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Abstract: The relative DNA content of hypodermal nuclei of preparasitic, 2nd-stage larvae was determined 
cytophotometrically in 19 populations belonging to 13 species ofMeloidogyne, Heterodera and Meloidodera. 
In Meloidogyne hapla, M. arenaria, M. incognita and M. ]avanica, total DNA content per nucleus is 
proportional to their chromosome number, indicating that chromosomal forms with high chromosome 
numbers are truly polyploid. M. graminicola, M. grarninis and M. ottersoni have a DNA content per 
chromosome significantly lower than that of the other Meloidogyne species. Within Heterodera, species with 
high chromosome numbers have proportionally higher DNA content, indicating again polyploidy. DNA 
content per chromosome in Meloidogyne is one third that of Heterodera and one haft that of Meloidodera 
floridensis. The karyotypic relationships of the three genera are still not clearly understood. Key Words." 
aneuploidy, parthenogenesis, nematodes. 

Comparisons of DNA content of related 
species of animals, particularly of groups with 
extensive variation in chromosome numbers, 
have been useful in clarifying karyotypic and 
phylogenetic relationships (1, 3). The nematode 
family Heteroderidae is unique with regard to 
t h e  var ie ty  o f  c h r o m o s o m e  numbers  
encountered in various members (8). Many 
species of Heterodera are diploid with 2n=l 8 
chromosomes, but some appear to be polyploid 
with somatic chromosome numbers of 24, 26, 
27, 32 or 34. Most Meloidogyne species, on the 
other hand, have 2n=36 chromosomes and 
r e p r o d u c e  by  f a c u l t a t i v e  m e i o t i c  
parthenogenesis or amphimixis, whereas others 
are mitotic parthenogenetic and have somatic 
chromosome numbers ranging from 34 to 54. 
Some nominal species of Meloidogyne in fact 
are known  to include more than one 
chromosomal form. Thus, M. arenaria exists as 
a form with approximately 36 chromosomes 
and another with 51 to 54 chromosomes. 
Furthermore, Meloidodera floridensis, the only 
species of this genus studied thus far, is mitotic 
parthenogenetic with 26 and 27 chromosolnes. 

Various interpretations of the karyotypic 
relationships within and between genera of the 
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family Heteroderidae have been expressed (7). 
It is generally assumed that polyploidy occurs 
within each genus and is always confined to 
obligatorily parthenogenetic members. The 
relationship of the karyotypes of the various 
genera,  however ,  is more difficult to 
understand. Since Meloidogyne (n=lS) has 
twice as many chromosomes as Heterodera 
(n=9), it is possible that the Meloidogyne 
karyotype represents a tetraploid state of the 
H e t e r o d e r a  k a r y o t y p e .  M e l o i d o g y n e  
c h r o m o s o m e s ,  however,  are significantly 
smaller than Heterodera chromosomes. This 
suggests that Meloidogyne karyotype may have 
been derived from the Heterodera karyotype by 
chromosomal fragmentation or other methods 
of chromosome number increase, rather than 
by polyploidizadon. Alternatively, it can be 
assumed that Meloidogyne karyotype is the 
ancest ra l  one,  and that the lteterodera 
karyotype has evolved from it through centric 
fusions or other mechanisms of chromosome 
number reduction. 

In view of the uncertainty as to the actual 
relationships of the various karyotypes within 
the family Heteroderidae, a comparative study 
of the DNA content of selected members was 
undertaken. It was hoped that such information 
would facilitate interpretation of karyotypic 
relationships within and between genera of this 
family. A preliminary report of this study has 
been published (4). 

MATERIALS AND METHODS 

Freshly hatched preparasitic, 2nd-stage 
larvae of the populations studied were killed at 
65 C, then fixed in 3 : 1 ethyl alcohol-acetic acid 
for 4 hr. Following washing in distilled water, 
larvae were concentrated in 0.5 ml of water in 
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No. 3 beam capsules and frozen in dry ice (solid 
carbon dioxide). They were later sectioned 8/x 
thick in a cryostat. 

A population ofMeloidogyne incognita with 
2 n = 4 2  chromosomes was used as control 
throughout these studies. Sections were placed 
in two rows on each slide, with the top row 
containing the population under study and the 
bot tom row the control for comparison. DNA 
content was expressed in relative units, with the 
average measurements of  the control from each 
slide set at 100. All other measurements were 
adjusted against the control in order to reduce 
errors due to variation in staining procedures, 
effects o f  slides and coverslips, and responses o f  
the photometric equipment. 

