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ABSTRACT

The containment of genetically engineered microorganisms to designated environments of action is a paramount
step in preventing their spread to nature. Physical barriers were traditionally employed to solve this issue,
nevertheless, the growing number of biotechnological operations in open dynamic environments calls for
intrinsic biocontainment. Here we describe the development of genetically embedded safeguard systems for both
a laboratory strain of Saccharomyces cerevisiae and the commercial probiotic Saccharomyces cerevisiae var. bou-
lardii. In a stepwise approach, single-input metabolic circuits based either on a synthetic auxotrophy or a CRISPR-
based kill switch were developed before their combination into an orthogonal two-input system. All circuits are
based on gut-active molecules or environmental cues, making them amenable to microbiome therapy applica-
tions. The final two-input system is stable for more than a hundred generations while achieving less than one
escapee in 10° CFUs after incubation under restrictive conditions for at least six days. Biocontained strains can
robustly produce heterologous proteins under permissive conditions, supporting their future use in the most

varied applications, like in-situ production and delivery of pharmaceutically active metabolites.

1. Introduction

The advancements in metabolic engineering in the last decades ac-
count for the development of genetically modified microorganisms for a
variety of industrial applications, such as the production of biofuels,
chemicals, and pharmaceuticals (Katz et al., 2018; Clarke and Kitney,
2020; Maneira et al., 2025). Moreover, the recent engineering of pro-
biotic microorganisms for direct therapeutic applications, known as
engineered live biotherapeutic products (eLBPs), stands out as an
alternative treatment for a series of ailments, enabling the on-demand
production of bioactive compounds inside the human body (Chen
et al., 2020a; Hedin et al., 2023a; Hwang et al., 2017; Isabella et al.,
2018; Savage et al., 2023; Scott et al., 2021; Riglar et al., 2017;
Tscherner et al., 2019; Rebeck et al., 2024). The economic and social
potential of such technologies is massive, nevertheless, their propensity
to cause environmental disbalances is a growing cause of concern.
Genetically engineered microorganisms may bear hazardous genetic
material, outcompete wild-type (Wt) populations, or even mutate into
unsought phenotypes when released into the environment. Although the
containment or selective removal of such microorganisms was

historically carried out via physical barriers, the development of
genomically embedded containment technologies stands out as a critical
step in their transition from lab resources to real-life applications.

In light of this demand, the number of biocontainment strategies for
engineered microorganisms has risen in the past years. Such systems
typically rely on inputs specific to either permissive or restrictive set-
tings to trigger survival-sustaining circuits or kill switches, respectively.
Ultimately, they should allow for an escape rate of less than one escapee
in108 colony-forming units (CFUs) — as stated in the National Institute of
Health (NIH) guidelines, address the possibility of horizontal gene
transfer, and be stable in permissive conditions (Wilson, 1993). Many
are the examples of biocontainment strategies with varying levels of
success pertinent to engineered bacteria (Chan et al., 2016; Foo et al.,
2024; Gallagher et al., 2015; Malyshev et al., 2014; Mandell et al., 2015;
Rovner et al., 2015; Stirling et al., 2017; Rottinghaus et al., 2022). On
the other hand, currently available biocontainment strategies for yeast,
even if robust in specific contexts, are limited to particular frameworks
and insufficient in the context of eLBPs (Hedin et al., 2023b; Hoffmann
and Cai, 2024; Chang et al., 2023; Agmon et al., 2017; Cai et al., 2015;
Yoo etal., 2020). Yeast biocontainment systems may be based on natural
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auxotrophies, i.e., dependency on natural growth factors such as amino
acids (AAs) or vitamins (Hedin et al., 2023b). Although genetically
stable, auxotrophies are susceptible to cross-feeding of growth factors
under real-life conditions. On the other hand, approaches based on the
transcriptional or translational control of essential genes by extrinsic
factors (synthetic auxotrophies) are promising (Hoffmann and Cai,
2024; Chang et al., 2023; Agmon et al., 2017; Cai et al., 2015). Tran-
scriptional control can be achieved by coupling the expression of
essential genes with transcription factors responding to external stimuli.
However, this strategy can encounter similar obstacles as natural aux-
otrophies, if the designed inputs are common to restrictive environ-
ments. For translational control of essential genes, the incorporation of
unnatural AAs (unAAs) into essential genes via recoding of stop codons
is a powerful strategy that was recently engineered in S. cerevisiae
(Chang et al., 2023). Nevertheless, its portability to probiotic yeast
species is still unknown, as well as the availability of unAAs in the
gastrointestinal tract. Finally, systems that induce lethality via
kill-switches were demonstrated to work well in artificial setups,
nevertheless, in the framework of eLBPs, designs based on triggers that
are either subjected to cross-feeding or lack universality of application
are impractical (Agmon et al., 2017; Cai et al., 2015; Yoo et al., 2020).
Circuits that trigger cell death via universal restrictive cues, such as
temperature decay, circumvent these issues, however, no sufficient
escape rate has been achieved until the moment (Hedin et al., 2023b).

In this work, we overcome these challenges, by engineering both a
laboratory strain of Saccharomyces cerevisiae (Sc) and the commercial
diploid probiotic Saccharomyces cerevisiae var. boulardii (Sb) with
orthogonal intrinsic biocontainment modules that can be combined into
a multiplex system for redundancy. First, we built artificial auxotrophies
to anhydrotetracycline (aTc) by coupling the transcription of an essen-
tial gene to an improved version of the Tet-On system (Roney et al.,
2016). This circuit allowed the engineered cells to survive only when
aTc was provided. Next, we developed a kill switch, active solely at room
temperature or lower, through the use of a temperature-activated
version of the Gal4 protein (Gal4M9) (Zhou et al., 2018). This system
elicited programmed cell death when coupled with CRISPR-Cas9 and a
combination of single guide RNAs (sgRNAs) targeting different genomic
regions. In a multiplex approach, we combined both the transcription
switch and the best-performing kill switch, obtaining an orthogonal
two-input system that restrains cell survival to aTc-rich environments at
body temperature and leads to cell death when either room temperature
is sensed or no aTc is provided. The final multiplex system was found to
retain escape frequencies of less than 107° escapees/CFU for up to six
days under restrictive conditions while remaining stable at permissive
conditions for more than 100 generations. Furthermore, biocontained
strains were able to produce heterologous proteins at levels comparable
to the Wt, suggesting their amenability to different biotechnological
applications.

