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Abstract: Stem nematode-susceptible 'Atlantic '  and resistant 'Lahontan '  alfalfa seedlings, grown in sand 
and watered with complete nutrient  solutions containing 0.75, 1.5, 3.0, 6.0, or  12.0 mM Ca++/liter, were 
inoculated with Ditylenchus dipsaci (the stem nematode)  5-6  days after emergence.  Approximate ly  equal 
numbers  of nematodes entered the tissues of each var ie ty /Ca  -+ concentrat ion within 2 days. Penetrat ion 
was reduced at 12 mM Ca" / l i t e r .  Reproduction during 21 days following inoculation yielded 3-fold, or 
greater, nematode increases in 'Atlantic '  buds at all Ca +~ concentrations,  in 'Atlantic '  cotyledons at the 
four  lower concentrations,  in 'Lahontan '  buds at the lowest concentrat ion and in 'Lahontan '  cotyledons 
at the two lowest concentrations.  Reproduct ion was lower at the higher Ca ++ concentrations.  

Increased nutrient Ca +~ concentrat ions resulted in increased Ca ++ content, decreased Na  + and K + con- 
tent, and unchanged M g "  content  of buds and cotyledons. Accordingly, increased nutrient  Ca ÷÷ resulted 
in increased d iva lent /monovalent  cation ratios (Ca  ++ + Mg++/Na + - r  K ' ) .  Resistance to reproduct ion was  
correlated more  closely with the divalent/monovalent cation ratio than with Ca +~ content of  tissue, At  
the four higher nutrient Ca ~+ concentrations,  'Lahontan '  buds had higher ratios than 'Atlantic, '  and in- 
fected buds had higher ratios than noninfected buds.  Al though cation balance modifies disease expression, 
the basic resistance mechanism remains  unknown.  Key Words: Ditylenchus dipsaci, Stem nematode,  
Alfalfa, Medicago sativa, Resistance, Reproduction,  Calcium, Magnesium, Potassium, Sodium. 

Invasion of susceptible plants by Ditylen- 
chus dipsaci (Kfihn) Filipjev leads to sepa- 
ration of host parenchyma cells. Resistant 
varieties show little cell separation (6, 11). 
Cell separation may be due to dissolution of 
the middle lamella by pectic enzymes. Ho- 
mogenates of D. dipsaci contain pectic en- 
zymes (15, 17). Muse et al. (17) detected 
pectic enzyme activity in infected peas. We 
have also found pectic enzymes in 'Atlantic' 
alfalfa (Medicago sativa L.) buds infected 
by D. dipsaci (unpublished), in contrast to 
an earlier negative report (14) for this crop. 
Seinhorst (19) postulated that dissolution of 
the middle/amelia is essential to feeding and 
reproduction by the nematode. 
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For several plant diseases in which pectic 
enzymes have been implicated, increased cal- 
cium (Ca -~) content of plant tissue corre- 
lates with increased resistance (1, 4, 5, 7, 
20). Probably Ca ++ forms enzyme-resistant 
compiexes with polygalacturonates in the 
middle lamella (5). 

The present study was undertaken to de- 
termine whether Ca ++ nutrition influences the 
resistance of alfalfa to stem nematode. Ini- 
tial findings were summarized elsewhere 
(10). 

MATERIALS AND METHODS 

Stem nematode-susceptible 'Atlantic' and 
resistant 'Lahontan' alfalfa were grown in 
chambers providing 13 hr light at 8,000- 
10,000 lux, daily. Light/dark period tem- 
Feratures were 24/'22 C for 4 days after 
planting and 18/16 C thereafter. Seeds were 
broadcast on quartzite sand in l-liter, 
bottom-drained, polyethylene containers and 
covered with vermiculite. The experiment 
was established in three chambers with each 
chamber serving as one replication. It was 
necessary to pool 30-40 seedlings from each 
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of three pots to provide sufficient material 
for one replication of a treatment. 

The pots were flushed daily with modified 
half-strength Hoagland's solution containing 
CaCI._, at 0.75, 1.5, 3, 6, or 12 mmole/liter. 
The solution also contained, per liter; 2 
mmole KNO:~, 2 mmole NaNO:~, 1 mmole 
KH._,PO4, 1 mmole MgSO4-7H._,O, 500 /~g 
FeEDTA, 625 tzg H.,BO:~, 375 ~g MnCI.,. 
4H._,O, 25 t~g ZnCI.,, 12 t~g CuC1._,.H~,O, and 
15 ~g (NH4)~; MoO4.4H~O. 

