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Abstract 

Recent resear c h has shown the potential of yeast-based biosensors (YBBs) for point-of-use detection of pathogens and target 
molecules in sali v a, b lood, and urine samples. The choice of output can gr eatl y affect the sensitivity, dynamic r ange , detection time , 
and ease-of-use of a sensor. For visual detection without the need for additional r ea gents or machiner y, colorimetric outputs hav e 
shown gr eat potential. Her e , w e ev aluated the inducib le generation of pr odeoxyviolacein and pr oviolacein as colorimetric YBB outputs 
and benchmarked these against lycopene. The outputs were induced via the yeast mating pathway and were compared on agar plates, 
in liquid culture, and on paper slips. We found that all three outputs produced comparable pigment intensity on agar plates, making 
them applica b le for bioengineering settings. In liquid media and on paper slips, l ycopene r esulted in a higher intensity pigment and 

a decreased time-of-detection. 

Ke yw ords: biosensors; GPCR; colorimetric outputs; point-of-care detection; yeast mating pathway 
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Introduction 

Yeast-based biosensors (YBBs), utilizing Sacc harom yces cerevisiae as 
a chassis for detection of a target molecule , ha ve been developed 

for a wide array of applications. Looking at the current scope of 
de v eloped YBBs, these lar gel y tar get industrial, pharmacological 
r esearc h and bioengineering a pplications (Adenir an et al. 2015 ,
Jarque et al. 2016 , Wahid et al. 2023 ). In these ar eas, YBBs ar e 
utilized for a wide array of sensing tasks , e .g. quantification of 
valuable compounds (Miettinen et al. 2022 ), characterization of 
or phan r eceptors and synthetic ligands (Kapolka et al. 2020 ), and 

scr eening of str ain libr aries (Skr ekas et al. 2022 ). In recent years,
the potential of YBBs for applications outside of laboratory set- 
tings has been r e v ealed thr ough de v elopment of YBBs for on-site 
detection of e.g. pathogenic fungi (Ostrov et al. 2017 ) and (-)-trans- 
�9-tetr ahydr ocannabinol (THC) (Miettinen et al. 2022 ) in complex 
samples such as soil, saliva, blood, urine, and serum. Owing to 
the low cost of production of YBBs and their stability at room- 
temper atur e, YBBs show great potential as an alternative to the 
commonl y used pr otein-based sensors (Adenir an et al. 2015 ). To 
be applicable on-site, the output signal of the YBB needs to be 
clear and readable in absence of special equipment, while pro- 
viding a r a pid and r eliable r esponse. High sensitivity , specificity ,
dynamic range, and a short time-of-detection (TOD) are thus k e y 
biosensor pr operties, whic h ar e affected by the c hoice of output 
(Lopreside et al. 2019 ). Here, we aim to evaluate the applicability of 
two colorimetric outputs, prodeoxyviolacein and proviolacein, for 
biosensor deployment in both bioengineering and non-laboratory 
Recei v ed 27 February 2024; revised 30 April 2024; accepted 22 May 2024 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ettings, and to benchmark these against the previously estab- 
ished lycopene output (Ostrov et al. 2017 ). 

Ther e ar e two main types of YBBs , i.e . transcription-
nde pendent and transcription-de pendent sensors. While 
ranscription-independent sensors utilize already existing 
omponents within the cell to form an output signal in presence
f the target compound, transcription-dependent sensors rely on 

r anscriptional activ ation in r esponse to the ligand and subse-
uent synthesis of proteins conferring a response (Adeniran et al.
015 ). For detection of low concentrations of a target molecule,
r anscription-dependent sensors ar e often adv anta geous as these
llow for signal amplification, generating several transcripts 
f the output protein per molecule detected. In this w ork, w e
tilize a transcription-dependent system based on a streamlined 

heromone sensing pathway in yeast (Fig. 1 A) (Shaw et al. 2019 ),
s a platform for benchmarking of the colorimetric outputs. 

