
SUMMARY

Smut caused by Ustilago scitaminea (Syd.) is a major
disease of sugarcane. Different compounds from a
crude fungal extract were separated by capillary elec-
trophoresis. These compounds produced changes in the
accumulation of free phenolics and enhanced phenylala-
nine ammonia-lyase and peroxidase activities in sugar-
cane leaves of the susceptible cv. Mayarí 5514, and the
resistant cv. Barbados 42231. Smut-elicitor fractions
were resolved by capillary electrophoresis as different
peaks. Those inducing the highest biological activity
were resolved as three main peaks corresponding to
negatively charged proteins, peptides or glycopeptides
of medium molecular mass. These compounds en-
hanced the accumulation of free phenolics, mainly hy-
droxycinamic acids, by activation of phenylalanine am-
monia-lyase in the resistant cultivar, and hydroxyben-
zoic acids in the susceptible cultivar. Another important
difference was the enhancement in the resistant cultivar
of peroxidase, an enzyme that uses free phenolics as
substrates for the activation of important mechanisms of
resistance of sugarcane leaves to the fungal pathogen.

Key words: capillary electrophoresis, peroxidase, phe-
nolic acids, phenylalanine ammonia-lyase, sugarcane
smut.

INTRODUCTION

Smut caused by Ustilago scitaminea (Syd.) a major
disease of sugarcane (Saccharum officinarum), affects
plant growth and juice quality (Martínez et al., 2000).
Spore germination occurs on the internode surface and
is followed by the the formation of appressoria mainly
on the inner scales of young buds and at the base of
emerging leaves (Waller, 1970). Entry of mycelium into
the bud meristem occurs between 6 and 36 h after
teliospores are deposited on the surface (Alexander and 
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Ramakrishnan, 1980). Hyphae grow throughout the in-
fected plant, but mostly in parenchyma cells of the low-
er internodes. In the upper internodes, hyphal growth
ends with the formation of whips (sori with teliospores).
Hyphae do not penetrate the cells of scale leaves (Singh
and Budhraja, 1964), therefore buds tightly enclosed
within scale leaves can escape infection. It has been pro-
posed that varietal resistance of sugarcane is determined
by the morphological features of the buds. However,
other authors have suggested that resistance is based on
chemical properties rather than on bud morphology
(Lloyd and Naidoo, 1983).

Resistance to disease seems to be a multifactorial
process. The response phase includes accumulation of
different compounds such as phytoalexins (i.e. low mo-
lecular mass antimicrobial compounds that accumulate
at the sites of infection); systemic enzymes that limit
pathogen invasion (e.g. chitinases, β-1,3-glucanases and
proteases); systemic enzymes that generate antimicrobial
compounds and protective biopolymers (e.g. peroxidas-
es and phenoloxidases); biopolymers that restricts the
spread of pathogens (e.g. hydroxyproline-rich glycopro-
teins, lignin, callose); and regulators of the induction
and/or activity of defensive compounds (e.g. elicitors of
plant and microbial origin, immune signal from primed
plants and compounds, which release immune signals)
(Kuc, 1990). 

Resistance to sugarcane smut has also been associat-
ed with the accumulation of free or conjugated
polyamines in the host tissues (Legaz et al., 1998; Piñón
et al., 1999) and the production of several glycoproteins
(Martínez et al., 2000) which affect polarization of the
cytoplasm during spore germination (Fontaniella et al.,
2002), impair germ tube protrusion and, ultimately, ger-
mination of the spores. It has been proposed that the in-
hibition of teliospore germination constitutes a defence
mechanism involved in the general pattern of the resist-
ance of sugarcane to the smut (Millanes et al., 2005;
Legaz et al., 2005).

Infection by fungal pathogens elicits changes in the
role and reaction of phenolic compounds (Sedláková
and Lebeda, 2001). Early release of pre-formed pheno-
lics and their later intensive production after stimula-
tion of phenylpropanoid metabolism are part of resist-
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ance reactions to disease in many plants (Peltonen,
1998). Pre-existing phenylpropanoids stored in the cen-
tral vacuole to be later incorporated into the cell wall in
healthy plants, could be released in the cytoplasm dur-
ing the initial stages of plant defence against infection.
This process is dependent on peroxidases (POX) and
other apoplast enzymes that provide phenolic acid es-
terification. Only during later stages of pathogenesis, de
novo synthesis of phenolic compounds is switched on,
which is closely associated with phenylalanine ammonia
lyase (PAL) (Guidi et al., 2005). Lignins are formed to
strengthen cell walls, and phenolics have a bearing in
the hypersensitive response (Lebeda et al., 2001).

In a previous paper (de Armas et al., 2007) sensitivity
or resistance to sugarcane smut was correlated with
changes of free phenolic compounds as well as of PAL
and POX activity in host leaves induced by an elicitor
from U. scitaminea mycelium.

The aim of this work was to partially purify the smut
elicitor and to correlate its biological activity with the
capillary electrophoretic pattern of different smut-elici-
tor fractions. 

MATERIALS AND METHODS

Plant material. Field-grown 12-month-old sugarcane
plants of cvs Mayarí 5514 (smut resistant) and Barbados
42231 (highly susceptible to smut), were used through-
out this work. Discs 1.0 cm in diameter were cut from
central part of first completely developed young leaf
from different stalks. Leaves were submerged in water
during disc excision. Twenty discs were used in each ex-
periment.

