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ABSTRACT

Root-knot nematodes (Meloidogyne spp., RKN) are economically important plant-parasitic
nematodes that have a wide distribution. Pasteuria penetrans is gram-positive bacterium that is
an obligate parasite of RKN. Numerous field studies have shown the suppression of RKN by P.
penetrans, demonstrating the potential to be developed into a biological control product. The
endospores of P. penetrans attach to the surface coat of RKN and subsequently sterilize the
female. Environmental factors influenced P. penetrans spore attachment. Exposure to root
exudates of second-stage juveniles (J2) reduced spore attachment, suggesting the nematode
surface coat was influenced by root exudates. Application of P. penetrans spores in furrow
reduced egg production more than as a seed treatment. When applied in furrow, spores may have
a wider distribution in the soil compared to spores applied to the seed, and J2s migrating through
the soil would encounter P. penetrans spores before they were exposed to root exudates and
become more resistant to spore attachment. The susceptibility of RKN progeny was shown to be

influenced by the maternal environment. Mothers raised under stressed conditions produced



more resistant offspring than did mothers raised under favorable conditions. In a 4 year field
study, rapid changes in the dominant spore phenotype were observed in each plot in each year,
and the changes occurred on the local level. Such findings indicate the occurrence of negative
frequency-dependence selection in this field. Single spore lines of a Florida P. penetrans
population were used to test the phenotypic and immunological differences among spore lines.
No difference in spore attachment phenotype was observed mainly because these single spore
lines were obtained from single egg mass line (clonal) of M. arenaria; thus they may be the same
spore attachment phenotype. This project provided much needed information on understanding
the host-parasite interactions between P. penetrans and Meloidogyne spp, and provides

suggestions for better developing P. penetrans into a biological control product.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Introduction

Root-knot nematodes (Meloidogyne spp.) (RKN) are one of the three most economically
damaging genera of plant-parasitic nematodes on horticultural and field crops. They cause more
damage worldwide than any other genus of plant-parasitic nematode, and account for about 5%
of global crop loss (Sasser, 1985). Root-knot nematodes have a world-wide distribution. They
are found in all agricultural regions worldwide, but primarily in tropical to sub-tropical
environments, and are devastating in subsistence agriculture. Approximately 100 species of
Meloidogyne have been described, with some having several different races. The most
widespread and economically important species are M. incognita, M. javanica, M. arenaria, and

M. hapla.

RKN damage plants by acting as metabolic sinks, transferring energy from the plant to
nematode, and by impairing root function. Infection of roots results in the formation of giant
cells leading to the development of root-knot galls. For young plants, infection by root-knot
nematodes may be lethal, and for mature plants, they can result in poor crop growth and
decreased yield. Most root-knot nematodes also have extremely wide host ranges, with some
species parasitizing a host range as wide as hundreds of different plant species. This wide host
range can make it extremely difficult to control root-knot nematodes, particularly if the nematode

can reproduce on weeds. In addition, the wound caused by nematodes can provide an entrance



for other pathogens, and lead to high yield losses. For example, the Fusarium wilt/root-knot
nematode complex is one of the most widely recognized and economically important disease

complexes in the world (Vernon, 2003).

The life cycle of RKN takes 3 to 6 weeks to complete, depending on the species and
environmental conditions. Root-knot nematodes start their lives as eggs deposited into a
gelatinous matrix on the surface of the root gall. All nematodes pass through an embryonic stage,
four juvenile stages (J1-J4) and an adult stage. The first-stage juvenile (J1) resides entirely in the
egg where it molts into the J2. The J2 is the mobile stage, and is also the only stage that can
initiate infection of roots. They may reinvade the host plant of their parent or migrate through the
soil to find a new host plant. The J2 penetrate the area behind root tip, and from there, they
migrate intercellularly toward the vascular system, establish a permanent feeding site, then
become sedentary (Eisenback, 1981). The juveniles eventually develop into adults after three
more molts. The mature females are saccate, the males become veriform and leave the root
without feeding. The length of a root-knot nematode life cycle varies depending on temperature,
with temperature optima varying among species. The life cycle can be as short as 2 weeks, but is
typically 3 weeks (Madulu & Trudgill, 1994). Nematodes in cooler regions have longer life
cycles. Eggs hatch is generally not affected by the presence of host, which means they do not
require exposure to root exudates. Eggs can survive in the soil for over one year under favorable
conditions. The life span of an adult female may be up to 3 months, and many hundreds of eggs

can be produced.

A major characteristic of root-knot nematodes is the variation in modes of reproduction,
including amphimixis, facultative meiotic parthenogenesis and obligatory mitotic

parthenogenesis. Amphimixis is sexual reproduction, and 90% root-knot nematode species have



this type of reproduction mode. However, the major root-knot nematode species are all
parthenogenetic. Facultative meiotic parthenogenesis depends on the presence or absence of
viable males. A female may undergo parthenogenesis if a male is absent from the habitat. When
viable males are present, females can reproduce by amphimixis. M. hapla has this type of
reproduction. Obligatory mitotic parthenogenesis is the process in which organisms exclusively
reproduce through asexual means (Castagnone-Sereno, 2013). Fertilization does not occur even
when males are present. A female will produce an ovum with a full set of genes provided solely
by the mother. Thus, a male is not needed to provide sperm to fertilize the egg. However, males
can be sporadically observed even in obligate parthenogenesis. In such cases, males develop as a
result of sex reversal induced by unfavorable environmental factors (Triantaphyllou, 1985), such
as crowding, poor nutrition from the host, or high temperature. Since male formation would
reduce the reproductive rate, it would prevent populations from becoming too large for the host
to support. Among the four major root-knot nematode species, M. javanica, M. arenaria and

M.incognita reproduce exclusively by obligatory mitotic parthenogenesis.

The basic objective in the management of root-knot nematode is to increase crop quality and
yield. The most effective practices include crop rotation with non-hosts, host resistance and
nematicide application. Biological control has been utilized in agriculture for managing root-knot
nematodes. Fumigants, such as Telone (1, 3-dichloropropene), are widely used as pretreatments.
They are very effective when applied pre-plant, and can kill a broad spectrum of nematodes. But
they are expensive to use, and can only provide a short-term control. Nematicides have a side
effect of harming both human health and environment (Perry, 2009). For example, methyl
bromide was a common fumigant used in controlling root-knot nematodes, but it has been totally

banned due to the ozone depletion (Collange et al., 2011). Chemical nematicides are being



discouraged specifically as a sole management method, and alternative control strategies are in
urgent need. Crop rotation with a poor or non-host for the nematode can decrease nematode
populations, and is widely used in current cropping systems (Stirling et al., 2011). The advantage
of rotation is that it can provide long-term nematode suppression. However, due to the wide host
range of root-knot nematodes, it is difficult to find non-host crops with high economic value, and
the crop rotation strategy is usually nematode specific. Host resistance is another effective
control method. Resistance against Meloidogyne spp. has been reported in many agricultural
crops, but is not widely used (Cook & Starr, 2006). Tomato is one of the few crops in which
resistance is widely used. In tomato, genetic resistance to root-knot nematodes is conferred by
the Mi gene (Gilbert, 1956), and commercial resistant cultivars and rootstocks are available. In
peanut, several resistant cultivars are available, for example, the cultivars Tifguard and Georgia-
14N with resistance to M. arenaria and M. javanica. However, the yield potential of these
resistant cultivars are not as high as the susceptible cultivars, and the resistance is only effective
against two species of nematodes. None of the above management strategies alone are adequate
in providing nematode control. Biological control is very promising in reducing nematode
populations and can readily be incorporated into integrated management. More studies are
needed to improve biological control agents and develop effective products for managing root-

knot nematodes.

Pasteuria species are gram-positive bacteria. Four species of Pasteuria have been described,
and they have different host preferences. Three of them are parasites of nematodes: P. penetrans
on Meloidogyne spp., P. thornei on Pratylenchus spp., and P. nishizawae on cyst nematodes. The
other is P. ramosa that parasitizes water fleas of the genus Daphnia. Pasteuria penetrans is a

widely distributed endospore-forming bacteria, which is a parasite of Meloidogyne spp. The



endospores of P. penetrans attach to the second stage juveniles (J2) as they migrate through soil.
After adhesion, the endospores usually germinate within 4-10 days after J2 enters a plant root
and begins to feed (Sayre, 1977). A germ tube forms to penetrate the nematode body wall, and
further develops into a microcolony. The colony fragments go through sporogenesis, and
sporangia proliferate within the nematode body. Egg production by infected females is inhibited,
and the number of females in roots is reduced (Bird, 1988; Davies, 1991). The degeneration in
the female’s reproduction system leads to few, if any, eggs. When the plant root containing
females decomposes, as many as 2x10° mature spores are released into the soil. J2 attached by
large numbers of spores (>15) becomes less mobile, leading to the decrease in ability to locate
and penetrate host roots (Davies, 1991).The encumbered nematodes with a decrease in mobility
caused a significant reduction on the number of females developing in the roots compared to

unencumbered controls.

Endospores of P. penetrans have potential for long term survival. In the laboratory, the
endospores remained viable for more than a year at 10 to 36 °C (Mani, 1988). The endospores
can endure a wide temperature range as well as desiccation. The optimal develop temperature for
P. penetrans is between 28 and 35°C, and the attachment to J2 increased with increasing
temperature up to 30°C. Chemical resistance is another characteristic of P. penetrans endospores,
and it is related to the metabolic dormancy and waxy coat layer of the endospore (Setlow, 1994;
G. R. Stirling, 1979). This is a very important characteristic of the bacterium, which indicates the
possibility of using P. penetrans together with nematicides to manage root-knot nematodes in the
field. Soil texture and flows of water are important environment factors that influence the

endospores in the soil. Leaching accounts for the absence of P. penetrans from the cultivated



layer in many cases. Heavy rain fall contributes to movement the spores down (Mateille, 1996;

Trudgill, 2000). These factors can further influence the endospore abundance in soil.

An in-vitro spore production system has been developed by Pasteuria Bioscience Inc
(acquired by Syngenta®), and they have successfully produced spores for several strains for

Pasteuria, including P. penetrans. Syngenta has released a product named CLARIVA™, which

IS a proprietary P. nishizawae seed treatment for control of the soybean cyst nematode.

Suppression of RKN by P. penetrans has been documented in many field studies,
demonstrating the potential of this bacterium to be developed as an ideal biological control
product. P. penetrans does not affect other organism or the environment due to their specificity
to RKN. According to previous studies, tomato planted in soil treated with P. penetrans showed
reduced crop damage and nematode populations compared to non-treated soil, and the level of
reduction was similar to the treatments with nematicides (Stirling, 1984). When soil was
inoculated with 10° spores/g of P. penetrans, peanut root galling was reduced by 81% in a
microplot study (Chen, 1996). In field studies, P. penetrans decreased the number of both J2 and
gall indices,suppressed damage by RKN, and increased yields by up to 30% (Trudgill, 2000).The
decrease in root gall number indicated that the endospores have prevented the J2 from entering
plant roots, and the decrease in nematode population indicates the endospores could affect the
reproduction of the female nematodes. Crop rotation with non-hosts of root-knot nematodes can
decrease the density of endospores, since the bacterium only completes its lifecycle after the
nematode infects a host plant (Ciancio, 2000; Madulu & Trudgill, 1994; Timper, 2001). In a
rotation study carried out from 1991 to 1999, highest spore attachment was observed in
continuous peanut, while rotations with non-hosts showed lower spore densities (Timper, 2001).

However, even with presence of continuous susceptible hosts, P. penetrans does not always lead

6



to obvious suppression of RKN. In a multi-national project, increasing the frequency of RKN
host plants did not lead to an increase in P. penetrans density was not observed (Trudgill, 2000).
Plots that were naturally infested with P. penetrans did not show suppression; however,
increased suppression was documented where an exotic isolate of P. penetrans had been added,

suggesting that the nematode population was resistant to the native P. penetrans.

The host range of P. penetrans isolates is limited to Meloidogyne spp. The initial phase of
parasitism by P. penetrans is determined by the attachment of endospores to the J2, which is the
first step in the infection process. Endospores show heterogeneous adhesion to root-knot
nematodes, and a carbohydrate-protein as well as carbohydrate-carbohydrate interaction is

believed to be responsible for the adhesion specificity (Davies, 2008).

Researchers found that polyclonal antibodies could recognize 100% of the tested spores,
while different monoclonal antibodies (Mabs) recognized different portions of the spores,
indicating that different subpopulations of the spores were specific to different nematode
populations, and there was heterogeneity among the P. penetrans population (Davies, 1994).
Stirling (1985) tested the ability of 4 P. penetrans isolates to attach 15 RKN populations. Some
populations of P. penetrans could attach to different species of RKN, but not to every population
within a species. A population of P. penetrans could attach to different species of RKN, but not
to every population within a species (Tridill eg al., 2000). So the attachment occurs on a

population and perhaps even at the individual level.

The difference in susceptibility of individuals within a Meloidogyne population provides
opportunities for developing resistance. When repeatedly challenged with a P. penetrans

population, a population of RKN showed decreased spore attachment, indicating the occurrence



of a shift to genotypes resistant to attachment (Channer & Gowen, 1992; Tzortzakakis, 1996).
Evidence for this scenario was also observed in a long-term field study carried out from 2000 to
2008 (Timper, 2009). Five single-egg mass (SEM) lines from the field population plus a
greenhouse population (originally from Gibbs farm) of M. arenaria were used to assay soil. Four
SEM lines acquired numerous spores, while one SEM and the greenhouse population acquired
less than 5 spores. Such observation indicates that the population of M. arenaria is

heterogeneous for spore attachment.

Both molecular and immunological methods have been used to test the heterogeneity of P.
penetrans populations. When compare the 16S rRNA sequences of two populations of P.
penetrans, and no variation was found (Bekal et al., 2001). However, nucleotide polymorphisms
(SNPs) in the spollAB gene between two isolates of P. penetrans were detected, and a single

individual could be infected by multiple P. penetrans genotypes (Nong et al., 2007).

Negative frequency- dependent selection (NFDS) is a key process in driving host-parasite
coevolution in many natural communities. The fundamental mechanism is that an increase in
fitness in a parasite may change the selection pressure on a population of the hosts, leading to an
antagonistic coevolution (Ayala & Campbell, 1974; Clarke, 1976; Hamilton, 1982). For NFDS to
occur, there must be genetic variation in both the host and parasite population (Auld et al., 2012;
Castagnone-Sereno & Danchin, 2014; Ebert, 2008). The host population should have both
resistant and susceptible genotypes. Correspondingly, the parasite population should have both
virulent and avirulent genotypes for common host genotypes. Rare host genotypes have an
advantage over common genotypes with more chances of escaping parasite infection (Jayakar,
1970; Tellier & Brown, 2007). The common host genotypes tend to decrease in frequency

because of parasitism, and will be gradually replaced by rare genotypes that are resistant to the



parasite. In turn, the parasite genotypes will change after a time lag in response to the reciprocal
selection imposed by the hosts (Hutson & Law, 1981; Bell, 1982; Seger & Antonovics, 1988).
Fluctuation in P. penetrans endospore attachment to an M. arenaria greenhouse population was
observed in a field study (Timper, 2009). In 1997 and 1998, the greenhouse population acquired
numerous spores, however, endospore acquisition declined from, 2000 to 2007, and since 2008
endospore acquisition increased again. Since greenhouse population was not exposed to P.
penetrans selection pressure, it is unlikely that the greenhouse population has changed. The
changes in spore acquisition over time likely reflect the changes in the frequency of P. penetrans
attachment phenotypes. Due to selection pressure, co-evolution may happen between P.

penetrans and M. arenaria.

