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ABSTRACT

De Reu J.C. {1995} Solid-Substrate Fermentation of soya beans to tempe:
process innovations and product characteristics. Ph_D.-thesis, Wageningen
Agricultural University, The Netherlands (154 p, English and Dutch summaries)

Solid-substrate fermentations (SSF) are restricted by heat- and mass transfer
limitations, which might result in unfavourable growth conditions. One way to
prevent such conditions is by agitation of the substrate. In this study a Rotating
Drum Reactor {RDR) was designed for the fermentation of soya beans with
Rhizopus ofigosporus. The aim of the study was to develop a process for the
controlled fermentation of soya beans inta a microbiologically safe and protein
rich product.

The reactor and the measurement and control system enable an
automatic control of the process. The most important process parameters are:
rotation speed, substrate temperature, rotation frequency and the relative
humidity.

A major disadvantage of RDR that has been cited in literature is the
sensitivity of micro-organisms towards agitation. In our study we have shown
that the fungal activity in a discontinuocus RDR remained high up to 70 hours
while in the traditional non-agitated systems fungal activity decreases already
after 36 hours of incubation. During fermentation several enzymes, viz. lipases,
proteases, phytases and carbohydrases are formed by R. ofigosporus. Due to
the enzymatic activity, changes in the chemical composition of soya beans were
observed. At increasing temperatures a decrease in the total fat content was
observed. It was also observed that the level of free fatty acids was lower than
expected based on the decrease in glyceride bound fatty acids. This might be
explained by the fact that R. ofigosporus used fatty acids as a source of carbon.
It was also observed that the firmness of the product in the RDR was
significantly less compared to the non-agitated samples. In the RDR we
observed increased activities of exo-proteases and glycosidases compared with
the traditional non-agitated systems. It was shown that lactic acid (> 0.05 %
wiv, pH 4.2} delayed the germination of Rhizopus oligosporus.

There might be nutritional benefits from the the fermentation step in
tempe manufacture through hydrolysis of soya bean cell walls, fats and
proteins, making the product more easy to digest.

Key words: tempe, solid-substrate fermentation, Rhizopus oligosporus
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CHAPTER 1

GENERAL INTRODUCTION

INTRODUCTION

A new challenge for an ancient technology? Tempe, a traditional Indonesian

food obtained by fermenting soya beans with moulds is a cheap source of edible
protein with interesting nutritional aspects. The small-scale traditional production
process is labour intensive, uncontrolled and results in a variable final product
quality.
Tempe might be used as an intermediate product for various food formulations, but
to achieve that goal certain hurdles need to be cleared. Primarily, the design of a
bioreactor which enables the production of a homogenous, nutritious and
microbiologically safe product on an industrial scale.

AIM AND OUTLINE OF THIS THESIS

The aim of this study is to design, test and compare several types of
laboratory-scale reactors and evaluate their suitability for solid-substrate
fermentation. The major difficulties in solid-substrate fermentation are related to
heat and mass transfer limitations. A better process control and scale-up can be
accomplished by reducing or avoiding these problems. The widely practised
fermentation of soya beans with Rhizopus oligosporus was used as the model
process during this study.

In Chapter 2 an introduction into solid-substrate fermentation and the tempe
process is given. In Chapter 3 a rotating drum reactor is described and the
possibilities of using this type of reactor for better temperature control during SSF
are discussed. An aerated packed-bed reactor and a model to predict the
temperature pattern during the tempe process are described in Chapter 4. The
model includes both microbiological and physical aspects of solid-substrate
fermentations and could be used to optimize solid-substrate fermentations.

Based on the traditional static fermentation, several studies were carried out
to characterize and optimize the traditional tempe process. In Chapter 5 the relation
between the methods of scaking soya beans and the germination of R. oligosporus
sporangiospores is described. Germination and growth of A. oligosporus as a
function of the composition of the gas atmosphere is described in Chapter 6. In
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General Introduction

Chapter 7 changes in the fatty acids during the tempe process are described for
different temperatures and mould strains. In Chapter 8 changes in the protein
fraction during the fermentation of soya beans with R. o/igosporus are shown for
both the traditional and rotating drum fermentations. In Chapter 9 the effect of
polysaccharidases on the consistency and the non-starch polysaccharides content
of soya beans during the fermentation is described. The general discussion is
presented in Chapter 10.