Elicitor purification. The elicitor was partially puri-
fied according to de Armas et al. (2007). Briefly,
teliospores of U. scitaminea (20 mg) isolated from whips
collected from cv. Barbados 42231 diseased plants in
experimental crops of the National Institute for Sugar-
cane Investigation (INCA) at Matanzas, Cuba, were in-
cubated in 200 ml of sterile Lilly and Barnett (1951)
medium at 38°C for 5 days. Mycelium was harvested,
washed in distilled water, dried with filter paper,
weighted and ground to a fine powder in liquid nitro-
gen (3.6 g wet weight). The powder was extracted with
25 ml of 10 mM Tris-HCl, pH 8.8. Following centrifu-
gation (5000 g for 10 min at 4°C), 20 ml 80% (v/v)
methanol were added to the pellet and the mixture
shaken for 4 h at 38°C. After a further centrifugation,
the pellet was washed once with 5 ml methanol and
dried under air flow for 2 h. After a further wash with
10 mM phosphate buffer, pH 6.8, the pellet was resus-
pended in 25 ml of the same buffer and the mixture au-
toclaved (120°C for 30 min). Following centrifugation
(10 000 g for 20 min at 4°C) the supernatant was used

as a crude elicitor.
Partial purification of the U. scitaminea crude elicitor

(0.3 mg ml-1 of protein and 0.8 mg ml-1 of carbohy-
drates) was by gel filtration. An aliquot (5 ml) of fungal
extract was chromatographed through two Sephadex
columns, first a G-10 column (15×2.5 cm) then a G-50
column (30×2.5 cm) connected in series. Elution was
with 10 mM phosphate buffer, pH 6.8, collecting 3 ml
fractions. The void volume of the column (80 ml) was
determined from the elution pattern of the tracking dye
blue dextran (Sigma, St. Louis, MO, USA). Each frac-
tion was assayed for carbohydrate content according to
Dubois et al. (1956) and for protein according to War-
burg and Christian (1941). Based on protein and carbo-
hydrate profiles, eight different fractions of the elicitor
were collected. The elicitor activity of each fraction was
tested based on its effect to induce change in the accu-
mulation of phenolic acids and in the PAL and POX ac-
tivity in sugarcane leaves.

Effect of smut elicitors on sugarcane leaves. 20 leaf
discs (ca. 0.5 g fresh weight) of both sugarcane cultivars
were floated in Petri dishes in the dark on 10 mM phos-
phate buffer, pH 6.8, containing 4% isopropyl alcohol
for 2 h at 37°C. Later, a third of the volume of each
fraction was added and incubated in the dark from 24 h
in the same conditions. The final volume of incubation
was 15 ml. Controls were the same as above without the
elicitor. For all the experiments, three replicates were
made using leaf samples from different stalks.

Preparation of cell-free extracts from sugarcane leaf
discs. Leaf discs incubated with or without elicitor were
washed with distilled water and immediately ground to
a fine powder in liquid nitrogen, which was resuspend-
ed in 5 ml 10 mM phosphate buffer, pH 6.8. Following
centrifugation (10 000 g for 15 min at 2°C), the super-
natant was used for enzyme assays (when needed, cell
free-extracts were dialyzed against phosphate buffer)
and the pellet for the extraction of phenolic acids. 

Extraction and analysis of phenolic acids. The pellet
was extracted with 5 ml 80% (v/v) methanol at 70°C for
1 h with continuous shaking, centrifuged at 15 000 g for
15 min at 2°C and the supernatant dried in air flow. Dry
residues were dissolved in 0.2 ml acetonitrile and used
for HPLC analysis.

HPLC separation was carried out using a Spectra
Physics 8810 liquid chromatograph. Analytical condi-
tions were as follows: column Tracer Excel 120 ODSB
(25 cm×4.6 mm i.d.); injection, 10 µl; mobile phase, sol-
vent A, acetonitrile (100%); solvent B acetic acid/water
(2/98, v/v); gradient from 100% B (for 7 min), to 25%
A + 75% B (time 35 min, then maintained for another 5
min), to 100% B (time 50 min); flow rate 0.9 ml min-1;
temperature, 25°C; absorbance units at full scale 0.005;
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detector UV-Vis SP8490 (λ 270 nm); internal standard,
0.5 mg⋅ml-1 salicylic acid. Standars (Sigma, St. Louis,
MO, USA). were gallic acid (retention time 6.60 min),
protocatechuic acid (retention time 10.46 min), p-hy-
droxybenzoic acid (retention time 16.23 min), chloro-
genic acid (retention time 23.11 min), caffeic acid (re-
tention time 23.73 min), syringic acid (retention time
24.77 min), p-coumaric acid (retention time 27.40 min),
ferulic acid (retention time 28.49 min), benzoic acid (re-
tention time 30.01 min) and cinnamic acid (retention
time 39.48 min). Quantitative estimation of each phenol
was done by using the slope of the straight line obtained
by linear regression from different injected mass of phe-
nol and their corresponding area counts. 

Enzymatic assays. POX activity was assayed using re-
action mixtures containing 2.7 ml 10 mM phosphate
buffer, pH 6.8, 10 µl guaiacol, 200 µl hydrogen perox-
ide, and 50 µl of supernatant from cell-free extracts. A
unit of specific activity was defined as 1.0 unit of ab-
sorbance at 470 nm per mg protein per min. Controls
were assayed in the absence of hydrogen peroxide (Mil-
lanes et al., 2005).

