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Globodera tabacum is a little-known species complex of specialized plant—parasitic nematodes. In this
study we investigated for the first time the sequence variability of five effectors: three genes coding for
cell wall degrading enzymes (Pell, Pel2 and ExpB3) and two genes coding for CLE peptides (CLE1 and
CLE4) among a set of populations representing the different subspecies described. Substantial variability
was observed in the sequence dataset which is consistent with the differential pathogenicity of the
G. tabacum subspecies on a range of Nicotiana species. Using these sequence data, we were able (1) to
show the presence of a novel CLE-like class in cyst nematodes, (2) to support the existence of most
probably three and not four subspecies in this species complex, (3) to reveal that the subspecies
G. tabacum tabacum presents the highest diversity and (4) to develop a PCR tool that allows a quick and
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reliable identification of this subspecies among the species complex.
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1. Introduction

Tobacco cyst nematodes (TCN) are responsible for significant
yield reductions in the USA, France, Spain and Italy tobacco fields
[1]. This highly specialized plant—parasitic nematode species is
composed of three subspecies, Globodera tabacum subsp. tabacum
[2,3], G. tabacum subsp. virginiae [3,4], and G. tabacum subsp. sol-
anacearum [5,3]. All these subspecies display similar morpho-
biometric features, can easily cross both ways and reproduce on
tobacco, tomato, bittersweet or black nightshades [6,7]. However,
they differ in their ability to damage tobacco cultivars and to
develop on different Nicotianae species [8,9].

Because of the current banning of the most effective nemati-
cides and the high survival rate of nematode populations as cysts,
host resistance represents an attractive mean of control in infested
fields. Several sources of resistance were identified in wild geno-
types of Nicotianae but few agronomic cultivars are available. To
preserve their efficiencies, resistance must be deployed in an in-
tegrated approach through time (to slow down the adaptation) and
through space (as no occurrence in sympatry of the TCN subspecies
have ever been reported). To date, the subspecies distribution of
TCN is poorly known. Globodera tabacum is recorded in 16 countries
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[10], but the subspecies status of these populations remains mainly
unknown due to the lack of simple, quick and efficient markers for
such identification. Subbotin et al. [11] analyzed the ITS of the rDNA
but were not able to identify the different subspecies using the
polymorphism revealed by this marker. Only phylogenetic analysis
conducted on RAPD [12] or AFLP [13] markers allowed the molec-
ular discrimination of the subspecies inside the TCN complex.
Considerable intra-species variability was observed using AFLP
with the possibility of a fourth subspecies, G. tabacum subspecies
“azteca” [13].

Proteins secreted during the migratory and sedentary phases of
parasitism, here after called effectors, are thought to be prime
candidates to evaluate the adaptation potential of nematodes to
plant resistance. Little information is published on effectors of
G. tabacum. Only one cellulase [14], one pectate lyase [15] and one
chorismate mutase [16] are reported so far. However, several of the
secreted effectors were isolated and characterized in other species
of cyst nematodes (reviewed in Ref. [17]). Among the best charac-
terized, plant cell wall degrading enzymes (CWDE) and regulators
of root development like the plant-mimetic peptide CLAVATA3/ESR
(CLE), were described and appear to be conserved in Globodera
rostochiensis [18—20], Heterodera glycines [21—23] and Heterodera
schachtii [24,25]. Secreted in early stages of parasitism, CWDE
proteins help infective juveniles to penetrate the roots and migrate
into the cells. Secreted later during the parasitic life cycle, CLE
proteins appear to act as ligand mimics of endogenous plant
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Table 1

Subspecies and populations used in this study. All these populations were used in
the PCR-RFLP analysis, while only twelve were used for gene amplification and
sequencing.

Subspecies Population Origin Sequencing PCR-RFLP
G. t. tabacum GT3 Mexico Yes Yes
G. t. tabacum Connecticut USA Yes Yes
G. t. tabacum Agen France Yes Yes
G. t. tabacum Landes France Yes Yes
G. t. tabacum Fauillet France No Yes
G. t. tabacum Aiguillon France No Yes
G. t. virginiae 75117 Mexico Yes Yes
G. t. virginiae GV2 USA Yes Yes
G. t. virginiae GV3 USA Yes Yes
G. t. solanacearum 75140 Mexico Yes Yes
G. t. solanacearum GS1 USA Yes Yes
G. t. solanacearum GS2 USA Yes Yes
G. t. solanacearum GS3 USA No Yes
G. t. “azteca™ 75128 Mexico Yes Yes
G. t. “azteca™ 75181 Mexico Yes Yes

@ Species inquiranda proposed by Marché et al., 2001.

peptides to trigger a cascade of developmental events controlling
root cell development and central to feeding cell formation [26].

