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Potential physical and chemical barriers to infection by
the burrowing nematode Radopholus similis in roots of
susceptible and resistant banana (Musa spp.)
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Resistance in banana roots against the burrowing nematode Radopholus similis has been correlated in the past with the
phenylpropanoid pathway of secondary metabolism, but quantitative chemical analyses to support histological data are
lacking. Therefore, healthy and infected roots of two susceptible (Grande naine and Obino ’ewai) and three resistant
cultivars (Yangambi km3, Pisang jari buaya and Calcutta 4) were extracted and chemically analysed for their lignin con-
tent and phenylpropanoid profile using a quantitative lignin assay, high performance liquid chromatography and liquid
chromatography/mass spectrometry. Through histochemical staining phenylpropanoids were localized in root tissue.
Compared to the susceptible cultivars, the resistant cultivars had constitutively significantly higher levels of lignin in the
vascular bundle and cell-wall bound ferulic acid esters in the cortex. Infection-induced lignification was observed in the
vascular bundles of all cultivars. The catecholamine dopamine was identified as a major metabolite in banana roots.
Levels varied from 2-8 to 8-4 mg per g root fresh weight and were significantly higher in the resistant cultivars. Other
compounds, tentatively identified as anthocyanidin-related, were present in high quantities and may, besides dopamine,

make up the substrates for polyphenol oxidation products in necrotic tissue.
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Introduction

The burrowing nematode Radopholus similis is one of the
most important root pathogens of bananas (Musa spp.)
causing severe yield losses in commercial and small-scale
cultivation worldwide (Sarah et al., 1996). Extensive
application of chemical nematicides is the normal control
practice in commercial plantations, but this has become
highly questionable due to high costs, deteriorating soil
health and general environmental issues. Resistant
cultivars are considered a more sustainable management
option, equally accessible for subsistence banana growers
as for commercial producers. In the past fifteen years,
some sources of resistance against R. similis have been
identified within the genus Musa. Knowledge of resistance
mechanism(s) in these plants could provide ‘markers’ to
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facilitate and speed up the screening of Musa germplasm
and improved hybrids, and may lead to (metabolic)
engineering for resistance in important cultivars.

Plant resistance to parasitic nematodes involves both
physical and chemical barriers, which are either con-
stitutively present or induced by infection (Giebel, 1982).
As with other plant-pathogen interactions, a positive
correlation has been established between host resistance
and products of the phenylpropanoid pathway of plant
secondary metabolism, frequently referred to as phenolic
compounds. Host cell death and necrosis, accumulation
of toxins, synthesis of phytoalexins and modification of
cell walls are to a variable extent, depending on the plant
species, ascribed to the phenylpropanoid metabolism
(Trudgill, 1991; Nicholson & Hammerschmidt, 1992;
Appel, 1993).

In previous research on resistance mechanisms in banana
against the burrowing nematode R. similis, a greater
number of cells containing phenolic compounds was
counted in the resistant cultivars Yangambi km5 (Musa
acuminata AAA) and Gros Michel (Musa acuminata
AAA) than in susceptible cultivars (Mateille, 1994;
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Table 1 Classification of Musa cultivars according to genome and group, host status towards Radopholus similis and root system characteristics

Cultivar Genome, group ITC code® Host status® Root system (in hydroponics)®

Grande naine (GN) AAA, Cavendish 1256 susceptible intermediate between OEA and Ykm5, PJB and C4
Obino I'ewai (OEA) AAB, Plantain 0109 susceptible fewer, longer laterals; high proportion nodal roots
Yangambi km5 (Ykm5) AAA, Ibota 1123 resistant fewer, longer laterals; high proportion secondary laterals
Pisang jari buaya (PJB) AA, Pisang jari buaya 0312 resistant many, short laterals; high proportion secondary laterals
Calcutta 4 (C4) AA, burmannicoides 0249 resistant many, short laterals; high proportion secondary laterals

#Accession number at the International Musa Germplasm Collection, INIBAP Transit Centre (ITC), K.U. Leuven. Cultivars are described in Daniells
et al. (2001). "Wehunt et al. (1978); Pinochet & Rowe (1979); Price (1994); Fogain & Gowen (1998); Stoffelen et al. (2000); Viaene et al. (2003).

°Swennen et al. (1986); Stoffelen (2000).

Fogain & Gowen, 1996). In the resistant cultivar Pisang
jari buaya (Musa acuminata AA) a greater number of cells
with lignified walls was observed (Fogain & Gowen,
1996) and in Yangambi kmS$ resistance to penetration of
the vascular bundle was attributed to the extensive pres-
ence of suberin in endodermal cell walls (Valette et al.,
1997; 1998). Phenylphenalenone phytoalexins have been
identified in Musa acuminata but adverse effects on
nematode behaviour have not been reported (Binks et al.,
1997). Finally, the host status of banana cultivars has been
correlated with levels of hydroxycinnamic acids, flavo-
noids, dopamine and condensed tannins in roots (Valette
et al., 1998; Collingborn et al., 2000). In the banana-R.
similis interaction, a role for phenylpropanoids has been
suggested, but generally based only on histochemical
staining in root sections. Chemical analyses allowing
proper identification and quantification of root com-
pounds are lacking.

In this study, five banana cultivars of well-characterized
host status for R. similis were included. Healthy and
infected roots were extracted for a comparative, qualita-
tive and quantitative analysis of their phenylpropanoid
content, including lignin, hydroxycinnamic acids and
flavonoids. Histochemical staining was applied for the
localization of phenylpropanoids in root sections. Poten-
tial physical and chemical barriers were identified in
banana roots and their significance for resistance against
nematodes is discussed.