PAL activity was measured according to de Armas et
al. (2007). Cell free extracts from sugarcane leaf discs
were dialyzed against 0.1 mM sodium phosphate buffer,
pH 6.8, for 24 h at 4°C in the dark. Reaction mixtures
contained 0.6 µl 0.1 M Tris-HCl buffer, pH 8.8, 0.4 ml
supernatant from dialyzed cell free extracts and 2 ml 10
mM L-phenylalanine (Sigma, St. Louis, MO, USA) as a
substrate, in a final volume of 3.0 ml. Reaction was
started by adding the substrate and carried out at 37°C
from 0 to 6 h, measuring the absorbance of the mixture
at 30 min intervals, using a Unicam Helios β spec-
trophotometer (Unicam, Cambridge, UK). The incre-
ment of the absorbance at 275 nm in the linear section
of each time-course was used to calculate the amount of
cinnamic acid produced and the slope of the straight
line after fitting experimental data by linear regression
was used as the reaction rate value. PAL activity was
then expressed as µg of cinnamic acid produced per mg
protein per min. Protein was estimated according to
Lowry et al. (1951).

Capillary electophoresis. Fractions of smut-elicitor
were frozen at -20°C, lyophilised at -80°C and 10 mbars
vacuum and stored at -20°C. Lyophilised samples were
resuspended in 10 mM sodium borate buffer, pH 9.2
(15 µl m-1 elicitor volume). Mesityl oxide (Fluka, Riedel-
de Haën, Germany) at a concentration of 4% (v/v) in
the same buffer was used as neutral marker.

Capillary zone electrophoresis was performed using a
P/ACE MDQ Instrument from Beckman Coulter
(Fullerton, CA, USA). Detection was monitored at 200
and 280 nm. New capillaries were conditioned with 1.0
M NaOH for 10 min at 60°C, and then 0.1 M NaOH

for 10 min at 60°C. Equilibration of the capillary was
done by washing it with 25 mM sodium borate buffer,
pH 9.2 for 30 min at 25°C and finally with the same
buffer for 30 min at 25°C under a voltage of 17 kV. Re-
generation of the capillary surface between runs was
performed by rinsing it as follows: 0.1 M NaOH for 10
min, Mili-Q grade water for 10 min and 25 mM sodium
borate buffer, pH 9.2 for 15 min. The buffer used as
electrolyte was 25 mM sodium borate buffer, pH 9.2
(Legaz and Pedrosa, 1993). Solutions (around 40 nl)
were injected under pressure (0.5 psi for 5 sec) and sep-
arated at 11 kV using 25 mM borate buffer, pH 9.2, as
electrolyte. Data were acquired by using a 32 Karat TM

(v 4.0) software. 
Different peaks in electropherograms were estab-

lished through theirs apparent electrophoretic solute
mobility, µ’a, which was calculated as 

µ’a = (l L)/(t’m V),
where l is the effective capillary length (to the detector),
L the total capillary length, V the applied voltage across
the capillary and t’m (corrected migration time) the dif-
ference between migration time of the compound and
that of the neutral marker (Pedrosa and Legaz, 1995).

Statistical analysis. Statistical significance of the dif-
ferences between means of the analysed parameters was
evaluated by Student’s T-test. The F-test was used to
test heterogeneity of variances. When needed, data were
log transformed prior to analysis. Differences were con-
sidered significant when P ≤ 0.05.

RESULTS 

Characteristics of the partially purified fractions of
the smut elicitor. Carbohydrate and protein profiles of
the partial purified fungal extract (crude elicitor) isolat-
ed from U. scitaminea mycelium are shown in Fig. 1.
According to these profiles, eight fractions were consid-
ered, fraction 1, 84-92 ml; fraction 2, 93-101 ml; frac-
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Table 1. Proteins and carbohydrates concentrations from
each fraction of the elicitor, separated through Sephadex G10
and G50, columns (see also Fig. 1).

Fraction
number

Protein
concentration
(µg ml-1)

Carbohydrate
concentration
(µg ml-1)

1 25.0 37.1
2 29.3 95.0
3 13.2 29.1
4 7.6 5.8
5 4.2 0
6 2.6 12.5
7 5.0 16.8
8 1.3 31.6
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tion 3, 102-110 ml; fraction 4, 111-119 ml; fraction 5,
123-134 ml; fraction 6, 144-152 ml; fraction 7, 202-204
ml and fraction 8, 211-222 ml. Protein and carbohy-
drate concentrations of each fraction are shown in Table
1. Fraction 5 only contained protein, the others con-
tained both protein and carbohydrates.

Effect of elicitor fractions upon phenolic content
and POX and PAL activity in sugarcane leaves. Ac-
cording to the elution profile of partially purified elici-
tor and the content of both protein and carbohydrate,
the effect of these eight fractions on the accumulation of
phenolics in cvs Mayarí 5514 and Barbados 42231
leaves was assayed. During the incubation of leaf discs
in the corresponding fraction, the following concentra-
tions were used: 75 µg of protein and 111 µg of carbo-
hydrates of fraction 1; 87.9 µg of protein and 285 µg of
carbohydrates of fraction 2; 39.6 µg of protein and 87.3
µg of carbohydrates of fraction 3; 22.8 µg of protein and
17.4 µg of carbohydrates of fraction 4; 16.8 µg of pro-
tein of fraction 5; 7.8 µg of protein and 37.5 µg of car-
bohydrates of fraction 6; 5 µg of protein and 16.8 µg of
carbohydrates of fraction 7 and 5.2 µg of protein and
126.4 µg of carbohydrates of fraction 8.

