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Introduction
A large number of low molecular weight metabolites are ubiq-
uitously produced by plants. The metabolites, such as salicylic 
acid (SA), jasmonic acid ( JA), gibberellic acid (GA), and 
indole-3-acetic acid (IAA), are important plant hormones and 
signaling molecules, and these not only play an important part 
in diverse biological processes of plant growth and develop-
ment but also have a critical role in plant interactions with the 
environment. Recently, studies showed that their activities may 
also be affected by the chemical modifications of methylation, 
whereas the SA, JA, GA, and IAA could undergo the same 
type of novel modification: methylation of their free carboxyl 
group,1 and the methylate are methyl esters such as methyl jas-
monate, methyl salicylate, and methyl benzoate. In addition, 
those products often contribute to the characteristic scents or 
flavors of plants, which render them appealing to humans or 
animals, and also involve in the regulation of plants’ diverse 
developmental processes, such as seed germination, root 
growth, leaf abscission, and flower or fruit development.2,3

Depending on the methyl group provided by S-adenosyl-l-
methionine (SAM), one of the O-methyltransferases (O-MTs)4 
could particularly methylate carboxyl groups of small molecules 
such as SA, JA, and GA, and they also could methylate the 

nitrogen atoms of some alkaloids, such as theobromine and 
caffeine. Thus, they are collectively named “SABATH,”5 based 
on the earliest-identified 3 genes belonging to this family, 
SAMT (salicylic acid carboxyl methyltransferase),6 BAMT 
(benzoic acid carboxyl methyltransferase),7 and theobromine 
synthase.8

The SABATH methyltransferases, mostly the carboxyl 
methyltransferases,9 and many characterized SABATH meth-
yltransferases also play an important part in plant growth and 
development. Whereas, lots of SABATH methyltransferases 
were first identified in Arabidopsis and rice. For instance, the 
jasmonic acid carboxyl methyltransferase ( JMT), a critical 
enzyme for jasmonate-regulated plant responses, could provide 
good defense against fungi.10 Gibberellic acid carboxyl methyl-
transferase (GAMT) has a function in regulating seed germi-
nation.11 Farnesoic acid carboxyl methyltransferase (FAMT) 
could provide good defense against insect herbivores.12 Indole-
3-acetic acid carboxyl methyltransferase (IAMT) plays an 
important role in regulating plant development and auxin 
homeostasis.13 Then, in other species, many SABATH methyl-
transferases have been successively discovered. Cinnamate/p-
coumarate carboxyl methyltransferases (CCMT),14 loganic 
acid methyltransferases (LAMT),15 and anthranilic acid 
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methyltransferase (AAMT)16 were found in sweet basil 
(Ocimum basilicum), Catharanthus roseus and maize (Zea mays), 
respectively, and all of them are related to plant resistance.5 
PgIAMT1, which was discovered in white spruce (Picea glauca), 
may take effect in embryogenesis via regulating the homeosta-
sis of IAA.1 PpSABATH1, identified from the moss 
(Physcomitrella patens), which could catalyze S-methylation of 
thiols, has a role in tolerance to toxic thiols through 
detoxification.9

Moreover, the SABATH methyltransferases also contain 
nitrogen methyltransferases such as 7-methylxanthine methyl-
transferase (MXMT), 3,7-methylxanthine methyltransferase 
(DXMT), and xanthosine methyltransferase (XMT),1 which 
involved in caffeine biosynthesis isolated from tea or coffee 
plants.17 Besides, due to the resulting reaction, products of such 
SABATHs are nitrogen-containing compounds that are toxic 
to herbivorous insects, and many nitrogen methyltransferases 
may also have roles in plant defense.18

The SABATH gene family was discovered in Arabidopsis 
first8 and then was identified in rice.19 Although the evolution-
ary relationship of SABATHs has been preliminarily analyzed, 
the factors that influence evolution hadn’t been studied in-
depth. By virtue of the fast biochemical assay system for the 
initial screening of compounds for individual SABATH pro-
teins, 59 potential substrates were found to be existing in 
plants,12 whereas most members of SABATH proteins do not 
catalyze a single substrate.20 Thus, functions of the SABATH 
maybe diverse, whereas the reason of functional divergence 
hasn’t been detected. It is well known that the Arabidopsis thali-
ana as dicotyledon is the first established model plant world-
wide. Rice as one of the most important food crops is considered 
as the model organism of monocotyledon for genetic and 
molecular studies.21 With the development of high-through-
put technologies, more and more complete plant genome and 
complete chloroplast genome have been reported.22,23 The 
Arabidopsis Information Resource (TAIR) and International 
Rice Genome Sequencing Project (IRGSP)24 or the Rice 
Annotation Project (RAP) database provide a abundant 
research platform for searching unknown genes and gene fami-
lies, exploring their functions, and studying their molecular 
phylogenetic evaluation. Therefore, under genome-wide com-
prehensive analysis, we could try to detect more bioinformatics 
on SABATH gene family clearly through this key enzyme in 
dicotyledon and monocotyledon model species of Arabidopsis 
and rice, respectively, including the elementary biological 
information, the phylogenetic relationship, the functional 
divergence, and so on.

