
 

 

 University of Groningen

Sensing Penicillin
Volz, Esther

DOI:
10.33612/diss.124807545

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Volz, E. (2020). Sensing Penicillin: Design and construction of Metabolite Biosensors. [Thesis fully internal
(DIV), University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.124807545

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.124807545
https://research.rug.nl/en/publications/6a89821a-c39d-4762-8403-ddc27c683f4b
https://doi.org/10.33612/diss.124807545


109

5Chapter 5

Engineering of a prokaryotic 
transcriptional repressor 
as metabolite biosensor in 
filamentous fungi 
Esther Magano Volz1,2, Richard Kerkman1, Yvonne Nygård1,3, Matthias Heinemann2, 
Arnold J.M. Driessen3, Roel A.L. Bovenberg1,4

(1)  DSM Biotechnology Center, DSM Food Specialties B.V., Alexander Fleminglaan 1, 
2613 AX, Delft, The Netherlands

(2)  Molecular Systems Biology, Groningen Biomolecular Sciences and Biotechnology 
Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen,  
The Netherlands

(3)  Molecular Microbiology, Groningen Biomolecular Sciences and Biotechnology 
Institute, University of Groningen, Nijenborgh 7, 9747 AG, Groningen,  
The Netherlands

(4)  Synthetic Biology and Cell Engineering, Groningen Biomolecular Sciences 
and Biotechnology Institute, University of Groningen, Nijenborgh 7, 9747 AG, 
Groningen, The Netherlands



110

Engineering of TcaR as metabolite sensor in filamentous fungi

Abstract

Transcription-factor based biosensors for the detection of metabolites 
are versatile tools for fundamental and applied research. To this end, small 
molecule-binding bacterial transcription factors are used to control expression 
of a fluorescent protein. Numerous transcription factors were exchanged 
between different bacterial species, and more recently even transplanted 
into the budding yeast Saccharomyces cerevisiae. However, research on 
whether bacterial transcription regulators can function as biosensors in even 
more complex organisms is lagging behind. Here we show that a bacterial 
transcription factor can be used to detect metabolites in filamentous fungi. 
We found that the bacterial TcaR regulatory system, integrated into the 
genome of the filamentous fungus Penicillium chrysogenum, can detect high 
concentrations of the β-lactam antibiotic penicillin G using a fluorescent 
reporter system. Our results demonstrate that bacterial transcription factors 
can be used to construct genetically encoded metabolite sensors in a cellular 
system as complex as filamentous fungi. We anticipate our research to be 
a starting point for the development of more transcription-factor based 
biosensors that will contribute to unwire cellular metabolism and improve 
engineering and screening of filamentous fungal cell factories.
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Introduction

Transcription factor-based biosensors are versatile tools to study cellular 
metabolism1, select for microbial cell factories2 or detect environmental 
pollutants3. Since transcription factor-based regulation is essential to every 
living cell, the pool of available transcription factor systems is tremendous, 
as is their potential field of application once transformed into a biosensor4. 
Information on DNA binding sequences as well as binding affinities between 
the TF, the DNA and different metabolites is an essential prerequisite for 
the development of novel TF-based sensors. In case sufficient information 
on TF consensus binding sequences and ligand interactions is available, TF 
expression cassettes can be combined with fluorescent reporter systems, 
integrated into the genome of the host strain and used for the selection of 
novel high production strains. 
 Nowadays, most TF-based biosensors for strain development and screening 
approaches are derived from and applied in bacteria5. Even though a great 
number of sensors is derived from and applied in Escherichia coli, such as the 
FadR-based sensor6 for fatty acid detection or the LacI-based sensor7 to study 
growth and metabolism on the single cell level, sensors of other bacterial 
species, such as Corynebacterium glutamicum are on the rise, expanding the 
sensor spectrum to, amongst others, amino acids8,9. Furthermore, multiple TFs 
were successfully exchanged between different bacterial species for metabolite 
sensing, such as FapR from Bacillus subtilis for detection of malonyl-CoA in  
E. coli10 or BmoR from Thauera butanivorans for the production of l-Butanol in 
E. coli 11.
 More recently, bacterial TF-based biosensors were further transplanted 
into the budding yeast Saccharomyces cerevisiae to improve screening and 
selection of yeast-based cell factories12. Besides well-known bacterial sensors 
like FadR13, a range of new sensors were specifically developed for yeast cell 
factories to improve the heterologous production of metabolites, such as the 
bioplastics precursor muconic acid using the transcriptional activator BenM14. 
Even though the development of TF-based sensors is considerably more 
complex in yeast than in bacteria, the number of functional biosensors in yeast 
is expanding rapidly15.
 However, research on whether bacterial TF can be transplanted into 
organisms even more complex then yeast to function as metabolite biosensors 
is lagging behind16. In this study, we assessed the ability of a prokaryotic TF to 
function as metabolite biosensor in a filamentous fungus. We transplanted the 
bacterial transcriptional repressor TcaR into the filamentous fungus Penicillium 
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chrysogenum as a biosensor for the β-lactam antibiotic penicillin. After the 
design of multiple biosensor cassettes, their integration into the genome of 
the fungus and analysis of expression data, we identified a functional biosensor 
design with the help of a fluorescent reporter system. The classification of 
different fungal growth phases enabled us to dissect the specific, penicillin-
dependent transcriptional regulation by TcaR from gene expression noise.
 To our knowledge, this is the first successful transplantation of a bacterial 
TF into a filamentous fungus for sensing of a secondary metabolite. We expect 
TF-based biosensors to play an important role in expanding the engineering 
toolbox of filamentous fungi and support the screening and selection of new 
strains for improved production of fungal secondary metabolites. Our findings 
underline the general applicability of bacterial TF as sensors in complex 
eukaryotic organisms. 

Materials and Methods

Fungal stains, media, and culture conditions
The P. chrysogenum strain DS54468 (ΔhdfA, ΔamdS) containing one copy of 
the penicillin gene cluster was kindly provided by Centrient Pharmaceuticals. 
The strain is derived from the industrial penicillin production strain DS1769017 
in which the hdfA gene which codes for a Ku70 protein homolog involved 
in non-homologous end-joining18 and the amdS gene encoding for an 
acetamidase used as selection marker were removed19. To start germination of 
P. chrysogenum, spores from agar plates or rice  were grown in YGG medium20 
at 25°C, 280 rpm. Agar plates and rice batches were incubated at 25°C in the 
presence of a water bath to increase humidity. 

Engineering and functional analysis of fungal promoters in  
P. chrysogenum
The fungal promoters ppcbC21 and pgndA22 were chosen for promoter 
engineering. Sequences upstream of the putative TATA motif were replaced 
with multiple DNA1 TcaR binding motifs23. To avoid high sequence similarity, 
the four base pairs between two TcaR binding sites were altered. The promoters 
were cloned upstream of a DsRed gene followed by the tact1 terminator using 
a Golden Gate based Modular Cloning System24. The plasmids (5 µg) were 
co-transformed with an amdS marker cassette (1.5 µg) into P. chrysogenum 
DS54468 protoplasts using a standard protocol25. Transformants were plated 
on selective media transformation plates containing acetamide20 and grown at 
25°C for 5 days. DsRed expression of colonies was analyzed using a fluorescent 
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plate reader. Details on plasmid construction and sequences can be found in 
the supplemental material.

Construction and transformation of transcriptional biosensor 
units 
Plasmids for in vivo biosensing were assembled in three consecutive steps 
using a Golden Gate based Modular Cloning technique24. Final plasmids 
contained a TcaR expression cassette, a terbinafine selection marker cassette 
containing the squalene epoxidase-encoding gene ergA26, an output cassette 
containing an engineered fungal promoter driving DsRed expression and 
flanking regions that are homologous to an intergenic region between 
Pc20g07090 and Pc20g0710022. TcaR expression cassettes were assembled 
with seven different promoters varying in strength and either the tcaR wild-type 
gene (TcaRwt) or a tcaR sequence that was codon optimized for expression in 
filamentous fungi (TcaRan)27. As a control, a plasmid without TcaR expression 
cassette was assembled. Biosensor cassettes were linearized by digestion 
with the DraIII enzyme and 4 µg of DNA was transformed into P. chrysogenum 
DS54468 protoplasts using a standard protocol25. Transformants were plated 
on selective media transformation plates containing a final concentration of 
1.1 µg/mL terbinafine26 and grown at 25°C for 5-7 days. Single colonies were 
transferred to fresh terbinafine plates to enable further growth and sporulation 
for another 2 days at 25°C. Rice batches and glycerol stocks were prepared 
for inoculation of conidia and long-term storage at -80°C, respectively. Details 
on plasmid construction and sequences can be found in the supplemental 
material (Table S1, Table S3-S7). 

