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Abstract
Metacaspases (MCs), which are cysteine-dependent proteases found in plants, fungi, and protozoa, may be involved in programmed cell death processes, being distant relatives of metazoan caspases. In this study, we analysed the structures, phylogenetic relationship, genome localizations, expression patterns and domestic selections of eight MC genes identified in rice
(OsMC). Alignment analysis of the corresponding protein sequences suggested OsMC proteins can be classified into two subtypes. The expression profiles of eight OsMC genes were analysed in 27 tissues covering the whole life cycle of rice. There
are four OsMC genes uniquely expressed in mature tissues, indicating that these genes might play certain roles in senescence.
Under abiotic and biotic stresses, four OsMC genes were expressed with treatments of one or more of Magnaporthe oryzae
(M. oryzae) infected, pest damaged, cold stress and drought stress, indicating they might be involved in plant defense. In
addition, gene trees and genetic diversity (π) were performed to measure whether candidate genes were selected during rice
domestication. The results suggested that all the type I genes could not be domestication genes. However, two of five type
II OsMC genes showed strong evidence for selective sweep, suggesting that these genes might be involved in cultivated rice
domestication. These results provide a foundation for future functional genomic studies of this family in rice.
[Wang L. and Zhang H. 2014 Genomewide survey and characterization of metacaspase gene family in rice (Oryza sativa). J. Genet. 93, 93–102]

Introduction
Programmed cell death (PCD) is a genetically regulated
process that remarkably conserved in eukaryotes, which is
accompanied by nuclear condensation, DNA fragmentation
and cysteine protease activity (Madeo et al. 2004; Mea et al.
2007; Wang et al. 2008; Fuchs and Steller 2011). Caspases
are a family of cysteine-dependent aspartate-directed proteases, which are common regulators of PCD in animal cells
(Earnshaw et al. 1999). However, protozoa, fungi and plants
also have cysteine-dependent proteases, which are structurally related but not homologues of caspases, called metacaspases (MCs) (Coll et al. 2010; Tsiatsiani et al. 2011;
Lam and Zhang 2012). Two types of MCs have been distinguished, each type has been categorized according to its
primary sequence similarities and predicted domain structures. These include: type I MCs, which have a predicted Nterminal prodomain containing a proline-rich repeat motif as
well as zinc finger motif, and type II MCs, which lack the
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prodomain but have an obvious linker region between the
p20 and p10 subunits (Coll et al. 2010; Tsiatsiani et al. 2011;
Lam and Zhang 2012). However, only type I MCs are found
in protozoa and fungi, while both types of MCs are present
in plants (Tsiatsiani et al. 2011).
The Arabidopsis thaliana genome encodes three type I
(AtMC1–AtMC3) and six type II (AtMC4–AtMC9) MCs
(Tsiatsiani et al. 2011). Both types have been found involved
in PCD. Such as expression of AtMC1 (named AtMCP1b in
the cited paper) and AtMC5 (named AtMCP2b in the cited
paper) in yeast cells caused cell death accelerating during
oxidative stress and early senescence process (Watanabe and
Lam 2005). In addition, AtMC1 is a positive regulator of
cell death and requires conserved caspase-like putative catalytic residues for its function, whereas AtMC2 negatively
regulates cell death, so they antagonistically control programmed cell death in Arabidopsis (Coll et al. 2010). Moreover, AtMC4 (named AtMCP2d in the cited paper) mutants
reduced the sensitivity to PCD under biotic and abiotic stress,
whereas AtMC4 over-expression plants exhibited accelerated cell-death progression (Watanabe and Lam 2011). However, both AtMC4 and AtMC9 did not cleave caspase-specific
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synthetic substrates, suggesting that type II MCs are not
directly responsible for caspase-like activities in plants (Vercammen et al. 2004). In all, it is probable that MCs in
Arabidopsis may play a certain roles in PCD.
To our knowledge, there are eight or nine MC genes in
rice (Oryza sativa) genome (Tsiatsiani et al. 2011). But the
members of rice MC gene family (OsMC genes) have not
been analysed in detail with regard to their structures and
functions.
Rice is one of the most important food crops and also an
important model monocot plant. In this study, we isolated
eight OsMC genes, and analysed their expression patterns,
chromosomal localizations, sequence homology and phylogenetic relationship. In addition, the different gene expression patterns of each OsMC gene with or without biotic and
abiotic stresses in various organs/tissues were also investigated. Finally, the role of OsMC genes on the evolution
of rice accessions was estimated via gene trees and genetic
diversity analysis. Our studies may provide useful knowledge for future functional genomic studies of OsMC genes in
rice.

