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Abstract

Recent studies in developing processes using ‘single’ plastic waste for microbial conversion have
demonstrated great promise in advancing a circular economy. However, chemical complexity and
compositional variability of post-consumer ‘mixed’ plastic waste pose huge challenges to using it
as a feedstock for biomanufacturing. Here, we present a process leveraging a synthetic microbial
consortium, comprising Rhodococcus jostii strain PET and Acinetobacter baylyi ADP1, enabled
by engineering the division of labor. The robust consortium synergistically and stably consumes
diverse mixtures of oxygenated compounds, derived from the depolymerization of post-consumer,
mixed plastic waste, regardless of the fluctuating plastic waste compositions. We evaluate the
upcycling potential of the stable consortium by applying rational metabolic engineering to both
specialists, enabling the funneling of these oxygenates into lycopene and lipids. This work
highlights the potential of stable microbial consortia to valorize untapped, mixed plastic waste for
sustainable biomanufacturing, offering a promising solution to global plastic pollution.



Introduction

Global plastic demand has driven its annual production from 1.5M metric tons in 1950 to 367M in
2020':2. However, the current ‘take-make-waste’ linear plastic system relies on large quantities of
fossil resources, contributing to greenhouse gas emissions®. Because synthetic polymers are highly
recalcitrant to degradation, their increase in production, combined with ineffective end-of-life
management, has led to serious global plastic pollution*”. Developing effective plastic recycling
or upcycling technologies is urgently needed?®.

Recently, plastic hybrid upcycling, a process that integrates chemical deconstruction with
microbial bioconversion, has shown great promise for the rapid depolymerization and highly
efficient upcycling of single-stream plastic waste”!!. Advanced chemical processes have
demonstrated the feasibility of deconstructing mixed plastics without the need for pre-sorting!?-4,
offering a promising opportunity to upcycle mixed plastics using biocatalysis. For example, a
recent study demonstrated the transition metal-based depolymerization of mixed plastic waste —
comprising poly(ethylene terephthalate) (PET), polyethylene (PE), and polystyrene (PS) — into a
mixture of oxygenated small molecules that serve as substrates for biological conversion'.
Nevertheless, this approach requires high temperature and pressure to initiate the reaction, and the
leaching of metal sites into the solution adds complexity to downstream processing, as
detoxification is needed before subsequent bioconversion. To overcome this limitation, Dou et al.
developed an ionic liquid-based method for chemically depolymerizing mixed plastics, with the
resulting effluent upgraded biologically without additional separation. However, this approach is
restricted to polyester-type plastics such as PET and PLA and does not adequately capture the
complexity of real-world, post-consumer mixed plastic waste streams'S. Consequently, there is an
urgent need for an efficient depolymerization method capable of breaking down post-consumer
mixed plastic waste into biocompatible compounds, without the need for downstream processing

prior to bioconversion.

Current plastic upcycling approaches, centered on employing a single microbial host, have
inherent limitations. Specifically, extensive genetic modifications are required to equip the
monoculture host with specialized catabolic pathways for utilizing complex substrates without
carbon catabolite repression, as well as multiple enzymes and regulators for the biosynthesis of
target products. These modifications often impose metabolic burdens on the microbe by disrupting
the delicate distributions of the metabolic flux and destabilizing metabolic networks, leading to
reduced overall upcycling efficiency!’. Moreover, the depolymerization of plastics produces
effluent streams with batch-to-batch variations in substrate compositions, caused by the inherent
variability of post-consumer plastic waste streams. This variation makes the biological conversion
less efficient because monoculture hosts are highly susceptible to environmental and nutrient
perturbations'®.

In contrast, microbial consortia can have high enzyme diversity and task modularity through the
division of labor (DOL), and they have emerged as a promising alternative for bio-manufacturing
of valuable chemicals from complex biomass waste!*2!. The positive interactions between species
in microbial consortia, along with the ability to spatially segregate metabolic pathways across
specialized strains, enhance their robustness against environmental fluctuations®*. For instance,
microbial consortia derived from enriched environmental inocula were paired with chemical
processing to degrade various plastics, including PET?* 24, high-density polyethylene®> (HDPE),



and polycarbonate?’. In another study, efficient microbial consortia were developed from the
enrichment of plastic landfill inocula to valorize polyolefin pyrolysis wax into
polyhydroxyalkanoates?®. However, these microbial consortia were developed using a top-down
approach, and their complex microbial interactions and a lack of efficient genetic engineering tools
make it challenging to manipulate their structure and function or to rewire their metabolic networks
for bioproduction. In contrast, the bottom-up approach utilizes well-developed microbial hosts to
engineer synthetic microbial consortia, providing unique opportunities to control their composition
and function for targeted bioprocesses'. While the implementation of DOL enabled the bottom-
up engineering of microbial consortia for upcycling a single plastic stream of PET?’, the DOL-
based approach remains underexplored for mixed plastic upcycling.

Here, we demonstrate a hybrid, mixed-plastic upcycling process that integrates transition metal-
free chemical catalysis with an engineered microbial community to convert post-consumer, mixed
plastic waste into valuable chemicals (Figure 1). In the chemical catalytic step, a quintuplet plastic
mixture, comprising low-density polyethylene (LDPE), HDPE, polypropylene (PP), PET, and PS,
is destructed via oxidative degradation using nitric acid or p-toluenesulfonic acid. The resulting
effluent containing diverse oxygenates is utilized for bioconversion. To combat the substrate
complexity, we construct engineered microbial consortia by leveraging DOL. The robust consortia
can completely metabolize diverse mixtures of oxygenates, regardless of the compositional
variability of the effluents from post-consumer mixed plastic waste. Notably, the optimized
consortium stably maintains its metabolic capability and population balance for at least 21 days.
Finally, we develop a process to upcycle real mixed plastic waste into target products, including
lycopene and microbial lipids. Overall, this work highlights the potential of engineering DOL to
assemble robust and stable microbial consortia capable of overcoming the intrinsic challenges of
previous mixed plastic upcycling processes. Furthermore, validating the practicability of using
mixed plastics as feedstocks for biomanufacturing lays a foundation for a fully circular plastic
economy.

Results

Assembling a microbial consortium comprising two specialists

The variations in monomer and bond types, coupled with the mixed nature of post-consumer waste,
necessitate costly separation methods to isolate individual polymers for recycling®®. Chemical
processes of deconstructing mixed plastics into metabolizable substrates open up new
opportunities for upcycling commingled plastics through bioconversion®’. We aim to convert
mixed plastic waste into feedstocks through oxidative degradation, followed by a biological
valorization process (Figure 1). Previous studies demonstrated oxidative degradation under harsh
conditions for deconstructing polyolefins to produce oxygenated compounds’**. These studies
prompted us to explore oxidative degradation under milder conditions in upcycling post-consumer
mixed plastic waste.

We adapted the oxidation process by substituting nitric acid for the high-pressure oxygen gas and
lowering the temperature to 180°C. Additionally, carbon conversion efficiency or simply carbon
efficiency — defined as the ratio of moles of carbon in the resulting compounds relative to that in
the starting plastic — was assessed to compare the effectiveness of the degradation process across



different single-component post-consumer plastics, including a LDPE zip bag, an HDPE bottle, a
PP cup lid, a PET bottle, and a PS Styrofoam™ cup (Supplementary Figure 1). The destruction of
LDPE and HDPE yielded acetic acid (AA) and Cs to C;7 dicarboxylic acids (DCAs), including
succinic acid, glutaric acid, adipic acid, and pimelic acid, as reported in a previous study**, with
carbon efficiencies of 35.1% and 39.0%, respectively. PP was converted into AA and lactic acid
(LA) with a carbon efficiency of 25.4%. While a previous study reported that oxidative destruction
of post-consumer PET produced AA*, our process resulted in a yield of 71.6% terephthalic acid
(TPA) (Supplementary Figure 2 and Supplementary Table 1).

