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Abstract

NBS-encoding genes play a critical role in the plant defense system. Wild relatives of crop plants are rich reservoirs of plant
defense genes. Here, we performed a stringent genome-wide identification of NBS-encoding genes in three cultivated and eight
wild Oryza species, representing three different genomes (AA, BB, and FF) from four continents. A total of 2688 NBS-encoding
genes were identified from 11 Oryza genomes. All the three progenitor species of cultivated rice, namely O. barthii, O. rufipogon,
and O. nivara, were the richest reservoir of NBS-encoding genes (214, 313, and 307 respectively). Interestingly, the two Asian
cultivated species showed a contrasting pattern in the number of NBS-encoding genes. While indica subspecies maintained
nearly equal number of NBS genes as its progenitor (309 and 313), the japonica subspecies had retained only two third in the
course of evolution (213 and 307). Other major sources for NBS-encoding genes could be (i) O. longistaminata since it had the
highest proportion of NBS-encoding genes and (ii) O. glumaepatula as it clustered distinctly away from the rest of the AA
genome species. The present study thus revealed that NBS-encoding genes can be exploited from the primary gene pool for

disease resistance breeding in rice.

Keywords NBS genes - NB-ARC domain - NBS-LRR - Genome-wide analysis - Disease resistance - Evolution

Introduction

Plant disease development is a continuous war between plants
and pathogens wherein win by plants results in disease resis-
tance while defeat leads to plant susceptibility. Plant immune
system, evolved and stabilized to protect itself from all types
of pathogens, can be divided into two categories. The
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pathogen-associated molecular pattern (PAMP)-triggered im-
munity (PTI) is the first line of defense activated by flagellin-
or chitin-like pathogen patterns forming the basis of broad-
spectrum resistance. However, to suppress PTI, many patho-
gens produce effector molecules, which help them to infect
plants. To avoid this effector-mediated entry of pathogens,
plants have evolved a second line of immune system,
effector-triggered immunity (ETI) (Liu et al. 2014). When
effector proteins enter the cell, they are encountered by resis-
tance (R) proteins which in turn activate the defense system.
Most of these R proteins are NBS-LRR (nucleotide binding
site-leucine-rich repeats) domains containing proteins, some-
times with TIR (toll and interleukin-1 receptor) or CC (coiled-
coil) motifs at N-terminal (Yue et al. 2012). In these proteins,
the NBS domain is responsible for ATP or GTP binding and
hydrolysis, whereas LRR domains are involved in protein-
protein interaction and binding to pathogen-derived molecules
(Van der Biezen and Jones 1998; Lukasik and Takken 2009).
NBS proteins without LRRs are also found to have role in
defense response (Nandety et al. 2013).

R proteins are abundant in plant species where each gene
is specific to a particular pathogen effector (Li et al. 2010;
Singh etal. 2015; Seo et al. 2016). In dicots, 159 NBS genes
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in Arabidopsis, 333 in Medicago, 459 in grapevine, 54 in
papaya, 228 in cassava, 294 in tomato, 443 in pepper, and
755 in potato have been reported (Guo et al. 2011; Andolfo
et al. 2014; Ameline-Torregrosa et al. 2008; Porter et al.
2009; Lozano et al. 2015). Similarly, in monocots, 129
NBS genes in maize, 245 in sorghum, 239 in brachypodium,
and 330 in poplar are known (Li et al. 2010; Yang et al.
2008). Variation in the number of R proteins within same
species has also been observed due to different parameters,
stringencies, and genotypes used for identification. In all
these species, NBS-encoding genes are found distributed
into large and diverse families which are present in clusters
in the genome (Joshi and Nayak 2013). The structural diver-
sity of NBS gene clusters and development of specific resis-
tance are due to gene duplication, unequal crossing over,
ectopic recombination, and diversifying selection which re-
sulted in rapid NBS gene evolution (Singh et al. 2015). The
number of NBS-encoding genes varies even in closely relat-
ed species. Its number is proportionate neither to genome
size nor to the number of all predicted genes in the genome
of the species. This is due to rapid expansion or contraction
and the speedy structural evolution in these loci caused by
natural selection pressure of quickly changing species-
specific pathogen spectrum (Li et al. 2010).

