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The Internal Transcribed Spacer Region of Belonolaimus 
(Nemata: Belonolaimidae) 1 

T. CHERRY,  2 A. L. SZALANSKI,  3 T. C. T O D D ,  4 AND T. O. POWERS 3 

Abstract: Belonolaimus isolates f rom six U.S. states were c om pa r e d  by restriction endonuc lease  diges- 
tion of  amplif ied first internal  t ranscribed spacer  region (ITS1) o f  the nuclear  r ibosomal genes.  Seven 
restriction enzymes were selected for evaluation based  on restriction sites inferred f rom the nucleot ide  
sequence  o f  a South Carol ina Belonolaimus isolate. Amplif ied p roduc t  size f rom individuals of  each 
isolate was approximately  700 bp. All Midwestern isolates gave distinct restriction digest ion patterns.  
Isolates identified morphological ly as Belonolaimus longicaudatus f rom Florida, South  Carolina, and  Palm 
Springs, California, were identical for ITS1 restriction patterns.  The  correlat ion between ITS1 restriction 
pat terns and  the  distr ibution of B. longicaudatus isolates suggest  that  the  California isolate is a relatively 
recen t  in t roduct ion  into the state. 

Key words: Belonolaimus, 1TS, molecular  diagnostics, r ibosomal DNA, sting nematode ,  systematics, 
taxonomy.  

Belonolaimus (sensu Siddiqi, 1986) is a ge- 
nus  of economically important ectoparasific 
nematodes located exclusively in North 
America. On agronomic and native hosts, 
they are found only in extremely sandy soils, 
including coastal beach sands. Corn and 
turfgrass are among the cultivated hosts se- 
verely affected by Belonolaimus feeding 
(Smart and Nguyen, 1991; Todd, 1989), and 
while Belonolaimus species are typically con- 
sidered common pests of graminaceous 
plants, their host range extends from mono- 
cotyledonous plants and gymnosperms to di- 
cots. Belonolaimus gracilis was first reported 
in 1949 as a parasite of pine seedlings in 
Florida and nor thern  Georgia (Steiner, 
1949). Currently, five described species 
compr ise  the genus,  a l t h o u g h  cross- 
breeding, host range, and morphological 
evidence suggest that additional species re- 
main to be described in the southeast  
United States (Robbins and Hirschmann, 
!974), In 1979, a Belonolaimus species was 
found associated with corn in north-central 
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Nebraska (Kerr and Wysong, 1979). This 
represented the northern and westernmost 
distribution of the genus until the recent 
discovery of Belonolaimus in California 
(Mundo-Ocampo et al., 1994). The Nebras- 
kan species was identified as B. nortoni, but it 
was noted that these nematodes differed 
somewhat from descriptions of type speci- 
mens found in DeWitt County, Texas. Popu- 
lations from Nebraska tend to have larger 
stylets and longer tails (Table 1) (Rau, 1961, 
1963). Morphologically similar populations 
are generally distributed in sandy soils 
throughout Arkansas, Oklahoma, and Kan- 
sas (Todd, 1989). In 1994, Belonolaimus lon- 
gicaudatus was reported infecting bermuda- 
grass on residential estates and golf greens 
in Palm Springs, Cal i fornia  (Mundo-  
Ocampo et al., 1994). This was the first re- 
port of Belonolaimus species from Califor- 
nian soils and could represent a recent in- 
troduction into this arid desert location. 

To improve our understanding of Belono- 
laimus systematics and distribution, we ana- 
lyzed the internal transcribed spacer 1 
(ITS1) region of representative Belonolaimus 
populations. Using polymerase chain reac- 
tion-restriction fragment length polymor- 
phism (PCR-RFLP), individual nematodes 
were compared at a molecular level to assess 
genetic identity. The ITS1 region is particu- 
larly well-suited for species and population 
level analyses because of appreciable nucleo- 
tide polymorphism (Campbell et al., 1995; 
Chilton et al., 1995; Ferris et al., 1993, 1994, 
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TABLE 1. Average stylet lengths of Belonolaimus populations. 

