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Abstract Fusariosis, caused by the fungus Fusarium

subglutinans f. sp. ananas (Syn. F. guttiforme), is one of

the main phytosanitary threats to pineapple (Ananas

comosus var. comosus). Identification of plant cell res-

ponses to pathogens is important in understanding the

plant–pathogen relationship and establishing strategies to

improve and select resistant cultivars. Studies of the

structural properties and phenolic content of cell walls in

resistant (Vitoria) and susceptible (Perola) pineapple cul-

tivars, related to resistance to the fungus, were performed.

The non-chlorophyll base of physiologically mature leaves

was inoculated with a conidia suspension. Analyses were

performed post-inoculation by light, atomic force, scanning

and transmission electron microscopy, and measurement of

cell wall-bound phenolic compounds. Non-inoculated

leaves were used as controls to define the constitutive

tissue characteristics. Analyses indicated that morphologi-

cal differences, such as cell wall thickness, cicatrization

process and lignification, were related to resistance to the

pathogen. Atomic force microscopy indicated a consider-

able difference in the mechanical properties of the resistant

and susceptible cultivars, with more structural integrity,

associated with higher levels of cell wall-bound phenolics,

found in the resistant cultivar. p-Coumaric and ferulic acids

were shown to be the major phenolics bound to the cell

walls and were found in higher amounts in the resistant

cultivar. Leaves of the resistant cultivar had reduced fungal

penetration and a faster and more effective cicatrization

response compared to the susceptible cultivar.

Keywords Ananas comosus var. comosus � Disease �
Fungus � Fusarium subglutinans f. sp. ananas �
F. guttiforme � Host–parasite interaction

Introduction

Pineapple is one of most produced tropical fruits world-

wide and thus a symbolic fruit of tropical and subtropical

regions, with great trade value in fresh or processed form.

Native to Central and South America, pineapple is now

grown extensively in Hawaii, Philippines, Caribbean,

Malaysia, Thailand, Australia, Mexico, Kenya, South

Africa and China (Ma et al. 2007).

Brazil is a major pineapple producer, but this crop has

serious phytosanitary issues, which, besides economic losses

within the country, limit export of the fruits (Santos et al.

2002; Ventura and Zambolim 2002). Among these, fusari-

osis, caused by the fungus Fusarium subglutinans f. sp.

ananas (Syn.: F. guttiforme), is the most serious disease,

with losses estimated at 30–40% in marketable fruits and

20% of propagative material (Ventura and Zambolim 2002;

Ventura et al. 2009). Fusariosis is also considered to be a

quarantine disease for other countries and, therefore, is an

organism of economic importance both for the area infected

and areas where it has not yet been established.

Extensive application of chemical pesticides is the

normal control practice in commercial plantations, but this

has become highly questionable due to elevated costs,
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deteriorating soil health and general environmental issues

(Wuyts et al. 2007). Resistant cultivars are considered a

more sustainable management option, which is equally

accessible to subsistence pineapple growers as well as

commercial producers (Ventura and Zambolim 2002).

In Brazil ‘Perola’ and ‘Smooth Cayenne’, both suscep-

tible to fusariosis, are the most commonly planted culti-

vars. Recently, a new pineapple cultivar, Vitoria, resistant

to fusariosis, with better fruit quality and agronomic

characteristics similar or superior to those of cvs. Perola

and Smooth Cayenne, has been released to growers and

attracted interest in Brazil for export (Ventura et al. 2009).

The resistance of cv. Vitoria to fusariosis eliminates the use

of fungicides and reduces production costs and risks of

negative environmental impact by pesticides. However, the

mechanism of resistance is yet to be determined.

Plant defense mechanisms have been intensively studied

and it has been recognized that a better knowledge of both

the pathogen and the plant will allow the development of

novel approaches to enhance the durability of resistance

(Rodrigues et al. 2006). Such responses may be general or

specific and detailed knowledge is valuable in imple-

menting the appropriate preventative measures (Rodrigues

et al. 2009), as well as providing a model for other cultivars

that possess trade value, but are susceptible to phyto-

pathogens (Silva et al. 2006).

