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Fifteen Rhizopus oligosporus isolates were isolated from a number of tempeh samples obtained from Mataram,
Jember, and Bogor, Indonesia; and subjected for characterization based on phenotypic, metabolic, and genetic
fingerprinting through internal transcribed spacer (ITS) regions and amplified fragment length polymorphism
(AFLP). Based on the growth on solid medium, they can be divided into three groups. Firstly, isolates that
produced thick mycelia, dumpy sporangiophore, and scarce spores in agar culture, the second group is isolates
that produced thin mycelia, stretched sporangiophore, with abundant spores in agar culture. The third group that
only comprises one isolate, FB-06, is morphologically intermediate of the first and the second groups. These
characters correlated with their range of temperature tolerance. The first group is less tolerant to high temperature
(45 °C) compared with the second group, and the third group is the most tolerant to temperature up to 45 °C.
Metabolic fingerprinting showed a very high polymorphism. In general, the result may explain a correlation in
which isolates obtained from the same locations shared similar patterns. There is no correlation found between
metabolic fingerprints and their phenotypic fingerprints. Rhizopus oligosporus readily dominated the niche and
utilized nearly all carbon sources given demonstrate the versatile nature of this fungus. ITS regions identification
revealed single nucleotide polymorphisms in four representative isolates examined, whereas AFLP fingerprinting
determined each of representative isolates as individually unique. Furthermore, this AFLP profile seemed to

agree with their phenotypic characters.
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Tempeh is an Indonesian traditional daily food made of
solid-state fermentation of soybean employing foodborne
fungus Rhizopus oligosporus. This fungus has undergone
a very long employment in that indigenous or traditional
“biotechnology” practices in Indonesia. Therefore, it would
be of importance to elucidate its biodiversity. However, little
has this fungus been studied for its microbiological nature
in Indonesia. Tempeh is usually made in farms, in such plain
conditions that even the farmers do not have any knowledge
regarding the microbiological aspects.

Strain characterization is a preliminary and essential effort
in industrial microbiology that can lead to strain improvement
and development since the hallmark of such purposes is
economic (Crueger and Crueger 1984). Besides of tempeh, R.
oligoporus has also been used for fermentation of some
agricultural by-product to produce nutritionally-improved
feed. One may customize strains in such rational manner
that fits industrial efficiency since wild strains do not perform
well in facilitating the economical aspects of industrial
microbiology.

The objectives of this research were to elucidate some
biological properties and the biodiversity in terms of
morphology, physiology, and genetic polymorphisms of
several Rhizopus oligosporus isolates from Indonesia.

MATERIALS AND METHODS

Culture and Microorganisms. Fourteen Rhizopus
oligosporus isolates were isolated from several tempeh
samples that were collected from several locations in Bogor,
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Jember, and Mataram, and one isolate was isolated from
commercial inoculum from Lembaga Ilmu Pengetahuan
Indonesia (LIPI), Bandung (Table 1). All isolates were grown
in potato dextrose agar at 32 °C for a week and maintained in
malt extract agar. One-week-old cultures on malt extract agar
were used for morphology, culture, and metabolic
fingerprinting examinations.

DNA Isolation. For total DNA isolation, spores
suspensions were inoculated into potato sucrose broth and
incubated for 3 days at 32 °C in an orbital shaker (175 rpm).
Mycelia were collected by passing them through sieves and
air-dried. Approximately 0.2 g of dried mycelia was ground in
mortar using liquid nitrogen. One ml extraction buffer (50
mM Tris-HCI1 pH 8.0, 125 mM EDTA pH 8.0, 50 mM NacCl,
0.1% (v/v) mercaptoethanol, and 2% (w/v) sodium N-lauryl
sarcosinate) was poured into mycelia mats (ground mycelia)

Table 1 List of isolates with their origins based on morphology
and culture type

Isolate

Origin
name

FB-1 Mataram, Nusa Tenggara Barat

FB-2 Monjok, Mataram, Nusa Tenggara Barat

FB-3 Abian Tubun, Mataram, Nusa Tenggara Barat

FB-4 Lembaga Ilmu Pengetahuan Indonesia, Bandung, West Java
FB-5 Taman Baru, Mataram, Nusa Tenggara Barat

FB-6 Jember, East Java

FB-7 Jember, East Java

FB-8 Kekalik, Mataram, Nusa Tenggara Barat

FB-18  Warung Jambu, Bogor, West Java
FB-19  Warung jambu, Bogor, West Java
FB-20  Darmaga, Bogor, West Java
FB-21  Empang, Bogor, West Java
FB-22  Guga Sari, Bogor, West Java
FB-23  Malabar, Bogor, West Java
FB-24  Ciluer, Bogor, West Java
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and gently ground for the second time until a slurry mat
formed. The suspensions were transferred into 1.5-ml tubes
and leaved at bench for 30 minutes. DNA was separated by
consecutive extraction using 0.5-volume Tris-saturated
phenol and followed by 0.5-volume chloroform. The aqueous
phase was transferred into a new tube and extracted for the
second time using 0.5-volume chloroform. DNA was
precipitated with cold isopropanol and sodium acetate
followed by cold ethanol wash and stored in Tris-EDTA
buffer pH 8.0 at 4 °C.

