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ABSTRACT

Controllable spatial patterning is a major goal for
the engineering of biological systems. Recently, syn-
thetic gene circuits have become promising tools to
achieve the goal; however, they need to possess both
functional robustness and tunability in order to facil-
itate future applications. Here we show that, by har-
nessing the dual signaling and antibiotic features of
nisin, simple synthetic circuits can direct Lactococ-
cus lactis populations to form programmed spatial
band-pass structures that do not require fine-tuning
and are robust against environmental and cellular
context perturbations. Although robust, the patterns
are highly tunable, with their band widths specified
by the external nisin gradient and cellular nisin immu-
nity. Additionally, the circuits can direct cells to con-
sistently generate designed patterns, even when the
gradient is driven by structured nisin-producing bac-
teria and the patterning cells are composed of multi-
ple species. A mathematical model successfully re-
produces all of the observed patterns. Furthermore,
the circuits allow us to establish predictable struc-
tures of synthetic communities and controllable ar-
rays of cellular stripes and spots in space. This study
offers new synthetic biology tools to program spatial
structures. It also demonstrates that a deep mining of
natural functionalities of living systems is a valuable
route to build circuit robustness and tunability.

INTRODUCTION

Spatial pattern formation is one of the most remarkable ca-
pacities of natural living organisms (1). For instance, the
social bacterium Paenibacillus vortex coordinates with each
other to form spiral vortexes on agar plates (2); the embryo
of Drosophila melanogaster develops into an adult fly un-
der the guidance of spatially and temporally ordered mor-
phogen gradients (3) and cheeta and zebra are coated with

the patterns of spots and stripes on their skins accordingly
(4). Owing to the ubiquity and versatility of pattern for-
mation in nature, achieving an engineering ability of cel-
lular pattern programming has been a major goal for the
engineering of biological systems (5–11). Along this di-
rection, there has been an array of recent synthetic biol-
ogy efforts. Successful examples include programmed bull’s
eye patterns from synthetic producer–responder cells (12),
synchronized oscillation and travelling waves among cells
with coupled positive and negative feedback circuits (13),
sequentially developed stripes of growing cells enabled by
density-dependent chemotaxis (14), scale-invariance rings
self-organized through the modulation of temporal dynam-
ics of diffusible molecules (15), and others (16–19). Al-
though these studies were primarily for proof-of-concept
purposes, they offered highly valuable implications in multi-
ple ways. First, following the ‘build-to-understand’ concept,
the construction and characterization of patterning circuits
yielded insights into the fundamental mechanisms of coor-
dinated biological behaviors and spatial pattern formation
of natural systems. Second, the resulting engineered gene
circuits enriched the arsenals of synthetic biology for direct-
ing the spatial organization of cellular populations, which
has the potential for applications in a variety of fields such
as tissue engineering, biomaterial fabrication and biological
computation.

To further foster their practical applications and deepen
the understanding of fundamental design principles, syn-
thetic gene circuits for pattern formation or any other pur-
poses, need to possess two characteristic features, robust-
ness and tunability. The former refers to a circuit’s ability in
maintaining its behaviors upon external and internal per-
turbations while the latter describes the extent to which a
circuit can be tuned. With both features, a circuit will per-
sistently execute its functionality under perturbations and,
in the meanwhile, remain subjective to designed regulatory
signals for behavioral modulation. To create such circuits,
one promising strategy is to deeply mine the untapped func-
tional capacities of natural living systems, as many natural
organisms have evolved to acquire both features without
costing a high degree of system complexity. In this paper,
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we present gene circuits for spatial band filtering that are
developed by exploiting the natural dual signaling and an-
tibacterial features of nisin, an antimicrobial peptide pro-
duced by Lactococcus lactis (20). The circuits are simple
in design and construction but robust and tunable in func-
tionality. Interestingly, with the robustness and tunability,
the circuits not only generate persistent spatial ring struc-
tures but also confer the establishment of predictable spatial
structures of synthetic communities and controllable arrays
of cellular stripes and spots in space.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Escherichia coli NEB-10� was used for cloning and plas-
mid construction. Lactococcus lactis K29 is a nisin producer
used in the experiments. Lactococcus lactis NZ9000 is used
as host for nisin responder strains in all cases. Lactococcus
lactis strains are cultured in M17 medium with 0.5% glucose
at 30◦C. All plasmids were first constructed and sequenced
in E. coli and then transformed into L. lactis by electropo-
ration. Chloramphenicol was added at a final concentration
of 10 �g/ml for E. coli and 5 �g/ml for L. lactis if necessary.

