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Introduction
Plasmids stand as indispensable tools in biology, facili-
tating a myriad of applications such as genome editing, 
recombinant protein production, metabolic engineer-
ing, and genetic circuits. Despite their longstanding 
utility after their discovery in the 1950s [1], achieving 
robust and predictable behaviors from designed plas-
mids remains a formidable challenge. Even with identical 
promoters and plasmid backbones, gene expression pro-
files can vary significantly depending on the placement 
and context of the gene within the plasmid. While intra-
genetic elements such as promoters, ribosomal binding 
sites (RBS), and protein-coding sequences have tradition-
ally received the most attention in plasmid design [2], 

Journal of Biological 
Engineering

*Correspondence:
Yijie Deng
Yijie.deng@dartmouth.edu
Rahul Sarpeshkar
rahul.sarpeshkar@dartmouth.edu
1Thayer School of Engineering, Dartmouth College, Hanover, NH  
03755, USA
2Departments of Engineering, Microbiology & Immunology, Physics, and 
Molecular and Systems Biology, Dartmouth College, Hanover, NH  
03755, USA

Abstract
Achieving consistent and predictable gene expression from plasmids remains challenging. While much attention 
has focused on intra-genetic elements like promoters and ribosomal binding sites, the spatial arrangement of 
genes within plasmids—referred to as gene syntax—also plays a crucial role in shaping gene expression dynamics. 
This study addresses the largely overlooked impact of gene syntaxes on gene expression variability and accuracy. 
Utilizing a dual-fluorescent protein system, we systematically investigated how different gene orientations and 
orders affect expression profiles including mean levels, relative expression ratios, and cell-to-cell variations. We 
found that arbitrary gene placement on a plasmid can cause significantly different expression means and ratios. 
Genes aligned in the same direction as a plasmid’s origin of replication (Ori) typically exhibit higher expression 
levels; adjacent genes in the divergent orientation tend to suppress each other’s expression; altering gene order 
without changing orientation can yield varied expression. Despite unchanged total cell-to-cell variation across 
different syntaxes, gene syntaxes can also influence intrinsic and extrinsic noise. Interestingly, cell-to-cell variation 
appears to depend on the reporter proteins, with RFP consistently showing higher variation than GFP. Moreover, 
the effects of gene syntax can propagate to downstream circuits, strongly affecting the performance of incoherent 
feedforward loops and contributing to unpredictable outcomes in genetic networks. Our findings reveal that gene 
syntaxes on plasmids modulate gene expression and circuit behavior, providing valuable insights for the rational 
design of plasmids and genetic circuits.
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inter-genetic elements, including spatial arrangements of 
neighboring genes, also exert unexpected effects [2–5]. 
Thus, a comprehensive understanding of these mecha-
nisms is paramount for the rational design of plasmids 
and genetic circuits.

Relative orientations, locations or orders of a gene, 
termed as gene syntaxes in this work, can significantly 
impact gene expression dynamics. During transcrip-
tion, DNA supercoiling is generated by twisting of the 
DNA helix upon itself, causing under/over-wound 
DNA regions; it alters the binding of RNA polymer-
ases (RNAPs) and thus the transcription of neighboring 
genes [3, 6]. The collisions between RNAPs can also lead 
to alterations in transcriptional profiles [7]. Addition-
ally, the collisions between replication and transcription 
machineries, known as replication-transcription con-
flicts, underscore the importance of gene order and ori-
entation relative to replication origins [8, 9]. Therefore, 
gene syntaxes play a crucial role in the modulation of 
both gene expression and DNA replication.

Achieving precise gene expression levels and accu-
rate relative gene expression ratios is crucial in synthetic 
biology and its applications. For instance, metabolic 
engineering relies on the fine-tuning of enzyme expres-
sion levels and their relative ratios to optimize product 
yields [10, 11]. Gene reporter assays, which are essen-
tial for studying promoter activity, often include a refer-
ence reporter gene to account for global cellular changes 
induced by stimuli. The expression ratios between the 
reporter and reference genes provide reliable measure-
ments of promoter activity. Therefore, improving the 
accuracy and precision of gene expression when design-
ing plasmids is highly desirable.

Cell-to-cell variation (gene noise) is ubiquitous in bio-
logical systems, posing practical challenges in synthetic 
biology. Gene noise can be dissected into intrinsic and 
extrinsic noise. Intrinsic noise stems from inherent ran-
dom molecular events during protein expression within 
each cell such as molecular binding, transcription, and 
translation; extrinsic noise, on the other hand, arises 
from cell-to-cell fluctuations in the cellular components 
and local environments, such as local nutrient availabil-
ity and numbers of transcription and translation machin-
eries in a cell [12]. Gene noise leads to phenotypic and 
functional heterogeneity, undermining the reliability 
and predictability of engineered biological systems [13]. 
For example, gene noise can cause cascading effects on 
the performance of downstream circuits [13, 14], com-
promising the functionality of synthetic genetic circuits 
and leading to unpredictable outcomes in applications 
ranging from gene reporter assays to metabolic engineer-
ing. Gene noise thus limits the precision and accuracy of 
many synthetic biology tools and applications [12, 15]. 
Therefore, understanding how gene syntaxes on plasmids 

contribute to gene noise and expression dynamics is cru-
cial for mitigating potential adverse effects and advancing 
the reliability of synthetic biological systems.

Despite the significance of gene syntaxes, their impacts 
on the accuracy and variability of gene expression on 
plasmids remains largely unexplored. There is a notable 
gap in systematic and quantitative investigations into 
how gene syntaxes influence gene expression profiles 
including the mean expression levels and the expression 
ratios between two neighboring genes. In this study, we 
systematically analyzed the influences of gene syntaxes 
on expression means, relative expression ratios, dynam-
ics, and cell-to-cell variations of gene expression in 
plasmids. Leveraging a classic dual-fluorescent protein 
system [16], we examined both intrinsic and extrinsic 
noise across various plasmid constructs with distinct 
gene syntaxes. By elucidating the effects of gene syntaxes 
on plasmid-based gene expression profiles, our work 
aims to provide fundamental insights crucial for optimiz-
ing reporter gene assays and synthetic genetic circuits, 
thereby advancing prediction and precision in biological 
systems engineering.

