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ABSTRACT

The objective of this study was to verify the physiological alterations caused by Sugarcane yellow leaf virus (ScYLV), one of the most
important viral diseases of sugarcane (Saccharum officinarum L.). We analyzed the levels of soluble sugars and the activity of peroxidases
in different Brazilian sugarcane varieties, with different levels of resistance and susceptibility to the virus. Comparison was also carried
out between the leaf blade and the main ribs of +1 and +4 leaves, from healthy and infected plants. Soluble sugars levels (especially
sucrose) were found to be higher in leaves of symptomatic infected plants, but not in healthy or asymptomatic infected plants. There was a
significant increase in the content of soluble sugars in the main ribs of infected plants, followed by the leaf blade of +1 leaves. The
activity of peroxidases was significant higher in symptomatic infected plants compared to healthy or infected plants without symptoms.
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INTRODUCTION

Sugarcane yellow leaf virus (ScYLV) has become over the
years one of the main viral diseases of sugarcane. It was
first reported in Hawaii and Brazil (Schenck 1990; Vega et
al. 1997) and since then, its distribution has been reported
in major sugarcane-producing areas of the world (Moonan
and Mirkov 2002; Rassaby ef al. 2004; Abu Ahmad et al.
2007). Typical symptoms of the disease in susceptible
plants are characterized by prominent yellowing of the
midribs, followed by leaf necrosis and often red coloration
of the adaxial surface (Vega ef al. 1997; Izaguirre-Mayoral
et al. 2002). The yellowing of the midribs can also spread to
the leaf blade. Symptoms also include shortening of termi-
nal internodes and sucrose accumulation in the leaves
(Vega et al. 1997; Gongalves et al. 2005; Lehrer et al.
2007). Some sugarcane cultivars infected with ScYLV do
not show any disease symptoms, increasing the probability
of propagating virus-infected material (Viswanathan and
Balamuralikrishnan 2004). Symptoms can also vary ac-
cording to abiotic factors such as soil conditions and tem-
peratures (Vega et al. 1997; Scagliusi and Lockhart 2000).
The production of sucrose is severely reduced (Vega et al.
1997) and ScYLV has been reported to be responsible for
yield losses in some sugarcane varieties (Vega et al. 1997;
Comstock and Muller 2003; Rassaby et al. 2004).

Several studies conducted on pathogen-infected plants
have shown important physiological and metabolic altera-
tions leading to several modifications in proteins and car-
bohydrates and in enzyme synthesis (Bowles 1990; Kom-
brink and Somssich 1995; Ladygina and Babosha 1996).
The establishment of viral infection in healthy plants results
in biochemical alterations of the photosynthesis process,
carbohydrates translocations and in membrane permeability,
frequently causing mosaics, abnormal yellowing, chlorosis
or mottling symptoms of systemic infected leaves in sus-
ceptible plants (Fraser 1987). All these pathological chan-
ges are closely linked to lower rates of photosynthesis.
Changes in photosynthetic process, among other factors, are

associated with alteration in morphology, metabolism and
in the reduction of chloroplast number (Zaitlin and Hull
1987; Balachandran et al. 1997; Naderi and Berger 1997,
Bertamini et al. 2004).

Many studies have already described some of the phy-
siological alterations caused by ScYLV and most of them
describe sucrose and starch accumulation in the leaves of
infected plants (Lehrer et al. 2001; Izaguirre-Mayoral et al.
2002; Gongalves et al. 2005; Lehrer et al. 2007).

Plants respond to biotic and abiotic stresses by trig-
gering a cascade or network of events that starts with stress
perception and ends with the expression of a battery of
target genes (Pastori and Foyer 2002). The defense mecha-
nism of plants against pathogen attack is a very good exam-
ple of a biochemical type of response activated by a biotic
factor, eliciting the production of specific types of enzymes
(Miteva et al. 2005). As part of a mechanism involved in
the response of plants against pathogens, a group of en-
zymes broadly distributed in plants, the peroxidases, plays
an important role in the lignification process. Peroxidases
(EC 1.11.1.7), among the number of enzymes involved in
the plant defense response to pathogen attack, are often the
first to show changes in their activity. They are part of non-
structural proteins present in the cellular wall, in the plant
cell growth mechanisms and they also participate with other
enzymes in the lignin biosynthesis (Egea et al. 2001).

