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Conventional composts exhibit temperatures ranging from 50 to 80°C during organic waste degradation 
by microorganisms. In high-temperature compost, temperatures can reach ≥90°C with appropriate 
bottom aeration. To elucidate specific characteristics of the bacterial activity in high-temperature 
compost and to regenerate a high-temperature compost from isolates, bacterial isolation and 
characterization were performed. Although the isolated taxa varied depending on sample and 
temperature, the use of gellan gum medium and cultivation at 60°C led to high diversity among the 
isolated taxa. In addition, combining the use of the compost extract with water-solvent medium led to 
the isolation of more diverse species. Based on 16S rRNA gene sequencing, the isolates shared ≥99% 
similarity with Geobacillus thermodenitrificans, Ureibacillus spp. (Ureibacillus suwonensis, Ureibacillus 
themosphaericus) and Aeribacillus pallidus, and these isolates were isolated from both steady-state 
and newly prepared small-scale composts. Thus, these taxa were considered to be frequently observed 
regardless of the composting process. Although the frequency of isolation of mesophilic bacteria from 
this high-temperature compost was lower than that from ordinary composts, these bacteria have been 
isolated from ordinary composts and there was a discrepancy between the in situ compost temperature 
(≥90°C) and their maximum growth temperature (≤70°C). 
 
Key words: High-temperature compost, Geobacillus thermodenitrificans, Ureibacillus suwonensis, Ureibacillus 
thermosphaericus, Aeribacillus pallidus. 

 
 
INTRODUCTION 
 
Composting is an environmentally friendly process for 
degradation of organic waste. Organic waste is broken 
down concomitant with successive changes in the 
microbiota at various stages of composting.  Wastes  that 

have been completely broken down are then used to 
fertilize soil for plant growth. During ordinary composting, 
the temperature increases to approximately 50‒80°C, at 
which  microbial  activity   increases   (Ryckeboer   et  al.,
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2003; Kumar, 2011). The heat produced is convenient for 
fertilization of soil for agricultural purposes because this 
heat is detrimental to harmful microorganisms and weed 
seeds. When composts are subjected to appropriate 
aeration, the temperature can exceed 90°C. Although 
there have been many studies on the constituent 
microorganisms in ordinary composts (Strom, 1985; Dees 
and Ghiorse, 2001; Ryckeboer et al., 2003; Wang et al., 
2007; Kumar 2011; Antunes et al., 2016; Cerda et al., 
2017), there have been only a few studies on 
microorganisms in high-temperature composts (≥90°C) 
(Oshima and Moriya, 2008; Yoshii et al., 2013; Tashiro et 
al., 2016). Although several examples of high-
temperature composts are available, the operational 
procedures and the types of organic wastes applied 
might differ. Therefore, a different microbiota may exist in 
each type of high-temperature compost. 

The ratio of microorganisms that can be isolated to 
preexisting background microorganisms in compost 
samples is low similar to that in ordinary environmental 
samples (Amann et al., 1995; Rappé and Giovannoni, 
2003). Composting environments are specific 
environments that fluctuate over relatively large 
temperature ranges. In addition, many possible microbes 
can be present in these environments, depending on 
maintenance procedures and added substrates. 
Therefore, isolation of microorganisms is of great interest 
for identification of novel genetic resources. Several 
microorganisms associated with novel genera have been 
isolated (Ohno et al., 2000; Hatayama et al., 2005, 2006; 
Yabe et al., 2010, 2011a, b; Moriya et al., 2011; Wu et al., 
2014; Sakai et al., 2015; Siddiqi et al., 2016). 
Microorganisms that belong to new genera can 
potentially be isolated from composts by testing new 
samples and developing new media. 

Isolates from high-temperature compost have not been 
well explored. Application of isolates from compost will 
allow rapid production of high-temperature compost, 
which will increase the efficiency of waste decomposition. 
In this study, to understand the type of bacteria exist in 
high-temperature compost and to regenerate high-
temperature compost by utilizing these isolates in a future 
study, this study aimed to isolate bacteria from the 
following high-temperature composts (≥90°C): an already 
running steady-state compost in several temperature 
states and a newly prepared small-scale compost without 
added substrate. Attempts were made to isolate the 
associated bacteria using various media, and then 
examined the taxonomic positions of these isolates. 
Finally, the isolates were compared with identified clones 
using a culture-independent method. 
 
