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Abstract: Fgg masses and  second-stage larvae of Meh)idogyne incognita and M. hapla in soil 
were exposed to t empera tu res  rangi.ng from 20 to --8 C. T e m p e r a t u r e  was lowered in  2-day 
intervals  to 16, 12, 8, 4, 0, --4, attd --8 C, and  the nematodes  remained  at  4, 0, --4, or --8 C for 
18, 14, 10, or 6 days, respectively. Unha tched  larvae of  both species were more res is tant  to low 
tempera tu res  than  were embryonic  stages. W i t h i n  the eggs of M. incognito, 7.5°7 o of embryos  and  
48~" o of larval  stages snrvived 14 days at 0 C, whereas  9% of embryos attd 90°Io of larval  stages in 
the eggs of M. hapht survived 10 days at  --4 C. Second-stage larvae of both  species r emained  
infective in sol.1 a t  4 or 0 C, but  were in ju red  at  --4 and  --8 C. Infect iv i ly  of these larvae was 
lower in sa tura ted  soil than  in soil a t  51 cm mois ture  tension at  all  tempera tures .  Key H"ords: 
Cold tolerance, survival ,  eggs, second-stage larvae,  rout -knot  nematode .  

Survival of eggs and larvae of tile root- 
knot nematode, Meloidogyne spp., in fall 
and winter is influenced by their tolerance 
to cold temperatures. Little is known about  
a possible interaction between cold tempera- 
tures and low levels of oxygen in wet soils, 
or about the influence on survival of eggs 
and larvae in soil of an acclimation period 
(allowing rapid adjustments of homeostatic 
mechanisms) to cold temperature. Nnsbaum 
(11) suggested that root-knot nematodes 
may adapt during autunm conditions to 
survive freezing temperatures. Wallace (16) 
showetl that unhatched larvae are more 
resistant to low oxygen tensions than are 
embryos in the eggs of Meloidogyne 
javanica (Treub) Chitwood. Bergeson (1) 
and Sayre (12, 13) showed that Meloidogyne 
hapla Chitwood eggs and larvae were more 
resistant to cold temperature than those of 
Meloidogyne incognita (Kofoid and White) 
Chitwood. 

This  study was undertaken to measure 
the influence of low temperatures (--8 to 
20 C) on the survival and infectivity of M. 
incognita and M. hapla, and to test the 
resistance of eggs and larvae, after acclima- 
tion, to chilling and freezing temperatures 
(--8 to 4 C) in water-saturated and un- 
saturated soil. 

M A T E R I A L S  AND M E T H O D S  

Galled roots from tomato plants 
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(Lycopersicon esculentum)'Manapal' inocu- 
lated 6 to 8 weeks earlier with eggs of 
M. incognito or M. hapla were washed free 
of soil. Root segments bearing a single egg 
mass with 100 to 400 eggs each were excised 
so that tile egg masses were undisturbed 
and the younger eggs were not exposed. 
The  mature females were killed with a fine 
needle inserted into their body through the 
root tissue. Freshly hatched larvae were also 
obtained from egg masses on tomato roots. 
The  eggs were released from tile egg masses 
following a modified procedure described 
previously (8), and the larvae were ob- 
tained by letting the eggs hatch on 28-~m 
sieves (15). Ten  pieces of roots each with 
an egg mass, or 2,000 freshly hatched larvae 
were placed in cups with 100 cm '~ of loamy 
sand (texture: 82% sand, 14% silt, 4% 
clay). In two-thirds of the cups the moisture 
tension was adjusted to 51 cm of water. In 
the remaining one-third of the cups, the 
soil was saturated. The  cups were random- 
ized in a complete block design, and placed 
in a temperature-controlled cabinet at 16 C. 

T o  determine the effects of chilling or 
freezing temperatures on infectivity of 
larvae or on infectivity of larvae hatched 
from exposed eggs, the infectivity of larvae 
from 10 egg masses or 2,000 larvae was 
bioassayed before and after exposure to 
the different temperature treatments. A 
2-week-old tomato Manapal seedling was 
transplanted into each cup and grown in a 
greenhouse at 24 ~ 2 C. After 14 days, the 
roots were washed, stained in boiling 0.05 % 
acid-fuchsin lactophenol for 5 min, rinsed 
in water, and destained in clear ]actophenol 
for at least 24 h. The  roots were cut in 
2-to-5-cm segments, spread on 8 x 24-cm 
gTid-lined glass plates, and examined micro- 
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scopical ly .  T h e  n u m b e r  of  n e m a t o d e s  in  the  
roots  r e p r e s e n t e d  the n u m b e r  of  infec t ive  
un i t s  in  the  i n o c u l u m .  

