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Abstract
Rare-cold-inducible (RCI2) genes are structurally conserved members that encode small, highly hydrophobic proteins
involved in response to various abiotic stresses. Phylogenetic and functional analyses of these genes have been conducted
in Arabidopsis, but an extensive investigation of the RCI2 gene family has not yet been carried out in maize. In the present
study, 10 RCI2 genes were identified in a fully sequenced maize genome. Structural characterization and expression pattern
analysis of 10 ZmRCI2s (Zea mays RCI2 genes) were subsequently determined. Sequence and phylogenetic analyses indicated that ZmRCI2s are highly conserved, and most of them could be grouped with their orthologues from other organisms.
Chromosomal location analysis indicated that ZmRCI2s were distributed unevenly on seven chromosomes with two segmental
duplication events, suggesting that maize RCI2 gene family is an evolutionarily conserved family. Putative stress-responsive
cis-elements were detected in the 2-kb promoter regions of the 10 ZmRCI2s. In addition, the 10 ZmRCI2s showed different expression patterns in maize development based on transcriptome analysis. Further, microarray and quantitative real-time
PCR (qRT-PCR) analysis showed that each maize RCI2 genes were responsive to drought stress, suggesting their important
roles in drought stress response. The results of this work provide a basis for future cloning and application studies of maize
RCI2 genes.
[Zhao Y., Tong H., Cai R., Peng X., Li X., Gan D. and Zhu S. 2014 Identification and characterization of the RCI2 gene family in maize
(Zea mays). J. Genet. 93, 655–666]

Introduction
In Arabidopsis, two homologous genes, RCI2A andRCI2B3
which are primarily considered low-temperature responsive genes, have been isolated (Capel et al. 1997). In
fact, expression analysis has revealed that both of these
genes are induced not only by low temperature but also
by abscisic acid (ABA), dehydration and salt treatments
(Medina et al. 2007). After the Arabidopsis genome was
sequenced, six genes designated as AtRCI2C, AtRCI2D,
AtRCI2E, AtRCI2F, AtRCI2G and AtRCI2H were newly
identified as paralogues to AtRCI2A and AtRCI2B (Medina
et al. 2007). Plasma membrane protein 3 (PMP3), a small
molecular weight hydrophobic protein modulating the membrane potential in yeast, has been identified as a homologous to AtRCI2A and AtRCI2B (Navarre and Goffeau
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2000; Medina et al. 2001; Nylander et al. 2001). All these
genes encode highly hydrophobic polypeptides with two
putative transmembrane domains, which belongs to the yeast
PMP3 family (Chang-Qing et al. 2008). Subcellular localization analysis showed that AtRCI2A, AtRCI2B, AtRCI2C,
AtRCI2D, AtRCI2E, AtRCI2F, AtRCI2G and AtRCI2H are
localized in the plasma membrane except for AtRCI2D,
which is chiefly found in the endoplasmic reticulum (ER) and
Golgi organelles (Medina et al. 2007). RCI2 family genes are
widely found in other plant species, prokaryotes, fungi and
animals (Kroemer et al. 2004; Medina et al. 2007). In plants,
many RCI2 family genes have been isolated, such as rice
(Oryza sativa) low-temperature-inducible genes, OsLti6a
and OsLti6b (Morsy et al. 2005); barley (Hordeum vulgare)
low-temperature-inducible genes, BLT101.1 and BLT101.2
(Goddard et al. 1993); wheat (Triticum aestivum) coldinduced plasma membrane protein gene, wpi6 (Imai et al.
2005); wheat grass (Lophopyrum elongatum) early saltstress-induced gene, ESI3 (Galvez et al. 1993; Gulick et al.
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1994) and moss (Physcomitrella patens) small hydrophobic
protein encoding genes, PpSHP1 and PpSHP2 (Kroemer
et al. 2004).
It was proposed that AtRCI2A and AtRCI2B may function
as membrane protein stabilizers during water stress caused
by chilling or other environmental conditions which decrease
the availability of water (Navarre and Goffeau 2000;
Nylander et al. 2001; Lin et al. 2007). RCI2 (or PMP3)
expression has been shown to be correlated with cellular Na+
ion uptake (Navarre and Goffeau 2000; Nylander et al. 2001;
Inada et al. 2005; Mitsuya et al. 2005). Recently, the yeast
pmp3 deletion mutant was found to accumulate excess Na+
ions and more sensitive to salt stress (Navarre and Goffeau
2000; Nylander et al. 2001; Mitsuya et al. 2005). It was also
proposed that the absence of PMP3 leads to hyperpolarization of the membrane potential and increases the nonspecific
influx of monovalent cations (Mitsuya et al. 2005). Nevertheless, overexpression of PMP3 in transgenic Arabidopsis
produces the reverse condition, resulting in a remarkably
greater level of tolerance than the wild-type to specific NaCl
concentrations (Fu et al. 2012). In fact, subsequent research
has indicated that RCI2 from plants can complement the deficient phenotype of the PMP3 yeast mutant (Medina et al.
2007). In plants, the induction of RCI2 genes by freezing and
dehydration stresses may trigger membrane depolarization,
thereby decreasing the uptake of cations and/or the efflux
of anions in relevant cells (Gimeno et al. 2009). Because
of their relatively low-molecular mass, the RCI2 genes cannot directly regulate the transport of ions (Chang-Qing et al.
2008).
While an RCI2A mutant (rci2a) can be more susceptible to
salt stress than a normal plant, a wild-type plant may be less
hardy than an RCI2A overexpression transgenic plant under
the same conditions (Mitsuya et al. 2005; Fu et al. 2012).
Although the mechanism by which RCI2 responds to abiotic stress is still unknown, other researchers have proposed
that cellular dehydration induced by freezing, water deficit
and high salinity are related to the irreversible damage in the
plasma membrane, which leads to the reduction of cytosolic
and vacuolar volumes (Steponkus 1984; Bray 1997). OsLti6a
and OsLti6b, two rice RCI2 genes, were reported as being
downstream components in a regulatory circuit (Morsy et al.
2005). And, corresponding cis-elements have been discovered in their promoters, such as CRT/DRE (Morsy et al.
2005). Expression of RCI2 genes or their orthologues, which
are involved in abiotic stress signalling pathways (Medina
et al. 2001; Kroemer et al. 2004; Inada et al. 2005),
may require regulation by transcription factors CBF/DREB
(Jaglo-Ottosen et al. 1998; Liu et al. 1998; Chang-Qing et al.
2008).
Plants are exposed to various stresses in the natural
environment, including biotic and abiotic stresses. Accordingly, they have evolved complex systems to survive such
challenges. RCI2 genes play an important role in the
plant’s response to environmental stress. In Arabidopsis,
systematic studies have provided abundant information about
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the RCI2 gene family (Medina et al. 2007). However, eventhough the maize genome was sequenced (Schnable et al.
2009), a comprehensive analysis of the RCI2 gene family has
not yet been reported. Here, we perform a systematic analysis of RCI2 genes in the maize genome by investigating the
gene structure, phylogeny, expression patterns and so on. The
results offer a useful reference for further functional studies
of maize RCI2 genes.

