
EasyChair Preprint
№ 9118

Fold-Change Detection (FCD) Synthetic Circuits

Rongying Huang and Ramez Daniel

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

October 24, 2022



 

Fold-Change Detection (FCD) 

Synthetic Circuits 
 

Rongying Huang 

Ramez Daniel∗ 

Rongying.h@campus.technion.ac.il 

Ramizda@bm.technion.ac.il 

1 ABSTRACT 

Cellular sensory systems often detect the input signal’s 
relative change rather than its absolute value to 
eliminate the background noise and obtain more 
accurate signal detection. This property is known as fold-
change detection (FCD), determined by the ratio 
between the ON and OFF states. Recent studies 
demonstrated that applying incoherent type-1 
feedforward loops(I1-FFL) could lead to gene circuits that 
can compute FCD. In I1-FFL networks, the input signal is 
split into two pathways, where both control the output 
positively and negatively. The FCD could only be achieved 
when the strengths of the negative and positive 
pathways are optimized for specific values, limiting the 
implementation of l1-FFL in gene circuits. In this study, 
we present and analyze a new motif that coupled I1-FFL 
with a negative feedback loop for FCD. The simulation 
shows a significant improvement in the FCD performance 
and robustness with a wider-range input response. 
 
Keywords: Synthetic biology, Fold Change Detection, In-
silico design 
 

2 INTRODUCTION 

Fold Change Detection (FCD) 

Synthetic biology has enabled the design of engineered 
genetic circuits to build robust biosensors for diverse 
applications [1]. These biosensors include synthetic 
genetic circuits in bacterial cells, which can apply for 
environmental toxic and pathogenic contaminants 
monitoring [2], [3], and disease diagnosis [4]. Particularly 
for these applications, the variation of input signals scale 
to the background (basal level) signal, resulting from the 
dynamic change of the environment, providing an 
opportunity for early-stage detection. Therefore, in many 
sensory systems, there is a dire need to measure FCD (see 
Figure 1), which describes a dynamics system determined 
by the relative change in the input signal instead of 

detecting the absolute signal’s change. Furthermore, FCD 
circuits are also useful for achieving a perfect adaption 
when a disturbance is present [5]. 

Figure 1 Fold-change detection 
(FCD) systems have an identical 
dynamical response to signals with 
the same fold-change. 

Many biological behaviors including chemotaxis, vision, 
hearing, smell even psychological senses work in terms of 
FCD [6], [7]. In some biological systems, it shows evidence 
that the FCD is sharing a recurring gene regulatory 
network—the incoherent type-1 feedforward loop(I1-
FFL) (Figure 2) [5]. The feedforward loop is ‘incoherent’ 
when an input signal X is split into two pathways, and it 
controls the output Z positively and negatively. Based on 
Figure 2, we can rewrite the Michaelis-Menten equation 
shown in Equation (1) where g=0. 
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Figure 2 A 
schematic 
diagram of the I1-
FFL motif. An input 
signal X is split into 
two pathways, 
and it controls the 
output Z positively 
and negatively. 
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Equation (1-2). In gene circuits, 𝑋 and 𝑌 represent activator and 
repressor expression levels, respectively. 𝛼1, 𝛼2  are the 
production rate, and 𝛽1 , 𝛽2 are represent the degradation rate 
of 𝑋, 𝑌  separately. 𝐾𝑋  represents the dissociation constant of 
binding 𝑋 to the appropriate DNA site in a specific promoter, 
and 𝐾𝑌 represents the dissociation constant of binding Y to the 
appropriate DNA site in the same specific promoter. 1/𝜏𝑋  is 
represent the degradation rate of input 𝑋 . 𝑔  indicates the 
intensity of the negative feedback from 𝑌  inhibits the 
production of 𝑋. If 𝑔 = 0, the equation describes the l1-FFL. The 
I1-FFL circuit can compute FCD only when  𝑋 ≪ 𝐾𝑋, 𝑌 ≫ 𝐾𝑌 , 
where the function can simplify as equation2. Here, we 
redefined the 𝛼1

′ , 𝛼2
′  as the production rate, 𝛽1

′ , 𝛽2
′  as the 

degradation rate for 𝑋, 𝑌separately.  