Knowledge of the pathogen–host interaction at a histo-

logical level allows understanding of the infection processes,

evidencing possible structural mechanisms of resistance

(Bentes and Matsuoka 2005). Cell wall-associated plant

defense is an important component of structural resistance

and may also be key to elucidating distinct kinds of resis-

tance (Hückelhoven 2007). The cell wall not only strength-

ens the plant body, but also has key roles in plant growth, cell

differentiation, intercellular communication, water move-

ment and defense (Cosgrove 2005). Following pathogen

recognition, apoplastic defenses are initiated at the cell wall

for inhibition of pathogen enzymes, wall strengthening and

toxicity to the pathogen (Hückelhoven 2007). Increased

production of the lignin polymer creates a barrier that is

physically difficult for pathogens to penetrate (Quiroga et al.

2000), and lignification has been associated with resistant

cultivars (Eynck et al. 2009; Wally et al. 2009).

Atomic force microscopy (AFM) has proved to be a

very useful technique in providing information on the

physical structure and mechanical properties of the cell

wall (Lesniewska et al. 2004) and of the lignin polymer

(Micic et al. 2001).

A positive correlation has been established between host

resistance and the production of secondary metabolites

issued from the phenylpropanoid pathway. These metabo-

lites, frequently referred to as phenolic compounds (Wuyts

et al. 2007), are associated with lignification and so limit

pathogen development at the site of infection (Hückelhoven

2007). An increase in cell wall-bound phenolics in Musa

acuminata following Fusarium elicitor application, which

is associated with increased lignin formation, has been

found (de Ascensao and Dubery 2003). Additionally,

inhibition of the phenylpropanoid pathway in barley and

chickpea weakens resistance to the fungal pathogens,

Blumeria graminis and Ascochyta Rabiei (Kruger et al.

2002; Kavousi et al. 2009).

The purpose of this research was to identify and compare

the structural alterations, in the cell wall, of fusariosis-

resistant pineapple cv. Vitoria and susceptible cv. Perola,

before and post-inoculation with the fungus F. subglutinans

f. sp. ananas.

Materials and methods

Plant material

Plant material (suckers and slips) of pineapple cultivars,

Vitoria (resistant) and Perola (susceptible), was obtained

from the Sooretama Research Experimental Station of

Incaper (Instituto Capixaba de Pesquisa, Assistência

Técnica e Extensão Rural) and individually planted into

plastic pots of 25-cm diameter and 30-cm height, con-

taining a mixture of 2:1 w/w fertilized soil and river-

washed sand. Plants were kept in a greenhouse with weekly

irrigation until 4–6 months old. The basal non-chlorophyll

portion of mature (D stage) leaves was used for all tests.

Fungal inoculum

The fungus used was F. subglutinans f. sp. ananas (E-203;

NRRL25624), derived from single conidia from INCAPER

Plant Pathology Laboratory. The Fusarium was maintained

on potato dextrose agar (PDA) (Oxoid Unipath Ltd.,

Basingstoke, Hampshire, UK) slants. The isolates were

identified using Fusarium taxonomic keys (Ventura 2000).

Histological needles (15) were arranged so as to make an

injury site of approximately 5-mm diameter and 1-mm

depth in detached pineapple leaves. Injury sites were about

2 cm from the leaf base and inoculated with the fungal

suspension (105 conidia ml-1), according to Ventura

(1994). Constitutive tissue features were determined from

non-treated leaves. The analyses were carried out at 0, 24,

48 and 168 h post-inoculation (h.p.i.).

Light microscopy

Leaf samples were free-hand cut in transverse sections.

