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Intraspecific Variability within Globodera tabacum solanacearum Using
Random Amplified Polymorphic DNA

A.]J. Syracusk,' C. S. Jounson,? J. D. EiseNBack,” C. L. NEssLER,” aAND E. P. Smita*

Abstract: Random amplified polymorphic DNA (RAPDs) were used to investigate the intraspecific variability among 19 geographic
isolates of Globodera tabacum solanacearum from eight counties in Virginia and one county in North Carolina. Globodera tabacum
tabacum, G. (. virginiae, and the Mexican cyst nematode (MCN) were included as outgroups. Six primers were used and 119
amplification products were observed. Each primer yielded reproducible differences in fragment patterns that differentiated the
isolates and species. Hierarchical cluster analysis was performed to illustrate the relatedness among isolates and species. The average
Jaccard’s similarity index among isolates of G. t. solanacearum was 74%, possibly representing greater variation than that reported
in the literature across different pathotypes of the potato cyst nematode, Globodera pallida, in studies where RAPD were also
employed. The RAPD markers described here may be useful for the development of specific primers or probes that could improve
the identification of TCN populations. Such improvements in the characterization of TCN genotypes would facilitate the effective
deployment of existing and future resistant cultivars to control these economically important pests.

Key words: DNA fingerprinting, genetic variation, Globodera tabacum solanacearum, RAPD, tobacco cyst nematode, virulence.

Tobacco cyst nematodes (TCN) are grouped into
three sub-species: Globodera tabacum tabacum [(Lowns-
bery & Lownsbery, 1954) Behrens, 1975], G. t. virginiae
[(Miller & Gray, 1968) Behrens, 1975], and G. t. sola-
nacearum [(Miller & Gray, 1972) Behrens, 1975]. To-
bacco cyst nematodes have been reported from China,
Pakistan, France, Italy, Yugoslavia, Morocco, Spain, and
Argentina (Esparrago, 2002; Johnson, unpubl.; Shep-
herd and Barker, 1990). In the United States, the geo-
graphical distribution of G. t. tabacum is limited to Con-
necticut and Massachusetts, whereas G. t. virginiae and
G. t. solanacearum occur in Virginia and North Carolina,
as well as in one county in Maryland (Johnson, 1998;
Miller, 1986). Globodera tabacum tabacum is an economi-
cally important parasite on shade-grown cigar wrapper
and field-grown broadleaf cigar tobaccos in Connecti-
cut and Massachusetts (Lownsbery and Peters, 1955).
Globodera tabacum solanacearum is an important parasite
of flue-cured tobacco cultivars (Johnson, 1998; Komm
et al.,, 1983). Infested acreage accounts for 30% of Vir-
ginia’s total flue-cured tobacco acreage; average yield
reductions have been estimated at 15%, and complete
crop failure has been reported (Komm et al., 1983).
Conversely, G. t. virginiae does not reproduce well on
Nicotiana species (Miller, 1978).

Rideout et al. (2000) investigated pathotype differ-
ences among 15 geographic isolates of G. t. sola-
nacearum from Virginia, Maryland, and North Carolina.
No consistently significant differences were observed
among the isolates in their ability to develop and re-
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produce on a resistant vs. a susceptible flue-cured to-
bacco cultivar, suggesting that different G. t. sola-
nacearum pathotypes either do not exist or do so at
extremely low frequencies. Random Amplified Poly-
morphic DNA (RAPD) fingerprinting of TCN isolates
provides phenotypically neutral markers for molecular
characterization of nematode populations. An accurate
characterization of the genetic variability among geo-
graphic isolates of G. t. solanacearum could furnish in-
formation with important implications for population
diagnosis and development of resistant cultivars (Bak-
ker et al., 1993). The research presented here used
RAPD fingerprinting to compare the genetic profiles of
G. 1. solanacearum populations from 19 different sites.