Morphology and Culture Fingerprinting. All isolates
were grown in malt extract agar for a week at 32 °C in the dark.
Morphology observation was performed using light
microscopy. The key characteristics examined were
sporangiophore, sporangium, sporangiospore, and colony
appearance on plates. As a guideline for morphology
examination, an atlas for Rhizopus identification was used
(Liou et al. 1990). Culture growth characteristics in different
temperatures were also observed by growing the isolates in
an agar-solidified media of certain feed formulation at 32, 45,
and 50 °C.

Metabolic Fingerprinting. Metabolic fingerprinting is
based on utilization of an array of certain specific carbon
sources resulting in formation of unique pattern of reactions.
Reaction and analysis were done using Biolog, Microlog™
System, Release 4.2 (Hayward, CA, USA). Spores from a week
malt-extract-grown cultures were collected and spore density
was adjusted to 75%T. Spore suspensions were inoculated
into 96-wells Biolog Microplate™ and incubated for 7 days
at 32 °C. Plates were read in Biolog Reader Machine and
analysed with Microlog™ software.

Internal Transcribed Spacer Regions Identification. The
resulting DNA was used as a template to amplify the
ribosomal DNA ITS regions. The ITS primers used were ITS4
(5’-TCCTCCgCTTATTgATATgC-3") and ITSS5 (5°-
2gAAgTAAAAgTCgTAACAAgg-3’) (Abe et al. 2003)
(Figure 1). DNA was amplified using 1 x PCR buffer, 0.1 ml
Taq Polymerase (New England Biolabs, USA), and 100 pmol
of each ITS4 and ITS5 primers. The PCR reaction was carried
out for 35 cycles of denaturation at 95 °C for 1 minute,
annealing at 50 °C for 1 minute, and extension at 72 °C for one
minute using an Applied Biosystem 2400 machine. The PCR-
amplified fragments were purified with MoBio PCR DNA
Purification Kit and sequenced in an ABI Prism 3100 Avant
Genetic Analyzer.

Amplified Fragment Length Polymorphism.
Approximately 300 ng of DNA was subjected for
endonuclease II digestion using EcoRI and Msel. The
resulting fragments were ligated after the addition of adapters
in the EcoRI and Msel restriction sites. Pre-amplification was
performed with one-base-extended primers for each adapted
sites of EcoRI and Msel (EcoRI+1 primer: 5-GAC TGC GTA
CCAATT CA-3"and Msel+1 primer: 5'-GAT GAG TCC TGA

ITSS
—
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ITS1
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GTA AC-3"). Atouch-down PCR was performed to selectively
amplify the resulting pre-PCR products. The primers used
were a TGA-base extended of Msel+1 primer and one-base-
extended of EcoRI primer (see pre-amplification EcoRI primer
sequence). PCR was carried out for 20 cycles of 15 seconds
denaturation at 94 °C, annealing at 66 °C for 15 seconds, with
the temperature for each subsequent cycle was lowered by
0.5 °C, and extension at 72 °C for one minute. Cycling was
continued for 30 cycles at an annealing temperature of 56 °C.
After completion of the cycles, an additional incubation for
10 minutes at 72 °C was performed before the reaction mixture
was cooled down. A 100-fold dilution of the resulting PCR
products were sequenced in an ABI Prism 3100 Avant Genetic
Analyzer, and analysed with Genotyper 3.7 and GeneScan
3.7 softwares.

RESULTS

Morphologically, the isolates can be clearly divided into
three groups in accordance to their growth ability in different
temperatures. Isolates possessing thin mycelia, dark
sporangium, elongated sporangiophore, and abounding
spores, were able to grow at 45 °C. In contrast, isolates with
thick mycelia, brighter or light sporangium, dumpy
sporangiophore, and scarce spores, grew poorly at 45 °C.
The third group, which possesses intermediate morphology
and culture features between the first and the second groups,
belongs to only one isolate, FB-06. Interestingly, the isolate
was the most tolerant to temperature of 45 °C. None of the
isolates was able to grow at 50 °C. Figure 2 represents
sporangium colour of FB-01 and FB-06 isolates.

