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Abstract: Effecti v e micr obial biopr ocessing r elies on maintaining ideal culti v ation conditions, highlighting the necessity for tools 
that monitor and regulate cellular performance and robustness. This study evaluates a fed-batch culti v ation contr ol system based on 

at-line flo w c ytometry monitoring of intact yeast cells having a fluorescent transcription factor-based r edox biosensor. Specificall y, the 
biosensor assesses the response of an industrial xylose-fermenting Sacchar om yces cer evisiae str ain carrying the TRX2 p- yEGFP biosensor 
for N ADPH/N ADP + r atio imbalance when exposed to furfural. The dev eloped contr ol system successfull y detected biosensor output 
and automatically adjusted furfural feed r ate , ensuring physiological fitness at high furfural lev els. Mor eov er, the single-cell mea- 
sur ements ena b led the monitoring of subpopulation dynamics, enhancing control precision over traditional methods. The presented 

automated control system highlights the potential of combining biosensors and flow cytometry for robust microbial cultivations by 
lev era ging intracellular properties as control inputs. 

One-Sentence Summary: An automated control system using flow cytometry and biosensors enhances microbial bioprocessing by 
regulating cellular performance in response to the environmental stressor furfural. 

Ke yw ords: automated real-time flow cytometry, fermentation, control str ate gy, heterogeneity, synthetic biology 
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Introduction 

Optimal cultivation conditions are a prerequisite for the success 
of robust and efficient bioprocesses . T herefore , the use of mon- 
itoring str ategies ca pable of r eal-time measur ements and ad- 
justments of environmental cues is crucial. Bioreactors are of- 
ten equipped with monitoring systems that allow them to main- 
tain optimal environmental conditions such as pH, temperature, 
or dissolved oxygen (Bertaux et al., 2022 ). Unfortunately, this is 
gener all y not the case for other r ele v ant par ameters suc h as cell 
p  
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iomass , metabolic state , or product formation, for which mea-
ur ements often r el y on manual sampling and analysis, limiting
heir applicability as monitoring parameters (Gargalo et al., 2022 ).

Adv ances hav e been made in recent years in de v eloping
eal-time sensors based on spectroscopic techniques such 

s ultraviolet-visible spectroscopy, near- and mid-infrared 

pectroscopy, and Raman spectroscopy (Gargalo et al., 2022 ).
o w e v er, these methods ar e based on the measurement of ex-

racellular metabolites, while little is known about intracellular 
rocesses that can affect the efficiency of the cultivation. To shed
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ome light on it, non-inv asiv e fluor escent biosensors can be uti-
ized. For example, the TRX2 p- yEGFP biosensor (Zhang et al., 2016 )
as been utilized to study the response of Sacc harom yces cerevisiae
o the presence of lignocellulosic inhibitors such as furfural
Zhang et al., 2016 ; Torello Pianale et al., 2022 ; Perruca Foncillas
t al., 2023 ). TRX2 encodes a cytoplasmic thioredoxin isoenzyme,
hich is a crucial component of the thioredoxin system and reg-
lated by the transcription factor Yap1p in response to o xidati ve
tress . T he TRX2p-yEGFP biosensor utilizes a reengineered version
f the native Trx2p promoter with increased number of Yap
inding sites and the upstr eam activ ating sequence of the TRX2p
r omoter, significantl y enhancing its dynamic range . T he biosen-
or employs yEGFP (yeast-enhanced green fluorescent protein)
o detect N ADPH/N ADP + (nicotinamide adenine dinucleotide
hosphate hydrogen/nicotinamide adenine dinucleotide phos-
hate) perturbations induced by o xidati v e a gents like furfur al.
urfural is known to cause NADPH deficiency due to reduction
o furan methanol b y N ADPH-dependent reductases and r eactiv e
xygen species (ROS) formation (Allen et al., 2010 ). The presence
f furaldehyde is a major challenge for the commercialisation
f lignocellulosic bioethanol. With the use of the TRX2 p- yEGFP
iosensor, the redox state of the cells can be indirectly monitored
y measuring the fluorescence intensity of the cells. 