MATERIALS AND METHODS

Geographic isolates: Soil was sampled from fields in-
fested with G. t. solanacearum in southern Virginia and
one county in North Carolina. Table 1 and Figure 1
present the location and identification for each site.
Soil was collected randomly at each location using a
standard soil probe taking cores 2 cm in diam. to a
maximum depth of 20 cm. A criss-cross sampling pro-
cedure was used to obtain an adequate representation
of the nematode population in the entire field (Barker
etal., 1984). Soil was stored in polyethylene-lined paper
bags at room temperature. Infested soil was also ob-
tained through farmer-submitted samples from the
nematode assay laboratory at the Virginia Tech South-
ern Piedmont Agricultural Research and Extension
Center in Blackstone, Virginia. Cysts were extracted
from air-dried soil samples using a modified Fenwick
can (Caswell et al., 1985), rinsed from a 0.25-mm-pore
sieve, and captured on filter paper, where they were
allowed to dry. Cysts were stored at room temperature
in 30-ml bottles with a snap cap until further use.

Culturing geographic isolates: The first geographic iso-
lates obtained were cultured in the greenhouse using
Nicotiana tabacum cv. K326 to increase their numbers.
Seeds were germinated in vermiculite and grown in
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TaBLE 1.  Isolate identifier, taxonomic classification, location, source, and isolate identification code for nematode isolates used.
Identifier Genus and species Location Source Identification code
1 Globodera tabacum solanacearum Brunswick Co., VA Jones farm 1: Gts-BrJ
2 Globodera tabacum solanacearum Brunswick Co., VA Wright farm 2: Gts-BrW
3 Globodera tabacum solanacearum Campell Co., VA Guthrie farm 3: Gts-CaG
4 Globodera tabacum solanacearum Dinwiddie Co., VA Wallace farm 1 4: Gts-DIiW
5 Globodera tabacum solanacearum Dinwiddie Co., VA Wallace farm 2 5: Gts-DiW2
6 Globodera tabacum solanacearum Dinwiddie Co., VA Bentley farm 2 6: Gts-DiB
7 Globodera tabacum solanacearum Halifax Co., VA Smiley farm 7: Gts-HaS
8 Globodera tabacum solanacearum Lunenburg Co., VA Coffee farm 8: Gts-LuC
9 Globodera tabacum solanacearum Lunenburg Co., VA Parrish farm 9: Gts-LuP
10 Globodera tabacum solanacearum Mecklenburg Co., VA Warren farm 10: Gts-MeW
11 Globodera tabacum solanacearum Mecklenburg Co., VA Hudson farm 1 11: Gts-MeH
12 Globodera tabacum solanacearum Mecklenburg Co., VA Hudson farm 3 12: Gts-MeH2
13 Globodera tabacum solanacearum Nottoway Co., VA Davis farm 13: Gts-NoD
14 Globodera tabacum solanacearum Nottoway Co., VA SPAREC? 14: Gts-NoS
15 Globodera tabacum solanacearum Prince Edward Co., VA Forrest farm 15: Gts-PrF
16 Globodera tabacum solanacearum Warren Co., NC Hight farm 1 16: Gts-WaH
17 Globodera tabacum solanacearum Warren Co., NC Hight farm 2 17: Gts-WaH2
18 Globodera tabacum solanacearum Warren Co., NC Hight farm 3 18: Gts-WaH3
19 Globodera tabacum solanacearum Unknown L. I. Miller” 19: Gts-M
20 Globodera tabacum tabacum Unknown Mota/Eisenback” 20: Gtt-M/E
21 Globodera tabacum tabacum Italy L. I. Miller” 21: Gtt-M2
22 Globodera tabacum virginiae Unknown Mota/Eisenback” 22: Gtv-M/E
23 Globodera “mexicana” Mexico L. I. Miller” 23: Gm-M

* Southern Piedmont Agricultural Research and Extension Center.
" Virginia Tech.

11-cm-diam. clay pots for approximately 4 weeks. Indi-
vidual tobacco seedlings were transplanted into 11-cm-
diam. clay pots containing approximately 300 cm® of a
1:1 soil conditioner (Schultz Profile, St. Louis,
MO):field soil (steam-sterilized sandy loam) mix. The
soil conditioner was mixed with soil to improve soil
moisture, aeration, and nutrient retention for optimal
nematode reproduction. Seedlings were allowed to
grow for 2 weeks prior to inoculation for adequate root
establishment. Eggs for inoculum were obtained by
crushing cysts in a blender (Oster Osterizer, Sunbeam
Products, Boca Raton, FL) and catching them on a
25-pm-pore sieve. Inoculation was performed by intro-

F16. 1. Locations of Globodera tabacum solanacearum isolates ob-
tained from counties in the southern piedmont of Virginia and north-
ern piedmont of North Carolina. G. {. solanacearum has been reported
in all highlighted counties. The location, source, and taxonomic clas-
sification of each isolate are indicated in Table 1.

ducing a tap water suspension of approximately 6,000
G. t. solanacearum eggs into a trench around each seed-
ling. The trench was covered with approximately 100
cm” of a 1:1 Profile:soil mix. Plants were lightly hand-
watered for the first week after inoculation to ensure
that unhatched nematodes were not lost through the
bottom of pots; thereafter, plants were watered and fer-
tilized using an automated system. Approximately 60
days after inoculation, cysts were extracted, dried, and
stored for use.