Materials and methods
Identification and sequence analysis of maize RCI2 proteins

The maize genome database (v2, 5b.60) was downloaded
from http://www.maizegenome.org/index.html. The hidden
Markov model (HMM) profile of the PMP3 domain
(PF01679) was obtained from the Pfam database (http://
pfam.sanger.ac.uk/) (Finn et al. 2006) to find the maize
RCI2 genes (ZmRCI2s) with the BlastP program. To identify
the maximum number of PMP3 domain-containing proteins,
sequences of Arabidopsis and rice RCI2 proteins were used
as queries to search against the maize genome database by
the same method as Medina et al. (2007). The presence of
the PMP3 domain was verified to be a original RCI2 protein
by submitting ZmRCI2 protein sequences to the Pfam and
SMART (http://smart.embl-heidelberg.de/) (Letunic et al.
2009). Finally, all the confirmed RCI2 proteins were aligned
by the ClustalW using MEGA ver. 4.0 (Thompson et al.
1994; Tamura et al. 2007), and all identical sequences were
checked manually to remove redundant sequences.
Information regarding ORF length, exon number, chromosomal location and amino acid number were obtained
from the maize B73 sequencing database. The molecular weight (kDa) and isoelectric point (PI) of each protein were calculated by ExPASy online service (http://www.
expasy.org/tools/). Based on the genomic sequences and
their predicted coding sequences (CDS), the exon–intron
structure of ZmRCI2s was deduced by the gene structure
display server (GSDS) (http://gsds.cbi.pku.edu.cn/) (Guo
et al. 2007). Multiple sequence alignments of the full-length
protein sequences of ZmRCI2s and their orthologues were
performed by DNAMAN (ver. 5.2.2) with default parameters. Phylogenetic tree was constructed using MEGA ver.
4.0 (Tamura et al. 2007) with the neighbour-joining (NJ)
method. For statistical reliability, bootstrap analysis was carried out with 1000 replicates with the pairwise deletion
option. The conserved motifs encoded by RCI2 proteins from
different species were also investigated. Protein sequences
were submitted to online MEME server (multiple expectation maximization for motif elicitation) (http://meme.nbcr.
net/meme/cgi-bin/meme.cgi) (Bailey and Elkan 1995) with
the following parameters: optimum motif width ≥6 and
≤50; maximum motif number = 3.
Chromosome location image of ZmRCI2s was generated by MapInspect (http://www.plantbreeding.wur.nl/uk/
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software_mapinspect.html) according to their starting positions on the 10 chromosomes given in the maize B73
sequencing database. Based on the starting position on maize
chromosomes, the 2,000 bp promoter sequences upstream
the transcription start site (ATG) of each ZmRCI2s was
obtained. By using the PLACE database (http://www.dna.
affrc.go.jp/PLACE/signalscan.html) (Higo et al. 1998), the
putative cis-acting regulatory DNA elements (cis-elements)
were investigated in the promoter region of the ZmRCI2s.
Expression pattern analysis using transcriptome
and microarray data

