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Abstract 

Flocculation in Saccharomyces cerevisiae is a critical phenotype with ecological and industrial significance. This study aimed to func- 
tionally dissect the contributions of individual FLO genes ( FLO1 , FLO5, FLO9 , F LO10, FLO11 ) to flocculation by employing an optogenetic 
circuit (OptoQ-AMP5) for precise, light-inducible control of gene expression. A FLO -null platform yeast strain was engineered allowing 
the expression of individual FLO genes without native background interference. Each FLO gene was reintroduced into the FLO -null 
background under the control of OptoQ-AMP5. Upon light induction, strains expressing FLO1 , FLO5 , or FLO10 demonstrated strong 
flocculation, with FLO1 and FLO5 forming large and structurally distinct aggregates. FLO9 induced a weaker phenotype. Sugar inhibi- 
tion assays revealed distinct sensitivities among flocculins, notably FLO9 ’s novel sensitivity to fructose and maltotriose. Additionally, 
FLO -induced changes in cell surface hydrophobicity were quantified, revealing that FLO10 and FLO1 conferred the greatest hydropho- 
bicity, correlating with their aggregation strength. This work establishes a robust platform for investigating flocculation mechanisms 
in yeast with temporal precision. It highlights the phenotypic diversity encoded within the FLO gene family and their differential 
responses to environmental cues. The optogenetic system provides a valuable tool for both fundamental studies and the rational 
engineering of yeast strains for industrial fermentation processes requiring controlled flocculation. 

Keywords: optogenetics; flocculation; gene expression; Saccharomyces cerevisiae 
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Introduction 

Microbial aggregation is fundamental for cell survival and com- 
munication in the natural environment (Goossens et al. 2015 ),
providing protection against stresses and facilitating resource 
sharing (Verstrepen et al. 2004 ). In yeasts, flocculation, a re- 
versible, calcium-dependent, asexual aggregation, has emerged 

as a critical phenomenon. It enables yeast to form multi cel- 
lular aggregates or “flocs” (Burns 1937 ), which shield cells from 

temperature and pH fluctuations, and enhance survival under 
nutrient-limitation through nutrient release from lysed cells at 
the floc’s core (Verstrepen et al. 2004 ). Beyond its ecological sig- 
nificance, flocculation has major industrial relevance, particu- 
larly in the beer, wine, and bioethanol production, where it al- 
lows cost-effective biomass separation (Stratford 1996 , Samper- 
mans et al. 2005 , Vallejo et al. 2013 ). In lager brewing, timing is 
crucial, as premature flocculation leads to in incomplete fermen- 
tation and undesirable flavour profiles (Panteloglou et al. 2012 , He 
et al. 2022 ), while delayed flocculation hampers cell recovery and 

clarity (Stewart 2018 ). 
In Saccharomyces cerevisiae , flocculation is mainly mediated by 

the FLO gene family, which encodes cell-surface adhesins forming 
lectin-like bonds with mannose residues of α-mannan polysac- 
charides of glycosylated proteins in cell wall of neighbouring cells 
in the presence of Ca2 + (Miki et al. 1982 ). Some flocculins also 
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ontribute to cell-substrate adhesion and biofilm formation (Ver- 
trepen and Klis 2006 ). Brewing relevant FLO genes fall into two
ubgroups: i) FLO1 , FLO5 , FLO9 and FLO10 for cell-cell adhesion
Theunissen and Steensma 1995 ) and ii) FLO11 for pseudohyphal
nvasive growth and cell-substrate adhesion (Lambrechts et al.
996 , Guo et al. 2000 ). 

Flocculins share three domains (Figure 1 ): a N-terminal 
annose-binding domain (PA14 carbohydrate binding domain 

amily), a central serine—threonine-rich tandem repeats region 

Verstrepen et al. 2004 , Veelders et al. 2010 ) and a C-terminal gly-
osylphosphatidylinositol (GPI)-anchor linking the protein to the 
ell wall (Der Vaart et al. 1996 , Caro et al. 1997 ). The subtelomeric
ocalization of the FLO genes promote recombination and repli- 
ation slippage, resulting in phenotypic variability across yeast 
trains (Smukalla et al. 2008 ). Two major flocculation phenotypes
xist: Flo1 inhibited mainly by mannose, and NewFlo, common in
rewing strains and inhibited by several sugars including man- 
ose, maltose, glucose and sucrose (Stratford and Assinder 1991 ,
iu et al. 2007 ). Wort used in beer brewing contains maltose, mal-
otriose, and glucose, along with smaller amounts of fructose and
ucrose (Stewart 2016 ), which can inhibit flocculation by compet-
ng with flocculins. Variations in the repeat regions of flocculins
Figure 1 ) affects floc size, sedimentation rates, and sugar inhibi-
ion profiles, further complicating the regulation of this pheno- 
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Figure 1. (A) Chromosomal locations of the FLO genes in S. cerevisiae strain CEN.PK113-7D based on the nanopore genome assembly (Salazar et al. 2017 , 
van den Broek et al. 2023 ). FLO1 and FLO9 are located on the opposite ends of chromosome I. FLO5 is located on chromosome VIII, FLO11 on 
chromosome IX and FLO10 on chromosome XI. Except for FLO11 , all FLO genes are located in the subtelomeric region. (B) General structural motifs of 
Flo proteins found in the S. cerevisiae strain CEN.PK113-7D . All Flo proteins contain a signal sequence at the N-terminus, followed by a PA14 
carbohydrate binding site (or the Flo11 domain), a series of repeating sequences, terminating with a GPI-anchor site at the C-terminus. 
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ype (Verstrepen et al. 2005 , Van Mulders et al. 2010 , Tofalo et al.
014 ). 

Flocculation is regulated by a complex network of transcrip-
ion factors (Robertson and Fink 1998 , Pan and Heitman 2002 ),
hromatin remodelling proteins (Halme et al. 2004 ), and epige-
etic mechanisms (Rowlands et al. 2019 ). Key regulators include
lo8, a transcriptional activator (Fichtner et al. 2007 ) that cooper-
tes with Mss11 and the Swi/Snf complex to activate FLO genes
Gagiano et al. 1999 , Bester et al. 2006 , Kim et al. 2014 ), and Sfl1, a
epressor acting via the Tup1/Cyc8 co-repressor complex (Conlan
nd Tzamarias 2001 , Ansanay Galeote et al. 2007 ). Additionally,
igh Osmolarity Glycerol (HOG) and Cell Wall Integrity (CWI) sig-
aling pathways also activate flocculation. Under osmotic stress,
og1 phosphorylation reduces Tup1/Cyc8 binding and promote
ctive chromatin (Rowlands et al. 2019 ), while Rlm1 phosphory-
ation via Slt2 during cell wall stress, enables FLO genes activa-
ion (Sariki et al. 2019 ). In lager yeasts, the pH response regula-
or Rim101 influences flocculation (Zhou et al. 2021 ). FLO mRNA

ay also be regulated post-transcriptionally by Sen1 as proposed
y Singh et al., ( 2015 ). Histone deacetylases and pleiotropic regu-
ators, including Tup1 and Cyc8 (Keleher et al. 1992 ) further un-
erscores the multifaceted control of flocculation (Wang et al.
020 ). Despite advances, FLO gene redundancy, regulatory com-
lexity, and the need for precise timing still challenge both un-
erstanding and engineering of this phenotypic trait in industrial
pplications. 
To address this, we developed a S. cerevisiae platform strain
acking all native FLO genes. We then reintroduced individual FLO
enes under precise temporal optogenetic control, allowing to dis-
ect the roles of Flo1, Flo5, Flo9, Flo10 and Flo11 in floc formation,
ugar sensitivity, and cell-surface hydrophobicity. This provides a
obust framework for systematically characterizing flocculins and
dvancing our understanding of flocculation in S. cerevisiae , with

mplications for both fundamental biology and industrial biotech-
ology. 

aterials and methods 

trains and growth conditions 

he S. cerevisiae strains used in this study originate from the
EN.PK background (Entian and Kötter 2007 ) and are listed in Ta-
le 1 . Yeast stocks were stored in 30% v/v glycerol at -80◦C. Yeast
ultures were inoculated from frozen stocks into 500 mL shake
asks containing 100 mL liquid YPD medium containing 10 g ·L−1 

east extract, 20 g ·L−1 peptone and 20 g ·L−1 glucose, and incu-
ated at 30◦C in an Innova 44 incubator shaker (Eppendorf, Ni-
megen, Netherlands) set at 200 rpm. For the flocculation tests,
trains were inoculated in chemically defined medium (SMD) con-
aining 20 g ·L−1 glucose, 3 g ·L−1 KH2 PO4 , 0.5 g ·L−1 MgSO4 ·7H2 O, 5
 ·L−1 (NH4 )2 SO4 , 1 mL ·L−1 of a trace element solution and of a vi-
amin solution (Verduyn et al. 1992 ). For the selection of transfor-
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Table 1. Strains used in this study. 

