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ABSTRACT

Based on basic principles of solid state fermentation (SSF), we have recently conducted the following experi-
ments in order to have further bioresource development.  The cellophane membrane lying on organic C and N deficient
mineral solid medium was successfully established in order to resynthesize lichen and could be used to screen adequate
lichens as well as to examine the conditional factors in the laboratory.  The colonization of lichen on stones, such as flat
rock fragments or sands, offers the possibility of reclaiming areas of flat rock fragments or deserted non-cultivable
land.  We have propose synchronized culture technology which focuses on the first peak harvest for mushroom growing.
Synchronized culture technology will significantly reduce the loss of substrate moisture, the size of mushroom farms
and the capital investment required.  A technology mimic of SSF has also been proposed to prevent the loss of culti-
vable lands by reducing nitrate pollution.  We have found that detection of the appearance of geosmin can be used as an
index for detection of the maturation of hog waste compost, which is a useful bioresource.  We have also detected
aromatic volatiles from sorghum mashes during sorghum brewing (a SSF) and a tasty oligopeptide produced during
sweet wheat paste (Tieng-Meng Chiang) brewing (another SSF) using facultative anaerobic fungi.  Both have potential
economic value as natural flavors.  All these approaches will eventually lead to the development of new bioresources
or possible reclamation of bioresources.  On the other hand, head space gas analysis and geosmin have enabled this
laboratory to develop gas sensors and to realize the importance of breath fingerprints or the distribution of volatile
fermentation products of SSF and even those of human breath if breath is used as head space gas.  This evidence has
motivated us to search for one or some particular volatile(s) to define human health.  The developed or proposed
technology of SSF presented here will change the nature of SSF from appropriate technology to high technology.

Key Words: solid state fermentation, lichen, mushroom growing, Rhodococcus, geosmin, natural flavors,  breath
fingerprints, rock fragments, membrane cultures, nitrate pollution, delicious oligopeptide

I. Introduction

A typical traditional example of solid state fermen-
tation (SSF) is waste-based composting, which has been
practiced worldwide.  Grain-based koji (starter) making is
another example and is common in the orient.  There is no
or little cost involved for raw materials, facilities or labor.
Products are hand-made, and the technology is simple and
appropriate as the resources are locally available as men-
tioned by Josephson (1977).  However, scientific under-
standing of the basic principles of SSF is lacking.  This has
hampered the development of these technologies.

We have defined the state of the solid substrate used
in SSF based on the water holding capacity (WHC) and
discovered the importance of microbial adhesion on solid

substrate for proper fermentation to take place (Wang, 1987,
1989).  We have also described the major parameters of
SSF, including the initial substrate moisture content in con-
nection with WHC, water activity (Aw), inoculum density,
microbial mass, anaerobic growth, and heat and mass trans-
fer in the fermentation mashes, which could be used to de-
sign processes for spawn or koji-making.  We have also
investigated the production of secondary metabolites, stor-
age of grains, preparation of the intermediate moisture food
(IMF), and microbial adhesion on solid substrate granules
in sorghum brewing (Wang, 1989).  These fundamental pa-
rameters are important for successful management of SSF,
particularly field site operations.

Three international symposia on SSF have been held
during the last decade.  The first one was organized by
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Maurice Raimbault of the Institute Francais de la Recherché
Scientifique pour le Development en Cooperation
(ORSTOM) and was held in Montpellier, France, in 1988,
and a proceeding was published in the same year.
R. Matsuno, R.W. Silman, R. Tanner and the author were
involved in organizing the second and third symposia, which
took place in 1989 and 1992, respectively.  The second
symposium was held in Honolulu, Hawaii, U.S.A. as a
section of the International Chemical Congress of Pacific
Basin Societies.  We held the Pre-conference Symposium
on the Application of Solid State Fermentation for Food
and Environmental Technology, Dec. 12-15, 1989, in Taipei
before the 2nd symposium in Honolulu.  The papers pre-
sented in the 2nd symposium and the pre-conference sym-
posium were finally collected as a special issue of Fungal
Sciences (formerly called the Transaction of Mycological
Society of the Republic of China) in 1995.  The third
symposium was held as a section of the Ninth International
Biotechnology Symposium, and the papers were published
in Biotechnology Advances Vol.11 in 1993.  These sympo-
sia covered many subjects, including environmental,
brewing, industrial and economic microbiological aspects
of SSF.  The traditional SSF processes of (1) primary prod-
ucts for koji, enzymes and cheese (Antier et al., 1993;
Raimbault, 1988; Thakur et al., 1990; Chahal, 1991;
Tochikura and Y;no, 1991; Leatham, 1991; Karanth and
Lonsane, 1988; Lin, 1995; Lin et al., 1993; Ortiz-Vazquez
et al., 1993; Villegas et al., 1993; Ziffer and Shelef, 1988),
(2) cellulosic wastes for composting, mushroom growing
and protein enhanced feeds or foods (Srivastava, 1993; Moo-
Young et al., 1993; Bisping et al., 1993; Yang, 1993;
Aquiahualt et al., 1988; Martinez and Tamayo, 1988; Moo-
Young, 1991), (3) bioreactors and fermentation kinetics,
including environmental factors (Gutierrez et al., 1988;
Durand and Blachere, 1988; Cochet and Lebeault, 1988;
Tanner, 1988; Tanner et al., 1993; Ryoo et al., 1990, 1991;
Greene et al., 1991; Huang, 1995; Kobayashi et al., 1991;
Durand et al., 1993; Gumbira Sa’id et al., 1993; Gowthaman
et al., 1993; Laszlo and Silman, 1993; Tengerdy, 1991; Effler
and Tanner, 1995; Huang and Hsu, 1995; Matsuno et al.,
1991), (4) analytical aspects (Wang et al., 1991; Guilbert,
1988; Wang, 1993; Wang and Hsu, 1991; Gordon et al.,
1993; Roche et al., 1993; Huang and Hsu, 1993; Chang,
1993) and biopulping (Wall et al., 1991, 1993) and (5) pro-
duction of agrochemicals and bulk chemicals (including
natural flavors)  (Matsuno et al., 1993; Christen et al., 1993;
Silman et al., 1993; Desgranges et al., 1993; Barrios-
Gonzalez et al., 1988, 1993a, 1993b; Chou and Hwang,
1995; Porres et al., 1993; Revah and Lebeault, 1988;
Larroche and Gros, 1988) were discussed in these symposia.

The SSFs discussed in the 3 symposia did not in gen-
eral cover to field site operations but, rather, were limited
to laboratory work.  This paper reviews our recent work,
which offers the potential development of new resources

and reclamation of bioresources, including processes for
the development of (1) cultivable lands from deserts or
areas of rock fragments by means of lichen growing
(improved primary production), (2) short term production
of edible mushrooms using synchronized culture technol-
ogy and (3) the protection of cultivable lands from areas of
nitrate pollution as well as the processing of primary prod-
ucts (natural flavor) and wastes (quantification of stable
composts).  The SSFs described here include those related
to conceptual and laboratory work which have potential to
be extended to field site operations.

II. Cultivable from Non-cultivable Land
through Lichen Growing.

The Taiwan Sugar Corporation has tried to improve
the fertility of gravel soils in southern Taiwan through the
application of manures and composts (Yeh et al., 1969).
There have been successful instances, but the manure ap-
plication techniques can not be extended to windy dessert
areas in southern Taiwan or some areas of flat rock frag-
ments in eastern Taiwan, which suffer from yearly river
flooding.

We intended to develop an alternate approach by
growing lichens on the surface of stones in rock fragment
or desert areas in order to increase the amounts of organic
carbons and nitrogens, which are essential for the fertility
of the soil.  Such an attempt has never been made before.  A
strain of lichen, Lepraria sp., isolated on the campus of
National Taiwan University (Wang et al., 1997; Liang, 1996)
was used here.  Since lichens are generally slow growers in
fields, and quantification of the growth of lichens is difficult,
we initially aimed to develop a method to quantitatively
determine the growth of lichens on solid substrate in the
laboratory, and to study the conditional factors which would
allow lichens to colonize on non-cultivable sands or flat
rock fragments.

First, we resynthesized lichen by inoculating the hy-
phal fragments of lichen mycobiont and phycobiont cells
separated from the isolated lichen on the center of a cello-
phane membrane over-lying medium in a plate (Fig. 1), and
incubated it under proper conditions (Wang et al., 1997;
Liang, 1996).  It was found that it took 2 weeks for direct

Fig. 1. Diagram of membrane culture. Cellophane membrane overlying
(a) N depleted Bold medium and (b) stone slab infused in water.
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contact between the fungal hyphal and algal cells to occur,
2-4 weeks for algal cells to be encircled by fungal cells, 4-
16 weeks to form soredia, and approximately 16 weeks to
form a distinct small scale-like structure (Fig. 2).  The bio-
mass of both the fungal and algal cells in the lichen was
measured using DNA probes.  We found that the algal cells
biomass was thick on the inoculated area but thinned out
farther away whereas the fungal biomass was rather thin in
the center of the inoculated area and increased in thickness
toward the edges of the colony (Fig. 3).

It should be noted that the lichen was grown on the
nitrogen-depleted Bold’s mineral medium (Ahmadjian,
1967) in the experiment described above.  This means that
the mineral nutrients except nitrogen were not limiting fac-
tors at the beginning of growth.  The growth pattern of li-
chens in the laboratory were different from that observed in
fields, but it was easy to measure the biomasses of lichen
mycobiont and phycobiont separately using DNA probes
(Liang, 1996).  Nevertheless, the growth modes (Fig. 3)
were similar to the first cycle of growth found in schematic
periodical solutions for prey-predation relationships in the
Lotka-Voluterra systems cited by Murray (1989).  The prey-
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Fig. 2. (a) Sampling areas of the lichen colonies grown on cellophane
membrane overlying solid Bold’s basal medium without nitrogen
sources from the inoculated area to the edge of the colony. (b) The
mixed inoculates were inoculated at 20 ºC, 2000-3000 lux, under a
12:12 hour light-dark cycle. Sixteen weeks after inoculation, a strip
(0.5 × 1.0 cm) of cellophane membrane was cut with a knife from
the inoculated area to the edge of the colony. The strip was cut into
four pieces for biomass determination as described, and each piece
equaled a quarter.
A 0-0.5 cm: inoculated area, dense structure formed after sixteen

weeks.
B 0-5-1.0 cm: mainly soredial layer formed after six weeks.
C 1.0-1.5 cm: mainly encircled layer formed after three weeks.
D 1.5-2.0 cm: colonial edge, mainly the layer of contact between

the fungal and algal cells formed after two weeks.
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Fig. 3. Growth patterns of lichen mycobiot cells (estimated as
Zygosaccharomyces fermentati) and phycobiont cells grown in the
inoculated area on cellophane membrane overlying N depleted
Bold medium.

predation relationships expressed by the Lotka-Voluterra
system can perhaps be used to describe the growth kinetics
of lichens extended to more than 16 weeks.  The maximum
biomass of lichens could, thus, be predicted.