Material and methods

Plant growth and inoculation

Five Musa cultivars differing in genome, host status
towards R. similis and root system characteristics
were chosen (Table 1). Twenty plants per cultivar were
included in the experiment. In vitro propagated plants
were transplanted to pots filled with 2-5 L of a sterilized
2:1 potting soil-quartz sand mixture. To each pot, 1g
Osmocote®, a slow release fertilizer, was added. The pots
were maintained in a greenhouse at a day/night temper-
ature of 27/20°C and irrigated as needed. After 15 weeks
of growth in the greenhouse, eight to ten plants of each
cultivar were inoculated with nematodes. A highly aggres-
sive strain of R. similis from banana plants in Uganda was
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used in the experiment (Fallas ez al., 1995). The nematode
was cultured in the laboratory on carrot discs (Speijer &
De Waele, 1997). Nematodes were collected in distilled
water from six-week-old carrot discs. The volume of the
suspension was adjusted with distilled water to a concen-
tration of 250 female nematodes per 500 uL. Plants were
inoculated by pipetting 500 uL. of the nematode suspen-
sion in each of four holes made in the growth medium
around the plant base. Thus, 1000 female R. similis were
inoculated per plant. Ten plants of each cultivar, not inoc-
ulated with nematodes, were maintained simultaneously
with the infected plants in a randomized block design.

Sample collection

Twelve weeks after inoculation with R. similis, root sam-
ples were collected. Root systems were carefully washed
without rubbing to avoid loss of the root surface layer.
Roots were weighed, chopped, snap-frozen in liquid nitro-
gen and stored at —80°C prior to chemical extraction. Part
of the roots were kept for histochemical staining and the
estimation of nematode numbers in roots. Nematodes
were extracted from a 5 g subsample using the maceration-
sieving technique (Coolen & D’Herde, 1972) and counted
using a binocular microscope.

Quantification of lignin

Frozen root samples were ground in pre-cooled (liquid
nitrogen) jars of a ball mill (Mixer Mill MM 301, Retsch
GmbH). Cell walls were isolated from a 500 mg sub-
sample as described by Lange e al. (1995). The lignin
content of root cell walls was assayed by derivatization
of lignin with thioglycolic acid as described by Lange et al.
(1995). Absorbance of samples was read at 280 nm
against a blank in a NanoDrop spectrophotometer
(ND-1000, NanoDrop Technologies). The lignin content
(lignothioglycolic acid, LTGA) was expressed as g lignin
per mg cell wall dry weight (DW) using a calibration curve
of alkali lignin (Sigma-Aldrich).

Extraction of root samples

Soluble phenylpropanoids were extracted from 500 mg
of ground root tissue in 1 mL 80% methanol (v/v) with
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1-:7% L-ascorbic acid (w/v). Preliminary studies had
shown that the addition of an antioxidant was required
to avoid oxidation of phenylpropanoids by endo-
genous polyphenol oxidase in root samples (N. Wuyts,
unpublished data). Samples were shaken at 26°C for 2 h,
followed by centrifugation at 16 000 g for 10 min. The
supernatant was passed through 0-45 um PTE filters
(Machery-Nagel) into HPLC-vials.

Phenylpropanoids bound by glycosylation or esterifi-
cation were extracted using acid hydrolysis (Hertog et al.,
1992). Ground root samples of 500 mg were suspended in
800 UL 62-5% methanol (v/v) and 200 ul. 6N HCl in a
pyrex tube with a Teflon-coated cover. Air in the tube was
replaced by helium. Together with the acid pH of the
extraction buffer and high temperature, this prevented
oxidation of phenylpropanoids. Tubes were incubated for
30 min at 90°C with regular shaking, followed by cooling
on ice and the addition of 1 mL of absolute methanol.
Samples were vortexed and passed through 0-45 um PTE
filters into HPLC-vials.

Chromatographic analysis of root extracts

HPLC analysis was carried out on an Agilent HP 1100
system (Hewlett Packard) using an Inertsil ODS2 (250 X
3 mm, particle size § um) reverse phase analytical column
(Chrompack). Extracts (15 uL) were separated at 25°C
with a flow rate of 0-4 mLmin" using a gradient of
acetonitrile in water (MilliQ water at pH 3-0 with phos-
phoric acid): 18% for 30 min, 45% for 12 min, 100%
methanol for 1 min and back to 18% for 9 min. A diode
array detector (Hewlett Packard) was used to record
the online spectra (254, 280, 330, 366 and 450 nm) of
compounds eluting from the column. Fluorescence detec-
tion of salicylic acid was carried out with an excitation
wavelength of 305 nm and emission at 407 nm. Peak
integration was carried out on HP ChemStations soft-
ware using phenylpropanoid standards (Sigma-Aldrich).
Peaks were tentatively identified by comparing their
retention times and UV absorption spectra with those
of standards. Samples were spiked with authentic com-
pounds to support tentative identifications. Standard
calibration curves were derived for quantification pur-
poses. In the case of acid hydrolysed samples, standards
were similarly hydrolysed to monitor degradation and
avoid underestimation.

The proposed identifications were finally corroborated
by HPLC/MS using an Esquire HCT ESI-Ion Trap mass
spectrometer (Bruker Daltonics) coupled to an Agilent
HP 1100 system and analysed with Bruker Daltonics
Data Analysis 3-2 software. Analytical conditions were
the same as above. However, formic acid (more volatile)
was used instead of phosphoric acid. Column effluent
was monitored in negative and positive ion modes.
Major MS parameters were as follows: capillary
voltage, 4500 V; amplitude, 1 V; drying gas, N,; gas flow
rate, 10 L min™; gas temperature, 365°C; nebulizer
pressure, 50 psi; full-scan data acquisition, scanning
from m/z 50 to 500.

