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Received: 6 November 1997 /Accepted: 13 January 1998

Abstract Bacillus subtilis strain 168 is known to possess
two genes that encode thymidylate synthases, thyA and
thyB. We have identi®ed genes similar to the thyA and
thyB genes in several Bacillus strains by Southern hy-
bridization and by DNA ampli®cation with sequence-
speci®c primers. Analysis of thyA genes cloned from
B. subtilis W23 strain 2A6, B. subtilis ATCC6633,
B. amyloliquefaciens S18 and B. atrophaeus S223 reveals
that they are very similar to the thyA genes from
B. subtilis 168 and its phage /3T, but di�er considerably
from the majority of known prokaryotic and eukaryotic
thymidylate synthases.
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Thymidylate synthases (TS; EC 2.1.1.45) are highly
conserved in both prokaryotic and eukaryotic organ-
isms. The enzyme catalyses the reductive methylation of
dUMP to dTMP, which is an essential precursor for
DNA synthesis. Bacillus subtilis strain 168 contains two
thymidylate synthase genes (thyA and thyB), which dif-
fer in their primary sequence and code for proteins with
di�erent biochemical properties. ThyB is distinguished
by its low speci®c activity, which accounts for only 5 to
8% of the total cellular TS activity, and by its sensitivity
to higher temperatures. ThyA) ThyB+ strains are un-
able to grow without thymidine at 46° C (Neuhard et al
1978). The sequence of the thyB gene product (Iwakura
et al. 1988) is very similar to those of TS from other
bacteria and eukaryotic organisms. On the other hand,
the sequence of thyA displays only limited similarity to

thyB but is 96% identical to the thymidylate synthase
gene from phage /3T (thyP3). Results of Southern an-
alyses and the ability of thyP3 to recombine with the
thyA sequence suggest that thyA and thyP3 might have
evolved from a common ancestor (Stroynowski 1981a,
b; Tam and Borriss 1995).

In order to obtain information about the distribution
of the thyA gene type in strains other than B. subtilis 168
we have analysed thy genes cloned from several Bacillus
strains and species. The sequences exhibit striking simi-
larity to the B. subtilis 168 thyA gene. A similarity search
in the database using the deduced amino acid sequences
revealed that these enzymes, together with the TS en-
zymes which were previously identi®ed in B. lichen-
iformis and the virulent Bacillus phage SPb22, belong to
a family or subfamily of thymidylate synthases we pro-
pose to call ThyA. The ThyA enzymes are distinct from
the majority of prokaryotic and eukaryotic thymidylate
synthases.

Chromosomal DNA from 53 Bacillus strains and
species related to B. subtilis was isolated, cut with BclI
(thyA) or EcoRI (thyB) and subjected to southern
analysis with probes for the thyA and thyB genes, de-
rived from B. subtilis 168. The probes used for hybrid-
ization with the chromosomal DNAs of Bacillus strains
were a Sau3AI fragment consisting of nucleotides 832 to
1197 of the B. subtilis 168 thyA gene and the DNA
ampli®ed from B. subtilis 168 chromosomal DNA using
primers OTB1 and OTB2 (see below). DNAs were la-
belled with Dig-dUTP and used to detect thy genes in
Bacillus strains. Bacillus chromosomal DNA used for
hybridization was cleaved with the restriction enzyme
BclI for detection of thyA, and with EcoRI for detection
of thyB.

PCR was performed with 100 ng of chromosomal
DNA and 1U of Replitherm polymerase (New England
Biolabs) under standard conditions (Olsen et al. 1991).
The primers used to amplify the thyA sequence were
designed to anneal within conserved regions of the
B. subtilis 168 thyA gene at positions 601-622 (OAT1)
and 1309-1291 (OTA2), respectively (numbering of nu-
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cleotides according to Tam and Borriss 1995). With the
exception of the 47 N-terminal amino acids the ampli®ed
fragment covers the whole ThyA coding region and 13
noncoding nucleotides from the 3¢ region. To amplify a
thyB gene fragment, primers annealing with nucleotides
961-980 (OTB1) and with 1351-1332 (OTB2) were used
(numbering of nucleotides according to Iwakura et al.
1988).

The results obtained by Southern hybridization and
by PCR-mediated ampli®cation of thyA and thyB
genes using sequence-speci®c oligonucleotide primers
suggest that the thyA gene is not unique to strain 168,
but is found in most of the B. subtilis strains, and in

some of the related species, examined in this study
(Table 1).