Materials and methods
Identification of MC gene family in rice

The amino acid sequences of Arabidopsis MC proteins were
downloaded from The Arabidopsis Information Resource
(Tsiatsiani et al. 2011; http://www.arabidopsis.org/). Two
methods were used to identify putative OsMC genes in
rice: the gene search was carried out on InParanoid (http://
inparanoid.sbc.su.se/cgi-bin/index.cgi), and BLASTP was
taken on MPSS (http://mpss.udel.edu/). Finally, TIGR
Rice Genome Annotation (http://rice.plantbiology.msu.
edu/index.shtml) and NCBI (http://www.ncbi.nlm.nih.
gov/) were used to determine protein sequences and gene
annotations.
Chromosomal localization and gene duplication

Each OsMC gene was mapped on rice chromosomes
according to its position available in TIGR Rice Genome
Annotation (http://rice.plantbiology.msu.edu/index.shtml).
The distribution of OsMC genes on the rice chromosomes was drawn by the software MapInspect (http://www.
plantbreeding.wur.nl/UK/software_mapinspect.html) and
modified manually with annotations.
The duplicated genes were elucidated from the segmental genome duplication of rice (ftp://ftp.plantbiology.msu.
edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/
pseudomolecules/version_6.1/all.dir/) with the maximal
length distance permitted between collinear gene pairs of
500 kb. Tandem duplicates were defined as genes separated
by three or fewer gene loci according to Rice Genome Annotation Release 7 of TIGR. The distance between these genes
on the chromosomes was calculated and the percentage of
sequence similarity between the proteins encoded by these
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genes was determined by MegAlign software 4.03 (Clewley
and Arnold 1997).
Genomewide expression analysis of OsMC gene family

Expression profile of OsMC gene family in 27 tissues
was extracted from the Rice Oligonucleotide Array Database
(http://www.ricearray.org/index.shtml). The OsMC genes
expressions under biotic and abiotic stresses and in different development stages were collected from TIGR
Rice Gene Expression (http://rice.plantbiology.msu.edu/
expression.shtml).
Phylogenetic analysis of MC genes in rice and Arabidopsis

Multiple sequence alignments were performed using TCoffee (Poirot et al. 2003; http://tcoffee.vital-it.ch/) based on
the full sequence of MC proteins from rice and Arabidopsis
with default parameters. An unrooted neighbour-joining
phylogenetic tree was constructed by generating 1000 random bootstrap replicates using MEGA 5.1 software (Tamura
et al. 2011).
For gene trees analysis, we selected 80 cultivated rice
accessions to represent the major groups of cultivated rice
(table 1 in electronic supplementary material at http://
www.ac.in/jgenet/; Huang et al. 2012b; RiceVarMap, http://
ricevarmap.ncpgr.cn/django/home/), including 20 aus (Aus)
and 20 indica (Ind) which belong to indica rice, and 20 temperate japonica (TeJ) and 20 tropical japonica (TrJ) which
belong to japonica rice. The single-nucleotide polymorphisms (SNPs) of each OsMC gene in all 80 accessions are
available in RiceVarMap (http://ricevarmap.ncpgr.cn/django/
home/). However, we did not find SNPs of OsMC2–OsMC8
in three of these accessions, thus we used 77 accessions for
further gene trees analysis (excepted for OsMC1). In addition, we used 46 other rice samples to construct the gene
trees, including 10 TrJ, eight TeJ, six aromatic (ARO) that
belong to japonica rice, two Aus and 10 Ind that belong
to indica rice, five O. rufipogon and five O. nivara that
belong to wild rice samples (table 2 in electronic supplementary material; Xu et al. 2012). Finally, unrooted neighbourjoining phylogenetic trees were constructed by generating
1000 random bootstrap replicates using MEGA 5.1 software
(Tamura et al. 2011) or using Clustal X software (Thompson
et al. 2002).
Rice resequencing data from 46 rice samples and genotypes of 6.5 million SNPs were applied for genetic diversity
analysis (table 2 in electronic supplementary material; Xu
et al. 2012). Only those SNPs that had been assigned into a
gene region in the IRGSP build 4 were considered. Totally,
39,549 genes that contained SNPs were performed for further analysis. The levels of sequence diversity (π) were calculated in japonica (πjap ), indica (πind ), O. rufipogon (πruf )
and O. nivara (πniv ) populations in each gene. Moreover, the
reduction of diversity (ROD = 1− πcul /πwild ) of each rice
gene was also calculated (Xu et al. 2012).
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Results
Collection and identification of the OsMC genes in rice