 
MATERIALS AND METHODS 
 
Compost samples 
 
Compost samples were obtained from the Chitose Recycling 
Factory  (42°  51'  35''  N,  141°  42' 31''  E)  in   Chitose,   Hokkaido. 
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Various solid wastes or effluents from raw garbage, the food 
industry and fisheries were added to a pail (approximately 10 × 10 
× 3 m, width × length × height) with this compost to degrade the 
organic compounds and evaporate the water in the waste. Samples 
from a steady-state compost, which was maintained for 10 years at 
different temperatures (90-100°C), were obtained at different 
sampling times (Table 1). In addition to the steady-state compost, 
samples were obtained from a newly prepared compost 
(approximately 1 × 1.5 × 1.5 m, width × length × height), which was 
not affected by loaded wastes. The compost was prepared by 
adding only water, no substrate, to the original material containing a 
composted tree-sourced material mixture (mostly root and bark), 
and this mixture was used as a sample for bacterial isolation. 
 
 
Bacterial isolation and cultivation 
 
Compost extract was used as an ingredient in the medium to 
accelerate colony formation by bacterial strains that are difficult to 
grow in ordinary media. The compost extract was prepared by 
mixing 100 g of the obtained compost with 1 L of distilled water and 
autoclaving at 121°C for 20 min. Then, the supernatant was 
obtained for use. The medium listed in Table 1 for bacterial isolation 
was used for the corresponding sample described in Table 2. The 
compost aliquot was first diluted ten-fold (w/w) with sterilized 
physiological saline. The liquid was serially diluted up to 105-fold, 
and the 103‒105-fold dilutions were used to inoculate the medium, 
followed by incubation under aerobic conditions at 50‒70°C for 2 
days. We isolated colonies that were dependent on the variation 
and re-isolated these colonies at least three times from each 
medium or culture procedure. The composting process involves 
degradation introduced wastes. Therefore, it was important to 
examine whether the isolates could decompose substrates. 
Hydrolysis of starch (amylase) and casein (protease) and catalase 
activity were examined according to the methods described in 
Cowan and Steel’s manual (Barrow and Feltham, 1993). Hydrolysis 
of xylan and cellulose was determined using 1 % of each substrate 
according to the method described by Teather and Wood (1982). 
 
 
DNA extraction, PCR and clone library construction 
 
Colonies of the isolates from the compost samples were grown on 
the corresponding agar plates as described in Table 1, and DNA 
was extracted using the InstaGene matrix (Bio-Rad, Hercules, CA, 
USA) according to the manufacturer’s instructions. For the culture-
independent approach based on a 16S rRNA gene library, DNA was 
directly extracted from an aliquot of the compost sample using 
ISOIL (Nippon Gene, Tokyo, Japan) according to the 
manufacturer’s instructions. PCR was performed to identify isolates 
obtained via the culture-dependent approach and to construct the 
16S rRNA gene library in the culture-independent approach using 
the DNA extracted from the isolates and from the compost samples, 
respectively. The universal primers 9F (5′-
GAGTTTGATCCTGGCTCAG-3′) and 1514R (5'-
AAGGAGGTGATCCAGCC-3') were used for PCR (Paster et al., 
2002). The solution (100 L) for the PCR consisted of 10 L of 10 × 
PCR buffer, 8 L of 2.5 mM dNTP mix, 100 ng of isolated DNA, 5 U 
of Ex Taq DNA polymerase (TaKaRa Bio Inc., Otsu, Japan) and 20 
pmol of each primer. The PCR was performed under the following 
conditions: 94°C for 1 min followed by 30 cycles of 94°C for 30 s, 
56°C for 30 s and 72°C for 1.5 min. The PCR product was purified 
using the QIAquick PCR Purification Kit (Qiagen, Manchester, UK) 
according to the manufacturer’s instructions. The PCR products 
from the isolates were directly used for sequence determination. 
The PCR product for the 16S rRNA clone library (culture-
independent analysis) was cloned in Escherichia coli DH5 with the 
pT7Blue-2 vector  system  (Novagen, Madison, WI, USA) according  
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Table 1. Different media used in this study to isolate bacteria from elevated-temperature compost. 
 

Medium name Medium composition 

SMA* 5 g casein peptone, 2.5 g yeast extract, 1 g glucose, 15 g agar in 1 L distilled water (pH 7) 
PYG  5 g casein peptone, 3 g yeast extract, 1 g K2HPO4, 30 g gellan gum in 1 L distilled water (pH 8) 
A-1 5 g casein peptone, 3 g bonito meat extract, 20 g agar in 1 L compost extract (pH 8) 
A-2 5 g casein peptone, 3 g bonito meat extract, 20 g agar in 1 L distilled water (pH 8) 
B-1 5 g casein peptone, 3 g bonito meat extract, 20 g agar in 1 L distilled water (pH 7.5) 
B-2 5 g casein peptone, 3 g bonito meat extract, 20 g agar in 1 L compost extract (pH 7.5) 

 

*Standard method agar. 
 
 
 
Table 2. Elevated-temperature compost samples used for isolation and clone analysis. 
 