The content of free phenolics obtained from leaves of
the susceptible cv. Barbados 42231, and from those of
the resistant cv. Mayarí 5514, incubated in the absence
(control treatment) or in the presence of each fraction
of the partially purified elicitor, are shown in Fig. 2A.
The content of free phenolics was similar in control
treatments of both cultivars and no changes were ob-

tained when incubation was in fractions 1 to 4. Frac-
tions 5 to 7 produced biological effect in both cultivars
with values of phenol accumulation higher than those
obtained for control treatments. The highest value of
phenol accumulation was obtained with fraction 5,
whereas fraction 8 produced only a slight effect on cv.
Barbados 42231. 

The effect of the different elicitor fractions upon
PAL activity is shown in Fig. 2B. Again the highest val-
ues of enzyme activity were obtained with fractions 5, 6
and 7. Very similar pattern of POX activity was ob-
tained for the resistant cv. Mayarí 5514, whereas only
fraction 5 slightly increased POX activity in the suscep-
tible cv. Barbados 42231. Always the resistant cultivar
showed activities higher than those obtained for the sus-
ceptible cultivar for both enzymes (Fig. 2C). 

Concentrations of individual hydroxycinnamic acids,
caffeic, p-coumaric, ferulic and chlorogenic acids, and
those of hydroxybenzoic acids, gallic, protocatechuic, p-
hydroxybenzoic and syringic acids, were analyzed. Re-
sults are shown in Fig. 3. The highest values of com-
pound concentration corresponded to p-coumaric (Fig.
3B) and syringic (Fig. 3H) acids, from hydroxycinnamic
and hydroxybenzoic acids series, respectively.

No changes were obtained for any individual phenol
when the incubation of leaf discs of both cultivars was
on fractions 1 to 4. Only the concentration of protocate-
chuic acid (Fig. 3F) slightly increased for fractions 3
and 4 in the susceptible cultivar. Fractions 5 to 8
showed different patterns of accumulation of free phe-
nolics for both cultivars.
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Fig. 1. Carbohydrates (empty symbols) and proteins (filled symbols) profiles of the partial purification of U. scitaminea crude elici-
tor, carried out by gel filtration through Sephadex G-10 and G-50 columns.
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In the resistant cv. Mayarí 5514, fraction 5 produced
the highest increase of concentration of all phenolics an-
alyzed. Enhanced values of phenolic concentration with
respect to the control treatment were also obtained with
fraction 6 for the hydroxycinnamic acids, caffeic (Fig.
3A), p-coumaric (Fig. 3B), ferulic (Fig. 3C) and chloro-
genic acids (Fig. 3D). Fraction 7 also increased the con-

tent of ferulic acid in this cultivar (Fig. 3C). The effect
was also appreciable for the content of both protocate-
chuic acid (Fig. 3F) and syringic (Fig. 3H) acids using
fractions 6 and 7.

The phenolic accumulation pattern in the susceptible
cv. Barbados 42231, was different from that of Mayarí
5514. The content of caffeic acid increased after incuba-
tion of leaf discs on fractions 5 and 6 (Fig. 3A), and that
of p-coumaric (Fig. 3B) acid with fractions 5 to 8 with
values higher than those shown the resistant by cultivar.
Chlorogenic acid slightly increased after incubation on
fraction 5 (Fig. 3D). For hydroxybenzoic acids, only
fraction 5 enhanced the content of gallic (Fig. 3E), pro-
tocatechuic (Fig. 3F), p-hydroxybenzoic (Fig. 3G) and
syringic (Fig. 3H) acids, with values in the susceptible
cultivar higher than those found for the resistant one. 

Capillary electrophoresis of different fractions of the
smut elicitor. Profiles of electropherograms obtained by
monitoring each fraction at 200 and 280 nm were very
similar. This allowed us to establish that all compounds
extracted were proteins. Results obtained at 200 nm are
not shown.

According to the apparent electrophoretic mobility
of solutes, µ’a, seventeen different peaks were obtained,
from 1 to 17 in correspondence with theirs µ’a values.
The characteristic of each peak and their relation with
each fraction are shown in Table 2. 

All compounds detected showed migration time val-
ues higher than that of mesityl oxide (7.70±0.06 min),
the neutral marker used, and for this reason, they were
defined as polyanionic molecules. Their migration times
varied from 11 to 33 min.

Electropherogram of fraction 1 showed only one
peak with a migration time value of 11.05 min and a µ’a
value of 1.32 cm2.V-1 s-1. This peak showed the highest
value of area counts (a.c. 45374) and the number 2 was
assigned to it (Table 2). In fraction 2, two different
peaks were detected, the first with a migration time val-
ue of 11.04 min, identical to the peak number 2, and an-
other at 13.06 min, to which number 4 was assigned.
Fraction 3 showed four new peaks at 12.74, 13.09,
13.76 and 25.00 min which were numbered as peaks 3,
4, 6 and 14, respectively. Actually, peaks 4, 6 and 14
showed low values of area counts. Fraction 4 showed al-
so three peaks, again peak number 6 at 13.76 min with
low area counts, and another important peak (No. 9), at
14.41 min. The third peak appeared at 27.5 min and
showed low area counts value.

