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Biomass Partitioning in Tomato Plants Infected with 
Meloidogyne incognita 

B. A. FORTNUM, 2 M. J. KASPERBAUER, 3 P. G. H U N T ,  a 

AND W .  C.  BRIDGES 4 

Abstract: Tomato plants were inoculated with Meloidogyne incognita at initial populations (Pi) of 0, 
1, 10, 50, 100, and 200 (× 1,000) eggs per plant and maintained in a growth chamber for 40 days. 
Total fresh biomass (roots + shoots) at harvest was unchanged by nematode inoculation with Pi of 
1 × 105 eggs or less. Reductions in fresh shoot weight with increasing Pi coincided with increases 
in root weight. Total fresh biomass declined with Pi above 1 × 105 eggs, whereas total dry biomass 
declined at Pi above 1 × 104 eggs. The greatest reduction percentages in fresh shoot biomass 
induced by root-knot nematodes occurred in the stem tissue, followed by the petiole + rachis; the 
least weight loss occurred in the leaflets. Although biomass varied among shoot tissues, the rela- 
tionship between biomass of various shoot tissues and Pi was described by quadratic equations. The  
linear and quadratic coefficients of  the equations (stem, petiole + rachis, or leaflets on Pi) did not 
differ among tissues when calculations were based on standardized values. Meloidogyne incognita- 
infected plants had thinner leaves (leaf a rea / leaf  weight) than did uninfected plants. Reductions in 
leaf weight and leaf area with nematode inoculation occurred at nodes 5-15 and 4, 6-14, respectively. 
Losses in plant height and mass due to nematodes reflected shorter internodes with less plant mass 
at each node. 
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Disease caused by Meloidogyne spp. is a 
complex phenomenon.  Acting as metabol- 
ic sinks, root-knot nematodes redirect nu- 
trient flow within the plant to the root sys- 
tem and elicit profound changes in root  
morphology (2,7,11). Giant cell formation 
and hypertrophy and hyperplasia of  sur- 
rounding cortical root tissues are symp- 
toms of  an altered host metabolism. As ob- 
ligate sedentary endoparasites, root-knot 
nematodes require relatively healthy plants 
which produce sufficient phytosynthate to 
support nematode development and re- 
production. Net photosynthesis is reduced 
in tomato, bean, and grape seedlings fol- 
lowing inoculation with Meloidogyne spp. 

Received for publication 18 October 1989. 
Technical contribution No. 2985 of the South Carolina 

Agricultural Experiment Station. 
Mention of a trademark, proprietary product, or vendor 

does not constitute a guarantee or warranty of the product 
by Clemson University, the South Carolina Agricultural Ex- 
periment Station, or the U.S. Department of Agriculture and 
does not imply its approval to the exclusion of other products 
or vendors that may also be suitable. 

Professor of Plant Pathology and Physiology, Clemson 
University, Pee Dee Research and Education Center, Flor- 
ence, SC 29503. 

s Plant Physiologist and Soil Scientist, respectively, USDA 
ARS, Coastal Plains Soil and Water Conservation Research 
Center, Florence, SC 29502. 

Associate Professor of Experimental Statistics, Clemson 
University, Clemson, SC 29631. 

The authors thankJ. Cottingham and W. Sanders for tech- 
nical assistance. 

(10,14,17). The  decreased photosynthesis 
occurs soon after inoculation and thus may 
explain the resulting reduction in plant 
biomass accumulation. 

Root-knot nematodes rapidly utilize car- 
bon fixed in the leaf tissue (12,13) and con- 
sume a significant portion of the total en- 
ergy produced by the plant. The  large body 
size, egg laying capacity, and protein con- 
tent ofMeloidogyne spp., in addition to mod- 
ifications in the structure and physiology 
of the plant root, reduce the energy status 
of the host (12,13). Less energy is available 
for maintaining and expanding plant struc- 
tures such as leaves, petioles, and stem. 
Translocation and absorption of  nutrients 
may be altered (4,6,15), and altered nutri- 
ent allocation impacts shoot and root  for- 
mation. As the nematode population in- 
creased in M. javanica-infected tomato, 
shoot weight was suppressed and followed 
a quadratic response, whereas root weight 
increased linearly (18). As a result of  dif- 
ferential biomass partitioning induced by 
the nematode,  a higher root-to-shoot ratio 
occurred. 