Materials and methods
Strains, media, and growth conditions
The E. coli NEB 10-beta strain (cat#C3019H, New Eng-
land BioLabs, Inc.) was used to construct all plasmids and 
tested for behaviors of reporters and circuits. This strain 
has been widely used in previous studies to test genetic 
circuits [17, 18], providing a well-established foundation 
for comparison. Some characteristics listed in the prod-
uct description make NEB 10-beta an ideal choice for 
our experiments. First, NEB 10-betaβ can accommodate 
large plasmids, which is essential for testing complex 
genetic circuits that involve multiple genes and regu-
latory elements. Second, the strain includes the recA1 
mutation, which reduces homologous recombination 
of cloned DNA, particularly for constructs with repeti-
tive sequences, ensuring plasmid stability during experi-
ments. Third, its high transformation efficiency simplifies 
the cloning and transformation processes, enabling effi-
cient construction and testing of plasmids. Lastly, the 
strain carries mutations in arabinose metabolism, making 
it particularly suitable for experiments involving arabi-
nose as an inducer. This feature was leveraged to test the 
behavior of the incoherent feedforward loop (iFFL) cir-
cuit in our study.

A modified M63 medium was used to study gene 
expression, which consisted of (NH4)2SO4 (2.0  g/L), 
KH2PO4 (13.6  g/L), FeSO4, (0.5  mg/L), MgSO4 (1 mM), 
thiamine (0.5  mg/L), yeast extract (0.3  g/L), tryptone 
(0.6 g/L), NaCl (0.6 g/L) with pH 7.0. To ensure cultures 
achieve true steady states during the log phase, a contin-
uous culture system, Chi.Bio [19], was used to study gene 
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expression profiles from plasmids with different syntaxes. 
The circuit performance of the incoherent feedforward 
loop (iFFL) was evaluated in Luria-Bertani (LB) medium. 
This rich medium supported rapid bacterial growth 
and thereby reduced the time required to reach steady 
states for sampling and measurements. Importantly, LB 
medium contains no or negligible glucose that could oth-
erwise suppress the activity of sugar-responsive promot-
ers, including the PBAD promoter used in our circuit. All 
cultures were grown in the Chi.Bio continuous culture 
system and maintained at a constant cell density at the 
middle log phase (OD600 of 0.5, ~6 × 107 CFU/ml). For the 
iFFL experiments, the OD600 of cultures was kept at 0.3. 
Antibiotic concentrations used in the media were 50 µg/
ml for carbenicillin, 50 µg/ml for kanamycin, and 35 µg/
ml for chloramphenicol.

Plasmid design and circuit construction
The single- and dual-reporter plasmids were designed 
so that all reporter genes shared identical promoter 
and ribosome binding site (RBS) sequences. To dimin-
ish any effect of upstream sequence on the transcrip-
tion of reporter proteins, ~ 120 bp of the upstream DNA 
sequence (from the − 35 site) were kept identical among 
all plasmid constructs. The potential transcription activ-
ity of the region, up to 400 bp (bp) upstream of the tran-
scription start site (TSS), was further evaluated by using 
the Promoter Calculator from De Novo DNA [20]. The 
Promoter Calculator was developed using a statistical 
thermodynamic model combined with a machine learn-
ing approach. It calculates the binding free energy of 
RNA polymerase (RNAP)/sigma70 to a DNA sequence 
and quantifies the transcription initiation rate for each 
potential transcription start site (TSS) with high accuracy 
[20]. The predicted transcription rates from the Promoter 
Calculator were measured by arbitrary unit (a.u.) with 
1000 a.u. representing a promoter activity of 0.06 RNAP/
DNA/min [20]. As a cross-validation, potential cryptic 
promoters in upstream regions were also evaluated using 
the classical bacterial promoter prediction tool, BPROM 
[21]. Unless otherwise mentioned, in this work transcrip-
tional read-through from upstream genes are negligible 
because all the reporter genes were followed by strong 
terminators identified by an accurate bacterial terminator 
prediction tool [22]. When necessary, an extra synthetic 
strong terminator (DT5) [23] was inserted upstream of a 
reporter gene to block any transcriptional read-through 
from upstream genes. For the pSC101 plasmid, the direc-
tion of Ori is opposite to the RepA gene [24, 25].

We used a constitutive promoter modified from BBa_
J23105 from the Anderson promoter collection to drive 
stable protein expression. The core sequence of the con-
stitutive promoter used is 5’-tttacggctagctcagacgtacgtac-
tatgctagc-3’. A relatively weak RBS sequence was used for 

all reporter proteins with a sequence of 5’-acgtcgactctc-
gagtgagattgttgacggtaccgtattttgcgggacatacggaggaaccta-
agggta-3’, which was designed from the RBS Calculator 
[26]. The backbone of plasmid pUC19 with its origin of 
replication, ColE1, was used to make the high-copy-num-
ber plasmids while the backbone of pSC101 was used to 
make the low-copy-number plasmids. The super-folder 
green fluorescent protein gene (sfGFP) [27] and/or a sim-
ilarly bright fast-fold red fluorescent protein, mScarlet-I 
[28], were used for reporters. The sfGFP gene was ampli-
fied via PCR from plasmid DA313 [29] and the mScar-
let-I gene was synthesized as a gene block by IDT Inc. 
To make an iFFL circuit, a high-copy-plasmid (DA396) 
carrying a PBAD promoter driving TetR and a hybrid pro-
moter PBAD-tetO driving deGFP as a reporter [30] was 
constructed and co-transformed to NEB 10-beta cells 
with a low-copy-plasmid carrying AraC fused to mScar-
let-I. The DNA sequences and detailed maps of plasmid 
constructs are provided in the Supplementary materials 
(Figures S1 and S2, and Table S1).

All plasmids were constructed by Gibson assembly 
[31] using NEBuilder® HiFi DNA Assembly kit (NEB, 
Inc.). PCR reactions were conducted using high-fidelity 
Q5 DNA polymerase (NEB, Inc.) and the products were 
purified prior to Gibson assembly. Gene blocks and 
primers were synthesized by IDT Inc. The assembled 
plasmids were transformed into chemically competent E. 
coli NEB 10-beta cells (NEB, Inc.) and selected for appro-
priate antibiotic resistance. Plasmids, PCR products, 
and DNA fragments from agarose gel were purified with 
Qiagen miniprep, PCR purification, and Gel extraction 
kits, respectively. The accuracy of all plasmid sequences 
was confirmed through Sanger DNA sequencing and/or 
whole plasmid sequencing performed by Azenta Life Sci-
ences Inc.