2. Results and discussion
2.1. Preliminary chassis development

As a first step in the creation of biocontainment-enhanced strains, we
designed natural auxotrophies to essential AAs. This allows the appli-
cation of auxotrophy-based selection markers in plasmid systems (to
avoid future work with antibiotic resistance cassettes) as well as the
utilization of these loci as landing pads for future genomic modifications.
The Sc strain (BY4741) used in this work is already auxotrophic to a
variety of AAs (namely uracil, leucine, methionine, and histidine),
nevertheless, genes TRP1 and LYS2 were knocked out to expand appli-
cations to tryptophan and lysine, respectively. For Sb, loci TRP1, URA3
and LYS2 were deleted (Fig. S1). However, as the knockout (KO) of TRP1
was previously reported to cause growth defects in Sb in permissive
conditions, strains with this genotype were abandoned (Hedin et al.,
2023b). Natural auxotrophies can arguably be considered
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supplementary safety layers within genetically embedded biocontain-
ment systems. However, given their potential for cross-feeding in nat-
ural environments, no AA-based auxotrophy was taken into
consideration in characterization assays of the safeguard strains.

2.2. aTc-induced transcriptional switches

In order to establish a viable synthetic auxotrophy, the Tet-On sys-
tem was chosen to drive the expression of an essential gene, ultimately
coupling cell growth with the presence of inducers. Differently from
other inducible systems based on molecules highly prone to cross-
feeding (e.g. galactose or estradiol), critical concentrations of Tet-
inducing molecules are unlikely to be found in natural environments
unless provided (Dinh et al., 2017; Xu et al., 2015). On top of that, the
system can be coupled with the tetracycline-derivative aTc, which works
at lower concentrations and presents reduced antibiotic activity when
compared to tetracycline (Gossen and Bujard, 1993; Chopra, 1994). aTc
was previously found to be suitable for the engineering of gut com-
mensals - it was delivered and bioactive in the gut of mice, where it
effectively induced Tet-based circuits in engineered E. coli and Bacter-
oides sp (Rottinghaus et al., 2022; Lim et al., 2017). Nevertheless, Tet-On
systems often display leaky background activity in yeast, which com-
promises their application. Agmon et al. tackled this issue by engi-
neering the responsive promoter pTET to be compatible with safeguard
circuits, however, activity under uninduced states persisted, jeopardiz-
ing the functionality of the system (Agmon et al., 2017). To overcome
this problem, we employed the optimized Tet-On system described by
Roney et al. as a transcriptional switch (Roney et al., 2016). The variant
SE-G72P of the reverse tetracycline transcriptional activator (rtTA) —
enclosing mutations VI, F67S, F86Y, R171K, and G72P - and the
responsive promoter pTET4 — containing four rtTA binding sites — were
selected because of their high sensitivity and tight regulation reported in
Sc (Roney et al., 2016).

The system’s performance in both strains was first evaluated in a
dose-response curve with aTc as inducer and mRuby2 fluorescence as
read-out (Fig. 1a-b). As expected, in Sc the transcription proved to be
tight-regulated and fully activated in aTc concentrations as low as 1 pug/
mL. The system was also shown to work in Sb strains with similar
sensitivity. The minimal inducing concentrations were found to be
under the toxicity limit for both yeast strains, in line with the findings
reported by Baldera-Aguayo et al. (Fig. S2a) (Baldera-Aguayo et al.,
2022). This concentration is also under the toxicity limit for human cells
(Gossen and Bujard, 1993). Nevertheless, a considerable loss in the
fluorescence intensity of the fully activated system was observed for Sb
when compared to Sc. Given that the difference in fluorescence between
the two strains is also observed with constitutively expressed mRuby2
(Fig. S2b-c), or when dox was used as the inducer of the Tet-ON system
(Fig. S2d), we attribute this phenotype to particularities of Sb, such as its
thicker cell wall, that might influence mRuby2 fluorescence (Hudson
etal., 2016). To associate cell viability with aTc availability, the reporter
gene was subsequently substituted for an essential gene (Fig. 1c).
RPC11, coding for the subunit C11 of the RNA-polymerase II, was chosen
due to its previous characterization as causing “very severe” phenotypes
under a Tet-Off system, further confirmed under a galactose-inducible
circuit (Cai et al., 2015; Mnaimneh et al., 2004). Expression of RPC11
under threshold levels was demonstrated to cause lethality, while varied
expression degrees above the silencing threshold maintained normal cell
fitness, making it particularly amenable to inducible systems (Cai et al.,
2015; Mnaimneh et al., 2004). Therefore, the promoter region of the
RPC11 gene was replaced by the responsive promoter for the optimized
Tet-On system, pTET4 (Fig. 1d). Final strains bearing the aTc-activated
transcription switch were designated TS.

Fitness assessment of TS strains demonstrated normal growth pat-
terns under the permissive condition (1 pg/mL aTc) and lethality under
the restrictive condition (0 pg/mL aTc). The complete containment of
engineered strains was achieved after approximately 16 h of exposure to
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Fig. 1. The aTc-inducible transcription switch (TS). a Schematics of the Tet-On system. In the presence of aTc, the expression of genes under the pTET4 promoter is
induced - in this case, mRuby2. b Sc and Sb strains carrying the mRuby2 gene under the Tet-On system subjected to doses of aTc varying from 0.0001 to 100 pg/mL.
Results are given in fold-change of mRuby2 fluorescence relative to the Wt. ¢ A graphical scheme represents the functioning of the TS system. When submitted to
permissive conditions (1 pg/mL aTc) cells survive. When transferred to restrictive conditions (no aTc) cells are no longer viable. d Schematics of the TS circuit. In the
presence of aTc, the pTET4 promoter induces the RPC11 essential gene. All parts are embedded in the genome. e Yeast dilution spot assay demonstrating the
dependence of the TS strains on aTc. Cells were subjected to 0 to 24 h of restrictive treatment prior to plating. Plates were incubated for three days. f Time course of
RPC11 gene expression in both Sc and Sb TS exposed to restrictive treatment (0 pg/mL aTc). Results are given in Log2 of the fold-change relative to basal expression
levels at permissive conditions. g Top - Escape frequency of TS strains. Yeasts were subjected to 16 h of restrictive treatment prior to plating onto restrictive
conditions. Plated cells were observed for up to twelve days for CFU formation. The assay limit was determined by the maximum CFUs plated, approximately 10°.
The black dotted line represents the NIH guideline for good containment. Bottom - Doubling times of TS strains cultivated under permissive conditions (1 pg/mL aTc)
f‘0r 24 h. For all plots, values and error bars/envelopes are the average and standard deviation of biological triplicates, respectively.

