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Abstract: Sugarcane is a C4 plant from the NADP-ME family, which performs a double photosynthetic carboxylation. It is a 
plant specialized in accumulating and storing large amounts of sucrose in the parenchymatous cells of its stalks. Perhaps 
because of these characteristics, this species shows to be extremely sensitive to a large number of diseases caused by viruses, 
bacteria, phytoplasmas, fungi, insects and nematodes, as well as to various abiotic stresses. A large number of varieties and 
cultivars resistant to many of these diseases have been achieved through conventional plant breeding techniques and also 
through biotechnological applications. In addition to this, the ability of the plant itself to produce pathogen resistance factors 
has been a field of research that has provided excellent weapons to combat crop-destroying pests This review describes those 
proteins that are synthesized by the plant as resistance factors against different diseases from the point of view of conventional 
biochemistry and also with the tools that modern genomics and proteomics provide. Special emphasis has been placed on the 
study of those proteins aimed at increasing the physical resistance of the plant that hinders the entry of the pathogen as well as 
those proteins related to the synthesis of bioactive phenols, polysaccharide hydrolysis enzymes, bacteriocins, oxygenases, 
oxidases and oxido-reductases. 
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1. Introduction 

Sugarcane is one of the most prominent commercial crops 
in tropical and sub-tropical countries, and is the world's main 
source of white sugar [1]. 

Being a C4 plant, its photosynthetic metabolism is marked 
by the existence of a pyruvate Pi dikinase and two different 
carboxylating enzymes, PEP carboxylase and Rubisco. 
Sugarcane has also specialized in the accumulation of 
sucrose in the parenchymal cells of the stems, so the enzymes 
of synthesis, transport and accumulation of sucrose play a 

role of primary importance in the metabolism of this species. 
Finally, maintenance of the health of a plant of such high 
economic interest is one of the primary objectives of its 
growers, so knowledge of the defense mechanisms that the 
species develops against a high number of pathogens (viruses, 
bacteria, phytoplasm, fungi, insects, nematodes, etc.) is of 
paramount importance from both the scientific and economic 
point of view. 
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2. Defence Proteins Related to Phenols 

and Lignin Production 

A good number of defense proteins against different 
pathogens of sugarcane have been identified through their 
purification and the study of the specific reaction they 
catalyze. For example, Santiago et al. [2] demonstrated that 
leaves of two cane varieties, one sensitive (Louisiana 55-5) 
and the other resistant (Mayarí 55-14) to leaf scald, 
developed high peroxidase (POX) and phenylalanine 
ammonium lyase (PAL) activities, both proteins related to the 
lignification process, when treated with protein elicitors 
purified from pathogen cells. The increase in these enzymatic 
activities has been clearly related to the increase in the 
amount of lignin deposited in xylem, phloem and 
sclerenchyma, a mechanism of mechanical resistance to the 
entry of the pathogen [3]. An increase in peroxidase activity 
has been reported by in cane infected with Colletotrichum 

falcatum [4], much higher in varieties resistant to the fungus 
than in those that are shown to be sensitive [5]. Both the PAL 
enzyme, which produces cinnamic acid, and the peroxidase 
are considered to be defense proteins since they are involved 
in lignin synthesis, the former producing the precursor of the 
monolignols and the latter catalyzing the oxidative 
polymerization of these monolignols to lignin. The 
lignification of the plant cell walls constitutes a mechanical 
barrier that effectively blocks the entry of many pathogens [6, 
7]. 

Cinnamyl alcohol dehydrogenase (CAD) is involved in 
one of the last steps of monolignol biosynthesis that catalyzes 
the reduction of cinnamyl aldehyde to cinnamyl alcohol 
before the incorporation of these monolignols into the lignin 
polymer. Santiago et al. [8] have examined two different 
sugarcane cultivars; My 55-14 (resistant to smut) and B 
42231 (susceptible to the pathogen) and noted that the 
resistance to smut is of mechanical nature due to a marked 
increase in lignin concentration by activation of CAD and 
SAD. 

