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Abstract 

Background Plastic-degrading microbial isolates offer great potential to degrade, transform, and upcycle plas-
tic waste. Tandem chemical and biological processing of plastic wastes has been shown to substantially increase 
the rates of plastic degradation; however, the focus of this work has been almost entirely on microbial isolates 
(either bioengineered or naturally occurring). We propose that a microbial community has even greater potential 
for plastic upcycling. A microbial community has greater metabolic diversity to process mixed plastic waste streams 
and has built-in functional redundancy for optimal resilience.

Results Here, we used two plastic-derivative degrading communities as a model system to investigate the roles 
of specialist and generalist species within the microbial communities. These communities were grown on five plastic-
derived substrates: pyrolysis treated high-density polyethylene, chemically deconstructed polyethylene terephthalate, 
disodium terephthalate, terephthalamide, and ethylene glycol. Short-read metagenomic and metatranscriptomic 
sequencing were performed to evaluate activity of microorganisms in each treatment. Long-read metagenomic 
sequencing was performed to obtain high-quality metagenome assembled genomes and evaluate division of labor.

Conclusions Data presented here show that the communities are primarily dominated by Rhodococcus gen-
eralists and lower abundance specialists for each of the plastic-derived substrates investigated here, supporting 
previous research that generalist species dominate batch culture. Additionally, division of labor may be present 
between Hydrogenophaga terephthalate degrading specialists and lower abundance protocatechuate degrading 
specialists.

Keywords Polyethylene terephthalate, Upcycling, Biodegradation, Microbial community, Ecological interactions, 
Microbial community, Plastic upcycling, Specialist, Generalist, Biotechnology

Background
Many previous studies have demonstrated that chemi-
cal pre-processing of plastic waste followed by microbial 
biodegradation offers great promise for the development 
of future processes to upcycle post-consumer plastic 
waste into value-added products. Current methods for 
upcycling plastic requires the plastic to be sorted prior 
to processing, decreasing the efficiency of the process. 
An industrial upcycling process using a microbial com-
munity to metabolize mixed plastic could solve this 
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problem. Here, we use microbial communities, which 
have been selectively enriched to degrade plastic deriva-
tives, to investigate the ecological interactions of spe-
cialist and generalist species in microbial communities, 
including cooperation and competition. We hypothesize 
that (1) the microbial communities will be dominated 
by generalist species over specialist species and (2) the 
terephthalate degradation pathway will be shared by 
several microbial species through division of labor. This 
study demonstrates that ecological interactions such as 
these contribute to the microbial community’s ability to 
degrade a variety of plastic derivative substrates.

Introduction
Over 70% of the 350 million tons of plastic produced 
each year pollutes the environment or ends up in land-
fills [1]. Alternative methods to current recycling prac-
tices are needed to limit the release of plastics to the 
environment and allow for conversion and upcycling 
of plastic waste. Recent research has demonstrated 
that microorganisms could be used to develop strate-
gies for efficient management of plastic waste [2–4]. 
One strategy is to use microorganisms to upcycle waste 
plastic into more useful products. This often involves 
pairing chemical or thermal treatment with bioengi-
neered microorganisms, which convert the carbon in 
the plastics to value-added products. Microbial isolates 
have been used to upcycle polyethylene terephthalate 
(PET) waste into the biodegradable plastic polyhy-
droxyalkanoate [5]. Similarly, bioengineered PETases 
have been used to upcycle PET into polyhydroxybu-
tyrate (PHB) [6]. Guizik et  al. showed that conversion 
of plastic into PHB can also be achieved with pyrolyzed 
polyethylene as a feedstock [7, 8]. Furthermore, Werner 
et al. showed that a nylon precursor (β-ketoadipic acid) 
could be produced from waste PET by feeding chemi-
cally deconstructed plastics to a bioengineered organ-
ism, Pseudomonas putida [9]. Another recent paper 
by Sullivan et  al. showed that mixed plastics could be 
deconstructed using metal-catalyzed autoxidation and 
upcycled into valuable intermediate compounds using 
a bioengineered Pseudomonas putida strain [10]. These 
studies are only a few of many recent advances toward 
a circular plastic bioeconomy. However, the majority 
of these studies have focused their efforts on engineer-
ing bacterial isolates for consumption of deconstructed 
plastics and production of valuable commodity chemi-
cals [11–13]. As the diversity of input streams increases, 
the need for engineering may increase the metabolic 
burden of these strains and decrease efficiency. Micro-
bial communities provide flexibility in processing 
plastics wastes and synergistic interactions in commu-
nities can support efficient degradation of plastic wastes 

[14–16]. Here, we explore the mechanisms of community 
dynamics supporting flexible processing of thermal and 
chemically deconstructed plastics by two enriched micro-
bial consortia. A better understanding of these mecha-
nisms will be valuable to inform the construction of future 
industrial systems for upcycling plastic waste into food 
and other value-added products [3, 8, 10, 17, 18].

Plastic-degrading bacteria have been isolated from 
various natural environments, including marine [12], soil 
[19], and sewage [20]. In addition, the enzymatic path-
ways for degradation, assimilation, and mineralization 
of several plastics, including PET [21], are well known. 
However, environmental rates of plastic assimilation and 
mineralization are slow [22]. Even under laboratory con-
ditions biodegradation of plastics is prohibitively slow for 
industrial processes. However, recent studies have sug-
gested that coupling a chemical depolymerization step 
with microbial degradation in an industrial system may 
be a feasible way to upcycle excess plastic [3, 9]. As tools 
for upcycling plastic become more efficient, more plastic 
waste could be valorized, hopefully limiting the amount 
of plastic waste that is released to the environment.

