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Abstract: Tomato (Lycopersicon esculentum Mill.) seedlings, susceptible (¢v. Pearson A-I 
Improved) and resistant (cv. Pearson Improved) to race 1 Fusarium oxysporum f. sp. lycopersici 
(Sacc.) Snyd & Hans., were inoculated with Meloidogyne javanica (Trueb) Chitwood second-stage 
juveniles and 3 weeks later with race 1 F. oxysporum f. sp. lycopersici spores. One week after 
fungal inoculation, no fungus was visible in root tissue of the tomato cultivars and the giant 
cells were normal. Two weeks after fungal inoculation, abundant hyphae were visible in xylem 
tissues of Fusarium-susceptible but not of Fusarium-resistant plants. In susceptible plants, giant 
cell degeneration occurred, characterized by membrane and organelle disruption. In addition, 
where hyphae were in direct contact with the giant cell, dissolution of the giant cell wall 
occurred. Three weeks after fungal inoculation, fungal hyphae and spores were visible inside 
xylem tissues and giant cells in Fusarium-susceptible plants and in xylem tissue of the resistant 
plants. In susceptible and resistant plants, giant cell degeneration was apparent. Giant cell walls 
were completely broken down in Fusarium-susceptible tomato plants. In both cultivars infected by 
Fusarium, giant cell nuclei became spherical and dark inclusions occurred within the chromatin 
material which condensed adjacent to the fragmented nuclear membrane. No such ultrastructural 
changes were seen in the giant cells of control plants inoculated with nematode alone. Giant 
cell deterioration in both cultivars is probably caused by toxic fungal metabolites. Key words: 
root-knot nematode, Fusarium oxysporum f.sp. lycopersici, histopathology, giant cell, ultra- 
structure, disease complex. Journal of Nematology 15(1):128-135. 1983. 

T h e  r o o t - k n o t  nematode-Fusarium w i l t  
i n t e r a c t i o n  o n  t o m a t o e s  was  first  o b s e r v e d  
by Y o u n g  (22), w h o  s u g g e s t e d  t h a t  t h e  
n e m a t o d e  i n f e c t i o n  d i m i n i s h e d  r e s i s t ance  o f  
t o m a t o e s  to  Fttsarium wil t .  T h e  e x t e n t  a n d  
m e c h a n i s m s  of  th is  p r e d i s p o s i t i o n  of  p l a n t s  
by n e m a t o d e s  to  f u n g a l  i n f e c t i o n  h a s  b e e n  
the  s u b j e c t  o f  m a n y  i n v e s t i g a t i o n s  (4,8,9, 
18,19) a n d  r e v i e w s  (1,15,17). F u n g a l  co lon i -  
z a t i o n  of  g i a n t  cei ls  a n d  x y l e m  t issue h a s  
b e e n  d e s c r i b e d  for  c o t t o n  r o o t s  s i m u l t a n e -  
ous ly  i n f e c t e d  w i t h  F. oxysporum f.sp. 
vasinfectum a n d  Me loidogyne incognita 
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acrita (9) a n d  fo r  t o b a c c o  i n f e c t e d  w i t h  M .  
incognita acrita a n d  Phytophthora para- 
sitica var .  nicotianae (18). M e l e n d e z  a n d  
P o w e l l  (8) s h o w e d  t h a t  e x t e n s i v e  f u n g a l  
i n v a s i o n  of  g i a n t  cel ls  r e s u l t e d  in  loss of  
c y t o p l a s m i c  c o n t e n t s ;  t h e y  r e g a r d e d  t h i s  as 
e v i d e n c e  o f  s ens i t i v i t y  o f  t he  g i a n t  cel ls  to  
f u n g a l  i n v a s i o n .  