Based on the sequence data already available regarding the ef-
fectors of cyst nematodes, we applied a candidate gene approach to
further investigate the polymorphisms present in the effectors of
TCN and to evaluate their use to distinguish the different TCN sub-
species. Twelve populations of TCN representative of the different
subspecies were used to sequence the orthologs in G. tabacum of the
housekeeping gene EF1«, three CWDE (two pectate lyases, Pell and
Pel2, and one expansin-like, ExpB3) and two genes coding for CLE
peptides (CLE1 and CLE4). Using this sequence dataset we 1/ assessed
the within-species and within-subspecies diversity, 2/ investigated if
the polymorphism revealed could be correlated with the different
subspecies, and 3/ developed rapid and cost-effective molecular
markers as a tool for TCN subspecies identification.

2. Materials and methods
2.1. Nematode populations and DNA extraction

The origins of the populations used in this study are summa-
rized in Table 1. Diversity was maximized by choosing populations
from different geographical origins. The nematodes were reared in
a greenhouse on Nicotiana tabacum cv. Samsung. Cysts were
extracted three months later using a Kort elutriator, dried and
stored at 4 °C. For each population, we used as starting material one
cyst that contained hundreds of individuals.

After being presoaked in water overnight, individual cysts were
crushed in a separate sterile Eppendorf using a Pasteur pipette with
a sealed end. Cell membranes were disrupted by addition of 150 puL
of a lysis buffer (200 mM tris—HCl, pH 8.5; 200 mM NacCl, 25 mM
EDTA : 0.5% SDS) and 75 L of sodium acetate (3 M, pH 5.2) followed
by a 10 min incubation time at 20 °C. Tubes were centrifuged at
12,000 g for 5 min to precipitate the cellular debris. The superna-
tants were transferred in clean microtubes and the DNAs were
precipitated using isopropanol. After a last centrifugation at
12,000 g for 30 min, DNA pellets were washed with ethanol 70%,
dried under vacuum and suspended in 20 pL of Tris—EDTA 1x
(1 mM EDTA, 10 mM Tris—HCI) prior to be used.

2.2. Amplification

Five UL of each resuspended DNA were used to amplify the
different genes: the housekeeping gene EF1«, two genes coding for

different pectate lyases (Pell and Pel2), one gene coding for an
expansin-like protein (ExpB3) and two genes coding for CLE peptides
(CLE1 and CLE4). The G. tabacum orthologs of Pell, Pel2, CLE1 and
CLE4 have been targeted using primers previously designed [15,20,
Grenier, unpublished work]. To amplify ExpB3 and EF1«, we aligned
the corresponding EST sequences of Globodera and Heterodera
available in GenBank and designed primers using Primer3 software.
All the primers sequences are presented in Supplemental Table 1.

Pell was amplified in a final volume of 25 pL using primers
PEL1-fwd4 and PEL1-rev3 (10 pmoles each), 1.25U Taq Goflexi
(Promega), 5 uL Taq buffer (5x), 5 nmoles of each dNTPs and
150 nmoles of MgCl2. PCR conditions were as follows: 96 °C for
1 min, 35 cycles of 96 °C for 20 s, 55 °C for 20 s and 72 °C for 90 s,
ended by a final elongation step at 72 °C during 5 min.

Pel2 was amplified in a final volume of 15 puL using primers PEL2-
fwd1 and PEL2-rev1 (10 pmoles each), 0.5U Taq Goflexi, 3 pL Taq
buffer (5x), 2.5 nmoles of each dNTPs and 37.5 nmoles of MgCI2.
PCR conditions were as follows: 96 °C for 5 min, 35 cycles of 96 °C
for 60 s, 58 °C for 60 s and 72 °C for 60 s, ended by a final elongation
step at 72 °C during 7 min.

CLE1 was amplified in a final volume of 15 pL using primers
CLE1-atgF and CLE1-tgaR [19] (6 pmoles each), 0.5 U Taq Goflexi,
3 uL Taq buffer (5x), 2.5 nmoles of each dNTPs and 75 nmoles of
MgCI2. PCR conditions were as follows: 96 °C for 3 min, 35 cycles of
96 °C for 20 s, 64 °C for 20 s and 72 °C for 120 s, ended by a final
elongation step at 72 °C during 7 min.

CLE4 (in fact CLE5) was amplified in a final volume of 15 uL using
primers CLE1-atgF and CLE4-rev (10 pmoles each), 0.5 U Taq
Goflexi, 3 pL Taq buffer (5x), 2.5 nmoles of each dNTPs and
37.5 nmoles of MgClI2. PCR conditions were as follows: 96 °C for
3 min, 35 cycles of 96 °C for 60 s, 57 °C for 60 s and 72 °C for 120 s,
ended by a final elongation step at 72 °C during 7 min.

