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Framework nucleic acid strategy enables closer
microbial contact for programming

short-range interaction

Na Chen't, Jing Xi't, Na Du't, Ruichen Shen?, Rui Zhao', Wei He', Tianhuang Peng?,
Yanbing Yang1, Yun Zhang3*, Lilei Yu‘*, Weihong Tanz*, Quan Yuan

Programming precise and specific microbial intraspecies or interspecies interaction would be powerful for micro-
bial metabolic regulation, signal pathway mechanism understanding, and therapeutic application. However, it is
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still of great challenge to develop a simple and universal method to artificially encode the microbial interactions
without interfering with the intrinsic cell metabolism. Here, we proposed an extensible and flexible framework
nucleic acid strategy for encoding the specific and precise microbial interactions upon self-assembly. With this
spatial manipulation tool, we propose the microbial spatial heterogeneity and short-range interaction mecha-
nism that the microbial assembly facilitates the gene expressions of the surface sensors including flagella and pili
in Pseudomonas aeruginosa, leading to a more sensitive response to quorum sensing. The microbial interaction
programming strategy proposed in this work is expected to provide a powerful and designable nanoplatform for
better understanding of distance-dependent bacterial communication networks.

INTRODUCTION

In nature, organisms across all domains of life do not exist in isola-
tion but form complex ecological interaction webs through dense
cell interaction networks (I, 2). The cell-cell interactions are indis-
pensable for signaling and play crucial roles in life evolution and the
progression of disease (3). Microorganisms, generally with simple
cellular structures, are present in nearly every niche on earth rang-
ing from the deep ocean, soil, air, to the human gastrointestinal
tract, and are recognized as one of the earliest life forms (4). Mi-
crobe intercellular interactions mediated by the endogenous cell ad-
hesion molecules scale up to determine the dynamic and functions
of ecosystems and perform crucial roles in driving major global el-
emental cycles and evolution of ecological environment and life
(5-9). Actually, microbes and humans have coexisted and interacted
since the dawn of civilization (10). The intraspecies and interspecies
interactions among microorganisms not only can maintain human
health through resisting the colonization and invasion of foreign
microorganisms but also can induce the progression of diseases
through affecting the production of immune factors and signaling
molecules to activate or inhibit key signaling pathways of host cells
(11-13). The ability to program precise and specific microbial intra-
species or interspecies interactions would allow us to have a deeper
understanding of the functions and behaviors of microorganisms,
thus offering insights into the relationship between the microbial
interaction and disease mechanism and opening vast opportunities
for microbial metabolic regulation.
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Native adhesion molecules such as adhesins and cadherins usually
mediate the microbial interactions. With the boosting development of
synthetic biology technology, researchers have artificially directed the
cell interactions by overexpressing these endogenous adhesion mole-
cules through gene editing (14-17). However, the endogenous adhe-
sion molecules can be expressed by different cells and usually play
dual roles as downstream signaling molecules, interfering with the
microbial metabolic processes (5). The non-specificity and cross-
reactivity character of the native adhesion molecules largely limit
their use for programming specific and precise cell interactions (5, 6).
In addition to the biotechnological methods, chemical approaches,
including receptor/ligand-specific binding strategies, have also been
proposed (18-22). However, these methods for encoding cell interac-
tions usually require chemical or gene editing treatment, which inevi-
tably interferes with the intrinsic cell metabolism and sets limitations
on the exploration of microbial interaction and the understanding of
microbe-related disease mechanism (23, 24).

Nucleic acid, encoding the genetic information of all life forms,
owns the intrinsic advantages of outstanding biocompatibility, pro-
grammability, and flexibility, and has attracted numerous attention
for nongenetically manipulating cell-cell interactions and functions
at the nanoscale (25-29). Here, we proposed an extensible and flexi-
ble framework nucleic acid (FNA) strategy for encoding specific and
precise programmable microbial interactions upon self-assembly
without additional cell chemical or gene editing processing. As dem-
onstrated in Fig. 1, DNA nanojunctions were formed through DNA
hybridization between the complementary base pairing of FNAs. By
simply regulating the nucleic acid sequences and sizes, the recogni-
tion domain and close-contact zone between various microorganisms
can be flexibly and specifically manipulated. As a proof of concept,
microbial intraspecies of Pseudomonas aeruginosa (P. aeruginosa)-
P. aeruginosa manipulated with the FNA tools was selected as the
research model. The results demonstrate that the spatial assembly of
P aeruginosa enhances the secretion of virulence factor, exhibiting
distance-dependent heterogeneity features in microbial metabolism.
According to the previous reports and the transcriptomics results in
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Fig. 1. Schematic illustration of the proposed FNA strategy for the specific and precise microbial interaction encoding upon self-assembly. The constructed FNAs
consist of four modules including aptamer recognition module, tetrahedron distance regulation module, lock-and-key linking module, and fluorescence reporting mod-
ule, offering platform for microbial interaction mechanism exploration. DNJ, DNA nanojunctions.

this work, we propose the microbial heterogeneity mechanism that
the short-range interaction mediated with the constructed FNAs in-
duces the overexpression of surface sensor including flagella and pili
in P. aeruginosa, thus leading to more sensitive responses to quorum
sensing (QS) and higher levels of virulence factor. In addition, we
demonstrate that the FNA platform shows universality in program-
ming interactions among microbes and can both encode the specific
intraspecies and interspecies interactions with the rationally de-
signed flexible nucleic acid sequences. Overall, the proposed micro-
bial interaction encoding toolbox may pave ways for programming
high-level multicellular biological systems and shed light on the
distance-dependent heterogeneity of microbial metabolism to dis-
covery potential communication rules.