A l l  r e p o r t e d  h i s t o l o g i c a l  s tud i e s  o f  th is  
f u n g a l - n e m a t o d e  d i sease  c o m p l e x  h a v e  used  
l i g h t  m i c r o s c o p y .  T h i s  u l t r a s t r u c t u r a l  s t u d y  
was u n d e r t a k e n  o n  f u n g a l - r e s i s t a n t  a n d  
s u s c e p t i b l e  hosts  to  b e t t e r  e l u c i d a t e  t h e  in-  
t r a c e l l u l a r  s e q u e n c e  o f  e v e n t s  a t  t h e  or-  
g a n e l l e  l eve l  a n d  to  s h o w  t h e  r e l a t i v e  im-  
p o r t a n c e  of  h y p h a l  p e n e t r a t i o n  a n d  f u n g a l  
t o x i n s  o n  t h e  d e t e r i o r a t i o n  o f  g i a n t  cells. 

\ \ \ \ \  
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Figs. 1-4. Meloidogyne ]avanica induced giant cells in the roots of tomato (Lycopersicon esculentum), 
susceptible ('Pearson A-1 Improved), or resistant ('Pearson Improved') to race 1 Fusariurn oxysporum f. 
sp. lycopersici Snyd. & Hans., at various times after fungal inoculation. 1) Resistant plant 1 week after 
fungal inoculation. Note the giant cells with the characteristic thick cell walls, dense multinucleate 
cytoplasm, and lobed nuclei with prominant nucleoli. (GC = giant cell, N = nucleus, Nu = nucleolus, 
X = xylem.) 2) Susceptible plant 1 week after fnngal inoculation. Note the highly lobed nucleus (N) with 
prominant nucleolus (Nu). (GC = giant cell, M = mitochondrion, P = plastid, v = vacuole.) 3) 6us- 
ceptible plant 2 weeks after Fusarium inoculation. Note fungal hyphae and spores ('F) in the xylem ves- 
sels (X) and the initial breakdown of the giant cells with nuclear and cytoplasmic changes. (GC = 
giant cell, N = nucleus.) 4) Electron micrograph of affected giant cell (GC) in Fusari~m susceptible 
plant 2 weeks after fungal inoculation showing electron dense inclusions (arrow heads) within the 
chromatin material (Gh) and the fragmented (small arrows), swollen and ribosomes covered (large 
arrows) nuclear membrane. (N = nucleus.) 
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M A T E R I A L S  A N D  M E T H O D S  

T o m a t o  (Lycopersicon esculentum Mill.) 
seedlings cv. Pearson A-1 Improved ,  sus- 
ceptible to race 1 Pusarium oxysporum f.sp. 
lycope~wici (Sacc.) Snyd. g: Hans., and  cv. 
Pearson Imprnvet l ,  resistant to this Fu~l- 
r ium race, were grown in snmil plastic pots 
of  vermicttlite. T h e  seeds were surface 
sterilized with 0.5~!~ mercur ic  chlor ide in 
acidified 70¢)~ e thanol  a nd  then tho rough ly  
washed pr ior  to plant ing.  Plants  were main-  
ta ined in a growth cl tamber  with 28 --t- 1 C 
day and  20 ~ 1 C night  tempera tnres  anti a 
16-hotw pho toper iod  with a light intensi ty 
of 150 tiE nt -2. sec -~ f rom three cool white,  
flnorescent (General  Electric, USA) and  one 
Grow-Imx (Westinghouse,  Canada)  lamps. 

Second-stage juveniles of Meloidogyne 
javanica (Trueb)  Ch i twood  were ha t ched  
from egg masses collected from stock cul- 
tnres on the roots of  l ima bean  (Phaseolus 
lunatus L. var. L-136) and  surface sterilized 
for 10 ntin in 0.1'}~, his (p-chlorophenyl-  
d iguanido)  hexane diacetate (Hibi tane)  
(13). An  aqueous  suspension of  approxi-  

mately 2,000 freshly hatched,  surface steril- 
ized, second-stage juveniles  of M. ]avanica 
was pouret l  a r o u n d  each pot ted,  20-day-old 
tomato  seedling. T h r e e  weeks later, a 10-ml 
aqueons  spore snspension con ta in ing  2 × 
10 ~ Fusarium spores /ml  was pou red  in 
three holes in the soil adjacent  to each to- 
ntato seedling. Plants were watered  on  al- 
ternate days with water  and  nu t r i en t  solu- 
t ion (10). 

