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Exopectinases produced by Aspergillus niger in solid-state and
submerged fermentation: a comparative study
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Exopectinase production by Aspergillus niger was compared in submerged fermentation (SmF) and solid-state
fermentation (SSF). SSF was carried out using polyurethane foam (PUF) as the solid support. The purpose was to
study the effect of sucrose addition (0 or 40 g/1) and water activity level (A,,=0.99 or 0.96) on the level of enzyme activity
induced by 15 g/l of pectin. Mycelial growth, as well as extracellular protease production, was also monitored. Sucrose
addition in SmF resulted in catabolite repression of exopectinase activity. However, in SSF, an enhancement of enzyme
activity was observed. Protease levels were minimal in SSF experiments with sucrose and maximal in SmF without
sucrose. Exopectinase yields (IU/g X) were negligible in SmF with sucrose. The high levels of exopectinase with
sucrose and high A,, in SSF can be explained by a much higher level of biomass production without catabolite
repression and with lower protease contamination. Journal of Industrial Microbiology & Biotechnology (2001) 26,271—-275.
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Introduction

Enzymes are important commercial products with an estimated
annual sales value between $600 and $700 million [14]. Another
estimate [4] indicates a world sales figure of $505 million in 1991
and $1 billion for 2000 with more than 9% annual growth. A large
share goes to food and feed enzymes, with a total market of about
$483 million in 1995, including “pectinases (which) are of the
utmost importance in juice and wine production” [4]. Most of the
enzymes are produced by the submerged fermentation (SmF)
technique [ 11]. However, the number of research papers related to
the alternative solid - state fermentation (SSF) technique is increas-
ing steadily [1-3,5,7,12,13,15,17-20,22—27]. Furthermore, sev-
eral studies have been published describing the use of SSF for
pectinase production [3,5,7,12,22—-24]. Advantages of the latter
technique include higher enzyme titers [ 22,23 ], higher productivity
levels [ 2], stability of excreted enzymes [2,17], and a low level of
catabolite repression [2,15,22,23 ]. However, such studies have not
yet established the nature of the physiological differences between
pectinase production in SSF and SmF, e.g., in terms of technical
coefficients such as specific growth rate (x=h ~ ') and enzyme yield
(Yg/x=enzyme units/g biomass ). Lack of a detailed understanding
is due mainly to the biodegradable nature of the solid supports used,
such as sugar cane bagasse [ 1,2 ], coffee pulp [ 3,17 ], and wheat bran
[7,12]. In these examples, biomass measurements have been either
difficult or impossible to obtain.

Recently, polyurethane foam (PUF) has been used as inert
support for enzyme production by the SSF technique [18,26,27],
allowing direct measurement of biomass production, together with
measurements of substrate uptake and enzyme activity in the
culture medium. An important question to address is whether higher
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enzyme productivity by SSF is related to higher levels of biomass
production or to higher enzyme yields (units/g biomass). This
paper presents evidence supporting the former by measuring kinetic
parameters of biomass production and enzyme excretion using a
strain of Aspergillus niger cultured on defined liquid medium
adsorbed on PUF cubes. Special attention is paid to the effect of
environmental factors such as water activity, the proportion of
sucrose and pectin in the culture medium, and the presence of
protease activity. Differences in stability of exopectinase between
SmF and SSF are, in part, due to different levels of protease
activities induced by the environmental factors and protein in the
crude extract. Such considerations may be of utmost importance
when considering future industrial applications.

Materials and methods

Microorganism
A. niger C28B25 [3,5] was propagated in Erlenmeyer flasks at
35°C for 72 h and maintained at 4°C on potato—dextrose agar.

