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Abstract: Rotylenchulus reniformis is one of 10 described species of reniform nematodes and is considered the most economically
significant pest within the genus, parasitizing a variety of important agricultural crops. Rotylenchulus reniformis collected from cotton
fields in the Southeastern US were observed to have the nematode parasitic bacterium Pasteuria attached to their cuticles. Challenge
with a Pasteuria-specific monoclonal antibody in live immuno-fluorescent assay (IFA) confirmed the discovery of Pasteuria infecting
R. reniformis. Scanning and transmission electron microscopy were employed to observe endospore ultrastructure and sporogenesis
within the host. Pasteuria were observed to infect and complete their life-cycle in juvenile, male and female R. reniformis. Molecular
analysis using Pasteuria species-specific and degenerate primers for 16s rRNA and spoII, and subsequent phylogenetic assessment,
placed the Pasteuria associated with R. reniformis in a distinct clade within established assemblages for the Pasteuria infecting
phytopathogenic nematodes. A global phylogenetic assessment of Pasteuria 16s rDNA using the Neighbor-Joining method resulted in
a clear branch with 100% boot-strap support that effectively partitioned the Pasteuria infecting phytopathogenic nematodes from the
Pasteuria associated with bacterivorous nematodes. Phylogenetic analysis of the R. reniformis Pasteuria and Pasteuria spp. parasitizing
a number of economically important plant parasitic nematodes revealed that Pasteuria with different host specificities are closely
related and likely constitute biotypes of the same species. This suggests host preference, and thus effective differentiation and
classification are most likely predicated by an influential virulence determinant(s) that has yet to be elucidated. Pasteuria Pr3
endospores produced by in vitro fermentation demonstrated efficacy as a commercial bionematicide to control R. reniformis on cotton
in pot tests, when applied as a seed treatment and in a granular formulation. Population control was comparable to a seed-applied
nematicide/insecticide (thiodicarb/imidacloprid) at a seed coating application rate of 1.0 x 108 spores/seed.
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Rotylenchulus reniformis (Linford and Olivera, 1940) is
one of 10 described species of reniform nematodes and
is the most economically significant, having the largest
geographical distribution (Robinson et al., 1997). Ro-
tylenchulus reniformis is a semi-endoparasitic nematode
occurring in tropical and subtropical regions, where it
parasitizes a wide variety of crops, including cotton, veg-
etable crops, and several tropical fruit species, including
pineapple (McSorley 1980; McSorley et al. 1981, 1982;
Robinson et al., 1997; Wang and Hooks, 2009). Rotylen-
chulus reniformis is an important nematode pest of cotton
(Gossypium hirsutum L). in the southern United States, sup-
planting Southern root-knot nematode (Meloidogyne incog-
nita) as the major nematode pest of cotton in Mississippi,

Louisiana, and Alabama (Heald and Robinson 1990;
Koenning et al., 2004). Losses in annual United States
cotton production attributed to reniform nematode par-
asitism are estimated to exceed $100M (Blasingame, 2006;
Robinson et al., 2008), with losses attributed primarily
to a delay in fruit set and reduction in nutrient uptake
(Robinson et al., 2005). Means commonly employed to
mitigate crop damage caused by reniform nematodes
include crop rotation and applying soil fumigants.

Pasteuria spp. are today recognized as ubiquitous soil-
borne, Gram-positive, endospore-forming bacterial en-
doparasites of numerous plant parasitic nematodes.
Pasteuria ramosa first described by Metchnikoff (1888),
as a parasite of water fleas (Cladocera; Daphinidae), and
named for his mentor Louis Pasteur, represents the
type species for the genus (Sayre et al., 1979). Sayre and
Wergin (1977), were the first to establish the relation-
ship between P. ramosa (Ebert et al., 1996), and a bac-
terial parasite of the root-knot nematode Meloidogyne sp.
(Pasteuria penetrans). Pasteuria ssp. are benign to soil
microflora and vertebrates but have reported associa-
tions with more than 100 genera, comprising 323 spe-
cies of soilborne nematodes worldwide, including many
economically important phytopathogenic nematodes
(Chen and Dickson, 1998).

Pasteuria spp. occur in nature as obligate parasites,
relying upon exponential growth and sporulation within
the body cavity of a host nematode. Infection and pro-
liferation of Pasteuria spp. are universal in all nematode
hosts. The life cycle is characterized by initial recogni-
tion and attachment of the endospore to the host cuticle,
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endospore germination, and infection through devel-
opment of a ‘penetration tube’. Subsequent vegetative
growth and proliferation within the host pseudocoelom
proceeds through development of mycelial-like micro-
colonies. The onset of sporulation is observed by the
formation of tetrad and diad clusters of cells, followed
by completion of differentiation into infective saucer-
shaped endospores enveloped by a labile exosporium.
The genetic basis of sporogenesis in Pasteuria spp. mir-
rors the well described process for the closely related
genus Bacillus (Doi, 1989).

