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DEFENSIVE GLYCOPROTEINS FROM SUGARCANE PLANTS INDUCE CHEMOTAXIS,
CYTOAGGLUTINATION AND DEATH OF SMUT TELIOSPORES
E. Sánchez-Elordi, L. Morales de los Ríos, E.M. Díaz, A. Ávila, M.E. Legaz and C. Vicente
Team of Intercellular Communication in Plant Symbiosis, Faculty of Biology; 12, José Antonio Novais Av., 28040 Madrid, Spain

SUMMARY

Sugarcane produces and secretes high molecular mass
glycoproteins (HMMG) in response to pathogenic infections, wounds or several types of stress. The teliospores
of the pathogenic filamentous fungus Sporisorium scitamineum produces smut disease in non-resistant varieties
of sugarcane. Two HMMG from smut-resistant varieties of
sugarcane promote teliospore chemotaxis and agglutination, respectively. However, HMMG from by non-resistant
varieties do not promote teliospore aggregation. Agglutination is a lectin-dependent response from the HMMG
endowed with arginase activity that also inhibits teliospore
germination. Conversely, dispersal of teliospore aggregates and loss of chemotaxis are induced by other glycoproteins from resistant cultivars after prolonged contact
with the chemoattractant. This is accompanied by disassembly of the cell wall protoplast leakage, which is caused
by hydrolytic enzymes, such as chitinase and β-1,4- and
β-1,3-glucanases. In this report, we describe agglutination
as a “bait and kill” mechanism that congregates as many
pathogenic organisms in a specific region to be killed by
the action of a second, concerted hydrolytic switch.
Keywords: Saccharum officinarum, Sporisorium scitamineum, cell motility, cytoskeleton, germination, hydrolytic
enzymes.