Sections were stained with safranin or lactophenol-cotton

blue for plant cell walls or hyphae, respectively. For

1110 Plant Cell Rep (2010) 29:1109–1117
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safranin staining, sections were soaked for 1 min in 0.5%

aqueous safranin O (Sigma Chem. Co, MO, USA)

(Johansen 1940). For lactophenol staining, sections were

soaked for 1–2 min in 0.1% lactophenol-cotton blue

(Sigma Chem. Co, MO, USA). Stained sections were

mounted between slide and coverslip, using 50% glycerol

as the mounting medium. Microscopic observation was

performed with a light microscope (Leica Microsystems,

Wetzlar, Germany). Photographic documentation and

analysis were carried out using a digital camera (Moticam

2000) with Motic Images Plus software (Motic China

Group Co., Xiamen, China). At least 20 fields (&1 mm2)

were analyzed for each sample.

Electron and atomic force microscopy

Squares of 1 cm2 were excised from leaves using a sterile

razor blade. The specimens were fixed with 2.5% (v/v)

glutaraldehyde and 4% (v/v) paraformaldehyde in 10 mM

cacodylate buffer (pH 7.4) at 4�C overnight and then rinsed

in the same buffer for 10 min. The samples were then post-

fixed in 1% osmium tetroxide (w/v) for 1 h at 25�C and

dehydrated in a graded series of 30, 50, 70, 90 and 100%

(v/v) acetone, with 30 min for each step. Samples were

critical point dried in CO2 for scanning electron micro-

scopy and atomic force microscopy. For transmission

electron microscopic (TEM) analysis, dehydrated samples

were embedded in Spurr’s low viscosity resin and ultrathin

sections (60–70 nm) were prepared from the region of the

lesion, with a glass knife using an ultramicrotome (Reichert

Ultracut, Bio-Imaging). The sections were mounted on

copper grids and stained with 2% uranyl acetate and lead

citrate for 5 min. Observations were carried out using an

EM-ZEISS 900 transmission electron microscope working

at 80 kV. Three replicates were prepared for each of three

leaves, and at least 10 ultrathin sections were examined for

each cultivar and time point.

Scanning electron microscopy (SEM) samples were

mounted on aluminum stubs, sputter coated with 20 nm

gold, and examined using a Shimadzu SSX 550 (scanning

electron microscope) operating at 12 kV. Three replicates

were prepared from each of the three leaves for each

cultivar and time point.

For atomic force microscopy (AFM), the critical point-

dried samples were attached to a glass slide, using a small

piece of double-faced adhesive tape. Force–distance

measurements were recorded in contact mode at room

temperature using a Shimadzu microscope (SPM-9600

series). Si3N4 cantilevers tips model OMCL-TR (Olympus,

Tokyo, Japan) with a nominal spring constant of 0.57 N/m

and a resonance frequency of &73 kHz were used. Non-

functionalized tips were used to measure the adhesion

forces. All reported images were made with typical scan

rates of 0.3–1 Hz and a scan size of 1,000 nm. The set-

tings used for data acquisition in the force mapping mode

consisted for each force map 16 9 16 force curves over a

lateral scan size of 1,000 nm. The force maps were ana-

lyzed using the force mapping software for the SPM-9600

series (Shimadzu Corporation, Kyoto, Japan).

Adhesion force maps and histograms were generated by

the force curves, resulting from the interactions between

the AFM tip and the sample surface. The force of repul-

sion of the tip interacting with the sample was the main

force used to measure the mechanical properties of the cell

wall. For force measurements, a 16 9 16 array map of

256 force curves was made for each cultivar and each time

point.

A microscope connected to the instrument allows visu-

alization of the region examined and the connection of

measurements to particular cellular features such as cell

walls. As in previous tests by light microscopy and electron

microscopy, AFM studies focused on cells in the region of

the lesion.

Extraction and quantification of cell wall-bound

phenolic compounds

Extraction of total phenolics was performed using the

method of Moore et al. (2005) with modifications. Leaf

material (0.5 g) was ground in a pestle and mortar with

liquid nitrogen and then resuspended in MeOH/H2O (7:3,

v/v). After incubation for 5 min, the suspension was cen-

trifuged (6,000g, 5 min). The pellet was re-suspended

twice using three volumes of solvent per mass of sample

and re-centrifuged. The supernatants, containing extracted

soluble phenolics, were pooled and stored.

For the saponification of the cell wall-bound phenolics,

2.0 ml of 0.5 M NaOH was added to the pellet for 24 h.

