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ABSTRACT

Genes Opaque-2 and ohp-1, 2 determine the amount of lysine and tryptophan in maize kernels. Sequence analysis

at these loci reveals the evolutionary pattern and chronology of different phylogenetic events in the evolutionary
history of Z. mays. ssp. mays. Various techniques of bioinformatics has been used which suggests that maize ohp-
1 and ohp-2 (Opaque-2 Heterodimerization Protein 1 and 2) sequences are orthologues and both of them are
paralogous to Opaque-2. The molecular basis of evolutionary sub functionalization in ohp-1, 2 is marked to be a
leucine to valine substitution in residue 290 due to which zipper formation is hindered. However, all the residues
in the bZIP region are 100% identical in these two proteins suggesting that evolutionary selection has constrained
sequence divergence in the bZIP domain. Tajima’s D value suggests non-neutrality and operation of selection in
ohpl, 2 but no selection in Opaque-2 locus. UPGMA analysis has been used to calculate the evolutionary rates at
these loci and to mark the time of separation of Sorghum, maize and teosintes.

KEY WORDS
MSA, PSI-BLAST, Maximum Likelihood, Neighbor Joining, UPGMA, Tajima’s D value, MEME.

INTRODUCTION techniques of microevolutionary analysis [5, 6] to reveal

Opaque-2 gene encodes a transcription factor involved ~ the pattern and chronology of phylogenetic events [7, 8,

in the
conventional maize with wild type Opaque-2 gene

9] in these loci which controls the protein quality in

regulation of zein storage proteins. In

quality protein maize.

nitrogen is diverted for zein synthesis and hence

MATERIALS AND METHODS

endosperm lack essential amino acids lysine and

tryptophan [1, 2]. Opaque-2 heterodimerizing protein 1
(ohp-1) is a bZIP class of transcriptional regulatory
protein with a duplicate gene, ohp-2. Both of them can
bind to the promoter only when they are complexed
with the Opaque-2 gene product. The present study
enquires the molecular basis of this function loss in ohp-
1 and ohp-2 [3, 4]. Sequence polymorphism of proteins
encoded by these genes has been subjected to the

The protein sequences of interest are chosen from NCBI
database at www.ncbi.nIm.nih. Scoring matrices used in
the present study are mainly PAM250 and BLOSUM62.
Clustal X 2.0 and BioEdit [10] software’s are used for
multiple sequence alignment. Homology has been
searched primarily by using BLAST-the online tool
available at NCBI. Using the PSI-BLAST [11] programme,
patterns of similarity in same position of the query is
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searched against protein sequence database and then
the matches of that initial pattern are extended by
iterated search and gradual refinement at each cycle. Bit
score (S') is derived from the raw alignment score S in
which the statistical properties of the scoring system
used are considered [12]. E value (number of hits one
can “expect” to see by chance when searching a
database of a particular size) below 0.05 is considered
to be significant. The E values are interpreted in the
present study according to the following guideline:
E<0.02 implies homology of the sequence with the
query; E=0.02-0.05 indicates possible homology and
E>0.05 suggests chance similarity [13, 14]. Two different
types of distance analysis, namely, Neighbour Joining
[15] and UPGMA [16] (Unweighted Pair Group Method
with Arithmatic Mean) has been done using MEGA 4
[17]. Tajima’s neutrality test and Tajima’s relative rate
test is done to know the nature of evolution. Using
Tajima’s test of Neutrality, the number of segregating
sites (S) and the average pair wise differences () are
compared to detect the nature of selection in sequences
under study [18]. The difference between these two
estimates has been depicted as Tajima’s D value [19].
Under neutral expectations, both t and S gives similar
estimates. So, when Tajima’s D is approximately zero,
neutrality of the locus can be predicted. A positive D
value suggests balancing selection and a negative D
value depicts the operation of purifying selection in the
loci under study [20]. Neighbor-joining trees are drawn
using distances between pairs of taxa. This method
allows different rate of evolution along the different
branches of the tree, it has limitations when a molecular
clock is operative in the sequences under study (as
known from Tajimas relative rate test). The evolutionary
rates and divergence times are calculated using UPGMA
method which does not consider differential rates of
of the
evolutionary tree. Distance from nodes is calculated by

evolution along the different branches
arithmetic mean enabling the study of evolutionary
rates and divergence times. For the calibration of
UPGMA trees in this work, a divergence time of 50
million years between Oryza and the Sorghum-maize
lineage has been used as calculated by Wolfe et al., [21].
Common motifs has been identified by using the MEME

algorithm at www.meme.nbcr.net.
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RESULTS AND DISCUSSION