Sample name 
Temperature of 
compost (°C) 

Steady state  
or early phase 

Method Medium used 
Culture temperature 

(°C) and pH 

CS1 96 Steady state Isolation SMA 50, pH 7 
CS2 100 Steady state Isolation SMA 50, pH 7 
CS3 90 Steady state Isolation, clone analysis PYG 60, 70, pH 8 
CS4 90 Steady state Isolation A-1, A-2 60, pH 8 
ChS 90 Early phase Isolation B-1, B-2 60, pH 7.5 

 
 
 
to the manufacturer’s instructions. Approximately 30 randomly 
selected clones were examined for the correct insert size by vector-
targeted PCR followed by gel electrophoresis. Approximately 400‒
600-bp partial sequences from the amplified approximately 1,500-
bp full-length sequence were analyzed as described below. 
 
 
DNA sequencing and sequence assignment 
 
The DNA sequence was determined by the dideoxy chain 
termination method using a BigDye Terminator Cycle Sequence Kit 
(Applied Biosystem, Foster City, CA, USA) and an automated DNA 
sequencer (ABI Prism 3100 Genetic Analyzer, Applied Biosystems). 
The sequence assignments were determined by a BLAST search 
(Altschul et al., 1990). The sequences reported in this study were 
deposited in the DDBJ database under DDBJ/EMBL/GenBank 
accession numbers LC315695‒LC315768 for the isolates and 
LC315983‒LC316008 for the culture-independent clone libraries. 
 
 
Phylogenetic analysis 
 
Phylogenetic analysis was performed using the determined 16S 
rRNA gene sequence of the family Bacillaceae. The sequences 
were aligned, and the consensus sequence was determined using 
CLUSTAL W (Thompson et al., 1994).  A phylogenetic tree was 
constructed using the neighbor-joining method, and the distances 
between sequences (Kunc value) were calculated using Kimura’s 
two-parameter model (Kimura, 1980; Saitou and Nei, 1987) in 
MEGA 7 (Kumar et al., 2016). The confidence values for the 
branches of the phylogenetic tree were determined by bootstrap 
analysis (Felsenstein 1985) based on 1000 resamplings. 
 
 
RESULTS 
 
Isolation of bacteria 
 

To   understand   the   species   of   bacteria  that  can  be  

isolated from high-temperature (≥90°C) compost, 80 
strains were isolated from 5 samples that exhibited 
different temperatures (90‒100°C). In addition, although 
four samples were obtained from the steady-state 
compost (including 2 composts at temperatures higher 
than 95°C), one sample was obtained from newly 
prepared small-scale compost without added substrate 
for microbial growth (Table 2). However, several types of 
media were used for bacterial isolation from each 
sample. Notably, these media used agar or gellan gum 
for solidification and included or lacked compost extract 
(Table 1). Although the in situ temperature was ≥90°C, no 
growth was observed at temperatures greater than 80°C 
for any of the samples used in this study in either solid or 
liquid medium. Although the medium composition and 
temperature for isolation were different for each sample, 
the differences in the isolated bacteria were dependent 
on the sample. This result suggests that the microbiota of 
high-temperature compost varies depending on the in situ 
temperature, sampling location or waste degradation 
phase. 

The most diverse species of bacteria were isolated 
from the CS3 sample using PYG (peptone, yeast extract 
and gellan gum) medium (incubated at 60°C), which 
contained gellan gum (Table 1) because of the 
characteristics of the sample and the use of gellan gum. 
Only Thermus thermophilus or T. thermophilus-related 
strains were isolated when PYG medium was used for 
the CS3 sample when the incubation temperature of the 
culture was 70°C (Table 3). Based on a comparison of 
results for media A-1 with A-2 and B-1 with B-2, the 
combined use of the compost extract with water-solvent 
medium  has led to the isolation of highly diverse species.  
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Table 3. Summary of the isolates recovered using the different media. Bacterial identification was based on ≥99% similarity in the 16S rRNA gene sequence. 
 

Medium/Sample names 
Sample/Culture temp. (°C) 

SMA/CS1 
96/50 

SMA/CS2 
100/50 

PYG*/CS3 
90/60 

PYG*/CS3 
90/70 

A-1**/CS4 
90/60 

A-2/CS4 
90/60 

B-1/ChS 
90/60 

B-2**/ChS 
90/60 

Total number 
of isolates¶ 

Bacillus hisashii 3        3 (1) 
Bacillus thermoamylovorans 1        1 (1) 
Bacillus subtilis 1        1 (1) 
Bacillus thermoamylovorans 1        1 (1) 
Bacillus thermocloaceae   1  4    5 (2) 
Bacillus kokeshiformis   1      1 (1) 
Bacillus termolactis   1      1 (1) 
Bacillus borborid        1 1 (1) 
Ureibacillus suwonensis  6      1 7 (2) 
Ureibacillus thermosphaericus   3     1 4 (2) 
Ureibacillus terrenus   11      11 (1) 
Geobacillus thermodenitrificans   4   7 6  17 (3) 
Aeribacillus pallidus      1 1 1 3 (2) 
Noviobacillus thermophilus     2    2 (1) 
Thermobifida fusca   2      2 (1) 
Thermus thermophilus    5     5 (1) 
No. of strains exhibiting ≤98%  similarity to 
reported species   

