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ABSTRACT. Resistance genes (R-genes) are responsible for the first
interaction of the plant with pathogens being responsible for the acti-
vation (or not) of the defense response. Despite their importance and
abundance, no tools for their automatic annotation are available yet. The
present study analyzed R-genes in the sugarcane expressed sequence
tags database which includes 26 libraries of different tissues and de-
velopment stages comprising 237,954 expressed sequence tags. A new
annotation routine was used in order to avoid redundancies and overes-
timation of R-gene number, common mistakes in previous evaluations.
After in silico screening, 280 R-genes were identified, with 196 bear-
ing the complete domains expected. Regarding the alignments, most of
the sugarcane’s clusters yielded best matches with proteins from Oryza
sativa, probably due to the prevalence of sequences of this monocot in
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data banks. All R-gene classes were found except the subclass LRR-
NBS-TIR (leucine-rich repeats, nucleotide-binding site, including Toll
interleukin-1 receptors), with prevalence of the kinase (Pto-like) class.
R-genes were expressed in all libraries, but flowers, transition root to
shoot, and roots were the most representative, suggesting that in sug-
arcane the expression of R-genes in non-induced conditions prevails in
these tissues. In leaves, only low level of expression was found for some
gene classes, while others were completely absent. A high allelic diver-
sity was found in all classes of R-genes, sometimes showing best align-
ments with dicotyledons, despite the great number of genes from rice,
maize and other grasses deposited in data banks. The results and future
possibilities regarding R-genes in sugarcane research and breeding are
further discussed.

Key words: Saccharum, Defense, Pathogens, NBS-LRR, Kinase,
Expression profile

INTRODUCTION

A major concern regarding plant genome research is to recognize genes responsible
for important traits, including defense genes against infection by pathogens. Because plants
are sessile, they cannot move to avoid biotic attack or abiotic stress, or to find mating partners.
Thus, they depend heavily on chemical signals. Large-scale sequencing revealed that plants
possess many more genes than do animals, mainly due to polyploidy or large-scale duplication
(Borevitz and Ecker, 2004).

Different defense mechanisms are responsible for the protection of plants and animals
against their biotic environment. No major histocompatibility complex genes or antibody-like
genes have been identified in plants; however, plant resistance genes (R-genes) are abundant
and can be grouped into subfamilies (Jones, 2001; Meyers et al., 2003).

Sugarcane is one of the most important sources of sugar and alcohol in the world and
is cultivated in tropical and subtropical areas in more than 80 countries around the globe. In
2004/2005, 2.7 x 107 tons of sugarcane were produced in Brazil alone, in an area estimated
at one million hectares, and were used mainly for sugar consumption or as energy source
(ethanol), contributing to 25% of the world’s production (UDOP, 2007). The cultivated sug-
arcane varieties are the result of interspecific hybridization involving Saccharum officiarum,
S. barberi, S. sinense, and the two wild species S. spontaneum and S. robustum. 1t is thought
that S. officinarum was originally selected by humans in Papua New Guinea, perhaps from S.
robustum germplasm. Because of its multispecific origin, sugarcane is thought to have one of
the most complex plant genomes, carrying also variable chromosome numbers (generally 2n =
70-120) with a commensurately large DNA content (Lu et al., 1994).

A large-scale sequencing of SUCEST (sugarcane expressed sequence tags, ESTs) was
carried out as a first step in depicting the genome of this important tropical crop. Twenty-six
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unidirectional cDNA libraries were constructed from a variety of tissues sampled from thir-
teen different sugarcane cultivars. A total of 291,689 cDNA clones were sequenced in their 5’
and 3’ end regions. After trimming low-quality sequences and removing vector and ribosomal
RNA sequences, 237,954 ESTs potentially derived from protein-encoding messenger RNA
remained. The average insert size in all libraries was estimated to be 1,250 bp with the insert
length varying from 500 to 5,000 bp. Clustering the 237,954 sugarcane ESTs resulted in 43,141
clusters (Vettore et al., 2001). No general evaluation of R-genes is yet available for the sugar-
cane transcriptome.

Despite the importance of such genes for breeding purposes, no automatic annotation
tools are available yet. This may be explained by the nature of R-genes that combine a limited
number of related functional domains also regarding different gene classes (Ellis et al., 1999;
Ellis and Jones, 2000). Previous grouping using domains as primary seed sequence resulted in
overestimation of gene number and misclassification. This can be explained by evidence that
known R-genes combine a limited number of related functional domains (Ellis et al., 1999;
Ellis and Jones, 2000). Thus, a better understanding of the nature of these genes is necessary
in order to understand the difficulties and potentialities regarding automatic annotation, espe-
cially in complex genomes such as that of sugarcane.

Plant R-genes are responsible for the specific defense response and are the most impor-
tant group of genes used by breeders for disease control (Rommens and Kishore, 2000). These
genes evolve rapidly, since they undergo constant selection pressure by pathogen evolution.
For each R-gene, there is a corresponding gene in the pathogen, called avirulence (avr) gene,
which determines pathogenicity. Plants will be resistant and the growth of the pathogen will be
arrested only when both genes, R and avr, are present and compatible (Ellis and Jones, 2000).
Thus, for each R-gene, there is a corresponding avr gene; this is the basis of the gene-for-gene
concept, suggested by Flor (1956, 1971). This gene-for-gene interaction is very specific (Mey-
ers et al., 2005; Salvaudon et al., 2005; Ohtsuki and Sasaki, 2006). The avr genes determine the
inability of a given pathogenic strain to infect a plant that carries the corresponding R-gene trig-
gering the hypersensitive reaction (Bonas and Van den Anckerveken, 1999). This relationship
that is hypersensitive, race-specific, and governed by interactions between avirulence genes in
pathogens and resistance genes in hosts is called qualitative resistance (Nelson, 1972).

