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The succession of responsible micro biota during the composting process of rice straw (RS) 
was studied for 145 d in relation to the changes in the organic constituents of RS. During 
the composting process, the C I N ratio of RS decreased from 56 to 22. On a C basis, the rel
ative contents of lipid, water-soluble organic matter (WSOM), hemicellulose, cellulose, and 
lignin fractions in RS changed from 5.6, 8.9, 32.9, 17.9, and 34.0%, to 7.3, 5.8, 30.7, 3.8, and 
51.1 %, respectively, indicating that the cellulose fraction was mainly decomposed in the 
composting process. Biomass C accounted for 18.3% (on day 75 when the total amount of 
phospholipid fatty acids (PLFAs) reached a peak) and 11.5% (at the end of composting) of 
the total C of RS under the composting process. As for PLFAs, the biomarkers of fungi and 
Gram-negative bacteria predominated in the RS material used. At the thermophilic stage 
(the first 2 weeks), biomarkers of Gram-positive bacteria and actinomycetes predominated. 
After the thermophilic stage, biomarkers of other Gram-positive bacteria became dominant. 
Finally, at the curing stage, the proportion of the biomarkers of Gram-negative bacteria and 
eukaryotes increased, indicating the co-contribution of Gram-positive and Gram-negative 
bacteria and fungi in the decomposition process at this stage. The trans I cis ratio of 
16: 1007 PLFA of RS under the composting process ranged from 0.18 to 0.30, indicating that 
the compo sting process of RS prepared a significantly lower environmental stress (p < 
0.01) compared to the decomposition of RS in a submerged paddy soil. 

Key Words: compost, microbial community, phospholipid fatty acid, proximate analysis, 
rice straw. 

735 

Application of organic fertilizers to paddy fields for 
yield increase has a long history in Asian countries. One 
of the most common applied is rice straw (RS) compost. 
Although the importance of compost application for sus
tainable agriculture has been well documented by long
term fertilizer trials (Inoko 1984; Leita et aL 1999), little 
attention had been paid to the composting process from 
the viewpoint of soil microbiology. 

There have been several studies on the micro biota 
responsible for the decomposition of RS under sub
merged soil conditions. Kimura and Tun (1999) and Tun 
and Kimura (2000) examined the decomposition of leaf 
sheaths and leaf blades of rice plants that were placed in 
a flooded paddy field with a scanning electron micro
scope, and found that the decomposition of the leaf 
blades was faster than that of the leaf sheaths. Phospho
lipid fatty acid (PLFA) composition has been used as a 

bio-marker for identifying specific groups of microor
ganisms: straight mono-unsaturated PLFAs for Gram
negative bacteria (Ratledge and Wilkinson 1988), 
branched-chain PLFAs for Gram-positive bacteria 
(Haack et aL 1994), 10 Me-PLFAs for actinomycetes 
(Kroppenstedt 1992), and straight poly-unsaturated 
PLFAs for eukaryotes including fungi (Zelles 1999). 
The PLFA composition in decomposing RS under sub
merged incubation conditions showed that Gram-posi
tive bacteria were mainly responsible for the RS de
composition in the submerged paddy soil irrespective of 
the incubation temperature and nitrogen status (Kimura 
et aL 2001). 

The process of enzymatic decomposition of organic 
residues by microbiota in composting is similar to that 
of plant residues left in and on soils in which organic 
constituents with different chemical properties are de-
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composed independently (Poincelot 1972; Miller and 
Donahue 1990; Devevre and Horwath 2000). It is neces
sary to gain a better understanding of the succession of 
the microbiota responsible for the decomposition of RS 
in a composting system compared to that observed in 
the decomposition in soil. 

In the composting system, the examination of the suc
cession of microbial community structure using PLFA 
analysis with materials consisting of a mixture of Mis
canthus straw and pig slurry (Klamer and Baath 1998) 
and various feed materials from municipal solid waste 
(Herrmann and Shann 1997) indicated a similar pattern. 
At the initial, mesophilic stage of composting, fungi and 
Gram-negative bacteria occurred, and during the subse
quent, thermophilic stage, the number of Gram-positive 
bacteria increased and they remained as the dominant 
community. The final or curing stage was defined by tlle 
persistence of Gram-positive bacteria and by the con
spicuous reappearance of fungi and Gram-negative bac
teria. 