INTRODUCTION

Smut is a major disease of sugarcane caused by Sporisorium scitamineum (= Ustilago scitaminea). Spore germination of smut fungus occurs on the internode surface of
sugarcane and it is followed by the formation of appressoria mainly on the inner scale of young buds and on the
bases of emerging leaves (Waller, 1970). Entry into the bud
meristem occurs from 6 to 36 h after teliospores are deposited on the surface (Alexander and Ramakrishnan, 1980).
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Active penetration of fungal hyphae through open stomata
and leaf cuticle of the adaxial epidermis is also observed.
The cuticle can be broken mechanically, and the hyphal
progress toward the mesophyll layer of cv. Barbados 42231,
susceptible to smut (Santiago et al., 2012a). Hyphal growth
occurs throughout the infected plant, mainly in the parenchyma cells of the lower internodes. The fungal hyphae
invade inside of plant cells by breaking the cell wall or,
alternatively remain in the apoplasic area of parenchyma
cells (Legaz et al., 2006). In the upper internodes, hyphal
growth concludes with the formation of the whip (sori
with teliospores).
Resistance to disease is a multifactorial process. The
response phase includes accumulation of different compounds such as phytoalexins (i.e. low molecular mass antimicrobial compounds that accumulate at sites of infection);
systemic enzymes that degrade pathogens (e.g. chitinases,
β-1,3-glucanases and proteases); systemic enzymes that
generate antimicrobial compounds and protective biopolymers (e.g. peroxidases and phenoloxidases); biopolymers
that restrict the spread of pathogens (e.g. hydroxyprolinerich glycoproteins, lignin, callose); and regulators of the induction and/or activity of defensive compounds (e.g. elicitors of plant and microbial origin, immune signals from
primed plants and compounds, which release immune
signals) (Kuc, 1990). Several smut species, such as Ustilago
maydis, possess genes encoding secreted factors of virulence. Specifically, the genome of S. scitamineum contains
more gene clusters for these secreted effectors that other
species in this group. This increase of the number of genes
seems to be due to tandem gene duplication and to the
appearance of transposable elements associated to those
encoding for secreted effectors (Dutheil et al., 2016). Between these genes, those concerning to plant cell wall degradation-related enzymes, described by Que et al. (2014)
are clearly related to smut virulence. Some of these genes
have been recently identified as glucan-1,3-β-glucosidase,
α-L-arabinofuranosidase, pectin lyase, endo-1,4-β-xylanase,
chitin deacetylase and chitinase (Taniguti et al., 2015).
Conversely, the function of several other genes remains
unknown. It is likely that one of these is a fungal arginase
(Sánchez-Elordi et al., 2015), as it plays a crucial role in
the invasion of the plant host (Sánchez-Elordi et al., 2016).
Resistance to smut in Mayarí 55-14 sugarcane cv. has
been associated to the accumulation of free or conjugated
polyamines in sugarcane tissues (Legaz et al., 1998a; Piñón
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et al., 1999) and to the production of several glycoproteins
in the stalk, which affect germination of fungal spores
(Legaz et al., 2005; Millanes et al., 2005). The primary response to infection of smut-resistant sugarcane plants is
the production of glycoproteins, defined as mid-molecular
mass (MMMG) or high-molecular mass (HMMG) macromolecules (Legaz et al., 1995). Teliospore germination
in the presence of both MMMG and HMMG decrease
about 50% after 5 h of teliospore contact with glycoproteins. This may be related to the ability of glycoproteins to
produce cytoagglutination. Binding of fluorescein-labelled
glycoproteins was studied by fluorescence microscopy,
showing that staining of cells was not even, but mainly
restricted to the contact zone between two individual teliospores when aggregated (Fontaniella et al., 2002). After
cytoagglutination, the teliospore cytoskeleton becomes
depolarized (Millanes et al., 2005). The organelles of ungerminated fungal spores are randomly positioned. Hence,
one of the major changes that must occur during germination is the establishment of cytoplasmic polarity (Fontaniella et al., 2002). In fungal cells, polarity establishment and
the maintenance of cell asymmetry are essential properties
that govern morphogenesis, favoring spore germination
and causing monopolar filament growth. The cytoskeleton transports vesicles bringing enzymes and precursors
required for membrane growth and de novo synthesis of
the cell wall (Geitmann and Emons, 2000; Heath, 1990).
Teliospore aggregation is effected by a described sugarcane glycoprotein which exhibits arginase activity. Moreover, arginase is responsible for preventing teliospore germination in the early stages of infection (Sánchez-Elordi
et al., 2015). The production of this enzyme is strongly
increased by inoculation of healthy plants with smut sporidia. Teliospores of S. scitamineum also secrete arginase
activity. In contrast, fungal arginase activates a signal
transduction cascade that accelerates their own germination when it binds to the teliospore cell wall. Therefore,
teliospore agglutination without germination triggered by
sugar cane arginase becomes the result of a false quorum
signal (Sánchez-Elordi et al., 2015).
Arginase from healthy plants binds to cell wall teliospores and it is completely desorbed by sucrose, but
only 50% of arginase activity from inoculated plants is
desorbed by the disaccharide (Fontaniella et al., 2002;
Millanes et al., 2005). Arginase synthesized by sugarcane
plants as a response to the experimental infection increases the synthesis of putrescine, which impedes polarization at concentration values higher than 50 µM. However,
smut teliospores alter the metabolism of sugarcane cells
by changing the pattern of plant glycoprotein production,
thereby promoting the synthesis of different glycoproteins
that activate polarization after binding to their cell wall
ligand (Millanes et al., 2005).
Production of four glycoproteins (Legaz et al., 1998b)
other than arginase occurs in inoculated plants. One of
them acts as a chemoattractant, favoring the motility of
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teliospores towards the points of cytoagglutination, in a
process mediated by cytoskeleton rearrangement, given
that smut teliospores do not have any superficial, motile
structures, such as pili or flagellae (Sánchez-Elordi et al.,
2016). This is important because teliospores can be deposited on the surface of the stems or leaves and then they
must move towards specific points for entry, i.e., open stomata or epidermal wounds. Teliospores are thus attracted
by glycoprotein exudates from wounds, which also promote their aggregation. Based on the use of inhibitors of
actin and myosin II functionality (Sánchez–Elordi et al.,
2016), chemotaxis can be explained as the result of cyclic
episodes of contraction-relaxation of the cells that involve
interactions between F-actin and a contractile protein
similar to myosin II in the cytoskeleton (Legaz et al., 2011).
Why are chemotaxis and cytoagglutination stimulated
by sugar cane glycoproteins? Is the initial agglutination
essential for an effective defense response? What happens
after agglutination? To understand this putative defensive
mechanism we herein integrate the signals of a) chemotaxis, b) cytoagglutination and c) cell wall degradation as a
defensive response triggered by uncharacterized glycoproteins in the HMMG pool produced by resistant sugarcane
plants.
MATERIALS AND METHODS

