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Bacterial communities are actively involved in composting process but the environment within the 
compost influences their diversity, abundance and succession. In this study, the authors investigated 
the bacterial communities in tropical crop waste compost using pyrosequencing. Municipal crop 
wastes from the tropics (Uganda) were composted under four different low-technology methods. 
Samples were collected from the early thermophilic, late thermophilic, and mesophilic phases, and from 
mature compost. Pyrosequencing of the amplified variable V4 region of the 16s rDNA generated over 
110 000 sequences.  Chao1 and cluster analysis at 3% dissimilarity showed that bacterial community 
richness declined during the composting process. The community was dominated by a few bacterial 
taxa during the thermophilic phases. Species evenness increased as compost progressed to maturity 
despite a decline in the number of taxa over the successional progression. Bacterial community 
diversity, abundance and succession changed with the composting method. This pattern of diversity 
may be attributed to competition and selection during the microbial succession. A total of 22 phyla and 
513 genera were identified from all the methods in the entire composting process. The most abundant 
phyla were Proteobacteria, Firmicutes, Bacteriodes and Actinobacteria. Pyrosequencing provided more 
information on compost bacterial community diversity and abundance than previously used molecular 
methods. Several novel bacteria existing in tropical crop waste compost remained unclassified.  
 
Key words: 16S rRNA, succession, compost, bacterial community, pyrosequencing.  

 
 
INTRODUCTION 
 
The composting process is primarily driven by micro-
organisms and understanding their succession, ecology, 
characteristics, diversity and abundance is important for 

its optimization as well as the understanding of nutrient 
cycling. Microorganisms involved in composting are 
primarily bacteria and fungi (Riddech et al.,  2002),  which
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have variable roles, functions and ability. Therefore, 
revealing the identity, nature and functions of the 
organisms is a prerequisite for determining pathways of 
the composting process and the quality of mature 
compost. Composting has been widely used in 
management of organic wastes. In Uganda, about 5000 
metric tons of municipal solid waste (MSW) was 
generated in Kampala city alone per month, which can be 
composted. MSW compost has a long residual effect in 
soil than only animal waste compost (Zing et al., 2017). 
The quantity of waste generated in the urban is 
increasing with population. Han et al. (2018) reported a 
positive linear relationship between waste generation 
amount and population size (R

2
 = 0.9405).  Most of the 

MSW composting studies in the tropics have concentrated 
on physicochemical properties of the process and 
product but there is relatively little knowledge available on 
microbial characteristics.  

A high throughput method like pyrosequencing would 
be more suitable to elucidate the microbial community 
during MSW composting. Pyrosequencing provides 
massive parallel sequence based taxon identification 
compared with previously used molecular techniques 
(Shendure and Ji, 2009; MacLean et al., 2009; Fullwood 
et al., 2009). It has revealed more bacterial diversity in 
soil (Roesch et al., 2007; Acosta-Martínez et al., 2008; 
Jones et al., 2009) and during composting (de Gannets et 
al., 2013). Therefore, it is plausible that higher bacterial 
richness in compost than currently known will be revealed 
through pyrosequencing. The diversity, abundance and 
succession of bacteria community in the tropical mixed 
wastes such as municipal crop wastes composting 
ecology is currently to a large extent unexplored. 

The composting process can be divided into four 
phases: initial mesophilic phase (<40°C), followed by a 
thermophilic phase (>40°C) before dropping to a second 
mesophilic phase and finally the compost maturing 
phase. Bacterial and fungal communities were noted to 
dynamically relate to the functional composting progress 
phases (Xi et al., 2016; Zhao et al., 2016). Each of these 
phases is characterized by different compost ecological 
conditions such as temperature, pH and nutrient 
concentrations, which may affect microbial community 
structure. Bacteria use a broad range of enzymes to 
degrade available organic substrates such as soluble 
carbohydrates, proteins and complex lignin, chitin, 
polyphenols and cellulose. Although, there have been 
studies on bacteria community in composting elsewhere, 
few of these studies have traced and described the 
microbial community during an entire composting 
process. For example, Takaku et al. (2006) used DGGE 
and PCR amplified 16S rDNA to study microbial 
community during composting of food garbage and rice 
hulls in Japan. Results showed change in microbial 
community between composting stages. A total of 33 
DGGE  bands  which  were  identified   belong   to   phyla  

 
 
 
 
Proteobacteria, Firmicutes, Bacteroidetes and 
Actinomycetes. In a related study, high diversity of 
Formicates and Bacteroidetes was observed during 
thermophilic phased during composting of solid 
agricultural wastes (Song et al., 2014). Culture-method 
was noted to underestimate the diversity of 
microorganisms during the composting cycles as 
compared to sequencing of 16S rRNA (Chandna et al., 
2013). Earlier, Horisawa et al. (2008) determined bacteria 
succession during decomposition of garbage but in a 
batch-fed garbage decomposer and showed that 
microbial community in compost were similar at each 
stage of composting irrespective of the environmental 
conditions.  

