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Abstract 
Given the importance of viral, bacterial and fungal diseases in agriculture and their impact on crop yields, this 
study evaluated leaf ultrastructural changes in sugarcane varieties infected by these diseases, aiming to find 
morphological responses that may be associated to the decline of sugarcane yield. Three independent 
experiments were carried out with sugarcane varieties. In the three experiments, a randomised block design was 
used with 10 replications. The treatments consisted of the following diseases: mosaic from infection of variety 
SP86-155 by SCMV (experiment 1); stunting from infection with bacterium Leifsonia xyli subsp. xyli and smut 
from infection with fungus Sporisorium scitamineum (formally called Ustilago scitaminea) in the variety 
SP70-3370 (experiment 2); and scald from infection of variety SP78-5495 by bacterium Xanthomonas 
albilineans (experiment 3). The ultrastructural parameters were evaluated: mesophyll thickness, xylem diameter, 
phloem beam diameter, epidermal thickness of the adaxial face, epidermal thickness of the abaxial face, cuticle 
thickness of the adaxial face and cuticle thickness of the abaxial face. Healthy plants were controls for the three 
experiments. Sugarcane plants with mosaic, stunting, smut and scald diseases show deleterious changes in leaf 
ultrastructure. 

Keywords: leaf morphology, Leifsonia xyli subsp. Xyli, Ustilago scitaminea, Xanthomonas albilineans 

1. Introduction 
With a harvested area of approximately 9.8 million hectares, Saccharum officinarum (sugarcane) is one of the 
main crops of Brazilian agribusiness (CONAB, 2016). Research in this sector aims to increase production and 
select forms that are more resistant to the challenges inherent in its cultivation. Diseases are a major concern, 
being responsible for a decline in sugarcane yield and economic loss (Legaz et al., 2006). Such extreme 
problems include diseases causing mosaics, stunting, smut and scald. 

The potyvirus sugarcane mosaic virus (SCMV), the major viral disease causing mosaics in sugarcane require a 
lot of attention due to its wide impact (Huang & Li, 2016). The initial symptoms present as chlorotic points with 
subsequent linear distribution, being more commonly found in the base of the leaves. The symptoms evolve to 
elongated areas of the leaves, giving the configuration of a mosaic. Depending on the strain of virus and the 
variety of sugarcane cultivated, plant growth can be markedly reduced (Gonçalves et al., 2007), since sugarcane 
varieties vary in their level of resistance to SCMV (Li et al., 2014). Moreover, in highly susceptible varieties, 
streaks may occur in the culms, with shortening of the internodes, in addition to the symptoms described above 
(Gonçalves et al., 2007). 

The most effective strategy of plant virus control is the use of resistant varieties (Li et al., 2018). However, there 
are still few varieties of sugarcane that exhibit resistance to SCMV (Urashima et al., 2017); consequently, 
research on genetic improvements against this pathogen has been promoted. 

Stunting is caused by an invading xylem bacterium Leifsonia xyli subsp. xyli (Cia et al., 2018). This disease has a 
wide geographical distribution, impacting sugarcane production in several countries. Even so, it is considered the 
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least treated disease in the field, due to its main symptoms in sugarcane being reduced height and diameter of the 
collar, which can easily be attributed to other factors (Su et al., 2016). 

Smut is a fungal disease with a wide prevalence in sugarcane plantations (Su et al., 2016), making it one of the 
most critical diseases for the sugarcane industry. It is caused by the pathogen Sporisorium scitamineum (formally 
called Ustilago scitaminea), which causes early germination of buds, narrowing of stems and black whips at the 
tips (Sundar et al., 2012). 

Scald is caused by bacterium Xanthomonas albilineans, which also colonise the xylem (Li et al., 2018). This 
disease differs from the others mentioned above in that it is asymptomatic for months or even years, which leads 
to the distribution of contaminated material (Li et al., 2018). In addition, it can be expressed in two ways: 
chronically, with increasing disease severity; or acutely, with a sudden onset and death of plants (Rott et al., 
2017). 

In view of their seriousness, this study evaluated leaf ultrastructural changes in sugarcane varieties infected by 
these diseases, aiming to find morphological responses that may be associated to the decline of sugarcane yield. 

