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Genome Similarity Implies that.Citrus-Parasitic Burrowing 
Nematodes do not Represent a Unique Species 

D .  T .  K A P L A N  1 AND C .  H .  O P P E R M A N  2 

Abstract: Burrowing nematodes from Central America, Dominican Republic, Florida, Guadeloupe, 
Hawaii, and Puerto Rico were characterized for their ability to parasitize citrus, but citrus parasites were 
found only in Florida. Sequence tag sites originally amplified from a citrus-parasitic burrowing nema- 
tode were polymorphic among 37 burrowing nematode isolates and were not correlated with citrus 
parasitism, nematode isolate collection site, or amplification of a 2.4-kb sequence tag site (DK#1). 
Results of a RAPD analysis and characterization of the isozymes phosphoglucose isomerase, lactate 
dehydrogenase, and malate dehydrogenase indicated that the burrowing nematode isolates were highly 
similar. Citrus parasitism in Florida appears to be associated with limited changes in the burrowing 
nematode genome. Findings did not substantiate a previous report that R. citrophilus was present in 
Hawaii. Overall, these data do not support assignment of sibling species status to burrowing nematodes 
that differ with respect to citrus parasitism. 

Key wards: anthurium, banana, citrus, evolution, genetics, isozymes, molecular biology, nematode, 
phylogeny, quarantine, Radopholus, RAPD, STS, taxonomy. 

B u r r o w i n g  n e m a t o d e s ,  Radopholus spp., 
a re  mig ra to ry ,  e n d o p h y t o p a r a s i t i c  n e m a -  
todes tha t  are preva len t  in m a n y  t ropical  
a n d  s u b t r o p i c a l  r e g i o n s  t h r o u g h o u t  the  
world. They  d a m a g e  a wide range  o f  plants 
by extensively w o u n d i n g  cortical tissues as 
they feed  in roots  (Blake, 1961; D u C h a r m e ,  
1959). Radopholus spp. are  cons ide red  to be 
a m o n g  the 10 m o s t  d a m a g i n g  plant-parasit ic 
n e m a t o d e s  wor ldwide  (Sasser a nd  Freck-  
man ,  1987). The i r  effect on  citrus a nd  bana- 
na  is well d o c u m e n t e d  (Duncan  a nd  Cohn ,  
1990; Esser et  al., 1988; Gowen and  Quene -  
herve,  1990; H o l d e m a n ,  1986). Radopholus 
similis has b e e n  de tec ted  in n u m e r o u s  coun-  
tries t h r o u g h o u t  the  tropics and  subtropics  
(Gowen  and  Q u e n e h e r v e ,  1990), caus ing  
black h e a d  topp l ing  disease a nd  topp l ing  
disease o f  b a n a n a  (Loos and  Loos,  1960). 
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A l t h o u g h  citrus is p resen t  in mos t  coun-  
tries where  bur rowing  n e m a t o d e s  are com-  
m o n l y  associated with d a m a g e  to banana ,  
bu r rowing  n e m a t o d e s  cause sp read ing  de- 
cline o f  citrus only in Florida (Ho ldeman ,  
1986; Suit and  D u C h a r m e ,  1953). Classic 
sp read ing  decl ine symptoms  are s t rongly de- 
p e n d e n t  u p o n  edaph ic  condi t ions  (Duncan  
a n d  C o h n ,  1990).  B u r r o w i n g  n e m a t o d e s  
that  at tack citrus in Florida are m o r p h o l o g i -  
cally indis t inguishable  f r o m  those that  at- 
tack b a n a n a  worldwide and  thus had  been  
cons ide red  to be the citrus race o f  R. sirailis 
( D u C h a r m e  and  Birchfield, 1956). T h e  cit- 
rus race was elevated to species status as R. 
citrophilus (Huet te l  et  al., 1984b) on  the basis 
o f  putative b iochemical ,  physiological,  and  
karyotypic differences tha t  d is t inguished the  
citrus and  b a n a n a  races o f  R. similis (Huet te l  
a n d  Dickson,  1981; H u e t t e l  et  al., 1982, 
1983a, 1983b, 1984a). Minor  m o r p h o l o g i c a l  
differences in the female  h e a d  and  vulva re- 
gions and  in male  cloacal  o r n a m e n t a t i o n  
also were r e p o r t e d  to be p resen t  in a com- 
par i son  o f  an R. similis isolate with an  R. 
citrophilus isolate (Hue t t e l  a n d  Yaegashi ,  
1988). 

In  1986, R. ciOvphilus was r e p o r t e d  to be 
p resen t  in Hawaii on  the basis o f  putative 
similarity in karyotype,  isozyme, and  p ro te in  
c o n t e n t  o f  a single bur rowing  n e m a t o d e  iso- 
late col lected f rom Anthurium andraeanum, 
with that  o f  citrus-parasitic bu r rowing  nema-  
todes f r o m  Florida. However,  this isolate did 
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not  parasitize citrus (Huettel  et al., 1986). 
Results of  subsequent  RAPD analyses involv- 
ing the same burrowing nematode  isolate 
collected in Hawaii suggested that burrow- 
ing nematodes  attacking anthur ium in Ha- 
waii were  closely r e l a t ed  to the citrus- 
parasitic burrowing nematodes  frOII1 Florida 
(Kaplan et al., 1996). It was unclear  if these 
findings were representative of  o ther  bur- 
rowing nema tode  isolates associated with 
an thu r iums  in Hawaii or  for  bur rowing  
nematode  isolates f rom other  countries. 