The enzyme from sugar cane stalks was purified 125 times 
for CAD activity with an overall yield of 24.05%. However, 
the remaining SAD activity in each purification step resulted 
in a 6.44-fold SAD purification with a 1.44% recovery. This 
can be taken as circumstantial evidence that ADC and SAD 
in sugarcane plants are different proteins [9], as reported by 
Guo et al. [10] for many other plant species, one of which, 
SAD, is lost during the ADC purification process. 

The production of dimers and trimers from monolignols 
requires of guidance proteins (DIR proteins), a family of 
proteins, exclusive of plants, involved in the production of 
lignins and in responses to the invasion by pathogenic 
organisms and abiotic stresses. These proteins are responsible 
for the stereo-selective coupling of monolignol radicals to 
produce lignan or lignin. In sugarcane, DIR proteins were 
first described by Casu et al. [11]. Nobile et al. [12] have 
characterized a series of proteins which participate of 
importan physiochemical and structural properties of a 
typical pinoresinol-forming, dirigent protein, such as 

subcellular localization, N-glycosylation sites, nine predicted 
β-strand regions and a homo-trimeric conformation. 

 

Figure 1. Scheme that represents the synthesis of glycosylated enzymes by a 

parenchimatous sugar cane cell. Firstly, peptides are synthesized by rough 
endoplasmic reticulum (RER) (1). Then, they are glycosylated in the Golgi 

apparatus (GA) (2) and finally released to the media (3) or to the space 

between the plasma membrane and the cell wall (4). Representing: , 

nucleus; , mitochondria; , RER; , DIR proteins; , false quorum 

signal lectin; , chitinase; , β-1,3-glucanase; , β-1,4-glucanase; , 

GA; , glycosylated DIR protein; , glycosylated false quorum signal 

lectin; , glycosylated chitinase; , glycosylated β-1,3-glucanase; , 

glycosylated β-1,4-glucanase; , agglutinated teliospores; , teliospores 

with hydrolyzed cell wall. 

3. Oxidases and Hydrolases 

Catalase, an antioxidant enzyme that catalyzes the 
breakdown of two H2O2 molecules into water and oxygen 
[13]), is induced in sugarcane by an elicitor isolated from C. 

falcatum cells [14] and is synthesized in large quantities in 
canes inoculated with conidia from the red rot fungus [5]. 

Polyphenol oxidase is also considered an RP, since it can 
oxidize different phenols to quinines, substances that are 
toxic to different microorganisms. The levels of this enzyme 
in smut resistant sugar canes, infected or not, increased much 
more than in the corresponding sensitive ones, following a 
similar behavior pattern to PAL [6]. 

Sanchez-Elordi et al. [15] detected a set of glycoproteins, 
the concentration of which increases in smut resistant plants 
inoculated with teliospores of Sporisorium scitamineum, 
among which they were able to detect β-1,3-glucanase, β-1,4-
glucanase and chitinase activities. Very similar results were 
obtained by Su et al. [16] for β-1,3-glucanase. Previously, 
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Santiago et al. [17] had shown that cane varieties highly 
sensitive to leaf scald greatly increase their β-1,3-glucanase 
activity after infection with the pathogen and moderately 
those varieties with medium sensitivity, while resistant 
cultivars decrease their β-1,3-glucanase activity after 
infection. 