ExpB3 was amplified in a final volume of 15 pL using primers
EXPB3-rev and EXPB3-fwd (10 pmoles each), 0.5 U Taq Goflexi,
2.5 uL Taq buffer (5x), 2.5 nmoles of each dNTPs and 37.5 nmoles of
MgCI2. PCR conditions were as follows: 96 °C for 5 min, 35 cycles of
96 °C for 60 s, 65 °C for 60 s and 72 °C for 120 s, ended by a final
elongation step at 72 °C during 7 min.

EF1a was amplified in a final volume of 25 uL using primers of
EF1aGlobo-fwd and EF1aGlobo-revB (1 pmole each), 0.04 U Taq
Goflexi, 5 pL Taq buffer (5x), 0.1 nmoles of each dNTPs and 1mmole
of MgCl2. PCR conditions were as follows: 94 °C for 4 min, 40 cycles
of 94 °C for 30 s, 66 °C for 30 s and 72 °C for 60 s, ended by a final
elongation step at 72 °C during 5 min.

The DNA fragments were separated by electrophoresis on a 1%
TBE buffered agarose gel, stained with SYBRsafe and revealed after
a1 h-migration at 120 V under UV light. DNA bands of interest were
recovered from the gel prior cloning by cutting off the gel band and
eluting the DNA using the MinElude kit (Qiagen) following the
manufacturer’s instructions.

2.3. Cloning and sequencing

PCR products were ligated into a pSC-A vector using a stra-
taClone kit (Stratagene) and subsequently transformed into 25 pL of
competent cells (Strataclone, Solopack) using a heat shock proce-
dure. PCR amplifications using the M13 forward and reverse
primers were used to check the sizes of the inserts of the white
colonies and when relevant, clones were sequenced by Macrogen
Inc (Korea).

2.4. Sequence alignment and evolutionary analysis

For each sequence, the homology with the targeted gene was
checked using a blastn analysis (http://blast.ncbi.nlm.nih.gov/Blast.
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cgi). In order to define exon/intron borders, sequences were aligned
with the corresponding cDNA of G. rostochiensis or Globodera pallida
(AF127915.1 for Gr-Pell, AY094613.1 for Gr-Pel2, ]N226216.1 for Gr-
ExpB3, EU386829.1 for Gr-CLE1, EU386844.1 for Gr-CLE4 and
BK006062.1 for Gp-EF1«) using the MEGA software (version 4 [27]).
DnaSP v5.10 [28] was used to compute several evolutionary sta-
tistics like the number of synonymous changes and replacements,
the nucleotide diversity (), the Tajima’s D statistic and the dN/dS
ratio. DnaSP was also used to compute a sliding window analysis of
the nucleotide variability along the different genes using a window
size of 50 bp and a step size of 20 bp. Condensed trees based on
concatenated exonic sequences were constructed using the
maximum likelihood method implemented in MEGA. Choice of the
model and model parameters used to construct the tree were car-
ried out using Modeltest [29].

2.5. Cleaved amplified polymorphic sequence (CAPS) for TCN
subspecies diagnostic

To further evaluate the interest of some effectors poly-
morphisms, primers (Supplemental Table 1) were designed to
amplify the corresponding flanking regions. Amplifications were
conducted on DNA extracted from a single cyst of populations
whose subspecies identities were previously resolved. PCR were
carried out in a final volume of 25 pL using the relevant primers
(0.4 umole each), 1.25 U Taq Goflexi, 5 uL Taq buffer (5x), 0.2 nmoles
of each dNTPs and 3 mmole of MgCl,. PCR conditions were as fol-
lows: 95 °C for 1 min, 30 cycles of 95 °C for 30 s, 64 °C for 50 s and
72 °Cfor 60 s, ended by a final elongation step at 72 °C during 5 min.
These PCR products were digested by either Mbol, Pstl or BstEII
enzymes following the instructions of the manufacturer. The re-
striction fragment length polymorphisms were revealed by elec-
trophoresis on a 1% TBE buffered agarose gel stained with SYBRsafe.

3. Results
3.1. Gene sequencing results and definition of the sequence datasets

We sequenced three clones per population (except for EFla
where five clones were sequenced per population) to constitute our
sequence dataset for the analysis of the within-subspecies di-
versity. Redundant sequences were removed and the remaining
sequences were aligned with the corresponding cDNA sequences of
potato cyst nematodes to identify the probable exon/intron struc-
ture of the genes amplified in G. tabacum. Sequences displaying
early stop codons and/or different exon/intron boundaries were
then removed. Details on each gene dataset are provided below.

