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Abstract Sugar cane is a major product of Brazilian agri-

culture, providing about R$ 56 billion of exports per year.

Morphological and anatomical analyses enable the identifi-

cation of plants, whose genotype is still unknown, and

increase our knowledge of organs adaptations, such as roots,

to different environment conditions. This study aimed to

describe the morpho-anatomy of roots of six sugar cane

genotypes. Plants were obtained by insertion of stalks in 3L

containers filledwith coconut fiber substrate. Theywere held

for 7 days in a germination chamber (BODMA 403) under a

16-h photoperiod with a light intensity of 38 lmol m-2 s-1

and a constant temperature of 35 �C. Daily irrigation was

performed, keeping the substrate close to saturation. After

this period, plants were transferred to a greenhouse and grew

under approximately 116 lmol m-2 s-1 of light intensity at

30 �C and 80 % relative humidity, during 45 days of daily

irrigation. For anatomical characterization, 20 roots from

stalks and tillers of five plants per genotype were fixed in

FAA 50 % and preserved in alcohol 70 %. For each root, the

median region was selected for freehand-sectioning, using a

razor blade. The results confirmed that anatomical features

might be useful for cultivar identification. RB867515 culti-

var showed roots with anatomical features that provide

drought resistance, including a reduced number of cortical

layers. The roots of SP801816 cultivar had more cortical

layers and protoxylem poles in stalks and tillers, indicating a

reduced drought resistance.

Keywords Cortex � Exodermis � Protoxylem poles � Root
anatomy

Introduction

Saccharum L. species, popularly known as sugar cane,

grow in tropical and subtropical regions between parallels

35� North and South, where there is a warm and moist

period, which provides good conditions for seed germina-

tion, vegetative growth, and tillering, associate with a cold

and dry period, which promotes maturation and sucrose

accumulation in stalks, making it ideal for farming this

economically important crop (Caputo et al. 2008). This

importance is related to its multiple utility. It can be used,

for instance, to provide forage for livestock or converted to

‘‘rapadura’’ molasses, brandy, sugar, or alcohol. Its waste

products are also of economic importance, such as the

‘‘vinhoto’’ being composted to form a mulch or used as fuel

(Caputo et al. 2008). In Brazil, sugar cane provides a range

of valuable exported products, as well as employment and

income for rural workers. The sugar-alcohol market turns

over about $27 billion per year, with direct and indirect

revenues corresponding to 2 % of Brazilian gross domestic

product (GDP) (Procana 2010).
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The continuing success of this economic activity relies

on breeding programs able to develop varieties adapted to

grow in diverse areas and to be resistant to disease and

insect attacks (Rosse et al. 2002). The development of new

varieties has increased worldwide interest in the charac-

terization of sugar cane genotypes. This interest reflects the

need to protect specific cultivars in an increasingly com-

petitive market. Factors used to differentiate genotypes

have included expensive biochemical and molecular pro-

cedures (Almeida et al. 2009). The present investigation

explores the utility and economic benefits of using mor-

phological characteristics to identify varieties.

Each cultivar has unique morphological features that

enable its identification and characterization, including those

of unknown genotype. These features range from variations

in the morpho-anatomy of shoots to differences in the

development and architecture of root system (Vasconcelos

1998). Anatomical studies of sugar cane roots were per-

formed by Queiroz-Voltan et al. (1998) and Chaves et al.

(2009); however, these authors did not focus on the use of

root structure to differentiate genotypes currently cultivated

by the sugar cane industry. In the present study, we aimed to

describe the root morpho-anatomy and adaptations of six

sugar cane genotypes. Our hypothesis was that anatomical

characteristics could be used for cultivar identification and

could potentially indicate which cultivars would be more or

less adapted to different environmental conditions, particu-

larly water scarcity.

Materials and methods

The genotypes used in this study came from the germplasm

bank owned by the power plant São João, located in Araras

city in the State of São Paulo, Brazil. The cultivars are

specified as RB801816, RB867515, RB855453, SP801842,

SP803280, and SP813250.

Plants were obtained by insertion of stalks into 3L con-

tainers filled with a coconut fiber substrate. Then, they were

held for 7 days in a germination chamber (BOD MA

403Marconi�/Brazil) under a 16-h photoperiod with a light

intensity of 38 lmol m-2 s-1 at a constant temperature of

35 �C. Daily irrigation was performed, keeping the substrate

close to saturation.After this period, plantswere transferred to

a greenhouse and grew under approximately 116 lmol m-2

s-1 of light intensity at 30 �C and 80 % relative humidity for

45 days, with daily irrigation. Each genotype had five

replicates.