In our previous work (Scagliusi et al. 2008, unpublished
data), we analyzed ScYLV concentration in the leaf blade
and in the midribs of sugarcane infected plants. Virus con-
centration was significantly higher in the midribs of youn-
ger leaves. So, in the present study, we decided to deter-
mine in which part of the plant was occurring carbohydrate
accumulation and verify if there was a positive relationship
between virus concentration and carbohydrate accumulation
in the same leaf tissue.

Considering the importance of peroxidases in the def-
ense mechanisms of plants and to better understand the
changes of sucrose assimilation and transport after ScYLV
infection, the objectives of this study were to study the
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levels of soluble sugars (fructose, glucose and sucrose) and
the activity of peroxidases in healthy and infected sugar-
cane varieties, with different levels of resistance and sus-
ceptibility to the virus.

MATERIALS AND METHODS
Plant material

Different varieties of sugarcane plants (SP 80-3280, SP 85-3877,
SP 80-1842, SP 81-3250, SP 87-344, SP 80-185, SP 80-1816, SP
86-155, SP 87-396, SP 84-2025 e SP 71-6163) proceeding from
stalks of healthy and symptomatic infected plants, were grown in
pots in a greenhouse under natural sunlight (for enzyme assays).
Infection by ScYLV was confirmed by DAS-ELISA (Double Anti-
body Sandwich — Enzyme Linked ImmunoSorbent Assay) using a
specific antiserum raised against the virus. Seedlings were also
used as negative controls. Other sugarcane plants cultivated in the
field, following general plantation practice, were used for soluble
sugar analyses.

Serological analyses

The immunological test used was DAS-ELISA, according to Clark
and Adams (1977), with some modifications. ELISA plates were
covered with 100 pL ScYLV antiserum (AS-ScYLV), diluted
1:1.000, in carbonate buffer (Merck), pH 9.6. The tested samples
were prepared triturating 1.0 g of leaf with liquid nitrogen in 100
mM NaKPO, (Sigma), pH 6.0, 1% Na,SO; (Sigma), and 0.05%
Tween-20 (Bio-Rad). The extracts were centrifuged at 12.000 x g
for 15 min and 100 pL of the supernatant were used to incubate
the plates. Sugarcane seedlings were used as negative control.

Alkaline phosphatase immunoglobulin conjugate (IgG-AP)
was diluted to 1:1.000 in Tris/HCI (Bio-Rad) 20 mM, pH 7.4, con-
taining 150 mM of NaCl (Sigma), 0.05% of Tween-20 (Bio-Rad),
0.2% of BSA (Bio-Rad) and 2.0% of skimmed powdered milk
(Bio-Rad). All steps were incubated for 2 h at room temperature
(21°C) or overnight (4°C). The p-nitrophenyl phosphate (PNPP)
(Sigma) solution (0.5 mg/mL) was added to the plates and final
absorbance was read at 405 nm in an ELISA plate reader (BioRad),
starting 1 h after incubation. Samples were considered positive
when absorbance values were detected as double than that of the
negative controls (seedlings). Different concentrations of purified
virus (6.25, 12.5, 25, 50, 100 and 200 ng/mL) were used as a stan-
dard to determine virus concentration of tested samples.

Soluble sugar analyses

Eleven sugarcane varieties (SP 80-3280, SP 85-3877, SP 80-1842,
SP 81-3250, SP 87-344, SP 80-185, SP 80-1816, SP 86-155, SP
87-396, SP 84-2025 e SP 71-6163) randomly collected in a sugar-
cane growing area (Centro de Tecnologia Canavieira, Piracicaba,
Sdo Paulo, Brazil) were subjected to soluble sugar analyses. The
assay was divided in two steps: 1) the first one was carried out on
+1 leaves (youngest fully developed leaf, totally expanded) using
the leaf blade and the midribs (altogether) and 2) the second one
was carried out on +1 and +4 leaves (older leaves), separating the
leaf blade from the main ribs. All plants tested were approximately
15 months old (close to harvesting) and three plants of each geno-
type were used.