Pell (GenBank accession numbers HQ850192 to HQ850222).
The final Gt-Pel1 dataset was composed of 27 full-length sequences
showing an overall mean genetic distance of 0.016 (K2P distance on
the cds with pairwise deletion). The Gt-Pell dataset displayed se-
quences with open reading frame sizes of 1310 to 1392 bp due to
indels in four of the six introns identified. Introns positions and
exons sizes were conserved among the different populations and
subspecies of TCN and were able to encode a putative protein of 261
aa. The Gt-Pell dataset showed an amino acid identity of 93% with
the Gr-PEL1 amino acid sequence.

Pel2 (GenBank accession numbers GQ426924 to GQ426946). A
total of 16 sequences was kept in the final dataset. The sequences
covered nearly the entire open reading frame of the gene (except
the first 23 nucleotides on the 5’ end side and the last 14 nucleo-
tides on the 3’ end side). Gt-Pel2 sequences displayed an open
reading frame of 950 to 957 bp with short indels in one of the two
introns identified. The overall mean genetic distance observed in
this dataset was 0.009 (K2P distance on the cds with pairwise

deletion). Introns positions and sizes of the different exons
appeared conserved through the populations and subspecies of
TCN. The putative proteins encoded by Gt-Pel2 sequences shared
73% of identity with the amino acid sequence of Gr-PEL2.

ExpB3 (GenBank accession numbers JN226156 to JN226179). A
total of 22 sequences was kept in the final dataset. Gt-ExpB3 se-
quences displayed an open reading frame of 1469 to 1531 bp due to
indels in the five introns identified. The overall mean genetic dis-
tance observed in this dataset was 0.015 (K2P distance on the cds
with pairwise deletion). Introns positions and sizes of the different
exons appeared conserved through the populations and subspecies
of TCN. The putative proteins encoded by Gt-ExpB3 sequences
shared 93% of identity with the Gr-EXPB3 amino acid sequence.

CLE1 (GenBank accession numbers KF516512 to KF516538). The
final Gt-CLE1 dataset was composed of 26 full-length sequences
showing an overall mean genetic distance of 0.009 (K2P distance on
the cds with pairwise deletion). The Gt-CLE1 sequences displayed
open reading frame ranging from 675 to 679 bp due to short indels
in one of the two introns identified. Introns positions and exons
sizes were conserved among the different populations and sub-
species of TCN and were able to encode a putative protein of 162 aa
including a duplicated terminal CLE motif. The Gt-CLE1 dataset
showed an amino acid identity of 91% with the Gr-CLE1 amino acid
sequence.

CLE4 (GenBank accession numbers KF553924 to KF553945). A
total of 22 sequences showing CLE motifs was obtained using the
primers designed to amplify Gr-CLE4. Depending on the sequence
used, the similarity with Gr-CLE4 ranged from 67 to 79%. An overall
mean genetic distance of 0.084 (K2P distance on the cds with
pairwise deletion) was observed when using these 22 sequences.
Ten different CLE motifs were identified and one to five repetitions
of these motifs were observed per sequence through the dataset
(Supplemental Fig. 1). Obviously, different copies of CLE-like genes
were present in this dataset and to get a suitable dataset we
decided to keep only the sequences displaying the same exon/
intron structure and the same number of perfect CLE motifs. Using
these criteria we finally got to a dataset composed of 13 full-length
sequences (six from Gts, five from Gtt, one from Gtv and one from
Gta) showing an overall mean genetic distance of 0.005 (K2P dis-
tance on the cds with pairwise deletion). This dataset displayed
sequences able to encode putative proteins of either 169 or 170 aa
due to one short indel (3 bp) in the second exon. Based on the
structure and sequence dissimilarities observed between the CLE
motifs of these 13 sequences and other Globodera CLE motifs
(Supplemental Fig. 1) we decided to group them into a separate
class that was named Gt-CLE5 and that most probably corresponds
to a new CLE-like family in Globodera.

EF1a (GenBank accession numbers KF553946 to KF554001). The
final Gt-EF1a dataset was composed of 52 partial sequences
showing an overall mean genetic distance of 0.011 (K2P distance on
the cds with pairwise deletion) and a global amino acid identity of
93% compared to Gp-EF1a. The 624 bp amplified fragment covered
three exons that were conserved in size and position among the
different populations and subspecies of TCN and that were able to
encode a putative protein of 176 aa representing 38% in length of
the Gp-EF1a protein.