The mixture was acidified to pH 2 with 2 M HCl, and the

extract was centrifuged at 6,000g for 20 min. To 150 ll of

supernatant (cell wall-bound phenolics), 3 ml of Na2CO3

(2% m/v) and 150 ll of Folin-Ciocalteu reagent diluted in

water (1:1 v/v) were added. Absorbance was read at

750 nm. The concentration of phenolics was expressed as

chlorogenic acid equivalents (lg/mg of fresh tissue), cal-

culated from data of three plants from each cultivar, and

evaluated in triplicate.

A 20-ll aliquot of the extracted cell wall-bound phen-

olics was subjected to analytical high-performance liquid

chromatography (HPLC), performed on a Shimadzu Pro-

eminence with UV/visible LC-20A detector (Shimadzu

Corporation, Kyoto, Japan). Fractions were eluted from a

Shimadzu Shim Pack CLC (M) C18 (4.6 mm 9 250 mm)

column using a linear gradient between TFA/H2O (1:1,000

v/v) and TFA/acetonitrile (1:1,000 v/v) over 50 min at a

flow rate of 0.7 ml/min and absorbance was read at

Plant Cell Rep (2010) 29:1109–1117 1111
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280 nm. Results were analyzed using LC Solution-Release

1.21 SP1 Software.

To identify the peaks of HPLC profiles, p-coumaric and

ferulic acids (Sigma–Aldrich, St. Louis, USA) were

run alone on HPLC as standards (20 lg in 20 ll) or

co-chromatographed (100 lg added) with the samples.

Results

Plant–pathogen interaction

Visual observation of leaves 7 days after inoculation

showed an absence of any disease symptoms on cv. Vitoria

(Fig. 1a–c). However, leaf samples from cv. Perola showed

severe fusariosis symptoms (Fig. 1d–f). These results are

comparable with disease severity on plants and fruits

observed under field conditions (Fig. 1a, d) reported by

Ventura and Zambolim (2002) and Ventura et al. (2009).

Scanning micrographs of pineapple leaves allowed close

examination of the leaf surface of Vitoria (Fig. 2a–c) and

Perola (Fig. 2d–f). Micrographs immediately after injury

failed to show any contaminating epiphytic microorgan-

isms (Fig. 2a, d).

Pathogen hyphae and conidia germ tubes typical of

F. subglutinans f. sp. ananas were detected 24 h post-

inoculation (h.p.i.) (Fig. 2b, e). It was observed that hyphal

growth was restricted to the surface of the resistant cv.

Vitoria compared to the susceptible cv. Perola, where a

dense mycelial network was formed at the injury sites.

Cicatrization of the wound sites was more developed in the

resistant cultivar, as can be seen in Fig. 2c, f and in light

microscopy in Fig. 3.

The inter- and intra-cell features of the infection process

caused by the fungus were also observed in leaf transverse

sections. After inoculation, the fungus first colonized the

parenchyma cells of the aerenchyma canals, and then the

parenchyma as a whole. No hyphae were observed in

the xylem and phloem (Fig. 3a, b 48 h; c, d 168 h post-

inoculation). After 168 h post-inoculation, the inoculation

sites in Perola (susceptible cultivar) were characterized by

collapsed cells in the mesophyll and a large quantity of

hyphae (Fig. 3d), including hyphae invading other meso-

phyll tissues (data not shown) demonstrating the necro-

trophic lifestyle of the fungus.

Analysis of cv. Perola samples (Fig. 3b, d) showed not

only fungus hyphae formation, but also a degraded meso-

phyll throughout the injury and inoculation site, thus

Fig. 1 Pineapple susceptibility

to F. subglutinans f. sp. ananas.

a, b, c Cv. Vitoria; a healthy

uninfected plant; detached

leaves b 48 h after injury and

inoculation; and c 168 h after

injury and inoculation.

d, e, f Cv. Perola; d plant

with symptoms of fusariosis

(arrows); detached leaves

e 48 h after injury and

inoculation; and f 168 h after

injury and inoculation.

