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Abstract

The mechanism of calcium uptake, translocation and accumulation in Poaceae has not yet been fully understood.
To address this issue, we conducted genome-wide comparative in silico analysis of the calcium (Ca®") transporter
gene family of two crop species, rice and sorghum. Gene annotation, identification of upstream cis-acting ele-
ments, phylogenetic tree construction and syntenic mapping of the gene family were performed using several bio-
informatics tools. A total of 31 Ca®" transporters, distributed on 9 out of 12 chromosomes, were predicted from
rice genome, while 28 Ca”" transporters predicted from sorghum are distributed on all the chromosomes except
chromosome 10 (Chr 10). Interestingly, most of the genes on Chr 1 and Chr 3 show an inverse syntenic relation-
ship between rice and sorghum. Multiple sequence alignment and motif analysis of these transporter proteins re-
vealed high conservation between the two species. Phylogenetic tree could very well identify the subclasses of
channels, ATPases and exchangers among the gene family. The in silico cis-regulatory element analysis suggested
diverse functions associated with light, stress and hormone responsiveness as well as endosperm- and meris-
tem-specific gene expression. Further experiments are warranted to validate the in silico analysis of the predicted
transporter gene family and elucidate the functions of Ca®" transporters in various biological processes.
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Introduction under normal physiological conditions and provide

tolerance against various stresses. There are three
. 2+ .

Calcium plays a central role in plants in the regulation major classes of Ca” transporter proteins: channels,

of growth and development by acting as a second ATPases (pumps) and exchangers (/-6). Members of

messenger in the signal transduction pathways. The

membrane-associated calcium (Ca®") transporter pro-

teins are essential to maintain calcium homeostasis

these transporter proteins may differ in their cellular
and tissue distribution and the regulation by other
signaling pathways (7, &8). The spatial and temporal
regulation of calcium concentration in plant cells de-
pends on the coordinated activities of channels and
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membranes (9). Calcium channels, pumps and ex-
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changers, which differ in their cellular distribution
and mechanism of transport, operate the complex and
tight regulation of calcium homeostasis. Specific iso-
forms of these proteins are responsible for increasing
or reducing free calcium in the cytosol (0).

Whereas diffusion of molecules across membranes
(either intracellular or across the plasma membrane) is
mediated by calcium channels, the calcium pump
(ATPase) is a membrane-bound Ca®" transporter that
uses energy derived from ATP hydrolysis to transport
Ca®" across membranes against their concentration
gradient (/7). There are two major Ca”" ATPase fami-
lies (12, 13): P-type IIA and P-type IIB. The P-type
ITA family lacks N-terminal auto-regulatory domain
while the IIB family of plant is characterized by the
presence of an auto-inhibitory N-terminal domain
containing a Ca’’/CaM-binding site and a serine
phosphorylation site (/4). Calcium exchanger is a
secondary active transporter using energy from the
flow of one ion (for example, Na") down its concen-
tration gradient to transport Ca’" against its concen-
tration gradient (/0). Ca®" transporters on various
membranes play an important role in orchestrating
diverse biological processes. The results of electro-
physiological studies and molecular analyses indicate
the existence of many species of Ca>" transporter pro-
teins (15, 16). Although a burgeoning number of Ca"
transporters have been identified, it is often difficult
to associate functions with particular transporters.
Thus, there is a dire need of in-depth understanding of
structural and functional roles of such transporter
family, which can be elucidated by comparing the
Ca®" transporter gene family in the grass species of
rice and sorghum.

Grasses, covering 20% of the earth’s land surface,
are ecologically well adapted (/7). This group of
plants is especially important to agriculture, contrib-
uting a large portion of the calories consumed in the
human diet (/8). Both rice and sorghum belong to the
Poaceae family and represent two types of carbon
metabolism: C3 and C4, respectively. The evolution
of C4 photosynthesis in the Sorghum lineage involved
redirection of C3 progenitor genes as well as recruit-
ment and functional divergence of both ancient and
recent gene duplicates (/9). Analysis of the sorghum
sequence provides new insights into the recruitment
of C3 genes to the C4 pathway, allowing us to identify

more orthologs in cereals.