Similarly, the PS destruction through the adapted oxidative process yielded 4-nitrobenzoic acid*’.
However, there are a limited number of industrially relevant microbes capable of catabolizing 4-
nitrobenzoic acid, rendering it incompatible with microbial conversion processes. A chemical
process involving selective, acid-catalyzed, aerobic oxidation under visible light has been
developed to deconstruct PS into benzoic acid (BEN), a compound readily metabolized by various
microbes®>. Consequently, we adopted this method for PS deconstruction. This process yielded
BEN with a carbon efficiency of 39.6% (Supplementary Figure 2 and Supplementary Table 1),
nearly identical to the level reported previously™.

Next, a quaternary plastic mixture consisting of LDPE, HDPE, PP, and PET was subjected to
oxidative degradation. Although the HDPE degradation favors a longer reaction time (180°C for
8 h) compared to that of LDPE (180°C for 6 h), we identified conditions capable of effectively
deconstructing the plastic mixture. Treating the post-consumer mixed plastic waste at 180°C for 8
h increased the degradation efficiency of PE (45.2%) but resulted in moderately decreased TPA
yields (67.8%) compared to those observed from the destruction of the corresponding individual
plastics (Supplementary Figures 2-3 and Supplementary Tables 1-2).

Although our previous study revealed that Rhodococcus jostii strain PET (RPET) can
simultaneously consume both TPA and ethylene glycol (EG) derived from post-consumer PET¢,
its ability to utilize aliphatic carboxylic acids remains unexplored. Consequently, we tested RPET
for growth in minimal medium supplemented with AA, LA, or C4 to C7 DCA as the sole carbon
source (Figure 2a). RPET completely metabolized individual compound (Figure. 2b); however,
when the mixture (0.5 g/L each) was used, large amounts of glutaric (C5), adipic (C6), and pimelic
(C7) acids remained unconsumed (Figure 2c). Thus, RPET alone may be ineffective for mixed
plastic upcycling.

Synthetic microbial consortia have emerged for various applications, as they are believed to be
superior to single strains due to the diversion of labor (DOL)*” 3. Since RPET was validated as a
specialist for aromatic carboxylic acids*® ), we sought to select a specialist efficiently consuming
aliphatic carboxylic acids. The soil bacterium Acinetobacter baylyi ADP1 is notable for its ability
to utilize saturated dicarboxylic acids for aerobic growth*’. To confirm its efficacy for utilizing
aliphatic carboxylic acids, we used the same set of individual compounds and their mixtures as
sole carbon sources. As expected, A. baylyi ADP1 completely metabolized individual compound
(Figure 2d). Additionally, only a small fraction of pimelic acid remained unconsumed when the
mixture was used (Figure 2e). Furthermore, under mixed substrate conditions, ADP1 consumed
97% of the aliphatic carboxylic acids, while 81% consumption was observed for RPET (Figure
2f). These results suggest that ADP1 can be an ideal aliphatic carboxylic acid specialist for
assembling a consortium for mixed plastic upcycling.



We assembled microbial consortia (Figure 2g), which we termed specialist RPET (SR) and
specialist ADP1 (SA)-based microbial consortia (RAMC). To test consortia, we inoculated SR, SA,
or RAMC (initial ODgoo = 0.2; RAMC with a ratio of 1:1) into minimal medium containing
simulated, mixed plastic deconstruction products (125 mM carbon in total) as the carbon source
and 1 g/L ammonium sulfate as the nitrogen source. SR completely consumed the aromatic
carboxylic acids (TPA and BEN) but showed a limited utilization of aliphatic carboxylic acids
(Figure 2h and Supplementary Figure 4). Notably, a significant overflow of succinic acid was
observed in the SR monoculture. SA specialized in consuming aliphatic carboxylic acids but failed
to metabolize TPA. Distinct from either monoculture, RAMC completely consumed all the
substrates (Figures 2h, 1), highlighting the potential of this DOL design for mixed plastic upcycling.

Modulating the performance of RAMC

Next, we systematically examined the substrate consumption of RAMC across media with total
carbon concentrations ranging from 125 mM to 750 mM by modulating the initial cell density
ratios of SR to SA as 9:1, 7:3, 5:5, 3:7, and 1:9 (Figure 3a). RAMC with ratios of 9:1, 7:3, 5:5, and
3:7 achieved complete substrate consumption when the total carbon concentration was below 500
mM (Figure 3b and Supplementary Figures 5-8). At higher concentrations (625 and 750 mM),
RAMC’s performance decreased, likely due to increased osmotic stress caused by NaOH-mediated
medium neutralization (Supplementary Figures 9, 10). An examination of individual substrate
consumption profiles revealed that increasing the relative cell density of SR resulted in a
monotonic increase in TPA consumption by RAMC, particularly at high carbon concentrations
(Supplementary Figures 8-10). A similar trend was observed for glutaric acid (C5) consumption
by RAMC at 625 mM and 750 mM, where increasing the relative cell density of SA led to a
monotonic improvement of glutaric acid degradation (Supplementary Figures 9, 10). As the total
carbon concentration increased from 125 to 375 mM, cell biomass accumulation of RAMC with
ratios of 9:1, 7:3, 5:5, and 3:7 increased monotonically, but no significant differences were
observed between these consortia (Figure 3c).

RAMC with varying initial compositions were grown in minimal medium supplemented with 10-
or 20-fold diluted effluent streams from the deconstruction of individual post-consumer plastic
streams, including LDPE, HDPE, and PP (Figure 3d). Additionally, 10 mM TPA and BEN (in 10-
fold diluted medium) or 5 mM of each (in 20-fold diluted medium), derived from post-consumer
PET and PS, respectively, were supplied (Figure 3d). A HPLC assay revealed that the 10- and 20-
fold diluted media had carbon levels nearly similar to those of media with 250 mM and 125 mM
carbon concentrations of simulated, mixed plastic deconstruction products, respectively
(Supplementary Figure 11).

In all cases, RAMC outperformed both specialist monocultures in consuming the oxygenated
compounds, regardless of the initial compositional ratios (Figure 3e), consistent with our findings
using the simulated media (Figure 3b). Biomass accumulation of monoculture was significantly
lower under real-plastic conditions compared with the simulated conditions (Figure 3c, e). This
reduction is likely due to the toxic effects of additives present in real plastic waste. While RAMC
almost completely consumed the oxygenates in both media (Figure 3e and Supplementary Figures
12, 13), biomass accumulation was lower in the 10-fold diluted medium than in the medium with
250 mM carbon from simulated products, except for RAMC with the ratio of 9:1 (Figure 3c, e).
Notably, increasing the relative initial cell density of SR in RAMC improved the final biomass
accumulation to some extent (Figure 3e).