To identify putative homologous genes with MC genes
of Arabidopsis (Tsiatsiani et al. 2011), the information
on InParanoid (http://inparanoid.sbc.su.se/cgi-bin/index.cgi)
and MPSS (http://mpss.udel.edu/) was used. Totally, nine
genes were identified as putative OsMC genes. Thereafter,
these candidates were examined by multiple sequence alignments (figure 1 in electronic supplementary material at
http://www.ias.ac.in/jgenet/). The results showed that the
LOC_Os10g41534 gene, which contained a unique transcript LOC_Os10g41534.3 in RGAP of TIGR, showed an
extremely low score, indicating its low sequence similarity
with other OsMC proteins. Thus, it should be removed from
the candidates. At last, eight OsMC genes were identified in
the rice genome, and the number was consistent with Tsiatsiani et al. (2011). The detailed information of OsMC genes
are listed in table 3 in electronic supplementary material.

(Vercammen et al. 2004). However, OsMC4, OsMC5,
OsMC6 and OsMC7 lack the prodomain but have an obvious linker region between the subunits p20 and p10 (figure 2). Therefore, they belonged to type II OsMCs. Interestingly, neither the N-terminal prodomain nor the obvious
linker region was detected in OsMC8 protein (figure 2), nevertheless, in the phylogenetic tree, OsMC8 was clustered into
a same group with OsMC7 (figure 1), so it was classified into
type II OsMCs.
A pair-wise analysis of the full-length OsMC protein
sequences indicated that the identities range from 32.3
to 74.6% (table 1). Relatively high identities were found
between OsMC2 and OsMC3 (62.9%), OsMC5 and OsMC6
(74.6%; table 1). Such high homologies scores indicated that
they may perform similar functions. However, other family
members showed a variation of 32.3–57.8% identities among
them (table 1), which may indicate their distinct origins and
functions.
Chromosomal distribution and gene duplication of OsMC genes

Classification and phylogenetic analysis of OsMC proteins

OsMC genes were designated OsMC1, OsMC2, OsMC3,
..., OsMC8 according to their phylogenetic relationships
with Arabidopsis (figure 1). All of the OsMC proteins showed the presence of conserved P20 subunit
(figures 1 and 2). However, two types of OsMCs have been
distinguished. The N-terminal extensions were possessed
by OsMC1, OsMC2 and OsMC3 as prodomain upstream
P20 subunit, ranging from 85 to 109 amino acids in length
(figure 2; Uren et al. 2000). Thus, they belonged to type I
OsMCs. All type I OsMC prodomains are rich in glycine
and contain two putative CXXC-type zinc finger structures

