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Abstract

Background Polyhydroxyalkanoates (PHAs) are naturally produced biopolymers with significant scientific and
biotechnological potential. This study aimed to investigate the diversity of the PHA-producing bacterial community
and PhaC genes in soil samples collected from a municipal solid waste disposal site known as “Qoshe”in Addis Ababa,
Ethiopia, using a shotgun metagenomics approach. The SqueezeMeta pipeline was used to analyze the microbial
community in the waste samples. A CD search against the TIGRFAM protein family database was performed to identify
the complete-length multidomain sequences of PhaC genes and classify them into their respective classes. Statistical
analysis and data visualization were performed using RStudio with R version 4.2.3.

Results The findings of this study suggest that known and unknown taxa likely contribute to the phaC genes of
municipal solid waste. Taxonomic profiling of the metagenomic data revealed that the majority of the PHA-producing
taxa belonged to the phylum Proteobacteria (80%), followed by Actinomycetota (16.5%). Furthermore, this study
identified Thiomonas and unclassified Mycobacterium as the main contributors to class | PhaC genes. Class Il PhaC
genes are predominantly associated with the Pseudomonadaceae family, followed by unclassified Hyphomicrobials
and Acidimicrobiales. Class Ill PhaC genes are abundantly related to the Methylococcaceae family, specifically the
Methylocaldum genus. The analysis of PhaC gene sequences revealed high level of diversity, with a significant
proportion of putative PhaC genes exhibiting low sequence identity with each other and PhaC gene in the database.
Notably, the sequence variation observed within the same PhaC gene classes suggests the potential presence of
previously unidentified PhaC gene variants.

Conclusions Overall, this research improves our understanding of the diversity of PHA-producing taxa and PhaC
genes in municipal solid waste environments, providing opportunities for sustainable PHA production and waste
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management strategies. However, additional studies, including the isolation and characterization of specific strains,
are necessary to confirm the PHA production capabilities of these strains and explore their biotechnological potential.

Keywords Polyhydroxyalkanoates, Municipal solid waste, Bacterial community, Metagenomics, Polyhydroxyalkanoate

synthase, Shotgun sequencing

Introduction

The increasing challenges associated with plastic waste
management and the depletion of natural resources
used in plastic production have motivated researchers
to develop alternative and environmentally friendly plas-
tics (Amache et al. 2013). One such alternative is poly-
hydroxyalkanoates (PHAs), which are biodegradable
polyesters produced under unfavorable growth and stress
conditions by a variety of microorganisms, such as bacte-
ria and archaea. When these microbes are exposed to too
much carbon and other nutrient limitations, they create
PHAs as water-insoluble inclusions that serve as carbon
and energy storage (Chek et al. 2017). The synthesis of
PHAs by microorganisms involves several enzymatic
reactions, with the key enzyme being PHA synthase.
Therefore, this enzyme plays a crucial role in PHA bio-
synthesis by determining the types of monomers that are
added to the chain of the PHA polymer (Zher Neoh et al.
2022).

Currently, four classes of PHA synthases (class I, II,
111, and IV) have been reported. These classes constitute
a distinct protein family, each of which has a particu-
lar substrate specificity, domain, and subunit makeup.
Class I PHA synthase is encoded by a single PhaC gene,
whereas Class II PHA synthase is encoded by two distinct
PhaC genes (PhaCl and PhaC2). PhaC genes of classes II
and I are homodimers (single-unit enzymes), while those
of classes III, and IV are heterodimers (consisting of
two subunits) that include PhaC-PhaE and PhaC-PhaR,
respectively, and both are needed to establish function-
ality (McCool and Cannon 2001). Class I, III, and IV
synthases have been shown to prefer short-chain length
monomers (SCLs) with carbon chain lengths between C3
and C5 (Mezzolla et al. 2018). However, class II synthases
prefer medium-chain-length (MCL) monomers, includ-
ing the C6 monomer 3-hydroxyhexanoate (3HHXx), which
has carbon chain lengths between C6 and C14. Addition-
ally, some PhaCs have been found to be able to add MCL-
PHA and SCL-PHA monomers to the PHA polymer
chain (Chek et al. 2017). PHA synthase enzymes have
remarkable substrate specificity, allowing them to polym-
erize more than 150 different monomers into various
forms of PHA. This broad substrate specificity of PHA
synthases is probably due to their low protein sequence
similarity. Consequently, the amino acid sequences of
PHA synthases can vary significantly, ranging from 8 to
96% similarity (Rehm, 2003). This diversity in sequence
makes it challenging to design a single universal primer

set to detect all four classes of PhaC genes. PHA syn-
thases have certain conserved properties at the core
structural level. These proteins consist of a catalytic
triad, eight highly conserved amino acid residues, and a
putative lipase box-like motif in the a/pf domain called
“G-X-C-X-G” (Zher Neoh et al. 2022). Understanding
the different classes of PHA synthases and their substrate
specificities is crucial for tailoring PHA production to
obtain the desired properties and monomer composi-
tions in biodegradable plastics.