Effectively modulating host populations via an un-
known mechanism resulting in loss of fecundity (ste-
rility), Pasteuria spp. play an ecological role as a morbus
agent and a castrating parasite. Disease presents uni-
versally, but differs in growth stage and sex of the
members of the population that are infective amongst
the ectoparasitic and endoparasitic nematodes. Disease
manifests in the death of free-living juveniles, presumably,
as a result of spore encumbrance and proliferation, and
induces a loss of fecundity in mature individuals. The
epidemiological model for Pasteuria spp., as studied in
the cladoceran parasite P. ramosa, shows that infection
largely follows the law of mass action, where the infection
rate is linearly correlated with the densities of the host
and the parasite (Regoes et al., 2003). Ciancio (1995),
reported a temporal, density-dependent relationship
between Pasteuria spp. and Xiphinema diversicaudatum
occurring in naturally infested fields, supporting the
concept of applying Pasteuria spp. as an amendment to
the soil ecosystem to dramatically reduce nematode host
populations. Numerous studies have established the
causal effect of Pasteuria spp. in reducing plant para-
sitic nematode populations and increasing crop yields
(Mankau, 1980; Bird and Brisbane, 1988; Sayre and Starr,
1988; Ciancio, 1995; Chen et al., 1996; Weibelzahl-Fulton
et al., 1996; Chen et al., 1997; Chen and Dickson, 1998;
Kariuki and Dickson, 2007).

Not surprisingly, Pasteuria spp. have gained promi-
nence as natural biocontrol agents for plant parasitic
nematodes. Pasteuria spp. have been rigorously described
for the following significantly destructive phytopatho-
genic nematode pests: Pasteuria penetrans on Meloidogyne
spp. (root-knot nematodes) (Sayre and Starr, 1985);
Pasteuria nishizawae on Heterodera spp. and Globodera spp.
(cyst nematodes) (Sayre et al., 1991); ‘Candidatus Pasteuria
usage’ on Belonolaimus longicaudatus (sting nematode)
(Giblin-Davis et al., 2003); and Pasteuria thornei on Pra-
tylenchus spp. (lesion nematodes) (Starr and Sayre,
1988). Host specificity of spore attachment varies in
robustness within Pasteuria spp. populations, ranging
from cross-genera to race-specific (Chen and Dickson,
1998). However, for many reported cases of multiple host
affinities, development within the host was either not
observed, or was not pursued. This suggests the existence
of some degree of plasticity in host recognition, and the
presence of mechanisms aside from host recognition

and attachment promulgate infection. Therefore, it is
necessary to evaluate development within the host as
a requisite to assigning host parasite relationships with
new species, strains ‘biotypes’’ of Pasteuria.

We introduce and describe a newly isolated Pasteuria
spp. parasitizing Rotylenchulus reniformis, collected from
cotton fields in and around Huxford, AL, and Quincy,
FL. Here we examine endospore morphometrics, ul-
trastructure, development, molecular genetics, and the
biocontrol capabilities of this important new biocontrol
agent of reniform nematodes.

MATERIALS AND METHODS

Pasteuria sp. isolates and cultivation: Rotylenchulus re-
niformis infected with Pasteuria spp. was obtained from
soil collected at a farm near Huxford, AL (Pasteuria spp.
isolate Pr3) and from Quincy, FL (isolate Pr4) (gift from
Jimmy Rich; North Florida Research and Education
Center, University of Florida, IFAS). Spore-filled speci-
mens were extracted from the soil using the sugar flota-
tion centrifugation technique (Jenkins, 1964). Infected
juveniles, males and females were observed microscopi-
cally at 600X and collected from a counting dish using
a glass pipette. Infection with in vivo or in vitro (pro-
duced in fermentation by Pasteuria Bioscience, Inc.)
endospores was initiated by comingling nematodes and
endospores in water with attachment aided by centrifu-
gation (Hewlett and Dickson, 1993). Infected nematodes
where cultivated in a greenhouse on cotton (Gossypium
hirsutum cv. Deltapine 444 BG RR).

DNA isolation: Endospore genomic DNA was ex-
tracted from Pasteuria spp. infected nematode cadavers
using a modification of the QIAamp DNA stool mini
kit (Qiagen cat # 51504). The spore pellet containing
;1.0 M spores was washed once in water and suspended
in 49 ml of TE buffer pH 8.0. To this was added 1 ml of
10 mg/ml Lysozyme (Sigma-Aldrich, St. Louis, MO),
the sample was vortexed and incubated at 37 oC for 30
min with intermittent vortexing. ASL lysis buffer was
added to the sample and the sample was heated at 95 oC
for 5 min, and vortexed for 15 sec. The sample was then
subjected to two freeze/thaw cycles by immersion in an
ethanol/dry ice bath and a 65 oC water bath prior to con-
tinuing with the manufacturer’s protocol. gDNA extracts
were subjected to whole genome amplification using F29
DNA polymerase multiple-strand displacement amplifi-
cation (MDA) (Genomiphi V2, GE Healthcare, Piscataway,
NJ) (Nong et al., 2007). MDA products were utilized in
downstream applications to increase the concentration
of DNA template, for example in PCR of single copy genes.

