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ABSTRACT

The synthesis of an extracellular protease by
Bacillus sp. HTS102—a wild strain recently iso-
lated from the wool of Portuguese Merino ewes,
was optimized. This protease is thermostable and
particularly resistant to harsh environmental con-
ditions—and appears to bear a unique ability to
hydrolyze keratin-rich solid materials. Following
a preliminary screening for the most relevant
medium factors involved in processing, a frac-
tional factorial design (2,,°") was applied to as-
certain the effects of six relevant parameters—
viz. yeast extract concentration, peptone level,
inoculum size, stirring rate, temperature and pH.
The concentrations of yeast extract and peptone,
as well as the incubation temperature and pH
were found to play significant roles; and the
2-factor interaction between yeast extract level
and pH was also significant. A 2.2-fold increase
in the overall level of protease synthesis was
eventually attained, with the improved medium
relative to the basal medium—which is note-
worthy when compared with competing prote-
ases and previous optimization efforts.

Keywords: Fractional Factorial Design;
Thermotolerant Enzyme; Proteolytic Activity;
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1. INTRODUCTION

Use of enzymes for industrial processing has received
considerable attention in recent years [1], owing mainly
to environmental concerns; and proteases on their own
already account for ca. 40% of the total enzyme sales
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worldwide [2]. Proteases are indeed essential for cell
growth and differentiation, so they are ubiquitously found
in living organisms [3]—with Alcaligenes faecalis, Pseu-
domonas fluorescens, Pseudomonas aeruginosa, Bacillus
cereus, Bacillus licheniformis, Bacillus lentus, Clostrid-
ium sp. and Aeromonas hydrophilica accounting for some
of the highest rates of synthesis observed to date [2,4].
Extracellular proteases are particularly convenient from a
production standpoint, and large productivities have ac-
cordingly been observed for several species of the Bacil-
lus genus [3].

As a consequence of the large array of commercial
proteases available at present, an ever-growing portfolio
of uses has also been witnessed, yet higher and higher
demand has driven comprehensive screening efforts for
new strains of bacteria that can produce proteases with
better features and/or be susceptible to development of
lower cost/higher throughput industrial processes [5,6].
For instance, an organic solvent-stable protease from Ba-
cillus sphaericus (Liu et al., 2010) and a milk-clotting
proease from Bacillus subtilis (Fang et al., 2009) were
described; however, our native strain appears to be quite
distinct, so any better achievements claimed elsewhere
(among a rather voluminous literature) and pertaining to
different species are not necessarily paralleled by our
unique strain.

It has for long been recognized that one major obstacle
to successful biotechnological applications in the indus-
try at large is the overall costs of enzyme production and
downstream purification [2]; 30% - 40% of the final cost
of enzyme arises indeed from the culture medium used
for fermentation of its source strain [7], so optimization
of fermentation will assume a great relevance if eco-
nomically feasible processes are sought.

A number of comprehensive efforts have been devel-
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oped by biochemists and biochemical engineers to in-
crease protease yields [2], yet no ideal or all-purpose
medium for maximum microbial protease production has
been formulated to date. Each microorganism has in fact
its own specific growth and enzyme synthesis/secretion
constraints, so unique physicochemical and nutritional
requirements are found [8]. Therefore, the qualitative and
quantitative profiles of the culture medium, further to
other operating factors, are to be optimized for each spe-
cific microorganism and desired metabolite. For instance,
extracellular protease production is strongly influenced
by such medium features as C/N ratio, presence/absence
of readily metabolizable sugars and nitrogen sources, and
availability of specific metal ions; however, such proc-
essing conditions as rate of aeration, inoculum density,
pH, temperature and incubation time also play a crucial
role [2].

