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Xiphinema bernardi n. sp. (Nematoda: Longidoridae) from the
Great Smoky Mountain National Park

R.T. ROBBINS,1 CHANG-HwAN BAE,Z WEIMIN YE,'% Majip Pepram?

Abstract: In October 1985 during a survey of fauna of the Great Smoky Mountains National Park, Ernest Bernard recovered
a limited number of specimens of a non-described species of Xiphinema (Nematoda: Longidoridae) and sent them to the senior
author. The species is distinct from other species by its large size and having Z-organs in the genital tract. During July 2006,
Dr. Bernard’s survey crew took samples in the area where the species was first found and was successful in finding it again. Without
Dr. Bernard’s efforts, this species could not have been described and thus the new species is named X. bernardi n. sp. in his honor.
Several female and juvenile specimens of the new species were recovered in a sample from a mixed forest of maple, hemlock, and
silverbell. It is distinct from all others in Xiphinema group 4 species (with Z-organs) by having a longer total stylet length, 259.8 to
284.2 um vs< 253 um for all other species in this group. Xiphinema bernardin. sp. is distinctive because of its long body length (4.45 to
6.00 mm), tail shape, and ¢’ ratio. Of the group 4 species, it most closely resembles X. phoenicis. Second, third and fourth stage
juvenile descriptions and morphometrics are included. The polytomous key code for X. bernardin. sp. is A4-B1-C6-D56-E56-F (4) 5-G4-
H2-134-]5-K?-L1. Molecular approaches using the internal transcribed spacer 1 sequences of nuclear ribosomal DNA suggested that
X. bakeri and X. diversicaudatum are the most closely related species from the species examined.
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Xiphinema bernardi n. sp.

During an October 1985 survey of fauna of the Great
Smoky Mountains National Park, Ernest Bernard re-
covered a limited number of specimens of a non-described
species of Xiphinema (Nematoda: Longidoridae) and
sent them to the senior author. This species is distinct
from other Xiphinema species presented in the area by
its very long body and by having z-differentiation in the
genital tract. During July 2006, Dr. Bernard’s survey
crew took samples in the area where the species was
originally found and was successful in recovering it.
Several female and juvenile specimens were recovered
from a mixed forest sample of maple (Acer sp.), hem-
lock (T3uga sp.), and silverbell (Halesia carolina L.).

Xiphinema species with Z-differentiations (Z-organs,
pseudo-Z-organs, uterine spines) have been rarely
reported in the North American continent. The only
Xiphinema species with Z-organs reported are X. ebriense
Luc, 1958 from an unconfirmed Florida report and
X. tropicale Zullini, 1973 from a tropical rainforest in
Mexico (Norton et al., 1984). Both species are in Xi-
phinema group 4 in the polytomous key of Loof and Luc
(1990). Xiphinema species with pseudo-Z-organs with or
without uterine spines reported from North America
are also limited (Robbins and Brown, 1991). Those
reported species are X. basiri Siddiqi, 1959 from Mexico
and Florida (Norton et al., 1984), X. coxi coxi Tarjan,
1964 from Florida (Cho and Robbins, 1990), X. di-
versicaudatum (Micoletzky, 1927) Thorne 1939 from
various US locations (Norton et al., 1984, Robbins and
Brown, 1991), X. smoliki Luc and Coomans, 1988 from
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Colorado (the only record of the species), and X. thor-
neanum Luc, Loof and Coomans, 1986 from South Da-
kota specimens originally identified as X. vuittenezi Luc,
Lima, Weischer and Flegg, 1964 by Thorne in 1974
(Robbins and Brown, 1991). All the above species are
readily distinguished from X. bernardi n. sp. by their pol-
ytomous key codes (Loof and Luc, 1990; Loof and Luc,
1993; Loof et al, 1996) and more recent code updates
from newly described species (Robbins, unpublished).

