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Abstract

The present paper attempts to explain why enzyme production in solid-state fermentation (SSF) is higher than in submerged fermentation
(SmF). Recent work done in our laboratory [Biotechnol. Lett. 22 (2000) 1255; J. Ind. Microbiol. Biotechnol. 26 (5) (2001) 271; J. Ind.
Microbiol. Biotechnol. 26 (5) (2001) 296] related to the production of invertase, pectinases and tannases, byAspergillus niger grown by
SSF and SmF is reviewed. To do such a comparative study, logistic and Luedeking–Piret equations are used in order to estimate the values of
the following coefficients: maximal specific growth rate (µM), maximal biomass level (XM), enzyme/biomass yield (YP/X) and secondary
rate of production, or breakdown (k). It is shown that enzyme productivity is proportional to group,µMYP/XXM, corrected by a function
of ν = k/YP/XµM. In all three cases of enzyme production studied, productivity using a SSF system was higher than in SmF. Studies with
invertase resulted in higher values ofµMXM. Studies with pectinases resulted in higher values ofYP/XXM. Studies with tannases resulted
in higherYP/X and less negative values ofk. Finally, a reaction–diffusion model is presented to try to explain such differences based on
micrographic measurements of mycelial aggregates for each kind of fermentation system.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Enzyme production is a growing field of biotechnology.
Annual world sales figures are close to a billion dollars
[1] with increasing number of patents and research articles
related to this field. Most enzyme manufacturers produce
enzymes using submerged fermentation (SmF) techniques
with enzyme titers in the range of grams per liter[2]. Such
levels are a prerequisite if specific compounds are to be
considered as commodities because product recovery costs
are inversely proportional to concentration in a fermentation
broth [3]. There is, however, a significant interest in using
solid-state fermentation (SSF) techniques to produce a wide
variety of enzymes, mainly from mold origin, as indicated
by the growing number of research papers in the literature
[4] and the marketing and development by a small but visible

∗ Corresponding author. Tel.:+52-55-5805-471;
fax: +52-55-5804-6407.
E-mail address: vini@xanum.uam.mx (G. Viniegra-González).

number of fermentation industries[5]. Among the advan-
tages for SSF processes it is often cited that enzyme titers
are higher than in SmF, when comparing the same strain and
fermentation broth[6]. However, there is a scarcity of papers
regarding physiological studies comparing SSF and SmF
when trying to explain why microorganisms produce higher
titers in the first kind of process as compared to the second.
This lack of information makes difficult any assessment
regarding the value of one process versus the other, thereby
hindering the fundamental approach to process optimization
and design for SSF technique in areas such as strain im-
provement, solid substrate engineering and process control.

In this paper an attempt is made to develop a general ap-
proach to compare productivity of three fungal enzymes (in-
vertase, pectinase, tannase) using SSF and SmF techniques
To do such a comparison, logistic and Luedeking–Piret
equations are used in order to estimate the values of the
following coefficients: maximal specific growth rate (µM),
maximal biomass level (XM), enzyme/biomass yield (YP/X)
and secondary rate of production or breakdown (k).

1369-703X/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Theory

Biomass production is followed up by the Velhurst-Pearl
logistic equation[7], originally developed for population
growth.

dX

dt
= µM

[
1 − X

XM

]
X (1)

whereX is biomass density (g per l, per cm2 or per kg),
µM the maximum specific growth rate (h−1) and XM the
equilibrium level ofX for which, dX/dt = 0 for X > 0.
Solution toEq. (1)can be written as follows

X(t) = XM

1 − ((XM −X0)/X0)e−µM t
(2)

whereX0 is the initial condition forX. Eq. (2) is useful to
fit experimental data byEq. (1), finding the least value of
the sum of squared errors as a function of parameters,X0,
XM and µM. Eq. (1) assumes that microbial cultures are
practically saturated by substrate level and consequently,
the specific growth rate is not a function of substrate con-
centration. If that were the case, thenµM = f(S), and the
Monod equation would read as follows:

µM = µ∗
MS

S +KS + (S2/KI)
(3)

whereKS is the saturation constant ofµM andKI the inhibi-
tion constant byS. Substrate consumption can be modeled
using a two-term expression proposed by Pirt[8] as follows:

−dS

dt
= 1

YX/S

dX

dt
+ mX (4)

whereS is the substrate concentration (g per l, per cm2 or
per kg),YX/S the biomass yield coefficient (gX/gS) andm
the maintenance coefficient (gS/gX h). Solution ofEq. (4)
can be obtained as a function ofX as follows:

S(t) = S0 − X−X0

YX/S
− mXM

µM
ln

[
XM −X0

XM −X

]
(5a)

where S0 is the initial condition for substrate level,S.
Eq. (5a)helps to test the importance of the maintenance
coefficient,m, because a state plot ofS(t) vs. X(t) will yield
a straight line with slope, 1/YX/S , wheneverm is negligi-
ble. Otherwise, a logarithmic correction will appear with
coefficient, mXM/µM. Defining the increase of substrate
consumption,σ = (S0 − S) and ξ = X/XM, Eq. (5a)can
be rewritten as follows:

σ = S0 − S(t) = α(ξ − ξ0)+ β ln

[
1 − ξ0

1 − ξ

]
(5b)

where α = XM/YX/S ≤ S0 is the amount of substrate
consumed whenX → XM andS → 0 and t → ∞. The
equality holds whenβ = mXM/µM is negligible. In all other
cases whenXM < YX/SS0 Eq. (5b)is useful for comparing
overall growth physiology of different microbial cultures.

For example, whenβ ≈ 0, the plotXM vs. S0 will be a
straight line. Ifβ is positive and increases with,S0, such a
plot will be convex, i.e., resulting in a saturation curve with
decreasing values of,XM, whenS0 increases (Fig. 2).

Kinetics of product formation can be modeled using the
Luedeking and Piret[9] equation as follows:

dP

dt
= YP/X

dX

dt
+ kX (6)

whereP is the product concentration,YP/X the product yield
in terms of biomass (units of product per unit of biomass)
andk the secondary coefficient of product formation or de-
struction.Eq. (6)is similar toEq. (4), but here the coefficient
k can be negative, zero, or positive, since product formation
or destruction is not necessarily related to growth. Again it
is possible to solveEq. (6)as a function of biomass

P(t) = P0 + YP/X (X−X0)+ kXM

µM
ln

[
XM −X0

XM −X

]
(7)

Definingλ = (P −P0), Eq. (7)can be rewritten as follows:

λ = YP/XXM

{
(ξ − ξ0)+ ν ln

[
1 − ξ0

1 − ξ

]}
(8)

whereν = k/YP/XµM is the ratio between the rate of sec-
ondary formation,k (or destruction) ofP as related to the
maximal rate of product formation,YP/XµM. The variable,
λ represents the increase of product formation, i.e., enzyme
titers. For,−1 ν < 0, the plot (λ vs.ξ) is convex with a defi-
nite peak value ofλ, showing the presence of product break-
down during the fermentation period. Forν = 0, the plot is
a straight line, showing thatP is only associated with the
growth process. Forν > 0, the plot is concave, showing the
formation ofP during the stationary phase of the culture pro-
cess. Thus, plots derived fromEq. (8), help in comparing the
shape of production curves and to diagnose the relative im-
portance ofν, for a variety of microbial cultures (seeFig. 4).

2.1. Basic model for enzyme productivity

Enzyme productivity for fermentation systems can be ex-
pressed in different ways. In this paper it is chosen to define
productivity, Γ , in terms of the liquid content within the
overall culture medium. For example, if the porosity and the
liquid content of a given SSF are known, productivity, in
terms of reaction volume, can be corrected by correspond-
ing proportional factors. Also, if enzymes are excreted to the
medium and leached out at the end of the fermentation, final
productivity can be estimated by taking into account the di-
lution factor. However, in all cases, the initial figure, related
to microbial physiology is productivity defined as follows:

Γobs = maximum of

[
P

t

]
(9)

That is, for a given fermentation curve,Γ obs, will be the
maximum of the ratio between the product level (enzyme
titer) per liquid broth volume,P, added to the system and
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divided by the fermentation time,t. In most cases,Γ obs,
will be evaluated at the peak of enzyme production, but, as
will be shown below this is not always the case because of
the time factor involved and the asymptotic nature of end
fermentation points. Fermentation time,t, can be estimated
from Eq. (2)as follows:

t = 1

µM
ln

[
(1 − ξ0)ξ

ξ0(1 − ξ)

]
(10)

CombiningEqs. (7), (9) and (10), using enzyme titers per
unit volume, and neglecting the value ofP0, the following
relation is obtained

Γcal ≡ µMYP/XXM

[
(ξ−ξ0)+ν ln[(1−ξ0)/(1−ξ)]

ln[(1−ξ0)ξ/(1−ξ)ξ0]

]
(11)

The latter expression ofΓ cal is quite useful because it helps
to demonstrate that productivity depends on four main phys-
iological and interacting factors: (a) the maximal specific
growth rate,µM; (b) the yield factor defined as enzyme per
biomass unit,YP/X; (c) the ratio between the rates of prod-
uct breakdown and synthesis,ν and (d) the dimensionless
variable of growth,ξ.