A bacterial community may be more effective than an 
isolate for degrading mixtures of compounds due to the 
presence of diverse metabolisms, which may lead to more 
efficient use of resources by a community [23]. Microbial 
communities have been used for centuries to facilitate 
industrial processes including wastewater treatment [24] 
and production of fermented foods [25, 26]. Although 
humans have been exploiting microbial metabolisms for 
centuries, a lot remains unknown about microbial com-
munity functioning and the importance of ecological 
interactions in microbial communities. Within commu-
nities there exists a specialist-generalist paradigm [27]. 
Species face an evolutionary trade-off between perform-
ing a few functions very well (“specialists”) or perform-
ing many functions poorly (“generalists”) [28]. Rombouts 
et  al. define a microbial specialist as an organism that 
takes up one substrate and a microbial generalist as an 
organism that takes up multiple substrates [29]. Meta-
bolic specialists fill a smaller niche space and have few 
options for metabolism; in contrast, metabolic general-
ists will fill a larger niche space, having many options for 
metabolism [27, 29, 30]. Because specialist species have 
a narrow resource utilization range, their metabolic bur-
den is lower, allowing for higher peak growth rates [27, 
31]. Conversely, generalist species have a wider niche 
utilization range and a higher metabolic burden, often 
resulting in lower growth rates [27, 31]. Therefore, spe-
cialist species are expected to have an advantage over 
generalist species, especially in natural environments 
with abiotic gradients where there are many niches that 
can be exploited [27]. Gravel et al. previously showed that 
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assemblages consisting of specialists utilized resources 
more efficiently compared to complementary generalist 
assemblages [23]. However, investigations into micro-
bial specialization within synthetic industrial systems 
has shown that these systems are dominated by general-
ist species [29, 32]. Rombouts et al. found that generalists 
outcompeted specialists in a flow-through bioreactor sys-
tem containing a synthetic community degrading xylose 
and glucose; they hypothesized that the generalist was 
able to utilize both substrates simultaneously, removing 
the specialist’s niche [29].

Individual species within communities can engage in 
either cooperative interactions or competitive interac-
tions. Competitive interactions occur when individual 
species fill overlapping niches and compete for the same 
resources. Cooperative relationships between micro-
bial species occur when the microorganisms engage in 
a mutually beneficial relationship; cooperation can con-
sist of metabolic cross-feeding, division of labor, or other 
mutually beneficial activities [33]. Recent publications 
have suggested that cooperation in microbial communi-
ties is rare in microorganisms [34, 35]; however, many of 
these conclusions are based on experiments using syn-
thetic consortia assembled with isolated microorgan-
isms. The process of isolating microorganisms selects for 
microbes that are able to grow independently. Isolations 
are thought to bias results toward competitive relation-
ships and against naturally occurring auxotrophies and 
interdependencies [35]. Mathematical models have also 
been used to elucidate the effects of cooperation and 
competition on overall microbial community stability. 
Positive interactions have been shown to have an over-
all destabilizing effect on communities [36], supporting 
the observations of many studies using synthetic consor-
tia assembled from microbial isolates. In contrast, many 
articles have also described positive interactions between 
microorganisms [14, 15, 37, 38]. Thus, additional inves-
tigations into ecological interactions within a variety of 
microbial communities are warranted to better under-
stand microbial community functioning.

Cooperative interactions within an industrial micro-
bial community offer many benefits to the overall process 
including increased stability, resilience, and resistance to 
perturbations [39, 40]. By cross-feeding, sharing metab-
olites, and maintaining stable conditions, microorgan-
isms living in communities have a lot of potential for 
cooperation. Often, one primary degrader expresses the 
enzymatic degradation pathway while being supported in 
some way by “helper” organisms. Helper organisms may 
provide necessary metabolites or metabolizing byprod-
ucts which are inhibitory to the primary degraders. 
Tucci et  al. reported a cooperative (syntrophic) interac-
tion between hydrocarbon degraders and electroactive 

bacteria, offering promise for groundwater remediation 
[41]. Additionally, Qi et al. demonstrated that co-cultur-
ing a sulfamethoxazole primary degrader (Nocardioides) 
and supporting organisms (Acidovorax and Sphingo-
bium) led to complete catabolism of sulfamethoxazole 
[42]. In 2018, it was estimated that 98% of sequenced 
microorganisms were auxotrophs which rely on metabo-
lites produced by other cells, suggesting that cooperation 
between microorganisms may be essential for microbial 
community functioning [43].

Division of labor is a type of cooperation in which 
microorganisms perform distinct steps within an enzy-
matic pathway, often for the mutual benefit of the organ-
isms involved [44]. If a single species expresses a long 
enzymatic pathway alone, there is a high metabolic bur-
den, which may be reduced if the enzymatic pathway can 
be shared between more than one species [45]. Division 
of labor is also known to promote efficient resource uti-
lization [39, 40]. Tsoi et  al. built mathematical models 
to compare the metabolic burden on microbial isolates 
compared to microbial consortia and predicted that 
division of labor would decrease metabolic burden and 
increase productivity of communities relative to mono-
cultures [39]. However, when division of labor occurs, 
there is a trade-off in efficiency since metabolites must be 
transported between cells [45, 46]. Thommes et al. con-
structed in silico genome-scale models which showed 
complex interactions between microorganisms, for 
example where the TCA cycle was shared between sev-
eral species [46]. Additionally, a recent study engineered 
a co-culture of two strains of  P. putida  for upcycling of 
deconstructed PET [47]. This study demonstrated that 
division of labor in co-culture resulted in enhanced per-
formance of the co-culture compared to the monocul-
ture. In spite of these prior investigations, understanding 
of microbial syntrophies and division of labor in micro-
bial communities remains poorly understood and is an 
area of ongoing research [46].

The objective of this paper is to investigate ecologi-
cal interactions within a microbial community that has 
been naturally enriched to degrade plastic-derived sub-
strates. To explore microbial communities in high reso-
lution without introducing the biases associated with 
isolation and culture techniques, we are using microbial 
communities, which have been artificially selected from 
natural environments to degrade plastic derivatives. By 
using a community of microorganisms instead of isolates, 
we expect low-abundance specialists within the micro-
bial community to increase the metabolic diversity of 
our system, allowing the user to process multiple types 
of plastic. Current upcycling of post-consumer plas-
tic requires the plastic to be sorted, increasing time and 
cost of the process [48]. An industrial upcycling process 
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using a microbial community to metabolize mixed plastic 
could solve this problem [49]. Here, we use these model 
communities to investigate the roles of specialists and 
generalists, cooperation, and competition in microbial 
communities using metagenomics and metatranscrip-
tomics. We hypothesize that (1) the microbial communi-
ties will be dominated by generalist species over specialist 
species and (2) the terephthalate degradation pathway 
will be shared by several microbial species through divi-
sion of labor.