The mating pathway of yeast is activated through the binding
f a mating pher omone fr om the opposite mating type (a/ α) to
he cognate mating G-protein coupled receptor (GPCR; Ste3/Ste2).
he binding induces a conformational change of the GPCR result-

ng in exchange of GDP to GTP in the associated heterotrimeric
-protein G α subunit (Gpa1), and in turn dissociation of G α from

he G βγ -complex (Ste4-Ste18) (Fig. 1 A) (Bar dw ell 2005 ). Subse-
uently, the G βγ dimer activates a mitogen-activated protein 

inase (MAPK) cascade resulting in activation of the transcrip- 
ion factor (TF) Ste12 ultimately triggering the mating response 
hr ough tr anscription activ ation of mating-r elated genes (Fig. 1 A)
 is an Open Access article distributed under the terms of the Cr eati v e 
nses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and 
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Figure 1. Strain design and biosynthetic pathwa ys . (A) Minimized S. cerevisiae mating pathway, engineered for a linear response with low background 
expression based on previous work by Shaw and colleagues, but in the CEN.PK strain background (Shaw et al. 2019 ). Only the central pathway 
components for which expression levels were modified ( STE2 , GPA1 , STE12-LexA , reporter gene) are depicted. The binding domain of TF Ste12 was 
replaced with that of LexA, enabling use of a synthetic inducible promoter (LexO-PRE) for reporter gene expression. (B) Biosynthetic pathway of the 
colorimetric output lycopene (red). Two copies of the gene 4. encoding CrtI were expressed under the synthetic promoter. CrtE, geranylgeranyl 
diphosphate synthase; CrtB, phytoene synthase; CrtI, phytoene desaturase; Fad1, flavin adenine dinucleotide synthase; FMN, farnesyl mononucleotide; 
FAD, flavin adenine dinucleotide. (C) Ov ervie w of the violacein pathway and colorimetric products prodeoxyviolacein (green), proviolacein 
(br own/gr een), deoxyviolacein (pur ple), violacein (dark purple), and side product chromopyrrolic acid (CPA). For production of prodeoxyviolacein, 
V ioA-B and V ioE wer e expr essed, and for the production of deoxyiolacein V ioA-B and V ioD-E wer e expr essed. In both str ains, VioE was expr essed under 
the synthetic promoter. VioA, flavin-dependent L-tryptophan oxidase; VioB, 2-imino-3-(indol-3-yl)propanoate dimerase; V ioC , violacein synthase; VioD, 
protodeo xyviolaceinate monoo xygenase; VioE, violacein biosynthesis enzyme; sp ., spontaneous. 
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Bar dw ell 2005 ). By replacing the mating response genes with
hose generating an output of choice, one can thus produce an
lternativ e r esponse suc h as formation of a pigment (Ostr ov et al.
017 ). Ad ditional re placement of Ste2 with a GPCR of choice en-
bles cell-surface based detection of a wide array of extracellular
ompounds and does not r equir e ligands to cross the cell mem-
rane, as is needed for transcription-factor-based sensors (Adeni-
an et al. 2015 ). This is highl y a pplicable for de v elopment of sen-
ors to be used in clinical and industrial settings, where target
igands may not be able to enter the cell. 

Different outputs have been coupled to the yeast mating path-
ay depending on the target application, such as expression of flu-
r escent pr oteins (Shaw et al. 2019 , Ka polka et al. 2020 ), lucifer ase
nzyme enabling bioluminescence (Miettinen et al. 2022 ), and en-
ymes creating colorimetric outputs (Ostrov et al. 2017 ). Of these,
olorimetric and bioluminescent outputs are both detectable in
he absence of additional equipment, but while bioluminescence
ormation often r equir es addition of external r ea gents (Miettinen
t al. 2022 ), colorimetric outputs usually do not (DeLoache et al.
016 , Ostrov et al. 2017 ). The choice of output can heavily affect
he TOD of a mating-pathway based YBB (Miettinen et al. 2022 ). Bi-
luminescence output resulted in the shortest TOD, about 30 min
fter induction. Ho w e v er, the ease-of-use for this output is re-
uced and the cost is increased as it requires both cell lysis and ex-
ernal r ea gents, in addition to a camer a attac hment for light-fr ee
maging (Miettinen et al. 2022 ). Meanwhile, colorimetric outputs
nable detection by the nak ed e ye without further processing of
he cells . T he r ed pigment l ycopene has been e v aluated pr e viousl y
s a YBB output for point-of-care (POC) use, enabling detection by
he naked eye within 3 h of induction in liquid and within 8 h on
aper slips without addition of external compounds (Ostrov et al.
017 ). 