Gene amplification: PCR was performed using Easy-A
High Fidelity PCR Cloning Enzyme (Stratagene - Agilent
Technologies, Santa Clara, CA). Degenerate and non-
generate primers were used to obtain the following
partial coding sequence (cds) of Pasteuria spp. genes:
16s rDNA gene, LMS_F39-GCGGCGTGCCTAMTACA
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(modified from Atibalentja et al., 2000), and LMS_R1239-
CGACTTCGCYTCCCTCTGTAACGG (this study); and
spoIIAA_AB, LMS_F-AGGTTGTTGATGTGGTGTT and
LMS_R-TTTCCCTGCTGGCTTTCT. PCR was performed
on a BioRad iCycler thermocycler (Hercules, CA) using
the following reaction conditions: 95 oC (1 min); 40 cy-
cles of 95 oC (1 min), 61oC (16s rDNA) or 50 oC (spoII)
(30 sec), 72 oC (1.5 min); 72 oC (7 min); 4 oC (hold).

Cloning and sequencing: Positive PCR reactions as needed
were extended using Crimson Taq DNA polymerase (New
England Biolabs, Inc.), cloned into pCR�4.0-TOPO�
vector and transformed into One Shot� chemically
competent cells (Invitrogen). Transformed cells were
plated on Luria broth agar amended with Kanamycin (50
mg/ml) (LB/KN) agar plates. Positive transformants were
grown overnight in LB/KN broth and plasmids were ex-
tracted using Zyppy Plasmid Miniprep Kit (Zymo Research
Corp.). Plasmids were screened for positive transfor-
mants by restriction digestion using EcoRI and StuI (Duan
et al., 2003) restriction enzymes (New England Biolabs,
Inc.) in a double digest. Sanger sequencing was performed
by the University of Florida Interdisciplinary Center for
Biotechnology Research (ICBR). Multiple clones were se-
quenced to obtain consensus sequence for a given coding
sequence (cds).

Phylogenetic analysis: Partial cds were aligned using
CLUSTAL W2 (Thompson et al., 1994) using default set-
tings. Phylogenetic analysis was performed using MEGA
4.1 (Tamura et al., 2007). The evolutionary history was
inferred using the Neighbor-Joining method (Saitou
and Nei, 1987). The percentage of replicate trees in which
the associated taxa clustered together where assessed in
the bootstrap test (1000 replicates) (Felsenstein, 1985).
The evolutionary distances were computed using the
Maximum Composite Likelihood method (Tamura
et al., 2004) and are in the units of the number of base
substitutions per site. All positions containing gaps and
missing data were eliminated from the dataset (Com-
plete deletion option). Pairwise identity was performed
using EMBL-EBI EMBOSS Pairwise alignment (www.ebi.
ac.uk/Tools/emboss/align/) (Rice et al., 2000) using the
following method settings: Needleman-Wunsch algo-
rithm (global) (Needleman and Wunsch, 1970); Gap
opening 10.0; Gap extend 0.5; Matrix DNAfull.

Immunofluorescent assay: Vermiform R. reniformis were
exposed to in vitro produced Pasteuria sp. endospores
(Pasteuria Bioscience, Inc.). Spore attachment was facil-
itated by slow speed centrifugation, and the second stage
juveniles (J2) were cultivated on cotton (cv. Deltapine
555 BG/RR) in a greenhouse. Plants were harvested at
28 days and females were removed from roots with the
aid of a dissecting microscope. Pasteuria sp. infected ca-
davers were hand-picked with a pipette, transferred to an
Alcian blue coated circular cover slip (12 mm, #1 thick-
ness) and ruptured using a wire dental cleaning tool and
dried under a lamp at room temperature, and processed
as described previously (Schmidt et al., 2003). Mounted

specimens where challenged with anti-Pasteuria mono-
clonal antibody MAb2A41D10 (Schmidt et al., 2003) in
PBS containing 1% BSA or 0.2 % Tween 20, and detected
using anti-mouse m-chain specific secondary Ab with an
FITC conjugate (Sigma). Preparations were stored in the
dark and examined using a Leica DM2000 epifluor-
escent microscope.

Developmental windows within the host: Rotylenchulus re-
niformis from pot culture were attached with in vitro pro-
duced Pasteuria spp. Pr3 endospores using a centrifuge
attachment technique that resulted in 40-50% of the ver-
miform nematodes with spores adhering to their cuticles.
Attached nematodes were placed into small plastic cups
filled with 100 cm3 of an autoclaved mixture of 3 parts
sand and 1 part sandy loam soil. Cups with or without
a single cotton plant (Gossypium hirsutum cv. Deltapine 444
BG/RR) were established at two-day intervals for 25 days,
and placed in a growth chamber at 28 oC. At the end of the
experiment, ten nematodes observed with Pasteuria spp.
infection were selected from cups representing each time
interval for observation. Nematodes were crushed and
observed at 600X for the presence of bacterial cells and
sporulating structures. This experiment was conducted in
replicate and the data were combined for analysis.

