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Summary - Partial sequences from internal transcribed spacer ribosomal DNA (ITS rD NA) obtained by polymerase chain
reaction (PCR) from isolates of plant parasitic cyst nematodes, were compared with the published sequenœ for Caenorhabditis
elegans and with each other. Data were from ITS 1 and ITS2 of the rDNA array, and included also parts of the 18S and 28S genes
adjacent to the spacer regions. The ITS data for cyst nematodes \Vere highly dissimiJar to those for C. elegans. The sequences for five
geographic isolares of Helerodera glycines \Vere very similar to each other, but showed nearly as many differences as were evident
between this species and either H. schachlii or H. lriJolii. More differences were observed in H. carolae, and man y more in H. avenae.
The findings confirm the utiliry of gene and spacer region rDNA for systematic inference among species and genera of cyst
nematodes.
Résumé - Variabilité des régions intergéniques de l'ADN ribosornal des espèces de nématodes à kystes parasites des
plantes - Des séquences partielles des régions intergéniques transcrites de [' ADN ribosomal (ITS rDNA) de souches de nématodes
à kystes parasites de plantes ont été obtenues par une réaction de polymérisation en chaîne (PCR), puis comparées entre elles et avec
les séquences publiées de Caenorhabditis elegans. Les données ont été obtenues des ITS 1 et ITS2 du rDNA, mais elles incluaient
également des parties des gènes I8S et 26S, adjacents aux régions intergéniques. Les données sur les ITS des nématodes à kystes
sont très différentes de ceUes de C. elegans. Les séquences de cinq souches de Heterodera glycines provenant de régions différentes
sont trés proches les unes des autres, mais montrent à peu près autant de différences entre elles qu'avec H. schachlii ou avec H. mfolii.
Il a été observé des différences plus prononcées avec H. carolae, et encore plus avec H. avenae. Ces résultats confirment l'utilité des
gènes, et des régions intergéniques du rDNA, pour l'érude des relations systématiques entre espèces et genres du groupe de
nématodes à kystes.
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Members of the plant parasitic cyst nematodes of the
genus Helerodera include sorne of the most important
pests of agriculture worldwide (Hyman & Powers,
1991). Included among these are H. schachlii, the sugar
beet cyst nemarade (SBN), and H. glycines, the soybean
cyst nematode (SCN). The latter is the most serious
pest of soybeans in the USA, and is widely thought to
have been imported ra the USA from ]apan in bulbs in
the 1950's, then spreading rapidly throughout ail soybean growing areas (Riggs, 1977; Norton, 1978). It is
postulared to have arrived in southern Indiana about
1960 and spread quickly ra northern Indiana within a
few years. Following our observations that isolates from
the northern half of Indiana are more virulent ra many
soybean cultivars than are isolates from farther south,
we also found differences in protein patterns obtained
by two-dimensional polyacrylamide gel electrophoresis
(2-D PAGE), as weil as morphological differences
among isolates (Ferris el al., 1985, 1986; Faghihi el al.,
1986a, b; Ferris el al., 1987). These observations suggest that the Indiana isoJates are not ail part of one
rapidJy spreading population. An alternative view is that
the recently discovered infestations are from indigenous
local populations that moved from native weed species
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into cultivated soybeans as that crop became more intensively grown. Additional data on genetic similarity
among cyst populations and species might help ra resolve the issue.
Relationships among the species and genera of the
cyst nematodes are controversial and are based on classical morpho!ogical data plus SEM and TEM (Wouts,
1985; Baldwin, 1992). The few existing molecular data
for members of the group have been used mainly for
diagnostics and identification (Hyman & Powers,
1991). Consistent 2-D PAGE protein patterns for ail of
the cyst nematode species and isolates discussed in this
paper have been found (Ferris el al., 1986; Bak.ker &
Bouwman-Smits, 1988; Ferris & Ferris, 1989; Ferris el
al., 1989; unpubl. data, our laboratory), but the use of
2-D PAGE data ta quantify differences among isolates
or for phylogenetic inference is difficult and Jaborious
(Bak.ker & Bouwman-Smits, 1988; Ferris & Ferris,
1988)
HilJis and Davis (1986) showed that ribosomal DNA
(rDNA) could be used for phylogenetic analysis of frog
species in the genus Rana. For nematodes, thought ta be
an ancient group (Ferris el al., 1976), data from highly
conserved (gene) regions might be useful ta infer rela-
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tionships among genera or higher taxa, whereas data
from spacer regions might be used to infer relationships
among species and subspecific groupings (Hyman &
Powers, 1991). In a recent review of the uses of rDNA
for phylogenetic inference, Hillis and Dixon (1991)
noted that spacer regions heretofore have been infrequently used for phylogenetic srudies and emphasized a
need for investigations of the usefulness of comparative
srudies of rDNA spacers for closely related species and
populations.
The objective of our srudy was to determine whether
data from the MO internai transcribed spacer regions of
rD NA (rDNA ITSI and ITS2) might be useful for
phylogenetic inference in the cyst nematodes at either
the population or species level. We have collected sequence data for rDNA ITS 1 and ITS2 following amplification using polymerase chain reaction (PCR). PCR
amplification of DNA is of particular utility for plant
parasitic nematodes, where the problem of obtaining
large quantities of DNA from many isolates for analytical procedures can quickly become insurmountable.
For evaluation of the usefulness of rDNA ITS sequence
for srudy of intra-specific variability, we used five geographic populations of SCN; and for comparison of
inter-specific variability we used MO additional members of the schachlii group, Helerodera schachlii and
H. lrifoliz~ plus H. carolae and H. avenae.