RESULTS
Constructing and characterizing of FNAs
The spatial structure of microbial communities is recognized to
affect ecological stability, functional activities, and the responses
to environmental perturbations (30). Microorganism usually has
its communication range that is defined as the distance from the
boundary of signal producer over which the signal response reduces
one order of magnitude (31). Regulating and programming the spa-
tial distance between microorganisms would facilitate the explora-
tion of the microbial interaction mechanism and the communication
behaviors (32). P. aeruginosa, a predominant Gram-negative bacte-
rium within the hospital environment, is the pathogen responsible
for severe opportunistic pulmonary infections (33-35). Here, we
adopted the P, aeruginosa as the research model and the correspond-
ing FNAs were constructed for manipulating the P. aeruginosa-
P, aeruginosa interaction.

As shown in Fig. 2A, the FNA pairs obtained through self-assembly
both include four functional modules: recognition module, distance
regulation module, “lock-and-key” linking module, and reporting
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module. To be specific, recognition module is the corresponding nu-
cleic acid aptamers, which are single-stranded DNA or RNA sequenc-
es generated through a repetitive process of in vitro selection with the
ability to specifically bind the target molecules. In our design, multi-
valent pattern recognition strategy was adopted to further increase
the binding affinity and targeting ability of aptamer (29). In addition,
the distance regulation module is the DNA tetrahedrons with a de-
fined dimension, enabling the precise control over the microbial in-
teraction spacing (26). A single dangling DNA strand at the top vertex
of the tetrahedral structure enables the specific linking through the
complementary base pairing principle, acting as part of the lock-and-
key linking module. Simultaneously, fluorescence resonance energy
transfer signal between cyanine-3 (Cy3)-labeled framework and
Cy5-labeled framework enables to report the real-time and dynamic
information reporting for the linking process. Overall, taking the
unique advantages of flexibility and programmability of nucleic acid
molecules, we propose an extendable technique on the basis of DNA
self-assembly.

Construction of FNAs was first characterized by gradually slower
gel migration of the DNA mixture with a step-by-step addition of re-
actant DNA strands (Fig. 2B and table S1). The results of atomic force
microscopy (Fig. 2C) and dynamic light scattering (Fig. 2D) further
confirmed the successful construction of FNAs. In addition, by mod-
ifying optical labels of Cy3 and Cy5 respectively in the dangling DNA
strand, the labeled FNA pairs tend to have an optical signal change
when the chain links and the energy transfer occurs as illustrated in
Fig. 2E, thus providing a real-time and dynamic view for the linking
process (fig. S1). As expected, it can be clearly observed that a new
emission peak at 670 nm appeared with the excitation at 535 nm,
while the emission intensity at 565 nm decreased in Fig. 2F

FNAs induced microbial assembly in P. aeruginosa
The confocal images in Fig. 2G show representative P. aeruginosa ag-
gregates in the DNA framework pair treated group, while the
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Fig. 2. Construction of the multifunctional FNAs and the specific assembly of P. aeruginosa. (A) Schematic of the multifunctional FNAs consisted of anchoring sec-
tion, regulation section, linking section, and reporting section for the precise manipulation of the close-contact zone for microbial assembly. (B) Polyacrylamide gel
electrophoresis analysis of the formation of the FNAs. From lane 1 to lane 4 of each panel, different reactant DNA strands were gradually added. Lane M was loaded with
a 50-base pair (bp) DNA marker. (C) Atomic force microscopy images of the constructed FNAs. Scale bars, 200 nm (original images) and 20 nm (enlarged view). (D) Dy-
namic light scattering measurements of the size distribution of the constructed FNAs. (E) Schematic of the assembly reporting process based on fluorescence resonance
energy transfer (FRET). (F) Fluorescence (FL) intensity of the FNA pairs. (G) Confocal laser scanning microscope (CLSM) images of P. aeruginosa after incubation with 200 nM
FAM-labeled FNA and Cy5-labeled FNAs for 20 min. Scale bars, 5 pm. (H) Relative fluorescence intensity of dextrans with different molecular weights at the cellular contact
zone. Data are represented as means + SD (n > 10 from different cellular contacts). (I) Transmission electron microscopy (TEM) images of FNA pairs mediated contact
between P. aeruginosa. Scale bar, 100 nm. (J) The intermembrane distances are measured on the basis of the TEM images and grouped in 2-nm intervals. All the incubation
concentrations of the FNAs in these experiments were fixed at 200 nM.

