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SBP-box genes are a class of plant-speciﬁc transcription factors which have a common DNA-binding domain
(SBP-domain) with an unusual zinc-ﬁnger architecture. Many of the genes in this class are thought to play a
developmental role and a few are involved in the determination of plant architecture. We have made a
comparative study of these genes in the genomes of rice (Oryza sativa japonica and Oryza sativa indica) and
its nine siblings using a recently proposed hybrid method for orthology and paralogy detection (HyPPO).
According to HyPPO, the SBP-box proteins of rice siblings could be divided into twenty primary orthologous
groups on the basis of their overall sequence features. This contrasts with a much less number of groups found
in earlier work with other plant genomes using phylogenetic analysis of the SBP-domains only. The orthologous groups reported by HyPPO showed close correspondence in exon–intron structure and motif conservation. Comparison between different Oryza species revealed disparity in the maintenance of orthologous
genes which may result in their different developmental characteristics. Inclusion of the SBP-box proteins from
A. thaliana did not result in any change in the orthologous groups except for the A. thaliana proteins being
added to some of the existing groups. The closer correspondence between the proteins in the primary
orthologous clusters is expected to help in a more reliable prediction of their functions. It is also expected to
provide better insight into the evolutionary history of this class of plant-speciﬁc proteins.
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1. Introduction
The SBP-box gene family is a large and heterogeneous
class of plant-speciﬁc transcription factors containing a
highly conserved SBP-domain of about 76 amino acids
which carries a DNA binding domain and a nuclear
localization motif (Klein et al. 1996; Birkenbihl et al.
2005 and Yang et al. 2008). The remaining part of the
protein appears to be gene-speciﬁc and largely
uncharacterized. The proteins are mainly associated
with plant growth and development (Chen et al. 2010).
However, in most of the cases, the exact mechanism of
their functioning is not known. The DNA-binding
domain, consisting of two atypical zinc-coordinating
motifs, are thought to recognize a GTAC core motif
(Birkenbihl et al. 2005).

PlantTFDB (Jin et al. 2016) indicates that the gene
family shows a large variation in the membership for
different genera, with soybean (Glycin max) at 111
showing the largest number of members. The amino
acid sequences ﬂanking the DNA-binding motif show
considerable variation in length and thus signiﬁes
possible functional diversity. This has prompted a large
number of studies on this family across multiple genomes to ﬁnd orthologous and paralogous members of
this family (Abdullah et al. 2018; Zhong et al. 2019).
Homologous pairs of genes arise in evolution
through speciation and duplication, which have been
classically divided into orthologues and paralogues
(Fitch 1970). Later investigations have added considerable complexity to this picture, by proposing ﬁner
sub-classiﬁcations such as in-paralogs and out-par-
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alogs, co- and pseudo-orthologs, xenologs, etc. (Koonin 2005). Grossly, orthologous genes are derived from
speciation and paralogous genes originate from duplication phenomena. If the duplication occurs prior to
speciation, then relative to that speciation we obtain
out-paralogues and in the case of duplication after
speciation, the genes are considered to be in-paralogues
relative to that speciation event.
There is a lot of interest in distinguishing orthologues from paralogues because of the ‘‘orthologue
conjecture’’ which proposed that orthologues are more
likely to carry out similar functions than paralogues
which have the freedom to diverge functionally (Koonin 2005; Iwema et al. 2009; Studer and RobinsonRechavi 2009; Nehrt et al. 2011; Altenhoff et al. 2012;
Gabaldón and Koonin 2013). Apart from this neofunctionalisation, another possibility is sub-functionalisation in which the paralogues are segregated by
their expression patterns or functions (Birkenbihl et al.
2005; Voordeckers et al. 2015).
Comparative genomics gives us an opportunity to
predict functions for as yet uncharacterized or unannotated proteins. Although SBP-box proteins are considered to play an important role in plant development and
morphogenesis, most of the genes for Oryza siblings are
still uncharacterized. In this work, we analysed the
relationship between sets of SBP-box genes in Oryza
siblings for orthology and paralogy, their architecture
and details of their DNA binding domain characteristics
to generate classiﬁcation that may be later utilised to gain
insight into their probable function.
Earlier multi-genome analyses of SBP-domains have
proposed six to nine phylogenetic groups (Hou et al.
2013; Li et al. 2018; Wang et al. 2018). They were
mostly derived through alignment of the SBP-domain
since in most of the cases, the ﬂanking regions were too
diverse to be reliably aligned.
The SBP DNA-binding domains have ten conserved
Cys or His residues which have been suggested to bind
Zn2? ions. Although the classical Cys2His2 Zn-ﬁnger
domain is the most abundant and ﬁrst to be identiﬁed
among Zn-binding motifs, the SBP-domains proved to
be a novel type of Zn-binding structure containing two
Zn-binding sites formed by the eight of the ten conserved Cys or His residues. The ﬁrst of the two Znbinding pockets has the pattern Cys3His/Cys and the
second one Cys2HisCys (Yang et al. 2008). This pattern (Cys3His/Cys for the ﬁrst Zn-binding site and
Cys2HisCys for the second one) was consistent for
both Arabidopsis and rice. Interestingly, it was reported
that His in the ﬁrst Zn-ﬁnger structure was replaced by
a Cys residue in AtSPL17 and OsSPL9. There were 7