Wild species of agronomically important crops always re-
main a potential source of unexploited genes and allelic vari-
ations (Sanchez et al. 2014). Since half of the world is depen-
dent on rice for its carbohydrate need, the use of gene
prospecting and allele mining from wild relatives of rice is a
valuable approach for search of superior genes and alleles.
The genus Oryza has two domesticated and 22 wild species
representing the six diploid and four tetraploid genomes
(Vaughan 1994). Many yield-related and biotic and abiotic
stress tolerance genes have been introgressed into cultivated
rice from wild relatives (Nguyen et al. 2013; Ram et al. 2007;
Rahman et al. 2009). Many resistant genes for bacterial blight
resistance (Xa21, Xa23, Xa27, Xa29(t), and Xa38) and blast
resistance (Pi9, Pi40, Pi54of, Pi54rh) are from wild species of
rice like O. nivara, O. rufipogon, O. longistaminata,
O. officinalis, O. minuta, O. rhizomatis, and O. australiensis
(Sanchez et al. 2014; Das et al. 2012; Devanna et al. 2014).
Though comparison of wild rice species based on chloroplast
genomes, domestication, and genome-wide comparison of
AA genome species have been carried out, in-depth identifi-
cation of NBS genes from wild rice species remains unexploit-
ed (Molina et al. 2011; Zhang et al. 2014; Wambugu et al.
2015). With the availability of genome sequences of nine wild
rice species, we carried out the present study to identify all
NBS genes from three cultivated and eight wild rice species
representing three diploid genomes, and analyzed their chro-
mosomal positions, gene clusters on genomes, conservation
among species, species specificity, and evolutionary pattern to
exploit best NBS genes for disease resistance in rice.
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Materials and Methods
Resources

Protein, genomic, and chromosome sequences of the 11 Oryza
species, namely, O. sativa ssp. japonica (cv. Nipponbare),
O. sativa ssp. indica (93-11), O. rufipogon (W1943),
O. punctata (IRGC105690), O. nivara (IRGC100897),
O. meridionalis (OR44), O. longistaminata (IRGC110404),
0. glumaepatula (IRGC105668), O. glaberrima
(IRGC96717), O. brachyantha (IRGC101232), and
O. barthii (IRGC105608), were downloaded from Gramene
(ftp://ftp.gramene.org/ accessed on 09/20/2016) (Table 1). Of
these, O. sativa ssp. japonica, O. sativa ssp. indica, and O.
glaberrima are the cultivated species and the rest eight are
wild relatives of rice (Sanchez et al. 2014). For validation of
the identified genes using PCR, accessions belonging to five
different species were procured from ICAR-National Bureau
of Plant Genetic Resources, New Delhi.

Identification of NBS-Encoding Genes

A methodology was developed to predict the NBS-
encoding genes, based on the previous studies in
Arabidopsis, cassava, and Solanaceae family with few mod-
ifications (Seo et al. 2016; Guo et al. 2011; Lozano et al.
2015; Meyers et al. 2003). Downloaded protein sequences
of'the 11 Oryza species were scanned by HMM search mod-
ule of HMMER v3.0 package (http://hmmer.org/) against
Pfam NBS family (PF00931) (http://pfam.xfam.org/).
Significant hits with £ value threshold of <e ®* were
extracted, aligned, and used to build an Oryza-specific
NBS HMM profile with the “hmmbuild” tool of HMMER
package. All protein sequences were scanned against this
newly built Oryza-specific NBS HMM profile and Pfam
NBS family (PF00931) by HMMsearch (£ value threshold
of <e %) and against Pfam30.0 with InterProScan 5.20 (£
value threshold of <e ™) to identify the “Candidate NBS
genes.” (Jones et al. 2014) The genes present in both the
first list and Candidate NBS genes list were considered the
“Predicted NBS genes” while those present in any one of
these two lists were named as “Putative NBS genes.” The
redundant sequences were removed and the longest iso-
forms were kept for further analysis.

Chromosomal Location of NBS Genes

Chromosome sequences were downloaded from Gramene
(ftp://ftp.gramene.org/) for each of the Oryza species under
study except O. longistaminata and O. meridionalis, as their
chromosome-wise data were not available. For these two
species, the predicted NBS genes were BLAST searched
against the chromosome sequences of O. sativa ssp. japonica


ftp://ftp.gramene.org/pub/gramene/CURRENT_RELEASE/data/fasta/
http://hmmer.org/
http://pfam.xfam.org/
ftp://ftp.gramene.org/pub/gramene/CURRENT_RELEASE/data/fasta/
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Table 1 Number of NBS genes

predicted across the 11 Oryza Oryza sp. Cultivar Genome Genome Total Predicted
species type size (Mb) genes NBS genes
(best isoforms)

O. sativa ssp. japonica Nipponbare AA 374.42 42,132 213

O. sativa ssp. indica 93-11 AA 411.71 40,745 309

O. rufipogon W1943 AA 338.04 47,441 313

O. punctata IRGC105690 BB 393.82 41,060 207

O. nivara IRGC100897 AA 337.95 48,360 307

O. meridionalis OR44 AA 335.66 43,455 97

O. longistaminata IRGC110404 AA 326.44 31,686 269

0. glumaepatula IRGC105668 AA 372.86 46,893 293

O. glaberrima IRGC96717 AA 316.42 33,164 182

O. brachyantha IRGC101232 FF 260.84 32,037 184

O. barthii IRGC105608 AA 308.27 41,595 314

Total 448,468 2688

to predict their possible chromosomal locations. For the rest of
the nine species, the predicted NBS genes were BLAST
searched against the chromosome sequences of their respec-
tive genomes using BLAST 2.3.0+ to obtain their physical
location on the chromosome (Altschul et al. 1990; Camacho
et al. 2009).