In contrast to R-genes, avr gene products described to date do not comprise a defined
family of related proteins, since no sharing of similar motifs or domains has been identified
(Richter and Ronald, 2000). Resistance genes are members of a very large multigene family,
are highly polymorphic and have diverse recognition specificities (Pryor and Ellis, 1993). The
cloned resistance genes were grouped into five classes, based on the predicted protein structure
(Song et al., 1997).

The first class includes the tomato gene Pto, which confers resistance to Pseudomonas
syringae pv. The gene tomato encodes an active serine/threonine kinase that plays a direct role
in both signaling processes and pathogen effectors (Tang et al., 1999; Anderson et al., 2006).

Regarding the second class, the common feature is the presence of leucine-rich re-
peats (LRRs) which play a direct role in protein-protein-specific recognition events; a nucle-
otide-binding site (NBS) that is usually involved with signaling molecules in programmed
cell death and a leucine zipper or a coiled-coil (CC) sequence, involved in signal transduc-
tion during various cell processes. R-genes of this class could be found in many plants as
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Arabidopsis thaliana (Rps2, RPPS, RPP13, and Rpml), rice (Pib, Pi-ta and Xal), tomato
(Prf, 12, Mi, and Sw35), and potato (Hero) R-genes (Mindrinos et al., 1994; Whitham et al.,
1994; Grant et al., 1995; Lawrence et al., 1995; Bent, 1996; Salmeron et al., 1996; Ori et
al., 1997; McDowell et al., 1998; Milligan et al., 1998; Yoshimura et al., 1998; Wang et al.,
1999; Bittner-Eddy et al., 2000; Bryan et al., 2000; Brommonschenkel et al., 2000; Ernst et
al., 2002; Rehmany et al., 2005).

The third class includes proteins similar to those described for the second class (often
both types are classified together in a single gene class), but instead of a CC sequence at the
amino terminal region (Meyers et al., 1999) these proteins have a TIR (Toll interleukin-1 recep-
tor domain), including the genes L (Lawrence et al., 1995), and P (Dodds et al., 2001) of flax;
RPPI (Botella et al., 1998), RPP4 (van der Biezen et al., 2002), RPP5 (Parker et al., 1997),
and RPS4 (Gassmann et al., 1999) of A. thaliana, and N (Whitham et al., 1996; Mestre and
Baulcombe, 2006) of tobacco. The TIR domain is also present in animals and is believed to be
absent in monocotyledonous plants (Ellis and Jones, 2000), but it has been shown to be present
in all dicotyledonous taxa studied to date.

A fourth class of resistance genes is represented by the tomato Cf gene family (Cf2,
Cf4, Cf5, and Cf9), which mediates resistance to the fungal pathogen Cladosporium fulvum
(Jones et al., 1994; Dixon et al., 1996; Kruijt et al., 2005). This gene encodes a putative mem-
brane-anchored protein (TM, transmembrane domain) with the LRR motif in the presumed
extracellular domain and a short C-terminal tail in the intracellular domain.

The fifth class is represented by the rice gene Xa2/ (Song et al., 1995; Wang et al.,
1996) which encodes an extracellular receptor-like kinase, including also a TM, LRRs and an
intracellular serine/threonine kinase domain. Thus, the structure of Xa2/ indicates an evolu-
tionary link between different classes (I and I'V) of plant disease resistance genes (Song et al.,
1997; Xu et al., 20006).

There is yet a sixth class, which encodes genes of the reductase group with no con-
served domains as cited above. This class is represented by the maize Hm/ gene, which confers
resistance against the toxin produced by the fungus Cochliobolus carbonum (Johal and Briggs,
1992) and Mlo from barley, a putative regulator of defense against Blumenaria graminis (Pif-
fanelli et al., 2002).

Previous evaluations have shown that the automatic annotation of R-genes may lead to
redundancy and wrong classification of R-genes (Meyers et al., 1999). In the present paper, we
used 30 complete sequences of previously described R-genes as template and propose a new
approach for unambiguous identification and classification of R-gene candidates in plants.

Further important questions regarding the present study include: How many R-genes
can be identified in the SUCEST database? Do they correspond to the known R-gene classes
with the same combinations of conserved domains? Are they preferably similar to other Poa-
ceae (e.g., rice, wheat, maize) available sequences in databases? In which tissues are they
expressed in non-induced conditions? Considering the allopolyploid and hybrid origin of the
sugarcane genome, can one expect a larger diversity of alleles regarding the expressed resis-
tance genes as compared with diploids such as rice, maize and Arabidopsis? The present study
attempts to bring to light some of these open questions using a data mining-based analysis of
plant disease R-genes in the SUCEST database, as compared with available information from
other plants deposited in public databases.
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MATERIAL AND METHODS

The sugarcane ESTs used in the present study are available in Genbank (NCBI, Na-
tional Center for Biotechnology Information, www.ncbi.nih.gov/). The clusterized ESTs are
available at www.biotec.icb.ufmg.br/sucest. Information regarding the 26 libraries that con-
stitute the SUCEST libraries, including experimental conditions and pipeline routines have
been described before (Grivet and Arruda, 2001; Vettore et al., 2001). For practical purposes
we combined some libraries that comprised different stages of the same tissue/organ (AM1
and AM?2 are designated here simply “AM?”, for example), resulting in a total of 13 libraries
(AD: tissues infected by Gluconacetobacter diazotroficans; AM: apical meristem; CL: callus;
FL: flower; HR: tissues infected with Herbaspirillum rubrisubalbicans; LB: lateral bud; LR:
leaf roll; LV: leaves; RT: root; RZ: stem-root transition; SB: stalk bark; SD: seeds; ST: stem)
considered for a better evaluation of the results of the present study.