redundant amino acid residues in the middle part of the
SBP-domain for rice protein OsSPL17 (Yang et al.
2008). The unusual sequence of Cys and His residues
indicated a novel mechanism of Zn-binding employed
by this domain. Experiments on A. thaliana SPL4 and
SPL7 proteins showed that the presence of Zn2? was
essential for structure formation in this domain (Yamasaki et al. 2004). Structural analysis suggested that
the highly structured portion of the DNA-binding
domain was made up of two subdomains each of which
had a single Zn-binding pocket and was likely to be
stabilized through interactions of hydrophobic residues.
These hydrophobic residues were observed to be
highly conserved among the SBP-domain sequences
(Yamasaki et al. 2006).
It was noticed that apart from the SBP-domain, the
SBP-box proteins showed conserved occurrences of
short linear motifs (Bhowmick et al. 2015). The
diversity and pattern of occurrence of the motifs present in a particular protein were distinctive. The motif
distribution in the SBP-domain proteins is of particular
importance as the sequence characteristics of the SBPbox proteins indicate that apart from the SBP-domain,
rest of the protein is highly likely to be unstructured
and short linear motifs in the unstructured background
of a polypeptide chain have been found to have functional signiﬁcance (Davey et al. 2011).
Structurally, the SBP-box proteins are likely to be
largely unstructured except for the DNA-binding
domain part, which should have a structure similar to
the SBP-domains of SPL4 and SPL7 proteins from A.
thaliana (Yamasaki et al. 2004). These unstructured
regions are conceptually divided into intrinsically
disordered domains which vary in length between
20–50 residues (van Roey et al. 2014). In the
orthologous groups predicted by HyPPO, we observed
a number of such domains which were conserved
among the group members. Apart from these
domains, it has been suggested that short linear motifs
(SLiMs) of length * 10 residues constitute important
functional components of intrinsically disordered
regions of proteins. The SLiMs are short segments
with major functional determinants occurring in a
stretch of 3–10 amino acids (Bhowmick et al. 2015).
Because of their short lengths, SLiMs endow a chain
region with the ability to pack a large number of
functional modules which constitute minimal autonomous units with regulatory, recognition or enzymatic
functions through interaction with other (bio)molecules. Since these stretches are structurally ﬂexible in the free form of the protein, they have an
intrinsic ability to bind to alternative partners with
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high speciﬁcity and low afﬁnity (van Roey et al.
2014).
Considering the heterogeneity in primary structure
of the SBP-box proteins, it was desirable to classify
the sequences along subfamilies based on their overall
sequence features. Recently, a method has been proposed which reexamines the orthology classiﬁcation
problem by combining a phylogenetic approach with
the best all-in-all similarity score (Lafond et al. 2018).
This approach has been called the Hybrid Prediction
of Paralogs and Orthologs (HyPPO) which proceeds
in four main steps. Firstly, it computes a score
between every pair of genes that are being examined.
Thereafter it computes a set of orthology clusters from
these scores. Subsequently a species tree can be
computed from these clusters (this step is skipped if a
species tree is already provided). On the basis of the
species tree the orthology clusters may be recomputed
given the constructed species tree. Finally, orthologues between genes are inferred from distinct clusters in the form of primary and secondary
orthologues.
HyPPO has been proposed as a method designed to
distinguish sequences which have remained conserved
after speciation from sequences which have diverged.
Therefore, the method appeared suitable for the problem at hand considering the heterogeneity of the
sequence characteristics of SBP-box proteins in any
particular species. The method also seemed to have
better performance characteristics (Lafond et al. 2018)
compared to other similar methods like OMAGETHOGS (Roth et al. 2008; Altenhoff et al. 2013;
Train et al. 2017) or OrthoMCL (Li et al. 2003).
However, the primary orthologues reported by HyPPO
on the basis of sequence similarity can suffer from
inaccuracies because of neglect of the genomic context.
As has been pointed out, the genomic context can be
essential in locating primary orthologues (Gao and
Miller 2020).
Since the members of the SBP-box transcription
factor family are thought to play an important role in
the growth and development of the plant and rice being
a very important food crop, in this study we have
focused on the genome-wide characterization of the
SBP-box gene family occurring in different rice species. From the orthology clusters predicted by HyPPO,
we have analysed the sequence characteristics of the
SBP-domain and the distribution of the conserved
motifs. Additionally, we looked at the exon–intron
structures of the orthologous genes in a cluster. Our
analysis provides insight into the origin of the orthologs and their probable functions.
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2. Materials and methods
2.1 Identiﬁcation of the members of SBP-box
family
The candidate SBP-box genes of Oryza sativa japonica
were ﬁrst obtained from the genome-wide database,
i.e., Rice Genome Annotation Project (RGAP)
(Kawahara et al. 2013) and Oryzabase: Integrated Rice
Science Database (Kurata and Yamazaki 2006). Their
protein sequences were downloaded from an Interspecies Transcription Factor Function Finder for Plants
(IT3F) (Bailey et al. 2008). SBP-box genes for other
Oryza species were extracted with the help of UniProt
(https://www.uniprot.org/) and PlantTFDB (Jin et al.
2016). We also looked at other databases like Gramene
(http://www.gramene.org), Plant Ensemble (http://
plants.ensembl.org/index.html) and Phytozome (Goodstein et al. 2011) to conﬁrm that our search was
exhaustive. We considered SBP-box genes across 11
Oryza siblings. SBP-box gene IDs and their Uniprot
IDs for all the species have been provided in the
Supplementary
Information
(Supplementary
tables 1–11).
The SBP-box protein candidates were ﬁrst analysed
using Pfam (Finn et al. 2013), HMMER (Finn et al. 2011)
and SMART (Schultz et al. 2000) to conﬁrm the presence
of an SBP domain in the protein sequence. Total 222 SBPbox protein sequences were retrieved from 11 species of
rice. The corresponding coding sequences (CDS) were
also downloaded from PlantTFDB.
Sixteen SBP-box gene and protein sequences of A.
thaliana were extracted from PlantTFDB (Jin et al. 2016).

