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Energetics of Meloidogyne incognita on Resistant and 
Susceptible Alyceclover Genotypes 1 

L. E. POWERS AND R. MCSORLEY 2 

Abstract: To determine the energy cost of  a population of Meloidogyne incognita on the roots of 
alyceclover, nematode biomass was estimated and equations in the literature were used to calculate 
energy budgets. Amounts  of  energy consumed, respired, or used in production of nematode bio- 
mass were calculated. Results suggested that  severe infestations of root-knot nematodes can remove 
significant quantities of  energy from their  hosts. Over a 36-day period, a population of  2.6 females 
ofM.  incognita per root system removed less than 0.4 calories of  energy from a resistant alyceclover 
plant but  over 11 calories were removed by 28 females from a susceptible alyceclover. The  calcula- 
tions indicate that  on the resistant alyceclover line, 53% of the energy assimilated by the root-knot 
population was allocated to respiration, with only 47% allocated to production, whereas on the 
susceptible line, 65% of  the assimilated energy was allocated to production. Such energy demands  by 
the parasite could result in significant reductions in yield quantity and quality at a field production 
level. 

Key words: Alysicarpus vaginalis, assimilation, consumption, energy allocation, nematode, produc- 
tion, resistance, respiration, root-knot nematode. 

Energy does not cycle within an ecosys- 
tem. It enters the system when bound pho- 
tosynthetically as chemical energy in the 
form of organic compounds, and is grad- 
ually dissipated as it passes through the 
food chain (15). Generally, only about 10% 
of  the energy in plant material consumed 
by parasites or other  herbivores is con- 
verted to herbivore biomass (15). 

Plant-parasitic nematodes can be consid- 
ered as primary consumers in an ecosys- 
tem, feeding directly on the plant biomass 
(4,5,14,22). All herbivores affect the pho- 
tosynthate partitioning within the plant, 
but when the primary consumer is a para- 
site, not only is there a loss of  energy to the 
parasite (12), but the disruption of  anat- 
omy and physiology caused by the parasite 
(7,8) may fu r the r  affect photosynthate  
partitioning and (or) availability. Thus, the 
energy demand required by the parasite to 
sustain its life processes may be very dif- 
ferent  f rom the energy impact on the 
plant. In either case, the net result may be 
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stunted growth or reduced reproductive 
success in the plant. 

The high reproductive output of  some 
sedentary endoparasitic nematodes may 
demand a high proportion of  the photo- 
synthate produced by their host. Initially, 
energy demand by root-knot nematodes 
may be minimal, and the animals begin 
substantial growth only after the final molt 
to the adult stage (17). Allocation of en- 
ergy consumed by the nematode will also 
vary with the life stage, particularly when 
size and activity vary among stages (5,19). 
Energy is needed by the developing nema- 
todes for metabolism and biosynthesis. 
Respiration is the sum total of  the costs for 
all cell metabolic and respiratory func- 
tions, and is necessary for nematode sur- 
vival. Production is the amount  of  energy 
used by the nematode for growth and re- 
production (i.e., fixed in the biomass). The  
amount of  energy assimilated by the nema- 
todes, then, is the net energy utilized by 
the nematode, and is the sum total of  the 
energy required for production and respi- 
ration. The amount of  energy actually con- 
sumed by the nematode is equal to the 
amount of  assimilated energy plus that dis- 
sipated to the system as waste. 

Nematodes on a susceptible host should 
be able to receive all the energy demanded  
for their own growth and reproduction at 
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the expense of  the plant, provided that 
populat ion sizes are not restricting. A 
nematode on a resistant plant, however, 
may suffer from an energy shortage if re- 
sistance mechanisms of  the plant prevent 
the nematode from extracting all of  the 
energy demanded  for normal develop- 
ment (13). 