Daphnia magna is a fresh water planktonic crustacean that reproduces by cyclical
parthenogenesis; Pasteuria ramosa is a gram-positive, endospore-forming bacterium that is an
obligate parasite of Daphnia (Ebert, 2005). The bacterium sterilizes the host soon after infection,
in a way similar to P. penetrans. Since Daphnia reproduces by facultative parthenogenesis, it has
the advantage of reproducing clonaly as well as sexually. Additionally, P. ramosa can be kept
with its host in culture. The Daphnia- P. ramosa system has been widely used as a model system
in evolutionary and epidemiological studies (Ebert, 2008). The coevolution of D. magna and P.
ramosa has been well studied, and is consistent with negative frequency-dependent selection. D.
magna populations have been shown to be heterogeneous for P. ramosa infection . When clones
of D. magna were treated with single isolates of P. ramasa, the isolates attached to some clones,
and not at all to other clones (Luijckx et al., 2011). The host and the pathogen show a high

specific genotype-genotype interaction (Luijckx, 2011). In the D. magna-P. ramosa interaction,



rapid co-evolution has been observed (Little, 2006), and this may be due to the multiple

genotypes within population and the short life cycle of D. magna (Ben-Ami, 2008).

The surface coat of nematodes is an amorphous layer that overlays the cuticle regions, and is
predominantly made up of glycosylated proteins (Davies & Curtis, 2011). There is a dynamic
replacement of the nematode surface coat reflected by continuous shedding and replacement of
surface-associated antigens (Blaxter et al., 1992). Nematodes can alter their surface composition
in response to environmental signals, and evidence for this switching has been observed in
changes in surface antigens, as well as changes in surface lipophilicity (Proudfoot et al., 1993,
Olsen et al., 2007). The surface coat is the outmost layer as well as the first to interface with host
plants and parasitic organisms. There is strong evidence that P. penetrans spores adhere to the
nematode surface coat. When J2 were pretreated with detergents that removed the surface coat,
fewer spores attached compared to untreated J2 (Spiegel et al., 1996). When spores were
pretreated with an extract of the surface coat, spore attachment was also reduced. Furthermore,
when J2 were pretreated with lectin or carbohydrates that can bind to the nematode surface coat,
fewer spores attached to the J2 (Spiegel et al., 1996), suggesting a carbohydrate-protein
mechanism for spore attachment. Many factors have been shown to affect attachment of P.
penetrans to M. arenaria, including temperature, pH, ion concentration, and electrostatic and
hydrophobic interactions (Ahmed and Gowen, 1991; Hatz and Dickson, 1992; Afolabi et al.,
1995; Mateille et al., 1995). Root exudates have been shown to alter the surface coat of plant-
parasitic nematodes (Curtis, 2008); however, no studies have evaluated the effect of exudates on
attachment of P. penetrans spores to the surface coat of root-knot nematodes. Root exudates
contain substances including ions, free oxygen, enzymes, mucilage and a diverse array of

primary and secondary metabolites (Bais et al., 2006). They are also important sources of
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organic carbon utilized by soil microbes. Through the exudation of a wide variety of compounds,
roots impact the soil microbial community, alter the chemical and physical properties of the soil,

and influence the microbe-nematode interactions (Bertin et al., 2003; Bais et al., 2006).

Maternal effects on disease susceptibility have been reported in both vertebrates and
invertebrates (Grindstaff, 2003). The mechanism can be responses to various factors, such as
nutrition, presence of biological enemies and mate quality (Gliwicz, 1992; Prasad, 2003).
Maternal effects were observed in the Daphnia-P. ramosa system. The offspring of mothers that
were raised under poor condition (low food supply) show more resistance to parasites than
offspring of mothers that were raised under good conditions (Mitchell, 2005). This phenomenon
may be part of a general phenomenon by which mother will optimize their reproductive
allocation strategy. Mothers experience stressed environment will give more resistant and better
quality progeny that show greater survivorship, and this may be related to the effectiveness of the

innate immune system (Gliwicz, 1992; Moller, 1998).

It is estimated that 10* endospores per gram of soil are required for suppressive of RKN
(Stirling, 1991). But if the nematode population is heterogeneous, only a subset of these 10*
endospores will truly attach to RKN genotypes within the population. From the perspective of
biological control, it is more important to focus on the proportion of compatible and
incompatible RKN-Pasteuria interactions instead of spore number (Davies, 2009). Moreover,
due to selection pressure, if the RKN population is diverse enough, the nematodes will develop
resistance to a commercial formulation of P. penetrans. When we use P. penetrans as a
biological control agent, if the spore population is not diverse enough, it will fail to adapt to the
development of RKN resistance, which would lead to the failure of biological control. In

addition to understanding the genetic variation in the nematode-Pasteuria interaction, it is also

11



important to understand the environmental factors associated with the nematode susceptibility.
Soil is a complex environment with interactions between root, soil, soil microbial community,
the nematode and P. penetrans. A good understanding of the environment influence can help

integrate the biological control with other disease management strategies more efficiently.
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Abstract

The bacterium Pasteuria penetrans is a parasite of root-knot nematodes (Meloidogyne spp.).
Endospores of P. penetrans attach to the cuticle of second-stage juveniles (J2) and subsequently
sterilize infected females. When encumbered by large numbers of spores, juveniles are less
mobile and their ability to infect roots is reduced. This study looked at different factors that
influence spore attachment of P. penetrans to the root-knot nematode M. arenaria. Pretreatment
of J2 with root exudates of eggplant (Solanum melongena cv. Black beauty) reduced spore
attachment compared to pretreatment with phosphate-buffered saline (PBS), suggesting that the
nematode surface coat was altered or the spore recognition domains on the nematode surface
were blocked. Spore attachment was equally reduced following exposure to root exudates from
both host and non-host plants for M. arenaria, indicating a common signal that affects spore
attachment. Although phytohormones have been shown to influence the lipophilicity of the
nematode surface coat, auxins and kinetins did not affect spore attachment compared to PBS.
Root exudates reduced spore attachment more in sterilized soil than in natural soil. Sterilization
may have eliminated microbes that consume root exudates, or altered the chemical components
of the soil solution or root exudates. Root exudates caused a greater decrease in spore attachment
in a loamy sand than in a sandy loam soil. The sandy loam had a higher clay content than the
loamy sand, which may have resulted in more adsorption of compounds in the root exudates that
affect spore attachment. The components of the root exudates could have also been modified by
soil type. The results of this study demonstrate that root exudates can decrease attachment of P.
penetrans endospores to root-knot nematodes, indicating that when these nematodes enter the

root zone their susceptibility to spore attachment may decrease.
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Introduction

Pasteuria penetrans is a widely distributed endospore-forming bacterium, which is a
parasite of root-knot nematodes, Meloidogyne spp. (Sayre and Starr, 1985). Suppression of root-
knot nematodes by P. penetrans has been evaluated on numerous crops, demonstrating the
potential of this bacterium as a biological control organism (Stirling, 1984; Chen et al., 1996;
Trudgill et al., 2000). The initial stage of infection occurs when endospores of P. penetrans
attach to the cuticle of second-stage juveniles (J2) of Meloidogyne spp. as they migrate through
soil. The spores usually germinate within 4-10 d after J2 enters a host plant root and begins to
feed. The bacterium goes through sporogenesis and will finally dominate the nematode bodly.
When a small number of P. penetrans spores adhere to the J2, the infected female produces few
to no eggs; when encumbered by a large number of spores (5 to 15), juveniles are less mobile
and their ability to enter roots is reduced (Stirling, 1984; Davies et al., 1988). Attachment of
endospores to J2 is a fundamental step in the infection process, without which the infection will

not occur (Chen and Dickson, 1998).

The surface coat of nematodes is an amorphous layer that overlays the cuticle regions, and
is predominantly made up of glycosylated proteins (Davies and Curtis, 2011). The replacement
of the nematode surface coat is a dynamic process reflected by continuous shedding and
replacement of surface-associated antigens (Blaxter et al., 1992). The composition of the surface
coat changes rapidly in response to environmental signals. When J2 of M. javanica were treated
with detergents, their ability to bind red blood cells was reduced. However, the binding property

was completely renewed after 24 hr, suggesting that the surface coat was replaced (Spiegel et al.,
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1997). Nematodes can switch surface composition in response to environmental signals, which
may be important in host-parasite interactions (Olsen et al., 2007). The surface coat is the
outmost layer as well as the first to interface with host plants and parasitic organisms. Using the
fluorescent lipid probe AF18 (5-N-(octodecanoyl) aminofluorescein), rapid changes in surface
lipophilicity were observed after incubating Globodera rostochinensis with potato root exudates
(Akhkha et al., 2002). Phytohomones such as auxin and cytokinins decreased AF18 uptake by G.

rostochiensis, while they had the opposite effect on M. incognita (Akhkha et al., 2002).

There is strong evidence that P. penetrans spores adhere to the nematode surface coat.
When J2 were pretreated with detergents that removed the surface coat, fewer spores attached
compared to untreated J2 (Spiegel et al., 1996). When spores were pretreated with an extract of
the surface coat, spore attachment was also reduced. Furthermore, when J2 were pretreated with
lectin or carbohydrates that can bind to the nematode surface coat, fewer spores attached to the
J2 (Spiegel et al., 1996), suggesting a carbohydrate-protein mechanism for spore attachment.
Davies and Danks (1993) demonstrated that the N-acetylglucosamine residues on the spore
surface of P. penetrans can recognize the carbohydrate-recognition domains (CRD) on the

nematode surface that are involved in spore attachment.

Root exudates have been shown to alter the surface coat of plant-parasitic nematodes
(Curtis, 2008); however, no studies have evaluated the effect of exudates on attachment of P.
penetrans spores to the surface coat of root-knot nematodes. Root exudates contain substances
including ions, free oxygen, enzymes, mucilages and a diverse array of primary and secondary
metabolites (Bais et al., 2006). They are also important sources of organic carbon utilized by soil
microbes. Through the exudation of a wide variety of compounds, roots impact the soil microbial

community, alter the chemical and physical properties of the soil, and influence the microbe-
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nematode interactions (Bertin et al., 2003; Bais et al., 2006). Therefore, the objective of this
study was to investigate the influence of root exudates on the attachment of P. penetrans to root-

knot nematodes.
Materials and methods

General methods: Three single egg mass (SEM) lines of M. arenaria race 1 were obtained
from a field population in Tifton, GA, and maintained on eggplant (Solanum melongena) in a
greenhouse at 22-30°C. Eggs were separated from egg masses using 0.85% NaOCI (Hussey,
1973). Second-stage juveniles (J2) were hatched on a tissue paper supported by a screen placed
on a hatching dish. Tap water was added to the hatching dish to just submerge the tissue paper.
The hatched J2 migrated through the tissue paper into the water and they were collected every 2

days. After the final collection, J2 were left in tap water for 24 hr to develop their surface coat.

Two single spore lines of a population of P. penetrans originating from Florida were
obtained from University of Florida. To propagate the spore lines, J2 of M. arenaria were
incubated in phosphate-buffered saline, pH7.2 (PBS) with 10° endospores from each single spore
line for 4 hr, and 30 J2 were examined for spore attachment at 400 x magnification. Juveniles
with an average of 2-5 spores/J2 were inoculated onto 4-wk-old eggplant seedlings (cv. Black
Beauty) to produce spores. The plants were grown in a greenhouse for 4 mon before root harvest.
Harvested roots were washed with running tap water and placed in a beaker containing 100 ml of
1:10 aqueous solution of Lallzyme EX-V (Lallemand, Montreal, Canada) to digest for 1 d on a
shaker (100 rpm). Opaque infected females were freed from roots and hand-picked into glass
dishes containing deionized water (dH,O) with the aid of a dissecting microscope. Females were

crushed with a dissecting needle to free endospores into dH,0, and the eggs were vacuum
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filtered (8-12 um) to remove the female cuticle. The spores that passed through the filter were
enumerated on a hemocytometer at 1000x magnification. Spore concentration was adjusted to

10° spores/ml for each single spore line and kept frozen.

For the endospore attachment bioassay, 200 infective J2 were incubated in 4 ml of 1x PBS
in a small (150 mm x 25 mm) glass Petri dish with 0.1 ml of 10° spores/ml of P. penetrans.
Dishes were shaken horizontally with a shaker at 100 rpm for 6 hr at room temperature (24-
26°C). The number of spores attached to 30 randomly selected J2 was determined using 400x
magnification. Three single egg mass lines (SEM8, SEM14, and SEMA40) of M. arenaria
susceptible to the two single spore lines (SS16, SS17) of P. penetrans were used in the

experiments.

Root exudates of eggplant, tomato (Solanum lycopersicum), corn (Zea mays), and cotton
(Gossypium hirsutum) were obtained from plant seedlings grown in vermiculite. After
approximately 4 weeks after planting, seedlings with root volumes equivalent to 5 ml (measured
by water displacement) were submerged in 30 ml tap water in foil covered glass jars with the
stem and leaves exposed to the air. Seedlings were incubated in the jars in a greenhouse for 24 hr

and the root exudates were used immediately for experiments.

Effect of root exudates on spore attachment: To determine the effect of root exudates from
eggplant cv. Black beauty and sodium dodecyl sulfate (SDS) detergent on the attachment of P.
penetrans endospores to M. arenaria, the J2 were exposed to the following treatments: root
exudates for 6 hr, root exudates for 6 hr followed by a 24 hr recovery, 1% SDS, and a PBS
control. For the root-exudate treatments, J2 were incubated with 4 ml of eggplant root exudates

for 6 hr, and rinsed with PBS three times before conducting the spore attachment bioassay. In
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order to test if the surface coat would recover after incubating with root exudates, the J2 were
rinsed and left in PBS for 24 hr before conducting the endospore attachment assay. For the SDS
treatment, J2 were incubated for 30 min in PBS containing 1% SDS, and rinsed three times with
PBS to remove the detergent. For the control, J2 were incubated in PBS for 6 hr. Incubation in
exudates, SDS and PBS was done in 150 mm x 25 mm foil covered glass Petri dishes with 200
J2 on a horizontally shaker (100 rpm) at room temperature. Two SEM lines (SEM 8, 14) and two

single spore lines (SS 16, 17) were used in this experiment, and it was conducted twice.

Effect of phytohormones on spore attachment: To determine the effect of phytohormones
on attachment of P. penetrans to M. arenaria, J2 of SEM 40 were incubated in kinetin (6-
furfurylaminopurine) with cytokinin activity and NAA (1-naphthaleneacetic acid) with auxin
activity in foil covered glass dishes for 6 hr. A concentration of 10 uM of each phytohormones
was prepared as described by Akhkha et al. (2002). As a control, J2 were incubated in PBS
without phytohormones. After incubation, J2 were rinsed with PBS three times followed by an
endospore attachment bioassay. Single egg mass lines 40 and SS 16 were used. There were three

replicates for each treatment and the experiment was conducted twice.

Effect of root exudates from non-host and host plants: To determine whether root exudates
from non-hosts of M. arenaria have the same effect on attachment of P. penetrans spores as host
plants, exudates from eggplant cv. Black beauty, tomato cv. Rutgers, corn cv. Agra Tech, and
cotton cv. DP 0935 were tested. Eggplant and tomato are hosts, corn is a poor host, and cotton is
a non-host to M. arenaria. Root exudates were obtained as described earlier. Two hundred
infective J2 of SEM 8 were incubated in 4 ml of each root exudate as treatments. As a control,
the J2 were incubated in 4 ml of PBS. The J2 were incubated as described earlier before rinsing
three times with PBS. The endospore attachment bioassay was conducted after exposure to root
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exudates with SS16. There were four replicate dishes set up for each treatment and the

experiment was conducted twice.