Cloning and plasmid construction

Gibson assembly was used to construct most of the plas-
mids. Oligos with overlapping regions for PCR amplifica-
tion and Gibson assembly were listed in Supplementary
Table S2. Nisin induced GFP expression plasmid (pleiss-
PnisA-gfp) and RFP expression plasmid (pleiss-PnisA-
rfp) were constructed by assembling a gfp fragment or
mcherry fragment with the pLeiss:Nuc vector which con-
tains the PnisA promoter (21). The plasmid for constitu-
tively expressing GFP (pleiss-Pcon-gfp) was constructed by
cloning gfpuv gene and the constitutive promoter of lcnA
into pleiss-Nuc vector (22). The plasmid, pleiss-Pcon-rfp,
was constructed by replacing gfp in pleiss-Pcon-gfp with
mcherry. Constitutive promoters, P23, P32, P59 and P3a,
were synthesized via gblock by IDT (Integrated DNA Tech-
nologies). Different versions of nisI expression plasmids
were constructed by integrating constitutive promoters and
nisI with the fragment of pSH71 replicon and chloram-
phenicol resistant gene from the pLeiss:Nuc plasmid. The
nisin induced GFP expression plasmid with nisin immunity
(pleiss-PnisA-gfp-P3a-nisI) was constructed by insertion of
P3a-nisI downstream of gfp and separated by a T1T2 ter-
minator. All the plasmids were constructed in E. coli and
sequenced, and then transformed into L. lactis NZ9000 to
test for their phenotypes.

Growth curve and GFP measurement

An inoculum of L. lactis NZ9000/pleiss-PnisA-gfp (iGS)
was grown overnight to stationary phase and then trans-
ferred to fresh media at a 1:100 dilution. The new inocula
were added with nisin to a final concentration of 3 × 10−5 to
30 IU/ml when their OD600 reached 0.3. After 5 h incuba-
tion, OD600 and relative green fluorescence were measured.

NisI expressing cells and GFP control cells were inocu-
lated by a 1:100 dilution of the overnight cultures. When

their OD600 reached 0.3, nisin was added to the cultures at a
final concentration of 0.01–3000 IU/ml. The cultures were
incubated at 30◦C for another 5 h and then cell numbers
were counted by dilution and plate pouring.

Nisin induced patterns by agar diffusion through wells and
filter papers

A double layer agar diffusion method was used to demon-
strate nisin induced pattern. First, a bottom layer was pre-
pared by mixing 100 �l of nisin responder cells (iGS or iGR)
with 25 ml of molten GM17 agar (1% soft agar) and pouring
to a 150 mm plate. Half an hour later, the bottom agar was
overlaid with an additional 25 ml of 50◦C molten soft agar.
Meanwhile, a 96-well PCR plate (well maker) was placed
in the upper layer to make wells. Another half hour later,
the PCR plate was removed, and 15 �l of standard nisin
solution (10–100 IU/ml) were added into wells. After incu-
bation at 30◦C for 10 h, images were taken of the plates.

Agar plates were made by mixing 100 �l of overnight cul-
tures of L. lactis NZ9000/ pleiss-PnisA-gfp (iGS) and 30 ml
of molten GM17 agar and pouring to a 150 mm plate. Filter
papers (Whatman) were cut to form different patterns. Then
these cut papers (masks) were immerged into 10 IU/ml of
nisin solution and put on the surface of the plates. Plates
were incubated at 30◦C for 20 h and then images were taken.

Robustness test for nisin induced programmed patterns

A standard experimental setting for nisin induced pro-
grammed pattern is 1× GM17, 1% agar, natural pH of
GM17 (6.86), 30◦C and aerobic. To examine the robust-
ness of programmed spatial ring formation in response to
environmental factors, the M17 concentration (0.1×–4×),
agar concentration (0.75–2.25%), pH (4.5–8.8), tempera-
ture (22–40◦C) and oxygen (aerobic or anaerobic) were
chosen as environmental variables for pattern formation.
Briefly, fifty microliters of overnight cultures of iGS were
mixed with 20 ml of molten GM17 agar (M17 concentra-
tion, agar concentration or pH was adjusted accordingly).
Then, the mixture was poured into a 9 mm plate, and a PCR
plate was placed on it to make wells. After solidification,
15 �l of 25 IU/ml of nisin were added to the well and the
plates were incubated in aerobic or anaerobic incubators at
different temperatures. Images were taken after 10 h of in-
cubation. To examine the system’s robustness to host alter-
ations, the plasmid pleiss-PnisA-gfp was transformed into
Lactobacillus casei BL23 (nisRK integrated in its chromo-
some). The resulting strain, Lb. casei BL23/pleiss-PnisA-
gfp, was used as responder cells for the formation of nisin in-
duced patterns under the standard experimental condition
setting except incubation at 37◦C. To examine the effect of
plasmid replication origin on pattern formation, the PnisA-
gfp cassette was amplified from pleiss-PnisA-gfp and cloned
into medium to the high copy number plasmid pCCAM�1
(pAM�1 origin) (23) and the low copy number plasmid
pMG36e (pWV01 origin) (24). The primers for cloning pro-
cedure were listed in Supplementary Table S2. Lactococ-
cus lactis NZ9000 was transformed with the new plasmids
and subsequently used to perform pattern formation exper-
iments according to the standard settings.
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Nisin induced patterns at the single cell level

A thin-layer GM17/Cm agar plate was made by pouring 8
ml of molten GM17 agar plus 5 �g/ml of chloramphenicol
into a 90 mm plate. The plate was first allowed to cool down
at room temperature for half an hour. Then a 1 × 1 cm agar
pad was cut from the plate and 0.2 �l of 100 IU/ml nisin was
added on the center of the agar pad. After the nisin diffused
into the agar pad, 5 �l of nisin responder cells were dropped
onto the agar pad. The agar pad was then inverted and put
in a 35 mm glass bottom dish. After 12 h of incubation at
30◦C, images were taken by a fluorescent microscope.