Plant material. Teliospores of the pathogen Sporisorium
scitamineum (Syd.) and plants of Saccharum officinarum
(L.), field grown in “Antonio Mesa” Sugarcane Experimental Station (Jovellanos, Matanzas, Cuba), were used
throughout this work. Susceptible and resistant sugarcane
cultivars (cv. Barbados 42231 and cv. Mayarí 55-14, respectively) were used in the assays in order to compare their
defensive responses to smut disease. All the chemicals, except when indicated, were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Teliospores collection. Teliospores of S. scitamineum,
collected from an infected field of cv. B 42231 (susceptible to smut) in Cuba, were sterilized and incubated as
described previously (Santiago et al., 2009).
Purification of HMMG sugarcane glycoproteins. HMMG sugarcane glycoproteins from inoculated and non-inoculated plants of Mayarí and Barbados varieties were obtained from stalks as previously described (Sánchez-Elordi
et al., 2015). Proteins concentration in HMMG (fraction
used for experiments) was determined according to the
method of Lowry et al. (1951). Arginase activity of the same
fraction was assayed according to the Conway (1962) microdiffusion method modified by Legaz and Vicente (1982).
Pre-purification of sugarcane arginase. After checking the occurrence of arginase activity in both My and
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B HMMG, arginases were semi-purified by affinity chromatography as previously described by Sánchez-Elordi et
al. (2015) based on Legaz et al. (2004) protocol. Fractions
producing the main peak of arginase activity were used in
cytoagglutination experiments.
Pre-purification of sugarcane arginase. After checking the occurrence of arginase activity in both My and B
HMMG, arginases were semi-purified by affinity chromatography using cyanogen bromide-activated agarose bearing urease secreted by Evernia prunastri thalli, according
to Legaz et al. (2004). Proteins were eluted with 50 mM
α-D-galactose in 75 mM phosphate buffer, sugar that displaces the arginase bound to urease (Legaz et al., 2004).
Collected fractions of 2.0 ml volume were dialyzed against
2.0 l 10 mM sodium phosphate buffer, pH 6.8, to remove
α-D-galactose and monitored by Lowry et al. (1951) method and microdiffusion method of Conway (1962) modified by Legaz and Vicente (1982) to determine protein
concentration and arginase activity respectively. Fractions
producing the main peak of arginase activity were used in
cytoagglutination experiments.
Cytoagglutination analysis in presence of glycoproteins from resistant and non-resistant varieties. Cytoagglutination caused by HMMG produced by resistant or
non-resistant varieties of sugar cane was valued. A suspension of 5 μl of pre-hydrated spores (1 mg ml−1) was introduced into 0.5 ml of water containing 50 μl of 0.41 mg ml−1
HMMG. Control was performed without any protein. The
samples were visualized after 3 h by a light Olympus BX51
microscope and images were analyzed as above. The size
of different aggregates of spores was defined in 5 different categories during the image analysis: i) no aggregation,
ii) aggregates formed from 2 to 50 teliospores, iii) from
51 to 100, iv) from 101 to 200 and, finally, v) aggregates
consisting in more than 200 teliospores. Each analysis was
performed in triplicate.
Suspecting that arginase contained in HMMG could be
the agglutinant agent, analysis were repeated in the same
way in presence of pre-purified sugarcane arginases.
ml−1)

