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Growth and Energy Demand of Meloidogyne incognita on 
Susceptible and Resistant Wtis vinifera Cultivars 

H .  MELAKEBERHAN AND H. FERRIS 1 

Abstract: Food (energy) consumption rates ofMeloidogyne incognita were calculated on Vitis vinifera 
cv. French Colombard (highly susceptible) and cv. Thompson  Seedless (moderately resistant). One- 
month-old grape seedlings in styrofoam cups were inoculated with 2,000 or 8,000 M. incognita 
second-stage juveniles (J2) and maintained at 17.5 degree days (DD--base  10 C) /day until  maximum 
adult female growth and (or) the end of oviposition. At  70 DD intervals, nematode fresh biomass 
was calculated on the basis of volumes of 15-20 nematodes per  plant obtained with a digitizer and 
computer  algorithm. Egg production was measured at 50-80 DD intervals by weighing 7-10  egg 
masses and counting the number  of  eggs. Nematode growth and food (energy) consumption rates 
were calculated up to 1,000 DD based on biomass increase, respiratory requirements,  and an 
assumption of  60 % assimilation efficiency. T h e  growth rate of a single root-knot nematode, excluding 
egg production, was similar in bo th  cultivars and had a logistic form. T h e  maximum fresh weight 
of a mature  female nematode was ca. 29-32  #g. T h e  total biomass increase, including egg production,  
also had a logistic form. Maximum biomass (mature adult female and egg mass) was 211 #g on 
French Colombard and 127 #g on Thompson  Seedless. T h e  calculated total cost to the host for the 
development of a single J2 from root  penetrat ion to the  end of oviposition for body growth and 
total biomass was 0.535 and 0.486 calories with a total energy demand of  1.176 and 0.834 calories 
in French Colombard and Thompson  Seedless, respectively. 
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Plant-parasitic nematodes affect their 
hosts by a) removing cell contents (energy 
demand) and b) inducing pathogenic ef- 
fects (2,8,17). Each effect varies with the 
nematode's feeding habit, pathogenicity 
(2,25), and population density (8). De- 
pending on the nature of the host-parasite 
interaction, the combined effect of  these 
effects influences host physiological pro- 
cesses such as photosynthesis and crop yield 
(17). To allow linkage of  mathematical and 
simulation models of  host plant and nema- 
tode growth, it is desirable that nematode 
energy demand and pathogenic effects on 
the host be quantified separately. The  en- 
ergy demand can be estimated from the 
growth rate of  the nematode (6,8), and we 
hypothesize that the total demand is dif- 
ferent in susceptible and resistant hosts. 

Measurement of  growth of sedentary 
parasites is technically difficult, however, 
and is an important obstacle to determi- 
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nation of  energy demand and the effect of  
this demand on host physiological efficien- 
cy. The  objectives of this study were to 
determine and compare the growth and 
energy demand of  Meloidogyne incognita 
(Kofoid and White) Chitwood from the 
second-stage juvenile (J2) to the end of egg 
laying on a highly susceptible and a mod- 
erately resistant Vitis vinifera L. cultivar. 

MATERIALS AND METHODS 

Nematode growth: The  grape cultivars 
selected for this study, French Colombard 
and Thompson Seedless, exhibit suscepti- 
bility and modera te  resistance, respec- 
tively, to M. arenaria (7,8). Thirty-two 
1-month-old seedlings of  each cultivar were 
inoculated with 2,000 or 8,000 24-48- 
hours-old M. incognita J2 in 414-ml styro- 
foam cups. To synchronize the nematode 
life cycle, all plants were exposed to nema- 
tode attack for 70 degree days (DD--base 
10 C) (4 days), then they were repotted and 
maintained in noninfested soil in a growth 
chamber at 17.5 DD/day  (25 C night and 
30 C day) until 560 DD (32 days) had ac- 
cumulated. 

