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Influence of Low Temperature on Rate of Development of 
Meloidogyne incognita and M. hapla Larva@ '~ 

T. C. VRAIN, K. R. BARKER, and G. I. HOLTZMAN ~ 

,4 bstract: Deve lopment  of Meloidogyne incognita and M. hapla larvae in clover roots was s tud ied  
at  20, 16, 12, and  8 C in  g rowth  chambers  and  in the field f rom fall  t h rough  spring,  in Nor th  
Carol ina .  Larvae  of both  species invaded  roots and  developed at  20, 16, and  12 C, bu t  not  a t  
8 C. T h e  t ime necessary to comple te  the larval  stages a t  each t empera tu re  was de te rmined .  T h e  
m i n i m a l  t e m p e r a t u r e  for deve lopment  of M. incognita larvae was 10.08 C and 8.8 C for M. hapla 
larvae. In  the field, soil t e m pe ra tu r e  at  10 cm deep was favorable  for deve l opmen t  of larvae 
u n t i l  the end of November ,  and  again  from February  on. All stages of the nematodes  survived 
freezing t empera tu res  in the roots. Rep roduc t ion  of both  species was ev iden t  in March or Apri.1 
af ter  inocu la t ion  and accumula t i on  of 8,500 to 11,250 degree-hours.  Key Words: ecology, thresh-  
old tempera tures ,  survival .  

T h e  influence of temperature on the rate 
of development  of larvae of Meloidogyne 
spp. in host roots is well documented.  
Studies in controlled-environment cham- 
bers (3, 17) or in temperature-controlled 
water tanks in greenhouses (4, 7, 14) have 
shown that the rates of development  of all 
stages of MeIoidogyne spp. are correlated 
positively with temperature between 15 and 
30 C. Lit t le  work has been done to deter- 
mine the rate of development  below 15 C, 
or to determine the basal temperature 
threshold for development.  Tyler  (14) 
found that an unknown species of 
Meloidogyne developed in tomato roots at 
temperatures between 10 and 15 C. Griffin 
(7) showed that Meloidogyne hapla Chit- 
wood larvae penetrate alfalfa roots and 
develop at 10 C. Hogger and Bird (8) found 
that Meloidogyne incognita (Kofoid and 
White) Chitwood reproduces in the spring 
in Georgia, and suggested that it may 
develop in the roots of winter  annuals in 
fall and winter. 
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Tile development of M. incognita and 
M. hapla larvae was compared in this study 
at constant temperatures between 8 and 
20 C, and survival and development  of the 
larvae in the field was studied during fall 
and winter in Nor th  Carolina. 

MATERIALS AND M E T H O D S  

Development at constant temperatures: 
Ten  white clover 'Dutch'  (Melilotus alba) 
seedlings previously germinated on damp 
paper were transplanted to 10-cm-diam pots 
filled with a loamy sand (texture: 82% 
sand, 14% silt, 4% clay). T h e  pots were 
placed in an environmental ly controlled 
greenhouse with a day/n ight  temperature 
regime of 22/18 C. After 5 days the seed- 
lings were thinned to 5 per pot and 
inoculated with Rhizobium tri[olii. 

Depending on the subsequent tempera- 
ture treatment,  the plants were then 
allowed to adapt  and grow at decreasing 
temperatures for various periods in the 
environmental ly controlled greenhouse or 
in growth chambers (Table  1). All the 
plants were inoculated on the same day 
with freshly hatched M. incognita or M. 
hapla larvae. Five ml of a suspension con- 
taining 200 larvae/ml  was placed in holes 
3-5 cm deep in the soil. T h e  plants were 
then placed at their respective treatment 
temperatures: 20, 16, 12, or 8 C. Th ey  were 
fertilized weekly with a complete nutr ient  



Low Temperature/Meloidogyne Larvae: Vrain et al. 167 

TABLE 1. Schedule of growth and adaptation periods of clover plants at decreasing temperatures and 
times of harvest after inoculation. 

