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Abstract 

Coordinated actions of cells in microbial communities and multicellular organisms enable them to perform complex tasks otherwise difficult for 
single cells. This has inspired biological engineers to build cellular consortia for larger circuits with improved functionalities while implementing 
communication sy stems f or coordination among cells. Here, w e in v estigate the signalling dynamics of a phage-mediated synthetic DNA mes- 
saging system and couple it with CRISPR interference to build distributed circuits that perform logic gate operations in multicellular bacterial 
consortia. We find that growth phases of both sender and receiver cells, as well as resource competition between them, shape communication 
outcomes. L e v eraging the easy programmability of DNA messages, we build eight orthogonal signals and demonstrate that intercellular CRISPRi 
(i-CRISPRi) regulates gene expression across cells. Finally, we multiplex the i-CRISPRi system to implement se v eral multicellular logic gates that 
in v olv e up to se v en cells and tak e up to three inputs simultaneously, with single- and dual-rail encoding: NOT, YES, AND and AND-AND-NOT. The 
communication system developed here lays the groundwork for implementing complex biological circuits in engineered bacterial communities, 
using phage signals for communication. 
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ntroduction 

ver the past two decades, synthetic biology has advanced
he ability of engineered biological systems to sense envi-
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tics ( 3 ) and information processing logic circuits ( 4–6 ). This
has been made possible by designing genetic circuits using
molecular components such as biosensors, transcription fac-
tors, regulatory RNAs, riboswitches or CRISPR systems for
‘internal wiring’ ( 7 ,8 ). While most engineered circuits are uni-
cellular, the number of multicellular designs has been gradu-
ally increasing due to their several advantages ( 9–11 ), includ-
ing reduced metabolic burden due to division of labour, min-
imised cross-talk, specialised sub-functions, distributed infor-
mation processing, concurrency, redundancy and fault toler-
ance ( 12 ). These properties contribute to the notion of ‘cel-
lular supremacy’ in biocomputing ( 13 ), whereby multicellu-
lar circuits are expected to enable more complex information
processing ( 14 ). 

However, multicellular circuits do introduce additional
challenges, such as the need to balance populations of co-
cultured cells that communicate through ‘external wiring’.
To establish communication channels between cells in these
circuits, several natural signalling molecules have been ex-
ploited; for example, homoserine lactones (HSL) from bac-
terial quorum sensing systems ( 15 ), yeast pheromones from
mating signalling ( 10 ) and mammalian surface receptor-ligand
pairs ( 11 ). Additionally, non-signalling molecules like sec-
ondary metabolites and synthetic coiled-coil peptides have
been repurposed for signalling ( 16 ,17 ). Despite these develop-
ments, the current repertoire of communication molecules—
four HSLs ( 15 ), three pheromones ( 10 ,18 ), two receptor-
ligand pairs ( 11 ), six metabolites ( 16 ) and two coiled-coil lig-
ands ( 17 )—remains limited in both orthogonality and infor-
mation capacity for higher-order multicellular circuits. 

In nature, intercellular communication is not confined to
small molecules but extends to information-rich nucleic acid
molecules (DNA or RNA) transferred through cell junctions
and vesicles ( 19 ), or mechanisms of horizontal gene trans-
fer ( 20 ): transformation, conjugation and transduction. These
nucleic acid messages can confer new functions on receiver
cells ( 21 ,22 ) and can be rationally engineered to generate new
orthogonal variants with altered specificities ( 23 ,24 ). For in-
stance, DNA delivery via conjugation has been used to modify
undomesticated bacteria ( 25 ), target pathogenic strains ( 26 )
and selectively deliver DNA messages to specific cells within
a population ( 27 ). Similarly, DNA delivery via bacteriophages
has been utilised for phage therapy ( 28 ), inactivation of an-
timicrobial resistance ( 29 ), microbiome editing ( 30 ,31 ) and
metabolic pathway introduction ( 32 ). Despite their potential,
phages are not commonly used for DNA propagation, possi-
bly because most lyse their host cells upon release ( 33 ). Some
exceptions are the non-lytic filamentous phages, which con-
tinuously secrete from infected cells, transmitting packaged
DNA to new susceptible hosts ( 34 ). Of these, the M13 phage
has been extensively studied ( 35 ) and is widely used for ap-
plications in nanotechnology ( 36 ), phage display ( 37 ), vac-
cine development ( 38 ), biosensing ( 39 ) and directed evolution
( 40 ,41 ). 

In fact, M13 was also used in the first demonstration of
DNA-based communication for a multicellular circuit ( 42 ).
This pioneering work from over a decade ago delineated a key
property of nucleic acid signalling, ‘message-channel decou-
pling’ ( 42 ), by which multiple message variants can be trans-
mitted through a single communication channel. Despite this
early advance, progress in M13-mediated DNA messaging has
been limited. Possible challenges include its low adsorption
rates ( 43 ), secretion heterogeneity ( 44 ), metabolic burden of
infection ( 45 ) and superinfection immunity that prevents mul- 
tiple phages from infecting the same cell ( 46 ). 

In this study, we engineered two M13 phagemid variants (- 
gp3 ϕ and +gp3 ϕ ), suited for different applications and inves- 
tigated how cell growth phase determines phage secretion and 

infection kinetics. We studied how phage particle concentra- 
tion and receiver cell density impact infection rates in a well- 
mixed culture. These insights were used to implement a cell- 
to-cell communication system, quantifying its communication 

kinetics in a co-culture with resource competition. Next, we 
applied the phage communication system to engineer intercel- 
lular CRISPR interference (i-CRISPRi), where a single guide 
RNA (sgRNA) gene encoded on a phagemid is transmitted 

from a sender cell to a receiver cell, regulating gene expression 

across the extracellular space. We quantified the CRISPRi gene 
regulation kinetics for both isolated phages and sender cells.
Finally, we demonstrated the multiplexing capability of the i- 
CRISPRi system by building multicellular logic gates with up 

to seven cells, which accept single (NOT, YES), double (AND) 
and triple (AND-AND-NOT) senders as input. 

Materials and methods 

Bacterial strains, growth conditions and cloning 

All bacteria used in this study are Esc heric hia coli strains 
( Supplementary Table S1 ). They were grown at 37 

◦C in LB 

media (liquid with shaking at 180 rpm, or solid LB plates with 

1.5% w / v agar) supplemented with the appropriate antibi- 
otics at the following concentrations (unless otherwise indi- 
cated): kanamycin (kan 30 μg mL 

−1 ), ampicillin (amp 100 μg 
mL 

−1 ), gentamycin (gent 10 μg mL 

−1 ), tetracycline (tet 10 μg 
mL 

−1 ) and spectinomycin (spc 50 μg mL 

−1 ); concentrations 
were halved when using multiple antibiotics for selection.
Strains and antibiotics used are listed in Supplementary Table 
S1 . Core parental strains are listed in Supplementary Table S3 .

To calculate the growth rates of strains, cells were diluted 

100 × from overnight cultures and re-grown in a 96-well plate 
(200 μL per well) in a plate-reader (Biotek Synergy HTX) un- 
til they reached an OD 600 of 0.2–0.3, following which they 
were diluted again by 40 × into a new plate. Cultures in the 
second plate were grown overnight, recording their OD 600 at 
15 min intervals. The data generated were used to calculate 
the Specific Growth Rates ( μ). 

Cloning was performed by Golden Gate Assembly of PCR- 
amplified DNA fragments using NEB enzymes: Q5 DNA 

polymerase (#M0492), BsaI-HFv2 (#R3733) and T4 DNA 

ligase (#M0202M). E. coli strains DH5 α and TOP10 were 
used for cloning. All plasmids constructed were verified by 
Sanger sequencing. Plasmids used in this study are listed in 

Supplementary Table S2 , and plasmid maps included with the 
Supplementary materials. 

Sender growth and phage preparation 

Sender strains ( Supplementary Table S1 ) were streaked on 

LBA plates (1.5% w / v agar) and grown overnight at 37 

◦C.
Single colonies were inoculated in 5 mL LB media with appro- 
priate antibiotics and incubated overnight at 37 

◦C, with 180 

rpm shaking. Overnight cultures were diluted 1000 × in 100 

mL fresh LB media with antibiotics and incubated for ∼15 h 

at 37 

◦C, 180 rpm. Periodically, optical density was recorded 

(OD 600 ; spectrophotometer UVisco V-1100D) and 1 mL cul- 
ture sample was spun down at 4500 × g for 10 min, super- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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atant was filtered (0.22 μm filter, Millex SLGP033RS), and
he resulting phage preps stored at 4 

◦C. Phage titres at each
ime-point were estimated using CFU or PFU assays (see be-
ow). 

hage counting 

FU assay: Receiver cells (ER2738F) grown overnight were
iluted 1000x and re-grown at 37 

◦C in LB (+tet) until they
eached a spectrophotometer OD 600 between 1 and 1.5. Cells
ere chilled on ice for at least 30 min, and then 90 μL

liquoted into eppendorf tubes. The tubes were moved to
oom temperature (RT) for 5 min before adding phages to
he cells. 10 μL of different phage dilutions (10 

−1 to 10 

−14 )
ere mixed with the receiver cells and incubated at RT for 20
in. Thereafter, the mixtures were plated on LBA plates with

he appropriate antibiotic concentration. Colonies on the LBA
lates were counted the next day after incubation at 37 

◦C for
16 h. Colony counts from plates were used to determine the
L 

−1 titres of the phage preps according to the formula: CFU
ount / (phage dilution * phage volume used in mL). 

PFU assay: Receiver cells (ER2738F_H �gIII) grown
vernight were diluted 1000 × and re-grown at 37 

◦C in LB
+tet + gent) until they reached a spectrophotometer OD 600 

etween 1 and 1.5. Cells were chilled on ice for at least 30
in and then 90 μL aliquoted into eppendorf tubes. The tubes
ere moved to RT shortly before mixing 10 μL of different
hage dilutions (10 

−1 –10 

−14 ) with the receiver cells and then
dding the mix to 10 mL of soft LBA (0.75% w / v agar with
.2 mM IPTG and 40 μg mL 

−1 X-gal), previously aliquoted
nto a 15 mL tube and kept molten at 50 

◦C. The phage + re-
eiver mix in the soft agar was immediately poured onto a
olid plate with 20 mL hard LBA (1.5% w / v agar), and after
he soft LBA had solidified the plate was incubated at 37 

◦C
or 16–24 h. Plaques of the non-lytic M13 phage are turbid /

iffused, usually making them harder to see. IPTG and X-gal
olours the plaques blue (LacZ ω in the F-plasmid is comple-
ented by the LacZ α in the phagemid), making them easier

o visualise. Plaque counts from plates were used to determine
he mL 

−1 titres of the phage preps according to the formula:
FU count / (phage dilution * phage volume used in mL). 

nstantaneous growth and secretion rate analysis 

rowth rates between two consecutive time-points were cal-
ulated according to the following formula: Specific Growth
ate ( μ) = ln (OD 2 / OD 1 ) / (t 2 -t 1 ), where OD 1 and OD 2 are

he OD 600 values at time-points t 1 and t 2 . 
Secretion rates between two consecutive time-points were

alculated according to the following formula: Secretion Rate
 μ * (P 2 -P 1 ) / (C 2 -C 1 ), where P 1 and P 2 are the phage

oncentrations and C 1 and C 2 are the cell concentrations
t time-points t 1 and t 2 . μ is the specific growth rate cal-
ulated above. OD 600 of sender cells was converted to cell
oncentration values using the fit in Supplementary Note S2
 Supplementary Figure S2.1 ). 

eceiver infection analysis 

o determine the effect of cell physiology on phage infection,
eceiver strain was streaked on LBA plates (1.5% w / v agar)
nd grown overnight at 37 

◦C. Single colony was inoculated
n 5 mL LB media with appropriate antibiotics and incubated
vernight at 37 

◦C, with 180 rpm shaking. Overnight cultures
ere diluted 1000 × in 100 mL fresh LB media with antibi-
otics, and incubated at 37 

◦C, 180 rpm. OD 600 of the culture
was periodically monitored, and 10 mL culture samples were
stored at 4 

◦C when they reached ODs: 0.05, 0.1, 0.5, 1, 1.5,
2 and 2.5. Cultures were cooled on ice for at least 30 min.
Appropriate volumes of each culture sample was spun down
at 4500 × g for 10 min to wash pellets with LB media without
antibiotics and adjust (normalise) cell densities. These receiver
culture samples were used for CFU and PFU assays with the
same phage concentrations. 

