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Molecular and morphological consilience in the characterisation
and delimitation of five nematode species from Florida belonging
to the Xiphinema americanum-group
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Summary - Taxonomic keys and original descriptions were used to identify 26 Xiphinema americanum-group populations from Florida
comprising X. georgianum (eight populations), X. citricolum (six), X. floridae (six), X. laevistriatum (five) and X. tarjanense (one).
Principal component analysis of a subset of 19 morphometric characters accorded with the species designations; discriminant analysis
of six characters assigned 93% (111 of 119) of the specimens to the correct putative species. A phylogeny of these populations estimated
from analyses of rDNA sequences (ITS and D2D3) was also congruent with species designations from taxonomic keys and PCA.
The D2D3 sequences revealed very little intraspecific variation whereas each population sampled produced a unique ITS sequence.
Intraspecific variation in the suites of character code values from polytomous keys resulted mainly from minor discrepancies between
population character means and reported character ranges for the species. We show that, for these taxa, species delimitation based on
the requirement that sister taxa evolve autapomorphies distinguishes intraspecific variation from phylogeny and, as applied to molecular
characters, delimits the same taxa as those predicted by morphological keys and PCA.

Keywords — D2D3, dagger nematode, ITS, phylogeny, rDNA, taxonomy, Xiphinema citricolum, Xiphinema floridae, Xiphinema
georgianum, Xiphinema laevistriatum, Xiphinema tarjanense.

Members of Longidoridae in the genus Xiphinema
are important plant parasites as well as vectors of plant
nepoviruses (Taylor & Brown, 1997). Correct identifica-
tion of Xiphinema species is economically important due
to their specificity with regard to plant hosts and virus
transmission capability. However, species diversity and
taxonomic validity of species in the X. americanum Cobb,
1913 group has been somewhat controversial, with the
number of recognised species ranging from 34 (Luc et al.,
1998; Coomans et al., 2001) to 51 (Lamberti et al., 2000,

2002). Lack of agreement about the taxonomy of the
group results from few differences reported between many
of the species, lack of data on intraspecific variation, and
insufficient illustrations for many putative species (Loof
& Luc, 1990). Although morphometric variation is abun-
dant, identification is made difficult by overlapping mea-
surements and the use of suites of character combinations
as opposed to unambiguous autapomorphies.

Luc and Baujard (2001) proposed the need for a
careful re-evaluation of the type and other species in this
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group as a prelude to developing reliable taxonomic keys.
They noted that X. citricolum Lamberti & Bleve-Zacheo,
1979 and seven other species were indistinguishable
from X. americanum s. s. on the basis of a published
polytomous key to the group (Lamberti et al., 2000)
and that 17 additional species, including X. laevistriatum
Lamberti & Bleve-Zacheo, 1979, X. floridae Lamberti &
Bleve-Zacheo, 1979 and X. tarjanense Lamberti & Bleve-
Zacheo, 1979, differ from X. americanum s. s. by just a
single character.

In order to investigate morphological variation as a
component of species diversity in the X. americanum-
group, we examined molecular (ITS and D2/D3 riboso-
mal DNA sequences) and morphometric characters from
26 populations comprised of five closely related species
of the X. americanum-group in Florida: X. citricolum,
X. floridae, X. georgianum Lamberti & Bleve-Zacheo,
1979, X. laevistriatum and X. tarjanense. Our objectives
were to validate these species based on phylogenetic re-
lationships (Adams, 1998) and to characterise the use-
fulness of morphological characters for species diagno-
sis.

Materials and methods

Isolates from populations of putative X. citricolum,
X. floridae, X. georgianum, X. laevistriatum and X. tar-
Jjanense were collected from various host plants and loca-
tions in Florida (Table 1). Nematodes were extracted from
soil by sucrose centrifugation (Niblack & Hussey, 1985).
For morphological studies, specimens were killed by gen-
tle heating, fixed in 4% formaldehyde, and processed
and mounted in glycerin on glass slides by a modifica-
tion of Seinhorst’s (1959) method. Specimens were mea-
sured using light microscopy and a camera lucida. Popu-
lations were assigned species designations based on their
morphology (Lamberti & Bleve Zacheo, 1979; Lamberti
et al., 2004). Species designations were made indepen-
dently of (i.e., prior to) multivariate and phylogenetic
analyses.

Up to 19 morphometric variables from between four to
eight females from each population were analysed using
principal component analysis (Minitab Software, State
College, PA, USA; Duncan et al., 1999). Discriminant
analysis (Minitab Software) was also employed using the
polytomous key characters (lengths of odontostyle, body,
and tail, c, ¢/, V) given by Lamberti et al. (2004).