The seedlings were inoculated with nema- 
todes of the Waynesville, N. C. population 
(2)  of D. dipsaci. Inoculum, grown in mo- 
noxenic culture on alfalfa callus tissue, was 
collected, washed, and concentrated by the 
procedures of Krusberg (13) .  Inoculum was 
applied as one drop of a 1% carboxymethyl- 
cellulose suspension, containing about 40 
active nematodes, placed on the bud of each 
seedling on the fifth day after planting. The 
pots were covered with lids. The plants 
were reinoculated 1 day later by covering the 
seedlings with additional vermiculite mois- 
tened with nutrient solution (containing Ca r- 
at the treatment concentration) and pipetting 
about 1200 nematodes/pot on the vermi- 
culite. Noninoculated controls were estab- 
lished at each Ca +~ concentration and re- 
ceived vermiculite moistened with nutrients. 
Pot lids and the additional vermiculite were 
removed 2 days later. 

Nematode penetration 2 days after the 
second inoculation, and reproduction 20-21 
days after inoculation were estimated by 
counting nematodes and eggs in 15 stained 
plants/replication. Plants were stained with 
hot acid fuchsin-lactophenol. Diameter of 
the cotyledonary node was measured under 
a dissecting microscope. 

For  chemical analyses, the seedlings were 
washed and divided into roots, cotyledons, 
and 'buds.' The 'bud' included the area 
which contained the apical bud and cotyle- 

donary node at the time of inoculation; i.e., 
the area where swelling of susceptible seed- 
lings occurred. The tissues were oven-dried 
at 100 C and ground in a Wiley mill to pass 
a 60-mesh screen. Duplicate 25-mg samples 
of plant material from each replication were 
wet-ashed in 3 mi HNO,~ and 1 ml perchloric 
acid. The residues were diluted to readable 
volumes with double glass-distilled water, 
and were analyzed by atomic absorption 
spectroscopy for Ca ++ and Mg +* and by flame 
photometry for Na + and K ~. 

RESULTS 

PENETRATION: Penetration of buds + 
cotyledons at 2 days, was approximately 
equal in 'Atlantic' and 'Lahontan'  at each 
Ca ++ concentration (Fig. l-A, B).  However, 
more nematodes entered cotyledons than 
buds of 'Lahontan, '  while the opposite trend 
occurred in 'Atlantic.' Penetration was re- 
duced in plants given 12 mmole Ca÷+/liter. 

REPRODUCTION: Between the second 
and 21st days after inoculation, the number 
of nematodes increased more than three-fold 
in 'Atlantic' buds at all Ca ++ concentrations, 
in 'Atlantic' cotyledons at the four lower con- 
centrations, in 'Lahontan' buds at the lowest 
concentration, and in 'Lahontan'  cotyledons 
at the two lower concentrations (Fig. I-A, 
B).  The increase was less than 3-fold in 
'Atlantic' cotyledons, 'Lahontan'  buds, and 
'Lahontan' cotyledons at the higher concen- 
trations. 'Atlantic' buds that received 12 
mmole Ca++/liter had significantly fewer nem- 
atodes than at the four lower concentrations, 
probably because of reduced penetration (Fig. 
l-A). 

Since the vermiculite-inoculum covering 
was removed at 2 days, the increase in nema- 
tode numbers was due to reproduction. The 
number of eggs in buds and cotyledons at 21 
days (Fig. l -C)  was correlated with the in- 
crease in nematode numbers. 

SWELLING: The diameter of the cotyle- 
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Fz6. 1. Effect of nutr ient  solution Ca ~+ concentration on nematode numbers  and disease expression 
in 'Atlantic '  (susceptible) and 'Lahontan '  (resistant)alfalfa seedlings inoculated with Ditylenchus dipsaci. 
A, B. Number  of nematodes per seedling in (A) buds and (B) cotyledons 2 and 21 days after inoculation; 
C. Number  of eggs per seedling 21 days after inoculation; D. Diameter  of the cotyledonary node 21 
days after inoculation. The open bar  shows the diameter  of the cotyledonary node of uninoculated 'At- 
lantic' and "Lahontan'  plants, of the same age, supplied 3 mM Ca~÷/liter. 

d o n a r y  n o d e  of  i n o c u l a t e d  ' A t l a n t i c '  w as  sig- 

n i f i c a n t l y  g r e a t e r  t h a n  t h a t  o f  i n o c u l a t e d  

' L a h o n t a n '  a t  e a c h  C a  ÷÷ c o n c e n t r a t i o n  (F ig .  

l - D ) .  B o t h  v a r i e t i e s  s h o w e d  l e a s t  swe l l i ng  a t  

t h e  l o w e s t  C a  ++ c o n c e n t r a t i o n .  D i a m e t e r s  of  

noninoculated controls were not greatly af- 
fected by Ca ++ concentration. At 21 days, 
noninoculated plants at the three intermedi- 
ate Ca ++ concentrations were taller and more 
vigorous than noninoculated plants at the 