Strain name Genotype Parental Strain Origin 

CEN.PK2-1C MATa MAL2-8C his3 �1 leu2-3 , 112 trp1-289 ura3-52 – Entian and Kotter 2007 ence is 
already in the list. the citation in 

table 
CEN.PK113-7D MATa MAL2-8C –
IMI528 MATa MAL2-8c leu2-3, 112 trp1-289 ura3-52 

HIS3 :: HIS3c g _p TEF1 -VP16-EL222A79Q -t CYC1 , pC120-QF2-t ACT1 
p5xQUASf-GFP-t ADH1 p CCW12 -QS-PSD-t ENO1 ) 

CEN.PK2-1C This study 

IMX2600 MATa MAL2-8C can1 �:: Spycas9 -natNT2 CEN.PK113-7D van den Broek et al. 2023 
IMK1041 MATa MAL2-8C can1 �:: Spycas9 -natNT2 flo11 � IMX2600 This study 
IMK1043 MATa MAL2-8C can1 �:: Spycas9 -natNT2 flo10 � flo11 � IMK1041 This study 
IMK1044 MATa MAL2-8C can1 �:: Spycas9 -natNT2 flo5 � flo10 � flo11 � IMK1043 This study 
IMK1046 MATa MAL2-8C can1 �:: Spycas9 -natNT2 flo5 � flo9 �::KanMX flo10 � flo11 � IMK1044 This study 
IMX1047 MATa MAL2-8C can1 �:: Spycas9 -natNT2 flo1 �::hphNT1 flo5 � flo9 �::KanMX flo10 �

flo11 �
IMK1046 This study 

IMK1060 MATa MAL2-8C can1 �:: Spycas9 -natNT2 flo1 � flo5 � flo9 � flo10 � flo11 � IMK1047 This study 
IMK1061 MATa MAL2-8C sfl1 � CEN.PK113-7D This study 
IMX2897 MATa MAL2-8C X-2::(p TEF1 _VP16-EL222A79Q _t CYC1 , pC120_QF2_t ACT1 , 

p5xQUASf_GFP_t ADH1 , p CCW12 _QS_PSD_t ENO1 ) can1 �:: Spycas9 -natNT2 flo1 �
flo5 � flo9 � flo10 � flo11 �

IMK1060 This study 

IMX2912 MATa MAL2-8C X-2::(p TEF1 _VP16-EL222A79Q _t CYC1 , pC120_QF2_t ACT1 , 
p5xQUASf_ FLO1 _t ADH1 , p CCW12 _QS_PSD_t ENO1 ) can1 �:: Spycas9 -natNT2 flo1 �
flo5 � flo9 � flo10 � flo11 �

IMX2897 This study 

IMX2913 MATa MAL2-8C X-2::(p TEF1 _VP16-EL222A79Q _t CYC1 , pC120_QF2_t ACT1 , 
p5xQUASf_ FLO5 _t ADH1 , p CCW12 _QS_PSD_t ENO1 ) can1 �:: Spycas9 -natNT2 flo1 �
flo5 � flo9 � flo10 � flo11 �

IMX2897 This study 

IMX2914 MATa MAL2-8C X-2::(p TEF1 _VP16-EL222A79Q _t CYC1 , pC120_QF2_t ACT1 , 
p5xQUASf_ FLO9 _t ADH1 , p CCW12 _QS_PSD_t ENO1 ) can1 �:: Spycas9 -natNT2 flo1 �
flo5 � flo9 � flo10 � flo11 �

IMX2897 This study 

IMX2915 MATa MAL2-8C X-2::(p TEF1 _VP16-EL222A79Q _t CYC1 , pC120_QF2_t ACT1 , 
p5xQUASf_ FLO10 _t ADH1 , p CCW12 _QS_PSD_t ENO1 ) can1 �:: Spycas9 -natNT2 flo1 �
flo5 � flo9 � flo10 � flo11 �

IMX2897 This study 

IMX2916 MATa MAL2-8C X-2::(p TEF1 _VP16-EL222A79Q _t CYC1 , pC120_QF2_t ACT1 , 
p5xQUASf_ FLO11 _t ADH1 , p CCW12 _QS_PSD_t ENO1 ) can1 �:: Spycas9 -natNT2 flo1 �
flo5 � flo9 � flo10 � flo11 �

IMX2897 This study 
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mants, YPD medium was supplemented with G418 or Hygromycin 

B at concentrations of 200 mg ·L−1 and 100 mg ·L−1 , respectively. For 
selection of the amdSYM marker, (NH4 )2 SO4 was replaced by 0.6 
g ·L−1 acetamide as nitrogen source and 6.6 g ·L−1 K2 SO4 to com- 
pensate for sulfate in SMD resulting in SMD-AC (Solis-Escalante 
et al. 2013 ). For the selection of the integration of the optogenetics 
systems in the CEN.PK2-1C background, SMD medium was sup- 
plemented with leucine (500 mg ·L−1 ), tryptophan (75 mg ·L−1 ), and 

uracil (150 mg ·L−1 ) (Pronk 2002 ). The pH in all the media was ad- 
justed to 6.0 with KOH. Solid media were prepared by adding 2% 

bacto agar to the abovementioned media. 
To induce the optogenetic systems using blue light, a LED panel 

(HQRP New Square 12” Grow Light Blue LED 14 W) placed 30 cm 

above the cultures at the top of an Innova 44 incubator shaker (Ep- 
pendorf, Nijmegen, Netherlands) and Vattensten LED Strips (Ikea, 
Leiden, Netherlands) were used, which resulted in a light inten- 
sity between 20 and 40 μmol ·m−2 ·s−1 measured using a quantum 

meter (Apogee Instruments, Model MQ-510), allowing to count 
equally all photons in a wavelength between 400 and 700 nm. One 
μmol ·m−2 ·s−1 is about 6.02 x 1017 photosynthetically active radia- 
tion photons ·m−2 ·s−1 . The shakers and shake flasks were covered 

to block ambient light ( Figure S1 ). 

Molecular biological techniques 

Primers used in this study were ordered from Sigma-Aldrich 

(Burlington, MA) ( Table S1 ). Fragments for genome integration 
ere amplified using Phusion High-Fidelity DNA polymerase 
Thermo Fisher Scientific, Waltham, MA), diagnostic PCR used 

reamTaq PCR Master Mix (Thermo Fisher Scientific). PCR prod- 
cts were purified with the Zymoclean Gel DNA Recovery Kit

Zymo Research, Irvine, CA) and were sequenced using Sanger se-
uencing (Macrogen Europe Amsterdam, the Netherlands). Plas- 
ids were isolated using GeneJET Miniprep kit (Thermo Fisher Sci-

ntific) and Gibson assemblies were performed with NEB Gibson 

aster Mix (New England Biolabs, Ipswich, MA). 

lasmid construction 

lasmids used in this study are found in Table 2 . For the target-
ng of FLO5 , FLO10 , FLO11 and GFP, the gRNA expressing plas-

ids pUDR834, pUDR825, pUDR827 and pUDR868 were con- 
tructed according to the protocol described by Mans et al.
 2018 ). For the assembly of pUDR834, pUDR825, pUDR827, and
UDR868, the singular primers 19 225, 18 917,18 918 and 19 736
ere used for the amplification of each gRNA inserts from pROS
ackbones, respectively. The pROS11, pROS12 and pROS13 back- 
ones were amplified using primer 6005 for the assembly of
UDR868 (pROS11), pUDR825 (pROS12), pUDR827 (pROS13) and 

UDR834 (pROS13). Assembly was done using Gibson assembly.
he pUD1305 plasmid was Gibson assembled from two fragments: 
 fragment containing an I-SceI overexpression cassette ampli- 
ed with primers 19 671 and 19 672 using the plasmid pUDE206
s template (Solis-Escalante et al. 2013 ) and a second fragment

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Table 2. Plasmids used in this study. 

