistic for 
the between group differences (T, analogous to 
a student’s t), and indexes the effect size though 
a chance agreement within groups (A-statistic). A  
p-value for between groups statistical significance 
is obtained through the T-statistic (Mielke and Berry, 
2001). MRPP was run from Gower’s Index values 
(Gower, 1971) in the program PC-ORD 7.

Because MRPP only tests for group membership, 
e.g. whether the pecan PPN communities differed 
between Piedmont and Coastal Plain ecoregions, 
we applied Indicator Species Analysis (ISA) (Dufrêne 
and Legendre, 1997) to identify which PPN genera, 
if any, were statistically associated with either eco
region. Indicator values range from 0 to 100, with a 
100 indicating a perfect indicator species (one that is 
mutually exclusive to a group and always occurs in 
the highest relative abundance within that group) and 
zero (a species that is not affiliated with any group 
either through occurrence or relative abundance) (see 
Severns and Sykes, 2020 for a description of the ana
lysis). Probability values of ecoregion association were 
attained through 5,000 randomizations in PC-ORD 7.

Results

Patterns of pecan PPN diversity  
and distribution

The distribution of 11 PPN genera in six and 22 pecan 
orchards varied among the four and 21 counties that 
located in Piedmont and Coastal Plain ecoregions, 
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respectively (Table 1). Also, the percent frequencies of 
occurrence, abundances, and maximum population 
density of five major PPNs including Meloidogyne, 
Mesocriconema, Paratrichodoru, Helicotylenchus, and 
Xiphenema that occurred on pecans differed between 
the nematodes and counties that are located in two 
different ecoregions of Georgia (Table 2). For example, 
only Mesocriconema was found in all locations in both 
ecoregions with its percent frequency of occurrences 
ranging from lowest (30%) to highest (100%). Of  
the four counties surveyed in the Piedmont region, 
PPN genera including Meloidogyne, Xiphenema, and 
Helicotylenchus found in all four counties with lowest 
(10%) and highest ( > 70%) of frequencies of occurrence 
but Paratrichodorus found in only three counties with 
only 10–23% of frequencies of occurrence (Table 2). Of 
the 21 counties surveyed in the Coastal Plain region, 
PPN genera including Paratrichodorus, Meloidogyne, 
Xiphenema, and Helicotylenchus found in 20, 19, 16, 
and 15 counties, respectively with lowest (10%) and 
highest (> 70%) of frequencies of occurrence (Table 2).

Ecoregion soil properties and ecoregion 
associated differences in pecan PPNs

The distribution of 11 PPN genera that were asso
ciated with pecans in both geographic regions of 
Georgia varied between Coastal Plain and Pied
mont ecoregions (Table 3). Also, the differences 
in frequencies of occurrences of PPNs and their 
communities are correlated with the properties of 
soil from both ecoregions (Table 3). For example, the 
percent frequencies of occurrence of ring (93%) and 
root-knot (44%) nematodes were comparatively higher 
in Coastal Plain, which is dominated with sandy soil 
containing average of 87.52% sand, 5.92% silt, and 
6.56% clay with a pH of 6.6 (averages of six samples) 
than those in the Piedmont ecoregion (75 and 37%, 
respectively), which is dominated with sandy-clay-
loam soil containing average 65.47% sand, 17.25% 
silt, and 17.28% clay and a mean pH of 5.5 (averages 
of four samples). In contrast, the percent frequencies 
of occurrence of dagger (33%) nematodes was higher 
in the Piedmont than in the Coastal Plain ecoregion 
(28%) (Table 3). The maximum population densities of 
nine nematodes were comparatively higher in Coastal 
Plain with sandy soil than those in the Piedmont 
ecoregion with sandy-clay-loam soil (Table 3).

NMDS ordination of the Georgia pecan PPN 
community yielded a three-dimensional solution that 
explained 91.9% of the variation in the soil sample 
data. The final stress of the 3-d solution was 13.36, 
a relatively stable NMDS ordination for ecological 
communities (McCune and Grace, 2002). Composite 

soil samples from the Piedmont ecoregion occurred 
primarily on one side of the ordination (left), while 
samples from the Coastal Plain occurred primarily 
on the opposite side (Fig. 1). In the Piedmont, the 
centroids (asterisks in Fig. 1) of lesion and sheath 
nematodes occurred in the center of the Piedmont 
samples (dark gray pyramids), suggesting these PPNs 
were proportionately dominant in the Piedmont. The 
centroids for stubby root, dagger, and stunt were 
positioned within the Coastal Plain samples (dark 
gray pyramids), while the centroids for ring, RKN 
(root-knot nematode), cyst, and spiral were not as 
obviously associated with either ecoregion (Fig. 1).