Transmission (TEM) and Scanning Electron Microscopy
(SEM): Specimens for TEM were fixed in 4% paraf-
ormadehyde, 2.5% glutaraldehyde in 0.1M sodium ca-
codylate buffer, pH 7.24. Nematodes were processed
with the aid of a Pelco BioWave laboratory microwave
(Ted Pella, Redding, CA). The samples were washed in
0.1M sodium cacodylate pH 7.24, pelleted by micro-
centrifugation and encapsulated in 6% low-temperature
gelling agarose type VII (Sigma- Aldrich, St. Louis MO).
Encapsulated nematodes were post fixed with 2% buff-
ered OsO4, water washed and dehydrated in a graded
ethanol series 25%, 50%, 75%, 95%, 100%, followed by
100% acetone. Dehydrated samples were infiltrated in
a graded infiltration series of acetone/Spurrs epoxy
resin (Ellis, 2006), 30%, 50%, 70%, 100% and cured at
60 oC. Cured resin blocks were trimmed, thin sectioned
and collected on Formvar copper slot grids, post-stained
with 2% uranyl acetate and Reynold’s lead citrate. Sec-
tions were examined with a Hitachi H-7000 TEM (Hitachi
High Technologies America, Inc., Schaumburg, IL)
and digital images acquired with a Veleta 2k x 2k camera
and iTEM software (Olympus Soft-Imaging Solutions
Corp, Lakewood, CO). Specimens prepared for SEM
were fixed and dehydrated as above, followed by critical
point drying (Bal-Tec CPD030, Leica Microsystems,
Bannockburn, IL). Specimens were mounted on carbon
adhesive tabs on an aluminum specimen mount, Au/Pd
sputter coated (DeskII, Denton Vacuum, Moorestown,
NJ) and examined using a field-emission scanning elec-
tron microscope (S-4000, Hitachi High Technologies
America, Inc., Schaumburg, IL). High-resolution digital
micrographs were acquired using PCI Quartz software
(Quartz Imaging Corporation, Vancouver, BC, Canada).
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Biocontrol tests: Greenhouse trials were conducted to
evaluate the efficacy of Pasteuria spp. Pr3 endospores
produced by in vitro fermentation for control of reniform
nematodes on cotton. Granular formulation trial: 5000
R. reniformis eggs were inoculated into 960 ml styrofoam
cups containing 500 cm3 of sandy-loam soil. Two cotton
seeds (cv. Deltapine 555 BG/RR) were planted into the
center of each pot. A granular fired-clay formulation was
prepared that contained approximately 5.0 x 108 endo-
spores/gram of formulation. Six replicate pots were sur-
face inoculated with the granular formulation at the
following endospore loading rates: 2.0 x 107, 4.0 x 107,
6.0 x 107, 8.0 x 107, 1.2 x 108 spores/500 cm3 of soil,
and an untreated control. Pots were placed in a growth
chamber holding a constant temperature of 26 oC and
test was taken down after 20 days. Plant height, wet root
weight and number of female reniform were recorded.

Seed treatment trial: Soil infested with R. reniformis,
classified as a clay loam (pH 6.6; CEC = 4.6 - 9.0 cmolckg-1)
was collected from Huxford, AL. The soil was processed
through a 1 cm mesh sieve and subsequently mixed 1:1
with sand. Five cotton seeds (cv. DP0912 B2RF Accel-
eron) were planted in 1 kg of soil in 10 cm diam.
polyvinyl chloride (PVC) pots with screen bottoms. The
seeds were pre-treated with one of each of the follow-
ing: 1.0 x 107 Pasteuria spp. spores/seed, 1.0 x 108 Pas-
teuria spp. spores/seed, or Aeris� (Thiodicarb (24%);
Dimethyl N,N’ [thiobis[methylimino)carbonyloxy]]
bis[ethanimidotioate;Imidacloprid (24%) 1-[(6-Chloro-
3-pyridinyl)methyl]-N-nitro-2-imidazolidinimine])(Bayer
CropScience, Inc.), and an untreated control. Pots were
left uncovered during the study and maintained under
greenhouse conditions. Cotton plants were hand wa-
tered twice daily and received no further treatments. Pots
were arranged in a randomized complete block design
with seven replications per treatment. The tests were
taken down at 2, 4, and 8 weeks after planting (WAP).
Upon completion of each trial, the following data were
collected: number of plants, weight of fresh shoots (g),
weight of fresh roots (g), plant shoot height (cm), and R.
reniformis enumeration from soil and roots. Nematodes
were extracted from soil and roots (Rodrı́guez-Kábana
and Pope, 1981). Nematodes were retained on a 25-mm
pore sieve and transferred to a petri-dish for identification
and enumeration using a compound microscope. Analysis
of variance (ANOVA) and Duncan’s New MRT were per-
formed using ARM8 (Gylling Data Management, Inc.).
Means followed by the same letter are not significantly
different at P # 0.05. Mean comparisons were performed
only when ANOVA Treatment P(F) was significant at the
mean comparison observed significance level.