CHAPTER 2

SOLID-SUBSTRATE FERMENTATION

DEFINITION AND PROPERTIES

Solid-substrate fermentations (SSF) are difficult to define precisely. Moo-Young and
co-workers {1983) proposed the term 'solid-substrate fermentation’ for all those
processes which utilize water-insoluble materials for microbial growth in the
absence of free water. In this definition water-soluble materials are excluded but
they might be used in SSF as well. With increasing amounts of free water, solid-
substrate fermentations progress from solid-state fermentation through slurry
fermentations to fermentations of suspensions of solid particles. Examples of solid-
substrate fermentations, their substrates and products are shown in Tables 1A and
1B.

Several advantages of solid-substrate fermentations (SSF} over submerged-
liquid cultures (SLC) reported by Hesseltine {1977b), Cannel and Moo-Young
(1980} and Mudgett (1986) include the following.
aj The medium is often quite simple, consisting of a cheap unrefined

agricultural product which may contain all the nutrients necessary for

microbial growth. This means that the substrate in general may require less

enrichment {Cannel and Moo-Young, 1980},

b) The restricted availability of water may help to select against undesirable
contaminants (Hesseltine, 1977b), especially bacteria and yeasts, although
contamination by other fungi may be a problem. The less stringent need for
aseptic procedures in SSF compared with SLC makes SSF more practical
and suitable for low technology applications, where the workers are
unskilled (Mitchell, 1992).

c) The concentrated nature of the substrate enables the use of smaller reactors
in SSF compared to SLC to contain the same amount of substrate
{Hesseltine, 1977b}. Smaller reactor volumes result in lower capital and
operating costs (Cannel and Moo-Young, 1980; Kargi et a/., 1985; Kumar
and Lonsane, 1987b).

d) Forced aeration is reported to be easier in SSF than in SLC because the
interparticle spaces allow transfer of fresh air to thin films of water at the
substrate surfaces. These thin films can have a high surface area, allowing
rapid oxygen transfer {Cannel and Moo-Young, 1980; Mudgett, 1980;
Bajracharya and Mudgett, 1980).



Solid-Substrate Fermentation
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a)

b}

c)

d

e)

f)

g}

Downstream processing requires less extraction solvent resulting in less
waste (Hesseltine, 1977b).

Disadvantages of SSF compared to SLC include the following.

SSF is restricted to microorganisms which can grow at reduced moisture
levels, namely fungi, some yeasts and streptomyces, and therefore the
range of possible processes and products is more limited than with SLC
{Hesseltine, 1977b; Cannel and Moo-Young, 1980).

Removal of metabolic heat generated during growth may be a problem,
especially at large scale (Trevelyan, 1974; Hesseltine, 1977b; Aidoo et a/.,
1982; Moo Young et &/, 1983; Aidoo et a/., 1984, Laukevics ef a/., 1984).
The solid nature of the substrate causes problems in the monitoring of
process parameters. Probes developed for SLC are often unsuitable for SSF.
in addition, it is very difficult to ensure even distribution of any substances
added during the process, so effective control of parameters such as pH,
moisture content and substrate concentrations is a major problem. Biomass
cannot be measured in-situ during SSF because fungi penetrate into and bind
themselves tightly to the substrate particles (Mitchell, 1992}.

Mass transfer in the solid phase is limited to diffusion (Cannel and Moo-
Young, 1980).

Presently, important basic scientific and engineering parameters are still
pooarly characterized {Mitchell, 1992},

Cultivation times are often longer in SSF compared to SLC due to the lower
specific growth rates of the microorganisms {Tengerdy ez a/., 1983; Ghai et
al., 1983; Ramos-Valdivia et a/., 1983).

Extracts containing products cobtained by leaching of fermented solids are
often viscous in nature. This high viscosity restricts vacuum concentration
of the crude extract (Mitchell, 1992).

DESIGN OF SSF BIOREACTORS

As with submerged liquid cultures, reactor design is an important factor
determining the efficiency of SSF processes. Unfortunately, the design of solid-
substrate bioreactors has, to date, been entirely empirical. Extensive mechanization
and automation have been reported in Japan, although the exact situation is not
clear as very little information on industrial SSF-bioreactors is available in the
literature {Lonsane et a/., 1985).
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Chapter 2

Considerations important in the design of SSF bioreactors include:

a) Whether mixing is required, and how it should be achieved.
b) The optimum degree of aeration.

c} The rate at which heat needs to be removed.

d) The measurement and control of process parameters.

e} Solids handling.