1 1§ 1§ 5 1¶     
 

*Only this medium used gellan gum for solidification. ** Compost extract-containing media. ¶Numbers in the brackets indicate detected sample counts. 
§This was due to the sequence quality. DNA extraction for 16S rRNA gene sequence analysis was performed by using the stain grown in the corresponding isolation medium (Table 2). 
¶This strain was CS4-7 (LC315748) exhibited 91% similarity with Melghiribacillus thermophilus (NR_134761) (data not shown). 

 
 
 
Ureibacillus spp. were isolated from medium that 
contained compost extract, while Geobacillus 
thermodenitrificans was not isolated from this 
medium (Table 3). Although most of these isolates 
were not very distantly taxonomically related to 
reported species, one strain, namely, CS4-7, was 
very different from a reported species 
(Melghiribacillus thermohalophilus, 91%). This 
strain was isolated from A-1 medium, which 
contained compost extract. 

Although Ureibacillus terrenus and T. 
thermophilus were isolated from only one sample 
(CS3), based  on  the  identification  of  isolates by 

16S rRNA gene sequencing, strains that exhibited 
higher than 99% similarly with G. 
thermodenitrificans, Ureibacillus suwonensis, 
Ureibacillus thermosphaericus, U. terrenus, 
Bacillus thermocloaceae, Aeribacillus pallidus and 
T. thermophilus were frequently isolated when the 
incubation temperature of the medium was 50‒
70°C (Table 3). Although high-temperature 
compost was used in the present study as the 
source of these isolates, the isolated species are 
commonly observed in ordinary composts. In 
addition, the isolates did not exhibit growth at 
temperatures greater than 80°C (data not shown), 

and there have been no reports of the 
corresponding identified species growing at 
temperatures greater than 80°C (Table 4), which 
indicated a discrepancy between the isolated taxa 
and the in situ temperatures of the sources. 
However, this study indicates that the frequency of 
isolation of mesophilic microorganisms was lower 
in high-temperature compost (only two strains, 
identified as Bacillus subtilis (>99% similarity) and 
Sphingomonas melonis (98% similarity) isolated 
from CS1 sample) than in moderate-temperature 
compost (Dees and Ghiorse, 2001; Li et al., 2014; 
López-González et al., 2015). 
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Table 4. Growth temperature ranges and substrate utilization of the isolates from the CS3 sample. 
 

Strain Closely associated phylogenetic relative Growth temperature range (°C)* Cellulase Xylanase 
Protease 
(casein) 

Amylase Catalase 

CS3-1 Bacillus thermocloaceae (NR_036986) 55-65 ND ND ‒ ND ND 
CS3-2 Ureibacillus thermosphaericus (NR_040961) 37-60 ‒ ‒ ‒ ‒ + 
CS3-3 Ureibacillus thermosphaericus (NR_040961) 37-60 ‒ ‒ ‒ ‒ + 
CS3-4 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-5 Geobacillus thermodenitrificans (NR_0432021) 45-70 (60) ‒ ‒ ‒ + + 
CS3-6 Ureibacillus thermosphaericus (NR_040961) 37-60 ‒ ‒ ‒ ‒ + 
CS3-7 Ureibacillus terrenus (NR_025394) 42-65  ‒ + ‒ + 
CS3-8 Geobacillus thermodenitrificans (NR_0432021) 45-70 (60) ‒ ‒ ‒ + + 
CS3-9 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-10 Thermobifida fusca (NR_14411) 35-60 + + + + + 
CS3-11 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-12 Bacillus kokeshiformis (NR_133 35-61 (50) ‒ ‒ ND + + 
CS3-13 Thermobifida fusca (NR_14411) 35-60 + + + + + 
CS3-14 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-15 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-16 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-17 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-18 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-19 Geobacillus thermodenitrificans (NR_0432021) 45-70 (60) ‒ ‒ ‒ + + 
CS3-20 Geobacillus thermodenitrificans (NR_0432021) 45-70 (60) ‒ ‒ ‒ + + 
CS3-21 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-22 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ‒ ‒ + 
CS3-23 Bacillus thermolactis (NR_115226) 40-60 ‒ ‒ ‒ + + 
CS3-24 Ureibacillus terrenus (NR_025394) 42-65 ‒ ‒ ND ND ND 

 

All isolates exhibited 99% similarity with closely associated phylogenetic relatives. *Growth temperature ranges were cited from Zarilla and Rerry (1987); Zhang et al. (1998); 
Fortina et al. (2001); Kim et al. (2006); Cihan et al. (2011); Coorevits et al. (2011); Wang et al. (2013); Poudel et al. (2014); and Yang et al. (2015). The numbers in brackets are 
the optimum growth temperatures.  

