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Microbial community dynamics in a flowerpot-using solid biowaste composting (FUSBIC)
process were monitored seasonally by quinone profiling and conventional microbiological meth-
ods. The FUSBIC system, which consisted of three flowerpots (14 L or 20 L capacity) with 5-6 kg
each of a soil-compost mixture (SCM) as the primary reactors, was loaded daily with household
biowaste from November 1998 to October 1999. The monthly average waste reduction rate was
88.2% for the 14-L system and 92.5% for the 20-L system on a wet weight basis. The direct total
microbial count detected in the 14-L primary reactors ranged from 4.5 to 9.6x10" cells-g~' of
dry wt of SCM, and the viable count of aerobic heterotrophic bacteria recovered on agar plates at
28°C varied from 1.9 to 5.7x10" CFU-g~' of dry wt. The quinone content of SCM samples from
the 14-L and 20-L systems ranged from 160 to 353 nmol-g~' of dry SCM. Ubiquinones, unsatu-
rated menaquinones, and partially saturated menaquinones constituted 15.0-36.4, 14.8-22.0, and
41.8-61.6 mol% of the total content, respectively. The major quinone types detected were usually
MK-8(H,), MK-9(H,), and Q-10. Variations in quinone profiles were evaluated numerically by using
two parameters, the dissimilarity index (D) and microbial divergence index (MD,). The upper limit
of seasonal changes in the microbial community structure was about 30% as expressed by D
values. The MD, values calculated ranged from 18 to 22. A significant positive correlation was
found between seasonal temperature and bacterial populations containing partially saturated
menaquinones. These results indicated that the FUSBIC system contained highly diverse micro-
bial populations that fluctuated to some extent depending on seasonal temperature. Members of
the Actinobacteria were suggested to be the major constituents of the total population present.
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Introduction

Composting is a subject of major concern in munici-
pal waste management involved with the disposal of
household organic waste. In Japan, personal or small-
scale composting processes for household biowaste
management have received much attention, and sev-
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eral electric and nonelectric composters for personal
use are now commercially available. In the conven-
tional composting system in a long-term batch
process, solid organic waste is degraded to soluble
low molecules and turned into stable organic com-
pounds containing a humic-like substance by passing
through four major thermal stages, i.e., the mesophilic,
thermophilic, cooling, and maturation stages. At each
thermal stage, specific microorganisms predominate
and play a primary role in the reduction and conver-
sion of organic waste in response to temperature (for
reviews, Finstein and Morris, 1975; Fogarty and Tuovi-
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nen, 1991). On the other hand, the personal compost-
ing system using an electric or nonelectric composter
is a continuous daily batch process without definitive
thermal stages. Therefore this system may differ from
the traditional composting process in microbial com-
munity dynamics. Although large numbers of microbio-
logical studies have been performed on various com-
posting systems, the available information on the mi-
crobiology of continuous batch processes for compost-
ing household biowaste is limited and fragmentary.

Previously (Hiraishi, 1999a, 2000), we reported the
development of a flowerpot-using solid biowaste com-
posting (FUSBIC) process and its application to the
composting of household biowaste. The primary reac-
tors of this process are capable of reducing added
biowaste to less than 10% on a wet weight basis when
operated in the sun at a waste loading rate of less than
about 0.2kg (wet wt) -reactor '-d~'. A preliminary mi-
crobiological study has shown that microorganisms at
the order of 10" cells-g ™" of dry soil are present in the
reactors, and members of the Actinobacteria may be
the major constituents of the microbial population. A
more comprehensive understanding of microbial com-
munity dynamics is needed not only to improve the
FUSBIC process, but also to provide basic information
of value in the development and engineering of other
composting systems for personal use.

In recent years, culture-independent approaches
have been conducted for the assessment of microbial
diversity and community structure in compost. These
approaches include the characterization of microbial
communities based on PCR-aided molecular analyses
(Kowalchuk et al., 1999; Peters et al., 2000), carbon
source utilization patterns (Carpenter-Boggs et al.,
1998; Insam et al., 1996), and phospholipid fatty acid
profiles (Carpenter-Boggs et al., 1998; Hellmann et al.,
1997; Herrmann and Shann, 1997; Klamer and Baath,
1998). Respiratory quinone profiling is among the most
useful culture-independent biomarker approaches for
studying complex microbial communities in compost
because of its applicability to the simultaneous analy-
sis of prokaryotic and eukaryotic microorganisms and
its technical advantages, i.e., simplicity, high repro-
ducibility, and ease in data interpretation (Hiraishi,
1999b). This biomarker approach has been success-
fully applied to characterize microbial communities
in compost and soil environments (Fujie et al., 1998;
Hiraishi, 1999a, 2000; lwasaki and Hiraishi, 1998;
Katayama et al., 1998). In this study, we used the
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quinone profiling technique and conventional microbio-
logical methods for monitoring seasonal microbial
community dynamics in the FUSBIC process. A nu-
merical analysis of profiles was made to obtain quanti-
tative information on population shifts over time.

