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ABSTRACT. A new strain of Bacillus sp. was isolated from a hot water spring in India. This strain generated a high activity of
extracellular B-galactosidase at 37 °C in shake flasks. The f-galactosidase activity was found to increase continuously but the
production rate was slower than with some other organisms reported in the literature. There were noteworthy differences in
the time-domain profiles of bacterial concentration and B-galactosidase activity when the starting concentration of substrate
(glucose) was tripled from 10 g/L. These differences may be explained in terms of the relative rates of enzyme synthesis and its
diffusion across the ceil wall. The enzyme produced by this organism is more stable than other B-galactosidases; its half-life is
408 h at 50 °C and 94 h at 55 °C, while the reported enzymes showed perceptible loss of activity within 2 h.

In view of their many applications, largely in the dairy sector, there are continuing efforts to
isolate and engineer microorganisms that can efficiently synthesize P-galactosidases of high stability.
This class of enzymes are best known for their ability to hydrolyze lactose to glucose and galactose,
thereby improving the solubility and sweetness of the milk product (Becerra and Siso 1996; Gekas and
Lopez-Leiva 1985; Greenberg and Mahoney 1981). Besides hydrolysis, B-galactosidase (EC 3.2.1.23)
also catalyzes transglycosylation reactions. p-D-Galactopyranosides, such as lactose, are thereby con-
verted to galactooligosaccharides by the mechanism described by Prenosil et al. (1987). These oligosac-
charides are useful for human health as they promote the growth of bifidobacteria in the large intestine
(Othsuka et al. 1989; Tanaka et al. 1983). In dairy industry, B-galactosidases are used to prevent the
crystallization of lactose, to produce lactose-free milk for patients with low lactose tolerance and for
the utilization of cheese whey, which would otherwise be an environmental pollutant (Siso and Doval
1994).

Even if both fungi and yeasts are known to produce B-galactosidases (Athes and Combes 1998;
Becerra et al. 1998; Santos ef al. 1998; Shaikh et al. 1997; Bailey and Linko 1990; Gekas and Lopez-
Leiva 1985), bacterial sources are preferable because of ease of fermentation, high activities of the
enzyme and good stability. Escherichia coli and Bacillus strains are the commonly used bacteria.
Although it is possible to obtain good yields of p-galactosidase from recombinant E. coli, the fermenta-
tion requires complex control (Machida et al. 1998; Ye et al. 1994) and, for some strains, can be
extremely sensitive to fluctuations in temperature (Nielsen et al. 1991). Moreover, the enzyme from
E. coli tends to stay inside the cells whereas bacilli secrete it into the broth (Shaikh et al. 1997;
Zukowski 1992). This feature and the fact that the efficacy and stability of p-galactosidases from E. coli
strains have not yet been established make bacilli popular for B-galactosidase production. The most
common bacilli used in the industry are Bacillus licheniformis, B. amyloliquefaciens and B. subtilis.

Regardless of the source organism, long-term stability of the enzyme continues to be
a problem. Fig. 1 shows that the half-lives (the time required for deactivation to half of the initial activ-
ity) range from 1.3 to 116 min. However, not all authors who studied B-galactosidase synthesis have
also evaluated its stability and even those who did have not gone beyond 2 h. The present work reports
on a new species of Bacillus which generates high activities of extremely stable B-galactosidase.
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$0 Fig. 1. Deactivation profiles of B-galactosidase activity (residual

activity, %) of different strains reported in the literature; 7 — Asper-
gillus oryzae at 55 °C (Athes et al. 1998), 2 — E. coli at 55 °C (Athes
et al. 1997), 3 — K lactis at 55 °C (Athes et al. 1997), 4 — K. marxi-
anus CCY eSY2 at 45°C (Tomaska et al. 1995), 5 — Bacillus sp.
TA-11 at 50°C (Choi et al. 1995), 6 —~ Rhizomucor sp. at 50 °C
(Shaikh et al. 1997).
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MATERIALS AND METHODS

Chemicals

2-Nitrophenyl B-D-galactopyranoside (ONPG), X-Gal (5-bromo-4-chloro-3-indolyl p-D-galac-
topyranoside), 4-nitrophenol and 3,5-dinitrosalicylic acid were obtained from Sigma Chemical Com-
pany (MO, USA). All other chemicals used were of analytical-grade purity.

