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Quantum modeling simulates
nutrient effect of bioplastic
polyhydroxyalkanoate (PHA)
production in Pseudomonas putida
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Polyhydroxyalkanoates (PHAs) could be used to make sustainable, biodegradable plastics. However,
the precise and accurate mechanistic modeling of PHA biosynthesis, especially medium-chain-length
PHA (mcl-PHA), for yield improvement remains a challenge to biology. PHA biosynthesis is typically
triggered by nitrogen limitation and tends to peak at an optimal carbon-to-nitrogen (C/N) ratio.
Specifically, simulation of the underlying dynamic regulation mechanisms for PHA bioprocess is a
bottleneck owing to surfeit model complexity and current modeling philosophies for uncertainty. To
address this issue, we proposed a quantum-like decision-making model to encode gene expression and
regulation events as hidden layers by the general transformation of a density matrix, which uses the
interference of probability amplitudes to provide an empirical-level description for PHA biosynthesis.
We implemented our framework modeling the biosynthesis of mcl-PHA in Pseudomonas putida with
respect to external C/N ratios, showing its optimization production at maximum PHA production of
13.81% cell dry mass (CDM) at the C/N ratio of 40:1. The results also suggest the degree of P. putida’s
preference in channeling carbon towards PHA production as part of the bacterium’s adaptative
behavior to nutrient stress using quantum formalism. Generic parameters (k;, ky and theta 6)
obtained based on such quantum formulation, representing P. putida’s PHA biosynthesis with respect
to external C/N ratios, was discussed. This work offers a new perspective on the use of quantum theory
for PHA production, demonstrating its application potential for other bioprocesses.

Polyhydroxyalkanoates (PHAs) are naturally occurring biopolymers synthesized by some microorganisms as an
intracellular energy reservoir in the face of nutrient stress, typically under imbalanced nutrient conditions such
as high carbon-to-nitrogen (C/N) and high carbon-to-phosphorus (C/P) ratios"*. As PHAs possess favorable
chemical properties’, are chemically stable and also easily biodegradable at the end of their lifecycle?, they have
the potential to replace traditional plastics. Yet, despite their promising applications, the commercialization of
PHAs, particularly medium-chain-length PHA (mcl-PHA), is hindered by high production costs due to the
complexity of optimizing biosynthesis for industrial bacterial populations*°.

Under the microscope, it is observed that isogenic bacterial populations would differentiate into subpopu-
lations to occupy different metabolic states and display varying phenotypes due to stochastic dynamics in the
environment, intrinsic genetic factors, and survival strategies®’. This phenomenon has also been observed in
PHA-producing bacteria by us and others where heterogeneity in PHA production is found in pure bacterial
cultures®. Understanding how such heterogeneity occurs could lead to new PHA optimization strategies.

Decision-making in bacteria, or in any cellular organism, occurs when they exhibit different fates even
when subjected to the same genetic or environmental condition’!!, we can therefore view PHA production in
P, putida as a decision-making process, where each bacterium makes a decision of producing PHA based on
its external environment and internal genetic parameters. One can model such decision-making process as a
stochastic model with Markov property, where each immediate future state is dependent on its immediate prior
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state'?, and change is then modelled as a series of transitions between states, where probabilities are assigned to
define such transitions.

This classical interpretation of decision-making contains the philosophy of mechanism, which is in turn
rooted under molecular biology'*: a cellular organism is seen as a complex, well-planned machine modelled by
evolution, its structure and underlying rule set capable of being comprehended with reductionistic terms. Each
transformation in the decision-making process reflects a specific series of responses within the biochemical
mechanisms of the bacterial cell.

However, states of uncertainty arise from the complexity of biochemical processes in bacteria: the production
and degradation of PHA are interconnected with the central carbon metabolism, resulting in a dynamic cycle that
influences various bacterial processes, including stress response, pathogenesis, and persistence*. PHA metabolism
in microorganisms is influenced by multiple regulatory networks, including global and specific regulators which
are also connected to various carbon cycles!!. These regulatory mechanisms are inherently complex, composing
multiple regulatory networks intertwined across different scales in time and space'*""". This complexity, owing
to its metabolism regulation mechanism, give rise to uncertain states that are hard to capture under the classical
mechanistic interpretation of decision-making. One example would be when nitrogen stress is insufficient to
stimulate the production of PHA, but the necessary biochemical constituents are being synthesized and ready
for PHA production; such would be a scenario of neither quiescent nor producing, an in-between, uncertain state
that is hard to be explicitly modelled for classical decision-making models, requiring more information about
its internal workings beforehand.

