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Image Analysis of the Growth of Globodera pallida and 
Meloidogyne incognita on Transgenic Tomato Roots 

Expressing Cystatins 1 
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Abstract: An approach based on image analysis that enables rapid collection and analysis of nema- 
tode size and shape dur ing growth is reported. This technique has been applied to assess Meloidogyne 
incognita and Globodera pallida dur ing their development over 35 and 42 days, respectively, on 
transgenic tomato roots expressing the wild-type rice cystatin Oc-I or an engineered variant, Oc- 
IAD86. Morphometric  values were established that subdivided enlarged saccate females from other  
life stages. Analysis of this data subset indicates that the size of  females and the frequency with which 
they parasitize roots expressing a cystatin are reduced. Results also demonstrate that cystatins can 
influence the growth of G. pallida prior to the adult stage. Similar image analysis procedures should 
be generally applicable to the study of host status or erivironmental factors that influence growth 
rates of plant-parasitic nematodes. 
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Females of  Globodera and Meloidogyne 
spp. attain a sub-spherical shape and a bio- 
mass that is much larger than is typical of  
vermiform tylenchids (1,7). Their  rapid 
growth depends upon feeding from plant 
cells that are specifically modified by these 
parasites (14). For M. javanica, fecundity 
and duration of  the period prior to ova 
production are influenced by host suitabil- 
ity (3), which can be experimentally ma- 
nipulated to bias the sexual fate of  M. in- 
cognita in favor of  males (15). 

Transgenic plants expressing a serine 
proteinase inhibitor suppress growth rates 
and influence the sexual fate of  G. paUida. 
They also suppress the fecundity of M. in- 
cognita (2,8). This may be due to an effect 
on digest ion of  dietary protein.  Both 
serine and cysteine proteinase activity oc- 
cur in females of  G. pallida (9), and the 
second of  these two classes has been local- 
ized in the intestine of  the microbivorous 
nematode  Caenorhabditis elegans (13). A 
plant cysteine proteinase inhibitor from 
rice (oryzacystatin I, Oc-I) and a protein 
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engineered variant of  this cystatin (Oc- 
IAD86 [16]) kill feeding C. elegans. Oc- 
IAD86 has a lower K i than wild-type Oc-I, 
measured using the C. elegans digestive 
proteinase gcp-1, and a cor responding  
lower LD50 against C. elegans. Studies us- 
ing tomato roots transformed with Agro- 
bacterium rhizogenes have established that 
Oc-IAD86, and to a lesser extent Oc-I, sup- 
press the growth rate of G. pallida (16). 

Urwin et al. (16) measured the size of  G. 
paUida over time during growth using val- 
ues of  cross-sectional area provided by im- 
age analysis. This method of  estimating 
body size was preferred to one requiring 
preparation of  drawings by use of  a cam- 
era lucida or a drawing tube as before (8). 
We investigated the potential of  image 
analysis for allowing a rapid collection of  
sufficiently large data sets for detailed 
analysis. The  technique may have potential 
for studies of  nematode development and 
host status that extend beyond our  current 
interest in evaluating transgenic plant lines 
that suppress nematode growth. 

MATERIALS AND METHODS 

Nematode infection: Methods  for  the  
transformation of  tomato roots with Agro- 
bacterium rhizogenes and their subsequent 
challenge with surface-sterilized G. pallida 
are given in full by Urwin et al. (16). Pro- 
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cedures were similar for M. incognita, with 
the exception of  surface-sterilization of  the 
nematodes. Eggs of M. incognita were re- 
covered from stock colonies grown on to- 
mato using sodium hypochlorite as de- 
scribed by Daykin and Hussey (5) and were 
set to hatch in water at 28 °C. Second-stage 
juveniles (.]2) recovered at 24 to 48 hours 
were counted and sterilized for 10 minutes 
with sequential applications of the follow- 
ing antibiotics: 0.1% streptomycin sul- 
fate, 0.1% penicillin G, 0.1% amphotericin 
B, and 0.1% cetyl t r imethylammonium- 
b romide  (Cetr imide;  Sigma Chemical  
Co., Dorset, UK). The nematodes were 
pelleted between treatments by brief mi- 
cro-centrifugation. 

