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RFLP Analysis of PCR Amplified ITS and 26S Ribosomal

RNA Genes of Selected Entomopathogenic Nematodes
(Steinernematidae, Heterorhabditidae)'

C. G. Nasmits,? D. SPERANZINI, R, JENG, and M. Husses

Abstract: This study examined the polymerase chain reaction (PCR) amplified internal transcribed
spacer (ITS) and 26S ribosomal DNA (rDNA) regions of 15 entomopathogenic nematode isolates
including Steinernema feltiae syn. bibionss, S. glaseri, seven strains of S. carpocapsae, four strains of
Heterorhabditis bacteriophora, and two field isolates. RDNA length variation was not observed among
the isolates examined. Restriction fragment length polymorphisms (RFLP) of PCR amplified ITS
and 268 regions provided specific banding patterns for all isolates but §. feltiae syn. bibionis and S.
glaseri. These two species were separated by zymograms of esterase and tetrazolium oxidase. A field
trapping method retrieved two isolates of naturally occurring nematodes. One field isolate collected
(F1) displayed banding patterns identical to those of S. carpocapsae DD136 released in the same
location 1 year earlier. The second field isolate (F2) had unique PCR-RFLP profiles compared with
all other strains. This study provides a rapid molecular taxonomic method 10 more fully establish
species relationships among members of Steinernema and Heterorhabditis.
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Entomopathogenic nematodes of the
families Steinernematidae and Hetero-
rhabditidae are successful biological con-
trol agents for a wide range of insects (10,
15,18,19,21). Management results, how-
ever, are known to vary when different
species and strains of nematodes are as-
sayed (8). This variation is thought to be
derived from inherent genetic diversity
and incorrect population identification.
With the increasing interest in use of en-
tomopathogenic nematodes for biocontrol
of insect pests, an efficient, reliable tech-
nique is required to identify nematode iso-
lates with stable characters.

Classical taxonomy among species of
Steinernema and Heterorhabditis is based
primarily on the structure of morphologi-
cal features including spicules; genital pa-
pillae; phasmids; and various ratios involv-
ing the distances between the head, excre-
tory pore, nerve ring, and tail (20,27,29,
30). Cross-breeding studies involving
inoculation of hanging droplets of blood

Received for publication 30 September 1994.

! Supported in part by a Canadian National Science and
Engineering Research Council (NSERC) Collaborative Re-
search and Development Grant, Kord Products Ltd., and a
University of Toronto Open Fellowship.

2 Forest Pathology Laboratory, Faculty of Foresiry, Earth
Sciences Centre, University of Toronto, 33 Willcocks Street,
Toronto, Ontario, Canada M5S 3B3.

and inoculation of a single female and
male into the larvae of Galleria mellonella
strengthened species classifications (1,28).

The increasing need 1o diversify meth-
ods of taxonomic resolution has been out-
lined with reference to the incongruities
between morphological and molecular
characters for two species of plant-
parasitic nematodes, namely Heterodera
schachtii and H. glycines (12).

Thirteen isolates of entomopathogenic
nematodes (Steinernema spp. and Hetero-
rhabditis spp.) were separated using total
protein and selected isoenzymes (36).
Isozyme patterns are useful markers, but
they are often limited by an insufficient
number of detectable loci and low level of
polymorphism. Since proteins are prod-
ucts of genes and are therefore subject to
environmental constraints, more stable
characters are required to establish solid
relationships between nematode isolates.
DNA markers are almost unlimited in
numbers and allow accurate coverage of
the genome (17,23).

Ribosomal DNA (rDNA) has become a
useful DNA region for classifying eukary-
otes at various taxonomic levels (16). The
rDNA is a multi-copy, tandemly repeated
array occurring in the nucleolar organizer
region at one or several chromosomal sites
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(22). Within the rDNA cistron are coding
and noncoding sequences that can be used
to study various taxonomic levels, from
within species populations to taxa at or
above genera. The rDNA coding genes
vary in evolutionary conservation from
most-conserved 18S, 5.8S, to least-
conserved 26S. The spacer regions includ-
ing ETS (external transcribed spacer), I'TS
(internal transcribed spacer), and IGS (in-
tergenic spacer) are more variable than the
gene regions and are generally used for
analysis at or below the species level (4).
Concerns with classical identification
methods include the level of sensitivity a
technique offers as well as the requirement
for sufficient amounts of material neces-
sary for successful analysis. With the ad-
vent of the polymerase chain reaction
(PCR), even minute amounts of specific
target DNA can be exponentially ampli-
fied for restriction fragment length poly-
morphism (RFLP) analysis (2,5,25). The
presence of polymorphic bands reflects
the amount of DNA sequence divergence
between the compared populations (38).
RFLP analysis of the PCR amplified ITS
region was used to differentiate members
of the Xiphinema americanum group (37).