Considering these challenges, an alternative to describe uncertain decision-making within bacterial cells is
needed. Quantum theory has been regarded as a highly successful theory of the twentieth century in modeling
probabilistic behavior. It has been used for describing macro-level classical processes in biological systems!-20.
For example, Asano, et al.'® formulated a quantum-like decision-making model that simulated the genetic regula-
tion underlying E. coli’s adaptive diauxie behavior towards lactose and glucose utilization. The authors considered
bacteria as decision makers that are quantum-like, meaning that uncertainty (e.g. glucose and/or lactose uptake)
can be modelled by superposition of event states.

Based on the approach by Asano, et al.'8, we developed a quantum-like decision-making model capable for
modeling bacterial PHA biosynthesis. The model is formulated by the “preparation” of nutrient condition detec-
tion and activation of gene regulation as the inputs (i.e., C/N ratios and a “hidden” genetic preference parameter),
followed by “transformation” and “measurement” of physiological outputs responding to previous inputs (i.e.,
PHA production). This formulation of “preparation”, “transformation” and “measurement” embeds gene expres-
sion and regulation events into a 2-stage quantum-like decision-making model. The system to be modelled can
therefore be described as the transformation of a density matrix. To validate the model, we performed experi-
ments on the bacterium P. putida by feeding a range of C/N ratios, representing a spectrum of nutrient conditions
to simulate low to high nutrient stress environments, and quantified PHA accumulation response associated with
each C/N ratio. Parameters (kp, ky and theta 0) obtained from the modeling results of PHA biosynthesis based
on such quantum formulation were discussed. This work provides an accurate empirical-level description of the
environmental nutrient effect on PHA production in P. putida.

Methods

PHA production and quantification

P. putida NBUS12, which was previously isolated and characterized by our group, is a bacterium capable of
bioconverting monoaromatic substrate styrene to mcl-PHA under nitrogen-stress condition'® and was chosen
as a model bacterium for this study. To induce PHA production, P. putida NBUS12 was cultivated in a 250 mL
conical flask containing 50 mL of 1X mineral salt medium (MSM) at a final optical density at 600 nm (OD600)
of 0.1. Styrene and NH,Cl were added as the sole carbon and nitrogen source, respectively. Nitrogen source was
supplied in the form of NH,Cl at 0.192 g/L (50 mg/L nitrogen) while styrene was supplied at varying amounts to
a central glass column fused to the central base of the growth flasks to obtain C/N (g/g) ratios of 10:1, 20:1, 30:1,
40:1 and 50:1. The conical flasks were tightly-sealed and incubated at 30 °C with shaking at 180 rpm. After 48 h,
the bacterial cultures were centrifuged (9840 g, 15 °C, 10 min) to harvest the cell pellets. Cell pellets were washed
twice with 1X phosphate buffer saline (PBS) buffer and freeze-dried. The cell dry mass (CDM) of freeze-dried
biomass was determined by weighing. PHA content was quantified by subjecting dried biomass (5-10 mg) to
methanolysis, followed by GC-MS analysis according to the procedures described by Tan et al.'. The experiment
was conducted in triplicates.

Model conceptualization

From the experimental data collected, the input and output parameters for modeling were C/N ratio and average
cellular PHA content, respectively. The nutrient condition processing by bacterial cells is a stochastic process
where P. putida metabolizes carbon and nitrogen substrates, which meet the bacterial cell wall randomly as dic-
tated by molecular kinetics. A nominal model that can be constructed is a cell with singular input (C/N ratio)
and output (PHA content).