MATERIALS AND METHODS

During July 2006, Dr. Bernard had a survey crew
taking samples in the area where the species was first
found and succeeded in finding it again. Several female
and juvenile specimens were recovered. Nematodes
were extracted from the soil by a combination of siev-
ing-decanting and sucrose centrifugal-flotation and
either, killed and fixed, processed to glycerin, and
permanently mounted on slides as described by Ye and
Robbins (2003) or placed in 1 molar NaCl for molec-
ular study. Permanently mounted specimens were
examined using a Nikon Optiphot II compound mi-
croscope with Nomarski interference contrast. Mea-
surements were made by using either a Nikon drawing
tube or an ocular micrometer. All measurements are
expressed in micrometers, except for length (mm) and
ratios. Data is expressed as mean * standard deviation
with minimum to maximum range in parenthesis.
Drawings were made with the aid of Core]DRAW.

DNA extraction, PCR, cloning and sequencing were
prepared as described by Ye et al. (2004). Cloned plas-
mids were sequenced in both directions using vector
primers T7 and SP6 for sequencing. DNA sequencing
was performed by dideoxynucleotide chain termination
using an ABI PRISM BigDye terminator cycle sequenc-
ing ready reaction kit (Applied Biosystems) in an Ap-
plied Biosystems 377 automated sequencer (Applied
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Fic. 1. Holotype female of Xiphinema bernardi n. sp. A) Head region with entire stylet. B) Posterior esophagus base. C) Tail. D) Anterior
Z-organ. E) Posterior Z-organ. F) Vulval region. Scale bars in each picture.

Biosystems). The sequences were deposited into the
GenBank database under accession numbers (EU375482-
EU375484). DNA sequences were aligned by ClustalW
(http://workbench.sdsc.edu, Bioinformatics and Com-
putational Biology group, Dept. Bioengineering, UC
San Diego, CA). Xiphinema bernardi n. sp., X. americanum
Cobb, 1913 and X. chambersi Thorne, 1939 were se-
quenced in this study. In order to investigate the phy-
logenetic relationships, the ITSI DNA sequences of
Xiphinema bakeri Xiph 47, Xiphinema chambersi Xiph 2,
Xiphinema americanum Xiph 59, Xiphinema americanum
Xiph 10, Longidorus diadecturus Long 146 were se-
quenced from previous study (Ye et al.,, 2004). The
other ITSI DNA sequences of Xiphinema species were

from genBank. Longidorus diadecturus Long 146 was se-
lected as the outgroup as it is a species intermediate to
Xiphinema and Longidorus (Ye et al., 2004). The model
of base substitution was evaluated using MODELTEST
(Posada and Crandall, 1998). The Akaike-supported
model, the log likelihood (InL), the Akaike informa-
tion criterion (AIC), the proportion of invariable sites,
and the gamma distribution shape parameters and
substitution rates were used in phylogenetic analyses.
Bayesian analysis was performed to confirm the tree
topology for each gene separately using MrBayes 3.1.0
(Huelsenbeck and Ronquist, 2001) running the chain
for 1,000,000 generations and setting the “burnin” at
1,000. We used MCMC (Markov Chain Monte Carlo)
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Fic. 2. Paratype females of Xiphinema bernardi n. sp. A-C) Head with entire stylet. D) Anterior genital region. E) Enlarged Z-organ region.

F-H) Tail region different shapes.

methods within a Bayesian framework to estimate the
posterior probabilities of the phylogenetic trees (Larget
and Simon, 1999) using 50% majority-rule.

SYSTEMATICS

Xiphinema bernardi n. sp.
(Figs. 1-4)

Measurements: Listed in Tables 1 and 2.

Description

Female (n = 25 paratypes): Body an open spiral, almost
J shaped when heat relaxed and killed, tapering at both

ends. Cuticle appears smooth when examined by light
microscope. Head rounded. Amphid opening about 2/3
of head width, amphideal pouch normal stirrup shape.
The neck tapers noticeably and increases from the an-
terior end to about mid-odontostyle. The odontostyle
is long and slender, 3 pm wide at junction with the
odontophore. Odontophore 4 um wide at junction
with odontostyle, flange 10 um at widest point. Guide
ring about 6 pm wide. Nerve ring around slender
anterior esophagus about midway between the odo-
ntophore flanges and the expanded esophagus
base. Esophagus dorylaimoid with a cylindrical base
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Fic. 3. Paratype juveniles of Xiphinema bernardi n. sp. A) J2 head. B) J2 tail. C) J3 head. D) J3 tail. E) J4 head. F-G) J4 tails. Scale bars in

cach picture.