Material and methods
NEMATODES

We collected the five isolates of SCN, Heterodera glycines, from five Indiana counties as a part of earlier investigations ta assess similarities and differences among
geographic isolates of SCN (Ferris el al., 1986). From
south to north the counties are Posey, Vigo, Tippecanoe, White and Pulaski. We also collected the clover cyst
nematode (CCN), H. lTlJoliz~ from Tippecanoe County,
Indiana. SBN, H. schachlù~ from Michigan was a gift
from Dr. L. 1. Miller; the carrot cyst nematode, H. carolae, from Michigan was a gift from L. Grainey and
Dr. G. Bird; and the cereal cyst nematode, H. avenae,
from Australia was a gift from F. Green.
RDNA AMPLIFICATION, CLON[NG AJ'ID SEQUENC[NG

A single mature female cyst nematode was cut open in
10 fl.l of TE buffer (0.5 M tris-CI, 100 mM EDTA,
pH 8.0) on a glass slide under a dissecting microscope,
the body contents extruded and transferred by pipet to a
1.5 ml vial, the area rinsed with 8 fl.l additional buffer,
aQ-d the preparation stored at - 20 oc. Prior to amplification, 20 fl.l of a solution comprised of 0.5 mM TrisEDTA, 0.75 % Triton-X-IOO, and 1.5 % stock proteinase K solution (10 mg/ml) was added to the rube and
the nematode tissue ground with a hand-held homoge178
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Fig. 1. Diagram with arrows indicating our amplified region of

rDNA, with base pair (bp) numbers based on published data
for Caenorhabdùis elegam (Ellis el al., 1986). ITS = interna!
rranscribed spacer. 18S, 5.8S and 28S are rDNA genes.
nizer for 5 min. The pestle was rinsed twice with 50 fl.l
of the same solution and the homogenate heated at
50 oC for 2 h (Sulston & Hodgkin, 1988; B. C. Hyman,
pers. comm.). The DNA was extracted from the homogenate with a GeneClean kit (Bio 10 l, San Diego,
CA) and recovered in 30 fl.l of sterile water. Ten fl.l of
the DNA suspension were used for each amplification.
One to ten additional such preparations were made for
ail isolates with sequence that differed more than 1 %
from that of other population isolates or species in the
srudy.
Amplification was carried out using PCR (Saiki el al.,
1988; Saiki 1990) with reagents and recommended protocols from Perkin Elmer, and the Coy Tempcycler
model 50. The 1100 bp amplified region began near the
end of the 18S gene and terminated a short distance inta
the 28S gene, and included the ITS regions between
them (Fig. 1). The forward primer, 5'-CGTAACAAGGTAGCTGTAG-3' was derived from the 18L
primer of Hamby el al. (1988), modified to agree with
the published rDNA sequence for C. elegans (Ellis el al.,
1986). The reverse primer, 5'-TCCTCCGCTAAATGATATG-3' was similarly modified from the ITS4
primer of White el al. (1990).
Amplification was carried out in two phases for each
isolate in order to enhance the target product and to
decrease background products (White & Blake, 1991).
Phase 1 consisted of 30 cycles with denaruration at
94 oC for 1 min, annealing at 45 oC for 1 min, and extension at 72 oC for 1 min. The amplified DNA band
was monitored by electrophoresis in SeaPlaque agarose
(FMC Corporation), excised, and diluted in 1 ml sterile
water. Then 1 ng of the diluted DNA was amplified for
30 cycles as before, except that annealing was at 53 oc.
The product from this amplification was passed through
a Centricon 100 filter (Amicon Corporation). Following
fùtering, the DNA was either treated with KJenow fragment for blunt-end cloning (Ausubel el al., 1992) into
the plasmid pGEM-3Z (Promega), or it was cloned directly into the TA pCR 1000 cloning vector supplied by
Invitrogen Corporation. Double-stranded sequencing
was performed using Sequenase version 2.0 from U.S.
Biochemical Corporation. Sequencing primers (from
Promega) were SP6 and T7 for pGEM-3Z, and T7 and
pUClM13 Forward Sequencing Primer for the
pCR 1000 vector. For most isolates, sequence data were
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from multiple clones and both srrands. Each sequencing
run was repeated three to six times ta assure accuracy of
the sequence.
Sequence data for 640 bp for each isolaœ were
aligned with those for SCN-Vigo, using the computer
program GAP in the Sequence Analysis Software Package of the Genetics Computer Group (Devereaux el al.)
1984). GAP uses the algorithm of Needleman and
Wunsch (1970) ta fïnd the alignment of two complete
sequences that maximizes the number of matches and
minimizes the number of gaps. Based on these pairs of
alignments, in which gap weight = 5.0 and gap length =
0.3, the multiple alignments were do ne manually (Swofford & Olsen, 1990).
Results