Though there exists great diversity among cereals
in terms of genome size, ploidy level and chromo-
some numbers, attempts have been made to reveal the
existing synteny and colinearity on the basis of com-
parative genomics (/9). A total of 19,929 (57.8%)
sorghum gene models were collinear with rice. About
60% of sorghum genes are located in syntenic regions
to rice and orthologous relationships are well estab-
lished by genetic markers as well as whole-genome
comparisons (/9, 20). The identification of specific
genes and their function would help to understand the
development, evolution and differences of crop plants.
Additionally, the comparative analysis of sorghum
and rice will also offer new insights into the role of
different Ca*" transporters like calcium channel, pump
and exchanger. Furthermore, examination of com-
parative synteny mapping between two monocot
model species will allow understanding how genes
evolve within monocot species and thus allow better
identification of target genes for Ca" signaling. In
view of the un-availability of sufficient information
on the molecular mechanism(s) associated with cal-
cium nutrition, transport and accumulation in cereal
grains, we focused on comparing the Ca®" transporter
gene family in the grass species rice and sorghum.

In the present study, we performed genome-wide in
silico identification of Ca®" transporter gene family of
sorghum from its recently sequenced genome (/9),
with annotation for chromosomal location(s), gene
structure and phylogenetic tree construction. The pu-
tative functions of the predicted Ca®’ transporter
genes in sorghum were investigated by analyzing the
cis-regulatory elements present in the promoter region
of these genes. Moreover, the comparative phylogeny
and syntenic mapping with rice transporter gene fam-
ily were also analyzed.

Results and Discussion

Genome-wide annotation of Ca** transporter
gene family

The availability of sequenced genome of sorghum
(19) provided ample opportunity to annotate and
predict the complete set of information of Ca®’
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transporter genes using various bioinformatics tools.
For the identification of transporter genes, BLAST
(21, 22) search was conducted to analyze the com-
plete genome sequence of rice and sorghum, respec-
tively. The genome-wide search revealed presence
of 28 transporter genes from sorghum genome, in-
cluding 1 channel, 15 ATPases and 12 exchangers
(Table 1). In comparison, 31 transporter genes were
found as annotated from the whole genome of rice,
consisting of 1 channel, 14 ATPases and 16 ex-
changers (Table 2). It shows that fewer Ca’" trans-
porters were identified in sorghum than in rice. This
could be due to the fewer chromosomes in sorghum
(10 chromosomes) as compared to rice (12 chromo-
somes).

Table 1 Calcium transporters in sorghum

Multiple sequence alignment

To investigate the sequence features of Ca®’ trans-
porter proteins in rice and sorghum, we performed
multiple sequence alignment of amino acid sequences
for the 59 identified Ca®" transporter proteins (Figure
S1). Sequence alignment of calcium channel, ATPase
and exchanger by ClustalW indicated an overall ho-
mology amongst their own respective groups. High
conservedness was observed in calcium channel be-
tween sorghum and rice. In all Ca®" ATPases, align-
ment revealed one conserved motif, DKTGTLT
(highlighted in Figure S1B). This conserved region
locates on motif 2 in Ca*" ATPase, which contains
E1-E2 ATPase phosphorylation site as shown in Table 3.

Serial No. Locus Co-ordinate™ No. of conserved domains Chromosome No.  Function

1 Sb03g031110 59449940 - 59431785 2 3 Two Pore Ca channel
2 Sb03g045370 72613513 - 72619278 6 3 Ca ATPase 3

3 Sb08g001260 1231390 - 1237532 6 8 Ca ATPase, 1IB type
4 Sb05g002380 2551588 - 2556879 6 5 Ca ATPase, 1IB type
5 Sb01g014620 13926528 - 13931352 5 1 Ca ATPase 2