DNA was extracted from an individual female nema-
tode from each population using DNeasy tissue extrac-

522

tion kits (QIAGEN, Santa Clarita, CA, USA). Ribosomal
DNA of the internally transcribed region was PCR ampli-
fied using the 18S (forward) and 26S (reverse) primers de-
signed by Vrain ez al. (1992) which bind to the posterior 3’
portion of the 18S small ribosomal subunit (forward) and
at the 5" end of the 28S subunit region (reverse). In addi-
tion, the D2D3 rDNA was partially amplified using two
sets of primers, D3A (forward) and D3B (reverse) and
502 (forward) and 536 (reverse) (Baldwin et al., 1997).
Polymerase chain reactions were carried out in 25 ul vol-
umes. PCR mix was added to each tube: 2.5 ©1 10 x PCR
buffer, 1.5 ul MgCl,, 1ul ANTP mixture (10 mM each),
1 wul of 10 pM forward primer, 1 ul of 10 pM reverse
primer, 0.25 ul of Tag polymerase (CLP), 19.55 ul of dis-
tilled water and 5 ul of DNA. All PCR reactions were
run in a PTC-100 Thermocycler (MJ Research, Waltham,
MA, USA) with the cycling profile: 1 cycle of 94°C for
7 min followed by 35 cycles of 94°C for 1 min, 50°C for
1 min, and 72°C for 1 min. The last step was 72°C for
10 min. The resultant PCR products of ITS region were
cloned into the vector PCR2.1 Topo-TA cloning kit (In-
vitrogen, Carlsbad, CA, USA). Plasmid DNA was puri-
fied from bacterial cultures using QIAprep Spin Miniprep
kit (QIAGEN). For direct sequencing, PCR products were
purified using QIAquick PCR purification kit (QIAGEN)
and sequenced at the University of Florida ICBR sequenc-
ing core facility on Perkin Elmer/Applied Biosystems au-
tomated DNA sequencers. The primers used for sequenc-
ing were the same that were used for amplification. The
ITS rDNA and D2D3 region sequences of five species of
X. americanum-group were deposited in GenBank (Ac-
cessions DQ 299490-DQ 299536).

Sequences were edited using sequencer (4.1.2 Gene
codes Corporation 1991-2000). For the analysis of the 28S
ribosomal RNA gene (LSU), ingroup sequences, includ-
ing two X. americanum sequences available in GenBank
(AY601591, AY601599), were aligned with the outgroup
taxa Longidorus euonymus Mali & Hooper, 1974 and
L. apulus Lamberti & Bleve-Zacheo, 1977 (GenBank ac-
cession numbers AY601571 and AY601573, respectively)
chosen on the basis on sequence similarity expect scores
(BLASTnr; Altschul et al., 1990) and the sister group re-
lationship to the ingroup taxa by prior inference (He et al.,
2005). The multiple sequence alignment was constructed
using the default parameters of Clustal X 1.83 (Thomp-
son et al., 1997) and adjusted manually in MacClade 4.0
(Maddison & Maddison, 2002). Duplicate sequences were
removed from the alignment prior to analysis, resulting in
15 taxa (13 ingroup, 2 outgroup).
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Characterisation within the Xiphinema americanum-group

Table 1. Sample locations, associated plant species, survey and analysis codes, analyses conducted, and identities of 30 Xiphinema

spp. populations used in this study.

Identification and Analysis Location Plant species D2

survey code code PCA D3 ITS

X. citricolum
315 C1 Umatilla Citrus X X
408 C2 Winter Haven Oak X X X
461 C3 Haines City Oak X X X
472 C4 Cape Canaveral Hackberry tree X X X
478 C5 Cape Canaveral Brazilian pepper X X X
473 (69 Cape Canaveral Oak X

X. georgianum
124 Gl Lake Alfred Oak X X X
403 G2 Frostproof Oak X X X
436 G3 Ft. Pierce Oak X X X
441 G4 Ft. Drum Oak X X X
446 G5 Auburndale Oak X X X
447 G6 Auburndale Oak X X X
486 G7 Titusville Pine X X X
487 G8 Titusville Oak X X X

X. laevistriatum
398 L1 Frostproof Oak X X X
410 L2 Winter Haven Oak X X X
458 L3 Polk City Oak X X X
465 L4 Haines City Oak X X X
395 L5 Babson Park Pine X

X. floridae
317 F1 Altoona Citrus X X X
480 F2 Cape Canaveral Sea oat X X X
481 F3 Cape Canaveral Sea grape X X X
488 F4 Titusville Oak X X X
393 F5 Babson Park Pine X
484 F6 Titusville Oak X

X. tarjanense
379 T1 Winter Haven Oak X X X

X. vulgare
434 Vi Ft. Pierce Pine X
416 V2 Eagle Lake Oak X

X. chambersi
414 CH1 Eloise Pines X

X. naturale
440 N1 Ft. Pierce Oak X

Alignment of the ITS sequences to outgroup taxa was
not considered because the variation among the ingroup
sequences was so high that homology statements between
the ingroup and outgroup taxa could not be inferred with
confidence. Alignment of the ITS sequences proceeded
from inferred relationships based on the LSU sequence
data. Accordingly, each of the monophyletic populations
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were individually aligned and optimised manually in
MacClade. Then, the populations (clades) were aligned
sequentially to each other according to their inferred
relationships from the LSU phylogeny using the profile
alignment option in ClustalX.