The samples were ground in liquid nitrogen using 1.0 g of
fresh tissue to 5.0 mL of deionized water. The slurry was centri-
fuged at 12.000 x g for 15 min at 4°C, and the supernatants were
filtered through Millipore membrane (0.45 pm). Aliquots of the
extract (100 uL) were applied to a Shimadzu LC-10 AD liquid
chromatograph (HPLC) equipped with a Shodex Sugar KS-801
column. The most important elution peaks were identified as suc-
rose, glucose and fructose, using standard solutions for compa-
risons and the peaks were quantified based on their corresponding
area.

Statistical analysis were performed in at least three replicate
samples using the analysis of variance (ANOVA) and Tukey’s test
at the 5% probability level.
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Enzyme determinations — peroxidase activity

Peroxidase activity was measured spectrophotometrically ac-
cording to Peyrano et al. (1997), using the phenolic substrates:
guaiacol and syringaldazine. The former detects all isoforms of
peroxidases and the other later detects peroxidases associated with
the cell wall and the lignification processes (Goldberg ez al. 1983).

Sample extractions were made using +1 leaves from the fol-
lowing sugarcane varieties: SP 84-2025, SP 81-3250 (healthy and
ScYLV infected) and from SP 71-6163 (infected with or without
symptoms). Liquid nitrogen was used to grind the leaves and 1.0 g
of the leaf powder was homogenized with 5.0 mL of 50 mM of
phosphate buffer (Merck) at pH 6.0. The extract was centrifuged at
12.000 x g for 10 min and the pellet was discarded. The superna-
tant was used for enzyme determinations.

The reaction mixture contained 5.0 mM guaiacol (Sigma), 5.0
mM H,0, (Merck), 50 mM sodium phosphate buffer (Merck), pH
6.0. For each 3.0 mL of the reaction mixture, 30 puL of the leaf ex-
tract were added. Absorbance was measured spectrophotometric-
ally (Beckman DU 40, Instruments Inc., Irvine, CA) and recorded
at 470 nm every 10 s, for a 3-min period.

When syringaldazine was used as substrate, the reaction mix-
ture contained 19 uM of syringaldazine (Sigma), 54 uM H,0,
(Merck) and 50 mM sodium phosphate buffer (Merck), pH 7.4,
and the temperature was maintained at 35°C. For each 3.0 mL of
the reaction mixture, 120 puL of the leaf extract were added. Ab-
sorbance was measured as above at 530 nm and recorded every 10
s, for a 3-min period.

Statistical analysis were performed in at least three replicate
samples using the analysis of variance (ANOVA) and Tukey’s test
at the 5% probability level.

RESULTS
Soluble sugars analyses

In order to determine the concentration of soluble sugars in
the leaves of healthy and infected sugarcane plants, a preli-
minary test was done to verify which stage of development
would be more appropriate to obtain an accurate result.
Sugarcane plants infected by ScYLV were compared to
genetically identical healthy ones, obtained from meristem
tip culture. Our preliminary results showed that only plants
close to harvesting (12—15 months old) had enough concen-
tration of soluble sugars in the leaves, which could be mea-
sured in a consistent way. So, the healthy plants obtained
from meristem tip culture were too young for that kind of
analysis. For this reason, sugarcane plants collected in the
field were used for these experiments instead, fact that lim-
ited this study to the available varieties occurring in the
field. Firstly, the plants were tested by DAS-ELISA to eva-
luate the presence (or absence) of the virus. After obtaining
DAS-ELISA results, three groups of plants were formed: 1)
healthy, 2) infected without symptoms and 3) infected with
symptoms. Soluble sugar analyses were accomplished in +1
leaves (test 1), and in +1 and +4 leaves (test 2) as indicated
in each one of the experiments.