Histochemical staining of phenylpropanoids in
root sections

Healthy and visibly infected roots were hand-cut at the
root-corm junction, in the middle of the root, in the root
elongation zone and at nematode lesions. Fresh-cut
sections were either treated with 4% gluteraldehyde and
viewed by bright-field microscopy or stained. Tissue local-
ization of phenylpropanoids was done by treating sections
with 0-25% (w/v) diphenylboric acid 2-aminoethyl ester
(DPBA, Sigma-Aldrich) in MilliQ water with 0-:02% (v/v)
Triton X-100 (Peer et al., 2001). The sections were visu-
alized immediately with an epifluorescence microscope
equipped with a DAPI filter (excitation 340-380 nm,
suppression LP 430 nm, purple light) and a FITC filter
(excitation 450—490 nm, suppression LP 520 nm, blue
light). Fluorescence of different DPBA-conjugated phe-
nylpropanoids was studied at the same position of the
sections with both types of filters. The fluorescence colour
of standard phenylpropanoids was determined by spot-
ting 2 uL of a 10 mm stock solution of the standards in
absolute methanol with 2 ul. DPBA-staining solution on
a TLC paper (WA Peer, Purdue University, West Lafayette,
Indiana, USA, personal communication). The spots were
visualized with an epifluorescence microscope using a
DAPI and a FITC filter. The standards included caffeic
acid, ferulic acid, sinapic acid, chlorogenic acid, phloretin
(naringenin chalcone), naringenin, kaempferol, quercetin,
myricetin, quercitrin  (quercetin-3-rhamnoside), rutin
(quercetin-3-rutinoside), catechin, epicatechin, pelargoni-
din chloride, tannic acid and dopamine (Sigma-Aldrich).

Lignin was localized in sections by applying both Miule
and Wiesner (phloroglucinol-HCI) staining according to
standard protocols (Monties, 1989). Suberin was detected
using a saturated alcohol solution of Sudan IV (Sigma-
Aldrich). Stained root sections were examined by bright-
field microscopy. Photo documentation of root sections
was achieved with a SPOT RT CCD camera and SPOT
RT software version 3-3 (Diagnostic Instruments).

Statistical analysis

Data on the lignin content of roots were analysed using
ANOVA. The Tukey test was applied for multiple com-
parisons of group means (Statistica® Release 6, Statsoft).
For analysis of quantitative HPLC data, Kruskal-Wallis
analysis of variance by ranks was applied. When the
Kruskal-Wallis statistic was significant, multiple com-
parisons between treatments were calculated as described
by Siegel & Castellan (1988).

Results

Root system description

The appearance of the root systems of the different culti-
vars confirmed earlier descriptions (Table 1). The root
systems of cvs Grande naine (GN) and Obino lewai
(OEA) were the smallest and least branched. Healthy
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Table 2 Total weight and lignin content of healthy and Radopholus similis-infected roots of five Musa cultivars 27 weeks after planting

Root system weight (g)

Lignin content (ug mg™' cell wall dry weight)

Cultivar —R. similis +R. similis —R. similis +R. similis

Grande naine (GN) 55a 69 a ns 71a 112ab =
Obino I'ewai (OEA) 85 ab 79 ab ns 107 ab 89 a ns
Yangambi km5 (Ykm5) 116 b 98 ab ns 164 c 129 bc *
Pisang jari buaya (PJB) 103 b 85 ab ns 145 be 104 ab *
Calcutta 4 (C4) 118 b 104 b ns 137 bc 157 ¢ ns

Data are averages of eight to ten replicates. Data in the same column followed by the same letter are not significantly different according to the
Tukey-test (P <0-001 for —R. similis, P < 0-05 for +R. similis). *, **, ns indicate that the difference between treatments is significant at P < 0-05, 0-01

or not, respectively, according to the Tukey-test.

plants of GN had the lowest root weights, whereas cvs
Yangambi kmS5 (Ykm3), Pisang jari buaya (PJB) and
Calcutta 4 (C4) the highest (Table 2). In infected plants,
only GN significantly differed in root weight from C4.
Root system weight was not significantly different
between healthy and infected plants of a cultivar.

For all cultivars, two types of roots were distinguished:
young roots that had recently emerged from the corm, and
older, mature roots that had already developed laterals.
Although in general the young roots were short, com-
pared to the older roots, they could reach a considerable
length (approx. 15 cm) without developing laterals.
Young roots were still white in colour and fragile, while
older roots were creamy-brown and flexible, which sug-
gested a different level of lignification. Young roots were
not subjected to phenylpropanoid analysis as they rep-
resented an average of only 1% of the root system weight.
The older roots of GN and OEA were less coloured and
flexible than those of Ykm3, PJB and C4, again suggesting
lower levels of lignification.

Nematode infection was confirmed by the numbers of
nematodes extracted from roots (on average 1554 and
3041 nematodes and eggs per 100 g roots for cvs GN and
OEA, respectively, and 285 and 42 nematodes and eggs
per 100 g roots for cvs Ykm5 and C4, respectively). In
PJB, there was very little visible damage to roots. There-
fore, only those roots showing lesions were included for
extraction of phenylpropanoids and nematode counts
(5991 nematodes and eggs per 100 g roots).

Lignin content of roots

As expected, the lignin content of the cell walls of young
roots was less than that of older roots (4—6% and 7-16%
of the cell wall dry weight in young and older roots,
respectively). Healthy roots of cvs Ykm3, PJB and C4 had
the highest lignin contents (Table 2). Roots of GN
infected with R. similis had a 1-6-fold higher lignin con-
tent than healthy roots. Infected roots of Ykm35 and PJB,
on the other hand, were significantly less lignified than
healthy roots. For OEA and C4 the average lignin content
of infected roots was lower and higher, respectively,
than that of healthy roots but the differences were not
significant (P < 0-05). Infected roots of C4 were the most
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lignified, while the lignin content of infected PJB roots did
not differ from infected GN or OEA roots. A significant
correlation was found between root system weight and
lignin content (r = 0-43; P < 0-0001).

Localization of lignin in banana root sections

Lignified tissues were localized by means of histochemical
staining of root cross sections and the type of lignin
(syringyl or guaiacyl) prevailing in the tissues was tenta-
tively identified on the basis of fluorescence colour and
staining with lignin-specific dyes. In the roots of all
cultivars, diverse stages of secondary wall formation and
lignification were observed in the vascular bundles and
endodermis. Secondary wall formation and lignification
thereof started in xylem-associated parenchyma at the
periphery of the vascular bundle in young roots (Fig. 1a)
and progressed to the middle as xylem differentiation
was completed (Fig. 1b). In mature roots, the endodermis
showed U-shaped thickening of the inner tangential walls
typical of monocotyledons (Fig. 1b,c). Cultivars could
not be distinguished on the basis of histochemical staining
of root sections, except that cell walls in the vascular
bundle of Ykm3 roots were thicker than those of other
cultivars.