Although many investigations on the responsible mi
croorganisms in the compo sting process have focused 
on the temperature pattern, especially at the thermo
philic stage (Nakasaki et al. 1985; Strom 1985a, b; Bef
fa et al. 1996; Herrmann and Shann 1997; Klamer and 
BiHith 1998). no studies have been conducted to eluci
date the relationship between the changes in the compo
sition of organic constituents of the composting mate
rials and the succession of responsible microbiota dur
ing the composting process. 

The purpose of this study was to investigate the 
changes in the organic constituents of RS and the suc
cession of responsible micro biota throughout the com
posting period. This is the first study on microbial 
succession during the composting process of RS by the 
application of a technique of modem biochemistry 
(PLFA analysis) which enables to reveal the community 
structure of microbiota including not only bacteria but 
also eukaryotes (Zelles 1999). In the present experi
ment, the compo sting process was studied based on the 
conventional method used in Japan. and the compost 
had been applied to the field of a long-term fertilizer tri
al for at least more than 50 years. 

MATERIALS AND METHODS 

Experimental site. A long-term fertilizer trial 
had been conducted in a paddy field at Aichi-ken Anjo 
Research and Extension Center, Central Japan (latitude 
340 8' N, longitude 137"5' E) since 1925, and the com
post used in the present study was prepared based on a 
conventional method from the beginning of the trial. and 
was applied to the compost plot. Composting of RS was 

conducted in a storehouse from January 11 to June 5, 
200l. 

Composting procedure. As compost material, 
300 kg of air-dried RS was cut into 2-3 cm pieces using 
a cutter machine and moistened by supplementing water 
to reach a moisture content of about 70%. It was piled 
on the floor in the storehouse and covered with plastic 
sheets to avoid moisture loss. The size of the compost 
pile was approximately as follows: 210 cm long. 180 cm 
wide, and 80 cm high. At the time of the first turning. 2 
weeks after the onset of composting, ammonium sulfate 
((NH.j)2S04) was applied as N source at the rate of 10 kg 
Mg- 1 of air-dried RS. To ensure oxic decomposition and 
homogeneous decomposition of RS, the compost pile 
was turned once every month. At the time of turning, 
water was added to maintain adequate moisture condi
tions. The composting process was terminated after 145 
d on June 5. 2001. 

Sampling. Dried RS (compost material) stored in a 
storehouse was sampled twice before composting on 
November 27,2000 and January 11.2001,6 weeks after 
harvest (or 45 d before the onset of composting) and 12 
weeks after harvest (on the day of composting), respec
tively. 

During the composting process, samples were taken 
12 times, at 7, 14 d (just before turning and adding 
water), 21, 28, 39, 47 d (just before turning and adding 
water), 61, 75 d (just before turning and adding water), 
89, 103 d (just before turning and adding water), 124 
and 145 d, respectively, after the onset of compost pil
ing. At each sampling time, five subsamples were col
lected from randomized positions at a depth of about 30 
cm, where the measured temperature was not different 
from that of the center. The samples were then stored at 
a temperature of -20°C. 

Determination of pH and organic matter 
content of compost samples. The compost pH 
was measured at a compost: water ratio of 1 : 20 (g wet 
compost : mL distilled water) using a pH meter (F -7 ssII, 
HITACHI-HORIBA, Kyoto, Japan). The moisture con
tent was determined after drying of the sample at lOS"C 
for 24 h. The organic matter content was calculated as 
the loss of ignition at 550°C for 24 h from the dried 
samples. In addition, the compost samples were dried 
and ground for the determination of the contents of total 
C and total N, and the C / N ratio using an elemental 
analyzer (NC 2500, ThermoQuest, Milan, Italy). 

Estimation of organic constituents of RS 
under the composting process. The compost 
samples were dried at 70°C for 48 h and cut in 0.5 cm 
pieces. To fractionate organic constituents in the sam
ples, a modification of proximate analysis (Waksman 
and Stevens 1930; Stevenson 1965; Watanabe et al. 
1993) was performed. 
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The lipid fraction was extracted with benzene-eth
anol (I : I) in a Soxhlet apparatus and estimated based 
on the decrease of the C content after extraction. To 
obtain the water-soluble organic matter (WSOM) frac
tion, the lipid-free residue sample was extracted by boil
ing with distilled water for 2 h at 105'C. The filtrate was 
subjected to the determination of the total organic C 
content using a total organic carbon analyzer (TOe-500, 
Shimadzu, Kyoto, Japan). The total organic C content in 
the filtrate was designated as WSOM fraction. 