Transformed root lines were cultured 
for 4 weeks after which time a 2-cm section 
of  fresh root was transferred to fresh me- 
dia (16). After 3 to 4 days, series of  grow- 
ing roots were challenged with surface- 
sterilized nematodes. The J2 were washed 
extensively in filter-sterilized tap water, 
and 35 J2 per 5 ~zl aliquot of one species 
was pipetted onto the root approximately 
l cm behind its tip. A 1-cm 2 piece of sterile 
GFA filter paper (Whatman) was placed 
over the area and removed 24 hours later. 
The roots were then placed at 25 °C (M. 
incognita) and 22 °C (G. pallida) for various 
times up to 35 and 42 days post-infection, 
respectively. 

Growth of M. incognita and G. pallida on 
transformed roots: Infected roots were re- 
moved from petri dishes, rinsed in water, 
and then placed in 1% (w/v) sodium hy- 
pochlorite for 2 minutes (4). Roots were 
plunged into boiling 0.1% aqueous acid 
fuchsin for 1 minute, rinsed in water, and 
then cleared in acidified glycerol at 60 °C 
overnight  before  nematodes  were dis- 
sected out of  the roots. An aliquot of  
preparasitic J2 of each species was stained 
in a similar manner.  Second-stage juve- 
niles in a second aliquot were killed by 
brief exposure to heat at 50°C immedi- 
ately before  measurement .  Nematodes 
were examined under  a microscope (Leica, 
model number DMRB) at ×50 to 200 mag- 
nification. 

Image analysis: The preparasitic juvenile 
nematodes and the parasitic stages were 
analyzed under the microscope on which 
was mounted a color camera (Kappa CF15 
MCC). The camera output was connected 
to a frame grabber and analysis was con- 
trolled through a software package (Quan- 
timet 500c; Leica, UK). Calibration of  the 
size presented by a pixel was achieved us- 
ing a micrometer  slide before experi- 
ments. Values were kept as a subset for G. 
pallida parasitic juveniles in which vermi- 
fo rm male deve lopment  was evident .  
Males were not present for M. incognita in 
the exper imenta l  condit ions that  pre- 
vailed. They were obtained for this popu- 
lation using procedures given by Trianta- 
phyllou (15). The aerial parts of tomato 
plants were removed at soil level at 8 days 
after planting in soil containing this nema- 
tode. The animals were recovered 21 days 
later and stained as described above. Im- 
age analysis was carried out for parasites 
showing vermiform male development.  
Images of representative nematodes were 
transferred to an optical disk for later 
comparison and photography. Data were 
analyzed by selecting parameters from the 
range available within the software menus. 
The  captured measurements  for each 
nematode were transferred to a cascaded 
window of  a spreadsheet (Excel 5, Mi- 
crosoft Corporation) using a macro rou- 
tine. Data sets were saved as worksheets 
and transferred subsequently to a statisti- 
cal computer package (Statistical package 
for the Social Sciences, SPSS, Chicago, IL, 
USA). 

RESULTS 

Acid fuchsin staining did not alter the 
length (L) or cross-sectional area (A) Of the 
J2 of either nematode specie s relative to 
values of  unstained, heat-killed individu- 
als. It did reduce both the roundness value 
(R) and the variance attached to it (P < 
0.001 for both species, t-test and Levene's 
test for equality of variances) (Table 1). 
The shape factor R, which describes the 
outline of the nematode, gives a minimum 
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TABLE 1. I m a g e  analysis for  cross-sectional area,  length ,  and  r o u n d n e s s  values o f  living a n d  s ta ined  
preparas i t ic  second-s tage  juveni les  o f  Meloidogyne incognita a n d  Globodera pallida. 