3.2. Phylogenetic analysis based on exonic data

Maximum likelihood phylogenetic analyses inferred from the
concatenated datasets of Gt-EF1w, Gt-Pell, Gt-Pel2, Gt-ExpB3, Gt-
CLE1 and Gt-CLE5 revealed three groups corresponding to the
subspecies Gtt, Gtv and Gts historically defined (Fig. 1A). The two
Mexican populations (75181 and 75128) belonging to the putative
fourth Gta subspecies [13] were dispatched in the Gtv and Gts
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Fig. 1. Phylogenetic analysis of concatenated exons. Analysis were conducted using Maximum Likelihood and 500 bootstraps and the Kimura 2 parameter model in pairwise
deletion (K2 + G, with K = 4) as defined by modeltest. [A] Tree inferred from the concatenated exons of Gt-EF1a, Gt-Pell, Gt-Pel2, Gt-ExpB3, Gt-Cle1 and Gt-Cle5. [B] Tree inferred

from the concatenated exons of Gt-Pell, Gt-ExpB3 and Gt-Cle5.

subspecies. When using concatenated datasets without the three
genes that slightly diverged from neutrality (i.e. Gt-EF1«, Gt-Pel2
and Gt-CLE1, see Section 3.3) the resolution was worse, the Gtt
subspecies appeared no more as a single group but the two Gta
populations were still dispatched in the Gtv and Gts subspecies
(Fig. 1B). Therefore, we assumed in all the following analysis that
populations 75128 and 75181 belong in fact to the Gtv and Gts
subspecies, respectively.

3.3. Sequence variability and evolution of G. tabacum effectors

Statistics calculated on the coding regions of the different genes
amplified in G. tabacum are summarized in Table 2. The five effec-
tors showed from 2% to 10% polymorphic sites equally distributed
between synonymous and replacement mutations. We investigated
whether evidence for positive or purifying selection pressure could
be detected in our data, and carried out evolutionary analyses using
the neutrality (Tajima’s D) and dN/dS tests. Values obtained for the
Tajima’s D statistic provided no highly significant results that allow
a clear distinction from neutrality. However, in three of the inves-
tigated genes (Gt-EF1q, Gt-Pel2, and Gt-CLE1) significant (p < 0.05)
negative values were observed that may be indicative of purifying

selection. This conclusion was reinforced by the dN/dS values that
were all found <1.

None of the effector targeted displayed a nucleotide diversity
significantly different from the one observed in the housekeeping
gene (p > 0.05) (Fig. 2A). However, Gt-Pell and Gt-ExpB3 sequences
displayed significantly higher nucleotide diversities than the one
present in the CLE5 dataset (Fig. 2A). When looking at the distri-
bution of the nucleotide diversity among the different subspecies
(Fig. 2B), significant disparities were observed among Gtt, Gtv, and
Gts sequences for two of the investigated genes: Pell and ExpB3. For
three of the four effectors amplified (excluding Gt-CLE5 as the data
were incomplete) the highest levels of nucleotide diversity were
observed in the subspecies Gtt while the lowest levels of nucleotide
diversity were observed in the subspecies Gts.

3.4. Subspecies specific polymorphisms and development of a Gtt
subspecies specific marker

To detect subspecies specific polymorphisms, we computed for
each gene a sliding window analysis of the difference between the
total nucleotide diversity and the within subspecies nucleotide
diversity (i.e. the mean of the three within subspecies diversity).
Such differences are helpful to highlight positions where the
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Table 2

Polymorphism of the five genes investigated in Globodera tabacum: the number of sequences considered within each subspecies is indicated; (S) gives the proportion of the
polymorphic sites relative to the length of the sequence amplified; (Syn) and (Rep) give respectively the proportion of synonymous mutations and replacements relative to the
total number of polymorphic sites; () gives the nucleotide diversity and its standard deviation; (dN/dS) and (D Tajima) statistics give indications on the evolution forces acting

on each sequence dataset and deviation from neutrality.

Gene Nb of Gtt seq Nb of Gtv seq Nb of Gts seq Length (bp) S (%) 7 (s.d.) Syn (%) Rep (%) dN/dS D Tajima

