APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 1980, p. 274-276

0099-2240/80/01-0274/03$02.00/0

Vol. 39, No. 1

Increased Production of Extracellular Enzymes by the
Synergistic Effect of Genes Introduced into Bacillus subtilis
by Stepwise Transformation

YUKO YONEDA{t

Department of Enzymology, the Institute of Applied Microbiology, The University of Tokyo, Bunkyo-ku,
Tokyo, 113, Japan

The amyR3, amyS, papS1, tmr, and papM118 mutations each stimulate a-
amylase production two- to sevenfold above the level in a wild-type strain of
Bacillus subtilis. A strain which presumably has all five of these mutations

produced 250-fold more a-amylase.

The production of extracellular a-amylase in
bacilli is regulated by a number of genes. The
most significant of these appear to be amyR,
papM, and tmr. The amyR gene is a specific
regulator of a-amylase that can be linked to its
structural gene (amyE) by transformation (5).
The papM gene regulates the production of a-
amylase and protease as well as a number of
other pleiotropic properties (1, 6). The tmr gene
encodes resistance to tunicamycin. This mutant
also produces high levels of extracellular a-am-
ylase (3). Bacillus subtilis Marburg 6160 carries
amyR1 (5), and B. subtilis var. amylosacchari-
ticus carries amyR3 (7). In the absence of other
regulatory genes, amyR1 permits production of
10 U of a-amylase activity per ml, and amyR3
permits production of 50 U/ml. It is possible to
introduce genes that are also involved in the
production of a-amylase from closely related
bacilli into B. subtilis by deoxyribonucleic acid
(DNA)-mediated transformation. Frequently,
this procedure results in the improvement of
enzyme production.

In the experiments to be described in this
communication, DNA isolated from B. subtilis
var. amylosacchariticus by the method of Saito
and Miura (2) was used to transform the recipi-
ent strain of B. subtilis Marburg 6160 that usu-
ally produces 10 U of a-amylase per ml. Trans-
formation was performed by the method of
Yoshikawa (8), and primary selection was gen-
erally made for an auxotrophic requirement or
an antibiotic marker. Primary transformants
were then screened for increased protease activ-
ity by incorporation of 1% casein in the selective
media. It was reasoned that the industrial strain
of B. subtilis var. amylosacchariticus that pro-
duces 120 to 150 U of extracellular a-amylase
per ml might contain more than one gene, and
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that incorporation of increasing numbers of re-
lated genes into a strain could increase a-amy-
lase production proportionally. The present re-
port not only proved this assumption but also
established that the effect of multiple genes is
not additive, but of a synergistic nature. For
example, one of the transformants (SP38) ob-
tained by transforming B. subtilis Marburg 6160
with DNA from B. subtilis var. amylosacchari-
ticus produced 220 to 250 U of a-amylase per ml.
This is twofold greater than the amount pro-
duced by the donor strain. Genetic analysis re-
vealed that strain SP38 had acquired the amyR3
gene as well as two new genes from B. subtilis
var. amylosacchariticus: papS1 and amySl.
The gene is denoted by the function and the
strain. Thus papS1 and amySI are the genes
encoding the hyperproduction of a-amylase and
protease, and the regulator of a-amylase, respec-
tively, from B. subtilis var. amylosacchariticus.
The papS gene stimulates the production of a-
amylase two- to threefold further, with a simul-
taneous 5- to 10-fold stimulation of protease
production, than the papM gene does. However,
a strain carrying the papS gene does not display
the pleiotropic characteristics of the papM mu-
tant. Genetic analyses also revealed that these
genes can be separated by DNA-mediated trans-
formation. The details of this study will be re-
ported elsewhere (Y. Yoneda, manuscript in
preparation). Surprisingly, a gene that stimu-
lates only a-amylase production twofold was
found in strain SP38, although such a gene had
not been observed in either the donor strain or
the recipient strain (amyS1). Table 1 shows the
effect of these genes on the production of a-
amylase and protease in B. subtilis.

Because strain SP38 has three genes (amyR3,
papS1, and amyS1) that contribute to a-amylase
production and act synergistically, experiments
were carried out to determine whether or not
the tmr and papM118 mutations would further
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stimulate production in this strain. Therefore,
the tmr gene and papM118 gene were introduced
stepwise by transformation. The overall ap-
proach is shown in Fig. 1. The ¢tmr gene of strain
B7 was transferred to strain SP38. One of the
tunicamycin-resistant transformants selected
(TM23) produced sixfold more a-amylase than
strain SP38, indicating a high probability that it
contained four genes (amyR3, papS1, amySl,
and tmr). Other tmr transformants also showed
increased production (five- to sevenfold; Table
1). Next, the papM118 gene of strain YN118 was
transferred to strain TM23. Transformants that
showed further increased productivity of pro-
tease were selected. If a strain contains papS1
and papM118 genes at the same time, this results
in a synergistic effect on protease production.
One of the transformants with high protease
productivity (PP13) produced twice as much a-
amylase as strain TM23. Strain PP13 may differ
from strain 6160 in five genes: amyR3, papSl,
amyS1, tmr, and papM118. The level of a-amy-

TABLE 1. Stimulating effect of various genes

Fold stimulation of production®
Gene
a-Amylase Protease
amyR2® 4-5 1
amyR3® 4-5 1
amyS 2-3 1
papM118 2-3 10-20
papS1 2-3 5-10
tmr 5-7 1

?The original strain is B. subtilis Marburg 6160
(amyR1). Its activity is designated as 1. The fold
stimulation is the extent of increase with each gene.