For the identification of sugarcane R-genes, a search was carried out using sequences
of known R-genes selected from the literature against the SUCEST database (see Attachment I
in Appendix). Members of the sixth class (reductases) were not included in the present evalu-
ation. The genes selected included 27 R-genes previously compiled by Barbosa da Silva et
al. (2005) including all five gene classes previously described. To this study, we added three
sequences, namely the genes Pi-ta and Pib from rice and RPM] from A. thaliana (accession
numbers AAK00132, BAA76282 and AC016827 19, respectively) all belonging to the second
class (LRR-NBS) described before.

For the identification of R-genes, tBLASTn alignments were carried out against
SUCEST database using the 30 seed sequences described above. After this search, sugarcane
sequences that were found to match R-genes with a cut-off of ¢2° were used for a homology
screening of R-genes in Genbank (NCBI) using BLASTx (Altschul et al., 1990). The cluster
frame of the tBLASTn alignment was used to predict the open-reading frames (ORFs) for each
selected cluster.

A second general analysis using a cut-off of ' was also carried out followed by an
elimination of some redundancies (genes that matched more than one gene class due to com-
mon domains). For this purpose, matching clusters to each query sequence were annotated on
a local database (called ‘non-redundant’). Cluster name was adopted as primary key in order to
identify and prevent inclusion of the same cluster in different gene classes due to the presence
of common domains.

Exclusively in the case of the third class of R-genes (LRR + NBS + TIR), an additional
tBLASTn search was carried out using only the TIR domain to confirm its presence/absence in
sugarcane. Sugarcane clusters were translated using the TRANSLATE tool of Expasy (http://
us.expasy.org/) and screened for conserved motifs with the aid of the RPS-BLAST CD-search
tool (Altschul et al., 1990). Multiple alignments with CLUSTALX program allowed the structural
analysis of the sequences including conserved and diverging sites as well as the elimination of
non-aligned terminal segments. For each R-gene class, one resistance gene (Pto, Xal, Cf, and
Xa21, respectively) was selected to perform a phenetic UPGMA (unweighted pair groups method
using arithmetic averages) analysis using a bootstrap function with 1,000 replicates. For this
purpose CLUSTALX alignments were submitted to the program MEGA (Molecular Evolutionary
Genetic Analysis), version 3, for Windows, kindly provided by the authors (Kumar et al., 2004).
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The resulting dendrogram was created with the program TreeView for Windows (Page, 1996)
kindly provided by Dr. Robert Page (University Glasgow, Scotland).

A preliminary analysis of R-gene distribution patterns in sugarcane libraries was veri-
fied by direct correlation of the frequency reads for each cluster in various SUCEST cDNA
libraries (Figure 3, see Results).

To generate an overall picture of R-genes expression patterns in sugarcane, a hierarchical
clustering approach (Eisen et al., 1998) was applied using normalized data and a graphic repre-
sentation constructed with the aid of the CLUSTER program. Dendrograms including both axes
(using the weighted pair-group for each gene class and library) were generated by the TreeView
program (Eisen et al., 1998). In the diagrams (Figure 4, see Results), yellow means no expression
and red all degrees of expression. This approach was previously employed by other plant EST
projects such as in rice (Ewing et al., 1999) and also in sugarcane (Lambais, 2001).

RESULTS AND DISCUSSION

Using 30 well-known R-genes as template, we could identify 196 clusters in SUCEST
database bearing the complete expected domains. Considering the identity of these genes with
the queries, a total of 151 clusters could be identified as non-redundant while 45 other se-
quences aligned with more than one R-gene used as query (Table 1).

The use of several previously described and sequenced R-genes as seed sequences
proved to be a useful and low time consuming strategy in the search for R-gene candidates in
plants. This approach allowed the identification of a large set of candidate sequences by using
various representative genes per class, while former studies (e.g., Koczyk and Chelkowski, 2003)
employed few genes. Previous studies have shown that using only domains or few genes as tem-
plate per class resulted in double grouping of some genes in different classes and caused some
level of redundancy (Meyers et al., 1999). In other cases, a higher stringency had to be used (e
or less) resulting in the exclusion of important gene candidates (Rossi et al., 2003). For example,
the kinase domain (present in classes [ and V) or the NBS domain (present in classes II and III)
often leads to the generation of mixed grouping. Furthermore, the imperfect nature of the LRR
domain alone may bring about some problems regarding automatic annotation and classification,
showing that this domain is not adequate for this purpose (Barbosa da Silva et al., 2005). Thus,
the strategy of generating a local database (here called non-redundant) by adopting the cluster
number as a primary key register was very effective in the solution of this problem, helping in the
recognition, classification, elimination of duplicates, and inferences about candidates of ortho-
logs and paralogs. We recommend this procedure for the future development of tools specific for
R-gene automatic annotation, quantification and classification.

By lowering the cut-off value (from €2 to e'° during tBLASTn), an additional 84 R-gene
clusters could be identified in the sugarcane transcriptome, but many showed only partial se-
quences or incomplete domains. Altogether, this means that sugarcane encodes a significant
number of transcriptionally active R-genes (at least 280) with considerable allelic diversity.
This number is much higher than the 88 sugarcane sequences identified for the development of
resistance gene analog markers by Rossi et al. (2003). The authors used key word search and
17 resistance gene analog-related seed sequences with a stringent BLASTn cut-off (e*°). Many
important sequences bearing complete domains have been excluded using this approach, which
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is justified by some needs for use in comparative in silico mapping, the main focus of this study.
Despite the undoubted identification of R-genes using this approach, no overall picture of R-
gene abundance and diversity within an EST database is possible by using this procedure.

It is interesting to note that only two of the 26 sugarcane libraries were obtained under
influence of microorganisms (tissues infected by Gluconacetobacter diazotroficans and tissues
infected with Herbaspirillum rubrisubalbicans) and that none of them are pathogenic but on
the contrary, are symbiotic organisms. With exposure to pathogen, the number of genes will
probably increase and one may suppose that additional sequences may be identified.