The chromosomal distributions of OsMC genes were predicated by their chromosomal positions on rice pseudomolecules released by the TIGR (ver. 7; Kawahara et al.
2013). The position and transcriptional direction of each
gene are shown in figure 3, and the exact positions on
rice chromosome pseudomolecules are given in table 4 in
electronic supplementary material. The results showed that
OsMC genes were distributed only on chromosomes 1, 3, 5
and 11. Among them, four OsMC genes (OsMC1, OsMC2,
OsMC3 and OsMC8) were localized on chromosome 3, and
two OsMC genes (OsMC4 and OsMC5) were presented on
chromosome 5. These genes in each chromosome were separated by a maximum of three intervening genes. Thus they
were clustered together, and should be considered as tandem
duplication genes (figure 3; table 5 in electronic supplementary material). Only two OsMC genes (OsMC5 and OsMC6)
were assigned to MSU RGAP segmental duplication blocks
at a maximal length distance permitted between collinear
gene pairs of 500 kb (figure 3; table 5 in electronic supplementary material). The identity of the protein sequences
between the two segmentally duplicated OsMC genes is
74.6% (table 1). However, only OsMC7 gene was neither
tandemly duplicated gene nor segmentally duplicated. These
results suggest that the expansion of OsMC genes has
occurred due to both large-scale tandem duplications and
segmental duplications in rice.
Expression profiling of OsMC genes

Figure 1. Unrooted neighbour-joining phylogenetic tree of the rice
and Arabidopsis metacaspase family. The phylogenetic tree was
generated using the MEGA 5.1 software (Tamura et al. 2011). In
the schematic structure the predicted the N-terminal prodomain is
in dark grey, the p20 subunit is in white, the p10 subunit is in black,
and the linker region between p20 and p10 subunits is in light grey.
The gene name of each corresponding protein is presented between
the tree and schematic. Besides, MSU locus ID, TAIR locus ID and
names of subgroups are given on the right.

To study the expression profile of OsMC genes, a hierarchical cluster displaying the logarithm of average signal values for the OsMC genes was generated by Rice Oligonucleotide Array Database (http://www.ricearray.org/index.shtml;
figure 4; table 6 in electronic supplementary material). Based
on the expression patterns of OsMC genes in 27 tissues,
OsMC6 showed extremely high transcript accumulations
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Figure 2. Multiple sequence alignment of the metacaspases in rice and Arabidopsis. Multiple sequence alignment of the full-length
rice and Arabidopsis MC proteins obtained using T-Coffee (Poirot et al. 2003). The putative zinc-finger cysteines in the prodomains of
type I MCs are indicated by asterisks. The conserved p20 subunit is underlined (Uren et al. 2000). Fully and partially conserved (present
in more than 50% of aligned sequences) residues are highlighted in black and grey boxes, respectively. Gaps (marked with dashes) have
been introduced to maximize the alignments.
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Table 1. Percentage identities among full-length OsMC proteins.

OsMC1
OsMC2
OsMC3
OsMC4
OsMC5
OsMC6
OsMC7
OsMC8

OsMC1

OsMC2

OsMC3

OsMC4

OsMC5

OsMC6

OsMC7

OsMC8

***

48.9
***

51.0
62.9
***

32.7
41.2
40.0
***

38.9
37.9
38.5
57.8
***

32.9
41.1
40.5
52.6
74.6
***

33.3
37.9
36.8
39.0
37.1
36.9
***

39.8
47.5
53.6
34.6
37.2
37.7
32.3
***

Figure 3. Genomic distribution of OsMC genes on rice chromosomes. The open circles on the chromosomes indicate the positions
of centromeres. Arrows next to gene names show the direction of
transcription. Chromosome number is indicated at the top of each
chromosome. The OsMC genes representing segementally duplicated genes and tandem duplicated genes are connected by lines and
highlighted in boxes, respectively. The position of each OsMC gene
on MSU RGAP rice chromosome pseudomolecules in base pairs
are given in table 4 in electronic supplementary material.

in all of the tissues. OsMC1 and OsMC5 showed high
expression in most of the tissues, except embryonic tissues. OsMC2, OsMC3 and OsMC4 showed extremely low
expression signals. These results suggested that OsMC genes