Taiwo and Oso (2004) and Rebollido et al. (2008) 
traced microbial succession during composting of organic 
municipal solid wastes in Nigeria and Cuba, respectively 
but used the culture methods. There was a higher 
community of bacteria followed by Actinobacteria and 
fungi during composting dominated by Bacillus, 
Streptomyces, Actinomyces, Pseudomonasi and 
Azospirillum isolates (Rebollido et al., 2008). Bacillus, 
Streptomycetes and Pseudomonas in addition to faecal 
coliforms, Seratia and Proteus were the dominant 
microbial community isolates from pit method composted 
urban organic wastes (Taiwo and Oso, 2004). Other 
studies to establish bacteria community during 
composting process used kitchen waste, sewage sludge 
and source-separated municipal solid or household 
wastes mainly in temperate climate (Kowalchuk et al., 
1999; Peters et al., 2000; Ryckeboer et al., 2003; Connon 
et al., 2005; Neher et al., 2013; Song et al., 2014). Some 
studies have concentrated on microbial succession within 
one phase of the compost process. For example, Danon 
et al. (2008) studies bacterial community succession in 
curing compost of sewage sludge and yard wastes from a 
commercial composting facility in Israel and reported 
microbial community changes but the dominant phyla 
were Proteobacteria, Bacteroidetes and Actinobacteria. 
The objectives of this study were to explore the bacterial 
community diversity, abundance and succession during 
composting of tropical MSW in four low-technology 
composting methods using pyrosequencing of the 16S 
rDNA V4 region.  
 
 
MATERIALS AND METHODS 
 

MSW were obtained from a fresh food market in Kampala city, 
Uganda and composted at Makerere University Agricultural 
Research Institute, Kabanyolo (MUARIK). MUARIK is about 17 km 
north of Kampala City. The final composition of the MSW after 
removal of non-biodegradable materials and non-plant materials, 
included banana residues, fruits (e.g. oranges, mangoes, 
avocadoes, papaws, water melon and jackfruits). Other constituents 
were vegetables (cabbages, tomatoes and egg plant), sweet potato 
vines, maize residues, beans and peas haulms. The crop wastes 
were manually homogenized before composting.  



 
 
 
 
 
Study design  
 
Composting was carried out in open field experiments where four 
low technology methods (treatments) were arranged in a 
randomised complete block design, each with three replicates. The 
methods were: (i) pit-open (PO); (ii) pit-covered (PC); (iii) above 
ground-open (AO); (iv) above ground-covered (AC). Each of the 
composting structures had dimensions of 2 x 1.5 x 1.6 m (length x 
width x depth/height). The composting materials were turned 
manually with hands and forked hoes twice each week for the first 
three weeks, then once a week for another two weeks and once a 
fortnight for another four weeks in order to increase aeration and 
subject all the material to high temperatures, as well as mix the 
materials during the composting process. Moisture was monitored 
gravimetrically each week from a composite sample of compost and 
moisture content was maintained between 40 and 60% for the first 
35 days.  
 
 
Laboratory analysis 
 
Compost samples were collected on each day of turning. A 
compost sample for each replicate comprised of samples picked 
randomly from ten spots during turning. The samples were packed 
in 200-ml plastic vials, transported under frozen condition and 
stored at -80°C until used for analysis. Microbial molecular studies 
were done at the Swedish University of Agricultural Science (SLU) 
in Sweden. Genomic DNA from the frozen compost was extracted 
following procedures using 3% hexadecyltrimethylammonium 
bromide (CTAB) buffer incubated at 65°C. Thereafter, centrifuge 
was done at 10000 round per minutes (rpm) for 5 min and the top 
200 μl was extracted and mixed with chloroform and centrifuge was 
done again at 10000 rpm. This was followed by extraction of the top 
150 μl and mixed with cold isopropanol and kept on ice for 30 min 
and later centrifuge at 13000 rpm for 13 min. Taking care not to 
dislodge the DNA pellets, the supernatant was discarded. The DNA 
pellets were washed with 200 μl of cold ethanol (70%) and 
centrifuge at 6500 rpm for 5 min. The supernatant was again 
discarded and pellets dried on the bench and eluted with 200 μl 
milliQ water and stored at -26°C until used. The quality of the DNA 
was very low and could not be used for PCR steps. Therefore, its 
quality was further enhanced by purification using a Jet Quick kit 
(Genomed GmbH, Löhne, Germany) following the manufacturer’s 
instructions and eluted in 50 μl of preheated TE buffer. The 
concentration and quality of DNA was measured on the NanoDrop 
Spectrophotometer (ND1000). Purified DNA was kept at -26°C until 
used. Nested PCR was used for pyrosequencing of V4 16S rDNA. 
Universal bacteria primers 27F (5' AGAGTTTGATCMTGGCTCAG 
3') and 907R (5-CCGTCAATTCMTTTRAGTTT-3) were used for the 
first PCR step. A PCR reaction volume of 20 μl contained: 1x buffer, 
0.2 μM dNTPs, 0.2 μM 27f and 907R each, 0.75 mM of MgCl2, 0.02 
U μl-1 red Taq polymerase and 100 ngμl-1 DNA was used. 
Amplification was performed on Applied Biosystems 2720 Cycler 
with initial denaturing at 94°C for 3 min, followed by 25 cycles of 
denaturation (92°C for 45 s), annealing (50°C for 30 s) and 
extension (72°C for 30 s). There was a final extension for 7 min at 
72°C and then maintained at 4°C. The PCR product integrity was 
checked on 1% gel. In the second PCR, primers V4R1-4 with 
pyrosequencing adaptor-A added in the 5' end and V4F with tag 
and pyrosequencing adaptor B added in the 5' end were used (Cole 
et al., 2009). For the second PCR, 1 µl of the first PCR products 
were used as templates with the following: 1x buffer, 0.08 μM 
dNTPs, 0.38 mM MgCl2, 0.15 μM AV4R, 0.08 U/μl red taq 
polymerase and 0.15 μM V4F primer, different tag for each sample 
in a total PCR reaction volume of 50 μl. The samples were gel 
purified  using  QIA  Quick  gel  extraction   kit,   was   concentration  
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measured with a spectrophotometer before pyrosequencing on a 
454 GS FLX instrument at a concentration of 10 ng/µl. The 
sequences have been deposited in the Short Reads Archives 
(SRA) at NCBI (under accession number SRA 009487.3). 
 