RESULTS

Live Immuno-fluorescent Assay (IFA): Rotylenchulus re-
niformis in soil collected from a cotton field in Huxford,
AL, were observed to have putative Pasteuria spp. (Pr3)

endospores attached to their cuticles and mature
endospores present within the body (Figs. 1). Live
immunofluorescent assay analysis of Pasteuria spp. en-
dospore-filled R. reniformis cadavers, infected by in vitro
fermentation produced Pr3 endospores cultured from
source cadavers (Pasteuria Bioscience, Inc.), displayed
immunofluorescence upon challenge with anti-Pasteuria
monoclonal antibody MAb2A41D10. MAb affinity for
an epitope presented on the endospore surface con-
firmed the presence of Pasteuria spp. in the native field
population (data not shown) and within hosts inoculated
with in vitro produced Pr3 endospores (Figs. 2).

Spore morphometrics: Scanning electron microscopy
was performed on Pr3 (native and fermentation pro-
duced) endospores (Figs. 3 and Figs. 4, respectively), and
native Pr4 endospores (Figs. 5) attached to R. reniformis
hosts. Rotylenchulus reniformis Pasteuria spp. endospores are
distinctive, presenting as highly domed-shaped (vertically
elongated), and having a predominant and horizon-
tally elliptical central body (spore core). The endospore
surface was granular in appearance, with evidence of
sloughing of a loosely attached, fragmented exospo-
rium. Measurements were obtained of endospores at-
tached to the host to obtain representative measurements
of field isolates. Pr4 endospores displayed an average
height of 1.29 mM (+/- 0.150) and a width of 2.26 mM
(+/- 0.206), reporting an average height to width ratio
of 0.57. The average height and width of Pr3 endospores
are 1.24 mM (+/- 0.144) and 1.98 mM (+/- 0.228), re-
spectively. The average height to width ratio is 0.63.
Additionally, the height and width of the spore core
was 0.43 mM (+/- 0.042) and 0.962 mM (+/- 0.107),
respectively.

Transmission electron micrographs show the devel-
opmental stages of Pr3 display the typical sporulation

FIG. 1. Brightfield micrographs of Pasteuria spp. Pr3 endospores
attached to and infecting Rotylenchulus reniformis recovered from field
soil in Huxford, AL. A) Arrows indicate endospores attached to the
cuticle surface. B and C) Show endospores attached to the cuticle and
the presence of mature endospores within the body cavity (indicated
by arrows in C).
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typology documented for the Pasteuria spp.. The various
morphologies associated with Stages I-VII of sporulation
in the Pasteuria associated with R. reniformis are presented
in Figs. 6. The outer spore coat of the mature endospore
is observed to be asymmetrical and is thickest at the apex;
gradually thinning towards the basal germinal pore. The
parasporial fibers emerge from mid-lateral of the central
body, along the full lateral extent of the central body. The
central body is minimally covered apically by the spo-
rangial sack.

Developmental windows: Rotylenchulus reniformis Pas-
teuria spp. were observed to infect and complete their
life-cycle in juvenile, male and female reniform nema-
todes. Pasteuria spp. germination occurred rapidly after
attachment on day 1, with and without cotton plants.
Mycelial structures and thalli were present by day 3 in
soil with cotton plants and by day 7 in soil alone. Mature
Pasteuria endospores were formed by day 15 in soil with
cotton plants and by day 23 in soil alone.

Phylogenetic analysis: PCR amplification using Pas-
teuria species specific degenerate primers selectively
amplified Pasteuria spp. 16s rDNA in heterogeneous

gDNA extracts. Phylogenetic analysis of the partial cds
of 16s rDNA using the neighbor-joining method and
boot strap test of reliability (1000 replications) places
Rotylenchulus reniformis Pasteuria spp. congeneric with
Pasteuria spp.. Based upon 16s rDNA, R. reniformis Pas-
teuria isolates Pr3 and Pr4 share close homology to two
other newly sequenced isolates, one from Belonolaimus
longicaudatus (Bl1), and a ‘‘small-spore’’ Pasteuria (Giblin-
Davis et al., 1990) from Hoplolaimus galeatus (Ph4) (Figs.
7). The Pasteuria isolated from plant parasitic nema-
todes are observed to form a ‘‘super’’ monophyletic clade
with 100% boot strap support, distinguishing them from
Pasteuria associated with the bacteriophagous nema-
todes. Distinctive sub-clades within the phytopathogenic

FIG. 2. Immunofluorescent micrograph showing detection of Ro-
tylenchulus reniformis Pasteuria spp. Pr3 in situ in a mechanically ruptured
specimen using monoclonal antibody MAb2A41D10 and visualized
with fluorescein-conjugated anti-mouse IgM m-chain specific secondary
antibody. A) Brightfield 40X objective under epifluorescence with a
495 nm excitation filter showing an epitope on the surface of R. reniformis
Pasteuria spp. that is reactive with this Pasteuria-specific MAb. B) Same as
in A) with fluorescence excitation.

FIG. 3. Scanning electron photomicrographs of Rotylenchulus re-
niformis Pasteuria spp. Pr3 isolated from a cotton field in Huxford, AL.
A-D) Showing Pasteuria Pr3 endospore morphology as recovered and
observed on a field population of R. reniformis.