Here, using bioinformatics resources and tools, we compre-
hensively analyzed SABATH gene family in Arabidopsis and rice 
after the members of this gene family were redefined. We con-
structed a phylogenetic tree to evaluate the evolutionary relation-
ships of SABATH genes in Arabidopsis and rice. We also analyzed 
the gene expansion mechanism using Plant Genome Duplication 

Database (PGDD). Then, we calculated the ratio of nonsynony-
mous (Ka) and synonymous (Ks) substitution for the paralogs to 
test the driving force of duplicated genes. With site models and 
branch-site models, the positive selection of SABATH genes in 
Arabidopsis and rice was test under Phylogenetic Analysis by 
Maximum Likelihood (PAML) program. Finally, the functional 
divergence of SABATH genes in Arabidopsis and rice was ana-
lyzed with the DIVERGE program.

Methods
Identif ication of the members of SABATH family 
in Arabidopsis and Rice

With TAIR database (http://www.arabidopsis.org/), we 
obtained the nucleotide and amino acids sequences of 24 
AtSABATH genes, which were found by John C D’Auria.8 The 
SABATH amino acid sequences from other species (Table S1) 
were downloaded from the National Center for Biotechnology 
Information (NCBI) database. Then, those sequences and 24 
AtSABATH amino acid sequences were set as queries to search 
the RAP database (http://rapdb.dna.affrc.go.jp/) with the 
BLASTP program. The e-value was set 10−10 as cutoff to the 
homologue recognition, and if the sequence satisfied e ⩽ 10−10, 
it was selected as a candidate protein. And then, we used the 
tool of Pfam25 to detect the SABATH domains of all these 
candidate proteins to further identify all of the predicted 
SABATH members in rice. If there was SABATH domain in 
the candidate proteins, it belonged to the SABATH gene fam-
ily. Finally, the basic information such as amino acids sequences, 
molecular weight (Mw), and theoretical isoelectric point (pI) 
of AtSABATH and OsSABATH were obtained from TAIR and 
RAP databases.

Multiple sequence alignment and phylogenetic 
analysis

Multiple sequence alignment of the SABATH amino acid 
sequences from AtSABATH and OsSABATH is based on the 
method described previously,5 with the DNAMAN program 
(Lynnon Corporation, San Ramon, CA, USA) and online 
program of Gblock (http://www.phylogeny.fr/one_task.
cgi?task_type=gblocks). The phylogenetic tree was constructed 
using Bayesian inference implemented in MrBayes26,27 with 
the amino acid sequences of the AtSABATH and OsSABATH. 
The program of ProtTest was used to choose the best model of 
JTT + I + G + F for the phylogenetic tree construction.28 The 
phylogenetic tree was represented with the help of the 
Treeview1.61 software.29

Gene genomic distribution and segmental 
duplication analysis

Genomic distribution of SABATH genes in Arabidopsis and 
rice on chromosomes was performed using Chromosome Map 

http://www.arabidopsis.org/
http://rapdb.dna.affrc.go.jp/) with the BLASTP program. The e-value was set 10
http://rapdb.dna.affrc.go.jp/) with the BLASTP program. The e-value was set 10
http://www.phylogeny.fr/one_task.cgi?task_type=gblocks
http://www.phylogeny.fr/one_task.cgi?task_type=gblocks
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Tool, according to the annotation information in TAIR and 
RAP databases. The segmental duplication of SABATH genes 
in Arabidopsis and rice was analyzed based on the PGDD 
(http://chibba.pgml.uga.edu/duplication/).30

Gene structure analysis and motif detection

The gene structure was investigated with the online Gene 
Structure Display Server (http://gsds1.cbi.pku.edu.cn/) based 
on each coding sequence (CDS) and corresponding genomic 
sequence. Conserved motifs in AtSABATH and OsSABATH 
proteins were performed with the method described previ-
ously,5 using program MEME with the following criteria: any 
number of repetitions of a motif and expected e-values less 
than 2 × 10−30.31,32

Ka and Ks calculation

The paralogs for SABATH genes in Arabidopsis and rice were 
inferred from the phylogenetic tree. The program of 
PAL2NAL33 was used to estimate nonsynonymous (Ka) and 
synonymous (Ks) substitution rates, and the ratio of nonsyn-
onymous and synonymous (Ka/Ks) substitution rates of each 
paralogous gene pair. Meanwhile, the Ka/Ks ratios for the 
paralogous genes can also be calculated with a sliding window 
of 20 aa.5,34

Detection of positive selection

The approach of Yang and coworkers35,36 was applied to test 
the positive selection of the SABATH genes in Arabidopsis and 
rice with the codeml program of PAML v4.9a37 under the site 
model and branch-site model.