 
Alignment and clustering of 16S rDNA fragment  
 
The sequences were processed using Ribosomal database project 
(RDP), release 10 pyrosequencing pipeline (Cole et al., 2008). 
Using the initial pipeline process, raw reads were sorted for each 
sample using the used tagged. This was followed by trimming off 
tags and eliminating poor and shorter sequences less than 150 bp. 
The same procedures were followed to eliminate sequences shorter 
than 200 bp. The libraries with sequences > 200 bp were used for 
classification studies and diversity studies. RDP using the naive 
Bayesian classifier classified more accurately sequences ≥ 200 bp 
(Wang et al., 2007). The tag-trimmed sequences were aligned by (i) 
methods of composting and (ii) composting phases and then 
clustered by complete linkage at 20 with a 5% increment and 
3%with 1% increment. Clusters at 3% dissimilarity were used to 
estimate the number of OTUs in previous studies with 
pyrosequencing (Roesch et al., 2007; Acosta-Martínez et al., 2008). 
The clusters were therefore used at 3% dissimilarity to estimate 
bacterial community richness and diversity with the parametric 
indicator rarefaction and non-parametric indices (Shannon and 
Chao1) using the RDP pipeline. The rarefaction curves were drawn 
in MS excel software and curve fitting was performed with 
GraphPad Prism 5.0 (GraphPad Software) at 95% confidence 
interval using two phase association model. From previous studies, 
Roesch et al. (2007) observed that it is necessary to model and 
extrapolate rarefactions curves or use non-parametric methods to 
estimate OTU richness taking into account the community structure.  

The RDP classifier tool was used to assign the sequences to 
phylotypes based on Naive Bayesian classifier of 16S rRNA. The 
RDP library was used to compare library sequences between 
methods of composting.  

Non-metric multi-dimensional scaling (NMDS) was used for 
ordination of clusters at the 3% level as cluster data are categorical 
and not normally distributed. Data were square-root transformed 
and the Bray-Curtis dissimilarity index was used as input as 
implemented in Vegan. Environmental variables (pH, temperature, 
total nitrogen, total carbon, NO3

-, NH4
+) were overlaid to the 

ordination by means of vector-fitting. Significance was achieved by 
means of permuting data 999 times. 

 
 
RESULTS  
 
Bacteria community succession between phases of 
composting 
 
A total of 110051 sequences were obtained and when 
filtered for sequences > 200 bp, the number reduced to 
109728 of which 38243, 37372, 25641 and 8474 were 
from early thermophilic, late thermophilic, second 
mesophilic phases and mature compost respectively. 
RDP classified 99.7% of the sequences as bacteria at 
80% bootstrap. Reducing the confidence level of 70%, 
RDP classified 99.9% of the sequences as bacteria 
leaving 40 sequences belonging to Archaea. Thirty five of 
the Archaea sequences were from thermophilic phase 
while  four  sequences  and  one   sequence   were   from  
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Figure 1. Rarefaction curves depicting the effect of % dissimilarity on the number of OTUs identified. 

 
 
 
second mesophilic phase and mature compost 
respectively. Rarefaction curves showed variations in the 
number of OTUs at different phases of composting 
(Figure 1). From curve-fitting of rarefaction curves, 6919 
OTUs (6884 and 6948 lower and upper 95% confidence 
interval respectively) were estimated during early 
thermophilic phase. The late thermophilic had 5141 
OTUs (5118 to 5164 lower and upper 95%), while the 
mesophilic phase had 5118 OTUs (5093 to 5142 lower 
and upper 95%  confidence interval) and further declined 
in mature compost to 2895 OTUs (2881 to 2909 lower 
and upper 95% confidence interval). This trend was 
similar to the cluster and observed OTUs and Chao 1 
estimations at 3% dissimilarity. Shannon index showed a 
decrease in species richness between early thermophilic 
phase and mature compost phases (Table 1).  

The pit methods generally had the highest richness. 
The PC method had the highest bacteria diversity as 
shown by OTUs estimated by rarefaction extrapolation in 
the early and mesophilic phases. It was followed by the 
PO method, which had the highest rare faction  estimated 

OTUs in mature compost. On the other hand, AO method 
had the least bacteria community diversity in the entire 
composting process except in the late thermophilic phase 
(Table 1). The clusters and Chao 1 values followed 
similar pattern except in the early thermophilic phase. 
Species richness decreased as the evenness increased 
during composting in all methods as shown by the H' 
index (Table 1). The AO method had successively 
increased bacterial diversity as compared to the other 
methods as compost progressed through maturity.  

Proteobacteria, Firmicutes, Bacteriodetes, 
Actinobacteria and Planctomycetes were the most 
abundant bacterial phyla throughout the composting 
process (Table 2). Proteobacteria community abundance 
was highest during early thermophilic phase, decreased 
in late thermophilic and mesophilic phases but later 
increased in mature compost. A similar pattern was 
observed for Cyanobacteria, Nitrospira, Spirochaetes and 
Acidobacteria. The abundance of Bacteriodetes increased 
from the early thermophilic through the mesophilic 
phases  but  decreased  in  mature  compost.  There  was  
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Table 1. Bacteria OTUs diversity at 3% dissimilarity for different composting method during each phase. 
 