Individual metabolic fingerprinting showed a very high
polymorphism (Table 2). Even though, a specific pattern
seemed to correlate with the origin of the isolates. Isolates
from Bogor, Jember, and Mataram showed a distinct pattern,
but isolates from the same locations shared a similar pattern.
However, among all isolates, only FB-01, FB-02, FB-03, FB-
04, and FB-05 were identified as Rhizopus oligosporus Saito,
and the remaining isolates did not indicate the characteristics
of any Rhizopus species. This result revealed a high variance
in the physiological properties of R. oligosporus.

Community fingerprinting analyses indicated that almost
all carbon sources were completely utilized in a fermented
materials whether the raw materials were sterilized or not
(Table 3). However, some carbon sources were not utilized in
sterilized materials, while they were utilized in unsterilized
materials. Although the pattern was considerably different
in both raw materials, major changes appeared during
fermentation resulting in quite similar pattern.

The ITS regions identification found single nucleotide
polymorphisms in the ITS regions of ribosomal DNA. Figure
3 shows the result of multiple alignment of PCR products of
ITS regions of four representative isolates. In the isolate

ITS4

ITS2

5.8SS 26S

Figure 1 Representation of the ribosomal DNA (rDNA) and internal transcribed spacers (ITS) regions. Sites of ITS4 and ITSS primers are

indicated with arrows.
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Figure 2 Sporangium colour of Rhizopus oligosporus isolates FB-01 and FB-06. Sporangium of FB-01 is brownish, whereas sporangium of
FB-06 is blackish.

Table 2 Metabolic fingerprint of several Indonesian Rhizopus oligosporus isolates

Rhizopus isolate
FB-01 FB-04 FB-02 FB-03 FB-07 FB-05 FB-08 FB-06 FB-18 FB-19 FB-20 FB-21 FB-22 FB-23 FB-24

Carbon source

water
a-cyclodextrin

a-D-glucose-1-phosphate _— = mm mm mm e e e o o e = o= o= o
D-mannitol — — — — — — — — — — — — — —
D-ribose — — — — — — — — — — — — — — —
g-amynobutyric acid — — — — — — — — — — — — — — —
D-saccharic acid —_— — —_— — -
Glycyl-L-glutamic acid — — — — — — — — — — —
tween 80 — —_— = =

b-cyclodextrin — — — — — —
glucuronamide — — — — — — —
D-mannose — — — — — — — — — — — — — — —
salicin — — — — — — — — — — — — — — —
bromosuccinic acid —_—

sebacic acid _— = mm mm mm e e e o o e = o= o= o
L-ornithine — — — — — — — — — — — — — — —
N-acetyl-D-galactosamine — — — — —
dextrin — — — — — — — — — — — — — —
D-glucuronic acid — — — — — — — — —
D-melezitose — _— e=m == == == o=
sedoheptulosan — — —
fumaric acid — —_— — — — — — — — — — — — —
succinamic acid — — — — —
L-phenylalanine _— = mm mm mm e e e o o e = o= o= o
N-acetyl-D-glucosamine _— = mm mm mm e e e o o e = o= o= o
i-erythritol —_— = e T
glycerol — — — — — — — — — — — — — —
D-melibiose —_— — o — —_— - —
D-sorbitol — — — — — — — — — — — — — — —
b-hydroxybutyric acid — — — —

succinic acid e e e e e e e e e e e
L-proline — — — — — — — — — — — — — — —
N-acetyl-b-D-mannosamine — — —
D-fructose _— = e e e e e = = = = o e
glycogen — — — — — — — — — — — — — — —
a-methyl-D-galactoside — — — — — —

L-sorbose — — —
g-hydroxybutyric acid — — —

succinic acid mono-methylester — — — — m— e e o e e e e e
L-pyroglutamic acid — — —

adonitol — — — — — — — — — — — — — — —
L-fucose — — — — — —
m-inositol — — — —
b-methyl-D-galactoside e
stachyose — — — — — — — — — —
p-hydroxyphenyl-acetic acid — — —

N-acetyl-L-glutamic acid — — — —

L-serine — — — — — — — — — — — — — — —
amygdalin — — — — —

D-galactose — — — —
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Table 2 Continued