6 Sb09g024300 53852476 - 53858301 6 9 Ca ATPase 6

7 Sb01g038990 62459145 - 62464238 5 1 Ca ATPase, 1IB type
8 Sb07g026810 61947637 - 61958992 6 7 Ca ATPase, 1IB type
9 Sb06g027770 56594227 - 56606829 6 6 Ca ATPase, 1IB type
10 Sb09g001850 1851129 - 1855578 5 9 Ca ATPase, IIB type
11 Sb07g028160 63171206 - 63175489 6 7 Ca ATPase, IIB type
12 Sb01g043620 66764553 - 66770308 6 1 Ca ATPase, 1IB type
13 Sb02g028935 64048135 - 64069090 6 2 Ca ATPase, 1IB type
14 Sb01g021870 26371223 - 26374261 4 1 Ca ATPase, 1IB type
15 Sb04g005130 4956445 - 4976039 3 4 Ca ATPase, 1IB type
16 Sb06g029175 57842933 - 57844648 1 6 Ca ATPasel, I1A type
17 Sb04g010130 13357947 - 13369114 2 4 CAX 1c

18 Sb04g003135 2940231 - 2942365 2 4 Ca exchanger 2

19 Sb01g033220 56450631 - 56454742 2 1 Ca exchanger

20 Sb01g021270 24787055 - 24788792 1 1 Ca exchanger

21 Sb08g022240 54041794 - 54043632 1 8 Na/Ca exchanger

22 Sb06g031080 59454144 - 59458446 2 6 Ca exchanger

23 Sb03g008600 9201460 - 9203592 1 3 K-dependent Na/Ca exchanger
24 Sb03g013753 17913353 - 17913868 1 3 Na/Ca exchanger

25 Sb09g030750 59382798 - 59385885 1 9 CAX 1

26 Sb04g011451 17193273 - 17194308 1 4 Ca exchanger

27 Sb01g012910 11968709 - 11970895 1 1 Ca exchanger

28 Sb04g008850 10445502 - 10462382 1 4 Ca exchanger

*Note: “Co-ordinate” indicates the co-ordinates (5'-3') of coding sequences in a chromosome.
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Table 2 Calcium transporters in rice

No. of

Serial No. Locus Co-ordinate conserved domains Chromosome No.  Function

1 0s01g48680 27919763 - 27906603 2 1 Two Pore Ca Channel

2 Os01g71240 41219326 - 41225966 5 1 Ca ATPase 11,1IB type

3 0s02g08018 4208367 - 4203438 2 2 Ca ATPase 10, IIB type

4 0s03g17310 9640836 - 9635147 4 3 Ca ATPase 2, IIA type

5 0s03g42020 23340016 - 23345128 4 3 Ca ATPase 2, 1IB type

6 0503252090 29903956 - 29882993 5 3 Ca ATPase 3, IIA type

7 0s03g10640 5433293 - 5438896 5 3 Ca ATPase 2, 1IB type

8 0Os04g51610 30399000 - 30387339 5 4 Ca ATPase 9, 1IB type

9 0s05g41580 24284626 - 24291437 6 5 Ca ATPase 4, IIB type

10 050502940 1083959 - 1085686 2 5 Ca ATPase 2, I1A type

11 0s08g40530 25656887 - 25650557 2 8 Ca ATPase 9, IIB type

12 0Os10g28240 14613997 - 14610890 4 10 Ca ATPase 13, IIB type

13 Os11g04460 1858363 - 1864021 4 11 Ca ATPase 4, IIB type

14 0Os12g04220 1782572 - 1788562 5 12 Ca ATPase 4, IIB type

15 Os12g39660 24452031 - 24457112 5 12 Ca ATPase 2, 1IB type

16 Os01gl1414 6133239 - 6137905 5 1 Ca exchanger

17 0s01g37690 21075484 - 21071420 1 1 vacuolar cation/proton exchanger la
18 0s02g04630 2070492 - 2075369 2 2 Na/Ca exchanger 4

19 050221009 12432344 - 12448156 2 2 vacuolar cation/proton exchanger 1c
20 0s02g43110 25952315 - 25951872 2 2 Na/Ca exchanger 1

21 0s03g01330 235750 - 234794 1 3 Na/K/Ca exchanger 1

22 0s03g08230 4195311 - 4193392 0 3 Ca exchanger

23 0503227960 16060007 - 16063229 2 3 vacuolar cation/proton exchanger 2
24 0s03g45370 25612199 - 25613926 2 3 Ca exchanger

25 050455940 33130222 - 33133575 2 4 vacuolar cation/proton exchanger 3
26 0s05g51610 29530679 - 29526503 2 5 vacuolar cation/proton exchanger 1b
27 0s10g30070 15542987 - 15544780 2 10 Na/K/Ca exchanger 6

28 Os11g01580 334289 - 333096 2 11 Na/K/Ca exchanger 6

29 Os11g05070 2216489 - 2213647 1 11 Na/K/Ca exchanger 6

30 Os11g43860 26019832 - 26017041 1 11 Ca exchanger

31 0Os12g42910 26635589 - 26637352 2 12 Ca exchanger

However, other motifs in Ca®" transporters show de-
generacy in various regions of protein sequences. In
calcium exchangers, only a few conserved amino acids
were observed between sorghum and rice.

