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Abstract: A quantitative approach to the on-line measurement of fungal biomass,
based on the biomass-dependent changes in electrical capacitance at 0-30 MHz,
was exploited to optimise the solid-substrate tempe fermentation of Chenopodium
quinoa Willd by Rhizopus oligosporus Saito. Variables including the mould strain,
the initial pH, the inoculum density and the substrate moisture content influenced
the mycelial development and quality of quinoa tempe prepared in petri dish
fermentation units. It was found that R oligosporus isolate UCW-FF8001 at an
inoculation density of 3-5 x 10* colony forming units per gram of quinoa substrate
at 620 g kg™ moisture content yielded both the highest biomass and the best
quality tempe.
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INTRODUCTION

Tempe is a solid-substrate fermentation of pulses and
legumes by the fungus Rhizopus oligosporus Saito,
originating in Indonesia but now a focus of investigation
in the USA, Europe and Japan (see, for example,
Hesseltine er al 1963 ; Liem et al 1977 ; Ko and Hesseltine
1979; Wang and Hesseltine 1979; Steinkraus 1983;
Samson et al 1987; Nout and Rombouts 1990).
Although solid-substrate fermentation is an older
fermentation method than submerged fermentation, it
has serious limitations. In a recent review of new
developments in tempe research, Nout and Rombouts
(1990) pointed out that several important challenges for
tempe fermentations, and for solid-substrate fermen-
tations generally, are in the areas of physiology and
process engineering development, where a quantitative
approach is required to the study of fungal growth
kinetics, for mathematical modelling, and for optimising
the design of bioreactors and fermentation processes.
A variety of previous studies of tempe have attempted
to optimise some of the tempe fermentation variables, eg
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the temperature of incubation (Hesseltine et al 1963;
Kidby et al 1977), inoculum density (Kidby et al 1977),
mould strain (Steinkraus et al 1960 ; Wang and Hesseltine
1966a) and type of substrate (Hesseltine et al 1967).
However, assessment of the procedures was based on
subjective judgements of the development of mycelium
on the substrata, eg ‘no visible growth’, ‘faint growth’,
‘moderate growth’, and ‘satisfactory growth’ were terms
included in relative scales by these workers.

These approaches have obvious limitations for use in
systematic and quantitative studies, especially if the
tempe fermentation technique is to be exploited in the
future for the production of high value products such as
physiologically active compounds (Nout and Rombouts
1990).

Recently, we showed (see Davey et al 1991 ; Pefialoza
et al 1991) that the on-line monitoring of the radio-
frequency electrical capacitance, using the Bugmeter®
dielectric spectrometer, was a suitable technique for
measuring biomass during the solid-substrate tempe
fermentation, and that such results were well correlated
with the amount of biomass as estimated from hyphal
length measurements. Moreover the capacitance meas-
urement allowed the differentiation between biomass and
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Fig 1. On-line capacitance, conductance and pH of quinoa
during the tempe fermentation using three strains of Rhizopus
oligosporus. Quinoa (Chenopodium quinoa Willd), sweet variety,
was prepared at a moisture content of 634 g kg™! and a pH of
6-4, and inoculated with R oligosporus Saito. Strains used were
NRRL 2710, UCW-FF8001 and UCW-FF8002 at an inoculum
density of 3-5 x 10° cfu g!. Capacitance and conductance were
monitored on-line with a Bugmeter at 0:30 MHz. pH was also
monitored. Incubation was at 31°C.

necromass. It thus became possible to effect a quan-
titative study of the tempe fermentation of quinoa, in
which the growth of the biomass was monitored on-line
and in real time via dielectric spectroscopy.

Quinoa (Chenopodium quinoa Willd) has been an
indigenous marginal crop in Ecuador and other Andean
countries. Recently it has attracted attention as a food
crop resource both inside and outside South America
(Risi and Galwey 1984 ; Carruthers 1986; Reichert et al
1986; Mizui et a/ 1990; Wahli 1990). Quinoa used as a
substrate for the tempe fermentation yields a good
quality tempe (Robalino and Pefialoza 1988; Pefialoza
1991). Moreover, quinoa is an ideal raw material in that
it is easier to prepare than soya beans and other
substrates previously investigated for tempe production
(Robinson and Kao 1977; Gandjar 1986; Paredes-Lopez
et al 1987; Nout and Rombouts 1990).