The sequence alignments include 278 bp from ITS 1
plus the adjacent 42 bp from the 18S gene (Fig. 2), and
261 bp from ITS2 plus the adjacent 59 bp from the 28S
gene (Fig. 3). The sequence for the Vigo isolate of SCN
is listed fïrst and is the basis for the numbering. The
other four geographic isolates of SCN are listed in the
order they occur in Indiana from south to north. The
other Helerodera species are added in an order that corresponds to their presumed evolutionary proximity to
SCN, based on classical data (Ferris, 1979; Mindell,
1991). For comparative purposes, the published sequence for C. elegans (EJlis el al.) 1986) is also listed.
The degree of dissimilarity in ITS 1 and ITS2 for both
H. avenae and C. elegans makes their alignments in these
areas problematical (Hillis & Dixon, 1991).
ITSI REGION
Four geographic isolates of SCN plus H. carolae
shared a difference in position 197 (G to A) from the
Vigo isola te, whereas SBN and CCN were the same as
SCN-Vigo ar this position. The Posey and White isolates of SCN shared a difference in position 102 (A to

C) that was also shared by H. carolae and H. avenae.
SCN-White also had a unique difference in position 175
(G to A).
SBN and CCN were identical to each other in ITS 1
and the adjacent 18S region except for one difference in
position 299 (G ta T). These two species shared t'NO
differences from SCN-Vigo. One of these was a difference in position 26 of the 18S gene area (C ta T) and the
second a difference in position 67 (T to C). Helerodera
carolae had four bp differences from SCN-Vigo, including one unique difference (position 320), and in
addition, had an II-bp gap in sequence, which was
unique for this group of taxa (Fig. 2). For H. avenae we
found 104 differences from SCN-Vigo, aU in ITS l, with
only one (in the alignment shown, Fig. 2) shared with
other Helerodera isolates (position 315). In this alignment, H. avenae shared 15 differences with C. elegans.
ITS2 REGION
Three of the geographic isolates of SCN, plus CCN
and H. carolae) shared a difference from SCN-Vigo at
position 229 (C to G). CCN had one additional difference, A to C at position 237 (Fig. 3). Helerodera carOlae
had three additional differences, position 228 (A to T),
and positions 269 (T to C) and 294 (A to G) in 28S
(Fig. 3). Helerodera avenae had 86 differences, with two
of them, positions 284 (A ta G) and 285 (C to T), in
28S. SBN had no differences from SCN-Vigo (Fig. 3).
PHENET1C AND PHYLOGENETIC ANALYS1S
The phenetic similarity of the pairs of sequences
aligned by GAP varied from 99 % + for sorne of the
Helerodera isolates/taxa to 46 % for rhe SCN-Vigo/C.
elegans comparison. We calculated the sequence dissimilarity for each pair of the Helerodera isolates (Table 1).
Most of the SCN, SBN and CCN comparisons show
less than 1 % dissimilarity, with slightly more dissimilarity (1.36-2.63 %) between H. carOlae and the schachlii
group; and more than 28 % dissimilarity between
H. avenae and the rest of the taxa.