Although PHAs have been known for centuries, the
industrial production of these biodegradable plastics
remains a challenge due to their high cost (Chen and
Jiang 2017). To overcome this hurdle and enable com-
mercialization, researchers have focused on using low-
cost renewable feedstock and waste streams to reduce
production expenses (Bhuwal et al. 2013). However, the
lack of efficient microorganisms capable of converting
waste into PHAs has hindered their commercialization,
and the cost of PHA production is still 5-10 times greater
than that of conventional petrochemical-based plastics
(Raza et al. 2018). To address this limitation, research-
ers have been searching for novel bacterial strains with
a high ability to convert low-cost or even cost-free sub-
strates into PHA, while also optimizing the bioprocesses
involved in their production. To facilitate the broad use
of PHA as a sustainable substitute for conventional plas-
tics, these initiatives aim to increase the productivity and
economic viability of PHA production.

To date, most research on the diversity of the PhaC
gene and PHA producers has been conducted on pure
isolates using culture-dependent methods that compro-
mise the validity of novel uncultured microbial commu-
nities. This approach has created a significant knowledge
gap about the diversity of PhaC genes and PHA producers
in the largely unexplored microbial world. To bridge this
gap, metagenomic approaches are essential, as they pro-
vide direct access to untapped microbial genomic infor-
mation. In this context, the Addis Ababa municipal solid
waste landfill is a previously unexplored area of research.
The study conducted here represents the first attempt
to investigate the soil microbial community in this area,
and this exploration offered a significant opportunity
to discover new PhaC genes from previously unknown
microbial genera within the metagenome. Therefore, this
study sheds light on the large and undiscovered microbial
world in the Addis Ababa municipal solid waste using a
shotgun metagenomics sequencing approach to reveal
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new possibilities for understanding the diversity of PhaC
genes and PHA producers.

Materials and methods

Study area

The research study area was the Addis Ababa municipal
solid waste disposal site (Qoshe), which is located in the
southwest of the city within the borders of Kolfe Keranio
and Nifas Silk-Lafto. The site covers a surface area of 25
hectares and has served as the primary disposal site for
solid waste from Addis Ababa city since 1968 (Nademo
et al. 2023). From April 20 to April 22, 2023, soil samples
from the study area were randomly collected from five
distinct sites at depths of 15 to 95 cm at 10 cm intervals
at each location in three rounds using aseptic techniques
to avoid contamination. The soil samples were collected
using sterile polyethylene bags. To obtain representative
samples, soil samples from each location and depth were
pooled together. The pooled samples were then thor-
oughly mixed and homogenized in sterilized containers.
Finally, the homogenized soil samples were stored at 4 °C
until further analysis.

Extraction and purification of total community DNA

Metagenomic DNA was extracted manually according to
Zhou et al. (1996) with slight modifications. For manual
extraction of metagenomic DNA, soil samples weighing
3 g were mixed with 15 ml of DNA extraction buffer and
100 ul of proteinase K (10 mg/ml) in Falcon tubes. The
mixing was carried out by horizontal shaking at 225 rpm
for 30 min at 37 °C. After the mixing step, 1.5 ml of 20%
SDS was added to the samples, and the samples were
incubated in a 65 °C water bath for 2 h with gentle end-
to-end inversion every 15 to 20 min. After incubation,
the samples were centrifuged at 10,000 rpm for 5 min at
room temperature. The supernatants were collected and
transferred to 50-ml Falcon tubes. The supernatants were
mixed with an equal volume of chloroform-isoamyl alco-
hol (24:1, vol/vol). The mixtures were centrifuged, and
the aqueous phase was recovered. The recovered aque-
ous phase was precipitated by adding 0.6 volume of iso-
propanol at room temperature for 1 h. The nucleic acid
pellet was obtained by centrifugation at 14,000 rpm for
10 min at room temperature. The pellet was washed with
70% cold ethanol and then resuspended in nucleus-free
water to obtain a final volume of 500 pl of purified DNA.
Quality control (QC) was performed to guarantee the
reliability of the data. Before library preparation, sample
quality control was performed using a Thermo Scientific
NanoDrop 3300 fluorospectrometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA) and gel electrophoresis.
Subsequently, the genomic DNA was randomly sheared
into short fragments, end repaired, A-tailed, and ligated
with Illumina adapters. The fragments were size selected,
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PCR amplified, and purified. The library was quantified
with a Qubit fluorometer and real-time PCR, and a bio-
analyzer was used for size distribution detection. The
quantified libraries were pooled, and shotgun metage-
nomic sequencing was performed on one lane of a flow
cell using a 150 bp paired-end run on a NovaSeq PE150
instrument (Illumina, Tsim Sha Tsui, Hong Kong). The
sequenced reads (raw reads) were filtered using Fastp
(https://github.com/OpenGene/fastp) to remove reads
containing adapter contamination, more than 10% uncer-
tain nucleotides, and more than 50% low-quality nucleo-
tides (those with a base quality less than 5).