Females 

Locality Species N/mean _+ SD (range) 

Mates 

N/mean (range) Reference 

Daytona Beach, FL B. maritimus 194/149 +- 7 (119-171) (Rau, 1963) 
Fort Lauderdale, FL B. longicaudatus 12/119 (112-125) 4/115 (112-116) (TOP) a 
Ocala Nat. Forest, FL B. euthychilus 130/154 -- 7 (131-168) (Rau, 1963) 
Ocala Nat. Forest, FL B. gracilis 61/152 (130-168) 58/137 (99-154) (Rau, 1963) 
Sanford, FL B. longicaudatus 31/127 (116-140) 28/120 (111-132) (Rau, 1958) 
Fulwood, GA B. longicaudatus 24/129 24/123 (R&H) b 
Tifton, GA B. longicaudatus 24/128 24/120 

(site 1) 
Tifton, GA B. longicaudatus 24/130 24/123 (R&H) 

(site 2) 
Garden City, KS B. spp. 10/104 (98--108) 5/94 (84-96) (TCT) c 

(site 1) 
Garden City, KS B. spp. 6/105 (97-115) (TCT) 

(site 2) 
Hutchinson, KS B. spp. 4/100 (95-110) (TCT) 
Wichita, KS B. spp. 5/102 (97-107) (TCT) 
Sterling, KS B. spp. 5/105 (TCT) 
Battle Creek, NE B. spp. 10/101 (98-108) (TOP) 
Dudley, NC B. longicaudatus 24/110 (R&H) 
Ocracoke Island, NC B. maritimus 24/137 24/134 (R&H) 
Severn, NC B. longicaudatus 24/114 24/101 (R&H) 
Tarboro, NC B. longicaudatus 24/107 24/101 (R&H) 
Hocheim, TX B. nortoni 53/90 (78-98) (Rau, 1963) 

a Measured by T.O. Powers, 
b Robbins and Hirschmann 
c Measured by T.C. Todd. 

0974). 

1995; Hoste et al., 1995; Nasmith et al., 1996; 
Stevenson et al., 1995; Vrain et al., 1992; 
Wendt  et al., 1995; Wesson et al., 1992; Zijl- 
stra et al., 1995). Fur thermore ,  as a genetic 
marke r  in t axonomic  studies, it has the 
added advantage of  a sizable bibliographic 
database r ep re sen t ing  studies o f  plants,  
fungi, protozoa,  invertebrates,  and verte- 
b r a t e s  ( h t t p : / / i a n r w w w . u n l . e d u / i a n r /  
p l n t p a t h / n e m a t o d e / n e m a b i b . h t m ) .  This 
study presents a comparative analysis, using 
restriction endonuclease digestion and high 
resolution agarose gels, of  the ITS1 region 
f rom Belonolaimus populations f rom six U.S. 
states. 

MATERIALS AND METHODS 

Nematodes  were received f rom source 
populat ions  as living specimens in water. 
Single nematodes  were processed for PCR 
by placing them in a 15-pl drop of  distilled 
water on a glass cover slip and manually dis- 
rupting them as previously described (Pow- 

ers and Harris, 1993). Typically, 10 to 14 
individual  n e m a t o d e s  were assayed pe r  
popu la t ion .  Th e  two PCR ampl i f ica t ion 
primers, rDNA2 and rDNA1.58S, are 21 and 
20 nucleotides in length, respectively, used 
at a concentrat ion of  0.3 pM each, in a re- 
action buffer containing a 1.5-mM concen- 
tration of  MgCI 2. The rDNA2 pr imer  (5'- 
T T G A T T A C G T C C C T G C C C T T T - 3 ' )  has 
been  described by Vrain et al. (1992), and 
rDNA1.58S ( 3 ' - G C C A C C T A G T G A G C C -  
GAGCA-5') was designed by comparative se- 
quence alignments of  various nematode  spe- 
cies. Samples were amplified in 50-pl vol- 
umes, using Perkin-Elmer TC-1 and Techne  
Gene-E thermal  cyclers. Standard profiles 
included initial denaturat ion at 94 °C for 2 
minutes, followed by 40 cycles of  a 1-minute, 
94 °C denaturation;  a 1-minute, 57 °C an- 
nealing; and a 2-minute, 72 °C extension. 
After PCR amplif icat ion the samples re- 
mained  at 25 °C until removal and were 
stored at -20 °C pr ior  to digestion. 