For anatomical characterization, 20 roots from stalks and

tillers of five plants per genotypewere fixed in FAA50 % and

preserved in 70 % alcohol (Johansen 1940). The median

region of each root was selected for freehand-sectioning,

using a razor blade. The sections were stained with 0.05 %

Safra-Blau (Bukatsh 1972) and mounted in glycerin. Histo-

chemical tests were done in order to identify chemical com-

pounds, primarily suberin and lignin, which are commonly

found in Poaceae (Enstone and Peterson 2005) (Table 1). The

results were recorded using a digital camera attached to a

photomicroscope (Olympus 114 � model BX51).

Cortical, vascular cylinder, and metaxylem vessels

diameters of each root were measured. The root diameter

of stalk and tiller was taken 2 cm from the apex with the

aid of a digital caliper (Digimess�). For statistical analysis,

the range of measured anatomical variables was first tested

with Liliefors to confirm the normality of data. Once a

normal distribution was established, analysis of variance

(ANOVA) was performed, followed by Tukey test

(a = 0.05). The statistical software used was BioEstat 5.3.

Results

All roots are cylindrical and similar in structure, with three

distinct regions: the epidermis, the proper cortex, and the

vascular cylinder (Figs. 1–16). The epidermis is one-lay-

ered in the roots of stalks and tillers from all genotypes

(Fig. 7–16). In some roots, the epidermis cells are polyg-

onal in shape, and in the genotype SP803280, there are

trichomes in the epidermis (Figs. 13, 15).

The cortex has three distinct regions: a multilayered

exodermis, a parenchymatous region, and an endodermis.

The exodermis cells are suberized in all species, as

detected by Sudan III. In roots of both, stalk and tiller, of

the RB867515 variety, the exodermis cells possess a lower

degree of suberization, while those of the SP813250 have a

higher degree (Figs. 8–12 respectively). In all varieties, the

root cortex is formed by layers of parenchymatous cells

organized in columns (Figs. 1–6, 13, 14). In order to esti-

mate the number of layers forming the root cortex, we

counted the number of columns adjacent to the lysigenous

areas (Table 2). The endodermis is one-layered in all roots

and formed by isodiametric cells of thickened anticlinal

and inner periclinal walls (U-thickening) (Figs. 17–28).

The outer layer of the vascular cylinder, the pericycle, is

formed by sclerified cells, in the stalk roots of the

SP803250 (Fig. 22). All roots are polyarc and their

medullary regions filled with large and isodiametric

parenchymatous cells of primary walls and small intercel-

lular spaces. The test with phloroglucin acid detected the

presence of sclerenchyma near the metaxylem poles

(Figs. 17–28). In the tillers of the RB867515 cultivar, this

sclerification is less prominent (Fig. 24). The histochemical

tests did not reveal the occurrence of ergastic substances in

the epidermis, cortex, or in the medullary region. For all

samples, the tiller roots possess greater cortical and vas-

cular diameters than the stalk roots. These differences in
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diameters apparently were not related to the ability of

varieties to grow in soils with different water contents

(Table 2). However, we noted in the present study that

genotypes not adapted to low water content (ID) had a

higher number of cortical parenchyma layers than those

surviving under such conditions (TD) (Table 2). We also

noted a variation in the exodermis layer number between

the stalks and tillers of the genotypes SP801842 and

Table 1 Histochemical tests

carried out on roots from stalks

and tillers of sugar cane

genotypes

Histochemical analysis Concentrations

Substance Histochemical test

Flavonoids Potassium hydroxide (Costa 1982) 5 %

Lignin Phloroglucinol hydrochloride (Jansen 1962) 20 % (v/v)

Lipids/suberin Sudan III (Johansen 1940) 3 %

Starch Lugol’s solution (Bucherl 1962) 1 %

Figs. 1–6 Cross sections showing the general structure of the roots of

stalks of different genotypes of Saccharum. 1 RB855453. 2
RB867515 (drought tolerant by fewer cortical layers). 3 SP801816

(drought intolerant by the highest number of cortical layers and poles

of protoxylem). 4 SP801842. 5 SP803280. 6 SP803250. The

suberization of exodermises of all cultivars was evidenced by

realization of histochemical test with Sudam III. ae aerenchyma, vc

vascular cylinder, ep epidermis, ex exodermis. Bar 150 lm
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SP803280. Thus, by describing details of root structure in

both stems and tillers, it may prove possible to identify

adaptations providing resistance to water stress in these

organs and to select features useful for identifying each

cultivar of the studied genotypes.