Bar 1.0 cm
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demonstrating the susceptibility of this tissue. In contrast,

at 168 h.p.i. cv. Vitoria (Fig. 3c) had completed its cica-

trization process and cell regeneration throughout the

injury and inoculation site, principally through periclinal

cell division around the lesion, suggesting formation of

wound periderm through the cicatrization process.

Images from cells next to the lesion in cv. Vitoria leaves

at 48 h.p.i. showed that cell walls were thick (0.55 ±

0.06 lm) and intact with alternating light and dark layers

(inset of Fig. 3a). In susceptible cv. Perola, the cell walls

were thinner (0.2 ± 0.02 lm), layering was less evident

and breaks were observed in the cell layers (inset of

Fig. 3b).

Mechanical properties of the cell wall

Using atomic force microscopy, adhesion force maps and

histograms were obtained for cvs. Vitoria and Perola. This

provided more details on the mechanical properties of the

cell wall. The level of the interaction force is associated

with the structure of the cell wall, so that less interaction

force suggests lower adhesion of the tip and surface.

The frequency of each adhesion force detected in a

1,000-nm lateral scan of 256 force curves was given as the

percentage. Significant differences were found in the

mechanical characteristics of the cell walls, such that

the cell walls of cv. Vitoria were more rigid than those of

cv. Perola. The histograms for the constitutive character-

istics of the cell wall indicated that the average and

maximum adhesion ‘pull-off’ values observed from an

individual retraction curve were 0.33/1.98 nN for the cv.

Vitoria (Fig. 4a) and 10.94/83.06 nN for cv. Perola

(Fig. 4c). The average and maximum adhesion ‘pull-off’ at

samples 48 h.p.i. were 1.546/2.795 nN for cv. Vitoria

(Fig. 4b) and 16.12/82.01 nN for cv. Perola (Fig. 4d).

Biochemical analysis of cell wall-bound phenolics

showed a significant difference in the mean cell wall poly-

phenol content between cultivars and in the accumulation

kinetics upon inoculation. Cultivar Vitoria showed higher

constitutive concentration of cell wall-bound polyphenols

than Perola. However, at 48 h.p.i., Perola showed a higher

concentration of polyphenols (Table 1).

High-performance liquid chromatography (HPLC)

analysis of extracted polyphenols bound to the cell wall

revealed that the qualitative profiles of Vitoria (Fig. 5a, c)

and Perola (Fig. 5b, d) cultivars in uninoculated leaves

(Fig. 5a, b) and at 48 h.p.i. (Fig. 5c, d) are quite similar.

Both cultivars consistently presented a double peak at

20 min retention time.

Two well-known cell wall constituents, p-coumaric and

ferulic acids, were run as standards and found to be

co-chromatographed with peak 1 and 2 of the extracts,

respectively. Both compounds were present in higher

amounts in healthy leaves of the resistant cultivar and

increased strongly after infection of the two pineapple

cultivars. The higher accumulation was recorded for ferulic

acid in the infected Perola cultivar (Fig. 5d).

Discussion

The fungus F. subglutinans f. sp. ananas can survive

epiphytically on the pineapple surface, without causing

any disease (Dianese 1981). However, wounding of the

Fig. 2 Scanning electron microscopy of the adaxial view of the basal

non-chlorophyll portion of the pineapple leaf after injury and

inoculation with Fusarium subglutinans f. sp. ananas. a, b, c Cv.

Vitoria (resistant) and d, e, f cv. Perola (susceptible); a, d immediately

after injury showing absence of pathogens on the leaf surface;

b, e injury sites 24 h post-inoculation (white ovals); c, f fungal hyphae

on the leaf surface and tissue colonization 48 h post-inoculation

(arrows). Bar 200 lm
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non-chlorophyll parts of the leaves allow the fungus to

penetrate the epidermis and for pathogenesis to take place

(Ventura 1994; Ventura and Zambolim 2002).