Clusters representing exclusive R-gene classes were: I) kinase: 92; II) LRR-NBS-CC: 62;
IV) TM-LRR: 27, and V) kinase-TM-LRR: 15. Clusters that aligned with R-gene classes II and 111
(TIR-NBS-LRR) showed only CC, NBS and LRR domains (no TIR domain) and were therefore
included in group II, since the presence of TIR is the distinctive factor between the two classes.

The prediction of cluster-coding regions revealed that ORFs were oriented in both
forward and reverse reading frames, with an average of 394 amino acids in length. ORF sizes
varied from 992 (cluster SCCCLR1001A03.g of the LRR class) to 102 amino acids. Regarding
the average ORF length in each R-gene class, we observed 380 amino acids for class I (kinase),
262 amino acids for class II (LRR-NBS-CC), 492 amino acids for class IV (TM-LRR), and 442
amino acids for class V (kinase-TM-LRR) (Figure 1).

Virus Bacierias Nematodes
| 1@y S
pathogens G}'_‘ ”, i
N\ e d
B products of the avirulence (avr) genes in -
the pﬁthdgen
Domans | - = . “'~.-.'q_l!:"_v)_;_ ‘;{_ii._\ o e A n
ad | l ™ AN, " AT ~
subcelular I | NBS HBS { \
A Enase 1
pcsn.on ‘LNR ‘ LRR
Main genes FPto RFSSE, 12, Xat RPM, RPP, N cf Xa21
Class/ I: Kinase Il: LRR-NBSLCC lIl: LRR-NBS-TIR IV: TM-LRR V: Kinase-TM-LRR
Do
- B PP e ) EEEm)))
Mo of
cluskers 92(92) 62(120) none 27 (41) 15 (27)
Wedum 1140 nt 786 nt . 1746 nt 1326 nt
cluger size
Wedum 380aa 262aa - 492 aa 442 aa
ORF sz=

Figure 1. Representation of main R-gene classes considering the presence of conserved domains, from SUCEST
database. For each class, domains are represented with their putative subcellular position, as well as number of clusters,
size range of sequence in nucleotides (nt) and of open-reading frame (ORF) in amino acids (aa). Given cluster numbers
were selected using the e cut-off for tBLASTn alignments, while numbers between parentheses indicate clusters
obtained using a less stringent (e'°) cut-off with the same tool. LRR = leucine-rich repeats; NBS = nucleotide-binding
site; TIR = Toll interleukin-1 receptor domain; CC = coiled-coil sequence; TM = transmembrane protein; Class I =
kinase; Class II = CC-NBS-LRR; Class III = TIR-NBS-LRR; Class IV = TM-LRR; Class V = LRR-TM-kinase.
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Most of the 196 clusters that aligned with known R-genes were from the monocoty-
ledonous class (169 clusters), represented by eight different species of the Poaceae family,
with emphasis on rice. From dicots only three families appeared as best matches (27 clusters),
including four different species. A comprehensive inventory of all species that aligned with
sugarcane with their taxonomic affiliation is presented in Table 2.

By lowering the cut-off value from ¢ to ¢'° during tBLASTn alignments, additional R-gene
clusters could be identified in sugarcane (Figure 1), with exception of the kinase group (class I), where
the same number of clusters (92) was identified with both approaches. Considering the remaining
classes, a higher number of clusters could be identified, even though domains were incomplete or
missing in some of them. This is the case of class II (LRR-NBS-CC) where 120 clusters were identi-
fied (instead of 62 previously identified at €2°), similar to class IV (TM-LRR) with 41 instead of 27 and

Table 2. Comprehensive inventory of the organisms identified in Genbank as best alignment to each of the
196 identified sugarcane clusters related to known resistance genes.

Gene class Higher taxonomic affiliation Family Species

Oryza sativa (64)

Monocots (70) Poaceae (70) Zea mays (2)
Class 1 '
Kinase Sorghum bicolor (4)
Brassicaceae (19) Arabidopsis thaliana (19)
Dicots (22) Leguminosae (1) Glycine max (1)
Solanaceae (2) Nicotiana tabaccum (2)
Oryza sativa (41)
Class 11 Zea mays (5)
and Sorghum bicolor (6)
class III Monocots (60) Poaceae (60) Hordeum vulgare (2)
CC/TIR Saccharum hybrid (1)
LRR-NBS Triticum aestivum (2)
Triticum monococcum (3)
Dicots (2) Brassicaceae (2) Arabidopsis thaliana (2)
Oryza sativa (22)
Class IV Monocots (25) Poaceae (25) Zea mays (1)
LRR Sorghum bicolor (2)
Dicots (2) Brassicaceae (2) Arabidopsis thaliana (2)
Oryza sativa (10)
Class V Monocots (14) Poaceae (14) Oryza longistaminata (2)
;Rnalz;: Sorghum bicolor (2)
Dicots (1) Apiaceae (1) Daucus carota (1)
Number
Dicots 27

Grouped by taxonomic affiliation Monocots 169

The organisms are grouped by gene classes (I to V) and taxonomic affiliation (class, family and species). Numbers in parentheses
indicate number of members in each taxonomic group or species.
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class V (kinase-TM-LRR) with 27 instead of 15 (Figure 1). With this lower cut-off the total number of
putative transcribed R-genes in sugarcane increased from 196 to 280.

General considerations about conserved domains of sugarcane R-genes

Some R-genes pertaining to different classes were able to align significantly to the
same cluster on SUCEST database, an occurrence also observed during mining of the Eucalyp-
tus transcriptome (Barbosa da Silva et al., 2005), probably because known R-genes combine a
limited number of related functional domains (Ellis et al., 1999).