EFla 18 15 19 527 11 0.011 46 54 0.08 -1.8
(0.001) p <0.05

Pell 8 8 11 785 9.9 0.016 43.6 56.4 0.24 —1.48
(0.001) ns

Pel2 7 4 5 680 53 0.009 41.7 58.3 0.32 -1.86
(0.001) p < 0.05

ExpB3 8 6 8 714 6.7 0.015 43.8 57.2 0.20 -0.76
(0.001) ns

Cle1 9 8 9 491 7.1 0.009 45.7 543 0.31 -1.97
(0.001) p <005

Cle5 5 1 7 513 23 0.005 41.7 58.3 0.77 —-1.32
(0.001) ns

sequences are mostly conserved within subspecies while divergent
among subspecies. Gt-Pel2 and Gt-EF1a revealed weak differences
between the total and the within nucleotide diversities. However
some interesting peaks were detected along the sequences of the
four other datasets: one in Gt-CLE5, two in Gt-CLE1, three in Gt-
ExpB3 and five in Gt-Pell (Fig. 3). The nucleotide sequences of the
sites related to the highest inflations of the total nucleotide di-
versity were further analyzed. Polymorphisms tending to be sub-
species specific were identified in these four genes: Gtt specific
polymorphisms were identified in Gt-CLE5, Gt-CLE1 and Gt-Pell;
Gts specific polymorphisms were identified in Gt-ExpB3, Gt-Pell
and Gt-CLET; and one sole Gtv specific polymorphism was identi-
fied in Gt-Pel1 (Fig. 3). To validate these findings based on sequence
analysis, we looked for restriction enzymes with restriction sites
matching the polymorphisms identified. We identified three en-
zymes of interest: Mbol, Pstl and BstEIl that were used to, respec-
tively, reveal the polymorphisms observed in the CLE5 “F”, ExpB3
“D” and CLE1 “E” peaks. PCR primers were designed to amplify the
flanking regions of these polymorphisms such a way that the size
of the amplified product was short enough to minimize the num-
ber of restriction sites subsequently recognized by the enzyme. The
efficiency of these three PCR-RFLP markers in separating the
different subspecies was tested on a panel of 15 populations of
different origin and representative of the G. tabacum species
complex. As expected, the agarose gel (Fig. 4A) revealed a powerful
PCR-RFLP marker specific of all the Gtt populations when using the
CAPS marker derived from the CLE5 “F” peak. However, the use-
fulness of the CAPS markers derived from the CLE1 “E” and ExpB3

“D” peaks to discriminate among the TCN subspecies was
hampered by some heterogeneity among the Gtv populations
(Fig. 4B and C).

4. Discussion

Few pieces of information were published on effectors of
G. tabacum. In this study we investigated for the first time the
sequence variability of five effectors belonging to different families
and involved in different steps of the nematode interaction with its
host plant. Substantial variability was observed in the sequence
dataset which is consistent with the differential pathogenicity of
the investigated subspecies on a range of Nicotiana species. Using
the data obtained from the investigated genes, we were able (1) to
show the presence of a novel CLE-like class in cyst nematodes, (2) to
support the existence of most probably three and not four sub-
species in the TCN species complex, (3) to reveal that the subspecies
Gtt presents the highest diversity and (4) to highlight subspecies
polymorphism from which one PCR tool was developed to identify
the Gtt subspecies among this complex.

4.1. A large intra-species sequence variability with variations
among the copies of a given gene family

Few redundant sequences were obtained in our sequence data-
sets showing that diversity is high between the individuals within
one cyst. As already shown by Philips et al. [30] using sub-
populations of G. pallida raised from individual cysts, a substantial
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Fig. 2. Nucleotide diversity observed in the effectors. [A] Comparison of the nucleotide diversity observed among the six investigated genes. [B] Comparison of the nucleotide
diversities among the TCN subspecies for each of the investigated effectors. For each gene and each TCN subspecies, total nucleotide diversity was corrected by the intra-subspecies
diversity occurring in the housekeeping gene (EF1a). Statistical significance of the differences observed are indicated above the histograms (n.s. = non significant, *** = p < 0.01,

*=p<01).
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Fig. 3. Difference between nucleotide diversity computed overall TCN populations and within subspecies for the six genes sequenced in G. tabacum. Peaks are indicative of inflation of the
total nucleotide diversity compared to the mean of the within subspecies nucleotide diversity. Frequencies of the mutations revealed by the inflated peaks in each G. tabacum subspecies are
detailed below the graphs. Pel1 — peak (A) 70% Gtt, 0% Gtv, 0% Gts = putative Gtt specific marker. Pel1 — peak (B) 10% Gtt, 0% Gtv, 100% Gts = putative Gts specific marker. Pel1 — peak (C)
20% Gtt, 100% Gtv, 0% Gts = putative Gtv specific marker. ExpB3 — peak (D) 0% Gtt, 17% Gtv, 100% Gts = putative Gts specific marker. Cle1 — peak (E) 0% Gtt, 12.5% Gtv, 78% Gts = putative
Gts specific marker. Clel — peak (G) 89% Gtt, 0% Gtv, 11% Gts = putative Gtt specific marker. Cle5 — peak (F) 100% Gtt, 0% Gtv, 0% Gts = putative Gtt specific marker.