Therefore,Eq. (11)helps to compare enzyme production
by SSF and SmF techniques by asking which one of the
aforementioned coefficients is the major factor explaining
higher productivity for one of those techniques. In particular,
the termΓref = µMYP/XXM, named as reference productiv-
ity, helps to identify the major physiological factors involved
in productivity of a given experimental system, corrected by
a function ofξ and the coefficientν.

3. Results and discussion

3.1. Better productivity because of higher biomass
production

Romero-Gómez et al.[10] published data showing that
three separate strains ofA. niger produced higher titers of
invertase and had higher observed productivity,Γ obs, when
cultured by SSF technique as compared to SmF technique.
Fig. 1shows the plot of measured biomass levels ofA. niger
(strain C28B25),X, at different incubations times,t, and for
various levels of initial sucrose,S0 (g l−1) = 6.25, 12.50,
25.00, 50.00, 100.00. By fitting those values by using the
logistic equation it was possible to estimate the asymptotic
values,XM, as shown inFig. 2 which indicates a remark-
able difference between SmF system with a hyperbolic sat-
uration curve(R2 = 0.9980) having maximal valueXM =
14.6 g l−1 and initial slope close toYX/S = 0.3. This is in
contrast with the SSF system where a linear relationship
(R2 = 0.9916) betweenXM and S0 and a slopeYX/S =
0.35 is observed.Fig. 3shows the effect ofS0 over the spe-
cific growth rate estimated by the logistic equation (µM).
The trend for SmF and SSF systems was followed up by
the Monod equation with substrate inhibition although the

Fig. 1. Growth curves ofA. niger C28B25 cultured in shake flasks
(a = SmF) or on shallow beds of polyurethane foam(b = SSF) with
various initial levels of sucrose,S0 (g l−1): (�) 6.25, (
) 12.50, (+)
25.00, (�) 50.00, (�) 100.00.

Fig. 2. Correlation between the calculated maximal value of biomass,XM

(g l−1), of A. niger C28B25 from data shown inFig. 1, and the initial
sucrose level,S0 (g l−1), for SmF (�) and SSF (�) systems. Lines corre-
spond to a linear function for SSF (y = 0.33519x+ 0.338,R2 = 0.9980)
or a quadratic function for SmF (y = −0.0012x2 + 0.2627x + 0.8234,
R2 = 0.9983).
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Fig. 3. Correlation between the calculated values of specific growth rates,
µM, of A. niger C28B25, from data shown inFig. 1and the initial level of
sucrose,S0 (g l−1), for SmF (�) and SSF (�) systems. Lines correspond
to the best fit by Monod equation with substrate inhibition (see text). Pa-
rameters were for SmF,µ∗

M = 0.22 1 h−1, KS = 5.7 g l−1, KI = 130 g l−1,
and for SSF,µ∗

M = 0.27 1 h−1, KS = 5.2 g l−1, KI = 460 g l−1.

correlation coefficients were not very high (R2 = 0.64 and
0.75, respectively). Nevertheless, it is worth noticing thatKI
value for SSF was significantly higher than for SmF. Alto-
gether, results shown inFigs. 2 and 3, support the notion that
A. niger grew more efficiently in SSF than in SmF system
when the initial level of sucrose was high.

Fig. 4ashows the effect of initial sucrose level (S0) on the
titers of invertase (P) as a function of the relative degree of
advancement of the fermentation(ξ = X/XM). The shapes
of such curves (Fig. 4a) for SmF system were convex(ν < 0)
for all values ofS0, except for,S0 = 100 g l−1 (ν > 0). This
indicated that excess sucrose helps to prevent the breakdown
of invertase. Also, the maximal values ofP obtained for each
value ofS0 increased withS0. Comparison of similar curves
for SSF (Fig. 4b) showed the opposite effect (ν > 0 for
S0 = 12.5 and 25.0 g l−1 andν < 0 otherwise) suggesting
different physiological conditions forA. niger grown in both
systems. However, the most remarkable differences were
the very high levels ofP obtained by SSF system (ca. five
times higher) as compared to SmF system.Fig. 5 shows
the trend of estimated enzyme yields,YP/X, obtained by
fitting experimental data by the model of Luedeking and
Piret and the logistic equation. The trend for SmF was a
decreasing function ofS0, whereas it was the opposite for
SSF system. Again, forS0 = 100 g l−1, YP/X = 335 U g−1

for SSF system and onlyYP/X = 63 U g−1 for SmF system,
supporting the notion of a more efficient biosynthesis ofA.
niger when grown using high levels ofS0 and SSF system, as
compared to SmF system. This confirms that excess sucrose
helps prevent the breakdown of invertase in SSF system.