gDNA extraction, total RNA extraction, and cDNA synthesis 
Genomic DNA (gDNA) was isolated after 48 h of growth in YGG medium using 
the E.Z.N.A. Fungal DNA Kit (VWR Life Science). To assess strain purity, PCR 
reactions were performed with gDNA targeting the TcaR expression cassette, 
output cassette or the intergenic region (Figure S1, Table S2). Only strains with 
a correct PCR product size for the TcaR expression and the output cassette, as 
well as no PCR product in the intergenic region were used further. For total 
RNA extraction, precultures were grown from rice in secondary metabolite 
production (SMP) medium containing 5 g/L glucose, 36 g/L lactose, 4.5 g/L 
urea, 2.9 g/L Na2SO4, 1.1 g/L (NH4)2SO4, 14.4 g/L K2HPO4·3H2O, 15.5 g/L 
KH2PO4, 0.65 g/L disodium-terephthalate and 10 mL of a trace element solution 
containing 20 g/L FeSO4·7H2O, 150 g/L MgSO4·7H2O, 150 g/L C6H8O7·H2O, 1.5 
g/L ZnSO4·7H2O, 0.99 g/L CaCl2·2H2O, 2.28 g/L MnSO4·H2O, 0.0075 g/L H3BO3, 
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0.24 g/L CuSO4·5H2O, 0.375 g/L CoSO4·7H2O. After 48h of incubation at 25°C 
and 800 rpm, cells were diluted eight times with fresh medium and grown 
for another 24h. Total RNA was isolated from ten engineered strains using 
the TRIzol (Invitrogen) extraction method and a RNeasy Midi kit (Qiagen). 
After DNase treatment (Turbo DNA-free kit, Ambion), RNA quality and purity 
were assessed using the Agilent Bioanalyzer (Agilent Technologies). RNA was 
transcribed to cDNA using the iScript cDNA synthesis kit (Bio-Rad) starting 
from 1000 ng of RNA in a final volume of 20 µL.

qPCR analysis  
Copy-numbers of the tcaR wild-type gene and the codon optimized tcaR gene 
were determined in triplicates with gDNA by qPCR for 12 engineered strains 
using the γ-actin gene as control for normalization. The expression levels of 
both tcaR genes were determined in triplicates with cDNA from RNA by qPCR 
for 10 engineered strains using the γ-actin gene as control for normalization. 
All primer sequences are listed in Table S2. Primer efficiencies were 
determined using four gDNA dilutions and resulted in efficiencies of 99.5% 
for the tcaR wild-type gene (R2=0.999), 100.21% for the codon optimized tcaR 
gene (R2=0.999) and 107.7% for the γ-actin reference gene (R2=0.997). qPCR 
reactions were performed with the iQ SYBR Green Supermix (Bio-Rad) with 10 
µM primers and 50 ng gDNA or cDNA in a final volume of 20 µL. The following 
thermo cycler conditions were used: 98°C for 10 min, followed by 40 cycles of 
98°C for 15 s, 63°C for 30 s, and 72°C for 30 s. Subsequently, a melting curve 
was generated to determine qPCR specificity. Expression levels and gene 
copy numbers were calculated based on threshold cycles (CT) using the ΔΔCT 

method.

Microbioreactor fermentations with online monitoring
Biomass formation and DsRed expression of the engineered strain ppcbC_
TcaRan (Strain_55/DS82631), the control strain (Strain_46/DS82629) and the 
wild-type strain (DS54468) were monitored over time using a BioLector bench 
top microbioreactor system (m2p-labs). Pre-cultures were started from rice in 
SMP medium. After 48h of incubation at 25°C and 800 rpm, cells were diluted 
eight times with fresh medium to a final volume of 1 mL and transferred 
into a 48 well microtiter flower plate (m2p-labs) which was covered with a 
breathable seal. Cells were grown for 100 h at 25°C, 800 rpm in the BioLector 
system. Biomass formation was monitored via scattered light at an excitation 
wave length of 620 nm (Gain 10) and DsRed fluorescence was detected at an 
excitation/emission wave length of 550/680 nm (Gain 100) every 20 minutes. 
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For all three strains, two biological replicates (individual pre-cultures) and two 
technical replicates were analyzed (Figure S2). Raw data points were centered 
with a moving average of nine time points. Growth rates and promoter 
activities were calculated between all adjacent time points applying the 
following formulas:

Bound DNA [%]=
VCRfraction V

Ʃ VCR fraction I-V
×100 

 
 
 
 
 
 

Growth rate [
1
h

]	=
ln	(Δbiomass)

Δtime
                          Promoter activity	=

ΔDsRed
Δtime*biomass

 

 

Results 

Design and construction of a metabolite biosensor in 
filamentous fungi 
To examine whether a bacterial TF-based regulator system can be brought to 
function in filamentous fungi, we assessed the ability of the transcription factor 
TcaR from Staphylococcus epidermidis23 to function as a metabolite biosensor in 
the fungus P. chrysogenum. TcaR is a well-characterized transcriptional repressor 
which was shown to dissociate from its promoter DNA at high millimolar 
concentrations of the β-lactam antibiotic penicillin G28, which is commonly 
produced by P. chrysogenum29,30. To enable intracellular sensing of penicillin 
by the TcaR system, we designed genetic biosensor units for integration into 
the genome of the fungus. Penicillin biosensing is facilitated by the functional 
interplay of two genetic cassettes, namely the TcaR expression cassette, and 
an output cassette where TcaR controls expression of a fast maturing red 
fluorescence protein (DsRed-T131) in a penicillin-dependent manner (Figure 1A). 
 To enable repression of the DsRed gene by the TcaR regulator in the output 
cassette, a promoter is needed that is functional in P. chrysogenum and at 
the same time contains binding sites for TcaR. Therefore, we designed four 
engineered versions of the two fungal promoters ppcbC21 and pgndA22, where 
we replaced native promoter sequences with TcaR binding sequences in 
different numbers and at different positions upstream of a TATA motif. To select 
a promoter that is functional in vivo, all engineered promoters were cloned 
upstream of a DsRed gene and transformed randomly into P. chrysogenum to 
assess their ability to drive DsRed expression, which eventually results in red 
fungal colonies. Here, we found that one out of four engineered ppcbC, and 
three out of four engineered pgndA promoters could drive DsRed expression 
(Figure 1B). To maintain most of the native fungal promoter sequence, the 
pgndA promoter containing 4 TcaR binding sequences was selected for the 
subsequent design of genetic biosensor units. 
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 To combine all transcriptional units for transformation into P. chrysogenum, 
different TcaR expression cassettes, a selection marker cassette and the output 
cassette containing the engineered pgndA promoter were assembled using a 
Golden-Gate based modular cloning technique (Figure 1C). To obtain a range 
of tcaR expression levels, seven different promoters were selected to drive 
tcaR expression (Table 1) as well as two different versions of the tcaR gene, 
namely the S. epidermidis23 wild-type gene sequence (TcaRwt) and a codon-
optimized version for improved polypeptide expression in filamentous fungi27 
(TcaRan). To compare DsRed expression levels from the output cassette in the 
presence and absence of TcaR and assess whether a TcaR-based biosensing is 
feasible, a control strain lacking the TcaR expression cassette was assembled 
in the same way. All transcriptional units were flanked by two homologous 
regions to enable genomic integration between two P. chrysogenum genes 
showing medium expression levels22. 

Table 1 Selected promoters for the assembly of TcaR expression cassettes. 

Promoter name Promoter Type Length [bp] Expected strength Reference

p40s Full length 1350 High (22)

ppcbC Full length 909 High (21)

An04g08190 (An081) Full length 790 Medium/high (22)

An16g01830 (An018) Full length 1003 Medium/low (22)

ppcbCcp Core 200 Low (32)

An008cp Core 193 Low (33)

An533cp Core 149 Low (33)

> Figure 1 Graphical summary of the development of a genetically encoded penicillin 
biosensor in Penicillium chrysogenum. A) Mode of action of the transcriptional repressor 
TcaR as biosensor. After the TcaR regulator is expressed from a range of promoters in the 
expression cassette, it binds to an engineered fungal promoter and controls expression of a 
DsRed gene in the output cassette in a penicillin-dependent manner.  B) Engineering of fungal 
promoters for construction of the biosensor output cassette. Sequences of the two fungal 
promoters ppcbC and pgndA were replaced with TcaR binding sequences, cloned in front 
of a DsRed gene and transformed randomly into P. chrysogenum. Functional promoters were 
selected based on their ability to express the DsRed gene, resulting in red fungal colonies on 
selection plates. Numbers indicate the total amount of TcaR binding sites in each engineered 
promoter. C) Molecular design for the construction of fungal biosensor strains and a control 
strain. All sensor designs consist of a TcaR expression cassette containing different promoters 
and either the wild-type (wt) or codon-optimized (an) tcaR gene, a selection marker cassette 
and the output cassette. The control strain lacks the TcaR expression cassette. All designs are 
flanked by two homologous regions to enable targeted recombination into the genome of  
P. chrysogenum. ergA - squalene epoxidase-encoding gene26
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Gene copy number and expression analysis of biosensor 
strains
To determine whether the homologous recombination of the combined 
transcriptional units occurred at the expected genomic location, genomic 
DNA was isolated from the obtained P. chrysogenum transformants and 
analyzed in multiple PCR reactions. Twelve different biosensor strains and one 
control strain were obtained that showed correct genomic integration of the 
transformed units (data not shown). Subsequently, we performed quantitative 
PCR analysis on the genomic DNA of the twelve selected biosensor strains 
to determine tcaR or tcaRan gene copy numbers, using the γ-actin gene as 
a single-copy reference34. Here, we found single-copy integrations in eight 
strains (Figure 2A) and multi-copy integrations ranging between three and 33 
copies in four strains (Figure 2B). 
 To assess the ability of different expression cassettes to drive tcaR expression, 
we selected ten strains to determine gene expression levels. From these strains, 
we extracted total RNA, transcribed the RNA to cDNA and subsequently 
performed quantitative PCR analysis on the cDNA using expression levels of the 
γ-actin gene as reference. Here, we found no or very low expression for designs 
containing the tcaR wild-type gene, whereas designs with the codon-optimized 
tcaR gene exhibited a wide array of expression (Figure 2C). Lowest tcaRan 
expression levels were found for the pAn008 core promoter as well as for a 
strain containing seven copies of the ppcbC core promoter, which suggests that 
the ppcbC core promoter is a very weak driver of expression. Compared to that, 
the promoters pAn081 and p40s showed higher, but relatively similar levels of 
tcaRan expression. Remarkably high tcaRan expression levels were found for the 
ppcbC promoter, reaching around 70% of the expression level of the highly-
expressed housekeeping gene γ-actin. Overall, the detected expression levels 
matched with the expected strength of the promoters (Table 1).
 Our findings suggest that tcaR expression levels do not only depend on 
promoter strength but to a large extent on codon-usage. Because of its highest 
tcaR expression levels, we subsequently chose the ppcbC-TcaRan strain to 
assess its biosensing properties in fermentation experiments.