Nisin producer directed pattern formation

Nisin responder cells were grown to early stationary phase
and then diluted with GM17 medium to an OD600 of 0.2.
Twenty milliliters of molten GM17 agar (1% agar) were
poured into a 90 mm plate. After solidification for 30 min,
75 �l of diluted nisin responder cells were added onto the
plate. After the droplet dried 0.25 �l of early stationary
phase of nisin producer culture was added onto the center
of the dried nisin responder cells. Then the plates were incu-
bated at 30◦C for 12–14 h and images were taken using an
Axio Zoom V16 Microscope.

To test the robustness and tunability of our circuit in
the new setting, nisin responder cells with different densi-
ties (OD600 = 0.05, 0.1, 0.2, 0.5 and 1) were used to per-
form the producer directed patterning experiment. A con-
trol strain NZ9000/pleiss-nuc was mixed with nisin respon-
der cells (total OD600 = 0.2) at ratios from 0% to 100% to
test the disturbance of the responder by a nonresponding
strain. Additionally, two species of nisin responders (OD600
= 0.2) were mixed at ratios of 5:1 to 1:5.

Mixed population pattern formation

Nisin producer and responder cells were first grown to an
early stationary phase. Cells were mixed at a ratio of 20:1,
1:1, 1:20, 1:100, 1:500 and 1:50 000 (producer: responder)
and diluted to an OD600 of 0.2. Then 75 �l of diluted cell
mix of nisin producer and responder was added onto the
GM17 agar plate (1% agar). The droplets were allowed to
dry and then they were incubated at 30◦C for 12 h. Images
were taken using an Axio Zoom V16 Microscope.

Program controllable stripe and spot patterns driven by nisin
producers

To generate stripe patterns, PiG and iRS/cRS were used
as nisin producer and responder cells. Forty microliters of
overnight cultures (OD600 ≈ 3) of the producer (PiG) or
responder (iRS or cRS) cells were spread on 90 mm of
GM17/Cm agar plates. The PiG plates were incubated at
30◦C for 24 h before use to allow the surface of the agar
to have more cells than iRS or cRS plates. A razor blade
was dipped in bacteria by gently touching the surface of
the plate seeded with nisin responder. The blade was then
used to stamp stripes with 3 mm spaces in parallel on a new
GM17/Cm plate (2% agar). Subsequently, a blade dipped
in PiG cells was used to stamp stripes in a direction perpen-
dicular to the nisin responder with different distances (4,

13, 20 and 40 mm). The plates were incubated at 30◦C for
16 h and fluorescent images were taken. To generate kalei-
doscope like spot patterns, cultures of the nisin producer
(PiG) were diluted or concentrated to different cell densi-
ties (OD600 = 0.0001, 0.2, 1, 6 and 10). Then 3 �l of nisin
responder (iRS or cRS, OD600 = 0.2) was dripped onto ver-
tices of hexagon shapes with an 8 mm length of the side in a
honeycomb structure on GM17/Cm agar plate (1% agar).
Different volumes (0.5 �l of culture with OD600 = 0.0001, 1
�l of culture with OD600 = 0.2, 3 �l of culture with OD600
= 1, 7.5 �l of culture with OD600 = 6 and 9 �l of culture
with OD600 = 10) of PiG cells were added onto the center
of hexagon. The plates were incubated at 30◦C for 16 h to
form the patterns.

Mathematical modeling

Differential equations were used for model development.
Custom-tailored C++ code was developed in order to im-
plement computational simulations. Parameters were cho-
sen based on previous literature and our own experimen-
tal data. See Supplementary Mathematical Modeling for a
detailed description about the model construction, param-
eters and computational methods.