NCBI sequence database has been used to retrieve the
Opaque-2 sequence of Zea mays ssp. mays
(gi] 162462284 | ref|NM_001111951.1|). The protein
sequence, consisting of 458 residues, is subjected to
Tajima's Neutrality Test along with Opaque-2 protein
sequences of teosintes. D value of 0.26 with a standard
error of 0.931219 suggests lack of operation of selection
in the maize Opaque-2 loci. Results of pairwise distance
estimate using 1000 bootstrap replicates for standard
error calculation show close significant affinities
between Opaque-2 proteins of maize and Mexican
teosinte (Z. mays ssp. mexicana and Z. mays ssp.
parviglumis). Tajima’s relative rate test between the
Opaque-2 proteins of Z. mays ssp. mays and Z. mays ssp.
parviglumis using diploid perennial Z. diploperennis as
out group shows chi-square = 3.00 at 1df., in a
probability level of 0.05 suggesting the null hypothesis
of this test to be true. That is, evolution at this locus
follows a molecular clock. Maximum likelihood analysis
shows that maize (Zea mays ssp. mays) Opaque-2
protein has close relationship with the Opaque-2
protein of Z. mays ssp. parviglumis and these two genes
are orthologous. As suggested by the relative rate test
using the Opaque-2 proteins of maize and teosinte, the
rate of evolution of Opaque-2 gene in the lineage under
study follows a molecular clock. Owing to this constant
rate of evolution among the different branches of the
tree (Figure 1a), UPGMA method is adopted assuming
that divergence of maize and teosinte dates back to
5000B.C [3, 4, 5]. This node (node 7) in the UPGMA tree
(Figure 1) shows a bootstrap support of 51%. Calibration
of UPGMA tree with time interval of 7000 yrs (5000B.C.)
in node 7 (split of maize and teosinte), gives an estimate
of divergence times among the Opaque-2 genes of
various members of the genus Zea. The UPGMA tree
also provides information about the evolutionary rate at
the Opaque-2 locus in the Zea lineage which is
calculated over the branch with the highest bootstrap
support value [22]. This rate is found to be 0.00087.

Both ohp-2
heterodimerizing protein 1 and 2) show sequence

maize  ohp-1  and (Opaque-2
similarity with Opaque-2 proteins of maize (Z. mays ssp.
mays), teosinte (Z. mays ssp. mexicana, Z. mays ssp.
parviglumis and Z. diploperennis) and Sorghum. BLASTp
indicates the presence of bZIP domain in all of these
proteins. The positions of the bZIP domain in these

sequences vary among maize and teosintes suggesting
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the occurrence of rearrangements in Opaque-2 and
ohp-1, 2 genes since maize splitted from the teosintes.
Multiple sequence alignment between these proteins
reveals a pattern of divergence between maize ohp-1, 2
and maize and teosinte Opaque-2 proteins (Figure 2a).
The NJ tree suggests the paralogous nature of Opaque-
2 and ohp-1, 2 genes in maize and the nodes are
supported by high bootstrap values (Figure 3a).
Maximum Likelihood tree (Figure 3b), having highly
significant branching patterns, suggests that Opaque-2
and ohp-1, 2 separated earlier than the separation of
rice and maize line. This indicates an ancient duplication
event in the Opaque-2 locus which occurred earlier than
the separation of the tribes of Poaceae after which one
copy underwent subfunctionalization resulting in the
fact that ohp-1 and ohp-2 can’t bind DNA as homodimer,
they need heterodimer formation with Opaque-2
protein for functioning. This subfunctionalization may
be viewed as the first step of neofunctionlisation. In
order to find out the molecular basis of this evolutionary
subfunctionalization, a multiple sequence alighnment
approach of these three maize proteins (Opaque-2, ohp-
1 and ohp-2) has been effectively adopted (Figure 2b).
In position 290, Opaque-2 protein has a leucine residue
which takes part in zipper formation with the leucine
residue present in position 283. ohp-1, 2 has a valine
substituted in place of leucine in this position within the
bZIP domain (residue 290). Thus, though being present,
the leucine 283 can’t form a zipper owing to the absence
of its partner seven residues apart in ohp-1, 2 and so
they are dependent on their paralogue (Opaque-2) for
effective interaction with DNA. There is no earlier report
on the molecular biology of subfunctionalization in the
Opaque-2 locus that has been revealed in the present
study. Thus, in the present study, paralogy has been
established between maize Opaque-2 and ohp-1, 2
proteins. These genes are the products of a duplication
event which occurred long before the separation of rice
and maize-Sorghum lineage. Meme analysis reveals the
presence of two small motifs in all the proteins under
study. Patterns of distribution of these motifs differ in
maize, teosinte and Sorghum Opaque-2 when
compared to their distribution in maize ohp-1 and 2 and
Oryza bZIP proteins (Figure 4a). To pinpoint this pattern
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difference, sequence logos of these two motifs has been
analyzed. The leucine residue present in position 7 of
the first motif seems to be information rich and
universally present. The second motif seems to be very
important in the present context. It has two information
rich leucine residues in position 2 and 9 which, being
seven residues apart, is capable of leucine zipper
formation. Three copies of motif 2 is present in maize
Opaque-2.