Extended lignification of the vascular bundle and
endodermis was observed in infected roots of all cultivars.
Opposite lesions in the root cortex, endodermal cells
showed U-shaped (tertiary) thickening even if the rest of
the endodermal cells had not yet reached that stage
(Fig. 1c). Cells in the pericycle of the vascular bundle,
which were not thickened in healthy roots, became ligni-
fied opposite lesions in the cortex or in the whole vascular
bundle in the case of heavy damage (Fig. 1c). In infected
roots of C4, and only slightly less in those of Ykm3,
cell walls in the vascular bundle were extremely thick
compared to healthy roots and infected roots of the other
cultivars (Fig. 1d). Thus, increased lignification seemed to
be an effective barrier against nematode spread in the
vascular bundle, as necrosis never reached beyond the
outer cell layers (pericycle), even when the endodermis
still showed no tertiary thickening.

Lignified cell walls fluoresce blue under UV-light. When
stained with DPBA, however, syringyl lignin (related to
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syringyl lignin

-

guaiacyl lignin

Figure 1 Tissue localization of lignin in cross sections of healthy and Radopholus similis-infected Musa roots. Fresh hand-cut sections were stained
with DPBA and immediately visualized under an epifluorescence microscope with a FITC filter (a—c) or a DAPI filter (d), stained with the Maule
reagent and visualized with bright-field microscopy (e), or stained with Sudan IV and visualized under an epifluorescence microscope (f).

(a) Xylem-associated cells in the vascular bundles of a young root starting to become lignified from the periphery towards the centre (healthy cv.
Grande naine, x100). (b) Healthy older root of Grande naine ( x63) showing extensively lignified sclerenchyma and tertiary strengthening of the
endodermis with lignin. (c) Infected root of cv. Yangambi km5 ( x40) showing extended lignification of cells towards the pericycle (encircled) and
formation of U-shaped thickenings in the endodermis (indicated by arrows) opposite lesions in the root cortex. In the sclerenchyma the ratio syringyl/
guaiacyl lignin is increased. (d) Detail of the vascular bundle of a cv. Calcutta 4 infected root ( x100) showing the extremely thick secondary walls
of sclerenchyma cells. (e) Localization of guaiacyl lignin in the sclerenchyma and syringy! lignin in the endodermis and xylem-bordering cells of a
healthy cv. Pisang jari buaya root ( x100). (f) Suberized walls of endodermal cells (cv. Yangambi km5, x200) (indicated by an arrow). Suberin is
masked on the inner tangential wall by the fluorescence of lignin. c-cortex, e-endodermis, I-lesion, mx-metaxylem, p-phloem, px-protoxylem,
s-sclerenchyma.
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Figure 2 HPLC-chromatograms of hydrolysed samples of Radopholus similis-infected roots of Musa cv. Grande naine (a and b) and cv. Calcutta 4
(c and d) 27 weeks after planting. Absorbance at 280 nm (a and ¢) and 330 nm (b and d). Peaks: 1, dopamine; 2, cyanidin-derived compound;
3, ferulic acid ester; 4, ferulic acid; 5, ferulic acid ester; 6, ferulic acid ester; 7, hydrolysis product of ferulic acid.

sinapic acid) and guaiacyl lignin (related to caffeic acid)
fluoresce blue and greenish-white, respectively, when
viewed through a DAPI filter and green and bright yellow,
respectively, through a FITC filter (Fig. 1b). The distinc-
tion was confirmed by hydroxycinnamic acid standards
and the Maule reagent, which stains syringaldehyde resi-
dues in lignin bright red (Fig. 1e). In healthy fully matured
roots, syringyl units were the major constituents of endo-
dermal lignin, while guaiacyl lignin prevailed in scleren-
chyma. Cells bordering xylem vessels were less lignified
and contained syringyl lignin (Fig. 1e). In infected roots, the
proportion of syringyl lignin increased in the endodermis
and the vascular bundle (Fig. 1c¢).

Suberin was mainly detected in the exodermis and
endodermis (Fig. 1f). Suberized walls also occurred in aer-
enchyma and isolated cells in the cortex. Suberization of
sclerenchyma in the outer vascular bundle was observed
in GN, PJB and C4. In infected roots, it was not possible
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to distinguish the red colour of the Sudan dye from the
red-brown colour of lesions.

HPLC and LC/MS analyses

The HPLC method, as used for the banana root extracts,
was highly reproducible: repeated injections of standard
phenylpropanoid compounds with a 39 h delay were
only slightly different in retention times (0-0-67%) and
absorbance areas (0:1-1:1%). The repeatability of the
whole procedure, including eight extractions of one and
the same banana root sample and the analysis thereof,
was also high: the coefficient of variation for the absorb-
ance area of the major peaks in the chromatograms (Fig. 2)
ranged from 3 to 10%. Through LC/MS analysis, the
molecular weights of the major peaks of hydrolysed root
extracts were established (Table 3) and some of them were
unambiguously identified. For the others, fragmentation
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Table 3 ESI-MS data of phenylpropanoids in hydrolysed banana root
samples

Table 4 Content of peak 1 (dopamine), peak 2 (t; 4:7 min — A, 280

nm) and peaks 3-7 (ferulic acid esters) of healthy and Radopholus
similis-infected roots of five Musa cultivars 27 weeks after planting