part of the genetic and phenotypic variability is present among the
individuals of a single cyst. One can notice that the mean genetic
diversity of the Pel2 gene in G. tabacum (using one cyst per popu-
lation as starting material) is highly similar to that of the Pel2 gene in
G. rostochiensis (using 10 cysts per population as starting material)
[15]. We also looked at the minimum number of sequences required
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Fig. 4. Evaluation of CAPS markers for the identification of TCN subspecies. [A] PCR-RFLP
using the Mbol restriction enzyme to reveal the polymorphism observed in the Cle5 “F”
peak. [B] PCR-RFLP using the Pstl restriction enzyme to reveal the polymorphism
observed in the ExpB3 “D* peak. [C] PCR-RFLP using the BstEII restriction enzyme to reveal
the polymorphism observed in the Cle1 “E” peak. In all cases, 15 TCN populations (6 Gtt, 5
Gts and 4 Gtv) of different geographical origins were used to evaluate the specificity and
efficiency of the CAPS markers for TCN subspecies identification.

for the correct estimation of the subspecies nucleotide diversity and
found that sequencing more than six (sometimes even four) clones
of our effectors doesn’t improve significantly the measure of this
nucleotide diversity (data not shown).

No sign of positive selection was detected in the different genes
investigated. The data suggest that the five effectors investigated
through this study evolved under purifying selection rather than
diversifying selection. However, relatively large intra-species vari-
ability was observed among the sequences of each gene. This large
intra-species variability appears to be independent of the involve-
ment of the gene in the early or late stages of parasitism. More, this
intra-species variability appears to vary among gene copies of a
same family (i.e. Pell vs Pel2 or CLE1 vs CLE5) as much as among
genes belonging to different families. The nucleotide diversity of
G. tabacum effectors ranged from 0.5% to 1.6%, which is a level similar
to that observed in other cyst nematode species. In G. pallida and
G. rostochiensis, the pel2 gene showed 0.5—1.4% nucleotide diver-
gence [15]. In contrast with the results obtained for other expansins
isolated in the nematodes Bursaphelenchus xylophilus [31] and
G. rostochiensis [32] for which respectively only 0.1% and 0.4% of
divergence were reported, we observed 1.5% of nucleotide diversity
in the expansin of G. tabacum. Expansins are known to be present as
multigenic families in root knot and cyst nematodes and the genome
sequence of Meloidogyne incognita revealed 20 candidate expansins
[33]. They were most probably acquired by nematodes through in-
dependent lateral gene transfers followed by gene duplications [34].
It is then tempting to speculate that among this repertoire of cell
wall degrading enzyme the different copies can show different
levels of sequence divergence depending on the history of dupli-
cation of these copies following their acquisition by the nematodes.

4.2. A new class of CLE peptides found in cyst nematodes

CLE peptides secreted by nematodes are known to function as
ligand mimics of endogenous plant peptides to trigger a cascade a
developmental events central to nematode development [26]. CLE-
like genes cloned in G. rostochiensis encode proteins that usually
contain multiple CLE domains. Based on structure and sequence
similarities, Gr-CLE were grouped into two classes: Gr-CLE1 and Gr-
CLE4. Homologs of the Gr-CLE1 gene were easily amplified in
G. tabacum. But, while trying to amplify Gr-CLE4 in G. tabacum, we
revealed a complex mixture of divergent sequences, including a
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group of 13 sequences appearing as a novel class of CLE proteins in
the Globodera. This new class was identified as a Gt-CLE5 class. As
already observed for Gr-CLE4, Gt-CLE5 contains several members
depending on the number or the sequence of the CLE motifs. In
contrast to the size variation observed in the coding sequence of Gr-
CLE4 [20], the size of the coding sequence of Gt-CLE5 appeared
more conserved showing only one indel of 3 bp among the different
members. Different families of CLE-like proteins were observed in
G. tabacum, with some of them showing high variations in term of
CLE dodeca sequence and number. It seems therefore that a greater
complexity of CLE-like genes exists in G. tabacum compared to
G. rostochiensis, a reminder of what was already observed between
CLE-like genes in H. glycines and H. schachtii [25,35]. This
complexity may also be a reflection of the G. tabacum wider host
range compared to G. rostochiensis as TCN are known to be able to
develop also on tomato, pepper, eggplant and on several non
cultivated Solanaceae like Datura stramonium, Solanum nigrum or
Hyoscyamus niger.