Transcriptome data of genomewide gene expression atlas of
the maize inbred line B73 published by Sekhon et al. (2013)
were used to gain an insight into the expression patterns
of ZmRCI2s during different developmental stages (Sekhon
et al. 2013). The FPKM (fragments per kilobase of exon
per million fragments mapped) values were transformed by
taking log2 (FPKM+1), and loaded into R and Bioconductor program (http://www.bioconductor.org/) (Team 2005)
for expression analysis. In addition, gene expression data
from the Affymetrix GeneChip array of two maize inbred
lines (drought-tolerant line Han21 and drought-sensitive line
Ye478) under drought stress (Zheng et al. 2010) at the
seedling stage were downloaded from the publicly available databases PLEXdb (http://www.plexdb.org/plex.php?
database=Corn). Only map sequences with a probe-target
identity (maize18k GeneChip) above 95% were chosen for
further analysis. The expression data normalized using RMA
(robust multi-chip average) algorithm, were loaded into R
and Bioconductor to prepare the heat map for expression
analysis as described earlier.

3, 6 and 12 h after treatment, respectively. The collected samples were immediately frozen and stored at −80◦ C for total
RNA extraction. For all the stages, three biological replicates
were conducted for each sample.

RNA extraction and qRT-PCR analysis

Total RNA was extracted from the above samples with Trizol reagent (Invitrogen, Carlsbad, USA) followed by treatment with DNase I (Invitrogen) to remove the contaminating genomic DNA. After analysing with 1.2% agarose gel
and quantification with a NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilmington, USA), the total extracted
RNA was immediately used to synthesize the first-strand
cDNA with a reverse transcription kit (Promega, Madison,
USA). qRT-PCR was carried on an ABI 7300 real-time system (Applied Biosystems, USA). Each reaction contained
12.5μL of 2 × SYBR Green Master Mix reagent (Applied
Biosystems, USA), 2.0μL of diluted cDNA sample, and 400
nM gene-specific primers in a final volume of 25μL. The
polymerase chain reaction (PCR) conditions were as follows:
initial denaturation at 95◦ C for 10 min; followed by 40
cycles of denaturation at 95◦ C for 10 s and 60◦ C for 1 min.
The gene-specific primers were designed by Primer Express
3.0 software (Applied Biosystems) and the reaction specificity was analysed by investigating the melting curve of
the RT-PCR products (table 1). The relative expression level
was calculated as 2−CT method (Livak and Schmittgen
2001). Maize Ubiquitin gene was used as an internal control for normalization, and the relative mRNA level in the
normal plant without drought treatment was normalized to 1
as described earlier. Three replicates of each cDNA sample
were performed for qRT-PCR analysis.

Plant materials and drought treatment

The maize inbred line B73 was used for the following experiments. Plants were grown in a greenhouse at 28 ± 2◦ C
with a 14-h light / 10-h dark photoperiod. Three-week-old
seedlings were used for serial drought treatments. For different levels of dehydration, plants were treated with 20% (w/v)
PEG-6000, and leaves of the seedlings were harvested at 0,

Results
Identification of RCI2 genes in maize

To identify maize RCI2 genes, the consensus protein
sequence of the HMM profile of the PMP3 domain was
obtained from the Pfam database to search against the maize

Table 1. Maize RCI2 gene-specific primers used for qRT-PCR analysis in the study.
Gene

Forward primer

Reverse primer

ZmRCI2-1
ZmRCI2-2
ZmRCI2-3
ZmRCI2-4
ZmRCI2-5
ZmRCI2-6
ZmRCI2-7
ZmRCI2-8
ZmRCI2-9
ZmRCI2-10
Ubiquitin