P. aeruginosa in the control groups has a random distribution, sug-
gesting a spatial manipulation for microbial interaction program-
ming. In addition, the specificity and targeting performances were
further explored in P. aeruginosa-Staphylococcus aureus coculture
with different morphologies. The P. aeruginosa incubated with Cy3-
labeled FNAs containing aptamer section displays an obvious fluo-
rescent shift, whereas no obvious fluorescence change is observed for
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P, aeruginosa incubated with Cy3-labeled FNAs without aptamer sec-
tion, suggesting that the aptamer exhibits much stronger binding af-
finity and specificity toward P. aeruginosa (fig. S2). Figure S3 shows
that the rod-shaped P. aeruginosa was aggregated, while the spherical
S. aureus was randomly distributed after the treatment of the corre-
sponding FNA pairs. The above results validate the excellent specific-
ity and targeting performance of the designed FNAs (figs. $4 to S7).
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To further explore the microbial interaction manipulation ability
of the constructed FNA pairs, a size-dependent diffusion strategy
using fluorescein isothiocyanate-labeled dextrans of different mo-
lecular weight was adopted. As shown in Fig. 2H, the fluorescein
isothiocyanate (FITC) fluorescence decreased with the increase of
dextran size, suggesting a hindered diffusion into the cellular sur-
face with higher dextran molecular weight. According to the size of
the dextran in figs. S8 and S9, it is suggested that the intermembrane
gap can be estimated to be around 23 nm, which is consistent with
the FNA size in theory (fig. S10). In addition, the transmission elec-
tron microscopy (TEM) image in Fig. 21 shows clear spatial gaps at
cellular interface mediated with the FNA pairs. The intermembrane
gap was calculated to be around 22 nm as shown in Fig. 2], agreeing
well with the expected value. It is worth mentioning that the tetra-
hedron structure can be flexibly and rationally designed by adjust-
ing the DNA sequences to regulate the size precisely (figs. S11 to S13
and table S2) (26). Collectively, the above results demonstrate that
the constructed DNA frameworks are capable of the specific and
precise programming for microbial interactions in real.

FNAs induced microbial heterogeneity

Microorganisms are known to communicate with neighboring ones
with a distance of up to several micrometers by secreting and sensing
signaling molecules (36, 37). Signal molecules are generally thought
to broadly diffuse in space, offering information about the overall
composition of the community (38, 39). The spatial proximity of
community members directly determines the diffusion distance of
the signaling molecules, playing critical roles in regulating their ac-
tivities in social networks and shaping the evolution of ecological net-
works (30, 31,40, 41). It has been widely recognized that P. aeruginosa
can regulate the multi-behaviors such as virulence factor generation
and horizontal resistance gene transfer through communicating and
dealing with signaling molecules (35, 42, 43). As a proof of concept,
the intraspecies interaction of P. aeruginosa was selected as the re-
search model. With the constructed corresponding FNA pairs, the
interactions and metabolic behaviors have been explored.

Figure 3A shows that the ODgq (optical density at 600 nm) values
of P. aeruginosa treated with the constructed FNA pairs are higher
across time compared with the ones in bare P. aeruginosa. In addi-
tion, it can also be observed that the ODgq values both tend to be
stable and fix at around 2.8 cultured at the later stage of 48 hours. The
above results indicate that the manipulation of the spatial distance
between P. aeruginosa facilitates the microbial growth at the early
stage and stay stable later. The regulated microbial behavior can be
owing to the increased exchange of nutriments and signal molecules
by shortening the microbial distance, and the final ODgy values both
tend to be stable limited by the nutriment (37). It has been previ-
ously pointed out that the P. aeruginosa is able to adapt to the adverse
environment in hosts by secreting a variety of virulence factors such
as thamnolipid and exotoxin A, which play key roles in host infec-
tion and immune response (44). Subsequently, the virulence factor
synthesis processes of P. aeruginosa were further explored with the
constructed FNA pairs. As shown in Fig. 3 (B and C), it can be ob-
served that the virulence factors including rhamnolipid and exotoxin
A both have higher concentrations in P. aeruginosa treated by the
constructed FNA pairs compared with the ones in bare P. aeruginosa.
The results indicate that the short-range interaction manipulated us-
ing the FNA toolbox enables facilitating the production of virulence
factors, which undoubtedly leads to increased pathogenicity (fig.
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S14). Overall, the above results validate a spatial metabolism hetero-
geneity in P. aeruginosa and demonstrate that both the population
and metabolic behaviors differ at spatial scale.

Considering that virulence factors affect host’s health, we then
adopt A549 human pulmonary epithelial cells as the research model
to further investigate the influence of microbial spatial heterogeneity
on host (43). By incubating A549 cells with the microbial superna-
tant containing the secreted virulence factors, we found that the
A549 cells incubated with the supernatant of assembled P. aeruginosa
demonstrate higher concentrations of pro-inflammatory factors in-
cluding interleukin-6 (IL-6), IL-8, and tumor necrosis factor-o
(TNF-a) compared with the ones in A549 incubated with the super-
natant of the unassembled P. aeruginosa (Fig. 3, D to F). The higher
levels of pro-inflammatory factors suggest that the inflammatory sig-
naling pathways such as nuclear factor kB pathway are activated and
that the inflammatory responses are triggered (44-47). The results
demonstrate that the short-range interactions in P aeruginosa ma-
nipulated with the constructed FNA pairs affect the inflammatory
response of the A549 host metabolism by influencing the secretion
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Fig. 3. The short-range interactions mediated by the constructed FNA pairs
enhance the pathogenicity of P. aeruginosa. (R) ODgq (optical density at 600 nm)
values of P. aeruginosa across time. Data presented as means + SD, n = 3. (B and
C) Concentrations of virulence factors including (B) rhamnolipid and (C) exotoxin A
in P. aeruginosa solution. Data presented as means + SD, n = 3. h, hours. (D to F)
Concentrations of inflammatory factors including (D) interleukin-6 (IL-6), (E) IL-8,
and (F) tumor necrosis factor-o (TNF-a) in A549 cells. Data presented as means +
SD, n = 3. (G) Schematic illustration showing the influence of short-range interac-
tions on the inflammation in A549 cells. NF-xB, nuclear factor kB; TLR, Toll-like re-
ceptor; TNFR, tumor necrosis factor receptor.
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of virulence factors (Fig. 3G). According to the above results, the
proposed FNA strategy is expected to provide reliable platforms and
tools for the analysis of microbial spatial heterogeneity and microbial-
host interactions. Considering that the communication networks
within the microbial species triggered markedly different inflamma-
tion level, suggesting that the immune responses can be induced
with the FNAs, which might offer thoughts for the biomedical ap-
plications such as vaccine development (48).