Bioinformatics and statistical analysis of metagenome data
The soil metagenome sequence was analyzed using the
SqueezeMeta pipeline (version 1.5.1) (Tamames and
Puente-Sanchez 2019), and both the taxonomic and func-
tional profiles of the metagenomic datasets were inferred.
Briefly, in the SqueezeMeta pipeline, the coassembly of
the raw reads was performed using Megahit software
v1.2.9; short contigs (<150 bps) were removed, and the
contig statistics were determined using Prinseq (Schmie-
der and Edwards 2011); read mapping against contigs
was performed using Bowtie2 v2.5.3 (Langmead et al.
2019), and Prodigal v2.6.3 (Hyatt et al. 2010) was used for
OREF prediction. In addition to prodigal prediction, a dia-
mond BlastX search (Buchfink et al. 2014) was performed
on parts of the contigs where no ORFs were predicted
or where the predicted ORFs did not match anything in
the taxonomic and functional databases to provide more
sensitive ORF detection. Barrnap v0.8 was used for 16 S
rRNA gene sequence retrieval (Seemann 2014), which
was taxonomically classified using the RDP classifier
(Wang et al. 2007). Diamond software v4.6.7 (Buchfink
et al. 2014) was used for taxonomic classification of the
OREFs against the GenBank nr database (Clark et al. 2016)
and functional annotation of ORFs with COG (Huerta-
Cepas et al. 2016) and KEGG databases (Kanehisa and
Subramaniam 2002). HMMER3 software v 3.3.2 (Eddy
2009) was used for HMM homology searches against the
Pfam database (Finn et al. 2016). Pathway prediction for
the KEGG (Kanehisa and Subramaniam 2002) and Meta-
Cyc (Caspi et al. 2018) databases was performed using
MinPath v1.6 (Ye and Doak 2009). The estimation of cov-
erage and abundance for each gene was carried out by
aligning sequence reads to the gene using Bowtie2 v2.5.3
(Langmead et al. 2019). The entire SquezeMeta project
was uploaded to RStudio running the R version 4.3.1
environment using the SQMtools R package functions
for further statistical analysis and data visualization.

Bioinformatic prediction of PHA synthase classes
The functional annotation of the metagenomics data-
set was carried out using a diamond search against the
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KEGG and COG databases and a hmm search against
the Pfam database. However, Pfam, KEGG, and COG do
not differentiate among PHAC gene classes, as they use
single domain models for similarity searches. All ORFs
annotated as PhaC genes using the SqueezeMeta pipe-
line were retrieved from the SQM object via the SQM
function after loading the SqueezeMeta project into
the R environment (R version 4.3.1). A CD search (Lu
et al. 2020) against the TIGRFAMs database of protein
families (Haft et al. 2001) was performed to identify the
full-length multidomain sequences of PhaC genes and
classify them into their respective classes (classes I-III).
Clustering of PhaC open reading frames into representa-
tive sequences was performed using the CD-HIT protein
V4.6 (Li and Godzik 2006). Multiple sequence alignment
was performed using Unipro UGENE v1.9 (Okonech-
nikov et al. 2012) for amino acid sequences of representa-
tive phaC genes recovered from the soil metagenome and
selected reference PhaC genes from the NCBI database
of nonredundant protein sequences (nr). All putative
PhaC genes obtained in this study were analyzed for sim-
ilarity against the NCBI nonredundant protein sequence
(nr) database to determine their sequence novelty. The
sequences of putative PhaC genes were aligned using the
ClustalW program, and their genetic relationships were
determined by the maximum likelihood method with the
MEGA11 program (Tamura et al. 2021). Bootstrap repli-
cates of data were analyzed to assess the level of statisti-
cal support for branches in the phylogeny.