The hemicellulose fraction was removed by hydroly
sis of the lipid-free residue sample with 0.65 M HCl for 
5 h at lO5'C. As WSOM was also extracted in this 
hydrolysis procedure, the hemicellulose fraction was 
estimated by subtracting the total organic C content in 
the WSOM fraction described above from that in the 
HCI-hydrolyzable fraction. 

The cellulose fraction was removed by hydrolysis of 
the lipid-free residue sample with 15 M H2S04 at room 
temperature for 2.5 h and then with 0.42 M H2S04 at 
lO5'C for 5 h. The cellulose fraction was determined by 
subtracting the total organic C content in the HCI-hydro
lyzable fraction from that in the H2S04-hydrolyzable 
fraction. The lignin fraction was estimated from the C 
content in the residue after H2S04 hydrolysis. 

PLFA analysis. The representative portions of the 
subsamples were pooled, cut in 0.5 cm pieces, and 
mixed. The PLFAs were analyzed from 0.5 g wet weight 
of compost samples and determined in triplicate. 

Analysis of PLFAs was performed by the method of 
Okabe et al. (2000), after a modification of the methods 
of Bligh and Dyer (1959) and White et al. (1979). Brief
ly, the lipids were extracted from the compost samples 
in a one-phase mixture of methanol, chloroform, and 
phosphate buffer solution. The total lipids contained in 
the chloroform phase were fractionated into neutral lip
ids, glycolipids, and phospholipids on a solid phase 
extraction column (Sep-Pack® Cartridges Silica, Waters, 
Milford, USA) by eluting them with chloroform, ace
tone, and methanol, sequentially. The phospholipid frac
tion was subjected to methanolysis using Hydrogen 
Chloride-Methanol Reagent 10 (Tokyo Chemical Indus
try, Tok-yo, Japan), to synthesize fatty acid methyl esters 
(FAMEs) (Arao et al. 1998). The analysis of FAMEs 
was performed using a gas chromatograph equipped 
with Fill (5890 series II, Hewlett Packard, CA, USA). 
The GC operation was conducted according to the meth
od of Okabe et al. (2000). 

Nomenclature of fatty acids. Fatty acids were 
designated based on the total number of carbon atoms : 
number of double bonds, followed by the position of the 
double bond from the methyl end (aliphatic end (w) of 
the molecule. The cis and trans configurations were 
indicated by "c" and "t," respectively. The prefixes "ai" 

and "i" referred to anteiso and iso branchings, respec
tively, lOMe referred to a methyl group on the 10th car
bon atom from the carboxyl end of the molecule, and 
"cy" referred to a cyclopropane fatty acid. 

Statistical analysis. Characterization of the mi
crobial communities present in the samples was based 
on the identification of the PLFAs. To estimate the suc
cession of responsible microorganisms during the com
posting process of RS, changes in the composition and 
content of the PLFAs extracted from the samples were 
analyzed by principal component analysis (PCA) and 
cluster analysis. Principal component analysis was per
formed using EXCEL STATISTICS 97 for Windows 
(SRI, Tok-yo). Correlation matrix was used in the analy
sis. Cluster analysis was performed according to the 
Blackbox program (Aoki 1996). Ward method was used 
in the analysis. 

