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Abstract

Engineered microbial communities show promise in a wide range of applications, including 

environmental remediation, microbiome engineering, and synthesis of fine chemicals. Here we 

present methods by which bacterial aggregates can be directed into several distinct architectures 

by inducible surface expression of hetero-associative protein domains (SpyTag/SpyCatcher and 

SynZip17/18). Programmed aggregation can be used to activate a quorum-sensing circuit, and 

aggregate size can be tuned via control of the amount of the associative protein displayed on the 

cell surface. We further demonstrate reversibility of SynZip-mediated assembly by addition of 

soluble competitor peptide. Genetically programmable bacterial assembly provides a starting point 

for the development of new applications of engineered microbial communities in environmental 

technology, agriculture, human health, and bioreactor design.
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INTRODUCTION

Bacteria and other microorganisms form complex, multispecies consortia in a wide variety 

of environments such as marine sediments,1 soils,2 biofilms,3 and the human gut.4 Living 

in a consortium affords important advantages for the member species, such as protection 

from toxins and antibiotics,5 cross-feeding relationships that allow more flexible utilization 

of nutrients,6,7 and efficient division of labor.8 Recently, there has been substantial interest 

in the development of artificial consortia for use in environmental remediation,9,10 biofuel 

production,11 and construction of microbial fuel cells.12 By dividing metabolic tasks across 

multiple organisms, the genetic and metabolic stresses placed on individual organisms can 

be minimized, leading to improved performance.13

Imposing spatial organization on microbial consortia has the potential to provide further 

advantages. For example, pentachlorophenol (PCP) is commonly found in sites that contain 

significant amounts of mercury,14,15 and the concentration of mercury is often high enough 

to kill microorganisms tasked with remediation of PCP. To remedy this problem, Ismagilov 

and co-workers used extrusion to construct a coaxial consortium in which a central cylinder 

of Sphingobium chlorophenolicum oxidizes PCP and a shell of Ralstonia metallidurans 
provides protection from toxic mercury ions.16 Other techniques for organizing bacterial 

consortia have included inkjet17 and 3D printing.18 Each of these methods requires “top-

down” processing to impose structure. An alternative approach would encode the capacity 

for controlled assembly into the genetic material of the consortium, such that aggregation 

could be triggered in response to biochemical or optogenetic stimuli. Recent work by 

Riedel-Kruse and coworkers,19,20 by Chen and Wegner,21 and by Joshi and coworkers22,23 

have provided beautiful examples of this approach.

In 2003, de Lorenzo and co-workers reported that surface display of the Junβ-Fosβ leucine-

zipper pair via fusion to the C-terminal region of the adhesin protein EhaA of Escherichia 
coli could be used to drive bacterial aggregation.24 By implementing related strategies, 

we recently demonstrated selective, orthogonal assembly of micro-particles functionalized 

by covalently-attached associating proteins.25 Here we build on these results to direct 

assembly of E. coli cells into aggregates of controlled size and structure. We demonstrate 

that genetically-programmed assembly of bacterial cells can lead to triggering of a quorum-

sensing circuit at a cell density that does not ordinarily support quorum sensing, and we 

present a reaction-diffusion model by which this result can be understood.

RESULTS AND DISCUSSION

Design of the bacterial aggregation system

To prepare bacterial aggregates, we expressed two sets of associating proteins on the 

E. coli cell surface, building on the “autodisplay system” first reported by Maurer, 

Jose, and Meyer.26 This system has been used to display a wide variety of proteins, 

including hydrolases, esterases, enzyme inhibitors, and epitopes for vaccine development 

on bacterial cell surfaces.27,28 Here we used the autotransporter system to display two pairs 

of cross-associating proteins, SynZip17/18 and SpyTag/SpyCatcher (Figure 1A, sequences 

shown in Table S3). The SynZip proteins were adapted from a library of leucine-zipper 
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peptides reported by the Keating laboratory.29 SynZip17 and 18 are reported to form 

anti-parallel coiled-coil heterodimers with high (< 10 nM) affinity and specificity. SpyTag 

and SpyCatcher are derived from the fibronectin-binding protein FbaB of Staphylococcus 
pyogenes, as first reported by Howarth and coworkers.30,31 After splitting the full length 

protein into two polypeptide chains, Howarth and coworkers showed that the resulting 