Amplified ITS1 DNA was digested accord- 
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ing to manufac tu re r ' s  r e c o m m e n d a t i o n s  
(Promega) using the enzymes Cla I, Hae III, 
Hha  I, Hinc II, H in f  I, Sau 3A, and Taq I. 
The  digestion reaction included 6.0 pl ster- 
ile double-distilled H20 ,  6.0 pl amplified 
ITS1 DNA, 1.4 pl 10x digestion buffer, and 
10 units of  restriction enzyme. Reactions 
were incubated at 37 °C for 8 hours except  
Taq I digestions, which were conduc ted  at 
65 °C. 

For analysis of  the restriction digest, the 
digested ITS1 DNA was loaded into a 2.5% 
agarose gel (MetaPhor agarose FMC) buff- 
ered  with 0.5x TBE (Sambrook et al., 1989). 
Electrophoresis was normally at a constant 
voltage of  100 V or less. 

DNA sequence of  ITS1 was obtained f rom 
an individual Belonolaimus adult  female f rom 
the South Carolina population. The  ampli- 
fication p roduc t  was purif ied with Gene- 
clean II (Bio 101, Vista, CA) and  resus- 
pended  in 30 pl of  TE (pH 7.5). DNA was 
e n d - r e p a i r e d  with T4 DNA Polymerase  
(Stratagene, La Jolla, CA), digested with 
Sma I, ligated to dephosphorylated,  Sma I 
digested, Bluescript SK+ plasmid vector (T4 
DNA ligase, Stratagene).  Transformations 
used 10-20 pl XL-1 Blue E. coli cells (Strata- 
gene).  Clones generat ing anticipated PCR 
products were converted to single-stranded 
molecules and sequenced in both  directions 
using two vector primers that target adjacent 
T3 p r o m o t o r  and  T7 p r o m o t o r  regions 
(Gibco BRL, Gaithersburg, MD). Sequenc- 
ing was per fo rmed  on a LI-COR Model 4000 
DNA Sequencer  (LI-COR, Lincoln, NE) in 
the University of  Nebraska-Lincoln DNA Se- 
quencing Lab, Lincoln, Nebraska. 

RESULTS 

Ampl i f ica t ion  o f  Belonolaimus spp. re- 
suited in a 704-bp product ,  as de te rmined  by 
nucleot ide sequencing.  The amplification 
produc t  included 194 bp of  the 18 S ribo- 
somal gene and 30 bp of  the 5.8 S ribosomal 
gene (Fig. 1) as well as the ITS1 region. A 
restriction map of  the ITS1 sequence from a 
South Carolina isolate was generated with 
Cutter  Software ( h t t p : / / f i r s t m a r k e t c o m /  
f i r s tmarke t / cu t t e r / ) ,  revealing several re- 

