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Abstract 

In methylotrophic yeasts such as Komagataella phaffii (syn Pichia pastoris ), the initial step of methanol metabolism by alcohol oxidase 
(Aox) generates hydrogen peroxide (H2 O2 ) as a potentially toxic byproduct. Introduction of the ratiometric, genetically encoded flu- 
orescent H2 O2 biosensor HyPer7 in combination with cultivation in a microbioreactor allowed for the first time to in vivo determine 
H2 O2 dynamics upon methanol utilization (MUT). In line monitoring of H2 O2 during growth on glucose or methanol revealed a general 
increase in biosensor oxidation on methanol, with significant oxidation peaks shortly after methanol addition. HyPer7 also detected 

low endogenous H2 O2 levels occurring during respiratory growth in K. phaffii and its signal responded to both external oxidants and 

reductants. In strains with different MUT phenotypes ( K. phaffii deleted for aox1 and/or aox2 ), HyPer7 demonstrated that H2 O2 pro- 
duction is mainly due to Aox1 activity, and explained why strains possessing only Aox2 (MutS ) have superior growth and production 

capacities compared to the wild-type. In conclusion, we present the first application of an H2 O2 biosensor in K. phaffii , offering new 

insights into methanol metabolism and oxidative stress. The findings hold promise for optimizing yeast cell factories and developing 
more sustainable production processes with reduced oxidative stress in the future. 

Keywords: HyPer7; H2 O2 biosensor; methanol metabolism; methylotrophic yeast; oxidative stress; alcohol oxidase 
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Introduction 

Redox biology necessitates reliable methods to measure in vivo 
fluctuations of reactive oxygen species (ROS). The term ROS de- 
picts various chemically reactive derivatives of molecular oxygen, 
such as superoxide anion, hydrogen peroxide (H2 O2 ), hydroxyl 
radical, and singlet oxygen, which originate from diverse cellu- 
lar sources, including the mitochondria, peroxisomes, and endo- 
plasmic reticulum (ER; Holmström and Finkel 2014 , Sies and Jones 
2020 ). In the cell, ROS act as important signaling molecules for di- 
verse cellular functions, however, they are also causing oxidative 
damage to biomolecules including DNA, proteins, and lipids, lead- 
ing to cellular dysfunction and are associated with various human 

diseases such as cancer, neurodegenerative disorders, and aging 
(Di Marzo et al. 2018 , Lennicke and Cochemé 2021 ). To prevent 
oxidative stress and damage, cells have developed sophisticated 

antioxidant defense systems to regulate ROS levels. 
Studying specific ROS such as H2 O2 within living organisms still 

presents a variety of challenges (Murphy et al. 2022 ). Fluorescent 
dyes such as dihydroethidium, dichlorofluorescein, or dihydrorho- 
damine, which become fluorescent upon reaction with ROS, have 
commonly been used to detect ROS species. However, these re- 
dox sensitive dyes possess limitations, particularly related to their 
lack of both specificity and permeability (Kalyanaraman et al.
Received 4 December 2024; revised 25 September 2025; accepted 11 November 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of FEMS. This
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whic
medium, provided the original work is properly cited.
012 , Winterbourn 2014 ). In the last decades, genetically encoded
uorescent biosensors have been developed that can specifically 
etect H2 O2 in living cells with temporal and ideally also spatial
esolution i.e. within distinct cellular compartments (Kostyuk et 
l. 2020 ). These sensors typically consist of a fluorophore linked
o a ROS-reactive moiety, allowing for real-time visualization and 

easurement of ROS levels in living biological systems. Upon re-
ction with ROS, the fluorophore undergoes a change in fluores-
ence intensity or wavelength, providing a readout that correlates 
ith ROS concentration (Smolyarova et al. 2022 ). 
For measuring H2 O2 , there are two main exponents, the cpYFP-

