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Abstract
Plasmodium falciparum, the most virulent human malaria parasite, possesses a highly regulated
genome that supports survival, adaptation, virulence, drug resistance, developmental switching,
and stress responses within the human host. This study characterizes stable regulatory
attractors in a malaria-parasite gene regulatory network using an asynchronous Boolean
update method. The network is formulated as a Boolean dynamical system with nine biological
components: X1 = PfEMP1, X2 = PfCRT, X3 = PfMDR1, X4 = PfDHFR, X5 = AP2−G,
X6 = PfSIR2A, X7 = PfK13, X8 = HP1, and X9 = H3K9me3; these components represent
regulators associated with virulence, drug resistance, developmental regulation, stress response,
and epigenetic control. External pressure is represented by a general stress signal ω together with
selectors for chloroquine (λ), antifolate pressure (α), artemisinin pressure (β), and partner-drug
pressure (ρ). Fixed points are states satisfying F (X) = X; such states are invariant under
either synchronous or asynchronous updating. Under the all-stress-OFF condition, the model
yields three fixed points, whereas the all-stress-ON condition yields four fixed points. The
attractors show how stress-dependent logical regulation can shift the network between distinct
stable expression patterns and provide a mathematical framework for exploring regulatory states
associated with parasite adaptation and antimalarial pressure.

Keywords: Plasmodium falciparum; gene regulation; Boolean network; asynchronous update;
fixed point; regulatory attractor.
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1. Introduction

1.1. Background to the Study

Malaria is caused by unicellular parasites of the genus Plasmodium and is transmitted to humans
by infected female Anopheles mosquitoes [29]. During its life cycle, the parasite differentiates
through multiple developmental stages in the mosquito and human hosts [11, 23]. Following
an infectious mosquito bite, sporozoites enter the bloodstream and invade hepatocytes. After
liver-stage replication, merozoites are released and invade red blood cells. In P. falciparum,
repeated erythrocytic cycles contribute to the clinical manifestations of malaria, including fever,
anaemia, and severe disease [5, 25].

Figure 1: Plasmodium falciparum life-cycle diagram highlighting commonly studied stages. Source
image reproduced from Serrano-Durán, López-Farfán, and Gómez-Díaz [26].

Experimental studies have provided extensive information about individual parasite genes
and pathways, but stable biological states emerge from interactions among multiple regulators.
Boolean network modelling offers a useful qualitative framework when regulatory relationships
are known more reliably than their kinetic parameters. In a Boolean network, each component
takes a binary state and changes according to a logical update function. This permits systematic
analysis of fixed points, attractors, and state-transition structure [6, 22, 24].

Genetic and epigenetic variation in P. falciparum contributes to immune evasion, develop-
mental switching, and antimalarial drug resistance [7, 26, 32]. Accordingly, a systems-level
description of interactions among virulence-associated, resistance-associated, and epigenetic
regulators can help clarify how different environmental or drug-pressure conditions are associ-
ated with stable network configurations. The present study therefore develops and analyzes an
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asynchronous Boolean model for a nine-component regulatory network.

2. Preliminaries

2.1. Genes and Gene Expression

A gene is a hereditary unit encoded by a nucleotide sequence. Gene expression converts genetic
information into functional RNA or protein products through transcription and, for protein-coding
genes, translation and subsequent processing [13]. In P. falciparum, gene regulation is tightly
linked to stage-specific development, host adaptation, immune evasion, and transmission [8, 26].

2.2. Boolean Networks

A Boolean network with n components is a discrete dynamical system on

Fn
2 = {0, 1}n,

where the state at time t is

X(t) = (X1(t), X2(t), . . . , Xn(t)).

Each component has an update function

fi : Fn
2 −→ F2,

and the full update map is
F (X) = (f1(X), . . . , fn(X)).

The values 0 and 1 may be interpreted as inactive/active, absent/present, or low/high states,
depending on the biological abstraction [6, 20].