Phylogenetic tree

To examine the phylogenetic relationship among
transporters in rice and sorghum, a rooted tree was
constructed by aligning their amino acid sequences

Genomics Proteomics Bioinformatics 2011 Oct; 9(4-5): 138-150

(Figure 1). As is attested by the bootstrap values
quoted on the nodes, the phylogenetic analysis of
transporters across both species clearly reveals four
groups: (A) P-type IIB Ca®" ATPases, (B) calcium
exchangers, (C) calcium channels and (D) P-type ITA
Ca®" ATPases. The difference (sequence-wise and
hence in domains) between Ca®" exchangers and Ca®*
ATPases is evident from the segregation between their
respective clusters. Ca®* ATPases were further sepa-
rated as P-type IIA and IIB on the basis of their amino
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Table 3 Multilevel consensus sequences of the motifs defined by MEME software

Motif Width E value Multilevel consensus sequences

1 50 9.3e-980 MGIQGTEVAKESSDMIIMDDNFSTIVNVARWGRSVYNNIQKFIQFQLTVN

2 50 4.5¢-920 PLAVTLCLAFAMKKMMNDKALVRHLSACETMGSATCICSDKTGTLTTNHM
3 44 5.0e-753 TAVQLLWVNMIMDTLGALALATEPPNDNMMKRPPVGRREPFITN

4 50 4.1e-822 YTCIGIVGIKDPCRPGVKDAVETCMSAGIKVRMVTGDNINTAKAICRECG
5 50 7.5e-635 YKQSLQFKHLDKEKKKIQVQVTRDGYRQKVSIYDLVPGDIVHLKIGDQVP
6 28 8.5e-476 RKMFGHVVAVTGDGTNDAPALHEADIGL

7 36 4.9e-454 GTKVQDGYCKMLVTAVGMRTEWGKLMATISEDGDDE

8 39 1.4e-507 CATVSLYFCIATEGWPKGWYDPPGIIGSILLPVMNTAPS

9 50 2.4e-576 VFNEFNSREMEKINVFRGIFKNWIFMGIAITVVFQFIIEFLGKFANTV

10 39 6.7e-451 AIEGPEFREKSPEEMRELIPKIQVMARSSPNDKHTLVKH

acid composition. In spite of being very few in num-
ber, as compared to IIB Ca>" ATPases (Cluster A) and
calcium exchangers (Cluster B), IIA Ca®>" ATPases do
form a separate cluster with significant bootstrap val-
ues (Cluster D). It is also noteworthy that the two cal-
cium channels (Cluster C) are a subset of the calcium
exchangers (Cluster B). This is expected since cal-
cium channels and exchangers share much structural
and functional similarity. In addition, most of the
members belonging to the same cluster also share one
or more conserved domains. Therefore, a majority of
the Ca®" transporters in rice are expected to be func-
tional orthologs of the Ca*' transporters in sorghum.
Furthermore, all clusters contain members from the
two different species, although rice is a C3 plant
whereas sorghum has C4 metabolic pathway. The
Ca®" transporters of these two plants cluster together
with respect to their orthology, which suggests that
the structure and function of most of these genes
might have remain conserved during evolutionary
timescale across the plants employing C3 or C4 meta-
bolic pathway.