Predicting Domain Patterns

Predicted NBS genes were subjected to the CD-search tool
v3.15 at NCBI against Pfam database (http://pfam.xfam.org)
with default parameters to predict all the different domains
present and their pattern of distribution in the gene sequence
(Marchler-Bauer et al. 2011). These results were also used to
confirm the presence of NB-ARC domain in all of the predict-
ed NBS genes.

Sequence Alignment and Phylogenetic Analysis

Predicted NBS genes in the 11 Oryza species were aligned
using ClustalX2.1 and used to construct a phylogenetic tree by
the neighbor-joining method with 1000 bootstrap replicates
(Larkin et al. 2007).

Orthologous, Paralogous, and Species-Specific NBS
Genes

Orthologous and paralogous pairs were detected among the
predicted NBS genes by an “all against all BLAST search”-
based approach with higher identity percentage similar to pre-
vious studies (Hulsen et al. 2006; Heidel et al. 2011; Rawal
et al. 2013). If any two significant hits belonging to two dif-
ferent species had at least 40% identity over 70% of protein
length with a bit score >100 and E value < le 2° and were

bidirectional hits with each other, these were considered an
orthologous pair. Any bidirectional hits from the same spe-
cies with a bit score > 100 and £ value < le >° and at least
75% identity were considered paralogous pairs. These
paralogous pairs were then analyzed at three stringency
levels for ancient to recent duplication events: low strin-
gency (for more ancient duplication, ~40 MYA) where at
least 75% length of the smaller gene is identical to >50%
length of the larger gene of a paralogous pair; medium
stringency (ancient duplication, ~6 MYA) with 85 and
70% identity level; and as high stringency (recent duplica-
tion, ~2 MYA) with threshold of 95 and 80% (Van Zee
et al. 2016). Genes with no orthologous pairs were consid-
ered species-specific NBS genes. Species-specific NBS
genes were compared and BLAST searched against their
respective chromosome sequences to obtain their chromo-
somal location. For visualization of these chromosomal
locations, a chromosome map was generated by
MapChart 2.3 (Voorrips 2002).

Results and Discussion
Sequence Resources

The 11 Oryza species selected for identification of NBS-
encoding genes and their comparisons included O. sativa
ssp. japonica, O. sativa ssp. indica, O. rufipogon,
O. punctata, O. nivara, O. meridionalis, O. longistaminata,
O. glumaepatula, O. glaberrima, O. brachyantha, and
O. barthii, representing three different genomes (AA, BB,
and FF) and four continents (Asia, Africa, Australia, and
South America). From the downloaded protein, genomic,
and chromosome sequences, we could find no direct
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correlation between the number of genes (peptide sequences)
and the reported genome size (Table 1). These results are
similar with earlier finding, where genome size was not cor-
related with the number of NBS genes in gramineous species
(Li et al. 2010). Here, O. nivara had the highest number of
genes (48,360) followed by O. rufipogon (47,441) and
O. glumaepatula (46,893), while O. sativa ssp. indica had
the largest genome (411.71 Mb) followed by O. punctata
(393.82 Mb) and O. sativa ssp. japonica (374.42 Mb). Thus,
wild ancestral species had more number of genes as compared
to the cultigens. Such a pattern could not be observed with
respect to their genome size.