SpyTag and SpyCatcher fragments undergo spontaneous coupling via formation of an 

isopeptide bond between lysine residue K31 in SpyCatcher and aspartic acid residue D117 

in SpyTag. SpyTag/SpyCatcher chemistry has been used to control protein topology,32 

crosslink protein hydrogels,33 engineer novel protein vaccines,34 and cyclize enzymes for 

enhanced thermal stability.35

The expression constructs are shown in Figure 1B. In each construct, the target associative 

domain is fused to a 6xHis tag (for immunostaining) and inserted between a PelB secretion 

sequence and the autotransporter. Expression was controlled either by a T5-Lac or by an 

araBAD promoter, to enable induction by isopropyl-β-D-1-thiogalactopyranoside (IPTG) or 

L-arabinose, respectively. Plasmids bearing SynZip17, SynZip18, SpyTag, or SpyCatcher, 

under control of the T5-Lac promoter on a pQE80 backbone, are referred to as pAT-17, 

pAT-18, pAT-ST, and pAT-SC, respectively. The same protein constructs under control of an 

arabinose promoter on a pBAD33 backbone are referred to as pBAD-17, pBAD-18, pBAD-

ST, and pBAD-SC, respectively. Expression plasmids were introduced into E. coli strain 

DH10B for aggregation experiments. Cells were co-transformed with plasmids encoding 

mWasabi or mCherry to allow the aggregation process to be monitored by fluorescence 

confocal microscopy.

Procedures for forming bacterial aggregates

Individual colonies chosen from Luria-Bertani (LB) plates were grown overnight to 

stationary phase in LB medium supplemented with 100 mg/L ampicillin or 35 mg/L 

chloramphenicol, then used to inoculate fresh cultures at 1:100 dilution. When the optical 

density (OD600) reached 0.6–0.8, cultures were induced with 0.1 mM IPTG (for pQE-80-

based plasmids) or 0.1% L-arabinose (for pBAD-33-based plasmids), and allowed to express 

for 90 min at 37°C and 300 RPM agitation speed (slower speeds would often cause settling 

of the aggregates). The induced cells were then mixed and placed in the shaking incubator 

at 37°C and 300 RPM for an additional 90 min. Vigorous shaking was required to keep 

aggregates suspended and exerted a strong dispersive force on the aggregates. Aliquots were 

spotted on glass cover-slips for confocal imaging. Depending on the level of surface protein 

expression and the nature of the associative protein, we observed aggregates ranging from 

103 to 105 μm3 in volume within 30 min (Figure 1C–E). In some cases, aggregates were 

visible to the naked eye. Biomass continued to increase during the aggregation process, with 

an increase in doubling time from 1.4 h to 2.2 h (Figure S2).

Control of aggregate size by control of expression levels

For many applications of bacterial clusters, the average size of the clusters is an important 

design parameter. We expected that cluster size would be sensitive to the amount of 

associative protein displayed on the cell surface. To test this idea, we reduced the levels 

of surface display of the SpyTag and SpyCatcher fusion proteins by modifying the ribosome-
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binding sites (RBS) in each genetic construct. This approach allowed us to maintain 

inducible control of bacterial assembly while enabling separate control of the expression 

levels of each associative protein.

Starting from the arabinose-inducible constructs pBAD-ST and pBAD-SC, we engineered 

an RBS predicted to be approximately four-fold weaker than the wild-type sequence (Table 

S4).36 Relative expression levels were quantified by immunostaining and subsequent flow 

cytometry (Figure 2A). Consistent with the predicted values, we found that use of the 

weaker RBS led to an approximately four-fold decrease in surface expression for both 

SpyTag and SpyCatcher. All combinations of the wild-type and attenuated RBS constructs 

were then subjected to aggregation conditions and imaged (Figure 2 B–F). Automated image 

analysis showed that aggregate size could be varied by more than an order of magnitude in 

volume by control of expression level (Figure 2B).