Discussion

To secure the production of sugar and alcohol in Brazil, it

is necessary to ensure high productivity of the sugar cane

crop. Genetic improvement to develop cultivars with

Figs. 7–16 Cross sections showing the epidermis composed of

polygonal cells and suberization of exodermises of stalks. The

suberization of exodermises of all cultivars was evidenced by

realization of histochemical test with Sudam III. 7 RB855453. 8
RB867515 (lower degree of exodermic suberization). 9 SP801816. 10
SP801842. 11 SP803280. 12 SP803250 (higher degree of exodermic

suberization). Radicular general structures: 13 SP803280 and 14
SP803250. Epidermis and exodermises of tillers: 15 SP803280

(trichome present). 16 RB855453. ae aerenchyma, vc vascular

cylinder, ep epidermis, ex exodermis, tr trichomes. Bars 50 lm
(7–12, 15–16), 150 lm (13-14)
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genotypes better adapted to resist stressful conditions

related to soil or climate can contribute to increased pro-

ductivity (Marin 2015). In particular, the relative tolerance

or susceptibility of Saccharum cultivars to drought may

have a great impact on agricultural productivity (Pimentel

2004; Inman-Bamber and Smith 2005). As an example, one

can cite the tolerance of the genotypes SP801842 and

RB867515 that maintain their quality and productivity

during the dry season because of their delayed maturing

(Prado 2005; Ferreira et al. 2007; Cruz et al. 2014).

Understanding the anatomical characters related to the

negative effects of water stress in sugar cane plants may

lead to improvements in the biomass production (Inman-

Bamber 2004).

In many cultivars, water stress causes severe leaf

senescence and restriction of foliar neogenesis (Machado

et al. 2009). The extent of such changes is due to the

intensity of water stress and depends on the genotype (Smit

and Singels 2006). To grow sugar cane, it is necessary to

cater for the fact that plants require a plentiful supply of

Figs. 17–28 Cross sections

showing the vascular cylinder of

stalks (17–22) and tillers

(23–27) of genotypes of
Saccharum. 17 and 23
RB855453. 18 and 24
RB867515 (lower medullar

sclerification in the tiller). 19
and 25 SP801816. 20 and 26
SP801842. 21 and 27
SP803280. 22 and 28 SP803250

(sclerification pericyclic present

in the stalks). en endodermis, pe

perycicle, me medulla. The

sclerification of parenchyma

cells in vascular cylinder was

demonstrated histochemically

by Sudam III. Bar 150 lm
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water during their development phase, which comprises

tillering and fast growth, and occurs between 60 and

150 days after planting (Ramesh 2000). The susceptibility

of sugar cane to water stress is greater when plants are in

the stem elongation phase (Inman-Bamber and Smith

2005), so drought during this phase causes serious damage

to biomass production and sucrose yield (Robertson et al.

1999; Silva and Costa 2004), as reported for the intolerant

genotypes RB801816, RB855453, SP803280, and

SP813250 (Maule et al. 2001; Prado 2005; Marin 2015).

However, there are genotypic variations in sugar cane

regarding their tolerance to water deficit (Saliendra et al.

1996; Inman-Bamber and Smith 2005; Inman-Bamber

et al. 2005). This tolerance is multigenically controlled

(Rodrigues et al. 2009) and expressed at different organi-

zational levels, ranging from cellular responses to

anatomical–morphological variations (Passioura 1982). In

this regard, low-cost methods enabling the identification of

tolerant and susceptible genotypes to drought, such as root

anatomical analysis, as applied in the present investigation

could prove of wide agronomic importance.

Some of the anatomical features described here for the

sugar cane roots, such as suberized exodermis, cortical

lysigenous aerenchyma, and endodermis with U-thicken-

ing, have also been reported for other Poaceae, such as

Paspalum dilatatum (Vasellati et al. 2001), P. paniculatum,

Setaria anceps (Melo et al. 2007), Zea mays ‘‘Saracura’’

BRS-4154 (Pereira et al. 2008), and various cultivars of

Saccharum (Venkatraman and Thomas 1922; Artschwager

1925; van Dillewijn 1952; Trouse Jr 1967; Queiroz-Voltan

et al. 1998). These characteristics demonstrate synapo-

morphies established during the diversification of the

family that can be used for taxonomic characterization of

genera and species (Almeida et al. 2009).

A common feature of the roots of monocots is the

sclerification of the pericycle that reduces the morphogenic

competence of this layer to form lateral roots (Ferri 1999;

Raven et al. 2007). In the cultivars described in the present

study, sclerified pericycle occurs only in the tolerant

SP803250 roots, enabling the differentiation of this geno-

type from the other investigated cultivars.