RESULTS

Creating band-pass patterns in space by exploiting nisin’s
dual functionality

Our circuit (Figure 1A) consists of a constitutively ex-
pressed two-component system nisRK, responsible for nisin
signal transduction, and a green fluorescence protein (gfp)
reporter controlled by the nisin-inducible promoter PnisA.
This simple design is based on the dual signaling and an-
tibacterial features of the bacteriocin nisin (25) (Figure 1B):
For a cell carrying the circuit, it shall have no fluores-
cence response when the nisin concentration is too low (left
panel); it can glow when in the presence of an appropriate
nisin level that triggers signaling (middle panel); however,
when the nisin concentration is too high, the cell will be
killed by nisin because of its antibiotic feature, resulting in
a failure in fluorescence expression (right panel). Therefore,
for an exponentially distributed profile of the nisin gradient
(Figure 1C, top panel), the engineered cells plated along the
X axis shall have a sigmoidal rate of survival (Figure 1C, sec-
ond panel) because of the antibiotic feature of nisin. At the
same time, the fluorescence intensity of the cells shall fol-
low an inverse sigmoidal distribution, owing to the need for
nisin in gene expression induction (Figure 1C, third panel).
With both the antibiotic and signaling features, the two op-
posing effects shall be superposed for every cell, leading to a
band-pass pattern in space (Figure 1C, bottom panel). No-
tably, in contrast to systems that generate emergent patterns
(e.g. Turing patterns), our circuit creates programmed spa-
tial patterns responding to external nisin gradients.

To create such a patterning system, we first validated
the dual functionality of nisin, by culturing the engineered
strain iGS (L. lactis NZ9000 strain loaded with a nisin in-
ducible GFP reporter) in liquid medium (GM17) supple-
mented with nisin, measuring the culture growth (optical
density (OD)) and total green fluorescence intensity, and
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Figure 1. A simple gene circuit that produces robust spatial band-pass patterns. (A) Circuit design. The circuit consists of a two-component nisin signaling
system (nisRK) and a nisin inducible green fluorescence reporter (gfp) only. (B) Differential responses of the circuit to external nisin. A low level of nisin
concentration fails to trigger fluorescence production or cell death, resulting in cells viable but non-glowing. A medium level of nisin concentration induces
the expression of green fluorescence gene without killing the cells, enabling the cells to glow. A high level of nisin causes cell death, resulting in a failure in
producing fluorescence. (C) Schematic of the band-pass behavior in space. (D) Confirmation of the signaling and antibacterial features of nisin in liquid
settings (n ≥ 3). (E) Spatial band-pass pattern emerged from a cellular lawn loaded with the circuit. A green fluorescence stripe forms around a nisin-emitting
well (orange well). Between the stripe and the well is the inhibition zone caused by the antibacterial feature of nisin. Scale bar: 5 mm. (F) Single-cell images
of the band-pass populations across space. Top row: brightfield images; bottom row: fluorescence images. Scale bar: 10 �m. (G) Experimental setup for
remote pattern printing on a solid agar plate. The cellular lawn growing at the bottom of the plate is covered by a solid agar layer; a mask soaked with nisin
is placed on top of the agar. (H) Demonstration of pattern printing. The pattern of the mask (i love (heart) GAMES) was remotely printed to the cellular
lawn at the bottom through nisin diffusion, producing a glowing structure that reflect the edge of the mask pattern. Scale bar: 2 cm. (I) Various traffic sign
patterns created using the procedure described in panel G. Scale bar: 5 cm.

calculating the normalized fluorescence intensity (i.e. total
fluorescence divided by OD) (see Materials and Methods
for details). Our results (Figure 1D) showed that the cel-
lular growth rate, reflected by OD, decreases with the level
of nisin in the culture (red squares); meanwhile, the normal-
ized fluorescence level which corresponds to nisin signaling,
increases with nisin (blue triangles). Notably, the normal-
ized fluorescence level collapses to zero when the nisin con-
centration is at a level of 1.0 international unit (IU)/ml or
higher, attributed to the fact that cellular growth is prohib-
ited by nisin at that level. The total fluorescence intensity
(green circles) changes from low to high and to low again
with respect to nisin, suggesting that the circuit confers a
band-pass behavior in liquid.

We then examined the green fluorescence pattern of
cells in space where nisin distribution is heterogeneous. We
plated a lawn of engineered cells on a solid agar plate which
contains a well in the center filled with nisin (nisin dissolved
in pH 2.0 HCl/1% Tween 20) and incubated the plate at
30◦C (see Materials and Methods for details). After 10 h, we
found that a clear inhibition zone formed around the well
(Figure 1E, top panel, brightfield image) and a symmetri-
cal ring-like structure formed in space (Figure 1E, bottom
panel, fluorescence image). The side view of the structure

and the time course of ring formation are shown in Supple-
mentary Figures S1 and S2 accordingly. Notably, although
no fluorescence was observed in both the areas close and
distant from the well, the underlying causes are different:
the former resulted from the absence of living cells due to
growth inhibition by a high dose of nisin; by contrast, the
latter was caused by the lack of GFP expression because of
the insufficiency of nisin concentration for signaling. These
results demonstrated that our circuit successfully directed
the emergence of spatial band-pass patterns of the popu-
lations. In addition, we confirmed the necessity of nisRK
for signal transduction and ring structure formation (Sup-
plementary Figure S3). To further confirm the band-pass
structure, we examined both cellular growth and overall flu-
orescence of the cellular lawn at the single-cell level. Fig-
ure 1F shows the bright field and fluorescence images of the
cells across the nisin gradient. Consistent with our design,
the cellular survival indeed increased with the distance from
the nisin source while the overall fluorescence intensity fol-
lows a low-high-low pattern.