Days of growth and adaptation of 
plants / temperature 

Treatment 
temperature Times of harvest after inoculation 

(C) (in days) 

22/18" 18/14 b 16/16 b 12/12 ~ 8/8 b tl t2 t3 t4 t5 t6 

10 10 ~ ~ 1 0  8 37 51 68 - -  ~ 

l0 5 - -  10 ~ 12 18 37 5l 68 79 93 
10 ~ 1 0  - -  - -  16 12 20 28 37 44 51 
15 . . . .  20 6 12 18 25 31 37 

• Day/night temperature (C) regime in environmentally controlled greenhouse. 
hDay/night temperature (C) regime in growth chambers. 

solution. In all chambers, the photoper iod 
was 8 h light and 16 h dark. Light  intensity 
remained between 200 and 300 hlux during 
the experiment,  T h e  plants were arranged 
in four randomized complete blocks at each 
temperature.  

Roots from four pots infested with 
either species were harvested at various 
intervals (Table 1), washed free of soil, 
boiled 5 min in 0.05% acid-fuchsin lacto- 
phenol, rinsed in water, and stored in clear 
lactophenol. Twenty-five nematodes were 
dissected out of each root system and 
mounted  on ringed slides in lactophenol, 
and their developmental  stages and sex 
were recorded as based on descriptions by 
Tr ian taphyl lou  and Hirschmann (13). 

Regression equations of the rates of 
development were developed for both spe- 
cies. T h e  data consisted of stage frequency 
counts, Nij, the number  of nematodes in 
stage j during the i tn harvest for each of six 
harvests. T h e  relative stage frequency 

6 

counts, Pij -- N i j / ~  N,j, were plotted 

against time (Fig. 1). Each data point, Pij, 
is an unbiased estimator of Pj(t~), the con- 
dit ional probabil i ty that an individual 
nematode is in stage j on day t~, given that 
it has developed without  premature  mor- 
tality. This  amounts to viewing the data as 
a life table. 

T h e  mean durat ion of any stage j is 
given by the area under  the relative stage- 
frequency trend curve Pj (t) for the j th 
stage. This  area can be estimated by the 
trapezoidal rule (9). I t  was assumed that 
stage j was completed if the final observa- 
tion P6j was equal to zero. If PG~ was greater 
than zero a hypothetical extinction time, tz, 

RELATIVE FREQUENCY 

0 . 3  

0•2 

0.1 

t~ t t t 2 t 3 t~ t s t6 t7  TIHE 

FIG. 1. Relative frequency of Meloidogyne larvae 
in roots (curve shown is for female second-stage 
M. incognita larvae developing at 20 C). 

was estimated, using the values of P,j to 
P6j to extrapolate the frequency trend curve 
(1). In three cases, the values were not close 
enough to extinction to justify prediction 
of the unknown extinction time. 

T h e  mean time spent at each stage was 
calculated• T h e  stage-specific rates of de- 
velopment are the reciprocals of the mean 
durations of the stages• For each stage, the 
rates of development at three temperatures 
were expressed as fractions of the fastest 
rates (at 20 C), and a least-square regression 
analysis gave the values of the intercept of 
the fitted line on the temperature axis, a 
linear estimate of the minimal temperature 
threshold for development.  

Th e  requirements of the nematodes for 
thermal energy can be interpreted in heat 
units, degree-hours above the threshold 
temperature for development  (14), and 
were calculated for the two species (Table  
3). 

Development in the field: Microplots 
consisting of clay tiles (20 x 20 x 90 cm) 