GCGTGGAGTTCTGGATCGA
TGCCTGCTGCTCACAATCC
TGCCTTGTGCTCTCTGTCCAT
CAGCAGAGGGCTCCAGAGAT
GTGGAGCTCATCGCATCCAT
CGGGACAAGGTGAGAGAGCTA
TCCATGGAGTTCTGGATCAGTGT
TTCCCTCGCCCAGTTGTC
AAGCACGGCCTCAAGATAGAGT
TGCCAACTGCGTGGACAT
GAACTGGCAGCGGGACTACA

CGTAGATGATCCCCGGAATG
TGGTCAGAGTCGAGAGCAACA
GTGCCGTCCGACATCTCTTT
GCAGGATGATGGCGATGAG
CCGATCTACCGCGGAGAAG
GGCAAGTGATCTCAGCAGTTCAT
TCGACGGAGCAGATGACGTA
GCCCGGAAGGTTAGCTTAGG
ATGACGCCCGGCAGGTA
GCACCCGTACTTGAGGAACAC
GGCTGCACTAACTTTCGATTCTG
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Table 2. List of 10 RCI2 genes identified in maize and their sequence characteristics.
Genea
ZmRCI2-1
ZmRCI2-2
ZmRCI2-3
ZmRCI2-4
ZmRCI2-5
ZmRCI2-6
ZmRCI2-7
ZmRCI2-8
ZmRCI2-9
ZmRCI2-10

Ensemble transcript ID
GRMZM2G179462_P01
GRMZM2G153369_P01
GRMZM2G075148_P02
GRMZM2G066870_P01
GRMZM2G477325_P01
GRMZM2G099984_P01
GRMZM2G079306_P01
GRMZM2G060311_P01
GRMZM2G020666_P01
GRMZM2G015605_P01

a Systematic nomenclature of maize RCI2 genes.
b Length of open-reading frame in base pairs.
c Length (number of amino acids), molecular

ORF

(bp)b

165
219
180
174
171
174
228
231
183
177

Exon

Deduced polypeptidec
Length (aa)
MW (kDa)

2
2
2
2
2
2
2
2
2
1

54
72
59
57
56
57
75
76
60
58

5.92
8.17
6.60
6.35
6.14
6.39
8.39
8.23
6.89
6.38

pI
4.14
4.70
4.03
5.96
4.56
5.96
5.75
4.36
6.51
5.43

weight (kilo daltons), and isoelectric point (pI) of the deduced

polypeptides.

genome database. Moreover, Arabidopsis and rice RCI2 proteins were also used as queries to identify the maximum number of ZmRCI2 proteins. After extensive examinations of the
maize genome database, 10 RCI2 protein sequences were
obtained in the maize genome. Then, starting positions of the
10 putative ZmRCI2s were obtained from the maize genome
database, and each ZmRCI2 gene was named (ZmRCI2-1–
ZmRCI2-10) according to their order of distribution on the
10 chromosomes (table 2). For the 10 putative ZmRCI2 proteins, their molecular weight (MW) and isoelectric point (pI)
were also determined using Expasy online service (table 2).
The results confirmed that RCI2 protein is a class of small

MW proteins ranging from 5.92 to 8.39 kDa. Moreover,
sequence alignments also confirmed that the PMP3 domain
is highly conserved among the RCI2 proteins from different
organisms, which consists of two transmembrane domains
with a loop structure between them (figure 1).
Phylogenetic and structural analysis of ZmRCI2s

With the 10 RCI2 proteins in maize, a phylogenetic tree
was constructed using MEGA 4.0 with the NJ method. From
the phylogenetic tree (figure 2a), it was determined that
eight maize RCI2 proteins, ZmRCI2-4, -6, -10, -3, -5, -9,

Figure 1. Multiple sequence alignment of the ZmRCI2 proteins and representative RCI2s from different organisms, including AcPMP3-1/-2 (Aneurolepidium chinense, AB161676, AB161677), AtRCI2A/B (Arabidopsis thaliana,
AEE74311, AEE74312), BLT101 (Hordeum vulgare, Z25537), OsLti6a/b (Oryza sativa, AY607689, AY607690),
PMP3 (Saccharomyces cerevisiae, X91499), T23F2.3/2.5 (Caenorhabditis elegans, NM_076533, NM_076535) and
WPI6 (Triticum aestivum, AB030210). The transmembrane domains are highly conserved among these RCI2 proteins,
and marked by straight arrows. The curved arrow indicates a putative loop between the two transmembrane domains.
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Figure 2. Phylogenetic relationships and exon–intron structure of the ZmRCI2 proteins. (a) The phylogenetic tree was constructed using MEGA 4.0 with the NJ method. Bootstrap values above 50% from
1,000 replicates were shown at each node. (b) White rectangles and thin lines represent exons and
introns, respectively. Thick lines represent the untranslated regions (UTRs). The length of each ZmRCI2
can be evaluated by the scale at the bottom of the figure.

