ABSTRACT
BONYAK, HANNAH CELINE. A Survey of Nematode Pathogens in North Carolina Flue-
Cured Tobacco Production and Evaluation of Resistance to the Root-Knot Nematode
Meloidogyne enterolobii Among Diverse Tobacco Genotypes. (Under the direction of Dr.
Adrienne Gorny).

North Carolina is the leading producer of flue-cured tobacco in the United States. Flue-
cured tobacco faces disease pressure from many taxa of nematode pathogens, including
Meloidogyne (root-knot), Globodera tabacum (tobacco cyst), Pratylenchus (lesion) and
Tylenchorhynchus (stunt) nematodes. Of these, the Meloidogyne spp. are considered the most
economically and scientifically important plant-parasitic nematode group.

Meloidogyne enterolobii, known colloquially as the guava root-knot nematode, is a
highly pathogenic species of root-knot nematode first detected in the state in 2011. M.
enterolobii is able to infect tobacco hosts carrying the Rk resistance gene which confers
resistance to the other root-knot species. North Carolina tobacco production relies upon this
source of resistance, and virtually all tobacco grown in the state carries the Rk resistance gene.

Nematode pathogens of tobacco, soil surveys, nematode management, and M. enterolobii
biology are reviewed. To better understand which nematode taxa are currently affecting the
state’s flue-cured tobacco production and to provide insights into the spread of M. enterolobii, a
two-year, multi-county survey of plant-parasitic nematodes in North Carolina tobacco fields was
conducted in August 2021 and September 2022. Survey results of prevalence, spatial
distribution, and the implications for tobacco production in North Carolina are presented. Results
of this survey provide direction for future research and targeted management practices to target
the most prevalent nematode taxa in North Carolina tobacco. The ability of this species to infect

tobacco with the Rk gene underscores the need for a novel source of resistance to M. enterolobii.

A greenhouse screening trial was conducted to evaluate the resistance of 84 Nicotiana genotypes



to M. enterolobii infection. Several genotypes displaying resistance were identified through this
trial and results will support resistance breeding efforts. This thesis work supports different
aspects of an integrated pest management (IPM) strategy for management of M. enterolobii in

North Carolina flue-cured tobacco.
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CHAPTER 1
LITERATURE REVIEW
Tobacco in North Carolina

North Carolina is the leading producer of flue-cured tobacco (Nicotiana tabacum) in the
United States (US); in 2018 North Carolina produced 74.1% of the flue-cured tobacco in the
country (Hamer et al. 2019). In 2021, flue-cured tobacco production in the US generated
approximately 142,000 metric tons valued at approximately $600 million in farmgate receipts,
with North Carolina production alone valued at $500 million (Brown 2022). In 2022, US
production dropped to approximately 130,000 metric tons (a 68 metric ton decrease from the
previous year) of which North Carolina produced 105,000 metric tons (Brown 2023). In 2018,
the leading county in tobacco production was Nash County at nearly 8,000 metric tons, followed
by Johnston, Wilson, and Sampson counties with approximately 6,500, 6,100, and 5,700 metric
tons produced, respectively (Hamer et al. 2019). In recent years, tobacco production has
decreased in the state, but in 2018, tobacco production accounted for 5.2% of farm cash receipts
in North Carolina (Hamer et al. 2019).

Tobacco production in North Carolina is impacted by a variety of plant pathogens,
including fungal diseases like brown spot, which is caused by Alternaria alternata, oomycete
pathogens such as Phytophthora nicotianae which is the causal agent of black shank disease, soil
borne bacterial diseases like Granville wilt which is caused by Ralstonia solanacearum, and
nematode pathogens. Historically, the nematode genera most detrimental to tobacco production
in North Carolina are root-knot (Meloidogyne spp.), tobacco cyst (Globodera spp.), stunt
(Tylechorhyncus spp.), and lesion (Pratylenchus spp.) (Eisenback 2010). Nematode pathogens

can lead to significant yield loss. For example, a 1994 crop loss survey found that Meloidogyne



spp. alone decreased tobacco yield in the survey area ranging from 0.5-5% (Koenning et al.

1999).

Major Plant-parasitic Nematodes of Concern in North Carolina Tobacco Production
Tobacco cyst nematode

The tobacco cyst nematode (Globodera tabacum solanacearum) is a sedentary
endoparasite that has a host range limited to tobacco and related plant species. Tobacco cyst
nematode infestation has been a major issue in Virginia, and the species has begun to radiate into
North Carolina counties adjoining the Virginia-North Carolina border. The first report of G.t.
solanacearum in North Carolina was from Warren County in 1991 (Melton et al. 1991). Only
G.t. virginiae (horsenettle nematode) and G.t. solanacearum have been reported in North
Carolina (Ye 2018); although the latter is parasitic to flue-cured tobacco (Komm et al. 1983), the
former does not reproduce well on Nicotiana spp. (Ye 2018.) Infection by G.t. solanacearum
decreases leaf and feeder root weight, plant height, and leaf count (Wang et al. 1999). A study
comparing the probable yield of tobacco fields in Virginia infested with G. t. solanacearum to
the probable yield of non-infested fields showed severe crop losses averaging 15% in infested

fields and complete crop loss in some extreme instances (Komm et al. 1983).

Lesion nematode

The genus Pratylenchus, also known as the lesion nematodes, includes about 70
described species which infect over 400 plant species (Davis and MacGuidwin 2005, Jones et a.
2013). Behind the root-knot and cyst nematodes, lesion nematodes are the third most

economically damaging nematode group to global crop production (Davis and MacGuidwin
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2005; Jones et al. 2013). Lesion nematodes are migratory endoparasites and cause severe damage
to the root systems of their host plants; infected roots form brown root lesions and necrosis in the
cortical cells (Holgado et al. 2009). To illustrate the damage caused by lesion nematodes, a
microplot study to determine the relationship between Pratylenchus penetrans population
densities and yield loss in flue-cured tobacco in Ontario, Canada found that mid-season
population densities of 250-600 lesion nematodes per pound of soil resulted in a 5.9% loss in
crop value (Olthof et al. 1973). While updated cultural and chemical management practices,
newer tobacco cultivars, and regional differences in climatic conditions and soil types may affect
the severity of damage, the Olthof et al. (1973) study demonstrates the risk of Pratylenchus
penetrans to tobacco production and yield. In North Carolina lesion nematode species impacting
tobacco production include P. brachyurus, P. penetrans, P. pratensis, and P. scribneri (Ye

2018).

Root-Knot Nematodes (Meloidogyne spp.)

Members of the genus Meloidogyne, known collectively as the root-knot nematodes, are
sedentary endoparasites which infect the roots of a broad range of hosts. Meloidogyne spp. have
a cosmopolitan distribution, with about a hundred species identified worldwide that collectively
parasitize almost every higher plant species (Krassen and Moens 2006). The genus Meloidogyne
is found in Clade IV of the Phylum Nematoda in the suborder Tylenchina along with the
majority of plant-parasitic nematode species (Blaxter and DeLay 1998). A 2012 global survey of
nematologists and graduates in plant pathology courses found that Meloidogyne spp. were
considered the number one most economically and scientifically important plant-parasitic

nematode group in the world (Jones et al. 2013).
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During the root-knot nematode (RKN) life cycle, the developing nematodes will undergo
their first molt from the first stage juvenile (J1) to the second stage juvenile (J2) within the eggs
laid in a gelatinous matrix on the root gall surface by the adult RKN female. The second stage
juvenile (J2) root-knot nematode hatches from its eggshell, migrates in soil to the host root, and
penetrates the host root completely at the zone of elongation (Krassen and Moens 2006). The
invading J2 nematodes migrate intercellularly in the root to the root vascular tissue and transform
five to eight immature xylem parenchyma cells into “giant-cells” that become the permanent
food source of the developing nematode (Krassen and Moens 2006). Root-knot nematode
effectors (small molecules produced by the nematode and secreted into host plant cells to modify
host cell function) stimulate giant-cell nuclei to undergo repeated mitosis without the subsequent
cytokinesis; the result of this continuous, incomplete cell replication cycle is enlarged
multinucleate plant cells with a dense, organelle-rich cytoplasm from which the nematode can
feed (Krassen and Moens 2006). The wall of each giant-cell is thickened to support the pressure
of the overly large cell, and has increased intrusions to maximize plasmalemma surface area,
promoting increased flow of solutes from the surrounding root vascular tissue into the feeding
site (Bozbuga et al. 2018). The nematode will alternate feeding between the giant-cells at its
feeding site, using its stylet to puncture and feed from each in rotation. The root gall that is
visible to the naked eye is formed by rapid growth and division of the cells surrounding the giant
cells (Mitkowski and Abawi 2003); the root gall is not induced by the same pathway as the giant
cell, and a few host species may not form galls. This makes quantification of infection based on
galling severity alone as galling severity may not necessarily correlate to egg production on all

host roots (Schwarz et al. 2021).



The J2 root-knot nematodes begin to feed and become sedentary upon initiation of the
feeding site. The nematode will molt twice to become a third- (J3) and then fourth-stage juvenile
(J4) without feeding, during which female and males become sexually differentiated (Krassen
and Moens 2006). The longitudinal muscles of the female atrophy and degenerate, and the
nematode becomes pyriform in shape; the vermiform male develops inside the swollen J3
cuticle. After its final molt from the J4 life stage, the nematode becomes an adult. At this stage,
the adult male will exit the root, and the female will remain in the root gall and feed from the
mature giant-cells (Krassen and Moens 2006). Females of the most common Meloidogyne
species generally reproduce using parthenogenesis, although it is more common for the
temperate species Meloiodogyne hapla to reproduce through amphimixis (Castagnone-Sereno et
al. 2013). The posterior of the swollen adult female RKN protrudes from the root and secretes a
gelatinous matrix on the surface of the root gall where it lays hundreds of eggs that can hatch and
reinfect roots. Under optimal conditions, the full life cycle of most RKN species takes 3-4 weeks
(Mitkowski and Abawi 2003), resulting in multiple RKN generations during most crop growing

Seasons.

Meloidogyne enterolobii

In 1981, a population of root-knot nematodes was isolated from the roots of the pacara
earpod tree (Enterolobium contortisiliguum) from the island province of Hainan, China (Yang
and Eisenback 1983). Based on perineal patterns (the pattern of cuticle annulation surrounding
the anus and vulva of RKN), this population was originally identified as M. incognita, but further
testing to characterize this population through esterase bands and morphometric measurements

indicated that this was an entirely different species. Yang and Eisenback (1983) characterized the



new species, Meloidogyne enterolobii, which would later become known colloquially as the
guava root-knot nematode. Although the North Carolina Differential Host Test (Yang and
Eisenback 1983) determined that M. enterolobii has a similar host range to M. incognita, many
morphological characteristics set the two species apart (Yang and Eisenback 1983). The distinct,
bisecting grooves on the stylet knobs of M. enterolobii are unique, and the distance between the
dorsal gland orifice and the stylet base, and the overall length of J2s, are longer in M. enterolobii
than in M. incognita. The perineal pattern, among other morphological characteristics, differed
between the two species. It was also noted that this population has three unique bands of esterase
activity (Rf = .40, .46, and .51) (Yang and Eisenback 1983). Meloidogyne enterolobii is included
in Clade | of the family Meloidogynidae along with the other major warm-climate species such

as M. incognita, M. arenaria, and M. javanica (Holterman et al. 2009).

