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Summary 

The tomato pathotype of Alternaria alternata causes Alternaria stem canker of tomato (Solanum 
lycopersicliln L.) by producing a host-specific AAL-toxin. The chemical structure and biological 

activities of AAL-toxin are analogous to those of the mycotoxin fumonisin. Determination of pathogen 

development and toxin production in infected tomato plants is of prime importance for pathological 

evaluation and risk assessment of AAL-toxin. On a resistant cuitivar, AAL-toxin and the pathogen 

were restricted to a small region surrounding only the initial inoculation site. On the other hand, 

widespread distribution of the toxin and the pathogen were detected in a susceptible cultivar. The 

pathological significance and contamination risk from the toxin were supported by the results of ill 

planta production of the toxin in diseased tomato plants. 
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Introduction 

7 

Alternaria alternata (Fries) Keissler is a ubiquitous fungus found on many kinds of plants and other 

sub stratal). Some are necrotrophic fungal pathogens that produce host-specific toxins (HSTs), which cause 

necrotic cell death only on susceptible plant cultivars during compatible interactions2
.
3
). HSTs are repOlied to 

be critical determinants of pathogenicity or virulence in several plant-pathogen interactions2
.
31. The tomato 

pathotype of A. alternata (syn. A. alternata f. sp. lycopersici, syn. A. arborescens) , which produces host

specific AAL-toxin, causes Alternaria stem canker on susceptible tomato cultivars3
.
61. The structure of 

AAL-toxins, which are chemical analogues of the mycotoxin fumonisins produced by Fusarium verticil

lioides (formerly F monilijorme), has already been detennined7
•
91. AAL-toxins consist of a family of struc-
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turally analogous metabolites, and AAL-toxin TA is the major toxin7-9). AAL-toxin and fumonisin are sphin

ganine-analogue mycotoxins (SAMs) which induce apoptotic cell death in susceptible tomato cells and 

mammalian cells by inhibiting ceramide biosynthesis7.l0-12). In A. alternata-tomato interactions involving the 

tomato pathotype, a major factor in pathogenicity is the production of the host-specific AAL-toxin that is 

capable of inducing cell death only in susceptible cultivars13
-
l5). 

In planta production of phytotoxins is an important system for evaluating the pathological roles of 

toxinsl6.l7). Nevertheless, production of toxins in infected plant tissues has not been proven for many phyto

toxins, including HSTs, although in vitro toxin production on artificial media has been demonstrated in many 

casesl7). The reason for difficulties in the detection and quantification of toxins in planta, especially in the 

case of HSTs, is that the concentration of the toxins in vitro is generally very low. Because HSTs have high 

toxic activities, only a slight amount of these toxins is enough to exert a toxic effect against host cells during 

infection by the toxin-producing pathogensl6
.l7). Therefore, rapid and highly sensitive methods for quantitative 

determination of toxins in diseased plant tissues have been in demand. High-perfonl1ance liquid chromatog

raphy (HPLC) has improved the analysis and quantification of many HSTsl5,l7.l8). An improved HPLC 

methodl8) was developed for the detection and quantification of AAL-toxins by precolumn fluorescence 

derivatization with o-phthalaldehyde (OPA) plus mercaptoethanol, with a detection limit of 1 ngl8). This 

method offers apparent advantages over maleylation and UV detection of the toxins19
•
201, because prechro

matographic derivatization of the toxin with OPA is rapid and easy, and fluorescent derivatives permit 

excellent detection sensitivity. 

Here, the improved HPLC method was used to examine in planta production of AAL-toxin and local

ization of the pathogen in infected tomato plants to evaluate the pathological significance of the toxin during 

the infection process. In addition, it is important to evaluate AAL-toxin production in diseased tomato tissues, 

because biological activities of AAL-toxin is similar to those of fumonisin mycotoxins produced by Fusarium 

(Gibberella) species7.lo.1l
) and contamination of crops by AAL-toxin might have potential risk in humans. 

Materials and Methods 

Fungal strains ami culture conditions Sh'ain As- 2720) of the tomato pathotype of A. altemata (syn. A. 

altemata f. sp. lycopersici, syn. A. arborescens) and the transfOlmant derived from this isolate were used. 

Both isolates were maintained on potato dextrose agar (PDA) (Difco, Detroit, MI) slants or as mycelial 

fragments in 20% glycerol at - 80°C. The isolates were cultured on v8 juice agar medium for production of 

conidia or in potato dextrose broth (PDB) (Difco, Detroit, MI) for genomic DNA preparation. 