Changes induced by root-knot nema- 
todes in partitioning of  biomass among 
shoot tissues have not been studied. An 
understanding of  the effects of  nematode 
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parasitism on the partitioning of mass 
among plant tissues may provide insight 
into how plants respond to nematode-in- 
duced stress. It is the purpose of  this study 
to determine the effects of Meloidogyne in- 
cognita on 1) plant biomass over a range of 
initial nematode population densities likely 
to result in shoot weight loss, 2) biomass 
partitioning among shoot tissues, and 3) 
the in ter re la t ionships  between mass 
changes in nematode-altered plant struc- 
tures. 

MATERIALS AND METHODS 

Culture of plants and preparation of inoc- 
ulum: Tomato seeds (Lycopersicon eseulen- 
turn Mill. cv. Rutgers) were germinated in 
vermiculite, and 10-cm-tall seedlings were 
transplanted into 15-cm-d plastic pots con- 
taining 1 liter of  a heat pasteurized Varina 
sandy loam soil (75% sand, 17% silt, 8% 
clay; pH 6.5, 0.8% organic mater) :sand:  
Peat-Lite (Conrad Farard, Springfield, MA) 
(2:2:1 v:v:v) mixture. The  plants were 
maintained in the greenhouse until they 
averaged 15 cm in height; then they were 
placed in a growth chamber maintained at 
25 + 1 C with 12-hour days of cool white 
light at 350 t~mol-2.s -1 between 400 and 
700 nm. The  plants used in our study were 
similar in size to tomato plants normally 
used in field plantings. The  M. incognita 
race 3 population was isolated from field 
plots at the Pee Dee Research and Edu- 
cation Center at Florence, South Carolina, 
and cultured on Rutgers tomato seedlings. 
Nematode eggs from 50-day-old tomato 
roots were extracted in 0.05% sodium hy- 
pochlorite, washed in tap water, and used 
as the inoculum (8). All plants were wa- 
tered with Hoagland's solution every 7 days 
(5). 

Nematode population density and plant 
growth: Tomato plants were maintained in 
the controlled environment chamber for 
48 hours and then inoculated with suspen- 
sions of  approximately 0, 103, 10 4, 5 X 10 4, 
105, or 2 x 105 eggs. A root suspension 
filtrate, from nematode-free tomato plants, 
was added to the control plants and to the 
inoculated plants with each plant receiving 

20 ml suspension. Inoculum was pipetted 
into two 5-cm-deep holes on opposite sides 
of  each tomato plant, and the holes were 
covered with soil. Plant growth and nema- 
tode development were evaluated after 40 
additional days in the growth chamber. 
Plants were removed from the pots, and 
roots were washed free of soil. Each plant 
was divided into stems, leaves (petiole de- 
tached at the stem), and roots. Plant parts 
were weighed, and internode lengths were 
recorded. Leaf area was determined with 
a Li-Cor model 3100 area meter (Li-Cor, 
Lincoln, NE). Each leaf was then separated 
into the petiole + rachis and leaflets, and 
tissues were weighed. Root galling was rat- 
ed on a 0 to 10 scale: 0 = no galls and 10 
= 100% of the root tissue galled (1). Roots 
in 0.05% sodium hypochlorite were blend- 
ed for 15 seconds at low speed to enhance 
the recovery of nematode eggs (8). Nema- 
tode data were transformed, log~0 (x + 1). 

A randomized complete block design 
with five replications was used, and the test 
was repeated once. Because results were 
similar for both tests, data were pooled and 
analyzed using analysis of  variance (ANO- 
VA) and regression techniques (16). Mean 
comparisons were used to determine the 
effect of initial nematode population levels 
(Pi) on mass of  specific plant tissues. Non- 
linear regression (quadratic) was used to 
compare the responses of  different plant 
tissues to the nematode. Quadratic regres- 
sions were used because the linear and qua- 
dratic coefficients can easily be compared 
among equations. Comparisons between 
exponential regressions are more difficult 
to interpret. Because low Pi (<10 s) were 
not examined, conclusions about stimula- 
tory or inhibitory effects of low nematode 
populations cannot be made with these 
data. Linear and quadratic coefficients were 
compared among line equations with a 
t-test. All calculations were performed with 
the Statistical Analysis System (SAS Insti- 
tute, Cary, NC) general linear models pro- 
cedure. For some comparisons, data were 
converted to a standardized scale (3) using 
equation 1, where :~ = the average of 10 
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Fro. 2. Meloidogyne incognita eggs ex t rac ted  f rom 
toma to  roots  40 days af ter  inoculat ion.  Pi = initial 
population; P f  = final population.  Values are  the means 
o f  I0 replications.  