In parallel to the development of in vivo biosensors, flow cytom-
try (FCM) has gained interest as an analysis tool as it can be used
or r a pid quantification of cellular fluor escence at the single-cell
e v el (Sha pir o, 2003 ). FCM anal ysis can be performed with high
ampling frequency with automated samplers such as onCyt (Be-
mer et al., 2014 ), which in combination with an automated data
rocessing pipeline can provide detailed information on popula-
ion heterogeneity dynamics (Rao et al., 2023 ). Ho w e v er, the tr ansi-
ion from the monitoring capability of an automated FCM to a re-
ctive FCM that utilizes the results obtained from the FCM analy-
is to generate a response accordingly in a control system remains
hallenging (Delvigne & Martinez, 2023 ; Heins et al., 2022 ). 

In this study, we demonstrated the application of an auto-
ated FCM system for real-time monitoring of the TRX2 p- yEGFP

esponse in S. cerevisiae to furfural in a fed-batch cultivation pro-
ess. To control the substrate feed pump, we built a control mod-
le capable of dynamically regulating the addition of substrate as
 function of the biosensor response . T he developed system was
nitially assessed in fed-batch cultivations and further applied to
he pr opa gation of yeast in a bioethanol pr oduction pr ocess. 

aterials and Methods 

trains and Media 

he industrial S. cerevisiae strain TMBRP011 carrying the redox im-
alance biosensor TRX2 p- yEGFP was used (Perruca Foncillas et al.,
023 ). Its cultivation was performed in yeast peptone (YP) medium
ontaining 20 g/L peptone and 10 g/L yeast extract supplemented
ith the a ppr opriate carbon source. 

ixed Feed Rate Fed-Batch Cultiv a tions 

he strain TMBRP011 was pre-cultivated in two steps. Initially,
MBRP011 was grown overnight in a 50 mL Falcon tube with 5 mL
PD (YP + 20 g/L glucose). Then, this first pr e-cultur e was used to

noculate a second 50 mL Falcon tube containing 5 mL YPD to an
nitial optical density (OD) of 0.6 and grown for another 4.5 hr. The
ultiv ations wer e performed at 30 ◦C and 180 r pm. 

The following cultivations were performed in a 500 mL baffled
hake flask incubated at 30 ◦C in a shaking water bath. The shake
ask contained 50 mL YP medium supplemented with 40 g/L glu-
ose and 40 g/L xylose and the initial OD was 0.1. 

After glucose depletion was confirmed by high-performance
iquid c hr omatogr a phy (HPLC) anal ysis, the feeding phase was
nitiated. A peristaltic pump (Alitea U1/4–4R) was utilized to in-
roduce 150 mL of feed at a fixed feed rate (F-FR) of 6.24 mL/hr.
he feed consisted of YP medium supplemented with 20 g/L glu-
ose , 20 g/L xylose , and 6.9 g/L furfural. Samples were collected
or OD and HPLC anal ysis. Fluor escence intensity was monitored
hroughout the cultivation with an automated FCM system. 

ensor-controlled Feed Rate Fed-Batch 

ultiv a tions 

he experimental setup utilized in the F-FR fed-batch cultivations
as further de v eloped to implement a contr ol str ategy. In this

ase, a computer pr ogr am was de v eloped to control the feed rate
f an additional furfural solution into the shake flask based on
he results of the FCM analysis . T he additional solution contained
0 g/L furfural. 