Acceptance of  taxonomic revisions of  R. 
similis by federal and state regulatory agen- 
cies has varied, and many have maintained 
the taxonomic status of  these nematodes as 
races of  R. similis sensu lato (Holdeman ,  
1986). Siddiqi (1986) classified the sibling 
species as subspecies R. similis similis and R. 
similis citrophilus. However, assigning sibling 
or subspecies status to the citrus- and non- 
citrus-parasitic burrowing nematodes  may 
not  be warranted because the burrowing 
nematode  genome appears to be highly con- 
served (Fallas et al., 1996; Hahn  et al., 1994; 
Kaplan, 1994b; Kaplan et al., 1996). In ad- 
dition, morphological  structures repor ted  to 
be specific to R. citrophilus (Huettel  and Yae- 
gashi, 1988) have been observed in African 
isolates where  citrus-parasitic bur rowing  
nematodes  have not  been detected (Valette, 
pers. comm.).  

Molecular characterization of  the burrow- 
ing nematode  genome should help clarify 
the taxonomic status of  burrowing nema- 
todes and likely will result in the identifica- 
tion of  genetic loci controll ing host range. 
We previously  c l o n e d  a DNA f r a g m e n t  
(DK#1) from R. citrophilus, sequenced its ter- 
mini, and designed primers to selectively 
amplify DK#1 (Kaplan et al., 1996). The  
DK#1 fragment  appears to be specific to the 
genus Radopholus and was amplified f rom all 
citrus-parasitic burrowing nematodes  and  
f r o m  a few non-c i t rus-paras i t ic  isolates 
(Kaplan et al., 1997). DK#1 subsequently 
was used as a genetic marker,  and citrus 
parasitism was used as a phenotypic trait to 
demons t r a t e  tha t  citrus- and  non-ci trus-  
parasitic burrowing nematodes  were not  re- 
productively isolated (Kaplan et al., 1997). 

This suggests that the morphologically iden- 
tical citrus and non-citrus-parasitic burrow- 
ing nematodes  should not  be considered as 
independen t  species. 

In this study, 14 burrowing nematode  iso- 
lates collected from Hawaii, 10 isolates f rom 
Florida, and 13 isolates collected through- 
out  Central America, Puerto Rico, Domini- 
can Republic, and Guadeloupe were com- 
pared with molecular  and biochemical tech- 
niques. Each isolate also was characterized 
for ability to parasitize citrus, and a field sur- 
vey was conducted  in Hawaii in which citrus 
and anthur ium roots were analyzed for bur- 
rowing nematodes.  

MATERIALS AND METHODS 

Nematodes: Fourteen burrowing nematode  
isolates collected in Hawaii, 10 from Florida, 
and 13 from Central America, Dominican 
Republic,  Guade loupe ,  and  Puer to  Rico 
were cultured on excised carrot  disks and 
extracted from culture by enzymatic macera- 
tion (Kaplan and Davis, 1990). The  collec- 
tion site and acronym for each isolate are 
listed in Table 1. Designations for  primers 
and cloned DNA were made according to 
the guidelines published for plant-parasitic 
nematodes  (Bird and Riddle, 1994). 

Identification of citrus-parasitic isolates: Cit- 
rus parasitism was estimated with a labora- 
tory hos t - index system (Kaplan, 1994a). 
Each burrowing nematode  isolate was evalu- 
ated three times for its ability to parasitize 
citrus. Nematode  isolates were considered to 
be citrus-parasitic if mean  populat ion densi- 
ties for each t reatment  exceeded 100 nema- 
todes per  test plant at termination of  each 
exper iment .  Conversely, burrowing nema- 
tode isolates were considered to be non- 
citrus-parasitic if mean  populations on citrus 
did not  exceed 10 nematodes  per  plant. 

Field survey in Hawaii: Citrus roots were 
collected from 11 sites in Hawaii in 1995 and 
1996 and analyzed for  bur rowing  nema- 
todes. Samples of  citrus roots (ca. 6.0 g fresh 
weight) grown in association with anthur- 
iums for the past 50 to 70 years were col- 
lected, rinsed free of  soil, and placed in mist 
chambers or  in jars (Young, 1954). Anthur- 
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TABLE 1. C o l l e c t i o n  s i t e s  a n d  r e p r o d u c t i o n  o n  r o u g h  l e m o n  (Citrus li,mon L. Ra f . )  a n d  t o m a t o  (Lycopersicon 
esculentum L.)  f o r  b u r r o w i n g  n e m a t o d e  i so la t e s .  