To determine volumes of  j2  at inocula- 
tion, J2 were chilled to limit their move- 
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ment and mounted in water under  cover 
slips supported by fine glass rods, and their 
shapes were traced using a camera lucida~ 
At 70 DD intervals, two plants from each 
cultivar and inoculation level were har- 
vested, and the roots were stained with acid- 
fuschin lactic-acid (11). Nematodes were 
counted by developmental stage from 1 g 
of the stained root samples, and the stage 
composition relative to the total numbers 
was determined. Roots were teased apart 
to expose the nematodes, and 15-20 nema- 
todes per plant in situ were mounted in 
glycerin for camera lucida drawings at a 
constant magnification. Volumes of 1,220 
nematodes were calculated with a comput- 
er algorithm which determines the sum of 
the volumes of  slices of  the nematode taken 
along the longitudinal axis, based upon se- 
rial diameters along the axis (22). The vol- 
umes of developmental stages defined by 
Franklin (9), from first appearance up to 
280 DD and thereafter females only, were 
traced. Nematode weights were calculated 
from the volumes assuming a uniform spe- 
cific gravity of  1.084 for all the stages (1). 

Egg production and total biomass increase: 
Egg production per female was deter- 
mined by counting the number of eggs tak- 
en from 7-10 egg masses per treatment 
from plants treated in the same manner as 
in the nematode growth experiment. Eggs 
were counted at 50-80 DD intervals from 
350-822 DD in French Colombard and 
from 400-912 DD in Thompson Seedless. 

To separate gelatinous matrix produc- 
tion from egg production, 50 egg masses 
from both inoculum levels, at 560 DD in 
French Colombard and at 750 DD in 
Thompson Seedless, were grouped into 
batches of 10 on 1-cm-d plastic discs. They 
were observed under a microscope until all 
the water had evaporated from the surface 
of  the egg masses and the plastic, then each 
group was weighed on an analytical bal- 
ance. The total number of eggs were 
counted after squashing the egg masses on 
a gridded slide. The  volumes of  53 J2 and 
36 eggs (undetermined embryogenesis) 
were determined as already described. To 

determine the weight of an egg, we as- 
sumed a density of 1.084 (1). The weight 
of  gelatinous matrix was estimated by sub- 
tracting the calculated egg weight from the 
egg mass weight. 

Precision of volumetric measurements: At the 
end of the study, precision of the volu- 
metric measurements was determined. Sin- 
gle specimens representing J2 before and 
after swelling, J3 /4 ,  and adult stages were 
randomly selected, and five volumetric 
measurements were made on each speci- 
men. Also, weights of adult females deter- 
mined gravimetrically were compared with 
weights determined volumetrically. One 
hundred adult females picked from stained 
roots were divided into four equal groups 
and weighed by the method used for the 
egg masses. For comparison, 58 of  these 
females were placed in glycerin (the rest 
were damaged in the process) and their 
weight was determined volumetrically. 

Respirator), metabolism: The biology and 
life history of M. incognita made measure- 
ment of every aspect of its respiratory me- 
tabolism difficult, and some assumptions 
were necessary. A mean fresh weight spe- 
cific value for oxygen consumption of 1,000 
ml O2"kg -1 "h -1 at 16 C, suggested by Niel- 
sen (19), has been widely accepted for 
nematode respiratory metabolism calcula- 
tions (31). Yeates (31), however, found that 
individual nematode respiration calcula- 
tions determined by this method were 83% 
of those calculated by Andrassy's (1) vol- 
umetric method, and he suggested an ad- 
justed fresh weight specific value of 830 ml 
O2.kg- l .h  -1. Since our nematode weight 
data are derived from volumetric mea- 
surements, we have adopted the values rec- 
ommended by Yeates (31). The formula 
for calculating the respiratory rate is 

Rx = R16 x q l 6 / q x  

where Rx and R 16 are O~ consumption per 
unit nematode fresh weight per unit time 
at the experimental temperature and at 16 
C, respectively, and qx and q16 are the 
respiration rate correction coefficients for 
the two temperatures. A qx value of  2.7 
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was calculated from the summary of Win- 
berg's table for correcting respiratory rates 
(5). Calorific equivalents of  4.8 calories to 
1 ml O~ (30) and 2.152 calories per mg 
nematode fresh weight (31) were used. To- 
tal energy consumption and assimilation 
(calories) were calculated as 