2.2 Sequence analysis
To determine the evolutionary relationship among SBPbox family members, SBP-domain sequences from rice
siblings were aligned using ClustalW with default
parameters. Prior to the alignment of 222 sequences,
redundancy was removed. Out of 222 sequences, 28 were
found to be redundant. To check the redundancy of the
sequences, we looked for genes with different gene IDs
but having identical sequence and same chromosome
location. 18 sequences were found to be fragments and
were removed. After the sequences were removed, we
were left with 176 sequences which were used for further
analysis. Post alignment, the sequence conservation at a
particular position was expressed as a stack of letters using
the program WebLogo (Crooks et al. 2004).
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2.3 Classiﬁcation of primary and secondary
orthologues
For the analysis of primary and secondary orthologues
with HyPPO, the amino acid sequences of the 176
SBP-box proteins were clubbed into one ﬁle in fasta
format. The IDs were written in a speciﬁc gene-species
association format as required by the method. This
fasta ﬁle of protein sequences were subsequently
aligned using MAFFT (https://mafft.cbrc.jp/alignment/
server/). Then this aligned fasta ﬁle was used for prediction of orthology clusters using HyPPO (https://
github.com/manuellafond/HyPPO).
The orthology calculation was repeated by clubbing
in the fasta ﬁle the sequences from A. thaliana retrieved
from PlantTFDB with the sequences from Oryza
siblings.
2.4 Relative amino-acid rates
To check the relative amino-acid rates, all the protein
sequences of interest were aligned using the online
version of MAFFT (https://mafft.cbrc.jp/alignment/
server/). A tree was inferred with RAxML followed
by site-wise rates with HyPhy (Sydykova et al. 2017).
The output obtained is parsed to extract the data in
readable format. Finally, the relative site-wise rates
were calculated by normalizing the inferred sitespeciﬁc rates by their averages. These normalized rates
were further used to map the conserved and variable
amino acid residues on the NMR structure of AtSPL4
(PDB ID: 1UL4) (Yamasaki et al. 2004).
We have selected the ﬁrst model from the twenty
models of the NMR structure 1UL4. To correspond
with our sequences, we deleted the ﬁrst three and the
last amino acid residues from the structure and the
residues were renumbered. In the renumbered PDB ﬁle,
the column for B-factors was replaced by the rates of
variation extracted through HyPhy. Thereafter a script
in pymol was used to map the amino acid residues. The
color code ranges from blue for the conserved residues,
to yellow being the intermediately conserved and red
being the highly variable residues.
2.5 Gene structure and motif analyses
To explain the evolution of introns, a very important
aspect is the conservation of intron positions within
homologous genes. Conserved intron positions can be
used to reconstruct phylogenetic trees, to resolve

ambiguous subfamily relationships in protein families
and to infer the history of gene families.
Gene painter tool (https://genepainter.motorprotein.
de/help) was used to deduce gene structure conservation using multiple sequence alignment of SBP-box
protein sequences and the gene structure of each gene
in YAML format. Based on the multiple sequence
alignments the gene structures were aligned down to
single nucleotides. It accounts for variable lengths in
exons and introns (Hammesfahr et al. 2013). The Gene
painter tool requires a multiple sequence alignment ﬁle
of the protein in fasta format and gene structure of each
gene which is generated by Web Scipio in YAML or
GFF v3.0 format. Gene painter provides the gene
structure conservation in various visualizing formats
such as SVG.
Meme tool (http://meme-suite.org/tools/meme) was
used for the motif analysis keeping the limit of maximum 40 motifs whose lengths were kept between 6 and
50.
3. Results and discussion
3.1 Gene family distribution
Table 1 contains some details about the number and
distribution of SBP-box proteins found in different
Oryza species. Oryza sativa japonica and Oryza nivara
(Indian wild rice) were found with the maximum
number of these genes. The lowest number of these
genes was found in O. longistaminata, only 6. Total
176 SBP-box genes were analysed across 11 Oryza
siblings. It was apparent from the genomic distribution,
that in most of the species, the SBP-box genes were
absent from chromosomes 10 and 12. However, in
three species out of 11, the genes were found in all the
chromosomes. Also of interest is the absence of SBPbox genes in chromosomes 3, 4, 10 and 12 in Oryza
sativa indica.
3.2 Sequence analysis of SBP-domains
Typically, the SBP domain consists of two zinc ﬁnger
motifs and a nuclear localisation signal (NLS) at the
C-terminal end. The ﬁrst zinc ﬁnger motif is of the
Cys3His type (Yang et al. 2008) and the second one is
of the Cys2HisCys type (Yang et al. 2008). In addition
to their sequence speciﬁc DNA-binding domain
(DBD), SBP-domain proteins shared a highly conserved bipartite nuclear localization signal (NLS)

SBP-box gene family in rice siblings
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Table 1. Species-speciﬁc distribution of SBP-box genes

Oryza siblings

Number of
SBP-box
genes

Oryza sativa
japonica

19

Oryza barthii

16

Oryza punctata

18

Oryza
brachyantha

16

Oryza nivara

19

Oryza
ruﬁpogon
Oryza
glaberrima
Oryza sativa
indica

18

Oryza
glumiplatula

18

Oryza
meridionalis

15

Oryza
longistaminata

06

16
15

Location
Distributed over the entire
genome except
chromosomes 10 and 12
Distributed over the entire
genome except
chromosomes 10, 11 and
12
Distributed over the entire
genome except
chromosomes 10 and 12
Distributed over the entire
genome except
chromosomes 10, 11 and
12
Distributed over the entire
genome except
Chromosomes 10 and 12
Distributed over the entire
genome
Distributed over the entire
genome
Distributed over the entire
genome except
chromosomes 3, 4, 10 and
12
Distributed over the entire
genome except
chromosomes 10 and 12
Distributed over the entire
genome except
chromosomes 10 and 12
Distributed over the entire
genome

(Birkenbihl et al. 2005) located at the C-terminal of the
SBP domain. The nuclear localization signal has been
shown to overlap slightly with the second zinc-ﬁnger
motif (Birkenbihl et al. 2005).
Figure 1 shows the length distribution of the SBP
domain sequences. It is found that in the majority of the
proteins, the domain length lies between 74 and 75
amino acid residues. However, there are a few domains
which have shorter lengths with the smallest ones
having only 36 amino acid residues (belonging to O.
punctata and O. brachyantha). A still lesser number of
domains have larger lengths, the longest having 87
amino acid residues (belonging to O. nivara). While
the longer sequences show insertion within the second
zinc-ﬁnger motif, the shorter sequences reveal deletion
from the terminal regions as detailed in the following.