The content of sugars in the leaves of infected varieties
with symptoms (group 3) was significantly higher than in
healthy plants or in infected ones without symptoms
(groups 1 and 2, Fig. 1). The infected variety SP 71-6163
(with symptoms) showed the highest sugar content in +1
leaves, four times higher than the observed in groups 1 and
2. There was no significant difference among the average of
group 1 (healthy plants) and the average of group 2 (infec-
ted plants without symptoms). The differences observed in
the content of sugars, among the varieties of the same group
can be attributed to genetic differences between them. The
results obtained from the infected variety SP 71-6163 was
78.6 mg/g fm, which was 50% higher than the ones ob-
served in other varieties of the same group.
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Fig. 1 Soluble sugars concentration (sucrose, glucose and fructose) measured on +1 leaves from sugarcane plants. Isolated columns represent the
average of each group. Columns showing the same letters do not differ significantly (Tukey’s, 5%).

Soluble sugars distribution in +1 and +4 leaves

In order to determine in which part of the leaf occurred the
accumulation of soluble sugars, chromatographic analyses
were made separating the leaf blade from the main ribs,
only in three sugarcane varieties: SP 84-2025, SP 81-3250
and SP 71-6163. The analyses were made in +1 and +4
leaves, comparing healthy plants with infected ones. All
plants from sugarcane variety SP 71-6163 were infected by
the virus, so no healthy plants were available. Comparisons
were made between infected plants with and without symp-
toms.

Our results revealed a highly significant increase
(140 %) in the main ribs and also an increase of 100% in
the leaf blade of +1 leaves (younger leaves) of infected
plants (Fig. 2). In older leaves (+4 leaves), an increase in
the content of sugar of 61% in the leaf blade and 85% in the
main ribs was also observed. Although the effect of viral
infection on the content of soluble sugars was evident on all
sugarcane tested varieties, the increase observed on the leaf
blade of +4 leaves of SP 71-6163 and SP 81-3250 varieties
(Fig. 2B, 2C) did not differ significantly. A significant de-
crease in the concentration of soluble sugars on +4 leaves
was observed compared to +1 leaves, both in the leaf blade
and in the main ribs, which was associated with leaf senes-
cence, and it was more evident in infected plants with
symptoms (Fig. 2).

Peroxidases activity

The results of the enzymatic activity using guaiacol as a
substrate are shown in Fig. 3. This figure shows the
hnearlty of the enzymatic reaction W1th a very high R value
(R*= 0.999 for healthy leaves and R*= 0.9934 for infected
leaves). A similar alteration pattern was observed in all tests
of guaiacol-peroxidase activity performed in our study. In-
fected plants exhibited peroxidase activity 50% higher than
that of the healthy ones. The same pattern was also ob-
served while comparing infected plants with and without
symptoms of the sugarcane variety SP 71-6163 (Fig. 4).
The results of syringaldazine peroxidase activity are repre-
sented in Fig. 5, showing a clear pattern of alteration: in-
fected plants with symptoms exhibited higher enzymatic ac-
tivity (140%) compared to the healthy controls or infected
plants without symptoms.

DISCUSSION

The current study demonstrates the impact of ScYLV on the
concentration of soluble sugars metabolism in sugarcane
leaves. The content of soluble sugars in the leaves of dif-
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ferent varieties were organized in three groups: 1) healthy;
2) infected plants without symptoms and 3) infected plants
with symptoms, according to the data obtained by DAS-
ELISA. Our results showed that the content of sugars in the
leaves of infected varieties with symptoms (group 3) was
significantly higher than the ones observed in healthy plants
or in plants without symptoms, represented by groups 1 and
2. The content of soluble sugars from groups 1 and 2 did
not differ significantly. These results indicate that the infec-
tion per se did not change the concentration of soluble
sugars, but a significant increase was observed in infected
plants with symptoms.

A significant difference in the content of soluble sugars
was also observed among the averages of plants from vari-
eties represented by group 3. We could observe on figure 1
that the variety SP 71-6163 showed concentration of soluble
sugars up to 62% higher than the other two varieties (SP 81-
3250 and SP 80-185), also infected by the virus and show-
ing symptoms of the disease. Although the accumulation of
sugars in the leaves has also been observed in these two
varieties, the values observed in variety SP 71-6163 was
very superior, justifying the decline in productivity of this
variety (Vega et al. 1997), fact that did not happen with the
variety SP 81-3250.