Molecular mechanism of short-range interactions in
enhancing pathogenicity of P. aeruginosa

To have an in-depth understanding of the short-range interaction
mechanism of P. aeruginosa mediated by the constructed FNA pairs,
transcriptomic analysis was further performed. Differentially expressed
genes were evaluated according to the log, fold change (log, FC) values,
which were calculated with the formula of {log, [(FPKM)(gxperimental)] —
logy [(FPKM)(cContro)]}- As shown in Fig. 4A, of 5476 transcripts
detected in P. aeruginosa, 860 were associated with the short-range
interaction (P < 0.05 and FC > |1.5]), suggesting that the short-range
interaction mediated by the constructed FNA pairs affects the gene
expressions of P. aeruginosa. Overrepresented (white to red) and

underrepresented (white to purple) transcripts with the reference of
gene expressions in unassembled culture shown as log, FC were ex-
hibited in Fig. 4B. It can be found that the log, FC values of pilus and
flagellum are both >0 on the whole, suggesting that the genes encod-
ing pilus and flagellum were actively expressed by manipulating the
spatial distance with the constructed FNA pairs. Pilus and flagellum
have been reported to promote the adhesion ability of P. aeruginosa.
Hence, it was rationalized that the spatial assembly driving force of
P aeruginosa might be derived from two aspects: (i) the hydrogen
bond interaction of the constructed FNAs through complementary
base pairing and (ii) the overexpressed adhesion molecules including
the pilus and flagellum.

Apart from the adhesion ability, pilus and flagellum can also act
as surface sensors for hyperresponsive to QS signaling molecules ac-
cording to the previous studies (49). Figure 4C shows that the log, FC
of genes associated with QS system is also >0 on the whole, suggest-
ing that the QS system was activated through spatial manipulation
with the constructed FNAs. To some extent, the activated QS system
can be rationalized to the more sensitive response to QS signaling
molecules through the overexpressed surface sensors (49). In addi-
tion, the QS signaling molecules including N-butyryl-L-homoserine
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lactone (C4-HSL), N-(3-Oxododecanoyl)-L-homoserine lactone
(3-ox0-C12-HSL), and 2-heptyl-3-hydroxy-4(1H)-quinolinone (PQS)
are all demonstrated to have higher concentrations after the treat-
ment of the constructed FNA pairs in assembled P. aeruginosa com-
pared with the ones in unassembled P. aeruginosa (Fig. 4, D to F),
further validating that the QS system is activated. Together, the in-
creased concentrations of QS molecules can be ascribed to the posi-
tive feedback loop between the spatial manipulation tool of FNA
pairs and the QS system.

In addition, by assessing the mRNA expression level, it was also
found that the log, FC values of virulence factor synthesis-associated
genes in P. aeruginosa are >0 on the whole, suggesting an enhanced
pathogenicity in P. aeruginosa treated with the constructed FNA pairs
(fig. S15). Accordingly, on the basis of the above results, we rationalize
that the short-range interactions mediated by the constructed FNA
pairs enable the up-regulation of the gene expressions associated
with the surface sensor of pilus and flagellum, thus enhancing the
QS response sensitivity in P. aeruginosa and increasing the micro-
bial pathogenicity (Fig. 4G). The proposed short-range interaction
mechanism in P. aeruginosa, to some extent, explains why biofilms
are more pathogenic than planktonic cells (50).

FNAs for encoding interspecies interactions

In nature, microorganisms do not live as single species but rather
they coexist in a mixed one. Typically, microbial coculture coordi-
nates specific activities by trading metabolites, exchanging signals,
or integrating pathways to estimate the stability, functionality, and
dynamic of communities (51-54). Subsequently, to explore the uni-
versality of the proposed FNA strategy in programming microbial
interactions, the more complex interspecies interactions were fur-
ther programmed and explored. Escherichia coli is one of the most
common bacteria in the gut microbiota of humans and other ani-
mals and often induces pneumonia together with P aeruginosa
(55, 56). Then, the interspecies interaction model of P. aeruginosa—
E. coli was further adopted.