2. Material and Methods 
2.1 Experimental Site 

The experiment was carried out from September 2013 to September 2014 at the Faculty of Technology Professor 
Fernando de Amaral de Almeida Prado (FATEC), Araçatuba, SP, Brazil (21°10′56.319″ S and 50°26′58.385″ W; 
on average 400 m above sea level). 

2.2 Experimental Design and Treatments 

Three independent experiments were carried out with sugarcane varieties susceptible to pathogens. In the three 
experiments, a randomised block design was used with 10 replications, composed of three biological replications 
The treatments consisted of the following diseases: mosaic from infection of variety SP86-155 by SCMV 
(experiment 1); stunting from infection with bacterium L. xyli subsp. xyli and smut from infection with fungus S. 
scitamineum in the variety SP70-3370 (experiment 2); and scald from infection of variety SP78-5495 by 
bacterium X. albilineans (experiment 3). Healthy plants were controls for the three experiments.  

2.3 Experimental Set-up and Execution 

Sugarcane minirrebolos (stem parts with buds) were planted in Ultisol (Santos et al., 2013), with the following 
chemical attributes: pH = 4.5, organic matter = 4.5 g kg-1, P = 6.0 mg kg-1, K = 4.6 mmolc kg-1, Ca = 10.0 mmolc 
kg-1, Mg = 4.0 mmolc kg-1, S = 7.0 mg kg-1; potential acidity of hydrogen and aluminium (H + Al) = 18.0 mmolc 
kg-1, Al = 1.0 mmolc kg-1, sum of bases = 15.6 mmolc kg-1, cation exchange capacity = 33.6 mmolc kg-1 and base 
saturation = 46.4%. The fertilization was according to regional recommendations of Raij et al. (1997). 

The experimental unit consisted of four lines of sugarcane, each 5 m in length, with spacing of 1.5 m between 
lines. In each line, 14-17 minirrebolos were planted. For each experiment, plants in the two central lines and the 
three central metres were evaluated. 

The pathogens used came from the Sugarcane Technological Center (CTC). The pathogens were isolated as 
described by Carollo and Santos Filho (2016); Fernandez (1993). The infection process was carried out at the 
time of planting, with solutions containing the pathogens being applied to the minirrebolos. 

2.4 Ultrastructure Parameters 

Leaf fragments were cut from the medial region of the limbus of leaf +1 (first leaf on the stalk from the top with 
visible dewlap) of the developed culm 300 days after the start of the experiment. They were fixed in 37% 
formaldehyde, acetic acid and 70% ethanol at a ratio of 1.0:1.0:18.0, (v/v; F.A.A. 70 solution    ) for 48 h. The leaf 
samples were then sent to the Laboratory of Plant Morphology and Forage Crops of the University of the State of 
São Paulo “Júlio de Mesquita Filho,” located in the city of Dracena, State of São Paulo, Brazil. 

Subsequently, the seedling tissue fragments were subjected to the following steps: dehydration, diaphanization, 
inclusion and fixation in paraffin, according to the methodology described by Kraus and Arduim (1997).  

With the aid of a microtome table containing a steel blade, 8-μm sections were cut from each embedded 
fragment. Each embedded fragment corresponds to an experimental plot. The sections of samples were fixed 
with Mayer adhesive, stained with 1% safranin and mounted on slides and coverslips with Entellan® adhesive 
(Kraus & Arduim, 1997).  



jas.ccsenet.

The slides
measure t
calibrated 

In the mid
mesophyll
thickness 
(Carlquist,

2.5 Data A

The data w
were subm
developed

3. Results
3.1 Sugarc

When vari
mesophyll
respectivel

 

Figur
sugarcane

standard

 

There was
of the abax

 

org 

s were observ
the ultrastructu
with a microsc

drib region of t
l thickness, xy
of the abaxia
, 1975). Each e

Analysis 

were subjected
mitted to the T
d in the free sof

 
cane Infected W

iety SP86-155 
l thickness and
ly (Figures 1A

e 1. Mesophyl
e variety SP86-
dised coefficie

s no statistical 
xial and adaxia

ved under an 
ural paramete
copic rule at th

the leaves in t
lem diameter, 
l face, cuticle
experimental p

d to analysis o
Tukey test (p <
ftware program

With SCMV (M

was infected w
d phloem beam

A and 1C).  