Carbon source FB-01 FB-04 FB-02 FB-03 FB-07 FB-05 FB-08 FB-06 FB-18 FB-19 FB-20 FB-21 FB-22 FB-23 FB-24
2-keto-D-gluconic acid — = m— m— e S
a-methyl-D-glucoside — — — — — —
sucrose _— e e e e e e e e o e
a-ketoglutaric acid — — — — — — — — — — — — — — —
L-alaninamide — — — — — — — — — — — — —
L-threonine — — — — — — —
D-arabinose e e e e e e e e e e e
D-galacturonic acid — — — —_— —_— — — —_— —_— —_— j—
a-D-lactose —_— — -
b-methyl-D-glucoside — — — — — — — — — — — — —
D-tagatose — — — — — — — — —
D-lactic acid methyl ester — — — — — — — —
L-alanine — — — — — — — — — — — — — —
2-aminoethanol — — —

L-arabinose _— = mm mm mm e e e o o e = o= o= o
gentiobiose — — — — — — — — — — — — — —
lactulose — —
palatinose — — — — — — — — —
D-trehalose — — o e e e e e e e e e —_— —
L-lactic acid — — —_— o
L-alanyl-glycine _— e mm mm mm o omm o s s o e o o
putrescine — — — — — — — — — — — — — — —
D-arabitol — — — — — — — — — — —
D-gluconic acid — — — — — — — — — — — — — — —
maltitol — — — — —
D-psicose — e
turanose —_— — — —_— — —_— —_— —
D-malic acid —_— — — — —_— - —
L-asparagine — — — — — — — — — — — — — — —
adenosine — — — — —
arbutin — — — — — — — — — — —
D-glucosamine _— em E== e e e e = e —_— —
maltose —_— e = e— e e T
D-raffinose —_— — — — —_— o

xylitol — — — — — — — — — — — — —
L-malic-acid — — — — — — — — — — — — —
L-aspartic acid — — — — — — — — — — — — — — —
uridine — — — — —
D-cellobiose —_— e = e— e — — m— — — — -
a-D-glucose-1-phosphate _— = e e e e e = = = = o e
maltotriose _— = mm mm mm e e e o o e = o= o= o
L-rhamnose — — — — — — — — —
D-xylose — — — — — — — — — — — — — — —
quinic acid — — — — — — — —
L-glutamic acid e e e e e e e e e e e

adenosine-5'-monophosphate

Table 3 Fingerprint of microbial community-level of feed sample before and after fermentation using Rhizopus oligosporus isolate FB-01

Carbon source raw nonsterilized fermented nonsterilized raw sterilized fermented sterilized
water
B-Methyl-D-Glucoside
D-Galactonic Acid y-Lactone
L-Arginine

Pyruvic Acid Methyl Ester
D-Xylose

D-Galacturonic Acid
L-Asparagine

Tween 40

i-Erythritol

2-Hydroxy Benzoic Acid
L-Phenylalanine

Tween 80

D-Mannitol

4-Hydroxy Benzoic Acid
L-Serine

a-Cyclodextrin
N-Acetyl-D-Glucosamine
y-Hydroxybutyric Acid
L-Threonine

Glycogen
D-Glucosaminic Acid
Itaconic Acid
Glycyl-L-Glutamic Acid
D-Cellobiose
Glucose-1-Phosphate
a-Ketobutyric Acid
Phenylethyl-amine
a-D-Lactose
D,L-a-Glycerol Phosphate
D-Malic Acid

Putrescine
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Figure 3 Multiple alignment of rDNA ITS regions of Rhizopus oligosporus isolates FB-02, FB-03, FB-07, and FB-08.

Table 4 The summarized fingerprint of amplified fragment length
polymorphism result of Rhizopus oligosporus isolates FB-01, FB-
05, FB-06, and FB-08

Isolates
FB-06 FB-08

Fragment size
(base pairs)

FB-01 FB-05

380
353
323
300
256
248
241
213
209
206
196
174
165
154
126
124
13
110
109
74
55 —_—

FB-07, the 36™ base was replaced by A, and in the isolate FB-
03, the 271* base was replaced by A and the base was lost in
the others, 307" base by C, 318™ base by A and the base was
lost in the others, and the 336™ base by A and also the base
was lost in the others.

The amplified fragment length polymorphism analysis
showed high polymorphism among four representative
isolates (Table 4). The result showed that each of
representative isolates was individually unique. Isolates FB-

05 and FB-08 share closer relationship compared with the
others. Isolate FB-06 exhibits a distinct fingerprint as to a
number of fragments was not amplified.