M. enterolobii in the Southeastern United States

Meloidogyne enterolobii was first reported in the continental United States in 2001, after
a routine sampling of ornamental nurseries in Florida identified M. enterolobii in the southern
part of the state (Brito et al. 2004). At the time, this species was reported as Meloidogyne
mayaguensis, a species originally characterized in 1988 from eggplant in Puerto Rico (Ramman
and Hirschmann 1988). However, when comparing DNA sequence data, the intergenic regions
between the COII and IrRNA genes of M. enterolobii and M. mayaguensis were found to be
identical (Xu et al. 2004). A 2012 study comparing the morphometrical and morphological
characteristics of M. mayaguensis and M. enterolobii females, males, and J2s was conducted; the
characteristics were found to be identical between the two species, and M. mayaguensis was

synonymized with M. enterolobii (Krassen at al. 2012).
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In late 2011, galled and stunted cotton plants (Gossypium hirsutum L. cvs. PHY 375 WR

and PHY 565 WR) from Wayne County, NC were submitted to the North Carolina Department
of Agriculture & Consumer Services (NCDA&CS) Nematode Assay Laboratory. Initially
thought to be M. incognita, subsequent DNA analysis confirmed that these plants were infected
with M. enterolobii (Ye et al. 2013). In 2012, soybean plants (Glycine max [L.] Merr. cv. 7732)
from Johnston and Wayne counties were also submitted to the NCDA&CS and confirmed to be
infected with M. enterolobii through DNA analysis as well. These positive samples were the first
reports of M. enterolobii in the state, and over the past decade, this pathogen has made its way
into several counties and impacted numerous crops in North Carolina (Ye et al. 2013). As of
September 2022, M. enterolobii in North Carolina has been confirmed in limited fields in
Columbus, Craven, Duplin, Edgecombe, Greene, Harnett, Johnston, Jones, Lenoir, Nash, New
Hanover, Pitt, Sampson, Wake, Wayne, and Wilson counties (W. Ye, personal communication).
The species has also been detected in South Carolina, Georgia, and Louisiana (Rutter et al. 2019;
A. Hajihassani and T. Watson, personal communication).

Meloidogyne enterolobii can infect plants carrying resistance genes which confer
resistance to other species of root-knot nematode. Examples include the Mi-1 gene in tomato, N
gene in bell pepper, Tabasco gene in pepper, and Mirl gene in soybean (Brito et al. 2007,
Kiewnick et al. 2009, Casatgnone-Sereno 2012). Meloidogyne enterolobii also infects tobacco
carrying the Rk gene (Filho et al. 2016), which will be discussed further in this review. The
species’ ability to overcome currently deployed resistance is a major challenge as use of resistant
cultivars is one of the most effective management strategies for nematodes, especially in

circumstances where nematicides are less accessible or too costly.



Spatial Distribution and Plant-Parasitic Nematode Sampling Surveys

Systematic soil sampling surveys for nematode analysis help producers determine which
nematodes may be threatening agricultural crops in their area. In North Carolina, county level
surveys have been conducted to determine which genera of plant-parasitic nematodes are
prevalent and impacting crops such as blueberry, muscadine grapes, turfgrass, and soybean
(Severns et al. 2020; Jagdale et al. 2019; Ye et al. 2012; Koenning and Barker 1998). These
crop-specific surveys aid in determining the prevalence of different plant-parasitic nematodes in
crop production; once the prevalent genera and/or species are identified, targeted management
strategies and research can be developed to reduce nematode disease development in affected
crops.

Alternatively, soil surveys may look for the distribution and prevalence of specific
species of plant-parasitic nematode across several crops. Schwarz et al. (2020) surveyed the
distribution of Meloidogyne enterolobii across 203 soil or tissue samples (34 of which were from
tobacco) from various crops across Eastern North Carolina collected between October 2017 and
March 2019. Twelve of the 203 total samples tested positive for M. enterolobii and 4 of the 12
positive samples were from tobacco, confirming that tobacco is a susceptible host in North
Carolina. This study also included the first reports of the species in four counties (Nash, Greene,
Sampson, and Harnett) that had no previous positive identifications (Schwarz et al. 2020). This
highlights the need for consistent sampling surveys to track the spread of plant-parasitic
nematode species of concern to different counties and regions of the state.

One challenge of nematode sampling surveys is the heterogeneous spatial distribution of
plant-parasitic nematodes from hyperlocal to larger scales across the landscape. Nematode

population densities tend to be spatially aggregated in soils with high densities occurring in some



areas of a field, generally around the roots of host crops, while having small to no presence in
other areas in the same row or field (Campbell and Noe 1985; Servens et al. 2020). Sedentary
endoparasitic nematodes, such as the root-knot and cyst nematodes, tend to have a highly
aggregated spatial distribution because they produce their egg masses in one location, while
migratory ectoparasites show less aggregation as they usually produce their eggs individually as
they move in the soil (Ferris et al. 1990). Functionally, this may translate into aggregated
individual samples reporting an inaccurately high, low, or negative result for the prevalence of
certain species or genus at higher levels (such as the level of field or county). For example,
Schwarz et al. (2020) observed that of the seven samples collected from Columbus County, none
had a positive identification of Meloidogyne enterolobii despite there having been previous
positive reports in the county (Ye et al. 2013) prior to the study. For this reason, caution should
be taken when examining the results of a survey and the level at which survey data is
aggregated.

Different nematode sampling schemes and survey designs aim to address this issue. For
example, intensive soil sampling may be performed around potentially symptomatic plants to
increase the likelihood of nematode detection and reduce the risk of a false negative (Severns et
al. 2020). However, this method may result in an artificially high estimate for the nematode
population density if reported at the level of the whole field. More commonly, sampling schemes
account for spatial heterogeneity by collecting multiple samples in a uniform or other regular
pattern across the sampling areas which tends to provide a representative nematode distribution
at the field level. Individual samples may be bulked together forming a composite analysis or

may be analyzed separately for sub-field level distribution. Increasing the geographic range of a
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study and increasing the number of samples taken increases the likelihood of detecting
nematodes (Schwarz et al. 2020).

A recent study has conducted a molecular and evolutionary comparison of multiple
populations of M. enterolobii and other Meloidogyne species from various crops that were
submitted to the NCDA & CS and available to the researchers (Ye et al., Plant Disease April
2021). To the best of our knowledge, however, a multi-county tobacco-specific survey of plant-

parasitic nematodes has not recently been conducted or published in the state of North Carolina.

Management of Root-knot Nematodes in Tobacco
Crop Rotation

Management of plant-parasitic nematodes to reduce crop damage, including root-knot
nematodes, may be operationalized on the farm through several tactics, including crop rotation
with poor- or non-host crops, use of chemical nematicides, use of non-chemical cultural
practices, and host genetic resistance where available. However, Meloidogyne species may be
difficult to manage once they have infested a field, and challenging to completely eradicate, due
to the broad host range of the genus. Therefore, identification of the nematode species present
(and potentially the race) is important when selecting poor- or non-host crops for rotation.
However, this too is a challenge for a novel species such as M. enterolobii, as knowledge about
non-host crops to M. enterolobii is still limited. In a field infested by multiple species and races
of nematodes, effective crop rotation selection becomes even more difficult as non-host crops
may not overlap among the different nematode populations present in the location.

To explore the impact of crop rotation on nematode management in tobacco, Fortnum et

al. (2001) analyzed the effect of either continuous tobacco or a four-year crop rotation scheme of
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tobacco with corn, cotton, and sorghum in fields with a co-infestation of M. incognita, M.
arenaria, and M. javanica. A non-host control of a rye winter cover crop followed by weed-free
fallow (hereafter referred to as rye-fallow) was used. In fields under rotational treatments, the
pattern of rotational crop-tobacco-rotational crop-tobacco was implemented. It was found that
continuous cropping of either resistant and susceptible tobacco resulted in lower tobacco yields
than rotation with corn, cotton, sorghum, and rye-fallow. Researchers also examined the number
of egg masses and root-gall index on tomato bioassay plants grown in soil collected from each of
the rotational crop and continuous tobacco fields. The number of egg masses and the gall rating
was significantly lower on tomato bioassay plants grown in rotational crop soils than on tomato
plants grown in soil from continuous tobacco cropping (Fortnum et al. 2001).

In this same study, when compared to the crop rotation soils, continuous cropping of
tobacco over the four years of the study resulted in a significant increase in M. javanica
frequency in the soil, while the relative frequency of M. incognita dwindled; M. arenaria also
remained in high frequency in continuous tobacco cultivation (Fortnum et al. 2001). This may be
due to resistance in tobacco conferred by the Rk1 gene to races 1 and 3 of M. incognita (Yi et al.
1998). Use of resistant cultivars or specific rotational crop genotypes may provide selection
pressure that can cause population shifts (Filho et al. 2016) that require a new or different
subsequent management scheme. For this reason, it is important to monitor nematode species
composition in infected fields as management needs will change over time as populations shift

and fluctuate.
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Cover crops

Cover cropping is a useful management strategy for plant parasitic nematode
management. When using poor or non-host crops, nematodes are not able to infect the plants and
will be unable to complete their life cycle. As reproduction is halted or slowed, the nematode
population numbers dwindle. An annual survey of tobacco production practices in North
Carolina showed that the adoption rate of cover crop usage was 63.25% and 45.51% in 2015 and
2016, respectively (M. Vann, personal communication).

A 2004 study on Maryland’s Eastern Shore showed that sorghum sudangrass was able to
decrease the populations of M. incognita in the soil when compared to a root-knot nematode
susceptible soybean control. The researchers found that when this cover crop was removed from
the rotation, the population of M. incognita began to rebound to their pre-treatment levels
(Kratochvil et al. 2004).

Results of a greenhouse study evaluating seven genotypes of wheat (Triticum aestivum),
five of oat (Avena sativa), and 13 of sorghum or sorghum hybrids (Sorghum bicolor or S. bicolor
x S. sudanese) indicated that all genotypes tested were resistant to M. enterolobii (DeBrita et al.
2018). Results of a greenhouse study evaluating ten summer cover crops for host suitability for
M. enterolobii identified five potentially non-host crops, with brown top millet (Panicum
ramosum), japanese millet (Echinochla crus-galli), pearl millet (Pennisetum glaucum, cv. Tifleaf
[11), grain sorghum (Sorghum bicolor L., cv. Athens 100), and sorghum-sudangrass (Sorgum
bicolor x sudanensis, cv. Sugar Grazer I1) completely suppressing M. enterolobii reproduction
(Khanal and Harshman 2022). These results are promising for control of M. enterolobii
populations in the field but must be tested at the field level. In addition, the feasibility of using

these genotypes as rotational crops in North Carolina agriculture must be considered.
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A similar greenhouse study examined host suitability of four summer cover crops for M.
arenaria, M. enterolobii, M. incognita, and M. javanica. No reproduction was observed 8 weeks
post inoculation for any of the four Meloidogyne species on sunn hemp (Crotalaria juncea, cv.
Crescent Sun), indicating for the first time that sunn hemp is a poor host for M. enterolobii (Bui
and Desaegar 2021). Khanal and Harshman (2022) reported that sunn hemp did not completely
inhibit M. enterolobii reproduction, although it did significantly reduce reproduction when
compared to susceptible tomato (cv. Rutgers) control with reduction ranging from 78 to 98
percent (Khanal and Harshman 2022). Sorghum-sudangrass (cv. Sweet Six BMR) completely
suppressed reproduction of M. arenaria and M. enterolobii, although some reproduction was
observed for M. javanica (RF = 0.02) and M. incognita (RF = 0.79) (Bui and Desaeger 2021).
Cowpea (Vigna unguiculata, cv. Iron and Clay) was a poor host for M. incognita (RF = 0.82) but
supported reproduction for the other three species (Bui and Desaegar 2021). Sunflower
(Helianthus annuus, cv. Peredovik) supported reproduction for all four species (Bui and
Desaegar 2021).