Sensitivity analysis of RAMC performance in response to variations in post-consumer mixed
plastic composition

We performed a sensitivity analysis to evaluate the robustness of RAMC in degrading oxygenated
compounds derived from mixed plastics in varying compositions. We defined a minimal medium
supplemented with simulated products, including AA, LA, Cs to C; DCAs, TPA, and BEN at a
total carbon concentration of 250 mM, as the basic synthetic medium (SM). To mimic the
variability of post-consumer mixed plastic waste, we adjusted the carbon concentration of each
compound in the simulated products, varying the additional carbon (AC) content from 40 mM to
160 mM (Figure 4a).

RAMC maintained a 100% total consumption rate, even when the AC from TPA (mimicking PET
variability) was increased to 160 mM (Figure 4a and Supplementary Figures 14-16). However, the
performance of RAMC declined with increasing BEN (mimicking PS variability), AA+C4 to C7
DCAs (PE variability), or AA+LA (PP variability) (Figure 4a and Supplementary Figures 17-25).
Notably, RAMC with a ratio of 9:1 (hereafter, RAMC 9/1) exhibited strong tolerance to these
variations, maintaining consumption rates above 90% even when the AC was increased to 160 mM.
Interestingly, with increasing AC derived from PE or PP, a higher initial density of SR improved
TPA consumption (Supplementary Figure 20-25), suggesting the presence of an unidentified
mechanism impacting the catabolism of TPA and aliphatic carboxylic acids in RAMC. However,
this effect was not observed for BEN consumption (Supplementary Figures 17-19).

Biomass accumulation was used to evaluate the performance of RAMC in response to the
variability of post-consumer mixed plastic waste. For this purpose, linear regression analysis was
employed to determine the relationship between biomass accumulation and carbon source
concentration. Increasing the AC derived from TPA linearly increased biomass accumulation,
regardless of the initial cell density ratios (Supplementary Figure 26). However, under BEN and
AA+C4 to C; DCAs conditions, only RAMC 9/1 showed a significant linear increase
(Supplementary Figures 27, 28). In the AA+LA condition, RAMC with ratios of 9:1 and 7:3
exhibited nearly identical slopes (Supplementary Figure 29). Among the four conditions tested,
the TPA-biomass linear equation for RAMC 9/1 had the steepest slope (Table 1), implying that
the abundance of PET in post-consumer, mixed plastic waste streams may play a critical role in
determining the carbon-to-biomass conversion efficiency of RAMC.

To further gauge the potential of RAMC 9/1, simulated, mixed plastic deconstruction products
were replaced with real plastic deconstruction products. RAMC 9/1 was grown in the minimal
medium supplemented with 10-fold diluted, real plastic deconstruction products as the sole carbon
source (RM; see Methods for preparation details), along with an additional 5 mM or 10 mM TPA
(derived from post-consumer PET) to mimic the excess PET in post-consumer mixed plastic waste
(Figure 4b, c). RAMC 9/1 nearly completely consumed all the resultant oxygenated compounds
(Figure 4c, Supplementary Figure 30). Increasing the TPA concentration improved biomass
accumulation, following the linear TPA-biomass relationship predicted using data from the
simulant experiment (Figure 4d and Supplementary Figure 26). Similarly, when RAMC 9/1 was
examined in RM with additional BEN (from post-consumer PS), the changes in its biomass
accumulation also followed the linear BEN-biomass relationship (Supplementary Figures 27, 31).
However, increasing the liquid effluents from PE or PP deconstruction in RM was detrimental to
cell growth, preventing the corresponding sensitivity tests. Collectively, our results demonstrate
that RAMC 9/1 is the optimal choice for efficient valorization of mixed plastics. Nonetheless,



further sensitivity analyses of PE and PP under real conditions are necessary to evaluate their
impact on RAMC 9/1 performance.

Engineering RAMC for upcycling post-consumer mixed plastic waste into lycopene and
lipids

Biological valorization offers significant potential when paired with chemical pretreatment
processes for efficient conversion of complex solid wastes into useful compounds®® 4! 42, To
achieve mixed plastic upcycling, we engineered RAMC by integrating the specific metabolic
pathways to convert the oxygenates into valuable compounds (Figure 5a). Rhodococcus strains are
promising candidates for producing compounds with medical and environmental relevance®.
Since RPET possesses a carotenoid biosynthetic pathway, it has been developed as a host for
upcycling PET hydrolysate into lycopene®®. Moreover, to enhance the overall economic viability
of converting post-consumer PET into lipids, systems metabolic engineering was employed to

facilitate the development of an RPET platform for co-producing lycopene and lipids**.

We leveraged our accumulated technologies to heterologously express the mevalonate (MVA)
pathway, the key gene in the downstream terpenoid biosynthetic pathway (i.e., isp4), and an
NADP*-dependent malic enzyme gene, constructing the derivative strain SR-P (Figure 5b).
Additionally, ADP1, known for its capability to produce triacylglycerol (TAG), has served as a
robust organism in genetic and metabolic studies*’. To enable lycopene accumulation in SA, three
critical genes in the lycopene biosynthetic pathway, including geranylgeranyl diphosphate
synthase (crtE), phytoene synthase (crtB), and phytoene desaturase (crtl), were overexpressed
using a replicating plasmid in SA*, building the derivative strain SA-P (Figure 5b).

SR-P and SA-P were each cultivated in minimal medium supplemented with effluent from post-
consumer mixed plastic deconstruction, defined as basal medium (BM) (see Methods for
preparation details). The consumption profile of each compound by SR-P was nearly identical to
that of SR, except succinic acid (Supplementary Figures 13, 32a). However, a large amount of LA
remained unconsumed in SA-P (Supplementary Figure 32a). We speculate that this reduction can
be attributed to the metabolic burden imposed by maintaining the large replicating plasmid in SA-
P (Figure 5b). Next, we assembled a co-culture of SR-P and SA-P, referred to as RAMC-P, which
was cultivated in BM. RAMC-P with ratios of 9:1, 7:3, 5:5, and 3:7 demonstrated nearly 100%
consumption of individual compounds except for LA (Supplementary Figure 32a, b). Additionally,
RAMC-P with a ratio of 9:1 (hereafter, RAMC-P_9/1) exhibited a slight but significant increase
in biomass accumulation (Supplementary Figure 32¢), motivating its subsequent application in
upcycling mixed plastic wastes into lycopene and lipids.

We further characterized the population dynamics of RAMC-P_9/1 cultivated in BM. Cell counts
revealed minimal cell growth of SR-P during the first 36 h of cultivation, followed by a marked
increase beginning at 48 h, which is consistent with the TPA consumption profile (Supplementary
Figures 33, 34). Meanwhile, a rapid depletion of aliphatic carboxylic acids was observed within
the first 36 h of incubation, accompanied by a corresponding increase in SA-P cell density. In
addition, a balanced population was achieved after 72 h of cultivation (Supplementary Figure 33b).
These results indicate the clear differentiation between the specialists, supporting functional
complementarity within RAMC-P: a metabolic arrangement that promotes the division of labor,
enhances resistance to environmental perturbations, and contributes to a more stable and balanced
community.