Name Relevant characteristics Purpose Reference 

pUDR834 2 μm ori bla kanMX gRNA- FLO5 gRNA -FLO5 pROS13 expressing gRNA targeting FLO5 This study 
pUDR825 2 μm ori bla hphNT1 gRNA -FLO10 gRNA -FLO10 pROS12 expressing gRNA targeting FLO10 This study 
pUDR827 2 μm ori bla kanMX gRNA- FLO11 gRNA -FLO11 pROS13 expressing gRNA targeting FLO11 This study 
pUD1305 ori bla 

AB-ISceIrs - AgTEF1p - AmdSYM - AgTEF1 t-ISceIrs -AB 
Constitutive expression of I-SceI with AmdSYM 

marker 
This study 

pUDR868 2 μm ori bla amdSYM gRNA - GFP gRNA - GFP Expression of gRNA targeting GFP This study 
pROS11 2 μm ori bla amdSYM gRNA- CAN1 .Y gRNA- ADE2 .Y Template to construct pUDR868 Mans et al. ( 2015 ) 
pROS12 2 μm ori bla hphNT1 gRNA- CAN1 .Y gRNA- ADE2 .Y Template to construct pUDR825 & pUDR827 Mans et al. ( 2015 ) 
pROS13 2 μm ori bla kanMX gRNA- CAN1 .Y gRNA- ADE2 .Y Template to construct pUDR834 Mans et al. ( 2015 ) 
pUDE206 2 μm ori bla natNT1 TPI1p-I-SceI-TEF1t Source of I-SceI expression cassette Solis-Escalante et al. 

( 2014 ) 
pUD527 ori kanR AgTEF1p-amdSYM-AgTEF1t Source for amdSYM expression cassette Juergens et al. ( 2018 ) 
pUDP104 ori bla panARSopt amdSYM Spycas9 gRNA- ScSFL1 Expression of gRNA targeting SFL1 Gorter de Vries et al. 

( 2019 ) 
pUDR538 2 μm bla hphNT1 gRNA-X-2.Y Expression of gRNA targeting X-2 locus Bouwknegt et al. ( 2021 ) 
pDS1 AB-ISceIrs - KanMX -ISceIrs -AB Contains KanMX marker flanked by I-SceI sites Solis-Escalante et al. 

( 2014 ) 
pDS7 AB-ISceIrs - AgTEF2 p- hphNT1 - AgTEF2t -ISceIrs -AB Contains hphNT1 marker flanked by I-SceI sites Solis-Escalante et al. 

( 2014 ) 
pMAL724 ori bla HIS3 cg_(p TEF1 _VP16-EL222A79Q _t CYC1 , 

pC120_QF2_t ACT1 ,p5xQUASf_GFP_t ADH1 , 
p CCW12 _QS_PSD_t ENO1 ) 

Contains OptoQ-AMP5 Lalwani et al. ( 2021 ) 
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ontaining the amdSYM marker obtained through PCR amplifi-
ation with primers 3847 and 3276 using the plasmid pUD527 as
emplate. The resulting fragments are flanked by A and B SHR se-
uences (Kuijpers et al. 2013 ) and assembled into pUD1305. 

train construction 

ntegration of optogenetics system 

he OptoQ-AMP5 (Lalwani et al. 2021 ) was integrated into the HIS3
ocus of CEN.PK2-1C as originally described in (Zhao et al. 2018 )
sing the plasmid pMAL724 (Addgene plasmid #169 151) ( https:
/www.addgene.org/), resulting in the strain IMI528. 

he FLO-null strain IMX1060 

he IMK1060 ( FLO -null strain) was constructed through serial
ransformations knocking out each FLO gene consecutively us-
ng a combination of CRISPR Cas9 and homology directed repair-

ediated deletions as described by Mans et al. ( 2015 ) and Solis-
scalante et al. ( 2014 ), respectively. All transformations were per-
ormed according to the lithium acetate protocol described by Gi-
tz and Woods ( 2002 ). IMX2600 (van den Broek et al. 2023 ) was
rst transformed with the plasmid pUDR827 and the repair DNA
ragment made of the annealing of the complementary primers
8 933 and 18 934 to remove FLO11 , resulting in the strain IMK1041.
hen, FLO10 was removed by transformation with pUDR825 and
he corresponding repair DNA consisting of primers 18 931 and
8 932, resulting in the strain IMK1043. FLO5 was subsequently
emoved by transformation with pUDR834 and the correspond-
ng repair DNA consisting of primers 19 236 and 19 237 to create
he strain IMK1044. Due to difficulties targeting FLO1 and FLO9
sing CRISPR-Cas9 system, a classical approach based on intro-
uction of PCR-based deletion cassette by homology directed re-
air was used (Wach et al. 1994 ). For the deletion of FLO9 , a re-
air fragment containing the hygromycin resistance marker was
CR amplified from the pDS7 plasmid using the primers 19435 and
9436, while for FLO1 , a repair fragment containing the G418 re-
istance marker was PCR amplified from the plasmid pDS1 using
rimers 19433 and 19434. Transformation was performed using
μg of PCR product and selection was performed on YPD sup-

lemented with the required antibiotics. First, FLO9 was knocked
ut by introduction of the PCR-amplified KanMX repair fragment
y homology directed repair, resulting in the strain IMK1046. FLO1
as then knocked out in this strain by introducing the hphNT1

epair fragment, creating the strain IMK1047. Finally, a final trans-
ormation was performed with the pUD1305 plasmid containing
he I-SCEI and the AnamdS genes. Selection was done on SM-Ac
lates and successful transformants were screened for loss of
esistance on YPD with and without supplemented antibiotics.
ne colony was verified using PCR ( Figure S2 ), stocked and se-
uenced to confirm the successful removal of all FLO genes and
he resistance markers. The resulting strain IMK1060 was dubbed
he FLO -null strain (Figure 2 ). SFL1 was deleted in CEN.PK113-
D using the gRNA plasmid pUDP104 and repair primers
8 937 and 18 938 as described in the protocol of Mans et al.
 2018 ). 

onstruction of Opto-FLO strains 
ptoQ-AMP5 system was inserted into IMK1060 genome at the X-
 locus (Mikkelsen et al. 2012 ) using pUDR538 and two overlap-
ing repair fragments amplified from pMAL724 with SHR-A (Kui-

pers et al. 2013 ) and X-2 flanks. Resulting strain IMX2897 ( flo �
-2::OptoQ-AMP5) served as the optogenetic platform. The X-2

ntegration site is located on the left arm of CHRX between the
CA3 and ASF1 genes. The spacer sequence used to target X-2

ite is comprised between position 195 626 and 195 624 (position
ased on S288c genome). Each FLO gene was fused with OptoQ
lements using 60 bp arms homologous to the 5xQUASfp and
DH1t regions and integrated via CRISPR-Cas9 using pUDR868
nd repair fragments, yielding strains IMX2912–IMX2916. Inser-
ion was confirmed by PCR and amplicon sequencing. The primer
airs 19988/19989, 19990/19991, 19992/19993, 19994/19995 and
9996/19997 were designed for FLO1 , FLO5 , FLO9 , FLO10 , and FLO11 ,
espectively. 

https://www.addgene.org/
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Figure 2. Gene deletion strategies were employed to create the FLO -null strain (IMK1060). (A) Deletion of FLO5 , FLO10 and FLO11 using CRISPR-Cas9 
mediated homologous recombination. A 120 bp repair fragment replaces the FLO gene open reading frame, resulting in a knockout of the gene. (B) 
Deletion of FLO1 and FLO9 using homology directed repair to replace the open reading frame with antibiotics-resistance cassettes. The markers are 
subsequently removed by I-SceI-mediated homologous recombination. (C) Insertion of the OptoQ-AMP5 system into the X-2-locus (Mikkelsen et al. 
2012 ) using Cas9-mediated homologous recombination. (D) Overview of the strain engineering strategy. For the insertion of the FLO genes at the GFP 
locus in the OptoQ-AMP5 system, the same strategy as in (C) was used using flanks homologous to the promoter and terminator flanking 
GFP. 
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Determination of fluorescence using flow 

cytometry 

CEN.PK113-7D and IMI528 were grown in 500-mL shake flasks con- 
taining 100 mL SMD medium at 30◦C at 250 rpm in duplicates 
under light and dark conditions. First, each strain was inoculated 

from a -80◦C glycerol stock and grown overnight in YPD in full 
darkness. The strains were transferred to SMD at an OD660 nm 

of 
0.1 and grown for approximately 8 hours in full darkness. From 

this culture, duplicate experimental cultures were inoculated us- 
ing a calculated amount of cells in 100 ml fresh SMD so that the 
OD660nm 

would reach 4 after approximately 16 hours of growth.
Once the OD660nm 

reached 4, one set of duplicates for each strain 

was grown under light conditions while the other set remained 

under dark conditions. One ml samples were taken from cultures 
growing under blue light at different time points from the start 
of the induction. The samples were analysed by measuring the 
fluorescence levels using the BD Accuri™ C6 CSampler Flow Cy- 
tometer (BD Biosciences, Franklin Lakes, NJ). The GFP was excited 

with the 488 nm laser of the flow cytometer and emission was 
etected through a 533 nm bandpass filter with a bandwidth of
0 nm. For each sample, 100.000 events were measured. The for-
ard scatter (FSC) and side scatter (SSC) were plotted and gated

o remove particles with outlying sizes. The median fluorescence 
as determined using the gated cells. 