Identification of NBS-Encoding Genes and Their
Confirmation Using Cloned R Genes

HMMsearch followed by InterProScan-based approach
(Fig. S1) was adopted to predict the NBS-encoding genes
employing more stringent criteria as compared to previous
studies to overcome the issues related with irregular qual-
ity of the considered genome sequences (Seo et al. 2016;
Guo et al. 2011; Lozano et al. 2015; Meyers et al. 2003).
A total of 3334 candidate NBS genes were identified
across the 11 Oryza species against Oryza-specific
HMM for NBS domain at £ value threshold of <e ®°
(Table S1). Of these, 2688 qualified as the predicted
NBS genes (Table 1, Table S1). The number of predicted
NBS-encoding genes had no direct correlation with the
total number of genes in the respective Oryza species.
O. barthii had the highest number of NBS-encoding genes
(314) followed by O. rufipogon (313), O. sativa ssp.
indica (309), and O. nivara (307). It was interesting to
note that indica, the most important cultigen and subspe-
cies, almost had the same number of NBS genes as that of
its progenitor species, O. rufipogon and O. nivara, while
the other subspecies, japonica, had lost nearly one third of
the NBS genes. An earlier BLAST-based identification of
R genes in three Oryza species reported japonica to have
the maximum number of R genes (786) followed by
indica (672) and brachyantha (251) with majority of them
(45 to 51%) belonging to LRR category (Singh et al.
2015). The selection criteria employed in their study
was keyword/phrase-based one as against the more com-
prehensive bioinformatic approach used in our study fo-
cusing only on NBS genes. Though we expected wide
variation in the fraction of NBS genes as against the total
number of genes across the rice species (Table 1 and
Table S1), owing to the stringent criteria used by us for
predicting them, the variation was minimal, ranging from
0.22% in O. meridionalis to 0.85% in O. longistaminata
with intermediates like O. punctata (0.50%). This is quite
comparable with the findings in other organisms like
Arabidopsis (0.81%) (Meyers et al. 2003), Manihot
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esculenta (1.06%) (Lozano et al. 2015), Medicago
truncatula (0.65%) (Ameline-Torregrosa et al. 2008),
poplar (0.91%) (Tuskan et al. 2006), grape (1.75%)
(Jaillon et al. 2001), sorghum (0.18%) (Cheng et al.
2009), and papaya (0.22%) (Porter et al. 2009).
Moreover, the results suggested contraction in the number
of NBS-encoding genes from the AA genome species
(314 to 269 genes) with exceptions of two cultivated spe-
cies, O. glaberrima (182) and the subspecies japonica
(213) and a wild relative O. meridionalis (97) to BB ge-
nome, O. punctata (207 genes) and to FF genome,
O. brachyantha (184 genes).

The quality of the nucleotide sequences and their extent
of coverage of the whole genome in each species could
also have contributed to the differences in the gene predic-
tion among them. Since we have used protein sequences
for gene prediction in the study, such discrepancies might
have still crept in. However, we expect stringent criteria
used by us for the identification of NBS-encoding genes
would have taken care of the poor quality though not of
coverage. To ascertain this and to add biological signifi-
cance to the study, we randomly selected 19 of the avail-
able cloned, characterized, and mapped rice R genes and
downloaded their respective sequences from NCBI
(Sharma et al. 2012; Tanweer et al. 2015). Among the
predicted 2688 NBS-encoding genes identified in the
study, we found hits for all of them in one or more species
except Pi21, which was the shortest one (266 amino acids)
among the selected R genes (Table 2). Nine genes were
found to be present in all the 11 species while one of them
was absent in O. glaberrima (Pid2) and eight of them were
missing in O. meridionalis.

Chromosome-Wise Distribution of NBS Genes

Of the 2688 predicted NBS genes, the maximum number of
genes was located on chromosome 11 (591) followed by
chromosomes 12 (312), 8 (280), and 1 (245) (Fig. 1,
Table S2). Chromosomes 11 and 12 harbored the highest
number of NBS genes in O. barthii while chromosome 8
and chromosome 1 had the highest number in O. rufipogon
and indica subspecies, respectively. Across all the species,
NBS genes were unevenly distributed among all 12 chro-
mosomes but with relatively high density, ranging from
17.80% (in indica) to 24.41% (in japonica), on chromo-
some 11. Relatively fewer NBS genes were present on chro-
mosomes 7, 3, 5, 9, and 10 across all the species studied.

Domains and Domain Pattern Prediction in NBS Genes
Domains and their patterns were detected for each of the

predicted NBS-encoding genes by the CD-search tool
against Pfam database (Fig. 2). Different combinations of
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Table2  Confirmation of the NBS-encoding genes predicted in the study using 19 cloned and characterized rice R genes through BLAST search
S. no. Identified from Amino Domains BLAST search result
Gene Indica (I) or Chromosome acid with 2688 predicted
Japonica (J) length NBS-encoding genes
1. Pi2l J 266 No domain predicted No hits found
2. Pi-kh I 11 330 LRR 3 Hits in all 11 species
3. Pid-2 I 6 845 Pkinase Tyr-Pkinase Hits with all except
Oryza glaberrima
4. Pid3 I 6 924 RX-CC_like-LRR_3-NB-ARC-LRR-LRR Hits in all 11 species
8
5. Pita J 12 928 AAA _16-P-loop NTPase-NB-ARC Hits in all 11 species
6. Pit J 1 989 RX-CC _like-NB-ARC-LRR-LRR 8-LRR Hits in all 11 species
3
7. Pi-2 I 6 1032 RX-CC_like-NB-ARC-AAA _16-P-loop Hits with all except
NTPase Oryza meridionalis
8. Pi9 I 6 1032 RX-CC_like-NB-ARC- Hits with all except
Oryza meridionalis
9. Piz-t J 6 1033 RX-CC_like-NB-ARC-AAA_16-P-loop_ Hits with all except
NTPase Oryza meridionalis
10. Pi36 1 8 1056 RX-CC like-LRR 3-NB-ARC Hits in all 11 species
11. Pi5 J 9 1063 NB-ARC-LRR 3-LRR-LRR _RI-LRR 8 Hits in all 11 species
12. Pia J 11 1116 RX-CC_like-NB-ARC-AAA_22-P-loop_ Hits in all 11 species
NTPase-LRR-LRR 8
13 Pile-p J 11 1142 RX-CC_like-NB-ARC-LRR-LRR 8 Hits with all except
Oryza meridionalis
14. Pi-k J 11 1143 RX-CC_like-LRR 3-NB-ARC-LRR-LRR Hits with all except
8 Oryza meridionalis
15. Pikm J 11 1143 RX-CC like-LRR 3-NB-ARC-LRR-LRR Hits with all except
8 Oryza meridionalis
16. Pib J 2 1251 RX-CC_like-NB-ARC-AAA _16-P-loop Hits with all except
NTPase-LRR_3 Oryza meridionalis
17. Pi37 J 1 1290 NB-ARC-LRR-LRR 8 Hits in all 11 species
18. Pis-h I 1 1290 NB-ARC-LRR-LRR_8 Hits in all 11 species
19. Pbl J 11 1296 RX-CC_like-NB-ARC Hits with all except