Unless indicated otherwise, all experiments discussed herein used pQE-80-based plasmids 

bearing the wild-type RBS to demonstrate principles of programmable assembly with the 

highest achievable expression levels.

Dissociation of bacterial aggregates

Two different mechanisms – the physical association of SynZip leucine zippers and the 

formation of covalent isopeptide bonds between SpyTag and SpyCatcher – drive cellular 

aggregation in the systems introduced here. We expected SynZip-mediated aggregation to be 

reversible in the presence of excess soluble competing protein, and the SpyTag/SpyCatcher 

aggregation to be irreversible due to the permanence of the isopeptide covalent bonds on 

the experimental time-scale. To test these expectations, soluble SynZip17 and SpyCatcher 

proteins containing just the associative domain and an elastin linker as a solubility tag 

were expressed in E. coli and purified via Ni-NTA affinity chromatography using methods 

described in previous work.25 Aggregates mediated by the SynZip system were formed 

from DH10b E. coli cells containing pAT-17 and pAT-18 plasmids, and then the soluble 

SynZip17 protein was added to a final concentration of 0, 0.001, or 0.1 mg/mL in LB 

medium. Representative micrographs and aggregate sizes (reported as volume-weighted 

averages, see Methods) are shown in Figure 3A–D. Titration of soluble SynZip17 into 

SynZip17/18 cultures decreased the size of the aggregates in a concentration-dependent 

manner, consistent with the hypothesis that aggregated cells are bridged by specific 

biomolecular interactions.

In contrast, when soluble SpyTag was added to aggregates mediated by SpyTag/SpyCatcher 

interactions, no significant changes in aggregate size were observed, even when 0.1 mg/mL 

of protein was added (Figure 3 E–H). This result suggests that the clusters mediated by 

SpyTag and SpyCatcher are held together by covalent bonds that cannot be disrupted by 

introduction of a competing protein. As expected, if soluble protein is added during the 

SpyTag/SpyCatcher aggregation process rather than afterward, aggregation is inhibited, 

presumably by covalent “capping” of surface-displayed adhesive proteins (Figure S3).
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Formation of core-shell architectures

Many potential applications of bacterial aggregates require protection of a member of 

the consortium from environmental insult. We assembled mCherry-labeled cellular “cores” 

by the SpyTag/SpyCatcher interaction using two strains carrying our pBAD-based system 

(pBAD-ST and pBAD-SC) to enhance temporal control of expression. After 30 min, we 

observed formation of visible aggregates and clearing of the solution. We then added 

mWasabi-labeled cells that surface-displayed SpyTag and mixed for an additional 30 min 

to form the shell (Figure 4A). Confocal microscopy confirmed the formation of “core-shell” 

structures with mCherry-labeled cores surrounded by thin shells of mWasabi-labeled cells. 

The shells were, on average, incomplete; surface-coverage was estimated to be 66 ± 

3% (Figure 4B). Z-stack images (Figure 4C–F) demonstrate that the cores were formed 

exclusively by mCherry-labeled bacteria held together by the stable SpyTag/SpyCatcher 

interaction. Control experiments in which the mWasabi-labeled bacteria carried empty 

pBAD-33 plasmids did not yield shells (Figure 4H, Figure S4). Surface coverage was 

estimated to be only 13 ± 2% in these experiments, reflecting a low level of non-specific 

interaction. Variation in incubation time had little effect on surface coverage (Figure S5). 

Not surprisingly, similar experiments in which we tried to assemble cores through the 

reversible Z17/Z18 interaction were unsuccessful.

Triggering quorum sensing in clusters

To demonstrate the functional consequences of programmable microbial assembly, we 

investigated whether aggregation could be used to activate the LuxI-LuxR quorum-sensing 

circuit derived from Vibrio harveyi.37–39 The LuxR-LuxI system is activated when LuxR 

binds the autoinducer N-(3-oxohexanoyl)-L-homoserine lactone (AHL), the concentration 

of which correlates with the density of bacterial cells. We expected that aggregation could 

be used to increase the local concentration of AHL and trigger a quorum-sensing response 

under conditions where the average cell density in the system was below the threshold for 

quorum sensing (Figure 5A).