1 50 

TTGATTACGT CCCTGCCCTT TGTACACACC GCCCGTCGCT GCCCGGGACT 

51 I00 

GAGCCATTTCGAGAAACTTG GGGATTGTTG GTTTAGCGGT TTTCGGATCG 

~q I Sau3A I 

i01 ~q I 150 

CTTCATCGAT GAGAACCAAT TTAATCGCAG TGGCTTGAAC CGGGCAAAAG 

Cla I 

151 200 

TCGTAACAAG GTGGCTGTAG GTGAACCTGC TGCCGGATCA TTACTCATGT 

Sau3A I 

201 250 

ATTGATCACA TACACACTTT TGTGTGCATC CATGCAGACCAATCGCTATT 
Sau3A I 

251 300 

GTCTGGTCAG CGATGGTCCG ATTAAGTAGC GTCCAGCTGG CTCGTCTGAT 

301 350 

GGGTTTGATG CTGGCCACTG TCTGATGTGG TTAGTGATCA CCCGCTGGTT 
Hae I I I  SaU3A I 

351 Yaq I HincII 400 

GTATGCTATGGAGTCGACGC TTGTCTGATA GCGTTACATG GACCGTGCCC 
Hinf I 

401 450 

GTGATCTGGT CATTGTCTGA TTGACTCGTT GTGTTGGAYG GTGTTGTCTG 
Sau3A X Hinf I 

451 500 

TTTACAGCGCCGATCCAGCG TGACGTTTAC AGGGCCTAAC GGCTTTGCTG 

Hha I Sau3~ I Hae III 

501 550 

GCGTCTATGC GTGGTTGAGT AGTTGTTGTC TCTCCGTCCG TGACTGTGAT 

551 600 

GAGACCGCGC GTTAGGGCCC TTGCCTTGCC TCTGGCATGT TGGCTTAAGA 
Hha I Hae III 

601 650 

CTTGATGAGCGCGATGCCTTGCGCCGCCAG CACCCACTTT ATTCACTACA 
Hha I Hha I 

651 700 

TTTATATGTT CGAAGCGAAGAATTCAAGTC TCATCGGTGG ATCACTCGGC 

Taq I Sa u3A I 

701 

TCGT 

FIG. 1. Nucleotide sequence of the amplified ITS1 
region of a Bdonolaimus spp. from South Carolina in- 
cluding portions of the 18 S genes (nucleotide 1-194) 
and 5.8S gene (675-704). Restriction sites confirmed by 
PCR-RFLP are in bold. Ribosomal gene sequences are 
in italics, and primer sequences are underlined. 

striction sites for  commercially available en- 
zymes. When  individuals f rom the same 
South Carolina isolate were examined by re- 
striction analysis, patterns were usually iden- 
tical among all individuals. Figure 2 displays 
a Taq I digestion of  ITS1 from 13 individuals 
f rom a Palm Springs, California population. 
Although small sample sizes prevent  a de- 
finitive statement on intra-population varia- 
tion, it appeared that patterns were fixed 
within the populations but  differed among 
certain populations (Figs. 3-5).  Restriction 
digestion of  the amplified product ,  however, 
did not  always result in the simple digestion 
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bp I 2 3 4 5 6 7 8 9 10 11 t2 !3 14 bD. KS AR CA SC FL 

FIG. 2. Taq I digestion patterns of 13 Belonolaimus longicaudatus individuals from the Palm Springs, California 
isolate. 

FIG. 3. Hinc II digestion patterns of representative Belonolaimus individuals from different isolates. KS = Kansas, 
AR = Arkansas, CA = California, SC = South Carolina, FL = Florida. Note the three fragments between 300 bp and 
400 bp mentioned in RESULTS. 

p a t t e r n s  p r e d i c t e d  by the  n u c l e o t i d e  se- 
quence .  

Res t r ic t ion  pa t t e rn s  of  the  Belonolaimus 
ITS1 r eg ion  suggest  tha t  this r eg ion  varies 
wi th in  an  ind iv idua l  n e m a t o d e .  Ind iv idua l  
ITS1 he t e rogene i t y  was in fe r r ed  f rom the 
cons i s t en t  observa t ion  o f  d iges t ion pa t t e rns  
in  which  the  sum of  the p roduc t s  exceeded  
the size of  the  or iginal ,  u n d i g e s t e d  amplifi-  
ca t ion  p roduc t .  For  example ,  H i n c  II diges- 

d o n  of  ITS1 f rom the Arkansas p o p u l a t i o n  
(Fig. 3) displayed three  f r agments  be tween  
300 a n d  400 bp. F r a g m e n t  size est imates of  
360-, 370-, 380-, a n d  290-bp H i n c  II d iges t ion 
r e s u l t e d  in  f r a g m e n t s  t o t a l i n g  a p p r o x i -  
mately  1.4 kb, a b o u t  twice the size of  the 
und iges t ed  ampl i f ica t ion  product .  H i n f  I di- 
ges t ion of  the Clearwater,  Nebraska,  isolate 
(Fig. 4) d isplayed th ree  f r agmen t s  of  ap- 
p rox imate ly  360, 370, a n d  380 bp,  a n d  Hae  

bp. NE ., KS , , AR ,, CA =, , SC ,, FL , bp, NE , KS AR CA SC FL 

FIG. 4. Hinf I digestion patterns of representative Belonolaimus isolates. Restriction fragments of lower intensity 
are found in the Nebraska (NE) and Arkansas (A.R) isolates. 