We inoculated two cultivars of pineapple with F. subg-

lutinans f. sp. ananas, Vitoria (resistant cultivar) and

Perola (susceptible cultivar), and measured responses

within the leaf over time. After 48 h post-inoculation

(h.p.i.), both cultivars exhibited fungal growth on the sur-

face of the leaf; however, only cv. Perola exhibited

symptoms of disease. After 168 h, cv. Perola leaves were

severely infected, but the leaves of cv. Vitoria were

symptomless.

The thicker cell wall in the resistant cultivar Vitoria

appeared to maintain the intact mesophyll after injury and

inoculation, and Vitoria also had a more efficient local

cicatrization response (Fig. 3a, c). After 48 h cicatrization

was already evident, and after 168 h the pathogen was

completely restricted to the inoculation site. However, in

the susceptible cv. Perola, which presents major disease

severity, cell walls were thinner and several broken walls

were observed 48 h.p.i, so that cell colonization by the

pathogen was less restricted (Fig. 3d). Similar results to

those of cv. Perola were observed by Kang et al. (2005) for

Fusarium avenaceum infection of wheat spikes with hyphae

penetration accompanied by cell wall disintegration.

The mechanical properties of the cell walls were

investigated by AFM. The resulting force versus dis-

placement curves provide information on the mechanical

properties of the material, resulting from the interactions

between the AFM tip and the surface under examination

(Gaboriaud and Dufrêne 2007). The AFM tip indentations

may originate from different sources, such as physical

structures or pressure differences between the cell interior

and exterior (Butt et al. 2005); however, we eliminated tip

indentations due to pressure differences by using dried

samples. It was observed that for a given sample, the

Fig. 3 Transverse sections of pineapple leaves after injury and

inoculation with Fusarium subglutinans f. sp. ananas. Light micros-

copy (a, b, c, d, insets of c, d) and transmission electron microscopy

(insets of a, b). a, c Cv. Vitoria (resistant) and b, d cv. Perola

(susceptible); a 48 h post-inoculation, complete cicatrization (arrow)

and intact mesophyll; inset of a transverse sections showing thick cell

walls and alternate light and dark layers; b 48 h post-inoculation,

cicatrization (arrow) and partially degraded mesophyll; inset of

b transverse sections showing thinner and broken cell walls; c 168 h

post-inoculation, intact mesophyll; inset of c, details of figure,

showing cell regeneration along the injury (arrow); d 168 h post-

inoculation, damaged mesophyll (arrows); inset of d transverse

section stained with lactophenol-cotton blue showing hyphae in

mesophyll. Light microscopy bar 500 lm; insets of c and d bar
50 lm; transmission electron microscopy bar 0.25 lm
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images and force data obtained in air were reproducible

with repeated AFM operations.

A dramatic disparity was observed in cell wall proper-

ties of the cv. Vitoria compared to cv. Perola constitutively

and at 48 h.p.i. (Fig. 4). The frequency of low adhesion

force measurements from force mapping was higher for cv.

Vitoria, indicating a higher rigidity.

These data indicate that the morphological differences,

the thickness of cell walls and increased cicatrization,

observed by electronic and light microscopy, were

accompanied by differences in force mapping. These

results suggest that it is not only the structure of the cell

wall, but also its mechanical properties that are involved

in the resistance to pathogenesis. Similar cell wall

modifications were found in grapevines exposed to a fungal

elicitor (Lesniewska et al. 2004).

The process of cell wall thickening and increased leaf

stratification was presumably a result of lignification.

Lignification not only makes the wall more resistant to

mechanical intrusion, but also more water resistant, thus

reducing the potency of wall degrading enzymes and inhib-

iting pathogen penetration and development (Hückelhoven

2007). Studies on the histology of pathogenesis in Myrtus

communis showed lignification of the parenchyma cells of

the resulting knot, finally leading to its hardening and cell

death (Temsah et al. 2007).