To determine the effect of cell density on phage infection,
receiver strain was streaked on LBA plates (1.5% w / v agar)
and grown overnight at 37 

◦C. Single colony was inoculated
in 5 mL LB media with appropriate antibiotics and incubated
overnight at 37 

◦C, 180 rpm. Overnight cultures were diluted
1000 × in 25 mL fresh LB media with antibiotics and incu-
bated at 37 

◦C, 180 rpm, till the OD 600 reached ∼1.5. Culture
was cooled on ice for at least 30 min and then spun down at
4500 × g for 10 min to wash pellets with LB media without
antibiotics. Culture was adjusted to different densities 0.05,
0.1, 0.5, 1, 2, 3, 4 and 5. These receiver cultures were used for
CFU and PFU assays with the same phage concentrations. 

Receiver infection in growing conditions and 

quantifying unadsorbed phages 

For the infection plate-reader experiments, overnight cultures
of receiver cells (ER2738F) were diluted 1000 × and re-grown
to a spectrophotometer OD 600 of 0.6–0.7, following which
they were cooled on ice for ∼30 min and their OD 600 re-
adjusted to different densities (0.25, 0.125, 0.0625, 0.03125)
while still on ice. Several serial dilutions (3 

N -fold, N = 0 to 10)
of the phage prep (pSB1K3_M13ps_LacZ α_gIII, undiluted
concentration of 36.2 × 10 

5 PFU mL 

−1 ), and a no-phage con-
trol, were prepared and 45 μL aliquoted into a 96-well plate
at RT. 150 μL of the different receiver dilutions were added
to the plate and incubated at RT for 20 min. Next, 5 μL of LB
was added to each well, without or with kanamycin (end con-
centration 30 μg mL 

−1 ), and the plate incubated overnight in
a plate-reader (Biotek Synergy HTX) at 37 

◦C, 205 cpm, while
recording OD 600 at 15 min intervals. The above experiments
were repeated four times, each with a different set of phage
dilutions added to the plate: (a) 3 × technical replicates of di-
lutions 3 

8 –3 

10 and the no-phage control (continuous), (b) 3x
technical replicates of dilutions 3 

1 –3 

3 and the no-phage con-
trol (continuous), (c) 3 × technical replicates of dilutions 3 

1 –
3 

3 and the no-phage control (discontinuous), and (d) single
replicate of dilutions 3 

0 –3 

10 and the no-phage control (con-
tinuous). 

In the discontinuous run above, the plate was paused at
several time-points (2, 6 and 10 h) to draw a 3 μL sample from
each well of the third column (phage dilution 3 

2 ), which was
added to 200 μL of LB (+gent) to kill all cells and later used to
quantify by PFU assay the unadsorbed phages in the well. The
pauses for phage sampling resulted in an average gap of ∼45
min between plate reader measurements before and after the
pause, which was taken into account for plotting OD versus
time curves. 

Phage mediated sender-to-receiver communication 

in co-cultures 

For the communication plate-reader experiments, an
overnight culture of receiver cells (ER2738F) was diluted
1000 × and re-grown to a spectrophotometer OD 600 of 0.4,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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following which it was cooled on ice for ∼30 min, pellets
were washed, and several OD 600 dilutions made (0.136,
0.068, 0.034 and 0.0) while still on ice. Overnight culture of
senders (TOP10_H_gIII-Kan � and TOP10_H_-Kan �) was
diluted 500x and re-grown to a spectrophotometer OD 600 of
0.2, following which it was cooled on ice for ∼30 min, pellets
were washed, and several OD 600 dilutions made (0.125,
0.062, 0.031, 0.015, 0.007 and 0.0) while still on ice. 90 μL
of receiver cell dilutions were added per well to a 96-well
plate in quadruplet (for the four different growth conditions),
followed by 90 μL of the sender cell dilutions also in quadru-
plet. The plate was run at 37 

◦C for 1 h, following which 20
μL of LB with the appropriate antibiotics (10 × concentrated,
to achieve the 1 × end-concentration) was added to each well,
and the plate was grown overnight at 37 

◦C, 205 cpm, while
recording OD 600 at 15 min intervals. 

Receiver infection CRISPRi time lapse in growing 

conditions 

Receiver strain (carrying F-plasmid + dCas9-GFP plas-
mid) and sender strains (carrying helper plasmid + sgRNA
phagemid) were streaked on LBA plates (1.5% w / v agar),
with appropriate antibiotics, and grown overnight at 37 

◦C.
Single colonies were inoculated in 5 mL LB media with ap-
propriate antibiotics and incubated overnight at 37 

◦C, with
180 rpm shaking. Overnight cultures were diluted 1000 × in
100 mL fresh LB media with antibiotics and incubated at
37 

◦C, 180 rpm, until they reached OD 600 ∼0.3. Cultures were
cooled on ice for at least 30 min, pellets were washed, and sev-
eral dilutions made with different ODs (0.12, 0.06, 0.03 and
0.0), while still on ice. The supernatant was filtered through
0.22 μm filters to collect phages and several serial dilutions
were made (10 ×, 20 ×, 40 ×, 0). 100 μL of receiver cultures
were mixed with 100 μL of sender cultures in a 96-well plate
and grown in plate reader for 5 h with no antibiotic, while
recording OD 600 and GFP fluorescence at 15 min intervals.
At 0, 1, 2, 3, 4 and 5 h, 10 μL co-culture was added to
1 × phosphate-buffered saline (PBS) containing 2 mg mL 

−1

kanamycin to stop protein expression and kill the cells. Fol-
lowing this, the cells in 1 × PBS + kan (2 mg mL 

−1 ) were stored
at 4 

◦C for later flow cytometry analysis. 

Phage transfer frequency calculations 

Transfer frequencies were calculated from the co-culturing
flow cytometry data in Figure 4 D,E and Supplementary Figure 
S6.5 . The events recorded at each time-point were gated by flu-
orescence to obtain the number of cells of each type: senders
(S, no GFP), uninfected receivers (Ru, GFP ON) and infected
receivers (Ri, GFP OFF). The transfer frequency was calcu-
lated as Ri / S*(Ri + Ru), according to the formula used to
obtain transconjugant frequency in conjugation experiments
( 27 ). 

Single input CRISPRi biological circuits 

Receiver strain (carrying F-plasmid + dCas9-GFP plas-
mid) and sender strains (carrying helper plasmid + sgRNA
phagemid) were streaked on LBA plates (1.5% w / v agar),
with appropriate antibiotics and grown overnight at 37 

◦C.
Single colonies were inoculated in 5 mL LB media with ap-
propriate antibiotics and incubated overnight at 37 

◦C, with
180 rpm shaking. Overnight cultures were diluted 1000 × in

100 mL fresh LB media with antibiotics and incubated at 
37 

◦C, 180 rpm, until they reached OD 600 ∼0.3. Cultures were 
cooled on ice for at least 30 min, spun down and washed. Sev- 
eral dilutions made to different ODs (0.12, 0.06, 0.03, 0.01,
0.007 and 0.0), while still on ice. 90 μL of receiver cell di- 
lutions were added per well to a 96-well plate in quadruplet 
(for the four different growth conditions), followed by 90 μL 

of the sender cell dilutions also in quadruplet. The plate was 
run at 37 

◦C for 4 h, while recording OD 600 and GFP flu- 
orescence at 15 min intervals, following which 20 μL of LB 

with the appropriate antibiotics (10x concentrated, to achieve 
the 1x end-concentration) was added to each well, and the 
plate was grown overnight at 37 

◦C, 205 cpm, while recording 
OD 600 and GFP fluorescence at 15 min intervals. After 16 h of 
growth in selection media, 10 μL of cultures were transferred 

to PBS for flow cytometry analysis performed immediately af- 
terwards. 

Multi-input CRISPRi biological circuits 

Receiver strain (carrying F-plasmid + dCas9-GFP plas- 
mid) and sender strains (carrying helper plasmid + sgRNA 

phagemid) were streaked on LBA plates (1.5% w / v agar),
with appropriate antibiotics, and grown overnight at 37 

◦C.
Single colonies were inoculated in 5 mL LB media with ap- 
propriate antibiotics and incubated overnight at 37 

◦C, with 

180 rpm shaking. Overnight cultures were diluted 1000 × in 

100 mL fresh LB media with antibiotics and incubated at 
37 

◦C, 180 rpm, until they reached OD 600 ∼0.3. Cultures were 
cooled on ice for at least 30 min, spun down and washed.
Several dilutions made to different ODs (0.12, 0.06, 0.03 and 

0.0), while still on ice. 100 μL of receiver cell dilutions were 
added per well to a 96-well plate, followed by 100 μL (total) 
of the sender cell dilutions. For the two-input gate, 50 μL each 

of the two sender dilutions was mixed together before adding 
to the receivers. For the 3-input gate, 33.3 μL each of the three 
sender dilutions was mixed together before adding to the re- 
ceivers. The plate was run at 37 

◦C for 4 h, while recording 
OD 600 and GFP fluorescence at 15 min intervals, following 
which the co-culture was diluted 20 × in 200 μL fresh LB me- 
dia with antibiotics, selecting only infected receivers. The plate 
was grown overnight while recording OD 600 and GFP fluo- 
rescence at 15 min intervals. After 16 h of growth in selection 

media, cultures were used to prepare PBS + kan plates for flow 

cytometer analysis performed immediately afterwards. 