Flow cytometry
The GFP and RFP signals were quantified using a Cyto-
FLEX S Flow Cytometer (Beckman Coulter, Inc.). Bacte-
rial samples were diluted into phosphate-buffered saline 
(PBS) and immediately analyzed via flow cytometry. 
Cells were gated based on forward scatter (FSC) and side 
scatter (SSC) with a gain setting of 500x for both chan-
nels. An FSC-H threshold of 20,000 (a.u.) was used to 
eliminate events due to instrument noise. Approximately 
100,000 events were collected per sample for subsequent 
analyses. Green fluorescence was detected using the 
FITC channel, while the RFP signal was captured via the 
PE channel. Autofluorescence from bacterial cells lack-
ing plasmids was measured and subtracted from each 
sample. To ensure the accuracy and precision of the flow 
cytometer across experiments, AccuCheck ERF Refer-
ence Particles (Invitrogen Inc.) were employed for moni-
toring and calibrating fluorescence measurements as 
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needed. To remove events due to the potential crossover 
of samples and initial unevenness of sample flow rates, 
we collected data after letting samples run steadily for 
5  s. Compensation matrices were generated from bac-
teria carrying single reporters using CytExpert software 
(Beckman Coulter Inc.), and applied uniformly to all 
samples under identical conditions.

Data analysis
Unless otherwise mentioned, flow cytometry data anal-
ysis was conducted in RStudio (version 4.2) [32] using 
packages including flowCore [33] and flowStats [34]. 
Raw flow cytometry data were first passed through the 
quality control check by FlowAI package [35] to remove 
electronic background noise, possible cell clumps and 
non-cell particles. Subsequently, the extreme outliers 
were removed, i.e., the top and bottom 1% of total events 
were filtered out in FSC x SSC plotting. Events with fluo-
rescence below the autofluorescence were also removed. 
Autofluorescence was measured under the same condi-
tions in NEB 10-beta cells without plasmids. The cleaned 
data (normally > 90000 single-cell measurements per 
sample) were used to analyze the mean, expression ratio, 
and variation of a reporter protein in a population. Since 
gene expression in bacteria can be well described by a 
log-normal distribution [36, 37], the means of the log-
fluorescence (i.e., geometric means of fluorescence) were 
computed as a measure of the mean expression levels of a 
reporter gene. Cell-to-cell variations were assessed by the 
standard deviations of log-fluorescence that are equiva-
lent to the coefficient of variation (CV) [36]. For the iFFL 
experiments, median fluorescence values were calculated 
using CytExpert (V2.4.0.28, Beckman Coulter, Inc.) as 
measures of GFP and RFP expression; the robust coeffi-
cient of variation (rCV) was analyzed in the software and 
used to indicate the cell-to-cell variations of a reporter 
gene [38].

Calculation of intrinsic and extrinsic noise
To calculate the intrinsic and extrinsic noise of gene 
expression, we employed the formulas described for 
the dual-fluorescent protein system [16] and the flow 
cytometry methodology previously developed [36, 37, 
39]. Briefly, a narrow population centered around the 
medians of FSC and SSC was first gated on the FSC-
SSC panel to remove cells with different morphologies 
using “ellipsoidGate” in flowCore package [33]. The nar-
row gating strategy is critical to minimize the extrinsic 
variations due to physiological and morphological differ-
ences among cells including cell sizes, growth rates and 
cellular components. This approach enables the isola-
tion of a more uniform cell population, ensuring more 
accurate noise calculations [37, 39]. This narrow gat-
ing usually resulted in ~ 5000–7000 uniform single cells 

with fluorescence approximate to normal distributions 
from which the expression levels of GFP and RFP were 
analyzed to obtain intrinsic and extrinsic noise values of 
the population. To ensure accuracy, the fluorescence sig-
nals of each protein were normalized to their respective 
mean signals before noise calculations using the formulas 
developed for noise calculations [16].

Statistics
All statistical analyses were performed in GraphPad 
Prism (Version 10.2.3). Analysis of variance (ANOVA) 
tests followed by Tukey’s Honest Significant Difference 
(HSD) post-hoc tests were conducted to compare the 
mean values across different groups with P < 0.05 indicat-
ing significant difference.

Results and discussion
Different gene syntaxes lead to varied gene expression 
profiles
To systematically investigate how gene orientations and 
orders modulate expression profiles, we designed seven 
plasmid constructs with varying gene syntaxes of two 
reporter genes. In these constructs, the reporter genes 
GFP and RFP were arranged in different orders and ori-
entations relative to the plasmid’s origin of replication 
(ColE1) (Fig. 1). Both GFP and RFP were driven by identi-
cal promoters and ribosome binding site (RBS) sequences 
across all plasmids. Strong terminators were included 
downstream of each reporter gene to minimize poten-
tial transcriptional interactions or read-through effects. 
The use of a shared constitutive promoter ensured con-
sistency by eliminating cell-to-cell variation of tran-
scriptional factors that might otherwise complicate the 
comparison.

We also ensured that the upstream (5’-end) DNA 
sequences of the promoter identical for ~ 120  bp for all 
constructs. This strategy simplifies cloning of repeated 
sequences and is sufficient to accommodate poten-
tial UP elements (~ 20  bp) that may influence promoter 
activity [40]. The RNAP holoenzyme footprint spans 
approximately 35 bp [41], corresponding to the size of a 
promoter’s core region. By using an upstream sequence 
of 120  bp—over three times this footprint—we avoided 
potential promoter overlapping and minimized RNAP-
RNAP clashes arising from transcription of the upstream 
gene. Additionally, when combined with the intergenic 
region sequence, this length (typically > 200  bp) ensures 
consistent upstream transcriptional activity across a suf-
ficient distance. The schematic plasmid maps are shown 
in Fig.  1, while detailed maps with annotations and full 
sequences are provided in the supplementary materials 
(Figures S1, S2, and Table S1).

We analyzed the expression means of the two reporter 
genes across the seven constructs. Our results show that, 
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depending on their gene syntaxes, GFP expression levels 
varied by over 1.8-fold, and RFP expression levels varied 
by 1.56-fold between the highest and lowest constructs. 
This finding indicates that gene syntaxes can significantly 
alter gene expression in plasmids. The expression ratios 
of the two reporter proteins within the same cell also 
changed considerably, ranging from 1.06 to 1.46 (about 
a 1.4-fold difference). Despite identical promoters, RBS, 
and upstream sequences, the arbitrary placement of 
genes in a plasmid can lead to considerable variations in 
gene expression profiles.

The expression ratio between a reporter and a refer-
ence gene is often used as a measurement of the activity 
of a promoter. Our finding that gene syntaxes can cause 
significant differences in relative gene expression ratios 

indicates that gene syntaxes should be carefully consid-
ered when designing plasmids to ensure the accuracy of 
gene reporter assays and other synthetic-biology appli-
cations. It is important to note that the GFP/RFP ratio 
in our study represents the relative fluorescence signal 
between these two reporter proteins, indicating the rela-
tive expression levels rather than the absolute ratio of 
protein abundance.