FIG. 5. Hae III digestion patterns of representative Belonolaimus isolates. Hae III patterns are similar among 
geographically distant isolates with the exception of less intense fragments of approximately 580 bp and 560 bp ill 
AR isolates, a unique fragment of approximately 260 in one of the FL individuals, and the additional fragment in 
NE isolates discussed in RESULTS. 



III  d iges t ion  of  the same DNA (Fig. 5) ex- 
h ib i t ed  an  add i t i ona l  170-bp f r a g m e n t  com- 
p a r e d  to p a t t e r n s  o f  o t h e r  p o p u l a t i o n s .  
These  " ex t r a "  f r agmen t s  were p r o d u c e d  re- 
gardless of  d u r a t i o n  of  digest ion,  were con-  
s is tent  a m o n g  ind iv idua l s  f r o m  the  same 
p o pu l a t i on ,  a n d  pers is ted in  m i x i n g  experi -  
m e n t s  in  which n e m a t o d e  DNA was com- 
b i n e d  with p l a smid  DNA to evaluate  the  
c o m p l e t e n e s s  o f  d iges t ion .  F u r t h e r m o r e ,  
the  " e x t r a "  f r agments  were consis tent ly  ob- 
served in  some,  b u t  n o t  all, popu la t ions .  

T a b l e  2 s u m m a r i z e s  d iges t i on  p a t t e r n s  
f rom the  seven enzymes.  Key fea tures  in  
these d iges t ion pa t t e rns  inc luded :  (i) indi -  
viduals f rom Florida,  South  Carol ina ,  a n d  
Pa lm Springs,  Cal ifornia,  p r o d u c e d  ident i -  
cal res t r ic t ion pa t t e rns  in  all cases; (ii) each  
of  the Midwestern  Belonolaimus p o p u l a t i o n s  
(Arkansas;  G a r d e n  City, KS; H u t c h i n s o n ,  
KS; Clearwater,  NE) p r o d u c e d  a u n i q u e  pat- 
t e rn ;  (iii) wi th in  all p o p u l a t i o n s  tested, PCR- 
RFLP pa t t e rns  were near ly  ident ical .  

DISCUSSION 

Restr ic t ion d iges t ion  of  the ITS1 r eg ion  
has revealed  an  u n e x p e c t e d  level o f  varia- 
t ion  a m o n g  midwes te rn  p o p u l a t i o n s  of  Belo- 
nolaimus. Each of  the four  midwes te rn  iso- 
lates gave a u n i q u e  res t r i c t ion  prof i le  in  
spite o f  very s imilar  morpho log ies .  These  ge- 
ne t ic  differences may ref lect  evo lu t ionary  di- 
v e r g e n c e  tha t  has o c c u r r e d  in  a l lopat ry ,  
since Belonolairaus popu l a t i ons  are c o n f i n e d  
to sandy soils tha t  are of ten  geographica l ly  
isolated. Phylogene t ic  analysis is necessary to 
d e t e r m i n e  p o p u l a t i o n  s t ruc ture  a n d  to ex- 
p la in  present -day d is t r ibu t ion .  The  restric- 
t ion analyses do  suggest that  the Cal i fornia  
p o p u l a t i o n s  may have b e e n  es tabl ished re- 
cent ly ,  p e r h a p s  t h r o u g h  i n t r o d u c t i o n  of  
c o n t a m i n a t e d  soil f r o m  the s o u t h e a s t e r n  
U n i t e d  States. It  m igh t  be  a r g u e d  tha t  the 
Cal i fornia  p o p u l a t i o n  o n  turfgrass cou ld  be 
der ived  f r o m  native hosts in  tha t  deser t  re- 
gion;  however,  the similari ty with res t r ic t ion 
pa t t e rns  f rom the  sou theas t  U.S. isolates, 
a n d  the observed diversity a m o n g  midwest- 
e r n  isolates, suggests tha t  Ca l i fo rn ian  a n d  
s o u t h e a s t e r n  B. longicaudatus p o p u l a t i o n s  
share a relatively r e c e n t  ancestry.  