Specimens of  root  for l ight and electron 
microscope examina t ion  were taken from 
infected and  control  plants  at weekly in- 
tervals for 3 weeks al ter  fungal inoculat ion.  
Pieces of root  were fixed in 30 o glutaralde- 
hyde in 0.025 M phosphate  hnffer, p H  6.8, 
and post fixed in 2°o osntimn tetroxide in 
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the same buffer (11), dehydra ted  in a 
g raded  acetone series and  propylene  oxide 
and  then infi l t rated wi th  low viscosity 
epoxy resin (20). Sections for l ight  micro- 
scopy were cut  at 0.5-1 ~m thickness, using 
a glass knife, and  stained with 1 C/o tolui- 
dine blue 0. Silver-grey sections were cut  
with a d i a m o n d  knife for electron micro- 
scopy and stained with aqneous  uranyl  ace- 
tate (10 rain) and lead citrate (5 rain) for 
viewing in a Phil l ips  E M  300 electron mi- 
croscope. 

R E S U L T S  

One week: N o  vascular wilt  symptoms 
or  cellular evidence of fungal  invasion was 
observed in roots  of e i ther  Fusarium-sus- 
ceptible or  resistant tomato, cultivars. G ian t  
cells in the roots of  hoth  ctdtivars appeared  
typical in tha t  membranes  and  cellular 
organelles were intact  (Figs. 1, 2). Gian t  
cells in roots  of bo th  cul t ivars  inocu la ted  
with the fintgus were s t ructural ly  similar  
to those in the roots of  the fungus-free con- 
trois. 

Two weeks: A b u n d a n t  fungal  growth 
was detected in the xylem tissue of suscep- 
tible plants  especially in xylem vessels adja- 
cent to the g iant  cells (Fig. 3). A l t h o u g h  no 
ftmgal hyphae  were detected inside g ian t  
cells of Fusarium-susceptible plants, the 
g ian t  cells often showetl m e m b r a n e  break 
down and  d is rupt ion  of cell organelles (Figs. 
3, 4). In  these g iant  cells, the cytoplasm ap- 
peared electron light, the g iant  cell nuclei 
showed electron dense inclusions within  
the c h r o m a t i n  material ,  and  the nuclear  
m e m h r a n e  was part ial ly f ragmented,  swol- 
len, and  covered wi th  r ihosomes (Fig. 4). 
Giant  ceils in Fusarium-resistant roots were 
unaffected by the fungus  and resembled the 
giant  cells in the fungns-free controls.  In  

\\\\\ f_ IIIII 

Figs. 5-8. Meloidogyne /awmica-hlduccd giant cells in the roots of tomato (Lycopersicon esculentum 
Mill.), susceptible ('Pearson A-I improved') or resistant ('Pear~m Improved') to *'ace 1 Fusarium 
oxysporum f. sp. lycopersici Snyd. g: Hans., at various times after fungal inoculation. 5) Yusarium hypha 
(F) within the cell wall (CW) between two giant cells in the susceptible cultivar 2 weeks after fungal 
inoculation. Note the cell wall dissolution (astrisk) adjacent to the fungal hypha. 6) Disrupted giant 
cell (GC) in Fusarium-resistant cultivar with nuclear and cyt¢~plasmic changes 3 weeks after fungal 
inoculation. Note fungal hyphae and spores (F) in xylem vessels (X). (N = nucleus.) 7)Breakdown of 
cell wails and contents in giant cell clusters (GCC) and parenchyma ceils in Fusarium susceptible to- 
mato 3 weeks after fimgal inoculation. Note Fusarium hyphae and spores (arrows) within the giant 
cell clusters and xylem vessels (X). 8) Electron micrograph of Fusariu~l (F) in the giant cell (GC) of 
fungus susceptible cultivar 3 weeks after fungal inoculation. 
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ttte Fusarium-susceptible cultivar where 
fungal hyphae were in direct contact with 
the giant cell wall, dissolution of the cell 
wall was evident as an electron light area 
and by the absence of cellulose fibers close 
to the fungal hyphae (Fig. 5). 