The objectives of this study were to iden- 
tify and compare adaptive processes and 
energy allocation patterns of adult Meloi- 
dogyne incognita (Kofoid & White) Chit- 
wood on resistant and susceptible lines of 
alyceclover (Alysicarpus vaginalis (L.) DC. 
Ann.). This approach allows us to deter- 
mine how a decrease in the amount  of en- 
ergy consumed by a nematode parasite (as 
on a resistant host) would affect the alloca- 
tion patterns of consumed and assimilated 
energy over time. 

MATERIALS AND METHODS 

One hundred 7-day-old plants of each 
of  two lines (FL-4 and FL-100) of  alyceclo- 
ver were transplanted into 80-cm 3 dispos- 
able plastic cups containing pasteurized 
Arredondo fine sand (95.5% sand, 2.0% 
silt, 2.5% clay). The plants were grown in a 
temperature-controlled growth room at 26 
C with a 14-hour photoperiod. 

A population of  M. incognita race 3 was 
maintained on tomato plants (Lycopersicon 
esculentum Mill. cv. Rutgers) in the green- 
house for 2 months before egg collection. 
Eggs were extracted from the roots (9) and 
placed on circles of  Nitex (Tetko Inc., Bri- 
arcliff Manor, NY) polyamide nylon fiber 
fabric (20-~m pores) in water. Nematode 
inoculum consisted of  second-stage juve- 
niles that hatched from these eggs and 
were collected within the same 24-hour pe- 
riod. Ten days after transplanting, each 
alyceclover plant was inoculated with ap- 
proximately 100 infective juveniles. Five 
plants of each line were left uninoculated 
as controls. 

After 6, 12, 24, and 72 hours, and every 
3 days thereafter for a 36-day period, five 
plants of  each line were removed from the 
soil. Excised root systems were washed, 

stained (2), and stored in a glycerin-lactic 
acid solution (2.0 ml glycerol: 1.0 ml lactic 
acid: 2.0 ml water). All nematode  life 
stages, except eggs and males, were dis- 
sected from each root system and counted 
under  a dissecting microscope. The  ex- 
tracted nematodes were stored in glycerin 
acidified with lactic acid, and grouped ac- 
cording to host line, date, and replicate 
number. 

The nematodes were measured on the 
BQ System IV (Bioquant; R&M Biomet- 
rics, Nashville, TN), a computerized im- 
age-analysis system. A phototube,  con- 
nected to a dissecting scope, projected an 
image of the field of vision to a black and 
white video monitor. A mouse was used to 
trace the nematode dimensions on the 
video screen. Bioquant software on an 
IBM PC conver ted the measurements  
f rom screen to actual measured  sizes. 
Length and width were measured for each 
age class of juveniles and adult females on 
each alyceclover line. Numbers removed 
from roots and measured on each sam- 
pling date varied. Over all sampling dates, 
a mean (+SE) of 11.8 -+ 2.7 nematodes 
were removed on each sampling date from 
five plants of  FL-4 and 139.4 +- 28.2 nema- 
todes from the five plants of  FL-100. 

Biomass, respiration, and production 
are all related to average individual nema- 
tode weight or biomass. As in previous 
studies of nematode energetics (5,19,22), 
estimates of  nematode weight were ob- 
tained from Andrassy's (1) formula: 

(w2)(L) 

W - (1.6)(106) 

where W is the weight of the nematode in 
Ixg, w is the maximum width, and L is the 
total length of the nematode in txm. To 
check the combined accuracy of the Bio- 
quant measurement  technique and An- 
drassy's formula, the equation was applied 
to the mean length (0.531 ram) and width 
(0.273 mm) of  the adult females of  M. in- 
cognita race 3 in the roots of a third alyce- 
clover line, FL-5. The calculated weight, 
24.7 ~g, agrees closely with the 25 t.Lg mea- 
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sured gravimetrically by Melakeberhan 
and Ferris (11). 