Culture conditions

Media: Two basal liquid media having the same C/N=5.5 ratio
were used. The first was labeled NS (no sucrose) having (g/1):
pectin with 8% methoxylation, 15; (NH4),SO4, 2.9; K;HPOy, 3.0;
urea, 1.0; MgS0O,—7H,0, 0.066; FeSO,, 0.096; MnCl,, 0.001;
ZnCl,, 0.001; CuSQy,, 0.001; water up to 1 1. The second was
labeled PS (plus sucrose) and contained: pectin, 15; sucrose, 40;
(NH4),S04, 12.6; K,HPO,, 6.5; urea, 3.0, MgSO4—7H,0, 0.2;
FeSOy, 0.29; MnCl,, 0.001; ZnCl,, 0.001; CuSOy, 0.001. Water up
to 1 1 was added. Both media were adjusted to an initial pH of 4.5.
To depress water activity (4,,=0.96), ethylene glycol was added to
10% (v/v). In all other experiments, 4,,=0.995 was measured
from vapor pressure at equilibrium. All chemicals were from J.T.
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Figure 1 Growth curves of 4. niger obtained by ([ ) SSF and (O ) SmF techniques. (A) In the presence of sucrose (PS media) and (B) in the
absence of sucrose (NS media). Full symbols correspond to 4, = 0.995 and open symbols correspond to 4, = 0.96. The error bars on the graphs

represent three different fermentation runs.

Baker (Mallinckrodt Baker, S.A. de C.V. Edo. de México, México),
except pectin which was from Sigma-— Aldrich, (Sigma Chemical
Co. St. Louis, MO, USA).

SmF: Erlenmeyer flasks with a nominal volume of 125 ml were
filled with 50 ml of liquid medium and inoculated under aseptic
conditions with 10% spores per gram of carbon source. All cultures
were incubated at 35°C using an orbital shaker rotating at 200 rpm.

SSF: Low-density (17 kg/m’) PUF was cut into cubes
(0.5x0.5x0.5 cm®) and washed twice with boiling water.
Erlenmeyer flasks with a nominal volume of 250 ml were filled
with 1 g of oven-dried and sterile PUF cubes to which 30 ml of
liquid medium was added. Inoculation was made under aseptic
conditions with 10% spores per gram of carbon source. All cultures
were incubated at 35°C.

Separation of biomass and crude extracts in SmF and
SSF systems

Enzyme extracts (EEs) obtained by SmF were filtered through
Whatman no. 4 paper and subsequently through a Millipore
membrane (0.45 um pore size ). Biomass retained on the Whatman
paper was dried to constant weight. At selected times, 20 ml of
distilled water was added to SSF and the PUF was then compressed
in a Biichner funnel. EEs obtained were passed through a Millipore
membrane (0.45 pm pore size). The solid retentate with PUF was
dried to constant weight. The calculated biomass was the difference
between initial and final PUF weights [27]. The pH of the EE was
then measured. All experimental data are presented as mean+SD of
three separate runs.

Excreted protein

Total extracellular protein excreted was measured in cell-free
EE by the Bradford [6] method using bovine serum albumin
as standard.

Exopectinase activity

Exopectinase activity in cell-free EE was assayed by quantifying
reducing sugars using the DNS (3.5-dinitrosalicylic acid) method
[16]. The incubation mixture consisted of 0.1 ml of EE, 0.5 ml of
1.0% pectin solution, and 0.4 ml of acetate buffer pH 4.5 incubated
for 15 min at 45°C. Results were expressed as galacturonic acid
equivalents. One international unit (IU) of exopectinase activity
was defined as the amount of enzyme that catalyzes the formation
of 1 pmol galacturonic acid per minute.

Protease activity

Protease activity in cell-free EE was measured by changes in the
absorbancy at 520 nm. They were produced by 50 ul of EE and
mixed with 850 ul of 0.5% Azocoll (Sigma) in acetate buffer 0.1
M, pH 4.5 after 30 min of incubation at 35°C. The reaction was
stopped with 100 ul of 5% trichloroacetic acid. One arbitrary
Azocoll unit (AU) of protease activity was defined as the amount
of enzyme that released an azo group, increasing by 0.001 the
absorbency per minute [8,9].

Estimation of kinetic parameters
Evolution of biomass X=X{(¢) was followed by the Velhurst—Pearl
or logistic equation:

dX X
— =l - X 1
dt K |: X max:| ( )

where p is the maximal specific growth rate and X, is the
maximal (or equilibrium) biomass level achieved when dX/dt=0
for X >0. The solution of Equation 1 is as follows:

X max

X —  fmax
14 Ce

(2)
where C=(Xnax —Xo)/Xo with X=X, being the initial biomass
value.