ased HyPer family of biosensors and the roGFP2-based biosen- 
ors. Very recently, also HaloTag combined with Janelia Fluor rho-
amine dye (oROS-HT635) was described for far-red H2 O2 imag- 

ng (Lee et al. 2025 ). The HyPer family is characterized by a fu-
ion between circularly permutated yellow fluorescent protein 

cpYFP) and a H2 O2 -sensitive bacterial transcription factor OxyR 

Belousov et al. 2006 ). Its mechanism relies in having ratiometric
eadouts due to a dual fluorescent profile whenever the biosen-
or is reduced or oxidized. Briefly, upon oxidation of OxyR, the
ormation of an intramolecular disulfide bond culminates in a 
onformational change in the cpYFP, increasing the excitability 
t 488 nm and decreasing it at 405 nm. When the fusion protein
is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any
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s reduced, the intensity of fluorescence is higher when excited
t 405 nm than at 488 nm. This allows the measurement of the
robe’s redox state by calculating the ratio between the 488 nm
nd 405 nm fluorescence signals (488 nm/405 nm). HyPer7, which
s the latest member of the HyPer family, has overcome the pH-
ensitivity associated with previous HyPer-sensors (Pak et al. 2020 )
nd consists of a circularly permuted green fluorescent protein
GFP) integrated into the ultrasensitive OxyR domain from Neis-
eria meningitidis . The other series are the roGFP2-based biosen-
ors, which work in a very similar way, with the main difference
eing that sensor oxidation initiates by the oxidation of a perox-

redoxin (such as Prx1 or Tsa2) that transfers the oxidation to the
used roGFP2 via thiol exchange (Morgan et al. 2016 ). Both types
f sensors have been successfully applied in mammalian cells,
lants and the model yeast species Schizosaccharomyces pombe and
accharomyces cerevisiae (De Cubas et al. 2021 , Gast et al. 2021 ,
ritsiligkou et al. 2021 , Gast et al. 2022 ). However, so far they
ave not been tested for industrially relevant, nonconventional
east species. Monitoring H2 O2 is of particular relevance in methy-
otrophic yeasts such as Komagataella phaffii (syn Pichia pastoris ), as
his toxic byproduct is generated by alcohol oxidase (Aox) in the
nitial step of methanol utilization (MUT; Cregg et al. 1989 ). Ac-
umulation of ROS was associated with low viability of K. phaffii
n methanol-based bioprocesses (Xiao et al. 2006 ). Furthermore, K.
haffii strains with increased capacity for production of secreted
ecombinant proteins showed increased ROS accumulation (Delic
t al. 2012 ), as H2 O2 is also generated during the oxidative fold-
ng of proteins in the ER. However, so far ROS was only measured
nspecifically with small redox-active dyes. 

To close this gap, we expressed and evaluated genetically en-
oded H2 O2 biosensors in K. phaffii , shedding light on the dynam-
cs of H2 O2 generation and decomposition in different strains and
hysiological contexts. 

aterials and methods 

lasmid construction 

ll plasmid construction was performed in DH10B Escherichia coli .
yPer7 reference sequence (Pak et al. 2020 ) was codon optimized

or yeast expression, synthesized, and ordered from Twist Bio-
ciences. roGFP2-Tsa2dCR plasmid was ordered (Plasmid #83238,
ddgene), the sequence of interest was amplified and cloned

n appropriate in-house vector. roGFP2-Prx1 was generated by
loning the roGFP2 sequence to the Prx1 (from S. cerevisiae ) gene
ia Golden Gate Assembly. Plasmid generation was performed
ith the GoldenPiCS system, a modular GoldenGate based cloning
latform (Prielhofer et al. 2017 ). Therefore, silent mutations were

ntroduced to avoid recognition by the BsaI and BpiI restriction
nzymes used in this system. 

The biosensors were then cloned in the final expression vec-
or BB3eH, which harbors the HygMX resistance marker and the
. phaffii ENO1 region for genome integration in. For constitutive
nd strong expression of biosensors genes, it was designed to be
nder control of the TEF promoter (Prielhofer et al. 2017 ). The final
lasmid was confirmed by DNA sequencing. 