Next, we tested the feasibility of creating complicated
spatial structures with the engineered circuit. As shown in
Figure 1G, we set up our patterning environment where a
cellular lawn was planted at the bottom of a plate, an agar
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layer in the middle, a paper mask, soaked with nisin, on the
top (see Materials and Methods for details). We found that,
for a plate covered with a mask that has a pattern of ‘i love
(heart) GAMES’ (Figure 1H, left panel), the pattern was
able to be remotely printed to the cellular layer at the bot-
tom (Figure 1H, middle panel) after 20 hours of incubation
(bright field image). In addition, we found that, conferred
by the band-pass feature of the circuit, the cellular lawn
showed a clean fluorescence pattern that mimics the edge
of the mask (Figure 1H, right panel), showing that the cir-
cuit remains functional for complicated patterns. To further
demonstrate its utility, we made a set of masks represent-
ing different traffic signals, resulting in a total of 16 distinct
traffic patterns as shown in Figure 1I.

Synthetic circuits are robust against environmental and cellu-
lar context variations

A demanding characteristic of synthetic circuits is func-
tional robustness, a property that allows the circuits to
maintain their behaviors despite external and internal per-
turbations (26). For our circuit, successful creation of the
16 patterns (Figure 1I) has indicated that it is functionally
robust. To systematically evaluate its robustness, we per-
formed a series of spatial patterning experiments under al-
tered environmental conditions. We varied the formulation
of the medium composition by changing its nutrient con-
centration from 0.1× to 4× (Supplementary Figure S4A)
and agar concentration from 0.75% to 2.25% (Supplemen-
tary Figure S4B). We also changed the pH of the agar plates
from 4.5 to 8.8 (Supplementary Figure S5A), the incuba-
tion temperature from 22◦C to 40◦C (Supplementary Fig-
ure S5B), and the oxygen availability from diminished to
abundant (Supplementary Figure S5C). Through a total of
39 perturbations, we found that, although the details of the
resulting patterns (e.g. their diameters and fluorescence in-
tensities) may vary, the circuit was able to persistently gener-
ate the ring-like structures. Thus, these experiments demon-
strated that our circuit is robust against environmental per-
turbations. In addition, we examined how the circuit re-
sponds to the variations of cellular contexts, such as the
host organism and plasmid copy number. By changing the

host from a L. lactis strain (NZ9000) to a Lactobacillus
casei strain (BL23), we found that the circuit in different
hosts responded similarly to external nisin concentrations
(Supplementary Figure S6A and the top row of Figure 2D),
demonstrating that it is robust against host organism varia-
tions. We also altered the circuit’s copy number by replacing
the origin of replication pSH71 with pAM�1 and pWV01
(Supplementary Figure S6B), confirming that the circuit re-
mains persistent upon copy number perturbations. Further-
more, we mixed the engineered strain iGS with the control
strain (NZ9000/pleiss-Nuc) during pattern formation (Sup-
plementary Figure S7) and, again, found that the ring struc-
tures continued to emerge. Together, the above experiments
demonstrated that our synthetic circuit is functionally ro-
bust against both environmental and cellular context per-
turbations.

Tuning the patterns by varying cellular immunity and exter-
nal nisin gradient

Our circuit is robust in generating ring-like patterns; how-
ever, does the robustness of the circuit compromise its tun-
ability? Here, we sought to engineer a high degree of tun-
ability into the circuit by, again, utilizing the natural func-
tionality associated with nisin. Specifically, we introduced
nisI (20), a gene that confers nisin immunity, to the en-
gineered strain to fine-tune the patterns (Figure 2D). Our
design is based on the fact that the inner diameter of the
band-pass patterns is characterized by the strain’s sensitiv-
ity to nisin (Figure 1C, second panel) and, thus, altering
the strain’s immunity to nisin can change the inner diameter
of the band. We therefore constructed four circuit variants
(P59-nisI, P3a-nisI, P23-nisI, P32-nisI) that possess differ-
ent expression levels of the immunity gene (Supplementary
Table S1). Our colony forming units (CFU) assays (Figure
2C) showed that the circuit variants all have an increase in
nisin resistance, with their specific levels determined by the
strength of the promoters controlling nisI.

