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Esterase AIIozymes of Soybean Cyst Nematode, 
Heterodera glycines, from China, Japan, and the 

United States 
G. R. NOEL 1 AND Z. L. L I U  2 

Abstract: IndMdua l  females f rom I9 popula t ions  of  Heterodera glycines f rom China,  Japan ,  and  the  
Uni ted  States were analyzed for esterase allozyme polymorphism.  Eight  esterase electrophoret ic  phe-  
notypes were resolved. Four  putative loci, est-1, est-2, est-3, and  est-4, were identified, having one,  one,  two, 
and  one  allele, respectively. The  four  loci expressed six genotypes in the  four  Chinese populat ions.  Loci 
est-2, est-3, and est-4 were identified in five Japanese  populat ions  and  expressed five genotypes,  whereas 
only loci est-2 and  est-3 were identif ied in 10 popula t ions  f rom the Uni ted  States and  expressed four  
genotypes.  Putative alleles at each locus were def ined as characters for data analysis. Phylogenetic 
analysis us ing  pars imony (PAUP) was utilized to de te rmine  relationships a m o n g  the 19 populat ions.  
More loci and  alleles in populat ions  f rom China  and  phylogenetic  similarities a m o n g  populat ions  f rom 
Japan  and  the Uni ted  States are consistent  with a f ounde r  effect result ing f rom disseminat ion o f  pro- 
geni tor  H. glycines f rom China  to Japan  and  subsequen t  introduct ions o f  founde r  popula t ions  f rom 
Japan  to the  Uni ted  States. 

Key words: allozyme, biogeography,  colonization, esterase polymorphism,  founde r  effect, Heterodera 
glycines, parsimony,  phylogenetic  analysis, soybean cyst nematode .  

The  soybean cyst nematode,  Heterodera gly- 
cines Ichinohe,  was first observed in China 
ca. 1880 and at approximately the same time 
in Japan (Noel, 1992). In 1955 the first oc- 
curence  of  the n e m a t o d e  in the Uni ted  
States was repor ted  in North Carolina (Win- 
stead et al., 1955). Few electrophoret ic  stud- 
ies have been done  with H. glycines, and most 
have investigated interspecific and intraspe- 
cific re la t ionships  (Dickson et  al., 1970; 
Dickson et al., 1971; Esbenshade and Trian- 
taphyllou, 1988; Ishibashi, 1970; Pozdol and 
Noel, 1984; Radice et al., 1988). Radice et al. 
(1988) examined enzymes in several popu- 
lations of  H. glycines including representa- 
tives f rom Asia and the United States and 
resolved activity in 20 of  42 enzymes investi- 
gated. Of  those 20 enzymes, 10 were poly- 
morphic,  but  only esterase and acid phos- 
phatase were resolvable for  individual fe- 
males.  E s b e n s h a d e  and  T r i a n t a p h y l l o u  
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(1988) found  a popula t ion of  H. glycines 
f rom North Carolina polymorphic for ester- 
ase and investigated the inheri tance of  ester- 
ase in highly inbred lines developed from 
that population. Our  objective was to inves- 
tigate esterase allozyme polymorphisms and 
relationships among populations of  H. gly- 
cines f rom China, Japan,  and the Uni ted 
States to determine whether  a founder  event 
(Carson and Templeton,  1984; Mayr, 1970; 
Templeton,  1980) occurred and thus pro- 
vide information on the geographic origin 
of  the nematode.  

MATERIALS AND M E T H O D S  

Populations of  H. glycines from China, I1- 
linois, and Tennessee were collected by the 
first author.  Populations from Japan were 
obtained courtesy of  Dr. Haruo  Inagaki, and 
those from North  Carolina were kindly pro- 
vided by Dr. D. P. Schmitt. The  origin of  the 
populations and their acronym are provided 
in Table 1. Nematodes were maintained on  
cv. Lee 68 soybean (Glycine max (L.) Merr.) 
in greenhouse cultures. Individual females 
were selected from roots, placed in 0.05 M 
phosphate  buffer, pH 7.2 on ice. Females 
were c rushed  individually on a 2-mm x 
2-mm piece of  filter paper  moistened with 
phosphate  buffer and placed on a polyacryl- 
amide isoelectric focusing gel (pH 4.0-6.5). 
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TABLE 1. Esterase phenotypes expressed in 19 populations of Heterodera glycines from China, Japan, and the 
United States. 