However, due to constraints on 𝐾𝑋 and 𝐾𝑌  , the l1-FFL 
failed to sense the relative change when the input is very 
weak signals which are on the threshold of detection or 
very strong signals that saturate the receptors (see Figure 
3). Therefore, the demand for the FCD circuit with an 
extended response range should have been uplifted. 
Because a negative feedback loop (NF) is a common motif 
who able to increase the time resolution of response and 
show pulses [5], we coupled I1-FFL with an additional 
negative feedback loop (NF) from Y inhibits the 
production of X (see Figure 4), to widen the detection 
range of the input signal as well as improved robustness 
and performance of the output signal. In such a case, 
based on Figure 4, the Michaelis-Menten equation for 
the I1-FFL-NF circuit could be rewritten as Equation (1) 
where g represents the intensity of the negative 
feedback to the input signal X. 

 

Figure 3 Simulation results of I1-FFL without NF where input 
X=100,200,300 at time=500,2000,3500 separately.  And the 
parameter values were chosen as 𝑘𝑥 = 10, 𝑘𝑦 = 10, 𝛼1 =

10, 𝛼2 = 10, 𝜏𝑥 = 100000, 𝜏𝑦 = 10, 𝜏𝑧 = 10 The black 

dashed curve represents the input signal X. the black curve 
represents the internal X concentration. The red curve Z 
shows the output signal. 

 

 

Figure 2 A 
schematic 
diagram of the I1-
FFL-NF motif. 
Negative 
feedback occurs 
when Y inhibits 
the production of 
X. 

 

In-silico design 

Numerous improvements in genetic circuit assembling 

have been made based on the computer-aided design 

which enables the quick exploration and testing of 

designs in-silico[8]. In addition, the in-silico design also 
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minimizes the need for expensive and laborious physical 

assembly and experimentation. To evaluate and optimize 

our design I1-FFL-NF circuit we stimulate both the I1-FFL 

and I1-FFL-NF gene regulatory network. If  𝑋 ≪ 𝐾𝑋, 𝑌 ≫

𝐾𝑌  , equation 1 can rewrite as equation 2. Based on 

Equation 1, when 𝑔 = 0 the model can be simplified as 

an I1-FFL circuit. It shows that the I1-FFL-NF (𝑔 > 0 ) 

circuit with much wider dynamic response range and 

improved performance/robustness compared with the 

original I1-FFL design (see Figure 3). 

 

Figure 3 Based on equation 2, the simulation results illustrate 
the I1-FFL and I1-FFL-NF motif output signal under the same 
input signal. The parameter values were chosen as 𝛼1 =
1, 𝛼2 = 1, 𝜏𝑥 = 100000, 𝜏𝑦 = 10, 𝜏𝑧 = 10. 

Our I1-FFL-NF design shows a significant dependence on 

the parameters 𝑔  of negative feedback. In the 

mathematical model part, we showed that FCD can only 

be realized when the binding of X to its target promoters 

is weak, and the binding of the repressor Y is strong (𝑋 ≪

𝐾𝑋 , 𝑌 ≫ 𝐾𝑌). If the parameters not in such condition, the 

circuit fails to act as FCD shown as  Figure 3 red curve 

and Figure 4 blue curve where the NF part is neglectable. 

While the NF part is getting stronger (Figure 4 red curve 

𝑔 = 5), the FCD can be achieved. And the I1-FFL-NF can 

show the exact adaptation (Figure 4 green curve) in high-

intensity negative feedback (𝑔 = 1000). By tuning the 

intensity of the (parameter 𝑔 ) negative feedback, the 

design circuits can perform in a wider-dynamic-range 

input response for diverse application situations. Figure 

5 shows the normalized Z value according to different 

negative strengths (𝑔  value). When the normalized Z 

value equals zero, the genetic circuit shows the exact 

adaptation. This 𝑔 parameter can optimize experimental 

planning. 

 

Figure 4 Simulation results of I1-FFL-NF with the different 
level intensity(g) of the negative feedback. X=100,500,1500 
at time= 500,2000,3500 separately. In the upper figure, the 
curve shows the internal signal of the X, besides the black 
dashed curve, which represents the external input signal X. 
The lower figure shows the output Z signal based on different 
g values. 𝑔 = 0.01,5,1000 corresponding to blue, red, and 
green curves. g represents the strength of the NF shown in 
equation 1. The parameter values were chosen as 𝑘𝑥 =
10, 𝑘𝑦 = 10, 𝛼1 = 10, 𝛼2 = 10, 𝜏𝑥 = 100000, 𝜏𝑦 =

10, 𝜏𝑧 = 10 
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Figure 5 Following the upper case, the normalized Z value 
according to different strengths of negative feedback (g 
value). When the 𝑔 ≅ 1𝑒3, the output signal Z shows the 
exact adaptation. 
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