N e m a t o d e  R o u g h  
isolate Collect ion site l e m o n  ~ T o m a t o  a 

F L 1  L a k e  W a l e s ,  F l o r i d a  + + 

F L 2  O r l a n d o ,  F l o r i d a  + + 

F L 3  C l e r m o n t ,  F l o r i d a  + + 

F L 4  L a k e  A l f r e d ,  F l o r i d a  + + 

F L 5  O r l a n d o ,  F l o r i d a  - + 

F L 6  A p o p k a ,  F l o r i d a  - + 

F L 7  A v o n  P a r k ,  F l o r i d a  + + 

F L 8  F r o s t p r o o f ,  F l o r i d a  + + 

F L 9  F r o s t p r o o f ,  F l o r i d a  + + 

F L 1 0  F r o s t p r o o f ,  F l o r i d a  + + 

BZ1  B l a d e n  B r i d g e ,  T o l e d o ,  B e l i z e  - + 

B Z 2  B i g  C r e e k ,  B e l i z e  - + 

C R 1  Coy le s ,  C o s t a  R i c a  - + 

C R 2  G u a n a c o s t e ,  C o s t a  R i c a  - + 

C R 3  W e s t  R e v e n t a z o n  R i v e r ,  C o s t a  R i c a  - + 

D R 1  H a t o  V i e j o ,  D o m i n i c a n  R e p u b l i c  - + 

G D 1  N e u f  C h a t e a u ,  G u a d e l o u p e  - + 

G T 1  Y u m a ,  G u a t e m a l a  - + 

G T 2  C r e e k ,  G u a t e m a l a  - + 

H I 1  P a n a e w a ,  H a w a i i  - + 

H I 2  P a h o a ,  H a w a i i  - + 

H I 3  P a n a e w a ,  H a w a i i  - + 

H I 4  K e e a u ,  H a w a i i  - + 

H I 5  P a h o a ,  H a w a i i  - + 

H I 6  K e e a u ,  H a w a i i  - + 

H I 7  W a i m a n a l o ,  O a h u ,  H a w a i i  - + 

H I 8  K o n a ,  H a w a i i  - + 

H I 9  P u n a l u u ,  O a h u ,  H a w a i i  - + 

H I 1 0  H i l o ,  H a w a i i  - + 

H I l l  P e l e k u n u  P r e s e r v e ,  M o l o k a i ,  H a w a i i  - + 

H I 1 2  K e e a u ,  H a w a i i  - + 

H I 1 3  H i l o ,  H a w a i i  - + 

H I 1 4  W a t t s  P a n a w e a  ( H a w a i i )  - + 

H N 1  S u l a  Va l l ey ,  H o n d u r a s  - + 

H N 2  C o y o l e s ,  H o n d m ' a s  - + 

P R 1  P u e r t o  R i c o  - + 

P R 2  P u e r t o  R i c o  - + 

+ = Med ian  values f r o m  100 to 1.200 n e m a t o d e s  p e r  p lan t  with bu r rowing  n e m a t o d e s  de tec ted  in >95% o f  test plants; - = 
Med ian  values f r o m  0 to 30 n e m a t o d e s  p e r  p lan t  with b u r r o w i n g  n e m a t o d e s  de tec ted  in less than 5% o f  the  test  plants. 

ium roots (ca. 4.0 g fresh weight) f rom each 
site also were collected and  processed in a 
similar  m a nn e r .  After 5 days, nema todes  
were extracted and  each sample was exam- 
ined for  the presence  of  burrowing nema-  
todes with a light microscope.  Data were re- 
por ted  as presence or  absence of  burrowing 
nematodes  in each sample. Ability to para- 
sitize citrus was de te rmined  for  each burrow- 
ing nema tode  isolate collected f rom Anthur- 
ium with the citrus host  assay system de- 
scribed previously. 

Genomic survey for sequence tag sites DK#I, 

DK#3, DK#4, and DK#5: DNA f rom each 
nema tode  isolate (Table 1) was extracted 
f r o m  a p p r o x i m a t e l y  1,000 n e m a t o d e s ,  
which were g round  for 15 seconds in dispos- 
able micro-homogenizer  tubes as described 
for  extraction of  plant  genomic  DNA (Ed- 
wards et al., 1991) with 10 laM dithiothreitol  
(DTT) added  to the extraction buffer. The  
DNA subsequently was resuspended in 100 
tal of  1X TE (10mM Tris, l m M  EDTA, p H  
8.0). Because significant amounts  of  RNA 
are present  in the mini-prep DNA (Kaplan, 
unpubl . ) ,  DNA concentra t ion was not  quan- 
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rifled spectrophotometrically. Instead, a di- 
lution series was used to ascertain the 
amount of DNA solution required to obtain 
reproducible PCR results for each of the 
crude DNA samples. 