Results

Overview of the metagenomic data

A combined sample from different sites and depths was
used for DNA extraction and sequencing. In general,
[lumina sequencing (Hong Kong, China) using Nova-
SeqPE150 (Novogene, Hong Kong, China) generated
an average of 16,860 Mbp raw bases with GC content

Table 1 Shotgun metagenomics sequencing statistics of
municipal solid waste soil sample

Parameters Qoshe
Number of Raw Bases (Mbp) 16,860
Clean Base (Mbp) 16,810
Library insert size (bp) 350
Length of single read (bp) 150

GC content (%) 654
Number of contigs 1,009,810
Length of longest contig (bp) 463,223
Length of shortest contig (bp) 200

N50 (bp) 1,527
N9O (bp) 577
Mapping (%) 826
Number of ORFs 1,626,507
Number of bacterial ORFs 1,493,877
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determined to be 65.40%. After quality control filtering,
16,810 Mbp clean bases were retained for further analy-
sis. The assembly resulted in a total of 1,009,810 contigs.
The longest contig was 463,223 bases in length, and the
N50 parameter was 1,527 bases. A total of 1,626,507
ORFs were predicted for functional annotation, of which
approximately 54% were annotated against the KEGG
database, 74% against the COG database, and 42% against
the Pfam database. The data were evaluated for the distri-
bution of base call quality, and the percentages of >Q20
and >Q30 bases were 97.47% and 93.47%, respectively.
Sequencing statistics are shown in Table 1.

Bacteria and PHA producer community composition

The taxonomic composition analysis of the Qoshe landfill
revealed that the domain Bacteria dominated the micro-
bial community, accounting for 92% of the total micro-
biome. The remaining community members consisted
of Archaea, Eukaryota, and viruses, which were consid-
ered insignificant. Interestingly, over 5% of the genes in
the municipal solid waste sample remained unclassified.
At the phylum level, the most abundant bacterial groups
were Actinomycetota (56% of total community), Proteo-
bacteria (23% of total community), unclassified bacteria
(2.9% of total community), Chloroflexota (2.6% of total
community), and Bacillota (2.1% of total community)
(Fig. 1a). Further analysis at the genus level showed that
the metagenome was clearly dominated by Mycobac-
terium (27% of total community), Methylocaldum (5%
of total community), Saccharomonospora (4% of total
community), and unclassified Actinomycetia (1% of total
community) (Fig. 1b).

The metagenomic analysis of the Qoshe landfill eco-
system revealed a remarkable diversity of PHA-produc-
ing microorganisms. Within the bacterial community,
235 ORFs were found to be related to the PhaC enzyme,
accounting for approximately 0.016% of the total bacte-
rial ORFs. The most abundant PhaC-producing bacteria
belonged to the phyla Proteobacteria (0.0097% of total
bacteria), Actinobacteria (0.00192% of total bacteria),
Chloroflexi (0.00034% of total bacteria), and unclassi-
fied bacteria (0.00014% of total bacteria) (Fig. 1c). Nota-
bly, the majority of PhaC ORFs were attributed to genera
such as Thiomonas (0.0021% of total bacteria), Methy-
localdum (0.0017% of total bacteria), unclassified Pro-
teobacteria (0.0015% of total bacteria), and unclassified
Actinomycetia (0.0013% of total bacteria) (Fig. 1d), high-
lighting the vast untapped potential for discovering novel
PHA-producing microorganisms within the Qoshe land-
fill ecosystem.
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Fig. 1 Taxonomic composition and percent relative abundance of bacterial community and PHA producing taxa detected in the municipal solid waste
soil metagenome. Bacterial community at phylum (a) and genus (b) levels, as well as PHA producing taxa at phylum (c) and genus (d) levels

Functional and taxonomic profiling of PhaC genes in
municipal solid waste soil

Metagenomic functional annotation revealed 235 puta-
tive PhaC open reading frames (ORFs) in the Addis
Ababa Municipal Solid Waste Soil Metagenome. To clas-
sify the putative PHA synthase genes into their respec-
tive classes, a CD search was performed against the
TIGRFAMs database of protein families. The TIGRFAM
models successfully differentiated the sequences of the
three classes of PhaC genes (Additional file 3: Table S2).
Of the initial 235 PhaC ORFs, 21 were excluded from
subsequent analysis because they did not show simi-
larity to PhaC genes in the TIGRFAM database. A CD
search against the TIGRFAM database revealed that, of
the remaining 214 PhaC ORFs, 122 were associated with
class I PhaC genes, 9 with class II PhaC genes, and 83
with class III PhaC genes. The class I PhaC genes were
found to be the most abundant, followed by the class III
PhaC genes in the overall dataset.