T h e  t e m p e r a t u r e  t r e a tmen t s  consis ted  
of  d i f fe ren t  pe r iods  of e x p o s u r e  at  4, 0, --4, 
or  --8 C. T h e  n e m a t o d e s  were  g iven  6 days  
to a d a p t  to the  lower  t empe ra tu r e s .  Af te r  
2 days  at  16 C, the  t e m p e r a t u r e  in  the  
cab in e t  was lowered  by  4 degrees  every 2 
days.  W h e n  4 C was  reached ,  the  cups  
ass igned to tha t  t e m p e r a t u r e  t r e a t m e n t  
were  p l aced  in a n o t h e r  c h a m b e r  at  4 C for 
18 days.  Once  0 C was reached ,  the  soil  in  
ha l f  of the cnps  wi th  a m o i s t u r e  t ens ion  of 
51 cm of wa te r  was sa tu ra t ed .  So, for al l  
t e m p e r a t u r e  t r ea tmen t s ,  the  soil in  one- 
t h i r d  of  the  cups h a d  m o i s t u r e  t ens ion  of 
51 cm of  water ,  in  o n e - t h i r d  i t  was s a t u r a t e d  
before  acc l in l a t ion  to cold,  and  in o n e - t h i r d  
i t  was s a t u r a t e d  af te r  a c c l i m a t i o n  to cold.  

N e m a t o d e s  were  exposed  to e i the r  0 C 
for 2 or  14 days,  to - 4  C for l0 days,  or  to 
--8 C for 6 clays. A f t e r  e x p o s u r e  to the  
t r e a t m e n t  t empe ra tu r e s ,  the  n e m a t o d e s  in 
the  cups where  the  mo i s tu re  tens ions  were  
set a t  the  b e g i n n i n g  of  the  e x p e r i m e n t  (51 
or  0 cm) were  a l lowed  to a d a p t  in a c a b i n e t  
where  the  t e m p e r a t u r e  was inc reased  by  4 
degrees  every 2 days u n t i l  20 C was reached .  
Cups  wi t l l  soil s a t u r a t e d  a f te r  a c c l i m a t i o n  
to cold  (on day  8) r e m a i n e d  at  each h i g h e r  
t e m p e r a t u r e  (4, 8, 12, or  16 C) for 4 days,  
i n s t ead  of  2, so tha t  the  t ime  of  exposu re  to 
low oxygen  tens ion  in  the  soil s a t u r a t e d  be- 
fore a c c l i m a t i o n  was equa l  to the  t ime  of  
exposu re  in  the  soil s a t u r a t e d  af te r  accl ima-  
t ion  to cold.  
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A f t e r  a progress ive  r e t u r n  to h ighe r  
t empe ra tu r e s ,  a l l  the  cups  were  b ioassayed  
on  tomato .  Af t e r  14 days of  g rowth ,  the  
t o m a t o  roots  were  washed ,  s ta ined ,  a n d  
e x a m i n e d  in the  same m a n n e r  as the  con- 
trols.  Al l  t r e a tme n t s  were  repl ica te( [  5 
t imes.  Pe rcen t  in fec t iv i ty  was ca l cu l a t ed  
f rom the  m e a n  n u m b e r  of infec t ive  uni t s  
in the  cont ro l ,  and  the m e a n  n u m b e r  of  
infec t ive  un i t s  a f te r  t r e a tme n t .  

T o  test the  d i f f e ren t i a l  res is tance  of  
eml) ryonic  a n d  la rva l  stages in the  eggs, the  
stages of d e v e l o p m e n t  of  400 eggs in  each 
of  five cups w i th  l0  egg masses in soil  w i th  
a mo i s tu re  tens ion  of  51 cm of  w a t e r  were  
d e t e r m i n e d  af te r  an  e x p o s u r e  of  10 days at  
0 C (p receded  a n d  fo l lowed  by the  r e g u l a r  
a c c l i m a t i o n  per iods )  for M. incognita a n d  
l0 days  at  --4 C for  M. hapta. T h e  eggs 
were  re leased  f rom the egg masses in  0.53 % 
NaOC1,  a n d  e x a m i n e d  u n d e r  the  micro-  
scope. Eggs were  classified as embryos ,  
l a rva l  stages, o r  as a b n o r m a l  i f  c o n t e n t  
showed c o a g u l a t i o n  or  cav i t a t ion ,  gene ra l l y  
a c c o m p a n i e d  by  b r o w n i n g .  

R E S U L T S  A N D  D I S C U S S I O N  

A f t e r  exposu re  to cold,  the  c o m p o s i t i o n  
of  the  egg p o p u l a t i o n  c h a n g e d  g rea t ly  
( T a b l e  1). Mos t  of  the  embryos  of b o t h  
species were  i n j u r e d  a n d  d isco lored .  A b o u t  
ha l f  of  t i le  M. incognita l a rvae  in  t i le  eggs 
surv ived  at  0 C, whereas  a lmos t  all  l a rva l  
stages in the  eggs of M. hapla surv ived  at  
--4 C. 