The computer pr ogr am was written in Python 3.7.9 and ran
n a Windows 7 computer. The “FlowCytometryTools” pack-
 ge (Yurtse v & F riedman, 2015 ) w as used to extract data from
he flo w c ytometry standar d (FCS) files . T he Python code is
vailable in the following GitHub repository: MicrobialEngineer-
ngGr oupTMB (2024), Scripts-for-Automated-yeast-pr opa gation-
ontrol-using-a-biosensor-and-flo w-c ytometry (Version #1). https:
/g ithub.com/MicrobialEng ineeringGroupTMB/. 

naerobic Fermentations on Hydrol ysa te 

fter the cells were propagated in F-FR or sensor-controlled feed
 ate (SC-FR) fed-batc h cultiv ations, the equiv alent of 3 g cell dry
eight/L of cells was used to inoculate serum vials containing
0 mL of YP medium supplemented with 71% (v/v) of wheat
tr aw hydr ol ysate, whose composition has been described else-
here (Perruca Foncillas et al., 2023 ). Sugars were complemented

o r eac h 20 g/L of glucose and 20 g/L of xylose . T he vials were
ushed with N 2 for at least 40 min and sealed with rubber stop-
ers . T he incubation was performed in a shaking incubator at
0 ◦C and 180 rpm. 

utomated FCM 

lo w c ytometry analysis w as performed using onCyt (onCyt,
witzerland) coupled to an Accuri C6 + (BD Biosciences, NJ, USA)
s pr e viousl y described (Perruca Foncillas et al., 2023 ). Samples
er e automaticall y taken e v ery 30 min fr om the shake flask, di-

uted 100 times in phosphate buffer saline at pH 7.4, stained with
0 μg/mL propidium iodide (PI), and incubated for 5 min. A fixed
olume of 35 μL of sample was run at a flow rate of 35 μL/min.
terile-filtered air (0.22 μm) was used to push the culture left in
he sampling line back into the shake flask to avoid cell growth
n the sampling line that could clog it, as well as to r ecov er cul-
ure volume. Water was run for 4 min in between the samples as
 cleaning step. Flow cytometry data wer e anal ysed using FlowJo
s described pr e viousl y (Perruca Foncillas et al., 2023 ), or with the
ethod de v eloped in this study using the “FlowCytometryTools”

ac ka ge (Yurtse v & Friedman, 2015 ). 

nalytical Methods 

n Ultrospec 2100 pro UV/Visible spectrophotometer (Amersham
iosciences, Buc kinghamshir e, UK) was used to measure the OD
nd estimate the yeast biomass concentration of the samples. A

https://github.com/MicrobialEngineeringGroupTMB/
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Fig. 1. Sc hematic dia gr am of contr ol str ategy. The cell pr opa gation is performed in fed-batc h mode in a shake flask placed on a shaking water bath at 
30 ◦C. This flask is connected to the primary feed containing rich medium supplemented with furfural which is pumped at a constant feeding rate 
throughout the cultivation. Samples are taken by the automatic sampler (onCyt) and analysed by the flow cytometer (Accuri C6 + ). The biosensor 
response is analysed by the computer program which controls the feeding rate of the secondary pump accordingly using an Arduino for 
communication. The secondary feed contains a concentrated furfural solution. 
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linear correlation between OD and cell dry weight (CDW) was used 

to transform OD values into CDW (g/L). Extracellular metabolites 
such as glucose , xylose , gl ycer ol, acetate , lactate , ethanol, HMF,
and furfur al wer e anal ysed using a Waters HPLC system (Milford,
CT, USA) equipped with Phenomenex Rezex ROA-Organic Acid col- 
umn operating at 60 ◦C. Isocratic 5 mM sulfuric acid was used as 
mobile phase and the flow rate was maintained at 0.6 mL/min. 