Optimization of processing parameters (encompassing
also medium components) by classical methods that in-
volve change of “one-variable-at-a-time” is extremely
time-consuming, and thus expensive when a large num-
ber of variables is to be considered [9]. Despite ignoring
the interactions among parameters, this is still the most
frequently used strategy in bioprocess engineering to ob-
tain high yields of enzyme in microbial systems [10]—
especially at earlier stages of process optimization, when
little is known about the factors that actually affect en-
zyme synthesis yield and rate. As a result, preliminary
studies ignoring mutual processing interactions are ac-
ceptable just to find whether or not one (or several) fac-
tor(s) under scrutiny affect protease production to a sig-
nificant extent; the most reasonable ranges for further
optimization, encompassing interactions between those
factors [11], are thus in order.

To overcome the aforementioned inability of the “one-
at-a-time” approach to pinpoint interactions among the
processing parameters, factorial designs have been pro-
posed [10]. These designs are in fact frequently used in
screening for key factors that affect the response when
more than 3 factors are to be tested; they usually assume
a suitable fractional form to avoid the need for an exces-
sively large number of experiments [11].

The major goal of this research effort was thus to find
the best combination of processing factors aimed at im-
proving protease production by the wool-associated Ba-
cillus sp. strain HTS 102. This is a novel strain recently
isolated from a Portuguese autochthonous sheep breed
that excretes a very strong and stable protease exhibiting
keratinolytic features. After conducting several compara-
tive “one-factor-at-a-time” studies, a 2v;"" fractional fac-
torial design was applied to better elucidate the main
effects and two-factor interactions associated with the
most promising processing parameters—and eventually
to increase the protease productivity of that microorgan-
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ism to an extent sufficient to backup eventual interest
from industry.

2. MATERIALS AND METHODS

2.1. Preliminary Screening via
“One-Factor-at-a-Time” Approach

2.1.1. Reference Culture Medium

The Nutrient Broth (NB) medium was used as control;
although this may not be the least expensive medium
available for industrial scale up, its stability in terms of
composition was found to be determinant of technologi-
cal reproducibility—and thus led our selection over puta-
tive media obtained from cheaper sources. It was pre-
pared according to the recipe provided by the manufac-
turer (Lab M, UK), but using ingredients added sepa-
rately, viz.: 2.0 gL' yeast extract (Biokar Diagnostics,
France), 1.0 g-L™" beef extract (Merck, Germany), 5.0
g-L™" peptone (Sigma-Aldrich, USA) and 5.0 g-L™' NaCl
(Carlo Erba, Italy).

2.1.2. Carbon/Nitrogen Source Selection

The beef and yeast extracts, referred to in the previous
section, were separately replaced with alternative (and
less expensive) carbon and nitrogen sources, respectively,
at equivalent concentrations. Carbon sources tested were
starch, glycerol, lactose, sucrose, glucose and fructose.
Nitrogen sources considered were peptone, tryptone, am-
monium chloride and ammonium sulphate.

2.1.3. Significant Physicochemical Parameter
Determination

A total of 10 physicochemical factors, which had been
reported previously to influence protease production in a
number of bacteria, were tested in attempts to find those
critical for protease production by Bacillus sp. HTS 102.
Such factors were metal ion concentration—10 mM
FeSO, and 0.1 g-Lf1 MgSQO,, inoculum density, pH value,
incubation temperature, stirring rate, and presence of
0.8% (w/v) Na,CO;, 10 mM CacCl,, 0.02% (v/v) Triton
X-100 and 1.0 g-L ' K,HPO,.

2.1.4. Nutrient Broth Constituent Effects

Several medium formulations were prepared by re-
moving “one-constituent-at-a-time”, so as to ascertain
the effect of each constituent of NB upon protease pro-
duction by the target bacterium. The media assayed for
are tabulated in Table 1.