Fig. 6shows the effect of sucrose concentration,S0, on the
productivity,Γ obs, of invertase by strain C28B25 ofA. niger

Fig. 4. Production trends of invertase titers,P (U l−1) by A. niger C28B25
grown on SmF (a) and SSF (b) reaching various levels of relative biomass
production,ξ = X/XM, and with different levels of initial sucrose,S0

(g l−1): (�) 6.25, (
) 12.50, (+) 25.00, (�) 50.00, (�) 100.00. Lines
correspond to calculated values by the Luedeking and Piret and logistic
equations (see text).

Fig. 5. Invertase yield production byA. niger C28B25 on SSF (�) and
SmF (�) at different initial sucrose concentrations.
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Fig. 6. Comparison of productivities,Γ (U (l h)−1), of invertase byA. niger
C28B25 grown by SmF (�) and SSF (�) techniques as a function of the
initial substrate level,S0. Lines correspond to calculated values according
to Luedeking and Piret and logistic equations using data presented in
Figs. 1–5. Open symbols correspond to maximal values of quotient,P/t,
taken from experimental data.

grown in shake flasks (SmF) or polyurethane foam (SSF).
Increasing levels ofS0 produced higher levels ofΓ obsin both
systems but the effect was much stronger for SSF having,
Γ obs, value nearly five times higher than for SmF when
S0 = 100 g l−1. Experimental values ofΓ obs were followed
closely by the values calculated byEq. (11) showing the
usefulness of such a kinetic model.

These results are a bit surprising because they show that
SSF technique can have very effective biomass production

Fig. 7. Evolution of substrate,S(t), shown as (�) and biomassX(t), shown as (�), in g l−1, from cultures ofA. niger C28B25. Continuous lines correspond
to the fit of experimental data by numerical solutions to Pirt and logistic equations, respectively, as discussed in the text: (a) SmF with 15 g l−1 pectin;
(b) SmF with 5 g l−1 pectin and 50 g l−1 sucrose; (c) SSF with 15 g l−1 pectin; (d) SSF with 5 g l−1 pectin and 50 g l−1 sucrose (seeTable 1).

without effective mixing (tray reactors) when biological oxy-
gen demand is very high. Biomass production by SmF can
be improved by changing from shake flasks as in the ex-
periments reported by Romero-Gómez et al.[10] to stirred
vats supplied with pure oxygen and very effective mixing.
However, this requires expensive equipment and high-energy
expenditures. Apparently in SSF process mold cultures are
grown in such a way that is possible to have very good
biosynthetic efficiency with very high levels of oxygen de-
mand, without the need for important energy expenditures.
The consequences of such an observation will be discussed
at the end of this paper.

3.2. Better productivity because of higher biomass
production and lower protein breakdown

Díaz-Gód́ınez et al.[11] have shown thatA. niger pro-
duces much higher titers and have higher productivity in
SSF system than in SmF system.Fig. 7 shows the profiles
of substrate consumptionS(t) and biomass productionX(t)
as a function of time. Comparison betweenFig. 7a and c
(SmF and SSF with 15 g l−1 of pectin) andTable 1, show
similar results in the rates,µM = 0.22 and 0.25 h−1, and
biomass production,XM = 4.2, 4.0 g l−1, respectively.
However,Fig. 7b and d, and Table 1, show a remarkable
difference when 50 g l−1 of sucrose were added to 5 g l−1 of
pectin (µM = 0.20 h−1 vs. 0.47 h−1; XM = 10.9 g l−1 vs.
24.2 g l−1). Those results are consistent with higher values
of biomass yield (YX/S = 0.37 vs. 0.26) for pectin without
sucrose, and lower biomass yields in SmF vs. SSF when
sucrose was added (YX/S = 0.19 vs. 0.38) indicating that
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Table 1
Comparison of growth, metabolic and enzyme production parameters of
A. niger cultured by shake flasks (SmF) and solid substrate techniques
(SSF) using pectin (15 g l−1) or pectin (5 g l−1) plus sucrose (50 g l−1)a