Pheno type  

Count ry  a n d  popu la t ion  1 2 3 4 5 6 7 8 

China 
Heilongjiang (HLJ) 
AnDa, Heilongjiang (HLJ1) 
BaoQing, Heilongjiang (HLJ2) 
Harbin, I-Ieilongiiang (HLJ3) 

Japan 
Hokkaido (HKO) 
Hokkaido 2 (HKO2) 
Hokkaido 3 (HKO3) 
Nagano (NGO) 
Tokkaido (TKO) 

United States 
Illinois 1 (ILl) 
Illinois 2 (IL2) 
Illinois 3 (IL3) 
Illinois 4 (IL4) 
Illinois 5 (IL5) 
North Carolina 1 (NC1) 
North Carolina 2 (NC2) 
North Carolina 14 (NC14) 
Tennessee 3 (TN3) 
Tennessee 4 (TN4) 

+ + 

+ + + 

+ + 

+ + + 

+ + 

+ + 

+ + 

+ 

+ 

+ 

+ + 

+ + + 

+ 

+ 

+ 

+ + 

+ + 

+ + 

Proteins were separated using a Phastsystem 
(Pharmacia,  Inc., Piscataway, NJ). Esterase 
(EC 3.1.1.-) allozymes were visualized using 
a lpha -naph t hy l  ace ta te  as the  subst ra te ,  
which resolves carboxylesterase, the major  
soluble esterase found  in H. glycines (Esben- 
shade and Triantaphyllou,  1986; Murphy et 
al., 1990; Noel and  Mayasich, 1991). Pheno-  
types were assigned to the e lec t romorphs  
(May, 1992), and  the r e f e r ence  e lect ro-  
morphs  f rom IL3 were assigned the value 
"80"  (est-3*80) and "100"  (est-2*100). Loci 
were n u m b e r e d  beginning  with " 1 "  for the 
fastest migrat ing (anodal) locus. On all gels, 
an  IL3 female  was placed on each of  the two 
outside lanes. 

Each putative genotype was considered as 
an i ndependen t  character  for  data analysis. 
Geno types  e i ther  sha red  by at least  two 
popula t ions  or  that  did not  occur  in all 
popu la t ions  were cons ide red  informat ive  
for phylogenetic inference.  Thus, o f  the six 
putative genotypes,  only four  were analyzed 
(Table 2). A data matrix was compi led  using 
these i n d e p e n d e n t  characters  for  the 19 
popula t ions  compr i sed  of  169 individuals 

f rom the three countries (Sneath and  Sokal, 
1973). Statistical analysis was p e r f o r m e d  us- 
ing phylogenetic  analysis using pars imony 
(PAUP) version 3.1 to de te rmine  relation- 
ships a m o n g  the four  informative genotypes 
and the 19 populat ions  (Swofford, 1993). 
An exhaustive search was per fo rmed ,  and  a 
50% majority consensus tree was obta ined  
(Swofford and  Olsen, 1990). Pairwise dis- 
tances a m o n g  the 19 populat ions were cal- 
culated.  Since Chinese  popu la t i on  HLJ2 
represen ted  the most  diversified genotypes,  
it was used as the o u t g r o u p  for  analysis 
(Swofford, 1993). 