Species Preparation Area (p~m 2) Roundness (range) Length (range) (p.m) 

M. incognita Heat - re l axed  5,966 -+ 91 10.18 -+ 0.47 (8.1-15.3)  395 -- 5.9 (312-436)  
Stained 5.910 -+ 129 9.4 -+ 0.15 (7.9-10.8) 397 +- 2.7 (375-422)  

G. pallida Heat - re laxed  9,365 +- 140 15.29 -+ 1.08 (8.5-25.9) 469 + 5.9 (411-528)  
Stained 9,467 -- 156 8.43 + 0.19 (7.1-10.5) 465 -+ 5.6 (427-511)  

Mean values ± SEM (n = 20 in all cases). Comparison between preparations establishes that means for both species are 
statistically significant for roundness (P < 0.001 in both cases) but not length. 

value o f  unity fo r  a circle and is calculated 
f r om the  rat io o f  p e r ime t e r  squared  to 
area. All subsequent  analysis was based on  
stained individuals to ensure  comparabil i ty  
o f  data. 

T h e  change  in R with deve lopmen t  was 
examined  f u r t h e r  to distinguish fus i form 
stages that  have a cylindrical f o rm  f rom 
saccate females that  are spheroids.  A basis 
for  subdivision o f  animals on R was ob- 
tained f r om  values for  parasitic juveniles 
in which v e r m i f o r m  male  d e v e l o p m e n t  
was evident  (Table 2). Using the same ap- 
proach,  body length (L) was selected as the 
s econd  f i l ter .  T h e r e f o r e ,  the  paras i tes  
were categorized into th ree  shapes accord- 
ing to their  growth:  (i) Fusiform: R no less 
a n d  L no  g r e a t e r  t h a n  the  r e spec t ive  
means  plus two sample  s t anda rd  devia- 
tions for  a developing  male within its cast 
cuticles, (ii) Saccate: R below and  L within 
the u p p e r  limit descr ibed for  fus i form in- 
dividuals, (iii) Enlarged  saccate: R as de- 
scribed for  saccate but  with L above the 
threshold  set for  fus i form individuals. 

Fig. 1 provides  a three-dimensional  plot 
o f  L against R and cross-sectional area (A) 
for  individuals o f  M. incognita recovered  
f rom t r ans fo rmed  roots at 14 to 42 days 
post- infection plus the 20 stained prepar -  
asitic J2 used in Table  1. T h e  data show an 
initial change  in R with only a small in- 
crease in A and no change in L. R falls to 
approximate ly  2.0 be fore  A and L begin to 
increase appreciably.  T h e  increase o f  L at 
R < 2.0 is not  accompanied  by a change  in 
R and  is t h e r e f o r e  indicative o f  an increase 
in the d i ame te r  o f  the sub-spherical  fe- 
male. 

T h e  critical filter values in Table  2 for  

M. incognita were appl ied to the SPSS data  
file to sub-categorize established parasites 
into two subsets for  control  or  oryzacysta- 
t in-expressing roots for  28 and  35 days 
combined.  This  is a sufficient per iod  for  
animals in favorable condit ions to reach 
the enlarged  saccate female stage. T h e s e  
individuals  were  s e g r e g a t e d  in to  t h r e e  
groups  o f  fusiform,  saccate, and  en la rged  
saccate individuals. Only fou r  o f  the 233 
nematodes  present  on the roots at 35 and 
42 days (two f rom each t rea tment)  were 
excluded f rom this analysis as having un-  
usual values for  the two selection cri teria 
(i.e., L above its filter threshold  and R not  
below its value). T h e  roots express ing the 
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FIG. 1. The relationship between length, round- 

ness value, and cross-sectional area for 261 M. incog- 
nita individuals growing over 14-35 days at 25 °C on 
roots of tomato that had been transformed by A. 
rhizogenes harboring pB IN 19 lacking a cystatin insert. 
The figure includes 20 preparasitic second-stage ju- 
veniles. 
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TABLE 2. Image  analysis of  stained Meloidogyne incognita and Globodera pallida juveniles recovered f rom 
plants in which development  o f  the vermiform male is evident within the fusiform parasite. 

Number of 
Species measurements Roundness (filter values) Length (filter values) (p.m) 

M. incognita 15 3.93 -+ 0.112 (3.06) 350 - 9.32 (422) 
G. pallida 8 2.90 +- 0.152 (2.04) 398 - 12.6 (469) 

Values for R and L are means + SEM. Filter values used to sub-divide data in Table 3 are means for L plus two sample 
standard deviations and means for R minus two sample standard deviations. 

wild-type rice cystatin Oc-I show both a re- 
duction in the proportion and the cross- 
sectional area of  the nematodes that are 
placed in the enlarged saccate category 
(Table 3). 