The aims of this study were to investigate the
physiological effects of fermentation variables and to
optimise a process for the production of quinoa tempe.
The influence of mould strain, inoculum density, pH,
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moisture and quinoa variety on mycelial biomass in the
tempe were studied, and the data are used to suggest an
optimal procedure for the production of quinoa tempe.

METHODS
Preparation of the substrate

Quinoa, scarified to remove saponins, was kindly
supplied by Latinreco SA (Quito, Ecuador). Its prep-
aration involved boiling in a sixfold volumetric excess of
tap water (100°C) for 12 min; the cooking water was
drained off and the quinoa was then superficially dried
until an overall moisture content (measured gravi-
metrically) of 600-650 g kg™ (except where stated other-
wise) was achieved. The prepared substrate, whose pH
was 6'5, was stored in a deep freeze at —18°C, and
thawed as required before each experiment.

Two quinoa varieties were studied : (1) piartal, or sweet
quinoa, which is an export crop, and (2) bitter quinoa
consisting of a mixture of Ecuadorean ecotypes. Sap-
onins were removed from both quinoas. Different
moisture contents were obtained by varying the drying
time of the cooked quinoa in a cabinet at 40°C.

A low-pH quinoa was also prepared by soaking the
grain at 25-30°C overnight in an excess of tap water
including 100 ml litre™ of a previous soak water. A
vigorous lactic fermentation resulted, and the drained
quinoa had a pH between 5-0 and 5-5.

R. oligosporus strains NRRL 2710, UCW-FF8001 and
UCW-FF8002 were used to prepare freeze dried inocula
(Wang et al 1975), which were added to the substrate at
inoculation densities varying from 3-5x 103 to 3-5x 10°
colony forming units per gram (cfu g™!). After mixing,
approximately 42 g of the inoculated quinoa was packed
in sterile, disposable petri dishes (diameter 87 cm and
depth 1-25cm). Five dishes were used per replicate
experiment. Incubation was at 31°C and at a relative
humidity of about 85 %.

Petri dishes were used as fermentation containers
following initial comparative studies on conventional
commercial methods based on perforated plastic bags,
covered trays, and perforated metal containers (Stein-
kraus 1983; Nout and Rombouts 1990). These studies
showed that there was a similar fermentation pattern in
all four systems. The advantage of the petri dish system
was felt to be its reproducibility and greater homogeneity
compared with the other three methods.

The monitoring of the fermentation of quinoa for
tempe was carried out using a computerised arrangement
described in detail elsewhere (see Davey et al 1991;
Peiialoza et al 1991). The theory behind this method of
monitoring biomass is also given in detail in a number of
publications (Harris et al 1987; Kell er al 1990; Markx
and Kell 1990; Markx et al 1991). The electrical
capacitance in picofarads (pF) and the conductance in
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milliSiemens (mS) were monitored at 0-30 MHz using a
probe containing four gold pin-type electrodes in an
insulating matrix, which was connected to a Bugmeter®
Biomass Monitor (Aber Instruments Ltd, Aberystwyth).
The probe was inserted into the substrate in such a way
that a constant depth of 10 mm was left between the
bottom of the disposable dish and the body of the probe.

The cell constant, as measured using 10 mM KCl, was
065 cm™. A pH electrode was inserted into an adjacent
plate. Probes were connected as appropriate to a digital
pH meter and a Bugmeter, and thence to a Blackstar
2308 analog-to-digital interface. Data were logged into
an Opus PC-II (XT-compatible) microcomputer. At the
start of incubation, the frequency of operation of the
Bugmeter was set at 0-30 MHz, the capacitance (pF) was
backed off to zero and the increments or delta ca-
pacitance (AC) were logged every 30 min, together with
the conductance (mS) and pH. At the end of the
incubation period, data were recovered and analysed
using a spreadsheet method (Davey et al 1990).

Samples were periodically removed from replicate
plates for off-line analysis of pH and moisture content.
Hyphal length and dry weight losses were also de-
termined by methods previously described (Davey ef a/
1991; Pefialoza et al 1991). Finally, the general char-
acteristics of fresh quinoa tempe were assessed by
subjective observations of appearance, degree of sporu-
lation, flavour and texture. The degree of sporulation
was assessed as the extent of grey to black zones of
sporangium production on the cake surface. In com-
mercial production, sporulated tempe is normally con-
sidered to be undesirable.