Gene orientation relative to plasmid Ori affects expression 
profiles
We sought to identify potential mechanisms by which 
gene syntaxes affect gene expression on plasmids. It has 
been noticed that the collisions between replication and 
transcription machineries can influence gene expression 

Fig. 1  Impact of gene syntaxes on the population means and ratios of gene expression. The arrangement and orientation of GFP and RFP genes on a 
ColE1 plasmid backbone were systematically varied. Both fluorescent protein genes were constructed with identical cassettes, comprising constitutive 
promoters, RBS sequences, and upstream DNA regions. The mean expression levels of the reporter proteins and the GFP/RFP expression ratios were 
analyzed across different gene arrangements. GFP and RFP fluorescence were measured in separate channels using flow cytometry; thus, the GFP/RFP 
ratios represent the relative expression levels of GFP and RFP in the cells rather than their absolute expression levels. To minimize variations, GFP/RFP ratios 
were calculated at the single-cell level before averaging the population means of GFP/RFP. Data are presented as mean ± SD, based on eight replicates. 
Significant differences (P < 0.05) were analyzed by ANOVA followed by Tukey’s HSD post-hoc tests, and are indicated by different letter(s) within each 
column. Values that do not share a common letter are significantly different from each other. For example, values with different letters (e.g., “a” vs. “bc”) are 
significantly different while those sharing the same letter are not significantly different (e.g., “a” vs. “ab”)

 



Page 6 of 15Deng et al. Journal of Biological Engineering           (2025) 19:25 

and DNA replication [8, 9]. It is expected that the fre-
quent collisions between plasmid replication and gene 
transcription might interfere with gene expression on 
the plasmid. The direction of Ori determines the synthe-
sis direction of the leading DNA strand. The continuous 
synthesis of the leading strand can hinder the transcrip-
tion of a gene that faces against the Ori, resulting in 
head-on conflicts. On the other hand, if the orientation 
of gene expression follows the same direction as Ori, 
termed codirectional orientation, the conflicts might be 
less severe than the head-on orientation [9]. Therefore, 
we hypothesized that codirectional-orientated genes on a 
plasmid will have higher expression than the head-on ori-
entated genes, given the same promoter, RBS, and other 
factors.

To test this hypothesis, we compared gene expression 
between a GFP gene oriented either codirectionally with 
or head-on against the plasmid Ori (Fig. 2A). We found 
that the codirectional GFP gene expressed at significantly 
higher levels than the head-on GFP gene (Fig. 2B). This 

higher expression could be due to the transcription from 
cryptic promoters in the upstream intergenic region and/
or transcriptional read-through from upstream coding 
region. To rule out these possibilities, we first used the 
Salis Promoter Calculator [20], an accurate promoter 
prediction model, to assess promoter activity within the 
intergenic sequence up to 400 bp before the transcription 
start site (TSS) of the GFP gene. Our analysis revealed 
that although the codirectional GFP (DA469) exhibited 
lower upstream transcriptional activity compared to the 
head-on GFP gene (DA477) (Fig.  2D), the codirectional 
GFP still demonstrated higher expression levels than 
the head-on construct (Fig.  2B). Additionally, transcrip-
tional read-through from upstream genes was dismissed 
for two reasons. First, the antibiotic resistance gene, 
AmpR, located upstream of Ori and GFP, exhibited low 
promoter activity (Figure S3A); second, using a reliable 
terminator prediction tool, we identified at least two ter-
minators before the GFP gene that effectively blocked any 
read-through upstream (Figure S3B) [23]. These results 

Fig. 2  Gene orientation relative to the plasmid origin of replication affects gene expression profiles. (A) The designs of two plasmids with opposite gene 
orientations of GFP on a high-copy-number plasmid with ColE1 as Ori. Codirectional orientation means the transcriptional direction of a gene (e.g., GFP) is 
the same as the Ori of the plasmids while the head-on gene orientation indicates the opposite transcriptional direction to the plasmid Ori. The orientation 
of a gene is indicated on a plasmid map as either clockwise or counterclockwise. (B) The mean GFP expression between codirectional and head-on gene 
orientation. (C) Cell-to-cell variation of GFP expression among the two gene orientations. (D) Contribution of the upstream region to the transcription 
of GFP gene. Distance to promoter is the number of base pairs away from the transcription start site (TSS), which is indicated by the 0 on the axis; the 
negative sign denotes upstream of the promoter. The high peaks indicate potential promoters. (E) The plasmid design of gene orientations relative to 
pSC101 Ori on a low-copy-number plasmid backbone. Codirectional-T means that a terminator was inserted upstream of the reporter gene (AraC-RFP 
fusion protein) to control for the upstream transcriptional activity. (F) The mean AraC-RFP expression among three constructs. (G) Cell-to-cell variation of 
gene expression among the three constructs. (H) Contribution of upstream DNA sequences to the transcription of AraC-RFP. Note that transcription rates 
in (D, H) were evaluated using the Promoter Calculator, a reliable computational tool for identifying promoters and predicting their activity. Values are 
presented as mean ± SD (n = 8). ****p < 0.0001; *** p < 0.0001; ** p < 0.01; *p < 0.05; ns, not significant
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confirm that the higher GFP expression is largely due to 
the codirectional orientation of the gene rather than the 
effects of the upstream genetic context or transcriptional 
read-through.

To further validate the effect of gene orientation on 
gene expression, we compared codirectional and head-
on gene expression in different plasmid backbones with 
pSC101 Ori. We designed the pSC101 plasmids carry-
ing an AraC-RFP fusion protein as a reporter driven by 
a different constitutive promoter. Since the codirec-
tional AraC-RFP gene (DA473) has higher transcrip-
tional activity at around − 280 site than the head-on 
reporter gene (DA476) (Fig. 2H), we constructed another 
plasmid (DA473-T) by inserting a strong terminator 
[23] upstream of the reporter gene which eliminates 
any upstream transcriptional activity or read-through 
(Fig.  2H). We then compared the expression levels 
among the three plasmids and found that the codirec-
tional reporter gene (Codirectional-T) still contributed 
to higher expression levels (Fig.  2D), even when the 
upstream transcriptional activity was controlled to be 
similar to that of DA476 (Fig. 2H). In addition to higher 
expression levels, codirectional orientation seems to 
lower the cell-to-cell variations (CV) compared to the 
head-on oriented gene in the pSC101 plasmid, but no sig-
nificant difference of the CV was observed in the ColE1 
plasmid (Fig.  2C). Our finding that head-on orientation 
results in lower expression levels indicates that the colli-
sions between DNA replication and transcription inhibit 

gene expression on plasmids, which is consistent with 
previous studies [3, 9].