) Sterilization and the prevention of recontamination.

g} The mode of processing.

h} The scale-up criteria.

ad a) Mixing

SSF processes can be divided into three groups based on the mixing regime that
is used. Viz. static, periodically agitated and continuously agitated. Agitation
facilitates the maintenance of homogeneous conditions within the bioreactor,
especially with respect to the temperature and the gaseous environment
(Hesseltine, 1977a). The lack of agitation determines the depth of the substrate
that can be used. In static SSF, temperature gradients of up to 3°C per cm have
been observed (Rathbun and Shuler, 1983). in addition, if forced aeration is not
used for static SSF, the oxygen in the interparticle spaces decreases to limiting
levels (Rao et a/., 1993).

However, the mixing of solid-substrate might also have deleterious effects,
including adverse effects on substrate porosity, disruption of the attachment of
microorganisms to the substrates, and damage of the fungal mycelia due to shear
farces caused by abrasion between particles. Shear forces in SSF are complex and
are therefore difficult to characterize. For example, aerial hyphae are crushed onto
the surface of the substrate, reportedly resulting in an inhibition of sporulation
(Bajracharya and Mudgett, 1979; Silman, 1980).

The damage of the mycelia depends strongly on the rotation frequency and
speed, e.g9. 3 revolutions per day resulted in scarcely injured mycelium and good
sporulation occurred, while a frequency of 3 revolutions per b hours damaged the
mycelium and reduced the spore content (Larroche and Gros, 1986b}. In other
cases, such as the protein enrichment of solid substrates, inhibition of sparulation
is actually advantageous since sporulation makes the product less attractive.

ad b) Aeration
Since most SSF processes involve aerobic microorganisms, the transfer of oxygen
to the biomass at the surfaces of solid particles is of prime importance. Aeration

7



Solid-Substrate Fermentation

can also play a role in the removal of metabolic heat and of gaseous and other
volatile metabolites from the interparticle spaces and the bioreactor headspace.
There is little information available concerning the mechanism and efficiency of
oxygen transfer from the gas phase to the microorganism in SSF. However, five
steps are potentially important in the transfer process:

1} Transfer of oxygen into interparticle spaces.

2} Diffusion of oxygen across stagnant gas films at the substrate surface.

3} Transfer across the interface into the liquid film at the substrate surface.

4) Uptake of oxygen by the microorganism, either directly from the stagnant
gas film or from the liquid film at the substrate surface.
5) Diffusion of oxygen into substrate particle itself (intra-particle diffusion}

Of these, only the first two can be influenced by the reactor design and cperation.

ad c) Heat removal

SSF processes are characterized by the generation of large quantities of heat
{Lonsane, 198b). The rate at which heat needs to be removed depends on the
metabolic activity of the microorganisms and the quantity of substrate in the
biorgactor. Unfortunately the solid nature of the substrate and its low moisture
content lead to very low heat transfer rates in SSF (Mitchell et &/., 1992).

The various strategies for heat removal can be summarized as follows:

a) Forced aeration with moist air to remove heat by conduction.

b) Forced aeration with dry air to remove heat by evaporation.

cl Cooling the external surface of the bioreactor.

d) Situation of the bioreactor in a temperature controlled room or water bath.

ad d) Measurement and control of process parameters

In non-agitated systems, process parameters will almost certainly vary at different
locations within the bioreactor, making it virtually impossible to obtain a
representative sample.

On-line pH measurement in SSF is difficult to achieve. In most cases,
adequate contact cannot be assured between standard glass-bulb electrodes and
the substrate. Even with flat-ended electrodes, constant contact with the substrate
cannot be ensured especially if the substrate is agitated. Good buffering capacity
of some of the substrates used in SSF helps in eliminating the need for pH control
during fermentation {Chahal, 1983).

Water is used in only limited amounts in SSF systems {Lonsane et a&/.,
1892), and when available in lower or higher quantities than the optimum values,

8



Chapter 2

the process productivity is significantly affected {Lonsane et a/., 1985). The water
activity {a,) in the medium, can be measured by determining the equilibrium
relative humidity {RH). In the a, range where SSF is operated i.e., 0.80-0.99, the
use of traditional RH-probes with capacitive elements is limited due to the danger
of condensation and consequently saturation. Gervais (1989) improved such
probes by ventilation of the capacitive elements. Mdaller et a/. (1987) reported
humidity measurement in gas/solid fluidized beds with the near infrared technique.