Microorganism and cultivation conditions

The microorganism used for the production of B-galactosidase was identified to belong to the
genus Bacillus by the Microbial Type Culture Collection, Institute of Microbial Technology, Chandigarh
(India), and it has been deposited there under accession number MTCC 3088. It was screened from
a hot spring (Manikaran, India) and maintained on nutrient agar plates containing 1 % (W/V) lactose.
The medium used for the production of -galactosidase had the following composition (g/L): glucose,
10; meat extract, 15; biopeptone, 5; yeast extract, 0.5 and sodium chloride, 1.5. The pH of the medium
was adjusted to 7. The seed culture was prepared by inoculating a single colony from the maintenance
plate into 100 mL of the culture medium in a 500 mL Erlenmeyer flask and incubating in a rotary
shaker (37°C, 33 Hz) for 18 h. A5% (V/V) of this culture was used to inoculate similar flasks
containing 100 mL medium. To assess the effect of glucose concentration on cell growth and enzyme
production, two sets of experiments were conducted, one with an initial concentration of 10 g/L and
another with 30 g/L. The flasks were incubated in a temperature-controlled (37 °C) shaker at a fre-
quency of 3.3 Hz. Each experiment was carried out in triplicate and samples were withdrawn at regular
intervals and examined for growth, enzyme activity and residual substrate concentration.

Assay methods

B-Galactosidase activity was assayed according to the method of Nagano et al. (1992) by using
ONPG as the substrate. The reaction mixture contained 2 mL ONPG (2 mmol/L in 0.1 mol/L potas-
sium phosphate buffer, pH 7) and 1 mL appropriately diluted enzyme solution. The reaction was
allowed to proceed for 20 min at 60 °C and stopped by adding 2 mL of 1 mol/L Na,COj3 solution. The
absorbance was measured at 416 nm. Appropriate enzyme and substrate blanks were included.
A calibration curve was prepared using 4-nitrophenol as standard. One unit of enzyme activity was
defined as the amount of enzyme that liberated 1 pumol 4-nitrophenol per min. The culture broths were
centrifuged (165 Hz, 5min) and the supernatants with appropriate dilutions were assayed for
B-galactosidase activity. Dry-cell mass of the Bacillus sp. was determined after washing the cell mass
thoroughly with distilled water to remove any adhering material and drying overnight at 80 °C. The
thermostability of B-galactosidase was established by incubating the enzyme solution at 50 and 55 °C
and assaying the enzyme activity at regular intervals. Glucose concentration was assayed by the
3,5-dinitrosalicylic acid method.



1999 REACTION-ENGINEERING ASPECTS OF THERMOSTABLE B-GALACTOSIDASE 369

RESULTS AND DISCUSSION

The time profiles of cell mass concentration and B-galactosidase activity for two concentrations
of glucose are shown in Figs 2 and 3. Contrary to many other microbial sources, the present Bacillus sp.
grew on both glucose and lactose (Fig. 2). However, glucose was preferred because, except during the
start-up phase, it generated higher -galactosidase activity throughout the fermentation period (Fig. 3).
At 1% (W/V) glucose in the starting medium the cell growth followed a normal pattern of increasing
until the substrate was exhausted and then decreased. However, when 3 % (W/V) glucose was sup-
plied, there was an initial sharp increase in cell mass, followed sequentially by an abrupt fall, a slower
rate of increase and a mild decrease spanning many hours. Enzyme activity (Fig. 3), however, did not
follow this pattern. It differed from the nature of the cell mass concentration in two important aspects.
First, enzyme activity was detected in the medium after alag period of about 40 h from the start,
whereas no lag phase existed in the cell mass (Fig. 2). Secondly, B-galactosidase activity increased
monotonically even while the cell mass passed through a peak and a trough.
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Fig. 2. Effect of glucose (circles) or lactose Fig. 3. Activity profiles of B-galactosidase (enzyme
(squares) concentration (in g/L, numbers at curves) activity, [U/mL) during fermentation by Bacillus sp.; for
on the production of cell mass (g/L) by Bacillus sp. symbols see Fig. 2.

MTCC 3088 during the synthesis of B-galactosidase.