Aiming to increase the r epertoir e of colorimetric outputs for
BB applications , we in vestigated the green prodeoxyviolacein
nd gr een-br own pr oviolacein pigments as alternativ e colorimet-
ic YBB outputs and benchmarked these against lycopene. Both
 fi  J
ompounds pr oduce str ong pigments in yeast, and have shown
otential as biosensor outputs (DeLoache et al. 2016 , Rantasalo et
l. 2018 , Sanford et al. 2022 ). Pathway genes of the r espectiv e out-
uts were introduced in the genome of a YBB platform strain, and
he outputs were compared in terms of TOD and pigment inten-
ity. To gauge the applicability of the different outputs in bioengi-
eering, industrial, and on-site settings, the outputs were com-
ar ed in thr ee differ ent conditions: on agar plates to investigate
he effect of media complexity on induction of the r espectiv e out-
uts, in liquid culture, and finally on paper slips to investigate ap-
licability of POC testing. 

ethods 

trains and growth media 

sc heric hia coli DH5 α was used for plasmid assembly and propaga-
ion, cultivated in LB media with kanamycin, ampicillin, or chlo-
amphenicol selection. Details on media pr epar ation can be found
n Supplementary Methods . 

Sacc harom yces cerevisiae str ains in this study wer e deriv ed fr om
MX581, with a CEN.PK strain background, constructed through
ter ativ e r ounds tr ansformations using CRISPR/Cas9 for seamless
eletions and insertions. Mating pathway genes for which expres-
ion le v els wer e modified ( GPA1 , STE12-LexA , and STE2 ) and in-
ucible promoter ( pLexO(6x)Leu2 ) were amplified form the genome
f strain Design 4, developed by Shaw and colleagues in a S288C
tr ain bac kgr ound (Shaw et al. 2019 ). Genes crtB, crtB , and crtI
f the Erwinia herbicola lycopene pathway wer e r etrie v ed fr om
he article by Ostrov and colleagues in 2017 (Ostrov et al. 2017 ).
mino acid sequences of violacein pathway genes vioA , vioA, vioC,
ioD, and vioE from Chromobacterium violaceum were retrieved from
CBI and the genes were codon optimized for S. cerevisiae (see
upplementary Methods for details on strain construction, and
nd strain specifications, gene sequences, oligos, and plasmids
sed in this study in Tables S1 –S4 ). YPD medium and synthetic de-
ned (SD) agar plates lacking uracil or supplemented with 5-FOA
 une 2024
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were used in strain construction. For evaluation of induction of 
colorimetric outputs, YPD at pH 5.8, SD complete (SDC) pH 5.8, and 

SDC with 5% YPD (SDC + 5%YPD) medium mixed from the sep- 
ar atel y pr epar ed media wer e used. For induction, 1 μM of S. cere- 
visiae α-mating pheromone (GenScript) was added to the media 
from a 1000x stock with 10% DMSO and an equal volume of 10% 

DMSO solution was added to controls. Details on media prepara- 
tion can be found in Supplementary Methods . All strains used in 

this study are listed in Table S1 . 

Colorimetric output e v alua tion on agar plates 

The effect of different media on induction of lycopene,
pr odeoxyviolacein, and pr oviolacein pr oduction was e v aluated on 

agar plates with three levels of media complexity, with or without 
addition of 1 μM of the Sc α-mating pheromone. Agar plates were 
pr epar ed with thr ee media complexities: minimal (SDC), mixed 

(SDC + 5%YPD) and complex (YPD) in square 120.5 mm petri 
dishes to which 40 mL of media with agar was added. Output 
null strain with the Ste2 receptor (AMG0-1), lycopene strains 
without/with the r eceptor (AlCG0/AlCG0-1), pr odeoxyviolacein 

strains without/with receptor (APDG0/APDG0-1), and proviola- 
cein strains without/with receptor (APV G0/APV G0-1) were seeded 

in 5 mL SDC media in 50 mL falcon tubes and incubated 15 h 

overnight at 30 ◦C and 200 rpm. Part of each culture was pelleted 

and resuspended to an OD 600 of 0.5 in 2 mL of SDC, SDC + 5%YPD,
and YPD, r espectiv el y, in a 12 mL br eathing ca p tube. Cultur es 
were incubated 5 h at 30 ◦C and 200 rpm. Cells were harvested 

in the exponential growth phase, pelleted, and the supernatant 
was r emov ed befor e r esuspension of cells in sterile milliQ water 
to an OD 600 of 5. A 10x dilution series in three steps was made 
for eac h cultur e, to gauge the effect of cell density on pigment 
de v elopment. Then 5 μL of eac h str ain and dilution was dr opped 

onto each of the plates corresponding to the pr ecultur e medium,
preparing plates with and without 1 μM α-pheromone for each 

medium. Two strain replicates were used, plated on separate 
plates. Agar plates were incubated at 30 ◦C for 2 weeks, collecting 
pictures after 24 h, 48 h, 72 h, and 2 weeks. 