E c = P + R + U  
E a = P + R  

where Ec = energy consumed, P = energy 
incorporated into body, R = respiratory 
metabolism, U = energy unaccounted for, 
and Ea = energy assimilated. In order to 
determine U, we need to know the assim- 
ilation efficiency which is unknown for root- 
knot nematodes. Depending on the food 
source, assimilation efficiency of inverte- 
brates ranges from 10 to 70% (I0). Inver- 
tebrates that feed on lowest indigestible 
matter generally have the highest (66%) 
efficiency (28). Assimilation efficiencies of 
59% for Caenorhabditis briggsae, a bacterial 
feeder (18), and 50% for Tylenchorhynchus 
dubius, a root ectoparasite (24), have been 
reported. These nematodes invest energy 
in movement, whereas root-knot nema- 
todes, once established, do not. Also, Me- 
loidogyne species feed exclusively on high 
quality cytoplasmic contents. Thus, we ex- 
pect that they have a high assimilation ef- 
ficiency, and we asume it to be around 60%. 

Data analysis: Nonl inear  regression 
techniques (23) were used to fit logistic 
curves to data for the growth (fresh weight) 
of the nematode body from penetration to 
maturity (about 500 DD) and for body 
growth plus egg production for an addi- 
tional 500 DD (the average egg laying pe- 
riod per female) (8). The  model used was 

y = A / ( 1  + Ce Bx) 

where x = DD, A is the maximum (asymp- 
totic) value of  y, B determines the value of 
y when x = 0.0, and C determines the value 
of y at the inflection of the curve. Growth 
data for each inoculum level, separately and 
combined by cultivar, were subjected to 
the same curve fitting. Parameter values 

for curves were selected by minimizing the 
residual mean squares. 

The logistic growth curves were used as 
a basis for calculating the rates of P (nema- 
tode growth and egg production), R, Ea, 
and net production efficiency (P/Ea x 100) 
per DD. The rates allowed determination 
of cumulative assimilation and consump- 
tion using numerical  in tegra t ion  tech- 
niques to calculate and accumulate incre- 
mental amounts on a DD basis. Equations 
for each inoculum level are included in the 
results; however, graphs reported here on 
each cultivar are from the combination of  
both inoculum levels because there was lit- 
tle difference in growth rates between in- 
oculum levels. 

RESULTS 

Precision of volumetric measurements: Re- 
peated measurements of nematode vol- 
umes were within a range of  2.2%. The 
mean fresh weight per female determined 
volumetrically was 36.5 + 18.96 #g as op- 
posed to 25 + 3.83 tzg when determined 
gravimetrically. 

Nematode growth: J2 infection level was 
about 25 and 21% for French Colombard 
and 9 and 6% for Thompson Seedless, at 
the low and high inoculum levels, respec- 
tively. Males were rare, but the population 
age structure was similar for both inocu- 
lum levels and cultivars at a given time 
throughout  the experiment; however, the 
numbers of  the juveniles achieving the be- 
ginning of  the adult stage (280 DD) was 
lower in Thompson Seedless than in French 
Colombard (Fig. 1). 

Parameter determinations for the logis- 
tic curves as descriptors  of  nema tode  
growth were selected with acceptably low 
residual mean squares (Table 1). The 
growth pattern was similar for both levels 
of inoculum and cultivars. Growth was 
minimal during the first 70 DD after in- 
oculation on French Colombard and dur- 
ing the first 140 DD on Thompson Seed- 
less (Fig. 2). Thereafter,  body growth was 
logistic in form. The  maximum body size 
achieved by a single adult female ranged 
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FIG. 1. Relative composi t ion o f  early (EJ2) and late (LJ2) second-stage juveni les  and th i rd  plus four th-  
stage juveni les  (J3/4) ,  and adults f rom roots  at two inoculum levels o f  Meloidogyne incognita on French  Col- 
omba r d  (FC-) and T h o m p s o n  Seedless (TS-) over  560 DD. Note: T h e  sum o f  the  stage p ropor t ions  at any 
given t ime is 1. 