While sunn hemp and sorghum-sudangrass may be good summer cover crop options for
suppressing mixed populations of Meloidogyne, it may be important to identify which nematode
species are in the field before cover crops are planted Results reported by Khanal and Harshman
(2022) study identified 3 millets, grain sorghum, and sorghum-sudangrass as promising non-host
options for M. enterolobii, while Brida et al. (2018) identified 24 potential non-host genotypes of
crops including wheat, oat, sorghum, and sorghum hybrids for M. enterolobii. In a field setting,
M. enterolobii may rarely be the only species of root-knot nematode, so a grower must choose
based on the goals and needs of their own operation. In addition, the studies performed by Bui

and Desaeger (2021) and Khanal and Harshman (2022) were evaluating summer cover crops. In
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North Carolina tobacco is grown throughout the summer and generally harvested in late July or
early August. This means that summer cover crops may not be feasible for every producer, and
one may have to sacrifice a summer of tobacco production in a field in order to manage root-knot

nematodes.

Nematicides

An effective management approach for plant-parasitic nematodes has long been use of
nematicides, but the return on investment from nematicide application must be economically
favorable and the crop must be labeled for use of specific nematicides. There are two classes of
nematicides, fumigant and non-fumigant. Fumigant nematicides are injected into the soil pre-
plant and the active ingredient moves throughout the soil as a gas. They tend to be broad
spectrum biocides and are not systemic in plants. Non-fumigant nematicides may be applied
post-plant as liquids or granules and move throughout the soil in water. Non-fumigant
nematicides have different and more targeted modes of action than fumigants and some are
systemic within plants (Grabau 2020). In 2015, 81.5% of NC tobacco acreage was fumigated for
disease management, and of this, 42% of fields were treated with chloropicrin, 2.5% with 1,3-
dichloropropene, and 37% of tobacco fields were treated with a combination of the two
chemistries (Vann et al. 2015). This percentage of fumigant-treated acres has likely decreased in
recent years due to increased cost and regulation. The 2022 NC Agricultural Chemicals Manual
recommended the use of fumigants Telone 11 (1,3-dichloropropene) or Telone C-35 (1,3-
dichloropropene + chloropicrin) and the non-fumigant/contact nematicides NIMITZ
(fluensulfone) or Velum Prime (fluopyram) for plant-parasitic nematode control in tobacco in

North Carolina.
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To identify nematicides effective in suppressing M. enterolobii in tobacco, a study
comparing the efficacy of four non-fumigant nematicides (fluopyram, fluensulfone, oxamyl, and
secondary metabolites derived from Burkholderia rinojensis strain A396) to a non-treated
control for M. enterolobii management in tobacco in a growth chamber was conducted (Alam et
al. 2022). When applied at the recommended rates, fluensulfone and oxamyl suppressed egg
production by 99.96% and 99.91% respectively, with fluopyram following at 93% suppression
compared to the non-treated control. When compared to the non-treated control, oxamyl,
fluensulfone, and fluopyram all significantly suppressed J2s per 100 cm?® of soil at 99%, 98%,
and 94% respectively (Alam et al. 2022). The suppression of nematode reproduction by these
three non-fumigant nematicides was significant and promising for M. enterolobii management in
tobacco. Further studies are needed in order to determine the proper application rate to
completely eradicate nematodes from the field, otherwise the population may rebound. Field
trials are a necessary next step to determine the feasibility and efficacy of these treatments for M.
enterolobii in commercial tobacco production.

Results from the same study showed that treatment with fluopyram, fluensulfone, and
oxyaml nematicides show a reduction in root dry weight when compared to the non-treated
control, with fluensulfone application resulting in a 68% reduction in dry root weight (Alam et
al. 2022). Notably, the results did not yield a significant reduction in shoot weight between the
plants treated with the chemical nematicides and the control (Alam et al. 2022). It is unclear if
the reduction in root weight was due to the nematicide controlling the galling severity, or if the
nematicide was limiting the growth of healthy roots through phytotoxicity. A field trial may be
necessary to determine the true impact of the non-fumigant treatments on tobacco yield and

quality.
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The pool of available nematicides registered for use in tobacco is dwindling as several
key active ingredients have been banned due to detrimental anthropogenic and environmental
effects. The current trend in nematicide research is towards less toxic chemicals that are safer for
the applicant and that more specifically target plant-parasitic nematodes (Desaegar et al. 2020).
In addition, the cost of nematicide inputs greatly increases the overall cost of production and
limits their usability. Other cultural methods such as crop rotation and genetic resistance will
become of increasing importance in controlling Meloidogyne spp. as these tactics lack these

challenges associated with nematicide use.

Exclusion

Exclusion, one of the disease control methods described by H.H. Whetzel, is a control
measure that prevents the spread of a plant pathogen into an uninfected area. Quarantines are one
such measure that falls under exclusion and are defined as policies for limiting the movement of
potential disease agents across geographic or political boundaries, thus decreasing the likelihood
that a pathogen will spread to a new area (Maloy 2005). All 100 North Carolina counties are
currently under internal quarantine for movement of Meloidogyne enterolobii out of state, with a
major emphasis on limiting spread from sweetpotato production areas. Implemented and
managed by the North Carolina Department of Agriculture and Consumer Services
(NCDA&CYS), the quarantine declaration designates M. enterolobii at any stage in its life cycle,
sweetpotato seed roots and plants with or without roots that were produced in the state, and
potentially infected soil, equipment, or “any article, product, or means of conveyance” that risk
the spread of the pathogen outside of the quarantine area as regulated articles. All regulated

articles are prevented from moving outside of the state unless they adhere to strict regulatory
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standards (Declaration of Interior Quarantine or the Guava Root Knot Nematode, Meloidogyne
enterolobii). That is, the sweetpotato seed roots or planting slips cannot be shipped and sold
outside of the state without certification from NCDA&CS that they are free of soil and roots that
harbor M. enterolobii. This quarantine is intended to help reduce the spread of the pathogen into
uninfested areas. North Carolina is the nation's top producer of sweetpotatoes and accounts for
about 60% of US production (North Carolina SweetPotato Commission, 2022). All NC
sweetpotato packers, shippers, and brokers must also comply with NCDA&CS - Plant Industry
Division quarantine regulations for M. enterolobii.

The State of Louisiana has also imposed a quarantine for sweetpotato, nursery crops, and
other articles, products, or means of conveyance at risk of spreading M. enterolobii from infested
areas that include Florida, North and South Carolina. Regulated articles may not be moved into
Louisiana without certification by the origin state that the article is free of M. enterolobii (La.
Admin. Code tit. 7 8 XV-171). Though such regulations are key in preventing the spread of M.
enterolobii, these declarations place a burden on producers in quarantine areas by requiring the
need for additional inspections and certifications. Management of this aggressive pathogen is of
high importance, as the production of certified M. enterolobii-free plants allows growers and

stakeholders to ship to national and international markets.

The Rk Resistance Gene in Tobacco

The Rk gene, sometimes referred to as Rk1, conditions resistance to races 1 and 3 of M.
incognita (Yi et al. 1998) and partial resistance to race 1 of M. arenaria (Ng’ambi et al. 1999) in
tobacco. This gene was first identified in and introduced from the wild N. tomentosa into

commercial tobacco cultivars through conventional breeding; the popular cultivar ‘NC 95’ which
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carries this resistance gene was released in 1960 (Slana et al. 1977). Virtually all flue-cured
tobacco grown in the United States possesses this Rk1 gene (R. Lewis, personal communication).

A second RKN resistance gene in tobacco, T, was identified in Nyoka tobacco plants
along the Zambezi River in Zimbabwe (Schweppenhauser et al. 1975). Now called Rk2, this
gene conditions greater resistance to M. javanica than does Rk1 (Schweppenhauser et al. 1975).
Tobacco cultivars with both Rk1 and Rk2 became available in the United States in 2007 (Adamo
et al. 2021). A greenhouse study comparing the resistance of tobacco plants carrying Rk1, Rk2
individually, or both resistance loci found that plants carrying both genes had greater resistance
to M. incognita race 3 than those with only one (Pollok et al. 2016). Another study found that
tobacco plants carrying both genes had an increased resistance to M. arenaria race 2 (Adamo et
al. 2021).

Observation of roots after inoculation of test plants carrying the Rk1 gene suggests that
this gene does not stop penetration of the root-knot nematode, rather it prevents the parasite from
forming proper feeding sites in the root (Schneider 1991). When the nematode is unable to form
their giant cells, they will evacuate the root or die. Though Rk1 is a well-defined (or partially
dominant) gene, Rk2 is less well characterized, and Rk2 may possibly be a quantitative trait locus
with an intermediate effect (R. Lewis, personal communication).

The Rk1 gene in tobacco was determined to be either a pleiotropic gene or closely linked
to a gene affecting resistance to Potato Virus Y(PVY) MSNR (Fellers et al. 2002). This PVY
resistance gene induces the hypersensitive response (HR) and preventing venial necrosis in
tobacco plants infected by PVY. When comparing the response of root-knot resistant and
susceptible N. benthamiana to infection with replicase proteins of PVY MSNR and the non-

elicitor strain PVY N, it was found that the latter did not induce HR in RKN resistant plants,
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while the former did. This demonstrated that the induction of this HR pathway in RKN resistant

tobacco lines was elicited by the PVY MSNR Nlb-replicase, and that the gene-for-gene pathway
for two unique pathogens may be linked with the same resistance gene (Fellers et al. 2002).

A 2016 soil survey conducted to identify the Meloidogyne species infecting tobacco
carrying the Rk1 gene in Southern Brazil found that Meloidogyne enterolobii was able to infect
these resistant cultivars (Filho et al. 2016). Meloidogyne enterolobii was found in 25.6% of
samples in this survey, making it the third most prevalent species in this study, following M.
incognita (46.2%) and M. javanica (41%). The researchers hypothesized that the consistent use
of the Rk1 gene in tobacco production may lead to high selection pressure for virulent strains of
M. incognita and M. arenaria, which are typically controlled by the Rk1 gene (Filho et al. 2016).
In addition, repeated cultivation of cultivars carrying Rk1 may have shifted the nematode
population towards root-knot species that are not limited by this gene (Pollok et al. 2016).
Meloidogyne enterolobii has been reported infecting flue-cured tobacco carrying the Rk1 gene in
North Carolina, thus posing a risk to tobacco production across the state (Ye 2018). The ability
of M. enterolobii to infect resistant cultivars underlines the importance of finding a new source

of resistance to M. enterolobii in tobacco.