Units SmF SSF SmF SSF

S0 g l−1 15.00 15.00 55.00 55.00
XM g l−1 4.15 3.99 10.93 24.19
X0 g l−1 0.02 0.01 0.14 0.03
µM h−1 0.22 0.25 0.20 0.47
YX/S gX/gS 0.37 0.26 0.19 0.38
m gS/gX h 0.02 0 0 0
YP /X U/gX 696.00 131.00 0 204.00
k U/gX h −19.00 −5.00 1.00 −1.00

a Data from[11].

substrate was consumed and biomass was produced faster
and more efficiently in SSF than in SmF when the level of
BOD was rather high (55 g l−1). Fig. 8a and bshows pecti-
nase titers,P (U l−1) correlated to the relative biomass level,
ξ, indicating that with low levels of BOD (15 g l−1 of pecti-
nase) both in SmF and SSF such correlations are convex
with a maximum when 3 g l−1 < X < 5 g l−1 and maxi-
mum,P, inferior to 2000 U l−1. In fact, pectinase production
is higher in SmF than in SSF. But with 50 g l−1 of sucrose
(Fig. 8c and d) there is a marked inhibition of pectinase
production for SmF system but a definite activation in SSF.
In such a case the agreement between the kinetic model and
experimental data is rather poor, perhaps because of the ap-
pearance of two pectinase peaks during the fermentation run,
but maximal pectinase titers were higher than 4000 U l−1.

Fig. 9 shows the time correlation of enzyme titers,P
(circles) and the ratio,P/t (triangles) for SmF (Fig. 9a
and c) and SSF (Fig. 9b and d) systems without and with
sucrose supplementation, respectively. The inhibition of

Fig. 8. Correlation between enzyme titresP (U l−1) produced byA. niger C28B25 andξ. Experimental data are shown as open circles. Solid lines
correspond to the fit of experimental data by Luedeking and Piret model and logistic equation (see text). (a) SmF with 15 g l−1 pectin; (b) SmF with
5 g l−1 pectin and 50 g l−1 sucrose; (c) SSF with 15 g l−1 pectin; (d) SSF with 5 g l−1 pectin and 50 g l−1 sucrose (seeTable 1).

pectinase production by an excess of sucrose in SmF is obvi-
ous (Pmax ≤ 400 U l−1 with sucrose vs.Pmax ≥ 1600 U l−1

without it) as compared with the opposite effect in SSF
(Pmax ≈ 5000 U l−1 with sucrose vs.Pmax ≤ 400 U l−1

without it). This result is in line with previous work done
by Soĺıs-Pereira et al.[12] showing the absence of catabo-
lite repression for the production of pectinases by SSF. The
ratio, P/t, is a measure of the productivity of enzyme in the
liquid phase. For each experiment it is possible to estimate
the maximal value of such a ratio by using a parabolic fit of
experimental data. Such value is defined asΓ obs in Eq. (11).
Table 2shows that the highest value ofΓobs = 283 U(h l)−1

was found in the SSF supplemented with 50 g l−1 of sucrose.
That result has practical significance because productivity is
a major parameter for industrial production of enzymes and
deserves further analysis. InTable 2, combined parameters
from Table 1are used to try and explain differences inΓ obs.
The parameterΓref = µMYP/XXM, helps to point out that
the major contributing factor to higher productivity in SSF
with sucrose is the higher level ofXM ≈ YX/SS0 together
with the apparent resistance to catabolite repression. Large
differences betweenΓ ref andΓ obs may be explained by the
effect of fermentation time and also the effect of enzyme
decay(ν = k/µMYP/X < 0) as suggested in the discussion
of kinetic models presented above. Comparison ofΓ cal,
estimated by the calculated value of the enzyme titre,P(t),
using the equation of Luedeking and Piret divided by the
fermentation time, is in close agreement with values of
Γ obs. Initial slope of such correlations correspond to the
coefficient,YP/X. The trend ofP(X) for X > XM/2 is used
to estimate the dimensionless parameter,ν, as shown in
Tables 1 and 2. Table 2shows that,ν, gave negative values
for all cases presented but was close to zero when SSF was
supplemented with sucrose.Fig. 10 shows the proteolytic
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Fig. 9. Correlation between pectinase titresP (U l−1) shown as open circles and solid line produced byA. niger C28B25 and the quotientP/t (U (l h)−1)
shown as triangles and dotted lines versus time (h). Experimental data are shown as triangles. Interrupted lines correspond to the fit of experimentaldata
by Luedeking and Piret model and logistic equation (see text). (a) SmF with 15 g l−1 pectin; (b) SmF with 5 g l−1 pectin and 50 g l−1 sucrose; (c) SSF
with 15 g l−1 pectin; (d) SSF with 5 g l−1 pectin and 50 g l−1 sucrose.