Lichen growing in fields needs further laboratory
work, including study on the management of water supply
and illumination as conditioned factors.  Water supply in
lichen growing is very important as it is in SSF.  The main
source of water in lichen growing in desert areas may be
dewfall which condenses at night.  In the future, lichen might
be inoculated in desert areas, and then grown using of dew-
fall and some protection technique.  The experimental re-
sults of Hsu et al. (1980) and Sharma (1976) are good ref-
erences for this purpose; 25 g/cm2 in the dry season from
November to May in 1978-1979 in Ping-Tong soil in south-
ern Taiwan (Hsu et al., 1980), and 15.53 g/cm2 from March
to November in 1974 in the semi-arid grassland of south-
eastern Australia (Sharma, 1976).  Such factors will be ex-
amined in the laboratory with slight modification of the
membrane culture as proposed in the present study, for
example, the use of a stone slab instead of Bold medium as
mentioned above (Fig. 1).  In addition, the organic C and N
of the biomass of lichens are released so slowly in soils that
the lickens could be good biofertilizers for the prevention
of nitrate pollution caused by the heavy use of chemical
fertilizers.
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III. Geosmin as an Indicator of Compost
Stability or Maturity

Composting is a classic SSF, but there has been no
convenient indicator for measuring the maturity of hog
waste-based composting.  Wang (1978) employed immobi-
lized nitrogen as an indicator to measure straw-based
composts, which have been widely used in mushroom
(Agaricus bisporus) growing in this laboratory.  However,
measurement of immobilized N-content can not be applied
to hog waste composting (Fig. 4) because the immobilized
nitrogen content is much too high to begin with.  Generally,
as composting proceeds, fermentation heat accumulates
inside compost heaps and reaches thermophilic conditions.
When the oxygen inside the heap is used up, the tempera-
ture drops, and one has to aerate the heap.  Then, fermenta-
tion proceeds, and the heap temperature rises again.  When
the fermentable matter in the compost substrate is used up,
the heap temperature drops down to mesophilic conditions,
which continue until composting finishes.  This latter stage
(mesophilic conditions) is called curing (Fig. 4).  Also, with
the change of the heap temperature, the microflora and
metabolic products of the heap change.  Therefore, we at-
tempted to measure the breath (metabolic) fingerprints of
gaseous metabolites, which were collected and concentrated
as the extract of hog waste compost.  The breath finger-
prints were determined by means of gas-chromatography/
MS (Wang and Chiou, 1998; Chiou, 1996) (Fig. 5).  The
breath fingerprints indicated the presence of geosmin (earthy
odor) only in the cured compost (Fig. 5).  Using a biosensor,
an Arma Scan (Crewe, BK), the presence of geosmin in the
cured hog waste compost was also detected.  One kg (wet
weight) of cured hog waste compost produced approxi-
mately 18.6 mcg of geosmin, which could stimulate the
germination of cabbage seed (Brassica chinesis).  Many
strains of actinomycetes were isolated from cured hog waste
composts (Chiou, 1996).  Laboratory incubation of these
strains in pure culture also confirmed the production of an
earthy odor under mesophilic conditions but not under ther-
mophilic conditions.  Experimental results strongly suggest
that the presence of geosmin can be used as an indicator in

examining the maturation of hog waste composts, which
are useful bioresources for organic farming and/or sustain-
able agriculture.  It is worth pointing out that Gerber and
Lechevalier (1965) isolated geosmin from metabolic prod-
ucts of several species of Streptomyces.

IV. Mushroom Growing Using Syn-
chronized Culture Technology

Commercial production of mushroom can be divided
into three stages: (1) spawn production, (2) substrate prepa-
ration (composting), and (3) mushroom growing (Wang,
1978).  All of these processes are SSFs and have been de-
veloped on large farms.  Consequently, considerable capi-
tal investment is required.  In the late 1960s and the early
1970s, large mushroom farms operated by canneries could
not compete with small farms owned by growers in Taiwan.
In 1996, Wang proposed reducing the farm size and capital
investment needed for mushroom growing and using syn-
chronized culture technology, which he intended to develop
for any mushroom, even for medicinal mushrooms.  This
synchronized culture technology will greatly aid the mush-
room business, which is an important agricultural industry
in Taiwan.

Generally, in a synchronized culture of Escherichia
coli, the number of cells in the culture remains approxi-
mately constant for one hour while the number of newly
formed cells doubles.  In the second division cycle, the pla-
teau is less distinct and the population rise extends over aFig. 4.  A flow chart of hog waste composting.

Fig. 5. (a) Total ion chromatogram of authentic geosmin, (b) total ion
chromatogram of 50-day hog manure compost, (c) mass spectrum
at the peak of retention time 14.19 min of authentic geosmin and (d)
mass spectrum at retention time 13.92 min of 50-day cured hog
manure compost.

.
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longer period than in the first division cycle.  In the third
division cycle, each individual cell grows randomly, and
almost no indication of synchrony remains (Stainer et al.,
1986).  Synchronous cultures rapidly loose their synchrony
because various cells in a population do not divide at the
same size, age, or time following the previous division.
Messing (1980) in his review indicated that E. coli cells
immobilized by adsorption on ion-change resins displayed
a periodicity in releasing free cells, and that the released
cells (daughter cells) divided synchronously in the medium.
Messing (1980) also stated that (1) E. coli which were
adsorbed on a filter and subjected to a flowing nutrient
medium exhibited a shorter doubling time than did freely
suspended cells, and that (2) similarly, the generation time
of the yeast, Saccharomyces uvarum, in the non-immobi-
lized state was longer than that of the yeast cells immobi-
lized by adsorption on an adequate supporter.  He concluded
that a greater number of synchronized cycles could be ob-
tained by immobilization of cells than by using cells that
were not immobilized.  During cultivation of the mushroom
Agaricus bisporus, the mycelium grows on/in composts,
which serve as a solid support.  This is an immobilized state.
The periodical production of fruiting bodies (fructifications)
observed during cultivation seems to be due to synchro-
nous division of mycelial nuclei (Wang, 1972).

Haecken’s mushroom farm in the Netherlands has
harvested mushrooms using a specialized machine while
on traditional mushroom farms, growers pick mushrooms
by hand.  The harvest of the first peak on Haecken’s farm
was 19.2 kg (per unit area) while the second peak harvest
was 5.7 kg and the third was only 3.0 kg (Chiang et al.,
1983) .  The first peak harvest was significantly larger
than the second and third harvests.  Under traditional mush-
room cultivation, Vedder (1978) reported that the first peak
harvest was 4.9 kg, and that it was 5.9 kg for the second, 3.
3 kg for the third, 2.4 kg for the fourth, and 1.5 kg for the
final harvest.  These results are in accordance with the hy-
pothesis that synchronized nuclear division is probably as-
sociated with the initiation of synchronous fructification of
mushrooms grown on solid state composts (Wang, 1972).

Therefore, we propose to develop a technology.  The
characteristic of this technology is to focuses the harvest of
mushroom growing in the first peak.  This would signifi-
cantly shorten the time needed for cultivation and reduce
the space needed for mushroom growing.  Growers could
cultivate many cycles of mushrooms in a year with the use
of adequate strains.  In the others words, growers could con-
tinue mushroom production through a year.  This seems to
be economically feasible for managing a small family farm
rather than a large-scale mushroom farm, which requires
much more labor and involves large costs for air circula-
tion and ventilation.  Air circulation and ventilation accel-
erate the loss of substrate moisture and eventually lower
production.

The probable maximal production of Lentinus edodes
(shiitake) using the proposed synchronized culture technol-
ogy is estimated to be up to 400 g fresh mushroom per bag
(1500 g) on the basis of space and time (Table 1) (Fig. 6),
based on experiences in Taiwan  growing shiitake and in
Ireland growing Agaricus bisporus.  In both cases, the bags
are placed in rows on the flour of the growing house
(Fig. 7) (Wang, 1996).  The probable maximal production
of 400 g per bag using the proposed method is much higher
than the 300-350 g per bag using the current method.  The
spent substrate after mushroom growing will contribute to
sustainable agriculture (Wang, 1992).

V. Protection of Nitrate Pollution by
SSF

The application rates of nitrogen fertilizers used in
soils are much higher than those recommended (Moffat,
1998).  The distribution of hog farms is much denser than
that allowed by soil assimilative capacities of neighboring

Table 1.  Estimation of Probable Maximal Production of Shiitake

Assumption Estimate (fresh weight/bag)

1. 7 caps in a planea, 200 g  (30 × 7)
2. 14 caps in two planesb, 400 g  (30 × 14)
3. 1 cap  30 g fresh weight.

Source: Wang (1996)
a Maximal number of mushrooms projected on the upper-surface of a bag
(7 caps in a plane) as shown in Fig. 6.

b During the first peak, two planes of mushrooms were assumed.

