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Characterization of Species and Races of the Genus 
Meloidogyne by DNA Restriction Enzyme Analysis 1 
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Abstract: Tota l  D N A  o f  t h ree  species o f  Meloidogyne spp., including four  subspecific races o f  M. 
incognita, were diges ted  separately with EcoR I, Cla III,  and  Hind  III  and p r o b e d  with s2p-labelled 
total genomic  DNA f rom M. incognita race  1 in Sou the rn  hybridizations.  Shor t  exposures  o f  Sou the rn  
blots af ter  H ind  III  digest ion revealed pa t t e rns  that  were  useful for separat ing the  species. Race 
differences  were  seen af ter  longer  exposures .  T h e  DNA f ragmen t  pa t te rns  ob ta ined  were  scanned  
with a laser dens i tome te r  and the  data were  subjected to principal  coord ina te  and  cluster analyses. 
T h e  l ikel ihood o f  c loning species and  race-specific D N A  probes  is discussed. 
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Extensive recent efforts in plant nema- 
tology to use biotechnological methods for 
diagnosis of  species and host-specific races 
have included monoclonal antibodies (9) to 
identify Meloidogyne spp. and cloned DNA 
probes to identify Globodera spp. (4). In ad- 
dition, several studies of genomic and mi- 
tochondrial restriction site polymorphisms 
among populations (6,10,15,16) have been 
conducted. In terms of  speed and ease of  
use, the immunological methods have a dis- 
tinct advantage over molecular biological 
methods, but the former have not been 
successful in detecting subspecific differ- 
ences among nematodes. Accurate identi- 
fication is economically important because 
it determines the cultivars specified in crop 
rotation or control programs. 

Molecular biological methods should 
provide clear results and be rapid and in- 
expensive; it is likely that cloned DNA 
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probes will fulfill these criteria. The  spec- 
ificity obtainable with DNA probes permits 
discrimination among closely related pop- 
ulations, e.g., Leishmania complexes (1), and 
their sensitivity allows the detection of small 
numbers of parasites, e.g., one Onchocerca 
gibsoni microfilaria (8). Related methods, 
however, such as those described in this 
paper, should also be of  value in that they 
could reveal information on interspecific 
or intraspecific genetic diversity and on the 
likelihood of specific probe isolation from 
DNA libraries. All of  the molecular tech- 
niques described have been successfully ap- 
plied to the identification of  both human 
and animal parasites, protozoa as well as 
helminths (for review, see Barker [2]). 

Restriction fragment length polymor- 
phism (RFLP) of  repetitive genomic DNA 
has been effective in discriminating a num- 
ber of  species and strains of  plant-parasitic 
nematodes (6,10). Use of  this technique in 
conjunction with Southern (17) hybridiza- 
tion with a radiolabelled probe has been 
described only for pathotypes of the pine- 
wood nematode, Bursaphelenchus xylophilus 
(3). Furthermore,  only one restriction en- 
zyme has been used in studying genomic 
RFLP of Meloidogyne species (6). This study 
presents the results of  using three restric- 
tion enzymes to investigate genetic diver- 
sity among single populations of three spe- 
cies and four host races of  root-knot 
nematodes. A radiolabelled total genomic 
DNA probe is used to reveal any polymor- 
phism and repetitive DNA frequency. 
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MATERIALS AND METHODS 

Nematodes: Populations of  Meloidogyne 
species were originally obtained from the 
Department of  Plant Pathology, North  
Carolina State University. They  included 
M. incognita race 1 (NCSU #401), race 2 
(NCSU #El  135), race 3 (NCSU #285), and 
race 4 (NCSU #401); M. javanica (NCSU 
#7-2) andM. arenaria race 1 (NCSU #351). 
Nematodes from these pure cultures were 
reared on Lycopersicon esculentum cv. Mon- 
eymaker in a greenhouse at 25 C. After 55 
days, eggs and juveniles were collected by 
maceration and centrifugal flotation (12), 
cleaned on a sucrose gradient, and repeat- 
edly washed in sterile 100 mM NaC1 before 
freezing in a minimal volume of  the same 
solution at 45 C. 