Recently, species of Ditylenchus were sepa-
rated using PCR-RFLP analysis of ITS
rDNA (39). The I'TS region was also found
to be useful in differentiating members of
the plant-parasitic nematode Heterodera
spp- (13,14). Thirteen entomopathogenic
nematodes were compared by PCR-RFLP
analysis and, although rDNA markers
were useful at the species level, the results
were not clear (34).

The objective of this study was to deter-
mine useful characters from PCR-RFLP
analysis of the ITS and 26S rDNA regions
in order to describe biological diversity
and resolve genus, species, and sub-
specific groupings for 15 populations of
entomopathogenic nematodes.

MATERIALS AND METHODS

Fifteen entomopathogenic nematode
isolates were compared in this study. Thir-
teen nematode isolates were obtained from
various laboratories {Table 1). The two iso-
lates remaining were field isolates collected
from nursery soil at Somerville Nurseries,
near Alliston, Ontario, Canada. These two
field isolates were designated field isolate 1
(F1) and field isolate 2 (F2) and are unde-
scribed beyond this study.

TaBLe 1. Origin of the entomopathogenic nematodes used in this study.
Species Strain Study code Source
Steinernema feltiae bibionis F G. Thurston, McGill University Ste Anne de
(Filipjev) Bellvue, Quebec, Canada
S. glaseri glaseri G J- M. Webster, Simon Fraser University,
(Steiner) Burnaby, B.C., Canada
S. carpocapsae biosafe B Plant Products, Mississauga, Ontario, Canada
(Weiser)
All A O. N. Morris, Agriculture Canada, Winnipeg,
Manitoba, Canada
breton R O. N. Morris
42 42 J- M. Webster
DDI136 D J- M. Webster
mexican M O. N. Morris
kapow K G. Thurston
Heterorhabditis PheroTech P O. N. Morris
bacteriophora ND N G. Thurston
(Poinar) HP88 Hp O. N. Morris
bacteriophora Hb O. N. Morris
Field Isolate 1 Undescribed F1 C. G. Nasmith, Galleria Field trapped;
Somerville Nurseries, Conifer plantation:
Alliston, Ontario, Canada
Field Isolate 2 Undescribed F2 C. G. Nasmith (as above)
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Nematode field trapping: Ongoing studies
concerned with the biocontrol of conifer-
ous tree pests, such as root weevils (Otio-
rhynchus spp.) in forest nurseries, provided
the opportunity to determine whether nat-
urally occurring entomopathogenic nema-
todes could be trapped in the same soil
habitat as the root weevil pests (26).

Two windows were cut from a 15-ml Fal-
con polypropylene tissue culture tube. A
removable sock made from aluminum
screen was placed inside the tissue culture
tube. Four greater wax moth (Galleria mel-
lonella 1.) larvae were placed in the sock
and then sealed. The tube was capped and
the trap was placed around six randomly
selected Colorado Blue Spruce (Picea pun-
gens Englem.) trees. The traps were lo-
cated 40 cm from the center of the tree, at
a depth of 20 cm in each of 4 quadrats (one
trap per quadrat). Traps were recovered
from the soil 7 days later and placed on
White’s water traps for entomopathogenic
nematode recovery (40). Two isolates were
recovered and designated as field sample 1
(F1) and field sample 2 (F2).

Nematode rearing: All isolates used in this
study were reared in vivo on final instar
larvae of Galleria mellonella (Lepidoptera:
Pyralidae) (9). Freshly emerged nematodes
were collected on White’s water traps and
stored in 75-mm? tissue culture flasks, in
the dark, at 10 C (40). Nematodes were
allowed to settle to the bottom of the flasks.
The volume of water in the flasks was re-
duced, and the remaining nematodes were
dried under vacuum through millipore fil-
ters. The nematodes were removed from
filters to 1.5-ml Eppendorf centrifuge
tubes (ca. 20% volume), freeze-dried over-
night, and then stored at —70 C until use.

DNA extraction: DNA was extracted by
homogenizing approximately 25 mg of
freeze-dried nematodes in 1.5-ml tubes
with 500-600 pl of 10% CTAB (cetyltri-
methylammonium bromide) lysis buffer
containing 0.5M EDTA (ethylenediamine-
tetraacetic acid) (pH 8.0), 1M Tris-HCI
(pH 8.0), 5M NaCl (pH 8.0), 1% B-mercap-
toethanol (31). Following centrifugation at
10,000¢g for 15 minutes, the pelleted DNA

was finally resuspended in 50 ul of Tris-
EDTA. The amount and integrity of total
genomic DNA were determined by elec-
trophoresis on 0.8% agarose gels. DNA
was stored at 4 C for immediate use and at
—20 C for long-term storage.