When cultivated in BM, RAMC-P_9/1 produced approximately 1248 ug/L of lycopene and 0.37
g/L of total lipids (Figure 5c). Considering the variability of post-consumer mixed plastic waste,
the sensitivity analysis of chemical productions was applied to RAMC-P_9/1. For the PET and PS
scenarios, since their corresponding deconstructed products are solid, an additional 10 mM of TPA
or 11.4 mM of BEN were added to the BM to mimic the varied abundance of these two plastics
(both TPA and BEN were derived from the corresponding post-consumer plastic). These additions
led to significantly more lycopene and lipid production in RAMC-P_9/1 (1248 + 56.3 pg/L
lycopene and 0.37 £ 0.04 g/L lipids in BM; 1550 + 56.3 ug/L lycopene and 0.64 £ 0.12 g/L lipids
in BM+10 mM TPA; 1436 = 48.0 ug/L lycopene and 0.48 + 0.08 g/L lipids in BM+11.4 mM BEN)
(Figure 5¢). Aside from the previously observed incomplete utilization of LA, a significant amount
of glutaric acid remained unconsumed when additional BEN was added (Supplementary Figure
35). The same phenomenon was observed when RAMC 9/1 was cultivated in effluent from real
plastics, but not in the simulated media (Supplementary Figures 18, 19, and 30b). This difference
indicates that the glutaric acid degradation pathway in these two specialists may be sensitive to
some unknown compounds in the real plastic deconstruction products (e.g., plasticizers).

Varying ratios of PE and PP in the initial, post-consumer, mixed plastic waste were also employed
to mimic the variability of these plastics (Supplementary Figure 36 and Supplementary Table 2).
Similar to the result from the BM medium, incomplete consumption of LA was also observed
under these conditions (Supplementary Figure 37). Furthermore, the production levels of lycopene
and lipids in RAMC-P_9/1 were not significantly changed when cultivated in these media
(lycopene up to 1.7 mg/L and lipids up to 0.48 g/L) (Figure 5d). Together, these results further
confirm that RAMC is a robust and promising platform for sustainable biomanufacturing using
post-consumer mixed plastic waste that has fluctuating compositions.

Discussion

Global plastic production has been steadily rising, exceeding 400M tons produced annually>®.
Notably, the heterogeneity of the plastic waste stream poses significant challenges in its end-of-
life management, rendering the recycling of mixed plastics technically complex and economically
inefficient'’. Here, we developed an upcycling strategy to convert post-consumer mixed plastic
waste to value-added chemicals by pairing chemical and biological catalysis. In this process, we
established an efficient, transition metal-free oxidative depolymerization method for mixed plastic
waste to generate a diverse range of biocompatible oxygenates. Furthermore, by leveraging the
principle of DOL, we constructed a synthetic co-culture platform to efficiently upcycle those
oxygenates into lycopene and lipids (see Supplementary Tables 3 and 4 for other processes using
alternative feedstocks). Altogether, this work exemplifies the promising potential of synthetic
microbial consortia for mixed plastic upcycling.

Transition metal-based catalysts have been widely employed in plastic depolymerization*®°,

Sullivan et al. demonstrated a chemical process that employed Co(Il) and Mn(II) co-catalysts for
the oxidation of a plastic mixture consisting of PS, HDPE, and PET, which produced BEN, DCAs
(Cs-C22), and TPA'". Despite its promising efficiency, the utilization of such metal-based catalysts
remains challenging. For instance, leaching of metallic sites into the solution increases
downstream processing complexity and poses potential toxicity to microbes employed in the
bioprocess. In our study, a transition metal-free degradation process was adopted to deconstruct a



plastic mixture consisting of LDPE, HDPE, PP, PS, and PET. While the depolymerization of PS to
BEN required a distinct oxidative process, advances in technologies to separate PS from a mixed
plastic stream open the door to applications of this transition metal-free, oxidative degradation
process> °2. Moreover, further studies focused on engineering potent microbes capable of
efficiently catabolizing 4-nitrobenzoic acid could pave the way for a one-step oxidative
degradation of mixed plastic waste without the need for PS pre-sorting.

The compositional variations in mixed plastic waste necessitate the rational selection and
reprogramming of microbes. For example, Sullivan et al. employed extensive genetic engineering
modifications to develop Pseudomonas putida KT2440 strains into a platform capable of
degrading diverse oxygenates'®. Notably, individual DCA in the fermentation medium was below
0.1 g/L (except for succinic acid), suggesting that this single-strain platform presumably has a
limited capacity to utilize DCA mixtures, particularly at higher concentrations. In general, the total
DCA concentration in our medium was 2.3- to 5.0-fold higher than that in Sullivan’s medium.
Meanwhile, RAMC’s consumption of diverse oxygenates at varying concentrations (Figure 3)
highlights that DOL can effectively maximize complex substrate utilization without extensive
genetic engineering. A closer examination of the odd-chain dicarboxylic acid consumption profiles
revealed a clear synergistic effect in the RAMC system, particularly at high DCA concentrations
(Supplementary Figures 6-10 and 20-25). In addition, a significant accumulation of succinic acid
was observed in the SR monoculture, whereas no such accumulation occurred upon the addition
of the SA specialist (Figure 2h, Supplementary Figures 4-10 and 12-25), suggesting a potential
cross-feeding relationship at the succinate node between the two specialist strains in the RAMC
system. These findings warrant further investigations of interactions within the RAMC system
using multi-omics and/or isotopic labeling analysis to inform future efforts in engineering RAMC.

A consistent, quality-controlled supply of feedstocks is essential for biomanufacturing. For
example, each biomass must undergo rigorous quality control to ensure uniformity, safety, and
efficacy before its biochemical conversion into biofuels®’. Quality control can be streamlined
through real-time analysis, advanced sensors, and artificial intelligence (Al)-based predictive
analytics, and active research in this area can reduce costs and processing time. However, these
technologies are not yet universally accessible or affordable®*. In this study, the synthetic microbial
consortium demonstrated the capacity to degrade diverse oxygenates in effluents from real mixed
plastic waste to produce lycopene and lipids, regardless of fluctuations in plastic compositions
(Figure 5). This adaptability marks a promising approach to circumventing the need for stringent
feedstock quality control. Moreover, the long-term stability of the RAMC system was tested in the
minimal medium supplemented with post-consumer mixed plastic deconstruction products. The
results showed that both substrate consumption ability and population balance remained
unchanged after 21 days of serial subculture (Supplementary Figure 38). Altogether, our results
demonstrate the stability of RAMC, strengthening its practicability.

Metabolically cooperative communities have been shown to increase robustness against
environmental perturbations™. In our study, prior insights into the metabolic characteristics of both
specialists enabled us to develop RAMC by leveraging a bottom-up approach®® % %6 validating
RAMC’s practicability for degrading complex and compositionally variable feedstocks derived
from mixed plastic depolymerization (Figures 3-5). Although the lycopene production in our study
is modest compared to the level reported by using microbial fermentation with conventional
feedstocks (approximately 2-3 g/L)*’, the obtained level remains comparable to previously
reported values using alternative feedstocks (Supplementary Table 3). In addition, our RAMC



system produces microbial lipids under nitrogen-replete conditions, achieving a final lipid content
of approximately 26.3% of dry cell weight, 32-fold higher than the PHA yield reported in
Sullivan’s research!®. Furthermore, the lipid content level in our study is comparable to industrial
levels achieved through microbial batch fermentations, where the lipid content typically ranges
from 17% to 70%°S.