Aox genes knockout were performed following a K. phaffii
RISPR/Cas9 editing strategy (Gassler et al. 2019 ). CRIS Pi plasmid

argeting the AOX1 native locus was previously described (Gassler
t al. 2020 ). Regions flanking the AOX1 gene were amplified from
ild type CBS7435 via PCR, serving as homologous recombination
onor fragments during subsequent transformation. The same
trategy was performed for knockout of AOX2 . 
train construction 

omagataella phaffii strain CBS7435 was used as the main strain
or our experiments. Both HyPer7 expression and gene knockouts
ere integrated into the K. phaffii genome using electrocompetent
BS7435 as previously described (Gasser et al. 2013 ). Preceding

ransformation, 1 μg of BB3eH-HyPer7 was linearized with SmaI to
llow for genome integration into the ENO1 locus (New England
iolabs). Transformants were selected in YPD plates containing
00 μg/ml of hygromycin, after 48 h of incubation at 30◦C single
lones were picked and confirmed via colony PCR. The resulting
train, CBS7435-HyPer7, was subsequently used in the creation of
nockout strains. 

For CRISPR/Cas9-directed knockouts, 5 μg of linearized donor
ragments and 1 μg of CRIS Pi plasmid were concomitantly used
n for transformation. First, CBS7435-HyPer7 �aox1 (MutS) were
enerated and confirmed using gene specific and flanking regions
CR. This was followed by the generation of the double mutant
BS7435-HyPer7 �aox1 �aox2 (Mut-). 

luorescence microscopy 

BS7435-HyPer7 cells were inoculated in YPD medium (20 g/l pep-
one, 10 g/l yeast extract, 20 g/l glucose, pH 7.4–7.6) containing
00 μg/ml of hygromycin and incubated overnight at 25◦C and
80 rpm. 

On the following day, cells were inoculated in ASMv6 min-
mal synthetic media (Zavec et al. 2020 ) and 20 g/l of glu-
ose. Inoculation started at an OD600 = 0.5 and cell were incu-
ated until an OD600 of ∼2–3 was reached. Cells were then ei-
her treated with 0.6 mM H2 O2 or a control solution of phos-
hate buffered saline (1x PBS) for a duration of 20 min. Pro-
eeding treatment, microscopic analysis was carried out using
 Zeiss Axio Observer 7, equipped with filters for excitation at
05 and 488 nm. Images were analysed and processed using
mageJ. 

icrobioreactor cultivation 

icroscale cultivations were performed in a BioLector I (M2p-
abs/Beckman Colter) employing three different filter modules.
 620 nm excitation filter was used in order to access scattered

ight and biomass levels. Predominantly oxidized HyPer7 signal
as measured using a 488 nm excitation/520 nm emission while
 400 nm excitation/510 nm emission filter was used for measur-
ng the reduced form. 

All experiments were carried out in flower plates at 25◦C and
200 rpm. Measurements cycles were performed every 20 min. Fi-
al volume of media was of 1 ml per well. 

ffect of exogenous stressors 

nitially, three individual clones of CBS7435-HyPer7 were precul-
ured in selective YPD medium and incubated at 25◦C, 180 rpm
or 24 h. On the following day, using shake flasks, cells were
noculated in 10 ml of ASMv6 with 20 g/l glucose, at a start-
ng OD600 = 0.5. Cells were then incubated in the same condi-
ions until they reached an OD600 = 3 during exponential growth
hase. 