Flow cytometry analysis 

Flow cytometry samples containing cells in 1 × PBS (with 2 

mg mL 

−1 of kanamycin) were analysed using the Attune NxT 

flow cytometer (Thermofisher) equipped with a Cytkick au- 
tosampler. Samples were fed into the flow cytometer using 
96-well plates. Around 20 000 bacterial events were recorded 

per sample, excluding dead cells and debris from the analysis 
using FSC and SSC thresholds of 100. GFP fluorescence was 
measured using excitation by a 488 nm laser and a 530 / 30 

nm filter (BL1 channel). The BL1 fluorescence threshold for 
each ON / OFF circuit was defined as the lower extreme of the 
fluorescence distribution from the ON receiver population. In 

samples with a mix of sender and receiver cells, the autoflu- 
orescent sender population was gated as BL1 < 100 before 
gating the ON / OFF receiver cells. Voltages used were FSC: 
265, SSC: 273, BL1: 278, for all experiments. Data collected 

were analysed using Attune Cytometric v5.3, and plotted us- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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ng python scripts. Flow cytometry overlays were plotted us-
ng the online tool: floreada.io 

esults 

 ender ph ysiology impacts phage secretion rates 

any previous studies have examined the infection and secre-
ion kinetics of the wild-type M13 phage ( 35 ). M13 is a fila-
entous bacteriophage that infects F + E. coli cells, using the
ost cell’s F-pilus as its primary receptor. Once inside the host,
he single-stranded phage DNA (ssDNA) rapidly converts into
 double-stranded replicative form (RF) DNA, which is then
eplicated by the host machinery. The 6.4 kb phage genome
ncodes for 11 phage proteins (gp1-11), including the struc-
ural coat proteins (gp3, gp6–9), and those involved in DNA
ynthesis, packaging, and secretion (gp1–2, gp4–5, gp10–11)
Figure 1 A) ( 35 ,45 ). Of these, the gp3 protein is responsible
or superinfection immunity that prevents the same cell from
eing infected multiple times ( 46 ). In addition, a packaging
ignal (ps) is required for mobilisation of the phage DNA for
ackaging into a new phage particle ( 47 ,48 ). In several pre-
ious works, M13 phage components have been engineered
o package other plasmid DNA by adding a packaging signal
 48 ); or, to make phage secretion dependent on the conditional
xpression of an essential phage protein like: gp3 ( 40 ,49 ), gp6
 41 ) or gp8 ( 50 ). 

In this study, we investigate the secretion kinetics of M13
hages produced by engineered sender cells. Similar to prior
orks ( 42 ), our senders contain two plasmids: a helper (H)

ncoding the functional M13 proteins (gp1-gp11) and a
hagemid (P) carrying the M13 packaging signal for pack-
ging and secretion. For some applications, a phage without
e-secretion suffices ( 28 ), while others require amplification
hrough re-secretion ( 40 ). We constructed two sender vari-
nts to compare: -gp3 ϕ for delivery only, and +gp3 ϕ for de-
ivery and re-secretion. Both variants have a kanR gene on the
hagemid and constitutively secrete phage particles. They dif-
er in whether the minor coat protein gp3 gene is encoded on
he helper or on the phagemid (Figure 1 B and C). 

To study the kinetics of secretion, we monitored sender cul-
ures for ∼15 h, measuring OD 600 and collecting phage sam-
les at 1 h intervals (Figure 1 D and F). -gp3 ϕ and +gp3 ϕ

hages were quantified using an assay for colony-forming
nits (CFU) or plaque-forming units (PFU), respectively (Fig-
re 1 F). -gp3 ϕ phages cannot repackage inside receiver cells
ue to the absence of the essential gp3 gene, while +gp3 ϕ

hages can re-secrete if receivers have the complementary
hage machinery . Consequently , -gp3 ϕ phages are quantified
sing CFU assay whereas +gp3 ϕ phages can be quantified us-
ng both CFU and PFU assays (see Supplementary Note S1
or differences between CFU and PFU assays). CFU counts
rom the -gp3 ϕ phages were converted to PFU estimates (Fig-
re 1 F-H), using the experimentally determined multiplication
actor of 14.7 ( Supplementary Figure S1.3 ). This allows for
irect comparisons with the -gp3 ϕ phage counts from PFU
ssays, which provide more accurate measures of phage num-
ers ( Supplementary Note S1 ). 
Although both sender variants reached similar end-point
Ds, -gp3 ϕ senders had a longer lag phase compared

o +gp3 ϕ senders (Figure 1 D). -gp3 ϕ senders showed a higher
nstantaneous growth rate (Figure 1 E), and produced 5 or-
ers of magnitude more phages at the end-point than +gp3 ϕ
senders (Figure 1 F). The per cell secretion rate of -gp3 ϕ

phages remained relatively constant, while that of +gp3 ϕ

phages decreased over time, with maximum secretion rates of
9.7 and 0.0002 phages min 

−1 cell −1 , respectively (Figure 1 G;
see Supplementary Note S2 for the relationship between OD
and sender cell numbers). The secretion rates of -gp3 ϕ senders
are comparable to the 2–6 phages min 

−1 cell −1 reported for
wild-type filamentous phages ( 35 ,50 ), but those for +gp3 ϕ are
much lower. Differences in secretion rates probably stem from
differences in expression levels of the gp3 gene ( 50 ) from the
different plasmids: helper plasmid for -gp3 ϕ (pBBR1, copy
number 4.7 ( 51 )) and phagemid for +gp3 ϕ (pUC, copy num-
ber 8.9 ( 51 )). Consistent with prior findings ( 52 ), we observe a
positive correlation between growth rates and secretion rates
per cell (Figure 1 H), suggesting that higher growth rates are
required to support phage secretion. Both phages show a
plateau in secretion rate at a growth rate of 0.0073 min 

−1

(0.44 h 

−1 ), indicating that other bottlenecks limit secretion
beyond this growth rate. Overall, we find that secretion kinet-
ics of M13 phages are specific to each phagemid, and depend
on sender cell growth phase and phage machinery expression
levels. 

R eceiver ph ysiology impacts phage infection rates 

Having established that the growth phase significantly affects
sender cell secretion rates, next we investigated its impact on
receiver cell infection rates. Whereas in a growing batch cul-
ture, cell density and growth phase vary simultaneously, we
designed our experiments to separate the two effects (Figure
1 J, Supplementary Figures S1.1 –S1.2 ). Receiver cells were har-
vested at different ODs, and resuspended to the same OD of
0.5, a commonly used density for PFU and CFU assays. These
resuspended cells were then infected with identical phage con-
centrations and counted using a CFU assay for both -gp3 ϕ

and +gp3 ϕ phages, and a PFU assay for +gp3 ϕ phages (Figure
1 I, J). Phage CFU counts in the late growth phase were 217-
fold higher for -gp3 ϕ and 323-fold higher for +gp3 ϕ phages
than in the early growth phase, despite the same receiver cell
OD. This suggests that receiver cells at different phases of
growth have different infectability, possibly due to more phage
receptors (F-pili) per cell in the late-log to early stationary
phase ( 53 ). However, this effect is not apparent when using
PFU assays (Figure 1 J, Supplementary Note S1 ). 

To assess the effect of receiver density on infection, cells
were grown to an OD ∼1, harvested, and resuspended to
five different ODs before infection with the same phage con-
centrations using a CFU assay ( Supplementary Figure S1.2 ).
Consistent with the law of mass action, higher receiver den-
sities resulted in more infected cells (CFU counts). Together,
these findings emphasise the impact of receiver cell physiol-
ogy and density on infection rates, as well as the limitations
of the CFU method in accurately quantifying phage numbers
( Supplementary Note S1) . 

The role of stochastic interactions in infection 

dynamics of growing receiver cells 

After examining the effects of physiology and density on
receiver infection independently (Figure 1 ), we investigated
how phage infection impacts growing receiver cells in batch
cultures where both factors change simultaneously. We used
the +gp3 ϕ phage that can infect receiver cells only once
( Supplementary Figure S3.1 ), due to superinfection immunity

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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Figure 1. Secretion and infection kinetics of M13 phages are growth-phase dependent. ( A ) Schematic representation of the wild-type M13 
bacteriophage’s life cycle in E. coli . The M13 phage, with single-stranded DNA (ssDNA) packaged in multiple coat proteins (gp3, gp6–9), enters the host 
cell f ollo wing at tac hment to the F-pilus receptor on the bacterial cell surf ace. T he ssDNA deliv ered is rapidly con v erted to double-stranded replicativ e 
form DNA (dsDNA, RF). While the host machinery produces multiple copies of the dsDNA, the ssDNA is regenerated and assembled into phage 
particles by the phage protein machinery (gp1 –2, gp4–5, gp1 0–11). ( B–C ) Schematics of phage-secreting sender cell variants: (B) -gp3 ϕ (TOP10_H_Kan �) 
and (C) +gp3 ϕ (TOP10_H �gIII_gIII-Kan �) sender. Both variants carry an M13 helper plasmid ( H ) that encodes the phage machinery and a phagemid ( P ), 
a plasmid that carries a packaging signal (ps) for secretion. The essential minor coat protein gene, gp3 , is encoded on the helper in the -gp3 ϕ sender 
and on the phagemid in the +gp3 ϕ sender. ( D ) Growth curves of -gp3 ϕ senders (blue) and +gp3 ϕ senders (orange), plotted as OD 600 against time. ( E ) 
Inst ant aneous growth rates of the two senders plotted against time, calculated between each pair of consecutive time-points from the growth data in 
(D). ( F ) Phage secretion curves of -gp3 ϕ and +gp3 ϕ senders plotted as phage titres against time. Titres of phages obtained from the sender time-points 
in (D) were estimated using a CFU assay (-gp3 ϕ , filled circles) or a PFU assay (+gp3 ϕ , empty circles). ( F–H ) Re-calculated PFU estimates for the -gp3 ϕ 

phage titres are shown as empty light-blue circles. ( G ) Inst ant aneous secretion rates were calculated for each consecutive time-point pair from secretion 
curves obtained in (F). Data in (D–G) show mean ± SD from N = 3 repeats. ( H ) Instantaneous secretion rates from (G) plotted against instantaneous 
growth rates from (E). ( I ) Schematic of a phage particle infecting a receiver cell. The receiver carries an F-plasmid encoding the F-pilus, the primary 
receptor for M13 phage infection. ( J ) Receiver cells (ER2738F) harvested at different growth phases (harvest OD 600 ) were re-adjusted to the same 
density, and infected with the same number of isolated phage particles (-gp3 ϕ or +gp3 ϕ ). The number of infected cells were counted using a CFU 

assay (filled circles) or a PFU assay (empty circles). Data in (J) show individual points from N = 3 repeats. 
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Figure 2. Phage infection dynamics in growing receiver cells exhibits stochasticity. ( A ) A schematic of the experimental setup. Different concentrations 
of isolated phages (+gp3 ϕ ) were incubated with receiver cultures (ER2738F) at different densities in a 96-well plate for 20 min without selection, and 
subsequently grown with (purple to sky blue) or without (green to light green) antibiotic (kanamycin) selection for infected receivers for ∼20 h 
( Supplementary Figure S4.1 ). ( B ) Growth curves of receiver cells incubated with varying concentrations of purified phages (wells A1–A12), plotted as 
OD 600 against time. ( C ) Growth curves of receiver cells at varying starting densities incubated with a fixed concentration of isolated phages (wells 
A3–D3), plotted as OD 600 against time. N = 1 for (B) and (C). ( D–F ) (top panel) Repeats of growth curves from wells A4, A9 and A12 (includes data from 