 
 
 
It is expected that many strains can produce 
macromolecule degradation-related enzymes 
because various wastes were frequently added to 
this compost. Although eight strains exhibited 
amylase activity among the twenty-four strains, 
only three strains exhibited protease activity. 
Thermobifida  fusca   strains,   belonging    to   the 

phylum Actinobacteria, were isolated from the 
CS3 sample. Only these two strains produced 
multiple enzymes that degraded various 
macromolecules (Table 4). 

The temperature of the compost exceeded 
100°C when the CS2 sample was obtained. 
Although the heat was apparently  produced  as  a 

result of vigorous microbial activity, the diversity of 
the isolates decreased at this temperature (Table 
3). The colony morphology on the plate inoculated 
with a sample from the compost with a 
temperature greater than 100°C was homogenous 
(data not shown). Seven colonies were picked 
from the plate, and the 16S rRNA gene sequences



 
 
 
 
of the isolates were determined. According to the results, 
although one strain exhibited 98% similarity to U. 
suwonensis due to the low quality of the sequence, 6 
isolates were very similar (≥99% similarity) to U. 
suwonensis (Table 3). 

There is a possibility that the generation of high 
temperatures (≥90°C) is dependent on the mass of the 
compost and the types of waste added. Therefore, we 
tried to prepare small-scale compost by adding only 
water without adding waste. In addition, to understand 
the types of bacteria that can be isolated from the early 
phase of high-temperature compost, bacterial isolation 
was performed with two kinds of medium one of which 
contained compost extract. As in the steady-state 
compost, G. thermodenitrificans-related strains (≥99% 
similarity) were most frequently isolated from this sample 
(6 strains; Table 3). In addition to these species, A. 
pallidus-related strains (≥99% similarity) were isolated 
from both types of medium (with and without compost 
extract; Table 3). Isolates sharing ≥99% similarity with G. 
thermodenitrificans, Ureibacillus spp. (U. suwonensis, U. 
themosphaericus) and A. pallidus were isolated from both 
steady-state and newly prepared small-scale composts. 
Therefore, these taxa were considered to be frequently 
observed isolates regardless of the composting process. 
The introduction of a mixture of these species at the start 
of composting may accelerate the initiation of high-
temperature composts in the absence of materials such 
as compost seed, from which the expected microbiota 
originates. 

To understand the phylogenetic relationships among 
the isolates, a neighbor-joining phylogenetic tree was 
constructed (Figure 1). According to the tree, the 
predominant isolates throughout the samples, namely, 
the G. thermodenitrificans-related strains, were quite 
similar phylogenetically and had slightly different 
phylogenetic positions from the type strain of G. 
thermodenitrificans. In addition, the U. suwonensis and 
U. thermosphaericus-related strains exhibited slightly 
different phylogenetic positions from the type strains of 
each species belonging to this genus. In the clade 
containing Bacillus kokeshiiformis, various species 
exhibited similar phylogenetic positions (Coorevits et al., 
2011). Therefore, to assess the novelty of the strains 
CS3-12 and CS3-23, additional detailed experiments, 
such as DNA-DNA hybridization, are necessary. Other 
isolates located at almost the same phylogenetic 
positions corresponded to the most closely related taxa. 
 
 
Culture-independent analysis 
 
The most diverse species of bacteria were isolated from 
the CS3 sample using PYG, which contained gellan gum. 
The culture-independent approach (clone analysis) was 
also applied to the CS3 sample (Table 5). Although many 
diverse bacterial strains were isolated from the samples, 
there was  a  difference  in  the  bacterial  diversity  of  the  
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isolates between the culture-dependent and culture-
independent approaches. More than 42% of the isolated 
clones shared less than 95% similarity with reported gene 
sequences. The results described above suggest that 
most of the bacteria in the high-temperature compost 
could not be easily isolated by ordinary bacterial isolation 
methods. The predominant group was the family 
Bacillaceae. Based on classification at the genus level, 
the genera Bacillus, Ureibacillus and Paenibacillus were 
major constituents. Although strains sharing 95-96% 
similarity with Paenibacillus sabinae were frequently 
detected in the culture-independent analysis, this taxon 
was not isolated. Although strains sharing greater than 
99% similarity with T. fusca, which exhibited multiple 
enzyme activities (Table 4), were isolated in the medium 
containing gellan gum, this taxon was not detected by the 
culture-independent approach. Although the compost was 
aerated, obligate anaerobic bacterial clones belonging to 
the family Thermoanaerobacteraceae were detected. 
This finding indicates that although the compost was 
aerated, there were niches where obligate anaerobes 
could thrive in this compost. 
 