RESULTS AND DISCUSSION 

Temperature, pH (~O), and moisture content 
during the composting process 

As shown in Fig. 1, the room temperature was low 
(3-10'C) during the first 2 months because the com
posting process started from mid-winter. However, the 
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Fig. 1. Temperature, pH, and moisture content of rice straw 
under the composting process .... turning time of compost pile; 
AS, ammonium sulfate application. 
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highest temperature of the compost pile, 66"C, was 
observed at the first sampling, 1 week after the onset of 
compost piling. As it was generally observed that the 
peak of temperature appeared within the first week (fre
quently in 2 or 3 d) after the onset of composting 
(Poincelot 1972; Hellmann et al. 1997; Lei and Van
derGheynst 2000; Eiland et al. 2001), the highest tem
perature of the compost pile seemed to be higher than 
the detected level of 66"C (Fig. 1). As heating of the 
compost pile had decreased until day 61, the gradual 
increase of the temperature of the compost pile after 61 
d was attributed to the effect of the increase of the room 
temperature during this period. As (NH4)2S04 was 
applied 2 weeks after the onset of piling, heating of the 
compost pile at the thermophilic stage occurred sponta
neously under adequate moisture and aeration condi
tions without the addition of a N source. By mixing 
Miscanthus ogiformis Honda "Gigantells" with liquid 
pig manure from the beginning of the compo sting pro
cess, Eiland et al. (2001) reported that the duration of 
heat development (temperature above 40"C) ranged 
from day 1 to lOin the box and from day 3 to 11 in the 
reactor systems. In the present study, application of 
(NH4)2S04 in the second week appeared to have extend
ed the duration of heat development until the 28th day 
of composting, probably because the application result
ed in the stimulation of microbial activities in the pro
cess of RS decomposition. 

The compost pH (HP) was higher than 8 at the initial 
stage (Fig. 1). High initial pH values (above 8) were 
also reported in the composting process of Miscanthus 
straw by Klamer and Baath (1998) and Eiland et al. 
(2001). Ammonia that was liberated from the decompo
sition of RS during the composting process increased 
the pH, shifting the NH4 + -NH3 equilibrium toward 
ammonia. The high temperature and high pH at this 
stage seemed to have resulted in extensive ammonia vol
atilization and loss of total N as was observed in the 

90 I-~'-' .-----. -----~ 2.0 

~ 80 !-TotalOM 
'-"' 1.6 U 70 

f To", C 

t;l 60 ~ § 1.2 ~ 
"0 50 Z 
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'" 40 t;l 

;;8 "0 
0 30 f-< 

t;l Total N 
20 . 

~0.4 "0 lOL f-< 

0 0.0 
-50 -25 0 25 50 75 100 125 150 

Compo sting time (days) 

Fig. 2. Total organic matter (OM). total C, and total N con
tents of rice straw under the compo sting process. 

study of Miscanthus compost (Eiland et al. 2001). After 
the application of (NH4)2S04 upon the first turning, the 
pH decreased to 6.5, but it shortly increased again by 
about 1 pH unit and remained at around 7 afterwards. 
The decrease in the compost pH after the application of 
(NH4)2S04 was due to the acidification by S04 -2. 

On the day of composting, the moisture content of the 
compost material was 74% after watering and piling 
(Fig. 1). After the first turning, the moisture content in
creased to 82.5% by watering, and then remained gener
ally constant until the end of the composting process. 
This finding indicated that there were no specific fluctu
ations in the moisture content during the composting 
process and that the moisture content was sufficient for 
the micro biota throughout the period of composting. 
Hence, it was considered that the moisture content was 
not a factor that regulated the succession of microbiota 
during the composting process. 

Decomposition rate and changes in organic 
matter constituents of RS during the compost
ing process 

Total organic matter content in RS decreased from 87 
to 74% and the C / N ratio decreased from 56 to 22 dur
ing the 145-d period of compo sting (Figs. 2 and 4), indi
cating that the present study covered the whole period of 
composting. The content of total organic C during the 
composting of RS decreased in parallel with the decom
position of RS, whereas the total N content increased 
during the composting process (Fig. 2). The increase in 
the content of total N was ascribed to: 1) active decom
position of labile organic-C compounds, 2) immobiliza
tion of inorganic N, and 3) N fixation (Bernal et al. 
1996; Paredes et al. 2000). Compo sting of RS resulted 
in a 9.2% loss of C and 117% gain of N from the initial 
values on the day of composting. 
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Fig. 3. Decomposition of rice straw constituents under the 
composting process (taking the ash content as constant). 
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On a C basis, the relative contents of lipid, WSOM, 
hemicellulose, cellulose, and lignin fractions in RS 
changed from 5.6, 8.9, 32.9, 17.9, and 34.0% on day 0 
to 7.3, 5.8, 30.7, 3.8, and 51.1 % on day 145, respective
ly. To estimate the rate of RS decomposition, the ash 
content was assumed to be constant, as shown in Fig. 3. 
All of the organic fractions including the most recalci
trant fraction (lignin) were gradually decomposed, and 
the cellulose fraction was mainly decomposed in the 
compo sting process of RS at a constant decomposition 
rate. As shown in Fig. 3, a fast decomposition of the 
hemicellulose fraction was observed at the thermophilic 
stage (the first 2 weeks), followed by a fast decomposi
tion of the WSOM fraction in the middle of the com
posting process (hereafter referred to as "the middle 
stage") (from day 14 to 47), and then the lignin fraction 
content considerably decreased at the curing stage. Sim
ilar findings of drastic cellulose decomposition in the 
process of composting of RS were reported by Inoko 
(1984) and Tsutsuki and Ponnamperuma (1987). How
ever, a different pattern of decomposition during the 
composting process was reported for the residues of 
another Gramineae plant, Miscanthus straw (Eiland et 
al. 2001), in which the hemicellulose fraction was 
decomposed nearly completely while the cellulose frac
tion decreased only by 64-70%. The reason for the dif
ference in the decomposition patterns between RS and 
Miscanthus straw during the compo sting process could 
not be elucidated. 