2.2. Optimization via 2,,°* Fractional
Factorial Design Approach

After selection of a total of six key factors for protease
production by Bacillus sp. HTS102, the levels of yeast
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extract and peptone, inoculum density, stirring rate, pH
value and incubation temperature were optimized via a
2v1™! fractional factorial, unreplicated design. The range
of values for each factor was chosen based on informa-
tion available in the literature, coupled with experience
meanwhile gained during the “one-factor-at-a-time” com-
parative studies. The ranges of values used within such a
fractional factorial design are depicted in Table 2.

2.3. Fermentation Conditions

Erlenmeyer flasks (250 mL) containing 25 mL of
growth medium were inoculated with 1% (v/v) fresh
inoculum (0.6 O.D.¢ponm)- The extracellular protease ac-
tivity was quantitated after a 36 h-incubation period at
37°C, unless stated otherwise. The microorganism used
in this study was Bacillus sp. HTS 102 (GenBank acces-
sion number HQ698269), isolated from Portuguese Me-
rino wool [12]—and formally deposited in a publicly
accessible culture collection (LMG 26323, from BCCM/
LMG Bacterial Culture Collection, Ghent, Belgium).

Table 1. Characterization of medium formulations, based on
Nutrient Broth (NB), tested to enhance protease productivity.

. Nutrients (g/L) Description
Formulation
code Yeast  Beef Peptone  NaCl
extract extract
NB-C 2 1 5 5 NB complete
NB-Y 0 1 5 5 NB without yeast
extract
NB-B 5 0 5 5 NB without beef
extract
NB-P 2 1 0 5 NB without peptone
NB-N 2 1 5 0 NB without NaCl
NB without yeast
NB-YN 0 ! 3 extract and NaCl

Table 2. Definition of processing parameters, in original and
coded format, within a 2y;*' experimental design, tested to
enhance protease productivity.

Actual values

Coded corresponding to

parameter Alias Description coded levels
-1 +1

X 1 Concentration of yeast (g/L) 5.0 10.0

X 2 Concentration of peptone (g/L) 2.0 4.0

X3 3 Level of inoculum (%, v/v) 1.0 3.0

X4 4 Stirring rate (rpm) 0 100

Xs 5 Temperature (°C) 34 40

Xe 12345 pH 6.0 8.0
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2.4. Protease Activity Assay

The cell-free supernatants, sterilized by filtration
through a 0.45 pm filter, were assayed for protease activ-
ity using a colorimetric determination of casein break-
down extent at 660 nm, resorting to Folin-Ciocalteu’s
reagent, according to supplier’s instructions (Sigma-Al-
drich). One unit (U) of proteolytic activity was defined
as the amount of enzyme able to hydrolyse casein so as
to produce an absorbance variation per min equal to that
produced by 1.0 umol of tyrosine, at pH 7.5 at 37°C.

2.5. Protein Content Assay

Throughout the 36 h-incubation period, aliquots were
withdrawn for total protein assay via absorbance at 562
nm using the BCA™ Protein Assay Kit (Pierce, USA),
again according to supplier’s instructions.

2.6. Data Statistical Analysis

Unless otherwise stated, all data presented here result
from two independent experiments, each run in dupli-
cate.

The means of each treatment following the “one-fac-
tor-at-a-time” approach were compared using one-way
analysis of variance (ANOVA), at a significance level of
5%; a supplementary multiple comparison test (Tukey-
HSD) was employed to pinpoint which pairs of means
were statistically different from each other at that sig-
nificance level.

The statistical software package Design-Expert®, v.
8.0.3 (Stat-Ease, Minneapolis MN, USA) was used to set
up and analyse the results of the fractional factorial de-
signs. The statistical significance of the underlying linear
model equation and of its terms was assessed via Fis-
cher’s F-tests. The quality-of-fit of said polynomial model
equation was expressed by a coefficient of determination
(R?) and an adjusted R*. The fitted polynomial equation
was represented as contour plots for the two-factor in-
teractions only, to better illustrate the underlying rela-
tionships between response and level tested of each proc-
essing parameter.