We first tested this expectation by developing a reaction-diffusion model of quorum sensing. 

In the model, we consider an isolated aggregate of bacteria that can produce the autoinducer 

with positive feedback. The autoinducer diffuses within and out of the aggregate. We can 

express the spatiotemporal dynamics of the autoinducer concentration in dimensionless form 

as Equation 1 along with appropriate boundary conditions (See Supporting Information for 

full details/derivation).

∂C
∂t = 1

ϕ2 ∇2C + f(C) (1)

where C is the concentration of autoinducer, f is the production rate of autoinducer, ∇2 is the 

Laplacian operator, and ϕ is the 0th order Thiele modulus for a sphere (Equation 2).40

ϕ = R β1
DC0 (2)
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Here R is the radius of the aggregates (assumed to be spherical), β1 is the leaky production 

rate of autoinducer (corresponding to f(0)), D is the diffusion coefficient of autoinducer in 

aggregates, and C0 is the initial concentration of autoinducer.

We found that accumulation of the autoinducer in the aggregate is predicted to be much 

faster than its accumulation in the planktonic case and that it was most strongly controlled 

by the magnitude of the Thiele modulus (ϕ), which characterizes the length scale of the 

aggregate with respect to the diffusion and production rates (Figure 5B).40 A large value of 

the Thiele modulus implies that the aggregate is large compared to the rates of diffusion and 

production, and as such, the autoinducer accumulates in the aggregate before being diluted 

by the bulk. By contrast, for small values of the Thiele modulus, the aggregate is small 

compared to the diffusion rate, and there is little accumulation in the aggregate. In the limit 

of small Thiele modulus, the model describes the behavior of planktonic bacteria, where 

there is no benefit of the spatial structure. It is likely that, in the system considered here, we 

are in the ϕ>1 regime because diffusion is restricted within the densely-packed aggregates of 

cells. Other parameters, including the Hill equation parameters for genetic circuit activation, 

have less influence on this effect (Supporting Information and Figures S7 and S8).

To prepare the experimental strains, we used a strain containing a chromosomally integrated 

mCherry gene under control of a T5 promoter to serve as a cell marker.41 Our quorum-

sensing plasmid was a modification of pLuxRI2, which was a generous gift of Professor 

Frances Arnold.42 The quorum-sensing circuit is shown in Figure S1. Briefly, genes 

encoding the acylhomoserine lactone synthase (luxI) and the activator protein (luxR) were 

expressed under control of the constitutive pJ23105 promoter. To achieve positive feedback, 

a second copy of luxI was expressed (along with an mWasabi reporter gene) under control 

of a mutant PLuxI promoter to make plasmid pMTK3 (see Supporting Discussion for 

details). This circuit was co-transformed with the arabinose-inducible SpyTag/SpyCatcher 

aggregation system to make strains sMTK1 (the SpyTag strain) and sMTK2 (the SpyCatcher 

strain).

Cultures of sMTK1 and sMTK2 (mixed at a 1:1 strain ratio) in early-log phase (OD≈0.2) 

were split into three sub-cultures. The first sub-culture was induced with 0.2% arabinose, the 

second was left uninduced, and the third was treated with 2 mM AHL as a positive quorum 

sensing control. The experimental scheme is outlined in Figure 5A. After 1 h, aggregates 

formed in the induced culture, but not in the uninduced cultures. Aliquots of the induced 

and uninduced cultures were imaged 75 min after induction; the results are shown in Figure 

5C–D.