Table 1. Pairwise percent nucleotide dissimilarities among Helerodera isolaces. Calculations based on formulas of Swofford and
Olsen (1991). D = (1- M/L) 100; L = M + U + W,G; M = number of alignmem positions with synonymous residues; L = an
effective sequence length; U = number of alignmem positions with nonsynonymous residues; W, = weight given to gaps (= 0.5);
G = number of alignmem positions with a gap in one sequence juxtaposed with a residue in other sequence.

S-VIG
S-VIG
S-POS
S-TIP
S-WHT
S-PUL
SBN
CCN
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Fig. 2. Abgnment of 18S-ITSI rD NA sequences for taxa used; SCN = soybean cyst nematode, S-VIG = SCN-Vigo, S-POS =
SCN-Posey, S-TIP = SCN-Tippecanoe, S-WHT = SCN-White, S-PUL = SCN-Pulaski, SBN = sugar beet cyst nematode,
CCN = claver cyst nematode, CAR = Heœrodera carolae, AVEN = Heœl'odera avenae, CEL = Caenorhabdilis elegans. Data for
C. elegans are from EUis el al. (1986), and a1l base notations are for the non-transcribed strand. Numbering is based on sequence for
SCN-Vigo. Italicized bases are in the 18S gene. Sequence differences are uncorrected for multiple changes at a site.
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Fig. 3. A1ignment of ITS-28S rD NA sequences for taxa used. SCN = Soybean cyst nematode, S-VlG = SCN =Vigo, S-POS =
SCN-Posey, S-TIP = SCN-Tippecanoe, S-WHT = SCN-White, S-PUL = SCN-Pulaski, SBN = sugar beet cyst nematode,
CCN = clover cyst nematode, CAR = Helerodora carolae, AVEN = Hecerockra avenae, CEL = Caenorhabditis elegans. Data for
C. elegans are from Ellis el al. (1986), and all base notations are for the non-transcribed strand. Numbering is based on sequence for
SCN-Vigo. ltalicized bases are in the 28S gene. Sequence differences are uncorrected for multiple changes at a site.
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Only five base pair differences were shared by two or
more isolates of the Helerodera species, and these plus
twO unique differences that distinguished species from
each other (Table 2) were analyzed for the schachliz
group using the computer program PAUP (Swofford,
1991). Because of the uncertainty about the manu al
alignment within the ITS sequences (discussed above),
H. avenae was excluded from the analysis. In addition,
we excluded H. carolae because many of the base pair
differences between H. carOlae and the schachtii group of
species were unique for H. ca1'Olae and therefore were
not phylogenetically informative for this group of species. We used both H. avenae and H. ca1'Olae to make
polarity decisions for those PAUP computations that
required the designation of a hypothetical anceStor.
The most parsimonious trees were obtained when
SBN and CCN were entered as a monophyletic outgroup to the SCN isolates. The four trees of equallength
varied somewhat in the placement of the various SCN
isolates, with SCN-Vigo al ways separated from the
other four (Fig. 4).

Discussion
Within the genus Hele1'Odera SCN, SBN and CCN are
considered to belong to the schachliz group and ta be
phylogenetically related ta the other taxa as is shown in
Fig. 5 (Ferris, 1979; Hyman & Powers, 1991). These
members of the schachlii group have distinctive 2-D
PAGE protein patterns as noted ab ove. SBN and SCN
were shown to differ in 59 % of their protein/polypeptides in 2-D patterns (Bakker & Bouwman-Smits, 1988)
and, based on RFLP data, ta have a 14 % difference in
their mtDNA (Radiee el al., 1988). The extreme similarity we found in the ITS sequences of SCN, SBN and
CCN was, therefore, a surprise. The phenetic dissimilarity bet\Neen several pairs of the SCN geographic isolates was greater than that between SCN-Vigo and SBN
(Table 1). In ITS2, SBN had no differences at ail from
SCN-Vigo.
Table 2. Sequence data used for phylogenetic analysis of Figure 4. Data include me five base pairs shared by rwo or more
isolates in me schachlii group, plus rwo unique differences
(Figs 2, 3).