Table 2
Combined parameters of biomass and pectinase production byA. niger in SmF and SSF systems (seeTable 1)

Units SmF SSF SmF SSF

YX/SS0 g l−1 5.55 3.90 10.45 20.90
qS = µM/YX/S gS/gX h 0.59 0.96 1.05 1.24
qP = µMYP/X U/gX h 153.00 33.00 0 96.00
v = k/YX/SS0 Dimensionless −0.12 −0.15 nd −0.01
Γref = µMYP/XXM U (l h)−1 635.00 131.00 0 2319.00
Γ obs

a U (l h)−1 46.00 9.00 5.00 283.00
Γ cal

b U (l h)−1 48.00 10.00 5.00 192.00

a Estimated by a quadratic fit to experimental values.
b Estimated from the model of Luedeking and Piret (see text).

titers in the fermentation broth indicating that the lowest
level of proteolytic activity was precisely for SSF with su-
crose (Fig. 10d). It is worth recalling that in this system
production of proteases was a secondary and undesirable
outcome of pectinase production because it decreases the
net productivity. Therefore, the best result was found pre-
cisely in this latter case (SSF with sucrose). Other workers
have studied the production of proteases by SSF technique
as a major product, to be used by organisms in order to
break down proteins as a main source of nitrogen[13]. This
latter case should not be confused with the unintended pro-
duction of proteases, perhaps as a result of physiological
stress. In summary, SSF system achieved higher productiv-
ity for pectinase when sucrose was added in large quantities,
mainly because of three factors: higher levels of biomass
production, apparent resistance to catabolite repression and
reduced breakdown of pectinases by contaminant proteases.

Again, it is necessary to point out that resistance to sugar
inhibition of inducible enzymes such as pectinases in SSF

system as compared to high sensitivity in SmF system re-
quires a mechanistic explanation discussed at the end of this
paper.

3.3. Better productivity because of higher enzyme yield
and lower proteolysis

Aguilar et al. [16] studied tannase production byA.
niger grown on finely ground samples of PUF (density
of 113 g l−1) with the purpose of measuring enzyme pro-
ductivity by SSF under conditions where growth was
limited by steric hindrances[14,15]. This work was dif-
ferent to previous reports by Romero-Gómez et al.[10]
and D́ıaz-God́ınez et al.[11] who used regular commercial
samples of PUF (density of 15 g l−1). Aguilar et al. [16]
compared SSF production of tannase grown in ground PUF
to SmF production in shake flasks (Fig. 11). Tannase titers
were found to be much higher in SSF (14,000 U l−1) than
in SmF (2800 U l−1) despite the fact that maximal biomass
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Fig. 10. Correlation between protease titres (U/ml) produced byA. niger and time (h): (a) SmF with 15 g l−1 pectin; (b) SmF with 5 g l−1 pectin and
50 g l−1 sucrose; (c) SSF with 15 g l−1 pectin, (d) SSF with 5 g l−1 pectin and 50 g l−1 sucrose.

Fig. 11. Correlation between tannase titers,E (U l−1), and relative biomass
level, ξ = X/XM, produced byA. niger Aa20 cultured by SmF (a) and
SSF (b) with the following initial levels of tannic acid,S0 (g l−1): (�)
12.5, (�) 25.0, (�) 50.0, (
) 100.0. Symbols correspond to experimental
data and lines to the best fit by Luedeking and Piret model together with
the logistic equation (see text).

levels (Table 3) were much lower in SSF (4.5 g l−1) than in
SmF (11.5 g l−1). Obviously, the enzyme yield,YP/X, was
much higher in SSF (870 U g−1) than in SmF (461 U g−1).
Enzyme productivities (Table 3) were also higher in SSF

(Γcal = 313 U(l h)−1) than in SmF(Γcal = 57 U(l h)−1).
Addition of increasing amounts of glucose to the culture
medium with a fixed amount of tannic acid as inducer
(25 g l−1) decreased the values ofYP/X, both in SSF and
SmF cultures (Table 3). Furthermore, the shape of state
plots,P(t) vs. X(t), showed a definite peak for SmF(ν < 0)
and concave form for SSF(ν > 0) indicating a strong decay
of enzyme titers in SmF during the fermentation as com-
pared to a steady increase in SSF without apparent decay.
Protease activity in the liquid broth was found to be eight
times higher in SmF than in SSF. Moreover, the addition of
protease inhibitors to SmF, at peak time, reverted the decay
of enzyme titers without any significant effect on biomass
production.