3. RESULTS
3.1. Carbon/Nitrogen Source Selection

Of the several carbon sources tested, those of the
original NB medium formulation yielded by far the
highest protease activity (Figure 1(a)). As will be dis-
cussed later, production of protease is almost fully re-
pressed in the presence of glucose, so carbon source was
not included as optimization factor thereafter. With re-
gard to the nitrogen sources, all tested inorganic and or-
ganic compounds appeared to hamper enzyme produc-
tion relative to that observed in the control using plain
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Figure 1. Results of trials following a preliminary “one-factor-at-a-time” approach, aimed at screening for relevant overall
factors upon protease activity: (a) Effects of carbon sources (g-L™'); (b) Effects of nitrogen sources (g-L™"); and (c) Effects of
salts and surfactants (g-L "), using a star layout; and (d) Effect of pH; (e) Effect of stirring; (f) Effect of temperature; (g) Ef-
fect of inoculum level; and (h) Effect of NB medium constituents.

NB (Figure 1(b)). When yeast extract and peptone were
replaced by plain peptone, the production of protease
was remarkably reduced, thus suggesting that yeast ex-
tract and peptone may act synergistically.

3.2. Significant Physicochemical Parameter
Determination

To ascertain the effects of distinct ingredients (includ-
ing metals) upon protease activity, the reference medium
(NB) was enriched therewith on a “one-by-one” basis.
All components tested led to lower protease production
than the reference medium (Figure 1(c)).

The effect of initial pH upon protease production was
sought at pH values 4, 7 and 10 (Figure 1(d)). These
results showed that Bacillus sp. HTS 102 was able to
grow and release protease in a broad pH range.

The stirring rate affected protease production accord-
ing to a “U-type” pattern (Figure 1(e)). In all four assays
carried out (i.e. two independent experiments, each run
in duplicate), horizontal orbital shaking of the culture at
50 rpm yielded a lower protease activity than any other
rate tested. Surprisingly, no stirring at all produced es-
sentially similar effects as stirring at rates above 50 rpm.

The maximum protease activity was attained at 37°C
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(Figure 1(f)), whereas dramatically lower levels were
obtained at 30 and 55°C, i.e. 2.3 and 2.5%, respectively,
of the activity observed at 37°C.

The inoculum level affected growth to a considerable
degree, but not protease synthesis (Figure 1(g)). The
highest protease production was achieved at an inoculum
size of 4%, even though the difference between 2%- and
4%-inoculum levels was not statistically significant (P >
0.05).

3.3. Nutrient Broth Constituent Effects

The nutrient broth constituent that affected the most (P
< 0.05) the production of protease was beef extract (Fig-
ure 1(h)). Nevertheless, every other constituent of the
base NB medium played a role upon production of en-
zyme, because its exclusion along a “one-at-a-time” ap-
proach greatly reduced enzyme synthesis. Furthermore,
when yeast extract and NaCl were simultaneously ex-
cluded from the medium, a further decrease in protease
production was observed—thus indicating that NaCl,
despite not being a source of nitrogen or carbon, proba-
bly plays a role in assuring the appropriate ionic strength
for protease synthesis.

The design matrix of the 2! experiments, and the
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corresponding protease activity measurements and pre-
dictions by the underlying polynomial are depicted in
Figure 2. The data obtained from the 21\,4'l experiments
were also subjected to analysis of variance (ANOVA). A
half-normal probability plot of the estimates of the ef-
fects (Figure 3(a)) permitted selection of the significant
terms using Fischer’s F-test as tool [13]. The ANOVA
results indicated that the interactions between beef ex-
tract and yeast extract were significant (Figure 3(b)),
whereas the linear effects of beef extract and yeast ex-
tract were unexpectedly not significant; however, these

terms could not be excluded from the model, because of
the need to satisfy hierarchical conditions. The high
overall F-value found (42.38) indicates that the postu-
lated model provides a good fit—with a mere 0.17%-
chance that such a large value occurs due to pure noise
(Figure 3(b)).