Amplification reactions for the DK#1- 
specific primers (DK#101 and DK#102), 
DK#3 specific p r imers  (DK#103 and  
DK#104), DK#4-specific primers (DK#107 
and DK#108), and DK#5 specific primers 
(DK#105 and DK#106) were performed as 
previously described (Kaplan et al., 1996). 
DNA blots were made as described by Mani- 
atis et al. (1982). The blots were probed with 
digoxigenin (DIG)-labeled DK#1, DK#3, 
DIL#4, or DK#5 and developed using the Ge- 
nius non-radioactive Labeling Kit III (Boeh- 
ringer Mannheim, Indianapolis, IN). The 
Flash Membrane (Stratagene, La Jolla, CA) 
was hybridized with probes at both high and 
low stringency (68 °C or 42 °C) and pro- 
cessed as previously described (Kaplan et al., 
1996). 

RAPD analysis using bulk DNA: DNA was 
extracted from nematodes as described 
above for the genomic survey; however, in 
this experiment, nematodes were sorted 
into five groups. Group 1 was comprised of 
burrowing nematodes collected in Florida 
that were citrus-parasitic and from which 
DK#1 could be amplified (Table 2). Groups 
2A and 2B were not citrus-parasitic and were 
collected in Hawaii; isolates in Group 2A 
were DK#1-posifive, whereas DK#1 could 
not be amplified from the DNA of isolates 
included in Group 2B. Burrowing nematode 
isolates included in Groups 3A and 3B were 
not citrus-parasitic and were collected in 
Centra l  America,  the Carr ibean,  and  
Florida. Group 3A was DK#1 positive, but 
Group 3B was not (Table 2). Five pl of DNA 
solution at concentrations that gave compa- 
rable PCR amplification from each burrow- 
ing nematode isolate within each group 
were combined and used in the following 
protocol. 

Five sets of random decamer primers 
(OPB01-B20, OPC01-OPC20, OPG01-G20, 
OPM01-M20, and OPR01-R20; Operon  
Technologies, Alameda, CA) were used for 
RAPD analyses (Williams et al., 1990) as de- 

TABLE 2. Burrowing nematode  isolates combined  
into groups on the basis of parasitism, amplif icat ion of  
DK#1, and  collect ion site. Crude DNA pooled  for each 
g r o u p  was used  in a RAPD analysis involving 100 
primers.  

1 ~ 2A 2B 3A 3B 

FL1 HI1 HI2 PR1 FL5 
FL2 HI4 HI6 CR3 FL6 
FL3 HI5 HI8 GT1 CR1 
FL4 HI7 HI9 GT2 CR2 
FL7 HI10 HN1 DR1 

HI11 HN2 
HI12 
HI13 
HI14 

a Group 1: Citrus-parasitic, positive for DK#1, collected in 
Florida; Group 2: Non-citrus-parasitic and collected in Hawaii; 
Group 3: Non-citrus-parasitic and collected in Florida, Central 
America, Guadeloupe and Puerto Rico. Groups 2 and 3 were 
further divided into two groups based on presence of DK#I. 
Groups 2A and 3A were DK#1-positive. DK#I could not be 
amplified from isolates in Groups 2B and 3B. 

scribed previously (Kaplan et al., 1996). At 
least three independent reactions were per- 
formed for each nematode-primer combina- 
tion. A 10-pl sample of each reaction was 
electrophoresed on 1.0% agarose. Molecu- 
lar weight markers were lambda-DNA cut 
with Nsi I or BioMarker EXT (Bio Ventures, 
Murfreesboro, TN). Cluster and pheno- 
gram analysis of the RAPD data was per- 
formed by the unweighted pair group 
method  (UPGMA) (Sneath and Sokal, 
1973) using the PC version of Numerical 
Taxonomy and Multivariate Analysis System 
(Exeter Software, Setauket, NY). 

Isoelectric focusing (IEF) isozyme analysis: 
Sample preparation and comparison of 
phosphoglucose isomerase isoforms were 
performed with isoelectric focusing (IEF) as 
described by Fallas et al. (1996), with the 
exception that the nematodes analyzed rep- 
resented all life-cycle stages since they were 
collected by tissue maceration (Kaplan and 
Davis, 1990). 

Cellulose acetate electrophoresis isozyme analy- 
sis: Samples were prepared as for IEF 
(above) in order to characterize malate de- 
hydrogenase, lactate dehydrogenase, and 
phosphoglucose isomerase for seven citrus 
and non-citrus-parasitic burrowing nema- 
tode isolates (FL1-4, FL6-7, HI1) using cel- 
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lulase acetate as previously described (He- 
bert and Beaton, 1993). Staining for enzyme 
activity was done as described (Allendorf et 
al., 1977). 

RESULTS 

T h r e e  i n d e p e n d e n t  hos t  range  assays 
were per formed to determine which of  the 
37 burrowing nematode  isolates were citrus 
parasites. Only burrowing nematode isolates 
f rom Florida (FL1-FL4 and FL7-FL10) were 
citrus-parasitic. Population densities of  all 
burrowing nematode  isolates increased in 
roots of  susceptible tomato controls (Table 
1). F u r t h e r m o r e ,  bu r rowing  n e m a t o d e s  
were not  detected in roots collected from 
citrus trees sampled in Hawaii (Table 3), 
where  bur rowing  nematode- in fec ted  an- 
thuriums had been propagated under  citrus 
tree canopies for as long as 70 years (M. 
Conway, pers. comm.).  