RESULTS AND DISCUSSION

Influence of Rhizopus oligosporus strains on
fermentation characteristics

All three strains gave a consistently good quality tempe.
Figure 1 shows typical fermentations for each of the
three strains studied, from which it may be inferred that
the largest changes in capacitance, conductance and pH
occurred in the fermentation using strain UCW-FF8001.
The extent of mycelial growth, as measured in terms of
the electrical capacitance, was correlated with the hyphal
length estimated for each individual strain of R oligo-
sporus, as shown in Fig 2. This confirms the usefulness of
the dielectric technique for biomass estimation in solid-
substrate fermentations. Associations could also be
found between changes in the capacitance, hyphal length,
moisture and dry weight loss of the quinoa. However,
each strain had different fermentation characteristics
(Figs 1 and 2).

Strain UCW-FF8002 sporulated less and late, a
phenomenon probably associated with the lower growth
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Fig 2. Changes in hyphal length, moisture content, dry weight
loss and capacitance during the growth of three isolates of
Rhizopus oligosporus on quinoa during the tempe fermentation.
Experimental conditions were exactly the same as described in
the legend to Fig 1. Capacitance data were read from the on-
line output given in Fig 1, but only at the times when replicate
samples were taken out for off-line analysis. Hyphal length
(km g™* of dry tempe) was multiplied by a factor for plotting
purposes, as follows: for strain UCW-FF8001 the factor is 6;
for both NRRL 2710 and UCW-FF8002 the factor is 3-8.
Moisture content (g kg™!) and dry weight reduction or loss (%)
were determined as described in the Methods section. Linear
regression analysis showed that capacitance (C, in pF) was
significantly associated with hyphal length (HL, in km g™' dry
tempe) for each strain of R oligosporus as follows:

NRRL 2710: C=4-5+198 HL r* =87% P = 0-021
UCW-FF8001: C=58+316 HL r*=89% P =0016
UCW-FF8002: C=24+199 HL r*=96% P = 0:004

Analysis of variance on the above relationships showed that the

regressions of capacitance on hyphal length for strains UCW-

FF8001 and UCW-FF8002 were significantly different from

each other at the level of P = 005. The other relationships

(between NRRL 2710 and UCW-FF8002, and UCW-FF8001
and NRRL 2710) were not significantly different.

rate (as observed in terms of both capacitance and
hyphal length changes) than strains UCW-FF8001 and
NRRL 2710. The latter caused the greatest fall in pH at
15h, an advantage in limiting contaminant bacterial
growth of the type often found in soya tempe (Tanaka
et al 1985; Nout er al 1987a,b, 1988 ; Samson et al 1987;
Mulyowidarso et al 1990).

Strain UCW-FF8002 had the lowest hyphal length
and dry weight reduction, ie 6-8 km g™ and 26:3%
respectively, after incubation at 31°C for 42 h. Strains
NRRL 2710 and UCW-FF8001 had similar hyphal
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Fig 3. Time courses of on-line capacitance, conductance and
pH during the quinoa tempe fermentation using different
inoculum densities. Quinoa (sweet variety) containing, after
preparation, a moisture content of 655 g kg~! and pH about 65
was inoculated with R oligosporus UCW-FF8001 at densities
(cfu g') shown and incubated at 31°C. The monitoring was
exactly the same as described in the legend to Fig 1.

lengths, about 11 km g~!, and dry weight loss, about
37 %, after incubation for the same period. However, the
higher capacitance exhibited by strain UCW-FF8001
compared with that of strain NRRL 2710 was not
reflected in a proportionately greater hyphal length. It is
reasonable to conclude that differences in the mycelial
morphologies (chiefly the extent of branching and the
hyphal diameter) may account for changes in the
capacitance : hyphal length ratio of different strains, since
the signal per unit biomass (biovolume) of the dielectric
technique depends on the radius of the sphere of
equivalent radius of the cells of interest (Harris er al
1987). Indeed just a small difference in hyphal diameter
will have a considerable impact on the surface area of the
plasma membrane of the R oligosporus hyphae.