Our experimental data were thus fitted to by the fol-
lowing two-factor interaction model equation:

4 30 4
Y:ﬁo+2ﬁixi+22ﬂijxixj (D
i=1 i=1 j=i+l
where Y is the predicted response, /% is the intercept term,
B’s are the linear effects, and f;’s are the interaction ef-
fects, with Xj and X| being the processing variables.

In order to determine the levels of each variable that
led to maximum protease production, contour plots were
constructed by representing the protease activity versus
any two independent variables, while maintaining the
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Figure 2. Results of trials following a 2,v*! fractional factorial
design, aimed at elucidating the effects of key medium con-
stituents upon protease activity: (a) Geometric representation of
design; (b) Definition of processing parameters and their testing
range; and (c) Design matrix with observed and associated pre-
dicted values.
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p: probability value.
(b)

Figure 3. Results of analysis of variance encompassing the
parameters with lowest individual linear effects, but with the
highest interaction effects upon protease activity: (a) Half-nor-
mal probability plot of effects (R* = 0.9695; adj R* = 0.9466;
pred R? = 0.8780; adeq precision = 12.458); and (b) Associated
probabilities.
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remaining variables at their optimum levels. As shown in
Figure 4, an increase in protease activity was observed
when the beef extract concentration increased and the
yeast extract concentration decreased (should all other
linear factors remain constant). A similar trend held when
the concentration of beef extract decreased and the con-
centration of yeast extract increased, so these variables
do indeed interact with each other.

3.4. Optimization via 2,,°* Fractional
Factorial Design

The 2y,*" fractional factorial experimental design was
aimed at determining the ingredients that most strongly
affected the rate of protease synthesis; there were ac-
cordingly six factors. Each of said factors was examined
at a higher (+1) and a lower (—1) level; the design vari-
ables and their levels are provided in detail in Table 2.
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Figure 4. Best fit model plots: (a) Interaction plot; and (b) Con-
tour plot associated with the significant X;X, interaction.
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One half fraction of the full factorial design was adopted,
thus encompassing the 32 treatments shown in Figure 5.

The 2y,%! fractional factorial design is described in
Table 2, and the corresponding results are illustrated in
Figures 5 and 6. The protease activity measured varied
widely from 7.40 and 54.64 U-mL"', among the various
combinations of processing factors studied. From the
results of the linear regression analysis based on the
2y*! fractional factorial design, one was led to the fol-
lowing simplified form:

Y =—4.69+1.20X, —0.36X, +0.18X

)
+0.80X, —0.19X, X,

The associated regression and determination coeffi-
cients for the above model are given in Figure 6(b); they
and unfold a high significance, owing to the associated
large F-value and R? value close to unity. Furthermore,
the model held an “adequate precision” value of 22.038.

Using the whole information produced in this research
effort, the maximum protease activity was reached under
the following fermentation conditions: 10 g-L™' yeast
extract, 2 g-L™' peptone, 3% (v/v) inoculum, 100 rpm
stirring rate, 40°C and pH 6. Furthermore, a less expen-
sive fermentation medium could be attained by reducing
the inoculum size to just 1% (v/v); and less expensive
operating conditions were feasible by eliminating stirring,
since that would not significantly compromise our final
goal.

4. DISCUSSION

The first stage in developing industrial bioprocesses is
to isolate a strain able to produce a target metabolite (or a
related one) to sufficiently high yields [14]. This ap-
proach entails intensive screening, and thus requires test-
ing of a large number of strains in attempts to pinpoint
fast producers, or even alternative useful metabolites.
The conventional experimental practice pertaining to ex-
tracellular microbial products is to bring about growth on
agar plate media, and then assess the microbial capacity
of production from the radius of the product zone diffus-
ing away around the source colony; this strategy was de-
scribed in detail elsewhere [12], when isolating protease-
producing bacteria intended for novel modifications of
wool in the textile industry.