MS ions
Peak  t (m/z positive mode Peak 1 Dopamine (ug g~ root fresh weight)
2 i lati %
no (min)  (relative abundance, %)) Compound Cultivar _R similis +R similis
1 30 154 (88), 137 (100 d i .
(88) (100) opgmlne Grande naine (GN) 2821 a 3772 a ns
2 4-7 287 (40), 144 (100) cyanidin-related L )
. b Obino I'ewai (OEA) 3831 ab 3666 a ns
3 10-0 309 (100), 177 (15) ferulic ester — [pentose], )
) ) Yangambi km5 (Ykm5) 6274 b 6876 ab ns
4 16:6 195 (99), 177 (100) ferulic acid ) L
) Pisang jari buaya (PJB) 7477 b 8362 b ns
5 21-3 309 (100), 177 (15) ferulic ester — [pentose], Caloutta 4 (C4) 6367 b 7805 b ns
6 23-1 309 (100), 177 (12) ferulic ester — [pentose],
7 33:0 209 (67), 177 (100) ferulic acid — tn 47 min — A, 280 nm area
hydrolysis product Peak 2 (mAU.s)/g root fresh weight
“see Figure 2. Cultivar —R. similis +R. similis
°n, unknown number. Grande naine (GN) 5819 a 3786 a *
Obino I'ewai (OEA) 4754 a 4365 a ns
Yangambi km5 (Ykm5) 4717 a 7162 a *
patterns led to structure-hypotheses which need further ~ Pisang jari buaya (PJB) 5286 a 5762 a ns
Calcutta 4 (C4) 7191 a 5452 a ns

confirmation. In the aforementioned analytical condi-
tions, only a few ‘diagnostic’ ions were observed. For
complete structural identification, the isolation of purified
fractions of each molecule and careful complementary
NMR spectrometric investigations are necessary. For that
purpose, optimized LC separations should be applied.

The profile of soluble and bound phenylpropanoids
of root samples, extracted by using 80% methanol or
hydrolysis, respectively, only differed quantitatively,
not qualitatively. The major soluble compound detected
in banana root extracts was dopamine. The compound
eluted at #; 3-0 min and showed a UV absorbance maxi-
mum at 280 nm. The retention time and UV absorption
spectrum of the peak corresponded to the dopamine
reference compound. LC/MS confirmed identification as
dopamine (MW = 153 u), since the obtained MS ions cor-
responded to those of the reference compound (Table 3):
a [M + HJ* pseudomolecular ion at 154 u and a typical
fragment at m/z 137, corresponding to the loss of 16 u
characteristic of an amino group (Wu et al., 2003). In the
profile of root samples extracted with 80% methanol,
the dopamine peak co-eluted with ascorbic acid, which
had been added to prevent oxidation by polyphenol oxi-
dase (N. Wuyts, unpublished data). Observations on the
dopamine peak area in hydrolysed root samples at 280 nm
and by fluorescence detection (A, 305 nm and A, 407 nm)
allowed the calculation of the multiplication factor
required to obtain the peak area at 280 nm in samples
extracted with 80% methanol containing ascorbic acid,
starting from the peak area resulting from fluorescence
detection. The ratio between the two peak areas (280 nm/
fluorescence) was 13-5 = 11 for the root samples of the
different cultivars. The dopamine content of banana root
samples varied between 2-8 and 8-4 mg per g root fresh
weight (Table 4). Ykm35, PJB and C4 had the highest
dopamine levels in root samples, but the levels did not
differ between healthy and infected roots (Table 4).

In the chromatograms of hydrolysed root samples,
seven major peaks (A, .. 280 nm and 330 nm) were detected

‘max

(Fig. 2). Peak 1 (#z 3:0 min) was confirmed as dopamine

Ferulic acid esters area

Peak 3-7 (mAU.s)/g root fresh weight

Cultivar —R. similis +R. similis

Grande naine (GN) 10012 a 9417 a ns
Obino I'ewai (OEA) 9579 a 10821 a ns
Yangambi km5 (Ykm5) 12618 b 14115 b ns
Pisang jari buaya (PJB) 14663 b 16042 b ns
Calcutta 4 (C4) 15234 b 16618 b ns

Data are averages of three replicates. Data in the same column followed
by the same letter are not significantly different according to Kruskal-
Wallis anova (P < 0:-05). *, ns indicate that the difference between
treatments is significant (P < 0-05) or not, respectively, according to
Kruskal-Wallis ANOVA.

(see above). On the basis of retention time, UV absorption
spectra and spiking with an authentic hydrolysed stand-
ard, peaks 4 (#; 166 min) and 7 (z; 33-0 min) were identi-
fied as ferulic acid and its hydrolysis degradation product,
respectively. LC/MS analysis corroborated the nature of
these molecules: the fragment at 772/z 195 corresponded to
the [M + H]" pseudomolecular ion of ferulic acid while,
according to Fang et al. (2002), the ion at /7 177 resulted
from the loss of a hydroxyl moiety.

The retention times of peaks 3, 5 and 6 did not fit any
of the available standard phenylpropanoid compounds.
Their UV absorption spectra, however, indicated that they
were related to caffeic acid, chlorogenic acid (caffeoyl-
quinic acid) or ferulic acid. Their common fragment at
miz 309 has previously been reported for ferulic acid esteri-
fied to a pentose moiety ([M + H]" =309 u, MW = 308 u)
(Bunzel et al., 2002, 2005) and the characteristic m/z 177
ion (see above) revealed ferulic acid as aglycone. Since no
other typical ions have been observed within the scanned
mass range, it was not possible to establish the number of
sugar moieties. Absorbance areas for all ferulic acid-related
peaks were summed and compared between cultivars and
treatments (Table 4). Levels were not significantly different
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between healthy and infected roots. For both, however,
levels were significantly higher in Ykm3, PJB and C4.

Peak 2 (g 4-7 min) showed an UV absorption spectrum
typical of a catechol-like molecule with a strong A, at
280 nm. LC/MS gave ions at m/z 144 and 287. The latter
suggests the presence of the nonprotonated ion of cyani-
din (Wu et al., 2004), while the former remains unattrib-
uted. Peak 2 represented 14-27% of the absorbance area
in the HPLC chromatogram. No significant quantitative
difference existed between the different cultivars.
However, the levels in cv. GN were significantly lower
in infected roots compared to healthy ones, while in
YkmS5 levels were higher in infected roots (Table 4).

Finally, by LC/MS, ions indicative of anthocyanidin-
related compounds were detected at ¢y 4-0 min, while an
ion at m/z 126 detected at ¢y 2-3 min could correspond to
the A-ring of the basic flavonoid structure reported as a
common fragment of flavonoid-related compounds in LC/
MS (Miketova et al., 2000).