Fig. 6. The schematic pattern of the maximum number of mushrooms (dia.
50 mm) produced on the surface of a bag (dia. 100 mm) in a plane.
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soils in Taiwan (Wu and Wang, in preparation).  Therefore,
the level of nitrate in the water at the inlets of water plants
in Taiwan has increased (Wang, 1992).  In order to prevent
such pollution, a packed-bed type process (Fig. 8) can be
considered to operate nitrification (down-flow) and deni-
trification (up-flow) in order to remove NH3-N and eventu-
ally to end the loss of land resources.  The proposed pro-
cess mimics a packed-bed reactor.  Generally, packed-bed
reactors are operated using a continuous gas atmosphere.
The packing materials in the up-flow area are usually soils
or landfills in practice (Fig. 8).  For example, the (ammonia
rich) effluents of methane fermentation of hog waste are
introduced through a down-flow column with air to enable
the oxidation of ammonia (nitrification).  The outlet of the
down-flow device reaches the bottom of the packing of the
up-flow area, in which the reduction of nitrate to gaseous N
(N2 and/or N2O) (denitrification) occurs.  The surfaces of

the particulated materials in both the down-flow column
and up-flow area can be colonized by nitrifiers and by
denitrifiers, respectively.  Quastel and Schofield (1951) de-
scribed this phenomenon as the colonization of nitirifers on
soil particles.  In this way, the packed-bed type process mim-
ics SSF.  Nitrification is a property of both chemolitho-
trophic and heterotrophic bacteria.  The expression
“heterophic nitrification” is used to describe the oxidation
of ammonia associated with organotrophic metabolism in
contrast with the better-known variant of autotrophic nitri-
fication (Zumft, 1997).  Traditionally, chemolithotrophic
or autotrophic nitrifiers have been easily quantified by the
most probable number (MPN) index with an organic car-
bon depleted medium, but heterotrophic nitrifiers can not
be quantified using this method.  It was found in this labo-
ratory that 12 cultures of Rhodococcus spp.  obtained from
two culture collection centers showed heterotrophic nitrifi-
cation with the use of acetamide or pyruvic oxime.  The
rate of heterotrophic nitrification of Rhodococcus
rhodochrous DSM 363 was 766 µg N/day/g cells (Cheng,
1996; Cheng and Wang, 1995).  The fate of nitrification of
Rhodococcus rhodochrous DSM 363 inoculated in a small
bioreactor (19 × 11 × 22.5 cm) containing 3.5 L of hog waste
water was traced, and the biomasses of Rhodococcus spp.
were measured using quantitative PCR (Cheng, 1996).  Ni-
trification evaluated based on the ammonia decrement and
the increment of nitrite and nitrate showed little difference
between inoculated and uninoculated wastewater.  Fewer
than 105 cells/ml of Rhodococcus were found in the
bioreactor not inoculated with waste water and 4 × 105 cells/
ml in that inoculated with waste water at the beginning, but
little difference was found after 14 hrs, fewer than 5 × 105

cells/ml in the inoculated case and fewer than 4 × 105 cells/
ml in the uninoculated case.  Rhodococcus spp. are widely
distributed and particularly abundant in soil and herbivore
dung (Goodfellow, 1986).  The genus Rhodococcus is a
unique taxon consisting of microbes that exhibit broad meta-
bolic diversity (Finnerty, 1992; Cheng, 1996) (Table 2).
Therefore, it seems that heterotrophic nitrification by
Rhodococcus is common in the waste water of hog wastes
as well as in soils.  The search for oligonucleotides to probe
the existence of heterotrophic nitrifiers was followed using
the 12 cultures of Rhodococcus, but no consistent result was

Fig. 8. A conceptual packed bed-like bioreactor mimicing SSF and per-
forming nitrification and denitrification.

(a)

(b)
Fig. 7. (a) Mushroom cultivation in Ireland and (b) shiitake growing in

Taiwan. One layer of bags placed in the ground instead of multiple
layers of shelves or beds used; less or no loss of substrate moisture,
less air circulation and ventilation.
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found.  However, the nitrification capacity of one cell of
Rhodococcus may represent a certain fraction of the het-
erotrophic nitrification capacity of a target soil under a de-
fined environment.  Rhodococcus rhodochrous DSM 363
was also found to show denitrification with the production
of N2O under anaerobic conditions (Cheng, 1996).
Denitrifiers have been measured using the time-consuming
MPN method.  Therefore, oligonucleotide probes to qualify
or/and quantify denitrifiers have been screened by various
workers based on molecular  denitrification (Ye et al., 1993;
Wu, 1995).  The findings of this laboratory are summarized
below.  Using the homology of amino acid sequences of
the copper-type nitrite reductase between Achromobacter
cycloclasters ATCC 21921 (Fenderson et al., 1991) and
Pseudomonas sp. strain G-179 (Ye et al., 1993), this labo-
ratory synthesized a pair of primers, Cu-dNir1 and Cu-dNir2.
The polymerase chain reaction was used to amplify the re-
gions of copper-type nitrite reductase gene of 14 strains of
denitrifiers, including Achromobacter cycloclasters ATCC
21921, 5 of Pseudomonas spp. and Alcaligenes eutrophus
CCRC 13036.  The following amplification conditions, 1.2
mM Mg2+ and 42.5 ºC annealing temperature for the primers,
were required.  The amplified fragments were used directly
as probes.  The probes were labeled by digoxigenin-dUTP.
Further confirmation of specificity to denitrifying bacteria
for probes was performed by means of dot blotting
hybridization.  The results showed that the 781-bp fragment
of A. eutrophus CCTC 13036 detected more genera of
denitrifiers containing copper-type or cytochrome cd1 type
nitrite reductase than did the other probes.  A linear rela-
tionship for the quantitation of A. eutrophus between
1.522 × 106 and 3.805 × 107 cell number ml–1 by means of
densitometric measurement was found.  Direct extraction
of DNA from Shoufeng, Erhshui or Lungkang soils was
applied for the quantification of denitrifiers using the pre-
pared probes.  The indigenous microorganisms in the soils
were lysed using 0.4 M NaOH-10 mM EDTA and incu-
bated at 100 ºC for 10 min.  The lysate was extracted with
10% CTAB-0.7M NaCl and chloroform-isoamyl alcohol.
The number of denitrifiers in the Erhshui soil detected by
means of hybridization with the probe was equivalent to
3.01 × 106 cells of A. eutrophus g–1 soil.  However, the probe
could not determine the denitrifiers in the Shoufeng and
Lungkang soils.  The number of denitrifiers in the Erhshui
soil was 1000 times that determined previously using the
MPN method.  MPN is the result of cultural methods.  The
community of grown microorganisms was selected based
on the composition of the medium used.  Therefore, the
number of denitrifiers measured using the MPN method may
be generally lower than that in the soil.  However, one can
determine the assimilative capacities of nitrifiers and
denitrifiers on the basis of one cell in soils to estimate the N
removal and assess the efficiency of the prevention of ni-
trate pollution to halt the loss of land resources.  Then we

may be able to calculate the soil assimilative capacities of
ammonia and/or nitrate.  Using these proposed assimilative
capacities, we may be able to estimate a maximal achiev-
able potential of hog farming in sustainable environment
under given conditions.  Then, we may be able to prevent
the loss of natural resources.

VI. Production of Natural Flavor

Food and condiment/flavor products are flavored in
situ whereas flavor chemicals and building blocks (bases)
of complete food flavors are produced per se through SSF
(Seitz, 1991).  Seitz (1991) surveyed a broad spectrum of
solid state systems, which have been used to provide a host
of flavored products, such as the flavor chemicals produced
in foods, condiments, microbially per se produced flavor
materials and flavor base products.  He also reviewed the
work carried out in his laboratory on the commercial pro-
duction of flavor bases.  The primary achievements were in
the areas of cheese, sausage and mushroom flavors.  The
products all complied with the definition in the U.S.A.  Fed-
eral Register of being natural.  The basic approach was to
use SSFs in their entirety or extracts of such cultures (those
rich in exocellular enzymes and flavor adjuncts) incubated
together in an aqueous food substrate system.  The cultures
gave rise to growth-media by-products, catabolites and
anabolites that proved to be valuable tastants and odorants.
The cheese flavor products contained fatty acids, methyl
ketones, carbonyls and amino acids.  Key volatiles for
sausage and mushroom flavors were vinyl guaicol and
1-octen-3-ol, produced, respectively, in these two systems.
Preparation and processing conditions of foods and condi-
ments set the stage for the growth and metabolism of cer-
tain desirable microorganisms.  Certain parameters, such
as moisture level, prior heat treatment (e.g., cooking), salt
concentration, aeration, temperature of incubation etc., were
most important for the correct microflara to be established
and to prevent the growth of undesirable or harmful types.
The desirable types even today are often adventitiously
incorporated into the substrate(s).  However, careful
microbiological studies and modern technology have
enabled isolation of the essential and most favorable
species and strains, and permit fermentation for optimum
production of flavor, color and texture in foods and
condiments.

This laboratory has worked in two directions to find
new resources for natural flavors.  One has been to estab-
lish an analytical technique for the measurement of breath
fingerprints or head space gas analysis (HSGA) on sorghum
liquor or solid brewing mashes to find characteristic aroma
compounds.  HSGA was originally used for process control
because the sampling of solid mashes establishes different
environments in SSF.  The mashes were made of steamed
grain of sorghum (Lu, 1984) or rice (Yang, 1987).  The other
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approach has been to find tasty oligopeptides, such as beefy
or meaty flavors in the mashes inoculated with facultative
anaerobic Rhizopus.  Some natural and synthetic tasty
oligopeptides indicating delicious tastes were summarized
by Spanier et al. (1993).  Characteristic aroma and tastes
found in this laboratory include fruity, pungent, charcol-
like, acid, sweet and umani (beefy flavor) (Yang, 1987; Yu,
1995).  Sampled headspace gas was concentra-ted and
analyzed using gas chromatographic (GC) or GC-Mass
spectrometric methods (Lu, 1984).  The result of HSGA on
sorghum mashes for solid brewing inoculated  with differ-
ent cultures showed significantly different distributions of
volatiles as given below:

In the first three experiments, sorghum brewing
was carried out in a flask, but in the following 2 experiments,
sorghum brewing was performed on a commercial scale at
the Chiagi distiller (Fig. 9).  In short, the former was labo-
ratory work while the latter included field site operations.