MRPP indicated that the pecan PPN communities 
statistically differed between the two ecoregions 
(MRPP results: T = − 3.083, A = 0.043, observed delta 
value = 0.115, p < 0.000000001). Indicator Species  
Analysis (ISA) identified that ring and stubby-root 
nematodes were statistically associated with Coastal 
Plain samples and that spiral, sheath, and lesion 
nematodes were statistically associated with the 
Piedmont ecoregion samples (Table 4 ISA). The 
PPNs that the Indicator Species Analysis identified 
as being statistically associated with either the 
Piedmont or Coastal Plain ecoregions are likely those 
that contributed to the statistical differences of PPN 
communities between ecoregion indicated by MRPP.

Discussion

The first systematic survey of pecan PPNs in 
Georgia indicated that 11 genera (Helicotylenchus, 
Hemicycliophora, Heterodera, Hoplolaimus, Meloido­
gyne, Mesocriconema, Pratylenchus, Paratylenchus, 
Paratrichodorus, Tylenchorhynchs, and Xiphenema) 
occur throughout the Piedmont and Coastal Plain 
ecoregions. Within an ecoregion, the pecan PPN 
communities appeared similar in the NMDS ordination 
analysis, but the communities also appeared to differ 
between ecoregions in their composition as samples 
from the Piedmont grouped together while those 
from the Coastal Plain generally grouped together 
and separately from the Piedmont.

The MRPP analysis indicated that the pecan 
PPN communities had strong statistical differences 
between the ecoregions. While a relatively new 
statistical test of association, ISA is rarely used in 
plant disease studies but it has successfully identified 
known PPNs causing plant disease from field samples 
(Severns et al., 2020) and revealed multiple causal 
agents in an emerging plant disease (Rivedal et al., 
2020; Severns and Sykes, 2020). Indicator Species 
Analysis in the present study clearly identified several 
PPN genera that had strong statistical associations 
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with one of the two ecoregions. We also found that 
the maximum population densities of 9 out of 11 
PPN genera were comparatively higher in the Coastal 
Plain than those occurring in the Piedmont. These 
ecoregion differences in the pecan PPN community 
and ecoregion-specific association with individual 
PPN genera may be due to soil texture characteristics 
that are known to influence PPN distribution and 
abundance (Norton and Hoffmann, 1974; Norton  
et al., 1971). The well-drained and coarse, sandy 
soils in the Coastal Plain (Markewich et al., 1990) and 
comparatively ill-drained in the Piedmont (Markewich 
et al., 1990) may be conducive and unfavorable for 
movement/reproduction/development of PPNs, res
pectively (Anonymous, 2018; Jones et al., 1969; Kim 
et al., 2017; Koenning et al., 1996; Pang et al., 2011; 
Sasser, 1954; Seshadari, 1964). Other soil factors 
(e.g., nutrients or organic matter) may also affect 
PPN populations (Noe and Barker, 1985; Norton  
et al., 1971), but those soil traits were not measured 
in our study. We recognize that there were fewer 

replicate sites for the Piedmont ecoregion compared 
with the Coastal Plain, yet the six replicate sites in 
the Piedmont are considered appropriate for valid 
analyses and conclusions. Nonetheless, future stu
dies may expand upon our study and utilize more 
sites and replicates from each ecoregion.

Our results agree with the findings of previous 
researchers, who reported greater PPN population 
densities of nine genera (cyst, dagger, lance, pin, ring, 
root-knot, spiral, stubby-root, and stunt nematodes) in 
the rhizospheres of different crops in sandy compared 
to clay soils (Brodie, 1976; Dropkin, 1980; Koenning  
et al., 1996; Lewis and Smith, 1976; Martin et al., 1994; 
Olabiyi et al., 2009; Wallace et al., 1993). In contrast, 
the population density of root-lesion nematode, 
Pratylenchus spp. (Davis and MacGuidwin, 2005) 
appeared to be greater in sandy loam Piedmont soils 
than in the sandy soils of the Coastal Plain. These 
results are consistent with previous researchers who 
also reported high population densities of lesion 
nematodes infecting different crops in sandy-loam 

Figure 1: 3-D NMS ordination of PPN soil samples from 282 Pecan trees in the Piedmont and 
Coastal Plain ecoregions of Georgia, USA (Final stress of the 3-D NMS solution = 13.36, 
proportion of variance explained by all three axes combined = 0.911). Dark gray pyramids (▲) 
represent pecan soil samples collected from the Piedmont ecoregion (n = 60) and light gray 
pyramids (▲) represent soil samples collected from the Coastal Plant ecoregion (n = 222).Blue 
asterisk with names in bold text represent the centroids of the 11 PPN genera (sheath, lesion, 
cyst, dagger, lance, ring, RKN (root-knot), spiral, stunt, stubby root, pin (Praty)) in the 3-D NMS 
solution. Piedmont ecoregion soil samples were distributed from the left side of the NMS 
ordination space to the middle (front to back). Coastal Plain ecoregion soil samples were 
distributed primarily from the middle to the right side of ordination space. This spatial division of 
soil samples taken from the Piedmont and Coastal Plains ecoregions strongly suggests that the 
pecan PPN communities differ between ecoregions.
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soils (Endo, 1959; Florini et al., 1987; Jordaan et al., 
1989; Salem et al., 1994).