168 Journal of Nematology, Volume 10, No. 

were  e s t ab l i shed  at  the  C e n t r a l  C r o p  Re- 
search Sta t ion ,  C lay ton ,  N.C.,  a n d  the 
H o r t i c u l t u r a l  C r o p  Resea rch  S ta t ion ,  
F le tcher ,  N,C. (107 m a n d  654 m e leva t ion ,  
respect ively) .  T h e  t i les were  f i l led w i th  top- 
soil r ep re sen t a t i ve  of the  test area:  a l o a m y  
sand  a t  C l ay ton  (82% sand,  14% silt,  4 %  
clay) a n d  a fine sandy  l o a m  a t  F l e t c h e r  
(40% sand,  4 2 %  silt,  1 8 ~  clay). T h e  
p lo ts  were  f u m i g a t e d  w i t h  m e t h y l  b r o m i d e  
(1.3 k g / 1 0  m'-') 4 weeks be fore  use. W h i t e  
c lover  seedl ings  were  g e r m i n a t e d  a n d  g rown 
in  5-cm-diam pots  in  the  greenhouse .  Af t e r  
1 week they were  t h i n n e d  to five seedl ings  
pe r  po t  and  i n o c u l a t e d  w i t h  Rhizobium 
tri]olii. T h e  five seedl ings  were  t r a n s p l a n t e d  
in to  the  mic rop lo t s  af ter  4 weeks, a n d  1,000 
M. incognita or M. hapla l a rvae  were  p l aced  
a r o u n d  the roots  a t  a b o u t  10 cm deep.  T w o  
sets of  c lover  p l an t s  were  t r a n s p l a n t e d  a n d  
i n o c u l a t e d :  the  first set in  Oc tober ,  w h e n  
the soil  t e m p e r a t u r e  at  10 cm deep  was 
b e tw een  18 a n d  20 C; a n d  the  second  set in  
N o v e m b e r ,  w h e n  the  t e m p e r a t u r e  d r o p p e d  
be low 12 C. T h e  t e m p e r a t u r e  at  10 cm deep  
was r e c o r d e d  c o n t i n u o u s l y  (soil t empera -  
tu re  recorder ,  F o x b o r o  C o m p a n y ,  F o x b o r o ,  
Mass.), and  n t tmbers  of  hea t  un i t s  were  
s u m m e d  at  each harvest .  A t  each loca t ion ,  
the  m i c r o p l o t s  were  a r r a n g e d  in four  ran-  
d o m i z e d  c o m p l e t e  blocks.  T h e  c lover  roots  
f rom four  m i c r o p l o t s  infes ted  wi th  e i t he r  
n e m a t o d e  species were  ha rves ted  at  m o n t h l y  
in te rva l s  a n d  s ta ined ,  a n d  the  deve lop-  
m e n t a l  stages of  the  n e m a t o d e s  in the  r o o t  
t issue were  d e t e r m i n e d  in  the  same m a n n e r  
as in  the  c o n t r o l l e d - e n v i r o n m e n t  s tudy.  

R E S U L T S  

Development at constant temperatures: 
Larvae  of  b o t h  species i n v a d e d  c lover  roots  
and  d e v e l o p e d  at  20, 16, a n d  12 C, b u t  n o t  
a t  8 C ( T a b l e  2). Meloidogyne hapla re- 
p r o d u c e d  at  the  th ree  h i g h e r  t empe ra tu r e s ,  
whereas  M. incognita r e p r o d u c e d  on ly  at  
20 C. M a l e  n e m a t o d e s  of  a l l  stages were  
f o u n d  in r e l a t ive ly  h ighe r  n u m b e r s  at  12 C 
t h a n  at  16 or  20 C. A l m o s t  al l  males  ob- 
served h a d  on ly  one  gonad .  However ,  m a n y  
cases of sex reversa l  were  obse rved  when ,  
in  the  ear ly  phases  of  d e v e l o p m e n t  of  
second-stage larvae,  a b r a n c h e d  gen i t a l  
p r i m o r d i u m  w o u l d  ro t a t e  and  give r ise to 
on ly  a s ingle  gonad .  T h e  f requencies  of  
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TABLE 2. Influence of temperature ou me rate 
of development of larval stages of Meloidogyne 
incognita (MI) amt M. hapla (MH). 