<

the restrictive treatment, as observed in dilution spot assays performed
at different time points (Fig. 1e). We, therefore, investigated RPC11
expression levels in TS strains, switched from permissive to restrictive
conditions, in order to determine whether the lengthy decay of the cells
corresponded to the gene’s transcription level. Samples for RT-qPCR
were collected 0, 6, 12, and 24 h after the condition switch and
normalized by the expression levels at time zero in order to obtain fold-
change results (Fig. 1f). Approximately 6 h after exposing the strains to
restrictive treatment, RPC11 expression levels dropped by more than
one order of magnitude, indicating that cells take circa 10 h longer than
RPC11’s silencing patterns to die. This gap between the gene silencing
and the phenotype visualization is likely due to the slow depletion of the
remaining pool of C11 in the cell. Following this assumption, approxi-
mately five generations are necessary to eliminate the remaining C11
and consequently achieve containment after RPCII’s silencing.
Substituting RPC11 for an essential gene coding for a protein with a
shorter half-life could mitigate this phenomenon, nevertheless, the
number of efficient hits might be limited as the average protein half-life
in Sc is 8.8 h (Christiano et al., 2014).

The aTc-activated biocontainment system achieved frequencies of
escape mutants under one in 10° CFUs for both yeast strains when
subjected to a 16-h restrictive treatment prior to plating (Fig. 1g, S3).
Frequencies spanning 10~ and 107° escapees/CFU were nevertheless
observed for Sc and Sb, respectively, after twelve days of incubation,
pointing towards the occurrence of late escape. The phenomenon of late
escape is no stranger to yeast biocontainment systems. Indeed, previous
safeguard strains based on different regulatory parts and inducers have
also showcased escapees after six to ten days of incubation under
restrictive conditions (Chang et al., 2023). Even though the underlying
causes of late escape are unclear, we suspected late escapees to be mu-
tants in which a severe growth impairment accompanies survival. To
test this hypothesis, we monitored the growth patterns of late escapees
in permissive and restrictive media (Fig. S4). Indeed, when compared to
Wt cells, late escapees displayed a highly impaired growth profile under
restrictive conditions (Fig. S4c—d). For Sc, a 2-fold greater doubling time
was observed when compared to the Wt, while for Sb, a 5-fold increase
in the doubling time was observed (Fig. S4e-f). Given that escapee fre-
quency assessment was undertaken under ideal laboratory conditions
and auxotrophies to amino acids were not taken into consideration, the
effect of the growth defect on cell survival is anticipated to be even
greater under natural conditions — where nutrient availability might be
suboptimal and intra-niche competition can play a role.

As for the strains’ performance in permissive conditions, TS strains
showcased similar doubling time values to Wt strains, indicating system
stability and low metabolic burden when aTc is provided (Fig. 1g).

2.3. CRISPR-based kill switches induced at room temperature

Alongside the development of transcriptional switches, whose acti-
vation sustains cell survival when aTc is provided, the construction of
temperature-activated kill switches, whose activation is lethal at room
temperature, was undertaken. The design holds the potential to halt
fermentation via the containment of engineered yeast cells by refriger-
ating bioreactors, a feature potentially useful in both the food and
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pharmaceutical industries. In the context of eLBPs, it also takes advan-
tage of the likelihood of contrast in temperature between the human
body (37 °C - permissive condition) and the external environment
(room temperature - restrictive condition). Recently, Hedin et al. have
set the basis for temperature-activated safeguard systems in yeast
(Hedin et al., 2023b). Through the KO of the BTS1 gene, which codes for
a geranylgeranyl diphosphate synthase, the authors achieved a strain
that presents growth defects when exposed to temperatures of 15 °C or
lower while maintaining normal growth under permissive conditions
(Hedin et al., 2023b). Nevertheless, the development of a more sensitive
system with less incidence of escape mutants remains pertinent (Fig. S5).

In order to activate the switch at room temperature or lower, the
temperature-sensitive biosensor described by Zhou et al. was employed
(Zhou et al., 2018). The approach is based on a mutant version of the
Gal4 protein, Gal4M9, which is inactive at >30 °C and active at tem-
peratures of 24 °C or lower. By knocking out the GAL80 gene — to ensure
Gal4 as the sole controller of the GAL regulatory network, and
substituting GAL4 for its mutant form, pGAL promoters are turned into
temperature-sensitive transcription regulators (Zhou et al., 2018). The
functionality of the temperature sensor was first evaluated in both Sc
and Sb strains with fluorescence (yeGFP) as a readout (Fig. 2a-b). The
system was overall tightly regulated under restrictive conditions (37 °C)
for both strains. An increase in fluorescence of approximately two orders
of magnitude was observed not only at the reported maximal inducing
temperature of 24 °C but also at 26 °C. To comply with the standard
definition of room temperature (IUPAC), 25 °C was used as inducing
temperature in all subsequent assays.

Next, the temperature sensor was coupled with the CRISPR-Cas9
system to enable temperature-activated killing activity (Fig. 2c). For
that, the Cas9 gene was put under pGall control, and constructs for the
constitutive expression of sgRNAs were provided (Fig. 2d). The design
takes advantage of the budding yeast’s low viability when the repair of
double-strand breaks (DSB) is undertaken via non-homologous end-
joining (NHEJ) - i.e. when no repair template is provided (Dicarlo et al.,
2013; Lemos et al., 2018). The pGall-Cas9 construct was first integrated
into the HO locus, and different sgRNAs under the pSNR52 snoRNA
promoter were provided in URA3-based plasmids to evaluate their
lethality. Three different genome-targeting sgRNAs, as well as combi-
nations of them, were tested: a single-target sgRNA (ADE2), a sgRNA
with multiple targets (TY retrotransposon delta sites), and a sgRNA with
an essential gene as target (SEC4). Target loci were selected in order to
investigate whether multiple DSBs could lead to greater lethality levels
than a single DSB, or if disrupting a core gene could lead to less viability
due to the greater impact of potential errors introduced by the NHEJ
repair machinery. All sgRNAs applied to our circuit are highly efficient,
with an average efficiency rate of more than 99 % (Fig. S6). They were
also found to effectively disrupt both copies of DNA in the diploid Sb - a
paramount step in the prevention of homology-based repair. Final
strains bearing the temperature-activated CRISPR-Cas9 kill switch were
nominated KS.