Because the ITS alignments did not include outgroup
taxa, no effort was made to concatenate the ITS and
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D2D3 datasets. Maximum parsimony (MP), maximum
likelihood (ML), and minimum evolution of log deter-
minant transformed distances (ME) analyses were per-
formed on each dataset separately using PAUP* (Swof-
ford, 2002). Maximum parsimony analyses were per-
formed considering indels as either missing data or as
a fifth character state. For the D2D3 dataset, tree and
bootstrapping proceeded via branch and bound searches.
The ITS dataset employed a heuristic search with starting
trees acquired via stepwise addition (ten replicates of ran-
dom addition sequence) with tree-bisection-reconnection
(TBR) branch swapping. Bootstrap analyses proceeded
similarly, but with the maximum number of trees re-
tained at each replicate constrained to 3043, the num-
ber of MP solutions found during the initial heuristic
search. Models of sequence evolution for maximum like-
lihood analysis were chosen via ModelTest 3.5 (Posada
& Crandall, 1998; Posada & Buckley, 2004). Maximum
likelihood searches, including bootstrapping, of the ITS
and D2D3 alignments were heuristic with starting trees
acquired via stepwise addition (ten replicates of ran-
dom addition sequence) with tree-bisection-reconnection
(TBR) branch swapping. Minimum evolution solutions
employed LogDet transformed genetic distances (Steel
et al., 2000); bootstrap support for this solution was esti-
mated using 1000 resampling replicates. Comparison tests
of alternative topologies were carried out using PAUP*
under the parsimony optimality criterion using Templeton
(non-parametric) and Kishino-Hasegawa tests, and un-
der the likelihood optimality criterion using the Kishino-
Hasegawa test (two tailed) and Shimodaira-Hasegawa
test, both utilising RELL test distribution optimisation.
Command files for all analyses were assembled into nexus
PAUP blocks and batch run on PAUP* portable version
4.0b10 for Unix on a RackSaver 64 node dual Opteron
processor supercomputing cluster and are available upon
request.

Results

MORPHOLOGICAL RELATIONSHIPS

Five species of the X. americanum-group were identi-
fied among 26 of the dagger nematode populations, based
on morphology and morphometrics (Tables 2, 3), viz.,
X. citricolum, X. floridae, X. georgianum, X. laevistria-
tum and X. tarjanense (Lamberti & Bleve-Zacheo, 1979;
Lamberti et al., 2004). We also identified two popula-
tions of X. vulgare Tarjan, 1964 and single populations
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of X. chambersi Thorne, 1939 and X. naturale Lamberti
et al., 2002, none of which belongs to the X. americanum-
group.

The averages for a number of morphometric charac-
ters of the X. americanum-group populations were out-
side the reported ranges for those species (Tables 2, 3).
For example, the mean tail lengths of all five populations
of X. laevistriatum (range = 24.4-26.9 um) were signif-
icantly less than originally described (mean = 34, range
= 29-36 um) and were all inferior to 27 um which is
considered diagnostic and the lower limit of the species
(Lamberti et al., 2004). Xiphinema tarjanense was dis-
tinguished from populations of the similar X. floridae by
relative size and the degree of lip offset; however, the
means of diagnostic characters such as body length, tail
length, and values of ¢ and ¢’ for X. tarjanense were sig-
nificantly different than previous reports and were closer
to those given for X. inaequale, X. incognitum and X. flori-
dae (Table 3; Lamberti et al., 2004). The identities of
populations of X. citricolum, X. floridae, X. laevistria-
tum and X. georgianum were generally supported by the
polytomous key, but not the more restrictive dichotomous
key.

The first two principal components from PCA of the
X. americanum-group species explained 62% of the vari-
ation in 19 measured and derived morphometric charac-
ters and revealed three clusters of populations (Fig. 1A).
The eight X. georgianum populations segregated from all
others, whereas a cluster of the five X. laevistriatum popu-
lations overlapped a cluster of the five X. citricolum popu-
lations and the single population of X. tarjanense was as-
sociated with a cluster of the six X. floridae populations.
PCA of arbitrarily selected characters (length of odon-
tostyle, tail length, lip diameter, distance of the guide ring
from the lip anterior, and the ratios ¢ and J) resulted in bet-
ter discrimination of the designated species and the first
two principal components accounted for 75% of the vari-
ation in those characters (Fig. 1B). One hundred percent
of the individual specimens from populations of X. laevis-
triatum, X. georgianum and X. tarjanense were assigned
to the correct putative species by discriminant analysis
(Table 4). Twenty-one of 27 specimens of X. floridae and
22 of 24 specimens of X. citricolum were correctly iden-
tified by this method.