Localization of phenylpropanoids in banana root
sections

Blue-fluorescing cell walls in DPBA-stained root sections
(DAPI filter) indicated the presence of ferulic acid. They
were detected in all cell types of the vascular bundle of
young roots and in the elongation zone of older roots,
where vascular differentiation is not yet completed.
The walls of protophloem in particular contained high
amounts of ferulic acid (Fig. 3a). In cvs PJB, Ykm$
and C4, all cortical cells contained ferulic acid in their walls,
while, in GN and OEA, cell walls of the inner cortical layer,
between the aerenchyma and the endodermis, frequently
did not fluoresce. Hydroxycinnamic acids were also
detected in walls of suberized cells in the exodermis.
Sinapic acid (green fluorescence) was mainly found in the
exodermis of root sections at the root-corm junction
(Fig. 3b), while in all other parts caffeic acid (yellow fluo-
rescence) prevailed (Fig. 3c).
Phenylpropanoid-containing cells were detected in
young and older roots of all cultivars. Phenylpropanoids
occurred in small granules or as an amorphous mass in
cortical cells and in radial parenchymous cells around the
lysogenous cavities of aerenchyma (Fig. 3d). Phenylpro-
panoid-containing cells were also found in the cortex of
lateral roots inside nodal roots and in cells of nodal roots
bordering laterals (Fig. 3e). Compounds showed yellow,
orange and green fluorescence, which was previously
ascribed to early intermediates of the flavonoid part of the
phenylpropanoid pathway, such as naringenin, quercetin
and kaempferol (flavonols) (Fig. 3d,e). These fluorescence
colours were, however, shared with other flavonoids,
among which were flavan-3-ols (catechin — green, epicate-
chin - yellow-green) and anthocyanidins (pelargonidin —
bright orange). Based on the results obtained with LC/MS,
it is likely that the fluorescing compounds in banana
root sections are anthocyanidin-related rather than
flavonol-related. The dopamine standard did not fluoresce
when stained with DPBA and evaluated under an epifluo-
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rescence microscope with a FITC or DAPI filter. The
oxidation product (quinone) of dopamine — when
brought into contact with banana polyphenol oxidase —
was, however, bright orange, as was the oxidation
product of catechin.

Necrotic lesions in infected banana roots were sur-
rounded by cells with yellow and orange fluorescing
compounds in their intercellular spaces (Fig. 3f,g). This
occurred in both susceptible and resistant cultivars but
lesions with very little fluorescence were also found in
the former. Lesions in infected roots of YkmS5 were sur-
rounded by a layer of cells showing an accumulation of
non-fluorescing dark brown and red material in cell walls
and intercellular spaces, followed by cells with orange and
yellow fluorescing compounds in intercellular spaces
(Fig. 3g). Moreover, bright green and yellow fluorescence
was detected in aerenchyma even at some distance
from the necrotic area (Fig. 3h). In the lesioned cortex
of infected PJB roots only, cells were detected which con-
tained large granules filled with an unidentified com-
pound showing green (DAPI filter) or faint yellow (FITC
filter) fluorescence (Fig. 3i,j). PJB also differed from the
other cultivars in the appearance of lesions. Lesioned
areas were red-brown in roots of cvs GN, OEA, Ykm$
and C4, while in roots of PJB, lesions were surrounded by
purple-blue cells and intercellular spaces.

Discussion

Banana roots were (histo)chemically analyzed to gain
insight into the role of phenylpropanoids in the resistance
and susceptibility of selected banana cultivars to the bur-
rowing nematode R. similis. Cross sections of nodal roots
showed the structure of the vascular bundle and cortical
parenchyma as described by Riopel & Steeves (1964) for
roots of cv. Gros Michel (Musa acuminata AAA). No dif-
ferences in the general organisation of root tissues were
observed between susceptible and resistant cultivars
(Mateille, 1994; Fogain & Gowen, 1996). The distinction
between young and older roots in banana was reported by
Fogain & Gowen (1996) and Lecompte et al. (2002).
Roots with similar features have also been distin-
guished in field-grown maize and other monocotyledons
(McCully, 1987).

Lignified cell walls are potential physical barriers to
nematode migration and feeding as lignin would limit the
access of nematode enzymes to cell wall polysaccharides
(Ride, 1978). The resistant cultivars YkmS3, PJB and C4
were characterized by a highly branched root system, a
significantly higher root weight and a significantly higher
constitutive lignin content than the susceptible cvs GN
and OFEA. In older roots of both the resistant and suscep-
tible cultivars, with fully differentiated xylem vessels,
endodermal and sclerenchyma cells had thick, lignified
secondary walls. Between older roots with an average
lignin content of 13% and young roots with an average
lignin content of 6%, varying levels of lignification were
observed depending on the differentiation level of the
vascular elements.
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Figure 3 Tissue localization of phenylpropanoids in cross sections of healthy and Radopholus similis-infected Musa roots. Fresh hand-cut sections
were stained with DPBA and immediately visualized under an epifluorescence microscope with a DAPI filter (a, j) or a FITC filter (b—h), or visualized
with bright-field microscopy (i). (a) Ferulic acid esterified to walls of vascular parenchyma and in particular protophloem in the developing vascular
bundle of a healthy cv. Grande naine root (x100). (b) Sinapic acid bound to exodermis walls in a healthy cv. Pisang jari buaya root (x200). (c) Caffeic
acid bound to exodermis walls in a healthy cv. Calcutta 4 root (x150). (d) Cortex and exodermis of a healthy young cv. Pisang jari buaya root showing
phenylpropanoids in cells (yellow and orange fluorescence), either granular or amorphous (x100). (e) Phenylpropanoid-containing cells in the cortex
of a lateral root inside a nodal root (healthy cv. Yangambi km5, x63). (f) Necrotic area in the cortex of a lateral root inside a nodal root.
Phenylpropanoids were detected in the intercellular spaces of cells bordering the lateral root. Nematodes were detected in the necrotic area of the
lateral (indicated by arrows) (cv. Grande naine, x63). (g) Detail of cells bordering a necrotic lesion with extensive amounts of phenylpropanoids in
the intercellular spaces (cv. Yangambi km5, x100). (h) Extensive phenylpropanoid accumulation (indicated by arrows) in the cortex of an infected
cv. Yangambi kmb root, localized in aerenchyma next to the necrotic lesion (x40). (i) and (j) Cells containing large granules in a cv. Pisang jari buaya
infected root (x300). These cells were found in the immediate vicinity of lesioned areas in the cortex of Pisang jari buaya roots only. c-cortex,
e-endodermis, |-lesion, mx-metaxylem, pp-protophloem, px-protoxylem, vp-vascular parenchyma.
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In sections of infected roots showing lesions in cortical
cells, lignification of cells in the vascular bundle spread to
the pericycle, and where the endodermis was not yet lig-
nified, it became so opposite lesions. This was observed in
both the resistant and susceptible cultivars and indicated
a general defence mechanism to protect the vascular bun-
dle from infection and/or damage. Moreover, in infected
roots, the ratio of syringyl to guaiacyl lignin in cell walls
of the vascular bundle was higher than in healthy roots, as
has been noted in banana root-Fusarium interactions (de
Ascensao & Dubery, 2000). The lignin content of infected
roots, as determined by the thioglycolic acid assay, dif-
fered significantly from that of healthy roots for cvs GN,
YkmS3 and PJB. In susceptible GN, the lignin content of
infected roots increased to 158% of the levels in healthy
roots and did not differ from levels in the resistant cvs
YkmS$ and PJB, which were lower in infected roots (79
and 72% of the levels in healthy roots, respectively). This
could indicate a redirection of the phenylpropanoid
pathway from the synthesis of lignin precursors to other
— possibly resistance-related — compounds.