Photos were taken with an Oneplus Nord 2 mobile camera in 

Pro mode, with fixed settings. To e v en-out light conditions across 
photos and reduce reflection in plate lids, a folding portable photo 
box (Puluz, PU5021) was used. Red, green, and blue intensities for 
eac h spot wer e extr acted in Ima geJ, fr om whic h the r elativ e r ed
r espectiv el y gr een intensity v alues wer e calculated (Ostr ov et al.
2017 ). 

Ev alua tion of lycopene, pr odeo xyviolacein, and 

proviolacein content in liquid cultures 

The method used was based on the protocol developed by Os- 
trov and colleagues for evaluation of intracellular lycopene in a 
yeast cultur e (Ostr ov et al. 2017 ). Output str ains wer e e v aluated 

in liquid media to determine the time-of-detection and intensity 
of each output. Robust and sensitiv e wav elengths, for collection of 
pigment independent and dependent measur ements, wer e deter- 
mined based on the absorbance spectra of induced output strains 
(AlCG0-1, APDG0-1, APVG0-1) r elativ e to the output null strain 

(AMG0-1), details in Supplementary Methods . For e v aluation of 
absorbance, str ains wer e seeded in 5 mL SDC + 5%YPD in 50 mL 
falcon tubes and cultivated for 14 h overnight at 30 ◦C and 200 rpm.
Part of cultures were pelleted and resuspended to an OD 600 of 2 
in 3 mL fresh SDC + 5%YPD medium in a 50 mL falcon tube with 

and without 1 μM α-pher omone. Cultur es wer e incubated at 30 ◦C 

and 200 r pm. Thr ee r eplicates wer e used per str ain and condition.
Then, 35 μL was sampled from each culture 0, 1, 2, 3, 4, 6, 10, and
4 h after induction, and was analyzes in a 96-well half-area UV-
TAR micr oplate (Gr einer, 675 801). Absorbance was measur ed in
 FLUOstar Omega microplate reader, at the robust and sensitive
avelengths determined for the r espectiv e output strains . T he
late was set to 10 s shaking at 800 rpm before measurement. Ad-

ustment of absorbance measurements to counter for absorbance 
aturation caused by high cell densities was attempted in accor- 
ance with pr e vious publications (Lin et al. 2010 , Ostr ov et al.
017 ), but was not applied to the final data. Instead, the lycopene,
r odeoxyviolacein, and pr oviolacein absorbance wer e calculated 

ased on robust and sensitive absorbance measurements (Ostrov 
t al. 2017 ), and the r elativ e absorbance compared to the output-
ull strain was calculated and plotted. 

olorimetric output e v alua tion on paper slips 

utput str ains wer e e v aluated on pa per slips to determine the
ime-of-detection and output intensity over time from induction.
utput strains with (AlCG0-1, APDG0-1, APVG0-1) and without re- 
eptor (AlCG0, APDG0, APVG0) wer e cultiv ated in 10 mL YPD in
0-mL falcon tubes at 30 ◦C and 200 rpm for 24 h. Cells were dried
nto glass fiber filter paper (Thermo Scientific, DS0281-7500) in 

 5 mm in diameter circular area using vacuum filtration and a
ipette r ac k as a scaffold, to a cell count of corresponding to
.4 ∗10 ∧ 6. 

For e v aluation, output str ain pairs with/without the r ecep-
or wer e e v aluated side-b y-side, b y placing 10 × 10 mm square
utouts for each strain on wicking paper (Tork hand paper to w el)
ipped in media. Two conditions were evaluated, YPD media with
r without 1 μM added α- pheromone. Two 48-well plates were
sed for e v aluation, adding 2 mL media to each well and bridg-

ng wic king pa per betw een tw o w ells. To pr e v ent e v a por ation, a
id was placed on the box. Three strain replicates were used. Pho-
os were taken with a Canon DC 8.1 V, using a styrofoam-based
hoto box built from cuvette boxes in order to soften and e v en
ut light from the camera flash. The camera position was fixed in
lace in the lid of the photo box. ImageJ was used to extract red,
reen, and blue intensities for each spot, from which the relative
 ed r espectiv el y gr een intensity v alues wer e calculated (Ostr ov et
l. 2017 ). Fr om these v alues the differ ence in output intensity of
trains with and without receptor were compared. 