Although we found 11 PPN genera in our pecan 
study, only M. partityla and M. xenoplax have been 
previously reported to be associated with- and 
pathogenic to pecans in Georgia (Nyczepir and 
Woods, 2008; Nyczepir et al., 2002, 2004a, b) and 
South Africa (Kleynhans, 1986). In our study com
paring the nematode communities between the 
two ecoregions where pecans are most frequently 
grown, we found an additional nine genera in 
the pecan rhizosphere for which we do not yet 
know their specific taxonomic rank nor the patho
genic potential to pecans. In Georgia, Pecan RKN,  
M. partityla is considered the most damaging PPN 
as it is associated with typical mouse-ear foliar 
symptoms, nickel deficiencies, stunted growth and  
dead branches in the upper canopy of pecans 
(Nyczepir et al., 2002, 2006). Meloidogyne partityla 
has been also reported to be associated with 
weakening of pecan trees in other states such as 
Arizona (Khanal et al., 2016), Florida (Brito et al., 2006), 
New Mexico (Thomas et al., 2001), Oklahoma (Brito 
et al., 2006) and Texas (Starr et al., 1996), and South 
Africa (Kleynhans, 1986). Previously, association of 
two other species of RKNs including M. arenaria 
(Carithers, 1978) and M. incognita (Hendrix and 

Powell, 1968) have been reported in Georgia pecans, 
but Nyczepir and Woods (2008) could not confirm 
their recent presence in pecan orchards in Georgia. 
Also, M. javanica has been reported to be pathogenic 
to some cultivars of pecans (Pinochet et al., 1993). 
Furthermore, the occurrence of different RKN spe
cies M. arenaria, M. javanica, and M. incognita 
have been reported in the rhizosphere of different 
stone fruits like nectarine, peach, plum, and prune 
grown in California (Chitambar et al., 2018). In the 
present study, it appears that RKNs (Meloidogyne 
spp.) are widespread in pecan orchards located 
in 23 different Georgia counties (4 and 19 counties 
from both Piedmont and Coastal Plain ecoregions, 
respectively). However, the RKN species is unknown 
in Georgia as we have only confirmed the presence 
of M. partityla in three counties (Jefferson, Houston, 
and Tift) located in Coastal Plain ecoregion of 
Georgia (Waliullah et al., 2020; Jagdale unpublished 
data). Nyczepir and Woods (2008) reported a wide 
distribution of M. partityla in Georgia, but they did not 
provide any specific distribution details. Considering 
the known differences among these species of root 
knot nematodes (host range in particular), it will be 
important to positively identify the species of RKNs 
present in Georgia pecan orchards. Such information 
is critical to understanding the life cycle of pecan 

Table 4. Indicator Species Analysis (see Severns and Sykes, 2020 for an analysis 
description) results showing which PPN nematodes were statistically associated (*) 
with pecan soil samples from the Piedmont (60 soil samples) or Coastal Plain (222 
soil samples) ecoregions of Georgia, USA.

Nematode genus
Indicator value 

(0–100)
Ecoregion

p value (from 5,000 
randomizations)

Ring, Mesocriconema spp.* 73.8 Coastal Plain 0.0002

Spiral, Helichotylenchus spp.* 48.1 Piedmont 0.0002

Stubby-root, Paratrichodorus spp.* 36.1 Coastal Plain 0.0028

Root-knot, Meloidogyne spp. 24.4 Coastal Plain 0.69

Dagger, Xiphinema spp. 15.3 Piedmont 0.85

Sheath, Hemicycliophora spp.* 14.8 Piedmont 0.0002

Lesion, Pratylenchus spp.* 13.0 Piedmont 0.0002

Lance, Hoplolaimus spp. 5.8 Coastal Plain 0.28

Pin, Paratylenchus spp. 3.6 Coastal Plain 0.64

Stunt, Tylenchorhynchus spp. 3.3 Coastal Plain 0.83

Cyst, Heterodera spp. 2.0 Coastal Plain 0.71



10

Community structure of pecan plant-parasitic nematodes: Jagdale et al.

RKNs and formulating the most effective control 
strategies.

In the present study, Mesocriconema spp. was  
the most abundant and frequently occurring nema
tode (overall 89% of samples from both ecoregions) 
with a maximum mean population density of 309 
nematodes/100 cm3 soil. These findings are consistent 
with Nyczepir et al. (2004b), who also reported the 
association of high numbers of ring nematodes with 
stressed and stunted pecan trees in Georgia. Although 
the damage threshold level of ring nematodes 
on pecan is unknown, it has been reported that  
M. xenoplax occur in large numbers in the rhizo
sphere soils of other nut crops and stone fruits 
including almond apricot, cherry, plum, prune, peach, 
and walnut (Anonymous, 2020a, b; Chitambar et al., 
2018; Ciancio and Grasso, 1998; Dong et al., 2007; 
Lownsbery et al., 1974, 1978; Nyczepir, 1989). Also, 
the well-known association of M. xenoplax with the 
disease complex in peaches called peach tree short 
life (PTSL) (Nyczepir, 1989; Nyczepir et al., 1983) 
suggests that it may substantially impact Georgia 
pecan production as both of these crops are often 
planted in close proximity or inter-planted in Georgia 
(Cottrell et al., 2010; Smith et al., 1989).