In laboratory-scale fermenters, oxygen uptake and carbon dioxide evolution
are measured directly with gas analyzers or indirectly by gas chromatography for
head space analysis. Temperatures are easy to measure with a variety of probes
such as thermocouples, thermistors, Pt elements or infrared techniques.

ad e} Solids handling

As shown in Tables 1A and 1B there is a wide range of raw materials that are used
in SSF. Solids in SSF vary widely in shape, size, abrasiveness, shear-sensitivity and
fluidity. Each of these factors should be considered when selecting appropriate
machinery for handling and transport of solids in industrial scale SSF processes.

ad f) Sterilization and the prevention of contamination

Although SSF is often carried out non-aseptically, in particular cases it may be
necessary to sterilize the substrate, the bioreactor, or the air used for forced
aeration, Sterilization of substrates by steam within the bicreactor has been
attempted, but even cooking of the substrate is difficult to achieve at large scales
{Daubresse et al., 1987) unless provision is made for adequate mixing. Substrates
are often cooked separately from the bioreactor. It is often not practical to steam
sterilize the bioreactor and associated equipment, and chemical sterilization or
disinfection is often applied.

Contamination can be prevented quite easily during the cultivation period
itself in the case of closed bioreactors. In open bioreactors such as tray bioreactors
{Table 1A) one must rely on dense and vigorous inocula (Lonsane et a/., 1982) and
relative conditions such as an acidic pH (Nout and Rombouts, 1890} and a suitable
low water activity.

ad g) The mode of processing

Most SSF applications involve batch cultures. Effective implementation of fed
batch or continuous technigues at a large scale will require the application of
automated solids-handling techniques. The problem of prevention of contarination
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also becomes important in extended processes.

ad h} Scale-up strategies

Information available on scale-up strategies for SSF systems is scarce and empirical
approaches have been used. Scale-up is further camplicated by the involvement of
various types of bioreactors, intense heat generation and non-homogeneity in the
system, The fermentation plants are, consequently, labour and energy intensive
and the development of well-founded scale-up criteria, such as for SLC processes,
is vital for extensive commercialization of SSF systems {Lonsane et al., 1992).
Scale up criteria have to be concentrated on the problems mentioned under a,b,c,d,
and f.

Bioreactors
Bioreactors for SSF can be divided into agitated and non-agitated ones. In Figures
1 a-e the major types are shown. The non-agitated systems are the simplest
bioreactors.

Heap fermentations are wused in
composting (Cannel and Moo-Young,
1980) and for the production of some

fermented African cassava products
(Essers et al.,1992). Figure 1a. Heap Fermentation

Tray bioreactors have been used
successfully at laboratory, pilot, semi-
commercial and commercial stages. A
major disadvantage of tray reactors is
that at a large scale, they are not easily
automated and therefore tend to be
labour intensive. In addition, a large area
is required since the thickness of
substrate in trays is limited toonly a 5 -
10 cm. by heat transfer problems
{Rathbun and Shuler, 1983).

4

Figure 1b. Tray reactor
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A commonly used type of non-agitated
bioreactor is the packed-bed bioreactor.
Packed-bed bioreactors contain a static
substrate supported on a perforated base
plate, through which forced aeration is
applied. Many variations of this basic
design are possible. The typical design is
cylindrical-shaped. Most commonly the
forced aeration is applied at the bottom.
The humidity of the incoming air can be
kept high to minimize water loss from the
substrate, The advantage of packed-bed
reactors is that they remain relatively
simple, while allowing better process
control {especially temperature and
humidity} than is possible with trays.
Disadvantages associated with packed-
bed bioreactors include non-uniform
growth, poor heat removal and problems
with scale-up {Mitchell et a/., 1992),

The agitated bioreactors might be divided
into rotating drum reactors, air-fluidized
bed reactors and stirred tank bioreactors.
Rotating drum reactors are characterized
as horizontal or inclined cylinders.
Aeration, if applied, is with low pressure
air fed into the reactor headspace. The
mixing provided by the tumbling action in
rotating drum reactors is relatively gentle,
and of all methods of automated mixing
should cause the least damage to
microorganisms or to the substrate
structure (Mitchell et a/., 1992}, Stirred
bioreactors are of two main types
depending on whether the axis of the

Figure 1c. Packed-Bed Reactor

Figure 1d. Rotating Drum Reactor
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bioreactor is horizontal or vertical.
Horizontal stirred bioreactors are quite
similar to rotating drum reactors except
that the mixing is provided by an internal
scraper or paddles, rather than by
rotation of the body of the bioreactor.
Vertical stirred bioreactors are often
subjected to forced aeration. Vertical
stirred bioreactors differ from packed-bed
bioreactors by the fact that they are
agitated, which may either be continuous
or intermittent. If gas is passed at a flow
rate beyond the fluidization velocity, the
solids become suspended in the gas
stream. In this state the bed is said to be

fluidized. Special features and advantages
of air-solid fluidized reactors include: the
provision of very good aeration, removal
of metabolic heat by the airstream, quick
elimination of metabolic products, highly
effective mixing is achieved and higher Figure 1e. Gas-Fluidized-Bed
productivities compared with traditional Reactor