Results
Growth of microbial consortia on plastic‑derived 
substrates
To demonstrate the flexibility of these consortia to grow 
on diverse deconstructed plastic substrates, we grew both 
consortia on pyrolysis-treated HDPE, deconstructed 
PET (DCPET), and the monomer compounds expected 
from the deconstruction of PET. The chemical composi-
tion of the chemically deconstructed PET was quantified 
with HPLC (Table S1). Both consortia, EB2_Mackinac 
and LS1_Calumet, were able to grow on different decon-
structed plastic substrates. The extent of growth varied 
between the deconstructed plastic substrates. During the 
136 h of growth, the change in  OD600 (highest measured 

 OD600 minus the lowest measured  OD600) ranged 
between 0.129 and 1.576. The largest change in  OD600 for 
the blank cultures was 0.114. Both microbial communi-
ties grew to the highest densities when grown on DCPET 
and terephthalamide; likewise, the lowest growth was 
seen in the ethylene glycol treatment for both microbial 
communities (Fig. 1, Table S2).

Unique subsets of the community are active when grown 
on each substrate
We assigned taxonomy to the metagenomics and 
metatranscriptomics reads to determine which microbial 
groups responded to different deconstructed plastic sub-
strates. Short-read metagenomic and metatranscriptomic 
reads were analyzed and the taxonomy of each read was 
annotated with kraken2 (Fig.  2). The alpha diversity of 
metagenomic and metatranscriptomic reads was cal-
culated for each sample using the metrics Observed 
and Shannon. Diversity of the EB2_Mackinac metagen-
omic samples ranged between 254 and 171 observed 
genera while the metatranscriptomic samples ranged 
between 137 and 55 observed genera (Fig. S1, Table 
S3). In the LS1_Calumet enrichment, the metagenomic 
samples ranged between 314 and 176 observed genera 
and the metatranscriptomic samples ranged between 
156 and 44 observed genera (Fig. S1, Table S3). Overall, 

Fig. 1 Growth of the two microbial communities (EB2_Mackinac and LS1_Calumet) on the five substrates used for this experiment: HDPE pyrolysis 
product, deconstructed PET (DCPET), terephthalate (TPA), terephthalamide (TA), and ethylene glycol (EG)
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the metagenomic reads were more diverse and repre-
sented more genera compared to the metatranscriptomic 
reads. A Kruskal-Wallis test was used to test for statisti-
cally significant difference in alpha diversity between the 
sequence types (metagenomic and metatranscriptomic). 
A statistically significant difference was found for both 
Observed genera and Shannon alpha diversity metrics 
(p values < 0.001 and 0.003, respectively) (Table S4). This 
finding suggests that, while the microbial community is 
diverse, only a few members of the community are active 
on each substrate.

To visualize the differences between the community 
composition of the metagenomic communities and the 
active metatranscriptomic communities, a Bray Curtis 
distance matrix was constructed and a Principal Coor-
dinate Analysis (PCoA) ordination was used to visual-
ize differences in community composition between the 
metagenomic and metatranscriptomic samples (Fig. S3). 
The metagenomic samples clustered in the upper left 
corner of the plot, suggesting that all of the metagenomic 
samples have similar microbial community composition. 
A permutational analysis of variance (PERMANOVA) 
was performed to test for statistically significant differ-
ences in community composition between the metagen-
omic and metatranscriptomic samples, and this was 
found to be statistically significant (p value 0.003) (Table 
S5). On the lower left quadrant of the plot, the metatran-
scriptomic samples from cultures grown on ethylene 
glycol and HDPE pyrolysis loosely clustered together, 
suggesting that these substrates may be degraded by 
similar taxa. Likewise, the metatranscriptomic samples 
from cultures grown on terephthalate, terephthalamide, 

and chemically deconstructed PET cluster together in 
the upper right quadrant of the plot suggesting that 
similar taxa degrade these substrates. An additional 
PERMANOVA was performed to see if there was a sta-
tistically significant difference in the community com-
position of organisms transcriptomically active when 
grown on aromatic substrates (deconstructed PET, tere-
phthalate, and terephthalamide) versus non-aromatic 
substrates (HDPE pyrolysis and ethylene glycol); this 
resulted in a statistically significant difference (p value 
0.006) (Table S6). Interestingly, the terephthalate samples 
did not tightly cluster with the deconstructed PET and 
terephthalamide samples suggesting that there may be 
some unique differences in the community composition 
of the terephthalate degrading community  compared 
to the deconstructed PET and terephthalamide treated 
samples.

Communities are dominated by Rhodococcus
While the proportions of each organism vary between 
treatments, the metagenomic samples contain the same 
core taxa, supporting the observation on the PCoA plot 
suggesting that the metagenome samples all have simi-
lar community composition. All of the metagenomic 
samples have at least some contributions from Rhodo-
coccus spp. for both EB2_Mackinac and LS1_Calumet 
enrichments, although the proportion is quite variable 
and ranges from < 1 to 65% (Fig.  2). Hydrogenophaga 
spp. are also present in all of the metagenomic samples 
for both enrichments, making up between 6 and 66% of 
the metagenomic reads in each treatment. Additionally, 

Fig. 2 Microbial community composition of LS1_Calumet and EB2_Mackinac metagenomic (MG) and metatranscriptomic (MT) reads. 
Community composition shown for consortia grown on HDPE pyrolysis, deconstructed PET (DCPET), and PET-derivatives (TPA terephthalate, TA 
terephthalamide, EG ethylene glycol)
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members of the genus Pseudomonas represented a 
substantial portion of the recovered metagenomic 
reads from both consortia when they were grown on 
HDPE. Other key taxa that make up large proportions of 
the metagenomic communities include members of the 
Pseudomonas, Paracoccus, Chelatococcus, and Shinella 
genera (Fig. 2, Table S7).

In the EB2_Mackinac community, the metagenomic 
reads were dominated by organisms from the genera 
Hydrogenophaga, Pseudomonas, Stenotrophomonas, 
Achromobacter, Rhodococcus, Shinella, Hyphomonas, 
and Paracoccus; the metatranscriptomic reads from EB2_
Mackinac also showed that many of these taxa were most 
active when grown on plastic derivatives. When EB2_
Mackinac was grown on HDPE pyrolysis, Pseudomonas 
(22% of all reads) and Stenotrophomonas (24% of all 
reads) were the most active genera. When EB2_mackinac 
was grown on DCPET and its individual components, 
Rhodococcus spp. were the most active organism on the 
full DCPET mixture (95% of all reads) as well as on tere-
phthalate (30% of all reads) and terephthalamide (88% 
of all reads); when grown on ethylene glycol, Paracoccus 
was the most active organism (66% of all metatranscrip-
tomic reads, compared to 38% of metagenomic reads). 
In the LS1_Calumet community, the metagenomic reads 
were comprised of representatives of the genera Hydrog-
enophaga, Rhodococcus, Shinella, Brevundimonas, and 
Achromobacter. The metatranscriptomic reads from 
LS1_Calumet showed that on HDPE pyrolysis Pseu-
domonas and Rhodococcus were most active. For both 
EB2_Mackinac and LS1_Calumet, Rhodococcus was 
remarkably more active than any other organism on 
the chemically deconstructed PET mixture (94.4% and 
93.6%, respectively), terephthalate (30% and 64%, respec-
tively), and terephthalamide (89% and 93%, respectively). 
On ethylene glycol, Shinella reads were more abundant 
in the metatranscriptomic reads (58%) compared to the 
metagenomic reads (28%).