Once exponential phase was reached, cells were diluted to an
D600 = 0.5 in the same growth medium and inoculated into Bi-
Lector flower plates. Three hours into the experiment, H2 O2 or
ithiothreitol (DTT) were added in concentrations ranging from
.1 to 20 mM. Additionally, lower concentrations of H2 O2 (0.001–
.1 mM) were tested. 
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Figure 1. Microscopic comparison of CBS7435 K. phaffii expressing HyPer7 without any added stressor (upper row) and when treated with 0.6 mM of 
H2 O2 for 20 min (lower row). Cells were analysed using brightfield (left column) and when excited at 405 nm (middle column) and 488 nm (right 
column), corresponding respectively to the reduced and oxidized forms of HyPer7. Quantitative fluorescence analysis of the images was performed for 
the AF488 filter using the ZEN software, and verified that the average intensity was higher for the cells treated with H2 O2 (shown in Fig. S1 ). 
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Cultivation with different carbon sources 

Cultivations comparing wild type and knockout strains were 
adapted from a previously described small scale screening pro- 
cess aiming for the selection of high protein-producing K. phaffii 
clones (Zavec et al. 2020 ). Briefly, individual clones were inocu- 
lated in 2 ml of selective YPD using 24 deep-well plates and in- 
cubated for 24 h at 25◦C and 280 rpm. Subsequently, grown cells 
were inoculated in 1 ml of ASMv6 supplemented with 25 g/l of 
EnPump200 polysaccharide (Enpresso) and 0.35% glucose-release 
enzyme (Enpresso). This approach promotes a slow release of glu- 
cose, allowing for a small-scale simulation of fed-batch processes.
Methanol was added to the culture with an initial 0.5% shot after 
3 h, followed by the addition of 1% methanol shots at 19, 27, and 

43 h. 
In the case of methanol-only cultivations, a similar procedure 

was followed with slight modifications. Cells were inoculated into 
the BioLector flower plates with an OD600 = 0.5, and the initial 
medium containing only 1% methanol as carbon source. Subse- 
quently, 1% methanol shots were administered after 40 and 65 h. 

Results 

Expression and response of HyPer7 to exogenous 

H2 O2 in K. phaffii 
HyPer7 was chosen to be expressed in the cytosol of K. phaffii 
strains, with the TEF promoter selected to ensure strong and con- 
stitutive expression. Subsequent phenotypic analysis of cells was 
performed using fluorescence microscopy, with excitabilities set 
at 488 nm and 405 nm for the recording, respectively, of the pre- 
dominantly excited and reduced forms of HyPer7 (Fig. 1 ). The flu- 
orescence intensity at 488 nm excitation exhibited a significant 
increase when cells were exposed to 0.6 mM H2 O2 for 20 min sug- 
esting that HyPer7 was not only correctly expressed, but also was
esponsive to H2 O2 (Fig. 1 and Fig. S1 ). 

ultivation of HyPer7 expressing K. phaffii in a 

ioLector allows in-line monitoring of H2 O2 
ccumulation and decomposition dynamics 

nce K. phaffii strains showing the correct expression and activ-
ty of HyPer7 were obtained, we aimed for analysing cellular re-
ponses upon exposure of cells to ROS or redox-active compounds.
s redox-related events, such as the generation and accumulation 

f H2 O2 , are highly dynamic, tools that allow for a real-time mon-
toring are desired to avoid overlooking responses happening on a
hort time-scale. Having this in mind, cells were cultivated in a Bi-
Lector microbioreactor system, which allows for the monitoring 
f the fluorescence signals over the time-course of a cultivation.
nce the signals for excitation at 488 and 400 nm were recorded,

hey were divided for the calculation of the Ox/Red (488/400) ratio.

esponse of HyPer7 to exogenous H2 O2 and DTT 

nitially, cells were cultivated and analysed for their response to
xogenously added stressors. As a reference control, K. phaffii Hy-
er7 cells grown without the addition of any stressor, exhibited
o increase in the Ox/Red ratio during the first hours. During pro-

onged cultivation, the Ox/Red ratio started to increase, which is
ost likely due to respiratory activity during cell growth (black

ine, Fig. 2 ). To induce oxidation of HyPer7, H2 O2 was added to the
ulture media 3 h after the start of cultivation, with concentra-
ions ranging from 0.001 to 20 mM, and the fluorescence signals
ere followed. A noticeable change in the redox profile was ob-

erved, with a minimum concentration of 0.01 mM H2 O2 already 
ausing a significant increase in the 488/400 ratio when compared
o the untreated cells (Fig. 2 A). The ratio peaked after the addi-