Due to the ever-increasing economic relevance of al-
kaline proteases, optimization of a large number of fer-
mentation parameters for Bacillus sp. HTS102 was
sought—including medium composition and culture con-
ditions, using extracellular protease production as objec-
tive function. After having isolated one (or more) strain(s)
bearing promising features, one should then proceed to
optimization of metabolite synthesis and secretion so as
to make its industrial use as appealing as possible. Recall
that the optimization protocol followed here encom-
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32 5  +1 41 +1 +1 +1 +1 123456 21.32 15.84
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Figure 5. Results of trials following a 2u! design, aimed at
elucidating the processing parameters upon protease activity: (a)
Geometric representation of design; and (b) Design matrix with
observed and associated predicted values.
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Figure 6. Results of variance encompassing the parameters
with highest individual linear effects upon protease activity: (a)
Half-normal probability plot of effects (R* = 0.8908; adj R* =
0.8698; pred R? = 0.8345; adeq precision = 22.038); and (b)
Associated probabilities.

passed two sequential approaches: first, an “one-factor-
at-a-time” set of experiments performed with a total of
24 factors, so as to reduce the long list to a much smaller
and more tractable list of key factors; and second, a 2\/16'1
fractional factorial design, carried out to test the effects
of only the 6 more relevant key factors identified previ-
ously.

After said comprehensive preliminary screening based
on a “one-factor-at-a-time” approach, six variables were
further tested using a 2y%! fractional factorial design;
yeast extract, peptone, temperature and pH were eventu-
ally found to affect protease production to a significant
degree. This experimental approach proved adequate in
statistical terms—and a significant improvement (viz.
2.2-fold) quite comparable to the most successful studies
on similar topics, could be accomplished in the level of
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protease production. Further detailed discussion of the
procedure followed and the results generated is provided
below.

4.1. Significant Physicochemical
Parameters

None of the several carbon sources tested yielded as
good a protease productivity as the NB medium formula-
tion—thus indicating that presence of other constituents
in the medium instead of beef extract either inhibit pro-
tease production, or at least fail to promote it. Note that
protease synthesis was reduced by ca. 93% in the pres-
ence of glucose, probably due to catabolite repression
[15]—even though Son et al. (2008) have reported oth-
erwise.

Since the results encompassing protease production
with yeast extract and peptone together had suggested
synergistic action, both nutrients were selected for the
subsequent optimization step. On the other hand, pH 7
seemed to be optimum, but as a significant factor upon
enzyme production, it was also considered for the 2u!
fractional factorial design afterwards.

It is known that stirring promotes oxygen solubility,
disruption of air bubbles putatively formed and disper-
sion of cell clusters [16]—which may favourably con-
tribute to protease synthesis, by facilitating access of
cells to the nutrients in the medium while avoiding in-
hibitory product concentration build-up. However, high
stirring rates are also known to cause cell disruption, and
this difficulty may overrun the abovementioned advan-
tages of stirring. The essentially similar results obtained
for protease production under high stirring rates and no
stirring at all may instead be due to little oxygen avail-
ability and intrinsic difficulty in accessing nutrients. Since
agitation is an important factor toward economically fea-
sible industrial processes, stirring rate was picked as a
factor to proceed with.

While 37°C appeared to be optimum, it became clear
that temperature is a significant factor upon protease
production, so it was included in the 2v™"! fractional fac-
torial design.

Inoculum density seemed to have some impact upon
the enzyme production level, and it is surely an impor-
tant parameter to be considered for industrial scale up;
hence, this factor was also included in subsequent opti-
mization studies.

After the “one-factor-at-a-time” approach to the effect
of individual NB constituents, it was quite difficult to
draw a conclusion on which nutrients should be selected
for the next optimization step. Therefore, a further as-
sessment of their interaction was carried out, via a frac-
tional factorial design with four independent factors only.
The decision on the concentration ranges (i.e. the lower,
—1, and the upper, +1, levels) to be considered in this
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experiment was based on the previous results of screen-
ing experiments with NB medium as central point; in
view of our purpose here, each was performed only once.