Research Goals:

The overarching goal of this master’s thesis work was to gain a better understanding of
plant-parasitic nematodes impacting flue-cured tobacco production in North Carolina, with the
outcome of advancing current and future nematode management strategies in tobacco. Specific

objectives of this foundational research were to:
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1. Determine the spatial distribution and population density of plant-parasitic nematodes in
North Carolina flue-cured tobacco production through a multi-year, systematic soil
survey, with a particular focus on quantifying the incidence of M. enterolobii in North
Carolina tobacco production and evaluating the predominant disease management
methods employed by growers (e.g., variety grown and rotational crop use)

2. Evaluate through a greenhouse resistance screening trial diverse genotypes of N. tabacum
and wild relative Nicotiana species for response to Meloidogyne enterolobii with the goal

to identify potential new sources of resistance to this species.
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CHAPTER 2

A 2-Year Multi-County Survey of Plant-Parasitic Nematodes in Tobacco Fields in North
Carolina
Abstract
North Carolina is the leading producer of flue-cured tobacco in the United States.
Tobacco production in North Carolina is threatened by numerous plant-parasitic nematodes,
including Globodera tabacum (tobacco cyst), Pratylenchus (lesion) and Tylenchorhynchus
(stunt) nematodes. Among these, the invasive Meloidogyne enterolobii is a major threat to North
Carolina tobacco production as it can infect tobacco varieties carrying the Rk gene which
conditions resistance to other Meloidogyne species. To gain an updated understanding of which
nematode genera are present in tobacco production and investigate distribution of M. enterolobii
in North Carolina tobacco production, a two-year survey of tobacco growing counties in North
Carolina was conducted. In August 2021, 118 fields were sampled across 14 counties, and in
September 2022, 70 fields were sampled across ten counties. Samples were sent to the North
Carolina Department of Agriculture & Consumer Services Nematode Assay Lab for
identification and quantification of nematodes at the genus level; where Meloidogyne spp. was
identified, molecular identification was carried out to determine the species. Data were also
collected on the previous crop grown and tobacco variety grown. In both years of the survey,
lesion, root-knot, dagger, and stunt nematodes were found in the highest incidence amongst
samples. In 2022 M. enterolobii was identified in a single sample each from Granville and Pitt
Counties; this is the first report of M. enterolobii from Granville County. ‘NC 196’ and soybean

were the most common cultivar and previous crop grown, respectively, amongst our samples.
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Survey results of prevalence, distribution, and the implications for tobacco production in North

Carolina are discussed.

Introduction

North Carolina is the leading producer of flue-cured tobacco in the United States. In
2022, North Carolina produced over 105,000 metric tons of flue-cured tobacco — approximately
81% of the total production in the country (Brown et al. 2023). Flue-cured tobacco is susceptible
to infection by numerous plant-parasitic nematodes (PPN), and genera of nematodes which are
known to infect flue-cured tobacco include root-knot nematodes (Meloidogyne spp.), lesion
nematodes (Pratylenchus spp.), the tobacco cyst nematode species complex (Globodera
tabacum), and stunt nematodes (Tylenchorhynchus spp.) among others. Understanding which
genera of nematodes occur in the soils of tobacco fields and their abundance is crucial for
effective disease management. For example, for the management practices of crop rotation and
use of resistant cultivars to be most effective, knowledge of the genera (and sometimes species or
races) of PPN present in the field is necessary. For other management practices such as
application of fumigant or non-fumigant nematicides, knowledge of nematode abundance or
population density is recommended to aid in justifying the use of these costly products.

Lesion nematodes are the third most damaging genera of PPN to global crop production
(Davis and MacGuidwin 2005; Jones et al. 2013). In one study, significant mid-season
Pratylenchus penetrans levels were found to decrease flue-cured tobacco crop value by 5.9%
(Olthof et al. 1973). This nematode genus severely damages the roots of tobacco plants resulting

in a decrease in yield and quality of the leaves. In North Carolina lesion nematodes are common
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in many cropping systems; the species currently known to impact tobacco production include P.
brachyurus, P. penetrans, P. pratensis, and P. scribneri (Ye 2018).

Of the two subspecies of tobacco cyst nematodes that have been reported in North
Carolina, G.tabacum. solanacearum is the subspecies which is parasitic to flue-cured tobacco
plants (Ye 2018; Komm et al. 1983). Tobacco cyst nematode infestation has been a major issue
in Virginia, and the species has begun to radiate into North Carolina counties adjoining the
Virginia-North Carolina border. The first report of G.t. solanacearum in North Carolina was
from Warren County in 1991 (Melton et al. 1991), though it has since been detected in Surry,
Stokes, Rockingham, Caswell, Person, Granville, Vance, and Warren Counties (W. Ye, personal
communication). Tobacco cyst can cause a 15% yield decrease in flue-cured tobacco yield,
although in some extreme cases, they can cause complete crop loss (Komm et al. 1985).

A 1994 crop loss survey found that Meloidogyne spp., the root-knot nematodes (RKN),
decreased tobacco yield from 0.5 to 5% (Koenning et al. 1999). Most, if not all, flue-cured
tobacco grown in the state of North Carolina possess the Rk resistance gene which conditions
resistance to races 1 and 3 of Meloidogyne incognita and race 1 of M. arenaria (R. Lewis,
personal communication; Yi et al. 1998; Ng’ambi et al. 1999). Meloidogyne enterolobii, the
guava root-knot nematode, now threatens North Carolina tobacco production (Ye et al. 2013; Ye
et al. 2021) as it can infect tobacco plants carrying the Rk resistance gene and cause severe yield
loss or host death (Filho et al. 2016). Not only can M. enterolobii infect tobacco plants carrying
the Rk gene, but it can also infect other hosts which carry resistance genes for other root-knot
species including Mi in tomato, N in bell pepper, Tabasco in pepper, and Mirl in soybean (Brito
et al. 2007, Kiewnick et al. 2009, Casatgnone-Sereno 2012). As of September 2022, M.

enterolobii has been confirmed in North Carolina in limited fields in Columbus, Craven, Duplin,
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Edgecombe, Greene, Harnett, Johnston, Jones, Lenoir, Nash, New Hanover, Pitt, Sampson,
Wake, Wayne, and Wilson counties through several targeted surveys or samples submitted to the
North Carolina Department of Agriculture & Consumer Services (NCDA&CS) Nematode Assay
Lab (Schwarz et al., 2020; W. Ye, personal communication).

A recent multi-county, multi-year systematic survey of plant-parasitic nematodes in
tobacco has not been published or conducted previously in the state of North Carolina. Soil
surveys for assessment of plant-parasitic nematode composition and population levels are useful
for evaluating potential risk to crop production, developing integrated management plans, and
setting research priorities (Han et al., 2021). The purpose of this study is to better understand a)
which genera of PPN are affecting NC flue-cured tobacco production, b) the occurrence and
distribution of M. enterolobii in flue-cured tobacco production in North Carolina, and c) the
predominant cultural and chemical nematode management methods (tobacco variety grown,
nematicide, and rotational crop use) used by tobacco growers in the state and the potential impact

of these methods on nematode incidence and density.

Materials and Methods
Sample Collection

In August 2021, 118 soil samples were systematically collected from tobacco fields
across 14 North Carolina counties and in September 2022, 70 systematic samples were taken
across 10 NC counties (Table 2.1). All samples were collected by NC Cooperative Extension
Agents. Each soil sample was taken from a field or section of a field approximately 1 to 2
hectares in size that was planted to tobacco at time of sampling. One sample consisted of

approximately 20 soil cores taken equally spaced in a zig-zag pattern along at least 5 rows. Soil
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cores were collected within the row using a soil corer or small hand trowel. Soil samples were
collected approximately 6 to 8 inches deep. The 20 soil cores were combined and mixed
thoroughly, and then a 500-cc subsample of the mixed sample was sent to the NCDA&CS
Nematode Assay Lab (Raleigh, NC, USA) for analysis of the nematode genera present and their
population levels. Information on previous crop grown, tobacco variety, and nematicide used for
each field or area was also collected, if known. Samples collected in 2021 for Granville and

Person counties were combined for analysis.

Assay

Plant-parasitic nematodes were extracted via Seinhorst elutriation, identified
morphologically to the genus level, and the population density quantified per standard protocol
of the NCDA Nematode Assay Lab. In the cases where a Meloidogyne spp. were identified, PCR

was performed to determine which species were present (Ye et al., 2021).

Data Analysis and Visualization

All geospatial work was performed in RStudio (version 4.2.1; R Core Team 2022) using
the ‘sf” package (version 1.0-9, Edzer Pebesma 2018). Data were aggregated at the year and
county level. County-level incidence (defined as the number of samples in a county out of the
total samples collected in the county that were positive for a certain nematode genus) and
survey-wide incidence (defined as the number of samples out of the total samples collected in the
survey that were positive for a certain nematode genus) were calculated for each nematode

genus. Soil population density (defined as the average population count of nematodes in a genus
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aggregated at the county level) was calculated. Prevalence was used to describe whether a

nematode genus was found in a county or sample.

Results
Nematode incidence, genera, and population density

In the 2021 survey of tobacco fields across 14 NC counties, 12 unique genera of plant-
parasitic nematodes were identified: dagger (Xiphinema spp.), lance (Hoplolaimus spp.), lesion
(Pratylenchus spp.), ring (Mesocriconema spp.), root-knot (Meloidogyne spp.), sheathoid
(Hemicriconemoides spp.), soybean cyst (Heterodera glycines), spiral (Helicotylenchus spp.),
sting (Belonolaimus spp.), stubby root (Trichodorus andParatrichodorus spp.), stunt
(Tylenchorhynchus spp.), and tobacco cyst (Globodera tabacum s.1.) (Table 2.2). ). In the 2022
survey across 10 NC counties, nine unique genera of nematodes were identified: dagger, lance,
lesion, ring, root-knot, soybean cyst, spiral, stubby root, and stunt (Table 2.3). The genera found
in 2021 but not 2022 were sheathoid, sting, and tobacco cyst nematodes. Sheathoid and sting
nematodes were found in limited samples in 2021 and both had 0.1% survey-wide incidence.
Tobacco cyst was found exclusively in Stokes Co. in 2021 (Fig 2.1). Although tobacco cyst
accounted for a survey-wide incidence of 6.8% in 2021, tobacco cyst nematode had 100%
county-level incidence in the samples from Stokes Co. (n = 8) with a mean density of 1,925
nematodes/ 500 cc soil and a range of 10 to 7,440 nematodes/500 cc soil.

Stunt nematodes were found in high incidence survey-wide in both 2021 and 2022, at
67.8% and 80% of samples, respectively. Stunt nematodes had high prevalence and were found

in all counties sampled in both years of the survey, except for Surry Co. in 2022. The mean stunt
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nematode density at the county level ranged from 32 (Wilson Co.) to 144 nematodes (Caswell
Co.) in 2021 and from zero (Surry Co.) to 685 nematodes (Granville Co.) in 2022 (Fig 2.1).

Root-knot nematodes were found in high incidence survey-wide in 2021 and 2022. In
2021, root-knot nematodes were identified in 31.4% of samples and in nine of the 14 counties
surveyed. The mean root-knot nematode density at the county level ranged from zero (Franklin,
Granville/Person, Surry, Wilson Co.) to 1,912 nematodes/ 500 cc soil (Sampson Co.) the same
year (Fig 2.1). In 2022, root-knot nematodes had a survey-wide incidence of 50% and in eight of
the ten counties surveyed. The mean nematode density at the county-level ranged from zero
(Surry and Yadkin Co.) to 1,895 nematodes/ 500 cc soil (Person Co.) (Fig 2.1). Meloidogyne
enterolobii was not identified in any of the samples in 2021. In 2022 M. enterolobii was
identified and confirmed in tobacco fields surveyed in Pitt and Granville Counties.

Lesion and dagger nematodes were found in high survey-wide incidence in both 2021
and 2022 surveys. Lesion nematodes had a survey-wide incidence of 33.1% and 50% in 2021
and 2022 respectively and were found in all counties in the survey in 2021, apart from Wilson
Co, and every county in the survey in 2022, except for Yadkin Co (Fig 2.1). Dagger nematodes
were found in 26.3% of samples in 2021 and 44.3% of samples in 2022. In 2021, dagger
nematodes were found in 11 out of 14 counties surveyed, and in eight out of ten counties
surveyed in 2022 (Fig 2.1). Spiral nematodes had a high survey-wide incidence in 2021 and 2022
(68.6% and 67.1% respectively), although spiral nematodes often have a high damage threshold

density in tobacco and other crops.
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Tobacco variety

In 2021, tobacco variety information was obtained for 67 of the 118 samples collected. In
2021, 11 different varieties were reported, with ‘NC 196 being the most frequently sampled
variety (47.8%). The second and third most frequently sampled varieties were ‘CC 145’ (19.4%)
and ‘K 326’ (14.9%), respectively. ‘NC 1226 (4.5%) followed as the fourth most frequently
sampled variety (Table 2.5).