139 (89-156) pwm in length, 32 (24-51) pm in width,
with one dorsal gland nucleus 19% (14-22%) of the
esophageal base length and two subventral nuclei (SV
1 ="50.3% (41.2-51.5%); SV 2 = 53.0% (41.2-53.0%)).
The cardia is conoid (almost hemispherical) at the
junction of the esophagus base and intestine, about
half as wide as esophagus base, rounded posterior
portion extending a similar distance into the intestine.
The reproductive system is amphidelphic, didelphic,
with reflexed ovaries, with no sperm observed in fe-
male genital tracts. Three or four sclerotized pieces
(z-differentiation), spindle shaped, about 20 pm in
length, 4 pm in width, located about 20 pm before the

uterus-oviduct junction, distance from vulva to uterus-
oviduct junction 477 (250-440) pm for both anterior
and posterior reproductive branches. Vulva a transverse
slit in ventral view. Vagina perpendicular to the body
axis and extends inward to about one third of the body
width. The pre-rectum is generally distinct, 339 (199-
408) pm in length. Tail conical-rounded and about as
long as wide.

Juveniles: J1 not found. The ]2, J3, and J4 measure-
ments are in table 2. The ]2 body is almost arcuate with
a greater posterior curvature, with a long and conical
tail. The J3 body is spiral in shape, similar to that of
a female, the tail is conical with a definite ventral mucro
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Fi6. 4. Drawings of Xiphinema bernardin. sp. paratype females A-G) and juveniles H-]). A) Female head region with entire stylet. B). Anterior
genital tract. C). Entire female. D). Genital region showing Z-organ. E-G). Female tails. H) J2 tail. I). J3 tail. J). J4 tail.

or digit. The J4 body spiral is similar to that of a female,
the tail is conical and slightly longer than wide. The
odontostyle length of juveniles increases with pro-
gression of stages from ]2 to J4, as does the replacement
odontostyle length.

Males: Not found.

Type locality and habitat: Great Smoky Mountains Na-
tional Park, Sevier County, TN, USA, Laurel Falls Trail,
at an elevation of 3,307 ft, in a mixed maple, hemlock
and silverbell forest. Specimens collected by Kelly
Felderhoff, Monica MacCarroll, and Mark Moore on 6
July 2006. GPS coordinates N 35° 40.874, W83° 36.149.

Type specimens: Holotype female deposited in the
Nematology Laboratory Collection, USDA, ARS, Beltsville,

Maryland. Two paratype females are deposited as
follows: Department of Nematology, University of Cal-
ifornia, Riverside; Department of Nematology, Univer-
sity of California, Davis; CABI Bioscience, UK Centre,
Surrey, UK; Department of Nematology, Agricultural
University, Wageningen, the Netherlands; Institute
of Parasitology Collection, Moscow, Russia; and the
Canadian National Collection of Nematodes, Ottawa,
Ontario, Canada. Remaining paratype specimens (fe-
male and all juveniles) are deposited in the Nematology
Laboratory Collection, USDA, ARS, Beltsville, Maryland.

Etymology: Named for Dr. Ernest Bernard who first
found this new species and made more specimens
available.
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TasLE 1.

Morphometrics of Xiphinema bernardi n. sp. females from the Great Smoky Mountain National Park.