Fraction 5, the most biological active, showed six
new peaks at 10.53, 13.87, 14.18, 21.50, 28.7 and 33.3
min, that were numbered 1, 7, 8, 11, 16 and 17. Of
these, peaks 7, 11, 16 and 17 showed low area counts
values. Fraction 6 was resolved in two peaks, a main one
at 13.45 min (number 5), and another, with a very low
area counts value, at 13.76 min, corresponding to the
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Fig. 2. Concentration of total phenolic acids (A) and assess-
ment of PAL (B) and POX (C) activity from leaves of cvs Bar-
bados 42231 (empty bars) and Mayarí 5514 (filled bars) incu-
bated without (control, C) and with fractions 1 to 8 of the
elicitor from U. scitaminea. Values are the mean of three repli-
cates. Each replicate consists of 20 discs excised from leaves
of different stalks. Vertical bars give standard error. * indi-
cates values for treated leaves that differ at P ≤ 0.05 from un-
treated (control) leaves.
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Fig. 3. Concentration of different hydroxycinnamic acids (HCA) and hydroxybenzoic acids (HBA) in the leaves of cvs Barbados
42231 (empty bars) and Mayarí 5514 (filled bars) incubated without (control, C) and with fractions 1 to 8 of the elicitor from U.
scitaminea. Values are the mean of three replicates. Each replicate consists of 20 discs excised from leaves of different stalks. Verti-
cal bars give standard error.* indicates values for treated leaves that differ at P ≤ 0.05 from untreated (control) leaves.
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peak number 6 previously found in fraction 4. Fraction
7 showed peaks given numbers 9, 12, 13 and 16, all of
which with low area counts. Finally, fraction 8 showed
three peaks with a very low counts area at 14.10, 14.57
and 27.50 min, the first equivalent to the peak 8 (also in
fraction 5), the second numbered as peak 10 and the
third equivalent to the peak 15 from fraction 4.

DISCUSSION

According to chromatographic profiles (Fig. 1), frac-
tions 1, 2, 3 and 4 contained proteins of high molecular
mass (higher than 870 kDa). Fractions 5, 6 and 7 con-
tained proteins of medium molecular mass (between 9
kDa and 870 kDa), and fraction 8 seemed to be mainly
composed of carbohydrates and, perhaps, small pep-
tides (fractions of low molecular mass).

Phenolic acids are precursors of a variety of antimi-
crobial compounds that play an important role in plant
defence responses. The synthesis of these compounds
has been associated with resistance of plants to fungi
and viruses (Ralph et al., 2006). In this study, a non-spe-
cific response of plant leaves was shown for a suscepti-
ble and a resistant sugarcane cultivar. Both cultivars in-
creased the phenolic content when leaf discs were incu-
bated with fractions 5, 6 and 7 of the soluble elicitor,
extracted from U. scitaminea mycelium, and also with
fraction 8 in the susceptible cultivar (Fig. 2A). Fraction
1 to 4 did not apparently show biological activity. This
seems to indicate that proteins and glycoprotein of high
molecular mass in the elicitor (Fig. 1) do not participate
in the elicitation response of phenolic accumulation in
sugarcane leaves. 

In these fractions, seven different peaks were detect-
ed by capillary electrophoresis (number 2, 3, 4, 6, 9, 14
and 15), all corresponding to proteins negatively
charged, according to Pedrosa and Legaz (1995), since
they migrate at times higher than that of the neutral
marker. Peak 2 corresponds to a glycoprotein of high
molecular mass according to Fig. 1. The beginning of its
chromatographic elution overlapped with that of with
fraction 1 and finished in fraction 2. This fraction 2 con-
tains another protein, or glycoprotein, of high molecular
mass (peak 4) with an apparent electrophoretic mobility
higher than that of peak number 3, which completes
elution in the next fraction (No. 3). Fraction 3 showed
peak 3 as the most representative component; it proba-
bly corresponded to another glycoprotein of high mo-
lecular mass, the elution of which was completed in this
fraction. Peak number 6, with low area counts in both 3
and 4 fractions, peak No. 14 in fraction 3, and peaks 9
and 15 in fraction 4, were proteins and glycoproteins of
high molecular mass composing the raw smut-elicitor
extract that did not elicit a defence response in the
leaves of both sugarcane cultivars. 

Fraction 5 was the most biologically active. It en-
hanced significantly phenolic content as well as PAL
and POX activity in leaf discs of both cultivars (Fig. 2).
It separated as six peaks, four of them (number 1, 7, 11
and 17) unique in this fraction plus another very impor-
tant peak (number 8) showing the highest value of area
counts, and number 16, with a low protein content. Ac-
cording to data of Fig. 1, these six peaks are proteins or
peptides of mid-molecular mass because no carbohy-
drates were detected in this fraction. Peak 1 corre-
sponded to a negatively charged protein, with a migra-
tion time value of 10.53 min, which had a relative elec-
trophoretic mobility, lower than that of other peaks.