PCR amplification: All PCR relations
were performed in 50- or 100-ul reaction
mixtures including: 5-15 ng of DNA; 0.5
pM of each primer; 10 mM Tris-HC]; 50
mM KCL; 1.5 mM MgCly; 0.02% gelatin;
200 pM each dATP, dCTP, dTTP, and
dGTP; and 1.0-2.0 units of Tag poly-
merase (Boehringer Mannheim).

Sequences corresponding to the ITS
and 268 subunits of the rDNA cistron were
amplified and analyzed for length poly-
morphisms among the nematode isolates.
The sequence of the I'TS1 (5'-dTCCGT-
AGGTGAACCTGCGG) and ITS4 (5'-
dTCCTCCGCTTATTGATATGC-3")
primers used in this study is based on the
alignment of fungal sequences (41). The
sequence of 2651 (5'-dCTAAAAAGGAT-
TCCCTTAGTAACGGCGAGT-3") and
26S2 (5'-dGAGCCAATCCTTTTC-
CCGAAGTTA-3') primers was derived
from the rDNA sequence data of Cae-
norhabditis elegans (11).

All reactions were topped with two
drops of mineral oil and run in a thermal
cycler (Perkin-Elmer Cetus). PCR reaction
conditions are as follows: 3 minutes at 94
C, 60 seconds at 45 C, 10 seconds at 60 C,
ramping 5 seconds per degree to 72 C, 60
seconds at 72 C; 30 cycles of 60 seconds at
94 C, 60 seconds at 45 C, 10 seconds at 60
C, ramping b seconds per degree to 72 C,
60 seconds at 72 C; and a final extension
cycle of 8 minutes at 72 C (26).

Once PCR amplification was complete,
10 pl of the amplified product from each
sample and DNA size ladders (1kb [Gibco
BRL] as well as 100 bp [Pharmacia]) were
analyzed by running the amplified prod-
uct on a 1.5% agarose gel prepared with
Tris-borate-EDTA (TBE) (89 mM Tris-
HCI, 89 mM boric acid, and 20 mM
EDTA). The gel was stained with ethidium
bromide, visualized, and photographed
under UV light (32). PCR amplified prod-
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ucts were confirmed as I'TS and 26S rDNA
by transfer hybridization analysis with
digoxigenin labelled rDNA isolated from
Fusarium oxysporum (A. Dugal pers.
comm.). Blotting and hybridization proce-
dures followed manufacturers’ (Boeh-
ringer Mannheim) specifications.

All restriction enzyme procedures fol-
lowed manufacturers’ (Boehringer Mann-
heim, Pharmacia, and Promega) specifica-
tions. Amplified ITS and 26S products
were digested with 14 different restriction
enzymes (Aat 11, Alu 1, Apa 1, Bam HI, Bgl
1, Eco RI, Hae 111, Hind 111, Hinf 1, Pst 1,
Rsa 1, Sac I, Xba 1, and Xho 1) electro-
phoresed in 1.5% agarose gels, stained
with ethidium bromide, and visualized un-
der UV light for the presence of DNA.

REsuLTS

Procedures for obtaining PCR amplified
products were repeated four times for
consistency of results. Amplified products
were reamplified to ensure they were rea-
sonably free of foreign products. Restric-
tion digests were repeated at least three
times for all nematode isolates.

PCR amplification: The entire procedure,
from nematode collection to the start of
the PCR, could be completed in less than
24 hours, and the extraction steps usually
took 3—4 hours to complete. Each 1.5-ml
microcentrifuge tube was filled to approx-
imately 25-30% volume with freeze-dried
nematodes, yielding approximately 50-75

L2 F G B A R 42

g DNA, sufficiently pure for PCR and
restriction enzyme analysis.

PCR amplification of the entire ITS re-
gion (Fig. 1a) generated one fragment of
approximately 0.88 kb for all isolates. This
product represents the approximately
1-kb fragment expected from the known
sequence of the rDNA of Caenorhabditis el-
egans (11). A fragment of approximately
1.9 kb was generated, representing the 265
region for all isolates (Fig. 1b). This frag-
ment is approximately half of that ex-
pected (ca. 3.5 kb) from the known rDNA
sequence for C. elegans, from which the
primers were derived (11). No length vari-
ation was observed for both ITS and 26S
regions among the isolates; therefore,
RFLP analysis was used to determine the
sequence variation within the amplified
products of each isolate.

