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Summary. With the aim of dissecting host-parasite inter- 
action processes in the system Lycopersicon aesculentum- 
Fusarium oxysporum f. sp. lycopersici we have isolated 
plant cell mutants having single-step alterations in their 
defense response. A previous analysis of the physiologi- 
cal phenotypes of mutant cell clones suggested that 
recognition is the crucial event for active defence, and 
that polysaccharide content, fungal growth inhibition, 
peroxidase induction in in vitro dual culture and ion 
leakage induced by cultural filtrates of the pathogen can 
be markers of resistance. In this paper we present the 
results of a similar analysis carried out on cell cultures 
from one susceptible ('Red River'), one tolerant ( 'UC 
105') and three resistant ('Davis UC82 ' ,  'Heinz', 
'UC 90') tomato cultivars. Our data confirm that the 
differences in the parameters considered are correlated 
with resistance versus susceptibility in vivo. Therefore, 
these parameters can be used for early screening in selec- 
tion programmes. These data, together with those ob- 
tained on isolated cell mutants, suggest that the selection 
in vitro for altered fungal recognition and/or polysaccha- 
ride or callose content may lead to in vivo - resistant 
genotypes. The data are thoroughly discussed with par- 
ticular attention paid to the importance of polysaccha- 
rides in active defense initiation. 
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Introduction 

The resistance of tomato to Fusarium oxysporum f. sp. 
Iycopersici has been shown to be correlated with callose 
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and lignin deposition (Matta et al 1970; Friend 1976; 
Beckmann 1987; Mueller 1988), synthesis of phytoalex- 
ins and phenolic compounds (Bell and Mace 1981; Scala 
et al. 1985; Kroon et al. 1991; Vandermolen et al. 1977), 
peroxidase induction (Grzelinska et al. 1976), toxin tol- 
erance (Shahin and Spivey 1986) and restriction of fungal 
growth on callus (Kroon et al. 1991). However, few and 
conflicting data are available on the involvement of these 
processes in resistance and, eventually, in defense. As a 
result no conclusion can be drawn on the role of single 
mechanisms in the hierarchy of the defense reaction, 
which seems, in this system as in others, to be under the 
control of single, dominant, alleles (Beckman 1987). In 
vitro cultures could be a good system by which to tackle 
this problem. In order to study the Fusarium-tomato 
interaction a standardized dual culture method has been 
developed. Techniques for the in vitro screening of most 
of the forementioned parameters have been already de- 
fined (Buiatti et al. 1987; Storti et al. 1990), and this 
system has been successfully used for the isolation of cell 
mutants with increased or decreased hypersensitive reac- 
tion, high and low polysaccharide, callose and peroxi- 
dase content (Buiatti et al. 1987; Storti et al. 1990; Storti 
in preparation). These mutants would then be used for a 
dissection of in vitro host-parasite interactions with a 
rationale similar to that used in classical biochemical 
genetics to dissect metabolic patterns-with mutants im- 
paired in single steps of the pathway to be studied (Storti 
et al. 1989, 1990). 

Preliminary data suggest that in vitro recognition and 
polysaccharide content are the limiting factors for de- 
fense. In fact, when both parameter increase mutants 
display the whole spectrum of defense reactions. Correla- 
tions between active defense, peroxidase synthesis and 
toxin tolerance have also been found. Nevertheless, these 
events can be necessary but not sufficient for resistance, 



124 

because high peroxidase and toxin-tolerant cell mutants  
do not  inhibit the pathogen and do not show any im- 
provement in other parameters indicative of the hyper- 
sensitive reaction (Storti et al. 1989; 1990). 

Our data suggest that resistance should occur in high 
recognition and high in vitro polysaccharide-producing 
genotypes. These two characters should induce the whole 
cascade of events leading to active defense, and their 
action should be favoured by toxin tolerance (Buiatti and 
Ingram 1991). 

In vivo-resistant genotypes should show the whole 
spectrum of in vitro reactions such as high recognition 
and high polysaccharide-producing mutants.  The aim of 
the investigation reported in this paper was therefore to 
test this hypothesis with in vitro cultures of tomato geno- 
types known to be resistant to F. oxysporum f. sp. lyco- 
persici in vivo. For this purpose, in vitro cultures from 
one moderately tolerant ( 'UC 105') and one susceptible 

( 'Red River'), three resistant ( 'Heinz 2274', 'Davis 
UC 82', 'UC 90'), tomato cultivars were challenged in 
dual culture with the pathogen and screened for polysac- 
charide and callose content, fungal inhibition, peroxidase 
induction and ion leakage in the presence of fusaric acid. 