Growth rates allow classification of distinct fungal growth phases
The ppcbC-TcaRan strain as well as a control strain lacking the TcaR expression 
cassette were characterized in microbioreactor fermentation experiments 
using the BioLector system. To this end, fungal biomass formation and DsRed 
expression were monitored online over time in the presence of 0 and 100 mM 
penicillin G for both strains.
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 Since global gene expression activity is known to be tightly coupled to 
growth rate35,36, we first decided to identify different fungal growth phases to 
be able to dissect the specific transcriptional regulation by TcaR from global 
gene expression activity. To classify distinct growth phases, we used the 
measured biomass data to determine growth rates for both strains at 0 mM and 
100 mM penicillin G over time. Here, we found similar growth rate patterns for 
both strains and penicillin conditions, which we used to classify seven different 
growth phases over the course of the fermentation (Figure 3, Table S8). Both 

Figure 2 Gene copy number and expression analysis of fungal strains. A+B) Biosensor 
strains containing a single copy (A) or multiple copies (B) of the tcaR gene as determined 
by qPCR on genomic DNA compared to expression of the γ-actin gene. Strains are labeled 
according to the promoter driving expression of the tcaR gene. Strains containing the same 
design are numbered. C) Fold expression of the tcaR gene as determined by qPCR on 
cDNA obtained from total RNA extraction compared to expression of the γ-actin gene. 
Strains are labeled depending on the promoter driving expression of the tcaR gene and 
gene copy number. TcaRwt – Wild-type TcaR gene sequence23; TcaRan – codon optimized 
TcaR gene sequence27. Values and error bars represent the mean and standard deviation 
from three replicates.
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strains exhibited maximum growth rates of 0.04 – 0.05 1/h which were reached 
at the end of phase I and VI as well as another distinct growth rate peak at 
0.025 – 0.035 1/h at the end of phase III for both penicillin conditions. Thus, we 
were able to distinguish and classify different time-dependent fungal growth 
phases on the basis of growth rates, which enabled us to assess the influence 
of growth rates on DsRed expression among different strains and conditions 
in different growth phases. 

Figure 3 Fungal growth rates and classification of growth phases (I-VII), for the ppcbC-
TcaRan biosensor strain (blue) and a control strain lacking the tcaR expression cassette 
(yellow) in the presence of 0 mM and 100 mM penicillin G in the growth medium. Growth 
rates were calculated based on fungal biomass formation measured online in microbioreactor 
fermentations. A list of all time phases can be found in Table S8. Data sets of technical 
duplicates are shown.
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Biosensing is feasible in a distinct growth phase
To assess the ability of the ppcbC-TcaRan strain to sense penicillin, we investigated 
whether DsRed expression of the strain is reduced in the absence of penicillin G 
and increased in the presence of penicillin G (Figure 1A). To be able to compare 
different DsRed expression rates among strains and penicillin conditions, DsRed 
promoter activities were determined for the ppcbC-TcaRan strain, the control 
strain lacking the TcaR expression cassette and a non-engineered wild-type 
strain in the absence and presence of 100 mM penicillin G. Promoter activities 
were calculated based on the previously obtained BioLector fermentation data 
as the production rate of expressed DsRed, normalized by the optical density 
of the fungal biomass37. To account for a potential influence of growth rates on 
DsRed expression, the previously defined growth phases were included into all 
promoter activity graphs. 
 First, we analyzed promoter activities of the ppcbC-TcaRan (biosensor) strain, 
the control strain and the wild-type strain in the absence of penicillin G. Here, 
we observed highly similar promoter activities for the biosensor strain and the 
control strain, except for growth phase IV (Figure 4 top). Both, the biosensor 
and the control strain exhibited a strong increase in promoter activity during 
the first two growth phases and a subsequent decline in activity in growth phase 
III, which is typical for a range of promoters derived from Aspergillus niger, 
such as the pgndA promoter22. However, in growth phase IV, the control strain 
exhibited another activity peak, whereas the biosensor strain was completely 
inactive. Promoter activities remained low for both strains during growth phase 
V, increased during growth phase VI and declined again during growth phase VII. 
As expected, the DsRed promoter activity remained zero for the non-engineered 
wild-type strain. 
 The fact that the promoter activities of the biosensor strain, which expresses 
high amounts of TcaR, and the control strain lacking a TcaR expression cassette 
are highly similar in all growth phases except for growth phase IV, suggests that 
the DsRed promoter is repressed by TcaR in the biosensor strain during growth 
phase IV in the absence of penicillin.
 We subsequently analyzed the promoter activities of the ppcbC-TcaRan 
(biosensor) strain, the control strain and the wild-type strain in the presence 
of 100 mM penicillin G. Here, we observed differences in promoter activity 
among the tested strains in various growth phases (Figure 4 bottom). During 
the first three phases, the biosensor and the control strain exhibited the same 
characteristic activity profile as seen in the absence of penicillin G. In growth 
phase IV, however, a low promoter activity was observed for the control strain, 
whereas the biosensor strain exhibited a clear peak in activity. We further 
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found the promoter activities of the control strain to remain very low after 
growth phase IV, indicating that high concentrations of penicillin negatively 
affect promoter activity during those growth phases. In contrast to that, high 
promoter activities were found in the biosensor strain in this period, suggesting 
no negative effect of penicillin on promoter activity. 
 Given the observation that the DsRed promoter, which was inactive in the 
absence of penicillin in growth phase IV, was found to be active in the presence of 
penicillin in growth phase IV, indicates that the DsRed expression of the biosensor 
strain is regulated by TcaR and penicillin during this distinct growth phase. 

Visualization of penicillin biosensing based on growth phases
To verify that the regulation of DsRed expression by TcaR and penicillin in 
the biosensor strain is limited to a distinct growth phase, we consequently 
plotted promoter activities as a function of the growth rate for all seven growth 
phases. Promoter activities of the ppcbC-TcaRan (biosensor) strain and the 
control strain at 0 mM and 100 mM penicillin G were analyzed and compared 
for the different penicillin conditions and growth phases. 
 Here, we observed different correlations between promoter activity and 
growth rates in the different conditions and growth phases (Figure 5). The 
promoter activities of both strains were found to be either largely independent 
of growth-rate (phase V) or to correlate positively (phase I, VI, VII) or negatively 
(phase II, III) with growth rate. During growth phase IV, however, distinct 
differences were found between the biosensor and the control strain for both 
penicillin conditions. While the biosensor strain was inactive in the absence 
of penicillin, the promoter activity of the control strain correlated positively 
with growth rate in phase IV. In contrast to this, the promoter was highly active 
in the biosensor strain in the presence of 100 mM penicillin G, exhibiting a 
slightly negative growth rate correlation. 
 Thus, we could verify that the DsRed promoter is repressed by TcaR in the 
absence and activated in the presence of penicillin in the biosensor strain 
during growth phase IV. Consequently, the classification of fungal growth 
phases combined with the plotting of promoter activities as a function 
of growth rate, enabled us to make precise distinctions between specific 
transcriptional regulation by TcaR and global gene expression activities and 
thereby visualize penicillin biosensing. 
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Figure 5 Analysis of promoter activities as a function of growth rate. DsRed promoter 
activities of the ppcbC-TcaRan biosensor strain expressing the TcaR regulator (blue) and 
a control strain lacking the tcaR expression cassette (yellow) were plotted as a function 
of growth rate at 0 mM and 100 mM penicillin G for seven different growth phases. As a 
consequence, a clear distinction of TcaR- and penicillin-regulated growth phases from non-
regulated growth phases was possible. Data of technical duplicates are shown.
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Discussion and conclusion