replicat ions o f  p a r a m e t e r  X at inoculum 

level i, X = the  average  o f  p a r a m e t e r  X 
across all inoculum levels, and  SD = the  

s tandard  deviat ion o f  the  Y('s f rom the ,X 

defined as SD = (Z(Y( i - X)2/n - 1)'~. 

S tandard ized  value -- (X - X ) / S D  
(Eq. 1) 

Equat ion  1 centers  and scales the responses  
to a me a n  o f  0 and  a var iance o f  1. 

RESULTS 

T h e  fresh shoot  weight  o f  tomato  plants 
inocula ted  with m o r e  than  1 x 104 M. in- 
cognita eggs was less (P = 0.05) than  that  
o f u n i n o c u l a t e d  controls  (Fig. 1A). T h e  de- 
cline in shoot  weight  was ma tched  by an 
increase in f resh r o o t  weight  (Fig. 1A) at 

12. 

10. 

8 .  

6 .  

4 

2 

C:  

m (x looo) A 

1 5 0 .  

eo " ~ , ~ \ o  C 
2O 

1 3 5 7 9 11 13 15 

NOOE 

Fro. 4. Leaf  weight,  leaf  area,  and in t e rnode  
lengths  o f  Rutgers  tomato  plants 40 days af ter  inoc- 
ulat ion with Meloidogyne incognita. Pi = initial nema-  
tode  populat ion.  A) Leaf  weight.  B) Leaf  area re- 
co rded  at each node.  C) I n t e r n o d e  lengths (cotyledon 
to node  1 = plant  node  1). Values are  the  means o f  
10 replications.  
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FIG. 3. Effect o f  initial Meloidogyne incognita pop- 
ulat ion densi ty (Pi) on leaflet, pet iole + rachis, and 
s tem weights o f  Rutgers  t oma to  40 days af ter  inoc- 
ulation. Values a re  means  o f  10 replications.  Regres-  
sions were  based on means.  

Pi levels be tween  1 × 104 and  1 x 105 eggs 
(P = 0.05). T h e  decline in shoot  mass and 
the increase in roo t  mass with increasing 
Pi were  descr ibed  by quadrat ic  equat ions  
P = 0.01 and P = 0.04, respectively.  L inea r  
and quadrat ic  coefficients (absolute values) 
o f  the regressions,  based on  s tandardized  
data  fo r  f resh shoot  and roo t  weights, were  
not  di f ferent  (P = 0.05) (Fig. 1C). To ta l  
fresh weight  biomass decl ined (P = 0.05) 
when Pi exceeded  1 x 105 eggs /p l an t  (Fig. 
1A). 

Dry shoot  weight  and  total d ry  biomass 
decl ined at a Pi g rea te r  than  1 x 10 4 eggs; 
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FIG. 5. Effect of Meloidogyne incognita population 

density (Pi) on leaf area and leaf weight of Rutgers 
tomato 40 days after nematode inoculation. Values 
are means of  10 replications. Regressions were based 
on means. A) Leaf weight. B) Leaf  area. 

the declines in shoot and total weights were 
described by quadratic equations r 2 = 0.93, 
P ---- 0.03 and r 2 = 0.88, P -- 0.06, respec- 
tively (Fig. 1B). Dry root weights ofM. in- 
cognita-infected tomato plants were greater 
(P = 0.05) than those of  controls with Pi 
levels of  1 x 104 eggs or greater. Linear 
and quadratic coefficients (absolute values) 
of  the regressions for dry shoot and root 
weights on Pi, based on standardized data, 
were not different (P = 0.05) (Fig. 1D). 

The number of  eggs at harvest (Pf) in- 
creased with Pi up to 1 x 105 and then 
declined at the highest Pi (Fig. 2). In con- 
trast, the P f / g  dry root weight increased 
to a maximum level with a Pi of  1 x 104 
and then remained constant at higher Pi 
(Fig. 2). 

