
Figure 2. Pairwise dot plots comparing BHMT-2 and BHMT 
sequences of human (x-axis) to four non-human primates. 
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Figure 3. Unconstrained 
phylogeny of BHMT and 
BHMT-2 sequences across 
deuterostomes. Bracket 
indicates internal branches 
with accelerated evolution. 

Introduction and Objectives 

§   Elevated levels of homocysteine have been associated with 
an increased risk for vascular disease and adverse pregnancy 
outcomes (Hague 2003; Refsum H., and Ueland P.M. 1998). 

§   The enzymes betaine homocysteine methyltransferase 
(BHMT) and BHMT-2 convert homocysteine to methionine 
using substrates betaine and S-methylmethionine, 
respectively (Szegedi et al., 2008).  

§   The evolutionary history of BHMT and BHMT-2 genes 
remains to be elucidated.  

§   We sought to examine the distribution of BHMT and 
BHMT-2 across vertebrates, to infer the evolutionary history 
of the genes, and to determine the role of selection in 
shaping their evolution. 

Methods 

§   Sequences of the BHMT and BHMT-2 genes from 37 species 
of deuterostomes (sea urchin and vertebrates), were obtained 
from GenBank using human sequences as queries.  

§   MultiPipMaker (http://pipmaker.bx.psu.edu/cgi-bin/
multipipmaker) was used to identify the genic and intergenic 
conserved regions of BHMT and BHMT-2 genes within and 
across species, and to generate dot plots 

§   The Geneious Pro program (http://www.geneious.com/)  
(Drummond et al., 2010) was used to align sequences and 
generate a phylogeny.    

§   Evidence for selection during the evolution of BHMT and 
BHMT-2 genes was provided by single likelihood ancestor 
counting (SLAC), random effects likelihood (REL), fixed 
effects likelihood (FEL) and internal fixed effects likelihood 
(IFEL) methods implemented in the Datamonkey web server 
(Pond and Frost, 2005). For dN/dS ratios, gene trees were 
constrained for consistency with known relationships among 
taxa as established by previous fossil and DNA studies (Roca 
and Schook, 2010) (http://tolweb.org). 
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Abstract   

The domestic pig is a model organism for research on the 
enzymes betaine homocysteine methyltransferase (BHMT) 
and BHMT-2, which convert homocysteine to methionine 
using the substrates betaine and S-methylmethionine, 
respectively. In order to identify conserved regions that could 
play a functional role in these proteins, sequences of the 
BHMT and BHMT-2 genes from 37 species of deuterostomes 
were compared. The BHMT gene was detected in sea urchin, 
fish, amphibian, reptile, bird and mammalian genomes. By 
contrast, the BHMT-2 gene was present only in the genomes 
of mammals, including monotreme, marsupial and placental 
species. Thus BHMT gene duplication occurred after the 
divergence of mammals from other living vertebrates, but 
prior to the divergence of extant mammalian subclasses. 
Across mammalian genomes, the BHMT and BHMT-2 genes 
were located in tandem on the same chromosome, though in 
all mammals the genes differed in regions that code for 
important functional and structural motifs. We identified 
seven codons that may have been targets of selection. A 
phylogeny of deuterostome BHMT and BHMT-2 sequences 
indicated that evolutionary rates were accelerated for 
BHMT-2 relative to BHMT. Comparing non-synonymous to 
synonymous mutation ratios across the phylogeny suggested 
that the highest levels of positive selection had occurred 
following gene duplication at the base of the mammalian 
clade. The patterns detected may be of potential relevance to 
the evolution of mammalian traits. 

Conclusions 

§   The BHMT gene is present in sea urchin, fish, 
amphibian, reptile, bird and mammalian genomes. 

§   The BHMT-2 gene is present in the genomes of all 
mammals, but not in other vertebrates. BHMT-2 resulted 
from duplication of BHMT at the root of the mammalian 
clade. 

§   The evolutionary rate of BHMT-2 appears accelerated 
relative to BHMT, suggesting a release of selective 
constraints. 

§   A high dN/dS ratio is evident in both BHMT and BHMT-2 
following the duplication of the gene, suggesting that both 
genes were subject to positive selection following the 
duplication event at the root of the mammalian clade. 

§   Seven amino acid sites were found to show signatures of 
positive selection. 

§   We suggest that a role for the genes in lactation or 
placentation may be hypothesized. 

Figure 4 (above). Ratio of nonsynonymous (dN) 
to synonymous (dS) substitutions per site 
across a phylogeny of BHMT and BHMT-2 
coding sequences. The key shows color codes 
for dN/dS values. The arrows point to internal 
branches with the highest values of dN/dS. 

Table 1. BHMT and BHMT-2 amino acid sites under 
positive selection. Of the seven amino acids identified, five 
contribute to the enzymatic domain and two are associated 
with the oligomerization domain. 

Figure 1 (left). Multipip 
plot comparing BHMT 
(B1) or BHMT-2 (B2) 
across species; human 
BHMT is the reference. 
Vertical positioning of the 
lines is proportionate to 
similarity; coding regions 
(exons 2-8) are conserved. 

Results 

§   Insertions or deletions of DNA fragments are present in 
comparisons of  BHMT or BHMT-2 between humans and 
other primates (Figures 1, 2). An inversion was evident 
within the chimpanzee BHMT intron 4 (Figure 2). 

§   The BHMT and BHMT-2 sequences had conserved Hcy 
binding sites, consistent with their function of converting 
Hcy to Met. The N-terminus of BHMT in mammals has nine 
amino acids that confer betaine specificity. The BHMT 
protein of pufferfish and zebrafish had only seven amino 
acids in this region, although all other species had nine.  

§   The genes for BHMT and BHMT-2 were identified in the 
genomes of all mammals examined, including monotreme, 
marsupial and placental species. By contrast, only the gene 
for BHMT was detected in the species of sea urchin, fish, 
amphibians, reptiles and birds examined. This suggested 
that the BHMT gene had been duplicated after the divergence 
of mammals from other living vertebrates, but prior to the 
divergence of extant mammalian subclasses (Figures 2-4). 

§   The evolutionary rate of change appears to be accelerated 
for BHMT-2 relative to the rate for BHMT (Figure 3), 
especially between the time that a duplication event resulted 
in the appearance of BHMT-2 in the mammalian lineage, and 
the time of the appearance of crown group (extant) placental 
mammals. 

§   Based on the ratio of non-synonymous to synonymous 
mutation rates, the highest degree of positive or Darwinian 
selection occurred following gene duplication at the base of 
the mammalian lineage (Figure 4). 

§   Seven amino acids (139, 142, 149, 257, 290, 363 and 370 
in the alignment) showed evidence for positive selection 
(Table 1). Two amino acids (149 and 257) were identified by 
two methods as having undergone positive selection.  