R E S U L T S  

Electrophoresis  resolved distinct electro- 
morphs  of  esterase phenotypes  (EEP) for  
populat ions of  H. glycines f rom China com- 
pared  to those f rom Japan  and  the Uni ted  
States (Fig. 1). Eight EEPs were identified 
for  169 individual females of  H. glycines rep- 
resent ing  19 popula t ions  f rom the three  
countr ies  (Figs. 1,2A; Table  1). All e ight  
EEPs were resolved in the populat ions f rom 
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FIo. 1, A-L. Representative electrophoretic gels illustrating esterase phenotypic diversity of  Heterodera glycines 
from China (A-C), Japan (D-F), and the United States (G-L). Numbers above a lane indicate a female repre- 
senting that particular phenotype. See Table 1 for phenotypes expressed in different populations. Each outside 
lane on a gel is the electromorph reference (est-3*80 and est-2*lO0) expressed by an Illinois 3 female (phenotype 
4). A = AnDa, B = BaoQing, C = Harbin, D = Hokkaido 2, E = Nagano, F = Tokkaido, G = Illinois 1, H = Illinois 
2, I = Illinois 3, J = North Carolina 2, K = North Carolina 14, and L = Tennessee 3. 
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T A B L Z  2 .  P u t a t i v e  e s t e r a s e  g e n o t y p e s  r e p r e s e n t e d  i n  1 9  p o p u l a t i o n s  o f  Heterodera glycines f r o m  C h i n a ,  J a p a n ,  

a n d  t h e  U n i t e d  S t a t e s .  

G e n o t y p e  

P o p u l a t i o n  a 1 2 3 4 5 6 

H K O ,  H K O 2 ,  T N 3 ,  T N 4  - - + + + - 

H K O 3 ,  I L 5 ,  N C 1 ,  N C 1 4 ,  T K O  - - - + + - 

H L J ,  I L 2  - + + + + - 

H L J 1  + + + - + - 

H L J 2  - + + + + + 

H L J 3  + + - + + - 

I L l ,  N C 2  + - + + - 

I L 3 ,  I L 4  - + - - + - 

N G O  + + - - + - 

a A c r o n y m  a n d  o r i g i n  o f  p o p u l a d o n s  a r e  p r o v i d e d  i n  T a b l e  1. 

China. Each EEP was represented by more  
than one individual except  for EEP 3 and 
EEP 7, which were f o u n d  in the AnDa 
(HLJ1) and BaoQing (HLJ2) populations, 
respectively. Each of  the four  populations 
f rom China expressed three to five EEPs. 
Four EEPs were resolved in the populations 
f rom Japan.  Two of  the Japanese popula- 
tions, HKO3 and TKO, expressed only EEP 
6, whereas HKO and HKO2 expressed EEP 
5 and EEP 6. Populat ion NGO expressed 
EEPs 1 and 4 and was the only populat ion 
o the r  than HLJ3 f rom China to express 
EEP1. Only EEP 4, EEP 5, and EEP 6 were 
resolved in populat ions  f rom the Uni ted 
States. In 5 o f  10 popula t ions  f rom the 
Un i t e d  States, IL3, IL4, IL5, NC1, and  
NC14, only one  EEP was resolved. Four  
populations, ILl ,  NC2, TN3, and TN4, ex- 
pressed two EEPs. Populat ion IL2 expressed 
EEP 4, EEP 5, and EEP 6. 

Among the eight EEPs, six putative gen t -  
types and five allelic products  were identi- 
fied (Fig. 2B). Genotype 1 was identified as 
a m o n o m e r  with one  allele (est4*lO0). 
Genotypes 2, 3, and 4 were identified as a 
d imer  with two alleles (est3*80, est3*lO0, and 
est3*120). Genotype 5 (est-2) and genotype 6 
(est-1) also were identified as monomers .  
Among 46 individuals represent ing the four  
populations from China, the six genotypes 
were expressed by the four  putative loci. Five 
genotypes were observed among  32 indi- 
viduals represent ing five populations from 
Japan and were expressed by loci est-2, est-3, 
and est-4. Among 91 individuals in 10 popu- 

lations f rom the United States, four  gen t -  
types were expressed by loci est-2 and est-3. 