Interestingly, the microbial communities from the 
terephthalate treatments for both enrichments had dif-
ferent composition than the chemically deconstructed 
PET and terephthalamide treatments. This was true for 
both the metagenomic and metatranscriptomic samples. 
The metagenomic communities from the terephtha-
late treatment for both enrichments were dominated by 
Hydrogenophaga (66% and 65%, respectively) as well as 
Brevundimonas and Hyphomonas (Fig. 2). The metatran-
scriptomic samples from the terephthalate treatments for 
both EB2_Mackinac and LS1_Calumet contain higher 
proportions of Rhodococcus (30% and 64%, respectively) 
relative to the metagenomic samples (both < 1%). Addi-
tionally, the proportion of Hydrogenophaga spp. was 
much lower in the metatranscriptomic samples relative 

to the metagenomic samples for both EB2_Mackinac 
(66 to 1.8%) and LS1_Calumet (65 to 7.1%). The tereph-
thalate treatments were also the only treatments to have 
higher Shannon diversity of the metatranscriptomic 
reads compared to the metagenomic reads (Fig. S2, Table 
S3), indicating that the metatranscriptomic samples were 
less dominated by a single organism compared to the 
metagenomic samples. Using Kraken2 helps to identify 
active organisms based on the annotation of metatran-
scriptomic reads as belonging within a particular taxon. 
However, this annotation could be limited by the data-
base that is being used as well as the accuracy of assign-
ing taxonomy off of a short read.

Specialist and generalist organisms
To determine the activity of the organisms in each of the 
different treatments, we performed metatranscriptomic 
sequencing and mapped the metatranscriptomic reads 
to Metagenome Assembled Genomes (MAGs) generated 
from the short-read metagenomic sequencing (Illumina) 
described further in Table S10. This approach allows us to 
more confidently determine activity (expression of genes) 
of community members while having confidence in their 
taxonomy. Here, we specifically focus on the expression 
of pathways known to be involved in the degradation of 
aromatics (polyethylene terephthalate, phthalate, and 
benzoate), ethylene glycol, and hydrocarbons (alkane-
sulfonate monooxygenase) to infer cellular activity. The 
protocatechuate and glycolate/glyoxylate pathways were 
also investigated as central pathways, which are known 
to further degrade metabolites from protocatechuate 
and ethylene glycol, respectively, to fuel central metabo-
lism. Results showed that the protocatechuate and gly-
colate/glyoxylate pathways were expressed by most 
MAGs across most treatments (Fig. 3B, Fig. S5B), many 
of the MAGs not expressing these genes were incomplete 
(Fig. 3A, Fig. S5A).

Genes known to be involved in polyethylene tere-
phthalate and terephthalate degradation were only 
expressed by the Hydrogenophaga bins for both enrich-
ments (HTSeq counts > 15) (Fig. 3, Fig. S5). These genes 
included the mono(2-hydroxyethyl) terephthalate hydro-
lase in both EB2_Mackinac and LS1_Calumet Hydrog-
enophaga MAGs. Additionally, the Hydrogenophaga 
strain from LS1_Calumet also expressed the genes for the 
terephthalate 1,2-dioxygenase alpha and beta subunits, 
as well as the reductase component. In the EB2_Macki-
nac enrichment, polyethylene terephthalate and tere-
phthalate degrading genes were most highly expressed 
in the terephthalate and terephthalamide treatments. 
In the LS1_Calumet enrichment, the polyethylene tere-
phthalate and terephthalate degrading genes were most 
highly expressed in the terephthalate and deconstructed 
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PET treatments. Across the other pathways that were 
investigated here (protocatechuate, phthalate, and ben-
zoate), the Hydrogenophaga MAGs from both enrich-
ments showed the highest activity in the deconstructed 
PET, terephthalate, or terephthalamide treatments, with 
comparably much less activity in the ethylene glycol and 
HDPE treatments.

In the LS1_Calumet enrichment, the Rhodococcus 
MAGs were active across all treatments, particularly in 
the protocatechuate, phthalate, and glycolate/glyoxy-
late pathways (Fig.  3, Fig. S5). Interestingly, Rhodococ-
cus appeared to be most active in the terephthalamide 
treatments relative to the other substrates. Similarly, 
in the EB2_Mackinac enrichment, Rhodococcus MAGs 
also expressed genes for the protocatechuate and phtha-
late pathways across most treatments, although at 
overall reduced levels compared to the LS1_Calumet 
enrichment.

Both Pseudomonas strains in the LS1_Calumet enrich-
ment expressed alkanesulfonate monooxygenase genes in 
the HDPE treatment; interestingly, these Pseudomonas 
strains also expressed these genes in the terephthalamide 
treatment. In the LS1_Calumet enrichment, alkanesul-
fonate monooxygenase genes were also expressed by 

Hydrogenophaga in the deconstructed PET and tereph-
thalate treatment and Mesorhizobium sediminum in the 
terephthalate treatment. Only one Pseudomonas strain 
was identified in the EB2_Mackinac enrichment. This 
strain also expressed the alkanesulfonate monooxygenase 
genes in the HDPE treatment. Additionally, one of the 
Rhodococcus strains from EB2_Mackinac also expressed 
alkanesulfonate monooxygenase genes in the HDPE and 
terephthalamide treatments.