In this experiment, the mCherry signal serves as a cell marker and the mWasabi signal as 

a marker for activation of the quorum sensing circuit. As shown in Figure 5C, aggregation 

is accompanied by increased expression of mWasabi. To quantify this observation, we 

determined the Manders overlap coefficients (MOC) for the mWasabi and mCherry 

channels, which indicate the percentages of cells in which there is strong activation of 

the quorum-sensing circuit. After 75 min of induction, we find the MOC of the induced, 

aggregated sample to be 0.33 ± 0.05 (± SEM), while that of the uninduced sample is 

0.04 ± 0.01. (Figure 5D). We interpret this to mean that in the aggregated sub-culture, 
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approximately 33% of cells display quorum-sensing behavior, whereas in the uninduced 

sub-culture, only 4% of the cells are quorum sensing. Interestingly, the addition of 

exogenous AHL in Figure 5D resulted in a MOC of 0.09 ± 0.01, suggesting that aggregation 

resulted in a greater enhancement of quorum sensing than the addition of 2 mM exogenous 

inducer, a concentration that, while not saturating, increases circuit activation by an order of 

magnitude (Figure S6). This comparison may be affected by artifacts in the image analysis 

(cells in aggregates are often brighter and easier to threshold) or by enhanced protein 

accumulation in aggregated cells due to a decrease in the rate of cell division. However, we 

observe that in the aggregated samples, both cells within aggregates (MOC = 0.34 ± 0.05) 

and isolated cells (MOC = 0.25 ± 0.03) activate the quorum sensing circuit. In contrast, in 

the absence of aggregation or addition of exogenous autoinducer, isolated cells do not turn 

on quorum sensing (Figure S6).

MATERIALS AND METHODS

Bacterial strains

Aggregation experiments were initially conducted in DH10B Escherichia coli (Invitrogen, 

Carlsbad, CA). Core-shell experiments utilized DH10B derivative strains KY35 and KY36, 

which contain chromosomally-integrated mWasabi and mCherry respectively, under the 

control of a leaky T5 promoter (Details in SI). Quorum sensing experiments were conducted 

in KY36.

Other experimental details of cloning and protein expression may be found in the supporting 

information.

Image Acquisition and Analysis

Microscopy images were taken on a Zeiss 800 LSM inverted confocal microscope (Carl 

Zeiss AG, Oberkochen, Germany).

All image analysis was performed using custom Matlab scripts.

Aggregate size analysis was performed in a manner similar to that described previously.25 

Briefly, confocal z-stacks were manually thresholded based on the intensity in each 

fluorescent channel. Pixels above the threshold were described as “bright.” Contiguous 

“bright” voxels (in 3D) were identified, and the observed volume of each aggregate was 

determined. The volume-weighted average volume of each sample was determined using the 

following equation:

V =
∑V i2

∑V i

where sums are taken over all of the aggregate volumes. This average represents the volume 

of the aggregate that the average bacterium would be found in and is more appropriate 

than the number-weighted average, which is dominated by dissociated bacteria. For each 

biological replicate, 4 non-overlapping fields were examined, and statistics are based on 3 

biological replicates.
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Surface coverage analysis was performed as follows. Three-dimensional z-stacks of core-

shell aggregates were obtained at 63x magnification. This image was thresholded and 

voxels that were a part of the large aggregate were identified (omitting all small cells and 

aggregates). Then the maximum intensity projection of this aggregate was obtained, and the 

perimeter labeled. Each pixel of the perimeter was classified as “green” or “magenta” and 

the surface coverage is expressed as the fraction of perimeter pixels that are green. Statistics 

are based on N=14 aggregates analyzed. This perimeter-based estimation of surface 

coverage is less biased than one that takes into account the entire 3D aggregate surface 

(as performed in23), which over-emphasizes the “top” and “bottom” of the aggregates.

All image analysis code and the implementation of reaction diffusion models can be 

downloaded in the Supporting Information.