Paratypes 1985 survey 99 1985 survey 99 Holotype

Character* @ Laurel Falls Ramsey’s Cascades Q
n 25 2 2 1
Body length (L) (mm) 5.19 = 0.35 (4.45-6.00) 5.69, 5.67 541, 5.18 4.66
a 76.3 = 4.5 (71-93) 76, 77 68, 62 71.7
b 8.6 = 0.8 (6.4-10.2) 8.8,8.7 9.1, 9.0 8.2
c 104.8 = 11 (89-131) 133, 107 140, 122 92
< 0.9 = 0.1 (0.8-1.1) 0.8, 1.0 0.8,0.8 1.0
\% 50.1 = 1.6 (47-55) 52.8,52.2 50.5, 49.4 55.0
Distance from anterior end to guide ring 160 *= 8.2 (144-173) 151, 147 144, 138 155
Odontostyle length 172 £ 5.4 (164-185) 181, 169 183, 177 173
Odontophore length 98 + 2.9 (91-104) 102, 101 102, 102 97
Total stylet length 270 = 6.2 (260-284) 282, 269 284, 278 270
Lip width 16.8 = 0.8 (16.2-18.3) 16.2,17.3 17.3,16.2 16.2
Body width 68 = 3.9 (59-77) 75, 74 80, 83 65
Anal body width 53 + 2.6 (49-59) 55, 55 51, 51 51
Tail length 50 + 4.9 (41-63) 43, 53 39, 43 51
Distance from anterior end to vulva (mm) 2.60 = 0.16 (2.30-3.02) 3.00, 2.96 2.74, 2.56 2.56
Hyaline tail length 11.4 £ 1.6 (9.1-16.2) 12.2, 14.2 14.2,13.2 12.2
Anterior genital tract length 0.89 = 0.02 (0.63-1.34) 0.88 0.96, 1.02 849
Posterior genital tract length 0.86 = 0.02 (0.56-1.33) 0.86 0.97, 0.95 812
Distance from anterior end to esophagus-intestine 606 = 63.5 (471-808) 643, 651 597, 577 568

junction

]’ (Hyaline length/hyaline width) 0.4 = 0.04 (0.32-0.47) 0.35, 0.41 0.39, 0.38 0.40

*All measurements in um unless noted otherwise.

Diagnosis: Xiphinema bernardin. sp. is assumed to be a
parthenogenetic species because of the absence of sperm
in the female genital tract and no males. It is charac-
terized by its body length (4.45-6.00) mm, long odon-
tostyle (164-185) pm, the presence of Z-differentiation,
and a short conically rounded tail (¢’ = 0.8-1.1). The
females most closely resemble those of X. phoenicis Loof,
1982, a group 4 amphimictic species. The code for
identifying the new species according to the polyto-
mous key of Loof and Luc (1990) is: A4-B1-C6-D56-E56-
F(4)5-G4-H2-134-]5-K>-L1.

Relationships: Xiphinema bernardi n. sp. is most si-
milar to all North American species reported with Z-

differentiation, groups 4 and 5 of the polytomous key
of Loof and Luc (1990). Xiphinema species with Z-differ-
entiations (Z-organs, pseudo-Z-organs, uterine spines)
have been rarely reported in North America. Xiphinema
species with Z-organs reported (group 4) are X. ebriense
and X. tropicale by Norton et al. (1984). Xiphinema spe-
cies with pseudo-Z-organs with or without uterine
spines (group 5) reported are X. basiri (Norton et al.,
1984), X. coxi coxi (Cho and Robbins, 1990), X. diversi-
caudatum Thorne 1939 (Norton et al., 1984, Robbins
and Brown, 1991), X. smoliki and X. thorneanum from
South Dakota. The closest species not found in North
America are X. phoenicis Loof, 1983, and X. rotundatum

TasLe 2. Morphometrics of Xiphinema bernardi n. sp. juveniles from the Great Smoky Mountain National Park.
Character J2 J3 J4
n 4 3 5
Body length (L) mm 1.72 * 0.03 (1.71-1.77) 2.84 £ 0.028 (2.60-3.15) 3.67 + 0.042 (3.36-4.37)
a 42.3 £ 2.0 (40-44) 60.1 = 3.9 (56-63) 65.0 = 3.3 (62-69)
b 5.0 = 0.1 (4.9-5.0) 6.3 * 0.4 (5.9-6.8) 6.6 = 0.7 (5.8-7.4)

c

o

Distance anterior end to guide ring

Odontostyle length

Odontophore length

Total stylet length

Replacement odontostyle length

Lip width

Body width

Anal body width

Tail length

Hyaline tail length

Distance from anterior end to esophagus-intestine
junction

J (Hyaline length/hyaline width)