In all cultivars, the root structure of stalks and tillers is

similar to that reported for species growing in natural

conditions (Artschwager 1925; van Dillewijn 1952) and in

compacted soil (Venkatraman and Thomas 1922; Trouse Jr

1967). Queiroz-Voltan et al. (1998) made biometric

descriptions of the root cortex and vascular cylinder

diameters of the cultivar SP701143 growing in Oxisol.

Both in stalk and tiller roots, the cortex and vascular

cylinder diameters influence the overall of the root diam-

eter. This is confirmed by the fact that in many monocots,

such as terrestrial orchids, the numbers of cortical layers

and protoxylem poles are directly correlated with root

diameter (Moreira and Isaias 2008). However, each one

will influence the overall diameter to variable extents, since

they are affected by environment influences that in turn

also affect root diameter (Pedroso-de-Moraes et al. 2012).

This relationship has been shown for plants of the same

species grown under variable conditions of water supply,

where the shortest distance between the substrate and the

stele (fewer cortical layers) can facilitate the absorption of

water (Fahn 1982). Thus, it can be suggested that plants

adapted to water scarcity have a naturally reduced cortical

diameter, as shown by the cultivar RB867515, commonly

described as tolerant to drought (Prado 2005; Cruz et al.

2014) (Table 2).

A study of upland rice grown under excessive irrigation

reported an increase in cortical thickness (Duarte et al.

1993). For different sugar cane cultivars growing in dif-

ferent soil conditions (dry, irrigated, and soggy), differ-

ences in root anatomy were reported, mainly related to the

thickness of cortex and vascular cylinder (Venkatraman

and Thomas 1922). The root cortex is thicker in plants

growing in irrigated and soggy soils (Venkatraman and

Thomas 1922). This agrees with observations made in the

present study, where the highest number of parenchyma-

tous layers was observed in the root cortex of drought

intolerant and the lowest in drought tolerant cultivars

(Table 2). Venkatraman and Thomas (1922) also reported,

for different varieties of sugar cane, that the parenchyma

cells located between the poles of xylem and phloem

possess a more prominent wall thickening in roots grown

under drought conditions. This corroborates the greater

thickening found in this root region of the stalks and tillers

of the cultivar SP803280 (Figs. 21, 27; Table 2).

Especially in monocots, there is a close relationship

between root diameter and the number of protoxylem

poles, which varies in different roots of the same species,

and in the same root, at different levels (Rütter and Stern

1992; Rosso 1966). This does not seem to be the case in the

studied species, as the cultivars with the highest number of

protoxylem poles, in roots of both stalks and tillers, do not

show the largest root diameters (Table 2). This was also

reported for other sugar cane cultivars, where the root

diameter is related to the diameter of metaxylem elements

rather than the number of protoxylem poles (Venkatraman

and Thomas 1922; Artschwager 1925; van Dillewijn 1952;

Trouse Jr 1967; Queiroz-Voltan et al. 1998). This may

relate to possibility that the number of protoxylem poles in

Saccharum can be influenced by environmental features,

such as physical and chemical soil conditions, water sup-

ply, light intensity, temperature, diseases, and pests and

competition with weeds (Trouse Jr 1967).

Reductions in diameter of the metaxylem elements, and

consequently in the vascular cylinder, is commonly found

in plants under stress, particularly water stress, and may

Morpho-anatomical characteristics conferring drought tolerance in roots of sugar cane... 957
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result in a greater resistance to water flow (Passioura 1982;

Melo et al. 2007). The vessel diameter is adaptable, since

species originated or adapted to dry environments have

narrower vessels than species from moist environments

(Carlquist 1988). This is in agreement with the observed

here for the tiller and stalk roots of the cultivar RB867515,

considered to be drought tolerant (Table 2). In this case,

vessel diameter seems to be genetically determined, since it

remained unchanged even under controlled conditions of

temperature, light, and humidity, as observed in this study.

A thin root cortex, filled of aerenchymatous parenchyma

in plants subjected or adapted to water deficiency, as

observed for the stalks and tillers of some species (Figs. 5,

7–16), may prevent water loss from the plant to the soil

(Huck et al. 1970). If the thickness of the root cortex

changes with its hydric potential this may in turn cause

contraction of the cortical cells, reducing their volume

(Huang and Fry 1998). With the reduction of cortex tissue

volume, the air space in the aerenchyma is positioned

closer to the exodermis and epidermis, thus avoiding

excessive loss of water from the internal compact tissue

adjacent to the vascular cylinder (Melo et al. 2007).