Recombinant Thy+ clones obtained after transfor-
mation of B. subtilis NHT2 (thyA thyB) with DNA
ampli®ed from chromosomal DNA with the primer
pairs OTA1/OTA2 or OTB1/OTB2 respectively, were
checked for their ability to grow without thymidine at
46° C. As expected, the prototrophic transformants
obtained after transformation with the ampli®ed thyA-
like sequences did grow at high temperatures. But most
of the thyB+ transformants also recovered the ability to
grow without thymidine at high temperatures, suggest-
ing that thermostable ThyB had been formed. (Table 1).

Table 1 Detection of thyA and
thyB genes in strains and species
related to Bacillus subtilis

Species/straina Growth
46°b

thyAc Similarity
to thyAd

thyBc

1 2 3 1 2 3

B. subtilis
1A1 (168)* + + + + 100% + + +
1A58 (SB25)* + + + + +
1A253 (RM125)* + + + + +
1A304 (YB886)* + + + + +
S31 (NCIMB 2591) + + + + + + +
S317 (NCIMB 8054) + (+) + + +
S322 (Gibson 1137) + + + + +
3A6 (YS11)* ) + + + +
3A8 (B209-A) + ) ) ) )
3A10 (B202-9) + + + + + + +
ATCC6633 (NCIB8054) + + + 94.5% + +
W23 2A1 + + + + +
W23 2A6 ) + + 94.1% + +

Phage /3T ND + + 96.1% ) )

B. subtilis v. amylosacchar.
3A13 + + + + +

B. subtilis v. niger
12A1 + ) ) + )

B. atrophaeus
S223 (Gibson 1028) + + + + 98.3% + + +
S224 (Gibson 1007) + (+) ) ) )
S225 (Hemphill) + + + + +

B. natto ATCC15245 ) + ) (+)

B. amyloliquefaciens
ATCC15841 + ) ) ) )
S18 (strain H) + + + 98.6% + +
S19 (strain F) + ) ) ) )
S20 (strain N) + + ) ) )
10A1 + + + + +

aStrains used in this study were obtained from Dr. F. Priest (Edinburgh) the Bacillus Genetic Stock
Center (BGSC) columbus, Ohio; and Dr. S. KuÈ bart, (Berlin). Strains marked with an asterisk are
sensitive to phage /3T, indicating a close relationship to B. subtilis 168. thyA, genes were not detected
in B. licheniformis strains S167 (9945A), S168 (DSM13), S173 (Gibson 1158), S175 (NCIMB 7724),
S179 (NCIMB 8874) or ATCC9789; in B. pumilus 8A2, B. megaterium 7A1(899) or DSM319, or in B.
cereus 6A1 (T) or B.polymyxa 25A1
b Strains were streaked onto minimal agar plates without thymidine and incubated for 2 days at 46° C.
+, growth detectable; ), no growth
c Presence of thy genes was demonstrated by Southern analysis (1), PCR (2) and complementation of B.
subtilis NHT2, which is de®cient for thyA and thyB (Tam and Borriss 1995), with ampli®ed DNA
fragments (3; see text) +, detected; ), not detected; (+), weak hybridization signal
d Percentage of nucleotide sequence similarity of the cloned thyA gene fragments with the B. subtilis
168 thyA gene (coding region without the region coding for the ®rst 48 N-terminal amino acid resi-
dues). Sequences from B. subtilis 168 thyA and from phage /3T thyP3 gene were already reported
(Tam and Borriss 1995; Kenny et al. 1985)
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These data are in accord with the ®nding that B. subtilis
ATCC6633 encodes two thermostable TSases, A and B
(Montorski and Lorenzetti 1993), and suggest that the
thyB gene product derived from strain 168 is exceptional
in its temperature sensitivity.

Ampli®ed DNA fragments from ThyA+ strains ob-
tained by PCR with primers OTA1 and OTA2 were
isolated and their nucleotide sequence was determined.
The Genbank accession numbers are AF004101
(THYA223), AF004102 (THYA6633), AF004103
(THYAW23) and AF004104 (THYAS18) Alignment of
the coding regions of the thyA genes of B. subtilis
ATCC6633, W23/2A6, B. amyloliquefaciens H (S18) and
B. atrophaeus S223 revealed striking similarities (ranging
from 94% to 99%) between these genes, and the se-
quences were equally close to the thyA sequence from
B. subtilis 168 and the thyP3 gene from phage /3T.
Slight, but signi®cant di�erences between the sequences
derived from B. subtilis 168, B. amyloliquefaciens S18
and B. atrophaeus S223 on the one hand, and the se-
quences derived from B. subtilisW23 and ATCC6633 on
the other, might indicate incipient evolutionary diver-
gence. Both groups of thyA genes display nearly id-
entical similarity values to the gene from phage /3T
(95% to 96% identical residues). The same group of thy
genes also exhibits a high degree of similarity to the thy
gene of B. licheniformis ATCC 9789 (73±74%).