of telioGermination assay. A suspension (1 mg
spores (10 µl) pre-hydrated for 1 h were maintained on
50 µl of 0.1% agar containing increasing concentrations of
a) My-HMMG, b) B-HMMG, c) My-arginase or d) B-arginase (0 to 0.25 mg ml−1) for 15 h. Percent of germination in
presence of the different proteins was evaluated by using a
light microscope Olympus BX51 microscope fitted with an
Olympus DP72 camera (Center Valley, PA, CA, USA) for
capturing images. Images were analyzed by using Cell A
Image Acquisition Software (Amnis Corporation, Seattle,
WA, USA). Each analysis was performed in triplicate.
Chemotaxis time-lapse recording. Spores chemotaxis
was analyzed according to the method described by Sjoblad
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et al. (1978) with modifications. 100 μl of pre-hydrated
spores (1 mg ml−1) were deposited into a Petri dish containing 4 ml of distilled water. The open end of a capillary
containing 20 μl of 0.41 mg ml−1 My HMMG glycoproteins
was submerged into the water at 4 mm of spores suspension. Experiment was carried out at 22°C ± 1°C for 5 h. This
is because according to the bibliography, maximal chemotaxis is caused by HMMG at this time value and, after 5 h,
chemotaxis effect decreases considerably (Millanes et al.,
2005; Sánchez-Elordi et al., 2016). Cell displacement was
observed with a Zeiss 60 inverted microscope (Zeiss, Germany) fitted with a CCD camera for capturing images every
minute. Sequences of cells movements were registered.
Cytoagglutination variations over time. Cytoagglutination assay was repeated in presence of HMMG glycoproteins from resistant variety. Cytoagglutinant effect of the
glycoproteins was examined after 5 and 6 h of incubation
in order to observe variations in cell aggregation after described peak of chemotaxis.
Interaction of teliospores and HMMG during chemotaxis: binding of fluorescein-labeled HMMG to teliospores wall. Firstly, aliquots of 3.0 ml of My-HMMG
(0.41 mg ml−1) were mixed with 3.0 ml 10 mM fluorescein
isothiocyanate for 2 h at room temperature in the dark
with vigorous shaking. After this, mixtures were dialyzed
against 5 l of 10 mM sodium phosphate buffer, pH 6.8, for
24 h at 4°C. The dialyzed volume, containing labeled fluorescent macromolecules, was collected and used for binding experiments (Molina and Vicente, 1995).
Then, samples of 1.0 mg of smut teliospores in dry
weight were resuspended in 3.0 ml of labelled glycoproteins and maintained for variable time periods (1-6 h) at
38°C in a shaking bath at 120 oscillations min–1. Then,
they were collected by centrifugation at 12,000 g for 10 min
at 4°C. The intensity of the fluorescence emission from
supernatants was measured using an excitation light of
450 nm wavelength. Images were also taken at different
incubation times.
Assay of β-1, 3-glucanase, β-1, 4-glucanase activities in
My-HMMG fraction. The assay of β-1,3-glucanase activity
from HMMG fraction was performed in reaction mixtures
containing 1mL of 0.75% (w/v) laminarin in 10 mM sodium phosphate buffer, pH 6.8, 0.5 ml HMMG (0.14 mg
ml−1) as enzyme source and 1.5 ml of the same phosphate
buffer. A control without HMMG or fungal protein was
also prepared (Santiago et al., 2012b). Reaction mixtures
were incubated for 3.5 h at 37°C with continuous shaking (140 cycles min−1). Production of laminariobiose was
measured by the method of Sumner (1921), using dinitrosalicylic acid as an oxidant. β-1,4-Glucanase activity was
measured in the same way but using 0.75% (w/v) carboxymethyl cellulose as a substrate and 50 mM sodium acetate/
acetic acid, pH 5.0, as buffer.
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Fig. 1. A. Quantitation of cytoagglutination of S. scitamineum teliospores after 3 hours in water (I), in HMMG from Mayarí variety (II), in pre-purified Mayarí arginase (III), in HMMG
26.24 ± 0.9% from Barbados variety (IV) and in pre-purified Barbados arginase (V).
4.14 ± 0.1 %
Values, expressed as per cent, are the mean of three randomized different fields at light microscopy. B. Dose-response curves of
the germinationNon-aggregated
of teliospores
after 15 h of incubation on variable concentrations of My 55-14 sugarcane HMMG (●), My 55-14
teliospores
sugarcane arginase (○), B 42231 sugarcane HMMG (▲) or B 42231 sugarcane arginase (△). Values are the mean of three repliAggregated spores in groups ranging from 2 to 50 teliospores
cates. Vertical bars give standard error where larger than the symbols.
Aggregated spores in groups ranging from 51 to 100 teliospores
Aggregated spores in groups ranging from 101 to 200 teliospores