In 2022, variety information was obtained for 56 of the 70 samples collected, with 13
different varieties reported. ‘NC 196’ was the most frequently grown variety (30.4%), followed
by ‘CC 145° (12.5%), ‘K 326’ and ‘NC 1226’ (both 10.7% each), and ‘CC 143’ (8.9%) (Table

2.5).

Previous Crop

In 2021, data were obtained on the previous crop grown for 94 of the 118 samples
collected. Nine different previous crops were identified with soybean being the most frequent
previous crop (48.9%). Tobacco (21.3%) and wheat (11.7%) were the second and third most
frequent previous crops grown, respectively, in the 2021 survey (Table 2.6).

In 2022, data were obtained on the previous crop grown for 66 of the 70 samples
collected. Nine different previous crops were identified, with soybean again being the most
frequent (48.5%). Wheat (18.2%) and corn (9.1%) were the second and third most common

previous crops grown, respectively, in the 2022 survey (Table 2.6).
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Discussion

Crop specific surveys aid in determining the prevalence, incidence, and population
density of different plant-parasitic nematodes in crop production. Once the prevalent nematode
taxa are identified, targeted management strategies and research can be developed to reduce
further spread and nematode-related crop damage (Han et al. 2021). In addition, frequent
sampling may aid in tracking the spread of PPN species into previously uninfested areas, aiding
in the development of policies designed at limited pathogen movement. Past surveys for PPN
have been conducted in North Carolina for crops such as blueberry, muscadine grapes, turfgrass,
and soybean (Severns et al. 2020; Jagdale et al. 2019; Ye et al. 2012; Koenning & Barker 1998).
The survey of plant-parasitic nematodes present in North Carolina tobacco production reported
here provides a current assessment of nematode taxa and abundance in grower fields.

One major challenge of soil sampling surveys is that PPN populations tend to be spatially
aggregated in the field with higher densities in some areas of a field — particularly around the
roots of host crops — and lower population density in other areas of the same field (Campbell and
Noe 1985). The impact of this heterogeneous spatial distribution is that some samples may report
inaccurately high, low, or even negative results. Collecting samples in a uniform or regular
pattern increases the likelihood of sampling from an area of high nematode density. In addition,
increasing the geographic range of the survey and increasing the number of samples may
increase the likelihood of detection (Schwarz et al. 2020). An artifact of this heterogeneous
spatial distribution at a county level was observed in this survey; at the onset of the survey,
Meloidogyne enterolobii had been reported with a limited prevalence in counties in the central
Coastal Plains region of North Carolina, yet many of samples collected from tobacco in these

counties were not positive M. enterolobii in our survey. Frequent surveys also increase the
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likelihood of detection. In cases when a certain genera or species was not recovered from a
county, more intensive, targeted sampling of a county or sub-county area can aid in determining
if the nematode of interest occurs there.

The nematode genera considered most detrimental to tobacco production are root-knot
(Meloidogyne spp.), tobacco cyst (Globodera spp.), stunt (Tylechorhyncus spp.), and lesion
(Pratylenchus spp.) (Eisenback 2010). In both years of the survey lesion, root-knot, and stunt
nematodes were found in high incidence survey-wide. However, tobacco cyst nematode had a
very limited spatial distribution in 2021. In this survey, tobacco cyst nematodes were found
exclusively in Stokes County in 2021; tobacco cyst nematodes are a major issue in Virginia, and
their distribution in North Carolina has been limited to counties along the Virginia-North
Carolina border (Ye 2018). Stokes County was not resampled in 2022, and no tobacco cyst
nematode was positively identified in any of the other counties sampled along the Virginia
border, namely Surry, Caswell, Rockingham, Granville, and Person Counties.

The dagger nematode, specifically X. americanum s.1., has been found to infect tobacco
in the Carolinas (Ye 2018) and in the present survey, was found in high incidence survey-wide.
While dagger nematodes are not amongst the most economically important PPN in tobacco, this
nematode poses a potential risk to tobacco production as it is able to transmit tobacco ringspot
virus (TRSV) (McGuire et al. 1970). Spiral nematodes had a high incidence in both years,
although damage threshold levels and its impact on tobacco production are not well resolved.

The results from this soil survey of PPN in NC tobacco fields underscore the need for
management targeted mainly at root-knot, lesion, and stunt nematodes, due to the high incidence,
density, and prevalence of these nematode genera. Stunt and lesion nematodes were distributed

in tobacco throughout most sampled counties in both years, indicating that growers across the
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state may need to consider these nematodes in their management plans. Similarly, root-knot
nematode was found across the sampled counties, but in 2022 higher densities were seen along
counties adjoining the Virginia border. When considering different root-knot nematode
management strategies, it is often important to determine which species exist in a field as the
efficacy of cultural and resistant host management strategies can vary based upon the species or
race of the root-knot nematode present. However, certain practical limitations remain, as many
nematode diagnostic services have limited capabilities to provide this information in a quick and
high throughput manner.

It is crucial to track the spread of M. enterolobii throughout the state due to the species’
high virulence and regulatory concerns. In 2021, no survey samples from NC tobacco fields were
found to be positive for M. enterolobii. In 2022, M. enterolobii was confirmed on tobacco only in
Pitt and Granville Counties. These data contrast from the reported detection of M. enterolobii in
North Carolina in fields in Columbus, Craven, Duplin, Edgecombe, Greene, Harnett, Johnston,
Jones, Lenoir, Nash, New Hanover, Pitt, Sampson, Wake, Wayne, and Wilson counties as of
September 2022.

By far the most common tobacco variety grown reported in both years of our study was
‘NC 196°, which accounted for 35% and 37% of the total tobacco grown in North Carolina in
2021 and 2022, respectively (Brown et al. 2023). The 2021 growing season was also the first
year that the variety ‘GL 365’ was widely available to growers; this was the variety grown in 3%
of samples in 2021 and 5.4% of samples in 2022, although estimates show that about 11% of
total tobacco acreage planted in 2022 was ‘GL 365’ (Brown et al. 2023). Virtually all flue-cured
tobacco grown in the state possess the Rk gene (R. Lewis, personal communication), which

confers resistance to M. incognita races 1 and 3 and M. arenaria race 1; this may shift the
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makeup of root-knot nematode species and select for M. javanica, M. enterolobii, or races of M.
incognita and M. arenaria to which the tobacco is not resistant. As M. enterolobii can infect
resistant flue-cured tobacco cultivars, there is a need to find new sources of resistance.

Cover cropping and crop rotation are useful management strategies for plant parasitic
nematode management. When using poor- or non-host crops, nematodes are not able to properly
infect or invade plants and will be unable to complete their life cycle. As reproduction is halted
or slowed, the nematode population numbers dwindle. An annual survey of tobacco production
practices in North Carolina showed that the adoption rate of cover crop usage was 63.25% and
45.51% respectively (M. Vann, personal communication). Crop rotation is a highly
recommended practice for disease management, although as the number of tobacco farms in NC
has decreased, but the size of individual operations has increased, and the typical crop rotation
sequence employed by growers has shortened (Koenning et al. 1999). Tobacco was the previous
crop grown in 21.2% of samples collected in 2021 and 6.1% in 2022. Continuous cropping of
either root-knot nematode-resistant or susceptible tobacco has been demonstrated to result in
lower yields than tobacco rotated with corn, cotton, and sorghum in Meloidogyne spp. infested
fields (Fortnum et al. 2001). The most common previous crop grown in our sampled fields was
soybean, which likely contributed to the observation of soybean cyst nematodes (Heterodera
glycines) in samples from both years of the survey. Wheat (Triticum aestivum) was another
common previous crop amongst the samples collected; wheat and other cereals such as oat and
sorghum or sorghum hybrids are non-hosts for M. enterolobii (DeBrita et al. 2018) and may

provide a promising summer and winter cover crop option for growers.
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Table 2.1. List of North Carolina counties sampled for plant-parasitic nematode analysis in

August 2021 and September 2022 and the number of fields sampled in each county. The samples

from Granville and Person counties were combined for analysis in 2021.

2021 2022
County Fields Sampled County Fields Sampled
Caswell 5 Caswell 3
Craven 8 Craven 10
Forsyth 9 Granville 8
Franklin 10 Lee 4
Granville & Person 10 Person 8
Greene 12 Pitt 10
Johnston 10 Rockingham 7
Rockingham 7 Surry 3
Sampson 10 Wilson 10
Stokes 8 Yadkin 7
Surry 10
Wilson 10
Yadkin 9
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Table 2.2. Mean and range (minimum to maximum) of nematode population densities per 500 cc

soil observed in a soil survey of plant-parasitic nematodes in tobacco production in North

Carolina, conducted in August 2021. Soil samples were processed, and nematodes identified to

the genus level based on morphology by the North Carolina Department of Agriculture &

Consumer Services Nematode Assay Laboratory. Dashed lines indicate the nematode genus was

not reported.

County Root-knot Lesion Stunt Dagger Spiral Soybean Lance Ring Stubby - Tobacco
cyst root cyst
mean 22 20 144 8 144 6 2
Caswell
range 0-100 0-60 0 - 480 0-30 0 - 600 0-20 0-10
mean 1399 31.2 100 90 1.25 1.25 375 17.5
Craven
range 0 - 3400 0-70 0-280 0-280 0-10 0-10 0-270 0-270
mean 3.33 111 66.7 22.2 822
Forsyth 0-
range 0-30 0-50 0-200 0-90 224
. mean 11 92 1 128 17 1 1 2
Franklin
range 0-70 0-440 0-10 0-480 0-110 0-10 0-10 0-20
Granville &  mean 19 68 1 84 1
Person range 0-90 0-240 0-10 0 - 360 0-10
mean 491 4.17 40 4.17 50 8.33
Greene
range 0 - 4520 0-30 0-120 0-40 0-440 0-60
mean 547 2 36 28 2 - 1
Johnston
range 0 - 2840 0-10 0-120 0-80 0-10 0-10
. mean 217 1.43 45.7 28.6 149 7.14
Rockingham
range 0 - 1520 0-10 0-80 0-120 0- 400 0-20
mean 1912 16 132 2 308 1 4
Sampson 40 -
range 0 - 5560 0-90 440 0-10 0-760 0-10 0-10
mean 3.75 11.2 115 20 50 1925
Stokes
range 0-20 0-70 0 - 640 0-120 0-320 10 - 7440
mean 4 36 28 328 240
Surry 0-
range 0-30 0-80 0-180 0- 2200
112
Wilson mean 32 28 1 3
range 0-80 0-80 0-10 0-20
mean 3.33 3.33 116 6.67 316 25.6 111
Yadkin 80 -
range 0-20 0-20 0-440 0-30 640 0-200 0-10
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Table 2.3. Mean and range (minimum to maximum) of nematode population densities per 500 cc
soil observed in a soil survey of plant-parasitic nematodes in tobacco production in North
Carolina, conducted in September 2022. Soil samples were processed, and nematodes identified
to the genus level based on morphology by the North Carolina Department of Agriculture &
Consumer Services Nematode Assay Laboratory. Dashed lines indicate the nematode genus was

not reported.