® The amyR2 and amyR3 genes are derived from B.
natto IAM1212 and B. subtilis var. amylosacchariti-
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lase production in strain PP13 is about 250-fold
higher than in the original strain (6160) and 20-
fold higher than in B. subtilis var. amylosac-
chariticus. The extent of synergy is summarized
in Table 2. Figure 2 shows the extracellular
proteins on a sodium dodecyl sulfate-polyacryl-
amide gel. Strains TM23 and PP13 have a prom-
inent a-amylase band (Fig. 2, band A).
Increased production of extracellular protease
can be obtained by similar methods. Uehara et
al. (4) reported a gene, nprR", from Bacillus
natto IAM1212 which stimulates extracellular
neutral protease production. When the gene is
transferred to strain 6160, the transformant
(NP58) produces 10- to 20-fold more protease
than strain 6160. The papM118 mutation was
introduced into strain NP58 using high a-amy-
lase production (as indicated by the presence of
an increased halo around the transformants on
BY medium containing 1% soluble starch) as the
selection technique. One transformant, YY154,
could produce fivefold more protease than strain
NP58 (Fig. 1). Other transformants also showed
increased production (three to fivefold). Strain
YY154 may have both the nprR" and papM118
genes. Because the papM118 mutation prevents
competence, it was not possible to introduce
papS1 into strain YY154. However, papS1 has
no effect on competence development. There-
fore, it should be possible to construct a strain
containing nprR", papM118, and papS]1. A strain
could be made by transformation that would
contain both nprR" and papSl. Then the
papM118 mutation could be introduced into the
strain. This strain would then contain the three
genes (nprR", papS1, and papM118), and it is
predicted that it would produce fivefold more
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(22, 34)
Y|
PaOMIIE
& Sus,7e) (26,382)
|NP58|-TFG 154]
Y o) 43,81 ) (norR* papm118)
"l&mo AM I2l2|
(1,8) I- (46,4) (140,58)
—TF a— m eessessTfemy [YY]I0
(omyR/) (128 23)( (amyR2, papM//18)
" NIG(75,5)
(2530,94)

( omyR3.0myS. popS/ )

(amyR3.amyS, papS |, tmr )

o TF =)
(amyR3,amysS, pap S/, tmv, papM 118 )

Fi6. 1. Strategy of construction of the strains. The numerals above each strain represent a-amylase and
protease production (U/ml), respectively, in BY medium at 30°C for 30 h. The genetic symbols below the
strain represent genes participating in production of a-amylase, protease, or both. The thick arrows indicate
the direction of stepwise construction of the next strain. NTG, By N-methyl-N'-nitro-N-nitrosoguanidine
treatment; TF, by transformation with DNA from the strain indicated by the thin arrow.
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TABLE 2. Effect of genes on a-amylase production
Gene a-Amylase
Strain production Origin (reference)
amyR1 amyR2 amyR3 papSl amyS tmr papM118 (U/mD

6160 x 114 (5

YN118 x x 223 (6)

NA64 x 460 (5)

YY110 X x 140.0 (6)

B7 X X 175.0 (3)

SP38 x X x 209.0 B. subtilis var. amy-
losacchariticus
U, 660 (v
Yoneda, in prepara-
tion)

TM23 X X X X 1,475.0 B7 tf SP3s

PP13 X x X x x 2,532.0 YN118 tf T™23
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F1e. 2. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of extracellular proteins produced by
strains 6160 (1), YN118 (2), B. subtilis var. amylosac-
chariticus (3), SP38 (4), TM23 (5), and PP13 (6). Each
strain was cultured in BY medium at 30°C for 30 h.
Cells were removed by centrifugation. The superna-
tant was boiled with 1% 2-mercaptoethanol and 1%
sodium dodecyl sulfate for 10 min and applied to the
gel with bromophenol blue (BPB) as an indicator.
Band A corresponds to a-amylase, and band F cor-
responds to flagelline monomer, which cannot be seen
in the strain harboring papM118.

The results reported in this paper demon-
strate that strain improvement in the production
of extracellular enzymes can be achieved by the
synergistic effect of many genes. At present, not
all the genes have been verified by genetic anal-
yses. This approach to strain improvement in-
volves the introduction, in a random fashion, of
genes from strains found in nature that have a
higher capacity for production. This strategy
requires the use of genetically related strains.
The use of genes that encode resistance to anti-
biotics which influence the cell wall appear to

be particularly useful. In an alternative ap-
proach, one can develop vectors for cloning these
genes and introducing them in a more purified
form into the mother cell. This procedure does
not require chromosomal homology, and there-
fore genes can be used from diverse sources.
Hopefully, one could combine both methods to
obtain markedly improved strains.
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and G. A. Wilson for critically reading the manuscript. This
work was carried out in the laboratory of B. Maruo.
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