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Rhizopus oligosporus biomass,
sporangiospore yield and viability
as in£uenced by harvesting age

and processing conditions

N.V.Thanh andM. J. R. Nout*

The objective of tempe starter preparation is to obtain themaximumviable sporangiospores that can be
stored in dry conditions without signi¢cant loss of viability. The aim of this research was to establish
relationships between spore-harvesting age, their numbers, yield, viability and survival of processing
and storage conditions.Within 6 days of incubation on cooked rice substrate, about 8%w/wof fungal
biomass was formed, containing 6?3�109 spores per gram. Of these spores, only 5^6% were viable.
The remaining spores did not show damage to cytoplasmic membranes, and were probably dormant.
Of the processing conditions, mild oven-drying had little negative e¡ect on viability, unlike pulveriza-
tion which caused mechanical damage and loss of viability. The age of spores at harvest in£uences
their storage stability.This is evidenced by spores harvested after 3 days su¡ering bigger losses during
2 and 3 months storage compared to spores harvested after 4 or 5 days. # 2002 Elsevier Science Ltd.
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Introduction

Tempe (also spelled tempeh) is a mould-fermen-
ted soybean product originating from Indone-
sia (Ko and Hesseltine 1979, Usmani and
Noorani 1986, Nout and Rombouts 1990). Be-
cause of its excellent nutritional properties
and its agreeable taste, it is gaining increasing
popularity in other regions. Whereas much
tempe is still made using the traditional
mixed-strain fungal cultures on plant leaves
(Nout et al. 1992), the use of de¢ned tempe star-
ter cultures has the advantage of selectinghigh
quality strains. Several studies on the prepa-
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ration of tempe starter cultures have been
reported previously (Hesseltine et al. 1976, Lo-
tong and Suwanarit 1983, Shambuyi et al. 1992).
Steinkraus et al. (1965) reported the preserva-
tion of freeze-dried fermented soybeans for
use as inoculum. Rusmin and Ko (1974) devel-
oped the inoculum by growing Rhizopus oligos-
porus on cooked rice. The mass production of
spores using rice, pearled wheatbran and
cracked soybean, and preservation of the
spores after freeze-drying and grinding of the
fermented mass was also reported (Wang et al.
1975).The rice inoculum produced more spores
and had a longer shelf-life (4 months at 25^
301C) than spores grown on tapioca waste, or
on mixtures of tapiocawaste and soybean £our
as reported by Tanuwidjaja and Roestamsjah
(1985). Rice-based starters were reported to
yield tempe of higher acceptability; however,
r 2002 Elsevier Science Ltd.
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they had a shorter shelf-life (2?5 months) com-
pared to soya bean-based starters (7 months)
as reported byTuncF el et al. (1989).
This study was designed to evaluate the ef-

fect of processing conditions such as incuba-
tion period, dehydration and pulverization on
biomass formation and its spore-forming pro-
ductivity, and the viability of the resulting
rice-based tempe starter culture.

Materials and Methods

Culture

Rhizopus oligosporus LU 575 (NRRL 5905) was
grown and maintained on malt extract agar
(MEA, Oxoid CM 59) slants. Incubation was at
301C for 1week and storage was at 51C.

Preparation of inoculum for the starter
culture

Spores from the slants mentioned above were
inoculated onto the surface of MEA in 90-mm
Petri dishes and incubated at 301C for 1 week.
Spores ofR. oligosporuswere harvested by add-
ing 10ml of sterile distilled water containing
0?1% (v/v) Tween 80 on to the surface of the cul-
ture and gently rubbing with a sterile bent
glass rod. The spore suspension was removed
from the culture and the £ooding procedure
was repeated twice. Pooled suspension was di-
luted with sterile water to give approximately
105 spores perml.This suspension (‘A’) was used
as inoculum for substrate used to prepare
tempe starter culture.

Procedure for making tempe starter

Solid state fermentation of polished broken
rice was used to prepare the tempe starter cul-
ture. In each 1000-ml Roux bottle, 50 g of rice
and distilled water (0?6 g per gram of dry sub-
strate) were mixed and allowed to stand at
room temperature for 1hwith frequent shaking.
The cotton-pluggedRoux bottles were steam-

sterilized for 20min at 1211C.The bottles were
taken from the autoclave and shaken until the
rice broke loose, or the rice was brokenup with
a spatula aseptically. The sterilized rice was
allowed to cool to room temperature.
To add a nitrogen source and adjust the pH

to 4, volumes of 1?5ml of sterilized ammonium
sulphate 1?5 M solution (0?0067 g (NH4)2SO4 per
gram of dry substrate) and 1ml of sterilized
H2SO4 0?5 M solution were added to the steri-
lized rice.
Each batch of sterilized rice (50 g) was inocu-