A different hydrolase, arginase, an enzyme that hydrolyzes 
arginine into ornithine and urea, is another glycoprotein 
currently synthesized by sugarcane plants, whose 
concentration/activity increases in resistant smut-infected 
plants [18]. As a resistance protein, it is important to consider 
that this arginase, secreted by the infected plant, is capable of 
creating a concentration gradient in the aqueous environment 
surrounding the plant's organs, binding to specific receptors 
on the cell wall of the teliospores. The arginase bound to the 
wall of teliospore can be desorbed with sucrose, which 
indicates that the glycidic fraction of the enzyme contains β-
1,2-fructan bonds, active against specific amino acids of the 
receptor fungal protein [19]. The arginase interaction of 
plant-teliospore determines the inhibition of the cell 
polarization of this teliospore, the inhibition of the emergence 
of the germinative tube and, therefore, the inhibition of the 
germination (Figure 1). This mechanism is obviously 
optimally developed in disease-resistant cultivars. 

However, this defense mechanism is far more 
sophisticated than what has been described so far. Sanchez-
Elordi et al. [20] were able to find that the smut teliospores 
themselves, in an aqueous medium, secrete their own 
arginase which binds to specific wall receptors and from 
this binding derives the polarization of the actomyosin 
cytoskeleton, which marks the germinative pore. As the 
same authors demonstrated using plant arginase labelled 
with a fluorophore, both plant and fungal arginases use the 
same cell wall receptors and, in the competition, cane 
arginase easily displaces the fungal enzyme from the 
binding sites. The mechanism has thus been defined as a 
false quorum signal by which the enzyme secreted by the 
plant chemotactically attracts the fungal spores to the 
spaces of maximum enzyme concentration [21], displacing 
the fungal arginase to block its wall receptors and prevent 
germination. 

4. Other Defense Proteins 

Cystatin, cysteine protease inhibitors have also been 
described in sugarcane plants [22]. The plant prevents the 
action of the inhibitor on its own metabolism by inactivating 
it by dimerization [23]. However, some protease inhibitors 
produced by the plant cannot be considered sometimes as 
defense proteins, but quite the opposite. Xanthomonas 

albilineans produces proteases that selectively hydrolyze 
UDPG dehydrogenase, an enzyme absolutely required for the 
production of xanthan. This polysaccharide, unlike what 
happens with X. campestris [24], is only produced when 
bacteria infect the cane plant and is used to plug the phloem 
and xylem elements, which induces leaf drying. Blanch et al. 
[25] demonstrated that sensitive sugarcane cultivars produce, 

after being infected, glycoproteins that act as inhibitors of 
these bacterial proteases in such a way that UDPG 
dehydrogenase remains intact and active and xanthan can be 
produced. It is likely that this host-pathogenic 
interdependence is probably derived from a coevolution 
process. This could explain why X. albilineans did not 
produce xanthans in culture whereas the gum was secreted 
from bacteria invading sugarcane tissues [26]. 

5. Sugarcane Omics Related to Defense 

Proteins 

Que et al. [27] studied the variation of gene expression of 
two sugarcane varieties, NCo376 and Ya71-374 after 
infection with S. scitamineum. Proteins were separated by 2-
dimensional electrophoresis and identified by MALDI-TOF-
TOF/MS. In this way, authors describe a cytochrome c 
peroxidase that catalyzed the reaction: 

2 cytochrome c (Fe2+) + H2O2 + 2H+ → 2 cytochrome c (Fe3+) 
+ 2H2O 

related to the inhibition of the pathogen growth. In addition, 
Singh et al. [28] identified, by using the same technique, a 
thioredoxin peroxidase that is upregulated during the first 
times of smut infection. Other defense proteins differentially 
expressed after infection were catalase and superoxide 
dismutase, produced in order to decrease the amount of ROS 
species related to the disease development. 