Fig. 2 provides the same relationship as 
Fig. 1 but for G. pallida. Again a fall in R 
occurs before an appreciable increase in L 
and A. In this case, critical filter values 
given in Table 2 for G. paUida were used to 
sub-divide the combined data set at 35 and 
42 days post-injection in three size catego- 
ries. Of  the 125 individuals in the study, 8, 
4, and 6 individuals from the control, Oc-I, 
and Oc-IAD86 data sets, respectively, were 
excluded from analysis. The L and R val- 
ues of  these 18 individuals did not place 
them in one of  the three categories used in 
this work. No attempt was made to distin- 
guish males still within juvenile cuticles 
from other juveniles still present in the 
roots at 35 or 42 days (Table 3). The data 
for the engineered oryzacystatin showed a 
reduction in the mean cross-sectional area 
of the females on these roots relative to 
controls (P < 0.05), but the reduction in 
number  was not statistically significant. 
Furthermore, the effect on body size for 
roots expressing Oc-IAD86 was not limited 
to enlarged saccate females. Juveniles were 
smaller on these roots than on controls (P 
< 0.05; Table 3). This suggests the trans- 
gene influences the growth of the nema- 
tode before the enlarged saccate female 
stage. 

DISCUSSION 

The image analysis equipment is clearly 
capable of  measuring animals accurately 
since the mean lengths of  J2 in Table 1 are 
in agreement  with previously published 

values for the species (10). In addition, the 
measurements are accurate in that the 
SEM of values in Table 1 are <2.5% of 
their respective mean values. The rapidity 
of the approach allows a hundred stained 
individuals to be measured within a day. 
The data are readily transferred during 
collection to a spreadsheet, and the whole 
data set can be exported to other applica- 
tions such as the statistical package used in 
this work. These features facilitate analysis 
of relatively large data sets and so contrib- 
ute to the certainty of analysis. In total, 562 
and 444 individuals of M. incognita and G. 
paUida, respectively, were measured before 
infection and up to 35 and 42 days post- 
infection, respectively, in this work. 

Furthermore,  the sub-division of  ani- 
mals according to the extent  of  their  
growth was based on objective, morpho- 
metric criteria using filter values within the 
SPSS analysis. Three categories of nema- 
todes were recognized according to their 
roundness and length. A fourth category 
could be devised to define infective, vermi- 
form juveniles as a subset by applying the 
approach follov~ed in Table 2 to the data in 
Table 1. This was not done for the data 
presented in Table 3 because no such in- 
dividuals were detected for M. incognita 
and only five were recorded for G. paUida. 
The first category recognized in this work 
was fusiform. It describes nematodes of ei- 
ther sex, of  invasive or established parasite 
stages, and it includes all stages of male 
development within cast juvenile cuticles 
and, for females, J2, J3, and J4 Meloidogyne 
and both J2 and J3 Globodera. The second 
category includes those individuals in 
which the body has swollen toward a sub- 
spherical shape with the loss of a cylindri- 
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FIG. 2. The relationship between length, round- 
ness value, and cross-sectional area for 149 G. pallida 
individuals growing over 7 -42  days at 22 °C on roots 
o f  tomato that had been transformed by A. rhizogenes 
harboring pBIN 19 lacking a cystatin insert. The  fig- 
ure includes 20 preparasitic second-stage juveniles. 

cal outline. All are females because males 
do not achieve a spherical shape and re- 
main cylindrical in outl ine throughout  
their development. The final category, en- 
larged saccate, describes females in which 
their length is greater than that of  early 
parasitic states. The increase in length 
without a loss of  spherical shape (low R 
value) indicates that they are sub-spheres 
that are increasing in size. Therefore, they 
are certainly adults for Meloidogyne but 
could be adult for J4 females of  Globodera. 
They indicate established nematodes with 
a feeding cell complex able to support de- 
velopment toward a gravid condition. 