2.3. Boolean Algebra and Square-Free Polynomial Representation

Over F2, Boolean operations can be represented algebraically by

A ∧B = AB, (1)
¬A = 1 + A, (2)

A ∨B = A+B + AB. (3)

For three variables,

A ∨B ∨ C = A+B + C + AB + AC +BC + ABC. (4)
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All arithmetic is modulo 2. Every Boolean function has a unique square-free polynomial
representation in the quotient ring

F2[X1, . . . , Xn]/⟨X2
1 −X1, . . . , X

2
n −Xn⟩,

so powers larger than one can be reduced using X2
i = Xi [22].

2.4. Asynchronous Dynamics and Fixed Points

In an asynchronous Boolean system, one component is updated at a time. If component i is
selected at time t, the successor state is

Xj(t+ 1) =

{
fi(X(t)), j = i,

Xj(t), j ̸= i.

The choice of updated component can be deterministic or nondeterministic, and therefore the
asynchronous transition relation generally contains multiple possible successors from a given
state [24, 6].

A fixed point is a state X∗ satisfying

F (X∗) = X∗. (5)

Because every component already equals its prescribed update at a fixed point, the state remains
unchanged under any asynchronous update order. Thus, fixed points are schedule-independent
even though non-fixed trajectories and basins of attraction can depend on the update scheme.

3. Model Formulation and Results

3.1. Variables

The model contains nine state variables. Table 1 summarizes the biological interpretation used
in the manuscript.
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Table 1: Core genes and regulatory components in the Boolean model.

Symbol Full name Modelled biological role

PfEMP1 P. falciparum erythrocyte membrane protein
1 (var-gene products)

Virulence, cytoadherence, and immune eva-
sion

PfCRT P. falciparum chloroquine resistance trans-
porter

Chloroquine-resistance-associated compo-
nent

PfMDR1 P. falciparum multidrug resistance protein 1 Multidrug-response/resistance-associated
component

PfDHFR P. falciparum dihydrofolate reductase Antifolate-resistance-associated component
AP2-G ApiAP2 transcription factor G Gametocyte commitment and transmission

regulation
PfSIR2A P. falciparum silent information regulator 2A Epigenetic regulation and var-gene silencing
PfK13 P. falciparum Kelch 13 protein Artemisinin-resistance-associated compo-

nent
HP1 Heterochromatin protein 1 Heterochromatin formation and transcrip-

tional silencing
H3K9me3 Histone H3 lysine 9 trimethylation Epigenetic repression and heterochromatic

memory

The model uses NCBI gene annotations for several components and published literature on P.
falciparum drug resistance and epigenetic regulation [14, 15, 16, 17, 18, 19, 7, 32].

3.2. External Stress and Drug Selectors

Four selector variables are used together with a general stress variable ω:

Table 2: External signals used in the model.

Symbol Interpretation

ω General host/drug stress signal
λ Chloroquine-pressure selector
ρ Partner-drug-pressure selector (e.g., amodiaquine, lumefantrine, or meflo-

quine)
α Antifolate-pressure selector
β Artemisinin-pressure selector

These selectors are mathematical switches rather than measured concentrations. The two
extreme scenarios studied are all stress OFF,

ω = 0, (λ, α, β, ρ) = (0, 0, 0, 0),

and all stress ON,
ω = 1, (λ, α, β, ρ) = (1, 1, 1, 1).
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3.3. Regulatory Interaction Diagram

Figure 2 summarizes the logical interactions encoded by the update rules. Arrows denote
activating or maintaining influences and barred lines denote inhibitory influences.

AP2-G

HP1

PfEMP1

H3K9me3

PfSIR2A

PfDHFR PfCRT

PfMDR1

PfK13

ω

α

β

λ

ρ

Figure 2: Schematic representation of the regulatory interactions encoded by the Boolean rules. The
diagram is a cleaned reconstruction of the interaction concept in the source manuscript.