Oryza meridionalis

domain patterns were observed and about 60% of these
genes (1616) included at least one or other of the three do-
mains viz., “AAA,” “LRR,” and “P-Loop NTPase” besides
NB-ARC domain. In some predicted NBS genes, additional

domains such as “jacalin,

Fig. 1 Chromosome-wise
distribution of predicted NBS
genes. Sequences of predicted
NBS genes in O. longistaminata
and O. meridionalis were aligned
against O. sativa ssp. japonica
chromosome sequences to find
out their distribution and positions
as chromosome-wise data is not
available for these two species
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“WRKY,” “WD40,” “DUF,” and “PPR” were also present.
We classified the 2688 NBS-encoding genes into 10 differ-
ent classes as: NBS, NBS-LRR, LRR-NBS, NBS-X, X-
NBS, X-NBS-LRR, X-NBS-LRR-X, NBS-LRR-X, NBS-
X-LRR, and X-NBS-X-LRR based on the presence or

thioredoxin,” “reductase,”
80 -
——O. barthii ——O. brachyantha
70 —O. glaberrima —O. glumaepatula
——O. sativa ssp. indica ——O. longistaminata
80 O. meridionalis ——O. nivara

—— 0. punctata

O. sativa ssp. japonica

—O. rufipogon

Chromosome Number
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Fig. 2 Showing top 25 domain Start Domain Pattern End No. of

patterns (in respect to genes Genes

following that pattern), 859

irrespective of their copies and 474

position in the genes but in order

of their first occurrence in the SR

genes as determined by the CD- 243

search tool at NCBI. The numbers 162

of genes following that pattern are

shown on the right side. The pat- 148

terns with at least four genes fol- 81

lowing that pattern are shown

here for a total of 2535 genes 48

while 116 patterns for the re- 31

maining 153 genes are available

in supplementary file 3 18
NB-ARC
AAA
LRR

absence as well as its distribution of LRR domain, where X
represented any domain other than the NBS and LRR
(Table S3). More than one fourth of the NBS genes (694
genes; 25.82%) had both NB-ARC and LRR domains
(Excel Data Sheet 1). The distribution pattern observed for
the predicted NBS-encoding and NBS-LRR domain contain-
ing proteins was similar in all 11 Oryza species (Table S4, Fig.
S2). Similar to NBS-encoding genes, NBS-LRR genes also
showed reduction in their number from the AA genome with
60 to 85 genes (with exceptions of 43 genes in O. glaberrima
and 28 genes in O. meridionalis) to 57 genes in BB genome
and 47 genes in FF genome.

Sequence Alignment and Phylogenetic Analysis

For this large and diverse set of all the predicted NBS-encoding
genes in the 11 Oryza species, we performed Multiple
Sequence Alignment (MSA) and tree generation with the soft-
ware like MAFFT and Muscle at CIPRES Science Gateway
(https://www.phylo.org/) but the best representation was
observed with the neighbor-joining (NJ) tree constructed using
ClustalX2.1 with 1000 bootstrap replicates. There were two
main clades in the NJ tree, one smaller clade consisting of O.
sativa ssp. japonica and O. rufipogon and the other larger clade
with the remaining eight species (Fig. 3). This larger clade had
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two sub-clades, one consisting of the Australian (O.
meridionalis) and African (O. barthii) wild species while four
South Asian and an African AA genome Oryza species were
grouped together consisting of the cultivated O. glaberrima and
O. sativa ssp. indica and the ancestral species, O.
longistaminata and O. nivara. The species representing BB
(O. punctata) and FF (O. brachyantha) genomes emerged as
two separate outer clades in the AA genome clade. In our study,
the South American AA genome rice species, O. glumaepatula,
formed a separate clade and thus acted as an out-group. Our
phylogeny results, based on NBS genes alone, were different
from the one obtained by Zhang et al. where the genome-wide
comparison of five AA genome species had the FF genome
wild relative O. brachyantha as an outlier (Zhang et al. 2014).