Our results confirm the accumulation of soluble sugars
in the leaves of infected symptomatic plants, suggesting a
phloem dysfunction which is associated to the virus infec-
tion in these tissues.

Accumulation of carbohydrates in leaves was also ob-
served in potato plants infected by PLRV (Potato leafioll
virus), modifying the carbohydrate transport for tuber for-
mation (Peters 1987). Similar effects with other viruses also
restricted to the phloem were described, as in the case of
Abutilon mosaic virus in leaves of Abutilon striatum (Lo-
haus et al. 2000). Previous reports similar to ours were ob-
served by Gongalves et al. (2005) and Lehrer et al. (2007),
working with the same virus (ScYLV). Their results showed
an increase on the content of total sugars obtained from
infected sugarcane leaves, and sucrose was the sugar that
accumulated most. However, contrary to our results, the
highest carbohydrate concentration was found in infected
asymptomatic plants (Lehrer et al. 2007). This conclusion,
however, do not agree with the decline in productivity in
infected symptomatic sugarcane varieties (Vega et al. 1997,
Rassaby et al. 2004), although non-symptomatic plants may
sometimes present growth reduction.

Translocation of carbohydrates in sugarcane plants oc-
curs through the leaf blade and leaf sheath, via phloem and
then to the center of the stalk and downward to the roots
(Alexander 1973). Consequently, a perfect phloem system
is a requirement for an appropriate movement of sugars
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Fig. 3 Peroxidase activity test (using guaiacol as a substrate) in

healthy and infected leaves of the sugarcane variety SP 84-2025.

inside the plant (Du et al. 2000; Izaguirre-Mayoral et al.
2002).

Phloem and companion tissues of virus infected plants
are usually modified and become dysfunctional. Vega et al.
(1997) observed the presence of isometric particles in the
phloem companion cells from sugarcane plants infected by
ScYLV. These cells presented cytopathic alterations, such as,
disintegration of the nuclear membrane, presence of elec-
tron-dense material and formation of numerous vesicles.
Luteoviruses are known by having its replication restricted
to the phloem cells, where they tend to accumulate almost
exclusively in the sieve elements and in the companion cells
of the phloem (Mayo and Ziegler-Graff 1996). In spite of
the existence of a large number of plasmodesma connections
coming out from the phloem complex, very few luteovirus
particles are found in the mesophyll or around the vascular
bundle cells, suggesting that these viruses are restricted to
move through specialized plasmodesma probably due to
possible differences in their structure and physiology (Van
Bel 1993; Nelson and Van Bel 1998).

The movement of photoassimilates from the mesophyll
cells to the sieve tubes can occurs via two contrasting path-
ways or a combination of both: a symplastic and an apo-
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plastic pathway (Beebe and Evert 1992; Russin ef al. 1996).
Phloem sugar loading in many species occurs via apoplastic
pathway; consequently it is unlikely to establish a relation-
ship between plasmodesma size exclusion limit (SEL) and
an alteration in the transport of sugars. On the other hand, if
sugar loading to the phloem cells in other species occur
through the symplastic pathway (Turgeon 1989, 1995; Kim
et al. 2005), it would be possible to propose that the alte-
rations in the metabolism of plants infected by viruses,
resulting in a carbohydrate accumulation, are related to an
alteration in the plasmodesmata diameter and their function.