Effect of soil microorganisms on root exudate activity: To test if soil microorganisms can
modify the effect of root exudates on attachment of P. penetrans to M. arenaria, soil types were
used in this experiment. A Tifton loamy sand soil (fine-loamy, siliceous, thermic Plinthic
Kandiudult; 85% sand, 11% silt, 4% clay, pH 6.1) was collected from the root zone of peanut at
the Gibbs Farm, Tifton, GA, and a Greenville sandy loam soil (Fine, kaolinitic, thermic Rhodic
Kandiudults; 69% sand, 15% silt, 16% clay; pH 5.6) was collected from the root zone of cotton
from the Southwest Georgia Research and Education Center, Plains, GA. Soils were autoclaved
for 30 min at 121°C, cooled for 24 hr, and autoclaved for another 30 min to kill microorganisms
in soils. Natural and autoclaved soils were bagged and kept at 4°C for a month before use. The
following treatments were used for both soils: natural soil with a plant, sterilized soil with a
plant, and natural soil without a plant. Soils were added to small pots (120 cm®). Both PBS and
root exudates from eggplant seedlings incubated in foil covered bottles were used as controls.
For treatments with plants, three 1-mon-old eggplant seedlings were planted in each pot. All
treatments, except the PBS, were left in the greenhouse for 3 d. To extract the soil solution, soil
was saturated with water and vacuum filtered (Whatman #1) using a Buchner Funnel at 72 kPa
pressure. For treatments with the loamy sand, soil was vacuum filtered for 3 min and for
treatments with sandy loam, soil was vacuum filtered for 4 min. The soil solutions were tested
for pH and 5 ml was used to incubate J2 of SEMA40 for 6 hr. Following incubation, the J2 were
rinsed with PBS three times before conducting the endospore attachment bioassay with SS17.

There were three replicates per treatment and the experiment was conducted twice.
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Statistical analysis: Data were analyzed using the PROC GLIMMIX (generalized linear
models) with a negative binomial distribution in SAS (v. 9.3). For the first experiment with root
exudates, the spores per J2 for 30 individuals were used as data points. Single egg mass line, SS
line, Treatment, and Trial were included in the model as well as the fully factorial interaction
terms. Later we found that there was variation in spore acquisition among replicate dishes in the
attachment bioassay. To account for this variation, the mean spore per J2 for the 30 individuals
in a replicate was used as data points in all future experiments where only one SEM line and SS
line was used. Treatment, Trial, Treatment * Trial and Reps were used to construct model effects.
For all experiments, Tukey’s HSD test was used to test pairwise comparison of model effects.
For the experiment to test the effect of soil microorganisms on root exudate activity, contrasts
were used to compare the effect of soil sterilization, root exudates, and different soil types on

spore attachment.

Results

Effect of root exudates on spore attachment: The effect of root exudates on spore
attachment was consistent among SEM lines, SS lines, and trials (no three- or four-way
interactions). However, the effect of the root-exudate treatments on spore attachment differed
between the trials (Treatment * Trial interaction, P = 0.004). In both trials, the J2 treated with
root exudates and the detergent had lower (P < 0.0001) spore attachment than those treated with
PBS (Fig. 2.1). In Trial 1, J2 pretreated with detergent had fewer attached spores than those
pretreated with exudates, but this result was not confirmed in Trial 2. Incubating J2 in root
exudates or detergent reduced spore attachment by 80 to 95% in Trial 1, and 76 to 84% in Trial 2

compared to J2 incubated in PBS. Even after 24 hr of recovery, the J2 incubated in root exudates
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still had 80% lower spore attachment in Trial 1 and 84% lower spore attachment in Trial 2 than

J2 incubated in PBS (Fig. 2.1).

Effect of host plant and phytohormones on spore attachment: The effect of root exudates
from various plants on spore attachment differed between the two trials (Treatment * Trial
interaction, P < 0.0001). In both trials, all root exudates reduced (P < 0.0001) spore attachment
compared to the PBS control (Fig. 2.2). Among the root exudates, pretreatment of J2 with
exudates from corn resulted in the lowest spore attachment, while pretreatment with exudates
from cotton resulted in the highest spore attachment in Trial 1; the root exudates did not vary in
their effect on spore attachment in Trial 2. . Pre-incubating J2 in phytohormones, including
auxin and cytokinins, did not influence attachment of P. penetrans spores to M. arenaria J2 (data

not shown).

Effect of soil microorganisms on root exudate activity: The effect of the soil treatments on
spore attachment was not consistent between the two trials (Treatment * Trial interaction, P =
0.001). For both trials, pretreatment of J2 with either soil solutions (with and without plants) and
root exudates reduced spore attachment compared to pretreatment with PBS (Fig. 2.3). The
presence of plant roots in soil decreased (P < 0.0001) spore attachment compared to soil without
plants (Table 2.1). However, in Trial 1 there was no difference between the sandy loam with and
without plants (Fig. 2.3). The effect of root exudates on spore attachment tended to be greater in
the loamy sand than in sandy loam. Root exudates reduced spore attachment more (P = 0.013) in
sterilized soil than in natural soil (Table 2.1, Fig. 2.3). However, in Trial 1, there was no
difference between natural and sterilized loamy sand with plants. Across all treatments, spore
attachment was greater (P < 0.0001) in the sandy loam than in the loamy sand (Table 2.1). The

pH of extracts from the natural soils without plants was 6.8-6.9, from natural soils with plants
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was 7.0-7.1, and from autoclaved soil with plants was 7.2-7.3. The pH of the root exudates

(without soil) and the PBS was 7.4 and 7.2, respectively.

Discussion

Our results demonstrate that exposure of J2 to root exudates reduced attachment of P.
penetrans spores. The level of suppression of spore attachment was similar to when SDS was
used to remove the nematode surface coat. It is noteworthy that even given a 24-hr recovery time,
the spore attachment was still lower than the PBS control, indicating that this is a nonreversible
process. Many factors have been shown to affect attachment of P. penetrans to M. arenaria,
including temperature, pH, ion concentration, and electrostatic and hydrophobic interactions
(Ahmed and Gowen, 1991; Hatz and Dickson, 1992; Afolabi et al., 1995; Mateille et al., 1995).
In our study, we pre-exposed J2 to root exudates and soil solutions before conducting the
attachment assay in PBS to exclude the influence of these factors. The compounds in root
exudates that influence the surface coat are unknown. Root exudates from both host and non-host
plants of M. arenaria reduced spore attachment to J2 suggesting that root exudates from diverse

families share a common signal that affects spore attachment.

Nematodes can alter their surface composition in response to environmental signals, and
evidence for this switching has been observed in changes in surface antigens, as well as changes
in surface lipophilicity (Proudfoot et al., 1993; Olsen et al., 2007). Caenorhabditis elegans,
widely studied as a model for environmental induction of surface changes, was found to switch
its surface antigens based on environmental cues, and the switch involved chemosensory neurons
(Grenache et al., 1996; Olsen et al., 2007). Changes in the lipophilicity of G. rostochiensis and M.

incognita were observed after exposure to phytohormones (auxin and kinetin) and root exudates
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(Mendoza et al., 2000; Akhkha et al., 2002). Phytohormones decreased the uptake of the
fluorescent surface probe AF18 in G. rostochiensis, while they increased the uptake of AF18 in
M. incognita. Root exudates increased AF18 uptake by G. rostochiensis, but had no effect on M.
incognita. Although phytohormones are constituents of root exudates (Martinez-Toledo et al.,
1988; Muhammad, 1998), our results showed that they had no effect on attachment of spores to
J2. It is likely that the changes in lipophilicity observed previously are not involved in

attachment of P. penetrans spores to the surface coat of M. arenaria.

The nematode surface coat can be shed upon exposure to host signals (Maizels et al., 1993,;
Modha et al., 1995), and this may explain the reduced spore attachment following exposure to
root exudates. The level of reduction in spore attachment following pretreatment with root
exudates was similar to pretreatment with SDS, which has been shown to remove the surface
coat. However, if the surface coat was shed, replacement would have been rapid. Studies with
monoclonal antibodies raised against the surface coat of Globodera pallida and M. javanica,
showed a rapid replacement of the nematode surface (Fioretti et al., 2002). For instance,
antibodies recognizing the nematode surface impaired nematode movement, but movement fully
recovered after 1-6 hr indicating the rapid replacement of antigens on the surface. Human blood
cells also have been used in studying nematode surface properties because of their ability to bind
to the surface of several plant-parasitic nematode species (Spiegel and McClure, 1995). Spiegel
et al. (1997) showed that binding of human blood cells to M. javanica decreased after treating J2
with detergents, but binding was completely renewed after 24 hr. In studies with animal-parasitic
nematodes, changes in the nematode surface coat may be an important process for evading the
immune response of hosts. The surface coat of Romanomermis culicivorax, a parasite of

mosquito larvae, is shed continuously to avoid the mosquito immune system (Shamseldean et al.,
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2007). The shedding of the surface coat can effectively remove host immune products from the

surface coat.

In our study, spore attachment did not increase after 24 hr suggesting that the J2 surface
coat was either shed permanently or was replaced with a new surface coat resistant to spore
attachment. Similarly, Modha et al. (1999) observed shedding of the surface coat in Trichinella
spiralis after exposure to host cues. When juveniles are activated by exposure to host cues, the
probe PKH26, which is bound to the surface coat, is lost and the nematode cannot be re-labeled.
However, when an unactivated juveniles (not exposed to host cues) sheds its surface coat, it can
be re-labled with PKH26, suggesting that the host cues are triggering a prolonged or irreversible
change in the surface of the nematode. In our study, we hypothesize that the surface coat was

shed upon exposure to root exudates, and replaced with an altered surface coat.

Carbohydrate, lipid, and protein constituents of the nematode surface have been
characterized (Robertson et al., 1989). A carbohydrate recognition domain (CRD) on the
nematode surface coat recognizing N-acetylglucosamine residues on the P. penetrans spore
surface has been reported to be involved in the endospore attachment to root-knot nematodes
(Davies and Danks, 1992). Lectins concanavalin A (Con A) and wheat germ agglutinin (WGA)
containing N-acetylglucosamine residues were found to bind to the surface of M. javanica
inhibiting attachment by P. penetrans spores (Bird, et al., 1989; Sharon and Spiegel, 1996).
Carbohydrate residues such as mannose or glucose, which are also found on the spore surface,
can also be candidates for binding to nematode surface CRD. Pretreatment of M. javanica with
carbohydrates fucose or a-methyl mannoside decreased P. penetrans spore attachment (Spiegel
et al., 1996). Lectins and carbohydrates are common components of root exudates (Badri and

Vivanco, 2009; De Hoff et al., 2009), and they may have bound to CRDs on the nematode
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surface, thus preempting attachment of P. penetrans spores. However, this blockage should be

transient with the continual replacement of the surface coat.

Prior exposure of M. arenaria juveniles to soil extracts in the absence of plants reduced
attachment of P. penetrans spores to the nematode surface, and attachment was lower in extracts
from a loamy sand than from sandy loam soil. It is not clear whether this reduction in spore
attachment is due to an altered surface coat or to blockage of CRD domains on the nematode
surface. However, the presence of root exudates in the soil extract further reduced spore
attachment compared to extracts without root exudates confirming the results obtained with root

exudates collected in tap water.

Root exudates reduced spore attachment more in sterilized soil than in natural soil. With
sterilization, microbes that consume root exudates were eliminated, presumably resulting in
greater availability of root exudates than in natural soil. Sterilization can also alter the
components of soil solution, including the physicochemical characteristics (Egli et al., 2006; Dao,
2014; Mahmood et al., 2014). Studies showed that autoclaving can increase soluble organic
matter as well as a small increase in soil pH (Berns et al., 2008; Liegel, 1986). These
physicochemical differences can have an impact on the plant rhizosphere, which could influence

root exudates in sterilized and non-sterilized soil.

We observed an interaction between soil type and root exudates; spore attachment
decreased more in the loamy sand than in sandy loam soil, indicating that root exudates had a
greater effect on attachment in the sandier soil. The higher percentage of clay in the sandy loam
compared to the loamy sand (16 vs 4%) may have reduced the bioavailability of some

components of root exudates due to adsorption onto the clay particles (Jones and Edwards, 1998).
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The active component of the root exudates which triggers changes in the surface coat may have
been bound to the clay particles resulting in lower concentrations in the soil solution from the
sandy loam compared to the loamy sand soil. Furthermore, the constituents of root exudates
can differ among soils (Huang et al., 2014; Neumann et al., 2014). A study with lettuce
cultivated in three different types of soil showed that there were large quantitative differences,
particularly for sugars and amino acids, among the three soil types (Neumann et al., 2014). This
difference in root exudate profile may, in part, explain the interaction between soil type and root

exudates on spore attachment.

In conclusion, the attachment of P. penetrans endospore to root-knot nematodes is a
complex interaction with many factors influencing the outcome, including exposure to root
exudates. In the field, the first generation nematodes that migrate to the roots are likely to be
more susceptible to Pasteuria spore attachment because of lower exposure to root exudates than
future generations that will be hatching around the roots. Understanding the interaction among
root exudates, the nematode surface coat, and spore attachment is important to help develop P.

penetrans as a biological control agent of root-knot nematodes.
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Table 2.1. Contrast comparisons between treatment groups on attachment of Pasteuria penetrans

endospores to Meloidogyne arenaria second-stage juveniles.

Treatment Contrast P> F Mean
comparison
Plant vs no plant < 0.0001 3.8vs5.8
Sterilize vs natural soil (with plant)b 0.0133 3.3vs4.4
Loam vs sand < 0.0001 53vs3.7

aComparison includes natural and sterilized soil (sandy loam and loamy sand) with plants and

without plants (N = 12).
Comparison includes treatments with plants in sterilized and natural soil (N = 6).

c . . . . .-
Comparison includes treatments with and without plants, both sterilized and natural sandy loam

(loam) and loamy sand (sand) (N = 18).
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Fig. 2.1. Effect of root exudates on attachment of Pasteuria penetrans endospores to
Meloidogyne arenaria second-stage juveniles (J2). PBS = phosphate-buffered saline. Within a
trial, means followed by the same letter are not significantly different (P > 0.05). Each bar

represents the mean spores per 30 J2 (+ SE).
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Fig. 2.2. Effect of root exudates from host (corn, eggplant, tomato) and non-host (cotton) plants
on attachment of Pasteuria penetrans to second-stage juveniles (J2) of Meloidogyne arenaria.
Within a trial, means followed by the same letter are not significantly different (P > 0.05). Each

bar represents the mean of four replicates (+ SE).
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Fig. 2.3. Effect of root exudates and soil type on attachment of Pasteuria penetrans to
Meloidogyne arenaria. PBS: phosphate-buffered saline. RE: root exudates. Loam: natural sandy
loam. Loam+P: natural sandy loam with plant. Sand: natural loamy sand. Sand+P: natural loamy
sand with plant. S-loam+P: sterilized sandy loam with plant. S-sand+P: sterilized loamy sand
with plant. Within a trial, means followed by the same letter are not significantly different (P >

0.05). Each bar represents the mean of three replicates (+ SE).
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CHAPTER 3

EFFECTIVENESS OF PASTEURIA PENETRANS AS A SEED TREATMENT

COMPARED TO AN APPLICATION IN FURROW!