DNA preparation and restriction endonu- 
clease digestions: Total  DNA from each 
population was extracted from approxi- 
mately 33 /~1 packed nematodes. The  fro- 
zen pellet of  eggs was ground to a fine pow- 
der  with a mortar  and pestle, cooled on 
dry ice. The  powder was transferred to a 
50-ml plastic tube (Falcon), 2 ml DNA ex- 
traction buffer (50 mM Tris, 50 mM 
EDTA, 100 mM NaC1, pH 8.0) was added, 
and the tube was shaken for 3 minutes at 
37 C. Another  1.8 ml extraction buffer was 
added with 0.2 ml 10% sodium dodecyl 
sulphate (SDS), and the tube was shaken 
for 3 minutes at 37 C. Then  2 mg protein- 
ase K (Boehringer Mannheim, Mannheim, 
Germany) was added, and the digestion 
proceeded for 3 hours at 37 C. The  resul- 
tant solution was extracted three times with 
an equal volume of equilibrated phenol 
(11), and the aqueous phase was extracted 
once with chloroform : isoamyl alcohol (24: 
1). The  RNA was removed by adding 700 
ng Ribonuclease A (Sigma) and incubating 
for 1 hour at 37 C in an orbital shaker. 
Phenol and chloroform extraction was re- 
peated, and DNA was precipitated from 
the final aqueous phase overnight at - 2 0  
C by addition of  0.1 volumes 3 M sodium 
acetate and 2.5 volumes cold absolute eth- 
anol. The  DNA was pelleted in a Corex 
centrifuge tube at 22,600 g at 4 C for 30 

minutes, washed with cold 70% ethanol, 
and resuspended in 100 #1 TE buffer (100 
mM Tris, 1 mM EDTA, pH 8.0). Nucleic 
acid concentration was determined spec- 
trophotometrically at 260 nm. 

Twenty micrograms of  DNA from each 
nematode was digested overnight at 37 C 
with EcoR I (in the presence of  spermi- 
dine), Cla I, and Hind III (Boehringer 
Mannheim) in the buffers suggested by the 
manufacturer  and heated for 10 minutes 
at 65 C to stop the reaction. 

RadiolabeUing DNA and Southern blotting: 
Five micrograms of  each digestion mixture 
was mixed with gel loading buffer (11), and 
the samples were loaded into wells of  a 
horizontal 0.8% agarose gel (15 x 25 cm) 
containing 0.8 #g /ml  ethidium bromide in 
1 x TAE buffer (11). Electrophoresis was 
performed at 2 V / c m  in a 1 x TAE run- 
ning buffer for 16 hours. Hind III-digested 
lambda DNA (Boehringer Mannheim) was 
used for molecular weight markers. 

DNA fragments were transferred from 
the agarose gel to nitrocellulose paper 
(Schleicher and Schuell) by capillary blot- 
ting (17) and hybridized with radiolabelled 
total genomic DNA from M. incognita race 
1. The  probe was labelled by nick trans- 
lation (Boehringer Mannheim) with [ot- 
3~P]dCTP (Amersham) to an activity of  ap- 
proximately 5 x 106 cpm/~g.  Efficiency of  
uptake was determined by removal of  un- 
bound radiolabel with a Centri-Sep col- 
umn (Advanced Laboratory Techniques,  
Southborough,  UK) and precipitation with 
trichloroacetic acid. The  specific activity of  
the probe was measured by scintillation 
counting. Southern blots were prehybrid- 
ized by shaking with 20 ug /ml  boiled, 
sheared salmon sperm DNA in 4x  SSC 
(0.6 M NaC1, 0.06 M sodium citrate, 4 x 
Denhardt 's solution [7], 0.1% SDS) for 3 
hours at 65 C in a water bath. Just before  
hybridization, the radioactive probe was 
denatured by boiling for 10 minutes and 
maintained at 65 C during transfer to the 
hybridization chamber. After hybridiza- 
tion at 65 C for 16 hours, the filter was 
rinsed once with 0 .1x SSC containing 
0.05% SDS and then washed three times 
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FIG. 1. Southern blot hybridization patterns of  Meloidogyne spp. DNA with 32P-labelled M. incognita race 
1 DNA as a probe and 6-hour exposures following digestion with three restriction endonucleases. A) Cla I. 
B) Hind III. C) EcoR I.Jav = M.javanica,  Are = M. arenaria race 1. R1-R4 = M. incognita races 1-4. Fragment 
sizes are shown in kilobases. 