Despite these advances, significant challenges remain in optimizing the RAMC system’s capacity
to upcycle post-consumer mixed plastic waste in an economically feasible manner. First, the
degradation pathways for aliphatic carboxylic acids have yet to be fully elucidated. While our
comparative genomic analysis has identified several key enzymes involved in the proposed
pathways (Supplementary Figure 39), their detailed mapping is essential for developing rational
metabolic engineering strategies to reinforce cofactor and redox supply, thereby enhancing
productions of target chemicals®®. Second, since both SR and SA specialists are oleaginous
microorganisms, their fatty-acid biosynthetic pathways are strong sinks that divert acetyl-CoA
away from heterologous metabolic pathways, reducing the target chemical production. Strategies
such as dynamically regulating the carbon flux through endogenous fatty acid biosynthetic and
heterologous metabolic pathways could help balance the carbon distribution®®. However, a limited
number of high-throughput strain engineering tools and robust biosensors for developing genetic
circuits in these two non-model chassis significantly constrain the application of dynamic
regulation to optimize RAMC for enhanced production of target chemicals. Third, our research
demonstrates the feasibility of the RAMC system in producing target chemicals through
submerged fermentation, the most common industrial approach for biomanufacturing, typically
operated in fed-batch or continuous modes, where nutrient and oxygen are optimally distributed
and parameters such as pH and temperature are precisely controlled to maximize yields®'. However,
fed-batch fermentation using oxygenates derived from mixed plastic depolymerization has not yet
been validated. These challenges will be addressed through ongoing advances in multi-omics
analysis, community flux analysis, metabolic modeling, metabolic engineering, the development
of synthetic biology tools, and process control.

In summary, this study advances the paradigm of mixed plastic upcycling toward practical
deployment by integrating a transition metal-free deconstruction strategy and a robust two-member
consortium capable of producing dual products — lipids and lycopene — from various real-world
mixed plastic breakdown streams regardless of the plastic compositional variability. Furthermore,
given the metabolic versatility of the specialist strains SR and SA, we envision that the RAMC
system holds great potential for a wide range of applications, including wastewater treatment,
bioremediation, and lignocellulosic valorization.

Methods

Construction of plasmids and strains

DNA was amplified using Phusion High-Fidelity DNA Polymerase (NEB, USA), and all the
oligonucleotide primers were synthesized by Integrated DNA Technologies (IDT, USA). DNA
fragments were extracted from electrophoresis gels using Zymoclean Gel DNA Recovery Kit
(Zymo, USA). Plasmid was assembled via Gibson Assembly (100 mM Tris-HCI, 10 mM MgCl,,
0.2 mM dNTPs, 10 mM DTT, 5% PEG-8000, I mM NAD", 4 U/ul Taq DNA ligase, 4 U/ml T5
exonuclease, and 25 U/ml Phusion DNA polymerase) method®?. Correct plasmid assembly was



confirmed by colony PCR, and the sequences of the inserted fragments were verified through
Sanger sequencing (GENEWIZ, USA).

The wild type (WT) Rhodococcus jostii strain PET (RPET) was from our in-house strain collection,
while the WT Acinetobacter baylyi ADP1 was purchased from American Type Culture Collection
(ATCC identification number: 33305; Manassas, VA). The lycopene and lipid co-producing RPET
strain for RAMC-P was from our previous study**. The lycopene-producing ADP1 strain was
constructed by transforming a self-replicating plasmid (plasmid backbone from Addgene;
identification number: 140634; Watertown, MA) expressing three genes involved in the lycopene
biosynthetic pathway, including geranylgeranyl diphosphate synthase (cr¢E), phytoene synthase
(crtB), and phytoene desaturase (crtl). The corresponding DNA sequence information is provided
in Supplementary Table 5. Genetic engineering of ADP1 was performed following a natural
transformation method with modifications®. Briefly, a 50 pl aliquot of overnight WT ADP1
culture was added to 5 ml of fresh Luria Broth (LB) media and cultivated at 30°C with shaking at
250 rpm for 3-4 h. Then, a 500 pl sample of the fresh culture in the exponential phase was
transferred to a 1.5 ml microcentrifuge tube with transforming plasmid DNA added. This mixture
was then incubated at 30°C for 3 h. 200 pl cells were then spread on LB plates with appropriate
antibiotics; the plates were incubated at 30°C overnight, or until colonies were visible.

Preparation of simulated minimal media containing model substrates

The simulated, mixed plastic deconstruction products with a total carbon concentration of 750 mM
were prepared by adding 30 mM TPA, 30 mM BEN, 33.3 mM acetic acid, 22.2 mM lactic acid,
16.7 mM succinic acid, 13.3 mM glutaric acid, 11.1 mM adipic acid, and 9.5 mM pimelic acid to
deionized water, followed by gradual adjustment of pH to 7 using 4 N NaOH. Before microbial
cultivation, minimal medium salts were added, and the solution was filtered using 0.22 pm Vacuum
Bottle Top Filter (Thermo Fisher, USA). The other simulated minimal media (SM) were prepared
by serially diluting the 750 mM medium to the specific carbon concentrations of 125, 250, 375,
500, and 625 mM, or as follows: SM+40 mM AC from PET, 6.51 g/L (294.23 mM carbon); SM+80
mM AC from PET, 7.22 g/L (328.38 mM carbon); SM+160 mM AC from PET, 8.88 g/L (408.38
mM carbon); SM+40 mM AC from PS, 6.35 g/L (292.04 mM carbon); SM+80 mM AC from PS,
7.03 g/L (330.92 mM carbon); SM+160 mM AC from PS, 8.34 g/L (406.21 mM carbon); SM+40
mM AC from PE, 6.85 g/L (297.44 mM carbon); SM+80 mM AC from PE, 7.66 g/L (328.94 mM
carbon); SM+160 mM AC from PE, 9.37 g/L (394.19 mM carbon); SM+40 mM AC from PP, 6.80
g/L (291.93 mM carbon); SM+80 mM AC from PP, 8.12 g/L (336.09 mM carbon); SM+160 mM
AC from PP, 10.61 g/L (419.00 mM carbon).

Strain cultivation and consortium assembly

If not mentioned otherwise, all the cell cultures were performed in 50 mL glass tubes containing
10 mL minimal salts medium®, supplemented with 1 g/L. ammonium sulfate as the nitrogen source
and appropriate carbon sources, as indicated specifically for each experiment. All the seed cultures
were prepared using 10 mL minimal salts medium containing 1 g/L glucose as the carbon source.
For comparison of aliphatic carboxylic acid consumption capability between specialist strains, WT
RPET (SR) and ADP1 (SA) were inoculated (at a final ODgoo of 0.1) into minimal salts medium
containing either 0.5 g/L of each acetic acid, lactic acid, succinic acid, glutaric acid, adipic acid,
and pimelic acid, or their mixtures (3.0 g/L in total) as the carbon source. Cell growth of each
specialist was measured in a black 96-well plate with a clear bottom (Greiner Bio-one, Austria),
using a Tecan Infinite M200 Pro plate reader (Tecan, Switzerland). Abseoo (absorbance) values



were converted into ODegoo values using experimentally determined relationships: ODgoo = 1.75 x
Abseoo for SR and ODeoo = 2.22 x Abseoo for SA.

For consortium assembly, the corresponding seed cultures were harvested by centrifuging at
3000xg for 10 min. The cell pellets were washed twice with sterile deionized water and
resuspended to a final ODgoo of 2. The two cells were then mixed at an initial ODgoo of 0.2 with
cell density ratios of SR to SA set at 9:1, 7:3, 5:5, 3:7, and 1:9. Cultivations were carried out at
30°C with shaking at 250 rpm in a benchtop incubator. Consortium cell growth was monitored by
measuring changes in Absegoo every 12 h in a black 96-well plate with clear bottom (Greiner Bio-
one, Austria) using a Tecan Infinite M200 Pro plate reader (Tecan, Switzerland).