1. Sorghum Brewing Inoculated with Natural
Starter

    Glass precolumns packed with Tenax GC with a
circulation gas path were used to trap and concentrate vola-
tile compounds in headspace gas before HSGA.  97 com-
pounds were identified in the HSGA of sorghum mashes
inoculated with natural starters while only 58 compounds
were identified in the HSGA of the mashes inoculated with
pure-culture of Rhizopus (see next column).  Among these
compounds, 3-hydroxy-2-butanone (acetone), ethyl
methoxy-acetate and 2-pentylfuran were found in the mashes
inoculated with natural starter and in the resultant sorghum
liquor, but these aroma constituents were not detected by
HSGA on the mashes inoculated with the pure culture of
Rhizopus.

2. HSGA on Seed Cultures for Sorghum Brewing

Sterile cooked sorghum grains were inoculated with
pure culture of Rhizopus isolates or Aspergillus oryzae and
incubated.  Based on GC-Mass spectra and Kovats indices,
58 compounds were identified in the HSGA results of these

seed cultures, and the components present in significant
amounts were acetaldehyde, furfural, palmitic acid, isoamyl
alcohol, hexyl alcohol, diethyl succinate, hexyl isovalerate,
dibutyl phthalate and 1-methyl-5-(1-methylethenyl)-
cyclohexene.

Compounds identified in the head space (HS) of
Rhizopus culture but not detected in the Aspergillus culture
were furfural, hexyl alcohol, 3-methoxy-1, 2-propanediol,
4-ethylphenol, methylpalmitate, 1-idethoxy-3-methylbutane
and 1-methyl-5-(1-methylethenyl)-cyclohexene.  Com-
pounds identified only in the Aspergillus culture were
benzaldehyde, 2-methylbutanol, isoamylcaproate, hexyl
acetate and hexyl phthalate.

The main volatile compounds of Rhizopus culture
were isoamyl succinate, occupying a total of 61.2% of the
compounds identified.  Aspergillus produced large amounts
of hexyl compounds, such as hexyl valerate.  1-octen-3-ol,
the main aroma component commonly present in
Basidiomycetes, was not found in either culture.

3. Effect of the Inoculation of Yeasts

Sterile cooked sorghum, inoculated with pure culture
of Rhizopus alone or with yeast simultaneously and incu-
bated in a closed vessel, was analyzed during the fermenta-
tion process.  Higher concentrations of ethyl acetate and
ethyl propionate, and lower concentrations of isoamyl al-
cohol and diethyl succinate were observed in the Rhizopus-
Yeast mixed culture group.  In the mixed culture group,
higher pH and higher ethanol content, lower glucosidase
and lower protease activities were observed.  The free amino
acid content of the mixed culture mashes was significantly
lower than that of their Rhizopus counterparts.  Yeast occu-
pied a considerable portion of the biomass of the mixed
culture group.

The compounds identified in the brewing mashes but
not detected in the mashes of the pure culture of Rhizopus
or Aspergillus were 3-methylbutanol, 3-hydroxy-2-
butanone, caprylic acid, pentadecanoic acid, 3-methyl-1H-
pyrazole-4-carboxylic acid, 2-lauryl alcohol, 3, 7-dimethyl
acetal, nonanal diethyl acetal, ethyl 2-methyl-butyrate, ethyl
valerate, ethyl heptanoate, ethyl caprylate, ethyl pelargonate,
ethyl undecanoate, ethyl stearate, methyl myristate, methyl
pentadecanoate, methyl heptadecanoate, isobutyl format,
decyl thiobutyrate, gamma-palmitolactone, toluene, 3-ethyl-
benzene, ethyltoluene, p-xylene, propylbenzene, 1, 2,
3-trimethylbenzene, 1, 2, 4-trimethylbenzene, 1, 3,
5-trimethylbenzene, ethanone-1-(2, 4-dihydroxyphenyl),
3, 4-dimethozyacetophenone, benzophenone and 2, 3-di-
ethyl-5-methyl-pyrazine.  Among these, remarkable con-
centrations of ethyl lactate, acetoin, ethyl heptano ethyl
pelargonate, ethyl methoxyacetate and 2-pentyl-furan were
found.

Fig. 9. Sorghum brewing process currently operated in the Chiayi Distillery.
a Stainless tanks covered with polyethylene sheets (Wang, 1986).
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4. Sorghum Liquors Derived from Consecutive
Fermentations

In the traditional brewing process, cooked sorghum
is inoculated with natural starters and fermented and dis-
tilled in three consecutive cycles (Fig. 9) (Wang and Hsieh,
1972; Huang et al., 1985; Wang, 1986; Wang et al., 1975;
Lai et al., 1991, 1995).  The total aldehydes, total alcohol,
and total esters in the distilled sorghum liquor increase with
an increase in the number of fermentation cycles.  The con-
centrations of isoamyl alcohol, ethyl acetate, ethyl palmitate,
3-methylbutanal, ethyl butyrate and hexyl acetate in the li-
quor increase with an increase in the number of fermenta-
tions cycles while the concentrations of ethyl valerate, ethyl
isovalerate, ethyl caprylate, ethyl myristate, 1, 3, 5-
trimethylbenzene and 2-pentylfuran decrease with an in-
crease in the number of fermentation cycles.

HSGA analysis of the brewing mashes immediately
before and after distillation revealed that most of the high
boiling compounds, such as 4-ethylphenol, 2-methyl-
naphthalene, ethyllaurate, ethyl myristate, methyl myristate,
ethyl oleate and myristic acid, remained in the HS of the
solid mash after distillation while only a small portion of
these compounds was found in the HS of the liquor.

5. The Effect of the Facultative Anaerobic Rhizo-
pus on Sorghum Brewing

Sorghum grains are steamed and inoculated with natu-
ral starter, which is made of cracked raw wheat grains and
contains undefined mixed cultures.  The unit of the sorghum
brewing process in Taiwan is 600 kg steamed sorghum grain
(50% moisture), placed in a stainless steel box sealed with
a polyethylene sheet (Fig. 9).  The oxygen concentration in
the HS of the mashes decreases rapidly in the early stage,
finally becoming less than 5% (Wang et al.,1975; Lin and
Wang, 1991; Lin et al.,1991).  When the spores of Rhizo-
pus isolated from colonies grown in conventional petri
dishes are inoculated into the sorghum grains as a starter,
there is neither germination nor hyphal growth in the mash.
However, when a small portion of the mash is transferred
into a flask or a jar, saccharification and alcohol fermenta-
tion occur.  It seems that the development of low level
oxygen by the natural starter may enrich the anaerobic sac-
charolytic molds during brewing.  Traditionally, in sorghum
brewing, the mash (600 kg of steamed sorghum grain in a
batch) is covered with a polyethyle sheet to create semi-
anaerobic condition and to avoid acetate fermentation, but
the isolates (Rhizopus spp.) grown on conventional plates,
that is, under aerobic conditions, do not grow in the mash.
Therefore, a pure culture of facultative anaerobic Rhizopus
(Lin, 1986; Lin et al., 1991; Wang and Tsao, 1994)
(Fig. 10, Table 3) was chosen in this laboratory.  The appar-
ent fermentation heat generation rates were 3.3~12.4 ×

10–2 kcal/kg • h, comparable to those of the conventional
process: 1.6~7.4 × 10–2 kcal/kg • h.  The higher the heat
generation rate after turning of the mash, the higher the al-
cohol production found.  Supplementary inoculation of pure
cultures of facultative anaerobic Rhizopus (Lin and Wang,
1991; Wang and Tsao, 1994) enhanced the alcohol
productivity, reduced the inoculation size of expensive natu-
ral starters and also helped to minimize change in the aroma
of the sorghum liquor.

6. Delicious Oligopeptides

A tasty oligopeptide in the mashes of sweet wheat
pastes (Tien-Mein Chiang) brewed with the facultative
anaerobic Rhizopus was found in this laboratory (Yu, 1995).
Chinese people popularly use sweet wheat pastes to season
baked or fried chicken, duck and pork.  The pastes have a
very good fermented flavor and sweetness, and enhance the
taste of baked or fried meat.  Fermented sweet wheat pastes
have been produced in Northern China for centuries.
However, a very traditional process is still being used by
Chinese people to produce this traditional product.  The tra-
ditional process for wheat paste production of steamed bread
with natural fermentation in brine water is laborious, and
there is no quality control during SSF.  The inoculation of
Aspergillus oryzae takes the place of natural fermentation

Fig. 10.Subsurface mycelial growth of facultative anaerobic Rhizopus in
unslanted medium and stratified medium (Lin et al., 1991).
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in Taiwan.  In order to improve the quality and safety of the
traditional process, the inoculation of facultative anaerobic
Rhizopus isolates was used in this laboratory (Yu, 1995).
Some cultures, RT-1-8, RT-43, RT-6, RT-7, RT-8, RT-10,
RT-11, RT-14, and RT-46, were isolated from soysauce
mashes in this laboratory.  The cultures (31145, 31996 and
31631) were purchased from the Culture Collection and
Research Center, Food Industry Research and Development
Institute, Hsin-Chu, Taiwan, R.O.C.  The Research Insti-
tute of Wines, Taipei, also contributed one Aspergillus
oryzae culture.  We isolated the other twelve Rhizopus cul-
tures which could survive when incubated under a 5% O2

atmosphere.  They showed definite mycelial growth in the
subsurface of the stratified medium in the screwed tubes as
in the case of sorghum brewing (Fig. 10).  This result dem-
onstrated that these twelve cultures are capable of growing
under anaerobic conditions.  From the results of the sen-
sory evaluation on sweet wheat pastes obtained through solid
fermentation of pure cultures, the twelve Rhizopus cultures
showed scores better than 31145, 31996 and 31631, which
did not indicate mycelial growth in the subsurface of the
stratified medium (Fig. 10).  Among the twelve Rhizopus
cultures, RT-7 showed umami (beefy or meaty flavor) and
sour tastes, and also sweet and salty flavors.  The principle
of umami in the mash was fractionated by means of column
chromatography and identified as a tripeptide.  The tripep-
tide has a molecular weight 300 to 400 daltons.  Thin layer

chromatography on the hydrolyzate of the peptide showed
the presence of Glu, Lys and Asp.  It is interesting that a
umami principle of beef broth, Lys-Gly-Asp-Glu-Glu-Ser-
Leu-Ala, had the same threshold value (1.41) as did the
mixtures of synthetic component peptides Lys-Glu + Asp-
Glu + Ser-Leu-Ala (Kuramitsu et al., 1993).  From the re-
sults mentioned above, it can be seen that natural flavors
(volatiles and oligopeptides) obtained through SSF using
the cultures of facultative anaerobic Rhizopus constitute a
new resource.  It should pay attention to the importance  of
separation and purification which affects commercial
usability, the measure of reasonable concentration in mash
and probable toxicity of natural flavors as commented by
Hausler and Munch (1997).