Fraction 6, with high biological activity (Fig. 2), was
the fraction that more strongly enhanced POX activity
in the resistant cultivar (Fig. 2C). In this case, a main
unique peak (number 5) was obtained in capillary elec-
trophoresis together with a small peak at 13.76 min with
an electrophoretic pattern similar to peak 6 from frac-
tions 3 and 4. Analyzing elution profiles (Fig. 1) corre-
sponding to fractions 3, 4 and 6, is possible that peak 6
in fraction 3 and 4 (without biological activity) corre-
sponds to a different protein with similar capillary elec-
trophoretic behaviour (charge/mass ratio) of fraction 7.
Similar is the case of peak 9 from fractions 4 and 7, and
peak 15 in fractions 4 and 8. 

Fraction 7 showed biological activity (Fig. 2), and
four peaks, (9, 12, 13 and 16), that correspond to pep-
tides or glycopeptides according to Fig. 1 are responsi-
ble for this behaviour. Fraction 8, with low biological
activity, was resolved in three peaks with very low values
of area counts (numbers 8, 10 and 15).

Generalizing, seven different proteins or glycopro-
teins of high molecular mass, occurring in fractions 1 to
4 of the smut-elicitor, were separated by capillary elec-
trophoresis. High molecular mass elicitors (proteins or
glycoproteins) were previously detected in Rhizoctonia
solani (Köhm) (Velazhahan and Vidhyasekaran, 2000)
and Colletotrichum falcatum (Went) (Ramesh Sundar et
al., 2002) but these types of compounds from smut
mycelium did not show biological activity. Other elici-
tors have been reported to be carbohydrates (Tepper
and Anderson, 1986) or fatty acids (Bostock et al., 1982).
In our case, the fraction that elicits a resistant response
in sugarcane leaves showed at least three important
peaks, (number 1 and 8 in fraction 5) corresponding to
proteins or peptides of molecular mass higher than 9
kDa and peak 5 in fraction 6 that must be a peptide or a
glycopeptide. Eight more peaks (number 7, 11 and 16)
in fraction 5, number 6 in fraction 6 and number 9, 12,
13 and 16 in fraction 7 with low value of area count were
also detected. Nevertheless, there is some evidence (Oz-
eretskovskaya et al., 2004; Ramdas et al., 2004) that very
low concentration of some specific molecules may elicit
a biological response of high intensity in particular cell
mechanisms. These proteins, all of them negatively
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charged in our experimental conditions, develop a dif-
ferential defence response in both the resistant and sus-
ceptible cultivar, singly or in association with others,

In the resistant cv. Mayarí 5514, active fractions of
the elicitor increased the content of caffeic, p-coumaric,
ferulic and chlorogenic acids, from hydroxycinnamic
acid series and gallic, protocatechuic, p-hydroxybenzoic
and syringic acids, from hydroxybenzoic acid series.
Nevertheless, the susceptible cv. Barbados 42231, in-
creased the content of p-coumaric, and all hydroxyben-
zoic acids studied, with values higher than that in the
resistant cultivar (Fig. 3).

According to the biosynthetic routes of the different
phenolic acids analysed, caffeic acid is derived from p-
coumaric acid, and ferulic acid is derived from the latter
which is a precursor of the synthesis of syringic acid.
Gallic acid is derived from p-coumaric acid through the
p-hydroxybenzoic acid route. PAL activity is required to
maintain or increase the synthesis of all these phenolics.
Another important fact is the participation of p-coumar-
ic and ferulic acids in the synthesis of lignin and in the
formation of phenolic bridges that reinforce cell walls,
requiring the action of the peroxidase enzymes.

According to our results (Table 2 and Fig. 3), it is pos-
sible to hypothesize that at least three important peaks,
electrophoretically identified as number 1, 5, and 8 and
eight more peaks with low values of area counts, from
fractions 5, 6 and 7, enhance PAL activity (Fig. 2B) as
well as the amount of some free phenolics (Fig. 3).

In the susceptible cv. Barbados 42231, the concentra-
tion of p-coumaric, caffeic and all hydroxybenzoic acids
derived from p-coumaric acid, increased significantly.
Nevertheless, in the resistant cv. Mayarí 5514 the pro-
duction of p-coumaric acid derived from the accumula-
tion of other hydroxycinnamic acids (caffeic, ferulic and
chlorogenic acids) and reinforced cell walls through
POX activation (Fig. 2C). This last enzyme is not acti-
vated by any elicitor fractions in the susceptible cultivar
which justifies the high accumulation of free p-coumar-
ic, caffeic, syringic and hydroxybenzoic acids. Plant per-
oxidases can be directly involved in defence mecha-
nisms acting as a catalyst for the polymerisation of phe-
nolic compounds to form lignin and suberin in the cell
wall, which can act as mechanical barriers to block the
spread of the pathogen in the plant (Lebeda et al.,
2001). The importance of peroxidases during plant re-
sistance against pathogens has been demonstrated for
the interaction between rice and Xanthomonas oryzae
pv. orizae (Chittor et al., 1997), cotton and X. campestris
pv. malvacerum (Dai et al., 1996) and sugarcane and U.
scitaminea.(Santiago et al., unpublished information).

The synthesis of hydroxycinnamic conjugates with
tyramine, in particular feruloyl-tyramine and coumaroyl-
tyramine, has been associated with resistance of plants to
fungi and viruses (Negrel and Jeandet, 1987; Keller et al.,
1996). In sugarcane, the formation of phenols conjugated

to polyamines was reported (de Armas et al., 1999) and
these compounds were shown to particiapte in the de-
fence response of this plant to smut (Legaz et al., 1998).
In addition, de Armas et al. (2007) reported the partici-
pation of hydroxycinnanic acids in the defence-response
of sugarcane to smut.