Division of labor between Hydrogenophaga terephthalate 
specialists and various protocatechuate specialists
To test the hypothesis that division of labor exists 
in these microbial communities, we used long-read 
sequencing. Long-read sequencing allows for closure 
of microbial genomes and thus would provide a more 
complete picture of the genetic content of the organ-
isms in our community. The recovered MAGs are 
described in Table S9. We are defining division of labor 
in these communities as organisms that have frag-
mented pathways for degradation of deconstructed 
plastic substrates. Therefore, incomplete genomes 
could lead to incorrectly identifying an organism 
as having an incomplete biochemical pathway. To 

Fig. 3 A Completeness and contamination percentages for MAGs obtained from short-read metagenomic sequencing. Low abundance MAGs 
are not shown here, see Fig. S5. B Gene expression of known aromatic, ethylene glycol, and hydrocarbon genes from each pathway. Abbreviations: 
DCPET (chemically deconstructed polyethylene terephthalate), TPA (terephthalate), TA (terephthalamide), EG (ethylene glycol), HDPE (high-density 
polyethylene pyrolysis)
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determine which taxa have complete pathways for the 
degradation of the various plastic derivative substrates, 
long-read sequencing was performed. Overall, MAGs 
recovered from long-read metagenomic sequencing 
had lower contamination, were more complete, and 
contained fewer contigs compared to the MAGs recov-
ered from short-read metagenomic sequencing (Fig. 
S4, Table S8). From the EB2_Mackinac enrichment, 12 
MAGs were obtained from PacBio sequencing and 31 
MAGs were obtained from Illumina sequencing (less 
than 10% contaminated and greater than 70% complete, 
as determined by CheckM). The number of contigs in 
the PacBio MAGs ranged from 1 to 6, while the num-
ber of contigs in the Illumina MAGs ranged from 9 to 
654. The median completeness for the PacBio MAGs 
was 98.6%, while the median completeness of the Illu-
mina MAGs was only 86.4%. From the LS1_Calumet 
enrichment, 41 MAGs were obtained from PacBio 
sequencing, while 45 MAGs were obtained from Illu-
mina sequencing. The number of contigs in the PacBio 
MAGs ranged from 1 to 34 contigs, while the number 
of contigs in the Illumina bins ranged from 4 to 553 
contigs. The median completeness of the PacBio MAGs 
was 99.4%, while the median completeness of the Illu-
mina MAGs was only 87.4%.

Of the 12 MAGs obtained from the EB2_Mackinac 
enrichment, only three of them had relevant aromatic, 
ethylene glycol, and hydrocarbon degrading pathways. 
None of the MAGs from EB2_Mackinac had complete 

pathways for terephthalate or protocatechuate degra-
dation (Fig.  4B), although partial pathways were pre-
sent (Fig. S6). In the LS1_Calumet enrichment, three 
bins contained complete pathways for terephthalate 
degradation, and these bins were annotated as Variovo-
rax, Hydrogenophaga intermedia, and Hydrogenophaga 
(unknown species) (Fig. 4B). Five bins in the LS1_Calu-
met enrichment were predicted to have functional path-
ways for degradation of protocatechuate: Variovorax, two 
Mesorhizobium bins, and the two Hydrogenophaga bins. 
In addition, partial protocatechuate pathways were pre-
sent in several bins annotated as Achromobacter, Phyllo-
bacterium, and Pelagibacterium.

Pathways for biodegradation of deconstructed plastics
Interestingly, none of the Rhodococcus bins from either 
enrichment was predicted to have functional pathways 
for terephthalate and protocatechuate degradation, 
despite Rhodococcus being the most active genus when 
grown on terephthalate (Fig.  2). However, Rhodococcus 
pyridinivorans from the EB2_Mackinac enrichment and 
both of the Rhodococcus aetherivorans bins from the 
LS1_Calumet enrichment contained complete benzoate 
degradation pathways, which has been previously impli-
cated in terephthalate degradation [50]. Three additional 
bins from the LS1_Calumet enrichment also contained 
the complete pathway for benzoate degradation including 
Pseudomonas and two Parvibaculum bins.

Fig. 4 A Completeness and contamination of MAGs recovered from long-read metagenomic sequencing (Pacific Biosciences). B Percent 
completeness for relevant predicted pathways found in each MAG. Only MAGs greater than 70% complete are shown. Pathways greater than 80% 
complete were predicted to be functional. Only pathways greater than 50% complete are shown
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Although the microbial community sample collected 
for long-read metagenomic sequencing was grown on 
terephthalate, pathways were also found for ethylene gly-
col degradation as well as for hydrocarbon degradation, 
although we expect these pathways to be underrepre-
sented in the long-read metagenomic sequencing data 
(Fig. 4B, Fig. S6). The only organism found to have a com-
plete alkanesulfonate monooxygenase pathway (shown 
to degrade petroleum [51]) was the Pseudomonas bin 
from LS1_Calumet. Many organisms were found to have 
complete ethylene glycol degradation pathways including 
Rhodococcus pyridinivorans and Paenibacillus from the 
EB2_Mackinac enrichment, as well as Pseudomonas and 
both Rhodococcus aetherivorans bins from the LS1_Calu-
met enrichment.

Discussion
In this study, we use natural microbial communities 
enriched to degrade polyethylene terephthalate and high-
density polyethylene derivatives as a model system for 
investigating division of labor and the roles of specialist 
and generalist species in microbial communities. Much 
of the previous work using microorganisms for tandem 
chemical and biological plastic-upcycling has utilized 
isolates or bioengineered microorganisms to either con-
vert waste PET into virgin materials or value-added 
compounds [10, 18, 52]. Other studies have shown the 
microbial communities are able to metabolize decon-
structed plastics treated either with  pyrolysis  or chemi-
cal deconstruction [16, 53, 54]. Here, we use a microbial 
community instead of an isolate to demonstrate that a 
microbial community consists of specialist and general-
ist species, which allows flexibility to degrade processed 
mixed plastic waste. This finding has the potential to 
improve current recycling practices by allowing for pro-
cessing of unsorted mixed plastic waste. Based on the 
community composition of the metatranscriptomic reads 
described here, Rhodococcus is present at > 2% relative 
abundance in all metatranscriptome communities (with 
the exception of the EB2_Mackinac ethylene glycol treat-
ment), suggesting that Rhodococcus may be a generalist 
(Fig.  2). Based on analysis of bulk metatranscriptomic 
reads (Fig.  2), organisms from the genera Rhodococcus 
appear to be the most active organism in the decon-
structed PET, terephthalate, and terephthalamide treat-
ments for both enrichments, supporting the hypothesis 
that the communities would be dominated by generalist 
species. Rhodococcus MAGs recovered from short-read 
sequencing data from LS1_Calumet and EB2_Mackinac 
express phthalate, protocatechuate, and glycolate/gly-
oxylate genes in all treatments in both enrichments, sug-
gesting that Rhodococcus is a generalist, able to grow on 
any of the substrates provided in this study (Fig. 3B). The 

Rhodococcus strains from both enrichments had reduced 
expression in the ethylene glycol treatment (Fig. 3B). One 
possible explanation for this is that these strains are neg-
atively impacted by ethylene glycol, allowing some of the 
specialists in the community to compete more effectively 
in this treatment [44].