SSF processes (Mitchell et af., 1992),

TEMPE

As shown in Table 1A, tempe production is an example of solid-substrate
fermentation in a tray reactor. Tempe is a traditional Indonesian fermented food in
which fungi, particularly Rhizopus spp. play an essential role. Yellow seeded soya
beans are the common and most popular raw material; the resulting ‘tempe kedele’
is usually referred to as “tempe’. Other possible raw materials are described by
Nout and Rombouts (1990). Generally speaking, fresh tempe of good quality is a
compact and sliceable mass of cooked particles of raw material covered,
penetrated and held together by dense non-spoerulated mycelium of Rhizapus spp.
The major desirable aspects of tempe are its attractive flavour and texture and
certain nutritional properties (Shurtieff and Aovyagi, 1879}, With its high protein
content {40-50 % dry matter), tempe serves as a tasty protein to complement
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starchy staples, and can substitute for meat and fish. In 1988, the annual
production of tempe in Indonesia was estimated at 765,000 tonnes. An annual
increase of 5% per year is expected for the next decade {Karta, 1990). The
principle of the tempe process is presented in Figure 2.

Hydrated  ————t Dehulled

Moist cotyledons

Cooked

L 2

Drained, cooled and
superficially dried

Inoculated with spores
of Rhizopus spp.

Mixed

Packed

Incubated

FRESH TEMPE
Figure 2. Principle of the tempe process {adapted from Ko and Hesseltine, 1979).

Several genera of fungi have been isolated from traditional tempe (Ko and
Hesseltine, 1979; Winarno and Reddy, 1986) but Rhizopus spp. are considered to
be essential for tempe making. Other genera are considered to be chance
contaminants which may not even have grown but are present as spores. The most
important genera of the class of the Zygomycetes which are commonly found in
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foods, are confined to a single order, the Mucorales. The genera Mucor, Rhizopus,
Rhizomucor and Absidia are classified in the family of the Mucoraceae. According
to the revised nomenclature of Schipper (1984) and Schipper and Stalpers {1984)
the genus Rhizopus consists of the species R. stolonifer, R. aryzae and the R.
micrasporus group. The A microsporus groupincludes the species R. homothallicus
and A microsporus. The latter is subdivided into four varieties: microsporus,
rhizopodiformis, oligosporus and chinensis. R. arrhizus has been placed in the R
oryzae group since it is considered to be an extreme form of A. oryzae.

Rhizopus microsporus var, ofigosporus in short R. ofigosporus) is considered
most suitable for tempe making (Sharma and Sarbhoy, 1984; Hesseltine, 1985b;
Ko, 1985}, Hesseltine et al. (1985a) reported that several Rhizopus species were
able to grow both aerobically and anaerobically, however, R. oligosporus Saito
NRRL 2710 failed to grow anaerobically. Rhizopus spp. produce a variety of
carbohydrases, lipases, proteases, phytases and other enzymes, and some of the
ctianges in the substrate macromoelecules during tempe fermentation have been
studied.

The effect of tempe fermentation on the total nitrogen content is negligible,
but increases of free amino acids oceur. However, the amino acid pattern of raw
beans and tempe are similar, implying that there is no de-novo synthesis of amino
acids, but only a degradation and consumption of soya protein by the growing
fungus {Baumann et al., 1990).

Changes in the lipids fraction are described by Wagenknecht et a/. (1962),
Sudarmadji and Markakis {1978}, Paradez-Lopez et a/. {1987), and Hering et a/.
{1991). Lipolysis yields predominantly linoleic acid, as well as oleic, palmitic,
linolenic and stearic acid. Hering et al {1991) ohserved that the fungus
metabolized the soya bean lipids and synthesized, respectively changed, the fat
composition only a minimal amount, depending on the strain and the environmental
conditions used.

Changes in vitamin contents in soya bean tempe, are described by Shurtleff
and Aoyagi (1979), Ckado et al. (1983), Murata (1985), Keuth and Bisping ({1993),
and Tuncel (1993}. Increased levels were reported for riboflavin {vitamin B,),
nicotinic acid, pantothenic acid, pyridoxin {vitamin Bg}, folacin, cyanocobalamin
(vitamin B,,} and biotin.