Measurement
of chitinase activity in My-HMMG
Aggregated spores in groups of more than 200 teliospores
fraction. To test the occurrence of chitinase activity in
HMMG, commercial chitin was used as a substrate. A
volume of 0.2 ml HMMG was added to 2.0 ml of 0.05%
(w/v) chitin in 50 mM acetate buffer (pH 5.0) at room temperature After 30 min, the reaction was stopped by heating
at 100°C for 5 min (Hou et al., 1998). The increased reducing ends of chitin molecule, released by chitinase action,
were determined according to the method of Imoto and
Yagishita (1971).
Analysis of changes in enzymatic activities of teliospores and Mayarí glycoproteins interacting with teliospores. To know how the contact of HMMG from resistant variety with teliospores modifies these enzymatic
activities, 1.0 mg of S. scitamineum spores was packed in
the bottom of a column of 7.5 cm length and 0.5 cm internal diameter. Spores were embedded with distilled water
for 1 h. Water was then removed and 1.0 ml of HMMG
(0.41 mg ml−1) was added. Glycoproteins remained in
contact with of spores for 3 h and after this, the eluted
fraction was collected. The volume of the eluted fraction
was assayed for protein concentration (Lowry et al., 1951).
β-1,3-Glucanase, β-1, 4-glucanase and chitinase activities
were assayed according to that described earlier.
For the extraction of the fungal β-1, 3-glucanase, 5 mg
of spores were pre-hydrated for 1 h with distilled water and
then centrifuged for 1 min at 900 g at 4°C. Pre-hydrated

spores were incubated with 1 ml of HMMG (0.24 mg ml−1)
for 3 h. After this, the sample was centrifuged for 10 min
at 4°C to 2,200 g and the supernatant was discarded. The
spores were then incubated with 1 ml of 0.1 M sucrose in
10 mM sodium phosphate buffer, pH 6.8, for 15 min and
recovered by centrifugation for 10 min at 4°C and 2,200 g.
The supernatant was discarded. Teliospores were washed
with the same buffer, re-suspended in 2.5 ml of buffer
sodium phosphate 10 mM, pH 6.8, and mechanically disrupted with 50 mg alumina. Controls were performed by
avoiding the incubation with HMMG. Crude extracts
were centrifuged at 15,000 g for 15 min at 4°C and the
supernatants used for the assay of β-1, 3-glucanase activity. For the assay of fungal β-1, 4-glucanase and chitinase
activities, the extraction procedure was identical to previously described but 50 mM sodium acetate/acetic acid
buffer was used throughout.
RESULTS

Sugarcane proteins promote cytoagglutination and germination of smut teliospores. We first measured the effect of sugarcane HMMG and pre-purified arginases from
resistant and non-resistant varieties on cytoagglutination
and germination of smut teliospores by. A certain amount
of teliospores (ca. 17%) remained as isolated cells, whereas
around 53% formed aggregates from 2-50 spores (Fig. 1A-I),
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Fig. 2. Temporal sequence of teliospore displacement toward the capillary containing 0.41 mg ml−1 My-HMMG after
25 min (1), 27 min (2), 29 min 30 s (3) and 30 min 30 s (4) of
capillary immersion. Asterisks indicate the displacement trajectory of two teliospores.