Figure 1. Histogram of SBP domain sequences showing
the distribution of the length of the all the sequences.

In supplementary ﬁgure 1 we have provided the
multiple sequence alignment of the 176 SBP-domain
sequences from 11 rice siblings. The multiple sequence
alignment reveals that the shorter length SBP-domain
sequences have deletions, mostly in the N-terminal
region. For the SBP-domain sequences with the length
of 40-60 amino acid residues, there were large deletions towards the N-terminal which resulted in the loss
of the ﬁrst zinc-ﬁnger motif. Two SBP-domain proteins
from O. punctata (OPUNC09G14110) and O.
brachyantha (OB08G28320) with a length of 36 amino
acid residues were found to have lost the ﬁrst zincﬁnger like motif whereas one of the protein from O.
punctata (OPUNC11G12000) was found to have partially lost the ﬁrst zinc-ﬁnger like motif and also partially the second zinc-ﬁnger like motif along with the
NLS.
There is a variable length region within the second
zinc-ﬁnger motif which is 14 residues long in one
protein from O. nivara. However, we found a few other
proteins which have 5–7 residues in this region and a
few in which this region was completely missing.
Figure 2 shows the output of the WebLogo program
which was used to examine the conservation at a particular
position as a stack of letters. It indicated a strong conservation of cysteine and histidine amino acids which was
necessary for the coordination of two Zn-ions by the
proteins. SBP-domains usually have ten conserved Cys or
His residues, eight of which are known to coordinate with
two Zn2? ions. In ﬁgure 2 we observed such conserved
positions at Cys1, Cys6, His21, Cys24, His27 (which has
a small percentage of Cys), Cys46, Cys49, His66, Cys78
and His85. Among these, comparison with AtSPL4 and
AtSPL7 structures (Yamasaki et al. 2004) indicated that
Cys1, Cys6, Cys24 and His27 (or Cys27 in a few cases)
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Figure 2. Weblogo plot of 176 SBP-domain sequences from 11 Oryza species. The ﬁrst zinc-ﬁnger motif (Cys3His/Cys)
can be found at positions 1, 6, 24 and 27. The C at positions 1 and 6 was found to be absolutely conserved. The second zincﬁnger motif (Cys2HisCys) occurs at positions 46, 49, 66 and 78.

Figure 3. Orthology clusters of genes and inter-cluster orthology represented by grey color edges generated from HyPPO
and visualized in Gephi.

SBP-box gene family in rice siblings

Table 2. Description
orthologues

Cluster
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Number of
protein
sequences
7
11
11
10
9
12
11
12
10
10
10
12
10
9
12
8
11
5
7
5

of

clusters

containing

primary

Minimum
Maximum
length of protein length of protein
sequences
sequences
862
261
280
181
328
794
174
333
638
375
298
396
131
291
996
314
323
335
66
748

927
412
678
330
479
970
361
421
934
435
393
591
219
418
1363
456
400
479
405
960

form the ﬁrst Zn2?-binding pocket. Similarly, Cys46,
Cys49, His66 and Cys78 formed the second Zn2?-binding pocket. The conserved His21 and His85 are likely to
have other functions.
The fact that a few of the proteins have severely
truncated SBP-domains coupled with the previous
ﬁnding that both the Zn2?-binding pockets seem to be
necessary for effective DNA binding (Birkenbihl et al.
2005), indicated that these proteins might have lost
transcription factor activity. Also, a few others were
found to have inserted sequences the largest of which
had a length of 14 residues within the second zincbinding pocket. It may have some consequences
toward the DNA binding function of these proteins.
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proteins in the individual clusters were primary orthologues and they formed a clique in the sense that all the
proteins in a cluster were pairwise similar. Remarkably,
we found that HyPPO generated 20 clusters 19 of
which contained members from O. sativa japonica.
Another overlapping set of 19 clusters contained genes
from O. nivara. The genes from Arabidopsis thaliana
were found to be in 16 of these 20 clusters. Figure 3
depicts the orthology clusters with their corresponding
gene contents in the form of a network.
In an earlier study on the orthologous and paralogous
relationship among SBP-box proteins in two model
plants rice and Arabidopsis, phylogenetic analysis was
used (Yang et al. 2008). To describe their relation as
orthologous and paralogous, 35 SBP-box genes of
Arabidopsis and rice were divided into nine groups.
Only one pair of orthologous protein for Arabidopsis
and rice was identiﬁed and six pairs of paralogous
proteins were identiﬁed (Yang et al. 2008). AtSPL7
and OsSPL9 was that one orthologous pair which was
identiﬁed. In this study as well, the pair was found to
be orthologous.
Remarkably, the HyPPO generated clusters contained two clusters of very small sizes, i.e., containing
ﬁve genes. This implies that these genes do not have
orthologues in most of the siblings. According to the
way primary orthologues are deﬁned, they are the most
conserved after speciation within a pool of similar
genes. In case a cluster does not contain genes from all
the sibling species, this indicates the possibility of
uneven gene duplication or gene loss. In table 2 we
have listed the detailed structure of the clusters containing the primary orthologs.
Using each orthology cluster of genes, we tried to
determine their function on the basis of annotation of
O. sativa japonica and A. thaliana. Since genes from
Oryza siblings are orthologous to OsSPL and AtSPL
genes respectively, these orthologous genes might
share the functions of their respective OsSPL and
AtSPL genes (table 3).