As illustrated in Fig. 1, there are four possible states—the bacterial cell (1) may or (2) may not detect limiting
amounts of nitrogen in its immediate surroundings and (3) may or (4) may not produce PHA. The events of
detection are denoted as “D” and “N”, representing the detection of nutrient stress condition and non-detection
of nutrient stress (i.e., nitrogen-rich) condition, respectively. The events of gene activation are denoted as “+” and
“~7, representing activation or non-activation of the PHA biosynthesis pathway to produce PHA, respectively.
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Figure 1. Four different cell states for PHA biosynthesis. The green object represents the bacteria, the yellow
object represents PHA and the orange object represents nutrient stress condition. “D” and “N” denote the
bacterium’s detection of nutrient-stress condition and non-detection of nutrient stress condition (i.e., nutrient-

rich), respectively. “+” and “~” denote the activation or non-activation of the PHA biosynthetic pathway,
respectively.

Quantum-like decision-making model
Based on the work of Asano et al.', we assumed that a bacterial cell is a system which processes external envi-
ronmental information in a “quantum-like” manner. By “quantum-like”, we imply that we do not couple actual
quantum effects observed in sub-atomic scale events to biological processes, but rather, draw parallelisms between
quantum probability, its philosophy and biological complexities to utilize advanced quantum theories for biology
problems. We assume no more than the same conceptualization as depicted previously in Fig. 1, with a detection
and activation stage. Any information processing is encoded in the transformation through the environmental
nutrient condition detection operator (D) and gene activation operator (Q), which represents P. putida NBUS12’s
adaptation to its environment (C/N ratio) and the state-change of PHA biosynthesis pathway brought on by gene
regulation, respectively, which is illustrated by Fig. 2.

The quantum representation of nitrogen-induced PHA production by P. putida NBUS12 is described as a
2-stage quantum-like system by the general transformation of a density matrix p, given by Eq. (1):

VIOin Vv
Pout = (Vi V) (1)

where p;, represents the initial state of P. putida NBUS12 before nutrient condition detection where the bacteria
have not received any external nutrient condition signal nor activated the expression of genes related to PHA
biosynthesis. By encoding experimental measures and unobservable (i.e., hidden) genetic variables as quantum
operators D and Q acting on the density matrix, we can derive the matrices pp and p,, which represent the trans-
formed cell states of P. putida NBUS12 following the detection of C/N ratio and the subsequent gene regulation
of PHA biosynthesis pathway, respectively. This enables us to simulate all the possible state outcomes depicted
in Fig. 1 Such formalism also obeys the laws of quantum system dynamics, where the transformation follows the
Lindblad equation for quantum dynamics's.

To simulate the potential biological states, we regard the bacteria as a decision maker which recognizes nutri-
ent conditions as a superposition of events, given by Eq. (2):

[Vin) = aler) + Blex) o, eC )

where the values of o? and B? correspond to the probabilities of arbitrary events e, and e,, respectively, which we
will define as the detection of nutrient stress and nutrient-rich conditions, respectively, in subsequent sections.
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Figure 2. Schematics of a generic two-stage quantum-like model for decision-making modelling.
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This notion of having both events considered in tandem utilizes the concept of quantum superposition, where
the state of a bacteria is defined by both events, rather than just one event or the other'®.

Initial stage
We introduce a state vector |x,), given by Eq. (3):

1 1 1 1
|x0>—ﬁ|el>+ﬁ|32>—ﬁ<l) (3)

The density matrix p, simulates the bacteria’s initial cell state, given by Eq. (4):

Po = | x0)(x0|

1/11 (4)
”025(1 1)

'The bases |e, ), |e,) correspond to the events of detection of nutrient stress condition P(D) and non-detection
of nutrient stress condition P(N) (i.e., nutrient-rich), and % is the probability amplitude for the events, which
when squared, becomes 0.5. This implies that the bacterial cell’s recognition for nutrient condition is neutral at
the beginning.

Nutrient condition detection stage

Given the operator D, which is a diagonal matrix containing the information of nutrient condition, the system
state will transit from the initialization stage to the nutrient condition detection stage. Intuitively, the nutrient
condition detection stage indicates that the cell has already detected if the environment is nutrient stress but has
yet to activate its genes for PHA biosynthesis, given by Eq. (5):

D:(gg) (5)

Using Eq. (4) with operator D, the transformed density matrix is given by Eq. (6):

| ap* )
= 6
PP ( op 1P ©
where o represents the probability of the cell detecting nutrient stress, that is P(D), and 8 indicates the prob-
ability of detecting nutrient-rich, P(N), i.e., a?+f*=1.