when incubated in water. Groups formed by teliospores
from 51 to 200 cells represented around 20% of the total
of teliospores examined. When HMMG from cv. Mayarí
was used as cytoagglutinating agent (Fig. 1A-IIC), only 9.5%
of total teliospores did not suffer cytoagglutination, whereas
above 30% of those formed aggregates from 51 to more
than 200 teliospores. It is relevant that My-arginase caused
cytoagglutination in a similar way to that observed by using
total HMMG. A representative percentage of teliospores
formed aggregates of more than 200 teliospores after contact with My-arginase (Fig. 1A-III). Conversely, 19% of the
total cells did not aggregate, whereas only about 8% formed
aggregates from 51 to more than 200 teliospores when HMMG from susceptible variety was used as cytoagglutinating
agent (Fig. 1A-IV). Likewise, when B-arginase was used to
promote cell aggregation, around 26% of total teliospores
remained as single cells, and only about 12% formed aggregates made of > 51 teliospores (Fig. 1A-V). No aggregates of
more than 200 teliospores were observed when B-HMMG
or B-arginase were used to stimulate cytoagglutination.
Moreover, My-HMMG as well as Mayarí arginase inhibited teliospore germination (Fig. 1B), as described previously (Millanes et al., 2005; Sánchez-Elordi et al., 2015).
The lowest value of protein concentration (0.06 mg ml−1)
decreased teliospore germination in all the cases. Surprisingly, the inhibitory effect tended to disappear in the
presence of greater concentrations of Barbados proteins,
whereas Mayarí glycoproteins almost completely disabled
teliospore germination.
Chemotaxis of smut teliospores. The displacement of
teliospores toward the source of the chemoattractant could
be visualized from the first minutes of the assay (Fig. 2).
When a capillary containing My-HMMG was inserted into
water in a Petri dish at 4 mm distance from a congregation
of teliospores, these moved quickly towards the capillary
following the concentration gradient of HMMG that was
set into the liquid in which the spores were submerged.

Fig. 3. A. Evidences of variation degree in cellular aggregation after 5 or 6 hours (left and right, respectively) of contact
with My-HMMG (scale bar = 100 μm). B. Quantitation of differences in the size of teliospore aggregates. C. Visualization
of the time-course of agglutination process during chemotaxis. Asterisk indicates the displacement trajectory of a group of
teliospores towards a bigger cytoagglutination.

Teliospore cytoagglutination over time. Visualization
of the agglutination process by light microscopy revealed
that the percentage of cells forming big aggregates at 5
h induced by My-HMMG was quickly reduced at 6 h
(Fig. 3A). In contrast, the percentage of non-aggregated
cells and the percentage of cells forming smalls groups
increased significantly between 5 and 6 h of treatment.
The relationship between the number of aggregated cells
and the size of the aggregates is shown in Fig. 3B. Fig. 3C
shows the time course section of the agglutination process. As a clear example, the movement of a small group
of thirteen teliospores towards the big agglutination point
is represented in Fig. 2.
Binding of fluorescein-labeled HMMG to teliospores
wall. Chemotaxis peaked at 5 h, followed by a decrease
in the number of cells inside the capillaries in the assays
(Sánchez-Elordi et al., 2015). To analyze the interaction
of teliospores and My-HMMG during chemotaxis, fungal cells were incubated with FITC-labeled HMMG over

A

Journal of Plant Pathology (2016), 98 (3), 493-501

Roles of sugarcane defence glycoproteins

Fluorescence emission (%)

498

B

100

0

0

1

2

3

4

5

5,5

6

Time (hours)

II

I

III

V

IV

VI

Fig. 4. Aggregation state of smut teliospores after chemotactic
stimulation. A. Time course of fluorescent My-HMMG levels in the supernatant after contact with the teliospores. B. I
and II) Teliospores recovered at 5 h of chemotactic stimulation with FITC-labeled HMMG; III, IV, V and VI) at 6 h of
chemotactic stimulation. I, III and V, light microscope; II,
IV and VI) fluorescence microscope. White arrows indicate
polarized cells. Red arrows indicate teliospores that have lost
their protoplasts as remained as empty cell walls.

time to test for differences in the levels of fluorescence in
supernatants after contact with the glycoproteins.
Supernatants recovered after incubation of teliospores
in labeled-HMMG during 1, 2, 3 or 4 h contained high
levels of fluorescence (Fig. 4A). The significant decrease
of fluorescence at 5 h of incubation is likely related to an
increase in the amount of labeled-proteins retained on the
cell wall. After 5 h, fluorescence in supernatants increased
again, as a result of the release of labeled-HMMG.
Enzymes from sugarcane breakdown teliospore cell
walls. To this point, we have demonstrated that after > 5
h contact with glycoproteins the teliospores are disaggregated (Fig. 3A), displaying significant cell wall breakdown (Fig. 4B) and subsequent escape from the capillary
(Sánchez-Elordi et al., 2016). To probe the mechanism