Among the six putative genotypes, the al- 
lelic products  est-4*lO0, est-3*80, est-3*lO0, 
and est-3*120, which comprised genotypes 1, 
2, 3, and 4, were considered as informative 
as they e i ther  were represen ted  by more  
than one populat ion or  were not  found  in 
all populations (Table 2). Thus, genotype 5 
found  in all populat ions and genotype 6 
found only in HLJ2 from China were not  
included.  An exhaustive search was con- 
ducted using PAUP, and 135,135 trees were 
evaluated. The  30 shortest trees, each with a 
length of  seven steps and a consistency in- 
dex (CI) of  0.571, were resolved. A 50% ma- 
jority consensus tree (length = 7; CI = 0.571) 
was de te rmined  (Fig. 3), and pairwise mean  
and absolute distances also were calculated 
(Table 3). The  analysis demonstra ted that 
HLJ2 was most closely related to HLJ and 
IL2. Populat ions HLJ3, HLJ1, NGO, IL3, 
IL4, ILl ,  and NC2 comprised a group more  
closely related to each o ther  than to the two 
groups- -HKO,  HKO2, TN3, and TN4, and 
HKO3, TKO, IL5, NC1, and NC14 both of  
which consisted only of  populations f romJa-  
pan and the United States. 

D I S C U S S I O N  

Allozymes are gene products  that provide 
molecular  markers for  analyzing single locus 
variation in popula t ions  (Bandoni  et  al., 
1995; Ember ton ,  1995; May, 1992; Sahu- 
quillo and Lumaret ,  1995; van der  Bank, 



472 Journal of Nematology, Volume 30, No. 4, December 1998 

A 
Esterase electrophoretic phenotype 

1 2 3 4 5 6 7 8 

B 
Putative esterase genotype 

Allelic 
Locus product 1 2 3 4 5 6 

OSt-4 1 O0 

OSt4 80 
ost-3, 05t-2 100 

ost-3 120 
OSt- I 1 O0 

m 

i 

+ 

FiG. 2. Electrophoretic phenotypes (A) and putative genotypes (B) ofesterase for 19 populations of Heterodera 
glycines from China, Japan, and the United States. 

1994). Genetic analysis of  several allozymes 
from individuals is desirable (Murphy et al., 
1990), but  the small size of  an individual 
female of  H. glycines prevents analysis of  sev- 
eral enzyme systems of  one  individual. How- 
ever, in some organisms several enzymes can 
be resolved, but  the percentage of  polymor- 
phic loci is highly variable ranging f rom 
15% for birds to 60% for marine inverte- 
brates. Some organisms are similar to H. gty- 
cines in that they are highly polymorphic for 
esterase, and those polymorphisms  have 
prov ided  valuable allelic f r equency  data  
(Avise a nd  Se l ande r ,  1972; Baker  and  
Moeed, 1987; Gorman et al., 1975; Hun t  
and Selander, 1973; Klautau et al., 1994; St. 
Louis and Barlow, 1988). Our  sample sizes 
were within accepted ranges (Archie et al., 

1989; Gorman and Renzi, 1979; Karakousis 
and Kyriakopoulou-Sklavounou, 1995). Ra- 
dice et al. (1988) investigated isozymes of 
several populations of  H. glycines and were 
able to resolve activity for  acid phosphatase 
and esterase in single individuals. Acid phos- 
phatase also was resolved in prel iminary 
work done  dur ing the research repor ted  
h e r e in  (data no t  shown).  Radice et  al. 
(1988) did not  observe the level of  polymor- 
phism for esterase repor ted  herein.  This is 
not  surprising, given the advances in instru- 
mentat ion and availability of ultra-thin gels, 
which permit  routine electrophoresis of in- 
dividual females of cyst and root-knot spe- 
cies. Coefficients of  similarity were higher  
than repor ted  herein (Radice et al., 1988). 
Similarities among  populat ions f rom Asia 
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HLJ2 