may have undergone functional divergence after duplication
and may have acquired mutually exclusive developmental
roles.
The differential expression of OsMC genes in variously
developmental stages is also available on TIGR Rice Gene
Expression. Interestingly, most of the OsMC genes expressed
in mature tissues, compared to young and immature tissues (table 7 in electronic supplementary material). Especially, OsMC2, OsMC5, OsMC7 and OsMC8 were specially
expressed in mature tissues, suggesting that these genes
might play certain roles in senescence.
In the course of life cycle, plants have to cope with
and adapt to various abiotic and biotic stresses imposed by
the frequently adverse environment. To study the ability of
OsMC genes response the abiotic and biotic stresses, we
employed TIGR Rice Gene Expression data under M. oryzae
infected, pest damaged, cold and drought stress. The results
showed that four OsMC genes (OsMC1, OsMC5, OsMC6
and OsMC8) expressed under these treatments (table 8 in
electronic supplementary material). For instance, OsMC5
expressed in M. oryzae infected resistant plants, OsMC1 in
plants under cold stress, OsMC6 and OsMC8 in plants under
drought stress, in addition, OsMC6 expressed when rice leaf
was damaged by beef armyworm for 24 h. These genes were
transcriptionally activated under stress, indicating that they
might be involved in plant defense.
The expression patterns of segmentally duplicated and
tandemly duplicated OsMC genes were examined by using
data in Rice Oligonucleotide Array Database (figure 5; table
6 in electronic supplementary material). The segementally
duplicated genes showed a similar expression pattern (figure 5a). In addition, six tandemly duplicated genes were
detected in four groups and the expression pattern was quite
similar for each pairs of genes (figure 5b–e). These results
indicated that two copies of duplicated genes might be
functionally redundant (Ouyang et al. 2012).
Function of OsMC genes in rice domestication

Figure 4. Hierarchical cluster display of expression profile for
eight OsMC genes. Color key represents log2 expression values.
Samples are mentioned at the top. The detailed information is given
in table 6 in electronic supplementary material.

In animals, many caspase genes associated with domestication were detected (Tymchuk et al. 2009; Drew et al. 2012).
Thus, it is necessary to check whether OsMC genes were
selected during cultivated rice domestication.
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Figure 5. (a) Expression patterns of OsMC segementally duplicated genes. (b–e) Expression patterns of OsMC tandem duplicated genes.
The expression data of each OsMC gene is given in table 6 in electronic supplementary material.
Table 2. Genetic diversity analysis for OsMC genes.
Gene_ID