In the ethylene glycol treatments, there are high abun-
dances of Paracoccus (EB2_Mackinac) and Shinella (LS1_
Calumet), offering additional support for the presence of 
specialist organisms (Fig. 2). Based on bulk metatranscrip-
tomic data, Shinella and Paracoccus are the primary ethyl-
ene glycol degraders in LS1_Calumet and EB2_Mackinac, 
respectively (Fig.  2). In the EB2_Mackinac enrichment, 
this is supported by the short-read metagenomic and 
metatranscriptomic analysis which shows higher gene 
expression from Paracoccus in the ethylene glycol and 
HDPE treatments (Fig.  3B). Unfortunately, the only 
Shinella MAG recovered from the LS1_Calumet enrich-
ment was of very poor quality and so is not represented 
in these figures (contamination 94.9% and completeness 
86.3%). The long-read metagenomic analysis presented 
here is limited because the sample collected was obtained 
from a culture grown on terephthalate, which limited our 
ability to obtain complete nearly single-contig MAGs for 
organisms preferring to grow on alternate substrates. 
Future long-read metagenomic sequencing of cultures 
grown on alternate substrates may allow for recovery of 
MAGs representing important specialists.

Additionally, the community composition of the 
HDPE metatranscriptome samples shows increased 
Pseudomonas, suggesting  that  members of the  Pseu-
domonas  may be possible HDPE  specialists (Fig.  2). 
The  Pseudomonas MAGs also  were most active in the 
HDPE treatments (Fig.  3B) in both enrichments and 
were present only in very low abundances in other treat-
ments, indicating that this may be another specialist 
(Fig.  2). Rhodococcus metatranscriptomic reads were 
present in all HDPE and ethylene glycol samples for both 
enrichments ranging from < 2 to 17.5% (lowest in the 
EB2_Mackinac ethylene glycol treatment) (Fig.  2). This 
suggests that Rhodococcus is still present in these treat-
ments, even if it is abundant, supporting the theory that 
Rhodococcus is a generalist for the substrates.

Additional specialists were identified based on the 
short-read metagenomic and metatranscriptomic data, 
Hydrogenophaga from the LS1_Calumet enrichment is 
an aromatic-degrading specialist with the highest gene 
expression occurring in the aromatic treatments (decon-
structed PET, terephthalate, and terephthalamide), hav-
ing decreased or no expression in the ethylene glycol and 
HDPE treatments (Fig. 3B). Paracoccus in the LS1_Calu-
met enrichment only expresses the pathways of interest in 
the terephthalamide treatment, suggesting that this may 
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be a terephthalamide specialist (Fig. 3B), unlike the Para-
coccus in the EB2_Mackinac enrichment which primarily 
expresses genes in the ethylene glycol and HDPE treat-
ments. Additionally, phthalate and benzoate-degrading 
genes were expressed in terephthalamide treatments, par-
ticularly by Rhodococcus (phthalate), and Achromobacter 
(benzoate) suggesting that these taxa may use these path-
ways for terephthalamide degradation as well (Fig. 3B). In 
both enrichments, Pseudomonas strains have the highest 
gene expression in the HDPE treatments (Fig. 3B). Based 
on gene expression, Achromobacter, Hydrogenophaga, 
Paracoccus, and Pseudomonas are examples of specialist 
organisms which have smaller niches compared to Rho-
dococcus. However, based on the long-read metagenomic 
data, Pseudomonas could also be defined as a generalist 
because it has the metabolic pathways for benzoate, eth-
ylene glycol, and hydrocarbon degradation. This suggests 
that gene expression data may be important for defining 
the roles of specialists and generalists since metabolic 
pathways may be present but not be used. It is possible 
that these pathways are viable, but the organism is unable 
to grow because of competition with other organisms or 
other environmental constraints [44, 46].

In addition to the specialists and generalists described 
above, many low abundance organisms still have unclear 
roles in the community. Only incomplete phthalate path-
ways were identified in our MAGs (Fig.  4B) although 
relatively high expression of phthalate genes was noted 
in many of the short-read MAGs, particularly Rhodococ-
cus and Achromobacter. In addition, Hydrogenophaga in 
the EB2_Mackinac enrichment and Pseudomonas, Pela-
gibacterium, and Mesorhizobium from the LS1_Calumet 
enrichment also expressed some phthalate genes (Fig. 3B). 
Previous work has demonstrated that the TCA cycle may 
be shared between taxa in complex relationships [46], 
which may be possible for other pathways as well.

Our secondary hypothesis for this study is that the 
terephthalate pathway will be shared between several 
members of the community. It has been well established 
that the terephthalate pathway converts terephthalate 
into protocatechuate which is degraded through one of 
three protocatechuate pathways [4]. Based on both short 
and long-read sequencing, Hydrogenophaga strains from 
both enrichments, and a Variovorax strain from LS1_
Calumet are the only organisms which have both tere-
phthalate and protocatechuate pathways (Figs.  3B and 
4B). Our data show that Hydrogenophaga expresses both 
terephthalate and protocatechuate genes; however, there 
are additional organisms in the community, which lack 
the terephthalate pathway and express protocatechuate 
genes. These protocatechuate “specialists” include Mes-
orhizobium and Pelagibacterium (Figs. 3B and 4B). Many 
additional organisms lack any complete pathways for the 

degradation of the substrates used in this study, yet con-
tinue to persist in the community (Fig. S6). These obser-
vations taken together support that there may be division 
of labor in the enrichments described in this study. Data 
presented here suggests that metabolic division of labor 
is possible within the well-known terephthalate-degrada-
tion pathway. By using enriched microbial communities 
instead of isolates or synthetic microbial communities 
constructed from isolates, we expect to eliminate some of 
the biases associated with isolation techniques and pre-
serve natural syntrophies between microorganisms [35].
These observations could be confirmed in future studies 
where these organisms are isolated and co-cultured to 
confirm whether or not division of labor is involved in the 
terephthalate degradation pathway in these enrichments.