Three weeks: Fungal hyphae and spores 
were visible in xylem tissue of the Fusarium- 
rcsistant (Fig. 6) anti susceptible cultivars 
and inside giant cells of the susceptible 
ctdtivar (Fig. 7). At this stage of fungal in- 
vasion, the giant cell walls and some atlja- 
cent Farenchyma cell walls in the fungus 
susceptible tomato were severely broken 
down resulting in a large cavity containing 
cell debris, ftmgal hyphae, and spores (Figs. 
7, 8). 

By the end of 3 weeks, the giant cell 
nuclei in both cultivars infected with 
Fusarium were smaller, spherical (Figs. 3, 
9), and had lost the irregular shape char- 
acteristic of nematode-induced giant cells in 
[ungtts-free plants (Figs. 1, 2). Nuclei in 
fungus-affected giant cells of both cultivars 
had a large central light area anti chromatin 
material condensed along the nnclear mem- 
brane (Figs. 3, 9). The  nuclear membrane 
appeared partially fragmented, swollen 
(Figs. 4, 9, 10), and covered with ribosomes 
(Figs. 4, 10). Dark inclusions with an 
electron-light halo occurred within the 
peripheral nuclear chromatin material of 
Fusarium-affected giant cell nuclei (Figs. 
4, 9, 10). Ribosomes were the most rec- 
ugnizable cytoplasmic organelles in fnngus- 
,tffected giant cells of both cultivars; 
they occnrred throtlghout the cytoplasm 
and attached to the nuclear membrane 
(Figs. 4, 10) and to membrane-bound spheri- 
cal bodies (Fig. 11). 

Crystalline inclusions occurred within 
the plastids of Fusarium-affected giant cells 
in both fungus-resistant (Fig. 11) and sus- 
ceptible cultivars. T h e  giant cells in both 
cultivars inoculated with Meloidogyne 
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alone and in those fungus-inoculated plants 
that escaped the fungal infection appeared 
normal even 3-6 weeks after  nematode in- 
fection, as manifest by well-defined mem- 
branes, large highly lobed nuclei, and dense 
cytoplasm. 

DISCUSSION 

Th~se results confirm earlier ligltt micro- 
scope observations (8,18) on the affect of 
the fungus on nematode-induced giant ceils 
in this root-knot-wil t  disease complex. 
However, electron microscopy has facili- 
tated a better understanding of the tem- 
poral sequence of intracellular changes 
when comparing the response of Fusariurn- 
resistant and susceptible cultivars in rela- 
tion to tile proximity of fungal hyphae. 

T h e  apparent  absence of Fusarium within 
the root tissues of either susceptible or re- 
sistant tomato cultivars 1 week after fungus 
inoculation probably is due to the relatively 
slow rate of spore germination and /o r  
hyphal invasion and to the fact that fungal 
invasion was so l imited as to be undetected 
at the time of sampling. Nevertheless, this 
delay in detecting fungal hyphae in the 
roots parallels that reported by Melendez 
and Powell (8) for F. oxysporum f. nico- 
tianae in tobacco infected with M. ineog- 
nita. Progressive invasion of the xylem 
vessels, xylem parenchyma, and giant cells 
in the susceptible cttltivar by the Fusarium 
hyphae was observed after the first week 
and this culminated in breakdown of tile 
giant cells about  3 weeks after fungal inoc- 
ttlation. Earlier light microscope observa- 
tions (8) did not show any significant intra- 
cellular changes in the giant cells until  
alter their invasion by fungal hyphae. How- 
ever, the pr.~sent study reveals in the fungus- 
susceptible (Figs. 3, 4) and fungus-resistant 
(Figs. 6, 9, 10) cultivars considerable ultra- 