π_jap

π_ind

π_ruf

π_niv

ROD_jap

ROD_ind

OsMC1
OsMC2
OsMC3
OsMC4
OsMC5
OsMC6
OsMC7
OsMC8

0.00084
0.0018
0.00019
8.84E–05
0.00025
0.00020
0.00039
0.0010

0.0013
0.0022
0.00021
0.00017
0.00033
0.0014
0.00034
0.0013

0.0013
0.0020
0.00027
0.00055
0.00092
0.0015
0.00078
0.0030

0.0016
0.0023
0.00022
0.00012
0.00044
0.0017
0.00063
0.0024

0.37
0.11
0.31
0.84
0.73
0.87
0.50
0.66

0.16
0.024
0.067
−0.39
0.26
0.18
0.46
0.44

Therefore, we performed a gene tree analysis of 80 rice
accessions, which represent the major groups of cultivated
rice (table 1 in electronic supplementary material; Huang
et al. 2012a RiceVarMap, http://ricevarmap.ncpgr.cn/django/
home/), including 40 indica and 40 japonica rice. In the trees
of OsMC family, most of the accessions in a same subpopulation could be divided into subgroups, although the subgroups
may be separated from each other (figure 6a), indicating a
certain selective sweep might be occurred during cultivated
rice domestication. To identify the selected OsMC genes,
we then further constructed the gene trees for each OsMC
gene (figure 6a). The subpopulations were mixed together
in gene trees constructed by each of type I genes and a
type II gene (OsMC8). However, for OsMC4 and OsMC5,
the gene tree contained two major groups, corresponding to
indica and japonica. Notably, in OsMC4, indica could be
further divided into two subgroups: aus and indica. Moreover, in OsMC6 and OsMC7, they both contained two major
groups similar to OsMC5, except that japonica and indica
groups were not first divided in OsMC6, with two japonica accessions clustered with indica rice in OsMC7. These
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results suggest that many type II genes might play certain
roles in cultivated rice domestication. However, to make a
solid conclusion, further analysis is needed.
Thus, to confirm the domestication genes estimated above,
we used 46 other rice accessions to construct the gene trees
(table 2 in electronic supplementary material), including 24
japonica rice, 12 indica rice and 10 wild rice accessions (Xu
et al. 2012). In the gene trees of OsMC1, OsMC2, OsMC3
and OsMC8, the subpopulations were mixed together
(figure 6b; figure 2 in electronic supplementary material).
However, for OsMC4, OsMC5, OsMC6 and OsMC7, these
genes all showed a strong selective sweep signal only in
japonica, with indica accessions were clustered with wild
rice (figure 6b; figure 2 in electronic supplementary material). These data support the conclusion that most of the type
II genes might be selected during domestication.
To remove the false positive domestication genes, we
further checked OsMC genes using genetic diversity analysis. According to the previous reports, population bottlenecks reduced genetic diversity throughout the genome,
and genes that influence desirable phenotypes experienced a
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Figure 6. Gene trees for OsMC family. The unrooted tree was generated using the MEGA 5.1 software and the neighbour-joining method
(Tamura et al. 2011). (a) Gene trees analysis for 80 cultivated rice accessions. (b) Gene trees analysis for 10 wild rice samples and 36
cultivated rice accessions. Blue, indica rice; green, aus rice; red, temperate japonica; pink, tropical japonica; violet, aromatic; black, O.
rufipogon; grey, O. nivara.
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more drastic loss of diversity (Doebley et al. 2006). Thus, we
calculated the π values, which is a common summary statistics for measuring genetic diversity in a population. Thereafter, we calculated the reduction of diversity (ROD = 1 −
πcul /πwild ) of each rice gene (Xu et al. 2012). The average
ROD in rice genome of japonica to O. rufipogon (RODjap/ruf )
and indica to O. nivara (RODind/niv ) is 0.48 and 0.12, respectively. The ROD for both japonica and indica of OsMC1,
OsMC2, OsMC3, OsMC5 and OsMC7, OsMC8 all showed
relatively lower values, although some of its values were
higher than mean values, indicating that these genes may be
not be the domestication genes (table 2). However, ROD of
OsMC4 and OsMC6 showed relatively higher values only
for japonica (0.84 and 0.87, respectively), which consistent;
with the results for the gene trees analysis above (table 2;
figure 6), indicating that these genes might be selected during domestication. In brief, OsMC4 and OsMC6, especially
OsMC6, might have been selected during cultivated rice
domestication.