Nmnber of days 
necessary to 

complete each 
stage ~ 

Larval stages Species 20 16 12 

Sexually 
undifferentiated MI 20.1 38.6 80.7 
second-stage b MH 17.9 35.1 60.7 

Second-stage MI 5.1 9.7 - -  
females MH 3.1 4.0 9.1 

Third-and fourth- MI 3.2 - -  - -  
stage females MH 2.9 5.4 9.4 

• Time o[ development at constant temperature: 
20, 16, or 12 C. 
bTime of development of this stage includes migra- 
tion and penetration by the larvae. 

ma le  n e m a t o d e s  at  d i f fe ren t  stages were  no t  
used in  the  analysis ,  because  the  d a t a  were  
insufficient.  

Af t e r  the l a rvae  p e n e t r a t e  roo ts  the  
d i f fe ren t  stages of  d e v e l o p m e n t  of  a g iven  
Meloidogyne species are  l ike ly  to have  
s imi l a r  r e q n i r e m e n t s  for  t e m p e r a t u r e .  T h e  
ra tes  of d e v e l o p m e n t  for a l l  stages were  
used for the  regress ion  analysis ,  g iv ing  
t h r e sho ld  t e m p e r a t u r e s  of  10.08 C for M.  
incognita l a rvae  d e v e l o p m e n t  a n d  8.8 C for 
M. hapla larvae.  A c c u m u l a t e d  hea t  un i t s  
r e q u i r e d  by each stage of  b o t h  species a re  
in  T a b l e  3. T h e s e  resul ts  confirm,  as previ-  

TABLE 3. Heat units required by Meloidogyne 
incognita (MI) and M. hapla (MH) to complete 
the larval stages. 

Number of 
heat units 

Larval stages Species 20 C 16 C 12 C 

Sexually 
undifferentiated MI 4,685 5,484 3,718 
second-stage b MH 4,811 6,065 4,66I 

Second-stage MI 1,189 1,378 - -  
female MH 834 691 699 

Third- and fourth- MI 746 - -  - -  
stage females MH 780 933 722 

~Degree-hours above the threshold temperature: 
10.08 C for M. incognita, and 8.8 C for M. hapla. 
bDevelopment of this stage includes migration and 
penetration by the larvae. 
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ously reported (13, 14, 17), that tile second 
stage is the longest of all larval stages to 
complete inside the host. 

Development in the field: Soil tempera- 
tures from October to April at 10 cm deep 
were generally higher at Clayton than at 
Fletcher. Average daily soil temperature 
remained above 9 C until December 7 at 
Clayton, and again from February 14 to 
the end of the experiment,  on April 27. At 
Fletcher, soil temperature remained above 
9 C until  November 12, and again from 
March 10 until  terminat ion on April 8. 

Larvae of both species introduced at 
Clayton, on October 16, invaded clover 
roots and developed readily. By December 
5, 60% of M. hapla larvae and 42% of M. 
incognita larvae had matured into adult  
females. Many of the mature  females were 
swollen and exuding a gelatinous matrix, 
indicating that they were ready to lay eggs. 
The re  was no further development  of re- 
product ion of the nematodes unti l  the end 
of February. Reproduct ion was evident on 
March 11, after several females of both 
species had deposited eggs. 

A similar thongh slower development 
took place at Fletcher when the clover 
seedlings were inoculated on October 13. 
By December 1, 40% of M. hapla larvae 
and 12% of M. incognita larvae bad 
matured into adult  females. Although sur- 
vival of M. hapla was limited, reproduction 
took place in April. T h e  clover plants were 
affected by the freezing temperatures more 
at Fletcher than at Clayton. Decay of roots 
was noticed as early as February 2, and 
none of the plants inoculated with M. 
incognita survived after February. The  
plants inoculated with M. hapla survived 
well, al though many roots, galled or not, 
decayed during February and March and 
were replaced by abundant  new root growth 
in April. Some nematodes in healthy roots 
were injured by cold temperatures. The i r  
body contents were vacuolated. In some 
instances, the parenchyma surrounding the 
nematode body in the gall was hardened, 
and could not be softened even when 
treated with pectinase. In other galls, the 
nematode body had disintegrated, the giant 
cells had degenerated, and normal paren- 
chyma filled the galls. 