To confirm the circuit’s tunability, we conducted a set
of patterning experiments using the nisI-expressing variant
(Figure 2A) and the original circuit (Figure 1A). Our results
showed that, for the cellular lawn harboring the original cir-
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Table 1. Nisin producer and responder strains used in spatial patterning
experiments

Strain Functional characteristics

PiG Nisin producer; self-inducible GFP expression; resistant to nisin
iGS Nisin responder; nisin-inducible GFP expression; sensitive to nisin
iRS Nisin responder; nisin-inducible RFP expression; sensitive to nisin
iGR Nisin responder; nisin-inducible GFP expression; resistant to nisin
cGS Nisin responder; constitutive GFP expression; sensitive to nisin
cRS Nisin responder; constitutive RFP expression; sensitive to nisin

cuit (Figure 2D, top row), the inner and outer diameters of
the bands increase with the level of nisin in the well (orange
circles) (Quantitative data are shown in Supplementary Fig-
ure S8). The reason is that, for the given nisin sensitivity
and signaling threshold defined by the circuit, increasing
the nisin concentration at the source pushes both the sur-
vival and signaling profiles away from the source (Figure
1C). By contrast, for the cells with increased nisin immunity
(P3a-nisI), the outer diameter increases with nisin concen-
tration while the inner diameter remains almost the same
(Figure 2D, bottom row), demonstrating that altering cel-
lular immunity to nisin confers tunability to the patterns.
It is noteworthy that the inner diameter of the resistance-
enhanced cells will increase eventually when the nisin level
is higher than cellular immunity. Thus, our patterns can
be controlled by combinatorial modulation of cellular nisin
immunity and environment nisin level.

Directing fine controllable patterns with nisin-producing bac-
teria

In natural living systems, morphogen gradients governing
pattern formation are often established by cells rather than
external control. We thus further tested circuit robustness
by examining spatial population patterns driven by nisin-
producing bacteria (producers). Figure 3A shows spatial
structures formed by five different sets of nisin responsive
cells (responders, listed in Table 1). Notably, the responders
were driven by the same producer PiG, a wild-type nisin
producing strain (K29) loaded with a GFP reporter, and
each sector here corresponds to a specific experiment. We
found that the lawns of the responders iGS and iRS, the
NZ9000 strain loaded with the original circuit (Figure 1A)
and inducible reporters, produced band-pass patterns (Sec-
tors 1 and 2) similar to those directed by external nisin (Fig-
ure 1E). By contrast, for the responder with an enhanced
immunity (iGR), the inner diameter of the patterns has al-
most disappeared (Sector 3). For comparison, those sensi-
tive to nisin but capable of constitutive fluorescence pro-
duction (cGS and cRS) generated homogeneous structures
except for the gap areas close to the producers (Sectors 4
and 5). Here, the gaps are caused by the antibiotic activity
of nisin; the homogeneous patterns are due to constitutive
fluorescence expression. A nisin producer deficient in GFP
production was also tested for the same set of experiments
and similar results were obtained (Supplementary Figure
S9).

Complex patterns often involve multiple types of popu-
lations. Thus, we evaluated the utility of our circuit in di-
recting the pattern formation of multiple responder species
(Figure 3B) (Separate green and red channels are shown
in Supplementary Figure S10). Our results showed that a

mixed lawn of the two nisin-inducible fluorescence respon-
ders, iGS and iRS, yielded a mixed green and red circular
band along the radius (Sector 1). When the fluorescence re-
porter of one of the responders was changed from inducible
to constitutive (iGS replaced by cGS or iRS by cRS), the
corresponding well-mixed band structure was shifted to a
three-section profile including no fluorescence close to the
producers, mixed fluorescence in the middle, and single uni-
form fluorescence (green or red) at a large radius (Sectors 2
and 3). In addition, when both responders expressed fluo-
rescence constitutively (cGS and cRS), a homogeneous pat-
tern emerged in the space outside of the non-fluorescent
area close to the producer cells caused by nisin inhibition
(Sector 4). Here, nisin immunity continued to confer a tun-
ability for pattern characteristics. Sector 5 shows that, when
one of the responders was given an increased nisin immu-
nity (iGS replaced by iGR), green fluorescence emerged in
the area close to the producer. Compared to the mixed-color
band in Sector 1, the appearance of the green zone was at-
tributed to the enhanced immunity of the green responder
(iGR). Lastly, by replacing the nisin inducible, red respon-
der strain (iRS) with a constitutive version (cRS), the area
away from the source turned from void to red (Sector 6).
For this set of experiments, we noticed that there were mi-
nor differences for the non-fluorescence gaps between pro-
ducer and responder cells for different settings, which can be
explained by the growth difference of the corresponding re-
sponders (Supplementary Discussion and Figure S11). We
also examined the patterns of various responder cells when
there is no nisin producer (Figure 3C), ruling out the pos-
sibility that the observed patterns were caused by the varia-
tions of gene expression among the cells. Collectively, these
experiments confirmed that our synthetic circuits are per-
sistent in generating complex band-pass patterns for mul-
tiple responders. Additionally, we evaluated the circuits by
varying the initial cell density (Supplementary Figure S12),
mixing ratio and relative abundance (Supplementary Fig-
ures S13 and S14) of the responders for different producer-
responder settings. The results showed that the circuits re-
main robust and controllable.