Composting method 
(Treatment) 

Phase of 
composting 

Number of OTUs 
observed 

Expected OTUs by 
rarefaction extrapolation 

Clusters Chao LCI 95 UCI95 
Shannon 
index (H') 

Above-ground covered Early thermophilic 7269 2354 1674 2758.9 2574.2 2981.5 6.3863 

Above-ground open Early thermophilic 6645 1730 1194 2125.6 1942.6 2353.4 5.7051 

Pit-covered Early thermophilic 14181 2997 2216 3658.7 3434.6 3923.9 6.1753 

Pit open Early thermophilic 10192 1745 1409 2074.3 1939.9 2242.8 6.1931 

Above-ground covered Late thermophilic 392 406 192 435.3 342.1 586.4 4.7555 

Above-ground open Late thermophilic 11756 2370 1867 2780.2 2623.6 2969.2 6.1822 

Pit-covered Late thermophilic 7077 1803 1353 2075.6 1936.5 2247.9 6.1031 

Pit open Late thermophilic 9731 1869 1396 2386.9 2195.5 2624.2 5.9925 

Above-ground covered Second mesophilic 2945 564 415 696.0 606.9 826.5 4.5995 

Above-ground open Second mesophilic 63 313 43 97.4 64.0 183.8 3.6395 

Pit-covered Second mesophilic 16464 2878 2183 3562.6 3345.2 3820.8 6.2694 

Pit open Second mesophilic 6346 2681 1780 3163.2 2939.0 3430.8 6.6832 

Above-ground covered Mature compost 910 916 441 1022.2 843.3 1275.0 5.5087 

Above-ground open Mature compost 1554 392 318 447.5 399.3 524.2 5.0252 

Pit-covered Mature compost 1067 1061 515 1265.7 1058.6 1551.7 5.8884 

Pit open Mature compost 4945 1627 1120 2046.7 1856.7 2285.6 6.0952 

 
 
 
a similar pattern for TM7, Gemmitimonadates, 
Deinococcus-Thermus, Chlamydiae and 
Chloroflexi. The Actinobacteria community 
increased abundance from 5.1% during 
thermophilic phase to 8.0% in late thermophilic 
phase but thereafter decreased successively. 
Planctomycetes community abundance was 
nearly consistent during early and late thermophilic 
phases but later successively increased through 
compost maturity. The minor phyla (Chlamydiae, 
Deferribacteres, Chloroflexi, Acidobacteria, 
Lentisphaerae, Tenericutes, TM7, BRC1, OP1, 
OD1, Verrucomicrobia, Gemmatimonadates, 
Deinococcus-Thermus and Spirochaetes) 
contributed less than 10% to the phyla abundance 
during all phases of composting. Several 
sequences remained unclassified with the  highest 

proportions at 38.5 and 26.8% of the sequences 
from second mesophilic and late thermophilic 
phases, respectively (Table 2).  

At class level, α-proteobacteria and γ-
proteobacteria had the highest abundance during 
the composting process followed by Bacteroidetes 
except in mature compost (Table 3). 
Planctomycetacia successively increased in 
abundance and dominance during composting 
until mature compost. Chloroflexi, Lentisphaerae 
and Deferribacteres were eliminated before 
compost matured (Table 3). At genus level, 
Aquicella, Petrimonas, Alkaliflexus, 
Brevibacterium, Phenylobacterium were the most 
abundant genera from early thermophilic to 
mesophilic phases but were succeeded by 
Roseomonas, Streptococcus and  Brevundimonas 

in mature compost (Table 4). Genera diversity 
successively decreased during composting. There 
were 246 genera during early thermophilic, which 
decreased to 201 in late thermophilic phase, 
further decreased to 197 and 150 for second 
mesophilic and mature compost respectively from 
all composting methods combined. There were 
some genera which appeared only in one 
composting phase. There were 44, 23, 21 and 22 
unique genera that appeared only in the early 
thermophilic, late thermophilic, second mesophilic 
phases and mature compost, respectively. 
However, from the 20 most abundant genera 
(Table 4), Crypanaerobacter was detected only in 
early thermophilic phase, Pirellula was eliminated 
after the second mesophilic phases, while 
Plastopirellula and  Veilonella  were  present  only 
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Table 2. Relative abundance of phylum (%) during the different composting phases 
 

Phylum Early thermophilic Late thermophilic Second mesophilic Mature compost 

Acidobacteria 0.9 0.2 0.6 1.5 

Actinobacteria 5.1 8.0 3.4 3.2 

Bacteroidetes 10.6 14.1 16.2 4.7 

BRC1 0.0 0.0 <0.1 <0.1 

Chlamydiae <0.1 0.2 0.1 0.1 

Chloroflexi 0.3 0.4 0.4 0.1 

Cyanobacteria 0.1 <0.1 0.0 0.1 

Deferribacteres 0.1 0.1 <0.1 0.0 

Deinococcus-Thermus 0.6 1.5 1.3 0.5 

Firmicutes 9.5 18.3 4.7 12.7 

Gemmatimonadates 0.3 0.2 1.5 0.1 

Lentisphaerae <0.1 <0.1 <0.1 0.0 

Nitrospira <0.1 0.0 0.0 <0.1 

OD1 0.0 <0.1 <0.1 0.0 

OP10 0.0 0.0 <0.1 0.0 

Planctomycetes 2.6 2.5 3.1 8.8 

Proteobacteria 42.3 26.0 26.5 45.2 

Spirochaetes 0.2 <0.1 0.1 0.1 

SR1 <0.1 0.0 0.0 0.0 

Tenericutes 0.1 <0.1 <0.1 <0.1 

TM7 1.2 1.2 2.5 0.4 

Verrucomicrobia 1.8 0.5 1.1 1.5 

Unclassified bacteria 24.3 26.8 38.4 21.0 

Phyla diversity 19 18 19 17 

Number of sequences 38243 37374 25641 8472 

 
 
 
in mature compost. There was a decreasing successional 
trend in the number classes and genera for all the 
composting methods. More bacterial classes and genera 
were observed during early thermophilic and richness 
decreased in mature compost. In the early thermophilic 
phase, the AC method was significantly richer in the 
number of classes than all the other methods. 
Progressing to late thermophilic phase, the AO method 
had the highest number of classes while the AC method 
declined considerably. In the second mesophilic phase, 
the PC method had the highest class richness while the 
AC method had the lowest number of classes observed 
in the entire composting process. In mature compost, the 
most and least number of classed were from PO and PC 
methods, respectively. A similar pattern of succession 
was observed even at genera level (Figure 2).  