Stem, petiole + rachis,  and leaflet 
weights ofM. incognita-infected plants were 
less than those of  control plants at Pi great- 
er than 10a; the declines in stem, petiole 
+ rachis, and leaflet weights were de- 
scribed by quadratic equations r 2 = 0.91, 
P = 0.05; r 2 = 0.95, P = 0.01; and r ~ = 
0.98, P = 0.001, respectively (Fig. 3). 

10  
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FI(;. 6. Root /shoot  weight ratio, leaf a rea / leaf  

weight ratio, and root galling of Rutgers tomato 40 
days after inoculation with Meloidogyne incognita. Pi = 
initial nematode population. Values are means of  10 
replications. Regressions were based on means. A) 
Root /shoot  weight. B) Leaf area / leaf  weight. C) Root 
gall index. 

The reduction in top weight was not uni- 
formly distributed across shoot tissues. The  
percentage of reduction in shoot tissue 
weights, when averaged across Pi, was 
greatest (P = 0.05) in the stem tissue (28%), 
intermediate in the petiole + rachis (24%), 
and least in the leaflets (20%). The decline 
in stem weight due to nematode parasitism 
was 38% greater than the decline in leaflet 
weight. 

Reductions in internodal leaf weight and 
leaf area with nematode inoculation oc- 
curred at nodes 5-15 and 4, 6-14, respec- 
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FIG. 7. Standardized growth parameters plotted 
as a log function of the initial nematode population 
(Pi), log10 (Pi + 1). Responses were centered and scaled 
to a mean of 0 and a variance of 1. Regressions were 
based on means. A) Stem, petiole + rachis, and leaflet 
weights. B) Leaf weight and leaf area. C) Root gall 
index, root/shoot ratio, and leaf area/leaf weight 
ratio. 

tively (Fig. 4A, B). I n t e r n o d e  length  was 
r ed uc e d  above  node  3 (Fig. 4C). T h e  per-  
cen tage  o f  change  in leaf  weight  and  leaf  
area f r om in t e rnode  to adjacent  i n t e rnode  
(starting at node  3 to 4) was unaf fec ted  by 
Pi levels (P = 0.05). T h e  pe rcen tage  o f  
change  in i n t e rnode  lengths var ied (P = 
0.05) with Pi be tween  in te rnodes  5 -6 ,  6 -  
7, and 12-13 .  

As the  Pi increased,  leaf  area and leaf  
weight  decreased  (P -- 0.05) and were  de- 
scr ibed by quadra t ic  equat ions  r ~ = 0.96, 
P = 0.01 and r 2 = 0.97, P = 0.01, respec- 

tively (Fig. 5). Lea f  weight  decl ined at a 
faster  ra te  than  did leaf  area. 

T h e  r o o t / s h o o t  ratio,  leaf  a r e a / l e a f  
weight  ratio,  and  roo t  gall index increased 
with Pi (Fig. 6) and were descr ibed  by qua- 
drat ic  equat ions  r ~ = 0.95, P = 0.01; r 2 = 
0.89, P = 0.04; and r 2 = 0.99, P = 0.001,  
respectively.  

Al though  the pe rcen tage  o f  reduc t ion  in 
mass due  to M. incognita varied among  shoot  
tissues, the l inear and quadrat ic  coeffi- 
cients o f  the equations,  based on  s tandard-  
ized data, were  not  d i f ferent  (P = 0.05) 
(Fig. 7A). T h e  pe rcen tage  o f  reduc t ion  in 
leaf  weight  due  to M. incognita, when  av- 
e raged  across Pi, was 28% and was g rea te r  
(P = 0.05) than  the pe rcen tage  o f  reduc-  
t ion in leaf  area (8%). T h e  l inear and qua- 
drat ic  coefficients o f  the equat ions for  leaf  
weight  and leaf  area, based on s tandard-  
ized data,  were  not  d i f ferent  (Fig. 7B). T h e  
effects o f  Pi on  s tandardized values for  roo t  
gall index,  r o o t / s h o o t  ratio, and leaf  a r e a /  
leaf  weight  were  descr ibed by quadrat ic  
equations,  and the l inear and  quadrat ic  co- 
efficients o f  the  line equat ions  were  not  
d i f ferent  (P = 0.05) (Fig. 7C). 