On the other hand, Su et al. [29] identified several 
conventional peroxidase genes by using two different 
cultivars, resistant and sensitive respectively, and employing 
an isobaric tag of relative and absolute quatification (ITRAQ) 
as well as several oxidases and dehydrogenases, some 
hydrolases, such as β-1,3-glucanase, endo-1,4-β-xylanase and 
an extracellular ribonuclease, two expansins and one lectin. 
Two different genes of β-1,3-glucanase, ScGluA1 and 
ScGluD1, have been described in sugarcane plants. Both 
genes exhibit a differential expression after inoculation of 
plants with S. scitamineum or under abiotic stress conditions. 
ScGluA1 was upregulated, whereas ScGluD1 was slightly 
down-regulated, according to Su et al. [30]. Sugarcane 
chitinase, another fungal cell wall hydrolytic enzyme, 
occurred as two different forms, an induced and a 
constitutive protein. The gene ScChiVII1 codified for the first 
one and it is differentially expressed in sensitive or resistant 
cultivars to smut [31] or even to Giberella fujikuroi [32]. The 
constitutive protein behaves as very active enzyme in 
resistant cultivars against some pathogen, such as that which 
produced the red rot disease [33]. Peroxidase was also 
differentially expressed in sugarcane, the synthesis of which 
was upregulated after infection with X. albilineans. On the 
other hand, a gene for catalase (ScCAT1) has been described 
in sugarcane plants, the expression of which increased after 
smut inoculation [34]. This fact suggests that the pathogen 
increases the level of ROS species in the inoculated plant, 
requiring an increase of the amount of active catalase to 
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detoxify. 
Thaumatin is a small protein from the PR-5 family, able to 

produce disruption of the plasma membrane of the 
pathogenic fungi. PR-5 genes codifying for thaumatin are 
differentially expressed after inoculation of sugarcane plants 
with S. scitamineum or C. falcatum [35]. 

5.1. Sugarcane Omics of Defense Proteins Related To 

Phenylpropanoids and Lignin Biosynthesis 

Papini-Terzi et al. [36], using the cDNA microarrays 
technique, found three genes codifying for PAL and mainly 
expressed in immature internodes of sugarcane stalks, 
SCCCLR1048D07.g, SCEQRT1024E12.g and 
SCSGAM1094D05.g. One of this, SCEQRT1024E12.g was 
induced after ABA treatment and repressed by drought stress. 
In addition, other genes related to lignin biosynthesis were 
also found, such as P-coumaroyl shikimate 3'-hydroxylase 
(SCACSB1037A07.g), ferulate-5-hydroxylase 
(SCEZHR1087F06.g), cinnamic acid 4-hydroxylase 
(SCSGFL4193B05.g) and caffeic acid 3-O-methyltransferase 
(SCRFLR1012F12.g). 

Selman-Housein et al. [37] described that sugarcane 
contains two genetic copies of CAD, one of which is a gene 
encoding for a protein that exhibits synapyl alcohol 
dehydrogenase activity (SAD). Although it has been 
repeatedly described that CAD can use both coniferyl and 
synapyl aldehydes as substrates [38]. Li et al. [39] were able 
to isolate a new gene from poplar that encodes for a unique 
synapyl alcohol dehydrogenase (SAD), different from CAD, 
from the same species. The existence of this second gene has 
been studied in the evolutionary history of the CAD family of 
genes in which, at least, two classes of genes for cinnamoyl 
alcohol dehydrogenase have been described, the class I, 
which is accepted as bona fide CAD, and class II, which 
comprises members similar to the gene for poplar synapyl 
alcohol dehydrogenase [10]. 

On the other hand, Sanchez-Elordi et al. [40] showed that 
in smut-resistant cv plants, such as Mayari (My) 55-14, 
infected with fungal sporidia, transcription of the CAD 
(called SofCAD) gene decreased. Quantitative RT-PCR 
analysis showed that the levels of expression of the SofCAD 
gene were higher in the resistant cultivar My 55-14 than in 
the sensitive cultivar B 42231 before infection. Inoculation 
with fungal sporidia or water decreased the level of SofCAD 
transcripts in My 55-14, indicating that regulation of SofCAD 
expression is not part of the specific response to the smut 
infection. 