Next to RKNs, spiral nematodes (Helicotylenchus 
spp.) were present in 41% soil samples with the high
est population density of 637 nematodes/100 cm3 
soil collected from the rhizosphere of pecans. Asso
ciations of five different species of spiral nematodes 
(H. dihystera, H. digonicus, H. pseudorobustus, 
H. paragiris, and H. microlobus) with different nut 
trees (almond, apricot, and walnut) and stone fruits 
(cherry, peach, plum, and nectarine) have been also 
reported in California and Greece (Chitambar et al., 
2018; Tzortzakakis et al., 2018) but there is virtually 
no information available on the association of specific 
species of spiral nematodes with pecans. In general, 
different species of spiral nematodes are found in 
the rhizosphere of different field and fruit crops, 
ornamental plants, turfgrasses, weeds, and nut crops 
but they are not considered economically important 
pests on many host crops, excepting H. multicinctus, 
H. paaxilli, and H. microlobus, which are considered 
serious pests of banana (McSorley and Parrado, 
1983) and turfgrasses (Jagdale et al., 2020; Pang  
et al., 2011, 2012). Since spiral nematodes are known 
to cause discolored lesions in the root cortexon which 
they feed (Jagdale et al., 2020; Maggenti, 1981), they 
may pose pathogenic potential to pecans but this 
requires confirmation.

In the rhizosphere of Georgia pecans, stubby-root 
and dagger nematodes were present in 39 and 29% 
soil samples with the highest population densities of 

29 and 14 nematodes/100 cm3 soil, respectively. Both 
of these nematodes are considered economically 
important because they may vector various types 
of plant virus diseases. According to Brown et al. 
(1995), nepoviruses are transmitted by species in 
the genera Xiphinema whereas tobraviruses are 
transmitted by species of Paratrichodorus. However, 
there are no reports of viral diseases vectored by 
these nematodes in pecans in the USA or elsewhere 
in the world, suggesting that monitoring and focused 
investigation is needed to confirm their potential in 
transmitting viruses to pecans.

Although both stunt (Tylenchorhynchus spp.) and 
cyst (Heterodera spp.) nematodes can cause damage 
to many field crops, there are no reports available on 
the occurrence of these nematodes on pecans. In 
the present study, the intermediate mean population 
densities of 164 and 138 nematodes/100 cm3 soil 
were recorded for stunt and cyst nematodes in 
pecans, respectively. Of these two nematodes, stunt 
nematodes are known to be associated with stone 
fruits and nuts grown in California (Chitambar et al., 
2018) but nothing is known regarding the association 
of cyst nematodes either on nut crops or stone fruits 
(Lilley et al., 2005). Other nematodes including lance, 
lesion, pin, and sheath were encountered at a low 
frequency and population densities in the pecan 
rhizosphere and are not strong candidates as agents 
that could lower pecan yields.

Conclusions

To the best of our knowledge, this is the first study 
that revealed associations between soil properties 
and PPN community structures in pecan orchards 
located in Piedmont and Coastal Plain ecoregions 
of Georgia. We demonstrated that 11 PPN genera 
were common to both ecoregions but their commu
nities strongly differed in composition between the 
ecoregions. These ecoregion-associated differences 
appear to be related to soil texture and drainage. 
Further studies are needed to discover the influence 
of chemical properties of soil on the abundance 
and diversity of PPN communities of pecans and 
other crops in the region that in turn may help in 
planning IPM programs for overall pecan husbandry 
in Georgia.

Acknowledgments

The authors thank the Cooperative Extension Agents 
and Georgia pecan growers for their assistance in 
the survey, and the Georgia Pecan Commission for 
funding. P.M. Severns was supported by Advancing 



11

JOURNAL OF NEMATOLOGY

plant epidemiology for the growers of Georgia and 
beyond [project accession no. 1023738] from the 
USDA National Institute of Food and Agriculture.

References
Anonymous. 2017. Georgia farm gate value report 

2017, University of Georgia, available at: https://www.caes.
uga.edu/content/dam/caes-subsite/caed/publications/
annual-reports-farm-gate-value-reports/2017-farm-gate-
value-report.pdf.

Anonymous. 2018. Geographic regions of Georgia, 
available at: https://georgiainfo.galileo.usg.edu/topics/
geography/article/geographic-regions-of-georgia.

Anonymous. 2019. U.S. pecan production and crop 
value, USAD, Economic Research Service, available at: 
https://www.ers.usda.gov/data-products/chart-gallery/
gallery/chart-detail/?chartId=92869.