(B)), plotted as OD 600 against time (bottom panel) Coefficients of variation (CoV) from the growth curve repeats in the top panel, plotted as CoV against 
time. Data in (D–F) are from N = 3 repeats. ( G ) (top panel) Number of unabsorbed phages o v er time and (bottom panel) %unadsorbed phages o v er time 
in well D3, grown with (purple) or without (green) antibiotic selection. Data from N = 3 repeats. (B–G) use the colour code defined in (A). 
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rom gp3 expression in receivers ( 46 ). Receiver cells at four
tarting densities (OD 600 : 0.25, 0.125, 0.0625, 0.03125) were
ncubated with 12 concentrations of isolated phages (fold-
ilutions: 3 

∧ 0 to 3 

∧ 10, and no-phage control) for 20 min in a
6-well plate (Figure 2 A), followed by growth with or without
ntibiotic selection (kanamycin) for ∼20 h ( Supplementary 
igure S4.1 ). 
With antibiotic selection, we observed a phage dose-

ependent bacterial growth rescue at a fixed starting receiver
ensity (Figure 2 B, Supplementary Figure S4.2 ). When the
ame number of phages were incubated with different densi-
ies of receiver cells, a similar growth rescue dependent on re-
eiver density was observed (Figure 2 C, Supplementary Figure 
4.3 ). Repeating these experiments three times with a sub-
et of phage dilutions (3 

∧ 1, 3 

∧ 2, 3 

∧ 3, 3 

∧ 8, 3 

∧ 9, 3 

∧ 10) con-
rmed that growth rescue is more likely at higher phage con-
entrations ( = lower dilutions) across all receiver densities
Figure 2 D–F, top panel; Supplementary Figure S4.4 ). This is
lso indicated by the lower coefficients of variation (%CoV) at
igher phage concentrations (Figure 2 D and E, bottom panel;
upplementary Figure S4.5 ). These differences in growth res-
cue reflect varying probabilities of infection across different
phage-receiver concentration settings. 

We visualised growth rescue variability using heatmaps of
%CoV at the 18 h end-point ( Supplementary Figure S4.6 ) and
cumulative %CoVs over time ( Supplementary Figure S4.7 ).
Both heatmaps confirmed that infection variability is lower at
high phage concentrations and higher at low phage concentra-
tions. Interestingly, variability peaked at low phage and low
receiver concentrations ( Supplementary Figures S4.6 –S4.7 ),
before reducing again at the lowest receiver OD of 0.03.
This indicates that infection probabilities are in the stochas-
tic regime when phage and receiver concentrations are low.
At high phage and high receiver numbers, infection probabil-
ity is high; at low phage and very low receiver numbers, the
infection probability is low, with both these conditions repre-
senting deterministic infection regimes. 

To observe phage uptake rates, we quantified unadsorbed
phages from wells A3–D3 (Figure 2 A, phage dilution 3 

∧ 2) at
2, 6 and 10 h (Figure 2 G). In kan(-) wells, phages were progres-
sively adsorbed until almost none remained by 10 h, driven
by continuous multiplication of uninfected receiver cells. In

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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kan(+) wells, ∼85% of phages were adsorbed within 2 h,
with no further change later, indicating that uninfected cells
were killed by kanamycin, and only infected receivers grew
thereafter (Figure 2 G, Supplementary Figure S4.8 ). The ab-
sence of further phage depletion in kan(+) wells also suggests
that phage depletion primarily occurs due to adsorption by
uninfected receiver cells, not repeat adsorption by infected re-
ceivers. Infected receivers in these experiments are immune to
a secondary infection due to the expression of the gp3 gene
delivered by the +gp3 ϕ phages ( Supplementary Figure S3.1 ). 

Resource competition and antibiotic selection 

during communication between sender and 

receiver cells 

Processes of horizontal gene transfer transmit valuable func-
tions encoded on DNA from one cell to another. When these
cells compete for growth in the same environment, competi-
tion for growth can affect the recipient’s ability to take advan-
tage of the newly acquired functions ( 54 ). Using a synthetic
setup, we next studied intercellular communication dynamics
between phage-secreting sender and susceptible receiver cells
in a co-culture. Senders (-gp3 ϕ and +gp3 ϕ ) and receivers were
co-incubated without antibiotics for 1 h, followed by growth
under four conditions: without antibiotics, or with antibiotics
to select for receivers only (tetracycline), senders only (gen-
tamycin) or infected-receivers only (kanamycin + tetracycline)
(Figure 3 A, Supplementary Note S5 ). 

Growth dynamics in these conditions revealed how re-
source competition and antibiotic selection impacted com-
munication (Figure 3 B,C, Supplementary Figures S5.1 , S5.
5 ). Without antibiotic selection, both senders and receivers
showed a monophasic growth. Similarly, growth in the re-
ceivers only condition showed monophasic growth indicat-
ing that senders are rapidly killed by tetracycline, and subse-
quent growth is by receivers only. In co-cultures where two
cell types compete for the same resources, biphasic growth
curves often reflect sequential dominance due to the initial
growth of one cell type followed by the subsequent growth
of the second one ( 55 ), with a biphasic lag between the two
growth phases. Such biphasic growth is seen in the senders
only (gentamycin) condition, and is especially apparent when
starting sender OD is low ( Supplementary Figure S5.1 ). As
gentamycin killing of receiver cells is slow, they grow for
some time while competing with the senders for nutritional
resources before dying. Therefore, wells with more starting re-
ceivers (A5) show the biphasic lag later than those with fewer
starting receivers (C5), even when the starting senders in the
two wells are the same. These observations are broadly simi-
lar between the -gp3 ϕ and +gp3 ϕ senders ( Supplementary 
Figures S5.1 & S5.5 ). Biphasic growth was also observed
in infected-receivers only (kanamycin + tetracycline) condi-
tions, especially for +gp3 ϕ senders. This is because the secre-
tion rates of +gp3 ϕ senders are ∼1000-fold lower than those
of -gp3 ϕ senders (Figure 1 F), resulting in more receivers re-
maining uninfected at the end of the 1 h pre-selection incu-
bation. In the -gp3 ϕ case, we estimate that > 75% receivers
are infected before the selection is applied, allowing them
to quickly outcompete both senders and uninfected receivers
without an apparent biphasic lag. In contrast, < 1% receivers
are infected in the +gp3 ϕ case during the same pre-selection
period. 
To further understand the contributions of sender and re- 
ceiver numbers, we plotted ODs of several wells at an early 
time-point (5 h) and the end-point (18 h) of post-selection 

growth (Figure 3 D,E). More detailed plots are available in 

Supplementary Note S5 . Without antibiotics in the -gp3 ϕ ex- 
periments, wells with only senders added had lower end-point 
ODs than those with only receivers added, suggesting that 
in 1:1 sender:receiver co-cultures -gp3 ϕ senders would con- 
tribute less to the final OD than receivers ( Supplementary 
Figures S5.2 –S5.3 ). 

In the +gp3 ϕ experiments, wells with only senders added 

reach end-point ODs similar to wells with only receivers 
added ( Supplementary Figures S5.6 –S5.7 ). These differences 
in end-point ODs reflect the fact that growth rate difference 
between receivers and -gp3 ϕ senders is much higher than that 
between receivers and +gp3 ϕ senders ( Supplementary Figure 
S5.11 ). In receiver only growth conditions, end-point ODs in 

both -gp3 ϕ and +gp3 ϕ experiments were lower in wells with 

higher starting senders (Figure 3 D and E), an effect more pro- 
nounced for the +gp3 ϕ senders. This is due to early resource 
competition between receivers and senders before the latter 
are killed by tetracycline. In sender only growth conditions,
ODs were higher at 5 h in wells with more starting senders 
as expected, but plateaued by 18 h with weaker dependence 
on starting sender numbers (Figure 3 D and E). However, the 
effect of early resource competition with the receivers was still 
visible, resulting in lower ODs in wells with higher starting re- 
ceivers (Figure 3 D and E). These results were also seen when 

comparing a smaller subset of the data from pairs of wells 
with similar total starting ODs but different sender:receiver 
ratios ( Supplementary Figures S5.4 , S5.8 ). Overall, the re- 
source competition effect was much smaller when selecting 
for senders only than seen above when selecting for receivers 
only, due to receivers being less rapidly killed by gentamycin 

than senders are killed by tetracycline. 
In the infected-receivers condition at an early time-point (5 

h), as expected the OD is higher for wells with higher start- 
ing senders. This effect of sender dose dependence was more 
pronounced for +gp3 ϕ senders than -gp3 ϕ senders (Figure 
3 D,E), due to the former’s lower secretion rates that result in 

lower phage titres by the end of the 1 h incubation (Figure 
1 G). Variability between repeats in sender-receiver communi- 
cation experiments ( Supplementary Figures S5.9 –S5.10 ), for 
both senders, was lower than in phage-receiver infections (Fig- 
ure 2 D–F, Supplementary Figure S4.5 ). We estimate that < 2 

cells per mL of -gp3 ϕ senders or < ∼22 000 cells per mL 

of +gp3 ϕ senders would be needed for sender-receiver infec- 
tions to exhibit high variability similar to phage-receiver in- 
fections. The end-point ODs plateaued if any senders were 
present, with higher ODs for -gp3 ϕ than +gp3 ϕ senders.
Within each set with fixed starting receivers, increasing sender 
numbers marginally reduced the end-point OD (Figure 3 D, E,
Supplementary Figures S5.2 , S5.6 ). For -gp3 ϕ , the starting re- 
ceiver OD had little effect on infected-receiver end-point ODs 
( Supplementary Figure S5.3 ), but for +gp3 ϕ , higher starting 
receiver OD led to lower final OD ( Supplementary Figure S5. 
7 ). This is due to early resource competition with more re- 
ceivers that later die if uninfected. This suggests that when 

the phage-mediated communication rate is low (as for +gp3 ϕ ) 
and conditions are selective for infection, vertical transfer of 
the phagemid from mother to daughter cell is more efficient 
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Intercellular gene regulation using CRISPRi circuits 

Over the past decade, programmable CRISPR nucleases and
their catalytically dead mutants have been widely used in
genome engineering and gene regulation applications ( 56 ).
CRISPR systems are standalone in their function, with the ex-
pression of the CRISPR nuclease and guide RNA being suf-
ficient for activity, even in heterologous settings or in vitro
( 56 ). The specificity of CRISPR systems can be programmed
by modifying the guide RNA sequence to direct the ribonucle-
oprotein to a specific DNA or RNA target. This versatility has
made CRISPR systems valuable tools for building information
processing genetic circuits ( 8 ,23 ), acting as internal wires in
the cell, or functioning as DNA payload selectors ( 27 ). 