First, on the basis of the aptamer sequences of E. coli and P. aeruginosa
(table S3) (57), the corresponding FNA pairs are rationally designed
for the specific and precise programming of the interspecies interac-
tion of P. aeruginosa—E. coli (Fig. 5A and figs. S16 to S20). The confocal
images in Fig. 5B exhibit the P. aeruginosa—E. coli aggregates in the
FNA-treated group, suggesting a successful spatial manipulation for
P, aeruginosa—E. coli. As shown in fig. S21, it can be observed that
the fluorescence intensities of the supernate in FNA-Cy3-labeled
P. aeruginosa after different incubation time unchanged, suggesting
the durability and stability of the FNA labeling over time. Figure
S22A shows that the ODgp values are higher in P. aeruginosa—E. coli
coculture treated with the designed FNAs compared with those in
the bare P. aeruginosa-E. coli coculture, indicating that the spatial
manipulation with the constructed FNAs facilitates the microbial
growth on the whole. In addition, the proportions of P. aeruginosa
cultured were found to be lower at 24 hours in FNA-treated groups as
shown in fig. S22B. The above results indicate that the short-range
interactions mediated by the constructed FNAs modulate both the
metabolism behaviors and the population compositions of the mi-
crobial community.

In the same way, the mechanism of the short-range interaction
between P. aeruginosa-E. coli was further explored by quantitatively
measuring the virulence factors, QS signal molecules, and the associ-
ated gene expressions. As shown in Fig. 5 (C to F), it can be found
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that both the signal molecules and virulence factors have lower con-
centrations in the supernatant of P. aeruginosa—E. coli coculture after
the treatment of FNAs, suggesting a decreased pathogenicity of the
assembled P. aeruginosa—E. coli (fig. $23). The weak and masked QS
signal molecules in assembled P. aeruginosa—E. coli can be ascribed
to the distance-dependent uptake efficiency by the signal-absorbing
systems in E. coli (31), and the decreased virulence factor levels are
suggested to be the results of environmental adaptation for E. coli.
The above results also demonstrate the distance-dependent meta-
bolic heterogeneity by programming the short-range interaction be-
tween the P aeruginosa and E. coli with the constructed FNAs.
Transcriptomic results demonstrate that the gene expressions associ-
ated with QS system (Fig. 5G), pilus, flagellum, and virulence factor
(figs. S24 and S25) are all down-regulated on the whole in P. aeruginosa
upon the FNA treatment, which are quite opposite with the results in
intraspecies interactions in P. aeruginosa. The above results indicate
that the microbial short-range communication and behaviors are quite
different between separate species. To some extent, this finding offers
thoughts into microbial metabolism coordination by regulating the
microbial communication process. In addition, inflammatory factor
concentrations of IL-6, IL-8, and TNF-a in the cultured supernate of
A549 cells are demonstrated to be lower when incubated with the
supernate of assembled P. aeruginosa—E. coli coculture compared with
the ones of unassembled system (Fig. 5, H to J), which can be as-
cribed to the lower concentration of virulence factors. Collectively,
the above results demonstrate that our proposed FNA strategy shows
universal application in both intraspecies interaction and interspe-
cies interaction programming (Fig. 5K) and enables the discovery of
distance-dependent communication rules.

DISCUSSION

In summary, we report a flexible FNA strategy for the specific encod-
ing of microbial intraspecies or interspecies interaction by the precise
manipulation of the distance between microorganisms. By rational
nucleic acid sequence design, the recognition domain and close-
contact zone between various microorganisms can be flexibly and
specifically manipulated. Actually, with the flexible programmable ad-
vantages, other functions that have not been mentioned in this work
can also be achieved. For example, by rational design, FNAs contain-
ing unpaired linker sequences can be obtained first. Only when the
corresponding DNA linker is provided, the FNAs can then be paired
through the hydrogen bond interaction, thus achieving the precise
manipulation of the assembly process. On the basis of the constructed
FNA toolbox, we propose the microbial spatial heterogeneity mecha-
nism that the short-range interaction facilitates the gene expression
of the surface sensors including flagella and pili in P, aeruginosa, leading
to a more sensitive response to QS. The activated QS system subse-
quently results in a higher level of virulence factor and a stronger
inflammatory impact on host cells. To some extent, the proposed
short-range interaction mechanism in P. aeruginosa offers evidence
for the increased pathogenicity of biofilms compared with that in the
planktonic cells. In addition, we demonstrate that the FNA platform
shows universality in programming interactions among microbes.
The specific interspecies interactions of P. aeruginosa—E. coli were fur-
ther successfully programmed with the rationally designed flexible
nucleic acid sequences. Our proposed strategy, which leverages FNAs,
excels over alternative encoding methods by offering enhanced uni-
versality, programmability, specificity, and a lack of cross-reactivity,
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Fig. 5. Spatial metabolic heterogeneity mechanism in interspecies interactions of P. aeruginosa-E. coli. (A) Schematic illustration of the programmed interspecies
interactions with the FNA strategy. (B) CLSM images of P. aeruginosa (green) and E. coli (red). Scale bars, 6 pm. (C and D) Concentration of virulence factors including (C)
rhamnolipid and (D) exotoxin A in P. aeruginosa—E. coli solution. Data presented as means + SD, n = 3. (E and F) Concentration of QS signal molecules including (E) C4-HSL
and (F) 3-oxo-C12-HSL in P. aeruginosa. Data presented as means + SD, n = 3. (G) Heatmaps of genes expressions associated with QS. (H to J) Concentration of inflamma-
tory factors including (H) IL-6, (1) IL-8, and (J) TNF-a in A549 cells. Data presented as means + SD, n = 3. (K) Schematic illustration of the spatial metabolic heterogeneity
mechanism in P. aeruginosa-E. coli.
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making it a superior choice for advanced applications. On the whole,
the proposed FNA platform in this work provides robust ways for pro-
gramming microbial biological systems and sheds light on the micro-
bial spatial heterogeneity and short-range interaction mechanism
exploration. Looking forward, with the development of synthetic
biology, we believe that the proposed FNA platform may pave ways
for flexible and controlled microbial interaction regulation and is
promising in industries related to microbial metabolism such as bio-
manufacturing and therapeutic applications.