There were differences in class or genera diversity and 
abundance among different composting methods even 
within the same composting phase. For example, during 
early thermophilic phase, the genus Aquicella was the 
most dominant in open systems (AO and PO methods) 
while Alkaliflexus and Corynebacterium were the most 
abundant in AC and PC methods, respectively. In the late 

thermophilic phase, the most abundant genera were 
Brevibacterium and Bacillus for the AC method, 
Petrimonas and Hydrogenophaga in the AO method, 
Petrimonas and Pirellula in the PC method, Aquicella and 
Petrimonas in the PO method. For the second mesophilic 
phase, the most abundant genera under different 
composting methods were Petrimonas and 
Corynebacterium in the AC method, Petrimonas and 
Alkaliflexus for AO method, Aquicella for the PC method, 
and Phenylobacterium and Gemmatimonas in the PO 
method. In the mature compost, the genera Terrimonas 
and Phenylobacterium were the most abundant in the AC 
method, Streptococcus, Stenotrophomonas and 
Corynbacterium in the AO method, Roseomonas, 
Phenylobacterium and Pirellula in the PC method and 
Roseomonas, Brevundimonas and Devosia in the PO 
method.   
 
 
Bacteria succession in different composting methods  
 
Bacterial succession patterns differed significantly 
depending  on  the   composting   methods   and   phases  
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Table 3. Bacteria classes occurring during each composting phase. 
 

S/N Early thermophilic  % Late thermophilic % Second mesophilic % Mature compost % 

1 α-proteobacteria 25.08 α-proteobacteria 16.79 γ-probeobacteria 18.62 α-proteobacteria 27.39 

2 γ-probeobacteria 17.16 Bacteriodetes 14.94 Bacteroidetes 16.48 γ-probeobacteria 15.85 

3 Bacteroidetes 8.30 Clostridia 14.94 α-proteobacteria 13.69 Planctomycetacia 9.68 

4 Clostridia 7.75 γ-probeobacteria 11.47 Planctomycetacia 4.76 Bacilli 7.48 

5 Actinobacteria 6.09 Actinobacteria 10.39 Clostridia 5.10 Clostridia 5.70 

6 β-proteobacteria 4.70 Bacilli 7.19 Actinobacteria 5.18 Actinobacteria 3.49 

7 Planctomycetacia 3.18 β-proteobacteria 4.39 β-proteobacteria 2.83 β-proteobacteria 2.51 

8 Bacilli 2.55 Planctomycetaca 3.27 Gemmatimonadetes 2.23 Bacteroidetes 2.48 

9 Verrucomicrobiae 2.20 Deinococci 1.91 Deinococci 2.03 Acidobacteria 1.65 

10 Sphingobacteria 1.17 Sphingobacteria 0.63 Sphingobacteria 1.83 Verrucomicrobiae 1.63 

11 Acidobacteria 1.07 Verrucomicrobiae 0.59 Verrucomicrobiae 1.63 Sphingobacteria 0.70 

12 Deinococci 0.74 Anaerolineae 0.43 Bacilli 1.23 Deinococci 0.52 

13 Anaeolineae 0.32 Acidobacteria 0.32 Acidobacteria 0.93 Gemmatimonadates 0.14 

14 Flavobacteria 0.38 Chlamydiae 0.28 δ-proteobacteria 0.73 Flavobacteria 0.14 

15 Gemmatimonadetes 0.33 Gemmatimonadetes 0.22 Flavobacteria 0.85 Erysipelotrichi 0.14 

16 δ-proteobacteria 0.24 Flavobacteria 0.20 Anaerolineae 0.64 δ-proteobacteria 0.13 

17 Spirochaetes 0.20 δ-proteobacteria 0.15 Erysipelotrichi 0.20 Spirochaetes 0.12 

18 Deferribacteres 0.11 Deferribacteres 0.08 Spirochaetes 0.18 Anaerolineae 0.12 

19 Erysipelotrichi 0.10 Erysipelotrichi 0.07 Chlamydiae 0.10 Cyanobacteria 0.10 

20 Cyanobacteria 0.08 Cyanobacteria 0.05 Mollicutes 0.05 Chlamydiae 0.06 

21 Mollicutes 0.08 Spirochaetes 0.05 Lentisphaerae 0.04 Mollicultes 0.03 

22 Chlamydiae 0.05 Lentisphaerae 0.01 ε-proteobacteria 0.02 Nitrospira 0.01 

23 ε-proteobacteria 0.01 Mollicutes <0.01 Deferribacteres 0.02 ε-proteobacteria 0.01 

24 Lentisphaerae 0.01 ε-proteobacteria <0.01 Unclassified 20.62 Unclassified 19.92 

25 Nitrospira <0.01 Unclassified 11.64     

26 Chloroflexi <0.01       

 Unclassified 18.09       

 
 
 
(p<0.01). For example, in the AC method (Table 
2), there was a decrease in abundance of 
Firmicutes, Proteobacteria, Bacteroidetes and 
Planctomycetes between early thermophilic phase 
and mature compost. However, Proteobacteria 
dominated the early thermophilic phase and 

mature compost while Firmicutes and 
Bacteroidetes were most abundant during late 
thermophilic and second mesophilic phases, 
respectively. The minor phyla abundance also 
successively increased during composting. The 
minor phyla included Cyanobacteria, Nitrospira, 

Deferribacteres, Chloroflexi, Chlamydiae, 
Acinobacteria, Lentisphaerae, Tenericutes, TM7, 
SR1, BRC1, Verrucomicrobia, 
Gemmatimonadates, Spirochaetes and 
Deinococcus-Thermus. For the AO method (Table 
2), the abundance  increased  for  Firmicutes  and  
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Table 4. Predominant genera occurring during each composting phase. 
 