Respiration for soil nematodes over time 
is generally de te rmined  by multiplying 
nematode fresh weight by estimated respi- 
ration rate over the time involved (5). 
Nematode respiration rate was estimated 
from the formula of  Klekowski et al. (10): 

R = 1.4G °'72 

where R is the nanoliters of  02 consumed 
per individual per hour, and G is the fresh 
weight of  the nematodes in micrograms. 
One milliliter of  02 consumed is equiva- 
lent to 4.8 cal of  respiration energy (22). 
The  value of R obtained from the formula 
of  Klekowski et al. (10) gives an estimate of  
respiration at 20 C. Nematode respiration 
varies with t e m p e r a t u r e  accord ing  to 
Krogh's curve (3). The  temperature cor- 
rection factors for this curve given by Dun- 
can and Klekowski (3) were used to calcu- 
late respiration at 26 C. This was accom- 
plished by multiplying the value of  R by 
q20/q26, where q~0 = 1.00 and q26 = 0.609 
(3). 

P r o d u c t i o n  is d e f i n e d  he re  as the  
amount  of  energy used by the nematode 
for growth and reproduction. The  calo- 
rific equivalent of  nematode biomass was 
estimated at 2.152 cal/mg fresh weight 
(22). The  incrementa l  cont r ibut ion  to 
nematode production over a 24-hour pe- 
riod was estimated by multiplying the in- 
cremental growth in biomass by this con- 
version factor. 

Energy consumption and assimilation of  
M. incognita were calculated according to: 

E c = P + R + U  

E a = P + R  

Where Ec is the energy consumed, Ea is 
the energy assimilated, P is the energy 
fixed as tissue in growth and reproduction, 
R is the energy required for respiration 
(cost o f  maintenance), and U is energy that 
is consumed but  not assimilated by the 
nematode (11). This unassimilated energy 
value cannot be calculated from biomass 
measurements.  We used an estimate of  

60% for the assimilation efficiency of  root- 
knot nematodes (11). Note that if Ea = 
0.60 Ec, then U = 0.67 Ea. 

Daily respiration, production, consump- 
tion, and assimilation values per nematode 
were all calculated in relation to biomass. 
Regression lines were fit to the relation- 
ships between each of  these energy values 
and the time following inoculation. Differ- 
ences across host lines were analyzed using 
a standard test for equality of slopes (6). 
Individual cumulative respiration and pro- 
duction costs and cumulative energy con- 
sumption and assimilation over time were 
calculated as the sums of  the daily values. 
Populat ion respirat ion and product ion  
costs and population consumption and as- 
similation were calculated as the cumula- 
tive energy costs per  female over time, 
multiplied by the total number  of females 
in the roots of  the inoculated plants, ob- 
tained through the original counts. 

RESULTS 

The biomass of individual nematodes on 
both resistant (FL-4) and susceptible (FL- 
i00) lines of  alyceclover increased over 
time (Fig. 1). Over the length of  the exper- 
iment, nematode growth rate on FL-100 
was nearly four  times more rapid (P ~< 
0.01) than the growth rate on FL-4 (Table 
1). The growth of  nematodes on FL-4 was 
most nearly approx imated  by a linear 
function, whereas that of  nematodes on 
FL-100 more closely resembled a logarith- 
mic function (Table 1). 

The nematodes on both alyceclover lines 

S0- 
~F,-loo: susceptibl~ ~ 

~ 20- 

0" 
3 6 9 12 15 18 21 24 27 30 33 36 

Days after inoculation 

FIG. 1. Change in average biomass of individual 
Meloidog'yne incognita after inoculation on susceptible 
and resistant alycedover. 
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TABLE 1. Regression equations relating biomass and natural  log o f  biomass of  Meloidogyne incognita (y) on  
resistant (FL-4) and susceptible (FL-100) lines of  alyceclover to time (x) in days f rom inoculation. 