DNA extraction: Fifty cysts of each isolate were hand-
picked with fine-tipped forceps using a dissecting mi-
croscope (Bendezu etal., 1997). The selected cysts were
placed in 1.5-ml microcentrifuge tubes and homog-
enized using micropestles (Kontes Pellet Pestle, Vine-
land, NJ). DNA was extracted using the DNeasy Tissue
Kit (QIAGEN Inc., Valencia, CA) according to the
manufacturer’s protocol. Nematode cells were lysed
and loaded onto a DNeasy spin column where DNA
selectively bonded to the silica-gel membrane. Remain-
ing contaminants were removed in two wash steps, and
purified DNA was eluted in low-salt buffer. DNA con-
centration was determined spectrophotometrically us-
ing a SmartSpec 3000 (BioRad, Hercules, CA).

RAPD-PCR procedure: All RAPD reactions were carried
out using the Ready-To-Go RAPD Analysis Kit (AP Bio-
tech Inc., Piscataway, NJ). Each tube contained a room-
temperature-stable bead consisting of buffer, dATP,
dCTP, dGTP, dTTP, bovine serum albumin (BSA),
AmpliTaq, and Stoffel fragment (thermostable DNA
polymerases). In a pilot test, the six 10-mer primers
included with the kit were assessed for their ability to



produce clear and reproducible RAPD profiles with G.
t. solanacearum DNA as template. Primer sequences (5’
to 3") were as follows: 1, GGTGCGGGAA; 2, GTTTC-
GCTCCG; 3, GTAGACCCGT; 4, AAGAGCCCGT; 5, AAC-
GCGCAAG; and 6, CCCGTCAGCA. All RAPD reactions
contained 25 pmol primer, 15 ng template DNA, and
molecular biology grade water (Sigma) to a total vol-
ume of 25 pl. Reactions were overlaid with 50 pl light
mineral oil to prevent evaporation. Amplification was
performed in a PTC-100 Programmable Thermal Con-
troller (M] Research, Inc., Waltham, MA) programmed
for an initial denaturization step at 95 °C for 5 minutes,
followed by 45 cycles of 1 minute at 95 °C, 1 minute at
36 °C, and 2 minutes at 72 °C (according to the manu-
facturer’s instructions). After amplification, DNA prod-
ucts were loaded onto a 2% agarose gel in TAE running
buffer and electrophoresed for 5.75 hours at 70 volts.
The gel was stained in a 0.325-ng/ml ethidium bro-
mide-TAE buffer solution for 15 minutes, rinsed in dis-
tilled water for 15 minutes, and photographed with a
Kodak DC120 Zoom digital camera (Eastman Kodak
Co., Rochester, NY) under UV light. The RAPD finger-
print obtained for each isolate was replicated three
times with all six primers.

Data Collection and Analysis: Digital photographs were
adjusted in Adobe Photoshop (Adobe Systems Inc., San
Jose, CA) for optimal band visualization and printed on
Kodak Premium high-gloss picture paper (Eastman Ko-
dak Co., Rochester, NY) with a color ink-jet printer.
Amplification products were visually scored as present
or absent and recorded as 1 or 0, respectively. Only
bands clearly present in two out of three replications
were scored as being present. The statistical analysis
involved computation of Jaccard’s similarity coeffi-
cients, which were used to conduct a nearest-neighbor,
hierarchical cluster analysis (Gower, 1985) performed
using the software SYSTAT (Systat, Inc., Evanston, IL)
as in Caswell-Chen et al. (1992). The Jaccard’s similarity
coefficient assesses the similarity between any two iso-
lates on the basis of the number of shared bands, and
the cluster tree illustrates the relatedness of the isolates
tested. A bootstrap analysis of the date was also con-
ducted to evaluate separation of clusters (McKenna,
2003).