VII. Conclusion and Future Trends

The bioprocesses mentioned above for resource de-
velopment through SSF were discussed from the viewpoint
of the modification of solid substrates.  Lichen growing,
natural flavor production and HSGA were performed in our
laboratory while short term mushroom growing and pre-
vention of nitrate pollution were proposed by conceptual
basis.  This review has aimed to overcome the limitation of
SSF as well as to extend the benefit of SSF to field site
application in the near future.  For example, the disadvan-
tage of heat accumulation in the solid mash of SSF may be

Table 3.  Brewing Data with the Use of Facultative Anaerobic Rhizopus RT-18

Maximal temperature Fermentation heate

increment of mash (ºC) ∆ H/h (kcal/kg ⋅ h) Alcohol
Starter (kg/car)a (x10–2) production

Before After Before After (1/car)
turning turning turning turning

1. Naturalb (18.0) 4.5 13 7.4 22.0 52.7
2. Naturalb (18.0) 4 13 6.6 22.0 57.29
3. Naturalb (18.0) 1 15 1.6 25.4 58.4
4. Rhizopus / yeastc (15.0) 3.5 5.5 5.8 9.3 23.02
5. Rhizopus / yeastc (15.0) 2 8 3.3 13.5 28.1
6. Rhizopus / yeastc (15.0) 5 10.5 8.3 17.8 50.6
7. Natural (9.0) 6.5 13 10.8 22.0 62.5
    Rhizopus / yeastd (3.0)
8. Natural (9.0) 3.5 13 5.8 22.0 73.8
    Rhizopus / yeastc (3.0)
9. Natural (9.0) 7.5 not turned 12.4 not turned 89.8
    Rhizopus / yeastc (3.0)
10. Natural (18.0) 2 12 3.3 20.3 76.6

Source: Wang and Tsao (1994) and Lai et al. (1991, 1995)
a for one stainless steel car having 600 kg of steamed sorghum grain.
b natural starter.
c Rhizopus RT-18 cultured in wheat flour was inoculated at the beginning, and the suspension of pure culture of Saccharomyces S-20 was sprayed when

the mash was turned.
d Both Rhizopus RT-18 and Saccharomyces S-20 cultured in sterilized wheat flour were inoculated.  The inoculum densities of the Rhizopus and the yeast

were 10 spores and 10 cells, respectively.
e fermentation heat = heat increment × mass specific heat (Lai et al., 1991).  (mass specific heat: 0.799 kcal/kg ⋅ ºC before turning, 0.815 kcal/kg ⋅ ºC after

turning)
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overcome through intermittent mixing but not continuous
mixing as is done in fluidized bed bioreactors, in which the
microbe is detached from substrates.  Breath fingerprints or
the result of HSGA on solid mashes can be useful in char-
acterizing the SSF process and in finding characteristic
aroma compounds (Lu, 1984).  For convenience of
discussion, these bioprocesses for resource development can
be divided into the following three categories.

1. Screening of Adequate Cultures and the Search
for Adequate Water Management

Since lichens grow slowly, it is necessary to screen
cultures adequately for growth in field sites.  Deserts and
flat rock fragment areas are very poor or null in water hold-
ing capacity, which plays a very important role in SSF.
Therefore, the search for adequate  water management is
necessary.  Based on the concepts of synchronized cultured
technology, it has been concluded a short term mushroom
growing is feasible, for example, shiitake growing.  Then,
cultivation technology, particularly water management,
adequate for field sites and environments and also selec-
tion of the cultures able for growth in field sites should be
established.

2. Environmental Control and Bioreactors

Rhodococcus has been found to cause heterotrophic
nitrification under aerobic conditions and denitrification
under anaerobic conditions.  The methods established in
this laboratory for quantifying nitrifiers or denitrifiers can
be extended to determine the fate of these microorganisms
and the role of environmental conditions in field site or labo-
ratory scale packed bed bioreactors.  HSGA showed that
different volatile metabolites were produced on different
scales of SSF (flask or fermentor).  Selection of the size of
bioreactor is important for SSF in field site operation.  Some
facultative anaerobic Rhizopus were found to produce a
characteristic aroma and a tasty peptide in this laboratory.
Therefore, to make use of these cultures viable, an adequate
bioreactor should be developed and conditional factors
should be established in the near future.

3. Further Application of HSGA

This laboratory has developed a quartz crystal-based
gas sensor for the quantification of volatiles metabolites in
head space (Wang, 1993; Wu, 1990) but has encountered
some difficulties, such as the effect of humidity on the ad-
hesion of volatiles to the surface of quartz crystal (Wu et
al., 1994).  As mentioned above, the presence of one par-
ticular volatile metabolite, geosmin, was found in the breath
fingerprints of hog-waste composts cured under mesophilic
conditions but was not found in the process of main ther-

mophilic composting (Chiou, 1996).  Geosmin, an earthy
odor, is the metabolite of mesophilic Streptomyces cultures
and is not harmful to crops (Chiou, 1996).  Therefore, the
presence of geosmin could indicate compost stability.  This
suggests that some volatiles produced at the equilibrium
point between solid state substrates and volatile metabo-
lites in SSF could be quantified for some application.  For
example, if one considers that human bodies are in the state
of SSF, the ability to find breath fingerprints would allow
us to develop new gas sensors and new techniques to qualify
or/and quantify the state of certain biotic reactions.
Therefore, it is possible that SSF, originally an appropriate
technology, will enable us to find new resources.  For
example, this laboratory has been preparing to work on iden-
tifying human health using breath fingerprints and HSGA.
The primary candidate for a volatile metabolite is isoprene,
a biogenic volatile, and its derivatives.  A relatively high
level of isoprene was found in human breath (Pleil and
Lindstrom, 1995).  Although the metabolic importance of
isoprene remains to be determined, the isoprene derivatives,
dolichol (a polyisoprenoid), the prenylated peptides of fun-
gal sex pheromones and the prenylated proteins of the Ras
superfamily may be good starting points for finding bio-
genic isoprene.  The level of dolichol in tumors was found
to decrease compared to that in control tissue whereas the
concentration of dolichol phosphate did not exhibit any
major change and the pattern of individual polyisopronoids
in the free dolichol pool changed in several carcinomas with
a relative increase in the shorter dolichols (Eggens et al.,
1989).  Many fungal mating (sexual) pheromones are highly
hydrophobic due to modifications of C-terminal cysteine
(of a peptide) by a farnesyl group (Bolker and Kahmann,
1993).  Most of the known prenylated proteins are mem-
bers of the Ras superfamily of low-molecular-weight gua-
nine nucleotide-binding proteins.  These proteins partici-
pate in a variety of cellular functions, including control of
cell growth and differentiation, cytokinesis, and membrane
trafficking (Schafer and Rine, 1992).

Acknowledgment

The author thanks the late Professor S. Sasaki for his advice to the
author that he continue his research in soil microbiology in 1968.  The
author also thanks K. T. Chung for useful discussion, his colleagues C. M.
Chiou and R. S. Hseu, and his graduate students for participation in this
work and for help in preparation of the manuscript.  Work in this labora-
tory has been supported by the National Science Council, R.O.C., the
Council of Agriculture, R.O.C., the Departments of Environmental Pro-
tection and Public Health and the Taiwan Provincial Monopoly Bureau of
Tobacco and Wine.

References

Ahmadjian, V. (1967) A guide to the algae occurring as lichen symbionts:
isolation, culture, cultural physiology and identification. Phycologia,
6:127-159.



Bioresource Development by SSF

– 57 –

Aihara, H., Watanabe, K. and Nakamura, R. (1988) Degradation of cho-
lesterol in egg yolk and its low-density lipoprotein by extracellular
enzymes of Rhodococcus equi no.23. Journal of Food Science, 53:
659-660.

Antier, Ph., Minjares, A., Roussos, S. and Viniegra-Gonzalez, G. (1993)
New approach for selecting pectinase producing mutants of Aspergil-
lus niger well adapted to solid state fermentation. Biotechnology
Advances, 11(3):429-440.

Aoki, K., Uemori, T., Shinke, R. and Nishira, H. (1985) Further character-
ization of bacterial production of anthrnilic acid from aniline. Agricul-
tural and Biological Chemistry, 49:1151-1158.

Aquiahualt, M.A., Raimbault, M., Roussos, S. and Trejo, M.R. (1988)
Coffee pulp detoxification by solid state fermentation: isolation, iden-
tification and physiological studies. In: Solid State Fermentation in
Bioconversion of Agro-industrial Raw Materials, pp.13-26. (Raimbault,
M., Ed.), ORSTOM, Montpellier, France.

Barrios-Gonzalez, J., Tomasini, A., Viniegra, G.G. and Lopez, L. (1988)
Penicillin production by solid state fermentation. In: Solid State Fer-
mentation in Bioconversion of Agro-industrial Raw Materials, pp.39-
51 (Raimbault, M., Ed.), ORSTOM, Montpellier, France.

Barrios-Gonzalez, J., Castillo, T.E. and Mejia, A. (1993a) Development
of high penicillin producing strains for solid state fermentation. Bio-
technology Advances, 11(3):525-537.

Barrios-Gonzalez, J., Gonzalez, H. and Mejia, A. (1993b) Effect of par-
ticle size, packing density and agitation on penicillin production in
solid state fermentation. Biotechnology Advances, 11(3):539-547.

Bengis-Garber, C. and Gutman, A.L. (1988) Bacteria in organic synthesis:
selective conversion of 1,3-dicyanobenzene into c-cyanobenzoic acid.
Tetrahedron Letters, 29:2589-2590.