16.5 = 1.1 (15-18)
47 + 0.3 (4.34.8)
85.8 = 9.5 (75-97)
97.4 + 1.7 (95-100)
63.9 = 1.2 (63-65)
161.4 = 1.2 (160-162)
121.8 + 1.2 (120-124)
10.7 = 0.6 (10.2-11.2)
40.9 + 1.7 (3843)
292.6 + 0.5 (22.3-23.3)
105.1 = 6.9 (95-112)
98.7 + 1.2 (28-30)
347.8 + 6.8 (340-356)

4.9 + 0.7 (4.85.6)

43.8 = 7.4 (36-50)
1.7 + 0.3 (1.5-2.0)
92.7 + 4.2 (89-97)
119.8 = 7.3 (118-122)
66.3 = 2.3 (65-69)
186.1 = 1.2 (185-187)
144.1 + 7.3 (138-152)
11.8 + 0.6 (11.2-12.9)
47.4 + 3.1 (45-51)
38.2 = 3.8 (35.5-42.6)
65.6 = 6.5 (61-79)
18.3 = 8.5 (56-63)
452.6 + 26.6 (422472)

1.8 + 0.3 (1.0-1.5)

71.9 + 4.2 (66-76)
1.1+ 0.1 (1.0-1.2)
128.7 = 12.0 (112-142)
144.9 + 2.3 (142-148)
83.6 = 1.7 (81-85)
298.6 + 3.1 (225-234)
167.7 + 4.4 (162-175)
14.0 * 0.5 (13.2-14.2)
56.4 + 5.8 (49-65)
47.5 + 3.4 (45-53)
51.2 + 6.9 (45-63)
11.0 = 1.8 (812)
554.8 + 60.8 (480-629)

0.5 = 0.1 (0.4-0.5)
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Xiphinema bernardin. sp.
> AF511427 Xiphinema bakeri Xiph 47
AY430183 Xiphinema diversicaudatum

Xiphinema chambersi

100

117

A4: Both female genital branches equal,
presence of a Z-organ

AS: Both female genital branches equal,
presence of a pseudo-Z-organ

AF511428 Xiphinema chambersi Xiph 2

‘ Al: No anterior genital branch

AY553980 Xiphinema insigne
100
AY563427 Xiphinema insigne

99 | A4
100
100
100 Al
100
100 99 100
A7

AJ437029 Xiphinema italiae

AY524971 Xiphinema elongatum

AY430179 Xiphinema setariae

AT7: Both female genital branches equal,
without uterine differentiation, tail
elongate to conical

EF188843 Xiphinema hunaniense
100
AJ437026 Xiphinema index A8: Both female genital branches equal,
without uterine differentiation, tail
short, rounded
99 AF511424 Xiphinema americanum Xiph 59
Xiphinema americanum
59 |r AF511422 Xiphinema americanum Xiph 10
98
AY430176 Xiphinema thornei
100
AY359859 Xiphinema oxycaudatum Americanum group: Both female genital
100 branches equal, generally short, without
L L L Z-organ
americanum|group AY430186 Xiphinema rivesi
AY359858 Xiphinema diffusum
10Q[
L AY430190 Xiphinema brevicollum
100 100 AY359856 Xiphinema brevicollum
106[ R,
AY359857 Xiphinema incognitum
AY430182 Xiphinema brasiliense
100 A1l
99 2 AY430180 Xiphinema krugi A2: No anterior ovary
——— AY430178 Xiphinema pachtaicum
americanum group
AF511415 Longidorus didecturus Long 146
—— 50 changes

Fic. 5.