- >  

F•. 2. Effect of nutr ient  solution Ca ~ concentration on the Ca ++, Mg +÷, Na  ÷, and K + content of 
buds and cotyledons of uninoculated and inoculated 'Atlantic '  (susceptible) and 'Lahontan '  (resistant) alfalfa 
21 days after inoculation with Ditylenchus dipsaci. Statistical significance is shown for the comparisons 
of mean cation contents of 'Atlantic '  vs. 'Lahontan '  (A vs. L), uninoculated vs. inoculated plants (U vs. I), 
and various Ca ++ concentrations (Ca ++ conc.). 
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FIG. 3. Effect of nutrient solution Ca +- concentration on the divalent/monovalent cation ratio (Ca +* 
-5 Mg++/K+ + Na ÷) in (A) buds and (B) cotyledons of 'Atlantic' and 'Lahontan'  alfalfa 21 days after inoc- 
ulation with Ditylenchus dipsaci. 

lowest and highest concentrations, indicating 
that the low and high concentrations were 
less suitable for host growth. 

CATION CONTENT: With an increase in 
nutrient Ca *+ concentration, the Ca ++ content 
of buds and cotyledons increased, Na + con- 
tent of both parts decreased, and K + content 
of cotyledons decreased (Fig. 2). These 
changes were significant (P = 0.01). As 
Ca ++ concentration was increased, Mg ~+ con- 
tent remained unchanged. The net effect was 
a significant increase in the divalent/mono- 
valent cation ratio (Ca ++ + Mg+*/Na ÷ + K ÷) 
of the tissues (Fig. 3-A, B). At any given 
Ca ++ concentration, cotyledons had a higher 
Ca +~ content and divalent/monovalent ratio 
than buds. 

'Lahontan'  buds had higher Ca ++ and Mg ++ 
and lower K + content than 'Atlantic' buds 
(P = 0.01) (Fig. 2). Inoculated buds of both 
varieties had higher Ca ++ and lower K + than 
noninoculated buds. These trends occurred 
only at the four highest Ca ~+ concentrations. 
Thus, at these concentrations, inoculated 'La- 
hontan' buds had a significantly higher ratio 
of divalent/monovalent cations than did inoc- 

ulated 'Atlantic' or uninoculated control buds 
(Fig. 3). The mean divalent/monovalent 
cation ratio was 0.60 for 'Lahontan'  and 
0.35 for 'Atlantic.' 

In contrast to buds, inoculated cotyledons 
had lower Ca ++ content than noninoculated 
cotyledons, and Ca ++ content of cotyledons 
did not differ significantly between varieties 
(Fig. 2). Mg +÷, K +, and Na + were lower in 
inoculated than noninoculated cotyledons. 
The divalent/monovalent cation ratio was 
higher in 'Lahontan'  than in 'Atlantic' coty- 
ledons (Fig. 3). 

NEMATODES AND CATIONS IN ROOTS: 
Roots contained less than 1.5 nematodes/ 
seedling 2 days after inoculation. There was 
no increase in nematode numbers up to 21 
days. There were no differences in nematode 
numbers between varieties or between Ca ++ 
concentrations. 

Increases in nutrient C a "  concentration 
increased Ca ++, decreased Na ÷, and did not 
affect K ~ or Mg ++ content of roots. The Ca *+ 
content and the divalent/monovalent cation 
ratio of roots was lower than that of buds or 
cotyledons at each Ca ++ concentration. 
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FIELD GROWN PLANTS: Analyses w e r e  

made of terminal buds from two resistant 
varieties and three susceptible varieties grown 
in replicated, normally limed, field plots 
showing slight infection by stem nematode. 
Ca ++ content of buds was 8.8 to 1 !.4 ~g/mg 
and the divalent cation ratio was 0.46 to 0.57. 
The differences were not highly significant. 

DISCUSSION 

In agreement with previous reports (8, 21 ), 
resistance of 'Lahontan '  to D. dipsaci was 
expressed as reduced swelling and reproduc- 
tion but not as reduced penetration. Due to 
genetic heterogeneity, a few 'Lahontan '  plants 
were highly susceptible and supported most 
of the reproduction observed (2 I). 

We measured Ca ++ , Mg ++, Na +, and K + 
content of tissues because: (i) earlier reports 
( 12, 18) indicated that Ca '* supply influences 
uptake of other cations as well as Cat+; (ii) 
these were the only cations supplied in ap- 
preciable amounts; and (iii) it seemed Iogical 
that crosslinkage of pectic substances by di- 
valent cations would be influenced more by 
the ratio of divalent/monovalent  cations than 
by the concentration of any one cation. The 
latter consideration led us to include Mg ~+ in 
calculating the divalent/monovalent  cation 
ratio, even though Mg ÷+ content of tissues 
was not influenced by Ca ~* concentration of 
the nutrient solution. The decrease in Na + 
and K ~ content of tissue brought about by an 
increase in nutrient Ca ++ concentration was 
consistent with cation absorption patterns in 
intact barley roots (12, 18). 

increased Ca ~+ content and increased di- 
valent /monovalent  cation ratio of buds and 
cotyledons were accompanied by decreased 
nematode reproduction. Ca ++ content of tis- 
sues was not an absolute determinant of re- 
sistance. For example, reproduction was less 
than 3-fold in 'Lahontan '  buds containing 12 
mg Ca++/g, but greater than 4-fold in 'Atlan- 
tic' cotyledons which contained 35 mg Ca-~/g. 