RESULTS

The amplified DNA fragments were in the range of
150 to 2500 bp, with 17 to 24 amplification products for
each of six primers, yielding a total of 119 markers for
the 23 nematode isolates used in the analysis. Figure 2
presents the RAPD profiles that resulted from one of
the 18 amplifications performed in order to illustrate
the banding patterns observed.

A Jaccard’s genetic similarity matrix is presented in
Table 2. Average similarities between species and gen-
era are shown in Table 3. The average similarity among
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isolates and species within Globodera was 0.683. The av-
erage similarity among isolates of G. t. solanacearum was
0.741. The nearest-neighbor cluster analysis obtained
from Jaccard’s similarity coefficients (Fig. 3) illustrates
the intraspecific variability within the Globodera tabacum
species complex and the variability within G. t. sola-
nacearum. Within the G. t. solanacearum group, isolates 6
and 19 were more distant from the other G. ¢ sola-
nacearum isolates, but isolate 23 (the Mexican cyst
nematode) clustered within the G. t. solanacearum
group. Isolates 20 and 21 (G. t. tabacum) clustered more
closely to G. t. solanacearum than did isolate 22 (G. t.
virginiae). The average similarity between G. t. virginiae
and the other isolates was only 0.372 (Table 3).

Results from the bootstrap analysis were inconclu-
sive, placing all nematode isolates within a single clus-
ter. Although mean similarity between G. t. sola-
nacearum and the other members of the tobacco cyst
nematode species complex tended to be smaller than
the similarity among G. t. solanacearum isolates, the gen-
eral variation in similarity among all isolates was too
great to allow for statistical separation of G. t. sola-
nacearum from the other members of the species com-
plex. In addition, the large number of isolates of G. .
solanacearum (19) relative to the other groups (4) re-
duced relative sample size in the statistical tests, lower-
ing the power of the tests to discriminate among nema-
tode isolates.

DiscussioN

This is the first report of intraspecific variability
within G. t. solanacearum in which a large number of
isolates were examined. Earlier reports indicated little
or no intraspecific variability among much smaller sets
of isolates based upon RFLP and RAPD-PCR data
(Thiéry and Mugniéry, 1996; Thiéry et al., 1997). How-
ever, the 74% intraspecific similarity we observed within
G. t. solanacearum was similar to that reported among
different pathotypes of the closely related potato cyst
nematodes, G. pallida and G. rostochiensis. Folkertsma et
al. (1994) and Bendezu et al. (1997) found 92.2% and
82% similarity, respectively, among G. rostochiensis iso-
lates representing three different pathotypes from Eu-
rope. Although Bendezu et al. (1997) found only 41%
similarity across three pathotypes of Peruvian isolates of
G. pallida, other estimates of intraspecific similarity
across pathotypes within G. pallida have ranged from
73% to 91.1% (Bendezu et al., 1997; Blok et al., 1997;
Burrows et al., 1996; Folkertsma et al., 1994).

Our results support the conclusion of Marché et al.
(2001) that considerable intraspecies variability exists
within the tobacco cyst nematode complex. Previous
work, including RAPD results, has consistently indi-
cated that G. (. solanacearum is more closely related to G.
t. virginiae than to G. (. tabacum (Bossis and Mugniéry,
1993; Marché et al., 2001; Subbotin et al., 2000; Thiéry
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Fic. 2. Random amplified polymorphic DNA (RAPD) profiles of 23 isolates of Globodera species after PCR with primer 5 (5'GGTGCGG-
GAA3'). The location, source, and taxonomic classification of each isolate are indicated in Table 1. These profiles represent those obtained
from only one of three amplifications performed with one of the six primers used. The heading ‘M’ stands for DNA size marker.

and Mugniéry, 1996; Thiéry et al., 1997). In our study,
G. t. solanacearum appeared to be more closely related
to G. t. tabacum than to G. t. virginiae. The discrepancy
between our results and those published previously may
have resulted from the small number of isolates of G. .
tabacum (2 isolates) and G. t. virginiae (1 isolate) in-
cluded in our comparisons. Details of the geographic
origins of the G. t. tabacum and G. (. virginiae isolates
used in our RAPD analysis are unknown. Therefore, it
is not possible to offer a biogeographic explanation for
this difference. In addition, we found Globodera “mexi-
cana’ to cluster within the G. ¢. solanacearum group, but
isolates initially identified as Globodera mexicana have
previously been proposed as members of all three sub-
species within the G. tabacum complex (Thiéry and
Mugniéry, 1996; Thiéry et al., 1997) as well as a new
subspecies named G. . “azteca” (Marché et al., 2001). It
will not be possible to determine the true relationships
among these populations until additional isolates can
be examined.