The material was hydrolyzed in 1 N HCI at 
60 C for 10 min, stained in "Schiff reagent 
modified" (Fisher Scientific Co., Fair Lawn, 
New J e r s e y )  for 2 hr and mounted in 
Permount®. 

Relative DNA content was determined by 
the two-wave length method (5, 6) on a Leitz 
MPV microscope photometer  equipped with an 
interference graded line filter, a Photovolt 
520-M photometer,  and a low intensity light 
source with a 6-volt wet cell battery as the 
power source. Nuclei of  the ventral hypodermal 
cho rd  were chosen for the measurements 
because they are numerous, compact and 
uniform in size, easy to identify and show no 
mitotic activity (Fig. 1). 

OBSERVATIONS 

Although some variation in chromosome 
size within the chromosomal complement of  
each species exists, differences are not very 

FIG. 1. Photomicrograph of a series of 
freulgen-stained, ventral hypodermal chord nuclei of a 
preparasitic 2nd-stage larva of MeloMogyne incognita. 
1200 X. 

extensive. Therefore, the average DNA content 
per chromosome of  each species is considered 
in comparison of  karyotypes of  the various 
species. On this basis, the various species of  
Meloidogyne can be subdivided into two 
g r o u p s - t h o s e  with a DNA content per 
chromosome higher than two, such as M. hapla, 
M. arenaria, M. incognita and M. javanica, and 
those with DNA content lower than two, such 
as M. graminicola, 3/1. graminis and M. ottersoni 
(Table 1 ). 

There is a high positive correlation (r=.992) 
between the observed and expected DNA 
content per nucleus within the first group of  
species (Fig. 2). However, M. hapla with 30 
chromosomes has considerably higher, and M. 
hapla with 45 chromosomes has considerably 
lower DNA content than the expected on the 
basis of  their chromosome numbers. Species of  
the second group fall much below the expected 
level compared to those o f  the first group (Fig. 
2). 

DNA content per nucleus in the diploid 
species H. glycines and H. schachtii appears to 
be somewhat higher than that of  Meloidogyne 
species, but DNA content per chromosome is 
several times higher (Table 1). Since both these 
diploid species have approximately the same 
DNA content per nucleus, their average (127.5) 
was taken as the basis to calculate the expected 
DNA content of  all the other Heterodera 
species. There is a high positive correlation 
(r=.993) between the observed and expected 
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FIG. 2. Relationship between the observed DNA 
content per nucleus and the amount expected on the 
basis of chromosome number of various Meloidogyne 
spp. Diagonal line shows DNA values proportional to 
chromosome numbers, and is based on the DNA value 
of the control population of M. incognita with 42 
chromosomes set at 100 (the somatic chromosome 
number is indicated under each species name. M. 
graminicola, M. ottersoni and 111[. graminis have not 
been included in calculating the "r" value). 
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TABLE 1. Relative DNA content of hypodermal nuclei of preparasitic 2rid-stage larvae in various populations 
and species of Meloidogyne, Heterodera and Meloidodera. 

Chromosome Average 
no. DNA content DNA content 

Species n 2n per nucleus a per chromosome 

Meloidogyne 

M. hapla 15 30 76 ± 2.7 b 2.53 
M. hapla 17 34 81 ± 7.1 2.38 
M. hapla 45 93 ± 7.1 2.07 

M. arenaria 36 88 ± 7.5 2.44 
M. arenaria 54 116 + 11.49 2.15 

M. incognita 42 100 ± 4.16 2.38 
M. incognita 43 105 ± 15.88 2.44 

M./avanica 43 95 ± 7.8 2.21 
M./avanica 48 119 ± 10.87 2.48 

M. graminicola 18 36 56 ± 7.9 1.56 
M. graminis 18 36 65 ± 9.8 1.81 
M. ottersoni 18 36 68 ± 10.4 1.89 

Heterodera 

H. glycines 9 18 129 ± 12.5 7.17 
H. schachtii 9 18 126 ± 8.36 7.00 
1-1. betulae 12 24 196 ± 11.5 8.17 

H. sp. from Rumex sp. 24 171 ± 10.4 7.13 
H. trifolii 26 193 -+ 16.9 7.42 
H. trifolii 34 202 ± 20.27 5.94 

Meloidodera 

M. floridensis 27 113 ± 17.8 4.19 

aAverage of 20 nuclei. 
b95% confidence limits. 