The conserved domains (CDs) identified during this investigation showed that most
of the sugarcane predicted sequences possessed the same motifs shared by previously known
disease R-genes. The CD with the higher level of sampling was kinase, which was present in
class I and class V with a total of 107 occurrences.

The CD search revealed conserved regions (Figure 1) in all of the 196 clusters ana-
lyzed. From the 107 clusters that showed the kinase domain, 92 of them matched the Pfo gene
(class I) while 15 matched the Xa21 gene (class V).

The NBS domain was present in 62 clusters in sugarcane (120 with cut-off of 7).
After a search with genes encoding class III (LRR-NBS-TIR), only non-TIR sequences match-
ing with class II (due to the common NBS domain) could be identified. Also, no significant
matches were found after tBLASTn search using exclusively the TIR domain.

NBS domain is highly conserved among plants and is similar to that in mammalian
CED-4 and APAF-1 proteins which are involved in apoptosis (Chinnaiyan et al., 1997), with
the additional proposition that NB-ARC plays a role in the activation of downstream effectors
(Bryan et al., 2000). Transmembrane motifs were found only in 19 of all analyzed sequences,
where 14 were related to Cf gene and five to Xa2l.

The other frequent domain shared was LRR, matching 104 occurrences in 77 different
clusters in all classes except kinase (class I) represented by the Pfo gene. LRR can act as a recep-
tor to recognize the avr proteins, as in Cf (27 clusters) and Xa2/ (15 clusters) or can be intracel-
lular, like in class II of R-proteins (62 clusters). The LRR motif contains 23-25 amino acids with a
consensus sequence (LxxLxxLxLxxNxLt/sgxlpxxLG), but this pattern is often imperfect (Jones,
2001) and may be difficult to recognize with available in silico tools. Thus, it is possible that a
larger number would be recognized with a lower cut-off and additional manual search.

Class I: Pfo-like R-genes (solely kinase domain)

The first class includes the tomato gene Pfo, which confers resistance to Pseudomonas
syringae pv. tomato. In tomato, Pto has been described as a small gene. The ORF consists of
963 nucleotides, it has no introns, and encodes a functional serine-threonine kinase (Loh and
Martin, 1995). A total of 52 alleles of this gene were found in a search including seven Ly-
copersicon species, bearing 41 variant amino acid positions among these alleles (Rose et al.,
2005). Ninety-two clusters of sugarcane showed highly significant alignments to the Pfo seed
sequence used (accession 2112354 A). The size of the clusters varied between 1926 and 759 nt
with ORFs from 642 to 253 amino acids (Table 1, Figure 1), indicating that gene size within
this class may vary significantly.
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In the sugarcane transcriptome, no redundancy was observed between this class and the
Xa2l class, which also contains a kinase domain. This is in accordance with the observations of
Vallad et al. (2001) who used bootstrap analysis to determine that five Pto-like kinase families
from bean were distinctly different from other kinases. They also found that Pfo-kinase subdo-
mains Vla, VIb, VIII, and IX of the Pto-like class are unique in plant species. This conservation
is confirmed by the fact that sugarcane genes of this group aligned to 92 sequences deposited in
the Genbank (both cut-offs, e’ and %), 22 of them being from dicots (Table 2).

Classes II and I1I: sugarcane clusters bearing NBS-LRR and NBS-LRR-TIR domains

There is evidence showing that R-genes are quite abundant in higher plants, but the
most functionally defined R-genes belong to the NBS-LRR class (here including classes II and
III for a better understanding of their common and distinctive attributes), considered also the
largest class of plant disease R-genes.

Unlike in 4. thaliana and other dicots, the NBS-LRR gene class coding for a TIR do-
main has been shown to be absent in all the monocots studied although mainly members of the
Poaceae family have been analyzed. Most cereal genes are similar in structure to the members
of the non-TIR class of dicots, although many do not code for a CC domain in their amino
termini (Bai et al., 2002).

A total of 85 TIR-NBS-LRR have been identified in 4. thaliana genome (The Arabidop-
sis Genome Initiative, 2000) and 93 in Eucalyptus transcriptome (Barbosa da Silva et al., 2005).
The availability of the rice whole genome sequence enabled the global characterization of NBS-
LRR genes, revealing that this crop carries about 500 NBS-LRR genes (at least three to four times
the complement found in 4. thaliana). Over 100 of these genes were predicted to be pseudogenes
in the rice cultivar Nipponbare, but some of these were functional in other rice lines. In rice, over
80 other NBS-encoding genes were identified that belonged to four different subclasses, but only
two of which are present in dicotyledonous plant sequences present in databases (Monosi et al.,
2004). Zhou et al. (2004) considered that 76% of all gene families with a 5-fold size are larger in
rice as compared with 4. thaliana. In the sugarcane transcriptome, this class was represented by
62 clusters bearing complete domains selected with a cut-off of ¢2°, while 120 clusters could be
identified with a lower cut-off (¢''%) (Figure 1). Considering the allopolyploid and hybrid nature of
sugarcane and also that no libraries under pathogen induction are available in the SUCEST data-
base, an increase in the number of NBS-LRR sequences is expected under different experimental
conditions, possibly more than rice which has a smaller genome and is diploid.

In sugarcane as in rice and other cereals, only non-TIR sequences matching NBS-LRR
R-genes could be identified. No significant matches were found also after tBLASTn search
using exclusively the TIR domain. This result confirms previous assumptions that the TIR
domain (also present in animals) may be absent in monocotyledonous plants (Ellis and Jones,
2000) such as Poaceae, while being present in all dicotyledonous taxa studied to date. There-
fore, it has been suggested that the TIR domain may have been lost in the course of differential
evolution between mono- and dicotyledoneous plants (Pan et al., 2000).