A copy of this motif in the bZIP domain is absent in maize
ohp-1 and ohp-2 (Figure 4a). All the residues in the bZIP
region of maize ohp-1 and ohp-2 are 100% identical in
(Figure 4b)
evolutionary selection has

the two proteins suggesting that
limited the sequence
divergence in this region and the conserved sequence
pattern is highly essential for the functional role of the
proteins. Distance matrix (Figure 5) reveals that
distance between maize ohp-1 and Sorghum Opaque-2
is 0.018 (Standard error=0.011). However the Sorghum
protein has a greater distance (0.027, SE=0.016) with
maize ohp-2. Thus, ohp-1 and ohp-2 in maize seems to
originate from two different ancestors one of which is
more closely related to Sorghum than the other. ML tree
suggests that allotetraploidization between two
ancestors (presently extinct, one of which is more
closely related to Sorghum than the other) has given rise
to modern corn, that is, two copies of maize Opaque-2
(ohp-1

orthologous. Tajima’s relative rate test between ohp-1

heterodimerising protein and ohp-2) are
and ohp-2 using Oryza bZIP protein as outer group gives
a chi-square value of 3.19 at 1 degree of freedom
suggesting uniformity of substitution rates in this
lineage. Tajima’s D value is calculated to be 1.14 which
suggests non-neutrality and operation of selection in
this locus. UPGMA tree with 1000 bootstrap replicates
is calculated and calibrated using the divergence time of
50 million years between rice and the ancestor of maize-
Sorghum as proposed by Wolfe et. al., [21]. The time of
divergence between the two lineages (one giving rise to
the maize ancestor contributing ohp-2 and the other
radiating into Sorghum Opaque-2 and maize ohp-1) is
16.2 million years. Under the assumption of molecular
clock (as supported by Tajima’s relative rate test),
evolutionary rate of this locus is 0.0009 (Figure 1b).
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Table 1: Pair-wise distances of the sequences under study along with SE values within parenthesis. The closest
value between maize ohp-1 and Sorghum opaque2 is shown in highlight along with its standard error.

maize- Sorghum maize- Oryza Hordeum Triticum Arabidopsis

ohp1 opaque2 ohp2 bzip
maize-ohp1 0.026 0.020 0.030 0.047 0.122 0.121
Sorghum 0.018 0.016 0.033 0.056 0.137 0.134
opaque2
maize-ohp2 0.045 0.027 0.036 0.056 0.113 0.127
Oryza bZIP 0.097 0.106 0.135 0.045 0.118 0.126
Hordeum 0.267 0.324 0.326 0.246 0.106 0.092
Triticum 0.698 0.737 0.644 0.651 0.597 0.119
Arabidopsis 0.715 0.755 0.746 0.730 0.563 0.703
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Fig. 1 UPGMA trees showing divergence times calculated based on evolutionary rates at maize (a) Opaque-2 (b)
ohp-1 and ohp-2 loci. (The times used for tree calibration are shown in grey boxes. Values on nodes represent
bootspot support in percentage).
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Fig. 2 (a) Multiple sequence alignment showing distinct pattern of residue distribution between maize-teosinte
Opaque-2 and maize ohp-1, ohp-2. (b) Molecular basis of sub functionalization of ohp-1, ohp-2 (highlighted
leucine residues) in contrast to the Opaque-2 sequence.
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Fig. 3. (a) Neighbor-Joining tree (b) Maximum Likelihood tree showing distinct clustering between maize-teosinte
Opaque-2 and maize ohp-1, ohp-2 sequences.
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Fig. 4. (@) MEME showing comparative account of motif distribution along with the sequence logo of the two

motifs found an extra copy of motif 2 in maize Opaque-2 (third sequence from below) is to be noted. (b) Pairwise

alignment and dot matrix comparison showing 100 percent sequence similarity in the bZIP region of maize ohp-

1 (upper sequence along x axis) and ohp-2 (lower sequence along y axis).
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