Estimation of kinetic parameters in the previous equation was
done using a non-linear least square fitting program called
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Table 1 Growth kinetic parameters of 4. niger and maximal values of exopectinase activity 273
Fermentation Ay, Media w(h™h) Exopectinase Specific activity Ye/x
system Hinax (8/1) activity (IU/1) (TU/mg protein) (IU/g X)
SSF 0.995 PS* 0.47 23.9 (0.87)* 7150 (450)* 382 330
NS* 0.23 4.4 (0.06)° 623 (16.5)‘1’c 29 187
0.96 PS 0.18 18.5 (1.04)° 1911 (141)° 91 600
NS 0.15 1.2 (0.08)¢ 541 (8.1)° 33 1129
SmF 0.995 PS 0.19 11.0 (0.12)° 355 (0.8)° 10 0
NS 0.22 4.38 (0.06)° 1714 (34)° 181 534
0.96 PS 0.07 9.9 (0.47)¢ 876 (50)¢ 24 0
NS 0.22 2.7 (0.13) 1405 (165)° 119 557

Means with the same letter are not significantly different. Numbers in parenthesis correspond to standard errors of three separate experiments.

*PS=40 g/1 sucrose, NS=no sucrose. All media had 15 g/1 pectin.

“Solver” present in Excel electronic sheet (Microsoft). The
coefficient Yg,x was estimated as the slope of the initial linear
correlation between £ (IU/1) and X (g X/1).

Results

Biomass production

Figure 1 shows biomass production by 4. niger as a function of
fermentation time. SSF had higher production of biomass than
SmF, independent of the presence or absence of sucrose or the
different levels of 4,,. However, the effect of ethylene glycol on
biomass production for SSF was stronger than for SmF. Growth
curves were fitted by Equation 1 with high correlation coefficients
(R*>0.98) showing that the model was adequate for this process.
Highest values of X, (around 20 g/1) were obtained in SSF in
the presence of sucrose with 4,,=0.99 (Table 1). In the absence of
sucrose, biomass was greatly reduced whether produced by the
SmF or SSF technique and independently of A4, (Table 1, Figure
1). A similar effect was found for y: sucrose addition in SSF with

A,=0.99 had £=0.47 h~ ', as compared to £=0.23 h~ ! without
sucrose. Addition of sucrose to the SmF system did not enhance
the rate of growth but increased values of X.., although the
highest values of X . in SSF experiments show that A. niger can
use high levels of sugar more efficiently when cultured on solid
support than in submerged culture. This result is very similar to
the one obtained with three different strains of A. niger grown on
PUF or shake flasks and supplied with 100 g/1 of sucrose [21],
which seems to be the case when initial substrate concentration is
higher than 50 g/1 (unpublished results). However, depression of
water activity by ethylene glycol affected, to a greater extent, the
fast- growing cultures in SSF with sucrose than the slow - growing
cultures in SmF.

Exopectinase activity

Figure 2A shows the profiles of extracellular exopectinase titers
obtained with sucrose addition. In the SSF system, sucrose addition
led to a high level of exopectinase activity (£ ,.x~=7000 IU/1) when
compared to exopectinase activity in SmF (£ ,,,,~2000 IU/1).
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Figure 2 Comparative titers of exopectinase activity produced by 4. niger in([d ) SSF and (O ) SmF techniques. (A) In the presence of sucrose
(PS media) and (B) in the absence of sucrose (NS media). Full symbols correspond to 4, = 0.995 and open symbols correspond to 4, = 0.96.

The error bars on the graphs represent three different fermentation runs.
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Figure 3 Protease production by 4. niger in(ld ) SmF and (O) SmF techniques. (A) In the presence of sucrose (PS media) and (B) in the
absence of sucrose (NS media). Full symbols correspond to 4, = 0.995 and open symbols correspond to 4, = 0.96. The error bars on the graphs

represent three different fermentation runs.