DISCUSSION 

Biomass accumulat ion  ofM.  incognita-in- 
fected tomato  plants reflects the efficiency 
o f  the parasi te-al tered host to capture  light 
ene rgy  and store that  ene rgy  in the struc- 
tures  o f  the plant  and n em a to d e  (10,14). 
Fresh shoot  weights o f  tomato  declined with 
increasing numbers  o f  M. incognita as ex- 
pected,  bu t  a similar increase in fresh roo t  
weight  balanced the loss with a Pi as high 
as 1 x 10 ~ eggs. T h e  relatively high rat io 
o f  f resh roo t  to shoot  weight  vs. the rat io 
o f  dry  weights suggests tha t  fresh roots  
contain m o re  water  than  do fresh shoots. 
Dry weights provide  a m o re  realistic mea- 
sure o f  the effects o f  the n em a to d e  on the 
par t i t ioning o f  mass; in the  field, reduc-  
tions in shoot  growth  great ly exceed  in- 
creases in roo t  growth.  

Changes  in dry  roo t  mass were minor  
co m p a red  to the dramat ic  reduct ions  in 
shoot  weight.  However ,  a s t rong relat ion- 
ship was observed  be tween  the decline in 
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s h o o t  w e i g h t  a n d  t h e  c o r r e s p o n d i n g  in-  
c r e a s e  in r o o t  w e i g h t  w h e n  d a t a  w e r e  s t an -  
d a r d i z e d .  T h e  use  o f  s t a n d a r d i z e d  va lue s  
a l lows  t h e  c h a n g e s  in  p l a n t  mass  d u e  to  
r o o t - k n o t  n e m a t o d e s  to  b e  v i e w e d  f r o m  a 
d i f f e r e n t  p e r s p e c t i v e .  W h e n  r e s p o n s e s  a r e  
c e n t e r e d  a n d  s c a l e d  to  a m e a n  o f  z e r o  w i th  
a v a r i a n c e  o f  1, c o m p a r i s o n s  c a n  b e  m a d e  
b e t w e e n  t h e  s h a p e s  o f  t h e  r e s p o n s e  c u r v e s  
i n d e p e n d e n t  o f  t h e  m a g n i t u d e  o f  t h e  r e -  
sponse .  M a n y  t i ssues  h a d  s i m i l a r  r e s p o n s e  
c u r v e s  w h e n  d a t a  w e r e  s t a n d a r d i z e d  w h i c h  
m a y  h a v e  i m p l i c a t i o n s  f o r  t h e  h o s t - p a r a s i t e  
r e l a t i o n s h i p .  

P l a n t  s h o o t  t i s sues  w e r e  a l t e r e d  d i s p r o -  
p o r t i o n a t e l y  by  M. incognita; s t e m s  w e r e  
m o r e  a f f e c t e d  t h a n  p e t i o l e  ÷ r ach i s ,  a n d  
l ea f l e t s  w e r e  l eas t  a f f ec t ed .  T h e  d i s p r o -  
p o r t i o n a t e  c h a n g e s  in  p l a n t  mass  o f  spec i f ic  
s h o o t  t i ssues  m a y  r e f l e c t  a n  a d a p t i v e  m e c h -  
a n i s m  to  p l a n t  s t ress  a n d  m a y  b e  a s s o c i a t e d  
w i t h  c h a n g e s  in  t h e  g r o w t h  r e g u l a t o r  ba l -  
a n c e  o f  p l a n t s  i n f e c t e d  b y  r o o t - k n o t  n e m a -  
t odes .  T h e  lowes t  r e d u c t i o n  p e r c e n t a g e s  
in  f r e s h  o r  d r y  w e i g h t s  o v e r  a n  u n i n o c u -  
l a t e d  c o n t r o l  o c c u r r e d  in  t h e  l e a f  t i ssue .  I n  
a d d i t i o n ,  l e a f  a r e a  d e c l i n e d  v e r y  l i t t le .  T h e  
i n c r e a s e  in  t h e  l e a f  a r e a / l e a f  w e i g h t  r a t i o  
wi th  i n c r e a s i n g  Pi m a x i m i z e s  l i g h t  i n t e r -  
c e p t i o n  w i th  less l e a f  mass .  I n c r e a s e s  in l e a f  
a r e a / d r y  w e i g h t  r a t i o  ( t h i n n e r  l eaves )  a l so  
c a n  b e  s e e n  in  p l a n t s  t h a t  a r e  g r o w n  u n d e r  
s h a d e  (9). 
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