
Nisin Diffusion Tool

Certain strains of bacteria produce an antimicrobial peptide known as nisin. The production
of nisin is regulated by a set of genes, as shown in Figure 1 A–B, which involves a positive
feedback loop. Thus, active nisin serves to activate its own production. When nisin con-
centrations reach a certain threshold, it induces cell death, thereby regulating the density of
the bacterial population. By introducing a fluorescent protein which is under the control of
a nisin-inducible promoter, we can visualize nisin concentrations in a bacterial population
(Fig. 1C). High levels of nisin will induce cell death, medium levels will induce fluorescence,
and low levels will yield negligible changes, as shown in Figure 2.

To visualize this phenomenon, we have constructed a tool on nanohub to simulate nisin
diffusion and interaction with a bacterial population. The user selects from a list of predefined
initial distributions of nisin in the chemical mask above the agar layer (see Figure 3). The
nisin then diffuses across the agar layer to the cell layer according to a three dimensional
diffusion equation with degradation.

dN

dt
= D∇2N − γN (1)

Where N is the nisin concentration, D is the diffusion constant, and γ is the degradation
rate. The concentration of nisin at the cell layer is recorded over the simulation, and the cell
response (death, fluorescence, or no change) is determined according to the following:

Cell Response =


Death Nc ≥ Th
Fluorescence Th > Nc ≥ Tl
No Change Tl > Nc

(2)

Where Nc is the cumulative concentration of nisin at the cell layer over the entire simula-
tion, Th is the upper threshold corresponding to cell death, and Tl is the lower threshold
corresponding to cell fluorescence. Thus, the cell response acts as a type of bandpass filter
for visualizing nisin concentration, as show in figure ...

In the tool, the diffusion equation (Eq. 1) can be modeled in two different ways, namely
deterministic or stochastic. Both models discretize both space and time into a four dimen-
sional grid. The deterministic method, however, models the diffusion of nisin by tracking
the flow of the initial concentration over space. The concentration diffuses uniformly in all
directions, leading to a root mean squared distance over time that is in agreement with the
continuous diffusion equation (Eq 1). Degradation acts uniformly over the population of
nisin molecules by scaling the total concentration at each time step.

The stochastic method treats the initial nisin concentration as a discrete collection of
molecules rather than a continuous concentration. The molecules then undergo a random
walk through space, which again reproduces a root mean squared distance over time that is in
agreement with the continuous diffusion equation (Eq 1). Degradation of the nisin molecules
also takes place randomly, by removing on average the same number of molecules each
time steps as in the deterministic simulation. The stochastic methods can produce different
results for individual runs, due to the random nature of the movement of the molecules. The
nisin concentration can be recovered from the stochastic simulations by dividing the number
of molecules at each grid point by the volume associated with each grid point from the
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discretized space. The results for the deterministic and stochastic methods should converge
as the number of nisin molecules becomes large.

The important parameters for the nisin diffusion tool, namely D, γ, Th, and Tl reflect
the multi-scale nature of the problem. The diffusion equation (with D and γ) controls the
relatively large scale movement of nisin molecules across the agar layer to the cell layer
(∼ 3mm), while the thresholds (Th and Tl) reflect the interaction of nisin molecules with
individual bacteria (∼ 1µm). Furthermore, the actual production of fluorescence takes place
at the scale of individual genes (∼ 10nm). The three scales are different by approximately
six orders of magnitude and reflect the multi-scale nature of many biological processes (see
Figure 4).
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Figure 1: A-B The natural system of nisin production. A. The nisin gene cluster contains 11
genes and 4 promoters. B. Mature nisin activates its own production through interactions with a
membrane receptor. C. The engineered bacterial cells cannot produce nisin, but they can respond
to it. Mature nisin may interact with nisK, causing GFP production and fluorescence, or it may
interact with the membrane eventually causing cell death.
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Figure 2: The engineered cell response to nisin acts like a bandpass filter for nisin concentration.
High concentrations of nisin cause cell death. Medium concentrations of nisin cause cell fluorescence,
and low concentrations of nisin cause a negligible response.
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Figure 2: A. The experimental setup to observe nisin-induced fluorescence involves a mask with
concentrated nisin and an indicator layer of cells. B. Nisin is distributed on the mask in the shape
of an L. C. The indicator layer of cells fluoresces to reproduce the shape on the mask. The cells
inside the fluorescent L have died due to high nisin concentrations. Both B and C come from an
actual simulation.
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Figure 3: Schematic of experimental setup. A high concentration of nisin is initially placed in the
mask layer in a desired shape. The nisin then diffuses across the agar layer to the cell layer where
it interacts with the engineered bacteria.
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Figure 4: Different length scales for biological system. The nisin molecules diffuse across the agar
layer which is millimeters thick. The nisin then interacts with individual bacterial cells that are
around one micrometer in width. Nisin induces the expression of a gene for GFP encoded in DNA,
which has a width of around one nanometer
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