In this study we transplanted the prokaryotic transcription factor TcaR into the 
genome the filamentous fungus P. chrysogenum to function as a biosensor for 
the fungal secondary metabolite penicillin. Various genetic biosensor designs 
containing TcaR expression cassettes and a DsRed reporter cassette were 
integrated into P. chrysogenum. DsRed expression and biomass formation of a 
strain exhibiting high tcaR expression levels (ppcbC-TcaRan; biosensor; Figure 
2C) and a control strain lacking the TcaR expression cassette were monitored 
in microbioreactor fermentations experiments to classify fungal growth phases 
and determine DsRed promoter activities. The analysis of DsRed promoter 
activities showed that the DsRed promoter is repressed in the absence and 
active in the presence of penicillin G in the biosensor strain but not in the 
control strain, thus demonstrating that penicillin biosensing is feasible in the 
engineered P. chrysogenum strain. We further found that TcaR repression and 
de-repression in the biosensor strain occurs only during one distinct growth 
phase, indicating that the specific regulation by TcaR is superimposed by 
global transcriptional regulatory processes in all other growth phases. 
 The fact that expression levels of the tcaR wild-type gene were close to zero, 
while high expression levels were obtained for a codon-optimized version for 
improved polypeptide expression in filamentous fungi27, indicates that codon-
usage plays a critical role during transcription in P. chrysogenum. Since most 
genes that were expressed heterologous in P. chrysogenum either derive 
from other fungi, such as A. chrysogenum21 or S. cerevisiae38 or were codon-
optimized for expression39, a detailed study analyzing the influence of codon 
usage on gene expression in P. chrysogenum is missing. Even though a non-
codon optimized sequence of a bacterial enzyme encoded by the cmcH gene 
was shown to be functionally transcribed and translated in P. chrysogenum21, 
a later study found the enzyme to be mostly inactive in vivo and suggested 
changes in codon usage improved its activity40. As codon usage was found 
to be an important determinant of gene expression through its effects on 
transcription in the filamentous fungi  Neurospora41 and A. oryzae42 and codon 
optimized bacterial CRISPR nuclease genes are frequently used for genetic 
engineering of filamentous fungi including P. chrysogenum17,43–45, we suppose 
that codon optimization is crucial to make bacterial TF-based sensing systems 
work in filamentous fungal hosts like P. chrysogenum. 
 A main reason for the finding that TcaR repression and de-repression is only 
detectable during growth phase IV could be the choice of promoters driving 
tcaR and DsRed expression in the biosensor strain. The ppcbC promoter, which 
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drives expression of tcaR in the biosensor strain, is known to be expressed in 
later growth phases in P. chrysogenum22,46, partly due to a carbon catabolite 
repression which is mainly caused by glucose47,48 but not by lactose49. Since 
glucose is a preferred carbon source over lactose50,51, it is likely that the 
biosensor strain first consumes the glucose of the SMP medium, resulting in 
a repression of the ppcbC promoter and hence low tcaR expression levels. 
Once glucose is depleted, the biosensor strain switches to lactose as carbon 
source, resulting in a de-repression of the ppcbC promoter and high tcaR 
expression levels after 24h of cultivation (Figure 2C). Consequently, DsRed 
repression occurs in growth phase IV in the absence of penicillin G (Figure 5). 
Furthermore, a great number of promoters from A. niger were shown to be 
most active after around 10 hours of cultivation, resulting in a peak in protein 
production22. This includes the pgndA promoter which in this study was used to 
drive DsRed expression (Figure 4). Due to its high activity, the pgndA promoter 
is difficult to repress around 10 hours of cultivation, especially at potentially 
very low concentrations of TcaR repressor.  Hence knowledge about the 
growth and carbon catabolite dependencies of promoter activities is essential 
to select suitable promoters for the development of TF-based biosensors in 
organisms as complex as filamentous fungi. We further demonstrated that a 
classification of growth-rate dependent growth phases helps to dissect a TF-
based specific transcriptional regulation from global regulatory processes and 
consequently enables the assessment of TF-based metabolite sensors despite 
superimposed gene expression effects.  
 The fact that we found high concentrations of penicillin G to release promoter 
repression in growth phase IV (Figure 5) further indicates that the amount of 
penicillin that diffuses from the culture medium into the nucleus is sufficient 
to cause TcaR-DNA dissociation. We therefore anticipate the presented TcaR 
sensing system to be suitable for in vivo screening of penicillin production in P. 
chrysogenum strains that produce high millimolar concentrations of penicillin 
G in the presence of the essential precursor molecule phenylacetic acid. 
 Taken together, we demonstrated that the bacterial transcription factor 
TcaR can be brought to function in the filamentous fungus P. chrysogenum 
to sense high levels of the β-lactam antibiotic penicillin using a fluorescent 
reporter system. This is the first time that a prokaryotic transcription factor 
was shown to function as metabolite biosensor in an organism as complex as 
filamentous fungi. Although the current observations are a proof of principle, 
it is an important first step towards the development of TF-based sensors for 
the screening and selection of new filamentous fungal production strains. 
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Supplementary Material

Figure S1 PCR analysis of genomic DNA from P. chrysogenum strains. A) Schematic 
representation of three PCR reactions performed on gDNA to validate genomic integration of 
plasmid DNA. Locations of primers and the expected length of the PCR product are marked 
in red. B) Example agarose gel with loaded DNA from the three PCR reactions obtained from 
gDNA of two sensor strains and a control strain. Examples of a clean sensor strain, a sensor 
strain containing wild-type and engineered gDNA and a clean control strain without TcaR 
expression cassette are shown from left to right. 
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Table S1 Assembly of plasmid cassettes to study the functionally of engineered fungal 
promoters. All promoters were ordered as synthetic gene fragments. 

Plasmid name 
(Level 1)

Plasmid Name (Level 0)

Vector Promoter Promoter 
part ID

DsRed gene Terminator

pEV1_5

pICH47761

pEV0_10_ppcbC_6x a

pZB0_26 pYN0_9

pEV1_6 pEV0_11_ppcbC_6x2 b
pEV1_7 pEV0_12_ppcbC_8x c
pEV1_8 pEV0_13_ppcbC_12x d
pEV1_9 pZB0_23_ppcbC_full K
pEV1_10 pEV0_18_pgndA_full e
pEV1_11 pEV0_14_pgndA_4x O,4
pEV1_12 pEV0_15_pgndA_6x f
pEV1_13 pEV0_16_pgndA_6x2 g
pEV1_14 pEV0_17_pgndA_8x h

 
Table S2 Primer sequences for PCR and qPCR analysis of fungal strains.

Target Reaction Template Primer sequence (5’-3’)

TcaR 
expression 
cassette

PCR gDNA F:GGAGGAGGAGAGAGGTTCTC  
R:ACAGCGGAAGACAATACCGTGCTTGGGATGTTCCAT-
GGTAGCTGTG

Output 
cassette

PCR gDNA F:GTGAAGTTCATCGGCGTGAAC
R:CAATCCCTGCAGTCGTTCTCGAA

Intergenic 
region

PCR gDNA F:CCTTTAGGCTTTCTAACGCCG 
R:GCGTGTCCCTCGATAACGTCTAG

tcaRwt gene qPCR gDNA/ cDNA F:GACTTGCAAACTGAGTATGG
R:GACGTTGGTCAGTATT GGAATC

tcaRan gene qPCR gDNA/
cDNA

F:TCCGCCGTATCGAAGATCAC
R:GACAGCAGCCTTGTTGACAC

γ-actin gene qPCR gDNA/
cDNA

F:TTCTTGGCCTCGAGTCTGGCGG
R:GTGATCTCCTTCTGCATACGGTCG
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Table S3 Description and composition of final multi-gene biosensor cassettes using MoClo24. 

Plasmid 
Name 
(Level 2)

Description Plasmid Name (Level 1)

Vector 5’flank Expression 
cassette

Marker 
cassette

Output 
cassette

3’flank Linker

pEV2_41 pAn018_TcaRanNLS_
4xpgndA_DsRed

pA
G

M
46

73

pE
V1

_1
5

pEV1_69

pC
P1

_4
5

pE
V1

_5
0

pE
V1

_5
5

pI
C

H
41

80
0

pEV2_42 pAn081_TcaRanNLS_
4xpgndA_DsRed

pEV1_74

pEV2_43 ppcbCcp_TcaRanNLS_
4xpgndA_DsRed

pEV1_79

pEV2_44 pAn008cp_
TcaRanNLS_
4xpgndA_DsRed

pEV1_84

pEV2_45 pAn533cp_
TcaRanNLS_
4xpgndA_DsRed

pEV1_89

pEV2_46 dummy_4xpgndA_
DsRed

pICH54022

pEV2_48 pAn081_TcaRwtNLS_
4xpgndA_DsRed

pEV1_94

pEV2_49 pAn018_TcaRwtNLS_
4xpgndA_DsRed

pEV1_95

pEV2_50 ppcbcp_TcaRwtNLS_
4xpgndA_DsRed

pEV1_96

pEV2_51 An008cp_TcaRwtNLS_
4xpgndA_DsRed

pEV1_97

pEV2_52 An533cp_TcaRwtNLS_
4xpgndA_DsRed

pEV1_98

pEV2_53 p40s_TcaRanNLS_
4xpgndA_DsRed

pEV1_99

pEV2_54 p40s_TcaRwtNLS_
4xpgndA_DsRed

pEV1_100

pEV2_55 ppcbC_TcaRanNLS_
4xpgndA_DsRed

pEV1_101

pEV2_56 ppcbC_TcaRwtNLS_
4xpgndA_DsRed

pEV1_102
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Table S4 Description and composition of individual biosensor cassettes using MoClo24.