Gene activation stage
After the nutrient condition detection stage, the cell would enter the gene activation stage. The operator Q
indicates the gene expression mechanism in response to different nutrient conditions and is given by Eq. (7):

Q:(?Z) abcdeC ?)

Using Eq. (1) with operator Q, the cell’s state will transit to the gene activation stage, given by Eq. (8):

1( lac + b (aa+bﬂ)(coe+dﬁ)*)

PQ= o \ (ax + bp)*(ca + dB) lca + dB|?

where:

o = |aa + bB)? + |ca + dB|?

Measurement of probabilities

The input and output information are represented as a compound system using lifting maps'®?', where the rep-
resentation by lifting gives a different method to calculate the joint probability of events. The premise of doing
so is by considering that input and output information influence each other and should be considered as such
in the mathematical formulation of probabilities. The lifting map for the cell system and the joint probabilities
for the four possible detection and activation outcomes depicted are given by Eq. (9):

18,21

e(p) = pq ® po
P(+,D) = tr(E; ® E1)e(p)
P(—,D) = tr(Ex ® E1)e(p) 9)

P(+,N) = tr(E1 ® Ex)e(p)
P(—,N) = tr(Ex ® Ex)e(p)

where E, and E, are projection operators, which when acted upon the lifting map, would enable us to obtain the
joint probabilities corresponding to the various phenotypic outcomes:
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E1=|e1><e1|=(§,8)

Ez=|e2><ez|=(8‘f)

Thus, the predicted production of PHA, P (+), can be represented as the sum of probabilities P (+, D) and
P (+,N), given by Eq. (10):
lac + bB|?

P(+) =
+) lac + b1 + |ca + dB|?

(10)

Classical decision-making model
Using the same conceptualization and reasoning from the quantum formalism, we can describe the decision-
making process of a bacterial cell in the classical fashion using a Markov chain as follows:

0=D-Q-S$ (11)

where the final observation state matrix is denoted as O, the transient states of detection and gene activation are
denoted as D and Q respectively, and the initial state of the bacterial cell is denoted as S.
The detection state matrix D and gene activation state matrix Q have the following forms:

D=(gg)»Q=(i‘};)a,ﬂ,x,y,z,weﬂg_'_ (12)

The initial state matrix S_ has the form as follows:

s:%(}) (13)

where it represents the hidden state of bacteria, having no initial preference towards nutrient condition. This
corresponds to the initial condition of an isogenic population before exposure to varying C/N ratios. The main
difference between classical and quantum formalism lies in the preparation of the initial state: the quantum
formalism prepares a density matrix to represent superposition of states, whereas classical formalism prepares
a state vector to represent two discrete states.

The observation state matrix O for the classical model is as follows:

1( xa+zB
oc=5(w+wﬂ> (14)

The first element of O would be the probability of P(+) in the classical formalism:
1
P(+) = E(xoe—f-zﬂ) (15)

We would assume that the probability of P(+) should be influenced by whether it detects nutrient stress or
not, i.e., influenced by P(D) and P(N), and these probabilities should have correlation with nutrient condition,
i.e. the higher the C/N ratio, the more probable the bacterial cell detection, vice versa. We can therefore rewrite
Eq. (15) as follows:

a=y-P(D),B =1 -PNN)

1 (16)
P(+) = E(xy . P(D) + zt - P(N))