structural changes in giant cells prior to 

Figs. 9-11. Meloidogyne ]avanica induced giant cells in the roots of tomato (Lycopersicon esculentum 
Mill. cv. (Pearson Improved), resistant to race 1 ',Fusarium oxysporum f.sp. lycopersiei Snyd. & Hans., 
3 weeks after fungal inoculation. 9) Nuclei (N) with electron light central area showing fragmented 
nuclear membrane (large arrows) and dark inclusians (small arrows) within the chromatin material 
(Ch). (GC = giant ceil.) 10) Electron micrograph showing nucleus (N)with ribosomes attached to the 
nuclear membrane (large arrows) and nuclear membrane swellings (small arrows). (Ch = chromatin.) 
11) Fusarium-altected giant cell (GC) with crystalline inclusions (large arrows) and ribosomes attached 
to membrane bound spherical bodies (short arrow). Insert showing the crystalline inchtsims (large 
arrow) within plastid (P). (1, = lipid, M = mitochondrion.) 
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their invasion by fungal hyphae. This is not 
unexpected in view of the known secretions 
of Fusarium wilt fungi (14, 21); e.g., hy- 
drolyzing enzymes, fusaric acid, and ly- 
comarasmine. Rapid deterioration of giant 
cells in Fusarium-infected plants is likely 
initiated by toxic metabolites from the 
fungus outside the cell, as distinct from the 
process of hyphal invasion and growth 
within the cell, because a) giant cell de- 
terioration occurred without corresponding 
hyphal penetration, b) giant cell deteriora- 
tion in fungus infected plants (Figs. 3, 4) 
is a dissimilar process to that of natural 
aging of giant cells after female maturation 
(11), and c) the developing nematode ap- 
peared to be fungus free. This early recog- 
nition of disrupted giant cell protoplasmic 
contents in both cultivars, even when no 
hyphae were visible within the giant cells, 
suggests that giant cells are sensitive to a 
translocatable physiological factor. This was 
not reported in earlier papers on the histo- 
pathology o[ the M. incognita-Fusarium 
(8,9) and M. incognita acrita-P, parasitica 
disease complexes (18). 

Although there were abundant fungal 
hyphae within the xylem tissue of both cul- 
tivars 3 weeks after fungal inoculation, the 
hyphae occurred within the giant cells of 
only the Fusarium-susceptible plants, which 
confirms earlier light microscope observa- 
tions (8,18). The early presence of fungal 
hyphae within the tissues but not in giant 
ceils of the Fusarium-resistant cultivar after 
3 weeks, even though they eventually enter 
and break down the giant cell, implies that 
in predisposing the plant to fungal infec- 
tion the giant cell initiates a factor for 
fungal development, but that the giant cell 
itself is penetrated by the hyphae only after 
a threshold of infection is reached. 

Powell and Nusbaum (18) described the 
cytoplasm in M. incognita acrita-induced 
giant cells in tobacco as becoming dense and 
granular during P. parasitica var. nicotianae 
invasion. This light microscope observation 
parallels the electron microscope observa- 
tion of cytoplasm containing many ribo- 
somes, ribosome covered bodies, and an 
abundance of crystalline structures within 
plastids (Fig. 11). Furthermore, giant cell 
degeneratiorL culminated in a shrivelling 
(light microscope) (18) or a loss (electron 
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microscope) of cytoplasimic contents. This 
type of giant cell breakdown contrasts with 
that of the normal giant cell aging process 
after nematode maturation; in this latter 
process a major feature is the progressive 
loss of nuclear chromatin and of membrane 
distinctness (11). 