lated and thoroughly mixed with 0?4ml of
R. oligosporus spore suspension ‘A’ (about 1250
spores per gram of dry substrate). The number
of spores per gram of dry substrate was chosen
on the basis of previous trials. The inoculated
substrate was spread in 0?5-cm layers in the
Roux bottles, which had sterile cotton plugs
covered with aluminum foil perforated by
puncturing.
The inoculated rice was incubated at 401C

for 2 h, followed at 301C, for 2^6 days, during
which time the rice was coveredwith mycelium
and black spores. Cultures were harvested
after 2, 3, 4, 5 and 6 days of incubation to deter-
mine the e¡ect of harvesting age on biomass,
spore yield and viability.

Drying and grinding

The mouldy mass was broken up and trans-
ferred into sterile Petri dishes.The entire mass
of substrate, mycelium and spores was dried at
a mild temperature of 421C for 48 h using a
forced-air oven.
The dried material was then ground in a dis-

infected sample grinder (Fritsch, type Pulveri-
sette 14, Germany with a 1?0 -mm screen
treated with ethanol 70%) at high speed for a
short time to obtain a ¢ne powder, and this
was stored in air at 40% relative humidity for
1day.The samples were analysed in triplicate.

Spore yield

Microscopic counts were made at harvest (2, 3,
4, 5 and 6 days after inoculation) and after dry-
ing and grinding. One gram of the sample was
placed in 99ml of sterile distilled water con-
taining 0?1% (v/v) Tween 80. The extraction of
spores was carried out by vigorous agitation.
The spore suspensions were diluted as appro-
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priate and counted using a Bˇrker^Tˇrk
counting chamber.

Viability

Viable spores were determined as colony form-
ing units by surface-plating triplicate 0?1-ml
aliquots on Rose Bengal chloramphenicol agar
base (RBCC; Oxoid CM 549) with addition of
0?2 gl�1 Rose Bengal (Fluka AG, Switzerland)
and on malt extract agar (MEA; Oxoid, CM
59). After incubation at 371C and 301C, respec-
tively, for 1^2 days, colonies were counted.

Fluorescent markers

The R. oligosporus spore suspensions were
washed twice by centrifugation in an Eppen-
dorf centrifuge in phosphate bu¡er (K2HPO4
50mM adjusted to pH 4?0 with citric acid
50 mM). Subsequently, the suspensions were
incubated for 20min in the presence of 5-
(and 6 -)carboxy£uorescein diacetate (Molecu-
lar Probes Europe, Leiden, The Netherlands),
10mgml�1 acetone (cFDA 0?22mM) or propi-
dium iodide (Sigma Chemical Co, St. Louis,
USA) (PI 1?5mM) at 401C. They were then put
on ice and counted in a Bˇrker^Tˇrk counting
chamber using £uorescence microscopy, using
an Axioskop epi£uorescence microscope
equipped with a 50-W mercury arc lamp, a
£uorescein isothiocyanate ¢lter set (excitation
wavelength 450^490 nm; emission wavelength
4520 nm), a �100 1?3 numerical aperture
Plan-Neo£uar objective lens, and a camera
(Carl Zeiss, Oberkochen, Germany).

Fungal biomass

Biomass of the mould was determined by enzy-
matic digestion of the mouldy rice substrate
and weighing of the undissolved residue using
sterile cooked rice and puri¢ed mycelium as
controls. The digestion protocol was described
earlier by Kiers et al. (2000); speci¢cally, step 1
of their in vitro digestion method was used, in-
volving subsequent incubation with arti¢cial
saliva for 30min, with arti¢cial gastric juice
at pH 4?0 for 60min, and with pancreatic solu-
tion at pH 6?0 for 30min, all at 371C.
The estimated weight of mould biomass in
moulded rice was calculated as

M ¼ ðR0 � R1Þ=Rm

in which M=biomass of the mould in the
moulded rice; R0 = residue of moulded rice
after enzymatic digestion; R1 = residue of con-
trol cooked rice after enzymatic digestion; and
Rm = residue of pure mycelium grown on MEA
(dried and ground), after enzymatic digestion.
The accuracy of the biomass estimation is

90^95%.

Statistical analysis

Experiments were in duplicate, analyses in tri-
plicate. The results were reported as means of
triplicates with standard deviation using the
unrelated t-test to test signi¢cance of di¡er-
ences.