Results and discussion

P. putida NBUS12's PHA accumulation response to different C/N ratios

The PHA accumulation of P. putida NBUS12 was evaluated for different C/N ratios (Table 1). At low C/N ratio
of 10:1, corresponding to a nutrient-rich condition, there was negligible level of PHA production (0.06 %CDM).
However, at higher C/N ratios, simulating nutrient stress, intracellular PHA levels rose and peaked at 13.8 %CDM
at a C/N ratio of 40:1. A further increase in C/N ratio to 50:1 resulted in a significant reduction in PHA accu-
mulation (2.51 %CDM). Such a narrow window of C/N ratio with high PHA accumulation is well-known and
has been widely reported. For example, in another styrene-degrading and PHA-producing bacterium P. putida
CA-3 (NCIMB 41162), little to no PHA production was observed until the C/N ratio exceeded 14:1 with peak
PHA production occurring at the C/N ratio 28:1%% Similar observations were also made for other aromatic and
non-aromatic substrates in pure and mixed cultures®***. This complex PHA production response across species
suggests randomness underlying macro-scale biological dynamics®. This meant that rather than modeling P
putida NBUS12’s PHA biosynthesis as a classical stochastic system with discrete input state spaces, it can be
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C/N ratio Average PHA content (%CDM) | s.d.
10: 1 0.06 0.03
20:1 0.31 0.00
30:1 4.53 0.35
40: 1 13.81 4.02
50: 1 2.51 1.71

Table 1. The relationship between C/N ratio and PHA production for P. putida NBUS12.

modeled as a quantum-like system in which both nutrient stress and nutrient-rich conditions affect the outcome
of PHA formation.

Quantum-like model fitting with experimental data
The operators D and Q separately encode nutrient condition and internal gene regulation mechanisms, respec-
tively, and we set the operators as identical mapping of the system input where P(D) signifies the event of nutrient
stress detection and P(N) corresponds to the event of nutrient-rich detection; + and — corresponds to the event
of PHA production and non-production, respectively.

Using the experimental data, we formulated Q by the generic parameters of kp, ky and theta 8, which are
real numbers as follows:

o= ( VPEDky VPEIN)kye” .
= \VPCEIDkp VP=[N)kye (17)
o (VPGID) VPG \ (Ve 0 s
= \vPED) vPEN) J\ 0 Ry (18)

As per the formulation by Asano et al.*!, we reformulated P (+) as follows:

: P(+|D)P(D)/ 2 + P(+IN)P(N)y /& + 25cos0
+) = — (19)
P(D)\/ 2 + P(N)/ K2 + 25cost

where:

8 = \/P(+|D)P(+|N)P(D)P(N)

§ = V/P(D)P(N) [v/PHIDIP(HIN) + /P(—ID)P(—N)

As seen in Egs. (16) and (19), the classical decision-making formalism considers events separately, whereas
through the quantum formalism, there is a combined consideration of events in terms of multiplication of prob-
ability amplitudes.

The quantum-like and classical probabilities from the experimental data are calculated and provided in Sup-
plementary Material. Based on the calculations, we plotted the calculated probability P (+) against each C/N
ratio, given as Fig. 3.

Further, we found that the value of ]IE—D = 0.29512 and theta 0= achieved a highly fitted model, with the
residual sum of squares (SSE) being 0.0038, indicating high agreement with the experimental data.

Compared to the classical approach, our model uses probability amplitudes as per Born’s rule?, the application
of quantum-like decision theory to cell activity is based on the recognition that cells exhibit certain quantum-
like characteristics, such as the existence of uncertain, in-between states that can be modeled using a quantum
framework, analogous to quantum superposition of states. This is shown through the different formulation of
the initial states (i.e. two-state vector versus density matrix) between the classical and the quantum-like model.
Through the quantum formalism representing gene expression and regulation events as hidden variables, we
consider the detection of nutrient condition and subsequent metabolic rewiring to both exert influence towards
the bacterium’s cellular state. The matrix containing the parameters kp, ky and theta 0 in Eq. (13) describes P
putida NBUS12’s adaptation to external C/N ratios. This can be considered as an invariant quantity describing
the bacteria’s character in its adaptive metabolic rewiring for either PHA production or non-production. This is
selective metabolism at play. The ky, to ky ratio indicates the bacteria’s preference of nutrient conditions for PHA
production. More specifically, it modulates the bacteria’s preference of C/N ratio for maximum PHA produc-
tion. This interpretation is in line with the findings from multi-omics analysis of P. putida strains. Varying the
C/N ratio has been reported to affect a significant number of gene and protein expressions implicated in PHA
biosynthesis-related pathways including, amino acid metabolism, nitrogen scavenging, general cellular processes,
and transcriptional regulation’?. For instance, under a lower C/N ratio, Crc protein suppresses PHA forma-
tion by inhibiting the translation of PHA polymerase, while at a higher C/N ratio this suppression is removed,
facilitating PHA production®. Nevertheless, such regulations are observed to be probabilistic as low amounts
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Figure 3. Predicted vs experimental PHA content at different C/N ratios.