In addition to studying the effects of gene orientation 
on the expression of single-gene reporters, we extended 
our investigation to more complex plasmid constructs 
containing dual-reporter genes. For each pair of plasmid 
constructs, the GFP or RFP gene was placed at the same 
location but in opposite directions on the parent plas-
mids (Fig. 3A and D). Transcriptional read-through was 
diminished by the presence of strong terminators after 
each reporter gene (Figure S1). Similar to the findings of 
single reporter genes, the results show that codirectional 
genes usually express more proteins than head-on genes. 
Codirectional GFP had higher expression levels than its 
head-on counterparts for both pairs (Fig. 3A and D), even 
when the upstream transcription activity of codirectional 
GFP is lower (Fig.  3A and B) or similar to the head-on 
GFP (Fig.  3E). Codirectional RFP also expressed more 
than the head-on RFP in the DA464 and DA463 pair. 
However, it is interesting to note that while comparison 
of the GFP pair (Fig.  3A) clearly showed significantly 
higher expression in the codirectional orientation com-
pared to the head-on orientation, the RFP pair placed at 
the same location as GFP (Fig. 3D) only exhibited a slight 
increase in codirectional expression, which was not sta-
tistically significant. This discrepancy may arise from 
several factors. First, when the RFP gene was switched 
in orientation on DA465, its upstream region showed 
higher transcriptional activity from potential cryptic 

Fig. 3  Gene orientation relative to the plasmid Ori affects gene expression profiles. (A, D) In each plasmid pair, two reporter genes, placed at the same 
location on the corresponding plasmid, face the same direction either both codirectional to or both opposite to the plasmid Ori (ColE1). The mean levels 
and ratios of gene expression were compared. (B, C) Contribution of upstream DNA sequences to the transcription of GFP (B) or RFP (C) on plasmids 
DA464 and DA463, respectively. (E, F) Contribution of upstream DNA sequences to the transcription of GFP (E) and RFP (F) on plasmids DA461 and DA465. 
Note that transcription rates were evaluated using the Promoter Calculator, a reliable computational tool for identifying promoters and predicting their 
activity. Values are presented as mean ± SD (n = 8). *** p < 0.0001; ** p < 0.01; * p < 0.05; ns, not significant
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promoters (indicated by more red peaks) (Fig. 3F). This 
increased activity may offset the inhibitory effect of head-
on transcription-replication collisions. Additionally, fac-
tors such as experimental variability, statistical power, 
and protein-specific characteristics may influence expres-
sion. For example, RFP consistently exhibited higher vari-
ation (CV) than GFP (as discussed later), which reduced 
statistical power when comparing RFP expression levels. 
Therefore, the increased RFP expression in the codirec-
tional orientation did not reach statistical significance. 
Interestingly, the consistent observation of enhanced 
expression for both GFP (Fig.  3A) and RFP (Fig.  3D) in 
the codirectional orientation at the same plasmid loca-
tion suggests that the effect of gene orientation may be 
more pronounced when genes are placed immediately 
adjacent to the Ori.

Although gene orientation results in differential gene 
expression, the expression ratios of GFP to RFP appear 
independent of gene orientations as long as the two 
reporter genes face the same direction. The ratios of 
GFP/RFP remained largely unchanged between the codi-
rectional and head-on orientation in each plasmid pair 
(Fig.  3A and D). The results are reasonable because as 
long as both reporter genes face the same direction, both 
of their expression levels either increase or decrease in a 
similar scale, depending on the relative orientation to the 
Ori of a plasmid, thus resulting in similar ratios.

To confirm that gene orientation also influences gene 
expression in other plasmid backbones, we built two 
plasmids where GFP and RFP were either codirectional 
or opposite to the direction of pSC101 Ori of a low-copy-
number plasmid (Figure S4). Again, we found that genes 
codirectional to Ori expressed more than genes facing 
against Ori (Figure S4B). Since the upstream transcrip-
tional activity is similar between the plasmid constructs 
(Figure S4D, E) and no apparent transcriptional read-
through occurred due to the presence of weak promoter 
and efficient terminators (Figures S2 and S3), the higher 
expression levels can primarily be attributed to the codi-
rectional orientation of the genes.

It should be noted that we utilized Salis’s Promoter Cal-
culator to predict upstream transcription over a 400-bp 
region, encompassing the entire intergenic region and, 
if present, a partial upstream coding region. This robust 
and accurate computational tool has been extensively 
validated in prior studies [42–45]. Its high reliability has 
been particularly demonstrated with over 5,000 designed 
promoters, utilizing precise transcription rate measure-
ments in controlled in vitro transcription reactions [20]. 
In our study, we experimentally confirmed the tool’s 
accuracy (Fig.  2E, F, G, H). For example, DA473 exhib-
ited higher AraC-RFP expression and upstream tran-
scriptional activity compared to DA476. When a strong 
terminator (DT5) [23] was inserted in DA473T, the 

upstream transcriptional activity was effectively blocked; 
as predicted by Promoter Calculator, this resulted in 
lower transcription activity levels, comparable to those 
of DA476 (Fig.  2H), and a corresponding reduction in 
reporter expression. To further validate these predic-
tions, we employed BPROM [21], an independent bac-
terial promoter prediction tool, which yielded similar 
patterns of predicted promoter scores (Figures S5-S7), 
providing cross-validation for the Promoter Calculator’s 
results. The high similarity of upstream DNA sequences 
in our constructs yielded consistent transcription pat-
terns, further minimizing prediction errors and reinforc-
ing the robustness of our conclusions. Additionally, we 
observed consistent results across different plasmid back-
bones (Figs. 2 and 3, Figure S4), supporting our conclu-
sion that gene orientation aligned with the plasmid origin 
of replication (Ori) enhances expression compared to 
genes positioned opposite the Ori. Overall, these results 
confirm the reliability of the Promoter Calculator in pre-
dicting upstream transcriptional activity and support its 
application in our study.