These results show that it is possible to obtain higher en-
zyme productivityΓ , in SSF, as compared to SmF, even
when growth is restricted by physical hindrances (excessive
packing density) if the mold happens to have a higher en-
zyme yield factor,YP/X, and a lower rate of decay(ν ≥ 0).

3.4. Microscopic and geometrical comparison of SSF
and SmF cultures

Cultures ofA. niger developed by SmF technique usu-
ally produce quasi-spherical aggregates called pellets as in-
dicated inFig. 12. Such aggregates have a diameter in the
millimeter range (i.e. 3000µM) with two well defined zones,
an outer layer made of loose mycelium which dyes lightly
with methylene blue and has an approximate thickness in
the range of 10−3 cm (i.e.hP = 200µM) and a central core,
made of tightly woven mycelium which dyes strongly with
methylene blue.

The fine structure of PUF is made of a honeycomb of
impermeable polymer pillars having approximately 300µM
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Table 3
Comparison of parameters of tannase production byA. niger Aa20 grown by SmF (shake flasks) and SSF (PUF packed bed reactor)

S0 (g l−1) XM

(g l−1)
YX/S
(gX/gS)a

µM

(h−1)
YP /X
(U g−1)

k
(U/gX h)

ν Γ ref

(U (l h)−1)
Γ obs

(U (l h)−1)
Γ cal

(U (l h)−1)

SmF
12.5 5.04 0.40 0.13 947 −53.23 −0.42 639 32 29
25.0 8.12 0.32 0.23 468 −19.54 −0.19 860 53 61
50.0 19.85 0.40 0.25 167 −2.45 0.06 823 71 77
100.0 13.01 0.13 0.29 261 −10.40 −0.14 970 63 61

Mean 11.50 0.31 0.22 461 −21.4 −0.19 823 55 57
Standard deviation 6.46 0.13 0.06 348 22.34 0.17 138 17 20

SSF
12.5 3.83 0.31 0.19 1588 −15.07 −0.05 1231 178 157
25 4.04 0.16 0.26 1079 10.53 0.04 1125 141 118
50 4.58 0.09 0.22 616 52.74 0.39 619 236 219
100 5.55 0.06 0.18 98 95.00 5.32 99 381 353

Mean 4.50 0.15 0.21 870 35.80 0.50 769 297 313
Standard deviation 0.77 0.11 0.03 676 48.37 0.86 520 61 55

a Estimated asYX/S = XM/S0. Data from[16].

of thickness and forming polyhedral cells with a diameter
close to 1000µM (Fig. 12a). Added liquid broth (ca. 20 cm3

per g of PUF) is distributed evenly by capillarity in a thin
layer having a thicknesshW = 60±5µM. When inoculated
with A. niger spores, a population of mycelial aggregates
is formed which grows inside the water layer and spreads

Fig. 12. (a) Micrograph ofA. niger C28B25 growing under submerged
culture conditions with 100 g of sucrose per liter after 24 h of incubation
(50×). (b) Micrograph ofA. niger C28B25 growing in polyurethane foam
under solid state fermentation conditions after 6 h of culture (100×).

out as mycelial slabs having an average thickness ofhX =
300±50µM. Average polymer density of light PUF is close
to 15 g l−1. Using a simple geometrical model where volume
is equal to the surface by the thickness of the layer, it is
possible to estimate an area to volume ratio of a completely
dispersed liquid broth as follows:

A

V
≈ 1

hW
≈ 1.67× 102 cm−1

For example, 2.5 g of PUF loaded with 50 cm3 of liquid
broth will have an area

A = (1.67× 102 cm−1)(50 cm3) = 8.35× 103 cm2

This surface area exposed to passive gas exchanges is much
larger than the usual surface area of the air to liquid inter-
phase in a 250 cm3 shake flask filled with 50 cm3 of broth
(ca. 20 cm2). This geometrical consideration shows that SSF
cultures have a much larger air to liquid interphase than con-
ventional SmF culture, for example, 400 times higher. Thus,
SSF cultures are grown initially in thin slabs of cell ag-
gregates having a very large surface area for gas exchange,
whereas SmF mold cultures are grown in pellets having large
diameters and small surface area for gas exchange. For single
cell cultures, such as yeast suspensions, it has been observed
that SSF technique on PUF produces large cell aggregates
(nearly 102 cells) spread out in the thin layers of liquid broth
having a largeA/V ratio. SmF cultures (shake flasks), how-
ever, produce small aggregates (ca. 10 cells) with a much
smallerA/V ratio, as indicated above (unpublished results).