Three of the characters, stylet length, tail length, and
lip diameter, were adequate to discriminate the four
clusters of populations from principal component analysis
(Fig. 1B). Xiphinema georgianum was the only species
with an average stylet length of all populations >100

Nematology
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Characterisation within the Xiphinema americanum-group

Table 3. Polytomous key (Lamberti et al., 2004) code values for 26 populations of five species in the Xiphinema americanum-group.

Species and Odontostyle \' I c L f Lip Tail Tail
population offset shape
X. citricolum 2/3 2 3 1 2 1 2 1 3/2
Cl 2 2 3 1 2 2
Cc2 2 2 3 1 2 2
C3 2 2 3 1 2 2
C4 2 2 3 1 2 2
C5 2 2 3 1 2 3
C6 2 2 3 1 2 2
Individual (100) (88) (100) (96) (100) (100)
X. georgianum 5 2 2 2 2 1 2 1 1/2
Gl 6 2 2 2 2 2
G2 5 3 2 1 2 2
G3 5 2 2 2 2 2
G4 5 2 3 2 2 1
G5 5 2 2 2 2 2
G6 5 2 2 2 2 2
G7 5 2 2 2 3 2
G8 5 3 2 2 2 2
Individual (89) 67) 92) (75) (83) 94)
X. laevistriatum 2/3 2 3 1 2 1 1 1 3/2
L1 2 2 3 2 2 1
L2 2 2 3 1 2 1
L3 2 2 3 1 2 1
L4 2 2 2 2 2 1
L5 2 2 3 2 2 1
Individual (100) 96) 67) 38) (92) (21)
X. floridae 3/4 2 2 2 2 1 2 1 2/3
F1 4 2 2 1 2 2
F2 3 2 2 2 2 2
F3 3 2 2 2 2 1
F4 3 1 2 2 2 2
F5 3 2 2 2 2 2
F6 3 2 2 2 2 2
Individual 93) (70) (78) 96) (96) (81)
X. tarjanense 3 2 3 1 1 1 2 1 3
Tl 3 2 2 2 2 2
Individual (75) (75) (63) (100) 0) (50)

Code values from Lamberti ef al. (2004) are in bold adjacent to the species name. Population code values are from character means
of 4-8 specimens. The percentages of individual specimens from all populations of each species with characters that conform to the
appropriate code are given in bold parentheses.

pm (Fig. 2A). Of the remaining species, X. floridae PHYLOGENETIC RELATIONSHIPS
and X. tarjanense were the only ones with an average
lip diameter in all populations >11 pum (Fig. 2B). Tail
length differed for the remaining two species, with all
populations of X. laevistriatum <28 um and those of
X. citricolum >28 pum (Fig. 2C).

Alignment of the D2D3 region resulted in homology
statements for 792 characters, of which 553 were constant
and 208 informative for parsimony analysis. Thirty-one
other positions in the alignment were variable, but unin-
formative for parsimony analysis (e.g., autapomorphic).

Vol. 8(4), 2006 527



U. Gozel et al.

3 1 'l 'l 'l 1 1 '}
A. G3
2 G1 G6
G4 o
14 L2 L5
3 G7
1 G2 s
04 L5
c6
1 4
€2 c4| |, Fe
, F5
-2 - 5
T
[tles ¢,
N
g
B. L511
L2 F3
t G4
L3 T1| F2, o5
L4 F5
G3
0 F1 G6
F6
c1
A A cé G1 G8
C3 G2 G7
c2
2 - cs5
2 c4
'3 L) L) L) L] L] L]
3 2 A 0 1 2 3 4
PC1

Fig. 1. Morphological relationships between 26 populations
of five species in the Xiphinema americanum-group derived
from principal component analysis of A: 19 morphometric
characters, B: Six arbitrary characters (lip diameter, length of
odontostyle and tail, distance between the odontostyle guide ring
and the lip anterior, and the de Man ratios ¢ and J).

When indels were treated as a fifth base, only 470 char-
acters were constant. Forty-one remained uninformative
under parsimony, but the number of parsimony informa-
tive characters increased to 281. The ITS alignment con-
tained 1514 total characters; 1448 were constant, 56 were
parsimony informative. When indels were considered a
fifth base, the number of constant characters decreased
to 1115 while the number of parsimony informative char-
acters increased to 285. Chi square tests of homogene-
ity of base frequencies across taxa of both datasets re-
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Fig. 2. Means of three morphometric characters that distin-
guish the four groups from principal component analysis of pop-
ulations of five species in the Xiphinema americanum-group.
A: Mean stylet lengths of X. georgianum exceed those of the
other populations; B: Mean lip diameters for X. floridae and
X. tarjanense are greater than those of the other populations (ex-
cept G1); C: Mean tail lengths of X. laevistriatum are less than
those of X. citricolum. Standard errors of means are shown.
Populations for which D2D3 DNA was sequenced are shown by
‘X’ above the bars in A. Character means in the original species
descriptions are shown by ‘+’ in each figure.
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Characterisation within the Xiphinema americanum-group

Table 4. Discriminant analysis of 119 specimens from 26 popu-
lations of five species belonging to the Xiphinema americanum-
group (XL, X. laevistriatum; XF, X. floridae; XG, X. geor-
gianum; XC, X. citricolum; X7, X. tarjanense).