Materials and Methods

Composting system. The FUSBIC system usually
used for a family of 3 or 4 people consists of three
polypropylene flowerpots (14 L or 20 L capacity) as pri-
mary reactors and one or two as secondary reactors
(Hiraishi, 1999a). In this study, two FUSBIC systems
with commercially available 14-L and 20-L flowerpots
(Richell Co., Toyama, Japan) were used in parallel.
Each flowerpot for the primary treatment was packed
successively with 2.0kg of fine gravel, 1.0kg of
beaded red clay, and 5.0 to 6.0kg of a soil-compost
mixture (SCM) (Fig. 1a). The SCM was prepared by
mixing an equal weight of garden soil (Compost
Kogyo, Gifu, Japan) and the mature compost that was
produced previously in the FUSBIC process (Hiraishi,
1999a). Thus the total weight of each reactor was
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Fig. 1. Schematic illustration of the FUSBIC system.

(a) Cross-section of a primary reactor, (b) reactors settled in a
vinyl-covered greenhouse.
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Table 1. Composition of household biowaste used for a

FUSBIC system during one year.

Source and content Wet weight (kg) Y%
Dark-green vegetables 351 14.6
Yellowish-green vegetables 48.1 20.0
Citrus and fruits 41.7 17.3
Root crops 19.2 8.0
Tea/coffee grounds 25.7 10.7
Leftover rice/bread crumbs 19.0 7.9
Fish/shells 13.6 5.6
Meat 2.2 0.9
Eggshells 10.4 4.3
Others 26.0 10.8

8.7 kg for 14-L flowerpots and 9.9 kg for 20-L ones. All
reactors were settled in a vinyl-covered personal
greenhouse to shut out the rain (Fig. 1b), but the vinyl
cover was opened on fine days, as reported previously
(Hiraishi, 2000).

Biowaste. Organic waste disposed from the au-
thor’s (A.H.) family was collected over a year and used
for composting. The biowaste from the restaurant of
Toyohashi University of Technology was also some-
times used. The average composition of the organic
waste used is shown in Table 1. Before use, biowaste
samples were cut into pieces (=3cm square), and
water of the waste was squeezed as possible. The av-
erage moisture content of the waste thus obtained was
77.8%. The average pH was 6.07.

Operation of reactors. The primary reactors of the
14-L and 20-L systems were loaded daily with
biowaste of an average wet weight of 0.655kg-d™"', in
which the waste was added twice to the reactors, at 8
a.m. and 9 p.m. The loading rate noted above corre-
sponded to 0.218kg-reactor '-d™', and 0.043kg-kg
SCM~"-d™" for 14-L reactors and 0.035kg-kg SCM ™"
d~' for 20-L reactors. Every time the waste was added
to the reactors, it was stirred well into SCM with a
trowel for about 1 min. The reactors were operated
always at ambient temperature in the sun. Surplus
compost produced was removed monthly from the pri-
mary reactors by giving the original weight of the reac-
tor and was transferred to a secondary reactor. The
operation period was from November 1998 to October
1999.

Sample collection. SCM samples were collected
equally from the three primary reactors, which were
stirred well with a trowel just before sampling, and
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mixed completely. The mixture was then passed
through a stainless sieve with a 3-mm mesh and taken
into sterile polypropylene tubes. If pieces of biowaste
and small visible organisms such as ticks and nema-
todes were found in samples, they were removed by
forceps when possible. The samples were immediately
used for microbiological analyses, whereas those for
quinone profiling were stored at —80°C until analyzed.

Physico-chemical analyses. The waste reduction
rate was calculated by measuring the increase in
weight of the reactors compared with the cumulative
amount (wet wt) of biowaste added. The weights of the
reactors were measured directly on a Yamato model
SD-20 spring balance (Yamato Seiko Co., Tokyo,
Japan) as described previously (Hiraishi, 1999). SCM
temperature was measured with a digital thermometer
at 8cm depth in the core of the reactor as previously
described (Hiraishi, 1999). The pH of SCM was mea-
sured for its suspension in distilled water.