Effect of inoculum density of the quinoa tempe
fermentation

The effect of the inoculum density of R oligosporus on the
changes in capacitance, conductance and pH in the
fermentation is shown in Fig 3. Accurate dosage of
inoculum and homogeneous mixing are usually con-
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sidered to be important in tempe production (Nout and
Rombouts 1990), but the effect of inoculum density on
the fermentation has not been precisely established. For
example Wang et al (1975) suggested an inoculation
density of I x10* viable counts g7 of cooked grain,
whereas Ko and Hesseltine (1979) reported that an
inoculum of 1 x 10°-1 x 10°® spores g™* of initial dry soya
bean gave successful results in pilot plant trials. Kidby et
al (1977) found that a satisfactory tempe could be made
from lupins using a wide range of inoculum levels, viz
1-8x 10% to 7-8x 10° spores g! of dry beans. In the
present experiments we studied inoculum densities in the
range of 3-5x 10% to 3-5x 10® cfu g1, and observed that
the inoculum size has a substantial effect on the progress
of the tempe fermentation of quinoa (Fig 3).

The onset of the fermentation, ie the rise of both
capacitance and conductance and the fall of pH (Fig 3)
is greatly shortened when the inoculum concentration
increases from 3-5x 10® to 3-5x 10° ¢fu g*. Thus, at an
inoculum density of 3-5x 10° cfu g™ the lag phase (¢,,,)
was only 10h, whereas at an inoculum density of
35 x 10® cfu g™* the lag phase was twice as long. Williams
and Wood (1986) studied the effect of inoculum size on
Aspergillus ochraceus and A flavus respectively. These
authors, using low-frequency impedimetric techniques,
also found that the detection time decreased as the
inoculum density increased.

The spore germination rate in fungi has been shown to
be dependent upon spore population density, and self-
inhibitors and self-stimulators of spore germination and
germ-tube extension have been described in several fungi
(Robinson 1978 ; Cotter 1981). As the concentration of
spores increases so will the concentration of factors
acting on spore germination, and the presence of a
germination-stimulating compound could be the cause of
the increased germination at the higher inoculum
densities. In contrast, Kidby er al (1977) concluded that
at 7-8 x 10° spores g”! dry beans, no lupin tempe was
produced due to self-inhibitory activity.

Whilst the lag phase was longer for the two lower
inoculum densities, the maximum specific growth rate
during the fermentation was actually greater (Fig 3).
However, the final fungal biomass, as measured by
capacitance after 40 h incubation at 31°C, was not
dissimilar (about 50-70 pF) at the different inoculum
densities (Fig 3), whilst the change in conductance was
virtually independent of inoculum density. Williams and
Wood (1986) also found that, after an incubation of
about 42 h, the impedance change elicited at different
inoculum densities was nearly the same using 4 ochraceus
and A4 flavus. This could mean that the mycelium of R
oligosporus is capable of achieving a similar volume
fraction at each of the inoculum densities. However, the
hyphal lengths attained seemed to be proportional to
inoculum size, especially in quinoa tempe incubated for
only 24 h (see Table 1). At this incubation time, with an
inoculum density of 3-5x 10 cfu g™' the growing my-
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TABLE 1

Effect of inoculum density of Rhizopus oligosporus UCW-FF8001 on several parameters of quinoa tempe fermentation

Inoculum Lag 24 h incubation 44 h incubation
density phase
(cfug™) h) C Hyphal Dry wt loss Moisture C Hyphal Dry wt loss Moisture
(pF) length (%) (gkg™) (pF) length () (gkeg™
(kmg™) (kmg™)

Sweet quinoa
3-5x10° 20 253 2:6 33 631 570 97 160 663
35x10* 16 42-5 36 56 640 682 12-3 233 682
35x10° 12 454 59 104 647 61-8 13-4 283 705
3-5x 108 10 400 10-6 144 665 526 15:0 29-2 707
Bitter quinoa
3-5x 108 21 10-2 2-8 88 694 274 95 344 764
3-5x10* 17 179 73 12-8 703 316 11-6 386 776
35 x 10° 10 16:0 91 187 704 209 143 362 757

Chenopodium quinoa varieties sweet (at a moisture content of 625 g kg™ and pH about 6-5), and bitter (at a moisture content of
655 g kg™ and pH 6-5) were inoculated with R oligosporus UCW-FF8001 at the densities shown. Other experimental conditions are
given in the legend to Fig 3. Data for capacitance (C) in picoFarads (pF) and the length of the lag phase were derived from on-line
capacitance courses. Hyphal length in km g of dry tempe, dry weight loss in % and moisture content in g kg™! were determined
off-line on samples of quinoa tempe incubated at 31°C for 24 and 44 h.

celium possessed only 2-6 km hyphal length per gram of
dry tempe (km g™!) which was significantly lower than
the 106 km g™' obtained at an inoculum density of
3-5x 108 cfu g! of prepared substrate. Similarly, the dry
weight loss of quinoa tempe increased from 3-3% to
144% of quinoa with this change in inoculum size
(Table 1).