esults and discussion 

n order to obtain a platform strain for output evaluation with
ow bac kgr ound expr ession and a linear r esponse, we opted to
tilize the minimal mating pathway de v eloped by Shaw and col-

eagues (Shaw et al. 2019 ) (Fig. 1 A). While their strain was devel-
ped in a S288C strain background, we re-implemented the devel-
ped pathway in a CEN.PK strain background due to the wider ar-
ay of engineering tools available for this strain in our lab (Shaw et
l. 2019 ). T he pathwa y gener ates an inducible output in r esponse
o the α-mating pheromone of S. cerevisiae . Pathway components
nvolv ed in feedbac k r egulation (Sst2, Bar1) and cell-cycle arr est
Far1) wer e r emov ed to avoid unexpected fluctuations in the in-
uction response. In addition, several genes related to the mat- 

ng pathway ( MF A1, MF A2, MF(alpha)1, MF(alpha)2, STE3 ) and GPCR-
ased sugar sensing ( GPR1, GPA2 ) were deleted (Shaw et al. 2019 ).
astl y, selected centr al components of the mating pathway (Ste2,
pa1, Ste12) were removed, before being re-introduced under con- 

rol of alternative promoters and terminators (Shaw et al. 2019 ).
n the case of Ste12, this TF was replaced by the synthetic vari-
ne 2024
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Figure 2. Colorimetric output induction on agar plates. (A) Strains were spotted onto agar plates with minimal (SDC), mixed (SDC + 5%YPD), and high 
(YPD) medium complexity with ( + ) or without (-) 1 μM of the S. cerevisiae α-mating pher omone. Pictur es of plates were taken after 72 h of incubation. 
(B) Bar plots showing output intensity calculated from pictures of agar plates after 72 h of incubation. Red color intensity was calculated to determine 
lycopene output and green color intensity to determine proviolacein and prodeoxyviolacein outputs, respectively. To correct for variation in intensity 
caused from differences in media pigmentation, the pigment intensity was calculated relative to the output null strain on the same agar plate with or 
without the r eceptor, r espectiv el y. Two str ain r eplicates wer e e v aluated. Negativ e v alues wer e set to zer o. 
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nt Ste12-LexA, binding synthetic promoter pLexO(6x)Leu2, to en-
ble a lo w er baseline in absence of induction (Shaw et al. 2019 ).
hese modifications were implemented in strain IMX581, to pro-
uce an output-null control strain with the receptor (AMG0-1),
nd without receptor (AMG0). Induced genes were expressed un-
er the synthetic promoter pLexO(6x)Leu2. For initial validation of
he pathw ay, w e opted to use GFP as an inducible output (AMSG0-
). Evaluating the dose-response for increasing concentrations of
-mating pheromone in SDC media, we found a low baseline ex-
ression in our strain, and that the sensor was fully activated at
0 nM and above ( Fig. S1 A-B). To evaluate the full potential of each
igment, all further e v aluation was carried out using 1000 nM α-
ating pheromone. 
The l ycopene expr ession pathway has pr e viousl y been opti-

ized for use as an colorimetric output (red) of the yeast mating
athwa y (Ostro v et al. 2017 ). Including the crtI, crtB, and ctrE genes
rom Erwinia herbicola , and the FAD1 gene from S. cerevisiae , with
wo copies of crtI expressed as an inducible output, lycopene is
r oduced fr om the pr ecursor farnesyl diphosphate (Fig. 1 B) (Os-
rov et al. 2017 ). Genes were separated into two integration cas-
ettes, using the inducible promoter for crtI expression, and strong
onstitutiv e pr omoters for expr ession of the r emaining genes. Ex-
r ession cassettes wer e integr ated in the genome of strain of
MG0, r esulting in str ain AlCG0 without r eceptor and AlCG0-1
ith receptor. 
T he violacein pathwa y from Chromobacterium violaceum has 4

olorimetric pr oducts, including pr odeoxyviolacein (gr een), pr ovi-
lacein (gr een/br own), deoxyviolacein (pink/pur ple), and viola-
ein (dark purple). It consists of five genes , vioA, vioB , vioC, vioD ,
nd vioE , of which different combinations can be expressed to
r oduce the r espectiv e pr oducts fr om L-tryptophan (Fig. 1 C) (Lee
t al. 2013 , DeLoache et al. 2016 , Rantasalo et al. 2018 ). To con-
truct strains expressing prodeoxyviolacein and proviolacein, vioC
nd vioC-D r espectiv el y wer e excluded. VioE was expressed under
he inducible promoter, selected due to the absence of pigment
f the pr ecursor. Str ong constitutiv e pr omoters corr esponding to
hose used for expression of the lycopene pathw ay w ere used for
he r emaining genes. P athw ay genes w er e separ ated ov er two ex-
ression cassettes and integrated in the genome of strain AMG0,
roducing the proviolacein strain APVG0 and prodeoxyviolacein
train APDG0 without receptor, and strains APVG0-1 and APDG0-
, r espectiv el y, with r eceptor. 