Soybean Stubby  Tobacco

Count Root-knot Lesion Stunt Dagger Spiral Lance Rin
y 99 p cyst g root cyst
mean 66.7 233 40 80 26.7
Caswell
range 0-200 0-50 0-120 0-200 0-40
mean 1290 8 116 8 84 2 1 2 3
Craven
range 0 - 3440 0-30 0 - 480 0-60 0 - 440 0-10 0-10 0-20 0-20
mean 936 205 685 43.8 35 --- - 1.25 1.25
Granville
range 0 - 4600 0-630 40 - 2600 0- 140 0- 160 --- - 0-10 0-10
L mean 1180 25.8 76.5 - 20 103 - - 5
ee
range 0-2720 0-83 0- 160 - 0-80 0-280 - - 0-20
mean 1895 255 160 52.5 535 - 5 - 25
Person
range 0 - 14400 0-1270 40 - 400 0- 160 0- 1560 - 0-40 - 0-10
mean 454 44 132 11 164 2 - 2 3
Pitt
range 0 - 2000 0. -160 0-280 0- 100 0- 800 0-20 0-10 0-10
mean 184 48.6 85.7 42.9 74.3 371 - - 1.43
Rockingham
range 0-1120 0-190 0-320 0-130 0-160 0- 260 - - 0-10
mean - 6.67 - 233 13.3 3.33
Surry
range 0-20 0-60 0-40 0-10
mean 1150 7 96 --- 64 7 - --- 4
Wilson
range 0 - 10450 0-20 0 - 240 - 0 - 240 0-40 - - 0-20
mean 68.6 110 749
Yadkin

range --- --- 0-200 0 - 440 80 - 1480
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Table 2.4. Nematode genera percent incidence (number of counties in which the nematode was
identified out of the total number of counties samples) in 2021 and 2022, during a systematic soil

survey for plant-parasitic nematodes in North Carolina flue-cured tobacco fields.

Genus 2021 2022

Dagger 26.3% 44.3%
Lance 76% 4.3%
Lesion 33.1% 50%
Ring 6.8% 5.7%
Root-knot  31.4% 50%
Sheathoid  0.1% 0%
Soybeancyst 15.3% 12.9%
Spiral 68.6% 67.1%
Sting 01% 0%
Stubby root 9.3% 15.7%
Stunt 67.8% 80%

Tobaccocyst 6.8% 0%
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Table 2.5. Tobacco varieties and their frequencies in sampled fields during a systematic soil
survey for plant-parasitic nematodes in North Carolina flue-cured tobacco in 2021 and 2022. The
‘TOTAL’ indicates the sum of unique fields sampled each year of the survey that provided
information on variety grown. Dashes indicate the variety was not reported in the survey from

the corresponding year.

Variety 2021 2022

CC 143 2 5
CC 145 13 7

CC 365 — 1
CC 1063 — 2
GF 318 1 —

GL 365 2 3
K 326 10 6
K 346 1 —
NC 71 — 2

NC 196 32 17

NC 606 1 —

NC 960 — 1

NC 1226 3 7

PVH 1600 — 1
PVH 2254 1 —
PVH 2310 — 4
Vector 31 1 —

TOTAL 67 56
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Table 2.6. List of crops grown prior to tobacco and their frequencies during a systematic soil
survey for plant-parasitic nematodes in North Carolina flue-cured tobacco in 2021 and 2022. The
‘TOTAL’ indicates the sum of unique field sampled during each year of the survey that provided
information on previous crop grown. Dashes indicate that the previous crop was not reported in

the survey from the corresponding year.

Previous Crop 2021 2022

corn 4 6
cotton 1 5
cucumber 1 —
fallow — 1
milo 1 —
pasture — 1
peanut — 2
soybean 46 32
squash 1 —
sweetpotato 9 3
tobacco 20 4
wheat 11 12

TOTAL 94 66



Figure 2.1. Distribution and population density of root-knot (Meloidogyne spp.), lesion

(Pratylenchus spp.), stunt, dagger, and tobacco cyst nematodes aggregated to the county level

during a soil survey for plant-parasitic nematode in North Carolina flue-cured tobacco in 2021

(blue; left column) and 2022 (pink; right column). Tobacco cyst nematodes was not identified in

the 2022 samples, therefore this map was omitted.
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CHAPTER 3

A Greenhouse Study Evaluating the Response of 84 Nicotiana tabacum Lines and Related
Species Genotypes to Infection by Meloidogyne enterolobii
Abstract
North Carolina’s robust tobacco industry faces a new threat from Meloidogyne enterolobii
(the guava root-knot nematode), which was first identified in the state in 2011. This species is
able to overcome host resistance to other root-knot nematode (RKN) species such as M.
incognita, therefore novel sources of host resistance are needed. This study evaluated potential
tobacco host resistance to M. enterolobii through a greenhouse bioassay. Lines of N. tabacum
and other Nicotiana species (n=84) were assayed for M. enterolobii resistance; lines were
selected for commercial popularity, resistance to other RKN species, resistance to other plant
parasitic nematodes and pathogens, genetic diversity, or introgressed chromosomal segments
from wild Nicotiana relatives. Plants were inoculated with M. enterolobii eggs from stock
cultures of a North Carolina isolate; eggs from resultant infections were extracted 60 days post
inoculation. Data were collected on the eggs/g of root and galling severity (%). Resistance and
susceptibility were quantified by calculating each line’s Reproductive Factor (RF, final
population/initial population). All lines were assessed for response through two separate
evaluations. In the first evaluation, 14 genotypes were determined to be resistant based upon RF
<1, and 21 genotypes were determined to be resistant in the second evaluation. There were 9
lines that were resistant in both their initial and second evaluation. Of these, seven were wild
relative Nicotiana species, indicating potential novel sources of resistance and the possibilities
for future breeding efforts. ‘Okinawa’ was the only N. tabacum cultivar with RF < 1 in both its

initial and second evaluation.
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Introduction

North Carolina is the leading producer of flue-cured tobacco (Nicotiana tabacum) in the
United States (US); in 2022 the US produced approximately 130,000 metric tons of flue-cured
tobacco, of which North Carolina produced over 105,000 metric tons (representing over 81% of
the total US crop) (Brown 2023). Over the past couple of decades, the number of tobacco farms
has decreased, although the size of these individual operations has increased (Hamer et al. 2019;
Koenning et al. 1999). In 2018, tobacco production accounted for 5.2% of farm cash receipts in
North Carolina (Hamer et al. 2019).

Plant-parasitic nematodes, and in particular root-knot nematodes (Meloidogyne spp.), are
a major biotic constrain to tobacco production in North Carolina. A 1994 crop loss survey found
that damage from Meloidogyne spp. caused typical yield losses of 0.5 to 5% on flue-cured
tobacco, making their management a priority for many farmers. The Rk resistance gene confers
resistance to races 1 and 3 of M. incognita and race 1 of M. arenaria in tobacco (Yi et al. 1998;
Ng’ambi et al. 1999). Prior to 2000, approximately 90% of flue-cured tobacco grown in North
and South Carolina carried the Rk gene (Koenning et al. 1999); today, virtually all the tobacco
grown in these states carry the Rk gene (R. Lewis, personal communication).

Meloidogyne enterolobii, known commonly as the guava root-knot nematode, is a highly
aggressive, invasive species in North Carolina (Ye et al. 2013). Meloidogyne enterolobii has
been documented to causes losses of up to 65% in tomato (Solanum lycopersicum), higher than
any other root-knot species (Cetintas et al. 2007). This species was first positively identified in
North Carolina on the roots of infected cotton plants from Wayne County in December 2011, and
was subsequently followed by a positive identification from infected soybean plants from Wayne

and Johnston Counties (Ye et al. 2013). Meloidogyne enterolobii can infect tobacco plants
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carrying the Rk gene (Filho et al. 2016), as well as several other root-knot resistant genes in other
crops including Mi-1 in tomato, N in bell pepper, Tabasco in pepper, and Mirl in soybean (Brito
et al. 2007, Kiewnick et al. 2009, Casatgnone-Sereno 2012). Meloidogyne enterolobii has been
confirmed in tobacco fields in North Carolina (Schwarz et al., 2020; Ye 2018; Ye et al. 2021),
threatening the state’s tobacco. ldentifying novel sources of host resistance in tobacco to
Meloidogyne enterolobii would be important to reduce potential flue-cured tobacco crop loss
from this invasive pest. The objective of this screening trial was to evaluate genotypes of N.
tabacum and wild relative Nicotiana species for potential host resistance to M. enterolobii. The
objective of this investigation was to evaluate diverse genotypes of N. tabacum and wild relative

Nicotiana species for potential host resistance to M. enterolobii.

Materials and Methods

All experiments were conducted at the North Carolina State University Method Road
Greenhouse Facilities. In this study, a total of 84 unique genotypes were screened: 33 tobacco
cultivars, 23 genotypes of related Nicotiana species, and 28 genotypes of diverse N. tabacum
with chromosomal introgressions from wild relatives (Table 3.1). Tobacco seed was obtained
from Dr. Ramsey Lewis and Dr. Matthew Vann (Department of Crop & Soil Science, NC State
University). Each unique tobacco genotype was evaluated twice through two separate screening
experiments, herein denoted as ‘Test’ and ‘Retest.” For the Test, all genotypes were randomly
assigned to one of two sub-experimental runs, designated as the first or second round. For the
Retest, all lines were again randomly assigned to one of two sub-experiment runs, designated as
the third or fourth round. Three replicates of each tobacco line were included in both the initial

Rest and Retest groups.
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Seeds of each line were seeded together in 2.5x2.5 cm pots with Carolina’s Choice
Specialty Formulated Peat-Lite Tobacco Mix (Carolina Soil Company, Kinston, NC, USA) and
maintained for three weeks under a plastic dome to promote germination, with bottom watering
as needed and supplemental lighting (14 h light). At two weeks post germination, individual
seedlings were transplanted into 11.5x11.5 cm pots with SunGro Professional Growing Mix F1P
RSI (SunGro Horticulture, Agawam, MI, USA). At four weeks post germination, individual
plants were transplanted into 15.25 cm round clay pots filled with steam sterilized 50:50
sand:topsoil mixture. Each pot received one application (5 g) of Osmocote Smart-Release Plant
Food (The Scotts Company, Marysville, OH, USA) at the time of transplant. Plants were watered
daily and maintained at a greenhouse temperature of 30 to 35 degrees C. Tomato (cv. ‘Rutgers’)
was seeded and transplanted in a similar manner to use as susceptible control.

One week after transplant, each plant was inoculated with 10,000 Meloidogyne
enterolobii nematode eggs. To produce inoculum, Meloidogyne enterolobii was cultured on
susceptible ‘Rutgers’ tomato and ‘California Wonder’ bell pepper in the greenhouse. Inoculum
in the form of nematode eggs was isolated from infected culture plant roots using the NaOCI
method (Hussey and Barker 1973). Briefly, roots were soaked in a 10% household bleach
solution (7% available chlorine) for 30 to 60 seconds, massaging egg masses from the roots by
hand. Eggs were separated from the solution by pouring the extraction solution and root mass
through a stacked set of sieves (from bottom to top, 25um, 75um, 250um) and flushing with
sufficient fresh water to remove residual bleach solution. Eggs were recovered from the bottom
25 um mesh sieve and transferred to a 50 mL Falcon tube. Eggs were quantified by taking three
100 pl aliquots from the sample and counting the eggs in each using a Nikon TMS inverted

microscope (Nikon Instruments Inc., Melville, NY, USA). The average count of the three
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aliquots was then taken and multiplied by 10 to determine the concentration of eggs/ml. Each
replicate was inoculated with 10,000 eggs by pipetting inoculum solution into a 2.5 cm deep hole
made at the base of the plant. Plants were maintained in the greenhouse with daily watering.