In site models analysis, we used the M0, M1a, M2a, M3, 
M7, and M8 models to identify codons that were influenced by 
positive selection and also to detect positively selected sites 
(Supplementary command 1). M0 (one ratio) hypothesizes the 
different sites which have the same evolution rate, whereas the 
M3 (discrete) hypothesizes a discrete distribution with 3 ratios 
of purifying selection, neutral evolution, and positive selection 
(p0, p1, and p2).38 The M2a is a positive selection model, whereas 
M1a is a neutral selection model; M8 hypothesizes a beta and 
ω distribution model, whereas M7 is a beta distribution model. 
We employed the program codeml to calculate the dN/dS 
(nonsynonymous/synonymous) ratio and to detect the varia-
tion in the ω parameter among sites by comparing the likeli-
hood ratio test (LRT) between the site models: M0 (one ratio) 
vs M3 (discrete), M1a (neutral) vs M2a (selection), and M7 
(beta) vs M8 (beta + ω).

Branch-site model hypothesizes the different evolutionary 
rates to vary among different sites and branches simultane-
ously.37 The improved branch-site model was used to compare 
the ratio of nonsynonymous and synonymous substitution 
rates between branches, and to test the positive selection amino 

acid sites of AtSABATH and OsSABATH.39 All the branches 
were divided into foreground and background, and the branches 
on the foreground were tested for positive selection; the other 
branches on the tree were used as the background. For each 
branch, the ratio of nonsynonymous and synonymous substitu-
tion rates was calculated with the Null Model (ω = 1) 
(Supplementary command 2) and Alternative Model (ω > 1)5 
(Supplementary command 3). Then, we identified the positive 
selection sits by comparing the LRT between Null Model and 
Alternative Model. If LRT suggested the presence of codons 
under positive selection on the foreground branch, the codon 
was probably from the site class of positive selection.5,40 Bayes 
Empirical Bayes (BEB) method was used to estimate the 
Posterior probabilities (Qks).37

Estimation of functional divergence

The functional divergence analysis between SABATH sub-
groups genes in Arabidopsis and rice was performed with 
DIVERGE version 3.0 software.41 The significant changes in 
the site-specific shift was estimated based on the maximum 
likelihood procedures,38 and the neighbor-joining tree is recon-
structed with AtSABATH and OsSABATH amino acid 
sequences under MEGA 6.0.42 Then, the coefficients of Type-I 
and Type-II functional divergences (θI and θII) between 2 clus-
ters were calculated. The Type-I (θI) and Type-II functional 
divergences (θII) were based on evolutionary rate43 and differ-
ences in biochemical properties of amino acids, respectively.44 
The coefficients of Type-I functional divergence (θI) greater 
than 0 indicates site-specific-altered selective constraints, and 
the coefficients of Type-II functional divergence (θII) greater 
than 0 demonstrates a radical shift of amino acid physiochemi-
cal property occurred after gene duplication or speciation.43

The amino acid sites related to functional divergence could 
also be detected by the posterior probabilities (Qk). A high 
possibility that the evolutionary rate or the radical change in 
the amino acid property of a site was different between 2 clus-
ters will be with a large posterior probability (Qk).43 In addi-
tion, we empirically used Qk > 0.8 and 1.0 as cutoff in the 
identification of the Type-I and Type-II functional divergence-
related residues between gene groups, respectively.38

Results
Sequence feature of SABATH genes in Arabidopsis 
and Rice

According to the approach of identification of the members of 
SABATH family in Arabidopsis and rice, we blasted the rice 
database with the aa sequences of 24 Arabidopsis and 15 other 
species SABATH genes. The results showed that there were 27 
SABATH in rice (Table S2). However, 5 members didn’t have 
the motifs that must be necessary for the SABATH (Figure 
S1) and 1 member was a pseudogene.19 Thus, a total of 24 and 
21 SABATH members of SABATH gene family in Arabidopsis 

http://chibba.pgml.uga.edu/duplication/
http://gsds1.cbi.pku.edu.cn/
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and rice were identified. The gene length of AtSABATH and 
OsSABATH were found to vary from 1261 bp (At3g44840) and 
1474 bp (Os01g0700300) to 3472 bp (At5g55250) and 8025 bp 
(Os06g0313440) (Tables S3 and S4). The length of AtSABATH 
and OsSABATH proteins varied from 348 aa (At3g44840 and 
At3g44860) and 286 aa (Os06g0243300) to 415 aa (At5g04370) 
and 419 aa (Os06g0242900) (Tables S3 and S4), respectively. 
The molecular weights of the AtSABATH and OsSABATH 
proteins range from 38.51 kDa (At3g44860) and 32.40 kDa 
(Os11g0257700) to 47.26 kDa (At5g04370) and 47.53 kDa 
(Os06g0242900) (Tables S3 and S4), respectively, and the theo-
retical isoelectric points were predicted to range from 4.7698 
(At1g15125) and 4.9176 (Os11g0256600) to 8.9032 
(At5g04370) and 9.4957 (Os06g0243300) (Tables S3 and S4), 
respectively.