A second possible physical (and chemical) barrier to
nematode feeding and migration in the cortex of banana
roots is provided by hydroxycinnamic acids covalently
bound to cell wall polysaccharides. In monocotyledons,
ferulic acid and p-coumaric acid esters substitute mainly
arabinoxylans (hemicellulose). Upon acid or alkaline
hydrolysis, feruloylated and p-coumaroylated arabinoxy-
lan mono- and oligosaccharides are released (Ishii, 1997).
The blue autofluorescence of ferulic acid was observed in
banana root sections in the primary walls of cortical cells,
cells of the immature vascular bundle in young roots, and
in the elongation zone of older roots. In hydrolysed root
samples of the resistant cultivars, significantly more ferulic
acid and feruloylated pentose sugars (most likely arabinoses)
were detected compared to the susceptible cultivars. The
average content was slightly higher in infected roots,
except for GN, but differences were not significant.

Covalently bound ferulic acids protect cell wall
polysaccharides from enzymatic attack (Hartley & Jones,
1977). Plant parasitic nematodes secrete cell wall degrad-
ing enzymes, among which are cellulase, pectate lyase and
polygalacturonase, during the infection process (Giebel,
1982). The presence of ferulic acids bound to cell walls
may hinder the activity of these enzymes. Many bacteria
and some fungi, such as E oxysporum, produce feruloyl
esterases to cleave the bonds that cross-link cell wall
polysaccharides, so enhancing the access for cell wall
degrading enzymes (Williamson et al., 1998). In banana
roots, bacteria and fungi, including F. oxysporum, have been
found in close association with R. similis during patho-
genesis and are known to accelerate necrosis of root and
corm tissue (Blake, 1966; Loridat, 1989; Sarah et al., 1996;
Valette et al., 1997).If R. similis-associated bacteria or fungi
aid in the degradation of cell walls by the production of
feruloyl esterases, ferulic acid could be released from cell
walls and accumulate to toxic levels. In i vitro bioassays,
ferulic acid is a strong repellent at 350 um, strongly inhib-
its motility and is toxic (LC;, of 618 um) to R. similis
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(Wuyts et al., 2006a). Thus, ferulic acid could be a chemical
barrier as well as a physical barrier to nematode infection.

Sample extraction and HPLC-analysis procedures were
optimized to enable the detection and quantification of a
broad range of simple phenylpropanoids and flavonoids,
among which were hydroxycinnamic acids and flavonols,
either present in a free form or bound to glycosides or cell
walls. The major free compound detected in banana root
samples was not a phenylpropanoid but dopamine, which
is also called catecholamine because of its structural
resemblance to the phenol catechol. The dopamine con-
tent of roots ranged from 2-8 to 8-4 mg per g root fresh
weight, which is very high and comparable to levels in
banana fruit from which dopamine was first extracted
and identified (banana peel contains 3-8—-13 mg dopamine
per g fresh weight) (Kanazawa & Sakakibara, 2000). It
has also been detected in roots by histochemical staining
(Musa AAA, Gros Michel) (Mace, 1963; Valette et al.,
1998) and in leaves and meristems (B. Panis, personal
communication, Laboratory of Tropical Crop Improve-
ment, Catholic University of Leuven, Belgium).