 

DISCUSSION 
 
To understand the differences between the bacteria 
isolated from high-temperature compost and ordinary 
compost, both culture-dependent and culture-independent 
approaches were used to study high-temperature 
compost. We examined the probability of isolating 
bacteria from high-temperature compost using different 
samples and media. However, there was a discrepancy 
between the in situ compost temperature (≥90°C) and the 
maximum growth temperature (<80°C) ranges in the 
medium used to grow the isolates. This discrepancy 
could be a result of the temperature inside the compost 
being higher than out sites (that is, at the surface), with 
most of the microbial activity occurring in these low-
temperature niches. Our isolates, which were buried 
inside the compost, were not able to propagate at 
temperatures higher than 80°C, in the laboratory 
experiment. These isolates are thought to have remained 
alive in situ because they were isolated from the 
environment. However, it is not known whether these 
isolates were metabolically active in situ. On the other 
hand, according to the culture-independent analysis, 
there may exist unculturable microorganisms that can 
grow at temperatures greater than 80°C under specific 
culture conditions that were not tested in this study, such 
as strictly anaerobic, microaerobic or low-nutrient 
conditions (Janssen and Yates, 2002). 

Although isolates from high-temperature compost 
(≥90°C) were not able to grow at temperatures higher 
than 90°C, the frequency of isolation of mesophilic 
bacteria was lower than that from ordinary temperature 
compost (50 to 80°C) (Dees and Ghiorse, 2001; Li et al., 
2014;  López-González et al., 2015). However, no  isolate 
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Figure 1. Phylogenetic tree showing the positions of isolates from three different samples of high-temperature compost. 
The strain name represents the sample name listed in Table 2. Bootstrap percentages (based on 1000 replicates) >50% 
are shown at the nodes. Lactobacillus delbrueckii subsp. delbrueckii BCRC 12195T was used as an outgroup.  Scale 
bar=0.01 substitution per nucleotide position. 

 
 
 
could grow at temperatures higher than 90°C. This 
finding indicates that selective pressure against 
mesophilic bacteria in high-temperature compost was 
higher than that in ordinary compost. Although there are 
two previous examples of isolates of new species of 
bacteria that can grow at 80°C (Moriya et al., 2011), the 
isolation of bacteria that can grow at temperatures  higher 

than 90°C from high-temperature compost has not been 
previously reported (Oshima and Moriya, 2008; Yoshii et 
al., 2013). We believe there was little possibility of 
isolating microorganisms that could grow at temperatures 
higher than 80°C from the compost used in the present 
study. Aliquots of the compost samples were used to 
inoculate broth  medium, and microbial growth was never  
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 Geobacillus thermodenitrificans DSM 465T (Z26928) 

 Calditerricola satsumensis YMO81T (AB250968) 

 Novibacillus thermophilus SG-1T (KF958346) 

 Lactobacillus delbrueckii subsp. delbrueckii BCRC 12195T (AY773949) 

 Aeribacillus pallidus H12T (EU621361) 

 Bacillus subtilis subsp. subtilis DSM10T (AJ276351) 

 Bacillus thermocloacae DSM 5250T (Z26939) 

 Ureibacillus terrenus DSM 12654T (AJ276403) 

 Ureibacillus thermosphaericus DSM 10633T (X90640) 

 Ureibacillus suwonensis 6T19T (AY850379) 

 Bacillus thermolactis R-6488T (AY397764) 

 Bacillus kokeshiiformis MO-04T (JX848633) 

 Bacillus borbori DX-4T (JX274440) 
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Table 5. Sequence analysis of  16S rDNA obtained from clone library constracted from the samples from 90°C compost. 
 