A total of  452 bands were amplified when 
100 RAPD primers representing the OPB, 
OPC, OPG, OPM, and OPR series were used 
on the 37 bur rowing  n e m a t o d e  isolates. 
These  p roduc t s  sor ted  into five g roups  
(Table 2). Ninety of  the primers amplified 
reproducible banding patterns that could be 
scored. Seventy-three bands were polymor- 
phic; however, only six were amplified solely 
from the citrus-parasitic group of  burrowing 
nematode isolates. The hierarchial cluster 
analysis (SAHN) and UPGMA genomic simi- 
larity coefficients (>93%) derived from these 
data indicated that the five groups of  bur- 
rowing nematode  isolates were highly simi- 
lar (Fig. 1). 

Comparison of  phosphoglucose isomer- 
ase (PGI) isoforms for the 37 burrowing 
nematode  isolates confirmed the high de- 
gree of  similarity among  the nematode iso- 
lates. All nematode  isolates had the same 
PGI profiles (negatively charged dimer) as 
determined by IEF (Fig. 2). Lack of  variation 
in isoform for PGI also was observed with 
cellulose acetate electrophoresis. Variation 
in malate dehydrogenase isoforms (mono- 
meric) was not  observed; however, burrow- 
ing nematode isolates FL1, FL2, FL4, FL6, 
and FL8 were dimorphic for lactate dehy- 

TABLE 3. Hawaiian field survey of Anthuriura an- 
draeanum and associated citrus trees for presence of 
burrowing nematodes, Radopholus spp. 

Burrowing 
Location Plant nematode 

1996 
Kurtistown, Site 1 

Hilo, Site 2 

Hilo, Site 3 

Kurtistown. Site 4 

Mt. View, Site 5 

Mt. View, Site 6 

1995 
Kurtistown, Site A 

Pahoa, Site B 

Pahoa, Site C 

Pahoa, Site D 

Panaewa, Site E 

Anthurium + 
Citrus 
Citrus 
Citrus 
Anthurium + 
Anthufium + 
Citrus 
Citrus 
Anthurium + 
Citrus 
Citrus 
Anthurium + 
Citrus 
Citrus 
Anthurium + 
Citrus 
Citrus 
Citrus 
Citrus 
Authurium + 
Citrus 
Citrus 
Citrus 
Citrus 

Citrus 
Citrus 
Citrus 
Anthurium + 
Anthurium 
Citrus 
Anthurium + 
Citrus 
Citrus 
Citrus 
Anthurium + 
Anthurium + 
Citrus 
Anthurium + 
Anthurium + 
Anthurium + 
Citrus 

drogenase (LDH), whereas HI3 and FL4 
were monomorphic .  Differences in LDH did 
not  appear to be consistent with ability to 
parasitize citrus, with presence of  DK#1, or  
with collection site for a subset of  eight bur- 
rowing nematode isolates. 

The genomes of  the 37 burrowing nema- 
tode isolates were compared for the pres- 
ence of  the four sequence tag sites DK#1, 



Genome Similarity among Burrowing Nematodes: Kaplan, Opperman 435 

1 
I m 2A 
_ _ ]  [ m  3A 

3B 
2B 

I I I I I 

93 94 95 96 97 

P e r c e n t  S imi la r i ty  

FIG. 1. Phenogram based on RAPD analysis show- 
ing the relationships of 37 burrowing nematode isolates 
sorted into five groups on the basis of geographic col- 
lection site, ability to parasitize citrus, and amplification 
of the sequence tag site DK#1. 

DK#3, DK#4, and DK#5 that were originally 
amplified from the citrus-parasitic burrow- 
ing nematode,  FL2. The  DK#1-specific prim- 
ers amplified the anticipated 2.4-kb frag- 
ment  f rom a wide range of  burrowing nema- 
tode isolates collected in Hawaii, Central  
America, and Florida. However, the 2.4-kb 
f ragment  was not  amplified from two citrus- 
parasitic burrowing nematode  isolates (FL8, 
FL10) or f rom 10 non-citrus-parasitic bur- 
rowing nematodes  (CR2, DR1, FL5, FL6, 
GD1, HI2, HI6, HI8, HI9, and HI14). DNA 
hybridization of Southern blots with DIG- 
labeled DK#1 verified that  amplif icat ion 

1 2 3 4 5 6 7 8 9  
+ 

FIG. 2. Isoelectric focusing gel stained for phospho- 
glucose isomerase (PGI) for nine burrowing nematode 
isolates. PGI isoforms were identical for all 37 burrow- 
ing nematode isolates. Lane 1, FL1; 2, FL2; 3, CR1; 4, 
Hll; 5, FL3; 6, FL4; 7, FL5; 8, FL6; 9, FL7. Acronyms for 
nematode isolates are listed in Table 1. 

p roduc ts  observed in e th id ium b ro m id e  
were homologous  to DIL#I (Fig. 3). 