TAsta~ 1. Equations for  g rowth  (increase in tzg f resh  weight) models  o f  a single Meloidogyne incognita f rom 
J2 roo t  invasion to ma tu re  female stage on  F rench  Co lombard  and T h o m p s o n  Seedless. Each inoculum level 
(low = 2,000 J2  and high = 8,000 J2) was analyzed separately and combined.  

Parameters Low inoculum (+ SE) High inoculum (-+ SE) 'Both (+ SE) 

F rench  Co lombard  

A 31.0 (+ 0.0) 32.1561 (+ 0.2205) 31.9134 (_+ 0.2449) 
B - 0 . 0 2 4 4 1  - 0 . 0 2 0 4 6  - 0 . 0 2 0 1 0  
C 4,958.1266 1,000.0 1,000.0 

RESMSQ 2.0701 1.5703 3.2990 
d f  304 314 617 

T h o m p s o n  Seedless 

A 30.4255 (_+ 0.1102) 28.6865 (+ 0.5062) 28.9 (+ 0.0) 
B - 0.02779 - 0 . 0 1 8 9 3  - 0 . 0 2 7 0 3  
C 10,000.0 1,000.0 10,000.0 

RESMSQ 0.6469 4.5365 5.5698 
d f  299 299 599 

Model used to fit the logistic curves was y = A/(1 + CeB*). For details of equations, see Materials and Methods section of 
text. SE = standard error. RESMSQ = residual mean squares, df = degrees of freedom. 
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Growth rate of  a single Meloidogyne incog- 

nita from J2 root  invasion to the mature  adult stage 
on Thompson  seedless (TS- - lower  line) and French 
Colombard (FC- - top  line) over 560 DD. Curves are 
combination of both inoculum levels for each cuhivar. 
Equations are given in Table  1. 

between 29 and 32 ~tg (Table 1). Inoculum 
level did not affect growth in French Co- 
lombard, whereas nematodes in the high 
inoculum level of  Thompson Seedless were 
about 5% smaller than those in the low 
inoculum level (Table 1). 

Based on our calculations, the growth 
per DD and respiration and assimilation 
rates (in calories) increased in the same 
general form as the fresh weight curves 
until the nematode reached its maximum 
body size. After this point, respiration and 
assimilation rates per  DD leveled off (Fig. 
3). Net production efficiency was calculat- 
ed as 78-80% on both cultivars for the first 
400 DD, and then it declined as growth 
rate slowed or ceased (Fig. 4). 

Egg production and total biomass increase: 
By subtracting the juvenile volume from 
the total egg volume, the egg shell ac- 
counted for only 1.7% of  the total egg vol- 
ume (Table 2). When egg weight was sep- 
arated from the total egg mass weight, the 
weight of  the gelatinous matrix per  egg was 
3.9 and 3.1 times that of  the eggs in French 
Colombard and Thompson Seedless, re- 
spectively (Table 2). Inoculum level did not 
affect the number  of  eggs per  female in 
French Colombard, but the high inoculum 
level in T h o m p s o n  Seedless p r o d u c e d  
about 6% fewer than the low level. The  
overall mean number  of  eggs produced per 
female in Thompson Seedless (195.87 +_. 
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dogyne incognita from J2 root invasion to the adult 
stage. A) French Co]ombard. B) Thompson  Seedless. 

92.40) was 36.8% lower than that in French 
Colombard (309.76 + 125.70). When total 
egg mass size was combined with nematode 
growth, it followed the same form as nema- 
tode growth alone (Fig. 5). The  overall av- 
erage maximum weight (adult female body 
with egg mass) of  the combined inoculum 
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TABLE 2. Mean volumes (/A) and weights (#g) of 53 J2, 36 eggs, and 50 egg masses used for separating 
the weight of  the unhatched juvenile from that of  the total egg and the weight of eggs from that of gelatinous 
matrix of  Meloidogyne incognita on French Colombard and Thompson Seedless. Numbers in parentheses are 
standard deviations. 