Animals showed a rapid change in shape 
on establishment as parasites, with round- 
ness values falling for stained individuals 
from just less than 10 toward the value of  
<2  that occurs for enlarged saccate fe- 
males. No males were observed in the ex- 
periments with M. incognita, but a large 
number of  animals were recorded as sac- 
cate females. This term is applied on the 
basis that the change in R that distin- 
guishes fusiform from saccate forms had 
occurred but the increase in length (and 
width) of  the sub-spherical female had yet 
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to be  substantial .  All the analysis in this 
work  is cen te red  on  g rowth  and  not  devel- 
o p m e n t  stages because  the a p p r o a c h  used  
could not  dis t inguish stages shar ing  a fusi- 
f o r m  shape.  Presumably ,  u n e n l a r g e d  sac- 
cate females  have  failed to establish a feed-  
ing posi t ion that  s u p p o r t e d  rap id  g rowth  
within the  s tudy per iod.  Many o f  the sac- 
cate females  in this work  p robab ly  corre-  
s p o n d  to individuals  t e r m e d  s tagnant  by 
G r u n d l e r  et al. (6). 

T h e  sub-division o f  animals  into th ree  
subsets revealed  that  the f requency  o f  en- 
la rged  saccate females  o f  M. incognita was 
s u p p r e s s e d  w h e n  d e v e l o p m e n t  occu r r ed  
on  Oc- I - expres s ing  roots.  Th is  is an addi-  
t ional ef fec t  to that  on  m e a n  size for  all 
individuals  at one  t ime point,  as r e p o r t e d  
fo r  Globodera by Urwin  et al. (16). This  im- 
ag ing  a p p r o a c h  also clear ly es tab l i shed  
tha t  Oc- IAD86 suppres sed  growth  o f  the  
fu s i fo rm stages o f  G. paUida (Table  3). T h e  
overal l  e f fec t  on  growth  is considerable .  
T h e  d i f f e rence  in cross-sectional area  indi- 
cates tha t  females  o f  M. incognita on roots  
express ing  Oc-I  were  a p p r o x i m a t e l y  60% 
of  the vo l um e  o f  the  controls.  T h e  corre-  
spond ing  value for  G. paUida on roots ex- 
press ing  Oc- IAD86 is a p p r o x i m a t e l y  45%. 
In  addi t ion,  the n u m b e r  o f  en la rged  sac- 
cate females  was r e d u c e d  in bo th  cases. 
Th is  r educ t ion  was only statistically signif- 
icant fo r  the l a rger  da ta  set involving M. 
incognita. We are  cu r ren t ly  invest igat ing 
the  fac tors  tha t  allow a few an imals  to 
achieve some g rowth  as en la rged  saccate 
females  on  these plants.  

C a t e g o r i z i n g  a p o p u l a t i o n  in to  sub-  
g roups  each  with a m e a n  size has value, 
par t icular ly  as size o f  en la rged  saccate in- 
dividuals is cor re la ted  to fecundi ty  in bo th  
Globodera (7) and  Meloidogyne (11). Counts  
for  eggs pe r  roo t  system take no account  o f  
dist inctions be tween  n u m b e r  and  fecun-  
dity o f  egg- laying females.  Such distinc- 
tions can  be pe r t i nen t  to s tudy interact ions 
involving bo th  na tura l  and  t ransgenic  host  
resistance. In  this work  we show that  the 
cystatin suppresses  g rowth  o f  bo th  fusi- 
f o r m  individuals  and  en l a rged  saccate in- 
dividuals.  Stage-specific express ion  o f  pro-  

teinases has been  r e p o r t e d  for  nema todes  
(12). Current ly ,  we assume that  cystatin in- 
hibits the cysteine pro te inase  o f  G. paUida 
(9). I f  this is the m o d e  of  action, the pro-  
teinase mus t  be expressed  be fo re  the last 
feed ing  stage. 

T h e  app roaches  descr ibed  in this work  
h a v e  p o t e n t i a l  f o r  o t h e r  a p p l i c a t i o n s  
wi th in  n e m a t o l o g y .  F o r  ins t ance ,  they  
could be used to de t e rmine  dif ferent ia l  ef- 
fects o f  host  status or  o ther  e n v i r o n m e n t a l  
stresses on  growth  be fo re  and  d u r i n g  the 
final feeding  stage o f  species with saccate 
females.  