It is currently unclear how the arrangements of anti-
biotic resistance genes affect the expression of reporter 
genes, though their impact is expected to be small in our 
study. First, the expression of resistance genes is generally 
low, as their primary role is to confer resistance rather 
than produce high levels of protein. For example, the pro-
moter activity of resistance genes such as AmpR, CamR 
or KanR in the backbones of our constructs is much 
weaker (Figure S3) than that of our reporter genes. Sec-
ond, when a resistance gene is positioned upstream of a 
reporter gene, efficient terminators are included between 
the two (refer to plasmid maps in Figures S1 and S2). 
These terminators effectively minimize transcriptional 
read-through into downstream genes, further reducing 
the potential impact of resistance markers on reporter 
gene expression. The native plasmid backbones used in 
our study already incorporate these terminators as part 
of their design. By building our plasmids and circuits on 
these commonly used backbones, we ensured consis-
tency across constructs, providing robust controls for 
comparing differences within groups.

It is worth noting that the CamR gene is positioned 
between the reporter gene (AraC-RFP) and the pSC101 
origin (Fig.  2E). However, due to the reasons outlined 
above, its effect on reporter gene expression appears neg-
ligible. As further validation, we tested dual gene report-
ers in another pSC101 backbone where KanR, along 
with its promoter and terminator, is positioned between 
sfGFP and the pSC101 origin (Figure S4). Consistent with 
our findings, genes aligned with the Ori exhibited higher 
expression levels than those oriented oppositely.

While exploring the potential syntax effect of resistance 
genes is an interesting avenue for future work, we believe 
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its impact in our current experiments is minimal. Our 
study specifically aimed to systematically analyze plasmid 
gene syntaxes and their influence on gene expression, 
noise, and circuit behaviors using the commonly adopted 
standard native backbones.

Relative orientations of two neighboring genes affect 
expression levels
We next investigated whether the relative orientations of 
two neighboring genes affect gene expression. There are 
three possible orientations for two adjacent genes: con-
vergent, divergent, and tandem (Fig.  4A). To examine 
their effects on gene expression profiles, we constructed 
plasmids for each orientation. Our results show that the 
tandem orientation exhibited the highest expression lev-
els for both GFP and RFP, while the divergent orientation 
generally resulted in the lowest expression levels for both 
genes (Fig. 4B). This finding aligns with previous reports 
indicating that divergent orientation inhibited gene 
expression [3]. Interestingly, while relative orientations 
influenced expression levels, it did not affect the GFP/
RFP ratios (Fig. 4C).

DNA supercoiling is an important factor mediating 
the effects of gene context on expression [3–5]. Dur-
ing transcription, RNAPs generate DNA supercoiling 
by twisting the DNA double helix, creating both under-
wound and overwound regions [46, 47]. Particularly, 
when the upstream of a promoter is bound by a DNA-
binding protein, such as a transcriptional repressor, it 
impedes the free movement of supercoils, leading to the 
accumulation of DNA supercoiling near the promoter 
[3–5]. This supercoiled promoter region interferences 
with RNAP binding, thereby reducing transcription 
[3–5]. Prior studies have indicated that DNA supercoil-
ing plays a dominant role in mediating the inhibitory 
effects of divergent-oriented genes in the presence of 
transcriptional repressors. For instance, experiments 

using topoisomerases like TopoI and gyrase, which relax 
supercoiling, nearly abolished these inhibitory effects [3, 
4]. Our results imply that, even in the absence of tran-
scriptional factors, DNA supercoiling may still interfere 
with transcription and potentially suppress the expres-
sion of divergent-oriented genes (Fig. 4). With two adja-
cent promoters in a divergent arrangement, transcription 
of one gene by RNAPs generates DNA supercoiling that 
represses the transcription initiation of the other. This 
reciprocal interference likely accounts for the observed 
lower expression levels in the divergent orientation.

While DNA supercoiling appears to be an important 
mechanism, other factors may also contribute to the 
different expression observed among the three orienta-
tions. These include orientation relative to the plasmid’s 
Ori, cryptic transcriptional activity of intergenic DNA 
regions, and transcriptional read-through. For GFP, the 
lower expression in the divergent orientation may also 
be partly due to head-on collisions between transcrip-
tion and plasmid replication as discussed earlier. How-
ever, RFP in the divergent orientation, in the absence of 
head-on collisions, did not result in higher expression 
compared to the other orientations, thereby excluding 
head-on collision as a major factor. Cryptic transcrip-
tional activity in intergenic regions was similar for GFP 
among the three orientations (Figure S3A), suggesting it 
does not significantly contribute to the observed differ-
ences. Similarly, the intergenic transcription activity for 
divergent-oriented RFP was comparable to the tandem 
orientation (Figure S3B), further ruling out cryptic activ-
ity as a main factor and suggesting the DNA-supercoil-
ing effect. Transcriptional read-through is unlikely to 
explain the results for GFP, given the presence of efficient 
upstream terminators (e.g., for tandem-oriented GFP) 
and weak upstream promoter activity such as that of the 
AmpR gene (Figure S1). Likewise, for RFP, terminators 
are present upstream of the tandem-oriented gene, ruling 

Fig. 4  Gene expression profiles of the convergent, divergent, and tandem orientations. (A) The designs of plasmids carrying two adjacent reporter genes 
with either convergent, divergent, or tandem orientation. (B) The mean expression levels of GFP and RFP were compared among the three relative ori-
entations. (C) The expression ratios of GFP and RFP were compared among the three relative orientations. Values are presented as mean ± SD (n = 8). **** 
p < 0.0001; *** p < 0.0001; ** p < 0.01; ns, not significant
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out read-through as a significant factor for the higher 
expression in this orientation. Therefore, DNA supercoil-
ing-mediated transcriptional interference likely remains 
the dominant explanation for reduced expression in the 
divergent orientation, although direct experimental vali-
dation will be necessary in future studies to confirm this 
conclusion.

The relative orientation between a reporter gene and its 
adjacent antibiotic resistance gene (AmpR) on the plas-
mid is another potential factor. However, given the weak 
transcription of AmpR in the plasmid used (Figure S4A), 
transcriptional interference between AmpR and the 
reporter genes is likely minimal compared to interference 
between the two reporter genes.

Collectively, our findings demonstrate that placing 
two neighboring genes in divergent orientation inhib-
its gene expression on plasmids. While identifying the 
exact mechanism by using tools such as topoisomerases 
and single-molecule techniques [48] is beyond the scope 
of this study, our results suggest a practical design guide-
line for plasmid construction: avoiding divergent place-
ment of neighboring genes can minimize transcriptional 
interference. This could be a valuable rule for optimizing 
plasmid design and improving the predictability of gene 
expression.