Such geometrical differences between SSF and SmF cul-
tures may account for important physiological differences
encountered experimentally and discussed below in terms
of processes limited by diffusion of gasses, substrates and
products.
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3.5. A model to account for physiological differences
between SSF and SmF cultures

Pirt [8] proposed that cell aggregates have strong diffu-
sional limitations based on the mass balance of a heteroge-
neous reaction systems

∂C

∂t
= D∇2C − qSρ(x, y, z) (12)

whereD is the diffusion constant of a solute having con-
centration,C(x, y, z), and qS the metabolic coefficient of
biomass having densityρ(x, y, z). To make things simpler,
consider the steady state(∂C/∂t = 0) of a thin layer of
biomass with coordinatex, uniform densityρ0 and thickness
h. Boundary conditions can be fixed asC = C0 for x = 0,
andC = 0 for x = h. Under these conditions the solution
of the differential equation becomes

C(x) = C0

(
1 − qSρx

2

2DC0

) (
1 − x

h

)
(13)

This equation shows thatC = 0 whenx = h = [2DC0/

qSρ]1/2 as shown by Pirt (1975). This way it can be predicted
that for oxygen,hG ≈ 102µM and for sugar consumption
hS ≈ 103µM, assuming that for oxygenC0 = 6×10−3 g l−1

andD = 5× 10−5 cm2 s−1, and for glucoseC0 = 102 g l−1

andD = 1× 10−6 cm2 s−1 with qS ≈ 2× 10−4 s−1 (1 h−1)
andρ = 0.3 g cm−3 (solid content of biomass).

As for SmF mold cultures in the pellet form, it is well
known that the active aerobic layer has a thicknessh ≈
102µM, which is in the same order of magnitude as the mea-
sured thickness of the experimental loose layer inFig. 12a.
Hence, whenever the diameter of the pellet becomes of the
order of 103µM, most of the pellet will be anoxic with a
rather low-level of sugar inside the pellet core. When con-
sidering a mold culture made of disperse mycelia, most of
those cells would be in full contact with a similar concen-
tration of sugar and will be subjected to strong catabolite
repression. Also, the small,A/V, ratio in a stirred tank will
require vigorous stirring and forced aeration in order to com-
pensate the large oxygen demand when sugar concentration
is high.

For SSF cultures, geometrical and physical restrictions are
quite different to those observed in SmF cultures. Oxygen
diffusion is perpendicular to large cell aggregates, which are
dispersed in a thin layer of broth. In such a system, sugar
diffusion is horizontal along the thin layer (Fig. 12b). It is
therefore possible to create concentration gradients of sug-
ars within large cell aggregates because there is no mixing
within the static layer of liquid broth, itself finely dispersed
on the solid substrate. Furthermore, the relaxation times(t =
h2/D) for oxygen diffusion can be estimated in the order of
a few seconds contrasting with nearly 1 h for sugar diffusion.
This is consistent with a moving boundary problem where
the biomass boundary moves at approximately the same rate
(1/µM = hours) as the spreading rate of sugar diffusion.

Oxygen diffusion, however, is equilibrated at a much faster
rate.

The above facts seem to explain why mold cultures
grown in shake flasks with high sugar concentration have
low conversion values of,YX/S , andYP/X. Also, secondary
proteolysis may be seen as a physiological adaptation to
metabolic stress. In this sense, it may be that SSF cultures
are in a better physiological condition and for such a rea-
son, produce less proteolytic enzymes than in SmF cultures.
Altogether, these factors seem to explain the physiologi-
cal differences concerning enzyme production as outlined
above.

4. Conclusions

In summary, SSF culture seems to be working, in a natural
way, as a fed batch culture with fast oxygenation but slow
sugar supply. The process has the added advantage of being
a static process without mechanical energy expenditures.
In contrast, SmF cultures work as homogeneous systems
requiring large energy expenditures to supply oxygen at fast
enough rates to cope with high oxygen demand. There is
the need in such processes for automated fed batch supply
of substrates in order to avoid catabolite repression.

Further study of SSF systems may profit from the use of
microscopic techniques such as image analysis, microelec-
trodes, development of DNA probes with optical properties
such as in situ hybridization of specific RNA messengers
and the use of colored fusion proteins used as tags of spe-
cific protein products. Perhaps this way, heterogeneity of
SSF systems will be transformed to its advantage to con-
trol microbial activity for enzyme production as compared
to the handicap of homogeneous systems present in SmF
cultures.
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