rowth rate determination 

trains were grown in 500-mL shake flasks containing 100 mL
MD medium at 30◦C at 250 rpm in triplicates under light and
ark conditions. Each strain was inoculated from a -80◦C glycerol
tock and grown overnight in YPD in full darkness. The strains
ere then transferred to SMD at an OD of 0.1 in full darkness.
rom this culture, the experimental cultures were inoculated at 
 starting OD660 of 0.1 in triplicates. Samples were taken during
he exponential phase and the OD660 was determined using a Jen-
ay 7200 scanning spectrophotometer (Cole-Parmer Inc, Chicago,
I). Maximum specific growth (μmax ) rate was calculated from 

he slope of log transformed OD660nm 

data across at least six
oints. 
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Figure 3. Growth of IMI528 and CEN.PK2-1C under light and dark conditions. The cultures were induced with light or grown in darkness mid 
exponential phase for 5 hours. (A) Growth curve of strains grown under light and dark conditions for 5 hours. (B) Median fluorescence levels of strains 
in light and dark condition. After 1 hour of induction, only a minor increase was observed relative to t = 0 for IMI528. After 3 hours, the fluorescence 
increased by 11-fold, while after 5 hours the fluorescence started to plateau at 14-fold increase relative to t = 0. IMI528 showed a consistently higher 
median fluorescence under dark conditions relative to CEN.PK2-1C. (C) Relative expression values of GFP compared to the geocentric mean of ALG9 , 
UBC6 and TFC1 at t = 0 and t = 3 for IMI528. A 4-fold increase relative to the control was observed under light conditions at t = 3, while no difference 
was observed at t = 0 between the light and dark samples. (D) Fold change in expression of GFP over t = 3 relative to t = 0. A 12x fold change in gene 
expression was observed at t = 3 relative to t = 0, matching the observed fold change in 
fluorescence. 
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NA extraction and quantitative RT-PCR 

amples were taken during exponential phase and quenched
irectly in liquid nitrogen. Cells were lysed mechanically
nd total RNA was extracted with acid-phenol:chloroform (pH
.5 with IAA, 125:24:1) and ethanol precipitation (Tai et al.
005 ). The concentration, integrity and purity of the sam-
les were determined using the Qubit (Thermos Fischer Sci-
ntific), Tapestation 220 with RNA Screen Tape (Agilent Tech-
ologies) and Nanodrop (Thermo Fischer Scientific), respectively.
NA was removed using RNase-Free DNase (Promega, Madison,
I). 
To determine the expression levels of GFP by the optoge-

etics system in light and dark conditions, a qRT-PCR reac-
ion was performed. cDNA synthesis and qRT-PCR were per-
ormed using the GoTaq® 2-Step RT-qPCR kit (Promega) with
00 ng RNA input. cDNA was normalised to 35 ng ·μL−1 . The
rimers used for the qRT-PCR reactions were designed using
lone Manager (version 9.51, Sci-Ed Software, Denver, CO) and
iluted to a concentration of 2 μM in the reaction mix. Op-
imal annealing temperatures was determined to be 68◦C us-
ng a gradient qPCR. Reference genes included UBC6 , TFC1 and
LG9 (Teste et al. 2009 ). Data were analyzed using the Livak

2 −��Cq ) method for relative gene expression analysis. Reactions
ere run in triplicate on a qTOWER3 instrument with inter-plate

alibrators. 

a  
lo sequence analysis 

he DNA and protein sequences of the FLO genes of Sac-
haromyces cerevisiae CEN.PK113-7D and S288C were obtained
rom the annotated assembly of CEN.PK113-7D (accession: PR-
NA393501,) and SGD (Saccharomyces Genome Database, http:
/www.yeastgenome.org/) (Grünler et al. 2010 , Salazar et al. 2017 ),
espectively. Protein sequences were aligned using Clustal Omega
.2.4 (Sievers and Higgins 2018 ). Protein domains were identified
sing the Interpro database (Blum et al. 2024 ). Repeating motifs
ere identified using a combination of methods. First, the pro-

ein sequences were used as input in RADAR (Madeira et al. 2024 )
o identify potential repeating motifs. Based on these results, the
rotein sequence was trimmed into sections containing unique
epeating motifs and each section was inputted again into RADAR.
he repeat sequences were aligned using Clustal Omega 1.2.4 and
edefined based on the alignment output. A consensus sequence
as determined using the EMBOSS Cons tool (Madeira et al. 2024 ).

icroscopy 

mage acquisition was conducted using a Zeiss AXIO Imager.Z1
icroscope (Carl Zeiss AG, Oberkochen, Germany). The floc struc-

ure of IMX2897 ( flo � X-2::OptoQ-AMP5) and the induced strains
IMX2912, IMX2913, IMX2914, and IMX2915) was explored by tak-
ng samples from the sedimented cells following the flocculation
ssay. Microscopic analysis of fractions was performed using Zeiss

http://www.yeastgenome.org/
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ENBlue software (Carl Zeiss AG). Cells were imaged at 200x and
00x magnification for floc size analysis. 

locculation assays 

 modified flocculation protocol based on the Helm’s test 
D’Hautcourt and Smart 1999 ) was developed ( Figure S3 ). The
ested strains were inoculated from a freezer stock in 100 mL YPD
nd after cultivation to an OD660 of at least 10, the cells were trans-
erred to 100 mL fresh SMD medium at a concentration reaching
n OD660 of 10 at the start of the next growth phase. Then, the cells
ere transferred to fresh SMD at a starting OD660 of 3 and grown to
n OD660 of 5 in full darkness to ensure that all cells were in expo-
ential phase. Once an OD660 of 5 was reached, one set of shake
ask cultures was exposed to blue light of 465 nm for 2 hours,
hile the other set of cultures grew in darkness. After two hours,

ells were harvested, washed and subjected to a modified Helm’s
est. Cells were washed with a 50 mM EDTA solution, followed
y washing with demineralised water and finally suspended in 

occulation buffer (50 mM sodium acetate, pH 4.5) to reach an
D660 of 10. The OD660nm 

was determined (Value A , equation 1 ).
hen, 6 ml cell suspension was transferred to glass tubes in trip-

icate and supplemented with 300 μl of 20% (w/v) CaCl2 , reaching
 final concentration of 1%. The cells were immediately vortexed 

or 30 seconds, followed by a 15 minute gentle agitation step us-
ng a nutating mixer (VWR International, Radnor, PA). Then, the
uspension was incubated upright for 5 minutes to allow for the
edimentation of the biomass. Samples were taken by aspirating 
00 μl from under the meniscus, diluting in 900 μl 50 mM EDTA
nd measuring the OD660 (Value B , equation 1 ). Additionally, a
ample was taken for microscopic analysis. The relative difference 
n OD660 between the deflocculated and sedimented samples can 

e calculated as the flocculation coefficient (equation 1 ). For the
ugar inhibition assay, the same protocol was utilised with minor
odifications ( Figure S3 ), according to the method used by Van
ulders et al. ( 2009 ). At step 4, flocculation buffer was addition-

lly supplemented with sugars at the concentrations of 20 mM,
00 mM, 500 mM and 1000 mM. Additionally, a sugar mix com-
rising 2.5% glucose, 28.0% maltose, 42.0% maltotriose, and 26.4% 

igher saccharides (w/w) was utilised at concentrations 10.1, 50.4,
52.2 and 504.4 g ·L−1 , corresponding to approximately 20, 100, 500
nd 1000 mM of sugars. The non-flocculent strain IMX2916 ( flo �
-2::OptoQ:: FLO11 ) was not included in the inhibition assay. 