S/N Early thermophilic  % Late thermophilic % Second mesophilic % Mature compost % 

1 Aquicella 21.71 Petrimonas 16.09 Aquicella 20.87 Roseomonas 12.57 

2 Petrimonas 7.64 Aquicella 10.00 Petrimonas 9.71 Streptococcus 9.54 

3 Alkaliflexus 6.65 Brevibacterium 8.66 Alkaliflexus 9.11 Brevundimonas 7.86 

4 Corynebacterium 5.54 Bacillus a 4.64 Phenylobacterium 6.28 Phenylobacterium 6.11 

5 Chelatococcus 4.88 Lactobacillus 4.55 Gemmatimonas 6.09 Devosia 5.49 

6 Stenotrophomonas 4.53 Truepera 4.10 Truepera 5.46 Stenotrophomonas 4.63 

7 Symbiobacterium 3.01 Odyssella 4.02 Corynebacterium 3.82 Aquicella 4.20 

8 Proteiniphilum 2.45 Hydrogenophaga 3.67 Pirellula 3.53 Petrimonas 2.88 

9 Hydrogenophaga 2.35 Alkaliflexus 3.54 Stenotrophomonas 1.53 Gp4 2.72 

10 Pirellula 1.69 Corynebacterium 3.23 Gp6 1.42 Alkaliflexus 2.57 

11 Gp6 1.67 Proteiniphilum 2.83 Hydrogenophaga 1.42 Corynebacterium 2.53 

12 Sedimentibacter 1.63 Chelatococcus 2.36 Proteiniphilum 1.40 Plastopirellula 2.34 

13 Phenylobacterium 1.57 Propionibacterium 1.71 Planctomyces 1.26 Propionibacterium 1.75 

14 Pseudoxanthomonas 1.54 Acinetobacter 1.57 Chitinophaga 1.24 Veilonella 1.75 

15 Brevundimonas 1.17 Sedimentibacter 1.53 GP4 1.13 Gp6 1.67 

16 Gemmatimonas 0.94 Staphylococcus 1.48 Chelatococcus 1.05 Truepera 1.52 

17 Cryptanaerobacter 0.90 Pirellula 1.24 Legionella 0.98 Hyphomicrobium 1.40 

18 Gp4 0.90 Clostridium 1.10 Propionibacterium 0.95 Peptoniphilus 1.28 

19 Truepera 0.86 Planctomyces 1.07 Sedimentibacter 0.85 Lactobacillus 1.25 

20 Anaerococcus 0.78 Syntrophomonas 0.98 Nitrosomonas 0.79 Clostridium 1.13 

 
 
 
Actinobacteria while it decreased for 
Proteobacteria, Bacteroidetes and 
Planctomycetes. For the PC method (Table 2), 
Proteobacteria Bacteroidetes and Actinobacteria 
had a successive decline in abundance but it 
increased for Firmicutes and Planctomyces. There 
were notable changes in the minor phyla; 
Acidobacteria and Verrucomicrobia successively 
increased from 0.1 and 0.4 to 4.2 and 3.4% 
between early thermophilic phase and mature 
compost, respectively.  

For the bacterial succession under the PO 
method; there was a significant increase in 
abundance of Proteobacteria, Firmicutes and 

Planctomycetes and a decrease for 
Actinonacteria. The minor phyla Verrucomicrobia, 
TM7 and Acidobacteria were more abundant than 
Cyanobacteria, Chlamydiae, Chloroflexi, 
Lentisphaerae, Tenericutes and 
Gemmatimonadetes.   

NMDS analysis gave two convergent solutions 
after 13 trials, stress value 20.2 and non-linear fit 
R

2
 was 0.94 (Figure 3).  
Temperature, total organic carbon, NH4

+
 and 

NO
3-

 explained most of the community variation 
but pH and total nitrogen were significant factors 
as well when vector-fitting was permuted 999 
times (Table 5). 

DISCUSSION 
 
Pyrosequencing of 16S rDNA revealed 
successional patterns, decreased diversity of 
bacteria community and increased abundance of 
some taxa during composting than has been 
reported by any previously used molecular 
methods. Earlier, de Gannets et al. (2013) used 
454 pyrosequencing and noted that diversity 
increased as composting progressed and matured 
compost was dominated by Archaea, 
Planctomycetes, Chloroflexi, α- and ɣ-
protebacteria. A similar pattern was reported 
when source separated wastes were subjected  to 
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Figure 2. Bacterial community successional diversity at (A) class and (B) genus levels. 