Jin-Long et al. [41] identified a cDNA sequence 
corresponding to a sugarcane gene encoding for a DIR-like 
protein, called in this case ScDir. Another gene for a DIR-
like protein, called ShDP1, was detected by nucleic acids 
hybridization in the area of the vascular bundles and their 
fibers of the rind of a young sugarcane stalk internode. 
Nobile et al. [12] described 13 genes, ShDIR, codifying 
different DIR proteins, the expression of which is low in 
leaves but high in mature tissues of stalks that possess 
lignified secondary cell walls. A gene ShDIR16 was 

previously identified in sugarcane plants by Damaj et al. [42] 
as well as its corresponding promoter, modulating its 
expression in stem tissues. 

Sanchez-Elordi et al. [40] showed that infection by smut 
sporidia nullified the expression of a DIR protein specific of 
sugarcane, named DIR16, a protein included in the set of 
glycoproteins produced by the plant as a resistance response 
to smut. However, unlike the expression of CAD, the 
expression of SofDIR16 was not nullified in My 55-14 after 
an injection of water, equivalent to the stress produced by a 
mechanical injury. The authors proposed that the decrease in 
the expression of the leading proteins induces the formation 
of lignans, which participate in the defense response of the 
smut-resistant My 55-14 cultivar, a hypothesis that was later 
confirmed [43]. 

5.2. Phylogenetic Relationships Among Dirigent Proteins 

(DIR) 

Currently, a large number of DIR genes have been 
described for different plant species. A family with nine DIR 
genes involved in coupling of E-coniferyl alcohol to produce 
(+)-pinoresinol has been described in Thuja plicata [44]. A 
previous study of phylogenetic relationships with 72 DIR and 
DIR-like proteins suggests five distinct subfamilies [45]. 
Several proteins of the clusters E and F have been previously 
identified as members of DIR involved in stereoselective 
phenolic coupling reaction in the formation of lignin and 
lignins. Also, these clusters (E and F) contain DIR and DIR-
like proteins from different conifers species previously 
described by Ralph et al. [45]. The formation (+)-pinoresinol 
is directed by a (+)-pinoresinol-forming DIR protein in 
Forsythia intermedia [46-49], Arabidopsis and Schizandra 
although (-)-pinoresinol-forming DIR proteins (AtDIR5 and 
AtDIR6) have been identified in A. thaliana [50]. Other (+)-
pinoresinol-forming DIR proteins have also been detected in 
Thuja plicata (TpDIR5 and TpDIR8) and Schizandra 

chinensis (ScDIR) [50]. The (+)-pinoresinol-forming DIR 
proteins are grouped in the clusters F, E and D and are related 
with DIR proteins of different Pinidae species located in the 
cluster E. The (-)-pinoresinol-forming DIR proteins are in the 
cluster C. The DIR protein of S. officinarum (SofDIR16) 
found in our laboratory [40] might be grouped in a different 
cluster (cluster A) together with other DIR proteins of 
Poaceae species and belongs to a different subfamily of DIR 
proteins. 

The different models of amino acid substitutions and 
clustering methods used to develop the trees always gave 
dendrograms with the same structure. The analysis involved 
104 amino acid sequences of dirigent or dirigent-like proteins 
obtained from NCBI and Phytozome. 

The dendrogram of the Figure 2 was inferred using the 
Neighbor-Joining clustering method [51] and the 
evolutionary distances were computed using the Poisson 
correction method [52] and they are expressed in the units of 
the number of amino acid substitutions per site. The tree 
obtained for dirigent proteins have six main clusters (Figure 
2). The dirigent proteins of Saccharum are grouped and more 
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related with the dirigent proteins of other Poaceae species. 
All the dirigent proteins of the Poaceae species are grouped 
together in the same cluster (cluster A, red lines) except eight 
dirigent proteins. Four Poaceae proteins of Zea mays (Zma), 
Sorghum bicolor (Sbi) and Oryza sativa (Osa) that are 
grouped with three dirigent proteins from Arabidopsis 