Anonymous. 2020a. Cherry (Prunus spp.)-nema
tode, ring https://pnwhandbooks.org/plantdisease/host-
disease/cherry-prunus-spp-nematode-ring.

Anonymous. 2020b. Nematode Suppression for 
Walnut and Almond Orchards, available at: https://www.
cropscience.bayer.us/learning-center/articles/nematode-
suppression-for-walnut-and-almond-orchards.

Bakonyi, G. and Nagy, P. 2000. Temperature- and 
moisture-induced changes in the structure of the 
nematode fauna of a semiarid and grassland-patterns 
and mechanisms. Global Change Biology 6:697–707.

Briar, S. S., Grewal, P. S., Somasekhar, N., Stinner, 
D. and Miller, S. A. 2007. Soil nematode community, 
organic matter, microbial biomass and nitrogen 
dynamics in field plots transitioning from conventional 
to organic management. Applied Soil Ecology 37:256–
66, doi: 10.1016/j.apsoil.2007.08.004.

Brito, J. A., Kaur, R., Dickson, D. W., Rich, J. R. and 
Halsey, L. A. 2006. The pecan root-knot nematode, 
Meloidogyne partityla Kleynhans, 1986. Fla. Dept. 
Agriculture and Cons. Svs. Division of Plant Industry, 
Nematology Circular No. 222.

Brodie, B. B. 1976. Vertical distribution of three 
nematode species in relation to certain soil properties. 
Journal of Nematology 8:243–7.

Brown, D. J. F., Robertson, W. M. and Trudgill, D. 
L. 1995. Transmission of viruses by plant nematodes. 
Annual Review of Phytopathology 33:223–49.

Carithers, P. A. P. 1978. Investigations of a Melo
idogyne species isolated from pecan. M.S. Thesis, 
University of Georgia, Athens, 159pp.

Chitambar, J. J., Westerdahl, B. B., Subbotin, S. 
A.Subbotin, S. and Chitambar, J. 2018. Plant parasitic 
nematodes in California agriculture. Plant parasitic 
nematodes in sustainable agriculture of North America. 
Sustainability in Plant and crop protection. Springer, 
Cham, pp. 131–92.

Ciancio, A. and Grasso, G. 1998. Endomigratory 
feeding behavior of Mesocriconema xenoplax para
sitizing walnut (Juglans regia L). Fundamental and 
Applied Nematology 21:63–8.

Cottrell, T. E., Horton, D. L. and Fuest, J. 2010. Tree 
height influences flight of lesser peach tree borer and 
peach tree borer (Lepidoptera: Sesiidae) males. Insect 
Behavior 23:329–39.

Davis, E. L. and MacGuidwin, A. E. 2005. Lesion nem-
atode disease. The Plant Health Instructor (June 21, 2015), 
American Phytopathological Society, available at: http://
www.apsnet.org/edcenter/intropp/lessons/Nematodes/
Pages/LesionNematode.aspx.

Dong, K., Chitambar, J., Subbotin, S., Alzubaidy, 
M., Luque-Williams, M., Romero, J., Kosta, K. and 
Luna, R. 2007. Significant records in nematology: 
California statewide nematode survey project for 2006. 
California Plant Pest and Damage Report (July 2005 
through December 2006) 23:45–71.

Dropkin, V. H. 1980. Introduction to plant nematology. 
John Willey and Sons, New York, pp. 38–44.

Dufrêne, M. and Legendre, P. 1997. Species 
assemblages and indicator species: the need for a flexi
ble asymmetrical approach. Ecological Monographs 
67:345–66.

Endo, B. Y. 1959. Responses of root-lesion nema
todes, Pratylenchus brachyurus and P. zeae, to various 
plants and soil types. Phytopathology 49:417–21.

Ferris, H., Venette, R. C. and Scow, K. M. 2004. Soil 
management to enhance bacterivore and fungivore 
nematode populations and their nitrogen mineralization 
function. Applied Soil Ecology 25:19–35, doi: 10.1016/j.
apsoil.2003.07.001.

Florini, D. A., Loria, R. and Kotcon, J. B. 1987. 
Influence of edaphic factors and previous crop on 
Pratylenchus spp, population densities in potato. Journal 
of Nematology 19:85–92.

Freckman, D. W. and Ettema, C. H. 1993. Assessing 
nematode communities in agroecosystems of varying 
human intervention. Agriculture, Ecosystems and En
vironment 45:239–61.

Gee, G. W. and Bauder, J. W. 1986. “Particle-size 
analysis”, In Klute, A. (Ed.), Methods of Soil Analysis, Part 
1. Physical and Mineralogical Methods. Agronomy Mono-
graph No. 9 (2nd ed). American Society of Agronomy/Soil 
Science Society of America, Madison, WI, pp. 383–411.

Gower, J. C. 1971. A general coefficient of similarity 
and some of its properties. Biometrics 27:857–74.

Hendrix, F. F. Jr. and Powell, W. M. 1968. Nematode 
and pythium species associated with feeder root 
necrosis of pecan trees in Georgia. Plant Disease 
Reporter 52:334–5.