Gene order can affect gene expression on plasmids
The order or location of genes within a genome has been 
shown to influence gene expression significantly [49–51]. 
In molecular cloning, determining the placement of a 
gene is a critical consideration during plasmid design. To 
explore whether gene order (or location) on a plasmid 
affects gene expression profiles, we compared three pairs 
of plasmid constructs with GFP and RFP placed in differ-
ent orders (Fig. 5). In each pair, the reporter genes were 
oriented in the same direction. We found that the order 
of the GFP gene on the plasmid altered its expression 
in all three pairs of plasmids tested. Additionally, two 
of the three pairs showed differential expression of RFP 
depending on its order on the plasmid. Several mecha-
nisms could contribute to these results. First, changing 
gene orders may alter the relative orientations of adjacent 
genes. For example, genes that were originally divergent 
may become convergent when the gene order is changed, 
leading to variations in gene expression (Fig. 5A), as we 
observed in the previous section. Second, changing the 
gene order may create a different genetic context, includ-
ing variations in intergenic regions, which could influ-
ence transcriptional activity and subsequently alter gene 
expression (Figure S9). While these two mechanisms 
are likely contributors, other factors may also interact 
to influence gene expression. Disentangling all poten-
tial factors was beyond the scope of this study. We also 
noticed that varying gene order could change GFP/RFP 

ratios, as two of three pairs showed differences in GFP/
RFP ratios (Fig. 5). Our results clearly demonstrate that 
gene order or location significantly affects gene expres-
sion on plasmids, an important factor to consider when 
designing plasmids that carry multiple genes such as 
operons. This finding highlights the importance of keep-
ing gene order consistent to increase the predictability of 
genetic designs.

Effect of gene syntaxes on the variability of gene 
expression
Cell-to-cell variation (gene noise) is common in biologi-
cal systems and poses significant challenges in synthetic 
biology by contributing to phenotypic and functional 
heterogeneity, which undermines the reliability of engi-
neered systems [13, 14]. We therefore examined the 
effect of gene syntaxes on cell-to-cell variation in a bac-
terial population. The coefficient of variation (CV) was 
used as a measure of cell-to-cell variation and was cal-
culated from the standard deviation of the logarithmic 
transformed data, which is equivalent to CV. We did 
not find significant variation in GFP expression or RFP 
expression across seven plasmids with different gene syn-
taxes (Fig. 6A, B). However, we found that the variations 
of GFP are consistently lower than the variations of RFP, 
regardless of different gene syntaxes.

These results suggest that different proteins can exhibit 
different expression variability within a population, even 
when driven by identical promoters and RBS sequences 
on the same plasmid. Notably, RFP consistently shows 
greater variability than GFP, although the reasons for this 
remain unclear. According to FPbase ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​f​p​b​a​
s​e​.​o​r​g​/​​​​​)​, sfGFP and mScarlet-I have comparable bright-
ness values (54.15 for sfGFP and 56.16 for mScarlet-I), 
indicating that the observed differences in signal intensi-
ties are primarily due to instrument settings and/or the 
characteristics of the RFP detection channel on the flow 
cytometer used rather than the differences in protein 
brightness. Although higher RFP variability could par-
tially stem from lower RFP signals compared to GFP, it 
likely also arises from biological factors such as protein 
folding dynamics, sensitivity to cellular pH, and local 
oxygen concentration, which may be protein-specific fea-
tures. Constructs like DA463 and DA474, which showed 
comparable GFP and RFP signals (GFP/RFP close to 1.0, 
Fig. 1), still demonstrated consistently higher CV for RFP 
than GFP (Fig. 6C). These observations indicate that the 
elevated variability in RFP expression is primarily due to 
inherent biological differences between the two fluores-
cent proteins. For example, RFP may be more sensitive to 
heterogeneity in cellular conditions, such as intracellular 
oxygen fluctuations or pH variations within the bacte-
rial population. Additionally, differences in protein fold-
ing dynamics, including the distinct maturation times 

https://www.fpbase.org/
https://www.fpbase.org/
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between sfGFP and RFP (mScarlet-I) [52], could also 
contribute to the observed cell-to-cell variations.

Gene noise encompasses intrinsic noise (ηint
2) and 

extrinsic noise (ηext
2). Taking advantage of the dual-

reporter system [16] and flow cytometry methodology 
developed previously [36, 37, 39], we dissected the total 
noise into intrinsic and extrinsic noise from plasmids 
with varied gene syntaxes. Our results indicate that all 
plasmid constructs exhibited relatively low noise levels, 
irrespective of their gene syntaxes. Intrinsic noise was 
consistently below 0.1, while extrinsic noise remained 
under 0.17 (close to the extrinsic noise limit) [53–55]. 
Notably, genes arranged in different orientations and 
orders displayed significant variations in both intrinsic 

and extrinsic noise (Fig. 6D, E). Despite these differences, 
the total noise remained largely unchanged across the 
seven gene syntaxes tested, with the exception of DA462, 
which exhibited slightly higher total noise compared to 
DA474.

While it may be anticipated that head-on orienta-
tion (e.g., DA465) (Fig. 1) would result in higher intrin-
sic noise compared to codirectional constructs (e.g., 
DA464), our data showed a slightly higher noise level in 
the codirectional construct. This counterintuitive result 
likely arises from several factors. First, the intrinsic noise 
levels calculated in our study were small (< 0.1), making 
the observed differences marginal and potentially influ-
enced by experimental variability. Second, variations in 

Fig. 5  Effect of gene order on gene expression profiles. (A, B, C) Three pairs of plasmids carrying GFP and RFP with the same promoter and RBS se-
quences. The order of the two reporter genes is switched on the same plasmid for each pair while their orientations to plasmid Ori remain the same. 
The expression means and expression ratios were compared within each pair of plasmids. Values are presented as mean ± SD (n = 8). **** p < 0.0001; *** 
p < 0.0001; ** p < 0.01; * p < 0.05; ns, not significant
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factors such as promoter and ribosome binding site (RBS) 
strength could significantly influence noise intensity [56, 
57], thereby affecting the sensitivity of noise detection. 
Future investigations with systematically varied promoter 
and RBS strengths are needed to resolve these discrepan-
cies and provide a clearer understanding of the relation-
ship between gene orientation and noise.

The impact of gene syntaxes on intrinsic or extrinsic 
noise has yet to be fully understood. It is plausible that 
the altered transcription of reporter genes, driven by 
variations in gene syntaxes, contributes to the observed 
changes in intrinsic noise, as transcription is recognized 
as a major source of this type of noise [58]. Furthermore, 
the different expression levels resulting from various 
gene syntaxes could lead to fluctuations in cellular com-
ponents and plasmid copy numbers within host cells, 
thereby generating differential extrinsic noise among dif-
ferent plasmids [58, 59].