These differences suggest two features of p-galactosidase production by this particular organ-
ism. First, B-galactosidase is an intermediate enzyme in the metabolic pathway and hence its synthesis
can only begin after the precursor molecules have been generated. This may explain the initial lag
between cell growth and enzyme activity. Secondly, it may be reiterated that the B-galactosidase activity
reported here pertains to the extracellular liquid. This means that the activity was detected only after
the enzyme had diffused out through the cell wall. Since diffusion rates are slower than the intracellular
reaction rates (Vieth 1988), even during the period of cell decay the extracellular activity of
B-gatactosidase continued to increase because of the diffusive efflux of the enzyme that has accumu-
lated inside the cells. There are interesting comparisons between the specific growth rate and the cell
mass. For both concentrations of glucose, the specific growth rate was minimum (Fig. 4 left) shortly
after the concentration had reached a peak. However, the bimodal concentration variation with 3 %
glucose was not reflected in the growth rate. The bimodal shape of the cell mass profile at a high con-
centration of glucose (Fig. 3) is a manifestation of the Crabtree effect, which is well known for E. coli
and Saccharomyces yeasts but is less prevalent in bacilli.

These differences become more vivid in a phase plane diagram of the specific growth rate
against cell concentration (Fig. 4 right). The trajectories spiral inward but do not converge to a focus or
a limit cycle. As expected, the cyclic behavior stabilizes at a constant specific growth rate as the station-
ary phase is reached. Between the two phase trajectories there are significant differences in the multi-
plicity pattern. At 1 % glucose, there can be just one or two specific growth rates for each value of cell
mass concentration. However, when the glucose concentration is 3 %, the trajectory completes two
separate cycles and the multiplicity pattern is 1—+2—4—3—4—2—1—2 as one moves up from a low
cell mass. Even though the cultivation time for this organism is more than those reported by other
workers, this is compensated by the maximum activity attainable and its stability. Since the studies
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Fig. 4. Left: Specific growth rate (1/h) profiles of the Bacillus sp. Right: Phase plane trajectories of the
specific growth rates (1/h) of Bacillus sp. during B-galactosidase production (cell mass, g/L); for symbols
see Fig. 2.

reported in the literature differ in the substrates used, the cuitivation conditions and the units of
PB-galactosidase activity, the results of Shaikh et al. (1997) provide the most reasonable comparison. For
fermentation with a Rhizomucor sp. (NCIM 1253; National Chemical Laboratory, Pune, India) and 1 %
lactose in the starting medium, the P-galactosidase activity reached a peak value of about 6 TU/mL
after 5 d and then decreased. In the present study, the activity had reached 12 TU/mL for 1 % glucose
and 19 IU/mL for 3 % glucose by 300 h and had not yet attained a peak (Fig. 3). Even at the end of 5 d
(120 h), the present enzyme activity was by 1 TU/mL (17 %) more than obtained by Shaikh et al. (1997)
for the same concentration of substrate.
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Fig, 5. Deactivation profiles of B-galactosidase activity by Bacillus sp. 20

(closed symbols) 50 °C and (open symbols) 55 °C.

This enzyme is also extremely stable, its half-life being 408 h at 50 °C and 94 h at 55 °C (Fig. 5).
Comparison with other sources of the enzyme should be done cautiously because not all authors who
have generated B-galactosidase have also studied its stability and, as Fig. 1 shows, changes in activity
have been measured over much shorter time spans (1—2 h) than in our experiments. Based on these
limited data, it might appear that the enzymes obtained by Choi et al. (1995) and Shaikh et al. (1997)
are more stable because the slow inactivation rate suggests a long predicted half-life. This inference,
however, should be qualified. First, the time span in Fig. 1 is just 2 h, during which period the enzyme
obtained in the present work also loses little activity at 55 °C (Fig. 5). Activity measurements over
alonger duration are important because deactivation becomes significant only after about 70 h.
Secondly, the p-galactosidase obtained by Shaikh et al. (1997) deactivated rapidly at 60 °C, losing more
than 30 % of its initial activity in 2 h; extrapolating their data to 50 % loss of activity indicates a half-life
of 2.5 h, compared to 94 h for the present enzyme at 55 °C. These observations indicate that the Bacil-
lus sp. strain MTCC 3088 is a potent source of stable extracellular B-galactosidase. Its main weakness is
the slow rate of enzyme synthesis; experiments with improved cultivation conditions in a laboratory
bioreactor are in progress to increase this rate and consequently the approach to the peak activity.
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