Jagdale, G. B., Ali, M. E., Waliullah, S., Hajihassani, 
A., Martin, K. and Martinez-Espinoza, A. D. 2020. First 
report of the spiral nematode Helicotylenchus microlobus 
infecting Paspalum vaginatum, seashore paspalum 
turfgrass in Georgia, Plant Disease 104:2739–40.



12

Community structure of pecan plant-parasitic nematodes: Jagdale et al.

Jenkins, W. R. 1964. A rapid centrifugal-flotation 
technique for separating nematodes from soil. Plant 
Disease Reporter 48:692.

Jones, F. G. W., Larbey, D. W. and Parrott, D. M. 1969. 
The influence of soil structure and moisture on nema
todes, especially Xiphinema, Longidorus, Trichodorus and 
Heterodera spp. Soil Biology and Biochemistry 1:153–65.

Jordaan, E. M., De Waele, D. and van Rooyen, P. J. 
1989. Endoparasitic nematodes in maize roots in the 
Western Transvaal as related to soil texture and rainfall. 
Journal of Nematology 21:356–60.

Kandji, S. T., Ogol, C. K. and Albrecht, A. 2001. 
Diversity of plant-parasitic nematodes and their rela
tionships with some soil physico-chemical characteristics 
in improved fallows in western Kenya. Applied Soil Ecology 
18:143–57, doi: 10. 1016/S0929-1393(01)00157-3.

Khanal, C., Szalanski, A. L. and Robbins, R. T. 
2016. First report of Meloidogyne partityla parasitizing 
pecan in Arkansas and confirmation of Quercus stellate 
as a host. Nematropica 46:1–7.

Kim, E., Seo, Y., Kim, Y. S., Park, Y. and Kim, Y. H. 
2017. Effects of soil textures on infectivity of root-knot 
nematodes on carrot. Plant Pathology Journal 33:66–74.

Kleynhans, K. P. N. 1986. Meloidogyne partityla sp. 
nov. from pecan nut [Carya illinoensis (Wangenh.) C. Koch] 
in the Transvaal lowveld (Nematoda: Meloidogynidae). 
Phytophylactica 18:103–6.

Koenning, S. R., Walters, S. A. and Barker, K. R. 1996. 
Impact of soil texture on the reproductive and damage 
potentials of Rotylenchulus reniformis and Meloidogyne 
incognita on cotton. Journal of Nematology 28:527–36.

Kruskal, J. B. 1964. Nonmetric multidimensional 
scaling: a numerical method. Psychometrica 29:115–29.

Lewis, S. A. and Smith, F. H. 1976. Host plants, 
distribution, and ecological association of Hoplolaimus 
columbus. Journal of Nematology 8:264–70.

Lilley, C. J., Atkinson, H. J. and Urwin, P. E. 2005. 
Molecular aspects of cyst nematodes. Molecular Plant 
Pathology 6:577–88.

Lownsbery, B. F., Moody, E. H. and Braun, A. L. 
1974. Plant-parasitic nematodes in California prune 
orchards. Plant Disease Reporter 58:633–5.

Lownsbery, B. F., Moody, E. H., Moretto, A., 
Noel, G. R. and Burlando, T. M. 1978. Pathogenicity 
of Macroposthonia xenoplax to walnut. Journal of 
Nematology 10:232–6.

McCune, B. and Grace, J. B. 2002. Analysis of 
ecological communities. MJM Software Design, 
Gleneden Beach, Oregon, p. 300.

McCune, B. and Mefford, M. 2016. PC-ORD: 
multivariate analysis of ecological data, version 7.0. 
MjM Software, Gleneden Beach, Oregon.

McCune, B., Grace, J. B. and Urban, D. L. 2002. 
Analysis of ecological communities. Gleneden Beach, 
Oregon: MJM Software, p. 304.

McSorley, R. and Parrado, J. L. 1983. The spiral 
nematode Helicotylenchus multicinctus on bananas in 

Florida and its control. Proceedings of the Florida State 
Horticultural Society 96:201–7.

Maggenti, A. 1981. General nematology. Springer-
Verlag, New York, p. 372.

Mai, W. F., Mullin, P. G., Lyon, H. H. and Loeffler, 
K. 1996. Plant-parasitic nematodes: a pictorial key to 
genera. Cornell University Press, Ithaca, NY, p. 277.

Markewich, H. W., Pavich, M. J. and Buell, G. 
R. 1990. Contrasting soils and landscapes of the 
Piedmont and Coastal Plain, eastern United States. 
Geomorphology 3:417–47.

Martin, S. B., Mueller, J. D., Saunders, J. A. and 
Jones, W. I. 1994. A survey of South Carolina cotton fields 
for plant-parasitic nematodes. Plant Disease 78:717–9.

Mielke, P. W. and Berry, K. J. 2001. Permutation 
methods: a distance function approach. New York, NY: 
Springer Series in Statistics, Springer.