At 60 days post inoculation, plants were cut at the soil line. Roots were then washed
clean of soil and weighed (grams) and assessed for root galling severity (scored as a percentage)
using a modified version of the rating scale of Bridge and Page (1980). Eggs were then extracted
from root systems individually using the NaOCI method as described above, and resulting eggs
suspended in 50 ml of extraction solution. Three 100 pl aliquots were taken from each sample
and eggs quantified for each aliquot. The average of the three aliquots was then taken and
multiplied by 10 to determine eggs per ml, and then multiplied again by 50 to determine the total
number of eggs per root system. The number of eggs per gram of root tissue (eggs/g root) was
calculated by divided the total number of eggs in the sample by the fresh root weight.

The reproductive factor (RF) was calculated for each tobacco line. Reproductive factor
measures the ability of a nematode population to reproduce on a host plant using the ratio of the
final population (P, the number of eggs quantified at the end of the experiment) divided by the
initial population (Pi, the number of eggs initially inoculated, herein 10,000). For the purposes of
this study, the host status of each tobacco line was determined where an RF < 1 indicates host

resistance while an RF > 1 indicates host susceptibility (Schwarz et al., 2020).

Data Analysis
Data analysis was performed using RStudio (version 4.2.1; R Core Team 2022). The data
from each of the four rounds were analyzed separately. The data were found follow a non-

normal distribution and was not able to be corrected with a transformation, therefore non-
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parametric methods were used. The effect of tobacco line on root galling severity, eggs/gram of
root, and RF was evaluated using a Kruskal Wallis rank sum test using the function
‘kruskal.test’. Where the Kruskal Wallis test yielded a significant result at the a=0.05 level, a
Dunn Test using a Holm correction for multiple comparisons was performed using the function
‘Dunn.test’ within the dunn.test package (version 1.3.5, Alexis Dinno 2017).An adjusted p-value

of 0.05 was used to determine significance in the pairwise comparison .

Results

The plant root gall rating induced by M. enterolobii, the number of M. enterolobii eggs
produced per gram of plant root, and the reproduction factor of M. enterolobii (final number of
eggs/root system [Pf]/10,000 egg initial inoculum [Pi]) of M. enterolobii on each Nicotiana and

control plant genotype among several tests are presented in Tables. 3.2-3.5.

Root galling severity

The Kruskal Wallis test output for all four rounds resulted in a significant p-value in each
round (P< 0.05), indicating that in all rounds, the average root galling severity of at least one
tobacco line was significantly different from another. However, the subsequent Dunn test was

unable to identify any lines with significant differences in any of the four rounds.

Eggs/g root

The Kruskal Wallis test output for all four rounds resulted in a significant p-value in each
round (P< 0.05), indicating that in all rounds, the eggs/g root of at least one line was significantly
different from another. However, the subsequent Dunn test was unable to identify any lines with

significant differences in any of the four rounds.
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Reproductive Factor

The Kruskal Wallis test output for all four rounds resulted in a significant p-value in each
round (P< 0.05), indicating that in all rounds, the reproductive factor of at least one line was
significantly different from another. However, the subsequent Dunn test was unable to identify

any lines with significant differences in any of the four rounds.

Host status

In the initial Test, fourteen M. enterolobii resistant plant genotypes were identified
(Tables 3.2 and 3.3). In round 1, nine of the tobacco lines have a mean RF < 1, indicating
resistance. All of these were wild relative Nicotiana species (Table 3.2). In round 2, five of the
tobacco lines were identified as resistant. Two of these were N. tabacum cultivars: ‘81-R-617A’
(RF =0.12) and ‘Okinawa’ (0.20). Two of the five resistant genotypes were relative Nicotiana
species, and one was a tobacco introgression genotype (Table 3.3). The results of the Retest
indicated 21 resistant genotypes (Tables 3.4 and 3.5). In round 3, twelve of the genotypes tested
were identified as resistant to M. enterolobii. Of these twelve, two were N. tabacum cultivars:
‘NOD 12’ (RF =0.93) and ‘T15-1-1" (RF = 0.55). Seven of these lines were wild relative
Nicotiana species, and three were tobacco introgressions (Table 3.4). Round 4 resulted in nine
resistant genotypes. Four of these lines were N. tabacum cultivars, namely ‘NC 1226’ (RF =
0.78), ‘NOD 17’ (0.96), ‘“Western 86’ (0.51), and ‘Okinawa’ (0.90). Three were wild relative
Nicotiana species, and two were tobacco introgressions (Table 3.5).

Nine genotypes were identified as resistant to M. enterolobii in both the Test and Retest.
These nine genotypes included one N. tabacum cultivar (‘Okinawa’), one tobacco introduction

(‘T1 355%), seven wild relative Nicotiana species, three of the seven were Nicotiana longiflora
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genotypes (‘TW 79’, ‘TW 80°, and ‘TW 81°), two were Nicotiana repanda genotypes (‘TW 110’

and ‘TW 111°), one was a Nicotiana paniculata genotype (‘TW 100’), and ‘4N’ which is a N.

repanda x N. sylvestris cross.

Discussion

In this study, the Dunn test may have been unable to separate lines with statistical
significance despite the Kruskal Wallis test indicating significant differences between at least
one line per round because the Dunn test becomes very conservative in cases with a low number
of replicates and a high number of experimental groups (that is, the unique tobacco lines). In this
study, three replicates each of 42 Nicotiana genotypes and the ‘Rutgers’ tomato control were
included in each round. The small number of replicates and the large number of lines tested in
each round led to a highly conservative Dunn test, and thus the test was unable to distinguish
statistically significant differences between pairs of lines for measured variables of root galling
severity, eggs/g root, and RF, in any of the four experimental rounds. In future experiments,
honing in on tobacco lines that displayed resistance in this study while also increasing the
number of replicate plants may help to distinguish statistically significant differences in pairwise
comparisons between lines.

Many of the Nicotiana tabacum genotypes evaluated in this study did not exhibit
resistance to Meloidogyne enterolobii. ‘Okinawa’ may show promise as a resistant cultivar as it
showed relatively low galling percentage and an RF of less than 1 in both the Test and the
Retest. Seven of the nine genotypes with RF < 1 in both the Test and Retest were wild relative
Nicotiana species and could indicate that resistance breeding with related species may provide a

novel source for M. enterolobii resistance in commercially available flue-cured tobacco cultivars.
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Of the nine potentially resistant lines, ‘TW 110°, ‘TW 111’ (both N. repanda), and ‘“TW 100’ (N.

paniculata) had low RF values (<0.25) in both the Test and Retest.

The root galling severity scores, which indicates the response of the host to inoculation
with M. enterolobii, was < 0.1% in both evaluations of ‘TW 110’ and ‘TW 111°, which are both
N. repanda genotypes. Overall, in the study there was a positive correlation (r = 0.353, p <
0.001) between galling severity (%) and total eggs produced per sample; this indicates that an
increase in galling severity trended with an increase in egg production. This weak correlation has
been seen in other host plant screening trials, where the galling severity did not necessarily
correlate to M. enterolobii egg production on the host roots (Schwarz et al. 2021).

Of the nine tobacco lines identified as resistant in both the Test and Retest, the RF values
of these nine lines was consistently higher in the Retest than in the initial Test, but the root
galling severity was consistently lower during the Retest than the initial Test. It is unclear why
this pattern was seen in this study; perhaps the competition for resources on severely galled roots
caused a decrease in the reproduction of the nematode population, resulting in the lower RF on
more severely galled roots observed.

Since commercially available cultivars with resistance to M. enterolobii are not available
at this time, tobacco production must rely on other cultural and chemical control methods to
manage this pathogen in the field. One of the most effective management approaches for plant-
parasitic nematodes has long been use of nematicides, including both fumigant and non-fumigant
nematicides. Use of fumigant nematicides on tobacco acreage has decreased in recent years
likely due to increased cost and regulation. Fluensulfone and oxamy! are promising non-
fumigant nematicides for M. enterolobii management in tobacco as they suppressed egg

production by 99.96% and 99.91% respectively in a growth chamber study (Alam et al. 2022).
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However, the pool of available nematicides for use in tobacco is shrinking as key active
ingredients have been banned due to their negative impact on humans and the environment.
More cost effective and environmentally friendly options for nematode control such as use of
rotational crops with host resistance is also challenging because of the ability of M. enterolobii to
overcome root-knot resistant genes available in other commercial crops (Brito et al. 2007,
Kiewnick et al. 2009, Casatgnone-Sereno 2012). Cover cropping or rotating with small grains
such as wheat, oat, sorghum, millet, and sorghum-sudangrass may be promising management
alternative, as these are non-hosts for M. enterolobii, (Khanal and Harshman 2022; Brida et al.
2018).

Meloidogyne enterolobii is a highly virulent and invasive pathogen in North Carolina;
this screening study has shown that many commercial cultivars and genotypes of tobacco do not
possess resistance to this species. The genotypes carrying the Rk gene in this study were hosts for
M. enterolobii and supported its reproduction, confirming the ability of this species to overcome
the Rk resistance gene (Filho et al. 2016). This study identified nine N. tabacum and related
Nicotiana spp. as resistant to M. enterolobii based on RF calculations and these lines may be
used in future resistance loci mapping and characterization efforts. It is important to identify a
novel source of resistance to Meloidogyne enterolobii in order to protect the future of tobacco

production in the state of North Carolina.
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Table 3.1. Tobacco genotypes screened in a series of greenhouse evaluations to identify the host

status and resistance potential to the root-knot nematode Meloidogyne enterolobii.

_ L Tobacco
Tobacco varieties Nicotiana spp. introductions
81-R-617A 4N (N. repanda x N. sylvestris) T1 1124
AWG6 4N (N. sylvestris x N. otophora) TI 1145
BAG 29-15-3-32-1 Nicotiana attenuata Torrey ex S. Watson (TW13) TI1 129
Beinhart-1000 Nicotiana forsteri Domin (TW43) Tl 141
Burley 21 Nicotiana glauca Graham (TW56) T1 1597
Burley 49 Nicotiana glutinosa L. (TW59) T1 1625
BW9 Nicotiana kawakamii Y. Ohashi (TW72) T1181
C 371-Gold Nicotiana longiflora Cavanilles (TW78) TI 205
CC 1063 Nicotiana longiflora Cavanilles (TW79) TI 252
CC 143 Nicotiana longiflora Cavanilles (TW80) TI 355
CC 145 Nicotiana longiflora Cavanilles (TW81) TI1 390
CC35 Nicotiana megalosiphon VanHeurck & Mueller (TW83) TI 446
DH99-119-4 Nicotiana otophora Grisebach (TW95) Tl 451
GF 318 Nicotiana otophora Grisebach (TW96) TI 479
GL 26H Nicotiana otophora Grisebach (TW97) T1 510
Hicks Nicotiana paniculata L. (TWZ100) TI 535
JH5 Nicotiana quadrivalvis Pursh (TW20) TI 546
K110 Nicotiana raimondii J.F. Macbride (TWZ109) TI 659
K326 Nicotiana repanda Willdenow ex Lehmann (TW110) TI 66
L8 Nicotiana repanda Willdenow ex Lehmann (TW111) TI 675
NC 1226 Nicotiana rustica L. (TR15) TI719
NC 196 Nicotiana rustica L. (TR47) TI75
NC 95 Nicotiana setchellii Goodspeed (TW121) TI 765
NC 8640 T1 769
NOD 12 TI 855
NOD 17 T1918
Okinawa T1 947
PBD6 T1 955
STNCB 2-28
T15-1-1
TB22
Western
Western 86
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Table 3.2. Response of diverse tobacco lines to infection by Meloidogyne enterolobii in a

greenhouse screening trial, round 1. This table includes the mean root galling severity as a

percentage, mean eggs/g root, and mean reproductive factor (RF) for each line tested. Lines were

scored as susceptible or resistant (S/R) based on displaying an RF < 1. No tobacco lines were

determined significantly different from each other or the ‘Rutgers’ tomato control for root

galling severity, eggs/g root, or RF at the o = 0.05 level based on conducting a Dunn test for

pairwise comparison of non-parametric data.