Interestingly, all of the Rhodococcus strains recovered 
from both EB2_Mackinac and LS1_Calumet lacked pre-
dicted functional terephthalate and protocatechuate 
pathways, despite being the most transcriptionally active. 
Furthermore, all MAGs recovered from the EB2_Macki-
nac consortium lacked pathways for terephthalate deg-
radation (Fig. 4B). Alternate pathways for degradation of 
terephthalate have been previously reported in the litera-
ture: Choi et al. suggested that terephthalate is degraded 
through a bifurcated pathway involving phthalate genes 
[55]. The phthalate pathway converts phthalate to either 
protocatechuate or catechol, which are processed by cen-
tral metabolisms [56–58]. In another study, terephthalate 
was also shown to be degraded through the benzoate 
pathway which yields succinyl-CoA and acetyl-CoA [50, 
59]. Many peripheral enzymes exist to convert aromatic 
compounds into metabolites such as protocatechuate and 
catechol which are degraded by central cellular pathways; 
many of these enzymes have relaxed substrate specificity 
and may be able to degrade a wider range of compounds 
than what is currently known [60]. Complete benzo-
ate pathways were identified in all three Rhodococcus 
strains identified in this study and in three strains from 
the LS1_Calumet enrichment: two Parvibaculum and 
one Pseudomonas (Fig. 4B). Expression of benzoate genes 
was noted in Pelagibacterium and Achromobacter MAGs 
from both enrichments as well as Hydrogenophaga from 
EB2_Mackinac and Mesohrizobium from LS1_Calumet 
(Fig. 3B). These observations support previous literature 
suggesting that the phthalate and benzoate pathways may 
have a role in degrading terephthalate.

Conclusions
Data presented here shows that naturally enriched 
microbial communities can degrade mixed waste streams 
through division of labor by a community of both spe-
cialist and generalist microorganisms (Fig.  5). We dem-
onstrated that specialist and generalist species within the 
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community contribute to the community’s ability to pro-
cess mixed plastic inputs and describe potential division 
of labor patterns in the communities. To gain a complete 
understanding of the community dynamics in these com-
munities, future studies could look at gene expression 
and changes in abundance over time as these communi-
ties grow and degrade plastic derivatives. Additionally, 
metabolic modeling may be an invaluable tool to explore 
these communities in greater detail and under vary-
ing conditions. In silico experiments exploring pairwise 
interactions and leave-one-out wet lab experiments may 
inform the extent to which these organisms cooperate 
or compete. Flux balance analysis could also be used to 
optimize production of biomass or other metabolites for 
future industrial applications.

Methods
HDPE pyrolysis process
HDPE was converted into pyrolysis oil using a novel 
liquid-fed pyrolysis tubular reactor at 575  °C and with 
a vapor residence time of 1  s. Experimental methods 
for the liquid-feed pyrolysis system have been previ-
ously described by Byrne et al. [53] and Kulas et al. [61]. 
The collected pyrolysis oil product was batch distilled 
to remove the heavier components (> C15), creating a 

pyrolysis oil consisting of C6-C15 alkene hydrocarbons. 
Experimental methods for the batch distillation and the 
distribution of hydrocarbon compounds in this range 
have been previously described by Szwaja et al. [62].

PET chemical deconstruction process
PET plastic cups were size reduced using a knife mill 
(Crumbler®, Forest Concepts, Auburn, WA) to 30  mm, 
then further size reduced to 3–5  mm using the Crum-
bler®. The milled PET was added to a custom extraction 
vessel and placed under −10 psig vacuum. Liquid DME 
was added to the extraction chamber, submerging the 
solids, and held at room temperature for 20 min before 
being transferred to a second chamber. The cleaned plas-
tic was removed and dried at room temperature. The PET 
cup particles were then processed in a custom horizon-
tal stainless steel reactor (550 mL capacity) using 10 wt% 
 NH4OH, at 0.25  g PET/mL  NH4OH solids loading, at 
240 °C for 60-min residence time following heating. PET 
was added manually to the reactor followed by manual 
addition of ammonium hydroxide. At the end of the resi-
dence time, the vessel was cooled and the liquid recov-
ered and vacuum-filtered through Whatman #42 filter 
paper (diameter 55  mm, pore size 2.5  μm). The solids 
were dried at 55 °C and used to determine solubilization. 

Fig. 5 Overview of microbial community specialists, generalists, and division of labor
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The liquid was pH-adjusted from 10.4 to 7 using phos-
phoric acid. The final liquid product was filtered through 
a 0.2-μm polyethersulfone filter before being added to the 
microbial culture.

Culture growth
LS1_Calumet and EB2_Mackinac consortia have been 
previously described by Schaerer et  al. [54] and Byrne 
et  al. [53]. The LS1_Calumet enrichment was enriched 
from a compost sample collected from a farm in Calu-
met, MI (Coordinates 47.211, − 88.553) by adding 1 g of 
compost per 100  mL of 10  g/L disodium terephthalate 
in Bushnell Haas medium, incubating at room tempera-
ture stirring continuously. Every 14 days the culture was 
transferred to fresh Bushnell Haas medium amended 
with 10  g/L disodium terephthalate with 10% inocu-
lum for a total of four transfers after which it was main-
tained by weekly replacing 40% of the volume with fresh 
Bushnell Haas medium amended with disodium tereph-
thalate. The EB2_Mackinac culture was enriched from 
sediment collected from the Straits of Mackinac (Coor-
dinates 46.532, −88.141) and the same compost sample 
as the LS1_Calumet enrichment. The culture was started 
by adding 2 g of inoculum from each of the two sources 
into 100 mL of Bushnell Haas medium and amending the 
culture with 125 µL of pyrolysis-treated polypropylene 
products (previously described by Byrne et al. [53]). The 
culture was incubated at room temperature, stirring con-
tinuously. The culture was transferred daily for 5  days, 
then maintained the same as the LS1_Calumet culture 
described above.

In the present experiment, EB2_Mackinac and LS1_
Calumet were each grown on five substrates (chemically 
deconstructed PET, ethylene glycol, disodium terephtha-
late, solubilized terephthalamide, and HDPE pyrolysis 
product). Cultures were grown at 10  g/L of each sub-
strate. Terephthalamide was solubilized using hydrochlo-
ric acid and neutralized with sodium hydroxide. Cultures 
were grown at 50  mL volume and incubated at 37  °C 
while mixing on stir plates with teflon-coated magnetic 
stir bars at 130  rpm. Cultures were incubated for 136 h 
(~6 days). Optical density  (OD600) was used to measure 
growth during the incubation. Daily 1  mL subsamples 
were collected and placed in plastic cuvettes.  OD600 was 
measured using a Genesys 10S UV-VIS Spectrophotom-
eter (Thermo Scientific). Growth data was imported into 
R and was plotted using ggplot2 [63, 64].