Phylogenetic analysis of SABATH gene family in 
Arabidopsis and Rice

To detect the evolutionary relationship among SABATH gene 
family in Arabidopsis and rice, we constructed an unrooted phy-
logenetic tree using the SABATH amino acid sequences of 
Arabidopsis and rice (Figure 1). Base on the phylogenetic tree, 
and the SABATH gene family of Arabidopsis and rice were 

divided into 4 major groups, where Groups A and B were also 
divided into 2 subgroups (Figure 1). The bootstrap values for all 
the subgroups were high, which indicates that the genes in each 
subgroup might share a similar origin (Figure 1). In addition, 6 
pairs of paralogous genes were identified from SABATH gene 
family in Arabidopsis such as At5g38020 and At3g21950 in sub-
group B1; At5g56300 and At4g26420 in subgroup D; At5g38100 
and At5g38780, At5g37970 and At5g37990, At3g44870 and 
At3g44860, At1g66700 and At1g66690 in subgroup C (Figure 
1). Six pairs of paralogous genes of SABATH gene family in rice 
were identified, which were Os06g0315000 and Os06g0315300 
in subgroup A1; Os06g0311800 and Os06g0313320, 
Os11g0256600 and Os11g0257700, Os06g0242900 and 
Os06g0243300, Os06g0241400 and Os06g0242000 in subgroup 
A2; and Os01g0700300 and Os01g0701700 in subgroup B2 
(Figure 1).

Gene genomic distribution and expansion

To get insight into the expansion mechanism of SABATH 
gene family in Arabidopsis and rice, we detected their genomic 
distribution and segmental duplication. According to the 
annotation information, the AtSABATH genes were distrib-
uted on all the 5 Arabidopsis chromosomes (Figure 2). Six and 

Figure 1. The phylogenetic tree for the SABATH gene family in Arabidopsis and rice. The tree was constructed using Bayesian inference implemented in 

MrBayes based on the 45 amino acid sequences of the AtSABATH and OsSABATH under the model of JTT + I + G + F.
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ten AtSABATH genes were present on chromosomes 1 and 5, 
respectively. Whereas, 5 genes were on chromosome 3, 2 
AtSABATH genes were on chromosome 4, and only 1 gene was 
on chromosome 2 (Figure 2). Meanwhile, OsSABATH genes 

were dispersed on chromosomes 1, 2, 4, 5, 6, and 11 (Figure 3). 
There were 13 OsSABATH genes on chromosome 6. Two and 
three OsSABATH genes were present on chromosomes 1 and 
11, respectively. Only 1 gene was present on the chromosomes 

Figure 2. Genomic distribution of Arabidopsis SABATH genes on chromosomes.
Yellow boxes indicate tandem duplication events and gray boxes indicate segmental duplicated events corresponding to Arabidopsis SABATH genes.

Figure 3. Genomic distribution of rice SABATH genes on chromosomes.
Yellow boxes indicate tandem duplication events and gray boxes indicate segmental duplicated events corresponding to rice SABATH genes.
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2, 4, and 5 (Figure 3). Furthermore, At1g66700/At1g66690/A
t1g66720, At3g44870/At3g44860, At5g37970/At5g37990, 
At5g04380/At5g04370, and At5g38100/At5g38780 in 
Arabidopsis and the genes of Os06g0315000/Os06g0315300, 
Os06g0311800/Os06g0313320, Os11g0256600/Os11g0257700, 
Os06g0242900/Os06g0243300, Os06g0241400/Os06g0242000, 
and Os01g0700300/Os01g0701700 in rice were located in the 
same intergenic region, respectively. According to the phyloge-
netic tree, these genes showed a close evolutionary relationship, 
suggesting that they arose through a tandem duplication 
event.45 In addition, based on the PGDD and phylogenetic 
tree, the pair of At5g38020 and At3g21950 in Arabidopsis and 
the pair of Os02g0719600 and Os06g0311800 in rice are highly 
conserved, indicating that these 2 genes were formed through 
segmental duplication.45

Gene structure analysis

Genes’ structural features of SABATH gene family in 
Arabidopsis and rice are listed in Figure 4. Structure analyses 
revealed that the number of exons of all the SABATH genes in 
Arabidopsis and rice varies from 1 to 9. Only 1 gene was 

intronless (Os05g0102000). The average exon number in the 
groups was 3 or 4. In addition, the exons which have the same 
splicing phase at both ends are called symmetric exons, whereas 
the excess of symmetric exons and phase 0 introns is likely to 
recombination fusion, protein domain exchange, and exon 
shuffling.46,47 Through analyzing the 167 exons, there were 63 
exons that were symmetric with phase 0 introns, only 1 exon 
was symmetric with phase 1 introns, and no exon was symmet-
ric with phase 2 introns. Although, for the 122 introns, the 
number of phase 0 was 111, phase 1 was 7 and phase 2 was 4. 
Thus, our analyses of the gene structures indicated diversity 
among the SABATH genes in Arabidopsis and rice.