Figure 3. Phylogenetic relationships and conserved motifs of the ZmRCI2 proteins and representative RCI2s from
different organisms. (a) The phylogenetic tree was constructed using MEGA 4.0 with the NJ method. Bootstrap values
above 50% from 1,000 replicates are shown at each node. (b) Distribution of conserved motifs in the detected RCI2
proteins. Three motifs were identified by the online MEME server. Different motifs are highlighted in different colours.
Motifs 1 and 2 are transmembrane domains.

-1 and -2, were clustered into one conserved branch while
ZmRCI2-7 and ZmRCI22-8 are in a separate branch. In addition, ZmRCI2-4/-6, ZmRCI2-3/-5 and ZmRCI2-1/-2 emerged
as gene pairs, suggesting their close relationships. We also
performed an exon–intron structure analysis of ZmRCI2s

(figure 2b). The result showed that all the maize RCI2 genes
have one intron except for ZmRCI2-10, which is the only
gene without introns in maize RCI2 gene family.
To systematically study the RC12 gene family in plants
and other organisms, a combined phylogenetic tree was
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Figure 4. Chromosomal locations of ZmRCI2s on maize chromosomes. The chromosome numbers
are shown at the top of each chromosome (vertical gray bars). The names on the left side of each
chromosome correspond to the approximate location of each ZmRCI2 gene. The scale is in megabases
(Mb). The genes involved in segmental duplication are connected by straight lines.

Figure 5. Distribution of putative cis-elements in the promoter sequences of ZmRCI2s. The core sequences of putative
ABRE, LTRE and DRE are assigned different colours as indicated in the figure. The cis-elements distributed on the
sense and reverse strands are marked above and below the black lines, respectively.

generated by aligning the full-length sequences of 28 RCI2
proteins from different species (figure 3a). The results
showed that the 10 ZmRCI2s fell broadly into different
660

branches with their nearest orthologues. It should be noted
that some ZmRCI2s were more closely grouped with rice
RCI2 genes than with the maize paralogues, which may
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suggest their close relationships and similar functions. However, due to the low bootstrap support in most of the tree
nodes (<50%), there is insufficient information to divide
them into different groups, such as AtRCI2C and ZmRCI2-9
containing clades. To support the phylogeny reconstruction,
a MEME analysis was performed on the 28 RCI2 proteins by
delivering the protein sequences to the online MEME web
server (figure 3b). Three conserved motifs in the 28 RCI2
proteins were identified, and the results were largely consistent with the phylogenetic analysis. Motifs 1 and 2 were
detected in most of the RCI2 proteins, which are the transmembrane domains. The existence of motif 3 was also common, usually found in the centre of the peptide, but not
detected in T23F2.3, T23F2.4 and PMP3. While motifs 1 and
2 could be annotated with Pfam and SMART, motif 3 failed
probably due to its short length. The amino acid sequences
of the three conserved motifs are shown at the bottom of the
figure 3b.

mostly DRE and LTRE, were detected in the promoter of
ZmRCI2-2, ZmRCI2-5 and ZmRCI2-8. By contrast, only
two ABREs were identified in the promoter of ZmRCI2-4.
ZmRCI2-6 also contained two cis-elements in its promoter
sequences (one DRE and one LTRE). Notably, the only nointron gene, ZmRCI2-10, harboured the most ABRE in its
promoter region. The distributions of the three regulatory
elements in the promoter of duplicated genes were also compared. However, the duplicated genes were found to exhibit
significant differences of cis-element distribution in their
promoter regions. For example, ZmRCI2-5 contained more
cis-elements in its promoter, generally DRE and LTRE, but
only four elements were found in the promoter of ZmRCI3. Although both ZmRCI2-4 and ZmRCI2-6 contained two
cis-elements in their promoter, types of the distributed elements were significantly different. These findings might suggest their different regulatory mechanisms in response to
various environmental stresses.