Results 

Development of an Automated Control Strategy 

Using FCM 

The TRX2 p- yEGFP biosensor, measured through at-line FCM, al- 
lows the assessment of the yeast response to the lignocellulosic 
inhibitor furfural (Perruca Foncillas et al., 2023 ). Analysis of yeast 
populations during cultivation may be problematic due to differ- 
ences in the potential skew of distributions obtained with FCM.
Another problem is the higher cell densities in combination with 

too long down time between samples may cause clogging of the 
tubing. To address these issues, the onCyt was pr ogr ammed to do 
different number of dilution steps in the beginning of the cultiva- 
tion than in the end, thus having more similar number of events 
recorded per sample. At higher cell densities in the later stages 
of cultivation, clogging of tubes may potentially be another prob- 
lem. This was solved by removing the cell cultur e fr om the tub- 
ing after each sampling and introducing a cleaning cycle between 

samples. Building upon this, our study de v eloped a process con- 
tr ol a ppr oac h for furfur al substr ate feeding in a fed-batc h pr ocess,
ensuring it does not adv ersel y affect cell fitness . T he model fed- 
batc h pr ocess set-up consisted of two separate feeds connected 

to a shake flask where the cell propagation took place (Fig. 1 ). The 
main feed contained rich medium to support cell growth as well 
as 6.9 g/L furfural to induce the biosensor r esponse. Additionall y,
a second feed containing a concentrated furfural solution (50 g/L) 
was connected to the cultiv ation thr ough a secondary pump 

(Pump 2, Fig. 1 ). A computer pr ogr am was de v eloped to r ead the 
r esults fr om the at-line FCM anal ysis in r eal-time and comm uni- 
cate with an Arduino to control the action of this secondary pump.

The TRX2 p- yEGFP biosensor has pr e viousl y been shown to give 
a consistent response to furfural, indicated by a green fluores- 
cence that correlates with furfural levels. Ho w ever, this response 
as found to diminish over time due to yeast adaptation, occur-
ing sometime after the addition of furfural. The transient acti-
ation of the TRX2 promoter by furfural can be attributed to sev-
ral factors. Cells adapt to restore redox balance by upregulating
he expression of antioxidant enzymes and increasing the pro- 
uction of reducing equivalents such as NADPH, with upregula- 
ion of the pentose phosphate pathway playing a crucial role. This
llows the cells to neutralize the ROS generated by furfural and
 estor e the cellular redox state. Over time, these adaptations en-
ble the yeast cells to maintain their normal physiological func-
ions e v en in the pr esence of furfur al, leading to the observ ed
ecrease in the responsiveness of the TRX2p-yEGFP biosensor. At 
his point, yeast cells are more tolerant, and an increased amount
f furfural could be added to the cultivation. This would hypo-
heticall y r einduce the TRX2 p- yEGFP biosensor, whic h may serv e
s a basis for dynamic pr ocess contr ol and maximisation of fur-
ural feeding. Hence, the computer program was designed to start
he secondary pump upon a decrease of the TRX2 p- yEGFP biosen-
or output and study a potential reinduction of the biosensor
esponse. 

Successful implementation of the dynamic control strategy re- 
uires an automated gating method for the FCM data to obtain k e y

nput variables for the pump activation function. Accordingly, an 

nput data processing script was written to execute the following
asks: (i) r etrie v e the data fr om the FCS files cr eated continuousl y
y the at-line FCM system, (ii) a ppl y a ppr opriate gating str ategy
o identify subpopulations, (iii) calculate k e y variables describing
ubpopulations, (iv) calculate the slope of the evolution of the pa-
 ameters ov er time, and (v) use the calculated slope values to ini-
iate or stop a peristaltic pump. 