Species
ID XL XF XG XC XT
XL 24 1 0 2 0
XF 0 21 0 0 0
XG 0 1 36 0 0
XC 0 0 0 22 0
XT 0 4 0 0 8
N 24 27 36 24 8
N correct 24 21 36 22 8

Proportion 1.000 0.778 1.000 0.917 1.000
correct

Specimens were assigned to groups based on the morphometric
character values given in the polytomous key of Lamberti et al.
(2004).

vealed no deviation from stationarity: D2D3 base frequen-
cies chi-square = 28.786 (df = 42), P = 0.94; ITS Chi-
square = 1.986 (df = 60), P = 1.00. The optimal mod-
els of sequence evolution based on the Akaike informa-
tion criterion (Posada & Buckley, 2004) for the D2D3 and
ITS datasets were the GTR + G (general time reversible,
Tavaré, 1986, plus estimated rate heterogeneity among
sites) and HKY + I models (Hasagawa et al., 1985, in-
cluding invariable sites).

Phylogenetic relationships based on the D2D3 dataset
are summarised in Figure 3. Maximum parsimony, with
gaps treated as missing data, yielded a single tree (322
steps; CI = 0.919, R = 0.947, RC = 0.870, HI = 0.081).
With gaps treated as a fifth base, the number of synapo-
morphies increased, as did homoplasy, but the resulting
tree topology was congruent with the MP solution that
was based on indels treated as missing data (484 steps,
CI = 0.899, RI = 0.948, RC = 0.852, HI = 0.101). The
MP solutions differed from the ML and ME solutions in
the position of X. americanum where it appears as sister
taxon to X. georgianum. The ME tree depicts the former
taxon as paraphyletic, with X. americanum AY601599 as
sister taxon to X. americanum AY601591, and X. geor-
gianum + X. laevistriatum. The ML solutions were con-
gruent and inferred a monophyletic X. chambersi. This so-
lution differs from the MP and ME solutions, which in-
fer that X. chambersi AY601573 is more closely related
to X. naturale N1 than to X. chambersi CH1. The ME
and ML solutions were two steps longer than the MP so-
lutions, but nonparametric (MP criterion, indels treated

Vol. 8(4), 2006

X. laevistriatum L3

100, 84, 100

X. laevistriatum L2

89, 54, -

X. georgianum G8

62, 67, -

70, 60, 83

X. citricolum C1

X. americanum AY601591
-, 59, 93

100, 100, 100

X. americanum AY601599

X. tarjanense T1

100, 94, 98

X. floridae F4

X. vulgare V2
100, 100, 100

X. vulgare V1

100, 100, 100

X. naturale N1

100, 100, 100 X. chambersi AY601617

.59, -

X. chambersi CH1

Longidorus apulus AY601573

100, 100, 100

Longidorus euonymus AY601571

Fig. 3. Phylogenetic relationships among 26 sampled popula-
tions of Xiphinema spp. based on D2D3 LSU rDNA sequences.
Population identifier (see Table 1) follows species epithet. Gen-
Bank accession numbers indicate additional taxa included in
the analysis. Values at nodes are bootstrap support indices
for neighbour-joining (log determinant transformed distances),
maximum likelihood (GTR + G) and maximum parsimony (in-
dels treated as missing data) analyses, respectively. Topological
differences between minimum evolution, maximum parsimony
(with indels treated as missing characters or as a fifth base) and
maximum likelihood approaches differed only at the nodes where
bootstrap values are indicated as “-”. Redundant (non-unique)
sequences from the sampled populations were not included in
the analysis.

as missing data) and Shimodaira-Hasegawa tests of tree
topology revealed no significant differences in tree topol-
ogy. Although MP bootstrap support for a monophyletic
X. georgianum was less than 50%, all solutions under their
respective optimality criterion (ME, ML, MP) favoured
this relationship.

The ME heuristic search of the ITS data yielded
two solutions that differed only as to placement of the
population of G1; either as sister taxon to G6, or as
sister to G3. The ML searches produced two identical
trees. The MP search yielded 3043 solutions (548 steps;
CI = 0.953, RI = 0.903, RC = 0.86, HI = 0.047.
When X. chambersi (AF51128) was removed from the
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X. floridae F2
100, 64, 100
X. floridae F4
X tarjanense T1
X Xiph-2 AF511428

Fig. 4. Phylogenetic relationships among 21 sampled popula-
tions of Xiphinema spp. based on ITS rDNA sequences. Popula-
tion identifier (see Table 1) follows species epithet. GenBank ac-
cession numbers indicate additional taxa included in the analy-
sis. Values on branches depict congruent nodes among ME, ML
and MP bootstrap analyses where greater than 50%, respec-
tively. Tree is rooted based on relationships established by the
D2D3 LSU rDNA analysis (Fig. 3). All populations sampled
produced unique ITS rDNA sequences, all were included in the
analysis. See Table 1 for population number, sample locations,
and associated plant species.