FIG. 4. Scanning electron photomicrographs of Rotylenchulus re-
niformis Pasteuria spp. Pr3 endospores produced by in vitro fermen-
tation. A-D) Pasteuria Pr3 endospores attached to the cuticle of R.
reniformis demonstrating endospore morphological characteristics.
Note in C) the endospore attached to an R. reniformis specimen in the
process of molting.

FIG. 5. Scanning electron photomicrographs of Rotylenchulus re-
niformis Pasteuria spp. Pr4 isolated from a cotton field in Quincy, FL.
A) Male R. reniformis with a Pasteuria spp. endospore attached. B-D)
Showing morphology of the Pr4 isolate on several specimens. Note in
C) the presence of a non-germinated endospore releasing and par-
tially encapsulated by epidermal tissue following a recent molt.
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nematode Pasteuria are comprised of the P. penetrans
group (Meloidogyne sp.), with 99% boot strap support,
Pasteuria isolated from Heterodera glycines with 100%
boot strap support, and the Mesocriconema ornatum
(Orajay, 2009) Pasteuria with 100% boot strap support.
Phylogenetic analysis of a 778 bp sequence of the com-
bined portion of spoIIAA and spoIIAB place R. reniformis
Pasteuria spp. isolates congeneric within the nematode
Pasteuria spp. with 100% boot strap support (data not
shown). Results of percent identity analysis of the 16s
rDNA partial cds using EMBOSS (Rice et al., 2000) show
that R. reniformis Pasteuria spp and several newly screened
Pasteuria spp. isolates from Belonolaimus longicaudatus
and Hoplolaimus galeatus share $ 97% identity over the
1170 Bp 5’-biased end of the 16 rDNA molecule used for
analysis (Tables 1).

Biocontrol efficacy tests: A topical granular formation
and a seed coat treatment application of Pr3 endospores
was tested in separate trials. Application of a granular clay
formulation comprising 2.0 x 107 to 1.2 x 108 spores per
500 cm3 soil compared with an untreated control (Figs.
8) showed a inverse linear relationship between spore
loading rate and number of female reniform nematodes
producing a theoretical line fit of R2 = 0.986. The maxi-
mum soil spore loading rate of 1.2 x 108 spores/500 cm3

reduced females by 82.3% as compared to the untreated
control.

The results of the seed treatment trial with 1.0 x 107

and 1.0 x 108 Pasteuria Pr3 endospores/seed, or thio-
dicarb/imidacloprid showed a 39.5%, 58.6% and 64.3%
decrease in total reniform nematodes, respectively, as

compared to the untreated control (Figs. 9). Equivalent
reductions were observed in both the soil-borne and
root-borne reniform nematode populations.

DISCUSSION

Rotylenchulus reniformis Pasteuria spp. endospores were
shown to display a ‘‘universal’’ epitope recognized by
the anti-Pasteuria monoclonal antibody MAb2A41D10
as previously observed for all Pasteuria spp. challenged
with this MAb (Preston et al., 2003), including P. ramosa,
the cladoceran parasite (Schmidt et al., 2008). This
epitope has been shown to be expressed in the early
stages of sporulation associated with parasporial fiber
development (Stage III sporogenesis) and presents as a
supramolecular component of mature endospores
(Brito et al., 2003). The properties of this antigen are
consistent with a putative adhesion conferring viru-
lence to the nematode host. Detection of this epitope
by immunofluorescent assay in this study provided ini-
tial confirmation that the spores observed attached to
the cuticle of R. reniformis nematodes and also pro-
liferating within the pseudocoelom were Pasteuria spp.
prior to conducting genomic analysis. As in previous
studies, MAb2A41D10 is demonstrated as a valuable tool
in indentifying Pasteuria infection in phytopathogenic
nematodes as a requisite to further analysis (Schmidt
et al., 2003).

Morphologically, Pr3 and Pr4 endospores are distinc-
tive from most described Pasteuria spp. in being highly
vertically elongated and having an uncharacteristically

FIG. 6. Transmission electron photomicrographs of Rotylenchulus reniformis Pasteuria Pr3 parasitizing its host. A) Free endospores. B-C)
Pasteuria endospores bound to host cuticle in the first stage of infection. C) Shows development of the germ (penetration) tube at the base
of the attached endospore indicating germination. D) Stage I of sporulation (mycelial stage) of development (center right) and a mature
endospore (upper left) in the pseudocoelom of a single specimen. E) Stages I-V of sporulation. F) Fully mature Stage VII Pasteuria endospores.
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large and broadly exposed spore cortex (central body).
They most closely resemble the description given of the
Mesocriconema ornatum (ring nematode) Pasteuria spp.
(RNP) (Orajay, 2009). Typologically, the RNP and re-
niform nematode Pasteuria spp. are very similar. The
endospore height:width for RNP reported by Orajay

(2009) of 0.59, is intermediate to that observed here for
Pr3 (0.63) and Pr4 (0.57). The central body presents as
a horizonally-oriented ellipse similar to P. penetrans and
P. nishizawae and contrasts with the rounded-ellipse of
Candidatus Pasteuria aldrichi (Giblin-Davis et al., 2010)
which is similar in shape to P. ramosa the Cladoceran
parasite (Sayre et al., 1979). The inner and outer spore
coat are of similar thickness dorsally and laterally, with
the outer spore coat becoming thinner ventrally upon
approach to the germinal pore. There is no evidence of
a basal ring surrounding the germinal pore as evidenced
in P. penetrans (Chen et al., 1997). There is no evidence
of lateral microprojections in the outer spore coat as
evidenced in P. penetrans, Candidatus Pasteuria usage and
P. nishizawae.