Direct counting. Total microbial counts (TCs) were
measured directly by epifluorescence microscopy with
ethidium bromide staining according to the protocols of
Roser (1980) and Someya (1995), with some modifica-
tions. One gram (wet wt) of SCM was suspended in
9 ml of filter-sterilized pure water, sonicated on ice for
1min with 2s intermittent bursts (20kHz; output
power, 50 W), and settled for 10 min. One milliliter of
the upper fraction of this suspension was diluted deci-
mally with the filter-sterilized pure water. An aliquot
(10-50 pl) of an appropriate dilution was taken into mi-
crotubes, stained with ethidium bromide in buffered so-
lution (pH 7.2), and filtered through a 0.2 um-pore Nu-
cleopore® filter (Corning, New York, NY, USA). Ethi-
dium bromide stained cells were detected under an
Olympus BX-50 epifluorescence microscope equipped
with a Flovel FD-120M digital camera (Flovel Co.,
Tokyo, Japan). The total count was calculated by aver-
aging the number of cells in a random 10 fields.

Plate counting. Viable bacterial counts (VBCs) and
viable mold/yeast counts (VMCs) were obtained by the
plate-counting methods. One gram (wet wt) of SCM
was suspended in autoclaved 1% peptone water with
Bacto® Peptone (Difco Laboratories, Detroit, MI, USA),
sonicated for 1min as noted above, and settled for
10 min at room temperature. One milliliter of the upper
fraction of this suspension was taken and diluted deci-
mally with 1% peptone water. An aliquot (20-50 pl) of
each dilution was spread onto 1.8% agar plates con-
taining PBYG medium (0.5% Proteose Peptone No. 3
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[Difco], 0.1% Beef Extract [Difco], 0.1% Yeast Extract
[Difco], 0.1% glucose, and 0.1% NaCl, pH 7.4). Inocu-
lated plates were incubated in air incubators at 28, 37,
and 50°C for 7 days before counting colony-forming
units (CFU) as VBCs. Plates were sometimes incu-
bated anaerobically with the AnaeroPack® system
(Mitsubishi Gas Chemical Co., Tokyo, Japan) to re-
cover strictly and facultatively anaerobic bacteria ac-
cording to the manufacturer’s instructions. Preliminary
experiments showed that PBYG agar medium recov-
ered higher VBCs from SCM than any other agar
media tested, including Brain Heart Infusion (Difco),
Nutrient Broth (Difco), Trypticase Soy Broth (Difco),
and PBY medium (Hiraishi and Komagata, 1989). For
measuring VMCs, each dilution was inoculated onto
agar plates containing Malt Extract Agar (Difco) sup-
plemented with 0.1% NaCl (pH 4.8). Incubation was at
28 and 50°C for 7 days.

Quinone analysis. SCM samples were thawed and
washed twice with 50 mm phosphate buffer (pH 6.8)
containing 1 mm ferricyanide. Washed SCM (about 1g
wet wt) was mixed with 30 ml of acetone, sonicated on
ice for 1 min (20 kHz; output power 100 W), and cen-
trifuged at 8,000 g for 10 min to separate the acetone
extract. The residue was then extracted three times
with a chloroform—methanol mixture (2:1, vol/vol) by
shaking for every 30min and by filtrating through
Whatman No. 1 filter papers. All extracts were com-
bined, evaporated under vacuum, and reextracted
three times with n-hexane-water (1:1, vol/vol). The
quinone extract in the hexane layer was collected,
evaporated, and subjected to column chromatography
with Sep-Pak Vac 3cc silica gel cartridge (Waters,
Milford, MA, USA) to separate the menaquinone and
ubiquinone fractions as described previously (Hiraishi
et al., 1996; Iwasaki and Hiraishi, 1998). Quinone
components in each fraction were separated and iden-
tified by reverse-phase HPLC and photodiode array
detection with external quinone standards. Detailed
information on the analytical procedure has been
reported previously (Hiraishi et al., 1996; lwasaki and
Hiraishi, 1998). Furthermore, HPLC-mass spectrome-
try with the Hitachi M-8000 LC/3DQ-MS system (Hi-
tachi Co., Tokyo, Japan) was sometimes used to con-
firm the molecular mass of quinone components. Stan-
dard quinones were prepared from known species of
bacteria and activated sludge as described previously
(Hiraishi et al., 1996). In this study, ubiquinones,
menaquinones, and plastoquinones with n isoprene
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units in their side chain were abbreviated as Q-n, MK-
n, and PQ-n, respectively. Partially hydrogenated
ubiquinones and menaquinones were expressed as Q-
n(H,) and MK-n(H,), respectively, where x indicated
the number of hydrogen atoms saturating the side
chain. Phylloquinone (vitamin K,) was abbreviated as
K,. Furthermore, UQ, MK, and PQ were used to call a
total fraction of ubiquinones, menaquinones, and plas-
toquinones, respectively, as needed.