tree, the length decreased to 109 (CI = 0.89, RI =
0.951, RC = 0.846, HI = 0.11). The MP tree constructed
considering gaps as a fifth character state was longer
and had a marginally higher incidence of homoplasy
(X. chambersi removed from the tree; length = 1273, CI
= 0.716, RI = 0.870, RC = 0.673, HI = 0.284). All
trees were similar in that populations of nominal species
were monophyletic (Fig. 4), with the exception of the MP
analysis where gaps were included as an extra character
state, which suggested that X. tarjanense formed a clade
with X. floridae populations F4 (F2 4 F3) to the exclusion
of X. floridae population F1. All other analyses (ME, MP,
ML) depict X. tarjanense as sister taxon to a monophyletic
X. floridae. The X. americanum populations identified by
Ye et al. (2004) comprise a monophyletic group, with
slightly more intraspecific variation than those of the
Florida species reported here.

530

Kishino-Hasegawa and Templeton tests, both under
parsimony, failed to detect significant differences between
any of the alternative topologies except for the topology of
the MP tree that considered gaps as a fifth base, which was
rejected by both tests (P = 0.006, P = 0.007, respec-
tively). When gaps were not considered as a fifth base, all
other topologies were considerably worse than the opti-
mal solution (P = 0.001 for both tests, for all alternative
hypotheses). Under the maximum likelihood optimality
criterion, the Shimodaira-Hasegawa test failed to detect
significant differences between any of the competing hy-
potheses, except for the MP solutions that considered in-
dels as a fifth base (both significantly worse, P = 0.044).

Discussion

The inferred phylogenetic relationships among the 25
X. americanum-group populations in this study revealed
five species that conformed with the relationships derived
through PCA and discriminant analysis of morphometric
characters and with identifications made from published
keys and species descriptions. The use of keys to cate-
gorise the populations was the most subjective and pre-
sumably the least reliable of these methods, because the
character means in our populations were occasionally out-
side of the reported ranges.

The single population of putative X. tarjanense was col-
lected from its type locality, whereas molecular sequences
from topotype material are needed to support our identifi-
cation of the remaining species. Assuming that the species
in this study are correctly identified, a comparison of our
data with the most recent keys to the X. americanum-
group indicates that the morphometric variation within
these species is greater than previously recognised. In-
deed, the many discrepancies between the morphometrics
reported for X. tarjanense and those in this study suggest
the need to examine variation among populations of the
species even within its type locality. Among the remain-
ing species, only X. citricolum accorded with the poly-
tomous key code values given in Lamberti et al. (2004)
for all populations. Code value discrepancies in five of
the eight X. georgianum populations resulted from mi-
nor differences in reported and observed values; how-
ever, the code suites resulting from atypical code values
for those populations corresponded to no other species in
the X. americanum-group. Code discrepancies for popu-
lations of X. laevistriatum and X. floridae resulted in code
suites typical for X. microstilum and for X. franci or X. pe-
ruvianum, respectively.

Nematology



Characterisation within the Xiphinema americanum-group

Loof and Luc (1990) and Luc and Baujard (2001) noted
the need to re-evaluate the taxonomy of the X. ameri-
canum-group because of character discrepancies and char-
acter code suites that are common to more than a single
species in the published keys (Lamberti, 1980; Lamberti
et al., 1991; Lamberti & Carone, 2000). This study un-
derscores a need to further sample the intraspecific mor-
phological variation of X. americanum-group species and
illustrates the utility of molecular phylogenetics to aid
in distinguishing character variation within and between
these species (Duncan et al., 1999).