Total amount and composition of PLFAs in RS 
materials 

Two kinds ofRS materials were subjected to analysis: 
one sampled 6 weeks after harvest (45 d before com
posting) and the other sample taken 12 weeks after har
vest or on the day of compost piling (day 0 of com
posting). The total amount of PLFAs in the first RS 
sample was 1.32 /-Lmol g-l DW and it increased to 3.99 
/-Lmol g-l DW in the second sample (Fig. 4). As shown 

'"""' 16 -- }- ._------ 70 
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Q 14 ----SIN ratio 
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50 
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P-< 
<il 2 10 
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Composting time (days) 

Fig. 4. Total amount of PLFAs and C / N ratio of rice straw 
under the compo sting process. ~, turning time of compost pile; 
AS, ammonium sulfate application; DW, dry weight. 

in Fig. 5, more than half (58%) of the total PLFAs in RS 
stored for 6 weeks after harvest consisted of straight sat
urated PLFAs, especially 16: 0 PLFA (43%). Straight 
mono-unsaturated and straight poly-unsaturated PLFAs 
in RS showed similar proportions, 20 and 16%, respec
tively. The proportion of straight saturated PLFAs de
creased appreciably in RS after 12-week storage from 
that in RS after 6-week storage, especially 16 : 0 PLFA, 
to the level of 20%. In contrast, the proportions of the 
other groups of PLF As increased, especially 18 : 2w6c 
PLFA (a biomarker of fungi) which increased consider
ably from 15.2% in RS after 6-week storage to 36.4% in 
RS after 12-week storage (Fig. 6). 

Amount of PLFAs in RS under the composting 
process 

The total amounts of PLF As in the RS materials were 
l.32 and 3.99 /-Lmol g-l DW, at 45 and 0 d before the 
onset of piling, respectively. The total amount increased 
steadily during the composting period until day 75 with 
a small peak on day 21 (Fig. 4). Then the amount gradu
ally decreased until the end of the experiment, when the 
total amount ofPLFAs was still more than double that in 
RS at the time of compost piling (day 0 of composting). 
This finding was different from that in the composting 
of Miscanthus straw (Klamer and Baath 1998), in which 
the peak appeared 1 d after the onset of composting, 
probably because in the present study the first peak dur
ing the thermophilic stage was omitted. The proportions 
of hemicellulose, cellulose, and lignin fractions were 
31.2, 10.7, and 44.0%, respectively, at the time when the 
total amount of PLFAs showed a peak (day 75). In Fig. 
4, the growth of the micro biota responsible for the com
posting process of RS is represented by the total amount 
of PLFAs and the decomposition of RS during compost-

so 
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o ~ ~ ~ ~ u ~ u ~ ~ ~ ~ ~ ~ 
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Fig. 5. Percentage distribution of PLFAs in rice straw under 
the composting process . • , straight, saturated; 0. straight. 
mono-unsaturated; ~, straight. poly-unsaturated; D. branched
chain. 
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Fig. 6. Succession of rnicrobiota responsible for the corn
posting of rice straw (based on PLFA profile). 