As in rice, most alignments in sugarcane using class I genes also occurred with mono-
cots including only two sequences significantly homologous to dicot sequences deposited in da-
tabases (Table 2), both from 4. thaliana. Exceptionally, this is not the most abundant R-gene class
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found in the SUCEST database when we consider the most stringent procedure (cut-off e2°), with
only 62 sequences included in this group versus 92 Pfo-like sequences that bear exclusively the
kinase domain (Figure 1). A more permissive e-value (cut-off ¢'°) allowed the identification of
120 clusters of the NBS-LRR class, almost double the number identified previously, while in the
case of the Pto-like sequences (kinase domain) the same number of clusters (92) was revealed in
both approaches. Previous researchs identified that overall sequence homology among R-genes of
the NBS-LRR class is lower than in the kinase class. On the other hand, the NBS contains some
sequence motifs, such as P-loop, kinase-2, kinase-3, and GLPAL, that are highly conserved even
among distantly related plants (Hammond-Kosack and Jones, 1996). The wide distribution of
NBS-LRR genes in the plant kingdom and their prevalence in both monocots and dicots indicate
that they are ancient. This was confirmed by Liu and Ekramoddoullah (2003) who amplified TIR-
NBS-LRR in gymnosperms (Pinus monticola, white pine) confirming that they share a common
origin with R-genes from angiosperms. Thus, to identify the whole diversity of class II genes, low
stringency alignments are advisable.

In the present study, the low number of dicots with best alignments regarding this class
of gene may be explained by the imperfect nature of the LRR domain, not always recognizable
with available in silico tools.

Class IV: Cf-like R-genes (TM-LRR domains)

Genes of the Cf family mediate resistance to the fungal pathogen Cladosporium ful-
vum in tomato. They encode a putative membrane-anchored protein (also named TM) with the
LRR motif in the presumed extracellular domain and a short C-terminal tail in the intracellular
domain (Jones et al., 1994; Dixon et al., 1996).

In our study, 25 clusters displaying best matches with this protein belonged to mono-
cots while only two matched to dicot (4. thaliana) sequences (at ¢?°). All selected clusters
possessed the putative TM-LRR domains. Central for this model for Cf protein function is the
concept that the highly variable regions within the LRRs are responsible for the recognition of
pathogen-encoded avirulence determinants either directly or indirectly through some co-recep-
tor (Dixon et al., 1996). The LRR domains are known to play a role in protein-protein interac-
tions. In tomato, the size of these sequences varied between 968 and 855 amino acids (Dixon et
al., 1996), while ORFs identified in sugarcane varied between 992 and 614 amino acids.

As observed in the NBS-LRR group, also in the Cf-related genes, the number of puta-
tive related clusters is increased to 41 when the cut-off value is €' (as compared with 27 clus-
ters with stringent e conditions). It seems that also in this case the imperfect nature of the
LRR domains makes it difficult to identify sequences of this group, and additional mining is
needed since under stringent conditions new variants may be not recognized. On the other
hand, permissive conditions often result in redundancies that may lead to the classification of
the same cluster in different gene classes.

Class V: LRR-TM-kinase (Xa2I-like R-genes)

The structure of this class indicates an evolutionary link between classes I and IV of
R-genes presented here (Song et al., 1997). Overall annotation revealed that Arabidopsis also
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carries homologues to the LRR-kinase-Xa2/ group (Jones, 2001), while eight clusters with
significant homology to Xa2! were also found in distantly related woody dicots as in the case
of the Fucalyptus transcriptome (Barbosa da Silva et al., 2005).

In the present evaluation, 15 of the clusters analyzed corresponded to this class with high
e-values, but this number will probably increase if only the receptor-like kinase sequence is used
as template, since the LRR may be quite variable between sugarcane and rice. Regarding the best
alignments, one of the best matches revealed LRR-kinase of carrot (a dicot from the family Apia-
ceae) and 14 of monocots (all belonging to Poaceae with 10 rice sequences; Table 2).

Using a PCR-based approach, Song et al. (1997) cloned seven Xa2/ members in rice
and found the presence of 15 transposable element sequences, two of them in coding sequences,
confirming the influence of such sequences in the evolution of these genes. Whole sequenc-
ing in the rice genome revealed this class of genes in two chromosomes: in the short arm of
chromosome 12 (including 12 tandem arrays of Xa2I-like sequences), while the first described
sequence for this gene was found on the long arm of chromosome 11 (The Rice Chromosomes
11 and 12 Sequencing Consortia, 2005). According to these authors both regions are full of
defense-related genes, confirming the clusterized organization of these sequences in chromo-
somes. These results reveal that the number of Xa2/ representatives in rice (13) is lower than
that found in the sugarcane transcriptome in non-induced libraries (15), suggesting that they
are probably still more abundant in sugarcane, including some of the largest contigs included
in our evaluation (up to 2184 bp).

Exceptional R-genes have proven to provide durable disease control, due to the fast
evolving pathogen genome that breaks resistance. The Xa2/ gene is an important exception
to this rule that reveals the full potential of R-genes for breeding purposes (Rommens and
Kishore, 2000). This may be very valuable for sugarcane breeding, especially considering the
possibility of pyramidization of such genes in important crops, increasing the potentiality of an
effective specific R-Avr interaction.

Bootstrap analysis of selected R-gene groups

The phenetic UPGMA bootstrap analysis revealed grouping between monocots and
dicots in most dendrograms considering the four genes used as template (Pto, Xal, Cf9, and
Xa2l). In all cases, sugarcane R clusters appeared in two or more clades within each dendro-
gram. Also, grouping of species belonging to different taxonomic families was observed in all
cases (Figure 2).