3.3 Primary orthologues in Oryza siblings
and comparison with A. thaliana

3.4 Relative rates of amino acid evolution

Recently, a hybrid method, called HyPPO, for ﬁnding
orthologous and paralogous species from protein
sequences have been proposed (Lafond et al. 2018).
We have used this approach to generate the orthology
cluster of genes based on the similarity scores between
pairs of genes taking the entire SBP-box protein
sequences into account. According to this approach, the

We further analysed the amino acid rate of evolution
for the SBP-domain shown in supplementary ﬁgure 2
and for the clusters identiﬁed by HyPPO (supplementary ﬁgure 3).
Supplementary ﬁgure 2 shows the relative amino
acid rates, i.e., the rates of evolutionary variation normalized by the mean rate in all the SBP-domain
sequences from all of the 11 Oryza siblings and
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Table 3. Each of the orthologous groups, their function on the basis of annotation of O. sativa japonica and A. thaliana
(Itoh et al. 2007)

HyPPO
clusters
cluster1

cluster2

OsSPL gene function and expression

AtSPL gene function and expression

OsSPL1 participates in whole plant
AtSPL12 is involved in regulation of
fruit ripening stage and a sporophyte
transcription
development stage that occurs during
the interval between the ﬁrst division
of a plant zygote and the formation of
a Sporangium.
It is expressed in all the tissues
investigated without obvious
difference of expression level
OsSPL2 participates in anther
AtSPL13 control a variety of processes
development and also has defense
in root and shoot development
response to bacterium
It has higher expression levels in stem,
leaf sheath and young panicles than in
other tissues

cluster3

Os_SPL3 participates in the regulation AtSPL2 control a variety of processes
of timing of transition from vegetative in root and shoot development
to reproductive phase. It also
participates in anther development
It is expressed in all the tissues
investigated without obvious
difference of expression level

cluster4

OsSPL4 involved in the developmental AtSPL5 primarily promote ﬂoral
process that pertains to the
induction and/or ﬂoral meristem
organization of a leaf in threeidentity
dimensional space once the structure
has initially formed. It also
participates in anther development
It has higher expression levels in stem,
leaf sheath and young panicles than in
other tissues

cluster5

OsSPL5 participates in
microsporogenesis,
megasporogenesis, anther
development, cell differentiation

-

Orthologous genes from
Oryza siblings and
Arabidopsis thaliana
At__SPL12
OB__01G22010.1
OPUNC__01G11960.1
BGIOSGA__003313-PA
Os__SPL1
OBART__01G12270.1
ORGLA__01G0103500.1
At__SPL13A
KN__538700.1
OBART__01G42150.1
OPUNC__01G41070.1
OMERI__01G39190.1
ORGLA__01G0361700.1
ONIVA__01G48230.1
Os__SPL2
ORUFI__01G45560.1
OGLUM__01G46420.1
BGIOSGA__005075-PA
At__SPL2
OPUNC__02G02570.1
OB__02G12930.1
KN_539805.1
OMERI__02G03900.1
OBART__02G03260.1
ORGLA__02G0030600.1
ONIVA__02G03070.1
Os__SPL3
BGIOSGA__007499-PA
ORUFI__02G03180.1
At__SPL5
Os__SPL4
ORGLA__02G0051400.1
OB__02G14840.1
OPUNC__02G04800.1
OMERI__02G06420.1
BGIOSGA__007643–PA
ORUFI__02G05750.1
OGLUM__02G05530.1
ONIVA__02G05960.1
OB__02G15090.1
BGIOSGA__007655-PA
OPUNC__02G05050.1
OMERI__02G06720.1
Os__SPL5
ORGLA__02G0053800.1
ONIVA__02G06210.1
OGLUM__02G05810.1
ORUFI__02G05950.1
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Table 3 (continued)

HyPPO
clusters

OsSPL gene function and expression

AtSPL gene function and expression

Orthologous genes from
Oryza siblings and
Arabidopsis thaliana

cluster6

OsSPL6 participates in whole fruit
formation stage
It is expressed in all the tissues
investigated without obvious
difference of expression level

AtSPL1 is involved in regulation of
transcription

cluster7

Upregulation of OsSPL7 reduces tiller
numbers
(Xie et al. 2006; Wang et al. 2015a).
It is expressed relatively stronger in
young panicle

AtSPL4 primarily promote ﬂoral
induction and/or ﬂoral meristem
identity

cluster8

OsSPL8 encodes a transcriptional
AtSPL8 is involved in regulation of
factor that plays an important role in
transcription, megasporogenesis,
building the laminar joint between
microsporogenesis, anther
leaf blade and leaf sheath boundary,
development and cell differentiation
thereby controlling ligule and auricle
development (Lee et al. 2007)
It has higher expression levels in stem,
leaf sheath and young panicles than in
other tissues
(Xie et al. 2006)

At__SPL1
BGIOSGA__009504-PA
OB__03G47050.1
KN__538869.1
OPUNC__03G37130.1
OMERI__03G36740.1
Os__SPL6
ORUFI__03G41710.1
ONIVA__03G41820.1
OGLUM__03G39810.1
OBART__03G39900.1
ORGLA__03G0367800.1
At__SPL4
OB__04G27960.1
OPUNC__04G18620.1
OMERI__04G17360.1
OGLUM__04G20870.1
Os__SPL7
BGIOSGA__016888-PA
ONIVA__04G19190.1
ORUFI__04G22540.1
OBART__04G20940.1
ORGLA__04G0180000.1
At__SPL8
BGIOSGA__017275-PA
OB__04G34990.1
OPUNC__04G25460.1
OMERI__04G23390.1
ONIVA__04G26660.1
ORUFI_L8B8J8
OGLUM__04G27880.1
OBART__04G27990.1
ORGLA__04G0242500.1
Os__SPL8
ORUFI__04G29620.1
At__SPL7
KN__538753.1
BGIOSGA__019856-PA
OB__05G24080.1
OBART__05G16150.1
OPUNC__05G14270.1
ONIVA__05G16770.1
ORUFI__05G17320.1
Os__SPL9
OGLUM__05G17090.1
OBART__06G23500.1
OB__06G31100.1
OPUNC__06G21190.1
ONIVA__01G24470.1
OMERI__06G23430.1
OGLUM__06G24700.1
ORGLA__06G0196600.1
ORUFI__06G25170.1
Os__SPL10
BGIOSGA__023408-PA

cluster9

OsSPL9 participates in whole plant
AtSPL7 involves in the regulation of
fruit ripening stage and A sporophyte transcription and also involved in
development
copper ion homeostasis (Xu et al.
stage that occurs during the interval
2016)
between the ﬁrst division of a plant
zygote and the formation of a
sporangium
It is expressed in all the tissues
investigated without obvious
difference of expression level
cluster10 OsSPL10 participates in
megasporogenesis, microsporogenesis
and anther development
It has higher expression levels in stem,
leaf sheath and young panicles than in
other tissues.
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Table 3 (continued)