Egg shell Number Gelati- Gelati- 
Egg J2 volume as of eggs/ nous nous 

% egg Egg mass egg Total egg matrix matrix 
(#1) (~g) (#1) (#g) vol. (•g) mass (ug) (~g) size/egg 

French Colombard 

0.1073 0.1164 0.1055 0.1144 1.66 116.0000 202.6 23.5826 92.8226 3.9180 
(0.0437) (0.0473) (0.0354) (0.0383) (23.0217) (26.9) (3.0788) (23.0015) (1.272) 

Thompson Seedless 

64.0000 147.5 17.1690 46.830 3.1244 
(11.4000) (55.86) (6.5019) (13.5229) (1.1466) 

levels reached about 211 #g in French Col- 
ombard and 127 gg in Thompson Seedless 
(Table 3). It was achieved 160 DD later in 
Thompson Seedless than in French Co- 
lombard (Fig. 5). Daily growth, respiration, 
and assimilation rates (Fig. 6) were similar 
to those for nematode growth alone. Net 
p roduc t ion  efficiency con t inued  to in- 
crease as body growth and egg production 
overlapped on French Colombard, where- 
as it declined because of delayed peak egg 
production period on Thompson Seedless 
(Fig. 7). 

Energy demand: From our calculations 
(Fig. 8), a single J2 assimilated 0.147 and 
0.135 calories to reach the mature adult 
female stage (as shown in Fig. 2) and con- 

sumed 0.245 and 0.225 calories, respec- 
tively, on French Colombard and Thomp- 
son Seedless. The  feeding cost thereafter 
is 0.0006385 and 0.0005793 calories/DD. 
To  reach maximum biomass size (Fig. 5, 
top two lines), a single J2 assimilated 0.545 
and 0.402 calories with a total consump- 
tion of  0.909 and 0.671 on French Co- 
lombard (600 DD) and Thompson Seedless 
(750 DD), respectively. The  demand on the 
plant for nematode body growth alone over 
1,000 DD (Fig. 5, bot tom two lines) was 
0.535 calories on French Colombard and 
0.486 calories on Thompson Seedless. At 
the end of the reproductive period (1,000 
DD), the total demand on the host was 
1.176 calories on French Colombard and 

TABLE 3. Equations for models for the nematode growth and egg mass size (increase in #g fresh weight) 
of a single Meloidogyne incognita from J2 root invasion to the end of egg production on French Colombard 
and Thompson Seedless. Each inoculum level (low = 2,000 J2 and high = 8,000 J2) was analyzed separately 
and combined. 

Parameters Low inoculum (_+ SE) High inoculum (+ SE) Both (+ SE) 

French Colombard 

A 212.3329 (+ 1.1814) 208.8301 (_+ 1.0474) 210.7387 (+ 0.7935) 
B --0.02220 -0 .02245 --0.02232 
C 10,000.0 10,000.0 10,000.0 

RESMSQ 57.581 47.5162 52.6236 
df 289 295 584 

Thompson Seedless 

A 138.4066 (_+ 3.0867) 119.2 (_+ 1.3273) 126.5 (+ 0.1981) 
B -0 .00993 -0 .01510 -0 .01206 
C 176.5322 1,165.0414 379.445 

RESMSQ 91.9304 62.2558 59.82 
df  298 295 591 

Mode/used to fit the logistic curves was y = A/(1 + CeB*). For details of equations, see Materials and Methods section of 
text. SE = standard error. RESMSQ = residual mean squares, df = degrees of freedom. 
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DISCUSSION 

Nematode growth outside the root  has 
been measured by area (3), gravimetric (1), 
volumetric (1,15,22), and oxygen con- 
sumption (13,21) methods. For technical 
reasons, we chose a volumetric method, 
which is accurately reproducible, and com- 
pared it with a gravimetric method. Al- 
though our results are of  comparable mag- 
nitude, the two methods are probably closer 
t h a n  t h e  d i f f e r e n c e  shown .  T h e  d i f f e r e n c e  
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Cumulative energy consumption of an in- 
dividual Meloidogyne incognita from J2 root invasion to 
mature adult female without progeny (bottom com- 
bined lines), including oviposition on Thompson 
Seedless (TS--middle line) and on French Colom- 
bard (FC--top line) over 1,000 DD. 
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also reflects that the nematodes may have 
lost water when being weighed, whereas in 
the subsequent volumetric measurements, 
the natural shapes were restored, provid- 
ing more accurate results than the gravi- 
metric method. Nematode weight is the 
basis of all our calculations, and our growth 
data are similar to other reports for Me- 
loidogyne species (3) and Heterodera sacchari 
(21). 