! Chang Liu and Patricia Timper. To be submitted to Journal of Nematology.
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Abstract

Pasteuria penetrans is a parasite of root-knot nematodes (Meloidogyne spp.). Endospores of P.
penetrans attach to the cuticle of second stage juveniles (J2) and subsequently sterilize the
infected female. When encumbered by large numbers of spores, juveniles are less mobile and
their ability to infect roots is reduced. Exposure to root exudates can influence the nematode
surface coat, and reduce P. penetrans spore attachment. This study compared the effect of
applying P. penetrans spores in furrow versus as a seed treatment on the egg production of root-
knot nematodes. Applying P. penetrans spores in furrow reduced egg production more than as a
seed treatment. When applying P. penetrans as a seed treatment, the spores would distribute
along the roots as the seed germinates. Second stage juveniles hatching from eggs in the soil will
be exposed to root exudates as they enter the root zone and may, thereby, become more resistant
to spore attachment. However, when P. penetrans were applied in furrow, the spores would have
a wider distribution than just along the roots. The nematodes, therefore, may have more chances
to encounter the spores before their surface coat is influenced by root exudates. The results of
this study indicate that it is important to apply P. penetrans spores early in the season, and
application in furrow is more effective than as a seed treatment in reducing nematode egg

production.

Introduction

Root-knot nematodes (RKN; Meloidogyne spp.) are important pests in the southeastern US,
causing significant yield losses in various crops. The basic objective in the management of root-
knot nematode is to increase crop quality and yield. The most effective practices include crop

rotation with non-hosts, host resistance, and nematicide application (Bridge, 1996; Collange et
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al., 2011). Biological control has recently been utilized in agriculture for managing root-knot
nematodes, and Pasteuria penetrans has shown to be an effective biological control agent.
Pasteuria penetrans is widely distributed endospore-forming bacteria, and it is an obligate
parasite of Meloidogyne spp. The endospores of P. penetrans attach to the surface coat of second
stage juveniles (J2) of the nematode. When a small number of P. penetrans spores adhere to the
J2, the infected female produces few to no eggs; when encumbered by a large number (>15) of
spores, juveniles are less mobile and their ability to enter roots is reduced (Davies et al., 1988;

Stirling, 1984).

Suppression of RKN by P. penetrans has been documented in many field studies,
demonstrating the potential of this bacterium as a biological control product. According to
previous studies, tomato planted in soil treated with P. penetrans had reduced crop damage and
nematode populations compared to non-treated soil, and the level of control was similar to that
achieved by nematicides (Stirling, 1984). In a microplot study, 10° spores/g P. penetrans in soil
reduced peanut root galling by 81% (Chen, 1996). When applied as a seed treatment in
greenhouses, P. penetrans reduced egg production on tomato and cucumber (Kokalis-Burelle,
2015). Clariva™ is a seed treatment marketed by Sygenta contains Pasteuria nishizawae,
Sedaxane, Thiamethoxam, Fludioxonil and Mefenoxam for use against soybean cyst nematode
(Mohr, 2014). Pasteuria nishizawae is an obligate parasite of Heterodera glycines, the soybean
cyst nematode, and has a life cycle similar to P. penetrans (Noel et al., 2010). It is likely that

future products containing P. penetrans will also be applied as seed treatments.

The attachment of P. penetrans spores to J2 is a fundamental step in the infection process,
without which the infection will not occur (Chen & Dickson, 1998). The nematode surface coat
is an amorphous layer predominantly made up of glycosylated proteins (Davies & Curtis, 2011),
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and there is strong evidence that P. penetrans spores adhere to the nematode surface coat
(Spiegel et al., 1996). When J2s were pretreated with detergents that removed the surface coat,
fewer spores attached compared to untreated J2s. Nematode can rapidly change their surface
composition in response to environmental signals, and root exudates have been shown to alter
the surface coat of plant-parasitic nematodes (Curtis, 2008). When exposed to root exudates, J2
showed more than 76% reduction in spore attachment compared to J2 incubated with phosphate-
buffered saline (PBS) (Liu et al., 2017). Root exudates appear to have changed the nematode
surface coat, increased resistance to P. penetrans spore attachment. Such observation led us to
wonder whether using P. penetrans as a seed treatment is the most effective application method.
If P. penetrans is applied as seed treatment, the spores would be distributed along the roots, and
surface coat of the nematodes are likely to be changed as they approach the root. In this study,
we compared the application of P. penetrans as a seed treatment versus in furrow. Our
hypothesis is that applying P. penetrans in furrow will reduce egg production more than when

used as a seed treatment.

Material and Methods

A P. penetrans single spore line SS 16 obtained from University of Florida was used in this
experiment as spore inoculum. For the nematodes, a population of M. arenaria race 1 was
maintained on eggplants (cv. Black Beauty) in a greenhouse at 22-30°C. Four months after
nematode inoculation, roots of M. arenaria infected eggplants were cut off and washed with
running water. Roots were cut to 5 cm pieces and mixed well. Mixed roots were weighed and
evenly distributed to 22 parts. There were 260 g and 210 g roots put in each pot in trial 1 and trial
2 respectively. One part was set up on a mist chamber to estimate the number of hatched J2, and
the rest were buried to a depth of 10 cm into each of 21 pots (dia=35 cm, hight=26 cm)
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containing steam-heated soil. For the seed treatment, peanut seeds were planted into a 4 cm hole
every 10 cm in the pot with 10° spores inoculated right on the seed as seed treatment for a total
of 3x10° spores per pot. For the furrow treatment, a 3 cm wide, 4 cm deep furrow was made in
each pot, and three seeds were evenly distributed in 10 cm intervals , and 3x10° spores were
evenly distributed along the furrow. For the Control group, three peanut seeds were planted in a
4 cm hole every 10 cm in the pot. Thirty days after seed germination, roots from all plants were
cut off and washed well with running water. Roots were drained and left on paper towel to dry
for 2 hr before weighed. Roots from the same pot were combined. Root weight per pot was
recorded and eggs were separated from egg masses using 0.5% NaOCI (Hussey, 1973). Eggs
were counted under 100X magnification, and egg per gram root and per pot were calculated.

There were seven replicates set up for each treatment, and this experiment was conducted twice.
Statistical analysis

Data were analyzed using the Standard Least Squares Option (analysis of variance) in JMP
Pro (v. 11). Egg per gram root and root weight per pot in each replicate were used as data points.
Treatment, trial, as well as their interactions were used to construct the model effect. LS Means

Student’s t-test was used to test pairwise comparison of model effects.
Results

The estimated inoculum of M. arenaria J2 was 2000 and 1600 in trial 1 and trial 2,
respectively.  There was no treatment*trial interaction, so data from trial 1 and trial 2 were
combined. Egg per gram root differed (P<0.05) among three treatments (Fig. 3.1). Control had

highest egg production and the seed treatment had the lowest. Pasteuria penetrans reduced egg
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production more in the furrow than in the seed treatment. There was no difference among

treatments for root weight (P=0.91).

Discussion

Pasteuria penetrans applied both in furrow and as a seed treatment decreased egg production
of M. arenaria in this study. Such observations agreed with previous studies which have shown
that either applying P. penetrans as a seed treatment or used as a soil mix can reduce nematode
population by decrease the number of eggs (Kumar et al., 2006; Chen, 1996; Kokalis-Burelle,
2015). This is the first study comparing in furrow and seed treatment of P. penetrans. We found
that application of P. penetrans in furrow reduced egg production more than used as a seed
treatment. Similar observations were made when comparing P. penetrans as a soil mix versus as
a concentrated post-plant inoculation around the plant. Although no significant differences were
found between these two treatments, egg production was consistently lower when used as a soil
mix than as a post-plant inoculation (Kokalis-Burelle, 2015). Such results agreed with the
observation that exposure to root exudates can reduce spore attachment of P. penetrans to RKN
(Liu et al, 2017). In this study, when applying P. penetrans as a seed treatment, the spores would
distribute along the roots as the seed germinates. When the eggs in the soil hatched into J2s and
migrated through the soil, exposure to root exudates as they approach to root zone may increase
their resistance to P. penetrans attachment. However, when P. penetrans were applied in furrow,
the spores would have a wider distribution than just along the roots. The nematodes, therefore,
may have more chances to encounter the spores before their surface coat was influenced by root

exudates.
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There are many factors to consider when commercializing a biological control agent. With a
seed treatment, it is very convenient for the growers to use because they do not need to apply
Pasteuria spp. before planting, and it can be formulated with other pesticides to make this
product multi-functional. However, our results showed that applying P. penetrans spores in
furrow is more effective than as a seed treatment. It is important to apply P. penetrans early in
the season. In the field, the first generation nematodes are likely to be more susceptible to spore
attachment because of the lower exposure to root exudates than future generations, which would

be hatched around the root zone.
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Fig. 3.1 Comparison of mean egg production by Meloidogyne arenaria in different treatments
with Pasteuria penetrans. Bars with different letters indicate significant difference (P <0.05).

Each bar represents the mean of two trials.
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CHAPTER 4

MATERNAL STRESS REDUCES THE SUSCEPTIBILITY OF ROOT-KNOT NEMATODE

MELOIDOGYNE ARENARIA PROGENY TO PASTEURIA PENETRANS *
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Abstract

Pasteuria penetrans is an obligate parasite of root-knot nematodes (Meloidogyne spp.).
Endospores of P. penetrans attach to the cuticle of second-stage juveniles (J2) and complete their
life cycle within the nematode female body. Infected females will be filled with spores and will
be sterilized. Studies with Daphnia magna and its parasite Pasteuria ramosa showed that a poor
maternal environment can lead to offspring resistant to P. ramosa. Therefore, we hypothesized
that Meloidogyne arenaria females raised under a stressed environment would produce progeny
that were more resistant to P. penetrans. Two treatments were set up in this study, a stressed
environment created by crowding and low food supply, and a non-stressed environment. No
difference in spore attachment was observed between the two treatments. However, infection rate
of P. penetrans in the stressed treatment was significantly lower than that in the non-stressed
treatment (8% vs. 18%). Mothers raised under stressed conditions produced more resistant
offspring than did mothers raised under favorable conditions. When food supply is low, M.
arenaria mothers may invest their progeny with enhanced survival traits. Our study indicates that
M. arenaria can transfer immunity maternally to provide better protection to the progeny. In the
field, nematodes often reach the carry capacity of their host plant by the end of the season, and

their progeny may become more resistant to the infection by P. penetrans.

Introduction

Maternal effects on disease susceptibility have been reported in both vertebrates and
invertebrates (Grindstaff et al, 2003). It arises where the mother makes a contribution to the
phenotype of her progeny over and above that which results from the genes she contributes to the

progeny (Mather & Jinks, 1982). Phenotype is a complex interaction between genotype and
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environment (Bernardo, 1996). Maternal effects are important in influencing progeny
phenotypes, and are believed to play a role in increasing population variability (Benton et al.,
2001). Many studies have looked at the mechanism of maternal effects on disease susceptibility
in vertebrates. Vertebrates mothers can pass on immune factors, such as antibodies, to their
progeny through colostrum, milk, yolk eggs, etc. (Brambell, 1970; Grindstaff et al., 2003;
Kowalczyk et al., 1985). Few studies have investigated maternal effects on invertebrates, mainly
because invertebrates were thought to lack adaptive immunity in the form of T-cell receptors and
major histocompatibility complex on all surfaces that mediate vertebrate immune responses
(Anderem & Ulevitch). Maternal effects on invertebrate immunity have been observed in several
organisms in response to various factors, such as nutrition, presence of biological enemies and
mate quality (Gliwicz & Guisande, 1992; Rossiter, 1996). Huang and Song (1999) were first to
report maternal transmition of resistance to viral infection in an invertebrate. Adult shrimp
treated with glucan were slightly more resistant than non-treated adults to a virus that causes
white spot syndrome; however, their offspring showed a 23% increase in survival compared to
offspring from non-treated adults when challenged with the virus. Little et al. (2003) reported
that in water fleas (Daphnia magna), when mothers were challenged with Pasteuria ramosa,

their offspring showed lower infection levels when exposed to the same bacterial strain.

There is evidence in invertebrates that maternal environmental conditions may affect the
disease susceptibility of progeny. With D. magna, the offspring of mothers that were raised
under poor conditions (low food supply) showed more resistance to parasites than offspring of
mothers that were raised under good conditions (Mitchell & Read, 2005). Similarly, Boots and
Roberts (2012) reported that with Indian meal moth (Plodia interpunctella), offspring from

mothers in poor environments were more resistant to an insect virus PiGV . These observations
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may be part of a general phenomenon by which mothers optimize their reproductive allocation
strategy. Mothers experiencing harsh environmental conditions produced more resistant and
better quality progeny that show greater survivorship, and this may be related to the effectiveness
of the innate immune system (Gliwicz & Guisande, 1992; Moller et al., 1998). Maternal effect
can vary between different host genotypes, indicating there are genotype by maternal
environment interactions (Stjernman & Little, 2011). When different D. magna genotypes were
raised under low-food conditions, their offspring showed varying levels of resistance to parasites.
Such differences maintain variation within populations even when food quantity fluctuates in

nature (Hall & Ebert, 2012).

Meloidogyne arenaria, the peanut root-knot nematode, is an economically important plant
parasite. They reproduce exclusively by mitotic parthenogenesis, in which fertilization does not
occur even when males are present (Sasser & Carter, 1985). Thus, a male is not needed to
provide sperm to fertilize the egg. However, males can develop as a result of sex reversal
induced by unfavorable environmental conditions (Triantaphyllou, 1985), such as crowding or
poor nutrition from the host or high temperature. Such a reproductive strategy is believed to
prevent populations from becoming too large for the host to support. No previous study has

looked at the maternal effects in root-knot nematodes.

Pasteuria penetrans is a widely distributed endospore-forming, gram positive bacterium. It is
an obligate parasite of root-knot nematodes. The infection process of P. penetrans has multiple
steps: (a) attachment of endospores to the cuticle of the second-stage juvenile (J2); (b)
penetration of nematode cuticle by infection tube; (c) sporulation and proliferation of spores

within the female body. It is noteworthy that the spores do not kill the nematode female, but
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sterilize them. The objective of this study was to investigate the influence of maternal stress in M.

arenaria on the susceptibility of progeny to parasitism by P. penetrans.

Materials and Methods

Two treatments were set up for this experiment: Stressed, in which the nematodes were raised
under crowded conditions and non-stressed, in which the nematodes were raised under
uncrowded conditions. Two single egg mass (SEM) lines (SEM23, 40) of M. arenaria race 1
were obtained from a field population in Tifton, GA, and maintained on eggplants (cv. Black
Beauty) in a greenhouse at 22-30°C. The experimental design was a two by two factorial with
two treatments and two SEM lines. To initiate the experiment, 4-week-old eggplant seedlings
were transferred to 10 cm x 10 cm pots with sterilized soil 1 week before nematode inoculation.
Nematode inoculum was obtained from 4-mon-old eggplants by cutting the roots from the plant,
washing them in tap water, and placing the roots in a mist chamber for eggs to hatch. Fresh

second stage juveniles (J2) were collected every two days.