HLJ3 

HLJ1 

NGO 

IL3,1L4 

ILl ,NC2 

HKO,HKO2,TN3,TN4 

H KO3,TKO, I L5, N C 1 ,NC14 

HLJ,IL2 
FIG. 3. A 50% majority consensus tree (length = 7; consistency index (CI) = 0.571) derived from 30 equal 

shortest trees (length = 7; CI = 0.571) using PAUP to determine phylogenetic relationships based on putative 
esterase genotypes among 19 populations of Heterodera glycines from China, Japan, and the United States. Acronyms 
and origin of populations are provided in Table 1. 

and the United States reported for that re- 
search were due in part to the inability to 
resolve enzymatic po lymorphism of  indi- 
vidual females, thus necessitating electro- 
phoresis of  mass homogenates  of  several in- 
dividuals. Electrophoresis of  homogenates  
of  several females would preclude genotypic 
data to calculate similarity indices. Esben- 
shade and Triantaphyllou (1988) investi- 
gated the genetic basis of esterase polymor- 
phism in highly inbred lines of  H. glycines 
and reported three alleles expressed by a 
single esterase locus. They reported that the 
esterases probably were monomer ic  in spite 

of  a unique double banding pattern, and 
that the two bands probably resulted from 
two proteins p roduced  by the same gene 
ra ther  than two genes located close to- 
gether. The latter is more common  in allo- 
zyme analysis and reported herein. We re- 
port  the existence of  three monomers  and a 
dimer in our  populations (May, 1992). 

Heterodera glycines was reported for the first 
time in the United States in North Carolina 
(Winstead et al., 1955). Since that time, 
nematologists have differed in their opinion 
of  the origin of  H. glycines in the United 
States. Some believe that the nematode  is 
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TABLE 3. Pa i rwise  m e a n  d i s t a n c e s  a n d  a b s o l u t e  d i s t a n c e s  b a s e d  o n  i n f o r m a t i v e  e s t e r a se  g e n o t y p e s  o f  a l le l ic  
c h a r a c t e r s  f o r  19 p o p u l a t i o n s  o f  Heterodera glycines f r o m  C h i n a ,  J a p a n ,  a n d  t h e  U n i t e d  States.  

Pairwise distance ~ 

Population (s) b 1 2 3 4 5 6 7 8 9 

1 H L J 2  - 0 .50  0 .00  0 .50  0 .25 0 .25  0 .50  0 .50  0 .75  
2 H L J 3  2 - 0 .50  0 .50  0 .75 0 .25  0 .50  0 .50  0 .25 
3 HLJ ,  IL2  0 2 - 0 .50 0 .25 0 .25  0 .50  0 .50 0 .75 
4 HLJ1  2 2 2 - 0 .75  0 .75  1 .00 0 .50  0 .25 
5 H K O ,  H K O 2 ,  T N 3 ,  T N 4  1 3 1 3 - 0 .50  0 .25 0 .75 1.00 
6 I L l ,  N C 2  1 1 1 3 2 - 0 .25  0 .25 0 .50  
7 H K O 3 ,  IL5,  NC1 ,  N C 1 4 ,  T K O  2 2 2 4 1 1 - 0 .50  0 .75  
8 IL3, IL4  2 2 2 2 3 1 2 - 0 .25 
9 N G O  3 1 3 1 4 2 3 1 - 

Above diagonal are mean  distances with 1.00 = most distant; below diagonal are absolute distances with 4 = most distant. 
b Acronym and  origin of  populat ions are provided in Table 1. 