3.4. Boolean Update Rules

With all variables evaluated at time t unless otherwise indicated, the Boolean update rules are

PfEMP1(t+ 1) = ¬HP1 ∧ ¬PfSIR2A ∧ ω, (6)
PfCRT(t+ 1) = [PfCRT ∧ (ω ∧ λ)] ∨ [PfCRT ∧ PfMDR1], (7)

PfMDR1(t+ 1) = PfMDR1 ∨ PfCRT ∨ (ω ∧ ρ), (8)
PfDHFR(t+ 1) = ω ∧ α, (9)
AP2−G(t+ 1) = ¬HP1 ∧ AP2−G ∧ ω, (10)
PfSIR2A(t+ 1) = ¬ω, (11)

PfK13(t+ 1) = ω ∧ β, (12)
HP1(t+ 1) = H3K9me3 ∧ PfSIR2A, (13)

H3K9me3(t+ 1) = PfSIR2A. (14)

For algebraic analysis, define

X1 = PfEMP1, X2 = PfCRT, X3 = PfMDR1,

X4 = PfDHFR, X5 = AP2−G, X6 = PfSIR2A,

X7 = PfK13, X8 = HP1, X9 = H3K9me3.

Isere et al. 6 IJCMSC, Vol. 1, Issue 2 (2026)



The square-free polynomial update functions over F2 are therefore

f1 = (1 +X8)(1 +X6)ω, (15)
f2 = X2ωλ+X2X3 + (X2ωλ)(X2X3), (16)
f3 = X3 +X2 + ωρ+X2X3 +X3ωρ+X2ωρ+X2X3ωρ, (17)
f4 = ωα, (18)
f5 = (1 +X8)X5ω, (19)
f6 = 1 + ω, (20)
f7 = ωβ, (21)
f8 = X9X6, (22)
f9 = X6. (23)

Equations (15)–(23) restore the terms that were visually lost in several equations of the source
Word document and are algebraically equivalent to the stated Boolean rules.

3.5. Fixed Points Under All Stress OFF

There are 29 = 512 possible states for the nine gene/regulator variables. Under

ω = 0, λ = α = β = ρ = 0,

the update functions simplify to

f1 = 0, f2 = X2X3, f3 = X3 ∨X2,

f4 = 0, f5 = 0, f6 = 1,

f7 = 0, f8 = X9X6, f9 = X6.

Solving F (X) = X gives

X
∗(0)
1 = (0, 0, 0, 0, 0, 1, 0, 1, 1),

X
∗(0)
2 = (0, 0, 1, 0, 0, 1, 0, 1, 1),

X
∗(0)
3 = (0, 1, 1, 0, 0, 1, 0, 1, 1). (24)

The common coordinates X6 = X8 = X9 = 1 indicate that PfSIR2A, HP1, and H3K9me3
remain active in each OFF-state attractor, while PfCRT and PfMDR1 distinguish the three fixed
points.

As a direct check, for X = (0, 0, 0, 0, 0, 1, 0, 1, 1) every component satisfies fi(X) = Xi.
Hence an asynchronous update of any single component leaves the state unchanged.

3.6. Fixed Points Under All Stress ON

Under
ω = 1, λ = α = β = ρ = 1,

Isere et al. 7 IJCMSC, Vol. 1, Issue 2 (2026)



the fixed-point equations imply

X1 = 1, X3 = 1, X4 = 1, X6 = 0, X7 = 1, X8 = 0, X9 = 0,

while X2 and X5 are free binary coordinates. Consequently, the four fixed points are

X
∗(1)
1 = (1, 0, 1, 1, 0, 0, 1, 0, 0),

X
∗(1)
2 = (1, 0, 1, 1, 1, 0, 1, 0, 0),

X
∗(1)
3 = (1, 1, 1, 1, 0, 0, 1, 0, 0),

X
∗(1)
4 = (1, 1, 1, 1, 1, 0, 1, 0, 0). (25)

Thus PfEMP1, PfMDR1, PfDHFR, and PfK13 are active in every all-stress-ON fixed point,
whereas PfSIR2A, HP1, and H3K9me3 are inactive. PfCRT and AP2-G distinguish the four
stable configurations.

For the illustrative initial state

(1, 0, 1, 0, 1, 0, 1, 0, 1),

a sequential asynchronous sweep changes the PfDHFR and H3K9me3 coordinates and reaches

(1, 0, 1, 1, 1, 0, 1, 0, 0),

which is the second fixed point in (25). Once this state is reached, every subsequent single-node
update leaves it unchanged.