Mulder, C., Zwart, D., Van Wijnen, H. J., Schouten, A. 
J. and Breure, A. M. 2003. Observational and simulated 
evidence of ecological shifts within the soil nematode 
community of agroecosystems under conventional and 
organic farming. Functional Ecology 17:516–25.

Neher, D. 2001. Role of nematodes in soil health 
and their use as indicators. Journal of Nematology 
33:161–8.

Neher, D. A. 1999. Soil community composition and 
ecosystem processes: comparing agricultural systems 
with natural ecosystems. Agroforestry Systems 45:159–85.

Neher, D. A. 2010. Ecology of plant and free-living 
nematodes in natural and agricultural soil. Annual 
Review of Phytopathology 48:371–94.

Noe, J. P. and Barker, K. R. 1985. Relation of 
within-field spatial variation of plant-parasitic nematode 
population densities and edaphic factors. Phytopathology 
75:247–52.

Norton, D. C. 1989. Abiotic soil factors and plant- 
parasitic nematode communities. Journal of Nematology 
21:299–307.

Norton, D. C. and Hoffmann, J. K. 1974. Distribu
tion of selected plant-parasitic nematodes relative to 
vegetation and edaphic factors. Journal of Nematology 
6:81–6.

Norton, D. C., Frederick, L. R., Ponchillia, P. E. and 
Nyhan, J. W. 1971. Correlation of nematodes and soil 
properties in soybean fields. Journal of Nematology 
3:154–63.

Nyczepir, A. P. 1989. Peach tree short life: a nematode 
associated disease. Florida Department of Agriculture 
and Consumer Services Nematology Circular No. 163.

Nyczepir, A. P. and Wood, B. W. 2008. Interaction 
of concurrent populations of Meloidogyne partityla 
and Mesocriconema xenoplax on pecan. Journal of 
Nematology 40:221–5.

Nyczepir, A. A., Reilly, C. C. and Wood, B. W. 
2004a. Incidence and association of Meloidiogyne 
partityla with mouse ear disorder of pecan in Georgia. 
Journal of Nematology 36:338; (Abstr.).



13

JOURNAL OF NEMATOLOGY

Nyczepir, A. P., Wood, B. W. and Reilly, C. C. 
2006. Association of Meloidogyne partityla with nickel 
deficiency and mouse-ear of pecan. HortScience 
41:402–4.

Nyczepir, A. P., Zehr, E. I., Lewis, S. A. and 
Harshman, D. C. 1983. Short life of peach-trees induced 
by Criconemella xenoplax. Plant Disease 67:507–8.

Nyczepir, A. P., Reilly, C. C., Wood, B. W. and 
Thomas, S. H. 2002. First record of Meloidogyne 
partityla on pecan in Georgia. Plant Disease 86:441.

Nyczepir, A. P., Shapiro-Ilan, D. I., Lewis, E. E. and 
Handoo, Z. A. 2004b. Effect of entomopathogenic 
nematodes on Mesocriconema xenoplax populations 
in Peach and Pecan. Journal of Nematology 36:181–5.

Olabiyi, T. I., Olayiwola, A. O. and Oyediran, G. 
O. 2009. Influence of soil texture on distribution of 
phytonematodes in the South Western Nigeria. World 
Journal of Agricultural Sciences 5:557–60.

Pang, W., Luc, J. E., Crow, W. T., Kenworthy, K. E., 
McSorley, R., Kruse, J. K. and Giblin-Davis, R. M. 2011. 
Responses of seashore paspalum cultivars to sting 
and spiral nematodes. Crop Science 51:2864–7.

Pang, W., Luc, J. E., Crow, W. T., Kenworthy, K. 
E., Giblin-Davis, R. M., McSorley, R. and Kruse, J. K. 
2012. Field responses of bermudagrass and seashore 
paspalum to sting and spiral nematodes. Journal of 
Nematology 43:201–8.

Pederson, D. C. and Lathem, J. R. 1999). Tifton 
Georgia State soil. Madison WI: Soil Science Society of 
America, available at: https://www.soils4teachers.org/
files/s4t/k12outreach/ga-state-soil-booklet.pdf.

Pen-Mouratov, S., Rakhimbaev, M. and Steinberger, 
Y. 2003. Seasonal and spatial variation in nematode 
communities in a Negev desert ecosystem. Journal of 
Nematology 35:157–66.

Pinochet, J., Rodriguez-Kabana, R., Murrell, R. 
J. and McGawley, E. F. 1993. Meloidogyne javanica 
and Pratylenchus vulnus on pecan (Carya illinoensis). 
Fundamental and Applied Nematology 16:73–7.

Porazinska, D. L., Duncan, L. W., McSorley, R. 
and Graham, J. H. 1999. Nematode communities as 
indicators of status and processes of a soil ecosystem 
influenced by agricultural management practices. App
lied Soil Ecology 13:69–86.

Prot, J. C. and Van Gundy, S. D. 1981. Effect of 
soil texture and the clay component on migration of 
Meloidogyne incognita second stage juveniles. Journal 
of Nematology 13:213–7.