The process of infection and etiology of disease is
universal in Pasteuria spp. (Tian et al., 2007), however,
the rate of growth and differentiation varies between
hosts and is influenced by ambient environmental tem-
perature (Chen and Dickson, 1997; Serracin et al.,
1997). The rate of growth of the Pasteuria spp. parasit-
izing R. reniformis is rapid compared to the growth rate of
P. penetrans in Meloidogyne spp.; reaching sporulation in
208 degree days verses 500 degree days for P. penetrans at

TABLE 1. Pairwise identity matrix compiled using the 1170 bp 5’’-
biased 16s rDNA cds of Pasteuria spp. isolates using EMBOSS (EMBL-
EBI) Needle-Wunsch (global) algorithm with the following methods
settings: Matrix DNA full; Gap opening 10.0; and Gap extend 0.5.

Pr3 Pr4 Bl1 Ph4 Pp1_A Pp1_B P. penetrans
(AF077672)

Pn1

Pr3 100 98.9 97.9 97.3 97.0 97.3 97.1 97.2
Pr4 98.9 100 98.0 97.4 97.2 97.4 97.4 97.1
Bl1 97.9 98.0 100 98.4 97.2 97.3 97.3 97.0
Ph4 97.3 97.4 98.4 100 97.5 97.8 97.7 97.3
Pp1_A 97.0 97.2 97.2 97.5 100 99.1 99.7 97.3
Pp1_B 97.3 97.4 97.3 97.8 99.1 100 99.2 97.2
P. penetrans

(AF077672)
97.1 97.4 97.3 97.7 99.7 99.2 100 97.3

Pn1 97.2 97.1 97.0 97.3 97.3 97.2 97.3 100

a Pasteuria spp. isolate recovered from B. longicaudatus (Sting nematode).
b Pasteuria spp. ‘‘Small spore’’ isolate recovered from H. galeatus (Lance

nematode).
c Pasteuria penetrans isolated from M. arenaria (Root-knot nematode).
d Pasteuria spp. recovered from H. glycines (Soybean cyst nematode).

FIG. 7. Phylogenetic relationship of Rotylenchulus reniformis Pasteuria (Pr3 and Pr4) to other Pasteuria spp. associated with plant parasitic
nematodes (Clade 1), bacterivorous nematodes, and the Cladoceran (Daphnia magna) based on 16s rDNA sequences. The tree was constructed
using 1170 bp alignable sequences with a total of 1126 positions in the final data set, and Thermoactinomyces peptonophilus and Paenibacillus
polymyxa serving as out groups. The evolutionary history was inferred using the Neighbor-Joining method. The evolutionary distances were
computed using the Maximum Composite Likelihood method. All positions containing gaps and missing data were eliminated from the dataset
(Complete deletion option). The boot strap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the
taxa analyzed using MEGA 4.1 (Tamura et al., 2007). Branches corresponding to partitions reproduced in the in less than 50% bootstrap
replicates are collapsed.
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28 oC (Serracin et al., 1997). Interestingly, bacterial de-
velopment and differentiation was also observed in the
absence of a host plant, demonstrating reniform Pas-
teuria can infect and multiply in non-feeding hosts,
however, development was more rapid in the presence of
the host plant. Pr3 endospores were also observed to
infect and complete their life-cycle in juvenile, male and
female reniform nematodes. Pasteuria spp. associated
with principally ectoparasitic nematodes are observed to
complete their life cycles in various life-stages and host
sexes (Ciancio et al., 1992; Ciancio et al., 1998). Pasteuria
penetrans has been observed only rarely to develop in
Meloidogyne sp. males and juveniles (Chen and Dickson,
1997). Pr3 development was found to be asynchronous,
wherein, multiple developmental growth and sporula-
tion stages were observed within a single individual.
Multiple infection events are likely to occur as spores
were observed attached to the cuticle of advanced-stage
infected vermiform nematodes.