Numerical analysis. All quinone profiles obtained
were recorded as mol% and subjected to numerical
analysis. The quinone profiles obtained previously for
activated sludge (Hiraishi et al., 1996) and soil
(lwasaki and Hiraishi, 1998) were used as the refer-
ence data. Two parameters, the dissimilarity index (D)
(Hiraishi et al., 1991) and the microbial divergence
index (MD,) based on quinone profiles (lwasaki and
Hiraishi, 1998), were used for the numerical analysis.
The dissimilarity index is defined as follows:

n
D(i, =172 | X=X |

k=1

where Xx,; and Xx,; indicate mol% of quinone homologue
k in samples i and j, respectively. The microbial diver-
gence index is given by

n 2
Mqu(Z\ X J
k=1

where x, indicates the molar ratio of quinone homo-
logue k to the total content as 1 (x,=0.001). The D and
MD, values were calculated, and a dendrogram based
on D matrix data was constructed by the neighbor-join-
ing method (Saitou and Nei, 1987) with the BioCLUST
program (lwasaki and Hiraishi, 1998). The dendrogram
was illustrated with the TreeView program (Page,
1996).

Results

Performance and physico-chemical data

The FUSBIC systems with 14-L and 20-L reactors
were operated for the disposal of a total of 239 kg (wet
wt) each of the biowaste collected over one year. The
monthly averages or cumulative physico-chemical data
obtained for the 14-L system during this period of op-
eration are shown in Fig. 2. The primary reactors
showed a monthly waste reduction rate of 75.3 to
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97.1% with an average of 88.2%. The reduction rate
was lowered to less than 80% in January and June
1999. These observations could be explained by the
rate of waste reduction in the FUSBIC system being
affected by seasonal air temperature and weather
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Fig. 2. Seasonal changes in waste reduction rate and
some other physico-chemical characteristics of the FUSBIC
system with 14-L reactors.

The waste reduction rate (%) is shown by histograms. Sym-
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(Hiraishi, 2000). That is, the decrease in the waste
reduction rate in January and June 1999 was possibly
due to the negative effects of low air temperature and
the rainy season in Japan, respectively. The average
waste reduction rate noted above corresponded to the
production of about 28 kg wet wt of surplus compost
by each system during the year, which was further-
more reduced by 19% through the secondary treat-
ment (data not shown).

The monthly average pH of the SCMs was nearly
constant regardless of season (pH 8.07—-8.55); thereby
the steady state of the reactors was found to be in
slightly or moderately alkaline conditions. The monthly
average temperature in the reactors ranged from 24.6
to 45.5°C, being always 10 to 20°C higher than sea-
sonal air temperature.

The FUSBIC system with 20-L reactors showed a
monthly waste reduction rate of 92.5% during the pe-
riod of operation (data not shown). The core tempera-
ture and pH in the 20-L system were essentially the
same as those found in the 14-L system.

Microbial counts

Microbial counts in the 14-L system were measured
monthly on fine days through the year (Table 2). All
SCM samples tested gave total counts of 10 cells-
g ' of dry wt with a geometric mean of 6.7x10" cells -

Table 2. Microbial counts in the primary reactors of the FUSBIC system.?
TC VBC (CFUx10"-g7") at: VMC (CFUx10%-g7") at:
Date sampled (x10"-g~) VBC/TC ratio
28°C 37°C 50°C 28°C 50°C
Nov. 23, 1998 7.6 4.5 4.2 0.027 1.1 0.010 0.59
Dec. 14, 1998 6.3 4.1 2.9 nt® nt nt 0.65
Jan. 15, 1999 5.2 3.2 3.0 0.010 25 0.0020 0.62
Feb. 11, 1999 4.5 1.9 1.5 0.014 nt nt 0.42
Mar. 23, 1999 71 2.8 1.1 0.009 2.8 0.0025 0.39
Apr. 16, 1999 6.6 4.9 2.9 nt nt nt 0.74
May 8, 1999 8.6 3.6 2.4 0.071 0.78 0.0012 0.42
June 15, 1999 8.9 3.8 2.1 0.036 nt nt 0.43
July 23, 1999 9.6 48 4.0 0.080 nt nt 0.54
Aug. 10, 1999 6.2 5.7 5.8 0.087 23 0.0054 0.92
Sept. 15, 1999 5.6 3.0 3.0 0.027 nt nt 0.54
Oct. 11, 1999 6.0 2.7 2.6 0.041 35 0.011 0.45
Geometric mean 6.7 3.6 2.6 0.030 1.9 0.0039 0.56°

2Data show the count per g of dry wt of SCM.
bnt, not tested.
¢ Arithmetic mean.
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Fig. 3. Typical HPLC elution profiles of the quinones from an SCM sample.