Chromosome locations of ZmRCI2s

Expression analysis of ZmRCI2s in global transcriptome
at different developmental stages

According to the starting positions, the 10 ZmRCI2s were
mapped to the maize chromosomes, i.e., three ZmRCI2s were
located on chromosome 9, two were on chromosome 2, and
only one was found on chromosomes 1, 3, 7, 8 and 10
(figure 4). No ZmRCI2s were identified in chromosomes 4, 5
and 6. In addition, gene duplication events, including tandem
and segmental duplications, were also investigated with the
purpose to elucidate the expanded mechanism of the ZmRCI2
gene family during the process of evolution (Cannon et al.
2004; Mehan et al. 2004). According to the method described
in our previous study (Peng et al. 2012), two sister pairs
(ZmRCI2-4/-6 and ZmRCI2-3/-5) were located on the same
duplicated chromosomal blocks based on the phylogenetic
analysis and the chromosomal locations of the ZmRCI2s.
Therefore, the two sister pairs were thought to involve in the
segmental duplications, while no tandem duplication events
were detected among the 10 RCI2 genes.
Promoter sequence analysis

The 2-kb promoter region upstream the transcriptional
start site (ATG) of each ZmRCI2, was analysed to
determine their potential regulatory mechanisms. Several cis-elements have been demonstrated to involve in
response to abiotic stress, such as the ABA-responsive
element (ABRE), dehydration-responsive element (DRE)
and low-temperature-responsive element (LTRE) (Narusaka
et al. 2003; Yamaguchi-Shinozaki and Shinozaki 2005). The
results showed that all the 10 ZmRCI2s contained the putative
ABRE, LTRE or DRE in their promoter regions (figure 5).
In particular, ZmRCI2-1, ZmRCI2-2, ZmRCI2-3, ZmRCI2-5,
ZmRCI2-7, ZmRCI2-8, ZmRCI2-9 and ZmRCI2-10 were
enriched with multiple elements in their promoter sequences,
and all the above mentioned cis-elements were found in their
promoter sequences. The highest density of cis-elements,

Transcriptome data was used to investigate the temporal and
spatial expression patterns of ZmRCI2s in the maize life
cycle, and a hierarchy cluster was generated to visualize a
global expression profile of the ZmRCI2s in various tissues
and organs (figure 6a). Overall, the heat map indicated that
the 10 ZmRCI2s have different expression patterns at different developmental stages although some of them showed
closer phylogenetic relationships. According to the results
shown in the heat map, the 10 ZmRCI2s can be divided into
two groups. The first group, includes ZmRCI2-6, ZmRCI25, ZmRCI2-2, and ZmRCI2-10, which show relatively high
expression levels in most of the developmental stages, while
the second group, with ZmRCI2-4, ZmRCI2-7, ZmRCI2-1,
ZmRCI2-9, ZmRCI2-3 and ZmRCI2-8, have relatively lowexpression levels. It is noted that most of the ZmRCI2s seemingly have no expression-specificity in the detected developmental stages. By contrast, ZmRCI2-1 exhibits a remarkable
expression-specificity in germinating seeds, which may suggest its crucial role in the developmental stages. Notably, different expression patterns of the duplicated genes (ZmRCI24/-6 and ZmRCI2-3/-5) were also found in the examined
tissues and organs.
Expression analysis of ZmRCI2s under drought stress

Many studies have revealed the important role of RCI2 genes
in response to abiotic stress, such as drought and salt stresses.
To explore the possible functions of ZmRCI2s in drought
stress, expression profile of ZmRCI2s was first compared
between the drought-tolerant line Han21 and the droughtsensitive line Ye478 using the microarray data. In this study,
a total of eight probes mapped on the maize18k GeneChip
could be assigned to the 10 ZmRCI2 transcripts. As shown
in figure 6b, all the detected ZmRCI2s were responsive to
drought stress in the two maize inbred lines. Interestingly,
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Figure 6. Hierarchical clustering of ZmRCI2s. (a) Hierarchical clustering of ZmRCI2s at different developmental
stages. The colour scale at the right of the figure represents the RPKM normalized log2 transformed values using transcriptome data. Tissues from different developmental stages are shown at the bottom of the heat map. (b) Expression
profiles of the eight ZmRCI2s under drought stress in the two maize inbred lines (Han21 and Ye478). The colour scale
at the right of the figure represents the RMA normalized expression values using microarray data. Red, high expression;
yellow, intermediate expression; blue, no expression.