Alycedover line Time vs. biomass Time vs. natural log of biomass 

FL-4 y = 0.477x - 0.36 a In y = 0.077x + 0.55 b 
r = 0.983** r = 0.881"* 

FL-100 y = 2.022x - 13.89 b In y = 0.125x - 0.26 a 
r = 0.956** r = 0.968** 

Slopes of regression lines with the same letter within the same column are not different (P ~ 0.05) according to the standard 
test for the equality of slopes (6). Asterisks (**) indicate significant correlation coefficients (r) at P ~< 0.01. 

exhibited a relatively rapid growth rate be- 
tween days 6 and 9, a slower rate between 
days 9 and 12, and increasingly rapid 
growth thereafter, particularly on FL- 100 
(Fig. 1). As a result, the daily production 
(incremental increase in biomass) shows a 
peak at day 9, followed by a drop, and then 
a gradual increase after day 12 (Fig. 2). 
Because increase in production showed a 
very different pattern before day 9 than 
after day 12, regression equations were 
calculated separately for each time period 
rather than over the entire data set. Before 
day 9, calculated rates for respiration and 
production showed no differences (P I> 

.>_. 
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FIG. 2. Changes  in daily respiration, production,  
assimilation, and  consumpt ion  of  individual Meloido- 
gyne incognita after inoculation on alyceclover. A. FL- 
100: susceptible. B. FL-4: resistant. 

0.10) for nematodes on the two lines (Ta- 
ble 2). As nematodes matured, however, 
daily respiration costs on susceptible FL- 
100 increased f rom 0.0011 calories to 
0.0059 calories over a 24-day period (Fig. 
2A). There was only a small increase, from 
0.0011 calories to 0.0020 calories in the 
same amount of  time in individuals on re- 
sistant FL-4 (Fig. 2B). Slopes of  the regres- 
sion lines fit to loge-transformed respira- 
tion, and production data were signifi- 
cantly different at P ~ 0.01 (Table 2). The 
calculated cumulative respiration cost for 
one individual on FL-100 for the entire 36- 
day period was nearly twice that required 
by a nematode of  the same age on FL-4 
(Table 3). 

Daily production per individual female 
in FL-100 increased from 0.0016 calories 
to 0.0104 over the same 24-day period 
(Fig. 2A), whereas the increase in produc- 
tion by an individual  female on FL-4 
(0.0006 to 0.0011 calories) was signifi- 
cantly (P ~< 0.01) less (Table 2, Fig. 2B). 
Cumulat ive  p roduc t ion  per  individual  
nematode on FL-100 was more than four 
times the cost for a nematode on FL-4 after 
the 24-day period (Table 3). 

Daily assimilation and consumpt i on  
rates, then, increased in proportion to the 
increases in respiration and production. 
By day 36, nematodes on susceptible FL- 
100 were assimilating and consuming ap- 
proximately five times more energy than 
nematodes on FL-4 (Fig. 2). Cumulative 
amounts of  energy assimilated and con- 
sumed by nematodes on FL-100 were over 
three times as great as those assimilated 
and consumed by nematodes of  the same 
age on FL-4 (Table 3). 
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Total energy budgets for nematodes on 
resistant and susceptible hosts differ in en- 
ergy allocation as the nematodes age from 
12 to 36 days after inoculation (Fig. 2). 
Nematodes on FL-100 consistently allo- 
cated higher amounts of  assimilated en- 
ergy to product ion  (Fig. 2A) than did 
nematodes on FL-4 (Fig. 2B). Respiration 
costs increased gradually for nematodes 
on both lines as the nematode  size in- 
creased (Fig. 2). However, animals on FL- 
100 allocated 65% of their available energy 
into production and 35% into respiration, 
whereas those on FL-4 allocated approxi- 
mately 50% of their available energy into 
each (Table 4). 

Total cumulative energetic costs to the 
susceptible and resistant plants, based on 
the numbers of  nematodes in the root sys- 
tems 36 days after inoculation, indicated a 
substantial difference in the potential im- 
pact on the host plant. After 36 days, the 
nematode population on FL-100, consist- 
ing of  an average of  28 adult females, had 
drained more than 11 calories of  energy 
from their host, whereas the population on 
FL-4, consisting of  an average of  only 2.6 
females, had drained only 0.3 calories 
from their host (Fig. 3). 