Bisping, B., Hering, L., Baumann, V., Denter, J., Keuth, S. and Rehm, H.
J. (1993) Tempe fermentation: some aspects of formation of γ-lino-
lenic acid, proteases and vitamins. Biotechnology Advances, 11(3):481-
493.

Bolker, M. and Kahmann, R. (1993) Sexual pheromones and mating re-
sponses in fungi. The Plant Cell, 5:1461-1469.

Bruce, N. and Cain, B. (1990) Hydroaromatic metabolism in Rhodococcus
rhodochrous: purification and characterization of its NAD-dependent
quinate dehydrogenase. Archives of Microbiology, 154:179-86.

Chahal, D.S. (1991) Effect of solid-state fermentation on the composition
of cellulase-system of Trichoderma reesei when grown on different
substrates. Transactions of Mycology Society of R.O.C., 6(1):45-52.

Chang, Y.I. (1993) The effect of cationic electrolytes on the adhesion of
cells. Biotechnology Advances, 11(3):711-724.

Cheng, M.P. (1996) Heterotrophic Nitrification of Rhodococcus Species
and its Quantification. Ph.D. Dissertation. Graduate Institute of Agri-
cultural Chemistry, National Taiwan University, Taipei, Taiwan, R.O.
C.

Cheng, M.P. and Wang, H.H. (1995) Heterotrophic nitrification and deni-
trification of Rhodococcus rhodochorous DSM363 (Abstract). 1995
International Chemical Congress of Pacific Basin Societies, pp. E6-
158. Honolulu, HI, U.S.A.

Chiang, T.F., Wang, H.H., Lin, L.Y., Hsieh, N., Wu, Y.S., Liau, Y.M. and
Tan, C.C. (1983) Report for survey of foreign production and market
of commercial mushroom Agaricus bisporus to Ministry of Economics,
R.O.C., Sept., 1983.

Chiou, R.Y. (1996) A New Approach to Compost Stabilization by Degree
of Humification and Identification by Presence of an Earthy/Musty
Odor Geosmin as Indicator. Ph.D. Dissertation. Graduate Institute of
Agricultural Chemistry, National Taiwan University, Taipei, Taiwan,
R.O.C.

Chou, C.C. and Hwang, G.R. (1995) Fermentation of tou-pan-chiang, a
Chinese semi-solid condiment. Fungal Sciences (Formally Transac-
tions of Mycological Society of R.O.C.), Special Issue (May 1995) 159.

Christen, P., Auria, R., Vega, C., Villegas, E. and Revah, S. (1993) Growth
of Candida utilis in solid state fermentation. Biotechnology Advances,

11(3):549-560.
Cochet, N. and Lebeault, J.M. (1988) Solid state fermentation of sugar

beet. In: Solid State Fermentation in Bioconversion of Agro-industrial
Raw Materials, pp.129-132 (Raimbault, M., Ed.), ORSTOM,
Montpellier, France.

Desgranges, C., Veroignan, C., Lereec, A., Riba, G. and Durand, A. (1993)
Use of solid state fermentation to produce Beauveria bassiana for the
biological control of European corn borer. Biotechnology Advances,
11(3):577-587.

Durand, A. and Blachere, H. (1988) Solid state fermentation. In: Solid
State Fermentation in Bioconversion of Agro-industrial Raw Materials,
pp.83-90 (Raimbault, M., Ed.), ORSTOM, Montpellier, France.

Durand, A., Renaud, R., Almanza, S., Maratray, J., Diez, M. and
Desgranges, C. (1993) Solid state fermentation reactors: from lab scale
to pilot plant. Biotechnology Advances, 11(3):591-597.

Effler, W.T. and Tanner, R.D. (1995) A comparison between baker’s yeast
extracellular proteins produced in a semi-solid air-fluidized bed and
those produced in liquid culture. Fungal Sciences (Formally Transac-
tions of Mycological Society of R.O.C.), Special Issue (May 1995), 38-
58.

Eggens, I., Elnberger, P.G. and Low, P. (1989) Polyisoprenoid, choles-
terol and ubiquinone levels in human hepatocellular carcinomas. Brit-
ish Journal of Experimental Pathology, 70:83-92.

Fenderson, F.F., Kumar, S., Adman, E.T., Liu, M.Y., Payne, W.J. and
LeGall, J. (1991) Amino acid sequence of nitrite reductase: a copper
protein from Achromobacter cycloclasters. Biochemistry, 30:7180-
7185.

Finnerty, W.R. (1992) The biology and genetics of the genus Rhodococcus.
Annual Review of Microbiology, 46:193-218.

Gerber, N.N. and Lechevalier, H.A. (1965) Geosmin, and smelling sub-
stance isolations from actimomycetes. Applied Microbiology, 13(6):
935-938.

Germon, J.C. and Knowles, R. (1988) Metabolism of acetylene and ac-
etaldehyde of Rhodococcus rhodochrous. Canadian Journal of
Microbiology, 34:242-248.

Goodfellow, M. (1986) Genus Rhodococcus. In: Bergey’s Manual of Sys-
tematic Bacteriology, Vol. 2, P.H.A, p.1472 (Sneath, N.S. Mair, M.E.
Sharpe and J.G.Holt, Eds.), Williams and Wilkins, Baltimore.

Gordon, S.H., Green, R.V., Wheeler, B.B. and James, C. (1993) Multi-
variate FTIR analysis of substrates for protein, polysaccharide, lipid
and microbe content: potential for solid-state fermentations. Biotech-
nology Advances, 11(3):665-675.

Gowthaman, M.K., Rao, K.S. M. S. R., Ghildyal, N. P. and Karanth, N. G.
(1993) Gas concentration and temperature gradients in a packed bed
solid-state fermentor. Biotechnology Advances, 11(3):611-620.

Greene, R .V., Gordon, S.H. and Freer, S.N. (1991) Solid-substrate fer-
mentations by furrier transform infrared-photoacoustic spectroscopy.
Transactions of Mycology Society of R.O.C., 6(2):63-66.

Guilbert, S. (1988) Theoritical and practical aspects of water activity mea-
surements in intermediate moisture media. In: Solid State Fermenta-
tion in Bioconversion of Agro-industrial Raw Materials, pp.73-82
(Raimbault, M., Ed.), ORSTOM, Montpellier, France.

Gumbira-sa’id, E., Greenfield, P. F., Mitchell, D.A. and Doelle, H.W.
(1993) Operational parameters for packed beds in solid-state cultivation.
Biotechnology Advances, 11(3):599-610.

Gutierrez, R.M., Huerta-ochoa, S., Lopez, U.R., Saucedo, C.G., Favela,
T.E. and Viniegra, G.G. (1988) Solid state fermentation: scaling up
prototypes and strategies. In: Solid State Fermentation in Bioconver-
sion of Agro-industrial Raw Materials, pp.61-66 (Raimbault, M., Ed.),
ORSTOM, Montpellier, France.

Haggblom, J.H., Apajalahti, M.M. and Salkinoja-Salonen, M.S. (1988)
Hydroxylation and dechlorination of chlorinated guaiacols and
syringgols by Rhodococcus chlorophenolicus. Applied and Environ-
mental Microbiology, 54:683-687.

Hausler, A.S. and Munch, T. (1997) Microbial Production of National



H.H. Wang

– 58 –

Flavors. ASM News, 63(10):551-559.
Hsu, S.H., Sakanoue, T., Motoda, T. and Hayakawa, S. (1980) Studies on

dew (II) on the formation of dew. Journal of Agricultural Meteorology
Engineering, 36(3):173-179.

Huang, S.Y. (1995) Growth kinetics of koji and temperature / oxygen pro-
files in high heap koji. Fungal Sciences (Formally Transactions of
Mycological Society of R.O.C.), Special Issue (May 1995), 37.

Huang, S.Y. and Hsu, S.W. (1993) Growth estimation of solid-state koji
by covering a cellophane membrane on the mash. Biotechnology
Advances, 11(3):685-699.

Huang, S.Y. and Hsu, S.W. (1995) Temperature and oxygen distribution
in a high-heap koji bed. Fungal Sciences (Formally Transactions of
Mycological Society of R.O.C.), Special Issue (May 1995), 164-199.

Huang, S.Y., Wang, H.H., Wei, C.J., Malaney, G.W. and Tanner, R.D.
(1985) Kinetic responses of the Koji solid state fermentation process.
In: Topics in Enzyme and Fermentation Biotechnology, Vol, 10, p. 88
(Wiseman, A., Ed.), Ellis Horwood, New York, NY, U.S.A.

Iida, M., Murohisa, T., Yoneyama, A. and Iizuka, H. (1985) Microbiologi-
cal production of 20 carboxypregna-1,4-dien-3-one from beta-sitosterol
with high yield by a Rhodococcus species. Journal of Fermentation
Technology, 63:559-562.

Iida, M., Tsuyuki, K. I., Kitazawa, S. and Iizuka, H. (1987) Production of
20 carboxypregna-1,4-dien-3-one from sterols by mutants of
Rhodococcus species. Journal of Fermentation Technology, 65:525-
560.

Ito, M. and Yamagata, T. (1986) Glycosphingolipid-degrading enzymes
of actinomycetes. Journal of Biological Chemistry, 261:14278-14282.

Ito, M. and Yamagata, T. (1989) Purification and characterization of
glycosphingolipid-specific endoglycosidases (endoglycoceramidases)
from a mutant strain of Rhodococcus species. Evidence for three mo-
lecular species of endoglycoceramidase with different specificities.
Journal of Biological Chemistry, 264:9510-9519.

Josephson, J. (1977) Building the third world. Environmental Science and
Technology, 11(9):848-849.

Karanth, N.G. and Lonsane, B.K. (1988) Laboratory and pilot scale pro-
duction of enzymes and biochemical by solid state fermentation at C.
F.T.R.I., mysore. In: Solid State Fermentation in Bioconversion of Agro-
industrial Raw Materials, pp.113-120 (Raimbault, M., Ed.), ORSTOM,
Montpellier, France.

Kilbane, J.J. (1990) Sulfur-specific microbial metabolism of organic
compounds. Resources, Conservation, and Recycling, 3:69-79.