ll thickness (A
-155 infected w

ent; ns, not sign

difference betw
al face, and cu

Journal of A

Olympus® op
ers using the 
he same zoom 

the cross-secti
phloem beam 

e thickness of 
plot was repres

of variance usi
< 0.05). All s

m R (R Core T

Mosaic) (Exper

with SCMV, a
m diameter, w

A), xylem diam
with SCMV (M

nificant; *, p < 
sta

ween treatmen
uticle thickness

Agricultural Sci

225 

ptical microsc
CellSens Stan
level as the ph

ons, the follow
diameter, epid

f the adaxial f
sented by the a

ing the F test, 
statistical analy
Team, 2018). 

riment 1) 

a significant ef
with decreases 

meter (B) and ph
Mosaic), comp
0.05; **, p < 0.

andard error 

nts for other pa
s of the abaxial

ience

cope model B
ndard® image
hotographs (Pe

wing ultrastruc
dermal thickne
face and cutic
average of 10 m

at p ≤ 0.05. W
ysis of the dat

ffect was found
in relation to 

hloem beam d
pared to that fro
.01; ***, p < 0.0

arameters, xyle
l and adaxial f

V

BX43 with a c
e analysis pro
ereira et al., 20

ctural paramet
ess of the adax
cle thickness o
measurements

When significa
ta was perform

d in the F-Test
controls of 12

iameter (C) fo
om control pla
001; vertical b

em diameter, e
face (Figures 1

Vol. 11, No. 11;

coupled came
ogram, which 
008). 

ters were obse
xial face, epide
of the abaxial 
. 

ant, the param
med using rou

t for the param
2.04% and 15.

or leaf tissue of
ants (Healthy).
ars represent t

epidermal thick
B and 2A-2D)

2019 

ra to 
was 

rved: 
ermal 

face 

meters 
utines 

meters 
63%, 

f 
 SC, 
he 

kness 
).  



jas.ccsenet.

Figure
thickness 

SP86-1
coefficie

 

3.2 Sugar
(Experime

For infect
mesophyll
face, and c
not show a

The mesop
24.65% in
of sugarca

Xylem dia
and 31.13%
in relation 

org 

e 2. Epidermal 
of the adaxial 

155 infected wi
ent; ns, not sign

rcane Infected
ent 2)  

ted plant tissu
l thickness, xy
cuticle thickne
a statistical dif

phyll thickness
n relation to th
ane was not alt

ameter was of 
% for smut dis
to the control 

thickness of th
face (C) and c

ith SCMV (Mo
nificant; *, p < 

d With Leifson

ue of variety 
ylem diameter
ess of the abax
fference. 

s was drastical
he control. By 
ered from that

smaller calibr
sease (Figure 3
for smut disea

Journal of A

he adaxial face
cuticle thickne
osaic), compar
0.05; **, p < 0.

nia xyli subsp

SP70-3370, a
r, phloem beam
xial face. How

lly affected wh
comparison, w

t of the control

re for both dise
3B). The phlo
ase, with a red

Agricultural Sci

226 

e (A), epiderm
ess of the abaxi
red to that from
.01; ***, p < 0.0

p. xyli (Stunti

a significant e
m diameter, ep

wever, the para

hen it was infe
when infected 
l treatment (Fig

eases relative t
em beam diam

duction of 20.4

ience

mal thickness o
ial face (D) fo
m control plan
001; vertical b

ng) and Fung

effect was fou
pidermal thick

ameter cuticle 

ected by S. scit
by L. xyli sub
gure 3A). 

to the controls
meter only show
8% (Figure 3C

V

f the abaxial fa
r leaf tissue of

nts (Healthy). S
bars represent t

gus Ustilago 

und in the F-
kness of the a
thickness of th

tamineum, sho
bsp. xyli, the m

s, by 21.00% f
wed a signific

C).  

Vol. 11, No. 11;

face (B), cuticle
f sugarcane var
SC, standardise
the standard er

scitaminea (S

-test of param
abaxial and ad
he adaxial fac

owing a decrea
mesophyll thick

for stunting dis
cantly lower ca

2019 

e 
riety 
ed 
rror 

Smut) 

meters 
daxial 
e did 

ase of 
kness 

sease 
alibre 



jas.ccsenet.