Building on the phage-mediated cell-to-cell communication
(Figure 3 ), we aimed to create multicellular circuits where
DNA messages coding for CRISPR guide RNAs are secreted
by sender cells and delivered by phages to modify receiver
gene expression. We term this process ‘intercellular CRISPRi’
(i-CRISPRi). We began by examining the infection dynam-
ics and circuit response of a simple i-CRISPRi circuit (Fig-
ure 4 A), where an sgRNA ( sgRNA-1 ) targets the template
DNA strand downstream of the GFP promoter for tran-
scriptional repression (see Supplementary Figure S10.1 a). The
sgRNA is encoded on the -gp3 ϕ phagemid variant, which
has a higher secretion rate and lacks superinfection inhibi-
tion. Co-transformation of the dCas9-GFP plasmid, which ex-
presses dCas9 from a constitutive promoter and GFP from
an sgRNA-repressible promoter, with a phagemid constitu-
tively expressing sgRNA-1 showed high repression of the GFP 

( Supplementary Figure S6.1 ). Next, isolated sgRNA-1 phages 
(3.6 × 10 

13 mL 

−1 , CFU assay) were incubated with receiver 
cells at 0.125 OD without antibiotic selection, GFP expres- 
sion was monitored for 5 h by flow cytometry, and receiver 
cells were gated into ‘OFF’ and ‘ON’ populations (Figure 4 B).

Upon infection, the phagemid delivered into the receivers 
expressed sgRNA-1 from a strong constitutive promoter 
(J23119), and in turn formed the dCas9-sgRNA complex to 

repress the GFP gene, thereby increasing the %OFF cells in 

the population (Figure 4 C). GFP expression was repressed in 

84% of receiver cells by 2 h, and 90% cells by 5 h. These 
results are consistent with those reported in the first phage- 
derived DNA messaging system where 92% receivers got in- 
fected by phages from sender cells within 5 h without an- 
tibiotic selection ( 42 ). To compare phage-mediated CRISPRi 
against small-molecule inducible CRISPRi, we separately co- 
transformed the dCas9-GFP plasmid with two sgRNA-1 plas- 
mids, inducible by arabinose and IPTG. GFP repression was 
monitored after 16 h of induction using varying inducer con- 
centrations ( Supplementary Figures S6.2 –S6.3 ). For compar- 
ison, we also incubated the previously used dCas9-GFP re- 
ceiver cells with varying concentrations of sgRNA-1 phages 
for 16 h ( Supplementary Figure S6.4 ). Flow cytometry data 
show that small molecule induction of sgRNA-1 , with both 

arabinose and IPTG, results in tunable control of GFP repres- 
sion, whereas the delivery of the sgRNA-1 phagemid results 
in a digital ON-OFF behaviour. This indicates that DNA mes- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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ages, unlike small molecules, behave like digital signals; a sin-
le successful transmission delivers the full message to the re-
eiver cell where its expression can act on the downstream
ircuit. 

After confirming GFP repression by sgRNA-1 in phage-
ransduced receiver cells, we constructed the i-CRISPRi cir-
uit with senders secreting the sgRNA phagemid and receivers
xpressing dCas9 and GFP. Upon co-culturing of the sender
nd receiver cells, sgRNA phages produced by the senders can
ransduce into the receivers ( Supplementary Figure S6.5 ). Co-
ulturing sender and receiver cells in varying ratios showed
hat 87% of receivers expressed ∼20-fold lower GFP at a 1:4
ender:receiver ratio within 5 h (Figure 4 D). Higher sender
atios (2:4 or 4:4) further increased the GFP-repressed popu-
ation to 92% and 95%, respectively. Increasing sender num-
ers, while keeping the receiver numbers the same, slightly re-
uced the time to repress 50% of receivers from 2.29 h (1:4 ra-
io) to 1.98 h (2:4 ratio) and 1.76 h (4:4 ratio). Sender:receiver
atios of 4:4, 4:2 and 4:1 showed no significant difference in
epression rates, suggesting excess phage secretion at those
ender numbers (Figure 4 E). 

We calculated the phagemid transfer frequency from
enders to receivers, using a method used to obtain transcon-
ugation frequency in conjugation experiments ( 27 ). We found
hat the highest transfer frequency of 3 × 10 

−4 mL cell −1 was
bserved at 3 h of co-incubation for low sender and high re-
eiver starting densities (Figure 4 F, Supplementary Figure S6.
 ). This transfer rate vastly exceeds the 5.2 × 10 

−9 reported
or transconjugation at 6 h ( 27 ). Two additional i-CRISPRi
ircuit variants with different sgRNA and cognate promoter
equences, as well as different replication origins, confirmed
he general applicability of these circuits ( Supplementary 
igures S6.7 –S6.8 ). However, it also revealed differences in
he rate of GFP repression ( Supplementary Figure S6.9 ), possi-
ly because the different replication origins used affect phage
ommunication rates, or the different sgRNAs have different
ates of repression after phagemid delivery to the receiver cells.

ingle-input Boolean logic gates using intercellular 
RISPRi 

fter demonstrating i-CRISPRi regulation (Figure 4 ), we
esigned multicellular circuits implementing single-input
oolean logic gates. Previously, we had tested i-CRISPRi cir-
uits without antibiotic selection, but selection may be needed
s circuit complexity and the number of inputs increase. So,
e examined how circuit output changes with and without

election for two single-input gates: NOT and YES. 
The NOT gate was built using sgRNA-1 encoding

hagemid secreted by senders to infect receiver cells express-
ng GFP and dCas9 (Figure 5 A). This circuit uses a ‘single-
ail’ encoding, where the sender’s presence represents input
1’ and its absence represents input ‘0’. Sender-receiver co-
ultures were grown for 4 h without selection, followed by
6 h of growth under four conditions: no antibiotic, selection
or receivers only (spectinomycin), senders only (gentamycin),
nd infected-receivers only (spectinomycin + ampicillin) (Fig-
re 5 B, Supplementary Figure S7.1 ). Flow cytometry showed
hat infected receivers exhibited a 21.3-fold decrease in GFP
xpression compared to the uninfected receiver control (Fig-
re 5 C). Interestingly, selection for sgRNA phagemid was not
ecessary, as setups without antibiotics or selection for re-
ceivers only (spectinomycin) showed similar results (Figure
5 D, Supplementary Figure S7.2 ). 

The YES gate (buffer gate) circuit used sender cells encod-
ing sgRNA-2 and a receiver circuit with two sequential NOT
gates (inverters) (Figure 5 E). Receiver cells carried the YES
gate circuit on a plasmid expressing sgRNA-Y and dCas9,
with their complex repressing the GFP promoter. sgRNA-
Y promoter, in turn, was regulated by the sgRNA-2 . YES
gate sender and receiver cells were co-cultured for 4 h with-
out selection, followed by 16 h under the same four condi-
tions used previously (Figure 5 F, Supplementary Figure S7.3 ).
Flow cytometry showed a 20.7-fold increase in GFP expres-
sion in infected receivers compared to the uninfected receiver
control (Figure 5 G). Similar to the NOT gate, selection for
sgRNA was not required in the receiver cells (Figure 5 H,
Supplementary Figure S7.4 ). High GFP activation was ob-
served after 16 h without selection, but not after 4 h of pre-
incubation ( Supplementary Figure S7.5 ). This is different to
the circuit behaviour previously observed with the sgRNA-1
NOT gate senders (Figure 4 D), where 4 h of pre-incubation
without selection was already sufficient to reach 95% repres-
sion. This suggests either lower sgRNA-2 phage secretion rates
or a longer delay between infection and activation in the YES
gate circuit, or a combination of both. 

Post-selection data showed that the YES gate fluores-
cence switch requires more time than the NOT gate, where
a response was seen almost immediately (Figure 5 B, F,
Supplementary Figure S9.1 ). Defining circuit switching time
as a ≥20% change from the no-input control fluorescence,
the NOT gate switch begins at 39.6 min, while the YES gate
switch starts at 173.4 min (2.89 h) ( Supplementary Figure S9.
1 ). The longer YES gate switch time is likely due to the addi-
tional CRISPRi step in the repression cascade. 

Multi-input Boolean logic gates using intercellular 
CRISPRi 

Before implementing multi-input logic gates, we checked if re-
ceiver cells could be infected by multiple phages simultane-
ously. Receiver cells were incubated with 1, 2, or 3 phage types
(differing in replication origins and antibiotic markers) for 1
h, then subjected to antibiotic selection. Results showed that
cells could be co-infected by multiple -gp3 ϕ phagemids simul-
taneously ( Supplementary Figure S3.2 ), but not if already in-
fected with a +gp3 ϕ phagemid ( Supplementary Figure S3.1 ).
While multiple -gp3 ϕ infections are possible, multiple antibi-
otic selections reduced receiver cell growth. Yet, given the lack
of circuit activation at 4 h without selection seen earlier in
the YES gate ( Supplementary Figure S7.5 ), antibiotic selec-
tion seems necessary if circuits are to be activated by mul-
tiple inputs. However, comparing fluorescence output under
different growth conditions is challenging due to growth rate
differences affecting GFP dilution ( 57 ). To address both these
requirements together, we used ‘dual-rail’ encoding, where
circuit input comes from two types of sender cells deliver-
ing a ‘0’ signal (dummy sgRNA) or a ‘1’ signal (targeting
sgRNA). 

The AND gate (A.B) receiver uses a plasmid encoding GFP,
dCas9, sgRNA-X , and sgRNA-Y . In complex with dCas9,
either of the two sgRNAs represses GFP by binding down-
stream of the promoter (Figure 6 A). This promoter configura-
tion with tandem repressor binding sites behaves like a NOR
gate, which owing to its functional completeness can be lay-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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incubated without or with sgRNA-1 senders for 16 h, with appropriate antibiotic selection (without sender = red, spec; with sender = green, 
spec + amp). These representative plots are from a single experiment (N = 1). ( D ) Same experiment as in (c), except two additional growth conditions 
with senders are shown (no antibiotic and spec). Mean ± SD of fluorescence data from N = 3 repeats are plotted here. ( E ) Schematic of the intercellular 
CRISPR interference system for YES logic gate behaviour. Sender i2 (TOP10_H_sgRNA-2_Kan �) secretes phage particles encoding sgRNA-2 . Upon 
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regular intervals. A time-course of Fluorescence / OD is plotted here. ( G ) Distribution of GFP fluorescence in receiver cells incubated without or with 
sgRNA-2 senders for 16 h, with appropriate antibiotic selection (without sender = red, spec; with sender = green, spec + kan). These representative 
plots are from a single experiment (N = 1). ( H ) Same experiment as in (G), except two additional growth conditions with senders are shown (no 
antibiotic and spec). Mean ± SD of fluorescence data from N = 3 repeats are plotted here. 
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ered to build any digital logic ( 9 ). Promoters of sgRNA-X and
sgRNA-Y are regulated by sgRNA-A and sgRNA-B , respec-
tively. Two sender cells secrete phages encoding sgRNA-A and
sgRNA-B for signal input ‘1’ (TOP10_H_sgRNA-A1_Kan �

and TOP10_H_sgRNA-B1_Gent �), while two others se-
crete null phages encoding dummy sgRNAs for signal input
‘0’ (TOP10_H_sgRNA-A0_Kan � and TOP10_H_sgRNA-
B0_Gent �). The ‘1’ and ‘0’ senders of any input set are never
used together. The AND gate was implemented in a two- 
sender one-receiver circuit, incubated with all combinations 
of senders (‘00’, ‘01’, ‘10’ and ‘11’) for 4 h without selec- 
tion, then grown for 16 h with multi-antibiotic selection in 

a plate reader (Figure 6 B, Supplementary Figure S8.1 ). Using 
a conservative fold-change estimate proposed in the Cello pa- 
per ( 58 ), flow cytometry showed a 14.3-fold increase in fluo- 
rescence with the ‘11’ sender combination compared to the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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time-course of Fluorescence / OD is plotted here. ( C ) Distribution of GFP fluorescence in receiver cells incubated with sgRNA-A and sgRNA-B senders 
for 16 h, with appropriate antibiotic selection. These representative plots are from a single experiment (N = 1). ( D ) Same experiment as in (C), except the 
mean ± SD of fluorescence data from N = 3 repeats are plotted here. ( E ) Schematic of the intercellular CRISPR interference system for AND-AND-NOT 
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respectively, in turn depressing GFP expression. If state ‘1’ phage C infects receivers, it directly represses GFP . ( F ) AND-AND-NOT gate receivers (red) 
infected by non-activating combinations of phage senders (0 0 0, 0 0 1, 0 1 0, 0 11, 1 00, 1 0 1, 1 1 1), and receiv ers (green) infected b y activ ating combination 
(110) of phage senders, were grown for 16 h in a plate reader, with OD 600 and fluorescence recorded at regular intervals. A time-course of 
Fluorescence / OD is plotted here. ( G ) Distribution of GFP fluorescence in receiver cells incubated with sgRNA-A, sgRNA-B and sgRNA-C senders for 16 
h, with appropriate antibiotic selection. These representative plots are from a single experiment (N = 1). ( H ) Same experiment as in (g), except the 
mean ± SD of fluorescence data from N = 3 repeats are plotted here. 
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highest of the other three combinations (Figure 6 C and D,
Supplementary Figure S8.2 ). 

The AND-AND-NO T (A.B. ∼C) gate receiver
(TOP10F_dCas9-GFP_AAN_4) has a circuit plasmid with
an sgRNA binding site downstream of the GFP promoter
for repression by an additional sgRNA-C produced by
sender C (TOP10_H_sgRNA-C1_Amp �) (Figure 6 E). The
AND-AND-NOT gate circuit presented here was identified
from seven designs ( Supplementary Figure S10.1 ) using a
3-step characterisation process (see Supplementary Note S10 ,
Supplementary Figures S10.2 and S10.3 ). The circuit in-
volves three sender cells for signal ‘1’ (sgRNA-A, sgRNA-B,
sgRNA-C) and three for signal ‘0’ (dummy sgRNAs). The
AND-AND-NOT gate was implemented in a three-sender
one-receiver circuit, tested with combinations (‘000’, ‘001’,
‘010’, ‘011’, ‘100’, ‘101’, ‘110’, ‘111’) for 4 h without
selection, followed by 16 h with antibiotics (Figure 6 F,
Supplementary Figure S8.3 ). Using flow cytometry, a 7.7-
fold increase in GFP expression was observed between the
ON-state (‘110’) and the highest of all OFF-states (Figure 6 G
and H, Supplementary Figure S8.4 ). Senders A1, B1 and null
sender C0 (TOP10_H_sgRNA-C0_Amp �) were incubated
with receivers to achieve the ON-state. 

The 20% switching response time increased to 8.52 h for
AND gate and 10.71 h for AND-AND-NOT gate compared
to single-input circuits (Figures 5 , 6 B, and 6 F, Supplementary 
Figure S9.1 ), due to the time lag from additional CRISPRi
steps required in the repression cascade ( Supplementary 
Figure S9.1 ). 

Discussion 

In this work, we have leveraged key advantages of a phage-
derived DNA messaging system, high programmability and
message-channel decoupling ( 42 ), to implement several dis-
tributed logic gates in multi-strain bacterial consortia. We in-
vestigated the transmission (secretion) and reception (infec-
tion) dynamics of the messaging system, revealing that both
steps are significantly influenced by the growth phase of sender
and receiver cells, though in contrasting ways. Secretion rates
decrease as senders transition from early to late growth phases
(Figure 1 G), whereas infection rates of receivers increase dur-
ing a similar transition (Figure 1 J). This emphasises the need
to assess phage production and infection kinetics not just in
the exponential phase, as is commonly done, but across dif-
ferent growth phases. It is especially relevant since bacteria in
many natural environments exist in different phases of growth
with potentially different cell surface properties that influence
phage infection ( 59 ,60 ). Additionally, the phage yield and se-
cretion rate varied between -gp3 ϕ and +gp3 ϕ sender variants,
suggesting that phage machinery expression level is crucial for
optimal phage production (Figure 1 F and G). 

Studying phage infection kinetics in growing receiver cells,
we found high infection variability with low phage and re-
ceiver concentrations (Figure 2 D–F, Supplementary Figure S4.
5 ). This is consistent with previous findings that implicated
stochastic phage-bacterial interactions, due to spatial het-
erogeneity in the gut, for the poor efficacy of phage ther-
apy ( 61 ). Using sender cells rather than isolated phages re-
duced this variability substantially, due to phage dose am-
plification ( Supplementary Figures S4.5 , S5.9 –S5.10 ). This
suggests that using sender cells instead of isolated phages
for phage-mediated DNA delivery can improve outcomes in
phage therapy and microbiome editing applications. However,
phage communication kinetics between senders and receivers 
are shaped by resource competition among cells. Increasing 
sender ratios does not guarantee more infected receivers, as 
too many senders can deplete the resources needed for receiver 
growth (Figure 3 ). Therefore, horizontal transmission to a few 

receivers followed by vertical transmission by growth of those 
infected receivers might be a more effective strategy to obtain 

more infected receivers containing phage DNA. 
Our results demonstrate that the rates of M13 phage- 

mediated intercellular gate activation compare favourably 
against both small molecules and conjugation. Using isolated 

phages for induction of our simplest circuit (NOT gate), we 
achieve 20% induction in 64 min (Figure 4 C), compared 

to the 35–102 min using different concentrations of HSL 

molecules in previous studies ( 62 ,63 ). Using phage-secreting 
sender cells to communicate with receivers in a co-culture, we 
achieved 20% activation in 42 min ( Supplementary Figure S9. 
1 ), which is faster than the 146 min previously seen for AHL 

molecules ( 64 ). Due to the slow signal accumulation in sender- 
receiver co-cultures, many small molecule communication ex- 
periments instead use conditioned media for receiver activa- 
tion ( 65 ,66 ), or other specialised strategies to enrich signal 
accumulation ( 9 ). For example, a recently implemented dis- 
tributed solution for a cryptographic problem built a set of 
41 bacterial strains, each containing a different subcircuit,
that can communicate using four small molecules ( 66 ). How- 
ever, communication between pairs of strains was primarily 
achieved using conditioned media, with only two example 
pairs tested by co-culturing. Our system demonstrated sig- 
nificant fold activation of circuits without such enrichment 
strategies: 21-fold (Figure 5 D), 14.3-fold (Figure 6 D) and 7.7- 
fold (Figure 6 H) for single-, dual- and triple-input circuits,
respectively. However, these are lower than fold-changes of 
∼6–125-fold seen with 2–4 input unicellular circuits using 
transcription factors or CRISPRi ( 23 ,6 ). In a recent preprint,
Kusumawardhani et al. report similar findings using phage- 
mediated communication in multicellular circuits ( 67 ). While 
our work characterises the rates of phage-mediated commu- 
nication in detail and uses up to six sender strains as inputs,
Kusumawardhani et al. use up to four small molecules as in- 
puts combined with the inducible secretion of two intercellu- 
lar phage signals. 

M13-mediated communication was faster than conjuga- 
tion, with ∼95% of receivers infected within 5 h (Figure 4 D),
versus 50% in 6 h using conjugation ( 27 ). This is reflected 

in the transfer frequency obtained using M13 phages (Figure 
4 F), which is about five orders of magnitude higher than for 
conjugation ( 27 ). Furthermore, phage-mediated communica- 
tion does not require cell-to-cell contact, making it applicable 
even in sparse populations. Phage messages can stay viable 
in harsh environments before they find a receiver cell for de- 
livery ( 68 ). Unlike conjugation that requires an active F-pilus 
as DNA conduit ( 69 ), M13 needs the F-pilus for the initial 
surface attachment but not as a DNA conduit into the cell 
( 70 ,71 ). As a result, M13 infection can continue into the sta- 
tionary phase of cell growth while conjugation cannot ( 72 ). In 

both cases, cell surface receptors can be engineered to modify 
the transfer rates of both M13 transduction and conjugation 

( 26 ,73 ). 
We combined phage-mediated communication with 

CRISPRi to develop the i-CRISPRi system, implementing 
NOT and YES gates, as well as AND and AND-AND-NOT 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
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ates in co-cultures with up to four cell types at a time. Our
ost complex circuit implemented, the AND-AND-NOT

ate, uses a dual-rail encoding with three sender strains
of six possible sender strains) and one receiver strain in a
o-culture. The ability of several -gp3 ϕ phages to simultane-
usly infect the same receiver enables multiplex information
rocessing, which is not possible using many conjugation
ystems due to surface exclusion after the first transfer
vent ( 74 ). However, conjugation can be used to re-transmit
essages as receiver cells can assume the role of senders

fter the initial message delivery ( 27 ). Due to gp3-mediated
mmunity ( 46 ), such re-transmission is not normally possible
or -gp3 ϕ phagemids but it is possible for +gp3 ϕ phagemids,
rovided the receivers carry an appropriate helper. Alterna-
ively, other solutions that combine signal multiplexing with
e-transmission could employ conditional expression of gp3
s done in stringency-modulated PACE ( 49 ). 

Future enhancements to the M13 messaging system could
nclude selective packaging of orthogonal messages, target-
ng receivers with specific surface receptors ( 73 ), and com-
ining the system with re-addressable delivery of messages
 27 ). Our data suggest that changing plasmid replication ori-
ins, or the sgRNAs encoded, can modulate repression rates
 Supplementary Figure S6.9 ), thereby generating an array of
essaging variants with different communication properties.

f only transient DNA delivery is required, mini-phagemids
ith a split M13 packaging signal and no bacterial replica-

ion origin can be employed ( 75 ). For applications requiring
oth analogue and digital signals, small molecule communica-
ion may be combined with conjugation- and phage-mediated
NA messaging. The phage-mediated i-CRISPRi system de-

eloped in this work is amenable for interfacing with other cel-
ular communication systems, thereby expanding distributed
omputing circuits and DNA delivery applications for micro-
iome engineering. 
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ata file in the Supplementary materials. 

upplementary data 

upplementary Data are available at NAR Online. 

 c kno wledg ements 

e thank the two anonymous referees for their thought-
ul comments, which we believe have helped improve the
anuscript substantially. We thank Jean-Loup Faulon for

enerous access to laboratory equipment. We thank Alfonso
aramillo for the kind gift of bacterial strains and plasmids.
e thank Vijai Singh and Sai Akhil Golla for their help in

loning some plasmids used in this study. We thank Hadi
bara, Roman Luchko, Tom Zaplana and Anchita Sharma for
echnical assistance with M13 phage protocols. We acknowl-
dge the use of GPT-4o (Open AI, https:// chatgpt.com/ ) for
ext editing / rephrasing. 