Nucleic acid extraction and sequencing
At the end of the experiment, two 10  mL subsam-
ples were collected from each culture, centrifuged at 
10,000 × g for 10  min, and decanted. The resulting cell 
pellets were used for DNA and RNA extractions using 

MP Biomedicals extraction kits according to the manu-
facturer instructions. Illumina metagenomic sequenc-
ing was performed at the University of Utah Huntsman 
Cancer Institute High-throughput Genomics Facility. 
Metagenomics libraries were produced from extracted 
DNA using the Illumina Nextera DNA Flex Library Prep. 
Libraries were sequenced on the Illumina NovaSeq using 
a paired end 2 × 150 bp kit. Metatranscriptomic sequenc-
ing was performed at the Microbial Genome Sequenc-
ing Center (MiGS). Metatranscriptome libraries were 
prepared using Illumina’s RiboZero Plus kit. Sequencing 
was performed on the Illumina NextSeq 2000 sequencer 
using a paired end 2 × 50  bp kit. Additionally, to con-
firm the presence and absence of genes and pathways 
in each taxon, long-read metagenomic sequencing was 
performed to obtain higher quality genomes. PacBio 
HiFi sequencing was performed at Maryland Genom-
ics. The cultures for long-read metagenomic sequencing 
were grown on 10 g/L disodium terephthalate in Bushnell 
Haas medium as described above. DNA was extracted 
using the MP Biomedicals FastSoil DNA kit. R [63] was 
used to calculate statistics and create figures from all data 
collected in this study; our analysis pipelines are publicly 
available at: https:// github. com/ lgsch aer/ MiniO mics.

Community composition
Kraken 2 [65] was used to assign taxonomy to metagen-
omic and metatranscriptomic reads. Cleaned Illumina 
readers were processed through kraken2 and classified 
using the Standard-8 database. Bracken [66] was used to 
calculate abundances from the kraken2 output. Abun-
dance percentages obtained from Kraken were imported 
into R [63, 64] to estimate microbial community compo-
sition using phyloseq [67]. The “stats” package was used 
to perform a Kruskal-Wallis test to determine whether 
there was a difference in alpha diversity between the 
metagenomic and metatranscriptomic reads. The “vegan” 
package was used to perform a PERMANOVA to test 
for significant differences in community composition 
between treatments [68].

Short‑read metagenomics and metatranscriptomics 
workflow
Raw Illumina metagenomic sequencing files were concat-
enated to obtain a single file for the forward reads and a 
single file for the reverse reads for each of the two con-
sortia. Forward and reverse reads were interleaved using 
BBMap [69] to create a single fastq file for each of the 
consortia. Reads were quality-filtered based on the default 
parameters and then assembled using MEGAHIT [70]. 
Assembled reads were indexed and mapped using Bowtie2 
[71] and SAMtools [72]. Reads were separated into bins 
using MetaBat2 [73]. Completeness and contamination 

https://github.com/lgschaer/MiniOmics
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were evaluated with CheckM [74]. Bins were grouped 
into quality categories based on the following criteria: 
high (completeness > 90%, contamination < 5%), medium 
(completeness ≥ 50%, contamination < 10%), low (com-
pleteness < 50%, contamination < 10%), and contaminated 
(contamination ≥ 10%). Taxonomy was assigned to each 
bin using BAT which uses the NCBI non-redundant pro-
tein database, which is assembled and searched with DIA-
MOND [75, 76], and genes were annotated using Prokka 
[77]. Relevant metabolic pathways were identified by run-
ning gapseq on the assembled contigs [78]. Results were 
further analyzed in R [63, 64].

First raw Illumina metatranscriptomic reads were 
quality-trimmed using Trimmomatic (adapter sequences 
removed, leading and trailing ends were trimmed if 
below a quality score of 3, sliding window was set to 
4:15, reads below 36  bp were dropped from the data 
set) [79]. Reference genomes were constructed from 
the metagenome assembly fasta files using Bowtie2 
[71]. Reads were then mapped to the reference database 
using Bowtie2 [71]. Counts were obtained with HTSeq 
[80]. Results were then imported into R for further 
analysis [63, 64].

Expressed genes were categorized into pathways known 
to process the compounds of interest, which were pre-
viously identified using gapseq. The log of the sum of 
expressed gene counts for each pathway is shown in 
Fig.  3B; pathway completeness is not considered for the 
short-read metagenomic and transcriptomic sequencing 
results. Briefly, the polyethylene terephthalate pathway 
feeds into the terephthalate pathway [81], which feeds into 
one of three protocatechuate pathways (meta [82], para 
[83], or ortho-cleavage [84]). The protocatechuate path-
ways yield compounds which are processed through cen-
tral cellular metabolisms, either the β-ketoadipate pathway 
or the TCA cycle [82–84]. Alternatively, the phthalate 
pathway has been shown to be involved in terephthalate 
biodegradation yielding protocatechuate or catechol [85]. 
The benzoate pathway, which yields catechol, was also pre-
viously shown to process terephthalate [50, 86]. Ethylene 
glycol is processed through the glycolate and glyoxylate 
pathways which yields 2-phospho-d-glycerate [87, 88]. 
The full metabolic maps have been previously described by 
others [4, 17]. The alkanesulfonate pathway has been pre-
viously implicated in hydrocarbon degradation [51].

Long‑read metagenomics workflow
To determine which taxa had complete pathways for deg-
radation of the various plastic derivative substrates and to 
be confident that certain taxa did not have certain genes 
and pathways, long-read metagenomic sequencing was 
performed to obtain higher quality MAGs. Raw PacBio 
metagenomic reads were assembled using hifiasm-meta 

[89]. After assembly, reads were processed according to 
the Pacific Biosciences (PacBio) HiFi MAG Pipeline, a 
snakemake workflow. Briefly, the PacBio workflow used 
Minimap2 [90] to map the reads to the contigs, Meta-
Bat2 [73] to bin contigs, CheckM [74] to assess quality, 
and GTDB-Tk [91] to assign taxonomy. We also assigned 
taxonomy to our bins using BAT [75] to compare anno-
tations with GTDB-Tk and annotated genes with Prokka 
[77]. Gapseq was used to estimate completeness of rel-
evant metabolic pathways [78].
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