Clone 
Length 

(bp) 
Accessing 

no. 
Closely identified phylogenetic relative 

Similarity 
(%) 

  Clone 
Length 

(bp) 
Accessing 

no. 
Closely identified phylogenetic relative 

Similarity 
(%) 

CC-1 438 LC315983 Ureibacillus thermosphaericus (NR_040961) 98   CC-14 590 LC315996 Bacillus thermotolerans NR_118456 99 
CC-2 535 LC315984 Ureibacillus thermosphaericus (NR_040961) 97   CC-15 496 LC315997 Anoxybacillus calidus NR_125532 92 
CC-3 547 LC315985 Bacillus infernus (NR_027227) 93   CC-16 593 LC315998 Bacillus acidicola NR_041942 94 
CC-4 549 LC315986 Bacillus massiliogorillae (NR_133029) 93   CC-17 556 LC315999 Bacillus thermocloacae (NR_036986) 99 
CC-5 466 LC315987 Geobacillus icigianus (NR_134736) 90   CC-18 427 LC316000 Fervidicola ferrireducens (NR_044504) 94 
CC-6 556 LC315988 Bacillus thermocloacae (NR_036986) 98   CC-19 418 LC316001 Paenibacillus sabinae (NR_121732) 96 
CC-7 553 LC315989 Ureibacillus thermosphaericus (NR_040961) 95   CC-20 430 LC316002 Caldilinea aerophila (NR_074397) 88 
CC-8 561 LC315990 Geobacillus thermodenitrificans (NR_043021) 100   CC-21 403 LC316003 Paenibacillus sabinae (NR_121732) 96 
CC-9 560 LC315991 Paenibacillus sabinae (NR_122066) 96   CC-22 528 LC316004 Melghiribacillus thermohalophilus (NR_134761) 87 
CC-10 575 LC315992 Bacillus thermocloacae (NR_036986) 99   CC-23 459 LC316005 Thermus thermophilus (NR_037066) 98 
CC-11 564 LC315993 Bacillus thermocloacae (NR_036986) 99   CC-24 565 LC316006 Bacillus subterraneus (NR_104749) 94 
CC-12 570 LC315994 Ureibacillus thermosphaericus (NR_040961) 98   CC-25 580 LC316007 Bacillus thermocloacae (NR_036986) 90 
CC-13 574 LC315995 Thermacetogenium phaeum (NR_074723) 92   CC-26 580 LC316008 Paenibacillus sabinae (NR_122066) 95 

 
 
 
observed at 80°C (data not shown). This finding 
suggested that the in situ compost environment 
has not been adequately reproduced in the 
laboratory. Although we isolated as many as 80 
colonies of bacteria from the compost using 
various conditions, none of the isolates could 
grow at 80°C. Therefore, the existence of many 
types of bacteria that can grow at temperatures 
higher than 80°C under laboratory culture 
conditions is highly unlikely. Bacteria that exhibited 
growth at sites with low localized temperatures 
(e.g., at the surface) were occasionally introduced 
into the interior of the compost and we isolated 
surviving microorganisms that were not able to 
grow at temperatures higher than 80°C. 

Another possibility is that there is a difference in 
moisture content between the in situ compost and 
the recovery medium in the laboratory. The 
relatively higher moisture content in the media 
used in the laboratory may have hindered bacterial 
growth.   Although    some    thermophiles   exhibit 

metabolic activity at temperatures higher than 
90°C, these organisms can be expected to exhibit 
growth at lower temperatures. Under such 
extreme conditions, there is a gap between the 
temperatures suitable for metabolism and those 
suitable for propagation. For example, it has been 
reported that Amphibacillus iburiensis can survive 
at pH values higher than 10.5 and exhibits indigo-
reducing activity at those pH values (Hirota et al., 
2013). However, bacterial propagation is observed 
at relatively low pH values under laboratory 
conditions. Although there was apparent metabolic 
activity in the form of acid production by the 
inoculated cells in broth adjusted to a pH value 
greater than pH 10, actual growth was initiated at 
pH 8.0–9.1, with optimum growth observed at pH 
8.9–9.1 (30°C) (Hirota et al., 2013). Thus, we 
hypothesize that there are bacterial niches that 
exhibit temperatures lower than that inside the 
compost and that the temperature range in which 
bacteria are able to  perform  metabolic  activity  is 

different from the range in which bacterial 
propagation can occur. 

We attempted to isolate as many colonies as 
possible from various compost samples that 
exhibited different temperatures (90-100°C). 
However, in many cases, no colony diversity was 
observed when an ordinary agar plate was used 
for isolation using composts with >90°C 
temperatures. When gellan gum was used and in 
sample CS3 (90°C), relatively diverse micro-
organisms were isolated. The superiority of gellan 
gum over agar has been reported previously due 
to the prevention of H2O2 production by this 
material (Tanaka et al., 2014). Although most of 
the isolates produced catalase when grown in this 
medium under laboratory conditions, the 
physiological states of these isolates in situ may 
not be as good as those under laboratory 
conditions. Therefore, the presence of H2O2 in the 
medium may inhibit colony formation. In addition, 
the effect of gellan gum may  be  attributed  to  not  
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only the suitability of the medium but also the high 
microbial activity of part of the sample used (CS3). 
Although different media were used for different samples, 
we believe that the microbial diversity observed was due 
to changes in the microbiota and bacterial localization. 
This finding was consistent with the fluctuation in 
temperature, the uniformity of the substrates and the 
inhomogeneity of the compost. 