The  sequence tag site DK#3 (1.2 kb) was 
amplified from all burrowing nematode  iso- 
lates except  those collected from Guatemala 
(GT1, GT2), Honduras  (HN1, HN2),  and 
one  isolate f rom Hawaii (HI14) (Fig. 4). 
Amplification and hybridization were weak 
for FL5, FL6, and HI1. Three  additional 
fragments also were ampl i f ed  (0.4, 0.6, and 
1.4 kb), but  the 0.4-kb f ragment  did not  hy- 
bridize with DIGqabelled DK#3. 

Overall, the DK#4-specific primers ampli- 
fied more  polymorphic DNA among the 37 
burrowing nematode  isolates than any of  the 
o the r  sequence-tag-site pr imers  (Fig. 5). 
Two DNA fragments (1.4 and 0.9 kb) were 
strongly amplified f rom five Hawaiian iso- 
lates (HI6-HI10). These fragments also were 
amplified from isolates CR1, CR2, CR3 and 
PR1; however, the 1.4-kb f ragment  did not  
hybridize with the DIC,-DK#4 probe for iso- 
lates CR3 and PR1. The  0.9-kb f ragment  also 
was amplified f rom isolates FL3, FL5, FL7, 
BZl-2, CR3, PR1, GT1-2, HN1-2, GD1, HI2- 
5, HI12, and a 0.7-kb fragment  became ap- 
parent  after DNA hybridization. Fragments 
amplified from isolates FL6 and H i l l  (0.5- 
kb fragment) and HI8 and HI13 (1.3 kb and 
0.95 kb) were polymorphic.  DNA fragments 
were not  amplified f rom isolates FL1, FL4, 
FL8-10, PR2, and HI14. 

Two DNA fragments (0.9 and 0.75 kb) 
were amplified from 26 of  the 37 burrowing 
nematode  isolates using the DK#5-specific 
primers (Fig. 6). Isolates BZ2 and FL2 were 
polymorphic  (0.9-kb and 0.8-kb amplified 
fragments).  Finally, the DK#5-specific prim- 
ers did not  amplify any DNA fragments f rom 
six of  the ten citrus-parasitic bur rowing  
nematodes (FL3, FL4, FL7, FL8, FL9, FL10). 

DtSCUSS~ON 

Burrowing nematodes  that parasitize cit- 
rus in Florida do not  appear  to be a distinct 
species f rom morphological ly similar bur- 
rowing nematodes  that cannot  parasitize cit- 
rus, since isolates col lected f rom a wide 
range of  geographically distinct sites were 
greater than 93% similar. The  high extent  of  
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FIG. 3. Amplification of DK#1 from crude DNA from 37 burrowing nematode isolates using DK#1-specific 
primers DK#101 and DK#102. A,C,E) Ethidium bromide-stained agarose gels. B,D,F) DNA blots of A, C, and E, 
respectively, probed with digoxigenin-labeled DK#1. Lane designations for A,B) 1, FL8; 2, FL10; 3, FL9; 4, FL1; 5, 
FL2; 6, FL3; 7, FL4; 8, FL5; 9, FL6; 10, FL7; M = Molecular Weight Marker III; 11, BZ1; 12, CR1. C,D) 1, CR2; 2, 
CR3; 3, PR1; 4, PR2; 5, DR1; 6, GT1; 7, GT2; 8, HN1; 9, HN2; 10, BZ2; 11, GD1; M = BioMarker EXT; 12, HI2. E,F) 
1, HI3; 2, HI4; 3, HI5; 4, HI6; 5, HI7; 6, HI8; 7, HI9; 8, HI10; 9, H i l l ;  10, HI12; 11, HI13; 12, HI14; 13, HI1; M 
= BioMarker EXT. Acronyms for nematode isolates are listed in Table 1. 

A 

genome similarity is in accordance with pre- 
vious studies (Hahn et al., 1994; Kaplan, 
1994b; Kaplan et al., 1996; Kaplan et al., 
1997). In contrast, Fallas et al. (1996) pro- 
posed that two distinct gene pools were pre- 
sent among banana-parasitic burrowing 
nematodes collected in Africa, Australia, 

M 1 2 3 4  5 6  7 8 9 IOM 1112 1 2 3 4 5 6 

A 

and Guadeloupe on the basis of RAPD and 
PGI analyses. Diversity among burrowing 
nematodes may be greater in Africa than in 
Hawaii, Florida, Central America, Puerto 
Rico, and Guadeloupe. Prexdously we deter- 
mined that DK#1 could not be amplified 
from African burrowing nematode isolates, 
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FIG. 4. Amplification of DK#3 from crude DNA from 37 burrowing nematode isolates using DK#3-specific 
primers DK#103 and DK#104. A,C,E) Ethidium bromide-stained agarose gels. B,D,F) DNA blots of A, C, and E, 
respectively, probed with digoxigenin-labeled DK#3. Lane designations as for Fig. 3. Acronyms for nematode 
isolates are listed in Table l. 
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F[o. /5. Amplification of DK#4 from crude DNA from 37 burrowing nematode isolates using DK#4-specific 
primers DK#107 and DK#108. A,C,E) Ethidium bromide-stained agarose gels. B,D,F) DNA blots of A, C, and E, 
respectively, probed with digoxigenin-labeled DK#4. Lane designations as for Fig. 3. Acronyms for nematode 
isolates are listed in Table 1. 