During the processing of soya beans to tempe antinutritional factors are
removed or inactivated. Protein-type trypsin inhibitors are largely inactivated during
cooking or steaming {Roozen and De Groot, 1985). Flatulence producing facters
such as stachyose and raffinose are removed by soaking and boiling {(Winarno and
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Reddy 1986). Phytic acid of raw substrate increased during soaking due to pre-
germination enzyme activities, but it is degraded during steaming and fermentation
into lesser inositol phosphates and inorganic phosphate {Winarno and Reddy, 1986;
Sutardi and Buckie 1985 a and b). During soaking and heating haemagglutonins
and tannin are also leached out, inactivated and decomposed, respectively.
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CHAPTER 3

TEMPERATURE CONTROL IN SOLID-SUBSTRATE FERMENTATION THROUGH
DISCONTINUOUS RCGTATION

ABSTRACT

A laboratory-scale system for controlled dynamic solid-substrate fermentation
was developed and tested. The fermentation takes place in a stainless steel
discontinuously rotating drum reactor, under controlled conditions of tempera-
ture, gas composition, relative humidity and direction and rate of rotation. The
systern was tested on a model fermentation of soya beans with Rhizopus
oligosporus. In contrast with the traditional tempe fermentation, a granular
product is obtained and build-up of heat and mass gradients is restricted.
Despite the discontinuous rotation, the fungal growth continues as evidenced by
the production of heat. The rate of cooling depends on the temperature of the
gas flushed through the reactor, the gas flow rate and the length of the rotation
period. As a consequence of the homogeneous temperature control, the fungal
heat development continued up to 70 hours of fermentation. This is in clear
contrast with the traditional tempe fermentation which is already limited after
36 hours by its own heat accumulation.

This chapter has been published as:

Temperature control in solid-substrate fermentation through discontinuous rotation
J.C. de Reu, M.H. Zwietering, F.M. Rombouts, M.J.R. Nout (1993)

Applied Microbiolegy and Biotechnology, 40, 261-265
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Temperature control in SSF through discontinous rotation

INTRODUCTION

Tempe is a traditional Indonesian food in which fungi, particularly Rhizopus spp.
play an essential role. Yellow-seeded soya beans are the most common and
popular raw material {Nout and Rombouts, 1990),

The equipment required for daily production capacities of 7 - 1800 kg has
been described by Shurtleff and Aoyagi (1980). When scaling up the production
by increasing the fermentor size, problems can be expected due to accumulation
of metabolic heat {14960 Btu/kg dry solids {1 BTU = 1054 J) (Mudgett, 1986);
2514 kJ/kg of fermented solids {Aidoo et al, 1982)). Consequently, the
temperature within a bed or package of tempe may rise 10 - 16 °C above that
of the environment. A steep temperature gradient of 3°C/em bed thickness
during active growth has been reported in a fermentor employing a bed height
of 6.5 cm (Rathbun and Shuler, 1983)}. The availability of oxygen is determined
by diffusion, which in turn is determined by porosity, particle size and
consistency of the substrate (Alvarez-Martinez, 1987; Mitchell et a/., 1988).
Due to these limitations to mass transfer, oxygen levels decreased to
approximate 2 % v/v and carbon dioxide increased to 22 % v/v. However at 1 -
6.5 % v/v oxygen rapid fungal growth still occurred (Rathbun and Shuler,
1983), implying that the oxygen levels measured in tempe would not be
growth-limiting.

A change in the reactor configuration can improve the process. Instead of
a static packed-bed, we developed a rotating drum reactor {RDR}. The use of
rotating drum reactors has been recently reported for the production of, e.g.
ethanol {Kargi and Curme, 1985; Weiland and Scholz, 1990), ochratoxin A
{Lindenfelser and Ciegler, 1975}, enzymes {Silman, 1280), spores (Larroche and
Gros, 1986), koji (Mudgett, 1986) and for the cultivation of plant cells
{Shibasaki et a/., 1992).

Some authors consider that the rotation of a fermentation medium would
have a negative effect on growth and sporulation {Cannel and Moo-Young,
1980; Silman, 1980). According to Smith and Aidoo (1988) the main
disadvantage of RDR is that the useful space for fermentation is only
approximately 30 % of the total drum volume.

In contrast to research on submerged fermentations, there are no
commercial laboratory-scale systems available for solid-substrate fermentations.
Consequently, we developed a device that can be used for studies on solid-
substrate fermentations. This paper describes a RDR system with advanced

24



Chapter 3

measurement and control features, and illustrates the temperature control in a
solid-substrate fermentation based on the tempe model.