For measuring CFUs, 200 pl of cell culture was harvested and serially diluted to an appropriate
cell density. From the selected dilutions, typically those expected to yield 30-300 colonies, 50 ul
aliquots were spread onto agar plates. The plates were incubated at 30°C, and colonies were
counted once they became visible.

Plastic oxidative depolymerization

Materials
Nitric acid (70%) and p-toluenesulfonic acid monohydrate (pTsOH-H>O) were purchased from
Fisher Scientific (Waltham, MA). Organic solvents and chemicals, including benzene, acetonitrile,
ethyl acetate, n-hexane, sodium hydroxide, hydrochloric acid (37%), and magnesium sulfate, were
purchased from Sigma-Aldrich (St. Louis, MO). Plastic waste materials, including an LDPE zip
bag, an HDPE bottle, a PP cup lid, a PET bottle, and a PS Styrofoam™ cup, were collected from
recycling bins, thoroughly washed, and dried before use, as shown in Supplementary Figure 1.

PS depolymerization

The photo-induced deconstruction of PS was performed under blue LED light irradiation in an
oxygen atmosphere provided by O: balloons, with slight modifications to a previously reported
method?. Briefly, clipped PS Styrofoam cup pieces (5.2 g; approximately 50 mmol of PS repeating
units) and p-TsOH-H20 (10 mol%, 0.9511 g) were added to a 250-ml Erlenmeyer flask containing
100 mL of benzene/acetonitrile mixture (1:1 by volume). The flask was sealed with a rubber
septum and vigorously stirred with a magnetic stir bar until the PS dissolved. Subsequently, the
flask was placed in a photo box, where blue LED light (435-445 nm) was irradiated from the side
using an Aldrich Micro Photochemical Reactor (Sigma-Aldrich, USA), while blue LED light (460-
465 nm) and UVA LED light (390-400 nm) were simultaneously irradiated from the bottom using
a 100W LED floodlight purchased from Amazon. The PS depolymerization reaction was carried
out at room temperature under light irradiation for 48 hours, during which the initially colorless
reaction mixture turned red-brown. Benzoic acid, the final product of this reaction, was extracted
through liquid-liquid extraction. Briefly, the reaction solution was alkalized to pH 10 with 0.5 M
aqueous NaOH under vigorous stirring. The organic phase was washed twice with 50 ml of water.
The resulting aqueous solutions were combined and acidified to pH 2 using 2 M aqueous HCI,
followed by three extractions with 100 mL of ethyl acetate each. The combined organic phases
were dried over MgSOa4 and concentrated in vacuo. The resulting crude oily product was washed
three times with hot n-hexane (50 ml each), and the combined n-hexane washes were concentrated
in vacuo. Finally, the crude residue was purified by trituration with water and dried in vacuo,
yielding benzoic acid as a white solid.



PET depolymerization
The oxidative PET depolymerization was conducted using nitric acid as the catalyst. Clipped PET
bottle pieces (1 g; approximately 5.2 mmol of PET repeating units) and aqueous nitric acid solution
(60 ml, 7.2 g of nitric acid/1 g of PET) were added to a 100-ml hydrothermal reactor equipped
with a PTFE liner. The reactor was placed in an oven at 180°C for 8 h. After cooling to 4°C, the
crude reaction product was filtered. The resulting residue was washed with water and dried in
vacuo, yielding TPA as a white crystal.

Single-stream PE or PP depolymerization

The oxidative PE or PP depolymerization was conducted using nitric acid as the catalyst. Clipped
LDPE zip bag pieces (1 g; approximately 35.7 mmol of PE repeating units), HDPE bottle pieces
(1 g; approximately 35.7 mmol of PE repeating units), or PP cup lid fragments (1 g; approximately
23.8 mmol of PP repeating units), and aqueous nitric acid solution (60 ml, 7.2 g of nitric acid/1 g
of plastic) were added to a 100-ml hydrothermal reactor equipped with a PTFE liner. The reactor
was placed in an oven at 180°C for 6 h or 8 h. After cooling to 4°C, the crude reaction product was
filtered. The filtrate was analyzed using high-performance liquid chromatography (HPLC; Agilent
Technologies, USA) to determine the composition of the resulting organic acids.

Mixed plastic waste (PET, PE, and PP) depolymerization

The oxidative, mixed plastic waste (PET, PE, and PP) depolymerization was conducted using nitric
acid as the catalyst. Clipped LDPE zip bag pieces (0.375 g, 13.4 mmol of PE repeating units),
HDPE bottle pieces (0.375 g, 13.4 mmol of PE repeating units), PP cup lid fragments (0.75 g, 17.8
mmol of PP repeating units), and PET bottle pieces (0.5 g, 2.6 mmol of PET repeating units) as
well as aqueous nitric acid solution (60 ml, 3.6 g of nitric acid/1 g of plastic; 7.2 g in total) were
added to a 100-ml hydrothermal reactor equipped with a PTFE liner. Meanwhile, plastic mixtures
with different ratios of each type of single plastic were also employed as starting materials
(Supplementary Table 2). The reactor was placed in an oven at 180°C for 8 h. After cooling to 4°C,
the crude reaction product was filtered. The filtrate was analyzed using HPLC to determine the
composition of the resulting organic acids. The resulting residue was washed with water and dried
in vacuo, yielding TPA.

Quantification of chemicals
Carboxylic acid was quantified using an Agilent 1260 Infinity II HPLC system equipped with an
Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm, particle size 9 mm; Bio-Rad, USA)
and a refractive index detector (RID). The column temperature was set at 40°C, and the mobile
phase was 0.01 N sulfuric acid, with a flow rate of 1.0 mL/min. The carboxylic acid concentrations
were calculated by comparing the peak area values with the specific standard calibration curve
with an R? coefficient of = 0.995.

Quantification of TPA and BEN was performed using an Agilent 1260 Infinity II HPLC system
equipped with an Agilent Poroshell 120 EC-C18 column (4.6 x 100 mm, 2.7 um) and a UV detector
set at 280 nm. The column temperature was set at 60°C, and the flow rate was 1 mL/ min. Mobile
phase A (water with 0.1% formic acid) changed to mobile phase B (acetonitrile with 0.1% formic
acid) over time as follows (A%/B% with a gradient elution): 92/8 at 0 min, 74/26 at 5 min, 50/50
at 8 min, and 92/8 at 10 min. Concentrations of TPA and BEN were determined by comparing UV
absorbance values with the corresponding standard calibration curve for each compound with an
R? coefficient of = 0.995.