A comparison of the amino acid sequences of all 214
PhaC OREFs (class I-III PhaC genes) revealed that they
could be classified into 14 genetic groups based on
amino acid sequence similarity (Additional file 2). This
grouping was correlated with the maximum likelihood
phylogenetic tree (Additional file 1), where genes desig-
nated the same GG clustered closely together. The pro-
tein sequence identities of the 214 PhaC ORFs against
the NCBI database of nonredundant protein sequences
(nr) ranged from 48 to 100% (Additional file 3 table S1),
with 46.5% of PhaC ORFs showing>90% identity to
the protein database (Fig. 2a). Although many putative
PhaC ORFs showed high identity to reference proteins,
the amino acid sequences of most PhaC ORFs exhibited
significant variation from each other, with 45.32% of the
ORFs having less than 50% similarity (Fig. 2b). Further-
more, the amino acid sequences of the representative
PhaC genes were aligned with other commonly known
PhaC amino acid sequences in the database. The results
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Fig. 2 (a) Putative PhaC gene amino acid sequence identity with the NCBI nonredundant protein sequence (nr) database; and (b) amino acid sequence

similarity among putative PhaC genes identified in this study

showed that all representative PhaC genes contained a
lipase-box-like motif “G-X-C-X-G” except for GG13 and
GG14. Conserved residues were also found among all the
sequences in the shaded regions (Fig. 3).

Class | PHA synthase genes

In the soil metagenomes, unclassified Burkholderiales
(32.24% of the PhaC genes), unclassified Alphaproteo-
bacteria (22.67%), Mycobacteriaceae (17.02%), Acetobac-
teraceae (10.41%), and Hyphomicrobiaceae (6.5%) were
the most dominant families contributing to class I PhaC
genes (Fig. 4a).

The protein sequence identities of class I PhaC genes
ranged from 64.13 to 100% (Additional file 3 Table S1).
Specifically, when examining the top hits, the percentage
identities to unclassified Burkholderiales, Acetobactera-
ceae, and unclassified Alphaproteobacteria ranged from
65.95 to 98.92%, 99.67—-100%, and 69.33—98.27%, respec-
tively. The class I PhaC genes also exhibited similarities
of 73.21-100% with genes found in Hyphomicrobiaceae.
Interestingly, despite the well-known reputation of mem-
bers of the Rhodocyclales as short-chain-length PHA
producers, a BLAST search conducted on 7 March 2024
revealed that most of the detected class I PhaC genes
affiliated with these taxa exhibited novel sequences. Their
identities in the database ranged from 60.7 to 93.07%.
On the other hand, genes detected from taxa that are
less commonly associated with PHA production, such
as Stappiaceae and Mycobacteriaceae, showed greater
similarity to database sequences, with identity matches of
84% and 79.41%, respectively.

Class Il PHA synthase genes

The functional annotation revealed that the class II
PhaC genes were the least abundant among the identi-
fied PhaC genes in the overall dataset (Additional file 3
Table S2). According to the familywise distribution of
the metagenomics data, Pseudomonadaceae, unclassi-
fied Hyphomicrobiales, unclassified Acidimicrobiales,
unclassified Alphaproteobacteria, and Methylocystaceae
were the dominant contributors to class II PhaC gene
metagenome hits (Fig. 4b). In terms of abundance, Pseu-
domonadaceae represented the majority of genes in the
soil metagenome (66.93% of the PhaC genes), followed
by unclassified Hyphomicrobiales (8.95%), Acidimicro-
biales (7.78%), unclassified Alphaproteobacteria (2.72%),
and Methylocystaceae (2.33%). The detected class II
PhaC genes exhibited the highest identity matches
(97.52-99.82%) with Pseudomonas, which are well-
known medium-chain length PHA producers. However,
relatively lower percentage identities were observed for
PhaC genes related to unclassified Acidimicrobiales and
unclassified Hyphomicrobiales, with values of 69.08%
and 55.77%, respectively (Additional file 3 Table S1). The
class II PhaC genes showed the closest identity (81.48%)
to the Methylocystis gene.