4.3. An update of the subspecies numbering in the G. tabacum
complex

Lownsberry and Lownsberry described G. tabacum in 1954 [2],
while Globodera virginiae and Globodera solanacearum were
described first as distinct species by Miller and Gray in 1968 [4] and
1972 [5], respectively. Stone et al. [3] used canonical analysis based
on morphology and morphometrics to place these three entities in
a single species complex containing three subspecies. In 2001,
Marché et al. [13] studied new populations from Mexico and based
on their AFLP results, they proposed a fourth subspecies (G.t. azteca)
composed of only Mexican populations. The traditional approach
for resolving a phylogeny has been to collect data from a single gene
across multiple species and populations. Although this approach
has been quite useful, it rests upon the assumption that the gene
tree will reflect the species tree. Recognition of the fact that gene
trees may not accurately reflect the species tree has led researchers
to collect data from multiple genes in order to sample independent
histories [36—38]. Thanks to the absence of strong divergence from
neutrality observed in G. tabacum, we were able to improve the
phylogenetic analysis after concatenation of the six investigated
genes. However, caution must be still taken when using such genes
association as effectors usually belong to large gene families where
substantial recombination may occur and confound the phyloge-
netic analysis. The classification of the three groups of TCN obtained
in this study is equivalent to that commonly recognized and found
by Thierry et al. [12]. Our results do not support the existence of a
fourth subspecies as all the Mexican populations studied here
cluster either in the Gtv or Gts subspecies. One can argue that may
be the slow rate of evolution of nuclear DNA was not enough
informative compared to AFLPs and has hampered the identifica-
tion of the fourth TCN subspecies. However, previous studies
showed that nuclear exons can provide robust phylogenetic results
and may be still useful even for relatively recent divergences (<10
Myr) [39]. As the genus Nicotiana is thought to be between 75 and
100 Myr [40] and as molecular clocks proposed for Globodera
suggest that potato cyst nematode species could have emerged as
early as 15—18 Myr [41 ], we can assume that TCN subspecies appear
relatively recently (i.e. <15 Myr).

4.4. Amount of nucleotide diversity in the different TCN subspecies
and development of a Gtt subspecies specific marker

While no significant difference was observed among the
nucleotide diversities of the six investigated genes, we observed
significant differences among the three TCN subspecies. The Gtt

subspecies appeared often as the most diverse subspecies
compared to Gtv and Gts. It is unclear at this stage if the higher
nucleotide diversity observed in Gtt is an intrinsic feature of this
subspecies or is rather related to the presence in our dataset of
European populations of Gtt while only populations from North and
Central Americas were used for Gtv and Gts. However, as Gtt is
known to be the sole TCN subspecies that succeed to establish in
countries outside the Americas (and especially in Europe), it is
tempting to assume that this particular ability of the Gtt may have
been prompted by a wider reservoir of nucleotide diversity present
in Gtt nuclear genes. Several works showed that nematode effectors
can also represent avirulence genes that will control the compati-
bility of the interaction with plant resistance genes [42—44]. It is
therefore possible that Gtt populations present a higher potential
for adaptation to tobacco resistance than Gtv or Gts populations.

Many DNA based molecular diagnostics were developed for
application in nematology (see review in Ref. [45]) which are routine,
rapid and robust. PCR based molecular diagnostics demonstrate the
progress made in this area, offering sensitivity, accuracy and confi-
dence. A major achievement was obtained following the demon-
stration that a PCR based method could distinguish closely related
species [46]. Hence, we tried to discriminate the subspecies of TCN
using the sequence data obtained on the G. tabacum effectors. Three
CAPS markers were designed and evaluated against a set of 15 TCN
populations from geographically disparate locations. One Gtt specific
marker was obtained using the CAPS marker derived from the CLE5
“F” peak. This peak stood out from the others as the corresponding
polymorphism consisted in an indel rather than a nucleotide substi-
tution. CAPS markers derived from the ExpB3 “D” and CLE1 “E” peaks
corresponded both to nucleotide substitutions and failed both to be
subspecies specific. Our results demonstrate that even substitutions
present at a level of 12.5% (as observed in the Gtv for the CLE1 CAPS
marker) is enough to hamper a reliable diagnostic of particular cysts
because of partial digestions.

5. Conclusions

Our results showed that effectors are suitable for studying the
within species variability but that developing reliable diagnostic
markers from these nuclear DNA genes can be hampered by their
high level of nucleotide diversity. Despite these limitations, we
were able to develop a Gtt specific marker to investigate the
presence of this TCN subspecies in fields. Further investigations are
now needed (1) to confirm the efficiency of the Gtt diagnostic
marker using several cysts per population and (2) to check the
absence of cross-hybridization of this marker with other cyst
nematode species. Such molecular tool will be of paramount
importance to use the appropriate resistance knowing the sub-
species status of the TCN populations in place.
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