A single spore line (SS 17) of P. penetrans was obtained from University of Florida
(Soumi et al., 2015). Spores of P. penetrans were produced by inoculating 200 J2s attached with
an average of 2-5 spores/J2 onto 4-week-old eggplant seedlings. The plants were grown in a
greenhouse for 4 mon before root harvest. Harvested roots were washed with running water and
placed in a beaker containing 100 ml of 10 g Lallzyme EX-V (Lallemand, Montreal, Canada) to
digest root tissue for 1 d on a shaker (100 rpm). Fully opaque infected females were freed from
roots and hand-picked into a glass petri dish containing deionized water. Females were crushed

with a dissecting needle to free endospores into dH,O. The spore solution was vacuum filtered
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(8-12 um) to remove the female cuticle. Spore concentration was determined under 1000x

magnification on a hemocytometer.

For the stressed treatment, 5000 J2 were inoculated into each pot and the lower two leaves
were pruned to reduce root growth. For the non-stressed treatment, 1000 J2 were inoculated into
each pot and the leaves were not pruned. Six replicates were set up for each treatment. Two
months later, five soil cores were removed from each pot with a small sampling probe (130 mm
dia.). The nematodes were extracted from 100 cm® of soil by the centrifugal sugar floatation
method (Jenkins, 1964) and observed under x100 magnification to determine the number of M.
arenaria males. The presence of males was used to indicate that the nematodes were under stress.
To obtain progeny of M. arenaria, roots with egg masses from each pot were cut off, washed
well and placed separately in a mist chamber for eggs to hatch. Hatched J2 were collected 3-4 d
later. A spore attachment bioassay was carried out with J2 from each pot. About 1 ml of 10°
spores were added to a small (150 mm x 25 mm) glass Petri dish with 500 J2 and 4 ml of 1x
phosphate buffered saline (PBS, pH=7.4). Dishes were placed on a horizonal shaker at 100 rpm
for 6 hr at room temperature (24-26 °C). The number of spores attached to 25 randomly-selected
J2 were determined under 400x magnification. These spore-incubated J2 were inoculated into
new pots (planted with 4-week-old eggplant seedlings) immediately after examination to
determine the rate of infection by P. penetrans. One month after inoculation, eggplant roots were
cut off and washed well with tap water. Roots from each pot were treated with Lallzyme EX-V
as described above. After the root tissue was softened, 30 females were randomly selected and
hand-picked into glass dishes containing water with the aid of a dissecting microscope. Spore-
infected females were fully opaque, while non-infected females were semi-transparent. The

number of infected vs. non-infected females were recorded. The experiment was conducted twice.
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Statistical analysis

For the spore attachment assay, data were analyzed using the Standard Least Squares Option
(analysis of variance) in JMP Pro (v.13). The mean spores per J2 for 25 individuals was used as
data points. Single egg mass lines, Treatment and Trial were included in the model as well as all
two-and three-way interactions. LS Means Student’s t-test was used to test pairwise comparision
of model effects. For female infection rate, binary variables were used, where infected females
were represented by 1 and non-infected femalew were represented by 0. Data were analyzed
using the Binomial Distribution Option in JMP. Single egg mass lines, Treatment, Trial and their

interactions were included in the model.
Results

Mean male number per 100 cm?® soil was 3.4 in Trial 1 and 3.3 in Trial 2 in the stressed
treatment. No males were detected in the non-stressed treatment. Males were observed in each
pot in the stressed treatment. The effect of stress on spore attachment was consistent among SEM
lines (no SEM*Treatment interaction) and among trials, so the results of two SEM line and two
trials were combined. There was no difference (P=0.053) in attachment of spores to progeny
from stressed and non-stressed environments, both treatments averaged 5.8 spores / J2. However,
the two treatments showed a large difference in infection rate of the female progeny, and this
difference was consistent between the SEM lines and trials. Progeny produced by mothers in
crowded conditions were less (P=0.0016) susceptible to parasite infection compared to those
produced under good conditions (Fig.4.1). In the stressed treatment, 8% of females were infected
with P. penetrans, while it was 18% were infected in the non-stressed treatment. None of the

infected females produced eggs in this experiment.
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Discussion

In this study, we showed a reduced susceptibility of M. arenaria progeny from mothers in a
stressed environment. When mothers were raised under low food levels and crowding, the
progeny were less susceptible to P. penetrans spore infection compared to progeny produced
from mothers raised under adequate food levels. Few studies have focused on maternal effects on
disease susceptibility in invertebrates, and our observation was consistent with the findings in
other studies looking at the maternal effects in invertebrates (Mitchell & Read, 2005; Boots &

Roberts, 2012).

It seems intuitive that a good maternal environment would lead to better quality provisioning
of progeny, and an overall higher resistance to harsh environments and disease. The activation
and deployment of the immune system may be costly, and when the food level is low, there is a
conflict between defense and other fitness attributes for limited resources (Boots & Begon, 1994;
Moret & Schmid-Hempel, 2000). However, several studies have shown that when the maternal
environment is poor, the mother may invest more in each offspring (Beckerman et al, 2006;
Boots &Roberts, 2012). Smaller clutch size but bigger eggs were produced by D. magna females
that were raised under stressed conditions (Gliwicz & Guisande, 1992). Similarly, when
Drosophila melanogaster mothers were reared on poor food, they laid heavier eggs (Prasad et al,
2003). Such trade-offs in offspring size and number may be a strategy for mothers to provision
their offspring for greater survival (Gliwicz & Guisande, 1992; Rossiter, 1996; Cleuvers et al,
1997). We did not determine the number or size of M. arenaria eggs in this study; however, we

predict that fewer but larger eggs will be produced by females under crowded conditions.

61



It is well known that vertebrates transfer immunity to progeny via antibodies (Dennis & Jan-
Ake, 2009). The transfer of acquired immunity across generations was thought to be lacking in
invertebrates because they lack immunoglobulins. However, studies with D. magna and Bombus
terrestris in recent years showed that the transmission of immunity also exists in invertebrates,
but the mechanism remains unclear (Grindstaff et al, 2003; Little et al, 2003; Sadd & Schmid-
Hempel, 2006). Our study further enhances this view with the evidence that M. arenaria can
transfer immunity maternally to provide better protection to progeny. The generation time of M.
arenaria is short (about 30 days). Since females lay eggs next to its body, progeny of M.
arenaria were likely to encounter the same environment as their mother. Mothers under stressed

environment may invest their progeny with enhanced survival traits.

In this study, the maternal stress in M. arenaria was caused by low food supply imposed by
crowding. The density effect on disease susceptibility has been observed in insects. Reeson et al.
(1998) found that noctuid larvae reared at a high density were more resistant to virus than those
reared in isolation. Crowding chemicals were shown to impact D. magna female size, brood size
and juvenile densities (Mitchell & Carvalho). We do not know if crowding under adequate food
supply makes a difference as we could not distinguish between low food supply and high density.
Further research is needed to see if crowding pheromones in mothers plays a role in progeny

susceptibility to P. penetrans.

There was no difference between the two SEM lines with respect to the different treatments.
Hall and Ebert (2012) reported that host genotype can interact with maternal environment to
influence the infection of P. ramosa to M. magna. They also showed that the maternal
environment can influence different stages of the host-parasite interaction, including parasite

penetration of the host, parasite clearance, and the proliferation of the parasite. In our study,
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maternal stress had no influence on the spore attachment of P. penetrans to M. arenaria;
differences were only observed in infection rate. It could be that the mechanism of enhanced
resistance of M. arenaria to P. penetrans in stressed condition occurs after the spore attaches to
the host cuticle. More M. arenaria and P. penetrans genotype combinations are worth testing to

investigate the genotype-environment interaction.

Rao et al. (1997) reported that the infection rate of P. penetrans to M. incognita was about 20-
28% when J2 were attached by one or two spores. The infection rate in this experiment was
lower than this number, even in non-stressed conditions. The reason could be that the spore
attachment assay in this study was done in petri dishes, and the spores may not attach as firmly
as in natural soil. Or, since we were using single spore lines of P. penetrans instead of using a

population of spores, the low genetic variability may be the reason for the low infection rate.

In this study, we emphasized the role of maternal environment in root-knot nematode
resistance to P. penetrans spores. When the nematodes reach the carry capacity of their host
plant, which usually happens at the end of the season, the progeny may become more resistant to
infection by P. penetrans. These resistant progeny will be the initial inoculum for next spring,
which may reduce the efficacy of P. penetrans. More studies are needed to investigate this
maternal stress effect, including whether maternal stress would influence progeny egg size and
egg number, or influence the spore reproduction in the female progeny. Moreover, it would be of

great interest to identify the mechanism of the resistance caused by maternal effect.
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Fig 4.1. Effect of stress and none stress environments experience by female Meloidogyne
arenaria on the susceptibility of their progeny to Pasteuria penetrans infection. Bars with
different letters indicate significant differences (P<0.05). Each bar represents the mean of two

SEM lines, six replicates and two trials (N=24).
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CHAPTER 5

EVIDENCE FOR NEGATIVE FREQUENCY-DEPENDENT SELECTION IN A FIELD
POPULATION OF THE ROOT-KNOT NEMATODE MELOIDOGYNE ARENARIA AND ITS

PARASITE PASTEURIA PENETRANS !

! Chang Liu, Patricia Timper, Amanda Kyle Gibson and Levi T. Morran. To be submitted to

Evolutionary Applications.
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Abstract

Negative frequency-dependent selection is often suggested as a mechanism for diving host-
parasite coevolution as well as maintaining genetic diversity. Finding direct evidence has proven
to be difficult. In this study, we examined the host-parasite interaction between Meloidogyne
arenaria and its bacterial parasite Pasteuria penetrans in 8 plots over 4 years with two rotations:
continuous peanut and peanut rotated with soybean. We hypothesized that the dominant
phenotype in a population of M. arenaria changes over time, leading to changes in the phenotype
of P. penetrans in the field. There was no direct way to determine the nematode phenotype in the
field; therefore, we used nematode single egg mass (SEM) lines that differ in spore attachment
phenotype as probes to test the spore phenotype. Our results showed that there were rapid
changes in the dominant spore phenotype in each plot and in each year. Furthermore, such
changes were occurring on the local level, indicating that the changes in the P. penetrans
polulations were driven by effects of the local environment. These observations provide solid
evidence that the bacterial population was changing yearly at the local level, which agrees with
the theory of negative frequency-dependent selection. Our results indicate that frequency-
dependent selection is occurring in a field population of P. penetrans and M. arenaria, and
genetic variation is likely to be promoted. This evidence is important to understand the causes

and maintenance of genetic diversity within populations of P. penetrans and its host M. arenaria.

Introduction

Negative frequency- dependent selection (NFDS) is a key process in driving host-parasite
coevolution in many natural communities. The fundamental mechanism is the selection imposed

on rare genotypes in both host and parasite populations, and the decrease in relative fitness of a
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genotype as its frequency increases (Ayala & Campbell, 1974; Clarke, 1976; Hamilton, 1982).
Rare host genotypes have an advantage over common genotypes with more chances of escaping
parasite infection (Jayakar, 1970; Tellier & Brown, 2007). The common host genotypes tend to
decrease in frequency because of parasitism, and will be gradually replaced by rare genotypes
that are resistant to the parasite. In turn, the parasite genotypes will change after a time lag in
response to the reciprocal selection imposed by the hosts (Hutson & Law, 1981; Bell, 1982;
Seger & Antonovics, 1988). For NFDS to occur, there must be genetic variation in both the host
and parasite population (Auld, Hall, & Duffy, 2012; Castagnone-Sereno & Danchin, 2014; Ebert,
2008). The parasites and host must have matching virulent and susceptible genotypes, and the
host should reciprocally impose resistance to the unmatched parasite genotypes (Hamilton, 1980).
NFDS is believed to be important in preserving genetic diversity in both host and parasite
populations (Chesson, 2000; Byers, 2005;). Although the mechanisms and processes contributing
to the maintenance of genetic polymorphism are not fully understood (Takahashi & Kawata),
many studies have proven that systems with higher genetic diversity tend to be more stable
(Cadotte, Dinnage & Tilman, 2012). More studies have been done investigating the role of
NFDS in plant resistance against pathogens, and there are handful of studies looking at the
presence of NFDS in resistance against parasites of animals. Some well-known studies include
mollusk - trematode (Lively, 1989; Koskella & Lively, 2009), insect - parasite (Henter & Via,
1995; Hufbauer & Via, 1999), and Daphnia- parasite (Ebert et al., 1998; Little et al., 2006). The
wide range of biological factors, difficulty in tracking individual genotypes under experimental
conditions, and temporal fluctuations have made it more difficult to document NFDS. Direct

examination of host — parasite population genetics has been successful with the Daphnia-
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parasite system (Ebert et al., 1998; Carius et al., 2001; Ebert, 2005; Decaestecker et al., 2007;

Luijckx et al., 2011).

Daphnia are transparent crustaceans that can be kept in freshwater medium feeding on algae,
and they are host to numerous parasites including Pasteuria ramosa. P. ramosa can sterilize the
host and imposes a strong negative impact on the host population. Under natural conditions, both
organisms are able to remain viable for a long time, and the layered pond sediments are very
helpful in reconstructing the evolution process over decades. The convenient availability of
Daphnia and P. ramosa in both lab and natural conditions has greatly helped in revealing
evolutionary changes in this host-parasite system. There is high genetic diversity in both
Daphnia and P. ramosa populations, and Daphnia host clones varied strongly in resistance to the
parasite (Carius et al., 2001; Mitchell et al., 2005). Decaestecker et al. (2007) proved that there is
NFDS occurring between Daphnia and P. ramosa. Moreover, Luijckx et al. (2011) revealed that

the attachmet of P. ramosa to D. magna was a gene for gene interaction.

Root-knot nematodes (Meloidogyne spp.; RKN) are economically important pathogens of
numerous crop plants in tropical and subtropical regions of the world. RKN damage plants by
acting as metabolic sinks, transferring energy from the plant to the nematode, and by impairing

root function (Sasser & Carter, 1985). Infection of roots results in the formation of giant cells

leading to the development of root galls. The life cycle of RKN takes 3 to 6 weeks to complete,
and begins as eggs deposited into a gelatinous matrix on the surface of the root gall. All
nematodes pass through an embryonic stage, four juvenile stages (J1-J4) and an adult stage. The
second-stage juvenile (J2) is the mobile and infective stage. The J2 infect root tips of host plants,

and the mature female will continue to produce eggs to complete the life cycle. Pasteuria
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penetrans is an obligate parasite of RKN and is frequently involved in natural suppression of
these nematodes (Stirling, 1984; Chen, 1996; Timper et al., 2001). The spores of P. penetrans
adhere to the cuticle of J2 of RKN as they migrate through the soil in search of host plant roots.
As the nematode enters the root and establishes a feeding site, the bacterium penetrates the
nematode cuticle, and develops vegetatively within the nematode body. The bacterium continues
to develop within the nematode body and sterilizes the female. The mature female will be filled
with spores of P. penetrans instead of eggs. Juveniles encumbered by large number of spores
(>15) becomes less mobile, leading to the decrease in ability to locate and penetrate host roots
(Davies et al., 1991). When the female cuticle degrades, spores will be released into the soil.
The parasite does not kill the host nematode, and in this way, the parasite monopolizes the host

resources to complete its life cycle.