(a) Ubiquinone fraction; (b) menaquinone fraction. Both fractions isolated from 1 g wet wt of SCM were dissolved in 100 ul of ace-
tone, and 10 ul of each solution was injected to the HPLC apparatus. Quinone components were separated with Zorbax ODS col-
umn (4.6X250 mm) at 30°C and eluted with methanol-isopropy! ether (9 : 2, vol/vol) as the mobile phase at a flow rate of 1 ml-min~'.

g ' VBCs detected on PBYG agar media at 28°C were
at the order of 10" cells-g~' with a geometric mean of
3.6x10" cells-g~', accounting for about half of the
TC. Similar or slightly lower levels of VBCs were
recorded at 37°C. VBCs at 50°C were much lower
than those at 28°C, but they could be detected con-
stantly regardless of season. Attempts to detect anaer-
obic bacteria with the AnaeroPack system resulted in
the recovery of lower counts than the VBCs of aerobic
bacteria (data not shown). VMCs recorded at 28°C
were 1 to 3% of the VBCs at 28°C. It is interesting that
all SCM samples tested produced low but detectable
counts of molds at 50°C.

The results of microbiological examinations indi-
cated that thermophilic or thermotolerant species of
bacteria and fungi alike were common members of the
microbial population in the primary reactors, though
the overwhelming majority of the inhabitants were
mesophilic.

Quinone analysis

Before detailed analyses of quinone composition of
SCMs, we examined the accuracy and reliability of the
method of quinone analysis used. Examinations for
quinone extraction from some SCMs with internal stan-
dards indicated that the efficiency for recovery of
quinones was found to be more than 95%. Further-
more, HPLC experiments of quinone mixtures ex-
tracted in 10 different runs from a single sample
showed that the deviation in quinone composition of
the same sample was less than 4.7%, as expressed

by D values (meanz*standard deviation=2.37+1.28).
These results demonstrate not only that the accuracy
and reproducibility of the method used is high, but also
that more than 5% of the D value is significant to indi-
cate differences in quinone profiles.

Examples of HPLC elution patterns of a quinone
mixture from an SCM sample are shown in Fig. 3. In
general, the ubiquinone fraction generated three major
peaks that corresponded to Q-8, Q-9, and Q-10 (Fig.
3a). Moreover, this fraction was characterized by con-
stant production of a partially hydrogenated compo-
nent eluted behind Q-10. This component was identi-
fied as Q-10(H,) on the basis of its elution time, UV
absorption spectrum, and mass spectrum (M+H,
m/z=865). The elution pattern of the menaquinone
fraction was much more complicated than that of the
ubiquinone fraction (Fig. 3b). Especially, a number of
elution peaks corresponding to partially hydrogenated
components were usually detected with MK-8(H,) as
the highest peak.

Changes in quinone contents

Seasonal changes in quinone contents of the SCM
samples from the 14-L and 20-L systems are shown in
Table 3. The quinone concentration in the SCMs
ranged from 160 to 353 nmol-g~"' of dry wt with an av-
erage of 223 nmol-g~" for the 14-L system. This aver-
age quinone concentration corresponds to a total bac-
terial count of 6.7x10" cells- g~ if the statistical corre-
lation between the two (Hiraishi, 1999b) is considered.
And this estimated TC level based on the quinone con-
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Table 3. Quinone contents of SCMs (dry weight basis) from the primary reactors.
14-L system 20-L system
Date sampled Total Mol% of:? MK/UQ Total Mol% of: MK/UQ
content ) content )
(nmol-g™")  UQ MK-n MK-nH) ' (amol-g)  UQ MK-n  MK-nH) 2O
Nov. 23, 1998 205 34.5 19.2 43.2 1.81 — — — — —
Dec. 14, 1998 198 34.0 18.4 44.0 1.84 211 33.0 17.7 46.2 1.94
Jan. 15, 1999 160 36.4 18.5 41.8 1.65 — — — — —
Feb. 11, 1999 182 35.8 16.9 45.7 1.73 208 32.9 19.1 44.6 1.93
Mar. 23, 1999 210 33.9 16.3 45.7 1.83 — — — — —
Apr. 16, 1999 208 27.4 18.8 51.3 2.56 215 30.5 18.0 49.7 2.22
May 8, 1999 256 15.0 21.3 61.6 5.51 — — — — —
June 15, 1999 305 16.9 22.0 60.1 4.87 253 25.3 18.2 54.5 2.87
July 23, 1999 353 23.8 20.7 54.4 3.16 — — — — —
Aug. 10, 1999 242 27.2 14.8 57.4 2.65 196 28.2 17.0 54.0 2.52
Sept. 15, 1999 173 29.3 15.9 54.1 2.39 — — — — —
Oct. 11, 1999 189 26.3 15.0 57.8 2.77 210 28.3 15.7 55.2 2.51
Mean+SD 223+57.0 28.4+7.1 18.2+x2.4 51.4x71 273125 216*+19.5 29.7£3.0 17.6*x1.2 50.7*+4.6 2.33+0.37