The  pattern of development  at Clayton 
was different when the second set of clover 

plants was transplanted and inoculated, o n  
November 6. Invasion of roots by larvae of 
both species was low in November. 
Meloidogyne incognita larvae appeared 
injured in the roots, and they did not  de- 
velop in March when tile soil temperature  
rose above 10 C. Development  of M. hapla 
larvae in the roots began during February. 
By March 11, 79% of the nematodes were 
either mohing  or were mature  females. In 
April, most mature females were very 
swollen and some were depositing eggs. 

When the clover plants were transplanted 
at Fletcher in November,  penetrat ion by 
the larvae of both species was very poor. 
All the plants were injured by the freezing 
temperatures, and died between January  
and March. 

Using 8.8 C as the threshold temperature 
for development of M. hapla, the beginning 
of reproduct ion occurred after about  10,800 
heat units had accumulated at Fletcher 
(16) and after 11,250 or 8,500 units at 
Clayton, depending on the date of inocula- 
tion. Meloidogyne incognita reproduced in 
the spring at Clayton only if they had been 
inoculated early in the fall. Using a thresh- 
old temperature of 10.08 C for development,  
9,850 heat units were necessary for this 
species to begin to reproduce (16). 

DISCUSSION 
Previous studies report  the develop- 

mental  time of stages of Meloidogyne 
species at various temperature,  and a 
threshold temperature can be calculated. 
Wong and Mai (17) give an average value 
of the threshold for M. hapIa of 9.5 C in 
lettuce, and Davide and Tr iantaphyl lou 's  
data (4) give a value of 10.4 C for dl//. 
incognita in tomato. Tyler  (14) found the 
minimal temperature for development  of a 
Meloidogyne sp. to be between 9 and 10 C, 
and that 6,500 to 8,000 heat units was re- 
quired for the most-rapidly developing 
nematodes in tomato roots to go from 
second-stage larvae to egg-laying females. 
Milne and Duplessis (10), in a field study 
of the development  of Meloidogyne javan- 
ica in tobacco roots, found that about  9,000 
heat units was necessary to complete devel- 
opment  from penetrat ion to egg laying. 

T h e  rate of development  of the nema- 
todes inside the roots not only is a function 
of temperature  but  is influenced by the 
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status of the plant  as a host. Although it is 
considered a characteristic not  of the plant 
but  of the nematode, the threshold tem- 
perature calculated from the rates of 
development of each stage in the roots may 
vary with the physiological state of the 
plant and with changing environmental  
conditions. 

In the present study, M. hapla main- 
tained at 20 C started to reproduce after 31 
days, or about  8,300 units, and about half 
of the females were laying eggs after 10,000 
units. Periods of development  were not 
long enough at other temperatures to 
measure the average time taken by the 
nematodes to complete their development,  
but  at 16 C M. hapla females started to lay 
eggs after 8,800 units and at 12 C after 
7,300 units had accumulated. 

Results from the field agreed well with 
results in the temperature-controlled study. 
Penetrat ion of roots and development  of 
larvae of both species in the field were posi- 
tively correlated with soil temperature--with 
heavy infection and rapid development  re- 
sulting at Fletcher and Clayton when soil 
temperature was above 10 to 12 C. Infection 
was poor and the larvae did not  develop at 
Clayton or Fletcher when they were placed 
in the soil and the temperature was below 
12 C. A high proport ion of nematodes were 
apparently able to withstand freezing tem- 
peratures for relatively long periods, but  it 
was not  determined whether a particular 
stage of development  was more sensitive to 
cold than the other stages, as shown for 
eggs (15). 

T h e  influence of temperature below the 
threshold for development of these two 
species, and other soil factors affecting root  
physiology, may contribute to the variation 
in rates of development.  After entering a 
stage of quiescence when the temperature 
is below the developmental  threshold, nem- 
atodes may require a min imum number  of 
heat units before re turning to an active 
state. 