Author contributions : M.F., T.N. and M.K. conceived the
tudy; A.Pu., A.Pat. and M.K. designed the wet-lab exper-
ments; A.Pu., A.Pat., C.H., A.Pan., C.R.C. and M.K. per-
ormed the wet-lab experiments; A.Pu., A.Pat., M.F., T.N. and

.K. analysed the data; M.F., T.N. and M.K. acquired the
funding; A.Pu. and M.K. wrote the manuscript with contri-
butions from all authors; All authors read and approved the
final manuscript. 

Funding 

We acknowledge support from the Digicosme working
group HicDiesMeus, Ile-de-France (IdF) region’s DIM-RFSI
(project COMBA CT), INS2I CNRS (project BA CON), Uni-
versité Paris-Saclay’s STIC department (project DEPEC
MODE) and INRAE’s MICA department (starting grant
and project PHEMO). This research was funded in part
by the French Agence Nationale de la Recherche (ANR)
under the projects DREAMY [ANR-21-CE48-0003]; PEPR
Tbox4BioProd [ANR-22-PEBB-0012]. 

Conflict of interest statement 

None declared. 

References 

1. Wan, X. , Volpetti, F. , Petrova, E. , French, C. , Maerkl, S.J. and Wang, B.
(2019) Cascaded amplifying circuits enable ultrasensitive cellular 
sensors for toxic metals. Nat. Chem. Biol., 15 , 540–548.

2. Courbet, A. , Endy, D. , Renard, E. , Molina, F. and Bonnet, J. (2015) 
Detection of pathological biomarkers in human clinical samples 
via amplifying genetic switches and logic gates. Sci. Transl. Med., 
7 , 289ra83.

3. Kemmer, C. , Gitzinger, M. , Baba, D.-E. , M. , D. , V. , S. J. and 
Fussenegger,M. (2010) Self-sufficient control of urate homeostasis 
in mice by a synthetic circuit. Nat. Biotechnol., 28 , 355–360.

4. Bonnet, J. , Y in, P. , Ortiz, M.E. , Subsoontorn, P. and Endy, D. (2013) 
Amplifying genetic logic gates. Science , 340 , 599–603.

5. Wang, B. , Kitney, R.I. , Joly, N. and Buck, M. (2011) Engineering 
modular and orthogonal genetic logic gates for robust digital-like 
synthetic biology. Nat. Commun., 2 , 508.

6. Moon, T.S. , Lou, C. , Tamsir, A. , Stanton, B.C. and Voigt, C.A. (2012) 
Genetic programs constructed from layered logic gates in single 
cells. Nature , 491 , 249–253.

7. Wang, B. and Buck, M. (2012) Customizing cell signaling using 
engineered genetic logic circuits. Trends Microbiol. , 20 , 376–384. 

8. Santos-Moreno, J. and Schaerli, Y. (2020) CRISPR -based gene 
expression control for synthetic gene circuits. Biochem. Soc. 
Trans., 48 , 1979–1993.

9. Tamsir, A. , Tabor, J .J . and Voigt,C.A. (2011) Robust multicellular 
computing using genetically encoded NOR gates and chemical 
‘wires’. Nature , 469 , 212–215.

10. Regot, S. , Macia, J. , Conde, N. , Furukawa, K. , Kjellén, J. , Peeters, T. , 
Hohmann, S. , de Nadal, E. , Posas, F. and Solé, R. (2011) Distributed 
biological computation with multicellular engineered networks. 
Nature , 469 , 207–211.

11. Toda, S. , Blauch, L.R. , Tang, S.K.Y. , Morsut, L. and Lim, W.A. (2018) 
Programming self-organizing multicellular structures with 
synthetic cell-cell signaling. Science , 361 , 156–162.

12. Chuang,J.S. (2012) Engineering multicellular traits in synthetic 
microbial populations. Curr. Opin. Chem. Biol., 16 , 370–378.

13. Grozinger, L. , Amos, M. , Gorochowski, T.E. , Carbonell, P. , 
Oyarzún, D.A. , Stoof, R. , Fellermann, H. , Zuliani, P. , Tas, H. and 
Goñi-Moreno,A. (2019) Pathways to cellular supremacy in 
biocomputing. Nat. Commun., 10 , 5250.

14. Chen, Y.C. , Destouches, L. , Cook, A. and Fedorec, A.J.H. (2024) 
Synthetic microbial ecology: engineering habitats for modular 
consortia. J. Appl. Microbiol., 135 , lxae158.

15. Kylilis, N. , Tuza, Z.A. , Stan, G.-B. and Polizzi, K.M. (2018) Tools for 
engineering coordinated system behaviour in synthetic microbial 
consortia. Nat. Commun., 9 , 2677.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1256#supplementary-data
https://chatgpt


16 Nucleic Acids Research , 2024 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae1256/7933600 by guest on 28 D

ecem
ber 2024
16. Du, P. , Zhao, H. , Zhang, H. , Wang, R. , Huang, J. , T ian, Y. , Luo, X. , 
Luo, X. , Wang, M. , Xiang, Y. , et al. (2020) De novo design of an 
intercellular signaling toolbox for multi-channel cell-cell 
communication and biological computation. Nat. Commun., 11 , 
4226.

17. Makri Pistikou, A.-M. , Cremers, G.A.O. , Nathalia, B.L. , 
Meuleman, T.J. , Bögels, B.W.A. , Eijkens, B.V. , de Dreu, A. , 
Bezembinder, M.T.H. , Stassen, O.M.J.A. , Bouten, C.C.V. , et al. 
(2023) Engineering a scalable and orthogonal platform for 
synthetic communication in mammalian cells. Nat. Commun., 14 , 
7001.

18. Canadell, D. , Ortiz-Vaquerizas, N. , Mogas-Diez, S. , de Nadal, E. , 
Macia, J. and Posas, F. (2022) Implementing re-configurable 
biological computation with distributed multicellular consortia. 
Nucleic Acids Res., 50 , 12578–12595.

19. Mittelbrunn, M. and Sánchez-Madrid, F. (2012) Intercellular 
communication: diverse structures for exchange of genetic 
information. Nat. Rev. Mol. Cell Biol., 13 , 328–335.

20. Soucy, S.M. , Huang, J. and Gogarten, J.P. (2015) Horizontal gene 
transfer: building the web of life. Nat. Rev. Genet., 16 , 472–482.

21. Hassan, F. , Kamruzzaman, M. , Mekalanos, J .J . and Faruque,S.M. 
(2010) Satellite phage tlc ϕ enables toxigenic conversion by CTX 

phage through dif site alteration. Nature , 467 , 982–985.
22. López-Igual, R. , Bernal-Bayard, J. , Rodríguez-Patón, A. , Ghigo, J.-M. 

and Mazel,D. (2019) Engineered toxin-intein antimicrobials can 
selectively target and kill antibiotic-resistant bacteria in mixed 
populations. Nat. Biotechnol., 37 , 755–760.

23. Nielsen, A.A.K. and Voigt, C.A. (2014) Multi-input CRISPR / Cas 
genetic circuits that interface host regulatory networks. Mol. Syst. 
Biol., 10 , 763.

24. Takahashi, M.K. and Lucks, J.B. (2013) A modular strategy for 
engineering orthogonal chimeric RNA transcription regulators. 
Nucleic Acids Res., 41 , 7577–7588.

25. Brophy, J.A.N. , Triassi, A.J. , Adams, B.L. , Renberg, R.L. , 
Stratis-Cullum, D.N. , Grossman, A.D. and Voigt, C.A. (2018) 
Engineered integrative and conjugative elements for efficient and 
inducible DNA transfer to undomesticated bacteria. Nat. 
Microbiol., 3 , 1043–1053.

26. Robledo, M. , Álvarez, B. , Cuevas, A. , González, S. , 
Ruano-Gallego, D. , Fernández, L.Á. and de la Cruz,F. (2022) 
Targeted bacterial conjugation mediated by synthetic cell-to-cell 
adhesions. Nucleic Acids Res. , 50 , 12938–12950. 

27. Marken, J.P. and Murray, R.M. (2023) Addressable and adaptable 
intercellular communication via DNA messaging. Nat. Commun., 
14 , 2358.

28. Krom, R.J. , Bhargava, P. , Lobritz, M.A. and Collins, J .J . (2015) 
Engineered phagemids for nonlytic, targeted antibacterial 
therapies. Nano Lett., 15 , 4808–4813.

29. Libis, V.K. , Bernheim, A.G. , Basier, C. , Jaramillo-Riveri, S. , 
Deyell, M. , Aghoghogbe, I. , Atanaskovic, I. , Bencherif, A.C. , 
Benony, M. , Koutsoubelis, N. , et al. (2014) Silencing of antibiotic 
resistance in E. coli with engineered phage bearing small 
regulatory RNAs. ACS Synth. Biol. , 3 , 1003–1006. 

30. Hsu, B.B. , Plant, I.N. , Lyon, L. , Anastassacos, F.M. , Way, J.C. and 
Silver,P.A. (2020) In situ reprogramming of gut bacteria by oral 
delivery. Nat. Commun , 11 , 5030.

31. Brödel, A.K. , Charpenay, L.H. , Galtier, M. , Fuche, F.J. , Terrasse, R. , 
Poquet, C. , Havránek, J. , Pignotti, S. , Krawczyk, A. , Arraou, M. , et al. 
(2024) In situ targeted base editing of bacteria in the mouse gut. 
Nature , 632 , 877–884.

32. Tao, W. , Chen, L. , Zhao, C. , Wu, J. , Yan, D. , Deng, Z. and Sun, Y. 
(2019) In Vitro packaging mediated one-step targeted cloning of 
natural product pathway. ACS Synth. Biol. , 8 , 1991–1997. 

33. Correa, A.M.S. , Howard-Varona, C. , Coy, S.R. , Buchan, A. , 
Sullivan, M.B. and Weitz, J.S. (2021) Revisiting the rules of life for 
viruses of microorganisms. Nat. Rev. Microbiol., 19 , 501–513.

34. Hay, I.D. and Lithgow, T. (2019) Filamentous phages: masters of a 
microbial sharing economy. EMBO Rep. , 20 , e47427. 
35. Smeal, S.W. , Schmitt, M.A. , Pereira, R.R. , Prasad, A. and Fisk, J.D. 
(2017) Simulation of the M13 life cycle I: assembly of a 
genetically-structured deterministic chemical kinetic simulation. 
Virology , 500 , 259–274.