Dopamine is a potential chemical barrier to nematode
infection. Roots of the resistant cultivars contained signif-
icantly higher levels of dopamine than the susceptible
cultivars. In GN and OEA roots the levels were less than
50% of those in PJB roots. Average levels were slightly
higher in infected roots of all cultivars, except OEA, but
the differences were not significant. In in vitro bioassays,
dopamine is not toxic to nematodes and does not inhibit
motility or hatch. It acts as an attractant for R. similis at
concentrations of < 335 um, but there are no data yet on
the presence of dopamine in root exudates or its signifi-
cance in the banana-R. similis interaction (Wuyts et al.,
2006a). Furthermore, dopamine is a very good substrate
for polyphenol oxidase isolated from banana roots, but
(synthetic) melanin does not affect nematode behaviour
either (Wuyts et al., 2006b; N. Wuyts, unpublished data).
The intermediate quinones, formed by the action of
polyphenol oxidase on dopamine, are more reactive and
possibly toxic (Appel, 1993). In healthy tissues, dopamine
is physically separated from polyphenol oxidase. Upon
tissue damage, the cellular compartmentalization is
lost and polyphenol oxidase from plastids can react with
dopamine from the vacuole. In plant-nematode inter-
actions, polyphenols are considered responsible for the
brown and black pigmentation throughout cell walls and
collapsed protoplasts in lesions and in adjoining live cells.
They are thought to seal off infected tissue to limit second-
ary infection or spread of pathogens, inactivate nematode
enzymes and to complex plant proteins which then
become unavailable for nutrition (Bell, 1981; Townshend
et al., 1989). The intensity of polyphenol formation was
found to be correlated with resistance (Bell, 1981). In
banana roots, especially in resistant cultivars, an ample
supply of dopamine is available for the melanization of
collapsed cells and walls of surrounding cells. In fluores-
cence microscopy observations, the walls of cells lining
the lesions were dark, non-fluorescing or slightly orange,
which supports this.
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Large numbers of cells containing green, yellow and
orange fluorescing granules or masses were observed in
cortical cells of all cultivars. Dopamine does not auto-
fluoresce or show fluorescence after treatment with
DPBA-staining. Flavonols — kaempferol, quercetin, myri-
cetin and their glycosides — which show these fluorescence
colours, were only tentatively identified and in very small
quantities in root samples. Other flavonoid standards
showed very similar fluorescence too, among which were
the anthocyanidin pelargonidin and the flavan-3-ols
catechin and epicatechin. UV absorbance spectra and
molecular weights obtained by LC/MS indicated the
presence of these anthocyanidin-related compounds or
their degradation products in large quantities. Whether
these were anthocyanidins, flavan-3-ols, leucoanthocy-
anidins (flavan-3,4-diol precursors for the former two)
or proanthocyanidins (condensed tannins) could not be
determined by the extraction and HPLC analysis pro-
cedures that were used. The presence of anthocyanidins
or their glycosides in roots can be expected from the
red-brown and purple colour of lesions in infected roots.
Further indications in support of the presence of proan-
thocyanidins were observed upon heating of root samples
in acidic methanol: extracts turned bright red, which
indicated the degradation of colourless proanthocyani-
dins into anthocyanidins (Porter et al., 1986). Collingborn
et al. (2000) have reported the extraction and quantifica-
tion of leucoanthocyanidins and proanthocyanidins from
necrotic banana roots and correlate high levels of these
compounds with the resistance found in ¢v. Kunnan (Musa
acuminata AB). In preliminary experiments, using acid-
methanol extraction for anthocyanidins (Adamse et al.,
1989) and the butanol-HCI assay for the detection of
proanthocyanidins (Collingborn ez al., 2000), the pres-
ence of these compounds was confirmed in roots of GN,
Ykm3$ and PJB (Wuyts et al., 2005). Proanthocyanidins
could be, besides melanin derived from dopamine, part
of the polyphenol complex in necrotic tissue of banana
roots. Proanthocyanidin formation from flavan-3-ols
precursors is still unclear, but in one model epicatechin
or catechin is converted to corresponding quinones by
polyphenol oxidase. The quinones are then further
metabolized to form proanthocyanidins (Dixon et al.,
20035). Catechin is, besides dopamine, a very efficient sub-
strate for banana root polyphenol oxidase (Wuyts et al.,
2006b). Further support for proanthocyanidins as part
of the polyphenol complex is found in banana fruit:
polyphenols are primarily composed of catechin-residues
co-polymerized with a small number of indole units
(Andrews & Pridham, 1967).

In PJB roots lesions were purple-blue in colour com-
pared to red-brown in the other cultivars, most likely
due to a higher ratio of delphinidin versus cyanidin.
Whether this has any significance for resistance needs to
be assessed, as anthocyanidins are generally not associ-
ated with defence responses against pathogens, but rather
with high visible light levels, cold stress and nutrient defi-
ciency (Dixon & Paiva, 1995). In plant-fungal interactions,
anthocyanidin accumulation has been observed in

uninfected, healthy cells that surround lesions. Anthocya-
nidins, as antioxidants, are suggested to protect healthy
plant tissue from toxic, oxidative metabolites that
accumulate during the expression of defence or resistance
(Hipskind et al., 1996). In nematode-infected roots of
PJB, cells containing extremely large granules occurred in
the cortex adjacent to lesions. These were not observed in
any of the other cultivars. They indicated the accumula-
tion of very large concentrations of (an) unidentified
compound(s). Cells containing brown globules around
necrotic tissue were found by Mateille (1994) in roots
of the R. similis-resistant banana cv. Gros Michel (Musa
acuminata AAA) and by Pinochet (1978) in plantain
banana roots infected with Pratylenchus coffeae. The
sequestration of large quantities of chemicals in cells close
to infection sites is part of the defence strategy of plants
as it primes these cells for cell wall modifications, cell
death and the isolation of infection upon decompart-
mentalization and oxidation/activation (Wink, 1997,
Beckman, 2000).

Two potential physical barriers to R. similis infection
and migration were identified among phenylpropanoid
compounds in banana roots: lignin and cell-wall bound
ferulic acid esters. The resistant cvs Ykm5, PJB and C4
had constitutively higher levels of both of these com-
pared to susceptible cvs GN and OEA. Lignification of the
endodermis and cells within the vascular bundle was,
however, induced in infected roots of all cultivars and
seemed to be part of a general defence response to pro-
tect the vascular system. Further research on the lignin
monomer content of banana roots is required, as well
as on the ferulic acid esterified sugar moieties. Dopamine
is a potential chemical barrier in banana roots, either
directly or as a substrate for polymerization. Levels
were high in roots and in particular in resistant cultivars.
But, as mentioned above, more potential chemical
barriers seem to be present in banana roots. Other
extraction and HPLC analysis protocols adapted to
flavan-3-ols, anthocyanidins and proanthocyanidins are
required for further research into the biochemical basis
for nematode resistance in banana. To date, no significant
qualitative differences in the phenylpropanoid profile of
resistant and susceptible banana cultivars have been
observed. These do not necessarily need to exist as resist-
ance could be determined by the rate and extent of reac-
tions instead of their biochemical nature. Quantitative
analysis of cell and tissue responses in the first hours and
days after infection are required once a more complete
picture of the biochemical potential of banana roots is
obtained.
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