thaliana (Ath) (Cluster B, black lines). Other four Poaceae 
proteins of Triticum urartu (Tur), Aegilops tauschii (Ata), 
Setaria Italica (Sit) and Oryza sativa (Osa) are in the same 

cluster that proteins of A. thaliana (Ath), Arabidosis lyrata 
(Aly), Fragaria vesca (Fve), Populus trichocarpa (Ptr), 
Prunus persica (Pper), Brassica rapa (Bra), Capsella rubella 
(Cru) and Eutrema salsugineum (Esa) (Cluster C, magenta 
lines). In the other three clusters (D, E and F, green lines) 
there are not dirigent proteins from Poaceae species. The 
cluster E have mainly DIR proteins from conifer species 
(Pinaceae, Pinidaea), from Oleaceae, Salicaceae, Rosaceae 
and other eudycot species. 

 
Figure 2. Dendrogram obtained with 104 DIR or like-DIR proteins from several Poaceae species and other monocots and dicots plant species, using Number of 

differences, Neighbour Joining and 10,000 bootstrap replicates. The sugar cane sequence used in the expression studies in this work is indicated by asterisk (Shy 

ACY41219.1). The amino acid sequences of these proteins were obtained from NCBI and Phytozome. Aly (Arabidopsis lyrata), Ata (Aegilops tauschii), Ath (Arabidopsis 

thaliana), Atr (Amborella trichopoda), Bdi (Brachypodium distachyon), Bra (Brassica rapa), Ccl (Citrus clementina), Cru (Capsella rubella), Csa (Cucumis sativus), 

Dts (Dysosma tsayuensis), Esa (Eutrema salsugineum), Fin (Forsythia intermedia), Fma (Fraxinus mandshurica), Fve (Fragaria vesca), Gau (Genlisea aurea), Gma 

(Glycine max), Hvu (Hordeum vulgare), Mno (Morus notabilis), Mtr (Medicago truncatula), Osa (Oryza sativa), Obr (Oryza brachyantha), Pen x Pgl (Picea engelmani 

× Pices glauca), Pgl (Picea glauca), Ppe (Podophyllum peltatum), Pper (Prunus persica), Pra (Pinus radiate), Psi (Picea sithchensis), Pta (Pinus taeda), Ptr (Populus 

trichocarpa), Rco (Ricinus communis), Sbi (Sorghum bicolor), Shy (Saccharum hybrid cv Pindar), Sin (Sesamun indicum), Sit (Setaria italic), Sly (Solanum 

lycopersicon), Sof (Saccharum officinarum), Sch (Schisandra chinensis), Stu (Solanum tuberosum), Tae (Triticum aestivum), The (Tsuga hererophylla), Tpl (Thuja 

plicata), Tur (Triticum urartu), and Vvi (Vitis vinifera). 
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6. Conclusion 

The sugarcane genome has been intensively studied using 
the most advanced techniques in Molecular Biology for more 
than 20 years. Today we know genes that encode for the 
main enzymes of the complex photosynthesis of this C4 plant 
as well as the influence that different diseases have on the 
expression of these genes. 

Also, in a parallel way, genomics and proteomics studies 
are being developed regarding defense proteins against 
different pathogens. Elicitors produced by the invading 
agent can induce the expression of genes codifying proteins 
related to oxidative processes, proteins that hydrolyze the 
cell walls of the pathogen, enzymes for the synthesis of 
biologically active phenols, such as benzoic acids, cinnamic 
acids and their derivatives, including flavonoids and lignans, 
and enzymes from lignin synthesis. On another front, the 
expression of proteins that act as signalling systems has 
also been studied. Main attention has been paid to the so-
called dirigent proteins, which are able to direct the use of 
monolignols towards lignan synthesis or polymerization. 
The dirigent proteins of sugar cane are grouped in cluster A, 
which includes the DIR of Poaceas, except for some of Zea 

mays, Sorghum bicolor and Oryza sativa, which are 
grouped with other three leader proteins of Arabidopsis 

thaliana. 
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