Had the basis of clustering been strictly domestication
or evolution, through chloroplast genome or genome-wide
markers, we would have expected a clustering that would
reflect the progenitor and descendent relationships, geo-
graphical proximities, and genomic similarities as found
in earlier studies (Sanchez et al. 2014; Molina et al. 2011;
Zhang et al. 2014; Wambugu et al. 2015; He et al. 2011).
We attribute the drastic differences in clustering between
the earlier studies and ours to two major reasons: (1) the
inclusion of O. longistaminata (AA genome) in the present
study which had the highest proportion of NBS genes
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Fig. 3 A guide tree generated by
ClustalX 2.1 based on the
alignment of all the predicted
NBS genes showing the
evolutionary relation between 11
Oryza species

among all the 11 species compared to the study on AA
genome harboring Oryza species (Table 1)(Zhang et al.
2014) and (2) focus on the NBS gene family alone which
would have evolved in response to the pathogen’s presence
and load as against the entire gamut of nuclear or chloro-
plast genomes.(Sanchez et al. 2014; Zhang et al. 2014;
Wambugu et al. 2015)

Our analysis observed similarity with the evolutionary
history of Oryza species in distinguishing the South and
Central American species O. glumaepatula and clustering
the cultivated species japonica and indica along with their
direct progenitor species, O. rufipogon and O. nivara,
respectively.(Khush 1997; Park et al. 2003) Moreover, the
independent clustering of O. sativa ssp. japonica and
O. sativa ssp. indica with closer affinity to their wild varie-
ties, O. rufipogon and O. nivara, by NBS genes strongly
supports diphyletic evolution of the Asian rice species(He
et al. 2011; Park et al. 2003; Second 1982) and challenges
the monophyletic origin or single domestication of the cul-
tivated Asian rice proposed by researchers on the basis of a
single domestication gene, sh4 (non-shattering
gene),(Vaughan et al. 2008) and a set of fragments from
selected chromosomes, 8, 10, and 12.(Molina et al. 2011)
Further, a separate cluster of the Australian O. meridionalis
with the African O. barthii demonstrated the distinctness of
the Australian AA genome wild rice from the Asian wild
and cultivated rice species.(Waters et al. 2012) This is also
consistent with the observations made earlier regarding the
O. meridionalis genome.(Zhang et al. 2014)

. barthii

. meridionalis

. brachyantha

. glaberrima

. nivara

. sativa ssp. indica

. longistaminata

. punctata

. rufipogon

. sativa ssp. japonica

. glumaepatula

Orthologous, Paralogous, and Species-Specific NBS
Genes

Orthologous pairs were detected between predicted NBS-
encoding genes at 40% identity over 70% of protein length,
while 75% identity threshold was used to predict the
paralogous pairs. Out of the predicted 2688 NBS-
encoding genes, 166 genes (6.18%) were species-specific
while the major proportion (93.82%) had orthologs in one
or more Oryza species (Fig. 4, Table 3). A maximum num-
ber of orthologous genes were found in O. barthii (297)
followed by O. sativa ssp. indica (296), O. nivara (291),
and O. rufipogon (284) indicating that the progenitor wild
species of cultivated rice were the most abundant com-
pared to the other wild relatives. The highest number of
orthologous pairs was found between O. barthii-O. sativa
ssp. indica (1247) followed by the pairs of O. rufipogon-
O. sativa ssp. indica (1220), O. rufipogon-O. barthii
(1195), O. rufipogon-0O. nivara (1165), and O. sativa ssp.
indica-0. nivara (1155). These results revealed the robust
orthology between the African and Asian progenitor spe-
cies, though they diverged millions of years ago.(Zhang
et al. 2014; Wambugu et al. 2015) Further, these observa-
tions clearly indicated that O. sativa ssp. indica still retain
advantage over its counterpart japonica and O. glaberrima
by keeping its reservoir of NBS genes rich. Since the num-
ber of NBS genes in O. meridionalis was extremely low, as
expected, all combinations of the lowest number of
orthologous pairs involved O. meridionalis exemplified
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Fig.4 A four-layered circos diagram with the outermost ring showing the
number of genes having orthologs, followed by the number of genes with
paralogs, the number of species-specific genes, and the number of

by O. meridionalis-O. glaberrima (91), O. meridionalis-
O. punctata (113), O. meridionalis-O. sativa ssp. japonica
(123), and O. meridionalis-O. brachyantha (129) (Fig. 4,
Table S5). Thus, O. meridionalis had weak orthology not
only with African and Asian cultivated rice but also with
BB and FF genome Oryza species.