States for each
character
SBN
CCN
S-TIP
S-PUL
S-POS
S-WHT
S-VIG
182

T
T
C
C
C
C
C

2

3

4

5

6

7

C
C
T
T
T
T
T

A
A
A
A
C
C
A

G
G
A
A
A
A
G

C
C
C
T
C
C
C

C
G
G
G
G
C
C

A
C
A
A
A
A
A

~--SBN

"'----CCN
, . . . . - - - - - - - - - S-VIG
~--S-TIP

"'---- S-pul

,-0_-1_ S-POS
"'---- S-WHT
1-1
Fig. 4. One of four most parsimonious trees wim totallengm
of 9 steps using me global search option of PADP. SBN =
sugar beet cyst nematade; CCN = clover cyst nematoèe;
SCN = soybean cyst nematade; S-VIG = SCN-Vigo; S-TIP =
SCN-Tippecanoe; S-PUL = SCN-Pulask.i; S-POS = SCNPosey; S-WHT = SCN-White. Overall consistency index is
0.778, or 0.750 when uninformative characters are excluded.
Branch lengms between internai nodes are given and include
minimum and maximum number of steps over al! equally
parsimonious reconstructions. The number of informative
characters was tao limited for meaningful bootstrapping (Felsenstein, 1985).

The data for H. carOlae showed a number of differences from the schachlii group (Figs 2,3; Table 1), but
these were unique in our srudy because no other species
closely related to H. ca1'Olae were included (Fig. 5). If we
had done so, it is likely that sorne of the unique changes
in H. carolae would have become shared changes, thus
expanding the informative data base for phylogenetic
analysis. The few ITS sequence differences we found

Avenae Group
H. avenae
.-------- Goettingiana Group
H. carotae

Schachtii Group
H. glycines (SCN)
H. schachtii (SBN)
H. trifalii (CCN)
Fig. 5. Diagram of groupings of me Helerodera species of this
srudy based on classical data (Ferris, 1979).
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among mese species, especially wimin me schachlii
group, relative to mose found wim omer kinds of molecular data, suggest mat ITS 1 and ITS2 are highly conserved among cyst nematode species.
The data for H. avenae ITS, however, were surprising
for me opposite reason, i.e., me many differences we
found for mis species. The systematic relationship of H.
avenae to me rest of me Heœrodera species has been
debated for several years. Krall and Krall (1978) proposed me generic name Ridera for me cereal cyst nematodes (i.e., me H. avenae group of Fig. 5) on me basis of
host relationships plus morphological differences mat
mey considered to differentiate mem from me rest of me
cyst nematodes of me genus Helerodera. This proposaI
was not accepted by most of me leaders of me international community of cyst nematologists, who were unable to establish clear differentiation between mis group
and me omer Helerodera species (Mulvey & Golden,
1983; Luc el al., 1988). The rDNA data suggest mat H.
avenae is weil differentiated from me omer Helerodera
species in our study.
The rD NA ITS data for mese cyst nematodes underscore me importance of surveying a range of taxa before
deciding me utility of a particular kind of DNA sequence for phylogenetic investigation. If we had confmed our study to just me three species of me schachlii
group, we might have concluded mat me ITS regions
are toO conserved to be of mu ch use for phylogenetic
analysis of nematodes. If we had compared only SCN,
H. avenae and C. elegans, we would have concluded mat
me ITS regions are too variable to be useful. Based on
me data for aU of me species we examined, hO\.vever, we
conclude mat me two ITS regions under study will be
useful for analysis of evolutionary relationships among
many of me plant parasitic cyst nematodes, which comprise many putative species and genera. The phenetic
distances (Table 1) indicate mat ITS data for more taxa,
including more species in me goeuingiana group of H.
carOlae and more bridging taxa between H. avenae and
me omers (Fig. 5), wouJd improve me phylogenetic
analysis. Even me few phylogenetically useful base pair
differences available for me schachlii group when used in
a cladistic anaJysis wim PAUP (Swofford, 1991), separated me SCN isolates as a group from CCN and SBN
(Fig. 4). The ITS sequence conservatism mat is evident
among mis group of species suggests mat even a few
differences might be more useful man mey would be for
Jess conserved sequences. Because of me likely antiquity
of many nematode taxa (Ferris el al., 1976), rDNA ITS
sequences WIll probably be useful for sorting out relationships of relatively closely related species and genera,
mough probably not for most putative intraspecific relationships or even for sorne groups of species like SCN,
SBN and CCN. For mese, sequence from sorne omer,
less conserved, DNA will be necessary to sort out phylogenetic relationships wim any certainty. For comparisons of distanùy related taxa, data from selected rD NA
Vol. 16, n° 2 - 1993

gene regions may be more useful (Hillis & Dixon,
1991 ).
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