Figur
sugarca

compared

 

The thickn
By compa
(Figure 4A
smut disea

Cuticle thi
8.26 µm. B
control by 

org 

e 3. Mesophyl
ane variety SP

d to that from c

ness of the ada
arison, it did n
A). A similar p
ase compared t

ickness of the
By contrast, cu
21.62% for st

ll thickness (A
P70-3370 infec
control plants (

< 0.01; ***, p 

axial epidermi
not change for 
pattern was fou
to the control. 

 adaxial face 
uticle thicknes
tuntingdisease 

Journal of A

A), xylem diam
cted with L. xyl
(Healthy). SC,
< 0.001; verti

is showed a m
r plants infecte
und for epider

showed value
ss of the abaxi
and 31.45% fo

Agricultural Sci

227 

meter (B) and ph
li subsp. xyli (
, Standardised 
cal bars repres

marked decreas
ed with L. xyli
rmal thickness 

s that did not 
ial face was al
for smut diseas

ience

hloem beam d
Stunting) and 
coefficient; ns,

sent the standa

se of 30.83% w
i subsp. xyli fr
of the abaxial

differ from th
tered by the tw

se (Figure 4D).

V

iameter (C) fo
fungus U. scit
, not significan

ard error 

when infected
from that obse
l face, with a 2

he control, wit
wo diseases, b
. 

Vol. 11, No. 11;

or leaf tissue of
taminea (Smut
nt; *, p < 0.05; 

d by U. scitam
rved in the co
26.7% decreas

th a mean valu
being inferior t

2019 

f 
), 
**, p 

inea. 
ontrol 
se for 

ue of 
o the 



jas.ccsenet.

Figure
thickness 
SP70-337
plants (H

 

3.3 Sugarc

For plant t
parameters
and 15.27%

org 

e 4. Epidermal 
of the adaxial 

70 infected wit
ealthy). SC, st

cane Infected W

tissue of varie
s mesophyll th
%, respectively

thickness of th
face (C) and c

th L. xyli subsp
tandardised co

With Xanthomo

ety SP78-5495 
hickness, xyle
y, in relation to

Journal of A

he adaxial face
cuticle thickne
p. xyli (Stuntin
efficient; ns, no

bars represe

onas albilinean

infected by X
em diameter, a
o the control (F

Agricultural Sci

228 

e (A), epiderm
ess of the abaxi
ng) and U. scita
ot significant; 
ent the standard

ns (Experimen

X. albilineans, 
and phloem be
Figure 5).  

ience

mal thickness o
ial face (D) fo

taminea (Smut
*, p < 0.05; **, 
d error 

nt 3) 

a significant e
eam diameter, 

V

f the abaxial fa
r leaf tissue of

t), compared to
p < 0.01; ***, p

effect was foun
with decrease

Vol. 11, No. 11;

face (B), cuticle
f sugarcane var
o that from con
p < 0.001; vert

nd in the F-tes
es of 15.90, 1

2019 

e 
riety 
ntrol 
tical 

st for 
9.29, 



jas.ccsenet.

Figur
sugar

(Healthy

 

The thickn
(Figure 6A
average a v

Cuticle th
11.8μm an

org 

e 5. Mesophyl
rcane variety S
y). SC, standar

ness of the ada
A). By contras
value of 8.04 μ

ickness of the
nd 6.06μm, resp

ll thickness (A
SP78-5495 infe
rdised coefficie

axial epidermi
st, the thickne
μm (Figure 6B

e adaxial and 
pectively (Figu

Journal of A

A), xylem diam
ected with X. a
ent; ns, not sign

represent 

is of leaf tissu
ess of the aba
B). 

abaxial faces
ures 4C and 4D

Agricultural Sci

229 

meter (B) and ph
albilineans (Sc
nificant; *, p < 
the standard e

e infected with
axial epidermis

 did not diffe
D).  

ience

hloem beam d
cald), compare
0.05; **, p < 0

error 

h X. albilinean
s did not diffe

er from the co

V

iameter (C) fo
ed to that from 
.01; ***, p < 0.0

ns showed a d
er from the co

ontrol, having 

Vol. 11, No. 11;

or leaf tissue of
control plants
001; vertical b

decrease of 12
ontrol, showin

average valu

2019 

f 

bars 

.22% 
ng on 

es of 



jas.ccsenet.