Plasmid name 
(Level 1)

Description Plasmid Name (Level 0)

Vector Part / 
Promoter

Gene Terminator

pEV1_15 5’flank pICH47732 pEV0_13 / /
pEV1_69

Expression 
cassette pICH47742

pEV0_73 TcaRan_NLS_stop

pYN0_10

pEV1_74 pFG0_2 TcaRan_NLS_stop
pEV1_79 ppcbCcp TcaRan_NLS_stop
pEV1_84 pAn008cp TcaRan_NLS_stop
pEV1_89 pAN533cp TcaRan_NLS_stop
pEV1_94 pFG0_2 pEV0_64
pEV1_95 pEV0_73 pEV0_64
pEV1_96 ppcbCcp pEV0_64
pEV1_97 pAn008cp pEV0_64
pEV1_98 pAN533cp pEV0_64
pEV1_99 pZB0_21 TcaRan_NLS_stop
pEV1_100 pZB0_21 pEV0_64
pEV1_101 pZB0_23 TcaRan_NLS_stop
pEV1_102 pZB0_23 pEV0_64
pCP1_45 Selection 

marker 
cassette

pICH47751 pLM0_12 pCP0_30 pZB0_20

pEV1_50 Output 
cassette 

pICH47761 pEV0_14 pZB0_26 pYN0_9

pEV1_55 3’flank pICH47772 3’flank / /
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Table S5 Description and origin of individual biosensor parts.

Plasmid/ Part 
name (Level 0)

Description Origin Vector Part 
ID

pEV0_13 Flanking region 5’ end 
targeting intergenic region 
P. chrysogenum between 
Pc20g07090 and Pc20g07100

synthetic gene fragment pICH41331 A, 1

pEV0_73 Promoter pAN018 synthetic gene fragment pICH41295 B, 2

TcaRan_NLS
_stop

tcaR gene codon optimized for 
A. niger27

synthetic gene fragment / C

pYN0_10 Terminator tTif35 PCR amplified from 
plasmid pDSM-JAK-
108YN

/ D

pFG0_2 Promoter pPathC synthetic gene fragment / E

ppcbCcp Core promoter of the pcbC gene synthetic gene fragment / F

pAn008cp Core promoter pAN008cp synthetic gene fragment / G

pAN533cp Core promoter pAN533cp synthetic gene fragment / H

pEV0_64 tcaR wild-type gene from S. 
epidermidis23

synthetic gene fragment pICH41308 I, 3

pZB0_21  Promoter p40s PCR amplified from 
plasmid pDSM-JAK-
108YN

/ J

pZB0_23 Promoter ppcbC PCR amplified from 
genome P. chry. 
DS54468

/ K

pLM0_12 Promoter pGpdA PCR amplified 
from plasmid 
pDONR221AMDS

/ L

pCP0_30 ergA gene PCR amplified from 
genome P. chry. 
DS54468

/ M

pZB0_20 Terminator tamds PCR amplified 
from plasmid 
pDONR221AMDS

/ N

pEV0_14 Engineered promoter pgndA 
(4x BS)

synthetic gene fragment pICH41295 O, 4

pZB0_26 DsRed-T1-SKL gene52 PCR amplified 
from plasmid 
pDONR221AMDS

/ P 

pYN0_9 Terminator tAct1 PCR amplified from 
plasmid pDSM-JAK-
108YN

/ Q

3 flank Flanking region 3’end 
targeting intergenic region 
P. chrysogenum between 
Pc20g07090 and Pc20g07100

synthetic gene fragment / R
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Table S6 Sequences of synthetic promoters, synthetic genes, and plasmids. Promoter 
sequence parts that were replaced with TcaR binding sites are highlighted in yellow and 
sequences linking two TcaR binding sites in green. The TATA-motif is shown in bold.

Part ID Name Sequence (5’-3’)

a ppcbC6 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAG-
GTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGCTGGGCCCACGAGCCCGATT-
GACTCGACGGTGTTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GATAAGTACTTACTAaTCTTCGAGCGGGGGAGTGTTGCTCTGCCCGAGCAT-
CAACGATTTATTGCAAATTGAAATACTTTCGATTAGCATATCGGACCGACT-
GAAATCTCAGTATTGCAAATTGAAAATATTTCGATTAGCATATTACTAATTTTA-
CACTGGCTCTATTGCAAATTGAAAAAATTTCGATTAGCATATAGCGTATAAT-
GTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAG-
GAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTG-
CAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTC-
CACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

b ppcbC6.2 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAG-
GTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGCTGGGCCCACGAGCCCGATT-
GACTCGACGGTGTTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GTATTGCAAATTGAAATACTTTCGATTAGCATATTTGCTCTGCCCGAGCAT-
CAACGATTGGCCTGATCGCACCGTATTGCAAATTGAAAATATTTCGATTAGCAT-
ATCTCAGACCACCAAAGACCCTCCGACTTCGAGATACGGTTATATTGCAAATT-
GAAAAAATTTCGATTAGCATATGTAAGCATCTGGGCTGCAAGCGTATAAT-
GTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAG-
GAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTG-
CAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTC-
CACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

c ppcbC8 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAG-
GTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGTATTGCAAATTGAAATACT-
TTCGATTAGCATATTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GTATTGCAAATTGAAAATATTTCGATTAGCATATTTGCTCTGCCCGAGCAT-
CAACGATTGGCCTGATCGCACCGTATTGCAAATTGAAAAAATTTCGATTAGCAT-
ATCTCAGACCACCAAAGACCCTCCGACTTCGAGATACGGTTATATTGCAAATT-
GAAATTATTTCGATTAGCATATGTAAGCATCTGGGCTGCAAGCGTATAATGTCTC-
CAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAGGAAGA-
GAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTGCAG-
GAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTCCACGCCT-
TCAAGTTTTCACCATTATTTTTCTAGACACC
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d ppcbC12 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAGGTG-
GTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTTGAGT-
TATTGCAAATTGAAATACTTTCGATTAGCATATCCCACGAGCCCGATTGACTC-
TATTGCAAATTGAAAATATTTCGATTAGCATATTCTGGCACGGTAATGATAAG-
TATTGCAAATTGAAAAAATTTCGATTAGCATATCTGCCCGAGCATCAACGAT-
TTATTGCAAATTGAAATTATTTCGATTAGCATATCGGACCGACTGAAATCTCAG-
TATTGCAAATTGAAAATCTTTCGATTAGCATATTACTAATTTTACACTGGCTC-
TATTGCAAATTGAAATAATTTCGATTAGCATATAGCGTATAATGTCTCCAG-
GTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAGGAAGAGAGCT-
CAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTGCAGGAGAACT-
TCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTCCACGCCTTCAAGT-
TTTCACCATTATTTTTCTAGACACC

e pgndA TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACT-
TCGTACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATC-
CGCGGGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAG-
TACTCTTTGGTTAGTAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCT-
CAGGTGCTGCCCCGCCCTCCGTCCCACCATGACGGAAGAGATGCTCCG-
TAAGCCGTCCAGTTGCAACGAATCCTGCTCTGACATCTTCGAACGCCT-
TCTCCCTTTCGCTCGCTTCTCTGCCTCTTTCCTCTCTTCCCTTTCCTTCCCCTC-
CAAACTAAACCTTCCTCCTTTTCTCCATCATCCTCTAGGCAGTTGGTTCTTCCT-
GACTGTACATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCAT-
ATCTCCTTCTCCAGAGTTCATACCCCCCAC

f pgndA6 TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACT-
TCGTACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATC-
CGCGGGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAG-
TACTCTTTGGTTAGTAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCT-
CAGGTGCTGCCCCGCCCTCCGTCCCACCATGACGGAAGAGATGCTCCG-
TAAGCCGTCCAGTTGCAACGAATATTGCAAATTGAAATACTTTCGATTAGCAT-
ATTTCGCTCGCTTCTCTGCCTCTATTGCAAATTGAAAATATTTCGATTAGCAT-
ATAAACCTTCCTCCTTTTCTCCTATTGCAAATTGAAAAAATTTCGATTAGCATAT-
TACATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCT-
TCTCCAGAGTTCATACCCCCCAC
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g pgndA6.2 TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGATAT-
TTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTATAG-
CAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAACCAGAT-
CAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACTTCGTACTAT-
AGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATCCGCGGGCTTC-
CATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAGTACTCTTTGGTTAG-
TAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCTCAGGTGCTGCCCCG-
TATTGCAAATTGAAATACTTTCGATTAGCATATGTAAGCCGTCCAGTTG-
CAACGAATCCTGCTCTGACATCTTTATTGCAAATTGAAAATATTTCGATTAGCAT-
ATCTCTTTCCTCTCTTCCCTTTCCTTCCCCTCCAAACTAAACTATTGCAAATT-
GAAAAAATTTCGATTAGCATATTGGTTCTTCCTGACTGTACATATATCCAC-
CACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCTTCTCCAGAGTTCAT-
ACCCCCCAC

h pgndA8 TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACT-
TCGTACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATCCG-
CGGGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCTATTGCAAATT-
GAAATACTTTCGATTAGCATATCCGGAGGACTCTGCTCCTCTCCTGCTCAG-
GTGCTGCCCCGTATTGCAAATTGAAAATATTTCGATTAGCATATGTAAGC-
CGTCCAGTTGCAACGAATCCTGCTCTGACATCTTTATTGCAAATTGAAAAAAT-
TTCGATTAGCATATCTCTTTCCTCTCTTCCCTTTCCTTCCCCTCCAAACTAAAC-
TATTGCAAATTGAAATTATTTCGATTAGCATATTGGTTCTTCCTGACTGTACAT-
ATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCTTCTCCA-
GAGTTCATACCCCCCAC