Comparison of the nucleotide sequences of the
Bacillus thy genes clearly reveals two di�erent groups.
The Bacillus thyA genes, including the sequence cloned
from phage /3T, are more than 73% identical, but
they show only 33% to 39.9% similarity to the thyB
genes derived from B. subtilis and B. amyloliquefaciens
ATCC23844. In addition, the degree of similarity be-
tween the thyB genes and the thy gene from phage
Spb22 (31.4 to 34.8%) is less than that between thyA
genes and the SPb22 gene (47.5 to 49.9%; Bechhofer et
al. 1994).

The phylogenetic tree constructed from the amino
acid sequences (Fig. 1) suggests that thyA gene products
including the TS from SPb22 form a separate branch
which diverged early during the evolution of TSases. By
contrast, the bacterial thyB gene products exhibit signi-
®cant similarities to eukaryotic TS proteins. The thyB
gene products of B. subtilis 168 and B. subtilis
ATCC6633 are more similar to human TS than to the
thyA gene products produced by the same strains. As
shown in the phylogenetic tree given in Fig. 1, we pro-
pose that the ThyB family includes the majority of
bacterial and eukaryotic TS, whereas the thyA gene
products form a separate, clearly distinct family.

Di�erences between ThyA and ThyB are especially
signi®cant within the highly conserved active site re-
gion which ¯anks the catalytic Cys residue (Cys198 in
L. actobacilluscasei or Cys146 in E. coli Tsase). This Cys
is conserved in all TS proteins known, which is consis-
tent with its key function in binding and catalysis (Dev
et. al. 1988). The consensus sequences in the active site
region of Thy A and ThyB were found to di�er at two

positions (199 and 204, numbering according to L. casei
Tsase): His199 is replaced by Val in ThyA and Phe204 by
Trp. The substitution of Phe204 is particularly remark-
able since that residue is invariant in ThyB and Archea
sequences.

As this study reveals, thyA and thyB genes occur to-
gether in strains related to B. subtilis 168. Sequences with
similarity to thyA but not thyB genes have been detected
in the genomes of several Bacillus phages. The thyB
genes found in B. subtilis and B. amyloliquefaciens ex-
hibit obvious similarity to the majority of thy genes from
bacteria and eukaryotic organisms. The prokaryotic and
eukaryotic TS family, which we propose to name ``B''
because of its similarity to the B. subtilis thyB gene is
clearly distinguished (less than 30% identity) from the
set of thyA gene products described here.

Fig. 1 Unrooted phylogenetic tree of thymidylate synthase families
based on deduced amino acid sequences. The tree was constructed by
maximum likelihood analysis using the program PUZZLE 3.1.
Support values for the internal branches are shown in percent. The
lengths of selected branches are indicated in italics. The scale bar
indicates the distances as calculated from the multiple alignment using
CLUSTAL W. The unrooted tree results from the search by quartet
puzzling and is shown using the program TREE VIEW in radial view.
BSU stands for ThyA TS sequences from B. subtilis 168, ATCC6633,
and W23; B. amyloliquefaciens S18, B. atrophaeus S223 and phage /
3T. Other TS sequences grouped into the ThyA family are from
B. licheniformis ATCC9789 (BLI_9789) and phage Spb22 (BETA22).
TS sequences deduced from Archea are fromMethanococcus janaschii
(M_JA) and Methanobacterium thermoautotrophicum (ME_TH).
Selected bacterial and eukaryotic TS sequences are from E. coli
(E_CO), Shigella ¯exneri (SH_FL), Lactobacillus casei (LB_CA),
Mycoplasma genitalium (MYC1), Homo sapiens (HUM), Mus
musculus (MUS), Herpesvirus saimiri (H_VA), Saccharomyces cere-
visiae (S_CE), Candida albicans (CA_AL), Pneumocystis carinii
(P_CAR), Arabidopsis thaliana (A_TH), Daucus carota (D_CAR),
Glycine max (GLY),Parmaecium tetraurelia (P_TET), Toxoplasma
gondii (T_GON), Trypanosoma brucei (T_BRU) and Crithidia
fasciculata (C_FAS)
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