Figure
thickness 

SP78-5495
coefficie

 

4. Discuss
Among th
amounts o
substances
nutrients a
carbohydra
The reduc
(Figure 3B
transport o
addition, t
this area o
scitaminea

Changes in
et al., 201
for plants 
Bechet, 19

Regarding
damage, su
Viana et 
photosynth
understand

Smut disea
affected on

org 

e 6. Epidermal 
of the adaxial 

5 infected with
ent; ns, not sign

sion  
he various tissu
of chloroplasts 
s for plant me
and water, con
ates, amino ac
ed thickness i

B), U. scitami
of xylem and p
the lower mes
of the leaf (Fig
a (Figure 3A) a

n the dimensio
3; Lisboa et a
infected by the

995; Bruce, 20

g the coating 
uch as herbivo
al., 2015). Th
hetically activ
ding the metab

ase resulted in
nly epidermal 

thickness of th
face (C) and c

h X. albilinean
nificant; *, p < 

ues that compo
and intercellu

etabolism (Fig
nducting subs
cids, organic a
in conducting 
inea (Figures 3
phloem sap, po
ophyll thickne
gueiredo et al.
and X. albiline

ons of the afore
l., 2018), whic
e diseases used
10; Rott et al.,

tissues, the ep
ory, insect and 
herefore, the 
ve part of pl
bolic activity o

n a reduced thi
thickness on t

Journal of A

he adaxial face
cuticle thickne

ns (Scald), com
0.05; **, p < 0.

ose the mesop
ular spaces resp
gueiredo et al.
stances in the 
acids, proteins 
tissues of sug
3B and 3C) a
ossibly reducin
ess might inter
, 2014). In thi

eans (Figure 5A

ementioned pa
ch may explai
d in the curren
, 1995). 

pidermis has 
pest attack, an
epidermis ex
lants. As suc
f plants (Figue

ickness on bot
the adaxial fac

Agricultural Sci

230 

e (A), epiderm
ess of the abaxi
mpared to that f
.01; ***, p < 0.0

phyll, is the ch
ponsible for ph
., 2014). Xyle
opposite dire
and nutrients 

garcane infecte
and X. albiline
ng the efficien
rfere with the 
is respect, plan
A) were most 

arameters are e
in the decrease
nt study (Viswa

a primordial 
nd phytopathog
erts a protect
ch, knowledg
eiredo et al., 20

th epidermis f
ce (Figure 6A)

ience

mal thickness o
ial face (D) fo
from control p
001; vertical b

hlorophyllous p
hotosynthesis, 
em is responsi
ection to the p

to various des
ed with SCMV
eans (Figures 
ncy of these tis

quantity or qu
nt tissue infec
significantly a

extremely detr
e in sugarcane
anathan & Bal

role for prote
gens (Castro et
tion function 
e of their th
014). 

faces (Figures 
. These chang

V

f the abaxial fa
r leaf tissue of

plants (Healthy
bars represent t

parenchyma, c
besides the pr

ible for the up
phloem, which
stinations (Tai

V (Figure 1C),
5B and 5C) c

ssues (Figueire
uality of subst

cted with SCM
affected. 

rimental to crop
e yield observe
lamuralikrishn

ecting plants a
t al., 2009; Sta
for the meso

hickness beco

2A and 2B), w
es could make

Vol. 11, No. 11;

face (B), cuticle
f sugarcane var
y). SC, standard
the standard er

cells with abun
resence of nutr
pward transpo
h transports w
iz & Zeiger, 2
, L. xyli subsp
could influenc
edo et al., 2013
tances produc

MV (Figure 1A

p yield (Figue
ed by other au
nan, 2005; Bail

against mecha
angarlin et al., 
ophyll, which 
omes importan

while scald di
e plants infecte

2019 

e 
riety 
dised 
rror 

ndant 
ritive 
ort of 
water, 
013). 
. xyli 
e the 
3). In 
ed in 

A), U. 

iredo 
thors 
ey & 

anical 
2011; 
is a 

nt in 

sease 
ed by 



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 11; 2019 

231 

these diseases more susceptible to injury (Lapaz et al., 2017). Stunting and smut diseases caused changes in the 
cuticle thickness of the abaxial face, leaving it thinner (Figure 4D). Cuticles consist of lipid substances, such as 
wax and cutin. They function by reducing the diffusion of water vapor from the inner tissues of the leaf to the 
atmosphere. Thinner cuticles decrease the resistance to water loss from the leaf surface, and may reduce water 
use efficiency in these plants (Ferreira et al., 2015). 

5. Conclusion 
Sugarcane plants with mosaic, stunting, smut and scald diseases show deleterious changes in leaf ultrastructure. 
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