When tested under permissive and restrictive conditions in a dilution
spot assay, all sgRNAs demonstrated killing activity under 25 °C
(Fig. 2e). Except for the sgRNA targeting ADE2, that allowed colony
formation when the highest cell density was applied, all other sgRNAs
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Fig. 2. The temperature-inducible CRISPR-Cas9-based kill switch (KS). a Schematics of the Gal4M9 temperature-sensitive system. Under RT or lower, the expression
of genes under the pGAL promoters is induced - here yeGFP. b Characterization of the Gal4M9 temperature-sensitive system under permissive (37 °C) and restrictive
temperatures (24 and 26 °C) in means of fold-change in yeGFP fluorescence for both Sc and Sb. ¢ A graphical scheme represents the functioning of the KS system.
When submitted to permissive conditions (37 °C) cells are able to survive. When transferred to restrictive conditions (25 °C or lower) cells are no longer viable.
d Schematics of the KS system. Under RT, pGAL1 drives Cas9 expression through the activity of Gal4M9. The Cas9 is then guided by one or many sgRNAs, leading to
cell death by genome shredding. sgRNAs are provided in Ura-based plasmids. All other parts are embedded in the genome. e Yeast dilution spot assay demonstrating
the dependence on temperature of the KS strains. Plates were incubated for three days. f Escape frequencies of KS strains. Colony formation was observed under
restrictive condition for up to three days. The assay limit was determined by the maximum CFUs plated, approximately 10°. The black dotted line represents the NIH
guideline for good containment. g Number of functional (5-sgRNA-NGG-3') target sites for the TY-targeting sgRNA in all chromosomes of both Sc and Sb. A total of
110 and 31 (62 when considering Sb’s 2n ploidy) target sites were found in Sc’s and Sb’s genomes, respectively. For all plots (except g), values and error bars

represent the mean and standard deviation of biological triplicates, respectively.
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and sgRNA combinations led to no viability under restrictive conditions.
An escape frequency determination assay performed after three days of
incubation gave more insight into the survival patterns (Fig. 2f, S7). Of
the strains bearing a single sgRNA, only TY-targeting constructs lead to
undetectable escapee numbers, supporting the hypothesis that a greater
number of target loci significantly decreases the chances of survival.
Even though Sb’s genome contains approximately 39 % fewer target
sequences for the TY-targeting sgRNA than Sc’s (Fig. 2g), the effect was
observed in both strains - indicating that the 62 targets in Sb’s genome
fall within the necessary threshold for effective killing under the assay
limit of one in 10° CFUs. Interestingly, when reporting on a similar
approach developed for bacteria-based systems, Rottinghaus et al. did
not observe performance differences between single- and multiple-
target sgRNAs (Rottinghaus et al., 2022). This disparity is most likely
explained by the different repair systems used by each organism. While
yeast relies on the NHEJ machinery to repair Cas9-induced DSBs when
no repair fragment is provided, E. coli performs RecA-dependent ho-
mologous recombination using sister genomes as templates (Meddows
et al., 2004).

As for sgRNA combinations, double-target constructs had overall
excellent killing activity, with the exception of strain Sb KS-TY + ADE2,
which exhibited escape frequencies of approximately 10~® escapees/
CFU. Also interesting were the results obtained for strains bearing all
three sgRNAs. Instead of exhibiting an additive effect, both Sc and Sb
displayed approximately 10~ escapees/CFU, suggesting that single
sgRNAs with high killing impact might be more efficient than a com-
bination of sgRNAs with varying levels of killing activity. This phe-
nomenon might be directly related to the overall lower efficiency of the
CRIPSR-Cas9 system in multiplex settings in yeast (Ryan et al., 2014;
Mans et al., 2015). In this scenario, the greater number of escapees in
multi-sgRNA designs is most probably caused by a decrease in DSB
performance - and consequently cell death - rather than the emergence
of escape mutants. Also concerning the application of multiple sgRNAs,
results in E.coli point in the other direction - in this organism, the
combination of sgRNAs resulted in lower escape rates (Rottinghaus
et al., 2022). Nevertheless, the discrepancy is due to a design difference.
In the bacterial system published by Rottinghaus et al., not only the
Cas9, but also all sgRNAs were under aTc-responsive promoters,
meaning that the redundancy of regulating elements was increased with
the number of sgRNAs (Rottinghaus et al., 2022).

In light of these findings, we have opted not to explore the triple-
sgRNA design. The ADE2-targeting sgRNA was also discarded due to
its low killing efficiency, likely caused by moderate NEHJ competency
(Fig. S8). Further characterization and improvement rounds were
therefore carried out for both Sb and Sc-based systems containing the
two most promising constructs: KS-TY and KS-TY + SEC4.

2.4. Improved kill switch stability through the addition of a degron tag

Even though the KS strains achieved exceptional killing efficiency
alongside a low number of escape mutants at room temperature, sig-
nificant growth impairment was observed under permissive conditions
in solid medium - KS strains grew slower when compared to the Wt
(Fig. 2c). Severe growth deficiencies in permissive conditions exert
strong selective pressure on engineered strains (Lee et al., 2018).
Therefore, the pronounced fitness penalty is likely to increase the
occurrence of escape mutants. We hypothesized that the leakiness of the
temperature switch caused the phenotype. To solve the issue, we relied
on the application of a degradation tag (degron) for the
post-translational control of protein expression. Instead of coupling the
degron to Gal4M9 - which is constitutively expressed but only active at
room temperature or lower due to a conformational change - we opted to
enhance Cas9 degradation. Through these means, we expected to reduce
the detrimental impact of circuit leakiness under permissive condition,
while maintaining functionality in the restrictive environment, where
high expression levels are expected. Therefore, a shortened version of
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the C-degron of PEST-tag’s MAX isoform E, isoE, described by Peter
et al.,, was added to the C-terminus of the Cas9 (Peter et al., 2021).
Strains bearing this design were named KS-IsoE (Fig. 3a).