MATERIALS AND METHODS

Chemicals and materials

Magnesium chloride hexahydrate (MgCl,-6H,0), nickel chloride
(NiCl), agarose, ethyl acetate, and 3,5-dihydroxytoluene were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. Concentrated
sulfuric acid (H,SO4), sodium chloride (NaCl), 2.5% glutaraldehyde,
C4-HSL, 3-0x0-C12-HSL, acetonitrile, methanol, and chloroform
were purchased from Aladdin Biochemical Technology Co. Ltd. PQS
was purchased from Macklin Biochemical Co. Ltd. Peptone, yeast
extract, agar, phosphate-buffered saline (PBS) buffer (pH 7.2 to 7.4),
tris-HCl buffer (pH 8), and 50X tris-acetate-EDTA (TAE) buffer
were provided by Solarbio Science & Technology Co. Ltd. SerRed
Nucleic acid dyes were purchased from Servicebio Technology Co.
Ltd. Trypsin-EDTA, penicillin, and streptomycin were provided by
Life Technologies Corporation, USA. Ham’s F-12K (Kaighn's) medium
and fetal bovine serum (FBS) were purchased from Thermo Fisher
Scientific Inc. The bacteria strains P. aeruginosa (CCTCC AB 93066),
E. coli (CCTCC AB 2012883), and the human pulmonary epithelial
cell A549 (GDC0063) were provided by China Center for Type Cul-
ture Collection (CCTCC). DNA sequence, human TNF-a enzyme-
linked immunosorbent assay (ELISA) kit, human IL-8 ELISA Kkit,
and human IL-6 ELISA kit were provided by Sangon Biotechnology
Co. Ltd. Exotoxin A ELISA kit was provided by Ruixin Biotechnology
Co. Ltd. The ultrapure water was obtained using a Millipore water
purification system.

Characterization

Atomic force microscope (Park NX10, Korea) and nanoparticle size
analyzer (Malvern Nano-ZS ZEN3600 Zetasizer, UK) were used to
characterize the size of constructed FNA nanostructures. BioTek Syn-
ergy H1 microplate reader was adopted to test the absorbance of the
samples. The concentration of bacteria was determined by ODgqq us-
ing Shimadzu UV-2550 ultraviolet (UV)-visible spectrophotometer.
The fluorescence performance was measured on a HORIBA QM8000
fluorescence spectrometer (HORIBA, Japan). Laser confocal images
were obtained on the Olympus FluoView FV3000 confocal micro-
scope system (Olympus, Japan). The TEM images of bacteria assem-
blies were obtained on a transmission electron microscope (TEM)
(Hitachi, HT7700, Japan). The target efficiency of the constructed
FNAs toward bacteria was obtained on the Beckman CytoFLEX S
flow cytometry (Beckman, USA). The Agilent 1260 Infinity HPLC
system (Agilent, USA) was used to measure the concentration of QS
signal molecules including C4-HSL, 3-oxo-C12-HSL, and PQS.

Preparation of FNAs

For the synthesis of FNAs, we first adopted the Mfold software to
calculate the thermal stability of DNA hybridization for each FNA
(table S4). On the basis of these theoretical values, we applied
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specific reaction conditions for the assembly of individual FNAs.
For the preparation of FNA-17, four given oligonucleotides (A-L1,
B, C, and D; or A-L2, B, C, and D) were mixed together at an equal
molar ratio in 500 pl of tris-HCI buffer (20 mM, pH 8.0) containing
12.5 mmol MgCl,. The concentration of each oligonucleotide in the
reaction solution was fixed at 2 pM. The mixed solution was then
heated at 95°C for 10 min and cooled fast on ice. Subsequently, the
prepared FNA-17 with a final concentration of 2 pM was obtained.
For the preparation of FNA-37 for programming P. aeruginosa inter-
action, eight given oligonucleotides (A37.1-L, A37.2, B37.1, B37.2-P,
C37.1, C37.2-P, D37.1, and D37.2-P) were mixed together at an
equal molar ratio in 500 pl of tris-HCI buffer (20 mM, pH 8.0) con-
taining 12.5 mmol MgCl,. The concentration of each oligonucle-
otide in the reaction solution was fixed at 2 pM. The mixed solution
was then processed according to the programmed annealing proce-
dure (table S5). Subsequently, the prepared FNA-37 with a final con-
centration of 2 pM was obtained. The resultant DNA products were
stored at 4°C for further use. The sequences of all these oligonucle-
otides are listed in table S1. All the DNA oligonucleotides were syn-
thesized and purified with high-performance liquid chromatography
(Sangon Biotech).

Agarose gel electrophoresis

To confirm the assembly of the constructed FNAs, a clear and trans-
parent gel-like solution was prepared by adding 3.0 g of agarose and
20 pl of SerRed nucleic acid dye to 100 ml of 1x TAE buffer [40 mM
tris, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM MgCl, (pH 8.0)].
FNA samples (10 pl) with a concentration of 1 pM were run at 90 V for
30 min and then imaged under a UV detector.