 
 
 
static aerobic composting where abundance of ɣ-
protebacteria, actinobacteria and Bacillus was observed 
durng the composting cycle (Sundberg et al., 2011). The 
main microbial succession selection factors during 
composting include temperature, aeration, pH, moisture 
and nutrients. In this study, temperature, total organic 
carbon, NH4

+
 and NO

3-
 explained most of the community 

variation (Table 5). The NMDS analysis separated 
samples after successional stages rather than according 
to methods (Figure 3). This is mainly an effect of 
temperature. Carbon was significantly lost during early 
stages of composting, here, it is shown that the loss of 
carbon is as well a significant driver of community shifts 
during the succession. The significant effect of NH4

+
 and 

NO
3-

 on the community composition may show that 
nitrification is an important energy resource when the 

easily degraded carbon is depleted. The general trend of 
a decreasing number of taxa with an increasing evenness 
may be explained by shifts in microbial ecological 
strategies during the compost succession. In plant 
ecology, patterns of community distribution have been 
explained by competition, dispersal and resource 
utilization. Dispersal is important in the early succession 
after a disturbance whereas competitive species 
dominate in rich environments and stress tolerant species 
inhabit the environment when resources are depleted. At 
the initial compost phases, the substrates are rich in 
nutrients and are inhabited by a large number of 
microbial taxa. As succession proceeds, the taxa show a 
more even distribution which is consistent with a shift to a 
community with many stress tolerant, less competitive 
species occurring in the late stages. Dispersal may be of  
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Figure 3. Non-metric multidimensional scaling plot showing diversity pattern of 
bacteria during different phases of composting municipal solid wastes. 

 
 
 

Table 5. Non-metric multidimensional scaling analysis showing determinants of bacterial 
diversity during composting. 
 

Variables Dimension 1 Dimension 2 R
2
 Probability 

pH 0.479 -0.877 0.152 0.029 

Temperature -0.426 0.044 0.254 0.003 

Total organic carbon -0.414 0.909 0.278 0.002 

Total nitrogen -0.388 0.9215 0.314 0.001 

Nitrate 0.426 -0.904 0.254 0.003 

Ammonium -0.414 0.909 0.278 0.002 

 
 
 
minor importance in the compost environment since the 
compost material already is colonized with a large 
number of micro-organisms. The observed dominance of 
a few bacterial taxa (Table 2) during the thermophilic 
phases may be the result of strong selective factors in 
combination with strong competitive ability (Song et al., 
2014). In the early stage of composting, temperatures are 
high, thereby eliminating non-thermophilic micro-
organisms. Nutrient availability or pH are unlikely to have 
restricted the number of taxa in the composts since a 
broad range of nutrients at high concentration were 
present in the initial compost and initial pH of the 
compost substrate was around neutral. It is therefore 
tempting to suggest that high temperature could be the 
main selection pressure for the dominance of the three 
genera: Aquicella, Petrimonas and Alkaliflexus in the 
early, late and early mesophilic phases. In an earlier 

study, Rebollido et al. (2008) observed that temperature 
was the most environmental factor which influenced 
microbial succession during composting process. 
Additionally, it is noted in the authors’ previous study 
(Tumuhairwe et al., 2009), that there were no significant 
differences in pH and nutrients among the composting 
methods except differences between composting phases. 
Those three genera are not well represented in GenBank 
with less than 50 sequences archived in the database. 
Furthermore, none of these genera has been reported to 
dominate compost communities before or specifically as 
thermophilic genera. In the future, it would be interesting 
to isolate representatives of these three genera to test 
their competitive ability against other isolates and their 
heat sensitivity in order to better understand why they 
dominate the initial phases of tropical municipal waste 
compost communities. In this context, it  is  interesting  to  



 
 
 
 
 
add that most Archaea which include many well-known 
thermophiles (Lebedinsky et al., 2007; de Gannets et al., 
2013) were found during the early thermophilic phase. 
The lowest observed number of classes and genera from 
the AO method during second mesophilic phase (Figure 
2) could be attributed to fewer numbers of good 
sequences obtained but would probably not have 
changed the observed decreasing community richness as 
shown by the rarefaction estimates. The successive 
increase in diversity of OTUs in the PO method as 
compared to the other methods may be because PO 
method provides most favorable condition for the bacteria 
community in contrast to the AO method. The most 
plausible cause of decreased bacteria diversity under the 
AO method could be moisture constraint. Temperatures 
are usually high in the tropics, which increases 
evaporation of moisture from compost when it is not 
covered.   

Proteobacteria, Bacteroidetes, Firmicutes, 
Actinobacteria and Planctomycetes which were the 
dominant phyla have been reported in other composting 
studies (Takaku et al., 2006; Danon et al., 2008; Székely 
et al., 2008; Vivas et al., 2009; Neher et al. 2013; 
Karadag et al., 2013; Song et al., 2014; Manyl-loh et al.. 
2016). The high abundance and diversity of 
Proteobacteria was expected because this phylotype 
contains mainly chemo-organotrophs, which derive their 
energy from decomposition and oxidation of organic 
matter. The observation that Proteobacteria were most 
dominant during composting is consistent with 
composting studies elsewhere (Ntougias et al., 2006; 
Takaku et al., 2006; Danon et al., 2008; Vivas et al., 
2009). However, the current results differ from the some 
previous studies by having α-proteobacteria as the most 
abundant class. Takaku et al. (2006) and Vivas et al. 
(2009) reported β-proteobacteria while Ntougias et al. 
(2006) observed γ-proteobacteria as the dominating 
classes in the composting process. The reason for this 
disparity is not clear but it may be attributed to 
differences in locality, composting substrate and methods 
used. The high abundance of Bacteroidetes is not 
surprising as they are known to degrade macromolecules 
(Michel et al., 2002) which are prevalent in municipal 
waste compost. The decline in abundance of 
Bacteroidetes could be associated with the compost 
progressing to maturity when the macromolecules have 
been degraded. The genus, Stenotrophomonas which 
was ubiquitous in all composting phase together as well 
as genera Pseudoxanthomonas and Nitrospira contain 
denitrifying bacteria (Lipski and Altendorf, 1997; Chen et 
al., 2002) and could also have contributed to the 
significant loss of N during composting of municipal crop 
wastes.  