Materials and methods 

Plant and fungus cultures 

The commercial tomato (Lycopersicon aesculentum) cultivars 
used were 'UC 90', 'Davis UC 82' and 'Heinz 2274', resistant to 
Fusarium oxysporum f. sp. lycopersici race 1; 'UC 105', tolerant; 
and 'Red River', susceptible. 

The establishment and growth of the callus cultures have 
been previously described (Buiatti et al. 1987). E oxysporum f. 
sp. lycopersici race 1 was maintained on a Czapek Dox broth 
Difco medium. 

In vivo staining of polysaccharides with calcofluor 

Callus explants from the different tomato cultivars were plated 
on petri dishes containing LS medium supplemented with 0.02% 
(w/v) calcofluor white (Fluorescent Brightener, Sigma). The 
dishes were incubated in a growth chamber in the dark at 24 ~ 
for 2 h, and then the calluses were screened for fluorescence 
under UV light at 365 nm. 

In vivo staining of callose with aniline blue 

Callus pieces from the different tomato cultivars were plated on 
petri dishes containing medium consisting of 0.1 M, Na2PO 4 
buffer pH 8.5, supplemented with 0.1% (w/v) aniline blue and 
7 g/1 Difco agar. Dishes were incubated in a growth chamber in 
the dark at 24 ~ for 10 min, and calluses were then screened for 
fluorescence under UV light at 365 nm. 

Dual culture 

Dual culture experiments were carried out by sowing E oxyspo- 
rum conidia on filter paper disks (3.10 5 conidia/disk). The discs 
were then plated on petri dishes containing medium supple- 

mented with 0.4 ppm 2,4-D and 1 ppm Kinetin at the same 
distance from one explant of each of two cultivars to be tested; 
one resistant, the other susceptible. Fungal growth in the two 
directions was measured after 3 days, and values were com- 
pared. 

Preparation of heat-released mycelial cell-wall components 
(elicitors) and callus treatment 

E oxysporum f. sp. lyeopersici race 1 was surface cultured in 150 
ml Czapek Dox Broth Difco in 500-cc conical flasks at 24~ 
for 21 days. Heat-released cell-wall components (elicitors) were 
isolated as described previously (Buiatti et al. 1985). The con- 
centration of an elicitor was measured with the phenol-sulfuric 
acid method (Hodge and Hofreiter 1962) and expressed as glu- 
cose equivalents. The elicitor was then concentrated to I g fresh- 
weight (f. w.) mycelium/l ml distilled water and filtered through 
a 0.45-gin Millipore. Seven- to ten-day-old callus pieces (about 
I g f.w.) of the different cuttivars were treated with 100 gl of 
elicitor solution. Controls were treated with distilled water in the 
same manner. Cultures were incubated in a growth chamber at 
24 ~ under continuous light, and browning caused by elicitor 
treatment was visually evaluated after 24 h. 

Electrolyte leakage 

For ion ieakage measurements, 1 g of the callus to be tested was 
incubated in 25 ml of a 37 g/1 sucrose solution supplemented or 
not with 3 mM fusaric acid (Aldrich Chemical). Conductivity 
was measured with a digital conductivity meter (Top tronic 
X74174) every 2 min for 40 min. 

Peroxidase extraction and assay 

Soluble, ionically bound and covalently bound peroxidases were 
extracted from calluses of the different cultivars as previously 
described (Storti et al. 1989). Protein content was determined by 
the Bradford reagent method (Bradford 1976). The method used 
for the spectrophotometricai assay of peroxidase activity was 
based on that developed by Haskins (1955). Each experiment 
was independently repeated twice. 

Peroxidase electrophoresis 

Peroxidase isoenzymes were analysed as previously described 
(Storti et al. 1989). Peroxidase staining was performed with 
guaiacol and H20 z according to Kay and Basile (1987). 

Results 

As a preliminary step prior to biochemical analysis, calli 
from the different cultivars were tested for fungal recog- 
nit ion capacity by scoring for hypersensitive browning 
after treatment with fungal elicitor. The susceptible cv 
'Red River' and the tolerant cv 'UC 105' lacked the 
hypersensitive reaction, while the resistant cvs 'Heinz' ,  
'Davis UC 82' and 'UC 90' showed intense browning 
(Fig. 1 a). 