The 10001st Bayesian tree inferred from ITS1 under GTR+I+G model (InL=14610.5918; freqA=0.2813; freqC=0.208; freqG=0.2529;

freqT=0.2578; R(a)=1.0104; R(b)=3.6894; R(c)=1.3796; R(d)=0.793; R(e)=4.6468; R(f)=1; Pinva=0.1546; Shape=2.2294). Posterior probability

values exceeding 50% are given on appropriate clades.

Schuurmans, Stekhoven and Teunissen, 1938. These
species are all readily distinguished from X. bernardi n.
sp. by their polytomous key codes (Loof and Luc, 1990).
In the molecular analysis, the closest species is X. bakeri
Williams, 1961, a species easily differentiated from X
bernardin. sp. by its anterior vulva position (V=31-34% in
X. bakeri vs V=47-55% in X. bernardi n. sp.). It should be
noted that both are North American species.

Molecular characterisation and phylogeny: The sequences
used in phylogenetic analysis are comprised of 18S ri-

bosomal RNA gene partial sequence, internal tran-
scribed spacer 1 complete sequence and 5.8S ribosomal
RNA gene partial sequence. The species used in the
tree are all the Xiphinema species sequenced so far on
this DNA fragment. The size ranges from 866 bp to
1368 bp, with the average 25.83% A, 21.93% C, 26.72%
G and 25.53% T. Ti/tv ratio is 1.9449. Of the 1723 total
characters in multiple alignment, 474 characters are
constant, 318 variable characters are parsimony in-
formative. The molecular phylogenetic tree of Xiphinema
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nematodes is shown in Figures 3. The closest inferred
relative of X. bernardi n. sp. in ITSI analysis was X. bakeri
with 99% support. The next closest relative is X. diversi-
caudatum. Although the 3 species comprised of a mono-
phyletic clade with 100% support, they belong to 3 dif-
ferent groups defined by Loof and Luc (1993). Xiphinema
bernardin. sp. is in A4 group with the Z-organ, X. bakeriis
in group A7 without Z-organ and X. diversicaudatumis in
group Ab with a pseudo-Z-organ. The tree has resolved
many highly supported monophyletic groups, including:
1). X. bernardin. sp. and X. bakeri. 2). X. bernardin. sp., X.
bakeri and X. diwversicaudatum. 3). X. insigne Loos, 1949, X.
elongatum Schuurmann-Stekhoven and Teunissen, 1938
and X. setariae Luc, 1958. 4). X. chambersi Thorne, 1939,
X. insigne, X. elongatum and X. setariae. 5). X. chambersi, X.
insigne, X. elongatum, X. setariae and X. italiae Meyl, 1953.
6). X. bernardi n. sp., X. bakeri, X. diversicaudatum, X.
chambersi, X. insigne, X. elongatum, X. setariae and X. italiae.
7). X. hunaniense Wang and Wu, 1992 and X. index
Thorne and Allen, 1950. 8). X. bernardi n. sp., X. bakeri,
X dwersicaudatum, X. chambersi, X. insigne, X. elongatum,
X. setariae, X. italiae, X. hunaniense and X. index. 9). X.
americanum, X. thornei Lamberti and Golden, 1986, X.
oxycaudatum Lamberti and Bleve-Zacheo, 1979, X. rivesi
Dalmasso, 1969, X. diffusum Lamberti and Bleve-Zacheo,
1979, X. brevicollum Lordello and Da Costa, 1961and X.
incognitum Lamberti and Bleve-Zacheo, 1979. 10). X
brasiliense Gonzaga and Lordello, 1951 and X. krugi
Lordello, 1955. 9). X. brasiliense, X. krugi and X. pachiai-
cum (Tulaganov, 1938) Kirjanova, 1951 (Siddiqi and
Lamberti, 1977). 11). X. americanum, X. thornei, X. oxy-
caudatum, X. rivesi, X. diffusum, X. brevicollum, X. in-
cognitum, X. brasiliense, X. krugi, X. brasiliense, and X
pachtaicum. Thus, the molecular data provided addi-
tional information to the groupings and phylogeny
mainly defined by morphology (Loof and Luc, 1990,
Coomans et al., 2001).
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