A C 

whereas DK#1 was readily amplified from 
burrowing nematodes  collected in the West- 
ern Hemisphere  (Kaplan, unpubl,  data). 

The  high degree  of  genome  similarity 
among burrowing nematodes  suggests that 
they share a c o m m o n  ancestry and have 
been dispersed relatively recently. Burrow- 
ing nematode- in fes ted  plants have been  
transported th roughout  the world and may 
have been transported with a crop from its 

M 1 2 3 4  5 6  7 8  9 IOM 1112 1 2 3 4 5 6 

o r i g i n  o r  b e c o m e  i n f e s t e d  f r o m  p o p u l a t i o n s  

e n c o u n t e r e d  in,. t r an s i t  o r  i f  p l a n t e d  in  in-  

f e s t e d  soils. H o w e v e r ,  Radopholus m a y  c o n -  

t a in  a g e n e t i c  m e c h a n i s m  t h r o u g h  w h i c h  

t h e  g e n o m e  r e m a i n s  r e l a t i v e l y  c o n s t a n t  

( K a p l a n  e t  al.,  1996) .  

A l t h o u g h  i t  is u n k n o w n  h o w  a n d  w h e n  

b u r r o w i n g  n e m a t o d e s  w e r e  f irs t  i n t r o d u c e d  

to e a c h  c o u n t r y  w h e r e  t h e y  c u r r e n t l y  pers i s t ,  

i t  c a n  b e  a s s u m e d  t h a t  t h e y  w e r e  t r a n s p o r t e d  
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FIG. 6. Amplification of DK#5 from crude DNA fi'om 37 burrowing nematode isolates using DK#5-specific 
primers DK#105 and DK#106. A,C,E) Ethidium bromide-stained agarose gels. B,D,F) DNA blots of A, C, and E, 
respectively, probed with digoxigenin-labeled DK#5. Lane designations as for Fig. 3. Acronyms for nematode 
isolates are listed in Table 1. 
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in the roots of  crops carried from infested to 
uninfested sites. For instance, anthuriums 
are native to Colombia but  grow th roughout  
Central America where Radopholus is preva- 
lent. The  first anthuriums were brought  to 
Hawaii in 1889 by Samuel M. Damon,  who 
obtained them from the Royal Botanic Gar- 
dens, Kew, England. It is unknown if these 
plants were infested with burrowing nema- 
todes; however, in 1985, burrowing nema- 
todes were detected in roots of  A. andraea- 
num growing in a glasshouse at the Royal 
Botanic Gardens at Kew (Kaplan, unpubl.  
data). Thus, Damon could have transported 
burrowing nematodes  to Hawaii in anthur- 
ium roots in the late 1800s via Kew as pro- 
posed by Huettel  et al. (1986). Sher docu- 
mented  the first association of  R. similis with 
A. andreanum in roots of  plants collected in 
Hilo and Honomu,  Hawaii, in 1954 (Sher, 
1054). 

Burrowing nematodes  probably were in- 
t roduced to Hawaii f rom Australasia or In- 
donesia by setders who transported infested 
plants pr ior  to the importat ion of  anthur- 
iums. Burrowing nematodes  also have been 
transported in recent  times in corms used to 
p ropaga te  bananas  (Gowen and  Quene-  
herve, 1990). Thus, it is likely that burrow- 
ing nema todes  were t r anspor ted  to and 
f rom Hawaii, Central America, and Caribbe- 
an countr ies  on  n u merous  occasions. In 
contrast, Florida does not  appear  to be the 
origin of  plants recognized for use as orna- 
mentals or  food. Although a significant or- 
namentals industry is present  in Florida, the 
Florida Depar tment  of  Consumer  Services, 
Division of  Plant Industry nursery certifica- 
tion program instituted nearly 40 years ago 
has ensured that citrus-parasitic burrowing 
nematode-infested crops are not  exported.  

Root samples collected f rom citrus trees 
in Pahoa, Hawaii, where anthuriums have 
been  grown since the 1930s (Mike Conway, 
pers. comm.),  did not  contain burrowing 
nematodes.  However, burrowing nematodes  
were detected in roots of  anthuriums grown 
u n d e r  citrus tree canopies. This suggests 
that the genetic potential  for  citrus parasit- 
ism is absent among burrowing nematodes 
infecting anthuriums in Hawaii. Previously, 

Sher (1954) sampled citrus trees in Pahoa 
but  did not  detect  burrowing nematodes.  
Clark (1983) conducted  greenhouse studies 
and  demons t ra t ed  that  burrowing nema- 
todes isolated from bananas and anthur ium 
in Hawaii did not  reproduce  in citrus roots. 
In 1995, citrus trees were sampled in three 
independen t  sites in Hawaii, but  burrowing 
nematodes  were not  detected in their roots 
(M. Enriques, pers. comm.).  