The host range of P. penetrans is limited to Meloidogyne spp. The initial phase of
parasitism by P. penetrans is determined by the attachment of endospores to the J2 cuticle.
Stirling (Stirling, 1985) showed that a population of P. penetrans could attach to different
species of RKN, but not to every population within a species. Similarly, Trudgill et al. (Trudgill
et al., 2000) reported spore attachment differed among populations within a species of RKN were
sometimes as great as those between species, indicating that the attachment specificity occurs on
a population level instead of species level. The difference in susceptibility of individuals within
a RKN population provides opportunities for developing resistance. When repeatedly challenged
with a P. penetrans population in greenhouse pots, a population of RKN showed decreased spore
attachment (Channer, 1992; Tzortzakakis, 1996). It is likely this strong selection pressure on the
nematode leading to an increase in resistant genotypes also occurs in the field. Evidence for this

scenario was observed in a long-term crop rotation study carried out from 1998 to 2008 in a field
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site naturally infested with P. penetrans and M. arenaria (Timper, 2009). M. arenaria
reproduces by mitotic parthenogenesis resulting in nearly clonal progeny for an individual
female. Five single egg mass (SEM) lines from the field population plus a greenhouse population
(GH) of M. arenaria were used to assay P. penetrans spores in the soil. Four SEM lines acquired
numerous spores, while one SEM line and the GH population acquired few spores, indicating
that the population of M. arenaria is heterogeneous for spore attachment. The GH population
had been used to assay the field soil for P. penetrans spores from 1997 to 2008 (Timper, 2009).
In 1997 and 1998, this population acquired numerous spores; however, spore acquisition
declined from 2000 to 2007, only to increase again in 2008. Since GH population was not
exposed to P. penetrans selection pressure, it is unlikely that the GH population changed. The
changes in spore acquisition over time likely reflect the changes in the frequency of P. penetrans
attachment phenotypes. It is noteworthy that when spore attachment to the GH population was
low, several SEM lines acquired numerous spores. This indicates that some pathotypes of P.
penetrans were abundant in soil, but pathotypes capable of attaching to the GH population were

low.

In this study, we looked at the spore attachment of a natural field population of P. penetrans
to M. arenaria, and we tracked the spore attachment over time. We used single egg mass lines of
M. arenaria differing in spore adhesion as probes to test the attachment pathotypes of P.
penetrans in each year, and monitored the shifts P. penetrans pathotypes from year to year. We
hypothesize that the dominant phenotype in the population of M. arenaria changes over time

leading to changes in the dominant pathotype of P. penetrans.
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Material and Methods
Experiment design and treatments

This study was conducted at Gibbs Farm at Coastal Plain Experiment Station, Tifton, Georgia.
The soil was a Tifton loamy sand (fine-loamy, siliceous, thermic Plinthic Kandiudult; pH 6.1),

and it is naturally infested with M. arenaria race 1 and P. penetrans.

The experiment was a randomized complete block design with two crop rotations: peanut
(Arachis hypogaea, cultivar Georgia green) rotated 1 year with soybean (Glycine max, cultivar
Pioneer 95Y20) (P-S-P) and continuous peanut (P-P-P). For P-S-P rotation, soybean was planted
in 2012, 2014 and 2016. Both peanut and soybean are good hosts for M. arenaria. Each rotation
was replicated four times. The soil was plowed to a depth of 20 to 25 cm before planting, and
beds were shaped into 1.8 m wide and 10 to 15 cm high. Each plot included four beds; soil for
determining abundance of P. penetrans spores was collected from the center two beds. Soil
samples from each of eight plots were collected in early October from 2013 to 2016. For each
plot, 10 root-zone soil cores (2.5 cm diam. X 15 cm deep) were collected in each row and mixed
thoroughly. All soil was heated at 60 °C for 2h before use to kill the living J2. Both peanut and
soybean were planted in May with seeds spaced in two rows, 0.9 m apart on the bed with 20
seed/m for peanut, and 24 seed/m for soybean. Crop management, including fertilization and pest
management were conducted based on recommendations for this area (Guillebeau, 2009). Crops

were harvested at optimum maturity in mid to late September.
Pasteuria penetrans bioassay

To determine the density of P. penetrans spores, a bioassay was conducted using a method

previously described by Timper et al. (2001). Briefly, a subsample of 100 cm?® soil was added
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along with tap water to a flask and the flask was shaken vigorously to make a slurry before
decanting the soil-water suspension into another 250 ml flask. Greenhouse-cultured J2 (1500)
were added into the soil-water suspension and shaken on a rotary shaker at 150 rpm. The assay
nematodes were extracted after 24 h by centrifugal floatation (Jenkins, 1964) and the number of
spores adhering to 25 randomly selected nematodes were determined at 400x magnification with
an inverted microscope. Four SEM lines (SEM 3, 6, 8, 40) of M. arenaria race 1 and a
greenhouse (GH) population (originally obtained from the same field site) were used in this
bioassay. The SEM lines were selected for this study based on differential spore attachment
when exposed to different single spore lines of P. penetrans. We assume that these SEM lines
are acquiring different spore pathotypes. These SEM lines and GH population were maintained
on eggplant in a greenhouse at 22-30°C. The assay nematodes were obtained by placing roots

with egg masses separately in a mist chamber, and the hatched J2 were collected 3-4 d later.

Statistic analysis.

Prior to statistical analysis, spore counts were converted to binary variables, where spore
attachment was represented by 1 and no spore attachment was represented by 0. Analysis was
conducted with R 1386, 3.3.1. Generalized estimating equation (GEE) model was used in
evaluating the effect of SEM line, rotation, year, and their interactions on the probability that an
individual nematode acquires spores in the bioassay. The GEE model was used to evaluate
population level trends; therefore, replicate plots were not included in the model. A second
analysis was done using the generalized linear model (GLM) to determine the effect of SEM line,
year, replicate plot and their interactions on the probability of spore attachment within each
rotation treatment. The GLM analysis was used to focus on the individual plot effects on spore

acquisition. Because the total number of P. penetrans spores fluctuated from year to year, the
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relative mean of an SEM line was calculated as the mean spore attachment in that SEM line
divided by the mean spore attachment for all SEM lines in a given year. Data were analyzed
using the Standard Least Square Option in JMP Pro (v.13). LS Means Student’s t-test was used

to determine differences among SEM lines.

Results

Effect of treatment on the probability that an individual nematode acquires spores in the bioassay.

Crop rotation, SEM line, year and their interactions all influenced the probability of
nematodes acquiring spores (P<0.001; Table 5.1). The major effects on spore attachment by rank
were Year*SEM, Rotation, Year*SEM*Rotation. Spore acquisition was greater (P<0.001) from
the continuous peanut plots than from peanut-soybean rotation plots (Fig 5.1). The mean

percentage attachment was 47.4% in P-P-P plots, and 25.5% in P-S-P plots.

Spore acquisition by the SEM lines.

There was a strong SEM*Plot* Year effect in both continuous peanut and peanut rotated with
soybeans (Table 5.2, Table 5.3), indicating that the probability of the spores being acquired by

the different SEM lines was not consistent among plots or years.

The yearly change in spore acquisition by SEM lines in a given plot.

In every plot, there was a significant Year*SEM effect (Table 5.4), which was always either
the most important or second most important factor in the model, indicating that the spore
acquisition by each SEM line changed over time in each plot. This was true for both continuous
peanut and peanut rotated with soybeans. The relative mean was used to track the dominant

spore population in each plot and year. We observed fluctuations in the dominant SEM line that
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acquired spores in each plot across the years (Fig. 5.2). The SEM line that acquired the dominant
spore pathotypes differed among replicate plots within each rotation. However, there was a
distinct trend for one or two SEM lines picking up more spores in each plot and year. Within
each plot, the SEM line that acquired the dominant spore pathotype also tended to change from
one year to the next. In Replicate 3 of continuous peanut for example, the dominant spore
pathotype attached to SEMG6 in 2013, but changed to attach to SEM40 in 2014. The changes were
rapid, often occurring over one year. There were also times when there was no SEM line that
acquired more spores than other SEM lines (i.e., no dominant spore pathotype). For example,

Replicate 4 of continuous peanut in 2014, no SEM line acquired more spores than the other lines.

Discussion

It is difficult to study evolution dynamics in nature because monitoring of both host and
parasite over many generations are needed, and it is hard to restructure the evolutionary
dynamics of natural populations over time (Decaestecker et al., 2007). No previous study has
looked at the coevolutionary dynamics between RKN and P. penetrans, and here we report the
first observation of the occurrence of NFDS between a parasite and its parthenogenetic host. Our
results are consistent with, but do not prove that NFDS occurs in a field population of M.

arenaria and P. penetrans.

Because we do not have a direct way to determine the adhesion phenotypes of either M.
arenaria or P. penetrans, we used SEM lines that appeared to acquire different P. penetrans
spore pathotypes as probes to evaluate the changes in the spore population. The assumption that
the SEM lines were acquiring different spore pathotypes of P. penetrans was based on

preliminary data showing different patterns of spore acquisition by the four SEM lines. However,
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our results over the four years of the study strengthened this assumption. Firstly, spore
acquisition by the SEM lines was not consistent within a plot, indicating that the SEM lines vary
in their susceptibility to the dominant spore pathotypes present in each plot, and no two SEM
lines showed similar patterns of spore acquisition across plots and years. Secondly, spore
acquisition by the SEM lines was not consistent over time, indicating that a given SEM line was

not inherently more susceptible or resistant to P. penetrans.

This study was first designed with four plots in each rotation as replicates, but results showed
that each plot was independent in their population dynamics. To exclude the possibility that the
temporal changes in the field may be driven by environmental factors, we compared SEM*Year
effect and SEM*Plot*Year effect. If there was a dominant SEM*Year effect and no
SEM*Plot*Year effect, it might indicate that all the plots were changing similarly between years.
However, in both the continuous peanut and the rotation treatments, there was a significant
SEM*Plot*Year interaction demonstrating that the P. penetrans population was changing
differently among the plots and years. In peanut-soybean rotation treatment, SEM*Plot*Year
effect was slightly weaker than Year*SEM, but it was still a dominant effect. The spore
acquisition was lower in peanut-soybean rotation plots; therefore, there was less variation overall,
and this may explain the weaker SEM*Plot*Year effect. Our observation that the spore dynamics
were occurring on the local level supports the concept of local adaptation in which changes in
populations are driven by effects of the local environment on genotypes within the population
(Kawecki & Ebert, 2004). In a study of the snail Potamopygus antipodarum and its parasite
trematode Microphallus sp., local adaptation was observed in individual lakes even when the
lakes were very close to each other (Lively, 1989; Dybdahl & Lively, 1996). Ebert et al. (1994)

showed that virulence and spore production by a microsporidial parasite of D. magna declined
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with increasing distance between the host and parasite collection site. In other words, local hosts
were more susceptible to local parasite isolates than to distant parasite isolates (Ebert, 1994).
Gene flow disrupts local adaptation (Kawecki & Ebert, 2004). In our study, very little gene flow
is expected between plots for either P. penetrans or M. arenaria because both organisms have
limited dispersal capabilities and the plots were distantly spaced (> 12 m). Different
environmental conditions (e.g., soil moisture, pH, plant health) among the plots may interact
with host or parasite genotypes leading to varied outcomes for each plot (Wolinska & King,
2009), or small differences in the relative abundance of host or parasite genotypes may lead to

independent evolutionary trajectories among the plots.

Within each plot, spore acquisition among SEM lines varied among years (SEM*Year
interaction). This observation provides solid evidence that the bacterial population was changing
yearly at the local level. The relative mean provides a direct view of this yearly change. There
were always one or two SEM lines that acquired dominant spore pathotype in each plot in each
year, indicateing that the parasite population were adapting to attach the most common host
phenotypes. Moreover, the SEM lines that acquired the dominant spore pathotypes changed from
one year to the next, consistent with fluctuating selection (Bell, 2010). No SEM line consistently
acquired more spores than other SEM lines demonstrating that there was no case of universal
resistance against the parasite. There were years where there were no dominant SEM lines that
acquired spores. For example, in 2015 in P-P-P Replicate 2, all SEM lines acquired the same
level of spores. The reason could be that, since we were only using four SEM lines, we may not
have an SEM line that the dominant pathotype spores can adhere to. Or, the decrease of the old
dominant spore pathotype and the rise of the new dominant spore pathotype reached balance at

the time we sampled.
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We anticipated a slower selective process, but our results showed that shifts in spore
pathotypes can happen rapidly, and this may because RKN have three to five generations in one
growing season. Several aspects of the P. penetrans-RKN interaction may contribute to the rapid
change in spore pathotypes. Not only does P. penetrans sterilize infected females, thus reducing
the recruitment rate of new hosts, it also reduces root penetration by J2 that are heavily
encumbered with spores. The failure of these J2 to infect a root depletes the number of viable
spores in the soil and also limits the production of new spores. Although spores can remain
viable for years in storage (Giannakou et al., 1997), they may leach through the soil during rain
and irrigation events (Mateille et al., 1996; Timper et al., 2016). The leaching of the spores may

contribute to the rapid change in spore population as well.

Spore acquisition was always greater in continuous peanut plots than in peanut-soybean
rotation plots. Both soybean and peanuts are hosts for M. arenaria; however, nematode
reproduction is more than 10-fold greater on peanut than on soybean (Noe, 1991). Because of the
density-dependent relationship between P. penetrans and its host, the larger nematode population
in the continuous peanut compared to the peanut-soybean rotation likely resulted in greater spore
densities. Another explanation is that since peanuts were inverted at harvest, it may have
distributed the spores in the field by bringing the infected females to the soil surface and

releasing spores over a greater area.

For NFDS to occur, both the host and parasite populations require high polymorphism which
is promoted by sexual reproduction (Ayala, 1974; Bell, 1982; Takahashi & Kawata, 2013). M.
arenaria reproduce by mitotic parthenogenesis, which would seem to be at odds with the theory.
M. arenaria have a wide variation in their chromosome number (n=36-56) and contains both
diploids and triploids (Sasser & Carter, 1985). Such cytogenetics bestow them long-term
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evolutionary flexibility (Sasser & Carter, 1985, Triantaphyllou, 1980). Because they reproduce
asexually and without meiosis, they do not undergo gene reduction to become a haploid.
Mutations and gene rearrangements can be accumulated in the chromosomes, which lead to the
substantial variation (Castagnone-Sereno & Danchin, 2014). One of the advantages of being a
polyploid is that gene redundancy, which prevents the deleterious effects of mutations (Comai,
2005). In this case, mutations that influence spore attachment by different spore pathotypes may
be maintained in the M. arenaria population, and the dominant spore pathotypes impose a
selective effect on these genes. Migration from sympatric populations may also contribute to

high polymorphism within the M. arenaria population.

It is difficult to show direct evidence of NFDS in the field because we could not distinguish
the genotypes of either M. arenaria or P. penetrans, except for our indirect method. In general,
there is little known about the the genetic mechanisms underlying M. arenaria and P. penetrans
interaction. Developing genetic or immunological tools that can distinguish M. arenaria and P.

penetrans adhesion phenotype may provide conclusive evidence for NFDS in this system.
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Table 5.1. Effect of Year, SEM line, Rotation and their interactions on the probability of an

individual Meloidogyne arenaria second-stage juvenile acquiring a Pasteuria penetrans spore.

Factor DF* %2 P-value

Year 3 24.9 <0.001
SEM line 4 40.5 <0.001
Rotation 1 65.6 <0.001
Year*SEM 12 165.2 <0.001
Year*Rotation 3 12.5 0.006
SEM*Rotation 4 33.7 <0.001
Year*SEM*Rotation 12 43.6 <0.001

*Degree of freedom



Table 5.2. Effect of factors on the probability of an individual Meloidogyne arenaria second-

stage juvenile acquiring a Pasteuria penetrans spore in the continuous peanut plots.