Conserved domains and motif analysis

Using Pfam program, we found that all the SABATH proteins 
identified in Arabidopsis and rice included the SABATH con-
served domain sequences. Then, the domain sequences were 
aligned using the DNAMAN program. The results revealed that 
most of the members of SABATH family in Arabidopsis and rice, 
including a functional domain that was conserved among O-
MTs,48,49 contain the binding sites (the motifs I and III) of SAM 

Figure 4. The structural features of each SABATH gene in Arabidopsis and rice.
The exons were represented by green rectangles. The black lines connecting 2 exons represented introns. The numbers above the line represented the intron phase.
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(Figure 5), a well-known methyl donor in plant cells.10 With the 
MEME program, 16 conserved motifs in AtSABATH and 
OsSABATH amino acid sequences were identified (Table S5), 
and the frequency of all those conserved motifs varied from 6 to 
45 (Table S5). The number of amino acids in each SABATH 
motifs ranged from 11 to 35, and the number of motifs in each 
SABATH proteins varied from 8 to 13. Among all the motifs, 
motifs 1, 2, 3, 4, and 7 were widespread in AtSABATH and 
OsSABATH proteins (Table S6). Besides, the conserved motif 3 
matched the functional domain motif I, whereas the conserved 
motif 2 matched the functional domain motif III (Figure 5). The 
normal expression sequences of 16 motifs are listed in Table S5. 
Although many motifs were shared by Arabidopsis and rice, there 
were still species-specific motifs (motifs 8, 12, and 16 in 
Arabidopsis and motif 13 in rice) (Table S6).

Driving forces for genetic divergence

Gene duplication is one of important incident for gene family 
expansion and plays a major role in functional diversity during 
evolution.50 Thus, to detect whether Darwinian positive 

selection participated in promoting gene divergence after 
duplication, the ratio of nonsynonymous (Ka) and synony-
mous (Ks) substitution rates (Ka/Ks) was calculated with the 
CDS of paralogous AtSABATH and OsSABATH. Generally, 
Ka/Ks ratio <1, =1, and >1 indicate negative or purifying 
selection, neutral evolution, and positive selection, respec-
tively.51 The ratios of Ka/Ks for all the 12 SABATH paralo-
gous pairs in Arabidopsis and rice were <1 (Table S7), 
suggesting that the SABATH genes have undergone purifying 
selection pressure in Arabidopsis and rice. In the meantime, the 
Ka/Ks ratios for all the paralogous genes were also calculated 
with sliding window of 20 aa. If the regions of all the paralo-
gous genes had gone through positive selections, the ratio of 
Ka/Ks was >1 in those regions, whereas the proportion of 
such regions genes was few (Figures 6 and 7). However, the 
regions with value >1 were in the majority only in the pair of 
At5g56300 and At4g26420, as a whole of Ka/Ks was still <1 
(Figure 6). Most regions appearing with the ratios of Ka/Ks 
<1 in paralogous genes also suggested that the AtSABATH 
and OsSABATH genes in had gone through purifying selec-
tion (Figures 6 and 7).

Figure 5. (A) The multiple sequence alignments of the Arabidopsis and rice SABATH proteins’ conserved domain of O-methyltransferases including the 

binding sites (the functional domain motifs I and III, which were defined via protein X-ray crystallography were indicated) of SAM (S-adenosyl-l-

methionine). (B) Sequence logo of 2 conserved motifs, motifs 3 and 2, which were identified by the MEME program.
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Figure 6. The Ka/Ks ratios for AtSABATH 6 paralogous pairs proteins with a sliding window of 20 amino acids.
The plot shows the Ka/Ks ratios at various positions for the coding region of AtSABATH genes.

Figure 7. The Ka/Ks ratios for OsSABATH 6 paralogous pairs proteins with a sliding window of 20 amino acids.
The plot shows the Ka/Ks ratios at various positions for the coding region of OsSABATH genes.
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Positive selection on AtSABATH and OsSABATH 
genes

To preliminarily test the evolutionary mechanism of SABATH 
gene family in Arabidopsis and rice, we examined the hypothe-
sis of positive selection of AtSABATH and OsSABATH genes 
under PAML program36,37 with site models and branch-site 
models according to the phylogenetic tree (Figure 1).