Class Il PHA synthase genes

Methylococcaceae dominated the contribution of class III
PhaC genes in the soil metagenome, making up 49.65%
of the PhaC genes. Other bacterial families, including
Xanthomonadaceae, Chloroflexi bacterium, Acetobacte-
raceae, and Gammaproteobacteria, also made moderate
contributions to class III PhaC genes in the soil metage-
nome (15.32%, 8.67%, 4.91%, and 4.33%, respectively)
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Fig.3 Multiple alignment of amino acid sequences from GG1 to GG14. MSA was created with Class |-l PhaC genes from known PHA producers and PhaC
obtained from this study. Amino acid residues highlighted in blue were found to be conserved among all PhaC genes
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Fig. 4 Taxonomic distribution of class | (@), Il (b), and Ill (c) PhaC genes detected in municipal solid waste soil metagenomes

(Fig. 4c). The protein sequence identities of the class III
PhaC genes varied between 48% and 100%. The class III
PhaC genes exhibited a percentage identity of 85.07—
100% with Methylococcaceae, a well-known family that
produces PHA. Similarly, the identity range for Xantho-
monadaceae, another recognized PHA producer, was
76.07-100%. The identity range with Chloroflexota bac-
terium was 61.24—-100%, while with Gammaproteobac-
teria, it was 70.62-99.44%. In the soil metagenome, the
average percentage identities of class III PhaC genes to
Acetobacteraceae and Rhodanobacteraceae ranged from
61.24 to 100% and 78.59-90.65%, respectively.

Discussion

Landfill areas are recognized as significant microbial
reservoirs with potential for bioprospecting (Song et al.
2015). Recent advances in genomics provide an oppor-
tunity to extensively study these valuable microbial
resources within landfill areas for a variety of applica-
tions. The metagenomic analysis of the microbial com-
munity in the Qoshe landfill provides novel insights,
as this environment has not been extensively studied
before in terms of its microbial composition, particularly
regarding the diversity of PHA producers. This landfill
served as a repository for a diverse array of waste streams
from all areas of Addis Ababa City for over 50 years.
Due to its chemical composition, this area can be con-
sidered a promising target area for exploring novel PHA

producers. This is because, as reported before, environ-
ments that are naturally or accidentally exposed to high
organic carbon or growth-limiting conditions can serve
as potential sources of PHA-producing microbes (Singh
Saharan et al. 2014). Desta (2022) reported that this open
landfill contains approximately 60% organic waste, 15%
recyclable waste, and 25% other waste such as paper, rub-
ber/plastics, wood, bone, textiles, metals, glass, and non-
combustible stone. The Qoshe landfill is also known to
produce and emit large quantities of methane gas to the
atmosphere (Jigar et al. 2014). This high methane concen-
tration, along with the elevated concentration of organic
carbon within the landfill, can enrich microbial commu-
nities capable of producing PHAs. Generally, explora-
tion of PHA producer microbes from landfill areas is of
significant importance, especially when considering the
potential to couple waste management with PHA pro-
duction for the development of a circular economy. Her-
rera et al. (2023) examined plastic-polluted sites, landfills,
and oil-polluted sites as sources of microorganisms with
the potential ability to convert plastic substrates to PHA.
However, collecting samples from landfill environments
is challenging due to the high physical and chemical het-
erogeneity of the waste, as well as the safety concerns
associated with accessing and sampling these complex
waste management systems. To overcome these chal-
lenges, the present study collected a large number of
samples over three consecutive days to ensure a thorough
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representation of the landfill's microbial diversity for the
metagenomics study. So far, most studies on the diversity
of PHA producers and PhaC genes rely on PCR ampli-
fication of PhaC genes from environmental samples
(Foong et al. 2014; Yang et al. 2013; Cheema et al. 2012).
This approach has limited the discovery of novel PHA-
producing taxa due to the constraints of existing primers,
which do not adequately capture the sequence diversity
of environmental homologs (Thi and Vahlis 2017). Over-
all, this study was designed to investigate the diversity of
the PHA-producing bacterial community and the PhaC
genes in municipal solid waste samples using the shotgun
[lumina high-throughput sequencing approach.