Atomic force microscopy imaging

The FNA sample (15 pl) was mixed with NiCl, (300 pM, 5 pl) for
5 min. The mixture was then deposited on mica and dried for 10 min.
After being rinsed with 80 pl of solution [20 mM tris and 50 mM
MgCl, (pH 8.0)] and dried in nitrogen atmosphere, the sample was
imaged using the tapping mode and analyzed with the NanoScope
analysis software.

Bacterial culture

P. aeruginosa, E. coli, and S. aureus were cultured with LB medium.
Each liter of LB medium contained 10 g of tryptone, 5 g of yeast ex-
tract, and 5 g of sodium chloride. The bacteria were cultured at 37°C
with a rotation speed of 220 rpm. The absorbance of the bacterial
culture (ODgy) was measured by using a Shimadzu UV-2550 UV-
visible spectrophotometer to evaluate the bacterial growth density.

Cell viability tests

The colony-forming unit (CFU) was performed to determine the
viability of P. aeruginosa. Specifically, the bare P. aeruginosa and
P, aeruginosa-FNA coculture solution at different culture time (24 and
48 hours) was transferred into the LB solid medium, respectively.
After 24 hours of growth at 37°C, white circular colonies can be
observed. The CFU per milliliter can be determined by counting
the colonies.

Anchoring specificity of the constructed FNA pairs in
microbial assembly

Cultured P. aeruginosa and S. aureus with different morphologies
were centrifugated and washed twice with 20 mM tris-HCI buffer
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and then mixed in equal proportions with 20 mM tris-HCI buffer to
reach an ODgg value of 0.6. Furthermore, FNA-Cy5 dye was added
to the mixed bacterial solution and incubated at 37°C for 30 min.
The incubated solution was then centrifugated and washed. Last, the
specific target ability of FNAs to P. aeruginosa was assessed using an
Olympus FV3000 confocal microscopy imaging system.

Confocal fluorescence microscopy imaging of bacteria
assembled with FNAs

The cultured P. aeruginosa or E. coli was washed twice with 20 mM
tris-HCI buffer and resuspended in the same buffer to reach an
ODggo value of 0.6. Separate aliquots of the bacterial suspension
were then mixed with 5-carboxyfluorescein (FAM) or Cy5 dyes and
then washed twice with tris-HCI buffer to obtain FAM- and Cy5-
labeled bacteria. Subsequently, the labeled FAM and Cy5 bacteria
were incubated with the constructed FNA-1 (250 nM) and FNA-2
(250 nM) for 30 min at 37°C, respectively. Last, bacterial suspen-
sions anchored with FNA-1 and FNA-2 were mixed in equal propor-
tions and incubated at 37°C for 30 min to encode the bacterial
assemblies. The bacteria assembled with FNAs were subsequently
visualized using a confocal microscopy imaging system.

The spatial dimensions between the FNA-assembled bacteria
were further characterized on the basis of the molecular diffusion
principles. Specifically, FITC-labeled dextran with molecular weights
of 10.0, 40.0, 70.0, 250.0, and 500.0 kDa was added to the bacterial
assembly solutions. The fluorescence intensity of the bacterial assem-
blies was observed and recorded using a confocal microscopy imag-
ing system.

Optical monitoring of the assembly process

The bacterial assembly process was optical monitored with the de-
signed FNA-1-Cy3 and FNA-2-Cy5 based on Forster resonance
energy transfer. To be specific, bacterial suspension was mixed with
constructed FNA-1-Cy3 (250 nM) or FNA-2-Cy5 (250 nM), re-
spectively, and then washed twice with tris-HCI buffer to remove the
unanchored FNA-1-Cy3 or FNA-2-Cy5. Then, separate aliquots of
the bacterial anchored with FNA-1-Cy3 and FNA-2-Cy5 were
mixed to obtain the bacterial assembled solutions. Fluorescence
emission was then recorded using a HORIBA QM8000 fluorescence
spectrometer under 535-nm wavelength excitation for FNA-1-Cy3-
labeled bacterial suspension, FNA-2-Cy5-labeled bacterial suspen-
sion, and bacterial assembled solutions.

TEM imaging

P, aeruginosa was separately decorated with FNA-1 and FNA-2 pairs
and then mixed in a ratio of 1:1. The resultant assembled samples
were processed with light fixation by using 2.5% glutaraldehyde and
then treated with 1.0% osmium tetroxide and 0.5% uranyl acetate.
Subsequently, 25, 50, 75, and 100% ethanol solution (v/v) was used
to dehydrate the bacteria. Each dewatering time was 15 min. The
bacteria were then embedded and sectioned to a thickness of ~50 nm,
and the ultrathin sections were stained with uranyl acetate and lead
citrate. The stained sections were mounted on copper grids and ob-
served under a Hitachi HT7700 electron microscope to visualize the
spatial dimensions between the assembled bacteria.

Quantitative detection of the bacterial virulence factors
FNA-1 and FNA-2 (500 pl) were added into the different P. aeruginosa
solution with the ODgqq value of 0.6 and LB medium of 1.5 ml. Then,
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the FNA-1-anchored P. aeruginosa solution and the FNA-2-anchored
P, aeruginosa solution were mixed as the experimental groups. The con-
trol group consisted of an equal volume of bacterial suspension with
noncomplementary FNA pairs and a bacterial suspension containing
only 1 ml of tris-HCI buffer with 12.5 mM MgCl, (20 mM, pH 8.0).
After incubating both the experimental and control group samples at
37°C for 24 hours, the supernatant was collected by centrifugation.