Both KS and KS-IsoE strains bearing the most promising sgRNA
combinations (TY and TY + SEC4), were evaluated in a similar fashion
as performed for TS strains. When cultured for 24 h in permissive liquid
medium, a reversion of the growth penalty was observed, with KS-IsoE
strains showcasing AODgg values comparable to the Wt while KS strains
exhibited highly impaired growth (Fig. 3b). An equivalent result was
obtained when cells were submitted to dilution spot assays in solid
medium (Fig. 3c). KS-IsoE strains showcased similar spot formation
patterns as the Wt under permissive conditions.

Under room temperature, on the other hand, cells submitted to
dilution spotting either exhibited reduced colony formation or the
complete absence of colonies, indicating the persistence of circuit
functionality (Fig. 3c). When submitted to an escape frequency deter-
mination assay, all systems achieved frequencies of escape under one in
10° CFUs with the exception of strain Sc KS-IsoE-TY + SEC4, which
showcased approximately 107 escapees/CFU already on day 3 of in-
cubation (Fig. 3b, $9). Escape frequencies spanning 10~ and 107 es-
capees/CFU were nevertheless observed after twelve days of incubation
for all other KS-IsoE strains (Fig. 3b). In general, the addition of the
degron tag led to the inflation of escape rates. Nevertheless — except for
the aforementioned strain Sc KS-IsoE-TY + SEC4, which showcased a
considerable difference in escape frequency when compared to its
counterpart without degron — the effect was moderate and only observed
in prolonged incubation (six and twelve days). This suggests that the
presence of the degron indeed impacts the levels of Cas9 even under
restrictive conditions, however, the effect is presumably dampened by
the high expression levels of the protein. It is also worth noting that, just
as in KS strains, the greater killing performance of a single efficient
sgRNA over a combination of sgRNAs of varied efficiencies was observed
for KS-IsoE. A pattern we attribute to the lower efficiency of CRISPR-
Cas9 multiplex systems in yeast (Ryan et al., 2014; Mans et al., 2015).

When further analyzed for their performance under permissive
conditions, all KS-IsoE strains showcased similar doubling times as the
Wt (Fig. 3d). In light of the improvement of the degron tag over the KS
performance in permissive medium and the low escape rates observed
after twelve days of incubation, we decided to move forward with strains
Sc and Sb KS-IsoE-TY.

2.5. A two-input biocontainment system responds to both aTc and room
temperature

To develop a two-input biocontainment system that constrains cell
viability to aTc-supplemented environments and induces lethality in
response to a temperature downshift, both biocontainment systems were
combined (Fig. 4a). Final strains bearing both the TS and the KS-IsoE +
TY systems were designated TS-KS. When tested for their fitness, four
different conditions were evaluated: one permissive (37 °C, 1 pg/mL
aTc), two single-input restrictive (37 °C, no aTc and 25 °C, 1 pg/mL aTc),
and one fully restrictive (25 °C, no aTc) — permitting the comparison of
respectively none, single and both biocontainment system’s activity.
Whenever aTc-poor conditions were evaluated, cells were submitted to
medium without aTc for 16 h prior to assessment, to comply with the
slow phenotype switch of strains bearing the TS circuit.

Dilution spot assays performed under all conditions revealed ex-
pected phenotypes, with both TS-KS strains thriving under permissive
conditions while not growing in all other conditions (Fig. 4b). When
evaluated for their escape frequencies under semi-restrictive conditions,
both Sb and Sc TS-KS led to numbers similar to the observed when only
one of the biocontainment systems was employed, suggesting that the
two-input system performance remains close to that of its single-input
counterparts (Fig. 4c, S10). Under fully restrictive conditions, a sub-
stantial decrease in the escape rate was observed (Fig. 4c, S10). No es-
capees were found for Sb even after twelve days of incubation. For Sc,
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Fig. 3. The improved temperature-inducible CRISPR-Cas9 kill switch (KS-IsoE). Graphical representation of KS and KS-IsoE systems under permissive (uninduced)
conditions. Left - In KS strains, the leaky activity of the pGALI promoter results in background activity of Cas9. Right - In KS-IsoE strains, Cas9 produced by pGAL1
leaky activity are degraded by the proteasome due to IsoE-tagging. b Difference in ODggo (AODggo) and escape frequencies of both Sc and Sb containing the KS or KS-
IsoE systems. Top - Differences between the final and initial ODggo were assessed under permissive conditions (37 °C) after 24 h of cultivation. An unpaired student’s

t-test was performed (**p < 0.01, ***p < 0.001, and ****p < 0.0001, when no comparison line was traced results were non-significant). Bottom - Escape frequency
determination under restrictive conditions (25 °C). Colonies were observed for up to twelve days. The assay limit was determined by the maximum CFUs plated,
approximately 10°. The black dotted line represents the NIH guideline for good containment. ¢ Yeast dilution spot assay demonstrating the dependence on tem-
perature of the KS-IsoE strains — incubation lasted 3 day d Doubling times of both Sc and Sb KS-IsoE strains cultivated under permissive conditions (37 °C) for 24 h.
For all plots, values and error bars are the average and standard deviation of biological triplicates, respectively. @&: no sgRNA. T: TY-targeting sgRNA. T + S: TY and

SEC4-targeting sgRNAs.

escapees were undetected until day 6 of incubation, nevertheless, late
escape on the order of 107® escapees/CFU could be observed after
twelve days. The weaker performance of Sc TS-KS was not surprising, as
Sc-based systems showcased higher escape rate frequencies in all cir-
cuits when compared to Sb. A reason for the disparity could be Sb’s
diploid genotype. Sb-based systems carry twice the amount of regulatory
elements (i.e. Tet-On, Gal4M9, and Cas9-related genetic parts) present
in Sc, which doesn’t present this level of redundancy. This means fewer
mutation events are necessary for Sc-based circuits to be bypassed. Ul-
timately, combining the TS and KS-IsoE systems into a two-input bio-
containment system proved to be a highly effective strategy. Since both
individual systems are based on different modes of action and consti-
tuting parts, an orthogonal and additive response of the TS-KS system
was achieved.