The parameter estimates, log likelihood, and the LRT tests of 
site models are shown in Table 1. M0 and M3 were first com-
pared to examine how dN/dS ratios differed among codon posi-
tions. Under model M0, the value of log likelihood was 
ι = –42921.859158, with an estimate of ω = 0.25066. Meanwhile, 
under model M3, the value of log likelihood was 
ι = –41868.048450, with 3 values of ω (ω0 = 0.03053, ω1 = 0.18380, 
and ω2 = 0.18380) (Table 1), suggesting that the predominant 
force acting on the evolution of the SABATH gene family in 
Arabidopsis and rice was relaxed purifying selection. Moreover, 
the value of twice the log likelihood differences between model 
M3 and model M0 was statistically for all codons tested, reveal-
ing that the overall selective constraint levels fluctuated across 
the SABATH gene family group lineages in Arabidopsis and rice. 
Then, we compared the M2a vs M1a and M8 vs M7 to test 
whether positive selection promoted divergence between genes.38 
Both of the values of log likelihood were ι = –42463.032156 
under the M1a and M2a for AtSABATH and OsSABATH  
genes. The values of log likelihood under M7 and M8 for 
AtSABATH and OsSABATH genes were ι = –41836.150234  
and ι = –41836.150365, respectively (Table 1). In both cases,  
the value of 2ΔlnL was close to 0; there was no statistical 

significance, and no site was tested under positive selection at the 
level of 95% (Table 1).

In branch-site models analysis, Null and Alternative models 
were compared to detect the affecting sites under positive selec-
tion in particular lineages. The parameter estimates, log likeli-
hood, and the LRT tests of those models of those 2 models are 
listed in Table 2. When each subgroup was set as foreground 
branch, the difference between Null and Alternative models 
was strongly statistically significant (P < .01) (Table 2). It indi-
cated that different SABATH lineages in Arabidopsis and rice 
may have different evolutionary rates. In addition, when the 
group A1 was set as foreground branch, 1 site was examined 
under positive selection at a level of 99%. Meanwhile, 2 sites 
were detected under positive selection at a level of 95%, when 
the group B2 was set as foreground branch. The results sug-
gested that groups A1 and B2 could be confronted with strong 
positive Darwinian selection, because significant positive sites 
were detected at .01 and .05 significance levels (Table 2).

Functional divergence analysis of AtSABATH and 
OsSABATH proteins

With the software of DIVERGE, we could evaluate the shifted 
evolutionary rate and altered amino acid property, which lead 
to the functional divergence after gene duplication.43,44 The 
AtSABATH and OsSABATH amino acid sequences were also 
divided into 6 major clusters in accordance with the neighbor-
joining tree (Figure S2). We also carried out Posterior probabil-
ity (Qk) to test the amino acid sites affecting functional 
divergence between the AtSABATH and OsSABATH clusters.

Table 1. Tests for positive selection among codons of AtSABATH and OsSABATH genes using site models.

MOdEL NP LNL ESTIMATES OF PARAMETERa 2ΔLNL POSITIVE 
SELECTION 
SITESbFREqUENCY dN/dS

M0 (one ratio) 89 −42921.859158 0.25066 None

M3 (discrete) 93 −41868.048450 p0 = 0.13481
p1 = 0.33843
p2 = 0.52676

ω0 = 0.03053
ω1 = 0.18380
ω2 = 0.45946

2107.621(M3 vs 
M0)**

Not allowed

M1a (nearly 
neutral)

90 −42463.032156 p0 = 0.53228
p1 = 0.46772

ω0 = 0.21764
ω1 = 1.00000

None

M2a (positive 
selection)

92 −42463.032156 p0 = 0.53228
p1 = 0.29085
p2 = 0.17688

ω0 = 0.21764
ω1 = 1.00000
ω2 = 1.00000

0 (M2a vs M1a) Not allowed

M7 (beta) 90 −41836.150234 P = 1.04764
q = 2.17588

None

M8 (beta and ω) 92 −41836.150365 p0 = 0.99999
P = 1.04765
q = 2.17597
p1 = 0.00001

ω = 2.69911 0.000131 (M8 
vs M7)

49 M
452 I
565 L

np was the number of parameter. lnL was the values of log likelihood. dN/dS was nonsynonymous/synonymous. 2ΔlnL was the value of twice the log likelihood difference 
between models.
aω was estimated under models; p and q were the parameters of the beta distribution.
bThe number of amino acid sites estimated to have undergone positive selection.
*P < .05; **P < .01 (χ2 test).
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Using the DIVERGE program, we found that all the coef-
ficients for the Type-I functional divergence was greater than 0 
through comparing among AtSABATH and OsSABATH sub-
groups (Table S8). The coefficients for the Type-I functional 
divergence of 15 group pairs, including Group A1 vs Group 
A2, Group A1 vs Group B1, Group A1 vs Group B2, Group 
A1 vs Group C, Group A1 vs Group D, Group A2 vs Group 
B1, Group A2 vs Group B2, Group A2 vs Group C, Group A2 
vs Group D, Group B1 vs Group B2, Group B1 vs Group C, 

Group B1 vs Group D, Group B2 vs Group C, Group B2 vs 
Group D, and Group C vs Group D, ranged from 0.048777 to 
0.597337. In addition, the Type-I functional divergence (θI) of 
Group A1 vs Group A2, Group A1 vs Group B2, Group A2 vs 
Group B2, Group A2 vs Group C, Group A2 vs Group D, 
Group B1 vs Group B2, Group B1 vs Group C, and Group B2 
vs Group C were statistically significant (Table S8). It revealed 
that some amino acid sites may have occurred significant site-
specific changes between these group pairs, which bring about 

Table 2. Selective pressure analyses of SABATH genes in Arabidopsis and rice by branch-site model.