We first e v aluated the effects of medium complexity on out-
ut induction, as varying media complexities may be r equir ed
epending on the YBB application. For employment in bioengi-
eering settings, defined media are often pr eferr ed, while com-
lex media are commonly applied for clinical and industrial
pplications . To assess this , we performed a spot-test on agar
lates with three levels of medium complexity: minimal (SDC),
ixed (SDC + 5%YPD) and complex (YPD). Strains with and
ithout the receptor were evaluated in absence or presence of
 μM α-pheromone (Fig. 2 A). Comparing the red and green pig-
ent intensity for l ycopene, pr odeoxyviolacein and deoxyviola-

ein str ains, r espectiv el y, calculated r elativ e to the output-null
train on the same plate, we found that medium complexity in-
eed affects the output (Fig. 2 B). Each of the colorimetric out-
uts wer e clearl y detectable by the nak ed e ye after 72 h of in-
ubation independent of the medium (Fig. 2 A), with little differ-
nce in output intensity between minimal and mixed complex-
ty media (Fig. 2 B). Inter estingl y, we found that for all outputs, in-
ubation on complex medium resulted in an increased baseline
xpression, identified after 72 h for lycopene and prodeoxyviola-
ein strains (Fig. 2 B) and after a prolonged incubation for the de-
xyviolacein strain ( Supplementary Figure S2 ). Note ho w ever, that
he baseline expression did not impair the readout clarity. While
ur strain was designed for low basal expression in minimal me-
ia, this is ob viousl y something that can be influenced by an al-
ered medium complexity (also relevant for designs de v eloped in
 ne 2024
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Ta ble 1. The three w av elengths fr om with the r elativ e pigment absorbance is calculated for each colorimetric output are listed below, 
and at sensitive wa velengths , the colorimetric output largely contributes to absorbance. 

Output Robust w av elength a 1 (nm) Robust w av elength a 2 (nm) Sensiti v e w av elength b (nm) 

Lycopene 395 600 520 
Prodeoxyviolacein 395 750 450 
Proviolacein 395 750 450 

a At robust wa velengths , absorbance is unaffected by the colorimetric output. 
b At sensitive wa velengths , the colorimetric output largely contributes to absorbance. 

Figure 3. Colorimetric output induction in liquid culture. Colorimetric output production of (A) lycopene, (B) prodeoxyviolacein, and (C) provilolacein 
over time for strains grown in SDC + 5%YPD media with or without 1 μM S. cerevisiae α-mating pheromone. Absorbance at sensitive and robust 
wavelengths (Table 1 ) were measured in microplate reader, and the lycopene, prodoxy- and proviolacein levels per cell (not corrected for absorbance 
satur ation) r elativ e to the output null str ain wer e calculated. Solid lines indicate mean acr oss triplicates and shaded r egions indicate + /- 1 s.d. fr om 

the mean for three strain, while dots indicate values of the single replicates. 
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complex media) and is important to consider this when designing 
an YBB. 

Unexpectedl y, the pr esence of α-pher omone a ppears to r esult 
in a slight reduction in spot diameter in all strains with the recep- 
tor independent of the medium (Fig. 2 A). This was also the case for 
the output-null strain, indicating that allocation of resources to- 
w ar ds pigment production or toxicity of the pigment was not the 
cause of the reduced growth (Fig. 2 A). With the r emov al of Far1, r e- 
sponsible for cell-cycle arrest during mating, and the majority of 
mating-related genes it is likely that the slight growth impediment 
is caused by unexpected pathway interactions (Kemp and Sprague 
2003 , Bar dw ell 2005 , Strickfaden et al. 2007 ). The combined dele- 
tions in the mating pathway may also have had an unexpected 

effect on genes regulated by the pathway, as se v er al genes ar e 
co-r egulated by m ultiple TFs (Esc h et al. 2006 ) (extended discus- 
sion in Supplementary Information Note 1 ). While the majority 
of e v aluations wer e performed after 72 h of incubation, outputs 
wer e alr eady clearl y visible independent of the medium after 24 h 