Carbon (or carbon conversion) efficiency, calculated according to the following equation, was used
to evaluate the efficiency of plastic depolymerization:

Carbon ef ficiency of PE (%) = XY; = X, Wi/Mw;

Wpg/(MixMwcy,)

X 100 (1)

Carbon ef ficiency of PP (%) = Y4 + 2 Yya = WLA/MV;;“JF/ZMM;TABMWAA x 100 (2)
PP PP
.. _ 8 _ 8Wrpa/Mwrpa
Carbon ef ficiency of PET (%) = 5 Yrea = oW Mwear < 100 3)
. _7. _ 7WBEN/MWBEN
Carbon ef ficiency of PS (%) = 5 Yeen = W s/ Mg %X 100 4)

Here, Y is the yield of the produced organic acid i (mol%), W; is the weight of the produced organic
acid i (g), Mw; is the molecular weight of the organic acid i (g/mol), Wpe is the weight of the initial
PE (g), n; is the number of carbon in organic acid i, Mwcn: is the molecular weight of the CH> unit
(g/mol), Y14 is the yield of LA (mol%), Y is the yield of AA (mol%), Wi is the weight of the
produced LA (g), Mwy4 is the molecular weight of LA (g/mol), W4 is the weight of the produced
AA(g), Mwa4 is the molecular weight of AA (g/mol), Wpp is the weight of the initial PP (g), Mwpp
is the molecular weight of the PP repeating unit (g/mol), Y7e4 is the yield of TPA (mol%), Wrp4 is
the weight of the produced TPA (g), Mwre is the molecular weight of TPA (g/mol), Wper is the
weight of the initial PET (g), Mwper is the molecular weight of the PET repeating unit (g/mol),
Ygen is the yield of BEN (mol%), Wgen is the weight of the produced BEN (g), Mwsen is the
molecular weight of BEN (g/mol), Wps is the weight of the initial PS (g), and Mwps is the molecular
weight of the PS repeating unit (g/mol).

Extraction and quantification of lycopene were performed using a modified version of the method
described in our previous study**. First, 3.5 ml aliquots of cells were centrifuged at 3500xg for 10
min and washed with deionized H>O. After lyophilization, the dry cell pellets were subjected to
lycopene extraction using methanol/acetone solution (7:3 v/v) with 0.05% butylated
hydroxytoluene (BHT). Lycopene concentration was determined by HPLC, as detailed in our
previous study**. Briefly, the filtered organic solution with lycopene was analyzed using an Agilent
1260 Infinity I HPLC system equipped with the EC-C18 column and UV detector set at 474 nm.
The samples were isocratically eluted for 15 min with a constant flow rate of 1.5 mL/min with the
column temperature set at 40°C. The mobile phase consists of a methanol/acetonitrile solution (7:3
v/v). Lycopene concentration in the sample was calculated by comparing the absorbance values
with a lycopene calibration curve with an R? coefficient of > 0.995.

For lipid extraction and quantification, the lyophilized cell pellets were prepared using the same
method as for lycopene extraction and quantification. The dry cell pellet was first ground and
resuspended in a conical-bottom glass tube (labeled ‘A’) with 3 ml of chloroform/methanol
solution (2:1 by volume). The tube was then incubated at 37°C with shaking at 250 rpm for 1 h.
The organic phase was washed with 1 ml of deionized H>O and centrifuged at 250xg for 10 min.
The organic phase was transferred to a new conical-bottom glass tube (labeled ‘B’). This extraction
cycle was repeated twice. The combined organic phase containing the total lipids was washed
twice, first with 1 ml of 1 M KCI and then with 1 ml of deionized H>O. Finally, the organic phase
was transferred into a new glass vial, and the total lipid content was determined by measuring the
weight change of the vial after solvent removal.



In the chemical assay experiments, all reagents, including authentic standards, were obtained from
Sigma-Aldrich (St. Louis, MO, USA), except for TPA, which was purchased from Alfa Aesar
(Ward Hill, MA, USA).

Preparation of media containing real mixed plastic deconstruction products

To prepare RM, 10-fold diluted liquid effluents from the deconstruction of individual plastics,
including LDPE, HDPE, and PP, along with 10 mM TPA and BEN derived from post-consumer
PET and PS, respectively, were added to minimal salts medium (supplemented with 1 g/L
ammonium sulfate) as the carbon source. To prepare BM, 10-fold diluted liquid effluent from
mixed plastic (PET, LDPE, HDPE, and PP) deconstruction, along with 10 mM TPA and BEN
derived from post-consumer PET and PS, respectively, were added to minimal salts medium
(supplemented with 1 g/ ammonium sulfate) as the carbon source.

Dry cell weight measurement

Dry cell weight (DCW) was measured using 2.0 ml microcentrifuge tubes. Cell samples were
collected at the end of cultivation and centrifuged at 10,000xg for 3 min. The cell pellet was then
lyophilized for 12 h, and the DCW (g/L) was calculated by subtracting the weight of the empty
tube from the total weight of the tube containing the dried cell pellet.

Statistics & Reproducibility

Unless specified otherwise, all experiments in this study were conducted with three independent
biological replicates (N=3) to ensure reproducibility. Statistical analyses were performed using
GraphPad Prism (version 10). P-values were determined using independent Student’s z-tests, with
a P-value of less than 0.05 considered statistically significant. Sample size calculations were not
performed during the experimental design, and no samples were excluded from the analysis.

Data Availability

Data supporting the findings of this work are available within the main article and its
Supplementary Information file. Source data are provided with this paper in the Source Data file.
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Table 1. Cell biomass data obtained from the RAMC tests in Figure 4a were subjected to a linear
regression analysis to evaluate how changes in carbon source (the independent variable) affected
biomass accumulation (the dependent variable). The TPA-biomass equation for RAMC 9/1
exhibited the steepest slope. Details of the equations are provided in Supplementary Figures 26-
29.

Source of C  Slope P value

TPA 8.086 <0.0001

BEN 3.574  0.0034
DCA 3.788  0.0013

AA+LA 3.110  0.0008




Figure legends

Figure 1 Schematic diagram of microbial consortium-enabled biotechnology for mixed
plastic upcycling. In this work, post-consumer mixed plastic waste was depolymerized into
diverse oxygenates through oxidative degradation, using either nitric acid or p-toluenesulfonic acid
(p-TsOH) as catalysts. Subsequently, a robust microbial consortium was developed by leveraging
the division of labor to upcycle the diverse oxygenates into lycopene and lipids. The consortium
consists of Rhodococcus jostii strain PET and Acinetobacter baylyi ADP1, with each strain
specializing in the degradation of aromatic and aliphatic carboxylic acids, respectively. TCA,
tricarboxylic acid cycle. Ph, aromatic ring. 4v, light irradiation. RT, room temperature. Plastic icons
were sourced from BioRender.

Figure 2 Construction of RAMC for the complete degradation of oxygenates. a, Schematic
of testing bacterial strains for growth on aliphatic carboxylic acids. b, Evaluating RPET’s ability
to utilize individual acetic acid (AA), lactic acid (LA), succinic acid (C4), glutaric acid (C5), adipic
acid (C6), or pimelic acid (C7) as the sole carbon source. Cells were cultivated in minimal medium
supplemented with 0.5 g/L of each aliphatic carboxylic acid. ¢, Testing RPET’s ability to utilize
an aliphatic carboxylic acid mixture as the sole carbon source. Cells were cultivated in minimal
medium supplemented with a mixture of aliphatic carboxylic acids (0.5 g/L each; 3 g/L in total).
d, Evaluation of 4. baylyi ADP1’s ability to utilize individual aliphatic carboxylic acids as the sole
carbon source. Cell culture was inoculated into minimal medium supplemented with 0.5 g/L of
each aliphatic carboxylic acid. e, Testing 4. baylyi ADP1’s ability to utilize an aliphatic carboxylic
acid mixture as the sole carbon source. Cells were cultivated in minimal medium supplemented
with a mixture of aliphatic carboxylic acids (0.5 g/L each; 3 g/L in total). f, Total aliphatic
carboxylic acid consumption by RPET and ADP1 tested in ¢ and e, respectively. g, Design and
construction of RAMC for degrading a simulated, mixed plastic waste deconstruction product
containing aromatic and aliphatic carboxylic acids. h, Substrate utilization by RAMC and the two
specialist strains grown in the simulated, mixed plastic waste deconstruction product (2.96 g/L;
24.51 mM). Both glucose-grown overnight cell cultures were used as the inoculum. The initial
ODsoo of monocultures and RAMC was set at ODgoo of 0.2. For RAMC, the initial specialist cell
density (ODeoo) ratio was 1:1. i, Total substrate consumption by monoculture strains and RAMC
tested in h. The consumption of individual substrate is shown in Supplementary Figure 4. For all
assays, substrate utilization was determined by HPLC after cultivation. Data represent the mean
of three independent experiments (N=3), with error bars depicting the standard deviations from
that mean (unpaired two-tailed #-test was applied to evaluate significant differences). Source data
are provided as a Source Data file.