Discussion
As previously stated, most of the type I MCs have a predicted N-terminal prodomain containing a proline-rich repeat
motif as well as zinc finger motif (Coll et al. 2010; Tsiatsiani
et al. 2011; Lam and Zhang 2012). We found that type I
OsMC genes contain two putative CXXC-type zinc finger
structures (figure 2). These characteristics are the same as
those reported in AtMC genes (Tsiatsiani et al. 2011). In
Arabidopsis, both proline and glutamine were found to be
enriched in predicted N-terminal prodomain (Vercammen
et al. 2004). However, in type I OsMC genes, the prodomains
were all rich in glycine (figure 2), suggesting that they might
show differential functions between species.
Compared with other OsMC genes, OsMC8 is a special
gene, which is determined according to its primary sequence
similarities and predicted domain structures. There are
two reasons first, no predicted N-terminal prodomain was
detected (figure 2), so OsMC8 should not belong to type I
OsMCs. Second, OsMC8 lacks the obvious linker region
between p20 and p10 subunits (figure 2), so it should not
exactly belong to type II OsMCs. We also found both type I
OsMC genes and OsMC8 located on chromosome 3, and
the four genes showed tandem duplications (figure 3). These
results indicated that OsMC8 might go through the same
evolution as type I OsMCs. In addition, gene trees analysis
indicated that OsMC8 had mixed clusters similarly to type I
OsMCs (figure 6), indicating that no selection was performed
during cultivated rice domestication. All these studies suggest that OsMC8 may have identical phylogenetic relationship with type I MCs. However, considering that tandem
duplications and segmental duplicated genes which belonged
to various subfamilies were also detected in OsWD40 genes
(Ouyang et al. 2012). Besides, as stated earlier, OsMC8
has no predicted N-terminal prodomain, especially it was
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clustered with a typical type II MC gene (OsMC9) in the
phylogenetic tree analysis (figure 1). Therefore, we classified
OsMC8 as type II MCs.
PCD phenotypes in MCs knockout lines of Arabidopsis have been poorly observed, possibly due to genes
redundancy. However, some AtMC genes have been found
involved in PCD. Such as AtMC1 and AtMC2, they antagonistically control PCD process, with AtMC1 positively and
AtMC2 negatively regulating cell death (Coll et al. 2010).
It was also reported that AtMC4 termed accelerated cell
death under biotic and abiotic stresses (Watanabe and Lam
2011). Our analysis showed that OsMC2, OsMC5, OsMC7
and OsMC8 were only expressed in mature tissues, which are
usually regarded as senescent tissues (table 7 in electronic
supplementary material). As we know, senescence is a type
of PCD, which proceeds slowly, beginning with the degradation of chloroplasts followed by nuclear and vacuole disruption as the cell approaches death (Jones 2001; Wang et al.
2008). Therefore, it would be interesting to investigate
whether these OsMC genes play roles in rice senescence.
In addition, four OsMC genes (OsMC1, OsMC5, OSMC6
and OSMC8) expressed under abiotic and biotic stresses
(M. oryzae infected, pest damaged, cold and drought stress),
which usually lead to PCD (Gupta et al. 2012; Panneerselvam
and Lakshmanan 2009; Ning et al. 2002; Donà et al. 2013;
Wituszyńska and Karpiński 2013). All these studies suggested that most of the OsMC genes might play certain roles
in PCD.
PCD can be regulated by activity poised between the
cysteine proteases (CP) and the cysteine protease inhibitors
(CPI; Solomon et al. 1999). In wheat, caspase-3 like CP was
induced after the calli inoculated with pathogenesis, and its
expression level was much higher in susceptible line than in
resistant line (Sethy et al. 2003). However, CPI expression
was significantly higher in resistant line compared to susceptible (Purwar et al. 2010; Gupta et al. 2010; Dutt et al. 2011;
Dutt et al. 2012). Intriguingly, it was found that interaction
between CPI of host and CP of pathogen is higher as compared to interaction shown by CPI and CP of the host (Singh
et al. 2011). These results suggested that stoichiometric balance of CP and CPI may decide the fate of plant cells in
PCD. In rice, OsMCs may have the similar mechanism like
the CP/CPI interaction to regulate the cells fate.
Orthologous genes can be used to establish evolutionary
relationships between species (Lemey 2009; Huang et al.
2012a; Xu et al. 2012). In gene trees of orthologous genes,
domestication genes should indicate selective sweep, with
distinct subpopulations divided from other mixed samples.
However, false positive may exist, because many neutral
genes (that do not influence favoured phenotypes) may show
the right evolutionary relationships between species. Thus,
to reduce the risk of false positives, two independent resequencing data-sets were used to construct the gene trees.
Moreover, population bottlenecks reduced genetic diversity
throughout the genome and domestication genes experienced a more drastic loss of diversity, thus, we used genetic
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diversity to check whether candidate genes were selected
during domestication (Doebley et al. 2006). By these two different approaches, we showed (gene trees and genetic diversity analysis), that OsMC4 and OsMC6 might be domestication genes, which might be related to morphological
and physiological differences between japonica and indica.
However, this postulate requires further supporting evidence.
In animals, many caspase genes, such as casp2, casp3a,
casp8, associated with domestication were detected
(Tymchuk et al. 2009; Drew et al. 2012), indicating that
these caspase genes may be selected during animal domestication. Likewise, only genomes of higher plants contain
type II MCs, compared with genomes of protozoa and fungi
(Tsiatsiani et al. 2011), indicating that type II MCs may be
involved in speciation, which is consistent with our results
for candidate domestication genes. However, considering
gene redundancy, future studies by single or multiple mutations strategies are required to confirm the conclusions
presented here.
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