D N A  con ten t  per  nucleus  among the various 
species o f  Heterodera (Fig. 3). However ,  H. 
betulae with 24 ch romosomes  and H. trifolii 
with  34 chromosomes ,  respect ively,  have a 
D N A  c o n t e n t  s i g n i f i c a n t l y  h i g h e r  and 
significantly lower  than tha t  which wou ld  be 
expec ted  on the basis o f  their  ch romosome  
number .  

Meloidodera floridensis is dist inct  in tha t  i t  
has a D N A  con t en t  per  c h r o m o s o m e  o f  4 .19 
which is s ignif icantly d i f ferent  f rom that  o f  
M e l o i d o g y n e  ( 1 . 5 6 - 2 . 5 3 )  and Heterodera 
(5.94-8.17)  species (Table 1). 

DISCUSSION 

The 1:2 numerica l  relat ionship o f  the basic 
c h r o m o s o m e  numbers  o f  the  genera Heterodera 
(n=9) and Meloidogyne ( n = t 8 )  has favored the 
hypothes is  tha t  Meloidogyne is a po lyp lo id  
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FIG. 3. Relationship between the observed DNA 
content per nucleus and the amount expected on the 
basis of chromosome number of various Heterodera 
spp. Diagonal line shows DNA values proportional to 
chromosome numbers and is based on the average 
DNA value (127.5) of H. schachtii and H. glycines, 
both with 18 chromosomes (the somatic chromosome 
number is indicated under each species name). 
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derived from a Heterodera-type karyotype. The 
p r e s e n t  s t u d y ,  h o w e v e r ,  shows tha t  
Meloidogyne DNA content per chromosome is 
approximately one third that of Heterodera. 
Therefore, if the above hypothesis is correct, it 
should be assumed that a significant reduction 
in the amount of  DNA occurred together with, 
or following, polyploidization. Although this 
assumption may not be unreasonable, still such 
a drastic reduction in DNA content per 
chromosome of Meloidogyne may be more 
easily interpreted as the result of karyotype 
e v o l u t i o n  by  chromosomal fragmentation 
rather than by polyploidization. 

Alternatively,  it can be assumed that 
c h r o m o s o m a l  evolution has followed the 
opposite direction, and Heterodera karyotype 
has evolved from Meloidogyne karyotype, 
through centric fusions and other mechanisms 
of chromosome number reduction. This view is 
p a r t i a l l y  s u p p o r t e d  by  the t r end  for 
chromosome number reduction that is evident 
within the genus Meloidogyne. Thus, M. hapla 
populations with n=17, 16 or 15 are regarded 
to have been evolved from other Meloidogyne 
fo rms  with n=lS. Still, there are several 
objections to the hypothesis that Heterodera 
k a r y o t y p e  evolved from the Meloidogyne 
karyotype. Total DNA content per nucleus of 
Heterodera would be expected to be equal or 
lower rather than higher compared to that of 
Meloidogyne, because of loss of very small 
chromosomal fragments usually associated with 
centric fusions. Furthermore, it is peculiar that 
the chromosome number was reduced to 
exactly one half the original number (from 18 
to 9) and not any other number. Also, it is 
difficult to assume that the predominantly 
amphimictic genus Heterodera evolved from a 
predominantly parthenogenetic genus such as 
Meloidogyne. 

In genera l ,  therefore,  the karyotypic 
relationships of the genera Heterodera and 
Meloidogyne are still not understood. The 
difficulty of establishing a definite relationship 
between the karyotypes of  these two genera 
may actually indicate the lack of a close 
relationship between them (7). 

Within the genus MeloMogyne, the two M. 
hapla populations that undergo meiosis (n=15 
and 17) appear to have the same total DNA 
content. This means that whatever the pathway 
of derivation of these forms has been, it 
involved a rearrangement of the same genetic 
material rather than addition or elimination of 

c h r o m o s o m e s .  The populat ion with 45 
chromosomes which undergoes no meiosis, and 
which has been considered to be a triploid, has 
slightly more DNA per nucleus but the value is 
not proportional to its chromosome number. 
Therefore, if this population is indeed a 
triploid, some reduction of DNA must have 
occurred following polyploidization. 

In M. arenaria, M. incognita and M./avanica, 
total DNA content is proportional to their 
c h r o m o s o m e  n u m b e r ,  i nd i ca t i ng  t ha t  
chromosomal forms with high chromosome 
numbers are truly polyploid, or derivatives of 
polyploids. 