2UQ, MK-n, and MK-n(H,) indicate the fraction of total ubiquinones, unsaturated menaquinones, and partially hydrogenated

menaquinones, respectively.
b not tested.

centration agrees well with the geometric mean of TC
actually determined for the 14-L system (see Table 2).

All SCM samples tested were characterized by the
production of much higher amounts of menaquinones,
especially partially saturated menaquinones, than of
ubiquinones. Some variations were noted in the pro-
portion of ubiquinones, unsaturated menaquinones,
and partially saturated menaquinones to the total
quinone content, as well as in MK/UQ molar ratios.
These variations were more pronounced in the 14-L
reactors than in the 20-L reactors. In particular, a
marked increase in MK/UQ ratios were found in the
14-L system in May to June 1999. We have not yet
found the definitive reason for the degree of variations
in quinone profiles being larger in the 14-L system. But
it may be assumed that the microbial communities of
smaller reactors are more affected by weather, air tem-
perature, and other environmental factors.

More detailed information on the quinone profiles is
shown in Table 4. As noted above, some differences
were found between the 14-L and 20-L systems in the
degree of variations in quinone profiles. But in both
systems, similar major types of quinones were de-
tected as the primary and the second most common
components during the period of operation. These

major types were MK-8(H,), MK-9(H,), and Q-10. Thus
no essential difference was noted in the averaged
quinone profiles between the two systems, as shown
in Fig. 4. Based on the available chemotaxonomic
data (Collins and Jones, 1981; Hiraishi, 1999b), it
could be assumed that Q-10 and all other unsatu-
rated ubiquinone types were originated from species
of the Proteobacteria and fungi, partially saturated
and long-chain menaquinones (=MK-8) from species
of the Actinobacteria (gram-positive bacteria with
a high G+C content), and lower homologues of
menaquinones (=MK-8) from gram-positive bacteria
with a low G+C content and other phylogenetic groups
of bacteria. It was apparent that Q-10(H,) was derived
from some species of yeasts and fungi. The low con-
tents of PQ and K, detected might be derived from the
residual biowaste (e.g., vegetables and tea grounds)
rather than from oxygenic photosynthetic microorgan-
isms.

Numerical analyses of quinone profiles

To obtain quantitative information on seasonal
changes in the whole community structure in the pri-
mary reactors, we made numerical analyses of
quinone profiles by using the two parameters, D and
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Fig. 4. Averaged quinone composition of the SCMs from
the 14-L system (a) and 20-L system (b).

Phylogenetic groups of microbes as possible sources of each
quinone type are shown. Abbreviations: FC, Flavobacterium-
Cytophaga group; LGC, gram-positive bacteria with a low
G+C content; 8/e, 8- and e-Proteobacteria; Ab, Acidobacterium
group; mt, mitochondria.

MD,. Table 5 summarizes D matrix data and MD, val-
ues calculated for all SCM samples tested. Binary D
values for all the samples ranged from 1.1 to 30.9 with
an average=*standard deviation of 17.0£6.9. There-
fore the upper limit of seasonal variations in microbial
communities as shown by D values was evaluated to
be about 30%. The MD, values calculated were 18.9
to 23.6 (average, 20.4). These MD, values are much
higher than those recorded for other environments
(Hiraishi, 1999b; lwasaki and Hiraishi, 1998).