Results and Discussion

E¡ect of harvesting age on biomass, number
and viability of sporangiospores of
R. oligosporus

Table 1 summarizes biomass content of the
moulded rice, and the number and viability of
spores harvested after 2^6 days of incubation.
A comparison is made of freshly harvested
and processed spores. During the ¢rst day of
incubation, the inoculated spores germinated
and the subsequent growth covered the rice
lumps with a white, woolly mycelial layer. On
the second day the colour turned to light grey
due to the formation of sporangia. During the
following days more sporangia were formed
and the colour of the mass changed to dark
grey. From day 5 the mass began to change to
a brownish colour.
A gradual increase of biomass was observed

until 5 days, when a maximum was reached.
This was followed by a decrease that coincided
with the development of abrownish colour, both
of which maybe due to nutrient depletion. After
2 days of cultivation the majority of microscopi-
cally visible sporangiospores had been formed,
but it took up to 4 days of cultivation to achieve
the highest level of viability of the spores.
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It should be noted that rather low levels of
viability (6% of the total number of spores)
were obtained.This appears signi¢cantly lower
than the viability of 69% reported by Rusmin
and Ko (1974). However, their absolute number
of germinating spores was of a similar order of
magnitude, and they quanti¢ed germinating
spores microscopically. Other discrepancies
may arise from sensitivity to processing (dry-
ing and pulverizing) as well as aggregation
causing single colonies from multiple spores.
It appeared that the older the spores har-
vested, the less resistant they were to proces-
sing. After 5 days or longer, the yield of viable
processed spores decreased considerably.

E¡ect of drying and pulverization on
viability of sporangiospores

Table 2 summarizes the e¡ect of drying and
pulverization on the viability of sporangio-
Table 1. E¡ect of harvesting age on biomass, numb

Incubation
(days)

Biomass1
(w/w)

Harvested2

Visible spores
(microscopic)
Log Ng�1
dry weight

Viable spores
(RBCC)
Log cfu g�1
dry weight

2 5?76 (0?06)a 9?13 (0?10)a 7?54 (0?02)a
3 6?79 (0?32)a 9?63 (0?08)b 8?12 (0?06)b
4 7?71 (0?30)b 9?65 (0?03)b 8?43 (0?07)c
5 8?17 (0?08)b 9?72 (0?12)bc 8?39 (0?04)c
6 8?11 (0?24)b 9?80 (0?07)c 8?39 (0?02)c

Values are mean(s.d.) of triplicates.
1Biomass dry weight % in moulded rice.
2Analysed immediately after harvest.
3Analysed after 24 h equilibration period at 211C.
In each column, the data denoted with the same letter
lated t-test).

Table 2. E¡ect of drying and pulverization on viab
vested after 4 days

Visible spores
Log Ng�1
dry weight

Viable spores (RBCC
Log cfu g�1 dry weig

Harvested 9?47(0?03)a 8?29(0?04)a
Dried 9?45(0?02)a 8?13(0?08)b
Pulverized 9?04(0?04)b 7?43(0?02)c

Values are mean(s.d.) of triplicates.
In each column, the data denoted with the same lette
related t-test).
spores of R. oligosporus harvested after 4 days.
As this experiment was carried out separately
at a later stage, corresponding values di¡er
slightly from those inTable 1.
It was observed that, of the processing steps,

drying caused only a slight reduction to 69% of
the freshly harvested spores. Rusmin and Ko
(1974) reported that, at the time the spores were
prepared, the germination percentagewas 69%
in inoculum pieces. The present result is in
agreement with these studies of semi-pure star-
ter culture using a rice substrate. On the other
hand, pulverizing caused a higher reduction of
the number of visible sporangiospores. The
same trendwas seenwhen looking at the viable
spores (RBCC).
Fluorescence with cFDA indicates esterase

activity within the spores. This £uorescent
marker has been used in several yeasts and
other micro-organisms as an indicator for me-
tabolic activity. Breeuwer et al. (1997) reported
er and viability of sporangiospores of R. oligosporus

Dried, pulverized3

Viability
of visible
spores (%)

Visible spores
(microscopic)
Log Ng�1
dry weight

Viable spores
(RBCC)
Log cfu g�1
dry weight

Viability
of visible
spores (%)

2?8 8?77 (0?06)a 6?40 (0?09)a 4?3
3?0 9?09 (0?15)b 7?74 (0?11)bc 4?4
6?0 9?24 (0?02)bc 7?86 (0?09)b 4?2
4?6 9?35 (0?10)c 7?81 (0?04)b 2?8
4?0 9?49 (0?24)c 7?71 (0?03)c 1?7