Factor DF? D" P-value
Year 3 44.7 <0.001
SEM 4 8.9 0.064
Plot 3 38.9 <0.001
Year*SEM 12 72.4 <0.001
Year*Plot 9 107.7 <0.001
SEM*Plot 12 58.9 <0.001
Year*SEM*Plot 36 122.4 <0.001

% Degree of freedom

b Deviance



Table 5.3. Effect of factors on the probability of an individual Meloidogyne arenaria second-

stage juvenile acquiring a Pasteuria penetrans spore in the peanut- soybean rotation plots.

Year 3 26.7 <0.001
SEM 4 41.0 <0.001
Plot 3 18.9 <0.001
Year*SEM 12 99.4 <0.001
Year*Plot 9 110.3 <0.001
SEM*Plot 12 30.3 <0.001
Year*SEM*Plot 36 88.5 <0.001

% Degree of freedom

b Deviance



Table 5.4. Effect of year and single egg mass (SEM) line on the probability of an individual

Meloidogyne arenaria second-stage juvenile acquiring a spore in each of 8 plots.

Factor DF? D" P-value
Year 3 514 <0.001
Plot 1° SEM 4 23.1 0.001
Year*SEM 12 55.1 <0.001
Year 3 67.4 <0.001
Plot 2 SEM 4 19.0 <0.001
Year*SEM 12 41.7 <0.001
Year 3 21.2 <0.001
Plot 3 SEM 4 4.5 0.327
Year*SEM 12 55.8 <0.001
Year 3 9.5 0.023
Plot 4 SEM 4 21.9 <0.001
Year*SEM 12 45.3 <0.001
Year 3 14.1 0.003
Plot 5 SEM 4 31.1 <0.001
Year*SEM 12 72.2 <0.001
Year 3 53.8 <0.001
Plot 6 SEM 4 2.0 0.729
Year*SEM 12 26.1 0.01

Plot 7 Year 3 6.8 0.079



SEM

Year*SEM

Year

Plot 8 SEM

Year*SEM

12

12

17.6

40.1

56.2

23.8

51.1

0.001

<0.001

<0.001

<0.001

<0.001

% Degree of freedom

bDeviance

¢ Plot 1-4: continuous peanut plots; Plot 5-8: peanut rotated with soybean plots.
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Fig 5.1. Comparision of continuous peanut and peanut rotated with soybean on the mean

percentage of nematodes with Pasteuria penetrans spore attachment in four years. PPP:

continuous peanut plots; PSP: peanut rotated with soybean plots. Each bar represents the mean of

four replicate plots.
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Fig 5.2. Comparison of the relative mean of Pasteuria penetrans spore attachment of four single

egg mass (SEM) lines in each replicate plot (R1-R4) in each year for continuous peanut (P-P-P).

Letters indicate significant difference (P < 0.05) within a year. Relative mean was calculated

within each year = Spore per J2 in one SEM line / Spore per J2 for all SEM lines.
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CHAPTER 6

PHENOTYPIC AND IMMUNOLOGICAL CHARASTERISTICS OF SINGLE SPORE

ISOLATES OF A PASTEURIA PENETRANS POPULATION *

! Chang Liu and Patricia Timper. Not submitted to a journal.
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Abstract

Pasteuria penetrans is a parasite of root-knot nematodes (Meloidogyne spp.). Endospores of P.
penetrans attach to the surface coat of second-stage juveniles (J2) and subsequently sterilize
infected females. This study tested the spore attachment specificity by using single spore lines of
a P. penetrans population from Florida and single egg mass lines of M. arenaria and M.
incognita from Georgia. We hypothesized that the spore attachment between the single spore
lines and single egg mass lines would be an all or nothing response. However, we failed to see a
binary pattern in spore attachment. Our results showed that different single spore lines of P.
penetrans showed differential attachment to the single egg mass lines, but the pattern of the
spore attachment were not repeatable. It is possible that instead of being controlled by a single
gene, there are several genes involved in host specificity. Only after beginning this study, we
learnt that all the single spore lines were derived from one single egg mass line of M. arenaria,
therefore they may be the same attachment phenotype. The variation observed within each trial
was likely due to environmental factors instead of genotypic interaction between the host and
parasite. Three monoclonal antibodies (Mab) were produced from one single spore line, and
were used in western blot and immune-blocking experiments. With the western blot, all single
spore lines had an antigen that could be recognized by the Mabs, and with immune-blocking,
there was no difference in reducing spore attachment between any of the Mab combinations.
Such results support the view that the three single spore lines were the same attachment
phenotype. Additional attempts with generating single spore lines derived from genetically
diverse single egg mass lines of root-knot nematodes are needed in determining the spore

attachment pattern occurs within P. penetrans.
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Introduction

The degree of specificity in host-parasite interactions is an important factor in developing an
effective biological control agent. A successful biological control agent should be highly specific
to a certain pathogen, would not damage non-target organisms, and would not disturb the native
environment (Brodeur, 2012; Parker & Gilbert, 2004). Ideally, a successful biological control
agent should have a very restricted host range, and should not switch in host preferences
(Greathead, 1995). Beside effectiveness, the durability of a biological control agent is also
essential if developed into a commercial product. High specificity may impair the effectiveness
of a biological control agent due to the pathogen adaptation via co-evolution (Brodeur, 2012).
The durability of a biological control agent is related to several traits of the host, such as the
genetic diversity and the ability to evolve in response to a selection pressure exerted by the
biological control agent (Bardin et al., 2015). The occurrence of resistance to pesticides in plant
pathogens has been widely studied (Das, 2013) and such risk also exists for biological control
agents. For example, resistance was found shortly after the widely used bio-insecticide Bacillus
thuringiensis was commercialized (McGaughey, 1985). A commercialized biocontrol
formulation will soon fail as a product if it does not contain enough genetic diversity. A
successful biological control agent should have high genetic diversity to overcome the resistance
developed in the host population. The understanding of the host-parasite specificity is essential in

this perspective.

Host-parasite specificity is controlled genetically (Wilfert & Schmid-Hempel, 2008). High
specificity has been found in multiple plant-pathogen interactions, involving a gene-for-gene
relationship (Siegrist, 1998; Thompson & Burdon, 1992). In plants, there is a resistance (R) gene,
and it produces a specific R gene product. Correspondingly, in the parasite, there is an avirulence
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(Avr) gene that produces an Avr gene product. The R gene is resistant towards the Avr gene (Flor,
1971). In animal systems, a gene-for-gene interaction has been shown in the Daphnia magna-
Pasteuria ramosa system. Studies have shown that there was significant genetic variation among
both D. magna and P. ramosa isolates (Carius et al, 2001; Ebert et al, 1998). Clonal genotypes of
P. ramosa exhibited specificity against host genotypes, and the host was found to be either fully
susceptible or fully resistant to a particular parasite clone (Luijckx et al, 2011). Such specific
resistance indicates that the interaction between D. magna and P. ramosa is controlled by a

single gene.

Root-knot nematodes (Meloidogyne spp.; RKN) are economically important parasites of
plants. They invade host root systems, act as metabolic sinks, cause wounds in roots, and impair
root function. Pasteuria penetrans is an endospore-forming, obligate parasite of RKN. Spores of
P. penetrans attach to the surface coat of second-stage juveniles as they migrate through the soil
in search of host plants. Spore attachment to the nematode surface coat is a fundamental step for
future infection. When a nematode with attached spores enters a host plant root, the bacterium
develops within the nematode body and sterilizes the female. Suppression of RKN by P.
penetrans has been documented in many field studies (Stirling, 1984; Chen, 1996; Trudgill,
2000), demonstrating the potential of this bacterium as a biocontrol product. Pasteuria penetrans
is an obligate parasite of Meloidogyne spp., and as such, does not affect other organisms or the
environment. Such traits make it ideal candidate for development into a commercialized

biocontrol product.

Within a population of P. penetrans spores, polyclonal antibodies recognized 100% of the
tested spores, while different monoclonal antibodies (Mabs) recognized different subsets of the

spores, indicating that different subpopulations of the spores were present in a population.
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Moreover, the subpopulation of spores showed differential adhesion (Davies, 1994). Stirling
(1985) tested four P. penetrans isolates for attachment to 15 RKN populations. Some
populations of P. penetrans could attach to different species of RKN, but not to every population
within a species. Differences in spore attachment among populations within a species of RKN
were sometimes as great as those between species (Trudgill et al., 2000). Therefore, specificity in
attachment is at the population level and perhaps even at the individual level. Populations of
RKN have been shown to be heterogeneous for P. penetrans spore attachment. When repeatedly
challenged with a P. penetrans isolates, a population of RKN showed decreased spore
attachment over time, indicating the occurrence of a shift to genotypes resistant to attachment
(Channer & Gowen, 1992; Tzortzakakis & Gowen, 1994; Tzortzakakis et al, 1996). Evidence for
this scenario was also observed in a long-term field study carried out from 2000 to 2008 (Timper,
2009). Five single-egg mass (SEM) lines from the field population plus a Greenhouse population
(originally from Gibbs farm) of M. arenaria were used to assay soil containing P. penetrans
spores. Four SEM lines acquired numerous spores, while one SEM and the Greenhouse
population acquired few spores. Occurrence of negative frequency-dependent selection is
reported in this field (Chapter 3), indicating that there is variation in pathogenicity in P.

penetrans population and resistance in the M. arenaria population.

Both molecular and immunological methods have been used to test the heterogeneity of P.
penetrans populations. But due to the lack of single spore isolation, no further research toward
the immunological heterogeneity of P. penetrans has been reported so far. When the 16S rRNA
of two populations of P. penetrans was compared, no variation was found (Bekal et al., 2001).

However, nucleotide polymorphisms (SNPs) in the spollAB gene between two isolates of P.
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penetrans were detected, and a single individual could be infected by multiple P. penetrans

genotypes (Nong et al., 2007).

Due to selection pressure, if the RKN population is diverse enough, the nematodes will
develop resistance to a commercial formulation of P. penetrans. When we use P. penetrans as a
biocontrol agent, if the spore population is not diverse enough, it will fail to adapt to the
development of RKN resistance, which would lead to the failure of biocontrol. So it is important
to understand the host-parasite specificity to make P. penetrans a more durable biocontrol agent.
In this study, we carried out an adhesion bioassay using single spore lines of P. penetrans and
single egg mass (SEM) lines of RKN. We hypothesized that the spore attachment between SEM
lines and single spore lines would be an all or nothing response. We also developed monoclonal
antibodies (Mab) from a single spore line and evaluated them against multiple single spore lines

to differentiate P. penetrans adhesion phenotypes.

Material and Methods

General methods

Seventeen SEM lines of M. arenaria (Ma 3, 6, 8, 12, 14, 19, 23, 25, 26, 27, 28, 30, 32, 34, 36,
40, and 43) and four SEM lines of M. incognita ( Mi 15, 19, 31 and 40) were obtained from field
population in Tifton, GA. Single egg mass lines were established by picking a single egg mass
and transferring to an eggplant seedling in a greenhouse at 22-30 °C. Eggplants were given 4
mon to grow, and eggs were separated from egg masses using 0.5 % NaOCI (Hussey & Barker,
1973). Eggs were placed on tissue paper supported by a screen on top of a hatching dish. Water

was added to the hatching dish to just submerge the tissue paper. Hatched second-stage juvenile
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(J2) were collected by sieving the water in the hatching dish. The hatched J2 were collected

every two days.

Three single spore lines (SS16, 17 and 25) of a population of P. penetrans were obtained
from University of Florida (Joseph et al.). To produce P. penetrans spores, about 200 J2s
attached with an average of 2-5 spores/J2 were inoculated onto 4-week-old eggplant seedlings to
produce P. penetrans spores. Eggplant seedlings were grown in a greenhouse for 4 mon before
root harvest. Harvested roots were washed with running water and placed in a beaker containing
100 ml of 10 g Lallzyme EX-V (Lallemand, Montreal, Canada) to digest root tissue for 1 d on a
shaker (100 rpm). Fully opaque infected females were freed from roots and hand-picked into a
glass petri dish containing deionized water. Females were crushed with a dissecting needle to
free endospores into dH20. The spore solution was vacuum filtered (8-12 um) to remove the
female cuticle. The spores that passed through the filter were enumerated on a hemocytometer at
1000x magnification. Spore concentration was adjusted to 10° spores/ml for each single spore

line and kept frozen.
Attachment Bioassay

In the first trial, all 15 SEM lines of M. arenaria and all 4 SEM lines of M. incognita were
tested for adhesion by the three single spore lines. For the endospore attachment bioassay, 200
infective J2 were incubated in 4 ml of 1x PBS in a small (150 mm x 25 mm) glass Petri dish with
0.1 ml of 10° spores/ml of P. penetrans. Dishes were incubated for 6 hr in incubater at 24 °C.
The number of spores attached to 25 randomly-selected J2 was determined using 400x
magnification. Based on preliminary data in Trial 1, SEM lines (Ma 6, 8, 23, 25, 26, 27, 40, 43

and Mi 31, 40) were re-evaluated in Trial 2.
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Monoclonal Antibody Production

Anti-P penetrans Mab IgM 1F2,1gG 4E8 and IgM 1G11 were produced by Monoclonal
Antibody Facility of University of Georgia by immunizing mice (Balb/C) with suspensions of
107 spores of P. penetrans SS16. The antibodies were raised to the surface of P. penetrans spores.
Mice that exhibited strong immunological responses to the bacterium were boosted with another
107 spores before prior to fusion. Antibodies were isotyped using a mouse monoclonal antibody

isotyping kit (Sigma).
Immunological characterization of spore antigens

Polyacrylamide gel electrophoresis in the presence of sodium dodecylsulphate (SDS-PAGE)
was performed using a 4-20% precast gel (Bio-Rad). About 10° spores each of $S16, SS17 and
SS25 were suspended in 200 ul sample buffer (50 mmol/l Tris/HCL, pH 6.8, 2% SDS, 10%
glycerol , 0.002% bromophenol blue and 2% B-mercaptoethanol) and heated for 2 min at 100 °C
before 20 ul sample were loaded on the gel. Prestained SDS-PAGE molecular weight markers
were run on the gel. Gels were transferred to nitrocellulose membranes (Bio Rad) using a Mini
Trans-Blot cell at 50 V voltage for 1.5 h. Membranes were blocked with 5% non-fat dried milk
in 10 mM phosphate buffer, pH 7.2, 150 mM NaCl containing 0.2 % Tween 20 (PBST) over
night at 4 °C . Membranes were washed three times in PBST before incubation with Mab
supernatant diluted 1:50 for 1 h. Fowlling incubation, the membranes were washed three times in
PBST and incubated in a 1:500 dilution of anti-mouse IgM alkaline phosphatase conjugate (Bio
Rad). The blots were washed three times in PBST and incubated in alkaline phosphate substrate
(0.03 % nitro blue tetrazolium, 0.02 % 5-bromo-4-chloro-3indolyl phosphate in Tris/HCI, pH 9.5,

substrate buffer).
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Immunoblocking assay

To determine wether the Mabs recognized different epitopes on the spore surface, spores were
incubated in various combination of Mabs. We hypothesized that incubating in two Mabs would
reduce spore attachment to RKN more than one Mab. The Mab combinations used in this
experiment were as follows: IgM 1F2, 1gG 4ES8, IgM 1G11, IgM1F2 + IgG 4ES8, IgM 1F2 +IgM
1G11, 1gG 4E8 + IgM 1G11 and IgM 1F2 + 1gG 4E8 + IgM 1G11. For all combinations, equal
amounts of each Mab tissue culture supernatant were used to make up to a 200 ul volume. About
2x10° spores of SS 25 were added to 2 ml microcentrifuge tubes, and 200ul of each of the Mab
combination was added to the tube to incubate with the spores. For the control, spores were
incubated with 200 ul PBS. The solutions were incubated for 1 hr at 37°C. Following incubation,
the spores were washed three times by repeated spinning and re-suspension in PBS. After the
final spin, the spores were re-suspended in 4 ml of PBS to which were added 200 freshly hatched

SEM 6 J2 for the spore attachment assay. This experiment was repeated twice.
Statistical Analysis

Data were analyzed using SAS 9.3. Spore attachment in individual nematodes (N=25) were
used as data points. All data were log-transformed and followed a Gaussian distribution after
transformation. SEM lines, SS lines, Trial and their interactions were used to construct the model
effects. Least Squares Means was used to test the SEM*SS interaction sliced by each SEM line.
For immunoblocking assay, all data were also log-transformed and followed a Gaussian
distribution after transformation. Mabs, Trial and their interactions were used to construct the

model effect, and Least Squares Means was used to test the Mab*Trial interaction.
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Results

We did not observe an all or nothing response in any of the spore attachment assays. Spore
attachment was found in all SEM-SS line combinations, including both M. arenaria and M.
incognita. There was SEM*SS*Trial, SEM*SS and SEM*Trial interaction (P<0.05), so the data

were analyzed separately by each trial and by each SEM line.