One possibility to consider is that at high inoculum
densities oxygen becomes a strongly growth-controlling
factor and/or that there is at least an effect on hyphal
diameter. Gow (1989) showed the widening effect of
oxygen on hyphae grown in a gradient of limiting oxygen.
[t is reasonable to assume that, at a given incubation
time, there is more oxygen available with a low inoculum
density, and thus hyphae might be wider than those at
high inoculum densities where competition might stimu-
late the apical extension of hyphae at the expense of their
diameters. The diameter of hyphae at the different
inoculation densities was not measured in this investi-
gation, but could, as noted earlier, have influenced the
capacitance data.

The influence of inoculum concentration on the quality
of quinoa tempe was also noticeable, especially in terms
of sporulation, cake appearance and compactness. At an
inoculum concentration of 3-5 x 10 cfu g™* (and lower;
data not shown), quinoa seeds were covered only by
loose mycelium after 24 h incubation (the normal
harvesting time). However, at inoculum densities of
35x10%cfug? and higher, the tempe became in-
creasingly firm and of a very good eating quality. The
extent of sporulation of the tempe was proportional to
inoculum density. At the higher inoculum densities of

3-5x 10° and 3-5 x 108 cfu g™* sporulation increased from
the edges to the centre of the petri dish after 24 h.

In the day-to-day operation of a large-scale tempe
production system, the fermentation time is an important
issue and could be substantially reduced by the use of
high inoculum densities. Moreover the rapid drop of pH
in quinoa could be an additional advantage in creating
conditions unfavourable for bacterial growth. However,
the negative aspect of high inoculum density is the early
and heavy sporulation of the tempe, an important
marketing factor (Nout et al 1985).

The optimum inoculum density for the fermentation
of quinoa for tempe would thus seem to be around
3:5x 10* cfu g™, which coincides with the inoculum size
recognised as the most suitable elsewhere for tempe
made from other substrates (Wang et al 1975; Kidby et
al 1977; Ko and Hesseltine 1979; Nout and Rombouts
1990).

The effect of the initial pH on the quinoa tempe
fermentation

The influence of two initial pH values, 5-0 and 65, on the
tempe fermentation of quinoa with R oligosporus UCW-
FF8001 inoculated with 3-S5 x 10® c¢fu g™* is shown in Fig
4, The importance of the substrate pH prior to
inoculation with the tempe mould, as a means of
controlling bacterial spoilage of tempe, was advocated
by Steinkraus et al (1960). More recent investigations
(Ko and Hesseltine 1979; Tanaka et al 1985; Nout et a/
1985, 1987b, 1988; Samson et al 1987; Ashenafi and
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Fig 4. Effect of initial pH of quinoa on the changes in
capacitance, conductance and pH during the tempe fermen-
tation at a low inoculum density. Quinoa (sweet variety) at a
moisture content of about 650 g kg™ at pH 6'5 and at pH 50
(for preparation see Peiialoza 1991) were inoculated with R
oligosporus UFC-FF8001 at 3-5x 10 cfu g™!. Incubation and
monitoring were carried out as described in the legend to Fig 1.
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Fig 5. Changes in on-line capacitance, conductance and pH of

a quinoa tempe fermentation at different initial moisture

contents of the substrate. Sweet quinoa at an initial pH of ¢ S

(see legend to Fig 4), and at moisture contents M1 (608 g kg™!)

and M2 (647 g kg™"), were inoculated with R oligosporus UCW-

FF8001 at 3-5 x 10* cfu g~!. Incubation and monitoring were as
described in the legend to Fig 1.

Busse 1989, 1991; Mulyowidarso et al 1989, 1990) have
all confirmed these results.