M. graminicola, M. graminis and M. 
ottersoni, all with n=18 chromosomes and 
undergoing meiosis, have a DNA content per 
chromosome significantly lower than the other 
Meloidogyne species. The two latter species 
were o r ig ina l ly  assigned to the genus 
Hypsoperine, which was later synonymized 
with Meloidogyne (9). Golden (2), however, 
insists that the genus Hypsoperine is a valid 
genus,  and the present study adds some 
evidence in support of his view. 

Within the genus Heterodera, H. glycines 
and H. schachtii are diploid amphimictic with 
n=9 chromosomes and have the same DNA 
c o n t e n t .  H. betulae, however, is meiotic 
parthenogenetic with n=12 chromosomes and 
has proportionally higher DNA content. This 
indicates that the higher chromosome number 
of  this species has resulted from the addition of 
chromosomes rather than fragmentation of the 
chromosomes of the original karyotype. The 
undescribed species from Rumex with 24 
chromosomes and one population of H. trifolii 
with 26 chromosomes have DNA content 
proportional to their chromosome numbers, 
indicating that they are polyploids or polyploid 
derivatives. 11. trifolii with 34 chromosomes has 
slightly less DNA than expected on the basis of 
its chromosome number, suggesting that, as in 
the case of the polyploid M. hapla, some 
r e d u c t i o n  in the amount  of DNA per 
chromosome has occurred. 
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Effects of Soil pH on Reproduction of Pratylenchus penetrans 
and Forage Yield of Alfalfa I 

C. B. WILLIS 2 

Abstract: 'Vernal' alfalfa was grown for 30 weeks in nematode-free soil and in soil infested with Pratylenchus 
penetrans. Charlottetown fine sandy loam soil was used at its pH of 4.4 and at adjusted reactions of 5.2, 6.4 
and 7.3. Nematode reproduction was significantly greater at pit 5.2 and 6.4 and was not related to alfalfa 
root production over the full pH range studied. A significant nematode infestation X soil pit interaction on 
forage yield was recorded. Nematode infestation significantly decreased forage yields at ptt 5.2 and 6.4 but 
not at pH 4.4 and 7.3. Key Words: root lesion nematode, interaction, Medicago sativa, soil reaction. 

G r o w t h  of  a l f a l f a  u n d e r  greenhouse 
c o n d i t i o n s  is affected adversely by the 
e n d o p a r a s i t i c  n e m a t o d e ,  Pratylenchus 
penetrans (Cobb) Filip. and Schur. Stek. (4). 
The i n f l u e n c e  of soil reaction (pH) on 
Pratylenchus spp. has not been studied 
extensively, and little information is available 
on the effects of interactions between soil pH 
and nematode infestation on plant growth. 
Coarse root of tobacco, caused by Pratylenchus 
spp., increased with increasing soil alkalinity 
within the range of pH 5.2 to 6.2 (6); however, 
nematode population levels associated with 
disease ratings were not given. Greater numbers 
of P. penetrans were recovered from roots of 
vetch grown in soil at pH 5.8 than at 4.8 or 7.5 
(8). Populations of P. alleni Ferris colonizing 
soybean roots at pH 6.0 were significantly 
greater than at pH 4.0 or 8.0 (3). Greater 
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n u m b e r s  o f  P. c r e n a t u s  L o o f  and  
Tylenchorhynchus dubius BiJtschli were found 
associated with plants cultured in acidic soils 
than in alkaline soils (1, 2).Heterodera avenae 
Wr., Tylenchorhynchus maximus Allen, 
C r i c o n e m o i d e s  xenoplax  Rask i ,  and 
Tylenchulus semipenetrans Cobb increased in 
numbers as soil alkalinity increased (5, 10, 11, 
13).  Egg hatch of Meloidogyne incognita 
(Kofoid and White) Chitwood and M. javanica 
(Treub.) Chitwood was optimunl at pH 6.4-7.0 
(7, 14). 

The objectives of this study were to 
determine (i) the effect of soil pH on the 
reproduction of P. penetrans on alfalfa; and (ii) 
the effects of soil pH and nematode infestation 
on forage yield of alfalfa under greenhouse 
conditions. 

MATERIALS AND METHODS 

Charlottetown fine sandy loam, pH 4.4, was 
fumigated with methyl bromide at tile rate of 
454 g/500 kg soil to eliminate nematodes. A 
commercial fertilizer, 5-20-20-2B, was mixed 
with the soft at the rate of 0.4 g/kg. After the 
soil was thoroughly mixed, a 3:2 mixture of 
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