For M. arenaria in trial 1, the three SS lines showed differences (P< 0.05) in spore attachment
to 11 Ma lines, and there was no difference among the three SS lines for Ma 3, 14, 25, 27, 28, 40.
For M. incognita, SS lines were significantly different in spore attachment for Mi 31, but not for
Mi 15, 20 and 40 (Table 6.1). Based on this preliminary data and the availability of SEM lines
when we repeated the experiment, we chose Ma 6, 8, 23, 25, 26, 27, 40, 43 and Mi 31, 40 to be

re-tested in trial 2. The results of only these SEM lines will be reported in the following analysis.

In trial 2, the three SS lines showed differences (P<0.05) in spore attachment for all SEM lines,
including both M. arenaria and M. incognita (Table 6.1). When we compared SS lines within the
Ma lines, SS25 still showed the lowest spore attachment, which is consistent with Trial 1. For M.
incognita, SS 25 showed the highest spore attachment to both of Mi 31 and 40. In trial 2, SS 16
and 17 did not show similarity in spore attachment as in trial 1; two spore lines were different
(P<0.05) in 7 (Ma 8, 23, 26, 27, 43, Mi 31 and 40) out of 10 SEM lines. Among the two trials,

only Ma 25 and Mi 40 showed consistent trend in spore attachment to the three SS lines.

SDS-PAGE followed by Western blotting with the mice monoclonal antibody showed that all
three SS lines had an antigen that could be recognized by the Mabs, which means that our Mabs
could not distinguish those three SS lines. There was no interaction between two trials for the

immunoblocking assay, so the data was combined. There was no difference between any of the
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Mab combinations (P=0.68), and all Mabs showed reduction in spore attachment compared to
the control (P=0.0006), with a mean of 12.6 spores per J2 in the control and 7.9 spores per J2 in

the Mab treatments (Fig. 6.1).

Discussion

In this study, we examined the host-parasite specificity between Meloidogyne spp. and P.
penetrans in terms of spore attachment. We did not observe an all or nothing spore attachment
response between the Meloidogyne spp. SEM lines and P. penetrans single spore lines as we
predicted. Different single spore lines of P. penetrans showed differences in their ability to
attach to M. arenaria single egg mass lines. However, patterns of the spore attachment were not
repeatable, making the results difficult to interpret. Joseph et al. (2016) analyzed SNPs in
individual 16S rRNA gene sequences of 5 SS lines by cluster analysis, and the result showed that
SS16 and SS25 clustered, while SS17 formed a sister clade. However, our spore attachment
assay showed that SS16 and SS17 were more similar in spore attachment means, whereas SS25
is more distinct from the other two (Table 1). Such results indicate that spore attachment
phenotype does not align with 16S rRNA sequence results. Even for SS lines showing high

similarity at 16S rRNA sequence level, they can differ in spore attachment.

There was an extreme genotype-genotype specificity between D. magna and P. ramosa.
When clones of D. magna were treated with single isolates of P. ramasa, the isolates attached to
some clones, and not at all to other clones (Luijckx et al., 2011; Duneau et al., 2011). In our
study, the spore attachment was not in a binary pattern. One possible reason is that we may not
have a nematode genotype that is resistant to the SS lines we tested. Since we were using M.

arenaria and M. incognita from Georgia populations, they may not have the corresponding
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resistant gene against the Florida P. penetrans spores. The Florida P. penetrans populations may
have gone through local adaptation, where the bacterium adapted to the host population from
which it was obtained (Kawecki & Ebert, 2004). Another possible reason is that instead of being
controlled by a single gene, there are several genes involved in host specificity. Metzger et al
(2016) proved that with D. magna, infection caused by P. ramosa depends on the epistasis
between linked resistant loci on three genes in the host. They proposed a genetic architecture of
resistance, where one locus masks the resistance in two other loci, and the interaction of these
three loci determined the resistance of the host to parasite. In our study, we may not have the

right loci combination in our SEM lines resulting in the absence of resistance.

Only after beginning this study, we learnt that all the SS lines we used in this study were
derived from one M. arenaria single egg mass lines; therefore, the three SS lines may be the
same attachment phenotype. We observed variation within each trial, but there was no
consistency between trials. As similar situation was observed when progeny from a single egg
mass line was treated with the same population of P. penetrans, there was variation in spore
attachment (Davies et al., 2008). The variation may be due to environmental factors instead of a
genotypic interaction between the host and parasite. With P. ramosa, spore attachment was not
influenced by environment effects, including temperature and density level (Duneau et al., 2011).
However, with P. penetrans, temperature, pH, moisture and root exudates have all been reported
to influence spore attachment (R. Ahmed & Gowen, 1991; Riaz Ahmed, 1990; Brown & Smart,
1984; Hatz & Dickson, 1992; Liu et al., 2017). Though this study was conducted under strictly
controlled environment, there may be other subtle differences in the environment which
influenced spore attachment. It is more likely that the environment influenced the nematodes.

Liu (Chapter maternal) showed that maternal environment can slightly influence spore
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attachment to progeny, so the variations in spore attachment may be related to the environmental

conditions experienced by the mother.

The immunological data also supports the hypothesis that the SS lines are the same
attachment phenotype. Both the western blot and the immunological experiments indicated that
the same epitope was recognized on all these SS lines. If the Mabs recognized different epitopes,
we should see an additive effect when different Mabs were combined. We did not observe a fully
blocking of spore attachment in this study, indicating that there may be more epitopes on the

spore surface that are involved in the spore attachment.

Attachment specificity may be related to variation in collagen-like proteins on the spore
surface. Two isolates of P. ramosa that differed in their attachment had different patterns of a
collagen-like protein present on the surface of the endospore (Mouton et al., 2009). In P. ramosa,
37 collagen-like protein genes have been detected, and these genes were highly polymorphic and
matched known Daphnia/P. ramosa specificity (McElroy et al., 2011). With bioinformatics
analysis of the amino acid sequences coded by the 37 genes, two were identified to be putative
proteins believed to be involved in host-parasite interactions. The function of these collagen-like
proteins in P. ramosa are not clear, but such collagen-like proteins have been found in
Streptococcus equi and Bacillus anthracis (Karlstrom et al, 2006; Steichen et al, 2003) Collagen-
like proteins have been described in P. penetrans, and they were believed to be involved in the
interaction between endospore and nematode surface coat through a Velcro-like attachment
process (Davies, 2009). It is possible that for P. penetrans, there are multiple collagen-like
protein genes involved in the spore attachment process. In depth understanding of the gene
sequence of these proteins, as well as the protein pattern, are important in understanding the

spore attachment specificity.
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We failed to show that the spore attachment between Meloidogyne spp. and P. penetrans was
an all or nothing response. The most likely reason is that the three SS lines used in this study
were the same attachment phenotype. Additional attempts with generating single spore lines
derived from different genetically diverse SEM lines of RKN would be helpful to determine of a
binary spore attachment pattern occurs within P. penetrans. Moreover, Mabs raised against
collagen-like proteins are worth trying to differentiate spore attachment phenotypes. SEM lines
in our field study showed large differences in spore attachment, and the patterns of spore
attachment varied over time and location. For example, SEM 6 had the highest spore attachment
in plot 1 in 2013, but SEM 3 had highest spore attachment in plot 2 in the same year (Chapter
NFDS). In addition, the SEM line that acquired most spores was changing from year to year in
each plot, indicating that there was a higher level specificity between SEM line and the spores in
the field than the result of this study. The failure in maintaining highly diverse spore genotypes
within a biological control product could lead to the resistance to the product through selection
on the host population, and would lead to the failure of nematode suppression. Thus, the
understanding of spore diversity is urgent for preventing RKN from developing resistance to P.
penetrans biological control agents. To understand the interaction specificity between P.
penetrans and RKN, more insight into the genetic, immunological and environmental factors are

required.
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Table 6.1. Mean spore attachment of three Pasteuria penetrans single spore (SS) lines to eight

Meloidogyne arenaria (Ma) single egg mass lines and two Meloidogyne incognita (Mi) single

egg mass lines in two trials.

Trial 1 Mean Spore/J2

Trial 2 Mean Spore/J2

SS16 SS17 SS25 Pr>F SS 16 SS17 SS25 Pr>F
Ma 3 1.7% 197* 113* 013 -* - -
Ma 6 476°  6.52*°  3.08™ 0.0004 10.76*  10.8° 4.16° <.0001
Ma 8 7.32%  536° 0.56° <.0001 12.2°  19.48°  4.6°  <.0001
Ma 12 1.7° 2.1° 1° 0.03 - - -
Mal4  1.7° 1.3 127  0.63 - - -
Ma 19 76720  4.2° 473  0.02 - - -
Ma23  4.08 1.72®° 052° 0.0004 13.84° 56 8.2" 0.0001
Ma 25 3.28% 372* 171"  0.0599 g8? 6.4 2.72°  0.0009
Ma 26 1.6° 1.68° 432 <.0001 4.08° 1532 4.24° <.0001
Ma 27 348  1.96® 0.68* 0.2311 4.6 6.76° 520 0.0124
Ma28  2.03* 1.67° 257° 0.72 - - -
Ma 30 6.27°  6.1° 0.84°  <.0001 - - -
Ma32 383 6.3 2.1° 0.005 -- - -
Ma34  3.93% 0.77° 3.93%  0.0002 -- - -
Ma 36 147 1.7° 3.7° 0.009 - -- -
Ma 40 3.16% 504° 1.92% 0.2454 15.2% 20° 5.44°  <.0001
Ma 43 2.36° 756 2.32° <.0001 5P 7.6 1.8° <.0001
Mi 31 8.06° 1.3° 6.16®° <.0001 3.1° 503" 10.1*° <.0001
Mi 40 1.9°%° 143 243* 054 2.1° 0.9° 7.06%  <.0001
Mi 15 1.44* 1.75% 18 0.82 - - -
Mi 20 2.1° 246%  224*  0.29 - - -

“Means followed by the same letter within a row are not significantly different (P>0.05).

“SEM lines with dashed lines were not re-tested in trial 2.
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Fig.6.1 Mean Pasteuria penetrans spore attachment after incubating Meloidogyne arenaria
second-stage juvenile with different monoclonal antibody (Mab) combinations. Bars with
different letters indicate significant difference (P<0.05). Each bar represents the mean of two

trials.
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CHAPTER 7

CONCLUSION

In this project, both genetic and environmental factors on influencing the interaction between
P. penetrans and Meloidogyne spp were investigated. Multiple environmental factors, including
root exudates and maternal stress, were shown to influence the host-parasite interaction. | found
that the incubation of J2 with root exudates decreased spore attachment, indicating the nematode
surface coat was altered or the spore recognition domains on the nematode surface were blocked.
Spore attachment was equally reduced following exposure to root exudates from both host and
non-host plants for M. arenaria, indicating that there is a common signal that affects spore
attachment. The signal that caused this surface coat change was unknown. Root exudates
reduced spore attachment more in sterilized soil than in natural soil. Sterilization may have
eliminated microbes that consume root exudates, or altered the chemical components of the soil
solution or root exudates. In the field, the first generation nematodes that migrate to the roots are
likely to be more susceptible to Pasteuria spore attachment because of lower exposure to root
exudates than future generations that will be hatching around the roots. The effect of root
exudates in reducing spore attachment also influenced the effectiveness of P. penetrans as a seed
treatment compared to in furrow application. Applying P. penetrans spores in furrow reduced
egg production more than as a seed treatment. When applying P. penetrans as a seed treatment,
the spores would distribute along the roots as the seed germinates. Second stage juveniles
hatching from eggs in the soil will be exposed to root exudates as they enter the root zone and

may, thereby, become more resistant to spore attachment. However, when P. penetrans were
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applied in furrow, the spores may have a wider distribution than just along the roots. The
nematodes, therefore, may have more chances to encounter the spores before their surface coat is
influenced by root exudates. The results of this study indicate that it is important to apply P.
penetrans spores early in the season, and application in furrow is more effective than as a seed
treatment in reducing nematode egg production. Maternal stress also influenced the susceptibility
of M. arenaria progeny to P. penetrnas. When mothers were exposed to low food supply, no
difference in spore attachment to progeny was observed between the stressed and non-stressed
treatment. However, infection rate of progeny from the stressed treatment was significantly
lower than that in the non-stressed treatment. This study indicates that M. arenaria can transfer
immunity maternally to provide better protection to the progeny. In the field, nematodes often
reach the carry capacity of their host plant by the end of the season, and their progeny may
become more resistant to the infection by P. penetrans. In addition to environment factors, the
spore attachment phenotype specificity was tested by using three single spore lines of P.
penetrans and single egg mass (SEM) lines of Meloidogyne spp. The single spore lines showed
differential attachment to the SEM lines; however, there was no all-or-nothing response and the
attachment patterns were not repeatable. The most likely reason for the lack of differential
attachment might be that the single spore lines were derived from one M. arenaria single egg
mass line, therefore they may be the same attachment phenotype. In a field experiment, there was
evidence for negative frequency-dependent selection between P. penetrans and M. arenaria in a
field, indicating there was a higher level specificity between the host and parasite than the result
of the attachment study. More attempts with generating single spore lines derived from different
single egg mass lines of root-knot nematodes would be helpful to determine of whether a spore

attachment pattern occurs within P. penetrans. The failure in maintaining highly diverse spore
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genotypes within a biological control product could lead to the resistance to the product through
selection on the host population, and would lead to the failure of nematode suppression. In a field
study with 8 plots, the host parasite interaction between M. arenaria and P. penetrans supported
the model of negative frequency-dependent selection. There were rapid changes in the dominant
spore pathotype in each plot in each year, and such changes occurred on the local level,
indicating the changes in the P. penetrans polulations were driven by effects of the local
environment. This evidence is important to understand the causes and maintenance of genetic
diversity within populations of P. penetrans and its host M. arenaria. In conclusion, the host-
parasite interaction between P. penetrans and root-knot nematodes is complicated. Both
genotypic and environmental factors need to be taken into consideration when developing it into

a biological control product.
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