The stimulation by the lower pH of spore germination
on sweet quinoa seems to be the most significant result in
the present work, where bacterial contamination was
neither sought nor found. In Fig 4 it may be observed
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that the lag phase is shortened by approximately 4 h, but
this difference becomes narrower and disappears by
approximately 27 h incubation, after which the ca-
pacitance of mature tempe prepared from quinoa at high
initial pH (6-5) is higher than that corresponding to an
initial pH of 5-0.

The greater increase in capacitance for quinoa at an
initial pH of 50 than at pH 65 was associated with
significantly different hyphal lengths after 24 h incuba-
tion, which were found to be 62 km g™* and 2-6 km g™,
respectively.

One of the advantages of using cereals as a substrate
for tempe is that, in contrast to soya (Steinkraus et al
1960) and other beans (Paredes-Lopez et al 1987, 1990),
the pH falls within 24 h to 57 in wheat (Wang and
Hesseltine 1966b), to 3-:04-0 in barley, oats, rye and
others (Steinkraus 1983 ; Blakeman er a/ 1988) and from
6'5 to approximately 5 in quinoa (see Fig 4).

The increase of the pH of soya bean tempe is due to
proteolysis (Steinkraus et al 1960; Paredes-Lopez et al
1987, 1989). In cereal tempe fermentations, however, the
formation of organic acids (and the consequent pH drop)
gives a slightly sour product, with a distinctive, yeasty,
fruit-like aroma (Steinkraus 1983), a feature also charac-
teristic of quinoa tempe (see Pefialoza 1991).

Effect of moisture content

In the commercial manufacture of tempe in Malang,
Indonesia, the time used for the superficial drying/
cooling of the beans varies from 1-45 to 7 h (Nout and
Rombouts 1990). In consequence the moisture content
of the soya beans is likely to vary widely; however, the
relationship between the initial moisture content and the
quality of tempe has not been precisely documented to
date. For example, Steinkraus et al (1960) stated that the
tempe mould would grow well only if the humidity
around the beans was maintained at ‘high level’, but
excess water allowed bacteria to develop, contributing
off-odours to the tempe. Other authors used an initial
moisture content of the substrate of around 453 g kg™ in
beans (Paredes-Lopez et al 1987), 650 g kg™ in a mixture
of cereals and pulses (Blakeman et a/ 1988), and
660 g kg™! in wheat (Wang and Hesseltine 1966b).

The initial moisture content of quinoa before in-
cubation, in the range between 600 and 650 g kg™?, had
no significant effect on either the changes in capacitance,
conductance and pH of sweet quinoa tempe (Fig 5) or on
hyphal length, dry weight losses and increase of moisture
content during the fermentation (sece Table 2). At 44 h
incubation, hyphal length was around 11 km g™! of dried
tempe, dry weight loss was 37 % and moisture content of
the tempe was about 700-740 g kg™!. For each parameter
the slight differences observed were not significant.
However, when the initial moisture content of quinoa
was increased from 608 to 670 g kg™?, the lag phase was
shortened by about 2h (see Fig 6). In quinoa at a
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TABLE 2
Characteristics of tempe prepared from quinoa (Chenopodium quinoa) at several initial moisture contents

Quinoa 24 h incubation 44 h incubation
moisture
(%) C Hyphal Dry wt loss Moisture C Hyphal Dry wt loss Moisture
(pF) length (%) (g kg™ (pF) length (%) (8kg™
(kmg™) (kmg™)
Sweet quinoa inoculated with UCW-FF8001 at 3:5x 10* ¢fu g™*
613 39-6° 83 142 48-5¢ 12-8 363 719
652 3867 92 162 51-6° 14-1 376 739
Bitter quinoa inoculated with UCW-FF8001 at 3-5x 10% cfu g™!
60-8 76 — — 364 73 246 665
670 181 73 12-8 307 — 386 775
Bitter quinoa inoculated with UCW-FF8002 at 3-5x 10* cfu g™!
626 150 67 102 324 12:3 396 735
471 9-5¢ 27 88 1212 55 16:8 529

The experimental conditions were exactly the same as described in the legend to Figs 5 and 6. Other parameters are as described in

the legend to Table 1.
—, Data not available.
¢ Capacitance measured off-line at 0-30 MHz.
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Fig 6. Monitoring of quinoa tempe fermentation at two initial

moisture contents. Bitter quinoa at an initial pH of 6-5 and at

moisture contents 608 g kg™! (M1) and 670 g kg~! (M2) were in-

oculated with R oligosporus UCW-FF8001 at 3-5x 10? cfu g™*.