A 5’flank CTAGGCTAAGGTCCGTTATCTAAAGGACTAAATAGGCCTATA-
GATCTAGGCTAGATTAAATACTAAAGCTATAATAAGAAAGGATATTACACTAAT-
TCGTATCTAAAGAACTAGAGGGGACTATAATAGTAAGTCGCTACTTATATAGCC-
CTCCCTACCCGTATCCTTAGTCGTAACGACTAGTAGGGCAATAACTCCTAGGG-
GGGATCACTATCCCTAGCGATATATATTATAACCGTGAGCCTAGATCTAGTTAT-
AGCTATAAGGGAACCTATATCGAAGAATTAAAGAGGGAAGTAGCTATAGCGA-
GAGACTATTTAGGAATTAGGGGTAGGATAACGTTTTCGAAATATCCGTTCGATA-
GATAATATTAATCGAGGGTAAGGATTATAAAGACTCTCTAACGACTAAGTCCTAT-
AGGTCGTACGATCGGTAGATAACTTCTAGCCCTATAAGCGGATAGAGATA-
GAAACGTTATAAACCACTATTTAATAGAGCGTAACTCCTAGGCCGTCCTAGGGA-
CACGCGGCTCCTAGACCGTTATAGGAATATACTACCTATAATCAGACTATAAATC-
CGTTAGGCACCTATCCCTTATATAAGATAGTGATAGAGATATACCGAAAGGA-
GAGGGTATAGATTAGTGCTAAACCGCCGAAGATACCTAGTCCTATCCGCG-
TAATCGGAGGAGGAGAGAGGTTCTCTATTAAAAAAGTGCTAAAGGAAACAT-
ACGTTACCCTCCCACTAGCCTAGCTACTAGACTAATCCGAACCGATATAGAAG-
GAGTTAGCTTAGTTCCT
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B pAN018 GTGCTAAGAATGGGGAAGGCGAAGGTACCGCCTTTGGGGTCCAGCCACG-
CGACTCCAACATGGAGGGGCACTGGACTAACATTATTCCAGCACCGG-
GATCACGGGCCGAAAGCGGCAAGGCCGCGCACTGCCCCTCTTTTTGGGT-
GAAAGAGCTGGCAGTAACTTAACTGTACTTTCTGGAGTGAATAATACTAC-
TACTATGAAAGACCGCGATGGGCCGATAGTAGTAGTTACTTCCATTACAT-
CATCTCATCCGCCCGGTTCCTCGCCTCCGCGGCAGTCTACGGGTAGGATCG-
TAGCAAAAACCCGGGGGATAGACCCGTCGTCCCGAGCTGGAGTTCCG-
TATAACCTAGGTAGAAGGTATCAATTGAACCCGAACAACTGGCAAAACAT-
TCTCGAGATCGTAGGAGTGAGTACCCGGCGTGATGGAGGGGGAGCACGCT-
CATTGGTCCGTACGGCAGCTGCCGAGGGGGAGCAGGAGATCCAAATATCGT-
GAGTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGACTGCTGGGGAACT-
GGGGAGCGGCGCAAGCCGGGAATCCCAGCTGACAATTGACCCATCCT-
CATGCCGTGGCAGAGCTTGAGGTAGCTTTTGCCCCGTCTGTCTCCCCGGT-
GTGCGCATTCGACTGGGCGCGGCATCTGTGCCTCCTCCAGGAGCGGAG-
GACCCAGTAGTAAGTAGGCCTGACCTGGTCGTTGCGTCAGTCCAGAGGT-
TCCCTCCCCTACCCTTTTTCTACTTCCCCTCCCCCGCCGCTCAACTTTTCT-
TTCCCTTTTACTTTCTCTCTCTCTTCCTCTTCATCCATCCTCTCTTCATCACT-
TCCCTCTTCCCTTCATCCAATTCATCTTCCAAGTGACTCTTCCTCCCCATCT-
GTCCCTCCATCTTTCCCATCATCATCTCCCCTCCCAGCTCCTCCCCTCCTCT-
CATCTCCTCACGAAGCTTGACTAACCATTACCCCGCCACATAGACACACCGT-
CAA

C TcaRan_
NLS_
stop

ATGGTCCGCCGTATCGAAGATCACATCTCCTTCCTGGAGAAGTTCATCAACGAT-
GTCAACACTTTGACTGCCAAGCTTCTCAAGGATCTGCAGACCGAATACGG-
TATCTCTGCTGAGCAGTCTCACGTTCTCAACATGCTCTCCATTGAGGCTCT-
GACCGTTGGCCAGATCACCGAGAAGCAGGGTGTCAACAAGGCTGCT-
GTCTCTCGCCGTGTCAAGAAGCTCCTGAACGCCGAGCTTGTCAAGCTC-
GAGAAGCCCGACTCCAACACCGACCAGCGTCTGAAGATCATCAAGCTCTCC-
AACAAGGGCAAGAAGTACATCAAGGAGCGCAAGGCCATCATGAGCCA-
CATTGCCTCCGACATGACCTCCGACTTCGACAGCAAGGAAATTGAGAAGGTC-
CGCCAGGTTCTTGAGATCATTGACTACCGTATCCAGAGCTACACCTCGAAATTG

D tTif35 ACTTCTTTATCGGTTCTCTCTTACGACTTTTTGAATGGAACGTTTCCTTCTTCT-
CAGGCGGGCCTATCTTTGGGCCGAAGCTCTTTTCCTTGTACTGTAGGACCT-
GGTTGATAATGATTCCCAAAAAGACATCCAGCATGTCAGTTACTTGCATTCGT-
CAGTCTATACAAAAGCAATGGTTTAGAGAAATTTTGAACTTTATACATGGTTTTAT-
TTGTTGCTTCACGGCCGTACCTTCTGGAAATCCACGGTAGGAGTGTCAATTTG-
CGTTTTTGATAATCCTTCCAAGGTTCTTCTCGAAGTAGTTGTTCTATAATTGCT-
TCACAGCTACCATGGAACATCCCAAGCAC

E pPathC AAGGGAGGGACCCGTAGAGACAAGACAAGAATGTTTTTTTCTCTCCTTTTTGT-
GACGACACGAGGGAAAAAAGGAATTGAACGGAAGGGATCGGTTCATACAA-
GTGTAAAATACACACACGACTACGGAATAATCCCATCAGATGCAGCAATGGGT-
TATCTGAAGGGGAAGGAGATGTGTGAGTGAATGAGAGAGTAAGCCAATGCTC-
CATCGCGGACCAGCACGGTCAGGTGAAAACCCTGAAACCATTGGCTGTAC-
CAGTAGTAACTCCCCTGGTTACCCCCATCCCGAGTGATCCCGAAGGGTGTG-
TATGTGTGTATGTGTACACAGTATGTGTAAGGAAGTGTGGTAAGTGTGTATGTG-
CGGTGGAATGCCCACTGCTTTCCCGGGGGAAGGAAAAAGGATGATGAGC-
CAAAAACGAGGCGCCAAACACGGTGTAAGGGAAAAAGAAGGGAAAGGA-
TAAACTAGGGATAACGGATGATACCAAAGACAGACACAAACAGGAAAAA-
CAGGAACAATACAATACAAACAAACGGTGCCAAAACACCAAACAAAAAAG-
TAGGTAGGGCTTTTTTTTCTGGTCCCAACAAAGCGCACTAACACCCGACGGG-
GGGGCTGGGTGGGAAAAGGGCAAAAAACCGCGAAAATTTAGCGGGAGAG-
TATTTATGTCCCGGGGGGCCTTCTGTTGTCACTTTTCCTCCAGCTTTTTCCTC-
CAGAAAAGTTCTCCTTCCTTCTTTCCCTTCCCAATCCCATCATTTTCTA-
GAGAAACTCCTCTCTCAGAACCACCACA
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F ppcbCcp CGTATAATGTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGG-
CACACAGGAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACT-
CATTGTCATCTGCAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTC-
TTCGTCGTTGTCCACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

G pAn008cp AACCCAAAGTAATAAGTCTGTAGTAATTGGTCTGGCCCTGAATTCCAAAC-
TATAAATCAACCACTTTCCCTCCTCCCCCCCGCCCCCACTTGGTCGAT-
TCTTCGTTTTCTCTCTACCTTCTTTCTATTCGGTTTTCTTCTTCTTTTATTT-
TCCCTCTCCCATCAATCAAATTCATATTTGAAAAAAATTAACA

H pAN533cp CGCCCCAAGAGAGCTGAAGATGCTGAGTAGGGTTGTCCAGGCAGCACAT-
ATATAAGATGCTTCGTCCCCTCCCATCGAGTCCTTCTTTTCTCTCTCTCATCAAT-
CACTCTACTTCCTACTCTACCTTAAACTCTTCACTACTTCATACA