The  lower proport ion of  nematodes in- 
fecting the roots and the slower develop- 
ment ofM. incognita in Thompson Seedless 
than in French Colombard, reflect differ- 
ences in susceptibility of  the cultivars. 
These differences are similar to those re- 
ported for M. arenaria (7,8). Once estab- 
lished, however, the M. incognita females 
grew to a similar size in both inoculum levels 
and cultivars. The  mature female was about 
265 times larger than the J2. When egg 
and gelatinous matrix production are in- 
cluded, the total biomass achieved was ca. 
1,840 and 1,140 times that of  the J2 in 
French Colombard and Thompson Seed- 
less, respectively. The  size of  the egg mass 
was about six times that of the female in 
French Colombard, and about 3.5 times in 
Thompson Seedless. Approximately 75-  
80% of  the egg mass was gelatinous matrix. 
Thus, the large difference in total size (fe- 
male plus egg mass) between the two cul- 
tivars is due to the rate of  egg and gelati- 
nous matrix production, which was about 
37% less in Thompson Seedless, consistent 
with other  studies on egg production (7). 
The  lack of significant difference in either 
the growth of  the female or the rate of  egg 
production between the two levels of  in- 
oculurn on either cultivar suggests that the 
high inoculum level may not have been 
high enough to cause plant damage. 

In general, little is known about the net 
p roduc t ion  efficiency of  plant-parasit ic 
nematodes. As in other invertebrates (10), 
it probably varies with their diet. Soyza (26) 
showed that the net production efficiency 
of  Aphelenchus avenae feeding on Botrytis 
cinerea was 52-80%, whereas the efficiency 
on Alternaria tenuis was 6-20% (27). In the 
present study, there was little nematode 

body growth in the first 70-140  DD, prob- 
ably because of  time lag in establishing a 
feeding site. Once the feeding site is estab- 
lished, body growth along with respiration 
and assimilation rates per DD, increased. 
At the point of  zero increase in body 
growth, respiration equaled assimilation 
and leveled off until the end of  the life 
cycle. Net production efficiency of  about 
80% has been reported in freshwater 
nematodes (29). Our data show similar val- 
ues at the active growth or peak egg pro- 
duction period with sharp declines there- 
after. 

In his preliminary model of  energetic in- 
teraction between a plant root system and 
cyst nematodes, Atkinson (2) suggested that 
nematode energy demand contributes to 
the impact on the host. Whether  it is the 
energy demand or pathogenicity that is 
more important depends on the plant- 
nematode interaction, the rate at which the 
nematode feeds and grows, and what host 
physiological processes are affected. For 
example, if the nematode induces destruc- 
tive changes at the feeding site (4), the ef- 
fect may be due to pathogenicity more than 
to energy demand, as has been reported 
for Ditylenchus dipsaci on field bean (25). 
Elsewhere (16), we showed that energy 
consumed by nematodes accounts for a sig- 
nificant portion of the difference in dry 
weight between nematode-infected and 
uninfected grape plants, indicating that en- 
ergy demand is a significant factor in this 
host-nematode interaction. Ingham and 
Detling's (12) data indicate that T. dubius 
feeds proportionally to its body size. Since 
the body size of  T. dubius is 1% that of  an 
M. incognita female (13), it would require 
a large number of  T. dubius to have an 
equivalent effect on the host by energy de- 
mand alone. Obligate root parasites, such 
as M. incognita, have large body size and 
high egg production that are highly pro- 
teinaceous in nature (14) and require large 
amounts of energy for synthesis. Thus, in 
addition to the pathogenic effects on the 
host, root-knot and probably cyst nema- 
todes may have higher energy demands 
than most plant-parasitic nematodes and 
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h e n c e  e x e r t  c o n s i d e r a b l e  e x t r a  d r a i n  o n  
t h e  hos t .  