most of the ZmRCI2s revealed a similar expression pattern in Han21 and Ye478, although some significant differences could also be observed. For example, expression
of ZmRCI2-6 was obviously downregulated under drought
stress in Han21, while a relatively stable expression pattern
was found in Ye478.
Since expression patterns can provide important clues for
possible gene functions, also a qRT-PCR analysis of the
10 ZmRCI2s under drought stress was performed by irrigating three-week-old seedlings with 20% (w/v) PEG-6000.
The expression levels of all the 10 ZmRCI2s in response to
slight (D1), moderate (D2) and severe (D3) drought stress
were compared with normal plants. As shown in figure 7,
expression of all the ZmRCI2s could be induced or repressed
under drought stress. Of the 10 ZmRCI2 genes, the expression of ZmRCI2-3, ZmRCI2-5, ZmRCI2-8, ZmRCI2-9 and
ZmRCI2-10 were significantly downregulated under drought
stress, whereas only two genes, ZmRCI2-1 and ZmRCI2-7,
showed upregulated expression in response to the same treatment across all time points. Besides, ZmRCI2-2, ZmRCI2-4
and ZmRCI2-6 were downregulated by drought treatment
at relatively early stages (3 and 6 h after treatment), but
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were dramatically upregulated at 12 h. The results of the
expression profile also showed that expression patterns of
the two duplicated gene pairs (ZmRCI2-4/-6 and ZmRCI2-3/5) were largely similar under drought treatment, suggesting
their conserved functions in response to drought stress. In
addition, the expression patterns of the 10 ZmRCI2s between
GeneChip and qRT-PCR were also compared. The qRTPCR results were roughly consistent with the data from the
GeneChip. However, exceptions to these observations were
also found. For example, the expression of ZmRCI2-10 was
obviously upregulated in the two maize inbred lines (Han21
and Ye478) revealed by the microarray data, but a significantly downregulated expression was shown based on the
result of qRT-PCR analysis.

Discussion
After two RCI2 genes were initially isolated in Arabidopsis
(Capel et al. 1997), six members were subsequently identified in a survey of the RCI2 gene family in this species
(Medina et al. 2007). Increasing evidence indicated that
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Figure 7. Expression analysis of the 10 ZmRCI2s under drought stress using qRT-PCR. Seedlings were sampled at 0 h
(CK), 3 h (D1), 6 h (D2) and 12 h (D3) after drought treatment. The Y-axis is the scale of relative expression levels.
The X-axis is time course of drought treatments. Error bars, ± SE.

RCI2 genes have crucial roles in response to abiotic stress,
especially in regulating plant tolerance to drought, cold and
salt stress (Medina et al. 2007). Since abiotic stress such as
drought, salt and low temperature, greatly affect plant growth
and crop production (Shinozaki et al. 2003), RCI2s should
be a focus of attention in molecular breeding programmes.
Due to the full genome sequencing of maize, we were able to
conduct a systematic analysis of the RCI2 gene family in this
important crop species.
In this study, a phylogenetic tree was initially constructed
by the NJ method of the 10 ZmRCI2 proteins, and three sister
pairs were found, but only two (ZmRCI2-3/-5 and ZmRCI24/-6) were resulted from gene duplication. On the other hand,
the two sister pairs were the products of segmental duplication. However, no evidence of tandem duplication was
observed among ZmRCI2s. During the process of plant evolution, gene duplication events, including tandem and segmental duplications are considered important to bring about
substantial expansion of the genome (Zhao et al. 2011). Even
more slowly evolving gene families (e.g. MYB gene family) are presumed to have regularly undergone segmental
duplications. By contrast, tandem duplications are thought to
occur frequently in the large and rapidly evolving gene families (e.g. NBS-LRR gene family) (Meyers et al. 2003; Cannon
et al. 2004; Jiang et al. 2004). Thus, ZmRCI2 gene family