ing is represented by the decrease of the C / N ratio. 
The total amount of PLF As is considered to be an 

indicator of microbial biomass (Zelles 1999). Using the 
conversion factor of Balkwill et al. (1988) and Arao et 
al. (1998) in which 100 /-Lmol of PLFAs was equivalent 
to 1 g dry weight of bacterial cells, and assuming that 
the microbiota in decomposing RS contained 50% of C, 
as was observed in bacterial cells (Miller and Donahue 
1990), the total biomass C was estimated to account for 
18.3% (day 75) and 11.5% (day 145 at the end of com
posting) of the total C of RS under the composting pro
cess. This estimation suggested that the total biomass C 
in the RS compost was considerably higher than that in 
agricultural soils which ranged from 0.27 to 4.8% of the 
total soil C (Anderson and Domsch 1980). 

Changes in the composition of PLFAs in RS 
under the composting process 

The RS material that was taken 45 d before the onset 
of piling was characterized by a PLFA composition con-

slstmg of Gram-negative bacterial biomarkers, 16: 
1w7c (2%),18: 1w9 (9%), and 18: 1w7 (7%), and ofa 
fungal biomarker, 18: 2w6c (15%) (Fig. 6). The second 
sample of the RS material that was taken on the day of 
piling consisted of PLFAs mainly from Gram-negative 
bacterial biomarkers, namely 16: 1w7c (3%), 18: lw9 
(13%), and 18: 1w7 (11%), and of a fungal biomarker, 
18 : 2w6c (36%) (Fig. 6). Thus, the marked increase in 
the total amount of PLFAs in the second sample was 
ascribed to the growth of fungi. 

Over the peliod of composting, the branched-chain 
PLFAs predominated, especially at the thermophilic 
stage (7 and 14 d after the onset of piling) (Fig. 5), fol
lowed by the straight mono-unsaturated PLFAs. At the 
curing stage (from 61 d after the onset of piling), this 
group showed a similar proportion to that of the 
branched-chain PLFAs (Fig. 5). 

In the first week after the onset of compo sting, when 
the temperature reached a peak (thermophilic stage), the 
PLFA composition showed considerable changes from 
that in the RS material (Figs. 5 and 6). The proportion of 
branched-chain PLFAs increased markedly from 6.5 to 
50% (Fig. 5). The biomarkers of actinomycetes (lOMe 
PLFAs) that were included in this group also increased 
from 0.53 to 2.95% (Fig. 6). The proportion of straight 
mono-unsaturated PLFAs decreased from 29 to 12% 
(Fig. 5). The proportion of straight poly-unsaturated 
PLFAs, especially 18 : 2Cll6c PLFA (a biomarker of fun
gi) decreased quickly from 36 to 4.8% (Fig. 6), while 
the proportion of straight saturated PLFAs showed a 
slight increase from 28 to 33% (Fig. 5). Abundant 
PLFAs at the peak temperature were i16 : 0 (18.8%), 
i17: 0 (10.6%), and ai17: 0 (7.1%) (Fig. 6). 

A similar increase in the proportion of branched-chain 
PLFAs representing Gram-positive bacteria (iso- and 
anteiso-PLFAs) and actinomycetes (lOMe PLFAs) dur
ing the thermophilic stage was reported for municipal 
waste compost (Herrmann and Shann 1997). In contrast, 
Klamer and Baath (1998) reported the contribution of 
only Gram-positive bacteria with the same biomarkers 
(i 16 : 0, i 17 : 0, and ai 17 : 0 PLFAs) at the thermophilic 
stage of the composting of Miscanthus. Contribution of 
actinomycetes was not observed in their study. In the 
second week, although the temperature of the compost 
had decreased, the proportion of PLFAs still showed a 
similar pattern to that in the first week sample in which 
branched-chain PLFAs (biomarkers of Gram-positive 
bacteria) remained the predominant PLFA group. After 
the thermophilic phase until the end of composting, the 
proportion of the respective branched-chain PLFAs 
showed specific fluctuations: the proportions of i 15 : 0, 
ai 15 : 0, and i 14 : 0 PLFAs increased, while those of 
i 16 : 0, i 17 : 0, and ai 17 : 0 (Fig. 6) decreased. It is im
portant to determine the contribution of these two 
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groups of Gram-positive bacteria to the composting pro
cess ofRS. 