FOREGROUNd 
BRANCHES

BRANCH-SITE 
MOdEL

LNL 2Δ (LNL) P-VALUE ω VALUESa POSITIVELY 
SELECTEd 
SITESb

Group A1 Null −42460.621205 20.24531 <0.01 ω0 = 0.21658 
ω1 = 1.00000 
ω2 = 1.00000

504 Y 0.999**

Alternative −42450.498549 ω0 = 0.21745 
ω1 = 1.00000
ω2 = 999.00000

Group A2 Null −42461.866456 12.94708 <0.01 ω0 = 0.21648 
ω1 = 1.00000 
ω2 = 1.00000

None

Alternative −42455.392916 ω0 = 0.21684 
ω1 = 1.00000
ω2 = 204.10496

Group B1 Null −42462.362847 12.31294 <0.01 ω0 = 0.21669 
ω1 = 1.00000 
ω2 = 1.00000

None

Alternative −42456.206377 ω0 = 0.21602 
ω1 = 1.00000
ω2 = 617.35532

Group B2 Null −42461.827310 17.47869 <0.01 ω0 = 0.21673 
ω1 = 1.00000 
ω2 = 1.00000

220 V 0.970*
515 E 0.960*

Alternative −42453.087963 ω0 = 0.21738 
ω1 = 1.00000
ω2 = 685.54490

Group C Null −42462.859446 10.96604 <0.01 ω0 = 0.21727 
ω1 = 1.00000 
ω2 = 1.00000

None

Alternative −42457.376422 ω0 = 0.21683 
ω1 = 1.00000
ω2 = 127.48967

Group d Null −42460.412945 30.79580 <0.01 ω0 = 0.21668 
ω1 = 1.00000 
ω2 = 1.00000

None

Alternative −42445.015041 ω0 = 0.21714 
ω1 = 1.00000
ω2 = 999.00000

aω was estimated under Null and Alternative models.
bThe number of amino acid sites estimated to have undergone positive selection. lnL was the values of log likelihood. 2ΔlnL was the value of twice the log likelihood 
difference between models.
*P < .05; **P < .01 (χ2 test).
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a subgroup-specific functional divergence during their evolu-
tion. However, for the values of Type-II functional divergence 
(θII), there were no pairs greater than 0 (Table S9), which 
advised that most residues in the AtSABATH and OsSABATH 
gene family hadn’t happened obviously as physical and chemi-
cal properties change.

Based on past experience,5 Qk > 0.8 and 1.0 were set as 
threshold to estimate the Type-I and Type-II functional diver-
gence-related positive selection sites between gene groups, 
respectively. According to the elaborate result of posterior 
probabilities analysis, the positive selection sites that were 
related to functional divergence in group pairs were different in 
the distribution and the number. For the Type-I functional 
divergence, when Qk > 0.8, all of the group pairs contained 
positive selection sites except Group A 1 vs Group B1, Group 
A1 vs Group D, and Group A2 vs Group B1 (Table S8). 
Besides, for the Type-II functional divergence, when Qk > 1.0, 
only 3 group pairs (Group A1 vs Group A2, Group A2 vs 
Group B2, and Group B1 vs Group B2) contained positive 
selection sites (Table S9). The result illustrated that these posi-
tive selection sites may play an important role in functional 

divergence of AtSABATH and OsSABATH during the evolu-
tionary process. The positive selection sites affecting the Type-I 
and Type-II functional divergence between groups detailed 
distribution are demonstrated in Figures 8 and 9.

Discussion
The plant SABATH gene family is a group of key enzyme for 
regulating the plant growth. Meanwhile, the substrates and 
products of SABATH methyltransferases play an important 
role in developmental processes of higher plants. Further stud-
ies on this family can help not only illustrating the SABATH 
genes’ vital function in developmental processes of high plants 
but also elucidating the evolutionary relationships between dif-
ferent species. It has been shown that 24 AtSABATH genes and 
41 OsSABATH genes exist in the Arabidopsis and rice genome, 
respectively.8,19 However, due to some of the shorter proteins 
may be from inaccurate annotation in rice genome,52 the mem-
bers of SABATH gene family in rice weren’t accurate.19 Thus, 
it’s necessary to redefine the rice SABATH gene family. With 
new method, after BLAST analysis, and correcting with the 
tool of Pfam, and also according to the length of SABATH 

Figure 8. Site-specific prediction for Type-I functional divergence between groups of AtSABATH and OsSABATH.
The X-axis represents locations of sites. The Y-axis represents the probability of each group. The red line indicates cutoff = 0.80.
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amino acid,8 a total of 21 OsSABATH genes were detected, 
finally.