To quantitatively characterize the programmed patterns,
we developed a mathematical model that mimics the spa-
tial developmental processes of the engineered populations
(see Supplementary Mathematical Modeling for the details
of our model). The model utilizes reaction-diffusion equa-
tions to describe bacterial population dynamics and nisin
diffusion, as well as the interactions between nisin, gene ex-
pression and cell growth. By fitting the model parameters to
the experimental data obtained above, the model was able to
successfully reproduce the patterns generated in our exper-
iments. Figure 3D and E show the patterns of single- and
two-species responders and Figure 3F shows the pattern
from the control cases, agreeing well with the experimental
data in Figure 3A–C accordingly (see Supplementary Fig-
ures S15–S17 for comparison). In addition, we reproduced
the time course of the pattern formation in Supplementary
Figures S18 and S19.
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Figure 3. Various spatial patterns directed by nisin-producing bacteria. (A–C) Experimentally observed patterns of cellular populations directed by nisin
producing bacteria. (A) Patterns of single-species responder populations. (B) Patterns of mixed, two-species responder populations. (C) Controls. Each
experiment was repeated at least three times. Representative images from experiments are shown. The details of the responder and producer cells are
available in Table 1. (D–F) Patterns emerged from the simulations of a mathematical model. The settings are identical to those of the experiments (A–C).

Harnessing the circuits to establish predictable spatial struc-
tures of synthetic communities

One ultimate goal of synthetic biology is to generate pre-
dictable dynamics and function with engineered gene cir-
cuits. Here, we sought to test whether our circuits can be
used to generate predictable structures of synthetic bacterial
communities, one emerging direction of synthetic biology
that has lately attracted significant interest and shown com-
pelling potential (27–29). Using the above model without
changing its parameters and initial conditions of randomly
distributed cell populations (Supplementary Mathemati-
cal Modeling), we explored the developmental processes of
well-mixed bacterial communities plated on agar. Figure 4A
and Supplementary Figure S20 show the emerged patterns
of two-species consortia from simulations, suggesting that
initial species composition (Row 1: PiG and iRS; Row 2:
PiG and cRS; Row 3: cGS and cRS, and Row 4: cGS and
iRS) and relative abundance (Columns 1–6: 20:1, 1:1, 1:20,
1:100; 1:500; 1:50 000) are both defining factors that specify
the pattern characteristics (see Supplementary Figure S21
for the initial cell densities).

To test these predictions, we performed a series of pattern
formation experiments by using the same procedure as in
the simulations. Row 1 of Figure 4B shows the emerged pat-
terns of a cellular lawn that consisted of a green nisin pro-
ducer (PiG) and a nisin-sensitive responder capable of nisin-
inducible RFP expression (iRS). Here, the producer and the
responder were well mixed when initially plated on the agar.
Over time, the resulting cellular lawn developed into a ho-
mogeneous green pattern when the producer-responder ra-

tio was equal to one or larger (1:1 and 20:1), owing to the
growth inhibition of the responder by the nisin secreted by
the producer as well as the higher initial abundance of the
producer. When the ratio was dropped to 1:20, void clusters
(no fluorescence areas) emerged in the space, which was due
to the fact that the nisin producer (green) was able to out-
compete the responder (red) during pattern development
but unable to fully occupy the space initially occupied by
the responder. As the producer-responder ratio decreases,
green–red coexistence started to emerge when the ratio fell
into a fine-balanced regime (1:100 and 1:500). In this case,
the producer abundance was low enough to allow the re-
sponder cells to grow and yet high enough to yield suffi-
cient nisin for triggering the red fluorescence production of
the surrounding responder cells. A pattern of sparse green
spots (no red fluorescence) developed when the producer-
responder ratio drops to an extremely low level (1:50 000),
due to the fact that in this scenario, although the producer
cells continue to produce nisin, the level of nisin they emit-
ted was not enough to light up the entire population of the
responders across space.

In addition, we studied the spatial self-organization of
the consortium composed of the producer PiG and a nisin
sensitive responder that constitutively expresses RFP (cRS).
As shown in Row 2 of Figure 4B, the resulting patterns are
different from those of the PiG-iRS community (Row 1) in
two ways: first, the producer-responder balance that enables
green-red coexistence is shifted to the left, i.e. a higher ra-
tio value; second, the responder cells remain red even at the
extremely low producer-responder regime (1:50 000). Here,
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varied. (B) Experimental validation of spatial structures of bacterial populations that have the same species composition and relative abundance with those
of the computational counterparts in panel A. Scale bar: 0.3 mm.

the former was attributed to the better growth and higher
nisin resistance of the responder cRS compared to the re-
sponder iRS (Supplementary Figure S11); the latter was due
to the fact that the cRS responder produces RFP consti-
tutively while the iRS requires nisin induction for RFP ex-
pression. We further examined how the patterns of cellular
lawns develop in the absent of nisin production by studying
ecosystems composed of two responders, including the case
of cGS and cRS (Row 3) and cGS and iRS (Row 4). Com-
parison of the resulting patterns with those in Row 1 and
Row 2 suggests that the rich spatial structures of the con-
sortia observed in Row 1 and Row 2 were mediated by the
gene circuits through nisin production rather than the het-
erogeneity of cellular populations in space. To evaluate the
reproducibility of the above results, we repeated all of the
experiments, which resulted in spatial community structures
(Supplementary Figure S22) that are consistent to those in
Figure 4B. Collectively, the experimental results (Figure 4B
and Supplementary Figure S22) confirmed the predictions
of our simulations (Figure 4A and Supplementary Figure
S20), demonstrating that the tunability and robustness of
our synthetic circuits conferred the predictability for spatial
organization of synthetic communities.