of PHA are often detected at non-optimal C/N ratios. Hence, based on the interpretation of quantum theory,
it is plausible that such destructive interference could be analogous to the interference between the probability
amplitude of events, representing the cell’s transitory genetic and metabolic states*®?’.

It was also observed that ky, to ky ratio value could reflect non-PHA producers and PHA-producers that are
unaffected by nutrient conditions. For example, very small to zero kp, to ky ratio values would result in negligible
to no production at all nutrient conditions, signifying that the bacterium is impartial to all nutrient conditions
and does not activate PHA production. This reflects the scenario of a non-PHA producing bacteria. Conversely,
very large values of kp, to ky ratio (i.e., over 60) would lead to a low and basal level of PHA production at all
nutrient conditions. This means that the bacterium has no preference of nutrient condition for PHA production,
representing PHA-producing bacteria that accumulates the biopolymer alongside growth. Examples of such
bacteria include some species of Cupriavidus necator, Protomonas extorquens and Pseudomonas oleovorans™.

Overall, the conclusion obtained in this study is also supported by Asano, et al’s work'®, where different strains
will have different preferences, i.e. different value ratios, towards glucose and lactose metabolism. However, due
to the linearity of the quantum formalism, the understanding of kp/ky ratio for non-linear responses exhibited
by complex biological systems would require further investigation. One possible method is the Generalized
Probability Theory (GPT), one of the quantum information frameworks that cover both classical and quantum
aspect’.

While such quantum formalism was first conceived to model the specific activation of a single gene operon
in E. coli’s response to two different carbon substrates uptake!'®, we have successfully adapted and demonstrated
the applicability of such formalism to model the whole cell’s probabilistic adaptive behavior (i.e., PHA produc-
tion) responding to environmental conditions (i.e., varying C/N ratios). This does not require a detailed model
construction but rather, incorporates genomic regulation flow, i.e., cellular sensing, detection and gene regula-
tion processes as the model’s hidden variables. It, therefore, offers a novel perspective on the use of quantum
formalism to investigate decision making and bioprocess modeling for PHA production and potentially, for other
bioprocesses exhibiting similar non-linear, stochastic decision making in a quantum-like fashion. Moreover,
employing quantum information theory to describe transcriptomics and proteomics data, which take account
of genetic and regulation factors, could underpin event superposition and uncertainty of the system, ultimately
revealing new insights on gene regulation in the future. Formulating systems with complex data such as multi-
omics and physiological performance in a quantum-like manner means that such systems could be implemented
onto quantum computers. This would benefit the development of multiple information layer modeling for systems
with pure and mixed cultures in the future.

Conclusion

Microbial-based PHAs are excellent carbon-neutral substitutes for petroleum-based plastics and are also com-
mercially valued for their potential biomedical and pharmaceutical applications. However, PHA production has
yet to be maximized. This hinders its commercialization potential, particularly for mcl-PHA. Instead of modeling
PHA formation based on classical decision-making approaches, we developed a model for mcl-PHA biosynthesis
by the quantum formalism, introducing the “preparation” of nutrient condition detection and activation of gene
regulation in response to environment inputs (i.e., C/N ratio) followed by “transformation” and “measurement”
of PHA production. A 2-stage quantum-like decision-making model was formulated and the simulation results
were in agreement with the experimental results for C//N ratios between 10:1 and 50:1. We also determined a
new invariant quantity (given by 6 = m and kp/ky ratio). These parameters described the interference between
the probability amplitude of events during adaptive dynamics and allow us to quantitatively estimate P. putida
NBUS12’s PHA production adaptation to extracellular C/N ratios. This work offers an empirical-level description
for PHA formation and may be further adapted to other bioprocesses for physiological optimization, especially
for non-discrete (quantum-like) metabolic phenomena.
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