Based on the D matrix data obtained with all SCM
samples and activated sludge and soil samples used
as the reference, a neighbor-joining dendrogram was
constructed (Fig. 5). The microbial communities from
the 14-L and 20-L systems formed a single cluster
clearly separable from the cluster of the sewage-acti-
vated sludge and the soil community used as the refer-
ence. As judged from the length of trees in each clus-
ter, the seasonal divergence of communities was
larger in the composting system than in the activated
sludge system. In the 14-L system, the SCM communi-
ties different over time were classified into three major
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subclusters, i.e., those from November 1998 to April
1999 (subcluster 1), those from May to July 1999 (sub-
cluster Il), and those from August to October 1999
(subcluster 1ll). The dendrogram indicates that the
most pronounced population shift occurred from April
(subcluster 1) to May 1999 (subcluster Il), in which the
highest MK/UQ ratio was found (see Table 3).

Correlation between temperature and microbiological
parameters

The correlation coefficients between air and SCM
temperature and different microbiological parameters
were calculated to obtain more definite information on
seasonal microbial community changes in the FUSBIC
system. As shown in Table 6, TC, VBC, total quinone
and MK contents, and MK/UQ ratios correlated posi-
tively with the temperature, whereas there seemed to
be a negative correlation between the UQ content and
the temperature. Among these relationships, however,
only the correlation between the partially saturated MK
content and the temperature was significant at the
95% level.

Discussion

The results of microbiological examinations in this
study have shown that high densities of microorgan-
isms (10" cells-g~' of dry SCM) are present in the pri-
mary reactors of the FUSBIC system, regardless of
season. The geometric mean of the TCs detected by
epifluorescence microscopy was 6.7x10" cells-g~".
Moreover, the aerobic enumeration with PBYG agar
plates at 28°C gave the highest levels of VBCs with a
geometric mean of 3.6x10" CFU-g~' among the ex-
perimental conditions tested. The VBC thus obtained
accounted for about half of the TC. These data indi-
cate that such aerobic, mesophilic, and chemoorgan-
otrophic bacteria as recoverable under the cultivation
conditions we used are the major constituents of the
microbial population in the FUSBIC system. Because
no detailed information on the direct total count and
culturability for the predominant bacteria in compost
has been found before this study, it is difficult to com-
pare our data with the data of previous reports. The
VBCs obtained in this study are higher than those
recorded previously on some composting systems
(Beffa et al., 1996; Nakasaki et al., 1998; Strom,
1985a).

In natural aquatic and terrestrial environments,
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Fig. 5.

Neighbor-joining dendrogram showing relationships among quinone profiles of SCM samples studied.

The samples from the 20-L system are shaded. The quinone profiles of sewage-activated sludge (Hiraishi et al., 1996) and soil
(lwasaki and Hiraishi, 1998) were used as the reference data. Scale=10% divergence as D value.

Table 6. Correlation coefficients between seasonal
temperature and microbiological parameters.?

Correlation coefficient (r) to:

Parameter®
Air temperature SCM temperature

TC 0.4840 0.4886
VBC 0.4471 0.4499
TQ 0.5394 0.5573
uQ —0.1029 —0.1818
MK-n(H,) 0.4060 0.4313
MK-n(H,) 0.6605 0.6995
MK/UQ 0.4911 0.5661

2n=12. Values significant at =95% level are asterisked.

b Abbreviations for parameters: TC, total count; VBC, viable
bacterial count; TQ, total quinone content; UQ, ubiquinone con-
tent; MK-n(H,), unsaturated menaquinone content; MK-n(H,),
partially saturated menaquinone content (x=2); MK/UQ, molar
ratio of menaquinones to ubiquinones.

VBC/TC ratios are very low, usually less than 1%.
Even in activated sludge systems, VBCs account only
for 1 to 15% of the total population (Amann et al.,
1995). Because of these low VBC/TC ratios and possi-
ble culture biases, culture-independent molecular tech-
niques have been used for the characterization of bac-
terial communities in these environments. Compared

with natural and wastewater environments, the FUS-
BIC system gave much higher VBC/TC ratios, as re-
ported here and previously (Hiraishi, 1999a, 2000).
The composting reactor can be regarded as a cultiva-
tion system with high concentrations of organic com-
pounds, which is similar in nutrient composition and
loading level to microbial culture media routinely used
in laboratories. This is possibly why most bacteria from
the composting process are culturable, unlike bacterial
populations in natural environments. So although it is
difficult to describe the microbial community fully by
cultivation methods, a culture-dependent approach
may be much more useful for the study of composting
systems than for the study of natural and other engi-
neered environments. In this connection, chemotaxo-
nomic and phylogenetic analyses of the microbial
strains isolated from the FUSBIC system are now in
progress.