PCR-RFLP analysis: Four of the 14 re-
striction enzymes used to digest the ITS
and 26S amplified products produced
polymorphic fragments. RFLPs were
found when the ITS product was digested
with Aat I, Hinf 1, Hind 111, and Rsa | (Fig.
2, Table 2). With all four enzyme digests,
Steinernema feltiae syn. bibionis (F) and S.
glaseri glaseri (G) showed identical RFLPs.
Steinernema carpocapsae strains (B, A, R, 42,
D, M, K), Heterorhabditis bacteriophora
strains (P, N, Hp, Hb), and field isolate 1
(F1) had identical RFLPs with all enzyme
digests of I'TS. Steinernema glaseri glaseri
(G), S. feltiae syn. bibionis (F), and field iso-
late 2 (F2) revealed no cutting site when

DMK P N Hpo Hb F1 F2 L1
——

Fic. 1. Agarose gel of the polymerase chain reaction (PCR) amplified internal transcribed spacer (ITS) (a);
and 265 rDNA (b); regions for Steinernematid, Heterorhabditid, and field isolated nematodes (as abbreviated
in Table 1). L1 = 1 kb ladder. L2 = 100 bp ladder. ¢ = control with no DNA.
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Fic. 2. Agarose gel of PCR amplified 1TS, digested with Aat I1 (a); Hind 111 (b); Hinf I (c); and Rsa I (d)
for Steinernematid, Heterorhabditid, and field isolated nematodes (as abbreviated in Table 1). L1 = 1 kb
ladder. L2 = 100 bp ladder. e = empty lane, no DNA loaded.



Tasre 2.  Estimated restriction fragment sizes (bp) of PCR amplified ITS and 26S rDNA.

RFLPs of selected entomopathogenic nematode isolates

DNA  Enzyme F G B A R 42 D M K P N Hp Hb ¥l F2
ITS  AatIl 880 880 - - — - - — - - - - - - 880
- — 650 650 650 650 650 650 650 650 650 650 650 650 —
— - 230 230 230 230 230 230 230 230 230 230 230 230 -
HindIII — - - — - - - - - - - - - - 880
- - 780 780 780 780 780 780 780 780 780 780 780 780 -
730 730 — - - — — - — - - — - — -
150 150 - - — - - - — - - - — — —
— - 100 100 100 100 100 100 100 100 100 100 100 100 —
Hinfl 880 880 - - - - - - - - — - - — -
- - - - - - - - - - - - - - 680
- - 420 420 420 420 420 420 420 420 420 420 420 420 -
- - 290 290 290 290 290 290 290 290 290 290 290 290 —
- — - — - - - - - - — - - - 200
Rsal 550 550 - - - - - - - - - - - — -
- - 410 410 410 410 410 410 410 410 410 410 410 410 -
- - 310 310 310 310 310 310 310 310 310 310 310 310 310
- - - - - — — — - — - - — - 270
- - 170 170 170 170 170 170 170 170 170 170 170 170 170
140 140 - - - - - - - — — - — — 110
268 BamH]I 1,900 1,900 - - - - - - — - - - -~ - 1,800
- - 1,860 1,860 1,860 1,860 1,860 1,860 1,860 — - - — 1,860 -
- — - - - — - — - 1,200 1,200 1,200 1,200 - -
- — - — - - - — - 700 700 700 700 — -
Haelll - — 960 960 960 960 960 960 960 - - - - 960 -
790 790 790 790 790 790 790 790 790 - - — - 790 790
540 540 - - - — - - — 540 540 540 540 - 540
- - - - — - — - - - — - — - 420
- - - - — - - - — 400 400 400 400 - -
— - — - — - - - — 360 360 360 360 - -
340 340 - — - - — - - — - - - — —
HindIII 1,900 1,900 - - — - - - - 1,900 1,900 1,900 1,900 - 1,900
- — 1,340 1,340 1,340 1,340 1,340 1,340 1,340 - - - - 1,340 -
- - 650 650 650 650 650 650 650 - - - - 650 -
Sacl - - 1,060 1,050 1,050 1,050 1,050 1,050 1,050 1,900 1,900 1,900 1,900 1,050 -
1,020 1,020 — - - - - - — - - - - — 1,020
850 850 850 850 850 850 850 850 850 - — - - 850 850

* (—) Fragment absence.
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I'TS was digested with Aat 11 (Fig. 2a). Field
isolate 2 (F2) was the only isolate with no
cutting site when ITS was digested with
Hind 111 (Fig. 2b). Hinf I digest of I'TS re-
vealed no cutting site for both §. feltiae syn.
bibtonis (F) and S. glaser: glaseri (G) (Fig.
2¢). Field isolate 2 (F2) revealed two frag-
ments (680 bp and 200 bp) separating it
from all other isolates when ITS was di-
gested with Hinf 1. Rsa 1 digests of ITS
revealed that the field isolate 2 (F2) profile
was distinct from all other isolates; how-
ever, it shared a 180-bp band with S. car-
pocapsae strains (B, A, R, 42, D, M, K), field
isolate strain 1 (¥1), and H. bacteriophora
strains (N, P, Hp, Hb) (Fig. 2d). ITS di-
gested with Rsal also revealed that field

_ 1211 F G B A R4
kb
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kb
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0.8

0.3

isolate 2 (F2) shared a 100-bp fragment
size with 8. feltiae bibionis (F) and S. glaseri
glaseri (G) (Fig. 2d).