Kim, C., Swaminathan, B., Cassaday, P., Mayer, L. and Holloway, B.
(1991) Rapid confirmation of Listeria monocytogenes isolated from
foods by a colony blot assay using a digoxigenin-labled synthetic oli-
gonucleotide probe. Applied and Environmental Microbiology, 57:
1609-1614.

Kobayashi, T., Nagamune, T. and Endo, I. (1991) An effective production
method of glucoamylase in a novel solid-state culture system. Trans-
actions of Mycology Society of R.O.C., 6(3,4):42-44.

Kuramitsu, R., Tamura, M., Nakatani, M. and Okai, H. (1993) New Usage
of Aspartic Acid and Glutamic Acid as Food Materials. In: Food Fla-
vor and Safety, pp.138-148 (Spanier, A.M., Okai, H. and Tamura, M.,
Eds.), American Chemical Society, Washington, D.C., U.S.A.

Lai, M.N., Chang, F.W. and Wang, H.H. (1991) Application of pseudo-
steady heat conduction model for solid state fermentation of sorghum
mash. Journal of Japan Society of Food Science and Technology,
38(3):226-234.

Lai, M.N., Wang, H.H. and Chang, F.W. (1995) Improvement of sorghum
brewing by a rectangular bioreactor. Proc. Natl. Sci. Counc. ROC
(B), 19(1):58-65.

Larroche, C. and Gros, J.B. (1988) Strategies for spore production of Peni-
cillium roqueforti by solid state fermentation techniques. In: Solid State
Fermentation in Bioconversion of Agro-industrial Raw Materials, pp.
91-112 (Raimbault, M., Ed.), ORSTOM, Montpellier, France.

Laszlo, J.A. and Silman, R.W. (1993) Cellular automata simulations of

fungal growth on solid substrates. Biotechnology Advances, 11(3):621-
633.

Leatham, G.F. (1991) Recovery of degradative enzymes produced by fungi
grown on solid lignocellulose - a promising opportunity in
biotechnology. Transactions of Mycology Society of R.O.C., 6(2):69-
70.

Liang, Z.C. (1996) Synthesis and Growth Rate Determination of Lichen
by Membrane Culture. Ph.D. Dissertation. Graduate Institute of Agri-
cultural Chemistry, National Taiwan University, Taipei, Taiwan, R.O.
C.

Lin, C.F. (1995) Production of fructo-oligosaccharide using a mutant of
Aspergillus oryzae by solid state fermentation. Fungal Sciences
(Formally Transactions of Mycological Society of R.O.C.), Special Is-
sue (May 1995), 157.

Lin, M.S. (1986) Effect of Lipolytic Fungi on Aroma of Sorghum Liquor
by Headspace. M.S. Thesis. Graduate Institute of Agricultural
Chemistry, National Taiwan University, Taipei, Taiwan, R.O.C.

Lin, M.S. and Wang, H.H. (1991) Anaerobic growth and oxygen toxicity
of Rhizopus culture isolated form starters made by solid state
fermentation. Chinese Journal of Microbiology and Immunology, 24
(2):229-239.

Lin, M.S., Wu, C.Y., Lo, S.C. and Wang, H.H. (1991) Application of fac-
ultatively anaerobic Rhizopus in solid state fermentation. Journal of
the Chinese Agricultural Chemical Society eng., 29(3):310-317.

Lin, S.F., Hu, H.M., Inukai, T. and Tsai, Y.C. (1993) Production of novel
oligosaccharide oxidase by wheat bran solid-state fermentation. Bio-
technology Advances, 11(3):417-427.

Lu, C.C. (1984) Headspace Gas Analysis of Solid State Fermentation
Mashes and its Application: a Case Study on Sorghum Liquor Brewing.
Ph.D. Dissertation. Graduate Institute of Agricultural Chemistry, Na-
tional Taiwan University, Taipei, Taiwan, R.O.C .

Martinez, O.P. and Tamayo, P.R. (1988) Isolation, growth in artificial cul-
ture media, and fruiting body production of Pleurotus cornucopiae in
the agave cactus leaves. In: Solid State Fermentation in Bioconversion
of Agro-industrial Raw Materials, pp.27-28 (Raimbault, M., Ed.),
ORSTOM, Montpellier, France.

Matsuno, R., Okamoto, Y., Kawata, S. and Akao, T. (1991) Solid fermen-
tation by air-solid fluidized bed. Transactions of Mycology Society of
R.O.C., 6(3,4):36-41.

Matsuno, R., Adachi, S. and Uosaki, H. (1993) Bioreduction of prochiral
ketones with yeast cells cultivated in a vibrating air-solid fluidized bed
fermentor. Biotechnology Advances, 11(3):509-517.

Messing, R.A. (1980) Immobilized microbes. In: Annual Reports of Fer-
mentation Process, (Tsao, G., Ed.), Vol. 4, pp.105-121. Academic Press,
New York, NY, U.S.A.

Moffat, A.N. (1998) Global nitrogen overload problem grows critical.
Science, 279:988-989.

Moo-Young, M. (1991) Edible fungi from fermented cellulosic residues:
bioprocess innovation. Transactions of Mycology Society of R.O.C., 6
(2):71-72.

Moo-Young, M., Chisti, Y. and Vlach, D. (1993) Fermentation of cellulo-
sic materials to mycoprotein foods. Biotechnology Advances, 11(3):
469-479.

Murray, J.D. (1989) Predator-Prey models Lotka-Volterra systems. In:
Mathematical Biology, p. 65. (Murray, J.D., Ed.), Springer-Verlag,
Berlin.

Nagasawa, T., Nakamura, T. and Yamada, H. (1990) Production of acrylic
acid and methacrylic acid using Rhodococcus rhodochrous J1 nitrilase.
Applied and Environmental Microbiology, 34:322-324.

Nakajima, K., Sato, A., Takahara, Y. and Iida, T. (1985) Microbial oxida-
tion of isoprenoid alkanes, phytane, norpristane and faresane. Agricul-
tural and Biological Chemistry, 49:1993-2002.

Omori, T., Monna, L., Saiki, Y. and Kodamn, T. (1992) Desulfurization
of dibenzothiophene by Corynebacterium sp. Strain SY1. Applied and
Environmental Microbiology, 58:911-915.



Bioresource Development by SSF

– 59 –

Ortiz-Vazquez, E., Granados-Baeza, M. and Rivera-Munoz, G. (1993)
Effect of culture conditions on lipolytic enzyme production by Peni-
cillium candidum in a solid state fermentation. Biotechnology Advances,
11(3):409-416.

Pleil, H.D. and Lindstrom, A.B. (1995) Collection of a single alveolar
exhaled breath for volatile organic compounds analysis. American Jour-
nal of Industrial Medicine, 28:109-121.

Porres, C., Alvarez, D. and Calzada, J. (1993) Caffeine reduction in coffee
pulp through silage. Biotechnology Advances, 11(3):519-523.

Quastel, J.H. and Schofield, P.G. (1951) Biochemistry of nitrogen in soil.
Bacteriological Review, 15(1):1-53.

Raimbault, M. (1988) Enzymes production by solid state fermentation.
In: Solid State Fermentation in Bioconversion of Agro-industrial Raw
Materials, pp.5-12 (Raimbault, M., Ed.), ORSTOM, Montpellier,
France.

Ramsay, B., McCarthy, J., Guerra-Santos, L., Kappeli, O. and Fiechter, A.
(1988) Biosurfactant productions and diauxic growth of Rhodococcus
aurantiacus when using N-alkanes as the carbon source. Canadian
Journal of Microbiology, 34:1209-1212.

Revah, S. and Lebeault, J.M. (1988) Cheese flavours by solid state
fermentation. In: Solid State Fermentation in Bioconversion of Agro-
industrial Raw Materials, pp.53-60 (Raimbault, M., Ed.), ORSTOM,
Montpellier, France.

Roche, N., Venagur, A., Desgranges, C. and Durand, A. (1993) Use of
chitin measurement to estimate fungal biomass in solid state
fermentation. Biotechnology Advances, 11(3):677-683.

Ryoo, D., Murphy, V.G., Karim, M.N. and Tengerd, R.P. (1990) Growth
estimation and modeling of Rhizopus oligosporus in solid state
fermentation. Transactions of Mycology Society of R.O.C., 5(1/2):29-
46.

Ryoo, E., Murphyl, V.G., Tengerdy, R. and Karim, M.N. (1991) Adaptive
control of solid substrate fermentation of cracked corn with Rhizopus
oligosporus. Transactions of Mycology Society of R.O.C., 6(2):67-68.

Sakai, K., Nakazawa, A., Kondo, K. and Ohta, H. (1985) Microbial hy-
drogenation of nitroolefins. Agricultural and Biological Chemistry, 49:
2231-2336.

Salis, P.J., Armfield, S.J., Bull, A.T. and Hardman, D.J. (1990) Isolation
and characterization of haloalkane halisohydrolase from Rhodococcus
erythropolis Y2. The Journal of general microbiology, 136:115-120.

Schafer, W.R. and Rine, R. (1992) Protein prenylation: genes, enzymes,
targets, and functions. Annual Review of Genetics, 30:209-237.

Seitz, E.W. (1991) Solid state fermentation for production of flavor
materials. Transactions of Mycology Society of R.O.C., 6(2):1-44.

Sharma, M.L. (1976) Contribution of dew in the hydrologic balance of a
semi-arid grassland. Agricultural Meteorology, 17:321-331.

Silman, R.W., Bothast, R.J. and Schisler, D.A. (1993) Production of
Colletotrichum truncatum for use as a mycoherbicide: effects of culture,
drying and storage on recovery and efficacy. Biotechnology Advances,
11(3):561-575.

Sorkhoh, N.A., Ghannoum, M.A., Ibrahim, A.S., Streton, R.J. and Radwan,
S.S. (1990) Sterol and diacylglycerophosphocolines in the lipids of
the hydrocarbon-utilizing procaryote Rhodococcus rhochrous. The
Journal of Applied Bacteriology, 69:856-863.

Spanier, A.M., Okai, H. and Tamwra, M. (1993) Food Flavor and Safety.
American Chemical Society, Washington, D.C., U.S.A.