Data wer e r etrie v ed in the FCS format and converted to
ython files using the “FlowCytometryTools” pac ka ge . T hen, the
 east population w as separ ated fr om bac kgr ound noise debris
y adding a static threshold gate in the forward scatter height
s indicative of particle size (Fig. 2 a). Events below this thresh-
ld wer e consider ed debris and r emov ed fr om further calcula-
ions . T he r emaining e v ents wer e plotted in a scatter plot using
FP fluor escence (FL1-H) a gainst PI fluor escence (FL3-H) (Fig. 2 b).
his plot allo w ed the distinction between PI-stained cells, r eferr ed
o as “damaged” and unstained cells, referred to as “intact”. Fur-
her classification of the “intact” cells into “GFP positive” or “GFP 
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Fig. 2. First and second step of the automated gating pr ocedur e. (a) Yeast cells (right area) are gated based on SSC-H and FSC-H. (b) A re presentati ve 
fcm data of a yeast population using the TRX2 p- yEGFP biosensor and PI staining. Damaged cells are represented in y ello w (upper area), Intact cells 
whic h ar e GFP positiv e ar e gr een (lo w er right ar ea) while the intact GFP negativ e ar e blue (lo w er left area). FSC-H, forw ar d scatter height; SSC-H, side 
scatter height; GFP, green fluorescent protein; and PI, propidium iodide. 
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egative” based on their GFP fluorescence was possible . T he re-
ults obtained by the de v eloped pr ogr am wer e v alidated by com-
arison to those obtained using FlowJo ( Supplementary Table 1
nd Supplementary Fig. 1 ). 

To determine if the secondary feed should be initiated, the
lope of mean fluorescence intensity (MFI) GFP (FL1-H) obtained
rom the last three measured data points was used. An exponen-
ial mo ving a v er a ge (EMA) w as used to av oid possible outliers. EMA
iffers from the standard moving av er a ge by putting more weight
n recent datapoints to describe the current trend. When the MFI
FP (FL1-H) slope from the three latest data points was negative,

he Arduino started the secondary pump for additional furfural
olution at 1 mL/hr. Ho w e v er, due to the inhibitory effects of fur-
ur al, ther e was a risk of an increase in damaged cells as indicated
y PI staining. To a void this , a function was added to the control
r ogr am to stop the pump based on the number of damaged cells,
hich can be determined by the percentage of PI-stained cells.
 hus , the percentage of PI-stained cells was used as a safeguard
nd the pump was stopped if the PI slope was positive or the av-
r a ge number of PI-stained cells was over 35%. 

After an initial batch phase, the fed-batch was initiated by
tarting the primary feed pump. After the initial induction, the
r ogr am initiated pumping the secondary feed at an initial feed-

ng rate of 1 mL/hr. To allow for further increase in feeding, the
r ogr am was designed to implement a stepwise increase in flow
 ate fr om 1 to 1.5, 3, and 5 mL/hr of the secondary feed if a de-
rease in fluorescence was observed with the previous flow rate.
 flow chart describing the developed computer program can be

ound in Fig. 3 . 

ssessment of Automated Control System for 
ed-Batc h Culti vations 

he functionality of the computer pr ogr am was assessed in an au-
omated fed-batch cultivation process with the strain TMBRP011.
irst, the response of the TRX2 p- yEGFP biosensor was monitored in
 F-FR of rich medium and 6.9 g/L furfural (F-FR), that is, without
utomated pr opa gation contr ol. In a second set of experiments,
he de v eloped computer pr ogr am was initiated and the response
f the TRX2 p- yEGFP biosensor was used to control the addition
f a concentrated furfural solution containing 50 g/L furfural by
 secondary pump (SC-FR). These experiments allo w ed the com-
arison between F-FR and SC-FR cultivations. 

Glucose was fully consumed in the initial batch phase (ca. 21–
2 hr), and the feeding was subsequently initiated (Time 0, Fig. 4 a).
n the F-FR cultivations, an initial increase in GFP fluorescence
as observed after the feeding was started (Fig. 4 b, left). How-
 v er, after r eac hing its peak, the fluor escence intensity decr eased
o its initial le v el (Fig. 4 b, left) confirming the results obtained in
Perruca Foncillas et al., 2023 ) when furfural-containing (6 g/L)
heat straw hydrolysate was used. In the SC-FR cultivations, the