U n h a t c h e d  l a rvae  of  b o t h  Meloidogyne 

TABLE 1. Differential survival of embryonic and larval stages in the eggs of Meloidogyne incognita 
and M. hapla at chilling and freezing temperatures. 

Stages of development of eggs ~ 
Abnormal eggs Embryos LI and L2 b Hatched L2 

Species and treatment Mean se Mean se Mean se Means se 

Meloidogyne incognita 
Before treatment 10.2 1.8 246.8 6.8 141.8 6.5 
After 14 days at 0 C 305.7 9.2 18.5 3.0 66.5 6.5 

LSD: P = 0.01 31.7 25.l 30.8 

Meloidogyne hapla 
Before treatment 5.8 1 .I 262.8 10.8 143.4 11.3 
After 10 days at --4 C 244.6 10.6 23.4 2.4 129.2 9.8 

LSD: P = 0.01 39.8 37.2 N.S. 

1.2 0.7 
9.2 0.6 
3.2 

1.8 0.9 
4.8 0.7 

N.S. 

•Means of five replicates and standard error. 
bFirst- and second-stage larvae in the eggs. 
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species surv ived  the  co ld  be t t e r  t i tan  the  
e m b r y o n i c  a n d  m u l t i c e l l e d  stages in the  
eggs. T h e  grea te r  res is tance  to low t empera -  
tu re  of  the  la rva l  stages t han  of the  
e m b r y o n i c  stages was obse rved  also in eggs 
of M. m'enaria (H. Ferr is ,  pe r sona l  commu-  
n ica t ion )  and  Ditylenchus myceliophagus 
(4), i n d i c a t i n g  tha t  the  embryos  in  the  eggs 
of those n e m a t o d e s  m a y  no t  have the  
homeos t a t i c  mechan i sms  necessary to a d a p t  
to co ld  t empera tu re s .  

Af te r  2 days at  0 C, 68% of  M. incognita 
eggs surv ived  and  gave r ise to infec t ive  
la rvae  in  t m s a t u r a t e d  soil ( T a b l e  2), 
whereas  no  s igni f icant  snrv iva l  was obse rved  
at  0 C in s a t u r a t e d  soil  or  be low 0 C in 
u n s a t u r a t e d  soil  or  s a t u r a t e d  soil .  T h e  
la rvae  of  M. incognit~t r e m a i n e d  infec t ive  
at  0 C or  above  ( T a b l e  2) b u t  lost  t he i r  
in fec t iv i ty  or  d i ed  when  exposed  to f reezing 
t empe ra tu r e s .  At  0 C, a l l  M.  hapla eggs 
surv ived  and  gave rise to infec t ive  l a rvae  
af te r  an exposu re  of 2 days, whereas  on ly  
60% d i d  so af te r  an  exposu re  of  14 days 
( T a b l e  2). T h e  in fec t iv i ty  of  l a rvae  of b o t h  
species was h ighe r  than  tha t  of  l a rvae  
h a t ched  f rom su rv iv ing  eggs exposed  to 0 C 
at  any  m o i s t u r e  level.  

T e m p e r a t u r e  in soil  be tween  10 a n d  40 
cnt deep  ra re ly  d r o p s  be low 0 C in N o r t h  
Ca ro l i na .  In  reg ions  where  soil  t e m p e r a t u r e  
reaches  0 C or  below,  M. incognita eggs or  
l a rvae  c a n n o t  overwin te r .  In  a field survey, 
Sayre (12) fountl  t ha t  M.  incognita cou ld  
n o t  surv ive  in frozen soils for e x t e n d e d  

pe r iods  a l t h o u g h  M. hapla su rv ived  90 days 
in frozen soil  whe re  a m i n i m u m  t empera -  
ture  of --11 C was recorded .  Howeve r ,  
t l ifferences in  t e m p e r a t u r e  t h r e sho ld  for 
surv iva l  a re  to be  expec ted  be tw e e n  popu-  
l a t ions  of d i f fe ren t  or ig in ,  as shown by 
D a n l t o n  a n d  N u s b a u m  (6). Bergeson (1) 
showed tha t  M. incognita l a rvae  cou ld  no t  
survive  a t  4.4 C bu t  t ha t  M. hapla l a rvae  
were  m o r e  res is tan t .  Chi l l ing-sens i t ive  
o rgan i sms  usua l ly  possess m e m b r a n e  l ip ids  
wi th  a h igh  so l id i f i ca t ion  t e m p e r a t u r e ,  be- 
caue of  a h igh  degree  of  s a t u r a t i o n  (9, 10), 
a n d  i t  is poss ib le  t ha t  an  a c c l i m a t i o n  p e r i o d  
induces  ch i l l i ng  res is tance  in M. incognita 
eggs and  la rvae  by dec reas ing  the  degree  of 
s a t u r a t i o n  of the  m e m b r a n e  l ip ids .  