MATERIALS AND METHODS

Organism

Rhizopus oligosporus LU 575 NRRL 5905, classified as Rhizopus microsporus
var. oligosporus was grown 7 days at 30°C and maintained on malt extract
agar {Oxoid, CM 59). Sporangiospore suspensions were obtained by scraping
the sporangia off the agar and suspending them into sterile distilled water with
0.1 %{v/v} Tween 80. The viable count varied between 5x10° and 10° cfu/ml.

Reactor and sensors
Experiments were carried out in a RDR as depicted in Figure 1. The RDR had an
inner diameter of 20 cm and a length of 15 cm resulting in a 4.7 liter volume.

Figure 1. The rotating drum reactor
The reactor consisted of two stainless steel main parts, namely the rotating
drum itself and the static wall which includes weld-in sockets for the sensors,
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Two Pt 100 Q-sensors with a diameter of 3 mm, (Tempcontrol, Voorburg,
The Netherlands}) were used to measure the temperature, one situated in the
substrate and the other in the headspace of the reactor. An autoclavable oxygen
probe (¢ 25 mm, length 70 mm, Ingold, Urdorf, Switzerland) was placed in the
headspace, and was calibrated under process conditions prior to the start of the
fermentation. A non-autoclavable probe for relative humidity (1400, Rotronic,
Bassersdorf, Switzerland) with a built-in Pt 100 Q-sensor was placed in the
headspace after autociaving.

The RDR was used in a temperature controlled incubator. In order to
prevent beans from sticking to the wall, the rotation was supplemented by a
sweeping action., This was achieved by a wiper consisting of spring loaded
horizontal and vertical parts. During fermentation, homogeneous samples could
be obtained, after rotation through the sample port.

Gas flow system

Humidified air was provided through the gas inlet tube. The outlet was con-
nected to an oxygen and carbon dioxide analyzer {(Uras 3, Hartmann & Braun,
Frankfurt am Main, Germany).

M
[
(78]
B
o

Figure 2. Schematic view of the gas flow system: 1 mass flow controller
valves, 2 rotameters, 3 humidifier, 4 in-line relative humidity measuring unit, 5
rotating drum reactor

The relative humidity of the ingoing gas was controlled by mixing a water-
saturated flow and a dry gas flow. The relative humidity was measured in the
gas stream before the gas inlet. The gas composition could be controlled using
four mass flow controllers {10, 100, 1000 and 2000 sccm, Type 1259B, MKS
Instruments, Minchen, Germany) and one multi-gas controller {147, MKS
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Instruments, Minchen, Germany) {Figure 2}. Gas of desired composition could
be produced by mixing oxygen, carbon dioxide, nitrogen and air, with flow rates
varying from 0 to 3 I/min and relative humidity levels ranging from 50 to 100
%.

Measurement and control system

All sensors were linked to a computer-controlled measurement and control
system consisting of hardware formed by a distributed controller (uDCS 6000,
Analog Devices, Qosterhout, The Netherlands), controller software (FIXDMACS
1.3, Intellution, Norwood, MA, USA) and a personal computer (Vectra QS/165
with 80387 coprocessor, Hewlett Packard, Grenoble, France}. The rotation
speed (O - 30 rpm), direction (forward/reverse) and duration could be pro-
grammed and controlled by FIXDMACS programming blocks, but manual
intervention was also possible. The process data were stored on harddisk prior
to analysis (plotting, ASCI| transfer to Lotus etc.}.

Fermentation process

Yellow seeded soya beans (Glycine max) were dehulled by dry abrasion and
soaked overnight with accelerated acidification (Nout er a/., 1987
Subsequently the beans (pH soak water < 4.2) were washed with tap water
and boiled for 20 minutes, cooled and superficially dried (15 - 30 minutes, at
room temperature}. The RDR was autoclaved for 20 minutes at 121 °C, before
filling it with inoculated soya beans (1 kg/run). After inoculation, beans were
transferred to the previously autoclaved and cooled RDR.

RESULTS AND DISCUSSION

Effect of aeration

One way to prevent high substrate temperatures is to use forced evaporation to
absorh the metabolic heat generated. The degree of evaporation may be
controlled by the flow rate and the relative humidity of the gas {Barstow et a/.,
1288). According to Ryoo et al. {1991} mixing dry and wet gas achieves better
control of evaporation than increasing the gas flow rate. In addition to heat
removal, gas flow may serve to control the composition of the atmosphere in
the reactor. Initially we used compressed air as aeration gas since it is cheapest.
To simulate the situation in a traditional static fermentation we tested the effect
of air flow on the substrate temperature in the RDR at stand-still. Different flow
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rates {0, 0.25, 0.5, 0.75, 1, 1.6 and 2 |/min) with moisturized air {RH 95 %)
were used.