Chromosomal distribution of Ca** transport-
ers and the synteny between rice and sorghum

At the whole-genome level, there is some colinearity
between rice and sorghum. The orthologs from Ca®*
transporter gene families in both rice and sorghum
were mapped and their corresponding chromosome
locations are summarized in Tables 1, 2 and Figure 2.
The comparative synteny map also revealed the ex-
pansion and inversion of some chromosome regions
in sorghum. The genome sizes of the grass family

vary dramatically from 400 Mb in rice to 730 Mb in
sorghum. In rice, the 31 identified Ca®" transporter
genes were found to be distributed on 9 out of 12
chromosomes, while in sorghum the 28 Ca®" trans-
porters were distributed on all the chromosomes ex-
cept chromosome 10 (Chr 10). In the case of rice,
maximum 8§ (4 ATPases and 4 exchangers) transport-
ers were found to be located on Chr 3, followed by 4
on Chr 1, 2 and 11, respectively, and 3 on each of Chr
5 and 12. Chr 10 contains 2 Ca®" transporters (1 AT-
Pase and 1 exchanger) while Chr 8 contains only 1
ATPase. No Ca”" transporters were found on Chr 6, 7
and 9. In the case of sorghum, maximum 7 transport-
ers (4 ATPases and 3 exchangers) were found to be
located on Chr 1, followed by 4 on each of Chr 3 and
4, and 3 on each of Chr 6 and 9, while there is only 1
ATPase on Chr 2. Most of the Ca’" ATPases and ex-
changers are distributed on Chr 1, 3 and 4 in sorghum.

Alignment of the sorghum genome map with those
of other cereals has revealed extensive macro colin-
earity, especially between sorghum and rice (23-26).
However, the distribution of the Ca®’ transporter
genes on the 9 chromosomes in both sorghum and rice
is not uniform, and some transporter genes are found
in clusters in various regions on certain chromosomes.
Most of the genes located on Chr 1 in sorghum show
syntenic relationship with those located on Chr 3 in
rice, while genes on Chr 3 in sorghum are syntenic
with those on Chr 1 of rice. Similar trend was ob-
served for Ca®" transporter genes in this study. Cal-
cium channel and ATPase genes located on Chr 3 in
sorghum show synteny with those on Chr 1 in rice.
Conversely, all the Ca”" transporters on Chr 3 in rice
show the syntenic relationship with those on Chr 1 in
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Figure 1 Phylogenetic tree of calcium transporter proteins from rice and sorghum. The phylogenetic tree was constructed by un-
weighted pair group method with arithmetic mean (UPGMA) using MEGA version 4.0.02. The calcium transporters were classified
into four groups: A. IIB type calcium ATPases, B. calcium exchanger, C. calcium channel and D. IIA type calcium ATPases.
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Figure 2 Genomic distribution and syntenic mapping of calcium transporter genes. Chromosomes from rice and sorghum were
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(blue) on different chromosomes in rice and sorghum was depicted. In addition, the synteny of calcium channel, ATPase and ex-

changer genes between rice and sorghum was indicated by the dashed lines in dark green, brown and cyan, respectively.

sorghum except one Ca>" ATPase gene, which shows
synteny with Ca>" ATPase on Chr 3 in sorghum. In
addition, syntenic relationship was also noticed be-
tween one calcium exchanger present on Chr 1 inrice
and that on Chr 4 of sorghum, while one ATPase and
one exchanger found on Chr 10 in rice show syntenic
relationship with those on Chr 1 in sorghum. Fur-
thermore, Ca”" transporter genes on Chr 2 in rice show
syntenic relationship with those on Chr 4 in sorghum,
and one ATPase and one exchanger present on Chr 4
in rice show synteny with those on Chr 6 in sorghum,
respectively. These Ca" transporters with colinearity
also share some common motifs and much structural
and functional similarity.

Therefore, the rice—sorghum syntenic map provides
a reliable and well documented source of data that
could be exploited in the future to locate the most
conserved syntenic segments, which will also be well
positioned for in-depth genome sequence analysis and
comparative analysis of the role of Ca®" transporters in