The plant defense mechanism to fungi is related to the

production of a strong physical barrier around the wound,

which prevents hyphae penetration into the leaf tissue. The

presence of this ‘‘cicatrization process’’ in pineapple sug-

gests the formation of ligno-suberized tissues in the wound

periderm, as has been observed for parasite–host interactions

in fruits and leaves of citrus infected with Elsinoe fawcettii,

where the ligno-suberized cork layers in the wound periderm

act as a protective barrier leading to restricted growth of

E. fawcettii (Kim et al. 2004). The pine tree fungus, Fusar-

ium circinatum, appears to be almost completely inhibited by

high levels of ligno-suberized wound periderm in stems of

Pinus densiflora (Kim et al. 2009).

Ventura (1994) found that inoculation of pineapple

cultivars Smooth Cayenne and Queen by Fusarium 72 h

Fig. 4 Atomic force

microscopy map and histograms

of adhesion force, resulting

from the interactions between

the tip and the sample surface.

Frequency of each adhesion

force detected in a 1,000-nm

lateral scan of 256 force curves

given as a percentage.

a, c Constitutive adhesion force;

b, d 48 h post-inoculation;

a, b cv. Vitoria (resistant) and

c, d cv. Perola (susceptible).

Insets within each histogram are

force maps of the tissue studied.

Cv. Vitoria displayed a higher

frequency of low adhesion force

measurements than cv. Perola

constitutively and 48 h

post-inoculation

Table 1 Cell wall-bound phenolic compounds from fresh leaves of

pineapple cultivars

Cultivars Phenolic compounds (lg/mg)

Constitutive Inoculated

Vitoria (resistant) 1.70 ± 0.09aA 1.98 ± 0.08aB

Perola (susceptible) 0.51 ± 0.05bA 2.32 ± 0.03bB

Constitutive = intact leaf, without injury and inoculation. Inocu-

lated = leaf 48 h after injury and inoculation with Fusarium subg-
lutinans f. sp. ananas. Means of three replications in triplicate. Means

followed by the same letter in the same row (capitals) or column are

not significantly different (P \ 0.05) by Tukey’s test

Plant Cell Rep (2010) 29:1109–1117 1115

123



post-injury was severely restricted by a local physical

barrier formed from regenerating parenchyma cells, prob-

ably by lignin deposition and later cicatrization. This is

supported by our data from two other cultivars. In cultivars

other than Vitoria, cicatrization is not rapid enough to

inhibit Fusarium infection.

Biochemical analysis of total cell wall-bound phenolics

(Table 1) and HPLC chromatography (Fig. 5) showed

similar trends. Two peaks, identified as p-coumaric acid

and ferulic acid, were constitutively present in the control

samples and also at 48 h.p.i. Both compounds are phenyl-

propanoids derived from phenylalanine (de Ascensao and

Dubery 2003). The phenylpropanoid pathway also provides

lignin monomers, p-coumaryl and coniferyl alcohols that

give rise to hydroxyphenyl (H) and guaiacyl (G) units of

lignin. The H unit is particularly abundant in lignin of

monocots such as pineapple. Changes in the relative

amounts of p-coumaric and ferulic acids bound to infected

cell walls indicate that the phenylpropanoid pathway is

activated upon infection. It has been suggested that ester-

ification of phenolic acids to the cell wall provides

attachment sites for lignin and so promotes lignification

(Lewis and Yamamoto 1990). Kováčik and Klejdus (2008)

found a similar result in camomile under metallic stress,

with elevated levels of cell wall p-coumaric acid and

ferulic acid associated with lignification.

The resistant cultivar Vitoria showed higher baseline

levels of phenolics bound to the cell wall than the

susceptible cv. Perola. However, concentrations measured

48 h.p.i. in both infected cultivars were similar.

The key difference between a resistant plant and a

susceptible one is defined by Yang et al. (1997) as the time

spent by the plant in prompt and effective activation of the

defense mechanisms by the host plant. Our results dem-

onstrated that the resistant pineapple, cv. Vitoria, was able

to quickly develop a defense response that could prevent

pathogen invasion and tissue colonization. Constitutively

high levels of cell wall polyphenols and lignification

appeared to enable initial resistance to the pathogen and

rapid cicatrization. In contrast, the susceptible cultivar,

Perola, presented a delayed defense response that could not

restrict the advance of pathogen into plant tissues.
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