( Fig. S2 ). 
Next, str ains wer e e v aluated in liquid cultur es to determine the 

applicability of the respective outputs for on-site or industrial set- 
tings. For analysis we used mixed complexity medium mimick- 
ing the higher complexity of clinical samples while minimizing 
the impact of bac kgr ound absorbance on measurements. We at- 
tempted to adapt a method previously used for robust intracellu- 
lar lycopene quantification for deoxyviolacein and prodeoxyviola- 
cein measurements (Lin et al. 2010 , Ostrov et al. 2017 ). The method 

utilizes absorbance at thr ee separ ate wav elengths to calculate 
the r elativ e content of the r espectiv e compounds. Of the thr ee 
wa velengths , two ar e r obust wav elengths at whic h the absorbance 
is unaffected by the pigment absorbance, and one is a sensitive 
av elength at whic h the pigment lar gel y contributes to the ab-
orbance. While this was simple for lycopene, selection of robust
nd sensitiv e wav elengths for pr oviolacein and pr odeoxyviolacein
 as impeded b y the w eak intensity of the pigments in liquid me-
ia ( Fig. S3 A-B). Based on these absorbance spectr a, r obust and
ensitiv e wav elengths selected for l ycopene, pr odeoxyviolacein,
nd proviolacein (Table 1 ). 

Using the robust and sensitive wa velengths , the absorbance 
as calculated for the l ycopene, pr odeoxyviolacein, pr oviolacein,
nd output-null strains with r eceptor. Str ains wer e cultiv ated in
edia in the presence or absence of 1 μM α-pheromone and

ampled over time to gauge pigment development and intensity.
alculating the r elativ e absorbance compar ed to the output-null
train for the respective strains and timepoints, we found that the
e v els of l ycopene wer e measur able after 4 h of induction, while
 e w ere not able to detect prodeoxyviolacein or proviolacein using
bsorbance measur ements thr oughout the 24 h sampling period
Fig. 3 A–C). 

We were puzzled by the lower intensity of the prodeoxy- and
roviolacein pigments in liquid settings compared to induction on 

gar plates after 24 h. A potential explanation could be different
ates of production of the respective pigments (extended discus- 
ion in Supplementary Information, Note 2 ). We additionally con-
idered whether oxygen, required for the spontaneous conversion 

f precursors into the pigments (Lee et al. 2013 ), could be limiting.
o w e v er, this is unlikel y to be the case in the given experimental

ettings. While the implemented lycopene pathway has been op- 
imized for inducible expression in prior work (Ostrov et al. 2017 ),
he implemented violacein pathway has not. Ov er all, extensiv e
ork has been focused on optimization of lycopene production,

eporting titers of up to 2.37 g/L over a 5 day fed-batch cultivation
  June 2024
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Figure 4. Colorimetric output induction on paper slips. Output strains with ( + ) or without ( −) receptor were dried onto paper slip and placed onto 
wic king pa per dipped in YPD media with 0 μM or 1 μM Sc α-mating pher omone. Photos wer e taken ov er time to monitor the pigment de v elopment and 
wer e anal yzed in Ima geJ to calculate r ed r espectiv el y gr een pigment. Bar plots show the differ ence in colorimetric output pr oduction of (A) l ycopene, 
(B) prodeoxyviolacein, and (C) provilolacein over time compared to the control without receptor, and the lo w er part of the figure shows pictures 
collected after 24 h of incubation. Stars indicate statistical significance as calculated by a one-sided t-test, ∗ P ⇐ 0.05, ∗∗ P ⇐ 0.01, ∗∗∗ P ⇐ 0.001, and ∗∗∗∗ P 
⇐ 0.0001. Thr ee str ain r eplicates wer e used, and negativ e v alues wer e set to zer o. 
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Chen et al. 2016 , Ostrov et al. 2017 , Ma et al. 2019 , Shi et al. 2019 ) .
eanwhile, onl y fe w examples exist of optimization of the viola-

ein pathway towards prodeoxy- and/or proviolacein production
n S. cerevisiae (Lee et al. 2013 , DeLoache et al. 2016 , Sanford et al.
022 ), where exact titers are reportedly low although exact num-
ers have not been published (Lee et al. 2013 , Li et al. 2018 , Zhou
t al. 2018 ). Additional optimization of the violacein pathw ay b y
dentification of bottlenecks and adjustment of enzyme expres-
ion le v els in the pathw ay accor dingl y may further incr ease titers
Fang et al. 2015 , Ostrov et al. 2017 , Ahmed et al. 2021 ). Ho w e v er,
xtensive engineering of the strain would remove the advantage
f pigments derived from the violacein pathway being easy to im-
lement as sensor outputs. 