probably underwent a relatively slow evolutionary process.
By mapping the 10 ZmRCI2s on the maize chromosomes,
a remarkable pattern was revealed. Specifically, they were
often distributed to the ends of several chromosomes but
did not appear in chromosomes 4, 5 and 6. Although the
number of ZmRCI2s were found to be similar to those
of Arabidopsis (Medina et al. 2007), the gene duplication
events in Arabidopsis RCI2 gene family were significantly
different. In Arabidopsis, a total of one segmental duplication event (AtRCI2D/AtRCI2E) and two tandem duplication events (AtRCI2A/AtRCI2B and AtRCI2E/AtRCI2F) were
detected among the eight AtRCI2s, respectively (Medina
et al. 2007). It is also noted that a total of 12 RCI2 genes
(OsRCI2-1–12) were identified in the rice genome, with only
OsRCI2-3 and OsRCI2-4 being detected as tandem duplications (Medina et al. 2007). Although, the number of RCI2
genes is similar among maize, rice and Arabidopsis, the
expansion mechanism of RCI2 gene family might have some
differences among the three species during the course of evolution. However, sequence analysis indicated that these RCI2
genes are highly conserved in the species, suggesting that
RCI2 gene family is an evolutionarily conserved family in
plant genomes.
We also constructed a combined NJ tree to understand the phylogenetic relationships of RCI2 proteins from
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different species. Further, the phylogenetic tree can also
provide us with a broader overview of their evolution–
function relationships. As shown in figure 3a, most of
the monocot RCI2 genes share clade with the nearest monocot orthologues, while the dicot RCI2 genes
share clade with the nearest dicot orthologues. For example, some maize RCI2 genes formed sister pairs with
rice representatives. It should be noted that these orthologues between maize and rice showed a closer relationship than paralogues from the same species, such as
OSR8/ZmRCI2-2 and OsLti6b/ZmRCI2-10, indicating that
these genes might have been generated from a common
ancestor, in which ancient duplication events occurred
predating maize and rice divergence. The prevalence of
orthologue pairs of maize and rice RCI2 genes in the phylogenetic tree suggested that maize RCI2 genes are more
closely allied with rice homologues than Arabidopsis representatives, which is consistent with the evolutionary relationships among maize, rice and Arabidopsis. According
to the phylogenetic tree, it is also found that RCI2 genes
from Saccharomyces cerevisiae (PMP3) and Caenorhabditis
elegans (T23F2.3 and T23F2.5) showed a relatively distant
relationship with those from plant species although the transmembrane domains were highly conserved in all of these
proteins. Additionally, the phylogenetic reconstruction was
supported by the conserved motif analysis. The phylogenetic analysis provided a very important reference for future
cloning and functional analysis of the ZmRCI2s.
To further explore the possible functions of the ZmRCI2s
during the process of plant growth and development, expression patterns of the 10 ZmRCI2s in different tissues and
organs and under drought stress were analysed based on the
transcriptome and microarray data and qRT-PCR analysis,
respectively. In the detected tissues and organs, ZmRCI2s
showed large differential expression patterns, although they
are highly conserved. While most of the ZmRCI2s were
found to be broadly expressed in almost all of the detected
developmental stages, ZmRCI2-1 showed an expressionspecificity in germinating seeds. Especially, the expression
patterns of the segmental duplicated genes were also not
the same. For instance, ZmRCI2-5 has a relatively high
expression in most of the examined tissues. By contrast,
ZmRCI2-3 shows a low expression in these tissues. This
finding suggested that these genes might function at different stages of plant growth and development. Many studies
showed that RCI2 genes play important roles in response
to various abiotic stresses (Imai et al. 2005; Morsy et al.
2005; Medina et al. 2007). In the current study, each of the
ZmRCI2s was found to be responsive to drought treatment
based on the microarray data and qRT-PCR analysis, indicating their important functions in response to drought stress.
This conclusion was also supported by the close relationships between ZmRCI2s and the representative RCI2 genes
from different organisms, which have been proved for their
prominent role in stress responses. More importantly, promoter sequence analysis indicated that all the 10 ZmRCI2s
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contained several putative stress-related cis-elements (ABRE,
LTRE and DRE) in their promoter regions. Interestingly,
the duplicated genes showed very similar expression pattern under drought stress based on the qRT-PCR analysis,
although both the duplicated gene pairs exhibited different
expression profiles in maize development. This finding suggested that the functions of the duplicated genes are still
conserved after duplication and that the duplicated genes
might have redundant functions in response to drought stress.
Their biological functions will be experimentally examined
in future studies.
By comparing the expression data from microarray and
qRT-PCR, some RCI2 genes were found to show different
expression patterns in the two studies. The possible reasons
are as follows: (i) methods of drought treatment used in the
two studies are not the same. In this study, maize plants
were treated with 20% (w/v) PEG-6000, while microarray
data was based on the concept that the plants were subjected
to moderate and severe drought stress by withholding water
(Zheng et al. 2010). (ii) Maize inbred lines used in the two
studies were also not the same. Expression patterns from
the same gene might be different in different inbred lines in
response to the same stress treatment (Zheng et al. 2010).
(iii) The microarray data was normalized using RMA (robust
multi-chip average) algorithm method, while qRT-PCR was
based on 2−CT method. In addition, it was considered that
the moderate and severe drought stress reported by Zheng
et al. (2010) were not coincident to the time points of 6 or
12 h by 20% PEG-6000 treatment. Therefore, a correlation
value was also not calculated due to the above reasons. In
general, qRT-PCR results were roughly consistent with the
data from the GeneChip.
In conclusion, a comprehensive sequence analysis of RCI2
gene family in maize was performed along with the expression patterns of the RCI2 genes at different developmental
stages and under drought stress. The results will be helpful
to select appropriate candidate genes for function validation
of maize RCI2 genes in relation to abiotic stress.
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