To investigate the possibility that calli from the resis- 
tant cultivars possess a higher content of polysaccharides 
and callose than the susceptible ones, in vivo staining 
experiments were performed by using, respectively, cal- 
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Fig. 1. a Browning of calluses of resistant ('Heinz', 'Davis UC 82', 'UC 90') and moderately tolerant ('UC 105') cultivars of tomato 
after treatment with Fusarium oxysporum cell-wall components, b Fluorescence of growing calluses on calcofluor white, c Fluores- 
cence of growing calluses on aniline blue. d Inhibition of fungal growth in dual culture by callus of the resistant cv 'UC 90'. The callus 
on the left is from the susceptible cv 'Red River' 

cofluor white and aniline blue. Figures 1 b and c show 
that 'Heinz',  'UC 90' and 'Davis UC 82' calluses had a 
higher UV fluorescence intensity on dye-containing me- 
dia than the susceptible 'Red River' and 'UC 105'. 

The inhibition of  fungal growth was analysed in dual 
culture experiments by challenging calluses from resis- 
tant and susceptible genotypes with the pathogen. A typ- 
ical result is shown in Fig. 1 d: the shape of  the mycelium 
indicates that only the resistant cv 'UC 90' was able to 
inhibit fungal growth; the same result was obtained with 
'Heinz'  and 'Davis UC 82'. A quantitative analysis of  F. 
oxysporum inhibition was also performed by evaluating 
the distance between the mycelium and the callus border. 
The results (Table 1) show that Fusarium growth inhibi- 
tion occurred only in the presence of  calli from resistant 
genotypes. On the contrary, tolerant 'UC 105' and sus- 
ceptible 'Red River' were unable to influence fungal 
growth. 

In order to analyse the peroxidase content, calli from 
different cultivars were challenged with the pathogen in 
dual culture for 0, 8, 16 and 32 h. Samples corresponding 
to soluble, ionically bound and covalently bound perox- 

Table 1. Measurement of inhibition of fungal growth in dual 
culture experiments of resistant ('Heinz', 'Davis UC 82', 
'UC 90'), moderately tolerant ('UC 105') and susceptible ('Red 
River') cultivars 

Cultivars D - R 
D 

A B A B 

Heinz UC 105 0.650 0.590 
Davis UC 105 0.665 0.620 
UC 90 UC 105 0.610 0.560 
Heinz Red River 0.640 0.590 
Davis Red River 0.645 0.600 
UC 90 Red River 0.650 0.580 

R, Radius of mycelium; D, distance between the center of the 
filter disc and the border of the callus 

idases were used both for the spectrophotometrical assay 
of  enzyme activity and for the electrophoretic analysis of  
isoenzymatic patterns. 

The results for enzyme activity are reported in Fig. 2 a 
(soluble peroxidases), b (ionically bound peroxidases) 
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Fig. 2. Activity of soluble (A), ionically bound (B), covalently 
bound (e) peroxidases from calli of resistant ('Heinz', 'Davis 
UC 82', 'UC 90'), moderately tolerant ('UC 105') and suscepti- 
ble ('Red River') cultivars grown for different times in the pres- 
ence of the pathogen 

and c (covalently bound peroxidases). In all cases consti- 
tutive values were not significantly different and did not 
correlate with resistance. The resistant cv 'UC 90' 
showed a high level of  induction for all classes of  en- 
zymes. The induction of  ionically bound peroxidases oc- 
curred after 8 h of  dual culture, while both the soluble 
and covalently bound peroxidase fractions were induced 
at 16 h. The resistant cv 'Davis UC 82' also showed a 
peak of  enzyme activity for the ionically bound peroxi- 
dase fraction. While the level of  induction was slightly 
lower for the other resistant cultivars examined, it was 
higher than that obtained for the susceptible cv 'Red 
River'. 

The electrophoretic analysis of  peroxidase isoen- 
zymes was carried out on the three resistant cultivars and 
tolerant 'UC 105'. No  difference was detected between 
cultivars in their isoenzyme electrophoretic patterns for 
the soluble and ionically bound fractions (data not 
shown). The differential staining of  electrophoretic 
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Fig. 3. Electrophoretic pattern ofcovalently bound peroxidases 
from calli of resistant ('Heinz', 'Davis UC 82', 'UC 90') and 
moderately tolerant ('UC 105') cultivars grown for different 
times in the presence of the pathogen 
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Fig. 4. Ion leakage from calli of resistant ('Heinz', 'Davis 
UC 82', 'UC 90'), moderately tolerant ('UC 105) and suscepti- 
ble ('Red River') cultivars in the presence of fusaric acid 

bands also confirmed the abovementioned quantitative 
differences. 