T h e  fact that  the parenchyma cells sur- 
rounding the nematode body in some galls 
were not  affected by pectinase suggests 
lignification of cell walls. Lignification in 
these galls would have been the result of a 
differential resistance of the nematodes and 
of the plant roots to freezing temperatures. 
Lignification would have occurred only 
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after the nematodes were directly injured 
by the cold temperatures (6). 

Galls where the nematode body had 
disintegrated and the giant cells degen- 
erated were observed also in roots of other 
plants growing in neighboring nematode- 
infested plots. White  clover has been shown 
to grow at a temperature regime of 7 C 
days/2 C nights (11). If plant metabolism 
were not  affected by the quiescent nema- 
todes at temperatures below 9 C, it is 
possible that the giant cells would degen- 
erate since they would lack the necessary 
stimulus to function. As temperature  re- 
turned to a favorable level, the nematodes 
became active again but  their development  
ceased, for lack of giant cells, and they 
failed to survive. 

It  is likely that survival and development  
are opt imum at different depths in the soil. 
Mean soil temperatures between October 
and April  are relatively warm but  vary 
greatly in the upper  layers of the soil (0 to 
10 cm). This  situation could account for 
the fastest development  of nematodes in 
roots, but  would result in the most damage 
by cold injury. At greater depths (10 to 
30 cm) development  would be slower, be- 
cause of lower average temperature  and 
lower oxygen tensions, but  survival would 
be greater than in the upper  layers because 
the temperature would never reach 0 C or 
below. 

Wi thout  winter weeds or a cover crop, 
Meloidogyne spp. densities decrease dras- 
tically during winter (5). T h e  stages most 
likely to overwinter in the absence of a host 
appear to be the unhatched larvae in eggs 
(15). These, however, represent only a 
fraction of the Meloidogyne populations 
present in the soil before winter. Similar 
to the finding of Hogger and Bird (8) that 
M. incognita develop and reproduce in 
winter and spring on weeds in Georgia, this 
study shows that M. incognita and M. hapla 
can infect, develop, and reproduce in the 
fall and winter in Nor th  Carolina. Repro- 
duct ion on any weed or crop host in early 
spring will increase the pr imary inoculum 
present in the soil, and the damage to the 
new crop (2, 12). 
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Community Analyses of Plant-Parasitic Nematodes 
in the Kalsow Prairie, Iowa ~ 

DON C. NORTON and DONALD P. SCHMITT 2 

Abstract: Twenty-one species of plant-parasitic nematodes were recovered from 15 sites in the 
Kalsow Prairie, Iowa. Nematode communities were analyzed by prominettce and importance 
values of the nematode species and also by diversity anti concentration of dominance. The use of 
nmnbers and biomass were compared in indices of diversity and concentration of dominance. 
Tylenchorhynchus maximns ranked first in mean density/site, prominence value, and i, mportance 
value, although it was not found as frequently as many other nematodes. Xiphinema ameri- 
canum and T. maximus were anmng the dominant nematodes in II of 15 sites when biomass 
was used in the concentration-of-dominance index, but they were dominant in only five sites 
when nmnbers were used. Key Words: Tylenchorhynchus maxtmus, Xiphinema americanum, 
prominence value, importance value, diversity, similarity. 
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C o u n t y ,  Iowa ,  is a m e s i c  ta l l -grass  p r a i r i e ,  
w i t h  s m a l l  r e l i e f ,  c o m p r i s i n g  64.6 h a  i n  t h e  
C l a r i o n - N i c o l e t t - W e b s t e r  soi l  a s s o c i a t i o n .  
T h e  p r a i r i e  has  n e v e r  b e e n  c u l t i v a t e d ,  al- 
t h o u g h  t h e  n o r t h w e s t e r n  12.1 h a  was  g r a z e d  
b e f o r e  1940. T i l e  t r a c t  is b u r n e d  o c c a s i o n -  
a l ly  to  p r e s e r v e  t h e  p r a i r i e  a spec t .  

Earl}, r e p o r t s  o f  n e m a t o d e s  i n  n a t i v e  
p r a i r i e s  i n  t h e  U .S .A.  c o n s i s t e d  m a i n l y  of  
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