DISCUSSION

Rhizopus oligosporus and its allies have undergone
. 10 , 20 30 40 50 60 70 80
- gxtenswe;g}sps-m fermentation -to- produce. many -kinds- of1-...i....1....0...
) — | a
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e obs SR TR O TaRYS Speeiaer 7T o oommsemmcerny o = T
703
observationssin accordance with thein growthvability:in highso 560
r-femperatine, alkdmoketca wrodiidedamioArce prowpudtiss 15« o
r-qnteresting -to-note -about-the -correlation -of -a-certain .-~
morphological pattern with the high temperature tolerance.
-lorphglogy, divergence.mislt b a.pgsylt;of culture
reYegeneration (spontaneous mutation) or sexual interaction
Petween strains of opposite sex that can lead to hyphal
morphology modification in the progeny (Mehta and Cerda-
Olmedo 2001). These mutation and sexual interaction are
assumed, in turn, also modified the genetic trait of high
temperature tolerance. It is also known that some species in
the phylum Zygomycota have considerable morphological
variation (Benny 1994; Weitzman et al. 1995) and several
species are thermophilic (de Hoog and Guarro 1995).
Biochemical and physiological tests have also been used
for identification of zygomycetes especially for clinically

important strains. Nevertheless, there are some major
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drawbacks restraining the approach, which is rather
complicated. The procedure is both time-consuming and
labour-intensive and usually requires special media, some
of which are not commercially available (Kaufman et al. 1990).
Here, we used a relatively simple, reliable, and high
throughput identification kit, Biolog, Microlog™ System,
Release 4.2 (Hayward, CA, USA).

In our experiment, physiological characterization did not
elucidate its correlation with the morphology fingerprint.
However, it explicated an itinerary to the conjecture that the
same origin of location of the isolates has the similar metabolic
fingerprint. Even though some of the isolates were not
recognized as Rhizopus oligosporus according to the Biolog,
Microlog™ System test, and only of those isolates from
Mataram were identified as R. oligosporus, it demonstrated
that there is a remarkable metabolic diversity of R.
oligosporus.

Recalling that Biolog uses database-based identification,
we assumed that isolates from Bogor and Jember have
undergone major changes in their physiological properties
throughout their evolutionary flow. Evolution on type of
nutrition appears to have progressed in the order Mucorales,
resulting in great diversity of nutritional requirements
(Hesseltine 1955). Recalling the rapid growth nature of R.
oligosporus, it seems conceivable that this fungus has
encountered relatively rapid evolution.

Analysis on community level concluded that similar
fingerprint after fermentation of unsterilized and sterilized
raw materials revealed that R. oligosporus outstandingly
outcompete the niche and readily predominate the utilization
of available nutrition. However, it is important to note that
even in sterilized raw materials it still produced positive
reactions, indicating the presence of highly heat-resistant
microorganisms. We assumed that these microorganisms
might be endospore-forming bacteria.

This approach can also provide a vast amount of
information that might be useful for other applications. Once
the community fingerprint in solid-state fermentation
employing R. oligosporus has been established in such
optimal conditions, one may use the information for
microbiological quality control of the fermentation process
by monitoring changes occurred in the fingerprints.

Phenotypic as well as metabolic characters are not always
collinear with their genetic designation, the so-called
epigenetic phenomenon. The distinct pattern between isolate
FB-03 and isolates FB-02 and FB-07, which are obviously
similar in their morphology and metabolic fingerprint, may
be explained by the fact that IDNA ITS regions do not encode
functional proteins and are spliced out after transcription.
Abe et al. (2003) also found that certain strain of Amylomyces
rouxii shares completely the same ITS sequence with
Rhizopus oryzae. The ITS regions are much more variable,
but sequences can be aligned with confidence only between
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closely related taxa. These regions are generally used for
species differentiation but may also demonstrate patterns of
microevolution (Gréser et al. 1999).

Regardless of some weaknesses, the AFLPs may provide
the most determinative in term of genetic resolution produced
(Mueller and LaReesa Wolfenbarger 1999; Brugmans et al.
2003). In our experiment, there is no single isolate that has
the same pattern with others. It is interesting to note that the
AFLP fingerprints of isolates FB-01, FB-05, FB-06, and FB-
08 differentiated these isolates accordingly to their
phenotypic (morphology and temperature tolerance)
differentiation. Isolates FB-05 and FB-08 are morphologically
similar, but isolates FB-01 and FB-06, each of them is
morphologically different to the others. The AFLP result
revealed that isolates FB-05 and FB-08 have similar genetic
fingerprints. On the other hand, isolates FB-01 and FB-06,
each of them has dissimilar AFLP fingerprints to the others.
Unlike the DNAITS regions, AFLP result may also evidence
the phenotype, because AFLP fingerprints the whole genome.
Reliable genetic resolution greatly depends on appropriate
primers and PCR methods selections. The use of TGA bases
extension in combination with specific touch-down PCR
method has proven to generate sufficient genetic resolution.
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