Fig. 5. Hydrolytic activities found in (A) My-HMMG freshly
prepared (white columns) or after 3 h of contact with smut teliospores (grey columns), and (B) in teliospores before (white
columns) and after (grey columns) their incubation for 3 h
with HMMG from cv. My 55-14. Values are the mean of three
replicates. Vertical bars give standard error where larger than
the line.

accounting for these effects, we assayed the cell walldegradative enzymatic activities found in My-HMMG,
including β-1,3-Glucanase, β-1,4-glucanase and chitinase.
As it is shown in Fig. 5A, β-1, 4-glucanase activity reached
values higher than the other two assayed enzymes and it
was the unique activity that decreased after 3 h of contact with teliospores. This could indicate that this enzyme
was sequestered by the teliospores, possibly through a
mechanism involving binding to the cell surface. Chitinase and β-1,3-glucanase activities were lower than that of
β-1,4-glucanase, and their activities increased 1.75 and 2.45
times, respectively, after 3 h of contact with teliospores.
This increase could be due to the secretion of teliospore
proteins bearing the same enzymatic activity.
Based on these results, we next estimated the activity of
these enzymes in spores subjected to the same treatment.
As shown in Fig. 5B, spores in situ or treated for 3 h with
HMMG developed low chitinase activity, which disappeared after incubation for 3 h with HMMG. Conversely,
they contained both glucanases with similar specific activities. However, the β-1,3-glucanase activity of teliospores
practically doubled after 3 h of contact with teliospores
while β-1,4-glucanase activity was completely inhibited.
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DISCUSSION