LITERATURE CITED 

1. Atkinson, H.J. 1985. The energetics of plant- 
parasitic nematodes: A review. Nematologica 31:62- 
71. 

2. Atkinson, H.J. 1993. Opportunities for im- 
proved control of plant-parasitic nematodes via plant 
biotechnology. Pp. 257-266 in D.J. Beadle, ed. Op- 
portunities for molecular biology in crop production. 
Farnham, UK: British Crop Protection Council. 

3. Bird, A. F. 1972. Quantitative studies on the 
growth of syncytia induced in plants by root-knot 
nematodes. International Journal for Parasitology 2: 
157-170. 

4. Byrd, D. W., Jr., H. Ferris, and C. J. Nausbaum. 
1983. An improved technique for clearing and stain- 
ing plant tissue for detection of nematodes. Journal 
of Nematology 3:378-385. 

5. Daykin, M. E., and R. S. Hussey. 1985. Staining 
and histopathological techniques in nematology. Pp. 
39-49 in K. R. Barker, C. C. Carter, and J. N. Sasser, 
eds. An advanced treatise on Meloidogyne, vol. II. 
Methodology. Raleigh: North Carolina State Univer- 
sity Graphics. 

6. Grundler, F., M. Betka, and U. Wyss. 1991. In- 
fluence of changes in the nurse cell system (syncy- 
tium) on sex determination and development of the 
cyst nematode Heterodera schachtii: Total amounts of 
proteins and amino acids. Phytopathology 81:70-79. 

7. Van Haren, R.J.F. 1995. Application of dy- 
namic energy budgets to xenobiotic kinetics in Mytilus 
edulis and population dynamics of Globodera pallida. 
Ph.D. thesis. Amsterdam, The Free University. 

8. Hepher, A., and H.J. Atkinson. 1992. Nema- 
tode control with proteinase inhibitors. European 
Patent Application Number 92301890.7; Publication 
Number 0 502 730 A1. 

9. Koritsas, V. M., and H.J. Atkinson. 1994. Pro- 
teinase of females of the phytoparasite Globodera pal- 
lida. Parasitology 109:357-365. 

10. Luc, M., D.J. Hunt, andJ. E. Machon. 1990. 
Morphology, anatomy, and biology of plant-parasitic 
nematodes-A synopsis. Pp. 1-44 in M. Luc, R.A. 
Sikora, and J. Bridge, eds. Plant-parasitic nematodes 
in subtropical and tropical agriculture. Wallingford, 
Oxon, UK: C.A.B. International. 



I m a g e  Analys is  o f  N e m a t o d e  G r o w t h :  Atkinson et al. 215 

11. Melakeberhan, H., and H. Ferris. 1988. 
Growth and energy demand of Meloidogyne incognita 
on susceptible and resistant Vitis vinifera cultivars. 
Journal of Nematology 20:545-554. 

12. Pratt, D., G. N. Cox, M.J. Milhausen, and R.J. 
Boisvenue. 1990. A developmentally regulated cys- 
teine protease gene family in Haemonchus contortus. 
Molecular and Biochemical Parasitology 43:181-192. 

13. Ray, C., and J. H. McKerrow. 1992. Gut- 
specific and developmental expression of a Cae- 
norhabditis elegan~ cysteine protease gene. Molecular 
and Biochemical Parasitology 51:239-250. 

14. Sijmons, P.C., H.J. Atkinson, and U. Wyss. 

1994. Parasitic strategies of root nematodes and asso- 
ciated host cell responses. Annual Review of Phyto- 
pathology 32:235-259. 

15. Triantaphyllou, A. C. 1960. Sex determination 
in Meloidogyne incognita Chitwood, 1949 and intersex- 
uality in M. javanica (Trent, 1885) Chitwood, 1949. 
Annals of the Institute of Phytopathology, Benaki, 
N.S. 3:12-31. 

16. Urwin, P. E., H. J. Atkinson, D. A. Waller, and 
M.J. McPherson. 1995. Engineered oryzacystatin-I 
expressed in transgenic hairy roots confers resistance 
to Globodera pallida. Plant Journal 8:121-131. 


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