Lysigenous aerenchymas are produced by cell apoptosis

triggered by the phytohormone ethylene, in plants sub-

jected to stress conditions (Drew 1997), such as mechanical

damage, nutritional deficiency, and hypoxia/anoxia

(Bouranis et al. 2006). Among these factors, the most

effective is hypoxia/anoxia as low levels of oxygen stim-

ulate ethylene synthesis that can cause a delay in root

elongation. In several Poaceae (Vasellati et al. 2001;

Bouranis et al. 2006; Melo et al. 2007; Pereira et al. 2008),

aerenchyma development allows the formation of inter-

cellular spaces connecting the root axis. It facilitates gas

diffusion (Gunawardena 2008) allowing a better distribu-

tion of O2 in the tissues, thus maintaining aerobic respi-

ration and cellular metabolism (Pereira et al. 2008).

Roots of species susceptible to desiccation tend to develop

different anatomical features to prevent excessive water loss

(Fahn 1982). This is confirmed in this investigation as the

cultivar SP801816, considered intolerant to water scarcity,

possesses the highest number of layers in the exodermis, in

both stalks and tillers (Table 2). The presence of a thick

barrier in cellwalls, by the deposition of suberin, prevents the

radial loss of oxygen to the rhizosphere while increasing its

longitudinal diffusion in the aerenchyma (Colmer 2003).

However, this barrier can decrease the effect of ethylene and

methane and the entrance of water and nutrients (Soukup

et al. 2002). Thus, thin exodermis allows free radial move-

ment of oxygen and creates aerated conditions in the rhizo-

sphere, protecting the roots against phytotoxins (Armostrong

et al. 2000; Soukup et al. 2002).

The deposit of suberin in cell walls restricts the

apoplastic route for diffusion of water, as it is a

hydrophobic compound (Mauseth 1988). Thus, the suber-

ized exodermis, in roots of the cultivar RB867515, may

reduce the flow of water and minerals throughout the epi-

dermis–cortex–cylinder. Exodermis cells with low amounts

of suberin facilitate water movement and may indicate

potential cultivar productivity. Maybe for this reason, the

RB867515 genotype maintains its productivity during the

dry season (Prado 2005; Ferreira et al. 2007; Cruz et al.

2014). In this genotype, the exodermis cells are poorly

suberized, and its tolerance to water scarcity is due mainly

to the lower number of cortical layers together to the high

number of protoxylem poles.

Roots with a parenchymatous center of large cells and

small intercellular spaces, as observed for all stalk and

tiller roots, are common within Saccharum (Venkatraman

and Thomas 1922; Artschwager 1925; van Dillewijn 1952;

Trouse Jr 1967; Queiroz-Voltan et al. 1998).

Some results obtained here, such as the number of layers

and cell features of the exodermis and cortex layers and the

number of the protoxylem poles, can be useful in the

identification of cultivars. These anatomical features of

roots could also be taken to determine the tolerance or

intolerance of plants to drought, as they can provide

information on physiological characters, such as root

hydraulic conductance, root-shoot signaling, photosynthe-

sis, transpiration, and chlorophyll levels. The features of

roots in the cultivars of Saccharum that seem more related

to drought tolerance are cortex diameter and its number of

layers. Drought intolerant species exhibit, in general, a

greater number of cortical layers and protoxylem poles,

which may make them more susceptible to desiccation.
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indutores de maturação. Bragantia 67:15–23

Carlquist S (1988) Comparative wood anatomy: systematic, ecolog-

ical and evolutionary aspects of dicotyledons wood. Springer,

Berlin

Chaves A, Pedrosa EMR, Pimentel RMM, Coelho RSB, Guimarães
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Biosci J 30:1779–1786

Drew MC (1997) Oxygen deficiency and root metabolism: injury and

acclimation under hypoxia and anoxia. Ann Rev Plant Physiol

Plant Mol Biol 48:223–250

Duarte AP, Voltan RBQ, Furlani PR (1993) Amarelecimento do

arroz-de-sequeiro sob condições de encharcamento em solo de

baixa fertilidade. Bragantia 52:139–152

Enstone DE, Peterson CA (2005) Suberin lamella development in

maize seedling roots grown in aerated and stagnant conditions.

Plant Cell Environ 28:444–455

Fahn A (1982) Plant anatomy, 3rd edn. Pergamon Press, Oxford

Ferreira EA, Ventrella MC, Santos JB, Barbosa MHP, Silva AA,
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