In conclusion, U. scitaminea produces proteins, pep-
tides and glycopeptides of medium molecular mass that
have been separated by capillary electrophoresis and
elicit a defence response in sugarcane leaves to smut by
activating phenylpropanoid metabolism. In the resistant
cv. Mayarí 5514, PAL activity increases to enhance the
production of hydroxycinnamic acids and, at the same
time, POX activity increases to enhance the reinforce-
ment of cell walls, using these phenolics as substrates.
Synthesis of some conjugated hydroxycinnamic acids
with antifungal properties are probably activated in the
susceptible cv. Barbados 42231. Eliciting substances
produced by fungi increase the concentration of hy-
droxycinnamic acid which accumulate in part as free
phenolics whereas the rest serves for the de novo synthe-
sis of some hydroxybenzoic acids that are also accumu-
lated. However, they do not produce any antifungal
substance with smut resistance properties.

Another possibility is that different proteins elec-
trophoretically detected have different eliciting proper-
ties, some of them related to PAL activity and the acti-
vation of phenylpropanoid metabolism, whereas others
must be related to the enhancement of POX activity,
cell wall reinforcement, or synthesis of some phytoalex-
ins. In the susceptible sugarcane cultivar, only the
phenylpropanoid metabolism is activated together with
accumulation of free phenolics, but not antifungal re-
sistance ensues. 

ACKNOWLEDGEMENTS

This work has been supported by grants from the
Secretaría de Estado de Universidades e Investigación
SAB2003-0183 and the Ministerio de Educación y Cien-
cia (Spain) BFI2003-06234. We gratefully acknowledge
the excellent technical assistance of Mrs. Raquel Alonso
and Mr. David Varela.

REFERENCES

Alexander K.C., Ramakrishnan K., 1980. Infection of the
bud, establishment in the host and production of whips in
sugarcane smut (Ustilago scitaminea) of sugarcane. Pro-
ceedings International Society Sugarcane Technology 17:
1452-1455.

Bostock R.M., Laine R.A., Kuc J.A., 1982. Factors affecting
the elicitation of sesquiterpenoid phytoalexin accumula-
tion by eicosapentaenoic and arachidonic acids in potato.
Plant Physiology 70: 1417-1424.

94 Separation by capillary electrophoresis of an U. scitaminea elicitor Journal of Plant Pathology (2008), 90 (1), 87-96

012_TESTO_91RP_087  22-02-2008  18:10  Pagina 94



Chittor M., Leac J.E., White F.F., 1997. Differential induction
of a peroxidase gene family during infection of rice by
Xanthomonas oryzae pv. oryzae. Molecular Plant-Microbe
Interaction 10: 861-871.

Dai G., Nicole M., Andary C., Martinez C., Bresson E., Boher
B., Daniel J.F., Geiger J.P., 1996. Flavonoids accumulate in
cell walls, middle lamellas and callose-rich papillae during an
incompatible interaction between Xanthomonas campestris
pv. malvacearum and cotton. Physiological and Molecular
Plant Pathology 49: 285-306.

Dubois M., Gilles K.A., Hamilton J.K., Rebers P.A., Smith F.,
1956. Colorimetric method for determination of sugar and
related substances. Analytical Chemistry 28: 350-356.

de Armas R., Martínez M., Vicente C., Legaz M.E., 1999. Free
and conjugated polyamines and phenols in raw and alka-
line-clarified sugarcane juices. Journal of Agricultural and
Food Chemistry 47: 3086-3092.

de Armas R., Santiago R., Legaz M.E., Vicente C., 2007. Lev-
els of phenolic compounds and enzyme activity can be
used to screen for resistance of sugarcane to smut (Ustilago
scitaminea). Australasian Plant Pathology 36: 32-38.

Fontaniella B., Márquez A., Rodríguez C.W., Piñón D., Solas
M.T., Vicente C., Legaz M.E., 2002. A role for sugarcane
glycoproteins in the resistance of sugarcane to Ustilago scit-
aminea. Plant Physiology and Biochemistry 40: 881-889.

Guidi L., Degl´Innocenti E., Genovesi S., Soldatini G.F.,
2005. Photosynthetic process and activities of enzymes in-
volved in the phenylpropanoid pathway in resistant and
sensitive genotypes of Lycopersicon esculentum L. exposed
to ozone. Plant Science 168: 153-160.

Keller H., Hohlfield H., Wray V., Hahlbrock K., Scheel D.,
Strack D., 1996. Changes in the accumulation of soluble
and cell-wall bound phenolics in elicitor-treated cell sus-
pension cultures and fungus-infected leaves of Solanum
tuberosum. Phytochemistry 42: 389-396.

Kuc J., 1990. Compounds from plants that regulate or partici-
pate in disease resistance. Ciba Found Symposium 154: 213-
224.

Lebeda A., Luhová L., Sedláková D., Janková D., 2001. The
role of enzymes in plant-fungal pathogens interactions.
Journal of Plant Diseases Protection 108: 89-111.

Legaz M.E., Pedrosa M.M., 1993. Separation of acidic pro-
teins by capillary zone electrophoresis and size-exclusion
high-performance liquid chromatography: a comparison.
Journal of Chromatography 655: 21-29.