A − B 
A 

· 100 = flocculation coefficient (1) 

ydrophobicity assessment 
or the determination of cell surface hydrophobicity, a modified 

rotocol based on the method outlined by Rosenberg ( 1984 ) was
sed ( Figure S3 ). Cells were harvested from cultures grown in light
nd dark conditions and subsequently washed with 50 mM EDTA
o ensure deflocculation before the determination of the OD660 .
 predetermined quantity of yeast cells was subjected to a wash
tep with 50 mM EDTA followed by demineralised water and then
esuspended in 5 mL of 50 mM sodium acetate solution in Hun-
ate tubes (Chemglass Life Sciences LLC, Vineland, NJ) to achieve
n OD660 of approximately 1. The OD660 was determined (value A ,
quation 2 ). The yeast suspension was then overlaid with 1 mL
f the hydrophobic hydrocarbon dodecane and vortexed at max- 
mum speed for 60 seconds. The tubes were then placed upright
pside down to allow for a 10 minute phase separation period. Fol-

owing this period, the OD660 of the aqueous layer was measured
gain by sampling through the septum using a needle (Value C ,

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Table 4. The consensus sequences of each type of repeating motif identified in the CEN.PK113-7D Flo proteins. 

Repeat type Consensus sequence Length Ser (%) Thr (%) Ser/Thr (%) 

Flo1 Repeat type 1 gtITTTTEPWTGTFTSTSTEMTTVTGTNGQPTDETVIVIRTPTTE 45 4.4 42.2 46.7 
Flo1 Repeat type 2 SSLPPVTSATTSQETt 16 25.0 31.3 56.3 
Flo1 Repeat type 3 

QTTLVTVTSCESxVCSETASPAIVSTATATVNGVTTEYTTWCPISTTExTK 

51 11.8 29.4 41.2 

Flo1 Repeat type 4 NTGAAETTT 9 0.0 44.4 44.4 
Flo1 Repeat type 5 SVISS 5 60.0 0.0 60.0 
Flo10 Repeat Type 1 TSSSxSSSEVCTECTETESTSyvTPYVxxxxxxxxx 36 22.2 16.7 38.9 
Flo10 Repeat Type 2 TTSkDStVgssTSsVsLiSSstssiSlpsSySAS 34 50.0 14.7 64.7 
Flo10 Repeat Type 4 SEAaeTKSISrnnnfVptS 19 21.1 10.5 31.6 
Flo11 Repeat Type 1 PVPTPSSSTTESSSA 15 40.0 20.0 60.0 
Flo11 Repeat Type 2 TTxVTTAVxTTITTTECSTGTNSAGETTSGCSxKTIxTTxxTTx 44 9.1 40.9 50.0 

Capital and lowercase letters indicate highly conserved and variable amino acids respectively. A consensus sequence was determined using the EMBOSS Cons tool 
(Madeira et al. 2024 ). 
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quation 2 ). This way, the organic layer could be avoided com-
letely. The percentage of hydrophobicity was calculated as the
elative change in absorbance of the aqueous layer before and af-
er vortexing (equation 2 ). 

A − C 

A 

· 100 = Hydrophobicity percentage (2) 

hole genome sequencing 

he genomic DNA of the strains IMK1060, IMX2897, IMX2912,
MX2913, IMX2914, IMX2915 and IMX2916 was isolated using the
IAGEN Genomic DNA isolation buffer set in combination with

he Genomic-tip 100/G columns (Qiagen, Hilden, Germany) ac-
ording to the manufacturer’s instructions. All genomic DNA sam-
les, except of IMX2914, were sequenced using a 150 bp Truseq
CR free library preparation with 300 bp insert on a Novaseq
000 sequencer (Macrogen Europe, Amsterdam, The Nether-
ands). The raw Illumina reads were mapped using the Burrows–

heeler Alignment tool (BWA) (Li 2013 ) against a chromosome-
evel reference genome of IMX2600 (NCBI bioproject accession
umber PRJNA976676 ( https://www.ncbi.nlm.nih.gov/bioproject/ 
RJNA976676 ) (van den Broek et al. 2023 ). For the IMK1060 strain,
 extra contigs were added containing the I-SceI-hphNT1 and I-
ceI-KanMX resistance cassettes. For the remaining strains, an
lignment was performed on the same reference and a sepa-
ate contig containing the OptoQ-AMP5 sequence with or without
he relevant FLO gene insertion. The strain IMX2914 was not se-
uenced, instead, the optogenetic cassette including ScFLO9 was
CR amplified using primers 19 907 and 14 455 and the result-
ng fragment was amplicon sequenced using nanopore technol-
gy (Oxford Nanopore, Oxford, United Kingdom) by Plasmidsaurus
South San Francisco, CA). Sequencing data are available at the
CBI repository ( https://www.ncbi.nlm.nih.gov/) under Bioproject
RJNA1281879 ( Table S2 ). 

esults 

valuation of the inducibility of the OptoQ-AMP5 

ptogenetic circuit 
o capture the temporality of flocculation events in Saccharomyces
erevisiae , individual flocculins have to be expressed under an in-
ucible promoter allowing precise control of flocculation onset.
lassical inducible promoters, such as the galactose-inducible
AL1, GAL10 , and GAL7 promoters (Hovland et al. 1989 ); maltose-

nducible MAL promoters (Weinhandl et al. 2014 ); or the copper-
nducible CUP1 (Hottiger et al. 1994 ), require medium modifica-
ions that may influence flocculation. To avoid this, we selected
he OptoQ-AMP5 light inducible system (Lalwani et al. 2021 ),
hich uses the blue-light-activated VP16-EL222 transcription fac-

or (TF), its target promoter C120p, the transcription factor QF2,
nd the chimeric CYC1p5xQUAS promoter, which controls the ex-
ression of the gene encoding GFP. In darkness, the constitutively
xpressed light-responsive VP16-EL222 TF remains dissociated
nd is unable to induce downstream gene expression, thereby pre-
enting GFP production. Upon exposure to blue light, VP16-EL222
ndergoes dimerization and initiates a transcriptional cascade,

eading to the expression of QF2 TF. QF2 subsequently binds to
he CYC1p5xQUAS promoter, activating GFP expression. The OptoQ-
MP5 system (pMAL724 (Lalwani et al. 2021 )) was integrated into

he his3 �1 locus of strain CEN.PK2-1C, resulting in strain IMI528
 HIS3 ::OptoQ-AMP5). To test its functionality, IMI528 was grown
n SMD and exposed to blue light (463 nm) for 5 hours in mid-
xponential phase (Figure 3 ). Fluorescence stayed low and con-
tant during the first hour, then rose rapidly, reaching a 13.8-
old increase after 5 hours. In darkness, fluorescence changed by
nly 10%. The negative control strain CEN.PK2-1C exhibited low
uorescence under both conditions. In darkness, IMI528 showed
lightly higher fluorescence ( p < 0.01) than CEN.PK2-1C, suggest-
ng minor circuit leakiness. A two hours induction was sufficient
or half-maximal activity. 

To confirm fluorescence reflected gene expression, qPCR anal-
sis (Heid et al. 1996 , Winer et al. 1999 ) was performed at the 3
ours timepoint of IMI528 growth curve (Figure 3 C & D). The Livak

2−��CT ) method (Livak and Schmittgen 2001 ) was utilised for the
nalysis of GFP expression relative to the geometric mean of three
eference genes, namely ALG9 , UBC6 and TFC1 (Teste et al. 2009 ).
FP exhibited an 11.7-fold increase in expression at t = 3 rela-

ive to t = 0 under light conditions, while exhibiting a 0.94 fold
ncrease under dark conditions. Thus, GFP fluorescence reliably
eported transcript levels. 