Sometimes, best alignments matched to O. sativa, as in the case of Pro and CfY groups
(Figure 2A), but in all cases where Sorghum bicolor sequences were available they showed
the best matches, as seen with the Xal and Xa21 groups (Figure 2B,D). On the other hand, in
all four evaluations, some sugarcane clusters displayed lower levels of similarity, and in three
cases (Pto, Xal and CfY) a sugarcane cluster was the most divergent, remaining in a basal posi-
tion in the cladogram that included sequences from mono- and dicotyledoneous plants. This
makes it clear that sugarcane bears a high allelic diversity of R-genes, also considering that the
present study did not include libraries obtained under conditions of pathogen stress.

It is interesting to note that all trees grouped species pertaining to different plant fami-
lies as expected, since phenetic analysis considers only similarity aspects, not evolutionary.
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These groupings confirm that R-genes, including these four chosen for the phenetic analysis,
appeared before divergent evolution of monocots and dicots.

Distribution of expressed sequence tags in the SUCEST libraries

Considering the distribution of the 2108 reads (contained in the 196 clusters selected)
in the 13 libraries analyzed, a higher prevalence could be observed in flower (FL, 28%), stem-
root transition tissues (RZ = 12.47%) and apical meristem (AM = 12%). One would expect to
find higher levels of expression in root (RT), since this is the main entrance for many patho-
genic bacteria, fungi and nematodes. Considering both libraries, RT and RZ tissues together
included 18% of the R-genes expressed. Keeping in mind that the tissues had been cultivated
under controlled non-stress conditions, one may suppose that these results represent R-genes
that are regularly expressed in root and root to shoot tissues.

Surprisingly, a higher prevalence of R-genes could be detected in growing tissues,
such as AM leaf roll (LR) and lateral bud (LB), which altogether comprised 24% of the ex-
pressed R-genes. If we consider also flower libraries (that included five different early stages
of development) as young/growing tissues, 46% of the expressed R-genes annotated here were
expressed within this group (Figure 3A). Otherwise, FL libraries together comprised 63,774
reads (26.8% of all SUCEST reads), which may explain the presence of some clusters compris-
ing reads mainly from FL libraries.

The lowest prevalence of reads representing R-genes was observed in leaves (LV, 1%),
tissues infected with H. rubrisubalbicans (HR, 2%), callus (CL, 4%) and seed (SD, 4%) librar-
ies, respectively (Figure 3A,B).

Striking differences could be observed between the prevalence of R-genes in the two
libraries obtained under influence of microorganisms (tissues infected by G. diazotroficans
and with H. rubrisubalbicans). While the first showed a significant presence of R-genes (7%)
identified among the 18,144 reads sequenced (7.6% of all SUCEST reads), the second (that
comprised 12,000 reads/5% of all SUCEST reads) had one of the lowest (2%) levels of ex-
pressed R-genes. Both libraries (AD1 and HR1) were constructed with plantlets inoculated
with G. diazotroficans or H. rubrisubalbicans, which are endophytic nitrogen-fixing bacteria
that naturally colonize sugarcane tissues (Lee et al., 2000).

The association of endophytic diazotrophic bacteria with plants is quite different than
other nitrogen-fixing associations. Diazotrophic bacteria colonize intercellular spaces and vas-
cular tissues of most organs of the host plant, without causing visible plant anatomical changes
or disease symptoms (Reinhold-Hurek and Hurek, 1998).

It has been described that the endophytic diazotrophs produce plant growth-regulating
hormones, such as auxin (Fuentes-Ramirez et al., 1993), and more recently noted, gibberellin
(Bastian et al., 1998). The mechanisms involved in the establishment of this particular type of
interaction and what kind of molecules mediate signaling between plant and bacteria remain
unclear. In addition, very little is known about the role of the plant in the association. Differ-
ences in the contribution of biological nitrogen fixation to the plant nitrogen balance in distinct
sugarcane cultivars suggest that the plant is controlling, at least in part, the efficiency of the
process (Urquiaga et al., 1992). The plant could control bacterial colonization by sending the
proper signals and/or providing the best physiological conditions for bacterial survival. An-
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other question to be addressed is how the association benefits the plant. The endophytic diazo-
trophs promote plant growth when inoculated into sugarcane plantlets, possibly by supplying
nitrogen and/or plant hormones (Sevilla et al., 2001).
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Figure 3. Prevalence of sugarcane R-genes in the SUCEST libraries. A. General distribution of R-gene clusters in the
SUCEST libraries. B. Prevalence of gene classes in the libraries. Numbers inside columns refer to the percentage of
reads in each library for each R-gene class. Library code: AD: tissues infected by Gluconacetobacter diazotroficans;
AM: apical meristem; CL: callus; FL: flower; HR: tissues infected with Herbaspirillum rubrisubalbicans; LB:
lateral bud; LR: leaf roll; LV: leaves; RT: root; RZ: stem-root transition; SB: stalk bark; SD: seeds; ST: stem.
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Nogueira et al. (2001) evaluated the SUCEST data regarding both libraries, but for
this purpose they pooled both libraries together preventing the identification of distinctive se-
quence classes between the two. Most functional categories identified in the study included
transporters, transcription factors and protein kinases. Our results suggest that the interaction
of sugarcane with each bacterial species was clearly distinctive, indicating that the reaction to
the infection with H. rubrisubalbicans is clearly permissive with a very low level of R-gene
expression, while R-genes seemed to be activated during the interaction with G. diazotroficans.
These results suggest that a comparative analysis of both libraries using non-infected seedlings
as control would reveal different physiological conditions.

Considering the distribution of reads correlated with the classification of R-genes (Fig-
ure 3B), it is clear that reads of class I (with kinase domain) were most abundant in all librar-
ies, followed by class II (LRR-NBS-CC) and class V (kinase-TM-LRR), with exception of FL
library and stalk bark where the third more representative group was class IV (TM-LRR).