Incubation and monitoring were carried out as described
in the legend to Fig 1.

moisture level of 670 g kg™, although there is an early
start to the fermentation, the capacitance of over-
fermented tempe is lower than that of tempe which was
at an initial moisture content of 608 g kg™* (see Fig 6).
The lowest hyphal length (2:7km g™ of dry tempe)
corresponds to the lowest moisture content tested
(471 gkg™") and also correlates with the lowest dry
weight loss (16'8 %) and increase of moisture content
(6 %) at the end of 44 h incubation at 31°C (see Table 2).
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The sporulation of quinoa tempe was clearly affected
by the initial moisture content. At initial moisture levels
of 650 g kg™ and above, sporulation of tempe at 24 h
was nil and very light at 44 h incubation. Conversely, at
moisture levels lower than 610 g kg™!, sporulation was
noticeable at 20 h incubation, at 24 h it caused a grey
ring of 5 mm thickness at the edge of the plates and also
a slight internal sporulation (sporangia developed inside
the tempe cake, ie between quinoa seeds), and at 44 h
sporulation was so heavy that, in some cases (such as
471 g kg™ moisture content), a grey to black tempe was
obtained.

The taste, smell and appearance of tempe from
quinoa at initial moisture contents of 610 and 650 g kg™!
were similar. However, an initial moisture content of
471 g kg™! produced a very fragile cake. Conversely a
watery tempe was obtained with quinoa at 670 g kg™
moisture content.

Thus the ideal moisture content of quinoa prior to
inoculation appears to be around 620 g kg™!. Although
mycelial growth does occur over a wide range of initial
moisture content of quinoa (at least from 470 to
670 g kg™"), the appearance of tempe is substantially
affected. Sporulation was the major inconvenience at
initial moisture contents lower than 610 g kg™!, and, on
the contrary, a watery tempe was obtained when using
quinoa with moisture contents above 640 g kg™’.

Effect of quinoa variety

The differences between bitter and sweet quinoa fermen-
tations (see Fig 7) were not surprising. Hesseltine et a/
(1967) also noted that the mycelium varied between
cereal varieties. The chemical composition of the two
JFA S9



234

-
=3

CAPACITANCE

g 8 8 8

CAPACITANCE (pF)

6 o BITTER ~~u.

SWEET

N /
CONDUCTANCE
N ﬁ

5 15 20 2 3 35 40 45
FERMENTATION TIME (bours)

CONDUCTANCE {10*mS) & pH
W
Il

Fig 7. Changes of capacitance, conductance and pH of two

varieties of quinoa during the tempe fermentation. Quinoa

varieties sweet and bitter, both at a moisture content of about

640 g kg 'and a pH of 6-5, were used in the tempe fermentation.

Other conditions were exactly as described in the legend to
Fig §.

quinoas (Koziol 1990) was similar and unlikely to
account for the lower capacitance in tempe from bitter
quinoa. Such differences might be due to the sub-
strate-mould interaction in the system, eg hyphal
penetration might be different in the two quinoas.
However, it is also plausible that the lower capacitance
attained in the bitter quinoa fermentation may be related
to the loss of important nutrients during the preparation
of the substrate, since Pefialoza et a/ (1991) could relate
the poor mycelial quality in a bitter lupin tempe
fermentation to the loss of K* during the lengthy
preparation phase necessary for this substrate.

CONCLUSIONS

The study reported here has confirmed the usefulness of
on-line measurements of the radio-frequency electrical
capacitance for determining the mycelial biomass in the
solid-substrate tempe fermentation. It has also proved
possible to use this as an effective and convenient method
for defining the best conditions in which quinoa may be
used as a substrate for the tempe fermentation. By using
the petri dish as a model system it transpired that the
optimal combination of strain and fermentation con-
dition was an initial moisture content of some 620 g kg™*,
an initial pH of 64, and an inoculum of 3 x 10* cfu of
strain UCW-FF8001 g ! substrate. We conclude that it is
very probable that these parameters also apply to other
fermentation systems with a similar quinoa cake thick-
ness in which the conditions are controlled in a similar
way. Commercial tempe production from quinoa does

W Peraloza, C L Davey, J N Hedger, D B Kell

not yet exist, but we believe that the results presented
here will provide the stimulus for such a development.
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