ame response from the biosensor was observed at the begin-
ing of the feeding phase (Fig. 4 b, right). Ho w e v er, after ca. 8 hr
f feeding, the secondary pump controlling the additional feed of
urfural was automatically initiated using the developed control
r ogr am. This point corresponded with a decrease in the induc-
ion rate of the biosensor response (Fig. 4 b, right). Upon initia-
ion of the additional furfural feed, a new increase in fluorescence
as observed (Fig. 4 b right). This second induction peak r eac hed

ts highest point around 17 hr after the feeding phase was ini-
iated and it started decreasing again. At this point, the feeding
ate of the secondary pump was increased stepwise from 1 mL/hr
p to 5 mL/hr in the final stage, but no further induction of the
iosensor was observed before reaching the end of the cultivation
Fig. 4 b, right). This final increase in the feeding rate resulted in the
ccum ulation of furfur al in the medium (Fig. 4 a, right), indicating
hat the addition of furfural exceeded the detoxification capabili-
ies of the yeast cells. In total, 1985 ± 354 mg furfural was added
o the fermenter with the automated contr ol system, whic h is 2.3-
old higher amount than the fixed rate cultivation. 

Although higher amounts of furfural were added in the SC-FR
ultiv ations compar ed to the F-FR cultivations, no effects were
bserved in the evolution of the number of PI-stained cells over
ime (Fig. 4 b). Both F-FR and SC-FR cultivations sho w ed an in-
rease in the percentage of PI-stained cells upon the initial fur-
ur al exposur e r eac hing ca. 30%–40% at its highest point after
a. 3 hr of feeding and decreasing afterw ar ds plateauing at ca.
0% of the population (Fig. 4 b). In terms of heterogeneity in
he biosensor response, a small subpopulation showing lower

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae039#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae039#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae039#supplementary-data
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F ig. 3. Decision-making flo w c hart of the pr ogr am de v eloped to initiate or stop the pump for the additional furfur al solution. 

o
w  

d

b  
induction of the biosensor response was observed in the F-FR 

cultivations (Fig. 4 c , left). T his subpopulation corresponded to PI- 
stained cells ( Supplementary Fig. 2 ) suggesting that membrane- 
dama ged or e v en dead cells did not respond to the presence of fur- 
fur al. Amongst the r emaining unstained cells, a homogenous flu- 
rescence signal was observed. Interestingly, no subpopulations 
er e observ ed in the SC-FR cultivations in either of the two in-
uction stages (Fig. 4 c, right). 

The additional introduction of furfural in the SC-FR fed- 
atches did not affect the growth of the cells, indicating that

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae039#supplementary-data
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Fig. 4. Cultiv ation pr ofile of the str ain TMBRP011 cultiv ated in fed-batc h mode showing amounts of glucose ( •), xylose ( �), ethanol ( � ), furfural ( �), and 
cell dry weight ( ×) (a). Time 0 hr corresponds to the beginning of the feeding phase which is marked with a dashed line. Mean fluorescence intensity 
(MFI) of GFP ( •) and percentage of PI-stained cells ( �) (b). Histogram showing the distribution of biosensor response in the cell population at different 
r epr esentativ e time points after feeding (c). The gr a phs on the left correspond to fixed feed rate fed-batch experiments (F-FR), while the ones on the 
right correspond to sensor-controlled feed rate fed-batch cultivations (SC-FR). Two different biological replicates for each set of experiments are shown. 
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here was no negative impact on the physiological fitness of the
ells . T he biomass yield of SC-FR cultivations was 0.107 ± 0.014
g CDW/g sugars), which was very similar to the 0.113 ± 0.001 (g
DW/g sugars) obtained in the F-FR cultivations. No glucose was
easured in the medium (Fig. 4 a), indicating that all the glucose

rovided by the feed was immediately consumed. In addition, xy-
ose was nearly depleted by the end of the cultivations (Fig. 4a ). A
ecrease in ethanol production was observed in the SC-FR culti-
ations (Fig. 4 a). 
h  
mpact of the Yeast Pr opa gation Method on 