The response to beef extract (X;) and yeast extract (X;)
levels, in terms of protease production (Y) by Bacillus sp.
HTS 102, was according to:

Y =-9.26+38.62X,+7.76X, -7.33X,X,  (3)

This regression equation held a good fit, as its multiple
correlation coefficient (R?) is 0.9695; recall that a value
above 0.75 indicates an acceptable fit of the model to the
experimental data [8]. This coefficient is in fact an esti-
mate of the fraction of overall variation in the data that
can be accounted for by the model, so our model was
able to statistically explain 96.95% of the variation in the
responses. The value of 0.9466 for the “adjusted R*”
further confirms significance of the above model, which
is in reasonable agreement with the “predicted R*” (i.e.
0.8780). The “adequate precision value” of our model
was 12.46, thus suggesting that it can be safely used to
“navigate” through the design space [8]. The negative
coefficient associated with the two-factor interaction
term (X;X;) is also consistent with the results displayed
in Figure 4.

Since there was no statistically significant difference
between effects at the upper limit (+1) of any of the two
variables, beef extract was excluded from the next step
of optimization for economic reasons—as it is the more
expensive nutrient. Consequently, further optimization
studies resorted only to a single concentration of beef
extract (0.5 g-L™"). Furthermore, the effects of NaCl and
peptone upon protease activity were found below the
t-value threshold; however, the latter concentration was
selected anyway as factor for the next optimization step,
since it seemed important to further investigate its role
upon enzyme production. On the other hand, NaCl was
fixed at its lowest level (i.e. 1.0 g'L™"), because high lev-
els can induce osmotic unbalance in bacteria and thus
raise the cost associated with medium formulation.

In view of the considerations above, the combined ef-
fects of yeast extract, peptone, inoculum, stirring, tem-
perature and pH were picked up as key determinants for
protease production, and were accordingly included in
the next fractional factorial design.

4.2. Optimization via 2,,°* Fractional
Factorial Design

Following normalization of the data by a square root
transformation, the ANOVA results shown in Figure 6
allowed one to draw four major conclusions: 1) varia-
tions in the levels of inoculum or stirring rate did not
significantly affect protease production, so they were
removed from the final model; 2) protease production
was significantly affected by yeast extract, peptone,
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temperature and pH, at a significance level of 0.1%; 3)
the effect of temperature was positive, thus implying that
its increase will promote protease production—whereas
the effect of the linear model term for peptone was nega-
tive, so protease production will be enhanced by lower
levels thereof; and 4) interaction between yeast extract
and pH produced a (negative) effect upon protease pro-
duction that was stronger than either of their linear ef-
fects (Figure 7(a))—which is consistent with the claim
[17] that extracellular secretion of proteases in Bacillus
spp. is a manifestation of nitrogen limitation prevailing at
the onset of the stationary phase. (Note that only the ef-
fect of yeast concentration and pH were considered in
this figure—for a given set of values of all other vari-
ables).

An interaction between factors occurs when the over-
all response is different from their combination consid-
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Figure 7. Best fit model plots: (a) Interaction plot; and (b) Con-
tour plot associated with the significant X, X interaction.
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ered independently. Interaction plots, as is the case of
Figure 7(a), make it easy to interpret two-factor interac-
tions, as they exhibit non-parallel lines whenever the
effect of one factor depends on the level of the other;
hence, the interaction between yeast extract and pH
proved significant. The contour plot represented in Fig-
ure 7(b) is a two-dimensional representation of the re-
sponse across the selected factors; apparently the surface
is not symmetrical, and no peak can be perceived.
Therefore, room apparently exists to further fine tune the
optimal loci predicted from our final model found using
RSM.
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