BelonoIaimus ITS: Cherry et al. 27 

TABLE 2. Nucleotide base pair fragment length 
patterns of various digested Belonolaimus isolates. 

Isolate 

Fragment FL/CA/SC AR KS I KS II NE 

Hinc II 
(fig. 3) 

Hae III 
(fig. 5) 

Taq I 
(fig. 2) 

Hinf I 
(fig. 4) 

Sau 3A 

Cla I 

Hha I 

0~. pred. 370 370 370 370 
380 365 360 350 290 290 
290 339 350 70 60 

290 
6O 
5O 

o~. pred. 310 310 310 310 
310 314 180 180 180 180 
180 170 150 150 150 (170) 
150 137 80 80 80 150 
80 83 80 

o~. pred. 300 300 300 300 
300 296 280 280 280 280 
280 258 240 60 60 270 

60 59 (200) 40 40 60 
40 47 60 40 

44 40 

obs. pred. (350) 350 350 (350) 
330 361 330 290 290 (345) 
330 281 (290) 70 330 

62 

obs. pred. 500 300 300 300 
(490) 228 300 250 250 250 
460 132 200 150 150 240 

(440) 95 100 100 100 110 
100 90 90 90 90 90 
90 67 20 

59 
2O 

o~. pred. 600 600 600 600 
600 598 110 110 110 110 
110 106 

0~. pred. 450 450 450 450 
550 459 (440) 100 100 100 

80 100 100 80 80 80 
40 52 80 50 50 50 

12 50 40 
4O 

() = bands that are of lesser intensity. 
FL = Florida; Ca = California; SC = South Carolina; Ar = 

Arkansas. 
KS I = Hutchinson, Kansas; KS II = Garden City, Kansas; NE 

= Nebraska. 
Predicted patterns (pred.) based upon DNA sequence, ob- 

served (obs.) inferred from agarose gels. 

ITS1 he t e r og e n e i t y  wi th in  individuals  has 
b e e n  observed  in  Meloidogyne (Zijlstra et al., 
1995), Trichostrongylus (Hoste  et  al., 1995), 
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a n d  o t h e r  i n v e r t e b r a t e s  (Wesson  et  al., 
1992), b u t  the s t ruc tura l  n a t u r e  of  this het-  
e rogene i ty  in  Belonolaimus is unc lear .  In  the 
m i t o t i c a l l y  p a r t h e n o g e n e t i c ,  p o l y p l o i d  
Meloidogyne species, he t e rogene i ty  m i g h t  be  
expected ,  par t icular ly  if  these species had  a 
r e c e n t  hyb r idogene t i c  or ig in  ( H y m a n  a n d  
Powers, 1991). T h e  g e n o m e  of  M. arenaria 
has b e e n  shown to possess a comp lex  array 
of  r ibosomal  variants  (Vahidi a n d  H o n d a ,  
1991; Vahidi  et  al., 1991). Belonolaimus, how- 
ever, is a t axon  of  diploid ,  amph imic t i c  spe- 
cies. T h e  e x p e r i m e n t s  r e p o r t e d  he re  c a n n o t  
d is t inguish  be tween  var ia t ion  a m o n g  copies 
der ived  f rom a single locus of  the r ibosomal  
r e p e a t i n g  array of genes,  the p re sence  of  a 
s econd  var ian t  r ibosomal  locus, or  two ribo- 
somal  alleles cons t i tu t ing  a r ibosomal ly  het-  
erozygous indiv idual .  I f  the  he t e rogene i t y  
results f rom m o r e  t h a n  o n e  locus o n  the 
g e n o m e ,  t h e n  b o t h  loci have preserved the  
iden t ica l  ITS1 size, a n d  all individuals  in  the 
p o p u l a t i o n  m a i n t a i n  the  same var ian t  ITS1 
s e q u e n c e s .  Regard less  of  the  u n d e r l y i n g  
s t r u c t u r a l  bas i s  f o r  t he  p o l y m o r p h i s m  
a m o n g  popu la t ions ,  it is a p p a r e n t  tha t  these 
gene t ic  differences can  d is t inguish  a m o n g  
p o p u l a t i o n s  a n d  are c o n v e n i e n t  d iagnost ic  
markers .  
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