Planctomycetes have been reported in diverse 
ecosystems including compost (Buckley et al., 2006; 
Takaku et al., 2006; de Gannets et al. 2013). In compost,  
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Planctomycetes have currently been detected during the 
early composting stages (Takaku et al., 2006). However, 
in this study, Planctomycetacia steadily increased from 
the seventh to third most abundant community between 
early thermophilic phase and mature compost (Table 2) 
as also reported by de Gannets et al. (2013). This 
contrasting observation could be due to the paucity of 
information on functional activity of Planctomycetes 
during composting. However, Planctomycetes have been 
reported to show chemo-litho-autotrophic growth through 
oxidation of ammonium (Strous et al., 1999) and could 
also contribute to nitrification. 

For the phylum Firmicutes, Clostridia dominated from 
early thermophilic through second mesophilic phases 
while Bacilli was more dominant in mature compost. 
Firmicutes have been reported during different stages of 
composting (Ntougias et al., 2006; Takaku et al., 2006; 
Karadag et al., 2013) and were favored by alkaline 
medium. Therefore, increase in abundance of Bacillus 
and Clostridia could be attributed to favorable alkaline pH 
during the composting. Characteristically, Bacilli and 
Clostridia are facultative and strict anaerobes, 
respectively. Therefore, their presence suggests 
incomplete aeration during composting. Complete 
aeration may be difficult to achieve under the low-
technology composting methods used in this study. 
However, there are reports of Bacillus and Clostridia from 
other composting studies (Ntougias et al., 2006; Takaku 
et al., 2006; Sundberg et al., 2011; Karadag et al., 2013; 
Fui et al., 2017 ) indicating that it is difficult to achieve 
complete aeration during composting. The most 
abundant genus within Firmicutes was Symbiobacterium 
which was detected among the predominant 20 genera 
during early thermophilic phase (Tables 3 and 4). The 
successional pattern of Symbiobacterium could be 
explained by high temperature during early thermophilic 
phase since it has previously been isolated from 
thermophilic compost (Ueda et al., 2001). 

Another abundant bacterial group was Actinobacteria 
(Table 3) predominated by Corynebacterium at the genus 
level (Table 4). Actinobacteria effectively degrade organic 
matter including complex substances such as cellulose 
and chitin and are favored by temperature between 45 
and 55°C. Therefore, the successional pattern of 
Actinobacteria community during composting could be 
explained by the temperature gradient. The highest 
Actinobacteria community was observed during the late 
thermophilic phase when the temperatures were most 
favorable 

The dominance of the genera Streptococcus, 
Plastopirellula and Veilonella communities in mature 
compost (Table 4) could be used as an indicator for 
compost maturity. Streptococcus had earlier been 
isolated from maturing compost from a mixed municipal 
solid waste and poultry manure in Nigeria (Taiwo and 
Oso, 2004). This could be the  first  study  to  identify  the  
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predominance of genus Devosia in mature compost, 
previously isolated from aquatic and soil environments 
(Nakagawa et al., 1996; Rivas et al., 2003). The 
presence of phyto-beneficial bacteria in mature compost 
improves its value for soil fertility management and such 
examples include Rhizobia and Bradyrhizobia for 
symbiotic nitrogen fixation and Roseomonas, a genus 
that includes plant-growth promoting bacteria.  
The current high number of taxa identified from compost 
than previous studies (de Gannets et al., 2013) further 
demonstrates the high throughput capacity of 
pyrosequencing in molecular microbial ecology studies 
even when several sequences remained unclassified at 
phylum and class levels. This study has also 
demonstrated the ability of pyrosequencing to detect both 
the dominant and minor bacterial population occurring 
during the composting process unlike PCR-DGGE or 
TRFLP which only detect the dominant bacteria taxa 
(Takaku et al., 2006). The high number of unclassified 
bacteria sequences at each stage of composting, most of 
which belonged to either unknown or uncultured bacteria 
suggests that pyrosequencing is a powerful technique 
that provides details on microbial diversity within 
compost. It also highlights the presence of novel groups 
of unknown bacteria that may exists when composting 
MSW in the sub-Saharan tropical environment. This 
study revealed the presence of bacterial taxa belonging 
to OD1, OP10, BRC1, SR1, Deferribacteres, 
Lentisphaerae, Spirochaetes and TM7 phyla within a 
compost environment. To the authors’ knowledge, this is 
the first study to identify such high diversity and 
abundance of phyla, classes and genera existing in 
compost ecology in a single study. The significant 
variation in diversity and abundance of these minority 
phylotypes at different composting stages could provide 
insight into unknown functional groups that exist during 
the composting process. Although, all these genera were 
identified, their origin and functions during composting 
remain unknown. It could be that they were originally part 
of the municipal waste compost, introduced in water used 
for maintaining the moisture content during the 
composting process or drifted from soil and surrounding 
to composting material. Furthermore, it is also unknown 
whether they were inactive or in dormant state and this is 
one of the setbacks of DNA-based molecular techniques. 
However, the change in genotype abundance and 
diversity, and OTUs observed at different phases during 
composting period suggests an active community 
contributing to successional changes. 

In the future, it would be interesting to study functional 
aspects of microbial communities. This may be pursued 
via the study of functional genes that are involved in 
ammonium oxidation and the cultivation of representative 
taxa to be used in functional studies of plant pathogen 
antagonism. Several novel multifunctional plant growth 
promoting  bacterial  strains  were  earlier   isolated   from  

 
 
 
 
compost (Fui et al., 2017), indicating multifunctional value 
of compost to plants when applied on the soil.   
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