The increase in the proportion of lOMe 17 : 0, 10Me-
18: 0, and lOMe 19 : 0 PLFAs reflected the growth of 
actinomycetes from the first week when the temperature 
peaked. Their largest proportion was observed at the end 
of the thermophilic stage (at 14 d after the onset of pil
ing). The lOMe19 : 0 PLFA which predominated during 
the thermophilic stage, was replaced by 10Me17: 0 
PLFA at the following stage, reflecting the actinomycete 
succession during the compo sting process (Fig. 6). 

The proportion of straight mono-unsaturated PLFAs 
increased after the thermophilic stage from day 21 after 
the onset of piling, especially for 16: lw7c, 18: 1w7, 
and 18: 1w9 PLFAs (Fig. 6). 

During the experimental period, within the straight 
poly-unsaturated PLFAs, 18 : 2w6c PLFA, a biomarker 
PLFA of fungi always predominated, accounting for 
around 3.4 to 10.3% of the total PLFAs (Fig. 6). Al
though at a low level (accounting for around 0.4 to 
1.6%),20: 4w6c PLFA, a biomarker of protozoa (Vestal 
and White 1989; Herrmann and Shann 1997) was ob
served continuously from day 39 after the onset of pil
ing (data not shown). The importance of fungi in com
posting, especially dUling the late curing stage, was also 
suggested by Strom (1985b), Herrmaml and Shann 
(1997), and Klamer and Baath (1998). 

Interesting similarities and differences were found 
when the succession of microbiota responsible for the 
decomposition of RS in the composting system was 
compared with that observed under submerged soil con
ditions (Kimura et al. 2001). The dominant biomarkers 
of Gram-positive bacteria and actinomycetes throughout 
the period after the thennophilic stage of compo sting 
(i15 : 0, ailS: 0, and 10Me17 : 0 PLFAs) also predomi
nated in decomposing RS throughout the incubation 
period under submerged soil conditions, irrespective of 
the incubation temperature and nitrogen status. Howev
er, Gram-negative bacteria showed a different develop
ment pattern under submerged soil conditions, in which 
the proportion of 16: 1w7c, 18: Iw9, and 18: 1w7 
PLF As decreased during the incubation period, whereas 
that of 17 : 1 w8 and 17: 1 w6 PLF As increased. The 
growth of the fungi was suppressed under submerged 
soil conditions, as shown in the decrease of the propor
tion during the incubation period from 5.3 to 2.7% and 
from 5.6 to 1.3% under 22 and 30"C incubation condi
tions, respectively (Kimura et al. 2001). 

Statistical analysis of the PLFA composition 
of RS under the compo sting process 

Principal component analysis of all the data of the 
PLFA composition during the composting process 
showed that the total percentages contributed by the pri-

mary and secondary principal components were 34.6 
and 25.5%, respectively (Fig. 7). PLFAs with highly 
positive and negative loads in the 1 st principal compo
nent were i16: 0, 17: 0, ai17: 0, 18: 0, lOMe19: 0, 
lOMe 1 8 : 0, il6: 1, and ai17: I PLFAs (biomarkers 
of Gram-positive bacteria and actinomycetes), and 
16: 1w7c, 20: 4w6c, 18: 1007, and 18: 3w6c PLFAs 
(biomarkers of Gram-negative bacteria and eukaryotes), 
respectively. On the other hand, PLFAs with highly posi
tive and negative loads in the 2nd principal component 
were i15 : 0, i14 : 0, 10Me17 : 0, and 10Me19 : 0 PLFAs 
(biomarkers of Gram-positive bacteria and actino
mycetes), and 18: 2w6c, 17: 1w8, 18: 1w9, 12: 0, and 
16: 0 PLFAs (18: 2w6c PLFA is a biomarker of fungi), 
respectively. Score plots of PLFA composition shifted 
anti-clockwise along with the duration of the composting 
process from the lower-middle side to the upper-right side, 
and then to the upper-left side in the figure, which reflect
ed the succession of the four stages observed in this com
posting process. 