equence analysis of flocculins of the S. 
erevisiae strain CEN.PK113-7D 

o examine FLO genes variation, Flo protein sequences from
EN.PK113-7D genome sequence (Salazar et al. 2017 ) were com-
ared with S288C. Flo5, Flo10, and Flo11 were identical, but Flo1
nd Flo9 differed in size (Tables 3 and 4 ). Flo1CEN.PK113-7D was
38 amino acids longer and Flo9CEN.PK113-7D was 363 amino acids
horter than in S288C, mainly due to differences in repeat num-
ers (Bernardi et al. 2018 ; Li 2013 ; Verstrepen et al. 2005 ) (Tables 3
nd 4 ). 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA976676
https://www.ncbi.nlm.nih.gov/
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Figure 4. Maximum specific growth rates of CEN.PK113-7D, IMK1061, IMX2897 ( flo � X-2::OptoQ-AMP5), IMX2912, IMX2913, IMX2914, IMX2915 and 
IMX2916 grown under constant light and dark conditions. Symbols with brackets represent comparison between light and dark conditions per strain, 
while symbols without brackets represent a comparison to the CEN.PK113-7D (Dark) as reference. The growth rate of all strains grown under light was 
significantly reduced relative to dark conditions ( ∗∗ p < 0.01, ∗∗∗ p < 0.001). All strains grown under dark conditions showed no significant difference in 
growth rate compared to CEN.PK113-7D (dark), while the strains in light conditions had significantly lower growth rates ( ∗∗∗∗ p < 0.0001). Each bar 
represents the average of 3 replicate cultures, except for the CEN.PK113-7D under dark conditions, which represents the controls of multiple growth 
experiments, totalling in 8 values. Each open triangle represents a datapoint. Error bars represent the standard deviation. Statistical significance was 
calculated using multiple unpaired two sided t -tests. P -values were corrected for multiple comparisons using the Holm-Šidák method. 
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Repeat analysis revealed five motifs in Flo1 (Table 3 ), includ- 
ing previously reported type 1 (Pfam: PF00624) and type 3 (Pfam: 
PF13928) (Goossens and Willaert, 2010 ), plus the presence of type 
2, type 4 repeats, and a novel five-amino-acid serine-rich (SVISS) 
repeat. These motifs also appeared in Flo5 and Flo9 in different 
proportions (Table 3 ). Flo10 contained distinct types 1, 2, and 4,
but lacked the SVISS repeat (Tables 3 and 4 ). The type 1 repeats 
dominated flocculins, except in Flo9, where type 2 repeats pre- 
vailed. All repeats were rich in serine and threonine residues (31% 

to 65%) (Table 4 ) known for O-glycosylation, which stabilises pro- 
teins (Caro et al. 1997 ; K. Goossens and Willaert, 2010 ; Straver et al.
1994 ; Teunissen et al. 1993 ) and projects the PA14 domain above 
the cell wall (Jentoft 1990 ). Repeat variations likely influences floc 
stability and binding ability. Despite differences in repeat num- 
bers, overall Ser/Thr content was consistent ( ∼ 40% for Flo1-type 
adhesins and ∼ 50% for Flo11). These findings highlight how archi- 
tectural variation impacts function despite sequence similarity. 

Construction of a S. cerevisiae FLO -null strain and 

optogenetic dependent single flocculin 

expressing derived strains 

S. cerevisiae carries five FLO genes, FLO1 , FLO5 , FLO9 , FLO10 and 

FLO11 (Figure 1 ). FLO1 , FLO5 , FLO9 , and FLO10 mediate aggre- 
gation, while FLO11 is involved in pseudohyphal growth (Ver- 
strepen et al. 2004 ). Prior studies often used strains retaining na- 
tive FLO genes (Bidard et al. 1994 , Stratford 1994 , Govender et 
l. 2008 , Van Mulders et al. 2009 , Deed et al. 2017 , Di Gianvito
t al. 2017 ) risking interference. To avoid this, we constructed
 FLO -null (IMK1060) via sequential CRISPR-Cas9 deletions of 
LO5 , FLO10 , FLO11 , and traditional gene interruption through
omology directed repair of FLO1 and FLO9 , including I-SceI re-
ycling of the PCR amplified deletion cassette carrying KanMX 

nd hphNT1, respectively (Solis-Escalante et al. 2014 ) (Figure 2 ).
n a second step, the OptoQ-AMP5 system was integrated into
he X-2 locus on CHRX (Mikkelsen et al. 2012 ) (Figure 2 ), yield-
ng IMX2897 ( flo � X-2::OptoQ-AMP5). Replacing GFP with each FLO
ene generated IMX2912 ( flo � X-2::OptoQ:: FLO1 ), IMX2913 ( flo � X-
::OptoQ:: FLO5 ), IMX2914 ( flo � X-2::OptoQ:: FLO9 ), IMX2915 ( flo � X-
::OptoQ:: FLO10 ) and IMX2916 ( flo � X-2::OptoQ:: FLO11 ). 

lo protein characterisation using the 

ptogenetic circuit OptoQ-AMP5 

rowth rates of FLO- expressing strains were measured under 
ight and dark conditions in triplicate in SMD medium (Figures 4
nd S4). Control strain CEN.PK113-7D grew at 0.38 ± 0.006 h−1 

nd 0.39 ± 0.003 h−1 in dark and light conditions respectively 
Kuyper et al. 2005 ), while the flocculating control strain IMK1061
 sfl1 �) grew similarly in dark and light (0.38 ± 0.006 h−1 and
.039 ± 0.008 h−1 ). In contrast, all OptoQ-AMP5 strains exhib- 
ted reduced growth rates under blue light: a 25% reduction for
MX2912 ( flo � X-2::OptoQ:: FLO1 ) and up to 46% for IMX2914 ( flo �
-2::OptoQ:: FLO9 ). The strains IMX2916 ( flo � X-2::OptoQ:: FLO11 )
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Figure 5. Flocculation coefficient of CEN.PK113-7D, IMK1061 ( sfl1 �), IMX2897 ( flo � X-2::OptoQ-AMP5), IMX2912 ( flo � X-2::OptoQ:: FLO1 ), IMX2913 ( flo �
X-2::OptoQ:: FLO5 ), IMX2914 ( flo � X-2::OptoQ:: FLO9 ), IMX2915 ( flo � X-2::OptoQ:: FLO10 ) and IMX2916 ( flo � X-2::OptoQ:: FLO11 ) grown under dark and 
light conditions for two hours in exponential phase. The flocculation coefficient was determined using a modified Helm’s test with an additional gentle 
agitation step as described in the materials and methods. Symbols with brackets represent comparison between light and dark conditions per strain, 
while symbols without brackets represent a comparison to the CEN.PK113-7D as reference. All Opto- FLO strains grown in light showed a significantly 
higher flocculation coefficients compared to strains grown in darkness ( · P > 0.05, ∗∗ P < 0.01, ∗∗∗∗ P < 0.001). Additionally, all Opto- FLO strains, 
including IMK1061, showed a significantly higher flocculation coefficient relative to CEN.PK113-7D ( · P > 0.05, ∗ P < 0.05, ∗∗∗ P < 0.001). As expected, 
IMX2897 did not significantly differ between light and dark conditions. The bars for IMX2912, IMX2913, IMX2914 and IMX2915 represent average values 
of seven separate experiments, while the CEN.PK113-7D, IMK1061 and IMX2897 represent single experiments. The experiments were performed using 
biological duplicates with the flocculation assays performed in triplicates. All strains grown in darkness showed no significant difference in 
flocculation coefficient relative to CEN.PK113-7D. Each open triangle represents a datapoint. Error bars represent the standard deviation. Statistical 
significance was calculated using multiple unpaired two sided t-tests. P-values were corrected for multiple comparisons using the Holm-Šidák 
method. 
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hat from prior research does not yield flocculation and IMX2897
 flo � X-2::OptoQ:: GFP only) also showed a 30% reduction, in-
icating the effect stems from OptoQ-AMP5 activation rather
han flocculin expression. Induction of FLO expression by blue
ight (465 nm) for two hours produced clear flocculation dif-
erences (Figure 5 ). IMX2912 ( flo � X-2::OptoQ:: FLO1 ), IMX2913
 flo � X-2::OptoQ:: FLO5 ), and, to a lesser extent, IMX2915 ( flo � X-
::OptoQ:: FLO10 ) sedimented rapidly, with flocculation coefficient
bove 87%, with Flo1 reaching 94% (Figure 5 and Supplemental
ideos 1 and 2 ). IMX2914 ( flo � X-2::OptoQ:: FLO9 ) and IMK1061
 sfl1 �) reached 67% and only 37%, respectively (Figure 5 ). IMX2916
 flo � X-2::OptoQ:: FLO11 ) did not show any flocculation in line
ith prior studies (Lambrechts et al. 1996 , Guo et al. 2000 ). Un-
er darkness, flocculation coefficients ranged from 4% to 16%, al-
hough slight leakiness was detected. Microscopy confirmed as
ell notable differences in floc structure amongst the different