Next, the system’s fitness under permissive conditions was assessed.
While achieving comparable cell densities (AODggp) to the Wt after a
culture period of 24 h, the doubling time of engineered cells was
significantly higher than the Wt (Fig. 4d). Considering that each of the
single biocontainment modules when evaluated separately did not lead
to a significant impairment on the growth rate, we believe the observed
phenotype is the result of the additive burden of both systems in the
metabolism of the strains. Nevertheless, its impact on the long-term
stability of the circuit was found to be negligible. When submitted to
permissive conditions for up to twelve days (approximately 140 gener-
ations) before their plating on restrictive conditions, essentially no
alteration in the frequency of escapees was observed (Fig. 4e, S11). This
result indicates the growth impairment of TS-KS strains to be mild and
ultimately not lead to selective pressures under permissive conditions.
Given that the average industrial batch fermentation extends for four to
five days, and that Sb’s colonization in the GI tract is transient, lasting on
average three to four days, the system should remain stable in most
applications (Chisti, 2014; Durmusoglu et al., 2021a).

2.6. Biocontained strains express heterologous proteins in a robust
manner

As a final step in the characterization of the biocontained strains, we
investigated their efficiency in producing recombinant proteins.
mRuby2 was used as a proxy for other proteins of interest. A strong
constitutive promoter (pTEF1) was applied and both plasmid-based and
genomic expression were evaluated. For plasmid-based expression, a
high-copy (2micron) plasmid based on LYS2 for lysine auxotrophy-
based maintenance was used. For genomic integration, the intergenic
region INT1 described by Durmusoglu et al. was chosen as the integra-
tion locus due to its previous application in Sb and the availability of
functional sgRNAs (Durmusoglu et al., 2021a). For both Sc and Sb, all
safeguard circuits (TS, KS, and TS-KS) achieved mRuby2 expression
levels equivalent to their Wt counterparts regardless of the expression
system (Fig. 5a-b). This suggests that the biocontainment systems
developed during this work exert no impact on protein production and
can be employed in different applications.

3. Conclusions

Robust intrinsic biocontainment systems are determinant to the
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development of many biotechnological applications. Apart from their
utility in traditional industrial processes (e.g. for the protection of in-
tellectual property), their application in ascending fields that encompass
the intentional environmental release of bioengineered microorganisms
(e.g. eLPBs and bioremediation) is paramount (Lee et al., 2018; George
et al., 2024). The TS, KS-IsoE, and TS-KS systems developed in this work
add to the biocontainment toolbox already available for yeasts (Hedin
et al., 2023b; Hoffmann and Cai, 2024; Chang et al., 2023; Agmon et al.,
2017; Cai et al., 2015; Yoo et al., 2020). Nevertheless, unlike other de-
signs, no auxotrophy based on molecules commonly found in the envi-
ronment (e.g. sugars, vitamins, and AAs) or killing mechanisms
dependent on artificial settings (e.g. the presence of a specific molecule)
are employed. This unique feature makes the safeguard systems pre-
sented here particularly amenable to eLBPs.

To create orthogonal switches with redundant functionalities, we
focused on two different modes of action: transcriptional control and
DNA disruption. In a stepwise approach, single-input switches were
separately developed, tested, and improved before their combination
into a double-input switch. First, a transcription switch based on the
control of the essential gene RPC11 by an improved Tet-On system
resulted in the restriction of cell survival to micromolar concentrations
of aTc. Upon aTc removal, cells were effectively killed in approximately
16 h, leading to detectable escape frequencies only after six days of in-
cubation. Next, a kill switch based on the control of Cas9-mediated
death via a temperature-inducible pGAL promoter was constructed.
The circuit takes advantage of the low repair efficiency of yeast’s NEHJ
machinery following DSBs caused by Cas9. The choice of genomic target
of the provided sgRNAs was found to greatly interfere with the killing
efficiency. The highest fatality rates were obtained when a sgRNA with
multiple target sites was employed, suggesting that numerous concom-
itant DSBs cause intense burden in the repair machinery. In contrast,
combining multiple sgRNAs with varied target sites reduced the system
efficiency, most likely due to the low performance of multiplex CRISPR-
Cas9 systems in yeast. After establishing the best sgRNA choice, the kill
switch was further improved through the addition of a degron tag. This
final step prevented the leaky activity of Cas9 under permissive condi-
tions, ultimately improving the strains’ fitness and long-term stability.
Finally, both circuits were combined into a two-input switch. An addi-
tive effect was observed, and none or very few escapees were found -
even after twelve days of incubation under restrictive conditions. Even
though a slight fitness impairment was observed in TS-KS strains
exposed to permissive conditions, the system was found to be stable for
more than a hundred generations. For all systems, the production of
heterologous proteins was achieved at levels comparable to the Wt,
supporting their pertinence in varied applications.

All circuits were simultaneously engineered in two different yeast
strains: laboratory Sc and probiotic Sb. The easiness of portability of the
system suggests that industrial S. cerevisiae strains, regardless of ploidy,
could be similarly engineered for this purpose. For all constructs, diploid
Sb achieved escape frequencies significantly lower than haploid Sc,
indicating that the redundancy of regulatory elements might play an
important role in preventing the emergence of escape mutants. Various
other biocontainment systems developed for different microorganisms
support this finding (Foo et al., 2024; Rottinghaus et al., 2022; Agmon
et al.,, 2017; Cai et al., 2015). In light of this discrepancy, one could
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envision the duplication of certain regulatory elements, such as the Cas9
or the Tet-regulator, as a mean to enhance the performance of Sc in
future applications.

Another essential feature of robust safeguard systems lies in the
effective biocontainment of recombinant nucleic acids to avoid
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horizontal gene transfer. All systems developed throughout this work
cope with this directive by presenting regulatory parts integrated into
the yeast genome. Only sgRNAs are delivered in plasmids, nevertheless,
these depend on AA auxotrophy, and no antibiotic resistance cassette
was employed. The specificity of the sgRNAs to Sc and Sb’s genome and
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its functionality only in the presence of Cas9 also adds to its safety, as
even in the rare case of transfer no effect should be expected in other
organisms.