HyPPO
clusters

OsSPL gene function and expression

AtSPL gene function and expression

cluster11 OsSPL11 participates in the regulation AtSPL11 control a variety of processes
of timing of transition from vegetative in root and shoot development. Plants
to reproductive phase, anther
over-expressing AtSPL11 have a
development and in the
reduced rate of leaf initiation
developmental process that pertains to and undergo vegetative phase change
the organization of a leaf in threeprecociously, but an spl10 mutation
dimensional space once the structure
has no vegetative phenotype (Xu
has initially formed
et al. 2016)
It has higher expression levels in stem,
leaf sheath and young panicles than in
other tissues
AtSPL10 control a variety of processes
cluster12 OsSPL12 i.e., the transacting factor
in root and shoot development
that binds speciﬁcally to the
consensus nucleotide
sequence 50 -TNCGTACAA-30 (By
similarity). It may be involved in
panicle development as well
It is expressed relatively stronger in
young panicles (Xie et al. 2006)

cluster13 OsSPL13 positively regulates the size AtSPL3 primarily promote ﬂoral
of rice grain cells, thus increasing
induction and/or ﬂoral meristem
grain length. It also regulates rice
identity. Over-expression of SPL3
reproductive shoot (panicle)
accelerates abaxial trichome
architecture and the combined effects production and produces early
of GLW7 on panicle and grain
ﬂowering, but a loss-of-function
structure increase yield (Si et al.
mutation in this gene has no obvious
2016)
phenotype (Xu at al. 2016)
It is expressed in all the tissues
investigates without obvious
difference of expression level
cluster14 The rice Ideal Plant Architecture 1
Over-expression of AtSPL15
(IPA1) gene is a quantitative trait
accelerates vegetative phase change
locus that encodes OsSPL14, an
and delays the rate of leaf initiation,
important semidominant regulator of
whereas loss-of-function mutations
rice plant architecture. Perturbation of have the opposite phenotype. It also
OsSPL14 produced rice plants with a control a variety of processes in root
reduced tiller number, increased
and shoot development (Xu et al.
lodging resistance and enhanced grain 2016)
yield (Jiao et al. 2010; Miura et al.
2010)
It is expressed relatively stronger in
young panicles

Orthologous genes from
Oryza siblings and
Arabidopsis thaliana
At__SPL11
OB__06G31550.1
OBART__06G23820.1
OMERI__06G23750.1
ORGLA__06G0199900.1
OGLUM__06G25070.1
Os__SPL11
ORUFI__06G25590.1
BGIOSGA__020731-PA
ONIVA__06G27990.1
At__SPL10
KN_539461.1
OB__06G34330.1
ONIVA__06G29160.1
OPUNC__06G24320.1
ORGLA__06G0222300.1
OGLUM__06G28030.1
OBART__06G26610.1
Os__SPL12
ORUFI__06G28570.1
BGIOSGA__020577-PA
OMERI__06G26720.1
At__SPL3
OB__07G21420.1
OPUNC__07G14360.1
OMERI__07G12270.1
OGLUM__07G15250.1
OBART__07G15570.1
Os__SPL13
BGIOSGA__024253-PA
ONIVA__07G14170.1
ORUFI__07G16070.1
At__SPL15
OB__08G26920.1
OBART__08G20010.1
OPUNC__08G18140.1
Os__SPL14
ORUFI__08G22440.1
ORGLA__08G0176500.1
OGLUM__08G21260.1
ONIVA__08G22610.1
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Table 3 (continued)

HyPPO
clusters

OsSPL gene function and expression

AtSPL gene function and expression

Orthologous genes from
Oryza siblings and
Arabidopsis thaliana

cluster15 OsSPL15 participates in gynoecium
AtSPL16 is involved in regulation of
development stage, sporophyte
transcription
development stage that occurs during
the interval between the initiation of a
sporangium and the onset of
senescence
It has higher expression levels in stem,
leaf sheath and young panicles than in
other tissues (Xie et al. 2006)

cluster16 Overexpression of OsSPL16 reduces
the numbers of both tillers and panicle
branches (Wang et al. 2015)
It is expressed relatively stronger in
young panicles (Xie et al. 2006)

cluster17 Upregulation of OsSPL17 also reduces
tiller numbers while the
downregulation greatly reduces the
tiller numbers (Xie et al. 2006; Wang
et al. 2015)
It is expressed relatively stronger in
young panicles (Xie et al. 2006)

At__SPL16
KN_539799.1
OB__08G27190.1
OPUNC__08G18470.1
OMERI__02G02300.1
ONIVA__08G22940.1
ORUFI__08G22780.1
Os__SPL15
BGIOSGA__028994-PA
OGLUM__08G21580.1
OBART__08G20320.1
ORGLA__08G0179900.1
–
OB__08G28320.1
OPUNC__08G19660.1
OMERI__06G13610.1
ORUFI__08G24030.1
ORGLA__08G0230100.1
ONIVA__08G24550.1
Os__SPL16
OGLUM__08G22810.1
Over-expression of AtSPL9 accelerates At__SPL9
vegetative phase change and delays
OB__09G21350.1
the rate of leaf initiation, whereas
BGIOSGA__029541-PA
loss-of-function mutations have the
ORUFI__09G15960.1
opposite phenotype. It also control a OMERI__09G11520.1
variety of processes in root and shoot OPUNC__09G13250.1
development (Xu et al. 2016)
ORGLA__09G0114000.1
OGLUM__09G15430.1
OBART__09G14800.1
Os__SPL17
ONIVA__09G15400.1
–
OPUNC__09G14110.1
OBART__09G15750.1
ONIVA__09G16860.1
Os__SPL18
OGLUM__09G16320.1