On the contrary, leaves - traditionally the main entrance for viral infections - com-
prised only 1% of the sequenced R-genes. Otherwise, one may consider that this was one of
the smallest libraries, comprising only 6342 reads (2.7% of all SUCEST reads). However, all
tissues showed R-gene expression, suggesting that R-genes are overall expressed at low con-
stitutive levels. This is in accordance with the observation of Tang et al. (1999) who detected
a basal Prfo-kinase activity maintained at a low level even when avrPto was not present. In the
presence of the pathogen, Pfo-kinase is immediately available and its abundance immediately
increased. In contrast, Xal (a gene that confers resistance to rice against Xantomonas oryzae
pv. oryzae) mRNA was detected from rice leaves at 5 days after cutting and inoculation of both
compatible and incompatible strains of Xantomonas oryzae pv. oryzae, but was not detected
in intact leaves (Yoshimura et al., 1998). These findings suggest that R-gene expression may
be induced either by the stimulus of wounding involved in the pathogen infection or in tissues
subjected to attacks.

One of the lowest levels of R-gene expression (4%) was observed in in vitro cultivated
calli treated with contrasting temperatures (cold and hot) and alternating dark and light expo-
sure. This low expression suggests that such abiotic stimuli may recruit some responses that
indirectly suppress R-gene expression.

Expression pattern

In silico evaluation of gene expression can be inferred only with normalized differen-
tial display data, an approach that considers reordered data matrices. This method also allows
the identification of clusters bearing similar expression patterns in cDNA libraries, suggesting
that they may be co-regulated in vivo. Lambais (2001) in studying defense-related proteins
(PR-class) in sugarcane, a signal cascade also induced by R-genes, argued that genes with
similar functions or cDNA libraries are expected to have similar patterns of gene expression
and also to cluster together in chromosomes. Classical genetic mapping has demonstrated that
R-genes tend to be clustered in few chromosomes in the genome (Winter et al., 2000; Benko-
Iseppon et al., 2003). In A4. thaliana, they are clustered in two chromosome arms (The Arabi-
dopsis Genome Initiative, 2000), as shown as well in rice (The Rice Chromosomes 11 and 12
Sequencing Consortia, 2005). The same R-genes have been observed clustered and almost in
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the same order in tomato (Ku et al., 2000) and chickpea (Benko-Iseppon et al., 2003), confirm-
ing that gene order and proximity are important for their proper functionality.

In the case of the present analysis, four different approaches (Figure 4) were used to
evaluate sites of expression and patterns of co-regulation of R-genes in sugarcane, consider-
ing the clusters significantly aligned with the genes Xal (Figure 4A), Cf (Figure 4B), Xa2l
(Figure 4C), and Pto (Figure 4D). The prevalence of expression in libraries constructed from
FL tissues is clear for all four groups, with most clusters co-expressing within this library. In
the case of the genes Xal and Cf, the same clusters were also expressed in apical meristems
and stalk bark, while in Xa2/ almost only flower and apical meristem showed significant
expression (Figure 4D).

For CfY and Xa21, an almost complete lack of expression was observed in most librar-
ies (Figure 4B,C), while in the case of Xal, higher expression (2- to 10-fold) could be detected
in most libraries. Pfo analogs represent the most interesting case study in sugarcane, since
many allelic variants of this group could be found. They appeared expressed in all libraries
studied, but a clear prevalence of expression in FL, followed by RZ and also RT could be ob-
served with many clusters co-expressing in these libraries. Also in the case of Pfo-like clusters,
high co-expression levels regarding five sugarcane clusters could be observed in the AD library
(seedlings infected with G. diazotroficans).

The co-expressed clusters presented in Figure 4 represent important candidate sequences
for fine mapping of R-gene-rich linkage groups in sugarcane, especially using primers designed
for conserved flanking sequences which may reside closely in the same linkage group.

It is interesting to note that also after normalized expression analysis of all four select-
ed R-genes, their representation in leaves was very low, suggesting that the level of expression
in this tissue may be low (less than 1% in the case of Xa/ and Pto) or absent (CfY and Xa21).

CONCLUDING REMARKS

Using bioinformatic tools, it was possible to identify and classify R-genes in the sugar-
cane transcriptome, and also to make some inferences regarding their expression pattern under
non-induced conditions. All five classes of R-genes with their respective conserved domains
could be found in sugarcane except the TIR domain which has been found to be absent in all
monocots previously studied.

The 196 identified sequences represent valuable resources for the development of
markers for molecular breeding and development of resistance gene analogs or gene-specific
markers specific for sugarcane and other related cereal crops. The identified clusters constitute
also excellent probes for physical mapping of genes in sugarcane, giving support to genetic
mapping programs and synteny studies. This may be especially useful for a comparative map-
ping between sugarcane and Sorghum, getting around the difficulties of mapping a large and
complex genome as in the case of sugarcane.

The sequences studied probably represent only part of the diversity and number of
R-genes that are present in cultivated sugarcane. It is expected that an evaluation of tissues
under stress conditions induced by pathogen infection would reveal additional information
about R-genes and their expression, especially considering the huge size and complexity of the
sugarcane genome, as compared with most angiosperms.
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Figure 4. Differential display of sugarcane clusters representing selected R-gene classes. A. Graphic representing expression in Xal. B. Cf9. C. Xa2l. D. Pto.
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Yellow means no expression and red means all levels of expression. Library codes: AD: tissues infected by Gluconacetobacter diazotroficans; AM: apical

meristem; CL: callus; FL: flower; HR: tissues infected with Herbaspirillum rubrisubalbicans; LB: lateral bud; LR: leaf roll; LV: leaves; RT: root; RZ: stem-root

transition; SB: stalk bark; SD: seeds; ST: stem.
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Furthermore, it is necessary to manipulate the expression of these genes in economi-
cally important plant species in order to improve disease resistance. Although the field is still
very much in its infancy, some reports indicate that this strategy is feasible.
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