ioethanol Production 

hort-term adaptation to inhibitors has pr e viousl y been shown
o impr ov e lignocellulosic fermentation (Nielsen et al., 2015 ;
arayanan et al., 2017 ; Almeida et al., 2023 ; Perruca Foncillas et
l., 2023 ). To know whether mor e c hallenging furfur al ada ptation
onditions had any positive impact on the ethanol yield and/or
roductivity, the performance of the yeast cells generated with the
elp of the de v eloped automated control system was e v aluated
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Fig. 5. Fermentation profile of the strain TMBRP011 in 10% WIS equivalent of wheat straw hydrolysate for cells propagated in F-FR and SC-FR 
fed-batc h cultiv ations . T he concentrations of glucose ( •), xylose ( �), ethanol ( � ), and furfur al ( �) for F-FR-pr opa gated cells (a) and SC-FR-pr opa gated 
cells (b) are shown. 
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in an anaerobic bioethanol production process. Cells were propa- 
gated again in F-FR cultivations and SC-FR cultivations and used 

for inoculation of anaerobic fermentation vials containing wheat 
str aw hydr ol ysate with inhibitor le v els corr esponding to those in 

a 10% WIS SSF. 
Based on the results shown abo ve , cells were collected at their 

highest induction point corresponding to 17 hr after the feed- 
ing was started (Fig. 4 b, right). At this point, SC-FR-pr opa gated 

cells had an MFI of 16 300 compared to the 10 300 MFI for 
F-FR-pr opa gated cells. Similar results to those shown above for F- 
FR and SC-FR cultiv ations wer e obtained during the pr opa gation 

( Supplementary Fig. 3 ). 
During the following fermentation on wheat straw hydrolysate, 

similar results were obtained for F-FR and SC-FR-propagated cells,
demonstrating the equal performance of the tw o y east cultures 
(Fig. 5 ). Glucose was depleted after 9 hr of fermentation, followed 

by xylose depletion after 24 hr (Fig. 5 ). Both F-FR and SC-FR exhib- 
ited similar ethanol pr oduction, r eac hing their maxim um concen- 
tr ation (a ppr oximatel y 20 g/L) within just 24 hr of fermentation. At 
this point, the ethanol yield was 0.48 (g ethanol/g sugars) for F-FR 

and 0.49 (g ethanol/g sugars) for SC-FR, whic h corr espond to 94.2% 

and 95.8% of the theoretical maximum ethanol yield, respectively.
No changes in metabolite concentrations were observed until the 
completion of the 96-hr fermentation (data not shown). These re- 
sults suggest that the different propagation modes had no effect 
on the fermentation performance of the cells. 

Discussion 

The use of real-time monitoring and control strategies in micro- 
bial cultivations is crucial to obtaining efficient bioprocesses. In 

this study, an automated control system based on the response 
of a transcription factor-based biosensor using FCM was used to 
adjust the feed of furfural in a fed-batch cultivation process. 

The de v eloped system was successfull y implemented in fed- 
batc h cultiv ations of the industrial S. cerevisiae strain TMBRP011,
engineered for xylose utilization and carrying the TRX2 p- yEGFP 
biosensor for redox imbalance (Perruca Foncillas et al., 2023 ). A 

decr ease in MFI fr om the TRX2 p- yEGFP biosensor was associated 

with an adaptation from the cells to the furfural levels as they 
were no longer suffering from N ADPH deficienc y. T hus , when a 
negative slope in MFI over time was observed, the amount of fur- 
fural could be increased through the addition of a second feed to 
re-induce the cell response . T he frequency of PI-stained cells was 
lso considered as a parameter for the decision-making of the pro-
ram since too high concentrations of furfural are c ytotoxic. Ho w-
 v er, this so-called “safeguard function” was not activated under
he conditions applied for the cultivations described herein. With 

he combination of these two par ameters, the contr ol system was
ble to successfully generate a second induction of the biosensor
esponse in the culture. 