Generally, gene duplication events were important for gene 
family evolution and occurred via 3 major mechanisms: seg-
mental duplication, tandem duplication, and transposition 
events.45,53 In addition, one of the main functions of phyloge-
netic study was to identify putative paralogs that normally dis-
play different functions and orthologs that usually retain the 
same function.21 Based on the phylogenetic tree, 6 pairs of 
paralogs genes in AtSABATH and also 6 pairs of paralogs genes 
in OsSABATH were identified (Figure 1). More than half of 
SABATH genes in Arabidopsis and rice were contained in par-
alogous pairs (50% for Arabidopsis and 58% for rice). That was 
to say, more than half of SABATH genes in Arabidopsis and 
rice had undergone duplication. It indicated that lots of 
SABATH genes in Arabidopsis and rice have undergone gene 
family expansion and functional diversity during evolution. 
Furthermore, through genomic distribution and segmental 
duplication analysis, it also suggested that some SABATH 
genes in Arabidopsis and rice had arose through a tandem 
duplication event or segmental duplication.

Besides, according to the ratio of Ka and Ks of paralogous 
AtSABATH and OsSABATH genes, there was no ratio >1, and 
the result of sliding window showing that the ratio of Ka and Ks 
was >1 in regions of all the paralogous genes was less, which 
indicated that the AtSABATH and OsSABATH genes had gone 
through purifying selection. Meanwhile, codeml program in 
PAML was applied to test the hypothesis of positive selection. 
In sites model, through the comparison of models M0 and M3, 
models M2a and M1a, and models M8 and M7, we found that 
M3 better than M0, M2a not better than M1a, and M8 not 
better than M7, which indicated that different sites bare differ-
ent selection pressures, and SABATH gene family in Arabidopsis 
and rice also undergo purifying selection. In branch-site models, 
the subgroups were divided into foreground groups and back-
ground groups to detect positive selection among sites and 
branches. The results showed that only 3 positive sites and 2 
lineage groups were found to be under positive selection. It also 
suggested that AtSABATH and OsSABATH genes mainly 
undergo neutral evolution and purifying selection.

Functional divergence analysis indicated that different sub-
group showed functional divergence during their evolution. 

Figure 9. Site-specific profile for predicting critical amino acid residues responsible for the Type-II functional divergence between groups of AtSABATH 

and OsSABATH.
The X-axis represents locations of sites. The Y-axis represents the probability of each group. The red line indicates cutoff = 1.0.
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Using program MEME, we found that some motifs only existed 
in specific subgroup or species. It also revealed that the 
SABATH proteins may demonstrate functional differences in 
different species and subgroups. Whereas, according to the 
groups indicated from the phylogenetic tree (Figure 1) and the 
conserved motifs, most SABATH proteins in the subgroup had 
similar motif orders and compositions (Table S6), suggesting 
that the proteins in uniform subgroup may possess similar fea-
ture during plant evolution. In addition, we also found that gene 
structure in the same subgroup was similar to each other, which 
indicated that the genes in same subgroup might possess similar 
functions (Figure 4).

Conclusions
In this study, we redefined 21 members of SABATH genes 
in rice according to the members of SABATH gene family 
in Arabidopsis and the rice genome database. Then, the 
AtSABATH and OsSABATH genes were analyzed with  
comprehensive methods, containing SABATH function 
domain and conserved motif characterization, gene struc-
ture and expansion mechanism explanation, phylogenetic, 
positive selection and functional divergence analysis.

We showed that 45 AtSABATH and OsSABATH genes 
could be divided into 6 subgroups and 12 pairs of paralogous 
genes, which were detected with the phylogenetic tree. The 
SABATH genes in Arabidopsis and rice have confronted puri-
fying selection pressure because the ratios of Ka/Ks for the 12 
paralogous were <1. Chromosome locations and PGDD 
analysis showed that the main expansion mechanism of 
SABATH genes in Arabidopsis and rice was tandem duplica-
tion and segmental duplication. Conserved motif analysis 
revealed that some group-specific motifs maybe attribute to 
functional divergence of AtSABATH and OsSABATH genes. 
Functional divergence analysis also manifested that the 
AtSABATH and OsSABATH genes have experienced func-
tional divergence during evolution. Positive selection analysis 
with site models and branch-site models suggested that 
SABATH genes in Arabidopsis and rice have undergone posi-
tive selection. These research results offered extensive infor-
mation about AtSABATH and OsSABATH, and are valuable 
for in-depth study of the SABATH gene family functions in 
plant.
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