DISCUSSION 

The size of  root-knot nematodes on sus- 
ceptible and resistant alyceclover plants 
differs, particularly during the adult stage 
(17). Biomass measurements of  nematodes 
on both the susceptible (FL-100) and resis- 
tant (FL-4) lines were similar in the early 
stages of  growth but  diverged (P ~< 0.05) 
with time (Fig. 1). By 36 days after inocu- 
lation, adults on the susceptible FL-100 
were nearly five times the size of  those on 
FL-4. T h e r e  are two per iods  o f  rapid 
growth dur ing nematode  development ,  
from 6-9 days after inoculation and be- 
yond 15 days. 

Greater  differences in size occur be- 
tween the vermiform J2 and swollen J2 
stages than between the swollen J2 and 
other juvenile stages (17). The timing of  
these events varies with Meloidogyne species 
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TABt~ 3. Cumulative energetic demands (cal) of individual adult females of Meloidogyne incognita on 
resistant (FL-4) and susceptible (FL-100) lines of  alyceclover. 

Line Respiration Production Assimilation Consumption 

FL-4 0.042 0.035 0.077 0.129 
FL-100 0.083 0.159 0.242 0.403 

and race and with the host cultivar (18). 
T r i a n t a p h y l l o u  and H i r s c h m a n n  (21) 
placed rapid development of  J2 of  M. in- 
cognita on tomato at 9-11 days, and the 
first adult females at 13-15 days after pen- 
etration. On FL-100 alyceclover, some 
swollen juveniles were evident by 6 days 
after inoculation, and over 30% of the 
nematodes in the roots were adults by 18 
days after inoculation (18). Therefore,  it is 
likely that the first period of  rapid increase 
cor responds  to the swelling o f  the J2, 
whereas the second period corresponds to 
adult growth. 

Peaks in nematode production, assimila- 
tion, and consumption at 9 days after in- 
oculation (Fig. 2) result from the fact that 
the incremental change in growth up to 
day 9 is g rea te r  than the incremental  
change in growth from days 9 to 12 (Fig. 
1). Overall energy uptake was greater on 
the susceptible line than on the resistant 
line. These observations agree with previ- 
ous work (11) in which M. incognita con- 
sumed more  energy on the susceptible 
grape rootstock 'French Colombard' than 
on the moderately resistant 'Thompson 
Seedless'. 

Differences in energy allocation within 
nematodes  on resistant and susceptible 
hosts were also evident. Nematodes on the 
resistant FL-4 consistently allocated half of  
their assimilated energy (nearly one-third 

of  their consumed energy) to respiration, 
whereas nematodes on the susceptible FL- 
100 were able to allocate significantly more 
(P ~< 0.05) assimilated and consumed en- 
ergy to production. A higher allocation to- 
ward production would likely indicate a 
higher reproductive output, leading to el- 
evated nematode populations in the field 
following planting with a susceptible vari- 
ety. This is supported by the observation 
(16) of  an average of  only 113 eggs per 
female of  M. incognita race 3 on the resis- 
tant FL-4, compared to 1,093 eggs per fe- 
male on the susceptible FL-100. 

There are several problems with deter- 
mining energetics in nematode systems, 
most of which are related to the obligatory 
nature of  the host-parasite relationship 
(5,19). Respiration levels, difficult to mea- 
sure on such small animals, are made even 
more difficult to determine by virtue of 
the position of the nematode within the 
root. Removal of  a live nematode from the 
root will likely give an erroneous respira- 
tory measurement due to its sudden envi- 
ronmental stress. Attempts to measure res- 
piration of  the animal within the host tis- 
sue will result in a measurement of  animal 
and plant respiration combined. 

Production values are also difficult to 
determine. Although a destructive sam- 
pling procedure may be used to pull nema- 
todes of  different  age classes f rom the 

TABLE 4. Average percentage expenditure of daily assimilated and consumed energy for respiration and 
production of Meloidogyne incognita adult females on resistant (FL-4) and susceptible (FL-100) lines of  
alyceclover. 