RFLPs were found when the 26S rDNA
product was digested with Bam HI, Hae
111, Hind 111, and Sac 1 (Figs. 3, 4; Table 2).
In all polymorphic enzyme digests of 268,
S. carpocapsae strains (B, A, R, 42, D, M, K)
and field isolate 1 (F1) had identical
RFLPs. Furthermore, with the exception
of Hind 111, all Heterorhabditis bacteriophora
isolates (N, P, Hp, Hb) displayed a group
profile distinct from all Steinernema isolates
when 268 rDNA was digested with Bam
HI, Hae 111, and Sac 1. S. feliae syn. bibionis
(F), S. glaser: glaseri (G), and field isolate 2
(F2) possessed no cutting site in Bam HI

DMK PN HOHbFI F2 ¢ L1

——— ——

Fic. 3. Agarose gel of PCR amplified 268 rDNA, digested with Bam HI (a) and Hae I1I (b) for Steiner-
nematid, Heterorhabditid, and field isolated nematodes (as abbreviated in Table 1). L1 = 1 kb ladder. L2 =

100 bp ladder. ¢ = control with no DNA.
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Fic. 4. Agarose gel of PCR amplified 26S rDNA, digested with Hind 111 (a), and Sac 1 (b), for Steiner-
nematid, Heterorhabditid, and field isolated nematodes (as abbreviated in Table 1). L1 = 1 kb ladder. L2 =

100 bp ladder. ¢ = control with no DNA.

digested 26S (Fig. 3a). The 26S amplified
product digested with Hae III separated
the 15 isolates into four groups including:
1) 8. feltiae syn. bibionis (F) and S. glaser:
glaseri (G); 2) S. carpocapsae isolates and
field isolate 1 (F1); 3) Heterorhabditis bacte-
riophora isolates; and 4) field isolate 2 (F2).
When 26S was digested with Hae 111, field
isolate 2 (F2) shared a 790-bp fragment
size with S. feltiae syn. bibionis (F), S. glaser
glaseri (G), S. carpocapsae strains, and field
strain 1 (F1) (Fig. 3b). In the same digest,
field isolate 2 (F2) shared a 540-bp frag-
ment size with S. feltiae syn. bibionis (F), S.
glaseri glaseri (G), and Heterorhabditis bacte-
riophora strains. S. feltiae syn. bibionis (F), S.
glaseri glaseri (G), field isolate 2 (F2), and
H. bacteriophora strains possessed no cut-

ting site in Hind 111 (Fig. 4a). Sac I digested
268 resulted in identical banding profile
for S. feltiae syn. bibionis (F), S. glaseri gla-
seri (G), and field strain 2 (F2) (Fig. 4b).
Banding profiles that are not additive to
the total undigested ITS or 26S are due to
enzymes that recognize 4 (Rsa I and Hae
I1I) or 5 (Hinf 1) base pair sequences.
These enzymes commonly digest rDNA
regions, resulting in some fragments that
are too small to map or measure accu-
rately. Only distinct repeatable polymor-
phic bands were analyzed.

DiscussionN

Systematics, the field of biology engaged
in the analysis of biological diversity, is a
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process of classifying objects into groups
such that members of a group bear a closer
resemblance to each other than to mem-
bers of another group (35). Recently, re-
search priorities have been outlined that
propose to help secure the future of nema-
tology (3). The results of this study address
the need to develop molecular taxonomic
characters to augment and refine existing
methods. Currently, RFLP data alone can-
not assign a Steinernematid or Hetero-
rhabditid population to a given taxo-
nomic level without supporting cross-
breeding and morphological data (7).

This study provides some of the first
molecular characters useful for separating
species of entomopathogenic nematodes in
the families Steinernematidae and Hetero-
rhabditidae. Results from this study indi-
cate that TDNA analysis allows the separa-
tion of 15 strains of entomopathogenic
nematodes into one of four groups. The
PCR-RFLPs of selected rDNA regions pro-
vide stable taxonomic criteria for identify-
ing these increasingly important organ-
isms for biological control.