indigenous to North  America and is derived 
from an ancient  ancestor once widespread 
in Asia and North America (Ferris et al., 
1985). An alternate hypothesis is that H. gly- 
cines has a more  recent  history, having been 
impor ted  in soil f rom Japan in the late 1800s 
and  early 1900s to provide inocu lum of  
Bradyrhizobium japonicum (Kirchner) Jo rdan  
for nodulat ion of  soybean (Noel, 1992). The 
data repor ted  herein support  a founder  ef- 
fect (Bonnell  and Selander, 1974; Carson 
and Temple ton ,  1984; Easteal, 1985; Grant  
and Grant, 1995; H u n t  and Selander, 1973; 
Mayr, 1970; Prakash et al., 1969; Sytsma and 
Schaal, 1985; Templeton,  1980), with colo- 
nizing H. glycines in Japan  having arisen 
f rom a progeni tor  ancestral line in China. 
Founder  events result in reduced  heterozy- 
gosity and reduced  genetic variability, in- 
eluding loss of  rare alleles (Arise and Se- 
lander,  1972; Baker and Moeed, 1987; Gor- 
man et al., 1975; Selander, 1976; St. Louis 
and Barlow, 1988). All genotypes and rare 
alleles were found  among only four  popula- 
tions f rom China. No new alleles or geno- 
types were found  among larger numbers  of  
populat ions and individuals f rom Japan and 
the United States. Requirements of  PAUP 
precluded analysis of  the rare allele found in 
genotype  6 in Chinese popula t ion  HLJ2 
since that allele was not  shared with any 
o ther  population.  Thus, the inability to uti- 
lize the rare allele minimized the diversity of  
Chinese populations indicated in the con- 
sensus tree and the pairwise mean  and ab- 

solute distances. In particular, the analysis 
indicated that HLJ2 was identical to HLJ 
and IL2. Population IL2 was unique in that 
it was the only populat ion from Japan and 
the United States to express both alleles for 
est-3. With sufficient evolutionary time, those 
p o p u l a t i o n s  tha t  b e c o m e  isola ted  may, 
t h rough  muta t ion ,  regain heterozygosi ty 
and rare alleles found  in the p rogen i to r  
population. The  similarities among popula- 
tions f rom Japan and the United States in- 
dicate that infestations in the United States 
probably originated from several coloniza- 
tions f rom Japanese sources. The  hypothesis 
of  Chinese origin and movement  of  H. gly- 
cines to Japan and subsequent introduct ion 
into the United States is consistent with the 
origin of  the soybean and its domestication 
(Hymowitz, 1970). The  soybean is believed 
to have originated in central and nor thern  
China.  Domes t i ca t i on  first o c c u r r e d  in 
northeast  China about  1100 B.C. in what is 
now known as Heilongjiang Province. Culti- 
vated soybean was in t roduced into Japan be- 
tween 200 B.C. and 300 A.D. Soybean seed 
was impor ted  into the Uni ted  States fre- 
quently in the late 1800s and early 1900s, 
but  plants resulting from those seeds were 
not  nodulated because B. japonicum is not  
native to North America (Noel, 1992). In 
order  for soybean in the United States to fix 
nitrogen, inoculum in the form of  soil and 
pot ted plants growing in field soil was im- 
por ted  from Japan on several documented  
occasions (Noel, 1992). This soil was dis- 
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b u r s e d  to v a r i o u s  e x p e r i m e n t  s ta t ions ,  a n d  

f a r m e r s  s u b s e q u e n t l y  s p r e a d  soil  f r o m  f i e ld  

to  f i e ld  as i n o c u l u m  to  n o d u l a t e  s o y b e a n .  

T h e  r a p i d  " s p r e a d "  o f  H. glycines t h r o u g h -  

o u t  t h e  U n i t e d  Sta tes  f o l l o w i n g  its d i s c o v e r y  

is e x p l a i n e d  by a g r i c u l t u r a l  ac t iv i t ies  f o r  sev- 

e ra l  d e c a d e s  f o l l o w i n g  t h e  n e m a t o d e ' s  i n t r o -  

d u c t i o n  p r i o r  to  its d i s c o v e r y  in  N o r t h  C a r o -  

l ina .  
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