I tcaRwt 
gene

TTGAAGACAAAATGGTAAGAAGAATAGAAGATCACATCTCATTTTTAGAAAAAT-
TTATTAATGATGTTAATACATTAACGGCAAAGTTACTTAAAGACTTGCAAACT-
GAGTATGGCATATCAGCTGAGCAATCTCATGTGTTAAATATGCTTAGTATAGAGG-
CGTTAACTGTGGGGCAAATTACAGAGAAACAAGGTGTTAATAAAGCTGCT-
GTTAGTCGAAGAGTCAAAAAGTTGCTCAATGCTGAATTAGTTAAATT-
AGAAAAACCTGATTCCAATACTGACCAACGTCTTAAAATAATTAAAT-
TATCTAATAAAGGAAAAAAATATATTAAAGAGAGAAAAGCGATTATGAGCCA-
TATTGCTAGTGATATGACGAGTGACTTTGACAGTAAGGAAATTGAAAAAGTTA-
GACAGGTTTTAGAAATTATCGACTATCGTATACAATCTTATACTTCTAAACTTC-
CAAAGAAGAAGCGGAAGGTCTAAGCTTTTGTCTTCAA

J pZB0_21 GAGTTATAGACGGTCCGGCATAGGTAAGGAGAGATTAGATATTTCGACT-
TCCCGATTCCTTAGTCTCCTTAGTCTGGAAACTGAGAAAGGCCTGAACTCGT-
TCAATCTATTAGCTCTAATCACGTAGTCTCAACTAGAATCCTGAACAGGCGC-
CGGAACCAGTCCAAATGCGTGGAGTACAGCAAGTCCAGTCAAATCACGATT-
AGAATGGCCATATATAAGCAAAAAACCCTTGGACAATACGTCCGATCGACAC-
CAAAGCAATCTGGTACATCACCCTTCTTATATACAGGGTAGCCGGAATTG-
TATTGACTCTATACGAAGCCGCAGGTTTACCAGCACAGAGGTGCGATAGC-
TACACGAATGTAGAGTGAAGGCATTACAACCGATTGCTAAGTGTCATA-
GAGGCTAAGCTTCACGGCTCAAGGAGTCTGTGGAGGATACCTGATATAA-
GAATTGAGAGTTATACTCCGGAGGTTATGTTAGTACCTCAAAAATGTGAA-
GTACAACGAAACTCGAACTTCGAATGACAATAGCTTGGCTGGCTGTTAGT-
CAACTGAGGTACAACGTCATCTTGCAATTAGTTATGTTCTTTGCTAGATAGT-
GAGCTGCTGTAAACTTGTAGTTCTTAGAAACATGTCTGAAGTCTAGAGTCGA-
GACTTGTGATTGGTGTAAATTAGTGGGGGTCCGGAGCGGAATAACAATCGAG-
GTCAGCCTCCTGGGTCTGTCAGTAAGCTAACCACGAAAGGACAAGCGTAGAC-
GAGGTCACGGGGTACTGGCCTAGCCGGCTTCGGCTAGCGCCCACGAAAAT-
AGGGCAACGTCGAAGCGAGAGACACACACGGATTCCACGATCGCCGACGA-
CAAGCACTCAACTCCACGACAACCCACGACAACCCTTGCCGCTGCGTTCTTG-
GTGAAGGGCTGCAGGATTAGAGGTGAGTATTTTATTTTCTGGCTATTGTGATCT-
TTTTCCCCCCCGGTTTCCGCTGGTTCTATCTTGTCGAGCGAGTCGGTGCGCCT-
TCGATCGGTCTGTCAAATTTCCATCCGTCCACTCGTTCACCCGGTATCGATA-
CAAGAGGGAATGGAGCATTACGACAGGGGAGCAGAGGCAGAACTCTCGAT-
GTTGCTACTTTTTTTGCTTGGAACAACTTCCTTGAAAGATTCTTTTCTGAATG-
CGGCTGGGAAACTGCGAATTGGATATCCAGCGAAAGGTTACCGACAGACT-
CACGGCCATCGATACCACTCAGCGGGATAGAATTGAAGGCATTCGGACATT-
AGATGATCAGCTTCGCTTGTTTCGACTCGTGCTAATCAATTATCCCTGGA-
CAGTCCCCCACATAGACAGCAAAC
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K pZB0_23 GCTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGA-
GACTTTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGT-
CAACTGTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGG-
GACAGCCAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCT-
GGTGCCAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGG-
ATGCTATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAA-
GGTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGCTGGGCCCACGAGCCCGATT-
GACTCGACGGTGTTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GATAAGTACTTACTAATCTTCGAGCGGGGGAGTGTTGCTCTGCCCGAGCAT-
CAACGATTGGCCTGATCGCACCGTCTGCAAATGCCACGGTGCGGACCGACT-
GAAATCTCAGACCACCAAAGACCCTCCGACTTCGAGATACGGTTACTAATTTTA-
CACTGGCTCCAGCGGCCCCATCCAGTAAGCATCTGGGCTGCAAGCGTATAAT-
GTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAG-
GAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTG-
CAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTC-
CACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

L pLM0_12 TGGATCCCCCGGGCTGCAGGAATTCGAGCTCTGTACAGTGACCGGTGACTCT-
TTCTGGCATGCGGAGAGACGGACGGACGCAGAGAGAAGGGCTGAG-
TAATAAGCCACTGGCCAGACAGCTCTGGCGGCTCTGAGGTGCAGTGGAT-
GATTATTAATCCGGGACCGGCCGCCCCTCCGCCCCGAAGTGGAAAGGCTG-
GTGTGCCCCTCGTTGACCAAGAATCTATTGCATCATCGGAGAATATGGAGCT-
TCATCGAATCACCGGCAGTAAGCGAAGGAGAATGTGAAGCCAGGGGTGTA-
TAGCCGTCGGCGAAATAGCATGCCATTAACCTAGGTACAGAAGTCCAATTGCT-
TCCGATCTGGTAAAAGATTCACGAGATAGTACCTTCTCCGAAGTAGGTAGAG-
CGAGTACCCGGCGCGTAAGCTCCCTAATTGGCCCATCCGGCATCTGTAGGG-
CGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAA-
GGCCGCTCAGGAGCTGGCCAGCGGCGCAGACCGGGAACACAAGCTGG-
CAGTCGACCCATCCGGTGCTCTGCACTCGACCTGCTGAGGTCCCTCAGTCCCT-
GGTAGGCAGCTTTGCCCCGTCTGTCCGCCCGGTGTGTCGGCGGGGTTGA-
CAAGGTCGTTGCGTCAGTCCAACATTTGTTGCCATATTTTCCTGCTCTCCCCAC-
CAGCTGCTCTTTTCTTTTCTCTTTCTTTTCCCATCTTCAGTATATTCATCT-
TCCCATCCAAGAACCTTTATTTCCCCTAAGTAAGTACTTTGCTACATCCATACTC-
CATCCTTCCCATCCCTTATTCCTTTGAACCTTTCAGTTCGAGCTTTCCCACT-
TCATCGCAGCTTGACTAACAGCTACCCCGCTTGAGCAGACATCAC
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M pCP0_30 ATGACCTTGCTCAATGGCCACGCCTCCCTCTCCCCGGCCGCTCAACGCCG-
CATCGAACACCATGAAGCTGATATTGTAATTGTGGGTGCCGGAGTCCTCGGCT-
GTGCACTTGCAGTTGCACTGGGAAATCAAGGGCGCAGTGTAATCCTGCTG-
GAGAAGTCGTTGGAAGAGCCCAACCGTATTGTTGGTGAACTACTCCAACCG-
GGAGGTGTTCAGGCGCTCGAGCAACTAGGGCTACGGGATTGTCTGGAAGA-
TATCGATGGCATCAATGTGAAGGGATACTGGGTTACTTACTTTGGGGAGCCG-
GTTCTCCTCGAATACCCCAAGTCCAGCCCAACCTCGCCTACACCGTTGGGAC-
GAGCCTTCCACCATGGCCGATTCGTGATGAAACTACGGGCAGCCGCTCT-
GTCGTGCCCCAATGTCACGGTGGTCGAAACCAAGGTTACCGGCCTCATCA-
CATCCTCATATACTCAGGAAGTCCTTGGAGTCGAGTGTATAACCAAGGATGT-
CAAGGACTGCTACTTCGGTCAACTCACCGTGGCCGCCGACGGTTATAACTC-
CGTTTTCCGCAAGGAACACCACCAGTATACACCCAAACGGCGCTCAAAGTTC-
CATGGCTTGGAGCTCATCGATGCTAAACTGCCCGCTCCCAACACTGGTCAT-
GTGCTTCTCAGCGATAATCCACCCGTACTTATGTACCAGATCGGCACCCAT-
GAAACCCGAATCCTTATCGATATCCCTGATAACCTGCCTGCGGCCTCGGTCAA-
GAACGGTGGTGTCAAGGGTTACATGCGAAACAACATCCTGCCCAAGCTCCCA-
GAGGGTGTCCAGCAGTCGTTCTCCGATGCCCTAGAGAAGGGCCAGCTACG-
GTCAATGCCGAACTCGTTCCTGCCTGCCTCGGCCAACAAGACACCCGGCTT-
GATGATTCTGGGCGATGCGCTTAACATGCGGCACCCTCTCACAGGTGGAGG-
CATGACTGTGGCGCTCAACGATGTTTGTGTCATCCGCGAATTGCTCAGCCCA-
GAGCGCGTGCCCAACCTCTCCAATACAGGCCTTGTTCTCGAGCAGCTCGCA-
GAGTTCCACTGGAAACGAAAGAACTCATCTTCGGTCATCAATATCCTCGCA-
CAGGCTCTCTATGCGCTCTTCGCTGCAGACAGTACGCACGCTCACTCTTCAG-
GTTAATTTGCAATAACTAACTGTTCATTCAACAGACTATTACCTCAAAGCTCT-
TCAGCGTGGCTGTTTCCGCTACTTCCAGATTGGACCAGTTGGCGGCCCTGTCG-
GGTTGTTAGCCGGTCTAATCAAGAAACCCCTCGTCCTTGTCAGCCACTTCT-
TCTCCGTTGCCTTCCTCGCCATCTGGGTCCACATATGCGATACCCCTCTGTC-
CAAGCTATTCCTAGCCCCATACTACGCCGTCATGATATTGTACACAGCCTCT-
GTCGTGATTTTGCCATACATCTGGACCGAGATCTGGTACTGA