One of the most interesting aspects of
this study was the absence of rDNA poly-
morphic variation between S. feltiae syn. bi-
bionis (F) and S. glaseri glaseri (G). These
strains are thought to represent two sepa-
rate species and yet, in this study, results
show no differences following all restric-
tion enzyme digests. As species, their sim-
ilarity should be expected to be lower. The
present rDNA profiles, along with future
sequence data of these conserved regions,
will undoubtedly resolve the question of
species identity. S. glaser: glaseri (G) is con-
sidered to be the type strain for the genus,
and its taxonomic position has not been
contested. Steinernema feltice syn. bibionis
(F) has had many previous synonyms and
was once considered to be a species of its
own, distinct from other S. feltiae strains
(29).

Morphologically, S. glasert glaseri (G) is
much larger than S. feltiae syn. bibionis (F),
with distinguishing characters. S. feltiae
syn. bibionis (F) has never been considered
to be in the same species as S. glaseri gla-
seri, because they will not hybridize when

allowed to mate. We decided to search for
variation by reviewing a study on biological
control of termites that compared selected
entomopathogenic nematodes for isoen-
zyme variation (36). This study found that
S. feltiae syn. bibionis and S. glaseri glaseri
could be separated clearly by both esterase
and tetrazolium oxidase band profiles fol-
lowing recognized staining methods (33).
We repeated these conditions, and the zy-
mograms for esterase and tetrazolium ox-
idase confirmed that S. feltiae syn. bibionis
(F) could be distinctly separated from S.
glaseri (G) (data not shown). Isozyme anal-
ysis of entomopathogenic nematode infec-
tive juveniles can be useful since the infec-
tive juvenile is neither a feeding nor a de-
velopmental stage until it enters a host.
During a stage without development,
isozymes would not be influenced by phys-
iological changes due to maturation and,
therefore, could be used in population
analysis. However, long-term stability of
these markers is a concern and must be
monitored due to environmental influ-
ences such as laboratory rearing parame-
ters.

The field trapping method used to in-
vestigate naturally occurring ento-
mopathogenic nematodes was successful in
obtaining two isolates of nematodes desig-
nated field isolate 1 (F1) and field isolate 2
{F2). Some important prospects may be en-
tertained when considering the PCR-
RFLPs of both field isolates. Field isolate 1
(F1) in all enzyme digests has the same pro-
file as the Steinernema carpocapsae strains.
This is interesting because in the same
field location where field isolate 1 (F1) was
trapped during this study, a sample of S.
carpocapsae DD136 was released a year ear-
lier to determine its virulence against root
weevil pests (6). With other population
markers to further resolve the present
rDNA results, the field isolate F1 may
prove to have successfully established itself
in the soil since its introduction previous to
the present study. The DNA methods used
in this study, therefore, may also provide a
means of monitoring field-released iso-
lates. The PCR-RFLP analysis of field iso-
late 2 (F2) indicates that although it shares
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some band fragment sizes with other iso-
lates, its overall rDNA profile is different
than all other nematode isolates analyzed
in this study. Recently, cold-active strains
of Steinernema were identified during a
survey in Western Canada (24). Since both
field isolates (F1 and F2) were isolated
from field soil in temperate climate re-
gimes, they both may present characters
useful in selective breeding, especially for
cold-activity.

The PCR-RFLP analysis of rDNA in this
study shows that taxonomic resolution was
successful to species-level designation, with
the exception of S. feltiae syn. bibionis (F)
and §. glaseri glaseri (G). The results indi-
cate some further study is needed to relate
conventional species determinations to
molecular markers. The methods used in
this study provide a quick, reliable tool to
identify species and genus designations for
the Steinernematid and Heterorhabditis
isolates. Using the same battery of en-
zymes, the 26S region was more variable
than the ITS region. This is surprising
since the ITS region has proven to be less
conserved in other organisms when used
for species comparisons. Since both the
ITS and 26s rDNA regions provided spe-
cies- and genus-level resolution, the analy-
sis of the 18S rDNA was not pursued.
Other studies have found the 18S region
to be too conserved to be informative at the
species level (39). From the PCR-RFLP re-
sults in this study, variable regions have
been determined that will aid in direct se-
quencing of both the ITS and 26S rDNA
regions. Sequencing of these variable re-
gions would provide the opportunity to
develop species-specific probes.

LiTeraTURE CITED

1. Akhurst, R. J., and R. A. Bedding. 1978. A sim-
ple cross-breeding technique to facilitate species de-
termination in the genus Neoaplectana. Nematologica
24:328-330.