Dual culture appeared to induce the synthesis of  one 
additional isoenzyme in the covalently bound fraction of  
all the resistant cultivars examined (Fig. 3.). Moreover, 
only 'UC 90' showed a band that could be detected after 
16 h of  dual culture, the time of  the induction of  enzyme 
activity (Fig. 3). The supernumerary bands observed in 
'UC 90' were always absent in 'UC 105'. 

Finally, the resistant cultivars were also found to be 
tolerant to fusaric acid, as shown by the lower ion release 
observed in these genotyes in comparison with 'UC 105' 
and 'Red River' (Fig. 4). 

Discussion 

Previous work carried out in our laboratory had shown 
that tomato cell mutants selected for a high hypersensi- 
tivity response to Fusarium oxysporum f. sp. lycopersici 
had a pleiotropic phenotype, i.e. high polysaccharide 
and callose content, peroxidase induction, phytoalexin 
synthesis and pathogen inhibition in dual culture (Buiatti 
et al. 1987; Storti et al. 1989). 
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Furthermore, the same phenotype was also observed 
in cell mutants selected for high polysaccharide content, 
which were also found to be more tolerant to toxins. On 
the other hand, cell variants selected for high constitutive 
and inducible peroxidase activity were modified just in 
this specific character (Storti et al. 1989, 1990). 

The data reported in this paper show that the highly 
resistant cvs 'Heinz 2274', 'UC 90' and 'Davis UC 82' 
display in vitro the same physiological phenotype as cell 
mutants selected for improved pathogen recognition and 
high polysaccharide content. On the contrary, both the 
moderately tolerant cv 'UC 105' and susceptible 'Red 
River' had a low polysaccharide content and did not 
show any hypersensitive reaction when treated with fun- 
gal elicitor. 

In our system all the parameters analysed seem to be 
good markers of  resistance versus susceptibility in vivo. 
Moreover, being easily scored, they can be useful in 
breeding programmes as early screening criteria in vitro. 

The data also suggest that single genes controlling 
resistance to Fusar ium in tomato (Beckman 1987) may 
act through recognition events someway favoured by 
high in vitro polysaccharide content. This leads to a com- 
plex hypersensitive phenotype including phytoalexin syn- 
thesis and increased peroxidase activity. Fusaric acid tol- 
erance has been shown to occur only in in vivo resistant 
cultivars, but not necessarily in isolated cell mutants. 

Therefore, peroxidase induction may be a conse- 
quence of  recognition, while toxin tolerance may be im- 
portant  in vivo to protect the plant from the inhibition of  
active defense processes by the pathogen as suggested by 
Buiatti and Ingram (1991). The mechanism through 
which high polysaccharide (callose ?) content or their de 
novo synthesis may play such an important  role in trig- 
gering defense processes still remains rather obscure. 
However this feature seems to be common to other sys- 
tems, like Dian tus  caryophil lus  - Fusar ium o x y s p o r u m  

f. sp. dianthi  and Solarium tuberosum - A l ternar ia  alter- 

nata,  which have been studied in our laboratory (unpub- 
lished results). 

Callose and polysaccharide have been found to be at 
higher levels in incompatible interactions and to accumu- 
late early after infection (Matta et al. 1970; Beckman 
et al. 1982; Mueller et al. 1988). In our case the difference 
between resistant and susceptible cultivars is constitutive 
in vitro, i. e. independent from the presence of  the patho- 
gen. This may be due to a differential in vitro synthetic 
ability because the leaves and internodes of  non-infected 
resistant and susceptible plants do not show any differ- 
ence in this character (data not shown). 

It should be stressed, however, that the presence of  
high levels of  polysaccharides in incompatible interac- 
tions should be generally considered as evidence for a 
direct inhibition of  the fungus by these compounds. The 
polysaccharides may act through the formation of  phys- 

ical barriers, thus denying any real role in active defense. 
On the other hand, since the initial work by Darvill and 
Albersheim (1984), vast evidence has been collected sug- 
gesting that oligosaccharins derived from cell-wall degra- 
dation may act as secondary messengers for the hyper- 
sensitive response to pathogens. Whether there is any 
connection between these independent results and our 
work remains to be ascertained. 

Finally, it should be noted that none of  the parame- 
ters studied suggest any difference in the behavior of  the 
tolerant cv 'UC 105' from the fully susceptible cv 'Red 
River'. 

'UC 105' has been reported alternatively as resistant 
or susceptible, and it is considered to show some degree 
of  tolerance. The biochemical basis of  this behaviour is, 
to our knowledge, obscure. 
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