The analysis of respiratory quinones from the FUS-
BIC system in this study confirmed the previous results
(Hiraishi, 1999a, 2000) and expanded the information
on the microbial community structure in the compost-
ing system. One of the characteristic features of the
FUSBIC system is the production of much higher
amounts of menaquinones than of ubiquinones. The
average proportions of ubiquinones, unsaturated
menaquinones, and partially saturated menaquinones
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to the total content were 28.4, 18.1, and 51.4 mol%,
respectively (Table 3). The available chemotaxonomic
information has shown that long-chained menaqui-
nones and partially hydrogenated menaquinones are
distributed mainly in species of the Actinobacteria
(Collins and Jones, 1981; Hiraishi, 1999b). There-
fore it may be assumed that members of the Actino-
bacteria account for more than 50% of the microbial
population in the steady state of the primary reactors
in the FUSBIC process. The presence and some
ecological roles of the Actinobacteria in composting
processes have been shown by several investigators
(Blanc et al., 1997; Finstein and Morris, 1975; Fogarty
and Tuovinen, 1991; Peters et al., 2000). The quinone
profile data show that species with MK-8(H,), MK-
9(H,), and some other MK-n(H,) types are the major
constituents of the actinobacterial population present.

Lower homologues of unsaturated menaquinones
(MK-6 to MK-8) found in the FUSBIC system may be
derived from gram-positive bacteria with a low G+C
content, such as Bacillus species, and some other
phylogenetic groups of bacteria. It has been shown
that thermophilic Bacillus species, which contain MK-7
as the major quinone, are typical members of the mi-
crobial population in hot compost and in a composter
operated at high temperature (Blanc et al., 1997;
Pedro et al., 1999; Peters et al., 2000; Strom, 1985b).
Thermogenic compost is also a rich source of Ther-
mus species (Beffa et al., 1996), which contain MK-8
as the major component. Other candidates as possible
producers of lower homologues of menaquinones are
members of 8- and e-Proteobacteria, the Flavobac-
terium-Cytophaga group, and the Acidobacterium
group.

The occurrence of Q-8, Q-9, and Q-10 in large
amounts in the FUSBIC system suggests that o-, -,
and y-Proteobacteria constitute a significant proportion
of the microbial population present in the steady state.
Some portions of the amounts of Q-9 and Q-10 might
be derived from yeasts and fungi. Furthermore, the de-
tection of partially hydrogenated ubiquinones appar-
ently indicates the presence of certain species of
yeasts and fungi, though the plate-counting data sug-
gested that yeasts and fungi occurred in small popula-
tions in the FUSBIC system as the VMCs recorded
were only 1 to 3% of the VBCs. The cultivation method
used, however, might underestimate the population of
yeasts and fungi because of the amounts of partially
hydrogenated ubiquinones and other ubiquinone types
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detected.

The numerical analysis of quinone profile data indi-
cates that the maximum level of seasonal variations in
the microbial community structure in the FUSBIC
process was about 30% as the D value. This range of
the variation is somewhat larger than that for sewage-
activated sludge, as reported here. Since the FUSBIC
system is an open composting process not controlled
by any electric apparatus, its performance is strongly
affected by weather, air temperature, and other envi-
ronmental factors (Hiraishi, 2000). This is one of the
most plausible reasons why the microbial community
structure in FUSBIC system changes more than that in
activated sludge systems. The statistical analysis of
the seasonal data indicated that microbial populations
containing partially saturated menaquinones, i.e., acti-
nobacterial populations, vary significantly in response
to seasonal temperature. The finding that the microbial
communities in the winter and summer seasons
formed different clusters on the neighbor-joining den-
drogram can be explained primarily by the variations in
actinobacterial populations.

The MD, levels recorded for the FUSBIC system are
much higher than those for activated sludge systems
and natural environments so far studied for quinone
profiles (Hiraishi and Kato, 1999; Hiraishi et al., 1998,
1999; Iwasaki and Hiraishi, 1998). These numerical
data, together with the results of the community analy-
sis, allow us to draw the obvious conclusion that the
resident microbial community consists of highly di-
verse taxonomic groups with actinobacterial popula-
tions as the major constituents.

As reported here, changes in the whole community
structure in the composting system can be evaluated
quantitatively by quinone profiling and the subsequent
numerical analysis. Especially, the cluster analysis
with neighbor-joining dendrograms is quite useful to
determine the structural relationships among different
microbial communities over time and space. Since the
quinone profile method is a direct chemical analysis of
lipid molecules, this method gives more reproducible
and less-biased results than molecular techniques in-
volved with nucleic acid extraction and PCR, which are
now widely used for analyzing complex microbial com-
munities. A combined use of the quinone profile
method and molecular and ecophysiological tech-
niques should therefore provide more useful informa-
tion on the microbiology of compost.
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