2. Arnheim, N. 1990. The polymerase chain reac-
tion. Genetic Engineering 12:115-137.

3. Barker, K. R., R.S. Hussey, L. R. Krusberg,
G. W. Bird, R. A. Dunn, H. Ferris, V. R. Ferris, D. S.
Freckman, C. J. Gabriel, P. S. Drewal, A. E.
MacGuidwin, D. L. Riddie, P. A. Roberts, and D. P.

Schmitt. 1994. Plant and soil nematodes: Societal im-
pact and focus for the future. Journal of Nematology
26:127-137.

4. Beckingham, K. 1982. Insect rDNA. Pp. 205—
263 in H. Busch, and L. Rothblum, eds. The cell nu-
cleus, vol. X, New York: Academic Press.

5. Bej, A. K., M. H. Mahbubani, and R. M. Atlas.
1991. Amplification of nucleic acids by polymerase
chain reaction (PCR) and other methods and their
applications. Critical Reviews in Biochemistry and
Molecular Biology 26:301-334.

6. Brandt, J. P. 1992. Management of root weevils
as pests of ornamental conifer nursery stock with par-
ticular reference to Otiorhynchus ovatus (L.) (Co-
leoptera: Curculionidae). M.Sc.F. thesis, University of
Toronto, Ontario, Canada.

7. Gurran, J. 1990. Molecular techniques in taxon-
omy. Pp. 63-74 in R. Gaugler and H. Kaya, eds. En-
tomopathogenic nematodes in biological control.
Boca Raton, FL: CRC Press.

8. Curran, J., and J. M. Webster. 1989. Genotypic
analysis of Heterorhabditis isolates from North Caro-
lina. Journal of Nematology 21:140-145.

9. Dutky, S. R., ]J. V. Thompson, and G. E. Cant-
well. 1964. A technique for the mass propagation of
the DD136 nematode. Journal of Insect Pathology
6:417-422.

10. Eidt, D. C., and G. B. Dunphy. 1991. Control
of spruce budmoth, Zeiraphera canadensis Mut. and
free., in white spruce plantations with entomopatho-
genic nematodes, Steinernema spp. Canadian Entomol-
ogist 123:379-385.

11. Ellis, R. E., J. E. Sulston, and A. R. Coulson.
1986. The rDNA of Caenorhabditis elegans: Sequence
and structure. Nucleic Acids Research 14:2345-2364.

12. Ferris, V. R. 1994. The future of nematode
systematics. Fundamental and Applied Nematology
17:97-101.

13. Ferris, V. R., J. M. Ferris, and J. Faghihi. 1993.
Variation in spacer ribosomal DNA in some cyst-
forming species of plant-parasitic nematodes. Funda-
mental and Applied Nematology 16:177-184.

14. Ferris, V. R., J. M. Ferris, J. Faghihi, and A.
Ireholm. 1994, Comparisons of isolates of Heterodera
avenae using 2-D PAGE protein patterns and riboso-
mal DNA. Journal of Nematology 26:144-151.

15. Gaugler, R. 1981. Biological control potential
of Neoaplectanid nematodes. Journal of Nematology
13:241-249.

16. Hillis, K. M., and M. T. Dixon. 1991. Riboso-
mal DNA: Molecular evolution and phylogenetic in-
ference. Quarterly Review of Biology 66:411-453.

17. Hyman, B. C., and T. O. Powers. 1991. Inte-
gration of molecular data with systematics of plant-
parasitic nematodes. Annual Review of Phytopathol-
ogy 29:89-107.

18. Kaya, H. 1990. Entomopathogenic nematodes
in biological control of insects. Pp. 189-198 in New
directions for biological control: Alternatives for sup-
pressing agricultural pests and diseases. New York,
NY: Alan R. Liss.

19. Kaya, H. K., and R. Gaugler. 1993. Ento-
mopathogenic Nematodes. Annual Review of Ento-
mology 38:181-206.



Entomopathogenic Nematode rDNA: Nasmith et al. 25

20. Khan, A., W. M. Brooks, and H. Hirschmann.
1976. Chromonema heliothidis n. gen., n. sp. (Steiner-
nematodae, Nematoda), a parasite of Heliothis zea
(Noctuidae, Lepidoptera), and other insects. Journal
of Nematology 8:159-168.

21. Klein, M. G. 1990. Field efficacy against soil-
inhabiting insect pests. Pp. 195-214. in R. Gaugler
and H. K. Kaya, eds. Entomopathogenic nematodes
in biological control. Boca Raton, FL: CRC Press.

22. Long, E. O,, and 1. B. Dawid. 1980. Repeated
genes in eukaryotes. Annual Review of Biochemistry
49:727-764.

23. Michelmore, R. W., and S. G. Hulbert. 1987.
Molecular markers for genetic analysis of phyto-
pathogenic fungi. Annual Review of Phytopathology
25:383—404.