36. Kim, I. , Moon, J.-S. and Oh, J.-W. (2016) Recent advances in M13 
bacteriophage-based optical sensing applications. Nano Converg , 
3 , 27.

37. Smith, G.P. and Scott, J.K. (1993) Libraries of peptides and proteins 
displayed on filamentous phage. Methods Enzymol., 217 , 
228–257.

38. Davenport, B.J. , Catala, A. , Weston, S.M. , Johnson, R.M. , 
Ardanuy, J. , Hammond, H.L. , Dillen, C. , Frieman, M.B. , 
Catalano, C.E. and Morrison, T.E. (2022) Phage-like particle 
vaccines are highly immunogenic and protect against pathogenic 
coronavirus infection and disease. NPJ Vaccines , 7 , 57.

39. Sedki, M. , Chen, X. , Chen, C. , Ge, X. and Mulchandani, A. (2020) 
Non-lytic M13 phage-based highly sensitive impedimetric 
cytosensor for detection of coliforms. Biosens. Bioelectron., 148 , 
111794.

40. Esvelt, K.M. , Carlson, J.C. and Liu, D.R. (2011) A system for the 
continuous directed evolution of biomolecules. Nature , 472 , 
499–503.

41. Brödel, A.K. , Jaramillo, A. and Isalan, M. (2016) Engineering 
orthogonal dual transcription factors for multi-input synthetic 
promoters. Nat. Commun., 7 , 13858.

42. Ortiz, M.E. and Endy, D. (2012) Engineered cell-cell 
communication via DNA messaging. J. Biol. Eng., 6 , 16.

43. Tzagoloff, H. and Pratt, D. (1964) The initial steps in infection with 
Coliphage M13. Virology , 24 , 372–380.

44. De Paepe, M. , De Monte, S. , Robert, L. , Lindner, A.B. and Taddei, F. 
(2010) Emergence of variability in isogenic Escherichia coli 
populations infected by a filamentous virus. PLoS One , 5 , e11823.

45. Mai-Prochnow, A. , Hui, J.G.K. , Kjelleberg, S. , Rakonjac, J. , 
McDougald, D. and Rice, S.A. (2015) Big things in small packages: 
the genetics of filamentous phage and effects on fitness of their 
host. FEMS Microbiol. Rev., 39 , 465–487.

46. Boeke, J.D. , Model, P. and Zinder, N.D. (1982) Effects of 
bacteriophage f1 gene III protein on the host cell membrane. Mol. 
Gen. Genet., 186 , 185–192.

47. Russel, M. and Model, P. (1989) Genetic analysis of the filamentous 
bacteriophage packaging signal and of the proteins that interact 
with it. J. V irol. , 63 , 3284–3295.

48. Dotto, G.P. , Enea, V. and Zinder, N.D. (1981) Functional analysis of 
bacteriophage f1 intergenic region. Virology , 114 , 463–473.

49. Carlson, J.C. , Badran, A.H. , Guggiana-Nilo, D.A. and Liu, D.R. 
(2014) Negative selection and stringency modulation in 
phage-assisted continuous evolution. Nat. Chem. Biol., 10 , 
216–222.

50. Ploss, M. and Kuhn, A. (2010) Kinetics of filamentous phage 
assembly. Phys. Biol., 7 , 045002.

51. Jahn, M. , Vorpahl, C. , Hübschmann, T. , Harms, H. and Müller, S. 
(2016) Copy number variability of expression plasmids 
determined by cell sorting and Droplet Digital PCR. Microb. Cell 
Fact., 15 , 211.

52. Kick, B. , Hensler, S. , Praetorius, F. , Dietz, H. and Weuster-Botz, D. 
(2017) Specific growth rate and multiplicity of infection affect 
high-cell-density fermentation with bacteriophage M13 for ssDNA 

production. Biotechnol. Bioeng., 114 , 777–784.
53. Tomoeda, M. , Inuzuka, M. and Date, T. (1975) Bacterial sex pili. 

Prog. Biophys. Mol. Biol., 30 , 23–56.
54. Billiard, S. , Collet, P. , Ferrière, R. , Méléard, S. and Tran, V.C. (2016) 

The effect of competition and horizontal trait inheritance on 
invasion, fixation, and polymorphism. J. Theor. Biol., 411 , 48–58.

55. Bloxham, B. , Lee, H. and Gore, J. (2022) Diauxic lags explain 
unexpected coexistence in multi-resource environments. Mol. Syst. 
Biol., 18 , e10630.

56. Wang, H. , La Russa, M. and Qi, L.S. (2016) CRISPR / Cas9 in 
genome editing and beyond. Annu. Rev. Biochem , 85 , 227–264.



Nucleic Acids Research , 2024 17 

5

5

5

6

 

6

6

6

6

6

 

 

 

R
©
T
n
t
j

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10
7. Nordholt, N. , van Heerden, J. , Kort, R. and Bruggeman, F.J. (2017) 
Effects of growth rate and promoter activity on single-cell protein 
expression. Sci. Rep., 7 , 6299.

8. Nielsen, A.A.K. , Der, B.S. , Shin, J. , Vaidyanathan, P. , Paralanov, V. , 
Strychalski, E.A. , Ross, D. , Densmore, D. and Voigt, C.A. (2016) 
Genetic circuit design automation. Science , 352 , aac7341.

9. Lim,J .J ., Diener,C., Wilson,J., Valenzuela,J .J ., Baliga,N.S. and 
Gibbons,S.M. (2023) Growth phase estimation for abundant 
bacterial populations sampled longitudinally from human stool 
metagenomes. Nat. Commun., 14 , 5682.

0. Porter, N.T. , Hryckowian, A.J. , Merrill, B.D. , Fuentes, J .J ., 
Gardner, J.O. , Glowacki, R.W .P . , Singh, S. , Crawford, R.D. , 
Snitkin, E.S. , Sonnenburg, J.L. , et al. (2020) Phase-variable capsular
polysaccharides and lipoproteins modify bacteriophage 
susceptibility in Bacteroides thetaiotaomicron. Nat. Microbiol., 5 , 
1170–1181.

1. Lourenço, M. , Chaffringeon, L. , Lamy-Besnier, Q. , Pédron, T. , 
Campagne, P. , Eberl, C. , Bérard, M. , Stecher, B. , Debarbieux, L. and 
De Sordi,L. (2020) The spatial heterogeneity of the gut limits 
predation and fosters coexistence of bacteria and bacteriophages. 
Cell Host Microbe , 28 , 390–401.

2. Daer, R. , Barrett, C.M. , Melendez, E.L. , Wu, J. , Tekel, S.J. , Xu, J. , 
Dennison, B. , Muller, R. and Haynes, K.A. (2018) Characterization 
of diverse homoserine lactone synthases in Escherichia coli. PLoS 
One , 13 , e0202294.

3. Ábrahám, Á. , Dér, L. , Csákvári, E. , V izsnyiczai, G. , Pap, I. , Lukács, R. , 
Varga-Zsíros, V. , Nagy, K. and Galajda, P. (2024) Single-cell level 
LasR-mediated quorum sensing response of Pseudomonas 
aeruginosa to pulses of signal molecules. Sci. Rep., 14 , 16181.

4. Silva, K.P. , Chellamuthu, P. and Boedicker, J.Q. (2017) Signal 
destruction tunes the zone of activation in spatially distributed 
signaling networks. Biophys. J., 112 , 1037–1044.

5. Tekel, S.J. , Smith, C.L. , Lopez, B. , Mani, A. , Connot, C. , 
Livingstone, X. and Haynes, K.A. (2019) Engineered orthogonal 
quorum sensing systems for synthetic gene regulation in 
Escherichia coli. Front. Bioeng. Biotechnol., 7 , 80.
eceived: September 4, 2024. Revised: November 30, 2024. Editorial Decision: December 4, 2024. A
The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution-Non
on-commercial re-use, distribution, and reproduction in any medium, provided the original work is 
ranslation rights for reprints. All other permissions can be obtained through our RightsLink service v
ournals.permissions@oup.com. 
66. Padmakumar, J.P. , Sun, J.J. , Cho, W. , Zhou, Y. , Krenz, C. , Han, W.Z. , 
Densmore, D. , Sontag, E.D. and Voigt, C.A. (2024) Partitioning of a 
2-bit hash function across 66 communicating cells. Nat. Chem. 
Biol., https:// doi.org/ 10.1038/ s41589- 024- 01730- 1 .

67. Kusumawardhani, H. , Zoppi, F. , Avendaño, R. and Schaerli, Y. 
(2024) Engineering intercellular communication using M13 
phagemid and CRISPR-based gene regulation for multicellular 
computing in Escherichia coli. bioRxiv doi: 
https:// doi.org/ 10.1101/ 2024.08.28.610043 , 28 August 2024, 
pre-print: not peer-reviewed.

68. Branston, S.D. , Stanley, E.C. , Ward, J.M. and Keshavarz-Moore, E. 
(2013) Determination of the survival of bacteriophage M13 from 

chemical and physical challenges to assist in its sustainable 
bioprocessing. Biotechnol. Bioprocess Eng., 18 , 560–566.

69. Goldlust, K. , Ducret, A. , Halte, M. , Dedieu-Berne, A. , Erhardt, M. and
Lesterlin,C. (2023) The F pilus serves as a conduit for the DNA 

during conjugation between physically distant bacteria. Proc. Natl.
Acad. Sci. USA , 120 , e2310842120.

70. Lubkowski, J. , Hennecke, F. , Plückthun, A. and Wlodawer, A. (1999) 
Filamentous phage infection: crystal structure of g3p in complex 
with its coreceptor, the C-terminal domain of TolA. Structure , 7 , 
711–722.

71. Russel, M. , Whirlow, H. , Sun, T.P. and Webster, R.E. (1988) 
Low-frequency infection of F- bacteria by transducing particles of 
filamentous bacteriophages. J. Bacteriol., 170 , 5312–5316.

72. Frost, L.S. and Manchak, J. (1998) F- phenocopies: characterization
of expression of the F transfer region in stationary phase. 
Microbiology , 144 , 2579–2587.

73. Lorenz, S.H. and Schmid, F.X. (2011) Reprogramming the infection 
mechanism of a filamentous phage. Mol. Microbiol., 80 , 827–834.

74. Achtman, M. , Kennedy, N. and Skurray, R. (1977) Cell–cell 
interactions in conjugating Escherichia coli: role of traT protein in 
surface exclusion. Proc. Natl. Acad. Sci. USA , 74 , 5104–5108.

75. Wong, S. , Jimenez, S. and Slavcev, R.A. (2023) Construction and 
characterization of a novel miniaturized filamentous phagemid for 
targeted mammalian gene transfer. Microb. Cell Fact., 22 , 124.
ccepted: December 6, 2024 

Commercial License (https: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits 
properly cited. For commercial re-use, please contact reprints@oup.com for reprints and 
ia the Permissions link on the article page on our site—for further information please contact 

.1093/nar/gkae1256/7933600 by guest on 28 D
ecem

ber 2024

https://doi.org/10.1038/s41589-024-01730-1
https://doi.org/10.1101/2024.08.28.610043

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