The activation of the secondary pump resulted in up to 2.3
imes higher amounts of furfural being introduced into the SC-
R cultur es compar ed to the F-FR cultiv ations . T he increased
mounts of furfural did not result in an increase in PI-stained cells
r furfural accumulation in the medium. This suggests that the
ells have an increased tolerance to w ar ds furfural and can detox-
fy higher quantities b y N ADPH-dependent reduction to furfuryl
lcohol (Almeida et al., 2008 ). The decrease in fluorescence ob-
erved after 17 hr of feeding indicates that the cells were adapted
hen the furfural feed was added at 1 mL/hr. The lack of reinduc-

ion after increasing the feed rate up to 5 mL/hr could indicate
n optimal state in the cell culture where no N ADPH deficienc y
s triggered by the presence of furfural anymore. For example, the
ells could have reached their maximum capacity for detoxifica- 
ion by maximising the production of the responsible enzymes. 

Since our pr e vious study had shown a correlation between
iosensor induction during pr opa gation and better fermentation 

erformance (Perruca Foncillas et al., 2023 ), we hypothesized that
C-FR-pr opa gated cells could show better fermentation perfor- 
ance due to their increased induction le v els at the time of cell

ollection. Ho w e v er, no differ ences between F-FR and SC-FR in fer-
entation performance were observed, indicating similar cell fit- 

ess for both cultures regardless of the amount of supplemented
urfural. 

One of the most po w erful features of the de v eloped contr ol sys-
em is the fact that its response is based on the redox state of
he cells, an intracellular property, as opposed to the use of exter-
al parameters such as pH or off-gas composition (Taherzadeh 

t al., 2000 ; Nilsson et al., 2001 ) or the concentration of exter-
al metabolites which is often utilized to control cultivation pro-
esses (Petersson & Lidén, 2007 ). Furthermore, since it is based on
CM analysis, it can be useful in processes where subpopulations
re expected. 

Although this system was de v eloped to meet the specific
eeds of this project, it could be modified to be applicable to
ther fed-batch cultivations. In the present study, the FL1-H 

nd FL3-H values were used for the consequent calculations 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae039#supplementary-data
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f the MFI and percentage of PI-stained cells; but, since it is
ased on the information gathered in the FCS file from the FCM
nal ysis, other par ameters found in those files could be used as
nput variables for the control system. For example, one could
nvision a more complex system based on the simultaneous
easurement of several biosensors, each of them monitored

ia differ ent fluor escent pr oteins (Perruca-Foncillas et al., 2022 ).
 his ma y be important for the control of microbial population
eter ogeneity in lar ge-scale fermentation by str ain and pr ocess
ngineering (Mu & Zhang, 2023 ). The system could also be applied
n cases where the introduction of biosensors is not possible, that
s, due to the lack of relevant biosensors or genetically modified
r ganism (GMO) r egulations. In suc h cases, par ameters suc h as
uor escence fr om dyes or e v en the number of e v ents could be
sed as input variables for the control system. 

In the realm of bioprocessing, the convergence of synthetic bi-
logy and computational science has given rise to cybergenetics
Jones et al., 2024 ), a par adigm wher e adv anced monitoring and
ontr ol str ategies ar e orc hestr ated thr ough seamless integr ation
f computational algorithms and biological systems. Our de v el-
ped control system exemplifies the principles of cybergenetics
y integr ating r eal-time monitoring of gene activ ation using FCM
ith dynamic adjustment of cultivation parameters . T his seam-

ess interaction between biological sensors, computational algo-
ithms, and contr ol mec hanisms not onl y optimizes biopr ocess
erformance but also opens avenues for more sophisticated con-
r ol str ategies in the futur e. 
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