Rivedal, H. M., Stone, A. G., Severns, P. M. and 
Johnson, K. B. 2020. Characterization of the fungal 
community associated with root, crown, and vascular 
symptoms in an undiagnosed yield decline of winter 
squash. Phytobiomes Journal 4:178–92.

Salem, A. A., Elmorshedy, M. M. F. and Elzawahry, 
A. M. 1994. Nematodes associated with soybean 
(Gylcine max) in upper Egypt. Fundamental and Applied 
Nematology 17:401–4.

Sasser, J. N. 1954. Identification and host-parasite 
relationships of certain root-knot nematodes (Meloidogyne 
sp.). Bulletin A/University of Maryland, Agricultural 
Experiment Station. University of Maryland, Agricultural 
Experiment Station, College Park, MD, p. 31.

Schmitt, D. P. and Norton, D. C. 1972. Relationships 
of plant parasitic nematodes to sites in native Iowa 
prairies. Journal of Nematology 4:200–6.

Seshadari, A. R. 1964. Investigations on the biology 
and life cycle of Criconemoides xenoplax Raski, 1952 
(Nematoda: Criconematidae). Nematologica 10:540–62.

Severns, P. M. and Sykes, E. M. 2020. Indicator 
Species Analysis: a useful tool for plant disease 
studies. Phytopathology 110:1860–2.

Severns, P. M., Jagdale, G. B., Holladay, T., 
Brannen, P. M., Noe, J. P. and Cline, W. O. 2020. 
Potential for the pathogenicity of plant-parasitic nema
todes associated with blueberries in Georgia and North 
Carolina. Plant Health Progress 21:9–12.

Smith, M. L., Taylor, G. G., Karner, K. and Couvillon, 
G. A. 1989. Evaluation of pecan/peach interplanting 
systems. Scientia Horticulturae 40:133–7.

Starr, J. L., Tomaszewski, E. K., Mundo-Ocampo, 
M. and Baldwin, J. G. 1996. Meloidogyne partityla on 
pecan: isozyme phenotypes and other hosts. Journal 
of Nematology 28:565–8.

Thomas, G. W. 1996. “Soil pH and soil acidity”, In 
Sparks, D. L. (Ed.), Methods of Soil Analysis: Part 3 Chemi-
cal Methods. SSSA Book Series No. 5 Madison, Wisconsin  
(USA): Soil Science Society of America, pp. 475–90.

Thomas, S., Fuchs, J. and Handoo, Z. 2001. First 
report of Meloidogyne partityla in New Mexico. Plant 
Disease 85:1030.

Timper, P., Davis, R., Jagdale, G. and Herbert, J. 
2012. Resiliency of a nematode community and suppre
ssive service to tillage and nematicide application. 
Applied Soil Ecology 59:48–59.

Tzortzakakis, E. A., Cantalapiedra-Navarrete, C.,  
Kormpi, M., Lazanaki, M. S., Castillo, P. and Antonio 
Archidona-Yuste, A. 2018. First Report of Bitylenchus 
hispaniensis, Pratylenchoides alkani, and Helicotylenchus 
vulgaris in association with cultivated and wild olives in 
Crete, Greece and molecular identification of Helicoty­
lenchus microlobus and Merlinius brevidens. Journal of 
Nematology 50:413–8, doi: 10.21307/jofnem-2018-020.

Van Gundy, S. D. 1985. “Ecology of Meloidogyne 
spp. – emphasis on environmental factors affecting 
survival and pathogenicity”, In Sasser, J. N. and Carter, 
C. C. (Eds), An Advanced Treatise on Meloidogyne. Vol. 
I. Biology and Control. North Carolina State University, 
Raleigh, NC, pp. 177–82.

Waliullah, S., Bell, J., Jagdale, G., Stackhouse, 
T., Hajihassani, A., Brenneman, T. and Ali, M. E. 
2020. Rapid detection of pecan root-knot nematode, 
Meloidogyne partityla, in laboratory and field conditions 
using loop-mediated isothermal amplification. PLoS 
ONE 15:14, p. e0228123.



14

Community structure of pecan plant-parasitic nematodes: Jagdale et al.

Wallace, M. K., Rust, R. H., Hawkins, D. M. and 
MacDonald, D. H. 1993. Correlation of edaphic factors 
with plant- parasitic nematode population densities in a 
forage field. Journal of Nematology 25:642–53.

Yeates, G. W. 1999. Effects of plants on nematode 
community structure. Annual Review of Phytopathology 
37:127–49.

Yeates, G. W. and Bongers, T. 1999. Nematode 
diversity in agroecosystems. Agriculture Ecosystems 
and Environment 74:113–35.

Yeates, G. W., Bongers, T., De Goede, R. G., 
Freckman, D. W. and Georgieva, S. S. 1993. Feeding 
habits in soil nematode families and genera-an outline 
for soil ecologists. Journal of Nematology 25:315–31.