Nonetheless, numerous factors could interplay, add-
ing layers of complexity to these explanations. It is worth 
noting that the genetic background of a host strain can 
affect gene noise, such as mRNA stability, availability of 
free RNAPs and sigma factors, or protein synthesis effi-
ciency [56, 57, 60]. For instance, mutations in certain 

genes such as recA, which is responsible for rescuing 
stalled replication forks, have been shown to increase 
expression noise, likely due to variations in DNA copy 
number across different chromosomal regions [16]. 
Similarly, genetic changes that affect the distribution of 
plasmid copy number could further amplify noise. Our 
constructs provide a valuable framework for investigat-
ing gene expression noise across different strains and for 
identifying genes that may contribute to expression vari-
ability in future studies.

Effect of gene syntaxes on the behavior of incoherent 
feedforward loops
Changes in gene expression can propagate through 
genetic networks, potentially altering downstream circuit 
performance. These cascading effects of gene syntaxes on 
the functionality of genetic circuits are a significant con-
cern in synthetic biology. We explored the impact of gene 
syntaxes on the behavior of genetic circuits by design-
ing an incoherent feedforward loop (iFFL) as a concrete 
example. In the iFFL circuit, the transcriptional factor 
AraC-RFP, constitutively expressed from a low-copy-
number plasmid, activates the expression of both GFP 
and TetR genes on a high-copy-number plasmid; TetR 

Fig. 6  Cell-to-cell variations of gene expression among varied gene syntaxes. (A) Cell-to-cell variations of GFP expression among varied gene syntaxes in 
bacterial cells. The coefficient of variation (CV) was used as a measure of cell-to-cell variations among a bacterial population. The seven plasmid constructs 
with different gene syntaxes are the same as in Fig. 1. (B) Cell-to-cell variations of RFP expression among varied gene syntaxes in bacterial cells. (C) Pairwise 
comparison of gene noise between GFP and RFP from the same plasmid. (D) The comparison of intrinsic gene noise across different gene syntaxes. (E) 
The comparison of extrinsic gene noise across different gene syntaxes. (F) The comparison of total gene expression noise across different gene syntaxes. 
****p < 0.0001; *** p < 0.0001; ** p < 0.01; * p < 0.05
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then represses GFP expression (Fig.  7A, B), creating 
a characteristic bump curve for GFP expression. We 
built a pair of iFFL circuits (DA522T and DA523) using 
DA473-T and DA476 (Fig. 2E) that differ in the orienta-
tion of AraC-RFP on the pSC101 plasmid. In one circuit 
(DA522T), AraC-RFP is codirectional to the pSC101 
Ori, while in the other (DA523), it is head-on. DA473-T 
was selected over DA473 because it includes a termina-
tor upstream of AraC-RFP, reducing the influence of 
upstream transcriptional activity observed previously 
(Fig.  2H). The comparable upstream transcriptional 
activity of DA473-T and DA476 enabled us to isolate 
and specifically examine the effect of gene orientation on 
iFFL circuit behavior.

Our results demonstrate that gene orientation relative 
to the plasmid Ori can significantly alter the behavior of 
iFFL circuits (Fig.  7). In the DA522T circuit, where the 
gene is codirectional with the Ori, GFP expression rap-
idly increased upon the addition of the inducer arabi-
nose, peaking around 8 h post-induction before gradually 
declining to a steady state after approximately 14  h. In 
contrast, the DA523 circuit, with a head-on orientation, 
exhibited a much lower peak in GFP expression before 
reaching a steady state (Fig. 7B). The different behaviors 
between the two iFFL circuits might be attributed to the 
varied expression of the transcriptional factor AraC-
RFP (Fig.  7C), which is influenced by codirectional and 
head-on orientations, consistent with our earlier findings 
(Fig. 2E, F, G). These variations in AraC-RFP expression 

contributed to downstream effects, including distinct 
GFP dynamics (Fig.  7B) and circuit responses to arabi-
nose, as evidenced by differences in steady-state GFP 
levels and cell-to-cell variability (Fig.  7D and E). Our 
findings indicate that the effects of gene orientation can 
propagate through downstream circuits, critically influ-
encing the performance of iFFL circuits, and highlight 
that gene syntaxes can contribute to unpredictable out-
comes in genetic networks.

Conclusion
Our work demonstrates that different gene orientations 
and orders significantly impact expression means, relative 
expression ratios, and cell-to-cell variations. Although 
this study did not explore the detailed molecular mecha-
nisms behind the observed effects of gene syntaxes—an 
area for future research—this study highlights the impor-
tance of gene syntaxes as a key factor in plasmid design. 
Genes aligned in the same direction as the plasmid ori-
gin (Ori) typically exhibit higher expression levels. The 
relative orientations of adjacent genes also modulate 
gene expression; for instance, divergent orientation can 
suppress the expression of both neighboring genes likely 
due to DNA supercoiling generated during transcription. 
Furthermore, altering gene orders on a plasmid without 
changing their transcriptional orientations to plasmid 
Ori can lead to varied expression profiles, presumptively 
caused by changes in upstream DNA context and relative 
gene orientations. Gene syntaxes also influence intrinsic 

Fig. 7  The cascading effect of gene syntaxes on the performance of incoherent feedforward loops. (A) Two versions of iFFL differ in the orientation of 
AraC-RFP on the pSC101 plasmid. (B) Dynamics of GFP expression upon the addition of arabinose in a continuous culture system. Anhydrotetracycline 
(aTc) was added at a constant concentration of 10 ng/ml for both circuits in the beginning of experiments. Arabinose was supplemented to a final con-
centration of 1 mM after the culture (OD600) reached a steady state. The GFP expression is measured by the median fluorescence intensity (MFI) of GFP. (C) 
The comparison of AraC-RFP expression between two versions of the iFFL. (D) The steady-state GFP expression upon the induction by arabinose. (E) The 
cell-to-cell variations of GFP expression at different arabinose concentrations, which were measured by the robust coefficient of variation (rCV)
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and extrinsic gene noise, despite unchanged total cell-to-
cell variations across different syntaxes. Notably, cell-to-
cell variation appears to depend on the reporter protein, 
with RFP consistently exhibiting higher variation than 
GFP. Ultimately, gene syntaxes can affect the behav-
ior of genetic circuits, such as incoherent feedforward 
loops (iFFLs), leading to different dynamics and cell-to-
cell variations. These findings highlight the importance 
of considering gene arrangement in plasmid design. 
Our results provide insights for the rational design of 
plasmids and engineering of genetic circuits to achieve 
enhanced reliability and precision of synthetic biological 
systems.
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