Percentage of assimilated energy Percentage of consumed energy 

Alyceclover line Respiration Production Respiration Production 

FL-4 0.53 a 0.47 b 0.32 a 0.28 b 
FL-100 0.35 b 0.65 a 0.21 b 0.39 a 

Means with the same letter within the same column are not significantly different (P ~< 0.05). 
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FIG 3. Total cumulative energy budget over 36 
days for all Meloidogyne incognita in roots of a suscep- 
tible (FL-100, mean of 28 females/root system) and a 
resistant (FL-4, mean of 2.6 females/root system) 
alyceclover line. 

roots and  obtain changes in dry  weights 
o v e r  t ime ,  e n v i r o n m e n t a l  d i f f e r e n c e s  
make it difficult  for  valid comparisons  to 
be made.  

Energy  consumpt ion  values d e p e n d  on 
the a m o u n t  o f  waste g e n e r a t e d  by the  
nematodes .  Because the nema tode  is en- 
cased in roo t  tissue, and because removing  
it f r om its env i ronmen t  will likely alter its 
life processes, this value is equally elusive. 
Similarly, the efficiency with which nema- 
todes assimilate consumed  energy  requires  
more  study. Al though we used an estimate 
o f  60% assimilation eff ic iency for  root-  
knot  nematodes  (11), values as low as 20% 
have been  used for  o the r  plant  parasites 
(2O). 

Because o f  these problems in measur ing  
n e m a t o d e  energe t ics  direct ly,  l i t e ra tu re  
fo rmulae  are  used in most  studies involv- 
ing energetics  (5,19,22). Formulae  based 
on values fo r  free-living nematodes  are  ap- 
plied to plant  parasites, due  to lack o f  data 
on  the latter. Al though  the size o f  the or- 
ganisms will be similar, the lifestyles are so 
d i f f e r e n t  tha t  calculated values will not  
likely be precise. Nevertheless ,  compar i -  
sons be tween the same nema tode  species 
on  various hosts should be more  valid be- 
cause  the  same f o r m u l a e  a re  used  fo r  
those  on  bo th  resis tant  and  susceptible 
hosts, and because the basic life cycle will 
not  usually be changed  by the suitability o f  
the host. Howeve r  some resistance factors, 
such as plant  toxins, could have an effect  
on  respirat ion.  

T h e  energy  d e m a n d  o f  the M. incognita 
popula t ion  on  the alyceclover host a f te r  36 
days was over  11 calories f r o m  the suscep- 
tible FL-100, bu t  only about  0.3 calories 
f rom the resistant FL-4. Energy  demands  
o f  a plant-parasitic n em a to d e  popula t ion  
on a host have been  measured  only infre-  
quently. On small g rape  plants, 3.4 kcal o f  
energy  were d e m a n d e d  by an M. incognita 
popula t ion  over  a 59-day per iod  (12). This  
a m o u n t  was equivalent  to 15% of  the en- 
ergy assimilated by the plant. Alyceclover 
is a m u ch  smaller plant, and o u r  experi-  
mental  per iod  was shor te r  (36 vs. 59 days), 
so it is not  known if  the 11 cal utilized on  
FL-100 represents  a similar p ropo r t i on  o f  
the net  p r imary  product ivi ty  available on  
this host. It  is not  surpris ing that such en- 
ergy demands  by the parasite would result  
in growth reduct ion  and (or) yield loss in 
the host. 

In  the grapevine  study, the 15% energy  
d e m a n d  by the nematodes  resul ted in a de- 
cline in the dry  weight o f  most  plant  parts  
(12). T h e  relat ionship between plant yields 
and energy  budgets  could provide  a novel  
and  product ive  approach  toward  u n d e r -  
s tanding mechanisms by which n em a to d e  
paras i tes  i n f l u e n c e  yield,  b u t  r e q u i r e s  
much  additional study. It  is encourag ing  to 
note,  however,  that estimates o f  the energy  
d em an d  on the host by a n em a to d e  popu-  
lation are large en o u g h  to be measured ,  
and the re fo re  make fu tu re  studies m u ch  
more  feasible, because  ene rgy  measure-  
men t  in the n em a to d e  popula t ion  itself re- 
mains a serious limitation. 
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