Species-specific gene is an important criterion to identi-
fy novel genes. O. rufipogon (29), followed by other wild
species, O. longistaminata (19), O. barthii (17), O. nivara
(16), and O. punctata (15), had the maximum number of
species-specific NBS genes (Fig. 5). While there were 29
species-specific genes in the wild species, O. rufipogon, the
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orthologous and paralogous pairs between predicted NBS genes, moving
from outermost to innermost ring

cultivated species O. sativa ssp. indica and O. sativa ssp.
Japonica had just 13 and 11 unique genes as the genetic
diversity declined due to domestication. This also suggested
that for disease resistance, the best resources for novel NBS
genes are O. rufipogon, O. longistaminata, O. barthii, and O.
nivara. Interestingly, the South American species
O. glumaepatula had the highest percentage of orthologous
genes with other species (96.25% of predicted NBS genes,
Table 3) with just 3.75% of species-specific NBS genes
(Fig. 5).

A total of 248 NBS genes were predicted as paralogous
genes at 75% identity over 50% length. The number of
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Table 3 Number of paralogous

and orthologous NBS genes Oryza sp. Paralogous genes' Orthologous genes’  Species-specific
between 11 Oryza species (genes having genes’
Low Medium High orthologs in rest
stringency®  stringency®  stringency®  of the species)
(~40) (~6 MYA) (~2MYA)
O. sativa ssp. japonica 26 8 2 202 11
O. sativa ssp. indica 37 10 6 296 13
O. rufipogon 34 6 0 284 29
O. punctata 18 6 2 192 15
O. nivara 22 6 0 291 16
O. meridionalis 0 0 0 87 10
O. longistaminata 32 11 5 250 19
O. glumaepatula 24 4 2 282 11
O. glaberrima 14 0 0 168 14
O. brachyantha 8 2 0 173 11
O. barthii 33 9 4 297 17
Total 248 62 21 2522 166

! Bidirectional hits with bit score > 100 and E value < 1¢2° and at least 75% identity

2 At least 75% length of smaller gene is identical to >50% length of the larger gene of a paralog pair

3 At least 85% length of smaller gene is identical to >70% length of the larger gene of a paralog pair

4 At least 95% length of smaller gene is identical to > 80% length of the larger gene of a paralog pair

> Bidirectional hits with bit score > 100 and E value < 1¢2° with at least 40% identity over 70% protein length

® Genes with no orthologs in other species

35 4 - 35%

mmm Genes ——Percentage

- 30%

- 25%

- 20%

- 15%

Species-specificNBS Genes
sauab ggN ulebejuasiad

- 10%

- 5%

- 0%

Fig. 5 Number and percentage of species-specific genes among the predicted NBS genes
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paralogous NBS genes interestingly was the highest in
O. sativa ssp. indica (37) suggesting continuous evolution
of this species despite being cultivated, followed by 34, 33,
and 32 in O. rufipogon, O. barthii, and O. longistaminata,
respectively. These paralogous genes were categorized into
three levels of duplications as more ancient, ancient, and
recent, based on their stringency levels of identity percent-
ages from low to high. Distribution pattern of paralogous
genes for 11 Oryza species was the same at all three levels
of low, medium, and high stringency. No paralogous genes
in O. meridionalis at all three levels of stringency, in
O. glaberrima at medium and high stringency levels, and
in O. rufipogon, O. nivara, and O. brachyantha at high
level of stringency suggested that divergence of the
Australian and Asian AA genome rice predates the diver-
gence of cultivated African AA genome (O. glaberrima)
from Asian AA genome rice followed by the divergence of
the wild Asian AA genome (O. rufipogon and O. nivara)
(Table 3). O. brachyantha is the only species for which the
predicted paralogous genes were less than the number of
species-specific genes.

We observed that the number of predicted NBS-encoding
genes was directly proportional to the number of
orthologous and paralogous NBS genes and decreased from
AA genome species to BB to FF with the exceptions of
O. glaberrima and O. meridionalis. Similarly, the number
of species-specific genes was proportional to the number of
predicted NBS-encoding genes and orthologous and
paralogous NBS genes except for O. sativa ssp. indica and
0. glumaepatula.