other cereals.
Analysis of conserved motifs

Every calcium ATPase contains all 10 motifs while
calcium exchangers contain only a few motifs (Figure
3), out of which two exchangers (1 in rice and 1 in
sorghum) contain only one single motif that appears
twice. Motif 8 is found in all the calcium transporters,
which is functionally related to the N-myristoylation
site. Motifs 1 and 2 are also most commonly observed
in all transporters, containing N-glycosylation site and
E1-E2 ATPase phosphorylation site, respectively. Mo-
tif 3 contains cation transporting ATPase motif, which
is present in only a few exchangers but completely
absent in calcium channels. Motif 4 containing both
N-myristoylation site and protein kinase C phos-
phorylation site is present in a few exchangers from
both species and in channels from sorghum, but is
absent in channels from rice. On the other hand, Motif
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5 containing casein kinase II phosphorylation site is
present in channels from rice but absent in those from
sorghum. In addition, Motif 6 containing CHAP do-
main (cysteine, histidine-dependent amidohydrolase/
peptidase) is missing in all channels and exchangers
except two (0s03g45370 and Os03g01330) from rice.
Furthermore, Motifs 7 and 10 are commonly observed
in all transporters, both have casein kinase II phos-
phorylation site. Motif 9, which contains 2 functional
sites, N-myristoylation site and C-terminus cation
transporting ATPase, was observed in all calcium
transporters. Multilevel consensus sequences for the
motifs defined by MEME software is shown in Table
3.

Cis-regulatory elements analysis

The cis-regulatory element analysis was carried out
by retrieving nucleotide sequences 1,000 bp upstream
of the initiation codon of 31 and 28 transporter genes
from rice and sorghum, respectively. A large number
of cis-regulatory elements were detected when all
transporter genes were subjected to search against
PlantCARE database (27). Distribution of the
cis-regulatory elements among these transporter genes
was shown in Figure 4. These elements were mainly
associated with five important physiological processes,
including light responsiveness, stress responsiveness,
hormone responsiveness, meristem-specific expres-
sion and seed-specific gene expression. In addition,
elements associated with other functions are placed in
another category.

Many light-responsive elements were revealed in
the promoter regions of all transporter genes from rice
and sorghum, including LAMP, ACA motif, ATCT,
AT1, TCCC, AAAC, GAG, GT1, TCT, GATA motif,
Spl, G Box, I Box and AE Box. These elements sug-
gest that the calcium transporter proteins might be
involved in regulation of photoperiodic control during
flowering. The frequency of light-responsive elements
in transporter gene promoter region ranges from 7 to
12 and the highest number was found in the promoter
region of Os01g48680. In sorghum, calcium channel
contains all four seed-specific elements, which were
also detected in one ATPase and one exchanger
(Sb07g028160 and Sb04g003135), respectively. In
addition, 10 calcium ATPases and 8 calcium ex-

changers contain one or more seed-specific elements
in their promoter region, while no seed-specific ex-
pression was detected in 5 ATPases (Sb08g001260,
Sb01g038990, Sb06g027770, Sb09g001850 and
Sb02g028935) and 3 exchangers (Sb06g031080,
Sb03g008600 and Sb05g026100). Hormone-specific
expression, i.e., TGA-element, GARE, ERE, TGACG,
ABRE, IIb and CGTCA-motif, has also been ob-
served in all calcium transporters. Meristem-specific
regulation, i.e., presence of dOCT box, CCGTCC-box
and CAT-box, were present only in some transporters
while the presence of cis-regulatory elements like
Skn-1 motif, GCN4 motif, O2-site and RY element
confers endosperm-specific gene expression. Finally,
the involvement of calcium transporter in regulation
of abiotic stress has been identified according to the
presence of different stress-responsive elements like
HSE, MBS, although transporters Sb08g001260,
Sb09g001850 and Sb06g031080 do not contain any
stress-related elements.

Conclusion

In this study, a complete analysis of the calcium
transporter gene family in rice and sorghum is pre-
sented, including multiple sequence alignment, do-
main analysis of Ca®" transporters, phylogeny, chro-
mosomal locations and analysis of their cis-regulatory
elements. In silico analysis has revealed the existence
of 28 and 31 members of transporter genes encoding
channel, ATPase and exchanger in genomes of sor-
ghum and rice, respectively. Multiple sequence
alignment of these transporter proteins of sorghum
and rice showed certain conservedness. Phylogenetic
analysis further segregated these proteins into four
clusters each representing calcium channel, [1A & 1IB
type calcium ATPases and calcium exchanger. Motif
analysis revealed some conserved motifs between
channel, ATPase and exchanger in rice and sorghum.
The analysis of cis-regulatory elements for the pre-
dicted calcium transporters revealed that the major pu-
tative functions of these genes are associated with gene
regulation of seed storage proteins, abiotic and biotic
stress, photoperiod, growth hormone and meristem.
Although the function of calcium transporters for cal-
cium accumulation in seed has not been reported so far,
the presence of seed-specific motif in upstream region
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suggests that these proteins might be involved in cal-
cium accumulation.