Legaz M.E., de Armas R., Piñón D., Vicente C., 1998. Rela-
tionships between phenolics-conjugated polyamines and
sensitivity of sugarcane to smut (Ustilago scitaminea). Jour-
nal of Experimental Botany 49: 1723-1728.

Legaz M.E., de Armas R., Millanes A.M., Rodríguez C.W., Vi-
cente C., 2005. Heterofructans and heterofructan-contain-
ing glycoproteins from sugarcane: structure and function.
Research and Development Biochemistry 6: 31-51.

Lilly V.G., Barnett H.L., 1951. Physiology of the Fungi. Mc-
Graw-Hill, New York, USA.

Lloyd H.L., Naidoo G., 1983. Chemical array potentially suit-
able for determination of smut resistance of sugarcane cul-
tivars. Plant Disease 67: 1103-1105.

Lowry O.H., Rosebrough N.J., Farr A.L., Randall R.J., 1951.
Protein measurement with the Folin phenol reagent. Jour-
nal of Biological Chemistry 193: 265-275.

Martínez M., Medina I., Naranjo S., Rodríguez C.W., de Ar-
mas R., Piñón D., Vicente C., Legaz M.E., 2000. Changes
of some chemical parameters, involved in sucrose recovery
from sugarcane juices, related to the susceptibility or re-
sistance of sugarcane plants to smut (Ustilago scitaminea).
International Sugar Journal 102: 445-448.

Millanes A.M., Fontaniella B., Legaz M.E., Vicente C., 2005.
Glycoproteins from sugarcane plants regulate cell polarity
of Ustilago scitaminea teliospores. Journal of Plant Physiol-
ogy 162: 253-265.

Negrel J., Jeandet P., 1987. Metabolism of tyramine and feru-
loyltyramine in TMV inoculated leaves of Nicotiana
tabacum. Phytochemistry 26: 2185-2190. 

Ozeretskovskaya O.L., Varlamov V.P., Vasyukova N.I.,
Chalenko G.I., Gerasimova N.G., Panina Y.S., 2004. Influ-
ence of systemic signal molecules on the rate of spread of
the immunizing effect of elicitors over potato tissues. Ap-
plied Biochemistry and Microbiology 40: 213-216.

Pedrosa M.M., Legaz M.E., 1995. Separation of arginase iso-
forms by capillary zone electrophoresis and isoelectric fo-
cusing in density gradient column. Electrophoresis 16: 659-
669.

Peltonen S., 1998. Responses of barley and wheat to pathogens,
non-pathogens and wounding as indicated by induced
phenylalanine ammonia-lyase activity. Acta Agriculturae
Scandinavica Section B- Soil Plant Science 48: 184-191.

Piñón D., de Armas R., Vicente C., Legaz M.E., 1999. Role of
polyamines in the infection of sugarcane buds by Ustilago
scitaminea spores. Plant Physiology and Biochemistry 37:
57-64.

Ralph S., Park J.Y., Bohlman N. J., Mansfield S.D., 2006 Diri-
gent proteins in conifer defense: gene discovery, phylogeny,
and differential wound- and insect-induced expression of a
family of DIR and DIR-like genes in spruce (Picea spp.).
Plant Molecular Biology 60: 21-40 

Ramdas L., Cogdell D.E., Jia Y.J., Taylor E., Dunmire V., Hu
L., Hamilton S.R., Zhang W., 2004. Optimization of signal
intensities for low expressing genes on oligonucleotide mi-
croarrays. BMC Genomics 5: 35.

Ramesh Sundar A., Velazhahan R., Vidhyasekaran P., 2002. A
glycoprotein elicitor isolated from Colletotrichum falcatum
induces defense mechanisms in sugarcane leaves and sus-
pension-cultures cells. Journal of Plant Diseases and Protec-
tion 109: 601-611.

Sedláková D., Lebeda A., 2001. Histochemical detection and
role of phenolic compounds in the defence response of
Lactuca spp. to lettuce downy mildew (Bremia lactucae).
Journal of Phytopathology 149: 693-697.

Singh K., Budhraja T.R., 1964. The role of bud scales as barri-
ers against smut infection. Proceedings of the Conference
Sugarcane Research Works, India 5: 687-690.

Tepper C.S., Anderson A.J., 1986. Two cultivars of bean dis-
play a differential response to extracellular components
from Colletotrichum lindemuthianum. Physiological and
Molecular Plant Pathology 29: 411-420.

Journal of Plant Pathology (2008), 90 (1), 87-96 Santiago et al. 95

012_TESTO_91RP_087  22-02-2008  18:10  Pagina 95



Velazhahan R., Vidhyasekaran P., 2000. Isolation of an elicitor
from R. solani, the rice sheath blight pathogen which acti-
vates phenylpropanoid metabolism in suspension-cultured
rice cells. Journal of Plant Disease and Protection 107: 135-
144.

Waller J.M., 1970. Sugarcane smut (Ustilago scitaminea) in
Kenya. Infection and resistance. Transactions of the British
Mycology Society 54: 405-414.

Warburg O., Christian W., 1941. Isolierung und kristallisation
des Gärungs-ferments Enolase. Biochemie Zeitschrift 310:
384-421.

96 Separation by capillary electrophoresis of an U. scitaminea elicitor Journal of Plant Pathology (2008), 90 (1), 87-96

Received September 17, 2007
Accepted December 11, 2007

012_TESTO_91RP_087  22-02-2008  18:10  Pagina 96