are not signi¢cantly di¡erent (P� 5%, one tail unre-

ility of sporangiospores of Rhizopus oligosporus har-

)
ht

Fluorescent spores
(cFDA) Log Ng�1
dry weight

Fluorescent spores (PI)
Log Ng�1
dry weight

8?35(0?03)a 7?54(0?09)a
8?18(0?02)b 7?24(0?07)b
7?33(0?09)c 7?33(0?06)b

r are not signi¢cantly di¡erent (P� 5%, one tail un-
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that the viability of R. oligosporus sporangios-
pores could be assessed by £uorescence techni-
ques (cFDA), and that the £uorescence inten-
sity of the spores could be used as an indication
of metabolic (enzymatic) activity. Spores which
are not £uorescent did not germinate. The
results reported here are in general agreement
with those of Breeuwer et al. (1997). In the
present study, it appears that the loss of viabili-
ty measured on RBCC is very well correlated
with the same trend in £uorescence with
cFDA. However, not all £uorescent spores
formed colonies.We assume that colonies were
formed by those spores emitting stronger £uor-
escence intensity.
The £uorescence marker PI can enter cells in

which the cytoplasmic membranes have been
damaged. This can be useful as a marker for
dead cells. The strong decrease of cFDA value
was accompanied byan increase of dead spores
as observed with PI.This con¢rms that drying
and particularly pulverizing are important
causes of decreasing viability of spores. In the
present study, the number of spores that give a
£uorescent reaction with PI is quite low, which
Table 3. E¡ect of harvesting age and storage con
oligosporus (dried and pulverized)

Harvest
age
(days)

Storage
period
(months)

Storage temperature of 51C

Viable spores
(RBCC)

Viable spores
(MEA)

Fluo
spores

Log cfu g�1
dry weight

Log cfu g�1
dry weight

Log
dry

3 01 7?74(0?11)a nd
1 6?82(0?02)b nd
2 6?77(0?03)c 7?4 7
3 6?59(0?04)d 6?8 7

4 01 7?86(0?09)e nd
1 7?40(0?07)f nd
2 7?39(0?07)f 7?7 7
3 7?10(0?02)g 7?0 7

5 01 7?81(0?04)h nd
1 7?28(0?02)i nd
2 7?23(0?02)j 7?5
3 7?03(0?02)k 7?2 7

Values are mean(s.d.) of triplicates.
nd, not determined.
1Moisture content of the stored samples wasE7?5%.
In each column, the data denoted with the same let
unrelated t-test).
would indicate that loss of membrane integrity
is not the primary reason for the low level of
viability of the sporangiospores. Alternatively,
it could be that PI is not an appropriate marker
for R. oligosporus and that other £uorescent
markers for membrane integrity give higher
values.This should be tested in future.
In conclusion, it is likely that the majority of

sporangiospores tested are in a state of dor-
mancy, having intact membranes but lacking
enzyme activity.

E¡ect of harvesting age and storage
conditions on viability

Table 3 shows the e¡ects of harvesting age and
storage conditions on viability of processed
(dried and pulverized) sporangiospores of R.
oligosporus.
On the whole, the storage experiment

showed that spores retained their viability
slightly better at 301C than at 51C. Spores har-
vested after 3 days lost more of their viability
during storage, whereas there was no di¡er-
ence between days 4 and 5. After 2 and 3
ditions on viability of sporangiospores of Rhizopus

Storage temperature of 301C

rescent
(cFDA)

Viable spores
(RBCC)

Viable spores
(MEA)

Fluorescent
spores (cFDA)

Ng�1
weight

Log cfu g�1
dry weight

Log cfu g�1
dry weight

Log Ng�1
dry weight

nd 7?74(0?11)a nd nd
nd 6?87 (0?03)b nd nd
?5 6?80(0?06)b 7?2 7?4
?2 6?81(0?08)b 6?7 7?2

nd 7?86(0?09)c nd nd
nd 7?31(0?07)d nd nd
?6 7?26(0?04)d 7?5 7?7
?3 7?23(0?03)d 7?3 7?4

nd 7?81(0?04)e nd nd
nd 7?29(0?06)f nd nd
7?4 7?26(0?05)f 7?6 7?4
?2 7?10(0?08)g 7?2 7?4

ter are not signi¢cantly di¡erent (P�5%, one tail
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months of storage, veri¢cations using MEA
and cFDA showed that, on a less speci¢c med-
ium such asMEA, the same order of magnitude
of viability was observed. Likewise, spore £uor-
escence was maintained after 3 months of sto-
rage. Storage was also carried out under
nitrogen. This gave very similar results (data
not shown).
In conclusion, the following general remarks

can be made: ¢rst, there is an age e¡ect, which
is re£ected in a maximum of viability of spores
and a di¡erent resistance to processing condi-
tions; second, drying at mild temperatures,
such as those used in this study, gives very little
loss of viability; third, on the other hand, pul-
verization can give rise to considerable losses,
so this is a step that can and must be optimized
for practical applications; fourth, the majority
of spores were in a‘dormant’stage and it will be
of interest to study the nature of this dor-
mancy; ¢fth, cFDA £uorescence gives a very
good correlation with culturing viability.
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