cluster18 OsSPL18 participates in lemma
development stage, a sporophyte
development stage that occurs during
the interval between the initiation of a
sporangium and the onset of
senescence and defense response to
bacterium
It is expressed relatively stronger in
young panicles (Xie et al. 2006)
cluster19 OsSPL19 participates in anther
AtSPL6 is involved in regulation of
development and defense response to transcription, gene expression. It is
bacterium
also involved in defense response to
bacterium

cluster20 –

At__SPL6
OPUNC__11G12000.1
OMERI__11G11920.1
ORGLA__11G0121600.1
Os__SPL19
OGLUM__11G13820.1
ONIVA__11G13750.1
AtSPL14 involved in defense response At__SPL14
to bacterium and positive regulation ONIVA__01G14480.1
of transcription
ORUFI__01G13230.1
OBART__01G12250.1
OGLUM__01G13730.1
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Figure 4. Relative amino acid rates of the SBP-box
domain after removing insertions in few sequences of Oryza
siblings and Arabidopsis thaliana.

Arabidopsis thaliana. Most of the sites within the
domain showed a rate of variation which was less than
the normalized mean rate, whereas there were abruptly
large rates of variation in two neighbouring regions in
between the sequence positions from 50 to 70. Close to
the C-terminus, the rate of variation was exceptionally
low. Apparently, the large variability arose due to a few
sequence having insertions in the region from positions
50–70.
A recalculation of the relative amino acid rates
excluding these insertions is given in ﬁgure 4. The
conserved basic residues are cysteine (at positions 1, 6,
24, 44, 47 and 63) and histidine residues (at positions
27 and 51 used to coordinate two zinc ions. Other
conserved basic amino acid residues are Arg and Lys
(at positions 64, 65, 66, 73, 74, 75, 76 and 77). These
basic residues are supposed to be involved in nonspeciﬁc and speciﬁc DNA binding and in nuclear
translocation of the proteins. Other than these basic
residues, another well conserved amino acid residue is
serine (at position 62) which is a very likely phosphorylation site (Birkenbihl et al. 2005)
We found a few positions in the SBP-domain in
which the amino acid type was highly variable., such
positions were at 7, 12, 14, 16, 26, 34 52, 54 and 58.
Position 7 showed a preference for hydrophilic residues
whereas position 26 showed a preference for
hydrophobic residues.
These variable residues were mapped on the NMR
structure of AtSPL4 (PDB ID: 1UL4) by putting in the
B-factor column the rates of variation calculated
through HyPhy (Sydykova et al. 2017). The colour
code ranges from blue (conserved residues), to red

Figure 5. Conserved and variable residues are mapped on
the NMR structure of AtSPL4. See text for details.

(highly variable residues) and intermediate region is
yellow (ﬁgure 5). The highly variable positions (26 and
34), which are red in colour, lie in alpha and beta
regions respectively. The amino acid residues occurring
in those positions have increased propensities for alpha
helix and beta sheet structures respectively (Pace and
Scholtz 1998; Costantini et al. 2006). The next variable
position is 52 and 54. Following these are the intermediate variable positions which are 7, 12, 14, 16, 34
and 58. The rest of the residues which are blue in color
are conserved amino acid residues.
Bioinformatic analyses revealed that, apart from the
SBP-domain, the rest of the sequence were very likely
to be disordered (data not shown). We also observed
that the location of the domain within the protein
sequences was relatively conserved within each cluster
of primary orthologs but were highly variable between
clusters (Supplementary ﬁgure 3).
In general, the amino acids outside the SBP-domain
showed frequently occurring peaks in the relative rates
of variation (supplementary ﬁgure 3) except in the
cases of clusters 5 and 18. Cluster 3 (supplementary
ﬁgure 3c) and 5 (supplementary ﬁgure 3e) had gaps in
more than 75% of the sequences. Hence, we discarded
those gaps and recalculated the rate of variation.
Cluster 18 (supplementary ﬁgure 3r) also showed a
region of low rates of variation due to a highly conserved region outside the SBP-domain. Generally,
structurally disordered regions could accommodate a
high degree of variability. This agrees with the general

SBP-box gene family in rice siblings

Page 13 of 17

83

83

Page 14 of 17

Priya Rani Agarwal and Ansuman Lahiri

6. Gene structure conservation of 176 genes from
11 Oryza siblings at the nucleotide level. The dark and light
purple represents intron and intron gaps/holders respectively,
whereas dark and light orange bar denotes exon and exon
gaps/holders respectively.

b Figure

observation of high evolutionary rates of disordered
regions in proteins (Brown et al. 2002). It has been
argued that these highly variable disordered regions
may play a structural role by providing ﬂexible linkers
and increasing the conformational entropy of the protein chain (Varadi et al. 2015). Conversely, the conserved residues within the disordered regions were very
likely to play functional roles as binding sites or similar
recognition motifs (van der Lee et al. 2014).
3.5 Gene structure and motif analysis
Gene structure analysis at the nucleotide level for 176
Oryza sibling genes showed the conservation of intron
and exons (ﬁgure 6). The dark orange colour represents
the exons while the light orange colour represents the
exon gaps. The purple colour represents the introns
whereas the light purple colour represents the intron
gaps. Presence of consistent dark purple colour for 176
genes, clearly indicates the conservation of intron in
most of the genes.
Conservation of intron positions within homologous
genes is an important aspect of studying evolution of
introns. Conserved intron positions can be used to
reconstruct phylogenetic trees, to resolve ambiguous
subfamily relationships in protein families and to infer
the history of gene families. The gene structure for the
aforementioned twenty clusters (supplementary ﬁgure 4A and B) were different from each other, i.e., they
varied in the number and length of introns and exons in
spite of conservation of the introns in most of the genes
within the clusters. Among these twenty clusters, the
exons in the coding region and the length of the exons
were similar within the groups but quite different
between the primary orthologous groups. On the other
hand, the introns in the noncoding region and the
length of the introns vary within the groups and also
between the groups. The maximum number of exons
and introns among twenty clusters were 14 and 13,
respectively, whereas the minimum number of exons
and introns were 3 and 2, respectively. We also
observed that the exon–intron structure of genes in
cluster3 (supplementary ﬁgure 4A(c)) was less conserved than the rest of the nineteen groups. Introns that