In summary, we developed robust biocontainment for Sc and Sb
based on transcription and kill switches. The final two-input system
allowed the selective elimination of the engineered yeast via either aTc
removal or a drop in temperature while remaining stable at permissive
conditions for more than a hundred generations. The modular aspect of
the regulating parts (Tet-On and Gal4M9) supports their exchange for
sensors targeting other chemical or environmental cues, ultimately
allowing the killing or life-sustaining mechanisms developed in this
work to be functional in other varied settings. On top of that, the use of a
degron tag to overcome pGall promoter background activity in unin-
duced conditions is, to our knowledge, an original application in yeast.
We foresee that other inducible systems with similar leaky behavior
might benefit from this strategy. When it comes to in vivo applications of
therapeutic yeast, we believe the circuits developed in this work might
be of great value to push forward safe transgenic probiotics. Previous
publications on Sb-based eLBPs indicate that the in vivo performance of
engineered Sb is comparable to in vitro conditions (Hedin et al., 2023a,
2023b; Chen et al., 2020b; Kim et al., 2023; Durmusoglu et al., 2021b).
Nevertheless, the formulation and in vivo testing of the switches devel-
oped in this work remains an important future step for their transition
from academic endeavor to industrial resource. Finally, the genomic
analysis of escapees, including late escapees, also stands out as an
important future direction to uncover the most common escape mech-
anisms and potentially improve the efficiency of the circuits developed
in this work. Apart from that, the transcriptomic and proteomic
assessment of the biocontained strains could substantiate our under-
standing of the underlying mechanisms behind the low efficiency of
multiplex CRISPR-Cas9 systems or the functionality of the degron
approach.

4. Methods
4.1. Strains, chemicals, and media

TOP10 Escherichia coli was used for all plasmid assemblies and
maintenance. E. coli cells were grown in lysogeny broth (LB) at 37 °C. LB
was supplemented with ampicillin (100 pg/mL) or kanamycin (50 pg/
mL) when necessary — both from Carl Roth (Karlsruhe, Germany). Agar
was added to 2 % for preparing solid media. All Sc strains are derived
from BY4741 (MATa leu2A0 met15A0 ura3A0 his3A1) (Baker Brach-
mann et al.,, 1998). All Sb strains are derived from ATCC MYA796
(MATa/a) (McCullough et al., 1998). Yeast strains were cultured in
yeast extract-peptone-dextrose (YPD) medium, or synthetic medium
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with dextrose (SD) supplemented with appropriate AAs — the latter was
used in all characterization assays. Media were supplemented with 100
pg/mL nourseothricin (Jena Bioscience - Jena, Germany) when neces-
sary. Agar was added to 2 % for preparing solid media. Yeast cultures
were carried out at 30 °C for Sc or 37 °C for Sb unless stated otherwise (e.
g. biocontainment evaluation assays were always carried out at 37 °C).
aTc was purchased from Cayman chemical (Ann Arbor, MI, USA) and
doxycycline (dox) from Sigma-Aldrich (Saint Louis, MO, USA).

4.2. Plasmids, repair fragments, and cloning in E. coli

All genetic parts relevant to this work are listed in Table S1. Plasmids
are listed in Table S2. All gene strands and primers were purchased from
Eurofins Genomics (Ebersberg, Germany). DNA amplification reactions
were carried out with Q5 polymerase (New England Biolabs - Ipswich,
MA, USA). Plasmid assembly was primarily carried out via AQUA
cloning as described by Beyer et al., however, complicated constructs
were cloned with the NEBuilder HiFi kit (New England Biolabs - Ipswich,
MA, USA) (Beyer et al., 2015). E. coli cells were submitted to chemical
transformation. Plasmid mini preparation from E. coli was performed
with the Nucleospin Plasmid DNA Purification kit (Macherey-Nagel -
Diiren, Germany). Repair fragments for Cas9-mediated DSB repair were
amplified from plasmids/genomic DNA with 55 bp homologies to the
target loci as primer extensions. When KOs were performed, repair
fragments were obtained in a templateless PCR reaction via the hy-
bridization of primers containing 55 bp homologies to the target loci.

4.3. Construction of yeast strains

Yeast strains built in this work are listed in Table S3 and 54 sgRNAs
used in this work are listed in Table S5. Genome edits via CRISPR-Cas9
were carried out via co-transformation of plasmid pRCC-N containing
specific sgRNAs and repair fragments bearing 55 bp homologies to the
target loci (Generoso et al., 2016). pRCC-N was a gift from Eckhard Boles
(Addgene plasmid # 81192). CHOP-CHOP sgRNA designer (chopchop.
cbu.uib.no) was used to design sgRNAs. Plasmids for the heterologous
expression of sgRNAs and proteins were built over vector pXP418 (Fang
et al., 2011). pXP418 was a gift from Nancy DaSilva & Suzanne Sand-
meyer (Addgene plasmid # 26843). Sc transformation was carried out as
described by Gietz et al. (Gietz and Schiestl, 2007). Sb transformation
was carried out in a slightly modified protocol, in which all cultures
were set to 37 °C, and the heat-shock period at 42 °C was increased by
20 min, similar to what described by Durmusoglu et al. (2021a).
Whenever transformations were realized to obtain safeguard strains,
transformed cells were kept on media containing permissive conditions
for recovery and were also plated on permissive conditions. Sc genomic
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DNA extractions for PCR-based applications were carried out via the
protocol described by Looke et al. (2017), while Sb genomic DNA ex-
tractions followed the method communicated by Durmusoglu et al.
(2021a).

4.4. Fluorescence measurements

The measurements of ODggp and fluorescence of mRuby2/yeGFP
were performed on an Infinite MPlex microtiter plate reader (TECAN -
Mannedorf, Switzerland). Sterile, black 96-well plates with transparent
flat-bottom were used, with 200 pl total culture volume. yeGFP readings
were carried out with excitation at 488 nm and emission at 507 nm,
while mRuby2 readings used excitation at 559 nm and emission at 600
nm. Fluorescence intensity was normalized to cell density. For the Tet-
On system dose-response curves, cells were grown overnight (ON) in
biological triplicates in SD-complete (SC), then diluted to ODggp = 1 in
SC containing varying aTc/dox concentrations. After 6 h, cells were
washed three times with phosphate-buffered saline (PBS), resuspended
in PBS, and measurements were performed. For the characterization of
the Gal4M9-based regulatory complex, cells were grown in biological
triplicates ON in SC at 37 °C, then diluted to ODggp = 1 in SC pre-
warmed to either 37, 26, or 24 °C and cultured in the respective tem-
peratures. After 0, 6, 12, and 24 h, cells were washed three times with
PBS, resuspended in PBS to ODgo9 = 1, and measurements were per-
formed. For the evaluation of heterologous protein production of bio-
contained strains, cells were grown ON in biological triplicates in SD
(ura™ for integrated reporter and ura~ lys~ for plasmid-expressed re-
porter) at 37 °C. The next day cells were washed three times with PBS,
diluted to ODgp9 = 1 and measurements were performed.