Chromosomal Locations of Species-Specific Genes

A total of 166 NBS genes were identified across the 11
Oryza species. The chromosomal locations for these genes
were detected by a BLAST search-based approach and
visualized by MapChart. We observed that these genes
were not evenly distributed among 12 chromosomes with
chromosome 3 having just one gene (from O. punctata),
while chromosomes 8 and 11 had a relatively high density
of genes across all the 11 Oryza species (Fig. 6, Excel
Data Sheet 2). Out of 166 genes, 66 genes were located
in 26 gene clusters (i.e., two neighboring genes having
chromosomal distance <200 kb),(Holub 2001) compris-
ing of two to five genes per clusters. There were two to
five such clusters present on each of the chromosomes,
except chromosomes 3, 5, 7, and 10. We carried out a
comparison between species-specific NBS-encoding
genes present in clusters and those not present in clusters
to understand whether there are any structural or function-
al (presence/absence of motifs) differences between the
two classes. We chose chromosome 11 for this analysis
as this is the one with a maximum number of such genes.

@ Springer

Eighteen genes were present in clusters and the same
number as isolated ones on this chromosome. MSA as
well as MEME was performed for these 36 genes which
revealed no differences either in alignment or motif dis-
tribution between the two sets. The cultivated rice
O. sativa ssp. indica had locus-specific NBS gene clusters
with either O. nivara or O. rufipogon, the two wild pro-
genitor Asian rice species. Significantly, no other species
pairs showed a similar pattern of distribution of NBS
genes on different chromosomes. This again demonstrated
the direct descendance of the indica species from the wild
ancestors, O. nivara or O. rufipogon. The 29 species-
specific genes in O. rufipogon were distributed on eight
chromosomes other than chromosomes 3, 5, 9, and 10.
Since O. rufipogon had the highest number of species-
specific genes, the similarity in physical clustering could
be a boon in making crosses for introgression of the novel
genes in indica.

Validation of Orthologous and Species-Specific Genes
Through PCR

To validate the presence of orthologous (common) and
species-specific genes, we randomly chose 12 genes with
two of them being common to all species and two
species-specific genes each from five different species,
namely, O. sativa ssp. japonica, O. sativa ssp. indica,
O. rufipogon, O. nivara, and O. barthii, and designed
primers to enable their amplification (Table S6). Care
was taken not to design the primer from the conserved
NBS region. Orthologous genes were found to be ampli-
fied in all five species without exception (Fig. 7).
Nivara-specific genes were found to be highly species-
specific. While niv_1 amplification was absolutely spe-
cies-specific, niv_2 gave amplification in one of the sam-
ples of O. rufipogon and japonica. The species specific-
ity of O. nivara was observed even with O. barthii-spe-
cific genes, as for one of the genes, it showed a different
product size. Another O. barthii-specific gene was found to
be absent in indica. Overall, this demonstrated that all the
predicted NBS genes are present in the genome with no false
positives. Considering the established progenitor-descendent
relationships of the cultivated species with rufipogon and
nivara, O. barthii was the distinct genome used in the valida-
tion study. We did observe comparatively higher species spec-
ificity in O. barthii with different product sizes (for two genes)
or no amplification (for four genes) in eight of the other
species-specific primers tested. However, we did not observe
strict species-specific amplification. The cross amplifications
observed, despite using stringent criteria for determination
of species-specific genes, could be due to the following
reasons: (1) The primers targeted a small portion of the
gene, while for prediction, the entire amino acid length
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intra-specific variation. This shows that the species-
specific genes identified in the present study can be com-
pared at sequence level across a panel of genotypes from
the 11 species for their further validation and utility.
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HP2216 (indica)

Co39 (indica)
Nipponbare (japonica)
1C0447387 (japonica)
1C0256759 (rufipogon)
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Fig. 7 Validation of orthologous and species-specific genes (com, com-
mon orthologous genes; species-specific genes: ind, indica; jap, japonica;
ruf, rufipogon; niv, nivara; bar, barthii)

Conclusions

A total of 2688 NBS-encoding genes were identified across 11
Oryza genomes. We observed reduction in the number of
NBS-encoding genes with evolutionary divergence from the
AA genome species (314 to 269 genes) to BB genome (207
genes) and to FF genome (184 genes). The progenitors of the
cultivated species, namely, O. barthii and O. rufipogon, were
the richest species for NBS-encoding genes. In terms of pro-
portion, O. longistaminata had the highest NBS-encoding
genes (0.85%) while O. meridionalis had the least (0.22%).
Chromosomes 11, 12, 8, and 1 harbored the maximum num-
ber of NBS genes in all the species. Nearly 94% of NBS-
encoding genes had orthologs in one or the other Oryza spe-
cies, while only 6% of genes were species-specific. African
and Asian progenitor species were found to retain robust
orthology whereas O. meridionalis showed weak orthology
with African and Asian cultivated rice and with BB and FF
genome Oryza species. Moreover, the South American AA
genome species, O. glumaepatula, was distinctly separated
from the rest of the AA genome species belonging to Asia
and Africa. Thus, the phylogenetic relationship as revealed
by the NBS-encoding genes was different from the established
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literature. The present NBS-encoding gene analyses not only
provided a broader understanding of their structural and evo-
lutionary features but established as a useful resource in resis-
tance breeding.
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