for 30 minutes each in the same buffer at 
52 C. After air drying, the filter was ex- 
posed to Fuji X-ray film with an intensi- 
fying screen for 6, 24, and 72 hours in 
order  to detect restriction fragment length 
polymorphism in high, moderate,  and low 
frequency repetitive DNA fragments as de- 
termined by hybridization intensity. Auto- 
radiographs after 6, 24, and 72 hours were 
scanned with an LKB Uhroscan XL den- 
sitometer. 

Statistical analysis: Principal coordinate 
analysis (PCO) and cluster analysis as de- 
termined by average linkage was carried 
out with the Genstat 5 statistical program 
(13). The  PCO was performed for each of  
the restriction enzyme digest patterns and 
for the combined total data. Cluster anal- 
ysis was performed on total data and data 
from the 6-hour exposure only. 

RESULTS 

There  was no cross-reactivity between 
the 32P-labelled total DNA probe from M. 
incognita and total DNA extracted from to- 
mato plants, the nematode hosts (data not 

shown). Figures 1 and 2 show the repetitive 
fragment band patterns after short and long 
exposures, 6 and 24 hours, respectively. 
The  combined hybridization patterns, af- 
ter scanning with a laser densitometer of  
6, 24, and 72 hours, are shown in Figure 
3. The  radiolabelled total DNA probe pro- 
duced 16 discernable fragments after re- 
s t r ict ion enzyme digest ion (Figs. 1-3). 
Characteristic band patterns allowed all but 
race 1 and race 3 of  M. incognita to be dis- 
criminated from the other  host races and 
species. As depicted in PCO analysis (Fig. 
4), Hind III digestion was most successful 
for species and race identification in these 
populations. Meloidogyne arenaria and M. 
javanica were clearly separated from each 
other  as well as from the races ofM. incog- 
nita. Race 2 ofM. incognita was consistently 
distinguishable from the other  races of  this 
species by two bands at 5.5 kb and 4.0 kb 
in the EcoR I digest. Races 1 and 3 were 
separable from each other by only one band 
in this digest and from race 4 by two bands 
at approximately 4.3 kb. Numerical inves- 
tigation of  these DNA hybridization pat- 
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FIG. 2. Southern  blot hybridization pat terns of  Meloidogyne spp. DNA with s~P-labelled M. incognita race 
1 DNA as a probe  and 24-hour exposures following digestion with three  restriction endonucleases. A) Cla I. 
B) Hind III. C)EcoR I. J a v =  M. javanica .  Are = M. arenaria race 1. R1-R4  = M. incognita races 1-4. Fragment  
sizes are shown in kilobases. 

terns through cluster analysis of  the total 
data (Fig. 5A) depicts the information in a 
different way and confirms the similarity 
between races 1, 3, and 4 with a very clear 
separation of  race 2. Meloidogyne javanica 

a n d  M. arenaria are more similar to each 
other than they are to M. incognita. 

For rapid and clear identification of  the 
species, high molecular weight RFLP (17-  
25 kb) observed after 6 hours exposure 

proved very efficient (Fig. 1). Cluster anal- 
ysis of  the Hind III digest patterns after 6 
hours exposure clearly shows separation of  
M. arenaria from M. javanica and of  these 
species fromM, incognita. (Fig. 5B). No race 
separation was possible at this period of  
exposure. This technique was used to iden- 
tify two other  populations of  M. incognita 
from the Ivory Coast (Robinson and Far- 
gette, data not presented). 