The metagenomic analysis revealed the microbial com-
munity’s taxonomic diversity, with key bacterial taxa such
as Actinomycetota, Proteobacteria, and Chloroflexota
dominating. This result was consistent with the findings
by Selvarajan et al. (2022), who reported Actinomycetota
as the dominant taxa in informal dump sites. Notably, the
discovery of a substantial proportion (over 5%) of unclas-
sified genes indicates the existence of undiscovered novel
microbial diversity, highlighting the unexplored biotech-
nological and ecological potential of the Qoshe landfill.
Additionally, detailed metagenomic analysis revealed
a notable diversity of PHA-producing microorgan-
isms, with the relative abundance of PhaC open reading
frames (ORFs) accounting for 0.016% of the total bacte-
rial ORFs. Yasuda et al. (2021) found more PhaC genes
(0.171% of all bacterial genes) in the activated sludge of
a leachate treatment plant, which was relatively higher
than our result. Our study may have underestimated the
real abundance of PHA producers due to the physical
heterogeneity of the solid waste compared to leachate.
The study by Foong et al. (2018) also listed a total of 8
microbial PHA-producing phyla. Our study, on the other
hand, found 11 PHA-producing phyla, demonstrating the
diversity of PHA producers in Qoshe landfills. According
to Ospina-Betancourth et al. (2022), treating sludge and
wastewater from the yeast production industry resulted
in an increase in the relative abundance of PHA producer
bacteria from 37% to 78.52%. However, the present study
subjected a raw waste soil sample to DNA extraction
and sequencing without any pretreatment, potentially
contributing to the low abundance of PHA producers.
PhaC-producing bacteria primarily belong to the phyla
Proteobacteria, Actinobacteria, Chloroflexi, and unclas-
sified bacteria, with the majority of PhaC ORFs attributed
to the genera Thiomonas, Methylocaldum, unclassified
Proteobacteria, and unclassified Actinomycetia (Fig. 1a).
These results are largely consistent with the literature
on known PHA producers. Foong et al. (2018) analyzed
the mangrove soil microbial community and revealed
that approximately 86% of the genera producing PHA
were derived from the phylum Proteobacteria. The
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accumulation of PHA as an energy storage polymer is
well established in members of the phylum Actinomyce-
tota and Proteobacteria (Foong et al. 2014; Ciesielski et
al. 2010). However, the association of the Chloroflexota
phylum with PHA production has been studied less
extensively than that of Pseudomonadota and Actinobac-
teria. Interestingly, the finding that a substantial number
of these PhaC ORFs exhibit low sequence similarity to
known PhaC enzymes in databases may suggest the pres-
ence of unique microbial metabolic pathways, warrant-
ing further exploration and potential biotechnological
applications.

Among the PhaC genes obtained in this study, class I
PhaC was the most dominant class, followed by class III
PhaC genes. Most of the class I PhaC genes were affili-
ated with members of the Burkholderiales order (Fig. 4a),
suggesting their relevance among PHA producers in
landfill areas. The most representative genus of the Bur-
kholderiales order was Thiomonas. The discovery of
Thiomonas as the most dominant genus related to PhaC
genes is intriguing, particularly considering the limited
literature on PHA production in this genus. Although
members of Thiomonas are less commonly associated
with PHA production, metagenomics hits for these taxa
had identities to reference sequences ranging from 78.32
to 98.92%, which indicates less novelty of the sequence.
Previous studies have highlighted Thiomonas as a prom-
ising organism for various bioremediation applications,
such as biofiltration of industrial air streams contami-
nated with CS, and H,S (Pol et al. 2007) and treatment
of arsenic-contaminated environments, such as mine tail-
ings and drainage water (Teoh et al. 2017). Thiomonas
species can exhibit chemolithoautotrophic growth using
sulfur ores, arsenopyrite, or H,S as energy sources. Addi-
tionally, they have demonstrated the ability to mobilize
copper, zinc, and uranium from ore mixtures and exhibit
high levels of resistance to cobalt, nickel, and zinc (Kelly
et al. 2007). These characteristics of Thiomonas, includ-
ing its ability to remove environmental pollutants, its
ability to grow at low pH, and its resistance to various
metals and contaminants, make it a valuable candidate
for coupling waste remediation with PHA production.
In the present study, unclassified Mycobacterium were
also identified as one of the main contributors to class I
PhaC genes. Mycobacterium species are known for their
ability to degrade complex organic compounds and are
widely known to cause diseases in warm-blooded ani-
mals (Gunasingam 2022). However, they are relatively
understudied in the context of PHA production. A study
by Huang et al. (2012); Purohit et al. (2008) showed that
members of the Mycobacterium genus are capable of
accumulating scl PHA.

Furthermore, a metagenomic investigation of Addis
Ababa municipal solid waste revealed the presence of
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class II PhaC genes. These genes were predominantly
related to the Pseudomonadaceae family, as shown in
Fig. 4. Within the Pseudomonadaceae family, the Pseu-
domonas genus was identified as a prominent contribu-
tor to class II PhaC genes. Pseudomonas species are well
known for their ability to produce medium chain length
(mcl) PHA, as supported by previous studies by Adebayo
Oyewole et al. (2024); Kanavaki et al. (2021). The unclas-
sified Hyphomicrobiales and Acidimicrobiales orders
were found to contribute significant proportions of class
II PhaC genes. However, knowledge regarding their abil-
ity to accumulate mcl PHAs is currently limited. The
sequence identity of the class II PhaC genes with unclas-
sified Hyphomicrobiales was 55.77%, while that with Aci-
dimicrobiales ranged from 66.99 to 69.08%. This result
shows the high novelty of the sequence and suggests that
the genes most likely belong to a new microbial genus
within these two orders. Members of the Methylocysta-
ceae family also made a moderate contribution to class
II PHA genes. The genus Methylocystis, which is a rep-
resentative genus of Methylocystaceae in this study, has
been described in various studies on PHA production
(Cheng 2020; Fergala et al. 2018; Levett et al. 2016).