The divalent/monovalent  cation ratio was 
more closely related to resistance than was 
Ca +t content. With ratios less than 0.5, re- 
production was high (3- to 6-fold), and with 
ratios greater than 0.8 reproduction was lower 
(less than 3-fold). 

'Lahontan '  buds exposed to the four higher 
Ca +~ concentrations were resistant, but 'At-  
lantic' were not. This pattern was correlated 
with a higher divalent/monovalent  cation 
ratio in inoculated 'Lahontan '  than in 'Atlan- 
tic' at these concentrations. Thus, differences 
in resistance of varieties might be related to 
differences in their ability to accumulate 
cations. 

Inoculated 'Lahontan '  buds had higher 
Ca ~+ and Mg ++ content than noninoculated 
buds. This suggests that 'Lahontan '  buds 
may possess a divalent cation accumulation 
mechanism which is stimulated by infection. 
This might be similar to the accumulation 
mechanism described by Bateman and co- 
workers (3, 4, 5) to account for induceable 
resistance of beans to Rhizoctonia so[ani 
Ktihn. It is possible that increases in di- 
valent /monovalent  cation ratios during in- 
fection proceeded from alterations which 
were not related to a resistance mechanism. 
For example, intensified breakdown of stor- 
age or structural compounds in infected tis- 
sues could give apparent increases in the im- 
mobile divalent cations. 

The size of an infected bud was not always 
related to the number  of nematodes it con- 
tained. For example, buds grown with the 
lowest nutrient Ca -~ concentration showed 
least enlargement but supported the greatest 
number of nematodes. Swelling results from 
cell multiplication and from enlargement of 
separated cells (l 3). Perhaps, cell separation 
[considered by Seinhorst (19) to be essential 
for nematode feeding and reproduction] was 
greatest at the low Ca ++ concentration; while 
cell enlargement or multiplication [considered 
by Seinhorst (19)  not to be essential for re- 
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production] was greatest at Ca ++ concentra- 
tions which were most favorable for host 
growth, i.e., the intermediate concentrations. 

The effect of Ca +- upon reproduction was 
compatible with the theory that resistance 
may be modified by crosslinking the pectic 
substances of middle lamellae with divalent 
cations. However, there are other mecha- 
nisms by which cations might modify resist- 
ance. Plants supplied the high Ca ++ concen- 
tration were brittle. Perhaps brittle or rigid 
tissues are less readily penetrated by nema- 
todes, or are ruptured by nematode move- 
ments and rendered unsuitable for feeding. 
In this connection, Barker and Sasser (2) ob- 
served disruption and necrosis of 'Lahontan' 
tissues. Alternatively, cations may exert a 
direct  ef fect  upon nema tode  metabol i sm 
rather than upon host tissues. 

Resistance of 'Lahontan'  buds and cotyle- 
dons broke down at the low Ca ++ concentra- 
tion. This might have been due to a weakened 
middle lamella; or it might have involved 
other effects of Ca ++ deficiency such as altered 
cell membrane structure (16) and permeabil- 
ity (9). 

The effect of Ca ~ concentration upon 
nematode reproduction in 'Atlantic' was simi- 
lar to that previously noted in the susceptible 
variety 'DuPuits' (10). The effect upon re- 
production in 'Lahontan' corresponded with 
that noted in the resistant variety 'NIL The 
present tests, unlike the earlier ones, showed 
differences in Ca *÷ content between noninocu- 
lated and inoculated plants and between vari- 
eties. Much less infection was obtained in 
the previous tests with 'DuPuits' and 'NI', be- 
cause inoculum was applied only once. Thus 
differential accumulation of cations was not 
induced in the previous tests. 

Our studies indicate that the divalent/ 
monovalent cation content of tissue modifies 
the expression of resistance by alfalfa buds. 
The basic nature of resistance remains un- 
known. Certainly, cation modification is not 

involved in the failure of D. dipsaci to repro- 
duce in roots. Nor would it account for re- 
strictions in host ranges of the biological 
races of D. dipsaci. The cation contents of 
field grown plants were similar to those which 
permitted the expression of susceptibility by 
'Atlantic' and resistance by 'Lahontan'  in the 
laboratory. 
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