Compost extracts or extracts from isolates have been 
previously used to isolate bacteria from compost (Rhee et 
al., 2002; Bae et al., 2005; Yabe et al., 2011). Compost 
extract was used to expand the known diversity of 
identified bacterial strains. Although growth stimulation 
was observed upon addition of the extract, an adverse 
effect was also observed. This adverse effect may also 
be important for isolation of undiscovered bacteria. There 
are several examples of the isolation of novel 
microorganisms by the addition of antibiotics to the 
isolation medium (Yabe et al., 2009, 2010, 2011a, b). 
Furthermore, bacteria have been successfully isolated by 
the addition of bacterial cell extracts (Rhee et al., 2002; 
Bae et al., 2005). In the present study, one isolated strain, 
namely, CS4-7, exhibited low similarity with a reported 
species (Melghiribacillus thermohalophilus, 91%). Various 
nutrient concentrations in the medium, especially low 
nutrient concentrations are predicted to lead to the 
isolation of increasingly wide ranges of bacterial species 
(Janssen and Yates, 2002). 

Isolates sharing ≥99% similarity with G. 
thermodenitrificans, Ureibacillus spp. (U. suwonensis, U. 
themosphaericus) and A. pallidus were isolated from both 
steady-state and newly prepared small-scale composts. 
These genera are frequently isolated from ordinary 
compost at temperatures higher than 50°C (Baharuddin 
et al., 2010; Li et al., 2014). Among the above described 
taxa, a G. thermodenitrificans-like strain was most 
frequently observed, and a similar observation was 
reported previously in ordinary compost (Li et al., 2014). 
This suggests that the G. thermodenitrificans-like strain 
plays a central role in high-temperature compost as well 
as ordinary compost. In this study, A. pallidus was 
isolated mostly from early-phase compost. On the other 
hand, Ureibacillus spp. was isolated mostly from steady-
state compost. The introduction of a mixture of the three 
genera at the start of composting may accelerate 
composting or elevate temperature in both the early-
phase and steady state. 

In the process of identifying bacteria that play key roles 
in the initiation of high-temperature compost, adjustment 
of moisture conditions and aeration from the bottom 
successfully led to the generation of high-temperature 
compost without the addition of substrates (that is, 
wastes). Therefore, the origin of the microbiota was 
considered to be the composted mixture of tree materials 
(mostly tree roots and bark). In the present study, G. 
thermodenitrificans, A. pallidus and Bacillus borbori-
related strains were frequently isolated. These strains are  

 
 
 
 
candidate bacteria for increased heat production during 
initiation of composting. There are clear indications of the 
mechanisms underlying the production of heat during the 
composting process. One direct possibility is that heat-
producing bacteria are present in the compost. Heat-
producing bacteria, such as Pseudomonas putida, have 
been previously reported (Tabata et al., 2013). Ordinary 
compost that lacks aeration does not reach temperatures 
higher than 90°C. Therefore, it is possible that excessive 
heat production is uncoupled from metabolism via 
stimulation by complex conditions including aeration. 
Energy dispersal from continuous bacterial processes 
may be useful for continuous operation without the 
production of residual biomass (Lapara et al., 2000). 
 
 
Conclusions 
 
Although the frequency of isolation of mesophilic 
microorganisms was lower in high-temperature compost 
(only one strain identified as B. subtilis) than in moderate-
temperature compost, the upper limit of the growth 
temperature (approximately 70°C) of the isolates in the 
present study was much lower than the in situ 
temperature (90‒108°C). There are several possible 
explanations for this discrepancy: 1) the in situ compost 
environment is different from the culture conditions in the 
laboratory; 2) the temperature range in which the bacteria 
exhibit metabolic activity but not propagation is different 
from that in which bacterial metabolism is coupled with 
propagations; 3) the bacteria that exhibited propagation 
at localized low-temperature sites (for example, at the 
surface) were occasionally introduced into the interior of 
the compost, and we isolated surviving microorganisms 
that were not able to grow at temperatures higher than 
80°C. Based on the above possibilities, further studies 
are needed to resolve the contradiction that none of the 
isolates from the high-temperature compost (≥90°C) 
could grow at temperatures ≥80°C. Isolates that shared 
≥99% similarity with G. thermodenitrificans, Ureibacillus 
spp. (U. suwonensis, U. themosphaericus) and A. 
pallidus were isolated from both steady state and newly 
prepared small-scale composts. Introduction of a mixture 
of these species at the start of composting may 
accelerate the initiation of high-temperature composts in 
the absence of materials such as compost seed, from 
which the expected microbiota originates. 
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