Metagenomic analysis revealed a high taxonomic abun-
dance of class III PhaC genes from members of the Meth-
ylococcaceae family. Further analysis at the genus level
revealed that most of the class III PhaC genes were affili-
ated with the genus Methylocaldum. It is well established
that members of the genus Methylocaldum can accumu-
late PHA as an energy storage polymer, as supported by
previous studies (Chavan et al. 2021; Bhatia et al. 2021).
Methylocaldum bacteria can utilize methane as a carbon
source and can thrive in high-temperature environments
(Luangthongkam et al. 2019; Levett et al. 2016). This
finding highlights the possibility of using methane-rich
environments, such as municipal solid waste, as a cheap
carbon source for low-cost thermophilic PHA produc-
tion by Methylocaldum species. Metagenomic analysis
also revealed the significant presence of class III phaC
genes contributed by the Xanthomonadaceae family and
the Chloroflexi bacterium, as shown in Fig. 4d. Notably,
these two taxa have received relatively less attention in
the context of PHA production, and their involvement
in this process remains understudied. The analysis of
sequence novelty for class III phaC genes affiliated with
the Chloroflexi bacterium and the Xanthomonadaceae
family revealed a significant degree of variation. Specifi-
cally, the sequence identities of the PhaC genes ranged
from 61.24 to 100% for the Chloroflexi bacterium and
from 76.07 to 100% for the Xanthomonadaceae fam-
ily, indicating substantial variation in the novelty of the
sequence within these two taxa.

In the present study, the amino acid sequences of puta-
tive PhaC genes (class I-III PhaC genes) were compared
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with each other and with reference proteins in the data-
base. The analysis revealed that 46.5% of the putative
PhaC genes shared more than 90% identity with the
reference proteins. Interestingly, the sequence identity
among the putative PhaC genes was found to be very
low. Approximately 45.33% of the putative PhaC genes
exhibited less than 50% identity. Analysis of amino acid
sequences of the PhaC genes revealed an unexpected
level of sequence variation among the genes within
the same PhaC gene classes, which contrasts with the
expected high similarity of genes within the same class.
Especially, for GG1, GG7, and GG10 different PhaC
gene classes were classified into the same genetic groups
(Additional file 2 Table S1), suggesting an exceptional
level of diversity within the established PhaC class defi-
nitions. This exceptional variation observed within the
same PhaC classes could potentially indicate the presence
of previously unidentified or atypical PhaC gene variants.
Alternatively, it may suggest that the current PhaC class
definitions need to be refined to better account for the
observed sequence diversity and more accurately cap-
ture the true extent of variations in these genes. Over all,
the high variation between or within PhaC gene classes
indicates the presence of extreme diversity in PhaC genes
within the metagenome dataset.

All representative putative PhaC genes obtained in this
study were found to have conserved amino acid residues
of a lipase box (G-X-C/S-X-G), except for GG13 and
GG14, which are essential active sites in PHA synthase
(Fig. 3). In the cases of GG10 and GGL11, the first glycine
of the lipase box was substituted with alanine and valine,
respectively. Similarly, Foong et al. (2014) analyzed the
amino acid sequences of 55 PhaC genes and noted that
the first glycin of the lipase box was replaced by serine
(S) and alanine (A) in two PhaC GGs. This substitution
alters the amino acid composition of the lipase box motif
and may have implications for modifying the function
or activity of the PHA synthase enzyme. Furthermore,
metagenomic analysis of the Addis Ababa Municipal
Solid Waste Soil also revealed the presence of a diverse
community of potential PHA producers. These findings
not only expand our knowledge of PHA-producing taxa
but also provide opportunities for further exploration
and utilization of these organisms for sustainable PHA
production from waste resources.

Conclusion

Overall, by expanding the scope beyond culturable bac-
teria and employing a metagenomic approach, this
study offers a more comprehensive understanding of
the diversity of PHA producers and PhaC genes in the
Addis Ababa municipal solid waste disposal site. This
knowledge can contribute to future research and appli-
cations related to sustainable PHA production, waste
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management strategies, and the utilization of micro-
bial resources. These findings contribute to our under-
standing of the role of the microbial community in PHA
production and highlight potential targets for further
investigation and exploitation of these organisms for sus-
tainable PHA production from waste resources. Further

studies, including the isolation and characterization of

specific strains, are necessary to confirm their PHA pro-
duction capabilities and explore their biotechnological
potential.
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