Figure 3 Optimizing RAMC performance through compositional DOL. a, Schematic of
modulating RAMC performance for degrading simulated, mixed plastic waste deconstruction
products across various carbon concentrations. The composition of RAMC was modified by
adjusting the initial inoculation ratio of the two specialists. b-c, RAMC with SR:SA ratios of 9:1,
7:3, 5:5, 3:7, and 1:9 were tested for substrate consumption (b) and biomass accumulation (c¢) in
media with the total carbon concentrations ranging from 125 to 750 mM (2.88, 5.72, 8.84, 11.25,
14.05, and 16.91 g/L). Despite the compositional variability, the initial ODeoo of RAMC was
maintained at 0.2. The consumption of individual substrates in different growth media is shown in
Supplementary Figures 5-10. d, Evaluating RAMC performance by using post-consumer plastic
deconstruction products. e, RAMC with SR:SA ratios of 9:1, 7:3, 5:5, 3:7, and 1:9 were tested for



substrate consumption and biomass accumulation in media supplemented with 20- or 10-fold
diluted oxygenate mixtures derived from post-consumer plastic deconstruction. 20-fold, 2.81 g/L
(123.97 mM carbon); 10-fold, 5.73 g/L (253.28 mM carbon). The consumption of individual
substrate in the two aforementioned media is shown in Supplementary Figures 12-13. In all assays,
glucose-grown overnight cell cultures of SR and SA were used as the inoculum, and substrate
utilization was measured by HPLC after cultivation. Data represent the mean of three independent
experiments (N=3), with error bars depicting the standard deviations from that mean (an unpaired
two-tailed #-test was applied to evaluate significant differences). Source data are provided as a
Source Data file. Figure 3a was created with BioRender.

Figure 4 Evaluating RAMC performance in response to the compositional variability of post-
consumer mixed plastic waste. a, RAMC with SR:SA ratios of 9:1, 7:3, 5:5, 3:7, and 1:9 were
tested for substrate consumption in the basic synthetic medium (SM) supplemented with additional
carbons (AC) to simulate plastic compositional variability (TPA for PET, BEN for PS, AA+C4-C7
DCA for PE, and AA+LA for PP). The specific substrate concentration information is provided in
Methods. The consumption of each individual substrate in different growth media is shown in
Supplementary Figures 14-25. b, Ascertaining the trend of RAMC 9/1 data in medium
supplemented with real plastic deconstruction products. ¢, RAMC 9/1 was tested for substrate
consumption in RM with additional TPA to mimic an excess of PET in post-consumer mixed
plastic waste. The consumption of individual substrate in different growth media is shown in
Supplementary Figure 30a. Data represent the mean of three independent experiments (N=3), with
error bars depicting the standard deviations from that mean. An unpaired two-tailed #-test was
applied to evaluate statistical differences. RM, 5.73 g/L (253.28 mM carbon); RM + 5 mM TPA,
6.40 g/L (284.32 mM carbon); RM + 10 mM TPA, 7.56 g/L (339.57 mM carbon). d, Comparison
of simulation and experimental results for changes in cell biomass accumulation with increasing
TPA concentration. Line, linear regression predictions; dot, experimental data. In all assays,
glucose-grown overnight cell cultures of SR and SA were used as the inoculum, and substrate
utilization was measured by HPLC after cultivation. Data represent the mean of three independent
experiments (N=3), with error bars depicting the standard deviations from that mean. Source data
are provided as a Source Data file. Figure 4b was created with BioRender.

Figure S Upcycling of oxygenates in effluent from post-consumer mixed plastic waste by
RAMC. a, The overall process of employing RAMC to upcycle mixed plastic waste into lycopene
and lipids. b, Engineering metabolic pathways in specialist strains for producing target chemicals.
In SR-P, crtL-b gene was knocked out via homologous recombination to enable lycopene
accumulation. A heterologous mevalonate (MVA) pathway was deployed to rewire intracellular
metabolism for enhancing lycopene production. Lipid biosynthesis was decoupled from nitrogen
starvation by overexpressing NADP"-dependent malic enzyme (me). Gene overexpression in SR-
P was achieved using Serine Integrase-based Recombinational Tools (SIRT)-mediated genome
editing**. In SA-P, three critical genes, geranylgeranyl diphosphate synthase (cr¢E), phytoene
synthase (crtB), and phytoene desaturase (crtl) in the lycopene biosynthetic pathway were
overexpressed using a replicating plasmid under the control of an IPTG-inducible promoter. atoB,
acetyl-CoA C-acetyltransferase; crtL-b, lycopene b-cyclase; HmgS, hydroxymethylglutaryl-CoA
synthase; HmgR, hydroxymethylglutaryl-CoA reductase; MK, mevalonate kinase; PMK,
phosphomevalonate kinase; PMD, diphosphomevalonate decarboxylase; idi, isopentenyl
pyrophosphate isomerase; ispA, farnesyl diphosphate synthase. ¢, Bioconversion of oxygenates in
effluent from post-consumer mixed plastic waste by RAMC-P_9/1. Additional TPA or BEN was



added to evaluate the performance of RAMC-P_9/1 in the target chemical production in response
to the variability of post-consumer mixed plastic waste. BM, 5.14 g/L. (231.97 mM carbon); BM-
T, 7.67 g/L (343.61 mM carbon); BM-B, 7.44 g/L (349.70 mM carbon). d, Evaluating the effects
of excess PE or PP in post-consumer mixed plastic waste on the upcycling efficiency by RAMC-
P 9/1. Post-consumer mixed plastic waste with varying ratios of PE or PP was subjected to
depolymerization, and the resulting effluents were applied for subsequent bioconversion. BM
PE/PP 3/1, 5.05 g/L (230.05 mM carbon); BM PE/PP 1/3, 4.58 g/L (211.01 mM carbon); BM
PE/PP 1/1, 4.70 g/L (214.09 mM carbon). Supplementary Table 2 shows the plastic mixture
deconstruction conditions. In all assays, glucose-grown overnight cell cultures of SR-P and SA-P
were used as the inoculum. Data represent the mean of three independent experiments, with error
bars depicting the standard deviations from that mean. An unpaired two-tailed 7-test was applied
to evaluate statistical differences. Source data are provided as a Source Data file. Figure 5a was
created with BioRender.



Editorial summary

The chemical complexity of post-consumer ‘mixed’ plastic waste limits its use as a feedstock for
biomanufacturing. Here the authors combine transition-metal-free plastic deconstruction with a
microbial consortium platform to upcycle real-world mixed plastic waste into value-added
chemicals.

Peer review information: Nature Communications thanks the anonymous, reviewers for their
contribution to the peer review of this work. A peer review file is available.
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