Crystalline inclusions within the plastids 
of Fusarium-affected giant cells may indi- 
cate a physiological stress induced by Fu- 
sariurn toxic metabolites. These crystalline 
inclusions (Fig. I1) differ from those in 
giant cells induced by M. incognita alone 
in tomatoes (11) both in their location 
and structure. Crystalline inclusions within 
plastids in nurse cells induced by tile citrus 
nematode, Tytenchulus semipenetrans, were 
reported (7) to be caused by "physiological 
disturbances" induced by nematode para- 
sitism. However, curiously similar crystall- 
ine inclusions, composed of phytoferritin, 
occur in tile cotyledon of Vicia [aba during 
maturation (5). The uhrastructural changes 
of giant cells in fungus-infected plants-- 
namely, condensation of the chromatin ma- 
terial peripherally in the nucleus, presence 
of electron dense inclusions within tile 
chromatin material, and the association of 
ribosomes with the fragmented nuclear 
membrane (Fig. 4)--suggest major physio- 
logical and biochemical disturbances in the 
giant cell. Somewhat similar ultrastructural 
changes occur in the root cells of the nema- 
tode-resistant tomato cv. Nematex (12) 
when attacked by 3~r. incogn,ita. In both 
these examples (7,12), a physiological stress 
is exerted on the plant ceils. Fragmenta- 
tion of the nuclear membrane was reported 
also as a cell response in tobacco infected 
by P. parasitica var. nicotianae (6). 

Even after 3 weeks, fungal hyphae were 
not observed within giant cells of the 
fungal-resistant cuhivar, although the in- 
fluence of adjacent hyphae modified giant 
cell ultrastructure (Figs. 9-11). Further- 
more, it takes about 3 weeks for the fungus 
to initiate intracellular changes within 
giant cells of the resistant cultivar but only 
2 weeks in the susceptible one. Undoubt- 
edly, the sequence of events when Fusarium 
eventually invades giant cells of the Fv3a- 
rium resistant cultivar is similar to that in 
the susceptible cultivar, except that it takes 
longer. 
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G i a n t  cells  i n d u c e d  in  t o m a t o  by M.  
]auanica are  a t  t h e i r  m e t a b o l i c a l l y  m o s t  
a c t i v e  stage,  an t i  c o n t a i n  m a x i m u m  c o n c e n -  
t r a t i o n s  of  D N A  (2) a n d  p h o t o s y n t h a t e s  
(3), a b o u t  3 - 4  weeks  a f t e r  t h e  i n d u c t i o n .  
I t  is a lso  at  th i s  s tage  t h a t  Meloidogyne has  
i ts  g rea t e s t  c a p a b i l i t y  for  p r e d i s p o s i n g  
p l a n t s  to  Fusv, rium (16). T h e  i m p o r t a n c e ,  
t he r e fo r e ,  of  such  a f o o d  sou rce  in  e n h a n c -  
i n g  Fttsarium d e v e l o p m e n t ,  e spec ia l ly  i n  a 
f u n g a l  r e s i s t a n t  p l an t ,  f u r t h e r  e x p l a i n s  t h e  
p red i s l0os i t ion  p h e n o n t e n o n  (17,18,19). Fu r -  
t he r t no re ,  t h e  successfu l  i n i t i a t i o n  a n d  
t n a i n t e m m c e  of  g i a n t  cel ls  is e s sen t i a l  for  
n o r m a l  g r o w t h  a n d  r e p r o d u c t i o n  o f  t he  
r o o t - k n o t  nenmto t l e .  I n  f u n g a l - r e s i s t a n t  
c t th iva r s ,  th is  f ac i l i t a t e s  p r e d i s p o s i t i o n  of  
p l an t s  to  Fusarium w i l t  fungus ,  t he  t o x i c  
m e t a b o l i t e s  of  w h i c h  m a y  i n i t i a t e  e a r l y  
b r e a k d o w n  of  t he  g i a n t  cells. I f  suff ic ient  
n u m b e r s  of  t h e  g i a n t  cel ls  c l u s t e r e d  a r o u n d  
t t te  h e a d  of  a f e m a l e  n e m a t o d e  a re  de- 
s t royed ,  t he  n e m a t o d e  wi l l  d i e  p r e m a t u r e l y  
a n d  so affect  t he  o v e r a l l  r o o t - k n o t  n e m a t o d e  
p o p t t l a t i o n .  H o w e v e r ,  t he  c h e m i c a l  n a t u r e  
ant i  m o d e  of  a c t i o n  of  t h e  f n n g a l  m e t a b o l i t e  
is u n k n o w n .  
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