3.7. Asynchronous State-Transition Basins

The source computation generated basin diagrams for representative transitions into the fixed
points. Figures 3 and 4 reproduce those computational outputs. In an asynchronous transition
graph, edges correspond to admissible single-component updates; therefore, a non-fixed state
may have several outgoing transitions, while a fixed point has only a self-invariant state.

(a) 000001011 (b) 001001011 (c) 011001011

Figure 3: Asynchronous state-transition basin visualizations for the three all-stress-OFF fixed points.
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(a) 101100100 (b) 101110100

(c) 111100100 (d) 111110100

Figure 4: Asynchronous state-transition basin visualizations for the four all-stress-ON fixed points.

3.8. Fixed-Point Trajectories

A fixed-point trajectory is constant once the attractor is reached. The trajectory plots supplied in
the source manuscript are reproduced in Figures 5 and 6. Overlapping binary traces can visually
obscure one another because several components have identical 0/1 values throughout the plotted
interval; this is a plotting effect rather than a change in the underlying state.

(a) OFF fixed point 1 (b) OFF fixed point 2 (c) OFF fixed point 3

Figure 5: Trajectory plots associated with the all-stress-OFF fixed points.
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(a) ON fixed point 1 (b) ON fixed point 2

(c) ON fixed point 3 (d) ON fixed point 4

Figure 6: Trajectory plots associated with the all-stress-ON fixed points.

3.9. Fixed-Point Heatmaps

The heatmaps in Figure 7 compactly compare the attractor coordinates. For stress OFF, variability
occurs in PfCRT and PfMDR1. For stress ON, variability occurs in PfCRT and AP2-G. The
original manuscript incorrectly described the stress-ON heatmap as containing three fixed points;
the displayed matrix and the derived solution (25) contain four.

(a) All stress OFF (b) All stress ON

Figure 7: Heatmaps of the stable fixed-point states.
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4. Biological Interpretation of the Fixed Points

Under all stress OFF, the model produces three stable states in which PfSIR2A, HP1, and
H3K9me3 are simultaneously active, while PfEMP1, PfDHFR, AP2-G, and PfK13 are inactive.
The only variation occurs in PfCRT and PfMDR1. Within the assumptions of the Boolean rules,
these attractors therefore represent multiple non-stressed regulatory configurations that share a
common repressive/heterochromatic background.

Under all stress ON, the model produces four stable states with PfEMP1, PfMDR1, PfDHFR,
and PfK13 active and PfSIR2A, HP1, and H3K9me3 inactive. PfCRT and AP2-G can
independently take either binary value at a fixed point, creating four combinations. This
transition is consistent with the logic encoded in the model: stress suppresses PfSIR2A through
f6 = ¬ω, which in turn forces H3K9me3 and HP1 to zero through f9 = X6 and f8 = X9X6;
the loss of HP1/PfSIR2A repression allows the PfEMP1 rule to evaluate to one when ω = 1.
These interpretations are consequences of the chosen logical rules and should not be read as
proof of direct causal biological mechanisms without experimental validation.

The model therefore provides a qualitative hypothesis-generating framework. It can be
extended by incorporating experimentally measured regulatory edges, probabilistic update rules,
stage-specific constraints, or perturbation analysis to test how deletion or inhibition of selected
nodes changes the attractor landscape.

5. Conclusion

This study formulates a nine-component Boolean regulatory model for selected virulence-,
resistance-, development-, and epigenetic-associated components of Plasmodium falciparum.
The logical rules were converted into square-free polynomials over F2, and the fixed-point
condition F (X) = X was analyzed under two extreme stress regimes. Three fixed points occur
when all stress selectors are OFF, whereas four occur when all selectors are ON. Because fixed
points are invariant under every single-node update, these states are stable under asynchronous
dynamics as well as under the full synchronous map.

The analysis demonstrates how a compact logical model can organize hypotheses about
stable parasite regulatory configurations and how those configurations change when external
stress switches are altered. The biological implications remain model-dependent, but the
framework provides a tractable basis for subsequent refinement using experimental regulatory
data, perturbation studies, and more detailed stochastic or multivalued models.
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