N pZB0_20 CTAATAAGTGTCAGATAGCAATTTGCACAAGAAATCAATACCAG-
CAACTGTAAATAAGCGCTGAAGTGACCATGCCATGCTACGAAAGAG-
CAGAAAAAAACCTGCCGTAGAACCGAAGAGATATGACACGCTTCCATCTCT-
CAAAGGAAGAATCCCTTCAGGGTTGCGTTTCCAGTCTAGACACGTATAACGG-
CACAAGTGTCTCTCACCAAATGGGTTATATCTCAAATGTGATCTAAGGAT-
GGAAAGCCCAGAATATTGGCTGGGTTGATGGCTGCTTCGAGTGCAGTCT-
CATGCTGCCACAGGTGACTCTGGATGGCCCCATACCACTCAACCCATGGTAC-
GAGCGGTA

O pEV0_14
pgndA4

TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACTTCG-
TACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATCCGCG-
GGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAGTACTCT-
TTGGTTAGTAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCTCAG-
GTGCTGCCCCGCCCTCCGTCCCACCATGACGGAAGAGATGCTCCGTAAGC-
CGTCCAGTTGCAACGAATCCTGCTCTGACATCTTCGAACGCCTTCTCCCT-
TTCGCTCGCTTCTCTGCCTCTATTGCAAATTGAAATACTTTCGATTAGCAT-
ATAAACCTTCCTCCTTTTCTCCTATTGCAAATTGAAAATATTTCGATTAGCATAT-
TACATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCT-
TCTCCAGAGTTCATACCCCCCAC
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P  pZB0_26 ATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCG-
CATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGG-
CGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGAC-
CAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTC-
CAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTA-
CAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACT-
TCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAG-
GACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTC-
CGACGGCCCCGTAATGCAGAAGAAAACTATGGGCTGGGAGGCCTCCAC-
CGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACAA-
GGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTC-
CATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTG-
GACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAG-
CAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGACTCACGGTATG-
GACGAATTGTACAAGTCGAAGCTGTAA

Q pYN0_9 GTGCTTCTAAGGTATGAGTCGCAAAATTGTTTTTTATTTTTGGTCTT-
GAGTCTAATATGCTCGCAGCTCTTGCGTTGTATATGGTCGTTGTCGCGTATTTTCT-
GTTGTATTAAAAGATCAAACGAGATCAAGGGATGGCTCGCGGGCTGTCTCTCG-
CACTAGGAGGAAGAATGCCTGAAAAAGGAACTTTGATTTTAGCTGTGGAAT-
AGAGATGGCTTGTTTGAGGACGCTTGTCGCTTGGCGCAGGGACTTGAATGG-
CAGCTTGTGGAAACCGAAGGCGAGAAAAGTCGACGGATACTGTACGTGGT-
TCTATTGCCAGTGCGGTGGAAGCTTCCTTCTCATATAGTTCAATCCTTCTTT-
GAATCTGTTTGTTTCATATTTGGACTGTTTCATTCTCTGCTTGCGCATTCTCATCT-
TCGAGAACGACTGCAGGGATTGTTGGTTCTGTGGAGCTGATGAGCGCGCCTT-
GACCACCCTTGTTCTTGTTTTGCTCTTTTGTTCTCATTTAACCCGTTTCTCCCTTC-
CAACCCTTTGACCTTGCAACATTGTCTCCCAGCGCGTTGCCAAAGCGAACTT-
GATATCAGTATAGTATGACCAAGTAGTCTACCAAAATAAATTTTAGTACAG-
TATTGCTAGTTATACAAGATAAATTTTGTACAACAATGATTATGCAGAGCTGGTAT-
TCTGTAAGGAGTAAATTCATGCAGGTACAGAGCGTCCACGTCAGGCACACG-
CGCTTTAGTGCTGGGTACACATTATGCTACCTTTGGGGCAAGGTGCTATTCTAG-
GTAGGGTATGCCTAGCAATGCCATGATCTTATGACCTCAGTAATCTGACCTTG-
GATTTAAGATCGGAGTTCTCAAACCCTGCG

R 3’flank TTTTCCCGATTCGTATAGGCCTAGGTAACGGAAGGAGTAGGAGG-
TAAAGAGGTCGAGTTCTTTTTCGAACGTGTCATCGCTCCGATATTCG-
GATAGCTAGCTAACGTCTATAGTGATAATAGGCCCTATTTTATCGTAGA-
TAATATAATTAGGATATAGTCGCGAAGGGGTATATATTATTATATAGCTCCT-
GTTTATTATCTAAAGTCGGTCGGAATAGTAGAAAGGTCGGTATAACTTAT-
TATATCTATCCTTCGGAAGAGTTGTTATAGAAATCCTAGCCGCTTAGTAAGA-
TAGAGCGACGTCCTATAGGAGTTAATGCCCGCTATAAACACGCGTCTAGTC-
CGGGTATATAGTTATACGCCTACCGAGTTACTCCTTAGGTTTAATCCGT-
TATCTAAATATTACGACCTTAGTATTATCCACCTCGCCTTAAAGGAGGACTAG-
GAGTCAAACGATCTAGCTCCTAGACACTTACTCTAACTATATAATATATATCGG-
GGAGAACGTAGGTAGGGGAGTATAGAGGCTATCTCCCTAACTAATACGCTAG-
TAGAAGAGAAGGAACGAGCTAAGTCTAACGCGCGGCGGGAATCCTTCCGA-
GAGGGAGAGCTAGTATTAGTGCGACACCTTCGACGCGAGAAGGTAAATAA-
GGATAAGATAACACCGAAATAGTTCGGACTAAGAAAAATCGTTAGGAT-
CAATCTAGGGTATATCACCGCTATAGTTAGTCGGTTATACGGAGAAAAAACGAG-
TAAATATCATCTTAATAACTTACGGCCGTACTTCCGACGAGAATC
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Table S7 Sequences of primers. F: forward, R: reverse.

Part ID Name Sequence (5’-3’)

1 5 flank F: TTGAAGACAAGGAGCTAGGCTAAGGTCCGTTATC

R: TTGAAGACAAAGCGAGGAACTAAGCTAACTCCTTCTATATCGG

2 pAN018 F: TTGAAGACAAGGAGGTGCTAAGAATGGGGAAGGCG

R: TTGAAGACAACATTTTGACGGTGTGTCTATGT

3 tcaRwt gene F: TTGAAGACAAAATGGTAAGAAGAATAGAAGATCAC

R: TTGAAGACAAAAGCTTAGACCTTCCGCTTCTTCTTTGGAAGT-
TTAGAAGT

4 pEV0_14 F: ACAGCGGAAGACAAGGAGTCTTGCGTTACGGGCGTATTTTG

R: ACAGCGGAAGACAACATTGTGGGGGGTATGAACTCTGGAGAA

/ PCR Level 0 
cassettes

F: AGTCAGTGAGCGAGGAAGC

R: AATAGGCGTATCACGAGGC

/ PCR Level 1 
cassettes

F: CACATTGCGGACGTTTTTAATGTACTG

R: CCGCCAATATATCCTGTCAAACACTG

Table S8 Overview of P. chrysogenum growth phases defined in this study for the TcaR control 
strain (Strain_46/DS82629, left side) and the ppcbC_TcaRan biosensor strain (Strain_55/
DS82631, right side) in the presence of 0mM or 100 mM penicillin G.

Control strain Biosensor strain

Phase [h] 0 mM PenicillinG 100 mM PenicillinG 0 mM PenicillinG 100 mM PenicillinG

I 0-9 0-9 0-8 0-9

II 9-14 9-13 8-14 9-13

III 14-20 13-18 14-18 13-18

IV 20-24 18-24 18-24 18-28

V 24-32 24-39 24-36 28-34

VI 32-42 39-52 36-47 34-44

VII 42-65 52-58 47-61 44-50
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