_ Root G_aII Reproductive Susceptible
Tobacco Line Severity Egg/g root Factor or Resistant
(0 —100%0) (RF)
AWG6 0.13 7046.76 17.85 S
BAG 29-15-3-32-1 0.07 1025.16 2.38 S
Beinhart-1000 0.06 768.33 6.47 S
Burley 21 0.05 642.74 5.55 S
Burley 49 0.04 1259.83 6.92 S
JH5 0.13 972.16 1.51 S
K110 0.14 2518.56 8.51 S
L8 0.07 1294.81 5.22 S
NC 8640 0.02 993.59 3.23 S
NC 95 0.12 542.85 1.12 S
NOD 12 0.04 169.82 1.4 S
TB22 0.15 1131.91 8.09 S
Western 86 0.02 1141.82 8.17 S
4N (N.r.x N.s.) 0.01 13.89 0.05 R
TR 15 0.05 1479.54 11.71 S
TR 47 0.04 2321.86 8.7 S
TW 100 0.18 36.13 0.17 R
TW 109 0.48 988.5 0.68 R
TW 110 0.01 24.42 0.06 R
TW 111 0.01 68.46 0.13 R
TW 121 0.1 505.66 4.31 S
TW 13 0.35 4800.47 8.51 S
TW 78 0.01 7.52 0.08 R
TW 79 0.1 22.95 0.08 R
TW 80 0.04 6.76 0.02 R
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_ Root Gall Reproductive Susceptible
Tobacco Line Severity Ego/g root Factor or Resistant
(0 —100%0) (RF)
TW 83 0.17 67.71 0.22 R
TW 95 0.1 1487.43 4.2 S
TW 97 0.21 1953.14 16.01 S
Tl 1124 0.14 2034.67 4.82 S
T1129 0.18 1870.48 3.49 S
TI 1597 0.23 13310.9 20.68 S
TI 1625 0.05 1786.08 6.27 S
T1 390 0.07 1353.23 7.13 S
TI1 479 0.27 2904.75 10.82 S
T1 546 0.23 2186.37 12.77 S
T1 659 0.16 1937.95 7.52 S
TI1 66 0.14 3641.49 10.97 S
TI 675 0.04 389.59 1.78 S
TI75 0.11 138.55 1.1 S
T1769 0.02 201.04 2 S
T1918 0.25 2624.37 17.66 S
T1 955 0.18 2568.09 11.32 S
Rutgers 0.16 615.05 1.53 S
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Table 3.3. Response of diverse tobacco lines to infection by Meloidogyne enterolobii in a

greenhouse screening trial, round 2. This table includes the mean root galling severity as a

percentage, mean eggs/g root, and mean reproductive factor (RF) for each line tested. Lines were

scored as susceptible or resistant (S/R) based on displaying an RF < 1. No tobacco lines were

determined significantly different from each other or the ‘Rutgers’ tomato control for root

galling severity, eggs/g root, or RF at the o = 0.05 level based on conducting a Dunn test for

pairwise comparison of non-parametric data.

_ Root G_aII Reproductive Susceptible
Tobacco Line Severity Egg/g root Factor .
(0 — 100%) (RF) or Resistant

81-R-617A 0.06 33.98 0.12 R
BW9 0.04 4223.93 10.43 S
C 371-Gold 0.07 1430.02 6.61 S
CC 1063 0.05 489.98 2.01 S
CC 143 0.06 1837.57 6.89 S
CC 145 0.12 2987.04 16.07 S
CC 35 0.02 617.52 2.66 S
DH99-119-4 0.04 1287.14 6.7 S
GF 318 0.11 695.46 3.33 S
GL 26H 0.03 274.01 1.71 S
Hicks 0.03 228.06 1 S
K 326 0.04 946.24 4.13 S
NC 1226 0.02 515.77 2.01 S
NC 196 0.04 448.86 1.61 S
NOD 17 0.05 855.03 4.04 S
Okinawa 0.05 93.64 0.2 R
PBD6 0.03 828.46 6.32 S
STNCB 2-28 0.04 457.96 1.45 S
T15-1-1 0.07 784.09 2.63 S
Western 0.12 2872.03 8.83 S
4N (N.s. x N.o.) 0.06 1044.99 7.71 S
TW 20 0.5 2676.92 2.75 S
TW 43 0.1 215.43 0.85 R
TW 56 0.25 597.61 1.54 S
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_ Root Qall Reproductive Susceptible
Tobacco Line Severity Ego/g root Factor or Resistant
(0 — 100%0) (RF)
TW 59 0.19 346.67 1.18 S
TW 72 0.3 2465.41 8.41 S
TW 81 0.15 45.09 0.16 R
TW 96 0.11 1645.07 7.06 S
T1 1145 0.02 1693.3 3.21 S
TI 141 0.07 1240.39 4.68 S
T1 181 0.05 636.75 2.61 S
T1 205 0.06 1091.54 5.1 S
TI 252 0.2 2732.78 6.62 S
TI 355 0.06 79.72 0.33 R
TI 446 0.08 2572.06 7.56 S
T1 451 0.2 3773.31 15.78 S
T1510 0.1 124401 8.25 S
T1 535 0.05 1183.09 5.65 S
T1719 0.06 1339.97 4.83 S
T1 765 0.07 990.16 3.27 S
TI 855 0.05 749.89 4.21 S
T1 947 0.13 2323.88 11.3 S
Rutgers 0.28 2149.00 2.18 S
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greenhouse screening trial, round 3. This table includes the mean root galling severity as a

65

percentage, mean eggs/g root, and mean reproductive factor (RF) for each line tested. Lines were

scored as susceptible or resistant (S/R) based on displaying an RF < 1. No tobacco lines were

determined significantly different from each other or the ‘Rutgers’ tomato control for root

galling severity, eggs/g root, or RF at the o = 0.05 level based on conducting a Dunn test for

pairwise comparison of non-parametric data.

_ Root Qall Reproductive Susceptible
Tobacco Line Severity Egg/g root Factor or Resistant
(0 —100%0) (RF)
81-R-617A 0.03 708.79 3.12 S
AW6 0.1 748.25 3.36 S
BAG 29-15-3-32-1 0.11 734.47 2.35 S
Beinhart-1000 0.29 1975.34 5.39 S
Burley 49 0.05 622.21 2.65 S
BW9 0.02 297.63 1.12 S
C 371-Gold 0.12 1617.81 4.88 S
CC 145 0.31 2714.14 11.92 S
CC35 0.08 430.33 191 S
GF 318 0.05 446.4 2.34 S
Hicks 0.05 604.78 2.53 S
JH5 0.03 320.4 1.44 S
K 326 0.03 417.86 2.37 S
K110 0.27 3124.73 10.55 S
L8 0.13 1389.06 3.08 S
NC 196 0.05 564.3 1.92 S
NC 95 0.18 302.39 1.29 S
NOD 12 0.06 177.89 0.93 R
T15-1-1 0.02 131.33 0.55 R
4N (N.r.x N.s.) 0 228.37 0.49 R
TR 47 0.38 2242.7 4.34 S
TW 100 0.11 107.66 0.2 R
TW 111 0 163.15 0.15 R
TW 121 0.24 1185.18 2.85 S
TW 20 0.01 899.11 0.23 R
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_ Root Qall Reproductive Susceptible
Tobacco Line Severity Ego/g root Factor or Resistant
(0 —100%0) (RF)
TW 56 0.08 212.9 0.75 R
TW 72 0.42 1489.19 6.27 S
TW 79 0.01 848.15 0.53 R
TW 80 0.02 682.72 0.39 R
TW 96 0.09 619.4 1.71 S
TW 97 0.11 1156.49 3.86 S
TI1 1145 0.03 493.84 2.34 S
T1181 0.06 2135.34 5.79 S
TI 355 0.03 186.16 0.54 R
TI 446 0.11 459.31 1.73 S
Tl 451 0.32 1908.28 5.92 S
TI1510 0.44 3754.12 8.49 S
T1535 0.06 1268.54 6.49 S
TI 675 0.04 204.68 0.34 R
T1719 0.08 132.24 0.31 R
T1 769 0.11 813.39 3.82 S
T1947 0.05 1171.04 5.75 S
Rutgers 0.33 761.83 6.38 S
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Table 3.5. Response of diverse tobacco lines to infection by Meloidogyne enterolobii in a

greenhouse screening trial, round 4. This table includes the mean root galling severity as a

percentage, mean eggs/g root, and mean reproductive factor (RF) for each line tested. Lines were

scored as susceptible or resistant (S/R) based on displaying an RF < 1. No tobacco lines were

determined significantly different from each other or the ‘Rutgers’ tomato control for root

galling severity, eggs/g root, or RF at the o = 0.05 level based on conducting a Dunn test for

pairwise comparison of non-parametric data.

_ Root G_aII Reproductive Susceptible
Tobacco Line Severity Egg/g root Factor or Resistant
(0—100%) (RF)
Burley 21 0.03 271.75 1.77 S
CC 1063 0.05 801.84 4.2 S
CC 143 0.02 463.48 1.51 S
DH99-119-4 0.05 346.24 151 S
GL 26H 0.02 415.56 2.45 S
NC 1226 0.01 211.32 0.78 R
NC 8640 0.01 1330.25 3.24 S
NOD 17 0.05 232.2 0.96 R
Okinawa 0.01 310.71 0.9 R
PBD6 0.06 748.81 3.43 S
STNCB 2-28 0.04 296.17 1.27 S
TB22 0.17 1327.55 4.67 S
Western 0.04 559.8 2.36 S
Western 86 0.01 181.51 0.51 R
4N (N.s. x N.o.) 0.05 537.22 2.17 S
TR 15 0.04 401.93 0.55 R
TW 109 0.24 1532.07 2.74 S
TW 110 0 48.96 0.06 R
TW 13 0.05 521.48 2.77 S
TW 43 0.12 666.95 2.28 S
TW 59 0.24 639.54 2.89 S
TW 78 0.03 2781.54 6.87 S
TW 81 0.1 269.5 0.56 R
TW 83 0.05 1126.89 3.02 S
TW 95 0.03 243.61 1.88 S
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_ Root G_aII Reproductive Susceptible
Tobacco Line Severity Ego/g root Factor or Resistant
(0 —100%0) (RF)
TI1 1124 0.02 294.05 1.1 S
T1129 0.07 670.4 2.26 S
Tl 141 0.05 925.38 2.46 S
TI 1597 0.04 649.05 2.97 S
TI 1625 0.16 1877.74 5.2 S
T1 205 0.03 390.7 1.25 S
TI 252 0.01 353.46 1.36 S
T1 390 0.03 40.43 0.14 R
TI1 479 0.03 354.86 1.77 S
TI 546 0.12 1210.47 3.52 S
T1 659 0.07 281.95 1.02 S
TI1 66 0.08 519.58 3.03 S
TI75 0.04 2002.48 4.72 S
TI1765 0.01 66.53 0.23 R
TI 855 0.03 277.07 1.19 S
T1918 0.17 927.89 3.96 S
T1 955 0.04 499.76 1.4 S
Rutgers 0.13 1203.45 3.00 S
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