4.5. Dilution spotting

Yeast cultures were grown in permissive condition in SC (for TS) or
SD ura~ (for KS and TS-KS) at 37 °C ON, washed twice with PBS, and
then diluted to ODggo = 1. These normalized cultures were used to make
a 1:10 dilution series in sterile water. 5 pL of each dilution (the most
concentrated spot presents approximately 5 x 10* CFUs, assuming a
conversion factor of 107 CFU/mL/ODggo) were spotted on top of SC
plates containing permissive and restrictive conditions. Plates were
incubated for three days in appropriate conditions and subsequently
imaged with the iBright FL1500 imaging system (Invitrogen - Waltham,
MA, USA). For TS strains, a restrictive treatment was performed prior to
plating. Briefly, cells were taken from permissive to restrictive liquid
media for up to 24 h before plating on restrictive conditions. When the
temperature-induced kill switch was evaluated, plates, liquid media,
and water were pre-warmed to 37 °C. A heating pad was used to
maintain plates warm while plating.

4.6. Quantification of RPC11 expression levels

Wt and TS strains were subjected in biological triplicates to a shift
from permissive to restrictive conditions — 1 pg/mL aTc to no aTc.
Approximately 108 CFUs were collected 0, 3, 6, 12, and 24 h after the
switch. Samples were immediately frozen and stocked at —80 °C. Total
RNA was recovered from each sample via a modified version of the
protocol established by Wachtler et al. (2011). In resume, after thawing,
cells were collected by centrifugation and washed once with RNA Lysis
Buffer (RLA) (Promega — Madison, WI, USA). Cells were pelleted down
and subsequentially resuspended in AE-buffer (50 mM Na-acetate pH
5.3, 10 mM EDTA, 1 % SDS). The suspension was added of phenol/-
chloroform/isoamyl alcohol (25:24:1) and transferred to Phasemaker
tubes (Thermo Fischer Scientific - Waltham, MA, USA). Tubes were
heated at 65 °C for 5 min and immediately shock frozen for 10 min, this
process was repeated 3 times. Next, cells were thawed at 65 °C and the
aqueous phase was transferred to new tubes. RNA was precipitated by
incubation in isopropanol and sodium acetate ON at —20 °C and washed
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twice with ethanol prior to elution in nuclease-free water. Afterward, a
reverse transcription reaction for cDNA production was carried out
alongside gDNA removal with the iScript gDNA clear cDNA synthesis kit
(New England Biolabs - Ipswich, MA, USA). Finally, qPCR was carried
out using the SsoAdvanced Universal SYBR Green Supermix (New En-
gland Biolabs - Ipswich, MA, USA) in a CFX96 Real-Time PCR Detection
System (Bio-Rad - Hercules, CA, USA). The expression levels of the
housekeeping gene ALG9 were analyzed as a control (Teste et al., 2009).
The mRNA level expression was calculated as fold-changes of cycle
threshold (Ct) value relative to Wt by using the 2~ AACT method (Livak
and Schmittgen, 2001). Fold-change relative to permissive conditions
was established by normalizing expression levels at different time points
by time point 0 h.

4.7. Growth assessment

Growth curves across conditions were recorded in sterile transparent
flat-bottom 96-well plates using 200 pl total culture volume in an
Infinite MPlex microtiter plate reader (TECAN - Mannedorf,
Switzerland). Breathe-Easy air-penetrable seals (Diversified Biotech -
Dedham, MA, USA) were used to seal the plates. Cells were seeded in
biological triplicates at an ODggp = 0.02 and optical density at 600 nm
was recorded every 30 min for 24 h. SC medium was employed for TS
strains and SD ura™ for KS and TS-KS strains. All experiments were
carried out at 37 °C with high orbital shaking (amplitude 3). When
appropriate, aTc was added to 1 pg/mL. Blank medium was used as
control. When the temperature-induced kill switch was evaluated, plates
and media were pre-warmed to 37 °C. A heating pad was used to
maintain plates warm while seeding.

4.8. Escape frequency determination

To determine the escape frequency of biocontained strains, cells
were grown ON in biological triplicates at permissive conditions. SC
medium was employed for TS strains and SD ura™ for KS and TS-KS
strains. The next day, 100 CFUs of each replicate were plated onto
permissive media - assuming a conversion factor of 10’ CFU/mL/ODgo.
Using the same conversion factor, 102 to 10° CFUs - in increments of two
orders of magnitude - from each replicate were plated onto restrictive
conditions. Following incubation of plates for three, six, or twelve days,
CFUs were counted. The CFU values obtained for the control plates —
permissive condition, were used to correct the conversion factor and to
calculate the total number of cells plated. When the temperature-
induced kill switch was evaluated, plates and media were pre-warmed
to 37 °C. A heating pad was used to maintain control plates warm
while plating.

4.9. Long-term stability assay

TS-KS strains were cultured in biological triplicates ON in 5 mL of
permissive SD ura” medium (37 °C, 1 pg/mL aTc). The next day cells
were transferred to 20 mL of the same medium to an ODggg of 0.2. Every
two days the transferring process was repeated. Every three days, 10°-
108 CFUs were plated on restrictive conditions (25 °C, no aTc) to assess
for escapees - assuming a conversion factor of 107 CFU/mL/ODggg. The
process was repeated for a total of twelve days — approximately 144
generations. After plating, cells were incubated at restrictive conditions
for up to twelve days and CFUs were counted after three, six, and twelve
days.

4.10. Statistical analysis

All statistical tests were performed using GraphPad Prism (La Jolla,
CA, USA). All statistical details of experiments, including significance
criteria and sample size can be found in the figure legends, methods
section, or supplementary files.
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