To quantitatively detect the rhamnolipids, an equal volume of
ether was added to 2 ml of the bacterial supernatant and thoroughly
mixed to extract the rhamnolipids. After separating and drying the
ether layer, it was redissolved in 200 pl of ultrapure water. Subse-
quently, 50 pl of this solution was mixed with 450 pl of 0.19% (w/v)
3,5-dihydroxytoluene sulfuric acid solution (1:1, v/v). The mixture
was then heated at 80°C for 30 min. After cooling to room tempera-
ture, the absorbance of the solution was measured at 421 nm. The
concentration of rhamnolipid is proportional to absorbance of the
solution at 421 nm (58).

According to the protocol of Pseudomonas exotoxin A ELISA kit,
the exotoxin A was quantitatively detected. Each sample was all
tested in triplicate.

Quantitative detection of the inflammatory factors

A549 cells were cultured in Ham’s F-12K medium enriched with
10% FBS, penicillin (100 pg/ml), and streptomycin (100 pg/ml) in a
37°C incubator with 5% CQO,. Cultured A549 cells were then seeded
at a density of 1 x 10* cells per well in a 96-well plate and incubated
at 37°C with 5% CO; for 12 hours. After removing the medium, the
wells were washed twice with PBS buffer. Subsequently, 100 pl of
supernatant from the 24-hour incubated assembled/unassembled
bacterial supernatants was added to the A549 cells, respectively, and
incubated for an additional 12 hours under the same conditions.
Subsequently, the A549 cell supernatants were collected for the de-
tection of inflammatory factors using TNF-a, IL-8, and IL-6 ELISA
kits. Each assay was replicated three times per well.

RNA extraction, RNA sequencing, and

transcriptomics analysis

Six independent replicates of FNA-treated/untreated culture including
P. aeruginosa-P. aeruginosa and P. aeruginosa-E. coli were subjected
to RNA sequencing analysis. According to the manufacturing’s pro-
tocols, the total RNA was extracted from the bacterial samples using
the TRIzol reagent (Invitrogen, California, USA), following the
manufacturer’s protocol. RNA integrity and quality were assessed
using the Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) and
NanoDrop spectrophotometer (BIO-DL, Shanghai, China). Libraries
were constructed using the NEBNext Ultra RNA Library Prep Kit,
and ribosomal RNA (rRNA) was depleted using the Ribo-Zero
Plus rRNA Depletion Kit (Illumina, San Diego, CA, USA). Direc-
tional libraries were prepared using the NEBNext Ultra Directional
RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich,
MA, USA) and sequenced on the [llumina NovaSeq 6000 platform
(Ilumina, San Diego, CA, USA). Cutadapt software was used to re-
move sequences containing adapters, undetermined bases (marked
as N), and low-quality sequences (with a Qphred < 20 accounting
for >50% of the read length). To obtain high-quality sequence data
(clean reads), sequencing error rates and GC content distribution
were checked using FastQC software. Clean reads were mapped
to the reference genome of the microbial community using STAR
software for genomic localization analysis. The featureCounts tool
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of Subread software (version 1.5.0-p3) was used to count the
mapped reads. Normalized read counts were obtained using FPKM
(fragments per kilobase of transcript per million mapped reads).
Differential gene expression analysis was performed using DESeq2
software (version 1.16.1).

Quantitative detection of the QS signal molecules

After culturing the FNA-treated/untreated bacteria at 37°C for
24 hours, the supernatant was collected by centrifugation and fil-
tered using a sterile filter (0.2 pm). To extract QS signal molecules, 1 ml
of supernatant was mixed with an equal volume of 1% (v/v) acetic
acid-ethanol, vortexed for 30 s, and then centrifuged at 10,000 rpm
for 1 min to enhance phase separation. The upper organic phase was
collected and then dried at room temperature.

To quantitatively detect C4-HSL and 3-oxo-C12-HSL molecules,
an Agilent C18 reverse phase chromatography column (4.6 mm by
250 mm) was used. Initially, different concentrations of standard
products were measured using this column to establish a standard
curve. Subsequently, the dried samples from both the experimental
and control groups were dissolved in 200 pl of chromatographic pu-
rity methanol. For chromatographic analysis, a mobile phase con-
sisting of a 50% (v/v) methanol-water solution was used, with a flow
rate of 1 ml/min. The detection wavelength was set at 210 nm. For
the quantitative detection of PQS molecules, the dried samples from
both the experimental and control groups were dissolved in 200 pl
of chromatographic purity acetonitrile. Chromatographic analysis
was performed using a mobile phase consisting of a 70% (v/v)
acetonitrile-water solution, with a flow rate of 1 ml/min. The detec-
tion wavelength was also set at 210 nm.

Statistical analyses

All data are presented as means + SD, and statistical analyses and
graphs were performed using OriginLab 9.0 and GraphPad Prism
8.0.1. For comparison of two groups, significance was determined
by the two-tailed unpaired Student’s ¢ test.

Supplementary Materials
This PDF file includes:

Figs. S1to S25

Tables S1to S5
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