24. Mracek, Z., and J. M. Webster. 1993. Survey of
Heterorhabditidae and Steinernematidae (Rhab-
ditida, Nematoda) in Western Canada. Journal of
Nematology 25:710-717.

25. Mullis, K., F. Faloona, S. Scharf, G. Horn, and
H. Erlich. 1986. Specific enzymatic amplification of
DNA in vitro: The polymerase chain reaction. Har-
bor Symposium of Quantitative Biology 51:263—273.

26. Nasmith, C. G. 1995. Molecular taxonomy and
biological control: Root weevil pests (Coleoptera:
Otiorhynchinae) and entomopathogenic nematodes
(Steinernematidae and Heterorhabditidae). M.Sc.F.
thesis, University of Toronto, Ontario, Canada.

27. Hguyen, K. B., and G. C. Smart, Jr. 1992.
Steinernema neocurtillis n. sp. (Rhabditida: Steiner-
nematidae) and a key to species of the genus Stei-
nernema. Journal of Nematology 24:463—477.

28. Poinar, G. O. 1967. Description and taxonomic
position of the DD136 nematode (Steinernematidae,
Rhabditoidea) and its relationship to Neoaplectana car-
pocapsae Weiser. Proceedings of the Helminthological
Society 34:199-209.

29. Poinar, G. O, Jr. 1990. Taxonomy and biology
of Steinernematidae and Heterorhabditidae. Pp. 23—
61 in R. Gaugler and H. K. Kaya, eds. Entomopatho-
genic nematodes in biological control. Boca Raton,
FL: CRC Press.

30. Poinar, G. O, Jr., G. K. Karunakar, and D.
Hastings. 1992. Heterorhabditis indicus n. sp. (Rhab-
ditida: Nematoda) from India: Separation of Hetero-
rhabditis spp. by infective juveniles. Fundamental
and Applied Nematology 15;467-472.

31. Saghai-Maroof, M. A., K. M., Soliman, R. A.
Jorgensen, and R. W. Allard. 1984. Ribosomal DNA
spacer-length polymorphisms in barley: Mendelian
inheritance, chromosomal location, and population
dynamics. Proceedings of the National Academy of
Science 81:8014-8018.

32. Sambrook, J., E. F. Fritsch, and T. Maniatis.
1989. Molecular cloning: A laboratory manual. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory
Press.

33. Shaw, C.R., and R. Prasad. 1970. Starch gel
electrophoresis of enzymes—a compilation of recipes.
Biochemical Genetics 4:297-320.

34. Speranzini, D. G. 1993. Molecular systematics
of the entomopathogenic nematodes Steinernema and
Heterorhabditis. M.Sc.F. thesis, University of Toronto,
Ontario, Canada.

35. Szalay, F. S., and W. J. Bock. 1991. Evolution-
ary theory and systematics: Relationships between
process and patterns. Zoological Systematics and Ev-
olution-forsch 29:1-39.

36. Trudeau, D. 1990. Selection of entomopatho-
genic nematodes for control of the eastern subterra-
nean termite, Reticulitermes flavipes (Kollar) (1soptera:
Rhinotermitidae). M.Sc.F. thesis, University of Tor-
onto, Omtario, Canada.

37. Vrain, T. C., D. A. Wakarchuk, A. C.,
Levesque, and R. 1. Hamilton. 1992. Intraspecific
rDNA Restriction Fragment Length Polymorphism
in the Xiphinema americanum group. Fundamental and
Applied Nematology 15:563-573.

38. Weir, B. S. 1990. Genetic Dana Analysis. Spring-
field, MA: Sinauer Associates.

39. Wendt, K. R,, T. C. Vrain, and J. M. Webster.
1093, Separation of three species of Ditylenchus and
some host races of D. dipsaci by restriction fragment
length polymorphism. Journal of Nematology 25:
555-563.

40. White, G. F 1927. A method for obtaining in-
fective nematode larvae from cultures. Science 66:
302-303.

41. White, T., T. Bruns, S. Lee, and J. Taylor.
1990. Amplification and direct sequencing of fungal
ribosomal genes for phylogenetics. Pp. 315-322 in
M. A. Innis, D. H. Gelfand, J. Shinsky, and T. J.
White, eds. PCR protocols, a guide to methods and
applications. San Diego, CA: Academic Press.



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

	\96_018b: 
	pdf: 

	96_018a: 
	pdf: 

	96_019: 
	pdf: 

	96_021b: 
	pdf: 

	96_021a: 
	pdf: 

	96_022b: 
	pdf: 

	96_022a: 
	pdf: 