Table 4. Explanation of the supplementary ﬁgures
Figure number

Figure legend

Remarks

Supplementary
ﬁgure 1

The 176 SBPDescribes the
domain sequences pattern of
from eleven Oryza conservation in the
species were
sequences
aligned using
clustalx
Supplementary Relative aminoCalculation of the
ﬁgure 2
acid rates of the
amino acid rates of
SBP-box domain
evolution. The
of Oryza siblings
regions having
insertions in a few
sequences show
large rates of
variation
Supplementary Relative amino
The peaks in these
ﬁgure 3
acid rates of
ﬁgures correspond
cluster 1–20 (a–t). to highly variable
The position and
regions
the extent of the
SBP-domain is
indicated in black
Supplementary Gene structure
These
ﬁgure 4A & B conservation at
ﬁgures indicate that
the nucleotide
the introns and
level of cluster
exons are highly
1–20 (a–t)
conserved although
representing
the numbers of
exons/introns sites introns and exons
and length. The
may vary between
dark purple colour the clusters
and light purple
colour represents
introns and intron
gaps whereas dark
orange and light
orange bar
represents exons
and exon gaps or
alignment gaps
Supplementary Conservation of
These ﬁgures show
ﬁgures 5–24
motifs in primary
motif conservation
orthologous
within the primary
groups 1–20 or
orthologous groups
cluster 1–20 using along with
MEME tool
diverging motif
patterns between
the groups

were present in the SBP domain of 11 Oryza siblings
and their positions were extremely conserved.
We observed that, in all the SBP-box genes of Oryza
siblings studied in this work, there is a conserved intron.
In most of the Oryza siblings, the SBP-domain occurs
within the ﬁrst two exons. In comparing the exon–intron
structure with A. thaliana SBP-box genes, we note that

SBP-box gene family in rice siblings

all A. thaliana SBP-box genes carry a conserved intron
within the SBP-domain itself (Riese et al. 2007). Also, in
most of the A. thaliana SBP-box genes, the SBP-domain
occurs within the ﬁrst two exons.
In supplementary ﬁgures 5–24 we reported the
motif conservation of all twenty clusters grouped by
HyPPO. Motifs are found to be conserved for most of
the clusters of HyPPO except for a few group where
one or two genes shows diverging motif pattern from
the rest. Particularly, we noticed the lack of motif
conservation in cluster 9 (supplementary ﬁgure 13).
While considering motif conservation between the
groups, we found that motif pattern between the
groups varies a lot.
We also looked at the conserved motifs in different
primary orthologous groups (supplementary table 12).
As was expected, all the groups contained motifs corresponding to the SBP-domain zinc-ﬁnger-like motif.
Apart from these, some of the groups showed the
presence of the IRPGC domain (Garcia-Molina et al.
2014) whose function is not very clearly known. A few
contained the RTYF motif. For all the groups, there
were numerous short conserved motifs which can play
a role as SLiMs and are of interest for future experimental and theoretical study.
The supplementary ﬁgures (1–24) representing the
above results have been summarised in table 4.
4. Conclusion
As detailed in the foregoing, there have been many
analyses of the sequence and structural features of
SBP-box proteins in plants because of their perceived
role in essential physiological processes. However, in
almost all of them, the analyses have been based on the
characteristics of the sequentially and structurally
conserved SBP-domain. However, examination of the
protein sequences showed that the SBP-box family is a
highly heterogeneous class of proteins which has a
common SBP-domain sequence, but the ﬂanking
sequences could diverge wildly. In view of that, we
have adopted an alternative approach in which the
entire protein sequence has been employed for orthology inference by utilising a hybrid approach which
combines both all-in-all similarity calculation with
phylogenetic analysis. The method predicted 20 primary orthologous groups for the Oryza siblings and the
number and classiﬁcation did not change on including
the SBP-box sequences from the model dicot species
Arabidopsis thaliana. This pointed to the inherent
stability of the method.
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The large number of primary orthologous groups that
had to be constituted to accommodate the SBP-box
proteins in 11 Oryza siblings where the number of
orthologous groups were more than the maximum
number of non-redundant genes in any one of the
species indicated that the SBP-box gene family originated much before the speciation of the Oryza siblings
from their ancestral species and also before the
monocot-dicot divergence considering the data after
including the A. thaliana sequences. It is not clear
whether the earliest members of the protein family
originated through duplication followed by divergence
or through exon shufﬂing. This is an issue which
should be addressed in future.
In a particular primary orthologous group, the
number of exons were similar among the group
members indicating stability in their genomic structure. However, the number of exons and introns
varied (from 3 and 2 to 14 and 13, respectively)
among the groups. Although the SBP-domain
showed stronger conservation and the dN/dS ratio
indicated an overall lack of change (indicating
purifying selection), there were some positions
within the SBP-domain which showed a large
amount of variability.
The ﬂanking regions showed a much larger variability except in some groups where the N-terminal
sequence showed signature of a strong negative
selection. The overall results indicated that after
divergence, the sequence and structure of the DNA
binding domain (the SBP-domain) remained mostly
preserved although there were instances in which
some major portions of the ﬁrst or second zinc-ﬁnger
like motif were absent. However, the rest of the
sequences were predicted to be mostly unstructured
and were variable in their sequence composition. We
hypothesize that this enables the members of different orthologous groups to perform presumably different functions by interacting with different
partners.
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