Characterization of these proteins at physiological,
molecular and structural level might shed some light
on their functionality. The cause of gene movement
and the erosion of gene colinearity between rice and
sorghum chromosomes has been an unsolved task.
However, advent of comparative genomics will pro-
vide insights for such changes in chromosomal or-
ganization. The identification of syntenic relationship
between rice and sorghum in the present study showed
that calcium transporters are not uniformly distributed
but rather clustered on certain chromosomes. The pre-
sent in silico analysis of the predicted transporter gene
family has provided significant clues for exploring the
expression and function of these calcium transporters
under different environmental conditions. These studies
would further help in understanding the molecular basis
of many agriculturally important traits such as calcium
accumulation in developing grains and their roles in
development and defense against biotic and abiotic
stresses. Furthermore, deciphering the diversity, organi-
zation and phylogeny of calcium transporter gene fam-
ily in sorghum would also facilitate future annotation of
transporter genes within genomes of other cereals.

Materials and Methods

Search of databases for the identification of
calcium transporter family members

In order to perform comparative analysis, the se-
quences of Ca”" transporters from rice (Oryza sativa)
and sorghum (Sorghum bicolor) were downloaded
from two different sources, TIGR (The Institute for
Genomic Research; http://www.tigr.org/) pseudo-
molecule database (version 4) for rice and MIPS
(Munich information center for protein sequence;
http:// mips.helholtz-muenchen.de/plant/sorghum/) for
sorghum, respectively. For the identification of Ca*’
transporters in rice and sorghum, the homology search
of the Ca®’ transporter proteins was performed by
BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) using
blastp and tblastn algorithm. Detailed analysis of Ca**
transporters in whole genomes of rice and sorghum,
including their identification, classification, sequence

analysis, domain analysis, chromosomal locations and
phylogenetic relationships were carried out as de-
scribed below.

Phylogenetic analysis

Amino acid sequences of all the identified Ca®" trans-
porters from sorghum and rice were aligned separately
using ClustalW (28) and the phylogenetic tree was
constructed using UPGMA method of MEGA version
4.0.02 (29). Each node was tested using the bootstrap
approach by taking 100 replications to ascertain the
reliability of nodes. The number indicated percentages
against each node.

Chromosomal distribution of calcium trans-
porters and synteny between rice and sorghum

The sorghum genome is approximately two-fold lar-
ger in size but has two fewer chromosomes relative to
rice. The difference in chromosome number between
sorghum and rice is due to two chromosome fusion
events that occurred prior to the divergence of sor-
ghum from Pennisetum (30). The chromosomal posi-
tion of each calcium transporter gene in the rice and
sorghum was determined by blastn search with NCBI
genome (chromosome) database against genomic se-
quence of each chromosome for the rice (Accession
No. NC008394-NC008405) and sorghum (Accession
No. CMO000760-CM000769) and then manually
marked. The chromosomal distribution was visualized
by NCBI Map Viewer (http://www.ncbi.nlm.nih.gov/
mapview/).

Analysis of conserved motifs

To identify the conserved motifs within the protein
sequences of calcium transporter family, the deduced
protein sequences of all the calcium transporters in
rice and sorghum were analyzed using online MEME
(Multiple Expectation Maximization for Motif Elici-
tation) tool version 3.5.7 (3/). For motif analysis,
maximum number of motifs was set to 10 and optimal
motif width was set as 20 to 50 amino acids while
other factors were set as default.
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Domain analysis of calcium transporters

The putative protein sequences of calcium transport-
ers from rice and sorghum were subjected to protein
functional analysis using Pfam version 23.0 (32) and
SMART (Simple Modular Architecture Research Tool)
version 5.1 (33).

Analysis of cis-regulatory elements

For promoter analysis, sequences 1,000 bp upstream
of the initiation codon of the putative calcium trans-
porter genes were retrieved and subjected to search
using CARE program (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/) of Plant CARE database
to identify cis-regulatory elements.
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