The substrate temperature showed a similar pattern as the growth curve
for fungal biomass including a lag phase, an exponential phase and a stationary
or autolytic phase with concomitant temperature decrease. In Figure 3 the
substrate temperature during a static fermentation and during two
discontinuously rotated fermentations with an air flow rate of 1 I/minute is
presented. Table 1 summarizes results with air flow rates ranging from 0.25 -
2.00 I/min. This table shows that flow rates < 0.75 I/min were limiting to the
metabolic activity. The highest temperatures were reached with air flow rates
between 0.75 and 1.5 I/min. Due to heat removal the temperature of the gas
increased 3 - 4 °C. Flow rates exceeding 1.5 I/min resulted in lower
temperatures due to increased heat removal.

45
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Figure 3. Development of substrate temperature in the rotating drum reactor
during static and discontinuously rotated fermentations. Gas flow: air of 29 °C,
95 % RH at 1 I/min. Surrounding temperature 30 °C. Discontinuously rotated:
rotation temperature {T;) 34 °C and rotation period (t) 1 min, rotation tempera-
ture (Tz) 36 °C and rotation period (t,}) 1 min.
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Table 1. Influence of air flow on the temperature of substrate and gas in the
reactor during a static fermentation in the rotating drum reactor

Flow rate Tonax Trnax Temperature

substrate gas slope”
(I/min)? {°C) {°C} (°C/h)
0.25 29.41 28.98 0.22
0.50 39.26 32.41 1.06
0.75 45.56 34.91 2.21
1.00 44 61 34.34 1.81
1.50 45.41 33.74 1.76
2.00 40.75 33.69 1.53

R Maximum rate of temperature increase during active growth phase

2 Relative humidity of air flow = 95 %
Surrounding temperature = 30 °C
Temperature of gas at inlet = 29 °C

Effect of rotation temperature and rotation period

The aim of rotating was to minimize heat and mass transfer limitations and to
create a homogeneous product by breaking the tempe mass into smaller
particles. Several authors reported that rotation of fermentation media would
have a negative effect on growth and sporulation (Cannel and Moo-Young,
1980; Silman, 1980). One of our aims was to investigate whether growth
inhibition would occur as result of discontinuous rotations. An advantage of
discontinuous over continuous rotation would be that less energy is required for
rotation and that the fungal mycelium would be exposed to a minimum of shear.
In principle, a compromise between maximum growth {minimum rotation) and
minimum temperature gradients {(maximum rotation) would be required.

One may programme the discontinuous rotation according to a pre-
defined timescale. However, due to variations in the lag phase, the actual start
of the active growth is difficult to predict. Consequently, we choose to couple
the rotation programme directly to the actual fungal metabolic activity as
indicated by the substrate temperature.

Due to the mixing with gas of a lower temperature, the substrate tem-
perature is reduced to T (Figure 4) at the end of rotation. During subsequent
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stand-still the substrate temperature increases again to Tg. The rate of tempera-
ture rise could be expressed as slope a {Figure 4}.

To achieve adequate size reduction of the block formed, rotation into
both reverse and forward directions was required. A rotation scheme in which
the rotation temperature (Tg), rotation rate {rpm), rotation direction and rotation
period (t) were defined in a programme block of the FIXDMACS programme is
shown in Table 2. There was no rotation during the lag phase. As a result of
spore germination and growth, the substrate temperature was allowed to
increase until the defined rotation substrate temperature {T;) was reached
(Figure 4}.

Substrate Temperature {°C)

Incubation time (hours}

Figure 4. Detailed view of the temperature pattern during discontinuously
rotated fermentation: T, = rotation temperature (°C); Tps= temperature at end
of rotation period (°C); t,= cycle period (h); t, = rotation period {h}.
a: slope u

t, - I,

Table 3 summarizes the temperature fluctuations obtained at rotation
temperatures ranging from 32 °C to 41 °C and rotation periods of 1 and 5
minutes. Air of 95 % relative humidity and 30 °C was put through at 1 /min.
With increasing rotation temperature and rotation periods, the temperature
difference Ty -Tgg increased. This was due to the similarly increasing difference
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