The  pr ior  designat ion o f  a non-citrus- 
parasitic burrowing nematode  isolated from 
anthur ium in Hawaii as R. citrophilus (Huet- 
tel et al., 1984b) appears to be unwarranted.  
Burrowing nematodes associated with A. an- 
draeanum were repor ted  to be R. citrophilus 
based upon  karyotype, isozymes, proteins, 
and morphological  traits (female head, an- 
nules in terrupted by vulva, cloaca1 ornamen-  
tation), which were considered to be specific 
to R. citrophilus (Huettel  and Dickson, 1981; 
Huettel  et al., 1982, 1983a, 1983b, 1984a). 
However, burrowing nematodes  in Africa, 
where citrus-pm'asitic burrowing nematodes  
have never been detected, have morphologi-  
cal traits and isozyme profiles similar to 
those repor ted  for R. citrophilus (Fallas et al., 
1996; Valette et al., pers. comm.).  Further- 
more,  non-citrus-parasitic burrowing nema- 
todes with the karyotype (n = 5) considered 
specific to R. citrophilus by Huet te l  et al. 
(1986) have been detected in Puerto Rico, 
Sri Lanka, and the Ivory Coast (Hahn et al., 
1996; Rivas and Roman, 1985a, 1985b). 

Another  citrus-parasitic burrowing nema- 
tode (R. cirri) collected in East Java has been 
described recently, but  its morphology is dis- 
tinct f rom R. similis, with RAPD profiles con- 
f i rming that  R. citri is a dist inct  species 
(Hahn et al., 1994; D. Kaplan, unpubl,  data; 
Machon  and Bridge, 1996). H a h n  et al. 
(1996) repor ted  that an apparent  R. similis 
co l l ec t ed  in Sri Lanka  also was citrus- 
parasitic, but  this finding has not  been ad- 
equately docmnented.  In the study by Hahn  
et al. (1996) burrowing nematodes appar- 
ently were detected in citrus seedling roots 
60 days after inoculation in a single test, and 
l imited decl ine  in n e m a t o d e  popu la t ion  
densities in roots of test seedlings suggested 
that the burrowing nematodes  might  actu- 
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ally be reproducing in citrus. In a second 
test, however, burrowing nematodes failed 
to persist in roots of citrus seedlings. Accu- 
rate interpretation of such assays are depen- 
dent upon understanding how burrowing 
nematodes interact with citrus. Non-citrus- 
parasitic burrowing nematodes can persist 
for long periods of time in citrus roots, and 
even juveniles can be detected. However, 
the numbers of nematodes eventually de- 
cline to non-detectable levels. This is similar 
to the dynamics associated with the decline 
of citrus-parasitic burrowing nematode  
populations in nematode-resistant citrus 
rootstocks. Furthermore, citrus declines at- 
tributed to burrowing nematodes have not 
been reported from Sri Lanka. In other 
host-range studies, citrus was assigned non- 
host status for burrowing nematodes col- 
lected from a variety of crops in Honduras, 
Panama, Natal, Fiji, Australia, and Rhodesia 
(O'Bannon, 1977). 

Identification of polymorphic DNA can 
lead to development of genetic markers that 
can facilitate mapping of the burrowing 
nematode genome to improve our under- 
standing of parasitism in burrowing nema- 
todes, clarify relationships among burrow- 
ing nematode populations throughout the 
world, and contribute to the development of 
novel methods for nematode control. For 
example, the sequence tag site DK#1 and 
citrus parasitism were co-inherited by prog- 
eny produced in controlled matings of cit- 
rus-parasitic, DK#1-positive males with non- 
citrus-parasitic, DK#1-negative females. The 
resultant F1 progeny from this cross were 
citrus-parasitic, DK#1-positive, and repro- 
ductively viable (Kaplan et al., 1997). These 
findings indicated that citrus and non-citrus- 
parasitic burrowing nematodes were not re- 
productively isolated (Kaplan et al., 1997) as 
previously reported (Huettel et al., 1982). 
However, DK#1 and citrus parasitism loci 
are not sufficiently linked so as to enable 
DK#1 to be used to identify citrus-parasitic 
burrowing nematodes or to make broad in- 
ferences regarding the extent of genome 
variation among burrowing nematodes. The 
four sequence-tag sites (DK#1, DK#3, DK#4, 
DK#5) appear to represent variable regions 

in the burrowing nematode genome and 
should prove useful in mapping experi- 
ments involving controlled matings where 
parental lines differ with respect to these ge- 
netic sequences. 

Additional polyanorphic fragments identi- 
fied in this study will be converted to se- 
quence-tag sites for study of burrowing 
nematode genetics and mapping of the bur- 
rowing nematode genome. 

Our data indicate that the geographic dis- 
tribution of citrus-parasitic burrowing nema- 
todes morphologically identical to R. similis 
remains restricted to Florida. How burrow- 
ing nematodes came to parasitize citrus in 
Florida is unknown, but thus far our find- 
ings suggest that citrus parasitism appears to 
be associated with limited changes in the 
burrowing nematode genome. 
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