Addition of ethylene glycol (4,,=0.96) decreased maximum
exopectinase levels in all cases. Analysis of variance (ANOVA)
of E .« data showed again, as in biomass production, that
exopectinase production was enhanced by high levels of water
activity and by the use of SSF over SmF. It is worth noticing that in
the SmF system with sucrose addition, a repressive effect was
observed. However, in SSF, the effect was the opposite (Figure 2,
Table 1). Exopectinase production had a linear correlation
(R*>0.98) with the level of biomass during the initial period of
fermentation (X<Xp.,x/2), which roughly corresponds to the
exponential phase of growth. The value of the slope was designated
Ye/x (IU/g X) and was a measure of the productivity of
exopectinase by the fungal cells. Table 1 shows that Y, was in
SSF (with or without sucrose, and at the two A4, levels) equal or
lower than Yg,x in SmF (without sucrose), suggesting that
increases in exopectinase production by the SSF system were
related to better fungal growth but not to higher productivity of
exopectinase. This is important because it has been the subject of
speculation as to why SSF produces higher levels of enzymes
[2,19,22]. The specific activity (SA) of excreted exopectinase was
expressed as international units per milligram of excreted protein,
as shown in Table 1. Exopectinase specific activity was highest in
SSF in the presence of sucrose and with a water activity of 0.995.
This indicates that 4. niger grown by the SSF technique on PUF
produces a purer pectinase extract as compared to the experiments
done by the SmF technique.

Protease activity

The kinetics of protease production by A. niger in SmF and SSF is
shown in Figure 3. Protease production, regardless of the
experimental conditions, was sharply lower in SSF. Moreover, the
presence of sucrose in the media further decreased protease
production (Figure 3). Hence, the SSF technique may offer
additional advantages in terms of exopectinase stability because of
reduced proteolysis.

Discussion

The biomass of A. niger grown by SSF could be measured directly,
thanks to the use of PUF as an inert carrier. The level of X, in SSF
was higher than was obtained in SmF under equivalent conditions
and with the same media. This may be because of the higher
availability of oxygen in the solid - to - air interphase, since it is well
known that oxygen dissolves poorly in water (6 mg/1). In all cases,
residual sugars were minimal. In addition, the estimated main-
tenance coefficients were higher for the SmF system than for the
SSF system (data not shown). In the presence of 40 g/1 of sucrose,
no catabolite repression was observed in SSF, but did occur in SmF,
confirming previous observations that in SSF there is a resistance to
catabolite repression of pectinase as reported by other authors
[22,23] in SSF on sugarcane bagasse. Unpublished results obtained
by Diaz-Godinez showed no inhibition of exopectinase activity in
SSF when 40, 60, 80, or 100 g/1 of sucrose was used. The SmF
system produced more exopectinase activity per gram of biomass
(Yg/x) than SSF (Table 1). However, the maximal values of
exopectinase activity and X,,x were obtained in SSF. Hence, the
high titers of exopectinase activity obtained by the SSF technique
were related to the amount of biomass and not to intrinsic
differences in enzyme yield. Whatever the experimental conditions
(SSF or SmF; with or without sucrose), the addition of 10%
ethylene glycol (4,,=0.96) resulted in lower biomass production
and lower exopectinase activity. Similar results have been reported
[1], and this confirms the importance of high 4, levels on growth
and enzyme production. SmF resulted in production of more
protease activity than SSF, but the presence of sucrose in media
reduced protease activity in both systems. Perhaps, stress
conditions induced protease activity in 4. niger, and such stress
conditions were milder in the presence of sucrose at high 4., and
using the SSF technique. There are reports on inhibition of protease
activity by immobilization of 4. niger [ 10]. In summary, we now
have reasons to hypothesize that mass transfer phenomena of
oxygen and substrates in solid supports are fundamental factors that



account for differences of mold physiology compared to stirred
liquid fermentations. Higher oxygen levels at the solid-to-air
interphase would support faster growth with higher oxygen demand
and very slow diffusion of substrate in the absorbed liquid,
producing local substrate and product gradients of concentration.
At any rate, a practical consequence of our work is to stress the
advantage of SSF with supplemented concentrated culture broths in
order to achieve high pectinase titers with low protease activity in
the spent liquor.
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