Generation of the marker strain Protoplasts were prepared from the A. alternata tomato pathotype As-27 

strain as described previousl/3
) except that 10 mg/mL of lysing enzyme (Sigma-Aldrich, St. Louis, MO) and 

10 mg/mL of kitalase (Wako Pure Chemicals, Osaka, Japan) replaced the enzymes originally used. Proto

plasts (1 x 107,80 JlI) were transformed with pAN7_12l) to confer resistance to hygromycin B by methods 

described previously!3). Integration of the hygromycin B resistance gene (hph) cassette was determined by 

PCRJ3
•
22). The hygromycin B-resistant transformant (A-63) of As-27 was purified by single spore isolation and 

was used as the marker strain for inoculation tests. 
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Inocillation of the marker strain onto tomato plants For inoculation with the pathogen, tomato (Solanum 

lycopersicum L.) plants either susceptible (cv. 'Earlypak 7') or resistant (cv. 'Ace') to the tomato pathotype of 

A. alternata were grown in sterilized soil in a growth chamber (Growth Cabinet MLR- 350, Sanyo, Osaka, 

Japan) at 24-26 °C with a photoperiod of 14-16 h (6,000 lUX). The tomato plants at 4-6 weeks of age were 

inoculated with the hygromycin B-resistant transfOlmant (A-63) of As-27 as follows. The surface of the basal 

portions of stems of susceptible and resistant tomatoes grown in pots were lightly scratched with a needle, 

and small pieces of mycelial plug from PDA cultures of the pathogen were put directly on the wounded 

stems. The inoculation site was covered with moist paper and Parafilm® M (SPI Supplies/Stmcture Probe, 

Inc., West Chester, PA), and the plants were placed in a growth chamber at 24-26 ° C for given incubation 

periods. 

Detection of the pathogen and quantification of AAL-toxill ill planta At days 7 and 20 of post-inocu-

lation, serial sections were prepared from the infected stems as described in Figure 1, and distributions of the 

pathogen and the toxin were detemlined. Each stem section consisted of a 1 cm-long stem tip except section 

No.7, which consisted of the entire plant including stems and leaves, and section No. 0, which included only 

the inoculation site (Fig. 1). Each stem section was divided into two parts, and one of the parts was placed on 

the selective PDA medium containing hygromycin B (100 Ilg/ml; Wako Pure Chemical, Osaka, Japan) for 

selective detection of the inoculated marker strain, while the other of the parts was immersed in ethanol for 

24 h at 4 °C for extraction of the toxin. Quantitative 

analysis of AAL-toxin TA in the section was 

performed by HPLC with precolumn derivatization 

of o-phthalaldehyde as described previously15.1S). 

Results and Discussion 

An antibiotic-resistant marker strain of A. 

alternata (A-63) was used to reisolate and detect the 

inoculated fungus in infected plant tissues and select 

against other fungal contaminants. The marker 

strain A- 63 canying the hph gene produces equili

brate amount of AAL-toxin during cultures. The 

basal portions of stems of the tomatoes were inocu

lated with A -63. The reason for this choice of inocu

lation site is that natural infection by the pathogen 

reportedly initiates at the basal region of the stem 

(between stem and root) of tomato plants4
.
5

). The 

stem canker symptom appeared on the stems of the 

susceptible cultivar after 7 days of incubation. On 

the other hand, almost no symptoms were observed 

on the resistant cultivar. 

Serial sections were prepared from the infected 

7 

Sec1ion No. 
InoOJlation site -JJt>-

[lcm 

Fig. 1. Diagram of sectioning procedure used for evaluating 
in planta distribution of the pathogen and AAL-toxin 
in infected tomato plants. Each stem section consists 
of a one em-long stem tip, except for section No.7, 
which consists of the entire plant including stems and 
leaves. Section No. 0 includes the pathogen inocu
lation site. 
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stems as described in Fig. 1 at 7 and 20 days after inoculation, and distribution of the pathogen and the toxin 

was determined. To examine the distribution of the pathogen, fungal growth from sections bearing fungal 

invasion was observed on the selective medium (Fig. 2 ). The growing hyphae were transferred to fresh 

selective media to confirm drug resistance of the isolated fungi. The maintenance of the marker gene in the 

isolated strains was confirmed using peR with primer pairs for 

hph as described previousl/2
) (data not shown). After 7 days of 

inoculation, fungal growth and AAL-toxin production on the 

resistant cultivar Ace were restricted to only the inoculated stem 

section (section 0 ) (Table 1 ). However, the pathogen and the 

toxin were detected in the inoculated stem section (0) and the 

adjacent section (1) on the susceptible cultivar Earlypak 7 (Table 

1). The pathogen and toxin were both restricted to the inoculated 

section (0) even 20 days after inoculation on the resistant tomato 

(Table 1 ). On the other hand, the pathogen and the toxin were 

widely distributed (sections - 2 to 4) in the susceptible cultivar 

20 days after inoculation (Table 1), and AAL-toxin was diffusing 

to upper portions of the plant beyond the fungal growing area 

(sections 0 to 5 ). The pathogen was reisolated at lower parts 

(sections - 2 to - 1) of the stem without the toxin. In these 

sections, toxin production might be below the detection limit due 

to the relatively reduced growth rate ofthe pathogen. 