From our results, we propose that, according to their
biological function, at least three classes of glycoproteins
exist in the sugarcane HMMG of resistant varieties: i) a
chemotactic glycoprotein, yet uncharacterized; ii) a cytoagglutinating factor endowed with arginase activity, which
also inhibits germination; and iii) at least three enzymatic
proteins that mediate the breakdown of the teliospore cell
wall, β-1,3- and β-1,4-glucanases, and chitinase. This is
well in agreement with previous data (Legaz et al., 1998b),
which described the molecular complexity of the HMMG
fraction, which included at least 5-6 different glycoproteins
as revealed by capillary electrophoresis.
Cytoagglutination analysis revealed significant differences in the dynamic behaviour of teliospores dependent of the type of agent used for agglutination analysis
(Fig. 1A). Agglutination by total glycoproteins and purified arginase from the resistant cv. My had been previously described (Sánchez-Elordi et al., 2016). Surprisingly,
total HMMG and arginase from the non-resistant variety
did not develop agglutinating properties. Conversely, the
arginase-bearing moiety contained in the total HMMG
seems to possess anti-aggregating properties on smut teliospores (Fig. 1A, V).
Fungal arginase, which was produced during teliospore
germination, also stimulated teliospore aggregation (Sánchez-Elordi et al., 2016). Competition between cane and
fungal arginases has been reported previously (SánchezElordi et al., 2015). Thus, the arginase from the non-resistant variety not only did not produce agglutination itself,
but it could prevent the aggregation caused by the fungal
arginase by occupying the specific binding sites in their
cell wall ligands (Millanes et al., 2005, 2008).
Teliospore aggregation induced by the resistant sugarcane was followed by an inhibition of the germination
(Fig 1B), a phenomenon that can be interpreted as a mechanism of quorum sensing (Hogan, 2006), similar to observations made in bacteria (Helman and Chernin, 2014).
It follows that the production of plant arginase could be
part of a defensive mechanism based on the production of
a false quorum signal. In this view, teliospores would agglutinate but they could not germinate in presence of Mayarí arginase (Sanchez-Elordi et al., 2015). Total HMMG
produced by cv. Barbados as well as its arginase allowed
germination (Fig. 1B), probably as a consequence of the
lack of the previous agglutinating effect that leads to the
establishment of the quorum signal. Moreover, this suggests that small differences between arginases types seem
to have important consequences for the defensive capability of the plant against infection. In addition, Arabidopsis
plants over-expressing arginase genes were less susceptible
to Botrytis cinerea, whereas silencing lines remained as susceptible as the wild type (Brauc et al., 2012).
The greatest chemoattractant response was described
in the bibliography after 5 h of contact with My-HMMG
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(Sánchez-Elordi et al., 2016). Similar results were obtained
in the presence of B-HMMG, even though glycoproteins
from non-resistant variety produced a lower cellular response. The decline in the number of teliospores inside the
capillary after 5 h of chemotactic assays (Legaz et al., 2011;
Sánchez-Elordi et al., 2016) might be due to dissipation of
the radial gradient of chemoattractant concentration with
time.
The interaction between HMMG glycoproteins and
smut teliospores over the course of chemotaxis revealed
that the minimum value of fluorescence in the supernatant
correlated with the maximum level of fluorescent glycoproteins bound to the teliospore walls. The highest percentage of My-HMMG bound to cell walls was observed
after 5 h. This coincided with the maximum of chemotaxis
as well as agglutination and well before the breakdown of
the aggregates (Fig. 3A).
The loss of chemotactic effect observed after the peak
of chemotaxis could be explained by the fact that many
of attracted teliospores returned to the media “as ghosts”,
or cell walls without protoplasts (Fig. 4B) by the action of
degradative enzymes. Changes in the number and complexity of aggregates after 6 h in presence of HMMG also
supported this hypothesis (Fig. 3A). Main differences in
the size of aggregates were obvious after the peak of chemotaxis (5 h). Thus, cell wall breakdown and protoplast
leakage observed after 6 h of incubation with My-HMMG
suggested that the sugarcane HMMG fraction may contain
enzymatic activities that would promote the hydrolysis of
the cell walls. In agreement with this line of reasoning,
the fraction of HMMG contained chitinase, β-1,3- and
β-1,4-glucanase activities. The first two enzymes increased
their activity after 3 h of contact of sugarcane glycoproteins
with teliospores, while the activity of β-1,4-glucanase decreased (Fig. 5A). Chitinases produced by both bacteria
(Gomaa, 2012) and plants (Guan et al., 2008) inhibited the
growth of many phytopathogenic fungi.
β-1,3-glucanase activity significantly increased whereas β-1,4-glucanase was completely inhibited after 3 h of
contact with HMMG, suggesting that the increase of
β-1,3-glucanase activity could be due to a diffusible activator from the own teliospore, rather than to the secretion
of the fungal enzyme to the media. However, low chitinase activity has been detected in cell-free extracts of teliospores (Fig. 5B), as in yeast and some filamentous fungi
(Adams, 2004). This activity disappeared after incubation
with HMMG for 3 h, probably to block germination. In
this regard, several polygalacturonases are produced by
fungal pathogens during early plant infection to promote
plant infection (Guan et al., 2008).
In summary, HMMG from resistant sugarcane plants
induces chemotaxis of teliospores (Fig. 2), directing those
to a point of cytoagglutination (Fig. 3B). At this point,
sugarcane arginase inhibits germination (Fig. 1B). Since
the aggregated teliospores cannot enter the plant, chemotaxis and aggregation can be envisioned as a defensive
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Fig. 6. Scheme of the temporal sequence of events during
teliospore chemoattraction and aggregation in presence of a
gradient of HMMG glycoproteins from resistant variety of
sugar cane.

mechanism (Fontaniella et al., 2002; Millanes et al., 2005).
In fact, the aggregation would trap the teliospores in a
small region in contact with the HMMG, which would increase their accessibility to the cell walls and facilitate the
enzymatic activities of the HMMG to degrade the trapped
teliospores. Cell wall degradation would release the dead,
or dying teliospores from the aggregates, which is the underlying reason of the disassembly of the aggregates and
subsequent appearance of teliospore “ghosts” into the medium. A possible model is depicted in Fig. 6. This model is
also consistent with the observations made in non-resistant
cultivars, in which the lack of chemotactic, agglutinating
and hydrolytic effects of the glycoproteins enables single
teliospores to reach the surface of the plant, promoting its
successful infection.
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