The RS materials before composting that were located 
on the lower-middle side were characterized by a high 
proportion of 18 : 2w6c. 17 : 1w8, and 18 : Iw9 PLFAs 
(biomarkers of fungi and Gram-negative bacteria). The 
first shift of the score plots from the lower-middle side 
to the middle-right side resulted from the increase in the 
proportion of biomarkers of Gram-positive bacteria 
(i16 : 0, ai17 : 0, i16 : 1, and ai17 : 1 PLFAs) and actino
mycetes (lOMe 19 : 0 PLFA) as well as the decrease in the 
proportion of biomarkers of fungi and Gram-negative 
bacteria. Then, the score plots shifted to the upper-middle 
side due mainly to the increase in the proportion of 
otherbranched-chainPLFAs (i15: 0, i14: 0, lOMe17: 0 

i15:0, i14:0, lOMe17:0, lOMe19:0 
2 c 

-3 
18:2w6c, 17:1w8, 18:1w9, 12:0, 16:0 

'7:" 0 
CY.l •• 
_00 -0" OJ .. ::E 
S:;o 

3 '@ ...... 
·0 o .. .. ~ 

t"--ri 
...... OJ 

0::E .. 0 

::8-

Fig. 7. Principal component analysis of PLFA composition 
in the rice straw under the composting process. A: Rice straw 
materials. B: Rice straw compost at the thermophilic stage. C: 
Rice straw compost at the middle stage. D: Rice straw compost 
at the curing stage. Numbers next to the symbol denote the 
composting day. 
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PLFAs) as well as the decrease in the proportion of the 
previous biomarkers of PLFAs. Finally, the score plots of 
the PLFA composition reached the middle-left side due to 
the increase in the proportion of biomarkers of Gram
negative bacteria (16: lw7c, 18: lw7 PLFAs) and of 
eukaryotes (20: 4w6c, 18 : 3w6c PLFAs) as well as the 
decrease in the proportion of branched-chain PLFAs 
(biomarkers of Gram-positive bacteria). 

Cluster analysis enabled to identify four clusters for 
the PLFA composition of the RS materials under the 
composting process (data not shown). The PLFA com
position was divided first into two clusters, and both of 
them were further divided into two sub-clusters. The 
PLFA composition of stored RS and RS at the thermo
philic stage corresponded to the first cluster. And RS 
formed different sub-clusters in the second cluster at the 
middle and the final/curing stages during the compost
ing process. Domains A to D shown in Fig. 7 corre
sponded to the respective sub-clusters obtained in the 
cluster analysis. The shifting of the score plots of PLFA 
composition reflected the succession of the micro biota 
during the composting process. Different subsets of the 
microbial communities seemed to have contributed 
sequentially to the gradual decomposition of RS, being 
moreover responsible for the specific variations in the 
decomposition rates among the organic constituents of 
RS as described above. 

Stress factor 
The trans / cis ratio of 16: 1w7 PLFA was used as an 

indicator of environmental stresses such as substrate 
shortage in peat soils and in other soil types (Borga et al. 
1994; Frostegiird et al. 1997; Reichardt et al. 1997; 
Bossio and Scow 1998), heavy metal contamination in 
soils (Frostegiird et al. 1993, 1996), and anaerobic stress 
in estuarine sediments (Guckert et al. 1985). The trans / 
cis ratio of 16 : 10)7 PLFA of RS under the composting 
process ranged from 0.18 to 0.30 (Fig. 8). Thus, the 

~ 0.4 I 1 
0.. 

8 0.3 I-------+~H--+_--.-----__+---........, 

.--< 
b 0.2 1-----~f--.l.J~--+_+_-T""7"""'I"_----____Y 

.9 
'iii 
~ 0.1 +------------------...........-; 

~ 
~ 
<::: a 
,'::; -50 -25 a 25 50 75 100 125 150 

Compo sting time (days) 

Fig. 8. Trails / cis ratio of 16: 1w7 PLFA in the rice straw 
under the composting process. ~, turning time of compost pile; 
AS. ammonium sulfate application. 

degree of environmental stress indicated by the trans / 
cis ratio of 16 : 10)7 PLFA in RS under the composting 
process was significantly (p < 0.01) lower than that in 
decomposing RS under submerged soil conditions 
which ranged from 0.21 to 0.58 (Kimura et al. 2001). 
Although the difference in the level of the trans / cis 
ratio of 16: 1w7 PLFA between the composting process 
of RS and RS decomposition in submerged soil might 
reflect differences in the physiological state of micro
biota as a response to differences in physiochemical 
conditions (environmental factors) between them, a def
inite reason for this significant difference could not be 
determined. 
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