Finall y, to e v aluate the a pplicability of eac h colorimetric out-
ut for dipstick assays in clinical settings, the colorimetric outputs
er e e v aluated on pa per slips. Induction was e v aluated by drying

he r espectiv e output str ains with and without the r eceptor onto
aper slip and comparing these side-by-side after wetting with
edia with or without 1 μM α-pheromone. As complex sample

olutions such as serum, blood, urine and saliva are often tested
n clinical settings, we e v aluated this in complex media. We found
hat the lycopene strains produced a statistically significant out-
ut after 6 h of induction ( p = 0.0028, one-sided unpaired t-test)
nd after 24 h of induction ( p = 2.6e − 05, one-sided unpaired t-
est; Fig. 4 A, top). The outputs of the prodeoxyviolacein and provi-
lacein str ains compar ed to the contr ols without r eceptor after
4 h of incubation were statistically significant ( p = 0.0061 and
 = 0.0012 for prodeoxy- and pr oviolacein, r espectiv el y, one-sided
npaired t-test; Fig. 4 B-C, top). At this time point, both outputs
 ere detectable b y the nak ed e y e, but had a lo w er intensity com-
ared to lycopene (Fig. 4 A-C, bottom). Overall, the TOD was shorter
or lycopene and the intensity of this pigment was stronger com-
ared to that of prodeoxyviolacein and proviolacein. A summary
f the r espectiv e pigments and their a pplicability in differ ent set-
ings is presented in Table 2 . 

Although direct comparison is made difficult by the use of dif-
er ent fungal ligand-r eceptor pairs, known to affect sensitivity and
ynamic range (Billerbeck et al. 2018 , Shaw et al. 2019 ), our ly-
opene strain sho w ed a similar performance to those pr e vious r e-
orted for this output (Ostrov et al. 2017 ). T he T OD of our strain
n slips was 6 h, as compared to the previously reported 8–9 h (Os-
rov et al. 2017 ), while the TOD in liquid culture was 4 h as com-
ared to the previously reported 3 h (Ostrov et al. 2017 ). Even so,
he TOD of the lycopene strain is several times longer compared
o that of bioluminescence, with reported TOD of 30 min in liquid
olution (Miettinen et al. 2022 ). Depending on the r equir ement on
he ease-of-use of a test, lycopene may still be pr efer able as an
utput, as it does not r equir e additional r ea gents (Miettinen et al.
022 ). Due to there being no need for external machinery to vali-
ate the output, applications in non-laboratory environments are
ossible, such as in remote clinical settings or in industry. How-
 v er, while pr odeoxy- and pr oviolacein wer e shown to be a pplica-
le in bioengineering settings, these colorimetric outputs did not
ive a comparable result in liquid or on paper slips. 

To summarize, prodeoxy- and proviolacein sho w ed a result
omparable to that of lycopene on agar plates, but on both paper-
lips and in liquid culture the output intensity was lower and the
OD longer. Based on the difference in output intensity between
he induction on agar plate versus liquid culture and paper slips
ndicate that there might be unknown factors affecting the pig-

ent de v elopment. Ne v ertheless, we established that the TOD for
hese outputs was 24 on paper slips and on agar plates with in-
ucer, while pr e vious studies onl y r eported on the induction on
gar plates after 36 h r espectiv el y 48 h of incubation (DeLoache
  June 2024
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Table 2. Summary for colorimetric used in this study. An ov ervie w of the results for each of the colorimetric outputs l ycopene, pr odeoxyvi- 
olacein, and proviolacein, together with a summary of the pathwa y and pigment properties . 

Output Lycopene Pr odeo xyviolacein Proviolacein 

Output color Red Green Br own/gr een 
Number of pathway genes 5 3 4 
Gene(s) induced by the mating pathway 2x crtI vioE vioE 
Genes in pathway crtE, crtB, 2x crtI, FAD1 vioA, vioB, vioE vioA, vioB, vioC, vioE 
Robust wavelengths (nm) 395, 600 395, 750 395, 750 
Sensitiv e wav elength (nm) 420 450 450 
Time to measurable absorbance in liquid culture (h) 4 Non-measurable Non-measurable 
Time to measurable pigment intensity on paper slip (h) 6 24 24 
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et al. 2016 , Rantasalo et al. 2018 ). Altogether, this work indicates 
that lycopene remains the preferred colorimetric output for liq- 
uid and paper slip applications of YBBs, while prodeoxyviolacein 

and proviolacein show comparable performance as colorimetric 
outputs in bioengineering settings. 
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