T h e  eggs in egg masses a re  e m b e d d e d  in 
g lycopro t e in s  tha t  cons t i t u t e  the  ge l a t i nous  
m a t r i x  (2). Unless  phys io log ica l  differences 
be tween  u n h a t c h e d  ant i  ha t c he d  l a rvae  of  
M. hapla are  r e spons ib l e  for the  d i f ference  
in surv iva l  a t  --4 C, the  g lyeop ro t e in s  of  
the  m a t r i x  may  a l low the  eggs to supercoo l  
in the  egg mass, to t e m p e r a t u r e s  be tw e e n  
--4 a n d  --8 C. 

T h e  in fec t iv i ty  of  l a rvae  a n d  l a rvae  
ha t ched  f rom eggs of  b o t h  Meloidogyne 
species was s ign i f ican t ly  lower  in  s a t u r a t e d  
soil  (0 cm) t h a n  in  u n s a t u r a t e d  soil.  
W a l l a c e  (16) showed tha t  M. javanica l a rvae  
cou ld  no t  survive  8 days in d e o x y g e n a t e d  
wate r  at  27 C. T h e  eggs of M. javanica were  
i n j u r e d  af te r  6 days  in  d e o x y g e n a t e d  wa te r  
a t  27 C, and  al l  the  e m b r y o n i c  stages were 

TABLE 2. Influence of chi.lling and freezing temperatures and soil moisture on infectivity of 
Meloido.oyne incognita (MI) and M. hapla (MH) eggs and larvae. 

Percent infectivity" 

Temperature and Eggs ~' Larvae" 
time of exposure Species 51 cm a 0 cm 51 ~ 0 cm 51 cm 0 cm 51 ~ 0 cm 

4 C 18 days MI 104.2a 89.7bc 37.0fg 
0 C 2 clays MI 68.3de 9.5i 
0 C 14 days M H 60.3de 2.7i 1.2i 86.0c 41.4f 7.3i 

--4 C 10 days MI 0.0i 0.0i 0.0i 
M H 43.7f 0.4i 0.0i 2.2i 0.0i 0.0i 

--8 C 6 days MH 8.0i 0.0[ 0.0i 0.0i 0.0i 0.0i 

aMean percentages of five replicates. Infectivity after treatment is expressed in percentages of values ob- 
tained before treatment. Mean percentages followecl by a common letter do not vary significantly by 
Duncan's multiple-range test (P = 0.05). 
blnfectivity of larvae hatched from surviving eggs in ten egg masses. Mean infectivity before treatment: 
40.4% of 3,835 M. tmpla eggs, and 62% of 1.401 M, incognita eggs. 
"Mean infectivity of 2,000 larvae before treatment: 46.0% for M. incognita, and 42.5% for M. hapla. 
~Moisture-tension levels iu soil: .61 cm, tension of 51 cm of water. 0 cm, soil saturated before acclimation 
to cold. 5l ~ 0 cm, soil saturated after acclimation to cold, 
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k i l l e d  a f t e r  1 d a y  w i t h o u t  o x y g e n  (16). I n  
t h i s  s t u d y ,  t h e  eggs of  b o t h  spec ies  w e r e  
m o r e  s t t s c e p t i b l e  to  l a ck  of  o x y g e n  t h a n  
h a t c h e d  l a r v a e .  

A c c l i m a t i o n  to w a r m  t e m p e r a t t t r e s  m a y  
b e  as n e c e s s a r y  as t h a t  to  co ld .  I n f e c t i v i t y  
w a s  l e a s t  w h e n  t h e  soi l  w a s  s a t u r a t e d  a f t e r  
t h e  eggs a n d  l a r v a e  o f  b o t h  spec ies  h a d  
b e e n  a l l o w e d  to  a c c l i m a t e  to  c o l d  i n  u n -  
s a t u r a t e d  soil .  T h e  soi l  r e m a i n e d  s a t u r a t e d  
w h e n  t h e  t e m p e r a t u r e  i n c r e a s e d  a f t e r  ex- 
p o s u r e  to  t h e  t r e a t m e n t  t e m p e r a t u r e s .  T h e  
l a ck  o f  o x y g e n  m a y  h a v e  p r e v e n t e d  n o r m a l  
m e t a b o l i s m  i n  t h e  n e m a t o d e s  (5), a n d  t h e  
d i f f e r e n t  p a t h w a y s  o f  r e s p i r a t i o n  c o u l d  n o t  
p r o v i d e  t h e  e n e r g y  n e c e s s a r y  for  t h e  a d a p t a -  
t i o n  m e c h a n i s m s .  
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