A. Cla I B. Hind III C, EcoR I 
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FIo. 3. Combined line drawing of repetitive DNA bands traced from Southern blot hybridization negatives 
after exposures of  6, 24, and 72 hours  following digestion with three  restriction endonucleases. A) Cla I. B) 
Hind III. C) EcoR I. R1-R4  = M. incognita races 1-4. Jav = M. javan ica .  Are = M. arenaria race 1. Fragment  
sizes in kilobases are indicated on the  left. 
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Fxc. 4. Pr incipal  coo rd ina t e  analysis  showing  separa t ion  in two d imens ions  o f  species and  races  o f  Meloi-  
dogyne spp. based  on  R F L P  analysis.  A) C o m b i n e d  res t r ic t ion  e n z y m e  data.  B) EcoR I digest ion.  C) H i n d  III  
d igest ion.  D) Cla I d igest ion.  A r e  = M. arenaria race  1. J a v =  M. javanica .  R 1 - R 4  = M. incognita races  1-4.  

D I S C U S S I O N  

T h e  repet i t ive  D N A  RFLP  pat te rns  re- 
vealed in this work appea r  to be charac- 
teristic for  the  roo t -kno t  n e m a t o d e  species 
and  host  races examined .  T h e y  are  likely 
to resul t  f r om d ivergence  that  has oc- 
cu r r e d  in the en t i re  genome .  T h e  use o f  
total  D N A  as a p r o b e  was a convenien t  and 
efficient m e t h o d  o f  h ighl ight ing bo th  mod- 
era te ly  and  highly repet i t ive  DNA. This  
led to g rea te r  clarity and  an increased 
n u m b e r  o f  bands,  relat ive to e th id ium bro- 
mide  staining. 

Prel iminary work on the choice of  probes  
established that  t he re  were  no  differences 
in the RF LP  pat te rns  ob ta ined  when  e i the r  
M. incognita, M. javanica, or  M. arenaria 
D N A  was used. T h e r e f o r e ,  the  polymor-  
phism obta ined  probab ly  results f rom rel- 
atively few site delet ions or  addit ions rath-  
e r  t h a n  f r o m  e x t e n s i v e  s e q u e n c e  
divergence.  T h e  stability o f  these pa t te rns  
with respect  to f u r t h e r  popula t ions  o f  nem- 
atodes has not  yet  been  tested. T h e  pa t t e rn  
o f  hybr id iza t ion f rom one  popula t ion  of  M. 
incognita f r o m  the  Ivory Coast was found  
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FIG. 5. Cluster analysis dendrograms based on av- 
erage linkage of  RFLP data. A) Combined data from 
all digestions. B) Six-hour exposure of Hind III re- 
stricted DNA. Scale = similarity coefficient. R1-R4 
= M. incognita races 1-4. Jay = M. javanica. Are = M. 
arenaria race 1. 

to have the characteristic high molecular 
weight repetitive bands in the Hind III di- 
gest. The  diagnostic bands in the EcoR I 
digest for race 2 of  M. incognita also agree 
with the findings of  Curran et al. (6). How- 
ever, studies comparing many populations 
of  the same Melo~dogyne race are needed 
urgently for determination of  RFLP race 
specificity. 

The  information presented in this study 
will also be useful in assessing the likeli- 
hood  of  isolating diagnost ic  roo t -kno t  
nematode molecular probes from a geno- 
mic library. There  is an indication that 
there is a greater chance of  isolating spe- 
cies-specific p robes  than race-specific 
probes from such a library. The  use of  Cla 
I or Hind III rather than EcoR I restriction 
prior to library construction should also 
increase the chances of  finding diagnostic 
probes. Restriction site polymorphism in 
nuclear DNA among these populations, al- 
though present, is relatively conservative 
compared to their mitochondrial DNA 
(15), and even more so compared to species 
of  an animal-parasitic nematode, Trichinel- 
la spp., in which a DNA probe used in the 
same way as in this study would not cross- 
hybridize (5). There  is also a striking sim- 

ilarity in the base composition observed 
among four species of  Meloidogyne (14). 
Both these facts indicate that the selection 
of  species-specific DNA probes from a ge- 
nomic library would not be easy. The  con- 
struction of  a library, however, should at 
least yield cloned probes which could be 
used in Southern hybridizations to reveal 
differences in low or single copy DNA be- 
tween the races or species of Meloidogyne. 
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