Alterations in the metabolism and in the transport of
carbohydrates in plants infected by luteovirus can be better
understood when we associated their replication mecha-
nisms to these alterations. The replication process of a
luteovirus (single strand RNA positive sense) occurs in the
cytoplasm of the host cell (Matthews 1991). After replica-
tion, movement proteins coded by the virus start a new pro-
cess, transporting viral genome into plasmodesmata direc-
tion, local where cell-to-cell trafficking of macromolecules
happens (Carrington et al. 1996; Itaya et al. 1998). Move-
ment proteins (MP) can modify cells plasmodesma altering
its structure and function (Atkins et al. 1991). Previous
workers (Herbers ef al. 1997; Hofius et al. 2001) showed
the effect of PLRV movement protein (MP17), on the meta-
bolism of carbohydrates and in the photosynthetic process
in tobacco transgenic plants. The transformed plants, con-
taining the virus movement protein, developed growth retar-
dation and severe phenotypic changes of source leaves
paralleled by a drastic accumulation of soluble sugars and
starch (Hofius ef al. 2001). The increase in carbohydrates
concentration, reduced growth and necrosis of leaves of
transformed plants, suggest that these plants suffer a limita-
tion in the capacity to export sugars. Ultrathin sections from
leaves of infected plants revealed alterations in the plasmo-
desma of phloem cells, while plasmodesmata from meso-
phyll cells did not exhibited any modifications. These data
favor the hypothesis that the sieve elements and phloem
companion cells are the primary targets of movement
protein MP17 and that the movement protein could con-
tribute in altering plasmodesmata size exclusion limit (SEL)
and carbohydrates metabolism.
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Fig. 4 Guaiacol peroxidase activity in healthy and infected plants. For sugarcane variety SP 71-6163, comparison was made between infected plants
without symptoms and with symptoms. Columns showing the same letter do not differ significantly (Tukey’s, 5%). Comparisons were made between the
same variety. The enzymatic activity (angular coefficient) was calculated in units of A47/min/g of fresh matter and the data estimated individually for each

of the three tested plants.
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Fig. 5 Syringaldazine peroxidase activity in healthy and infected plants. For sugarcane variety SP 71-6163, comparison was made between infected
plants without symptoms and with symptoms. Columns showing the same letter do not differ significantly (Tukey’s, 5%). Comparisons were made
between the same variety. The enzymatic activity (angular coefficient) was calculated in units of Ass/min/g of fresh matter and the data estimated

individually for each of the three tested plants.

Further investigations on carbohydrate metabolism and
its transport in each pathosystems are required to under-
stand the basis of the interaction of a plant pathogen-system
with more details.

There are many reasons why a contact with pathogens
alter plant primary metabolism. Plants possess several def-
ense mechanisms against biotic and abiotic stresses, both
preformed and inducible, promoting the synthesis and ac-
cumulation of defense-related secondary metabolites, which
may prevent or reduce further damage from pathogens (Van
Loon 1976; Van Loon et al. 2006). The induction of defense
mechanisms is cost-intensive causing an increase of photo-
assimilates in the plant. Some of the responses involved in a
plant-pathogen system are the accumulation of phenolic
compounds linked to the cell wall, phytoalexins synthesis
and formation of structural proteins and the activation of
enzymes involved in the lignification process.

The peroxidases and phenylalanine ammonia lyase
(PAL) are some of the enzymes involved in the lignification
process, which activities work as a response indicator of
plants to stress (Dixon et al. 1994; Lee et al. 2007). Our
results showed a significant increase of peroxidases in
symptomatic infected plants, evidencing a high correlation
degree among the increase of enzyme activity and mani-
festation of symptoms. This increase was observed when
we used guaiacol and syringaldazine as substrates. Guaiacol
detects all peroxidases forms, while syringaldazine detects
peroxidases associated with cell wall lignification. Similar
results to ours were obtained by Souza et al. (1999), who
also observed a sharp increase in peroxidases activity in
corn plants infected by Maize common mosaic virus. The
tests were carried out in resistant and susceptible plants,
comparing healthy and infected ones. Their results showed
an increase in peroxidase activity in two situations: in
symptomatic inoculated plants (susceptible) and in healthy
plants but resistant to the virus.

The results obtained in the present work suggest that
antioxidant enzymes (like peroxidases) can be activated by
different types or combinations of stress, triggering some of
the cell defense mechanisms against pathogens. Further in-
vestigations should be aimed at investigating the role of
these antioxidant enzymes induced by pathogenic infections
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in order to understand their roles under various stress condi-
tions and developmental stages.
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