LO -expressing strains (Figure 6 ). IMX2912 (flo � X-2::OptoQ:: FLO1 )
ormed dense flocs of varying sizes, with some reaching consider-
ble dimensions (interquartile range (IQR) of 693–9363 μm2 ) (Fig-
re 6 A), IMX2913 ( flo � X-2::OptoQ:: FLO5 ) formed larger, but less
ompact flocs (IQR of 1598–15 961 μm2 ), while IMX2914 ( flo � X-
::OptoQ:: FLO9 ), and IMX2915 ( flo � X-2::OptoQ:: FLO10 ) produced
maller ones with an IQR of 136 to 545 and 652 μm2 for IMX2914
flo � X-2::OptoQ::FLO9), and (flo � X-2::OptoQ:: FLO10 ), respectively
Figure 6 ). Despite IMK1061 ( sfl1 �) flocs being larger, they were less
ompact and had lower flocculation coefficients. IMX2916 ( flo � X-
::OptoQ:: FLO11 ) did not form detectable flocs. 

ugar inhibition phenotypes of S. cerevisiae 
occulins 

o investigate how the fermentable sugars in wort affect the floc-
ulation phenotype of specific flocculins, flocculation assay was
odified to include wort sugars (Van Mulders et al. 2009 ). The in-

ibitory effects of different fermentable sugars on the flocculation
ctivities of Flo1, Flo5, Flo9, and Flo10 were analysed (Figure 7 ). On

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Figure 6. (A) Microscopy of FLO expressing strains imaged at 400x magnification. FLO1 (IMX2912) induced compact floc formation, while FLO5 
(IMX2913) expression resulted in larger, less compact flocs. FLO9 (IMX2914), FLO10 (IMX2915) and the SFL1 deletion (IMK1061) induced small to 
medium sized floc formation. The FLO -null strain (IMX2897) and CEN.PK113-7D exhibited limited to no aggregation. The white bar represents 50 μm. 
(B) Floc size distribution based on the area of cell aggregates imaged at 200x magnification. All flocculating strains showed a significant increase in 
particle size compared to CEN.PK113-7D ( ∗∗∗∗ p < 0.0001). IMX2912 and IMX2913 showed the largest particles, while IMK1061, IMX2914 and IMX2915 
showing a similar, smaller distribution of particle sizes. Additionally, IMX2912 and IMX2913 produced flocs much larger than was possible to measure 
using conventional microscopy, meaning the data is skewed to a lower size relative to actual conditions. All particles smaller than 90 μm2 were filtered 
out to remove aggregates smaller than two aggregated budding cells. Statistical significance was calculated using a Lognormal One-way ANOVA test. 
Each box represents the 25th to 75th percentile, with the whiskers indicating the minimum and maximum values. The black line represents the 
median, while the red line represents the geometric mean of the samples. The amount of cell aggregates analyzed per strain ranged from 59 to 182. 
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the top of mannose, glucose, maltose, and sucrose inhibitions pre- 
viously investigated, our study included maltotriose, fructose and 

a mix of all sugars to complete the set of carbohydrates found in 

wort. 
FLO1 (IMX2912) and FLO5 (IMX2913) displayed a mannose- 

sensitive Flo1 phenotype (Stratford and Assinder 1991 ). Remark- 
ably, inhibition of Flo5-induced flocculation was only partially in- 
hibited remaining > 66% even at high mannose concentration,
contrasting with previous observations (Govender et al. 2008 , Van 

Mulders et al. 2009 , Veelders et al. 2010 ). Conversely, Flo9 and Flo10 
were sensitive to a broader sugar spectrum, with Flo9 strongly 
inhibited by sucrose and fructose (Figure 7 ). Flo1 and Flo5 re- 
sisted maltotriose inhibition, while Flo9 and Flo10 were inhib- 
ited. Notably, IMX2912 ( flo � X-2::OptoQ:: FLO1) and IMX2913 ( flo �
X-2::OptoQ:: FLO5) flocculated immediately upon maltotriose ad- 
dition, reversed by EDTA, suggesting metal contamination of the 
maltotriose solution ( Figure S5 ). The strains IMX2914 ( flo � X- 
2::OptoQ:: FLO9) and IMX2915 ( flo � X-2::OptoQ:: FLO10) remained 

in suspension showing complete inhibition. A sugar mix repre- 
sentative of wort comprising 2.5% glucose, 28.0% maltose, 42.0% 

maltotriose, and 26.4% higher saccharides (w/w) inhibited Flo1, 
Flo9, and Flo10, but had limited effect on Flo5. 
e
xpression of FLO genes alters cell surface 

ydrophobicity 

locculating strains generally exhibit increased cell surface hy- 
rophobicity (Govender et al. 2008 ; Purevdorj-Gage et al. 2007 ;
eixeira et al. 1995 ; Holle et al. 2012 ; Van Mulders et al. 2009 ). Us-

ng a dodecane partitioning assay (Figure 8 ),the positive control
train IMK1061 ( sfl1 �) that constitutively expresses all CEN.PK-
erived FLO genes showed consistently high hydrophobicity in- 
ependently of the presence of blue light. The FLO express-

ng strains IMX2912-2915 showed higher hydrophobicity under 
lue light than in darkness. Of the four FLO gene express-

ng strains, IMX2915 ( flo � X-2::OptoQ:: FLO10 ) gave the highest
alue (73.45 ± 8.3%) followed by IMX2912 (flo � X-2::OptoQ:: FLO1 )
68.0 ± 1.9%), while IMX2913 (flo � X-2::OptoQ:: FLO5 ) and IMX2914
flo � X-2::OptoQ:: FLO9 ) showed lower surface hydrophobicity 
47.7 ± 0.0% and 50.2 ± 3.4% respectively). Although IMX2916 ( flo �
-2::OptoQ::FLO11 ) does not flocculate, the expression of FLO11 
nd its subsequent display at the cell surface alters cell sur-
ace hydrophobicity to a level comparable to that observed in
trains expressing FLO1 and FLO10 . (Figure 8 ). Thus, yeast cells
apidly adapted their surface after only 2 hours of FLO gene
xpression. 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Figure 7. Sugar inhibition profiles of IMX2912 ( flo � X-2::OptoQ:: FLO1 ), IMX2913 ( flo � X-2::OptoQ:: FLO5 ), IMX2914 ( flo � X-2::OptoQ:: FLO9 ) and IMX2915 
( flo � X-2::OptoQ:: FLO10 ). Strains were subjected to a modified Helm’s test using flocculation buffer with increasing sugar concentrations (0, 20, 100, 500 
and 1000 mM) to determine the sensitivity of each flocculin to the various sugars tested. Additionally, sensitivity to a sugar mix used as an adjunct to 
wort was determined (2.5% glucose, 28.0% maltose, 42.0% maltotriose, and 26.4% higher saccharides (w/w)). 
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iscussion 

easts contain a diverse array of FLO genes with roles that vary
epending on physiological, social and environmental context.
heir complex regulation and phenotypic diversity pose signif-

cant challenges for functional studies. To address this, we de-
eloped a FLO -null platform strain enabling systematic analysis
f FLO gene functions. Such null-strain platforms have advanced
ene families studies e.g. the HXT -null strain (Wieczorke et al.
999 , Wijsman et al. 2019 ), which has been instrumental in char-
cterizing both native and heterologous sugar transporters, in-
luding human glucose transporters (Wieczorke et al. 1999 , Solis-
scalante et al. 2015 , Tripp et al. 2017 , Nijland and Driessen 2020 ,
chmidl et al. 2021 ) and ALD -null strain devoid of aldehydyde
ehydrogenase pivotal for acetate metabolism and utilisation of
thanol as carbon source for biotechnological processes (Saint-
rix et al. 2004 , Kozak et al. 2016 ). 

Here, we used optogenetics with the FLO -null strain to char-
cterise FLO gene function. Optogenetics provide precise tem-
oral control mimicking dynamic FLO gene induction while by-
assing native regulation. Within two hours of blue light induc-
ion diverse flocculation phenotypes emerged. Flo1 and Flo5 pro-
uced the strongest aggregation with Flo1 yielding denser flocs
nd Flo5 forming larger aggregates consistent with earlier reports
Figures 5 and 7 ) (Guo et al. 2000 , Fichtner et al. 2007 , Goven-
er et al. 2008 , Van Mulders et al. 2009 ). These structural differ-
nces may influence stress resistance and mass transfer during
ermentation (Ge et al. 2006 ). We propose that floc size and den-
ity also shape yeast social behaviour. Flo1 may preferentially me-
iate self-self-interactions via the green beard effect (Smukalla
t al. 2008 ), whereas Flo5 may allow incorporation of non-self-
ells. Yet, Rossouw et al. ( 2015 ) found Flo5 reduced mixed-species
oc formation relative to Flo1, highlighting strain—dependent
ariation. 