Flow cytometry

Measurement of surface expression levels was done using direct immunocytochemistry and 

flow cytometry. Overnight cultures of E. coli were diluted 100x and were grown to an 

optical density of 0.4–0.6 prior to induction with 0.1% L-arabinose. Expression was allowed 

to proceed for 90 min, after which the culture was centrifuged and blocked with 3% bovine 

serum albumin in phosphate-buffered saline for 30 min with agitation. Cells were then 

centrifuged and resuspended in staining solution (5 μg/mL Anti-His conjugated Alexa-Fluor 

488 Antibody (HIS.H8 Thermo-Fisher), 1% bovine serum albumin in phosphate-buffered 

saline). This solution was then agitated for 1 h, after which the cells were washed three times 

in PBS. Cells were strained through a 40 μm filter to remove aggregates and run on a MoFlo 

XDP cell sorter equipped with a 488 nm laser. Flow cytometry data were analyzed using 

EasyFlow.43

Quorum sensing

N-(β-Ketocaproyl)-DL-homoserine lactone (synonymous with N-(3-oxohexanoyl)-

homoserine lactone) was purchased from MilliporeSigma (Milwaukee, WI) and used 

without purification.

Characterization of quorum sensing in bulk samples was done on a VarioSkan LUX 

instrument (ThermoFisher, San Diego CA). Cultures containing pMTK1, pMTK2, and 

pMTK3 were grown in LB medium supplemented with 35 mg/L chloramphenicol. The 

overnight cultures were then used to inoculate 150 μL cultures at a ratio of 100:1 in 

flat-bottomed, clear 96-well plates with a lid (BD Falcon, Corning Inc, Corning, NY). The 

cultures then had varying amounts of AHL added (0–2mM), and the plate was incubated, 

with shaking, at 37°C for 18 h. OD600 as well as mWasabi fluorescence (ex. 485; em. 

515) was measured every 10 min. The results of this characterization are presented in the 

Supporting Discussion and Figure S7.

CONCLUSIONS

We have demonstrated methods by which the size and architecture of bacterial aggregates 

can be controlled in a genetically programmable manner. By choosing the appropriate 

associative protein, one can control the reversibility of aggregation, while variation in 
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the level of expression of the associative protein controls aggregate size. Construction of 

core-shell architectures, albeit imperfect, has also been demonstrated, and may be useful 

in protecting sensitive bacteria from environmental insult or in the design of complex 

biocatalysts. This work represents a step toward recapitulating the complex structures 

exhibited by natural microbial consortia, as well as a method by which cellular behavior 

can be made dependent on aggregation state through the use of a quorum sensing 

circuit.44 Although it is difficult to compare our results quantitatively to those of previous 

studies of engineered bacterial aggregates,20,21 we believe that the approaches described 

here will broaden the options available to synthetic biologists interested in genetically 

programmable microbial assembly. In particular, one can exploit the reversibility of SynZip-

based aggregation to create dynamic systems, and the robustness of the SpyTag-SpyCatcher 

linkage to prepare stable aggregates and complex multicellular architectures.

Methods developed in this work may enable the production of structured whole-cell 

biocatalysts, whereby multi-step reactions may be performed in series in bacterial 

aggregates, enabling enhanced intermediate channeling between cells in a manner 

complementary to previous work for substrate channeling within cells.45–46 Particularly 

where biosynthetic steps may be difficult or impossible to place in the same cell, performing 

these steps in aggregates will enable channeling between metabolic steps without dilution 

into the bulk solution phase. Triggering of quorum sensing may play an important role 

here, as in order to minimize off-target reactivity, enzyme expression can be linked to 

aggregation. The methods developed in this work should be broadly applicable to other 

microbial systems, to other classes of protein-association domains, and to the design of 

multi-species microbial consortia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Genetically-programmable microbial assembly. (A) Surface display of associative proteins 

SpyTag/SpyCatcher or SynZip17/SynZip18 drives heterophilic association interactions 

between bacteria. Multivalent expression of these proteins on the surface of cells enables 

interactions with several neighbors, allowing formation of an extended network of bacteria. 