Correlations between the geographic location for
each of our isolates of G. t. solanacearum and the genetic
distance among them were inconsistent. Geographic
origin was associated with genetic relatedness among

isolates of G. pallida from South America and Europe
(Bendezu et al., 1997; Blok et al., 1997), but geographi-
cal origin has not commonly been correlated with
RAPD grouping on a continent-wide scale (Burrows et
al., 1996; Caswell-Chen et al., 1992; Folkertsma et al.,
1994; Pinochet et al., 1994). Isolates 16, 17, and 18 were
all from the same farm in Warren County, North Caro-
lina, and clustered very closely; the two isolates from
Lunenburg County (8 and 9) also clustered closely. The
three isolates from Dinwiddie County (4, 5, and 6) clus-
tered toward the edges of the G. t. solanacearum group.
However, the three isolates from Mecklenburg County
(10, 11, and 12) were relatively distant from each other
and spread throughout the G. t. solanacearum cluster,
and the two most similar isolates (10 and 15) in the
group were from non-adjacent counties. It is not clear
why isolate 19 clustered separately from all of the other
G. 1. solanacearum isolates. This isolate was obtained
from a collection left by the late L. I. Miller, formerly of
Virginia Polytechnic Institute and State University;
therefore, further background information is no longer
available.

Although tobacco cyst nematodes have been re-
ported from China, Pakistan, France, Italy, Yugoslavia,
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TABLE 3.
different species of cyst nematodes tested.

Mean Jaccard’s similarity coefficients for members of the tobacco cyst nematode (Globodera tabacum) species complex and across

Globodera tabacum subspecies:

solanacearum tabacum virginiae G. “mexicana” Globodera spp.
G. t. solanacearum 0.741
G. t. tabacum 0.492 0.804
G. t. virginiae 0.346 0.286 1.000
Globodera “mexicana” 0.602 0.422 0.400 1.000
Globodera spp. 0.685 0.501 0.372 0.597 0.683

Morocco, Spain, and Argentina, these populations have
generally not been identified to the species level or
beyond. (Esparrago, 2002; Johnson, unpubl.; Shepherd
and Barker, 1990). Pathotypes have not been found
within G. ¢ solanacearum (Rideout et al., 2000), but ag-
ronomically desirable TCN-resistant flue-cured tobacco
cultivars only recently have been deployed on a wide-
spread basis, possibly exerting selection pressure on
TCN populations in commercial tobacco fields. Thus,
accurate identification of nematode populations is criti-
cal to selecting appropriate management options, par-
ticularly involving host resistance.

Molecular characterization of TCN populations
should increase our understanding of genetic diversity
in these populations and how they change. The RAPD
markers we have described could be used to develop
primers and probes useful for diagnosis of TCN species
and pathotypes (Dong et al., 2001; Fullaondo, et al.,

19: Gts-M

23: Gm-M

9: Gts-LuP

8: Gts-LuC

5: Gts-Diw2
11: Gts-MeH
1: Gts-Br]

3: Gts-CaG
17: Gts-WaH2
18: Gits-WaH3
16: Gts-WaH
2: Gis-BrW  ae—on
10: Gts-MeW
15: Gts-PrF
13: Gts-NoD
14: Gts-NoS
12: Gts-MeH2
7: Gts-HaS

4: Gts-DiW
6: Gts-DiB
20: Gtt-M/E
21: Gtt-M2
22: Gtv-M/E

]
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Distances

F1G. 3. Nearest neighbor clustering for 23 isolates within the Glo-
bodera tabacum species complex. Clustering was based on Jaccard’s
similarity coefficient as calculated with 119 RAPD markers generated
from six different random primers. The location, source, and taxo-
nomic classification of each isolate are indicated in Table 1.

1997, 1999; Li et al., 1996). Such specific molecular
assays would lead to greater precision in the identifica-
tion of TCN populations in commercial fields. As a
result, growers would be able to make more appropri-
ate cultivar selections, thereby preserving the longevity
of TCN resistance and decreasing pesticide use in an
integrated nematode management scheme.
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