Harnessing the circuits to program controllable arrays of cel-
lular stripes and spots

A fundamental goal of tissue and cellular engineering is to
control the position, growth and subsequent function of liv-
ing cells (30), which can be achieved through the creation
of defined morphogen gradients in space. Given the robust-
ness and tunability of our synthetic circuits, we set out to
explore their utility in generating controllable spatial pat-
terns of morphogens. Using a pair of nisin producer (PiG)
and sensitive responder (iRS), we created cellular grids on
agar plates by seeding the producer vertically and the re-
sponder horizontally (see Materials and Methods for de-
tails) (Figure 5A). Figure 5B–E shows the resulting fluo-
rescence patterns upon 16 hours of incubation. Notably, as

the spacing between the vertical green fluorescence stripes
increases (the spacing for red remains constant), the hori-
zontal red fluorescence patterns between neighboring green
stripes vary accordingly from voids (panel B) to single con-
tinuous stripes (panel C) and to disconnected and repul-
sive twin stripes (panels D and E). The emergence of these
distinct stripe arrays is attributed to the nisin responsive
and sensitive characteristics of the responder (Supplemen-
tary Discussion). Using the same producer-responder pair,
we also programmed cellular droplet arrays by surround-
ing the producer with the responder following a hexago-
nal pattern (see Materials and Methods for details) (Fig-
ure 5F). As shown in Figure 5G-K, by tuning the size and
density of the producer droplets (green) (those of respon-
der cells are fixed), we directed the responder cells (red) to
form distinct patterns from voids (panel G), to triple arches
(panel H), to full bright circles (panel I), to triangles sur-
rounded with arcs (panel J), and to voids again (panel K).
Using the same setup as Figure 5, we also employed an-
other producer-responder pair, PiG and cRS, to program
the spatial patterns of stripes (Supplementary Figure S23)
and spots (Supplementary Figure S24). The alteration of
these patterns is again due to the nisin responsive and sensi-
tive features of the responder (Supplementary Discussion).
In parallel to the experimental exploration, our mathemat-
ical model was able to successfully simulate both classes of
controllable patterns (Supplementary Figures S25 and S26).
Through the above experiments, we demonstrated that our
synthetic circuits can be utilized for programming complex
spatial biological patterns.

DISCUSSION

In this paper, we have presented synthetic gene circuits for
spatial patterning that are simple in design and construction
but are robust and tunable in functioning. The circuits re-
quired only minimal DNA parts for assembly, but produced
desired patterns without the need for architectural fine tun-
ing. In addition, they were robust against the perturbations
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green fluorescence strips (producer cells). Scale bar: 4 mm. (F) Schematic for the initial setup of spot arrays. (G–K). Distinct patterns of red spots (responder
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of various environmental factors (e.g. media composition,
pH value, and temperature) and the variations of cellular
contexts (e.g. the host organism and plasmid copy number).
Moreover, although robust, the circuits were highly tunable
to designed regulatory signals. Conferred by its robustness
and tunability, the circuits further allowed us to establish
predictable spatial structures of synthetic bacterial commu-
nities and to create controllable arrays of cellular grids and
spots in space. Compared to other examples constructed to
control spatial band behaviors (12,17–19), this study pro-
vides a simple and yet reliable solution to program robust
and tunable spatial patterns that can be harnessed to create
complex structures of populations. Circuit fragility is one of
the major hurdles in synthetic biology, hampering the con-
struction of complex networks for advanced functionalities
and the applications of synthetic biology in real-world set-
tings (10,31–34). To address the challenge, developing new
design principles and methodologies have been the major
efforts. This study demonstrates that deep mining of the un-
tapped capacities of natural systems, such as the dual func-
tionalities of nisin, can be an alternative strategy to build ro-
bustness. Importantly, with appropriate mining, implemen-
tation of desired functionality may not require complex cir-
cuit construction and optimization.

This work advances our capacity in controlling micro-
bial communities and sensing environmental signals. It may
also benefit the development of tissue engineering and bio-
material fabrications that require spatiotemporal control of
signaling molecules. In addition, as the band-pass behavior
of the engineered circuits is commonly occurring in nature,
the study provides insights into the fundamental cellular co-
ordination processes of natural systems, such as microbial
community assembly and embryo development.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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