Thus, in planta production and release of the toxin by the 

pathogen were confirmed in this study using the combination of 

Fig. 2. Growth of the inoculated marker 

strain (A-63) of the tomato pathotype 
of Alternaria alternata on PDA plate 

containing hygromycin B ( 100 /lg/ 
ml). Mycelial growth was observed 

after 5 days of incubation on the left 
stem section, indicating distribution 
of the inoculated marker strain on this 

stem section. The right stem section 

does not contain the marker strain. 

Table l. Fungal growth and in planta distribution of AAL-toxin in tomato plants infected with the tomato pathotype of Alter-
naria alternata 

Fungal growth andAAL-toxin production (nglg fro wt.) 
Days after 

Plant Section numberd 

inoculation 
-3 -2 0 1 2 3 4 5 6 7 

7 Ep7' NDb ND ND 71 35 ND ND ND ND ND ND 
(-)' (-) (-) (+) (+) (-) (-) (-) (-) (-) (-) 

20 Ep7 ND ND ND 108 150 213 242 93 107 67 61 
(-) (+) (+) (+) (+) (+) (+) (+) (-) (-) (-) 

7 Ace ND ND ND 139 ND ND ND ND ND ND ND 

( ) (-) (-) (+) (-) ( ) (-) ( ) (-) (-) (-) 

20 Ace ND ND ND 62 ND ND ND ND ND ND ND 

(-) (-) (-) (+) (-) (-) (-) (-) (-) (-) (-) 

, cv. 'Earlypak 7'. 
b Amount (ng/g fro wt.) of AAL-toxin TA was determined by HPLC with OPA derivatization. ND: not detected. 
, +; The inoculated marker strain was reisolated from each section on the selection medium. -; No fungus was reisolated from 

sections on the selection medium. 
d The section number is indicated in Fig. 1. 
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a marker strain and a sensitive toxin detection method. As defined by Dimond and Waggone/31, slightly 

modified by Dimond
201

), candidate compound must meet the following criteria to be classified as a vivotoxin: 

( 1 ) isolated from a diseased plant but not present in healthy plants; (2) chemically characterized; and (3) 

produce all or some of the symptoms when applied to a healthy plant as a pure compound. AAL-toxin meets 

these requirements of a vivotoxin, and the pathological significance of the toxin has been further supported 

by these results on in vivo production of the toxin in diseased tomato plants. 

At early stages of infection, no difference in pathogen growth and toxin production between the suscep

tible and resistant tomatoes was observed, whereas the pathogen continued to grow and extensively produce 

toxin in susceptible plants only. The widespread distribution of this toxin in diseased tomato might be the 

reason for symptoms of the disease that typically appear, such as dark brown cankers on stems and interveinal 

necrosis on the leaves4
,5,20). On a resistant cultivar, the pathogen was restricted to the initial infection site, 

although the pathogen was still alive at the later stages (20 days after inoculation) of infection. These findings 

suggest that the mechanisms of resistance to infection with A, alternata in tomato may be fungistatic rather 

than fungicidal. In addition, AAL-toxin was still recovered from the resistant cultivar at later stages of 

infection. Thus, toxin degradation or detoxification may not be the mechanism of resistance as opposed to the 

case of HC-toxin, which, in the interaction between maize and Cochfiobolus carbonum race 1, is inactivated 

by a reductase25). Insensitivity to AAL-toxin and fumonisin is conferred by the Ascl (Alternaria stem canker 

resistance gene 1) gene, a homologue of the yeast longevity assurance gene, LagI, which mediates resistance 

to SAM-induced apoptosis via production of alternative ceramidell
). Mechanisms of resistance to A. alternata 

infection in tomato, including signal transduction and expression of defense-related genes, are currently being 

studied in our laboratory26,27). 
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AAL毒素の分布
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Alternaria alternata tomato pathotypeは，宿主特異的 AAL毒素生産によりトマトアルターナリア茎枯病を

引き起こす. AAL毒素はマイコトキシンフモニシンの構造類縁体であり，その生物活性も類似する.憶病

植物組織内における病原菌の伸長と産生された毒素の確認は，毒素の病理学的重要性とリスクの評価のた

めに重要で、ある.抵抗性植物品種上において，病原菌および毒素は接穏部位のみに局在していた.一方，

感受性品種上では，毒素の広範な分布と病原菌の伸長が確認された.本研究の結果から， AAL毒素の病理

学的重要性が確認されるとともに，擢病トマトにおける毒素による汚染リスクの可能性が示唆された.

キーワード:Alternaria alternata， トマト ，Solanum lycopersicum， AAL毒素，フモニシン，擢病植物内毒素
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