Srivastava, K.C. (1993) Properties of thermostable hemicellulolytic en-
zymes from Thermomonospora strain 29 grown in solid state fermen-
tation on coffee processing solid waste. Biotechnology Advances, 11
(3):441-465.

Stainer, R.Y., Ingraham, J.L., Wheelis, M.L. and Painter, P.R. (1986) The
Microbial World, 5th Ed. Prentice-Hall, Englewood Cliffs, NJ, U.S.A.

Straube, G., Hensel, J., Niedan, C. and Straube, E. (1990) Kinetic studies
of phenol degradation by Rhodococcus sp. P1. I. Batch cultivation.
Antonievan Leewenhoek Journal of Microbiology Series, 57:29-32.

Takeuchi, K., Koike, K. and Ito, S. (1990) Production of cis-unsaturated

hydrocarbon by a strain of Rhodococcus in repeated batch culture with
a phase-inversion hollow-fiber system. Journal of Biotechnology, 14:
179-186.

Tanner, R.D. (1988) Bakers yeast growth and recovery of extracellular
proteins using semi-solid state fermentation in an air fluidized bed
fermentor. In: Solid State Fermentation in Bioconversion of Agro-in-
dustrial Raw Materials, pp.133-138 (Raimbault, M., Ed.), ORSTOM,
Montpellier, France.

Tanner, R.D., Prokop, A. and Bajpai, R.K. (1993) Removal of fiber from
vines by solid state fermentation/enzymatic degradation: a compari-
son of flax and kudzu retting. Biotechnology Advances, 11(3):635-643.

Tengerdy, R. (1991) Adaptive control of solid substrate fermentation of
cracked corn with Rhizopus oligosporus. Transactions of Mycology
Society of R.O.C., 6(2):67-68.

Thakur, M.S., Karanth, N.G. and Nand, K. (1990) Studies on the produc-
tion of microbial rennet by solid state fermentation. Transactions of
Mycology Society of R.O.C., 5(1/2):13-28.

Thakur, M.S., Karanth, N.G. and Nand, K. (1993) Downstream process-
ing of microbial rennet from solid state fermented moldly bran. Bio-
technology Advances, 11(3):399-407.

Tochikura, T. and Yano, T. (1991) Utilization of koji enzymes and food
production through alcoholic SSF of yeasts. Transactions of Mycology
Society of R.O.C., 6(3,4):48-49.

Ueda, M., Mukataka, S., Sato, S. and Takahashi, J. (1986) Conditions for
the microbial oxidation of various higher alcohols in isooctane. Agri-
cultural and Biological Chemistry, 50:1533-1538.

Veddor, P.J.C. (1978) Modern Mushroom Growing. Educaboek-Vedder,
Culemborg, Netherlands.

Villegas, E., Aubague, S., Alcantara, L., Auria, R. and Revah, S. (1993)
Solid state fermentation: acid protease production in controlled CO2

and O2 environments. Biotechnology Advances, 11(3):387-397.
Wall, M.B., Lightfoot, E.N. and Cameron, D.C. (1991) Design of a

biopulping reactor. Transactions of Mycology Society of R.O.C., 6(2):
61-62.

Wall, M.B., Cameron, D.C. and Lightfoot, E.N. (1993) Biopulping pro-
cess design and kinetics. Biotechnology Advances, 11(3):645-662.

Wang, H.H. (1972) Existence of autotrophic nuclei in non-irradiated myce-
lial fragments of the commercial cultivated mushroom, Agaricus
bisporus. Mushroom Science, 8:453-459.

Wang, H.H. (1978) Two type of models on solid state fermentation in-
volved in mushroom cultivation for prediction of biomass formation.
Mushroom Science, 10:1039-1041.

Wang, H.H. (1986) Quality differences of traditional foods prepared by
conventional and modernized processes. In: Role of Chemistry in the
Quality of Processed Food, pp.27-64 (Fennema, O.R., Chang, W.H.
and Li, C.Y., Eds.), Food and Nutrition Press, INC. Westport, CT, U.
S.A.

Wang, H.H. (1987) Application of solid state fermentation to utilize solid
wastes. In: Gobal Bioconversions, Vol. IV, pp. 199-209 (Wise, D.L.,
Ed.), CRC Press, Inc., Boca Raton, FA, U.S.A.

Wang, H.H. (1989) Utilization of particulate agricultural products through
solid state fermentation. Proceeding of National Science Council, R.
O.C., 13(3):145-149.

Wang, H.H. (1992) A role of bioindustries in sustainable agriculture.
Bioindustry (Chinese), 3(3,4):119-129.

Wang, H.H. (1993) Assessment of solid state fermentation by bioelectronic
artificial nose. Biotechnology Advances, 11(3):701-710.

Wang, H.H. (1996) Mushroom cultivation in Taiwan. Short Communica-
tions of Annual Meeting of the Society for Mushroom Technology of
Japan RB-17, Tokyo, Japan.

Wang, H.H. and Chiou, R.Y. (1998) Breath fingerprints to indicate matu-
rity of hog waste composts. Program and Abstract of the 8th Interna-
tional Symposium on Microbiol Ecology, p. 343. Halifax, Canada.

Wang, H.H. and Hsieh, T.C. (1972) Kao-Liang brewing by pure cultures.
In: Fermentation Technology Today Proceeding of 4th International



H.H. Wang

– 60 –

Fermentation Symposium, pp. 651-658 (Terui, G., Ed.), Society of Fer-
mentation Technology, Japan.

Wang, H.H. and Hsu, J.P. (1991) Improved processing of agricultural prod-
ucts using solid state fermentation. Transactions of Mycology Society
of R.O.C., 6(3,4):18-35.

Wang, H.H. and Tsao, J.C. (1994) Sorghum brewing with facultative
anaerobic Rhizopus in practical operations. In: Developments in food
Engineering, pp. 528-530 (Yano, T., Matsuno, R. and Nakamura, K.,
Eds.), Blackie Academic and Professional, Tokyo, Japan.

Wang, H.H., Huang, S.Y., Lee, C.M., Lin, M.C. and Ma, T.P. (1975) Hy-
phal mass and CO2 — toxicity in solid mash during Kaoliang-Brandy
brewing. In: Proceedings of the First Intersectional Congress of IAMS,
Vol. 5, pp. 146-153 (Hasegawa,T., Ed.), Japan.

Wang H.H., Wu, T.A., Hsu, J.P. and Tsai, Y.S. (1991) A kinetic analysis of
sorghum brewing — a typical solid state fermentation. Journal of Ja-
pan Society of Food Science and Technology, 38(8):716-721.

Wang, H.H., Liang, Z.C., Hseu, R.S. and Moncalvo, J.M. (1997) Feasibil-
ity of soil formation of deserts by lichens. Abstract of 8th Interna-
tional Symposium on Environmental Biogeochemistry, p. 111.
Monopoli, Italy.

Watanabe, I., Satoh, Y., Enomoto, K., Seki, S. and Sakashita, K. (1987)
Optimal conditions for cultivation of Rhodococcus sp. N-744 and for
conversion of acrylonitrile to acrylamide by resting cells. Agricultural
and Biological Chemistry, 51:3201-3206.

Woods, N.R. and Murrell, J.C. (1989) The metabolism of propane in
Rhodococcus rhodochrous PNKb1. The Journal of general
microbiology, 135:2335-2344.

Woods, N.R. and Murrell, J.C. (1990) Expoxidation of gaseous alkenes by
a Rhodococcus species. Biotechnology Letters, 12:409-414.

Wu, C.Y. (1995) Denitrification in three Taiwan soils and quantification
of denitrifiers by nucleic acid probes. Ph.D. Dissertation. Graduate
Institute of Agricultural Chemistry, National Taiwan University, Taipei,

Taiwan, R.O.C.
Wu, C.Y., Lin, Y.J. and Wang, H.H. (1994) Atmospheric nitrous oxide

determination by piezoelectric quartz crystal microbalance. Proceed-
ing of 7th Regional Conference on Air Pollution and Waste Issues, Vol.
II, pp. 133-142, Taipei, Taiwan, R.O.C.

Wu, T.Z. (1990) Studies on the Piezoelectric Quartz Crystal Biosensors
and its Application. Ph.D. Dissertation. Graduate Institute of Agricul-
tural Chemistry, National Taiwan University, Taipei, Taiwan, R.O.C.

Yang, H.C. (1987) Effect of Molds Isolated from Chiu-yueh on the Aroma
of Lao-chao. M.S. Thesis. Graduate Institute of Agricultural Chemistry,
National Taiwan University, Taipei, Taiwan, R.O.C.

Yang, S.S. (1993) Protein enrichment of sweet potato residue with co-
culture of amylolytic fungi by solid-state fermentation. Biotechnology
Advances, 11(3):495-505.

Ye, R.W., Fries, M.R., Bezborodikov, S.G., Averill, B.A. and Tiedje, J.M.
(1993) Characterization of the structural gene encoding a copper-con-
taining nitrite reductase and homology of this gene to DNA of other
denitrifiers. Applied and Environmental Microbiology, 59:250-254.

Yeh, T.P., Fan, C.N. and Wang, H.H. (1969) Effect of hog manure com-
posts on microbial activities of sugar cane soils. In: Proceeding of 13th
congress of International Society of Sugar Cane Technologist, p. 815.
Taipei, Taiwan, R.O.C. (Liu, K.C., Ed.), Elsevier Publishing Company,
Amsterdam, Netherlands.

Yu, C.C. (1995) Application of Facultatively Anaerobic Rhizopus for Sweet
Wheat Sauces Production. M.S. Thesis. Graduate Institute of Agricul-
tural Chemistry, National Taiwan University, Taipei, Taiwan, R.O.C.

Ziffer, J. and Shelef, G. (1988) Wheat bran culture processes for fungal
amylase and penicillin production. In: Solid State Fermentation in Bio-
conversion of Agro-industrial Raw Materials, pp. 121-128 (Raimbault,
M., Ed.), ORSTOM, Montpellier, France.

Zumft, W.G. (1997) Cell biology and molecular basis of denitrification.
Microbiology and Molecular Biology Reviews, 51(4):533-616.



Bioresource Development by SSF

– 61 –