(B) Expression construct for surface displayed proteins. Adhesive domains are flanked by 

the ehaA autotransporter and a pelB leader sequence. A hexa-histidine epitope is included to 

enable immunostaining. (C-E) Induction of surface display triggers the assembly of bacteria 

into aggregates. If adhesins are not expressed, no aggregation occurs. (C) pAT-ST (green) 

and pAT-SC (magenta). (D) pAT-17 (green) and pAT-18 (magenta). (E) pAT-ST (green) and 

pAT-SC (magenta) with no IPTG added. Scale bars are 100 μm.
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Figure 2: 
Expression levels control size of bacterial aggregates. (A) Flow cytometry enables 

relative quantification of protein expression levels; mutant ribosome-binding sites lead 

to an approximate 4-fold decrease in expression levels. (B) Volume-weighted averages 

of aggregate sizes. Error bars represent SEM (N=3). *p<0.05, ***p<0.001 by one-sided 

Student’s t-test. (C) Aggregation of wt-SC (magenta) and wt-ST (green). (D) Aggregation 

of wt-SC (magenta) and low-ST (green). (E) Aggregation of low-SC (magenta) and wt-ST 

(green). (F) Aggregation of low-SC (magenta) and low-ST (green). Apparent colors of 

aggregates change as a result of changes in growth rates due to changes in the metabolic 

stress on bacteria. This does not affect quantification of aggregate sizes in our thresholding 

algorithm. Scale bars are 100 μm.
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Figure 3: 
Sensitivity of bacterial aggregates to addition of competing recombinant protein. (A) pAT-

Z17 (green) and pAT-Z18 (magenta) cells aggregate when IPTG is added. These cells 

can be dissociated by the addition of (B) 0.001 mg/mL soluble Z17 and (C) 0.1 mg/mL 

soluble Z17. (D) Volume-weighted average aggregate sizes of the resulting suspension. Sizes 

are statistically different. (Error bars represent SEM, N=3 samples, *p<0.05 by one-sided 

Student’s t-test). By comparison, SpyTag/SpyCatcher aggregates do not dissociate when 

competitor protein is added. (E) pAT-ST (magenta) and pAT-SC cells (green) aggregate 

when IPTG is added. These cells do not dissociate when (F) 0.01 mg/mL soluble Tag 

protein or (G) 0.1 mg/mL soluble SpyTag protein is added. (H) Quantification of average 

aggregate sizes (N=3 samples). Average sizes are not significantly different. Scale bars 

represent 100 μm
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Figure 4: 
Formation of aggregates with core-shell architectures. (A) Schematic illustration of core-

shell architecture. First mCherry cores are formed with SpyTag/SpyCatcher-expressing 

cells, then mWasabi-labeled cells expressing SpyTag are added to form shells. (B) Core-

shell aggregates formed by SpyTag/SpyCatcher-expressing cells Scale bar represents 100 

μm. (C-F) Z-stack of magnified image of core-shell structure. Images are shown with 

11.6 μm z-spacing with a total thickness of 34.8 μm. Scale bar represents 30 μm. (G) 
Maximum intensity projection of aggregate shown in (C-F). (H) Control sample for core-

shell formation: mWasabi-labeled cells containing empty pBAD-33 plasmids were added 

to mCherry-labeled cells. No shell formation was observed (See also Figure S4). Scale bar 

represents 100 μm.
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Figure 5: 
Aggregation leads to more rapid activation of a quorum-sensing circuit (A) Addition of 

a quorum sensing circuit to cells will lead to expression of mWasabi when cells are 

aggregated, or exogenous AHL is added (B) Reaction diffusion modeling predicts that 

AHL will accumulate in aggregates; the rate of accumulation is a strong function of the 

Thiele modulus (φ), a dimensionless measure of the size of the aggregates. When φ<<1, as 

expected, aggregates act similarly to planktonic (unstructured) cultures. (C) Micrographs of 

quorum sensing experiments. Bacteria turn on quorum sensing when aggregated or when 

exogenous AHL is added; little mWasabi is expressed in planktonic cells in the absence 

of exogenous AHL. Scale bar represents 100 μm (D) Calculation of Manders Overlap 

Coefficients (MOCs) demonstrates that aggregation enhances the quorum sensing response. 

All groups are significantly different (Error bars represent SEM, N=3; *p<0.05 by two-sided 

Student’s t-test).
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