T h e  t o t a l  c a l c u l a t e d  e n e r g y  cos t  to  t h e  
h o s t  f o r  a s ing le  j u v e n i l e  to  c o m p l e t e  t h e  
l i fe  cyc le  was a b o u t  29% m o r e  o n  F r e n c h  
C o l o m b a r d  t h a n  o n  T h o m p s o n  Seed les s .  
T h e  r e s i s t a n t  c u l t i v a r  e x p e r i e n c e d  f e w e r  
n e m a t o d e s  a n d  l o w e r  e n e r g y  d e m a n d  p e r  
f e m a l e .  I f  we a s s u m e ,  h o w e v e r ,  t h a t  t h e  
n e m a t o d e  g r o w s  to  a s i m i l a r  size a n d  re -  
p r o d u c t i v e  c a p a c i t y  a n d  c o n s u m e s  ca. 1 cal-  
o r i e ,  as s h o w n  h e r e ,  t h e r e  m a y  b e  a s ign i f -  
i c a n t  i m p a c t  o n  h o s t  p r o d u c t i v i t y .  By 
c o n v e r s i o n ,  t h e  t o t a l  c o n s u m p t i o n  p e r  
n e m a t o d e  is ca. 0 .213  m g  o f  t i s sue  d r y  
w e i g h t  o f  g r a p e s  a n d  c o n t a i n s  a c a r b o n  
f r a c t i o n  e q u i v a l e n t  to  0 .4  m g  CO2 (20). T h e  
s a m e  a m o u n t  o f  e n e r g y  c o n s u m e d  f r o m  a 
s u s c e p t i b l e  o r  a y o u n g  p l a n t  m i g h t  b e  m o r e  
d a m a g i n g  t h a n  i t  w o u l d  b e  to  a t o l e r a n t  o r  
a m a t u r e  p l a n t .  I n  t h e  case  o f  o b l i g a t e  sed-  
e n t a r y  p a r a s i t e s ,  h o w e v e r ,  t h e  e x p e n s e  to  
t h e  h o s t  is n o t  o n l y  t h e  e n e r g y  t h a t  goes  
i n to  t h e  s o m a t i c  g r o w t h  a n d  r e p r o d u c t i o n  
o f  t h e  n e m a t o d e ,  b u t  a lso  t h e  f o r m a t i o n  
a n d  m a i n t e n a n c e  o f  s p e c i a l i z e d  f e e d i n g  
sites.  O u r  ab i l i t y  to  e s t i m a t e  t h e  e n e r g y  
cos t  i n v o l v e d  in th is  p r o c e s s  d e p e n d s  o n  
h o w  wel l  we can  c h a r a c t e r i z e  t h e  b i o c h e m -  
ical  c h a n g e s  t h a t  t a k e  p l a c e  a t  t h e  f e e d i n g  
si tes.  

F ina l ly ,  we wish  to  r e - e m p h a s i z e  t h a t  ce r -  
t a in  o f  t h e  q u a n t i t a t i v e  c o n c l u s i o n s  in  t h e  
p a p e r  a r e  b a s e d  o n  a s s u m p t i o n s  o f  u n i f o r m  
specif ic  g rav i ty  across  d e v e l o p m e n t a l  s tages  
a n d  a s s i m i l a t i o n  e f f i c i ency  d e r i v e d  f r o m  es- 
t i m a t e s  in t h e  l i t e r a t u r e .  N o n e t h e l e s s ,  o u r  
f i n d i n g s  c o n t r i b u t e  t o  s e p a r a t i n g  t h e  
n e m a t o d e  e n e r g y  d e m a n d  f r o m  t h e  e f fec t  
o n  h o s t  p h y s i o l o g i c a l  p r o c e s s e s .  
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