Phylogenetic analysis using the partial cds of the 16
rDNA gene of Pasteuria spp. infecting two regionally
distinct R. reniformis populations showed very little intra-
‘‘species’’ variation and supported placement of these
Pasteuria congeneric within the phytopathogenic nem-
atode Pasteuria. Two newly sequenced isolates, Bl1 from
B. longicaudatus and Ph4 a ‘‘small-spore’’ Pasteuria spp.,
(potentially the same isolate first described by Giblin-
Davis, 1990) from H. galeatus were closely related to Pr3
and Pr4 indicating similar evolutionary histories. A ro-
bustly supported monophyletic clade (bootstrap sup-
port 100%) separates the Tylenchid nematode Pasteuria
spp. from the bacteriovorous nematode Pasteuria and
the Cladoceran parasite P. ramosa. The observed lack of
a strongly supported lineage definition within the Pas-
teuria infecting phytopathogenic nematodes (bootstrap
support of 52%) is the result of overall strong 16s rDNA
sequence conservation within the Pasteuria infecting
different hosts. Pairwise identity compilation of the
Pasteuria isolated from R. reniformis (Pr3 and Pr4), Me-
loidogyne arenaria Race 1 (Pp1), B. longicaudatus (Bl1),
H. galeatus (Ph4), and Heterodera glycines (Pn1) dem-
onstrated 97.0% or greater sequence similarity and
identity based on 1170 BP of the 5’-biased end of the
16s rDNA molecule. Pairwise alignment reveals the first
approximately 300-400 Bp of the 5’-end of 16s rDNA in
Pasteuria harbors the greatest degree of sequence het-
erogeneity in isolates infecting the same host, with the
remainder of the molecule showing very little relative
sequence diversity. A surprising degree of 16s rDNA se-
quence diversity was found within what was considered
a single strain of Pasteuria penetrans infecting M. arenaria
(Duan et al., 2003). Clones containing variable coding
sequences were observed in this first reported environ-
mental screen for Pasteuria conducted by Duan et al.,
2003 and their findings shed light, and likely represent
only the ‘‘tip of the iceburg’’ with regard to the hetero-
geneity of 16s rDNA of Pasteuria occupying a host defined
niche. Evidence suggests that construction of phylogeny

FIG. 8. Mean number of Rotylenchulus reniformis females on roots following a 20 day greenhouse cotton test showing dose response of varying
application rates of Pasteuria Pr3 endospores applied as a top dressing in a granular clay formulation on cotton plants. Bars represent the sample
standard deviation of six replications per treatment.

FIG. 9. Mean number of Rotylenchulus reniformis on cotton at 4 weeks
post treatment following seed-coat application with Pasteuria Pr3
endospores or the nematocide/insecticide; thiodicarb/imidacloprid.
Bars represent the sample standard deviation of seven replications per
treatment. Letters indicate statistical significance at P # 0.05.
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and speciation using the 16s rDNA model standard is an
insufficient and somewhat arbitrary measure in defining
Pasteuria spp. ecological role and host association. Preston
et at., 2003, importantly introduced the concept of Pas-
teuria species-‘‘biotypes’’ based on presence of variable
molecular weight glycopeptides forming a supramolecu-
lar structure recognized by a universal Pasteuria-specific
monoclonal antibody (Preston et al., 2003; Schmidt
et al., 2008). These carbohydrate ligands are formed in
the process of sporulation (Brito et al., 2003) and are
believed to perform a primary role in host recognition
and attachment (Persidis, 1991; Davies and Danks,
1993; Davies and Redden, 1997; Charnecki, 1998).
Clearly, the genes conferring the biochemistry that allows
for host-specific virulence may more clearly distinguish
the Pasteuria spp. and elucidate parity with regard to host-
parasite interactions.

The precedent for Pasteuria as an agent for bio-
control of a number of important phytopathogenic
nematodes pathogens is well established (Davies and
Danks, 1992; Chen and Dickson, 1998; Atibalentja et al.,
1998). Belonoliamus longicaudatus populations where
reported to decline linearly upon application of in vitro
produced endospores (PBI-Bl1) at a soil spore loading
level $ 2.8 x 104 endospores/ cm3 soil, and Pasteuria
proliferation within nematode cadavers was also observed
(Luc et al., ‘‘in press’’). In a related study, Pasteuria Bl1 in
vitro produced endospores where shown to suppress B.
longicaudatus populations from 20% to 63% when com-
pared to the non-treated control depending upon the
type of formulation applied (Luc et al., ‘‘in press’’). Pas-
teuria penetrans present at a level of 1.0 x 105 endospores/g
of soil provide immediate control of Meloidogyne arenaria
(Chen and Dickson, 1998). This is the first reported study
of a Pasteuria spp. to control reniform nematode. The
efficacy of R. reniformis in vitro Pasteuria Pr3 endospores to
reduce reniform nematode populations on cotton was
established using differing methods of endospore appli-
cation. A seed-coating density of approximately 1 x 108

endospores/seed provides control equivalent to the
commercial seed treatment Aeris�. The results of these
tests indicate that Pr3 Pasteuria endospores demonstrate
the ability to suppress reniform nematodes and may
effectively control reniform populations on cotton in
a commercial application.

Discovery, characterization and commercial
development/application of a Pasteuria biotype to con-
trol reniform nematode constitutes significant progress
in expanding the role of Pasteuria spp. in addressing the
serious damage and economic losses associated with
nematode predation on cotton. Future development is
expected to address another important cotton pest,
Meloidogyne incognita. The potential for Pasteuria as a
natural and robust biocontrol agent of phytopatho-
genic nematodes has been espoused over several de-
cades by many nematologists. As investigators continue
to characterize new isolates, and perform research to

better understand the mechanisms of differentiation
and virulence, and full-scale commercial application is
realized, we may then begin to witness fruition of this
most anticipated reality.
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