By contrast, FLO9’s role remains unclear. Overexpression in S.
erevisiae BY4700 strain and in Kluyveromyces marxianus induced
trong flocculation (Nonklang et al. 2009 ), but IMX2914 ( flo � X-
::OptoQ:: FLO9 ) showed weaker, less stable aggregation, dispers-
ng after 30 s of vortexing (Van Mulders et al. 2009 ). Differences
ikely stems from fewer type-1 repeats in CEN.PK Flo9 versus
288c and BY4700 (Tables 3 and 4 ). These results underscore
ow repeat variation or background-specific sequence changes
trongly affect flocculation. 

CEN.PK normally lacks flocculation despite an intact FLO8 , un-
ike S288C that carries a premature stop codon and where FLO8
estoration confers strong aggregation (Liu et al. 1996 , Bester et
l. 2006 , Fichtner et al. 2007 ). In CEN.PK strains, SFL1 deletion pro-
uced only weak flocculation, suggesting reduced FLO expression
nd weaker adhesion. Transcriptional analysis of FLO genes un-
er SFL1 deletion and/or FLO8 overexpression could clarify their
ontributions in transcriptional regulation. 

For brewing purposes, understanding sugar effects is essential.
ugar inhibition assays revealed distinct inhibition profiles across
he FLO -expressing strains. IMX2912 ( flo � X-2::OptoQ:: FLO1 ) dis-
layed a Flo1-type flocculation phenotype, characterised by sen-
itivity to mannose, while IMX2914 ( flo � X-2::OptoQ:: FLO9 ) and
MX2915 ( flo � X-2::OptoQ:: FLO10 ) showed “NewFlo-type” floccu-
ation phenotype, with IMX2914 ( flo � X-2::OptoQ:: FLO9 ) uniquely
ensitive to fructose and sucrose, previously unreported for FLO
enes though observed in Saccharomyces uvarum wine strains
Amri et al. 1979 , Suzzi et al. 1992 , Berthels et al. 2004 , Guil-
aume et al. 2007 ). Flo9 and Flo10 also displayed sensitivity to mal-
otriose, another novel observation. Surprisingly, IMX2912 ( flo � X-
::OptoQ:: FLO1 ) and IMX2913 ( flo � X-2::OptoQ:: FLO5 ) flocculated
nstantly after flocculation buffer addition to deflocculated cells
ithout Ca2 + ( Figure S5 ), suggesting that the maltotriose used
ay have been contaminated with Ca2 + or other metal ions that
ight induce flocculation. Nevertheless, neither strain displayed

nhibition of flocculation by maltotriose itself. Little is currently
nown about the metal ion specificity of individual Flo proteins
nd this was not observed with the sugar mix, containing approx-

mately 42% maltotriose. Further investigation into the metal ion
pecificity of Flo proteins is therefore warranted. 

Interestingly, IMX2913 ( flo � X-2::OptoQ:: FLO5 ) showed minimal
ugar sensitivity, despite prior reports of strong inhibition by man-

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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Figure 8. Determination of cell surface hydrophobicity of CEN.PK113-7D, IMK1061 ( sfl1 �), IMX2897 ( flo � X-2::OptoQ-AMP5), IMX2912 ( flo �
X-2::OptoQ:: FLO1 ), IMX2913 ( flo � X-2::OptoQ:: FLO5 ), IMX2914 ( flo � X-2::OptoQ:: FLO9 ), IMX2915 ( flo � X-2::OptoQ:: FLO10 ) and IMX2916 ( flo �
X-2::OptoQ:: FLO11 ) grown under light and dark conditions. The hydrophobicity percentage is calculated by the ratio of cells partitioning between an 
aqueous phase and a dodecane organic phase. All bars represent average values of experiments using biological duplicates and measured in technical 
duplicates. The CEN.PK113-7D bar represents the average of all control measurements done per experiment. Symbols with brackets represent 
comparison between light and dark conditions per strain, while symbols without brackets represent a comparison to the CEN.PK113-7D as reference. 
IMX2912, IMX2913, IMX2914, IMX2915 and IMX2916 exhibited a significant increase in hydrophobicity under light conditions relative to dark 
conditions ( ∗ P < 0.05). Additionally, all Opto- FLO strains and IMK1061 showed a significantly higher hydrophobicity relative to CEN.PK113-7D ( ·
P > 0.05, ∗∗ P < 0.01, ∗∗∗∗ P < 0.0001). IMX2897 did not significantly differ between light and dark conditions. All strains grown in darkness showed no 
significant difference in hydrophobicity relative to CEN.PK113-7D. Each open triangle represents a datapoint. Error bars represent the standard 
deviation. Statistical significance was calculated using multiple unpaired two sided t-tests. P-values were corrected for multiple comparisons using the 
Holm-Šidák method. 
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nose, maltose and sucrose (Bidard et al. 1994 , Govender et al. 2008 ,
Van Mulders et al. 2009 , Veelders et al. 2010 ). As FLO5CEN.PK is iden- 
tical to S288C ( Table S3 ), differences may arise from epistatic ef- 
fects such as altered glycosylation. Indeed, heterologous FLO10 
expression yields background specific phenotypes (Nonklang et 
al. 2009 ) and post translational modifications like phosphoryla- 
tion may further modulate activity (Leutert et al. 2023 ). A sugar 
mix consisting of maltotriose, maltose, glucose and higher weight 
dextrins ( e.g. maltotetraose and maltopentose), strongly inhibited 

flocculation in most strains but only modestly affected IMX2913 
( flo � X-2::OptoQ:: FLO5 ). That dextrins inhibited IMX2912 ( flo � X- 
2::OptoQ:: FLO1 ) flocculation would suggests that not only single 
sugar, but also interaction and synergistic effect between saccha- 
rides may exacerbate the phenotype. These results could also im- 
ply that dextrins which have been reported to inhibit floccula- 
tion (Stratford and Assinder 1991 ), specifically target Flo1. The im- 
pact of flocculins on cell surface hydrophobicity is decoupled from 

their flocculation properties. As demonstrated with FLO11 , its ex- 
pression and surface display are sufficient to alter hydrophobicity,
although this does not induce flocculation. This effect is primar- 
ly attributed to mannan glycosylation. Similarly to sugar inhibi-
ion, even minor differences in post-translational modifications 
uch as glycosylation, can significantly influence the hydrophobic 
roperties of flocculins. 

In a broader context, adhesins play critical roles in the viru-
ence of numerous pathogenic fungi, for example: Als (Agglutinin- 
ike Sequence) and Epa (Epithelial Adhesin) families in Candida 
pecies (Dranginis et al. 2007 ), Cfl1 (Cell Flocculin 1) in Cryptococ-
us neoformans (Wang et al. 2012 ) and RodA hydrophobins in As-
ergillus fumingatus (Thau et al. 1994 ). Saccharomyces species could
lso be considered as emerging pathogens for people who present
mmune system deficiencies (Pérez-Torrado and Querol 2016 ). The 
LO -null platform with the optogenetic control thus provides a
ersatile and scalable system for dissecting adhesion phenotypes 
nd intercellular interactions across diverse Flo proteins. By al- 
owing precise spatiotemporal control of adhesin expression in 

 uniform genetic background, this system will enable system- 
tic structure-to-function analyses of adhesins and facilitate en- 
ineering of tailored adhesion properties for industrial or even 

iomedical purposes. 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf057#supplementary-data
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onclusion 

e successfully constructed a Saccharomyces cerevisiae CEN.PK113-
D strain lacking all known FLO genes and demonstrated its utility
s a platform for controlled functional characterization. Using an
ptogenetic network circuit to precisely regulate FLO1 , FLO5 , FLO9 ,
nd FLO10, we observed a diverse range of flocculation pheno-
ypes including differences in floc size distributions, sedimenta-
ion rates, sugar sensitivity and cell surface hydrophobicity. These
esults highlight the versatility of this optogenetic FLO -null sys-
em for advancing our understanding of flocculation and open
ew avenues for the rational design of yeast strains tailored for

ndustrial fermentation processes that require tuneable and sta-
le flocculation. 
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