The D2D3 dataset produced a robust topology strongly
supporting the monophyly of nominal species, especially
considering the numerous identical sequences from mul-
tiple populations. Areas of conflict in the ITS data exclu-
sively involved subspecific lineages. This conflict is pre-
dicted by the fact that their inferred relationships may still
be tokogenetic, as opposed to phylogenetic (Adams, 1998,
2001), mirroring other studies that have used this marker
for phylogenetic analysis (i.e., Nguyen et al., 2001). Both
markers performed well at identifying lineages that cor-
respond to morphologically defined species. Comparison
of the monophyletic lineages (as recovered by phyloge-
netic analysis) to the identified clusters of the PCA analy-
ses reveals correspondence between molecular and mor-
phological divergence, with few notable exceptions. For
example, PCA analyses of populations of X. floridae and
X. tarjanense fail to clearly discriminate between the two
morphologically similar species, which differ by a single
base in the D2D3 region, and from six to nine bases in
the ITS region. On the other hand, populations of X. geor-
gianum had the greatest amount of intraspecific morpho-
logical variation (Fig. 1A) but had relatively low intraspe-
cific molecular variation (0 D2D3 positions, 0-3 ITS nu-
cleotides). Each of the nominal species is delimited by
numerous autapomorphies. However, some intraspecific
lineages have evolved autapomorphies where correspond-
ing autapomorphies on sister lineages exist only for the
nominal taxa, suggesting that species described from mor-
phological characters would be treated similarly based on
analysis of molecular characters. This also suggests the
utility of using molecular markers in the delimitation of
species. For example, employing a phylogenetic species
concept based solely on the diagnosis of lineages (i.e.,
Wheeler, 1999) the L2 and L3 populations of X. laevis-
triatum would be considered different species as they are
diagnostically different, (L3 has undergone a transversion
at position 621 in the D2D3 alignment). However, mor-
phologically these two populations are more similar to
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each other than to other populations of the same species
(Fig. 1A). Thus, the requirement that sister taxa evolve
autapomorphies in recognition of lineage independence
works to minimise the confusion of tokogeny with phy-
logeny. Although morphological characters were not po-
larised for use in phylogeny reconstruction due to limita-
tions surrounding their properties (ratios are combinations
of characters and do not evolve independently; there is not
yet a robust method for scoring correlated, continuously
varying characters for phylogenetic analysis), compari-
son with morphological discrimination within a molecular
phylogenetic framework reveals robust correspondence
between morphology and molecules at a critical juncture
— the fundamental unit of biodiversity — the species.

Acknowledgements

This research was supported by the Florida Agricultural
Experiment Station and a National Research Initiative
of the USDA Cooperative State Research, Education
and Extension Service (CSREES), grant 35302-16089, to
Byron Adams. Ugur Gozel acknowledges The Scientific
and Technical Research Council of Turkey (TUBITAK)
for postdoctoral fellowship support. The assistance of
Jason Zellers and Denise Dunn during the population
survey is gratefully acknowledged.

References

ADAMS, B.J. (1998). Species concepts and the evolutionary
paradigm in modern nematology. Journal of Nematology 30,
1-21.

ADAMS, B.J. (2001). The species delimitation uncertainty
principle. Journal of Nematology 33, 153-160.

ALTSCHUL, S.F., GISH, W., MILLER, W., MYERS, E.-W. &
LipMAN, D.J. (1990). Basic local alignment search tool.
Journal of Molecular Biology 215, 403-410.

BALDWIN, J.G., FRISSE, L.M., VIDA, J.T., EDDLEMAN,
C.D. & THOMAS, W.K. (1997). An evolutionary framework
for the study of developmental evolution in a set of nematodes
related to Caenorhabditis elegans. Molecular Phylogenetics
and Evolution 8, 249-259.

BREECE, J.R. & HART, W.H. (1959). A possible association of
nematodes with the spread of peach yellow bud mosaic virus.
Plant Disease Reporter 43, 989-990.

DUNCAN, L.W., INSERRA, R.N., THOMAS, W.K., DUNN, D.,
MUSTIKA, I., FRISSE, L.M., MENDES, M.L., MORRIS, K.
& KAPLAN, D.T. (1999). Molecular and morphological
analyses of isolates of Pratylenchus coffeae and closely
related species. Nematropica 29, 61-80.

531



U. Gozel et al.

HASEGAWA, M., KISHINO, H. & YANO, K. (1985). Dating of
the human-ape splitting by a molecular clock of mitochondr-
ial DNA. Journal of Molecular Evolution 22, 160-174.

HE, Y., SUBBOTIN, S.A., RUBTSOVA, T.V., LAMBERTI, F.,
BrROWN, D.J.F. & MOENS, M. (2005). A molecular ap-
proach to Longidoridae (Nematoda: Dorylaimida). Nematol-
ogy 7, 111-124.

HIBBEN, C.R. & WALKER, J.T. (1971). Nematode transmis-
sion of the ash strain of tobacco ringspot virus. Plant Disease
Reporter 5, 163-174.

Kros, E.J., FRONEK, K., KNIERIM, J.A. & CATION, D.
(1967). Peach rosette mosaic transmission and control stud-
ies. Quarterly Bulletin of the Michigan State University Agri-
cultural Experiment Station 49, 287-293.

LAMBERTI, F. & BLEVE-ZACHEO, T. (1979). Studies on
Xiphinema americanum sensu lato with descriptions of fif-
teen new species (Nematoda: Longidoridae). Nematologia
Mediterranea 7, 51-106.

LAMBERTI, F. & CARONE, M. (1991). A dichotomous key
for the identification of species of Xiphinema (Nematoda:
Dorylaimida) within the X. americanum-group. Nematologia
Mediterranea 19, 341-348.

LAMBERTI, F. & CIANCIO, A. (1993). Diversity of Xiphinema
americanum-group species and hierarchical cluster analysis
of morphometrics. Journal of Nematology 25, 332-343.

LAMBERTI, F. & CIANCIO, A. (1994). The relationship be-
tween species within Xiphinema americanum-group (Ne-
mata: Dorylaimida). EPPO Bulletin 24, 475-484.

LAMBERTI, F. & RocCA, F. (1987). Present status of nematodes
as vectors of plant viruses. In: Veech, J.A. & Dickson, D.W.
(Eds). Vistas on nematology. Hyattsville, MD, USA, Society
of Nematologists, pp. 321-328.

LAMBERTI, F., MOLINARI, S., MOENS, M. & BROWN, D.J.F.
(2000). The Xiphinema americanum-group (Nemata: Dory-
laimida). I. Putative species, their geographical occurrence
and distribution, and regional polytomous identification keys
for the group. Russian Journal of Nematology 8, 65-84.

LAMBERTI, F., MOLINARI, S., MOENS, M. & BROWN, D.J.F.
(2002). The Xiphinema americanum-group. II. Morphometric
relationships. Russian Journal of Nematology 10, 99-112.

LAMBERTI, F., HOCKLAND, S., AGOSTINELLI, A., MOENS,
M. & BROWN, D.J.F. (2004). The Xiphinema ameri-
canum group. III. Keys to species identification. Nematologia
Mediterranea 32, 53-56.

LooF, P.A.A. & Luc, M. (1990). A revised polytomous key
for the identification of species of the genus Xiphinema
Cobb, 1913 (Nematoda: Longidoridae) with exclusion of the
X. americanum-group. Systematic Parasitology 16, 35-66.

Loor, P.AA., Luc, M. & COOMANS, A. (1993). The
Xiphinema americanum-group (Nematoda: Dorylaimida). 1.
Comments upon the key to species published by Lamberti
and Carone (1992). Fundamental and Applied Nematology
16, 355-358.

532

Luc, M. & BAUJARD, P. (2001). On specific determination
within the Xiphinema americanum-group (Nematoda: Longi-
doridae). Nematology 3, 727-728.

MADDISON, W.P. & MADDISON, D.R. (2002). MacClade
version 4.0. Sunderland, MA, USA, Sinauer Associates.

NGUYEN, K.B., MARUNIAK, J. & ADAMS, B.J. (2001). The
diagnostic and phylogenetic utility of the rDNA internal
transcribed spacer sequences of Steinernema. Journal of
Nematology 33, 73-82.

NIBLACK, T.L. & HUSSEY, R.S. (1985). Extracting nematodes
from soil and plant tissue. In: Zuckerman, B.M., May,
W.E. & Harrison, M.B. (Eds). Plant nematology laboratory
manual. Amherst, MS, USA, University of Massachusetts
Agricultural Experimental Station, pp. 201-206.

PoOSADA, D. & BUCKLEY, T.R. (2004). Model selection and
model averaging in phylogenetics: Advantages of akaike in-
formation criterion and Bayesian approaches over likelihood
ratio tests. Systematic Biology 53, 793-808.

PosADA, D. & CRANDALL, K.A. (1998). Modeltest: Testing
the model of DNA substitution. Bioinformatics 14, 817-818.

ROBBINS, R.T. (1993). Distribution of Xiphinema americanum
and related species in North America. Journal of Nematology
25, 344-348.

RuBsTOVA, T.V., SUBBOTIN, S.A., BROwWN, D.J.F. &
MOENS, M. (2001). Description of Longidorus sturhani sp.
n. (Nematoda: Longidoridae) and molecular characterisation
of several longidorid species from Western Europe. Russian
Journal of Nematology 9, 127-136.

STEEL, M., HUSON, D. &. LOCKHART, P.J. (2000). Invariable
sites models and their use in phylogeny reconstruction.
Systematic Biology 49, 225-232.

TAVARE, S. (1986). Some probabilistic and statistical problems
in the analysis of DNA sequences, In: Miura, R.M. (Ed.).
Some mathematical questions in biology — DNA sequence
analysis. Providence, RI, USA, American Mathematics So-
ciety, pp. 57-86.

TAYLOR, C.E. & BROWN, D.J.F. (1997). Nematode vectors of
plant viruses. Wallingford, UK, CABI Publishing, 286 pp.
THOMPSON, J.D., GIBSON, T.J., PLEWNIAK, F., JEANMOU-

GIN, F. & HIGGINS, D.G. (1997). The Clustal X windows
interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Research 24,

4876-4882.

VRAIN, T.C. (1993). Restriction fragment length polymorphism
separates species of the Xiphinema americanum group. Jour-
nal of Nematology 25, 361-364.

WHEELER, Q.D. (1999). Why the phylogenetic species con-
cept? — Elementary. Journal of Nematology 31, 134-141.

YE, W., SZALANSKI, A.L. & ROBBINS, R.T. (2004). Phylo-
genetic relationships and genetic variation in Longidorus and
Xiphinema species (Nematoda: Longidoridae) using ITS1 se-
quences of nuclear ribosomal DNA. Journal of Nematology
36, 14-19.

Nematology