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
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Figure 2. Response of yeast cells expressing HyPer7 to exogenously added redox stressors. Fluorescence signal ratio (A and B) and biomass signal (C 

and D) after addition of 0.001 to 0.1 mM H2 O2 (A and C) or 0.1–20 mM H2 O2 (B and D) to the media 3 h after cultivation started. Biomass is monitored 
by scattered light signal in arbitrary units (a.u.). Presented data is based on individual triplicates ( n = 3). Solid lines are mean of triplicates. Shadowed 
region represents the standard deviation between replicates. Dashed vertical line represents the time point when the stressor was added. Individual 
signals of 488 (ox) and 400 (red) nm are given in Fig. S2 . 
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ion of 0.25 mM H2 O2 and exhibited a similar pattern across repli-
ates: a sharp peak increase, followed by a decrease to basal levels
ithin 3–5 h after addition of H2 O2 (Fig. 2 B). Whereas the indi-
idual Ox/Red ratio signal level including maximum peak height
eemed to be instrument dependent factors, the relative patterns
f response to H2 O2 remained stable when measured at different
iolector instruments ( Fig. S3 ). Similarly to the nontreated cells,
he initial peak is followed by a subsequent approximately two-
old increase in signal ratio during prolonged cultivation (Fig. 2 ). 

Interestingly, with increasing concentrations of H2 O2 , it took
onger for the ratio to decrease from the first peak to the basal
evels, and consequently, the second peak occurred later during
he cultivation (Fig. 2 ). The maximum HyPer7 Ox/Red signal ob-
erved plateaued already upon the addition of 0.5 mM H2 O2 and
id not increase when higher levels of H2 O2 were added, even fol-

owing the addition of 20 mM H2 O2 . In contrast, when using the
lternative biosensor roGFP2-Prx1, the maximal Ox/Red ratio in-
reased continuously with the level of H2 O2 added ( Fig. S4 ), sug-
esting that HyPer7 expressed in K. phaffii is well tuned to measure
ow endogenous levels of H2 O2 but gets saturated following the
ddition of high levels of external H2 O2 . Cells treated with higher
oncentrations of H2 O2 experienced growth arrest (Fig. 2 D), which
as resumed only after 7–10 h, coinciding with the appearance of

he second peak, again suggesting that this increase in H2 O2 is
elated to cellular growth. Taken together, this clearly indicates
hat cultivating cells in the BioLector allows for in-line monitor-
ng of the cellular response elicited by exogenous H2 O2 addition.
n this case, it is clear that concentrations of H2 O2 between 0.01
nd 0.2 mM were quickly degraded by the cellular antioxidant
ystems, as evidenced by the fast increase and decrease of the
88/400 fluorescence ratio, minimally affecting cellular biomass.
n the other hand, at higher concentrations, results indicate that

he cells take longer to decompose this stressor, therefore the ratio
emains in a plateau, and cell growth was significantly affected. 

Additionally, the response of HyPer7 to the addition of DTT was
nvestigated ( Fig. S3 ). While cells treated with 0.1 mM DTT grew
imilarly to the untreated cells, cell growth gradually decreased at
igher DTT concentrations up to 1 mM, and was completely abol-

shed above (5–20 mM DTT) ( Fig. S3 D). Importantly, the addition
f DTT resulted in a small decrease in the ratio between the two
nalysed fluorescence signals already at 0.1 mM ( Fig. S3 B and E).
his indicates that the disulfide bonds of the probe are being re-
uced by the action of DTT, resulting in an increase of the reduced
orms of HyPer7, and suggest that HyPer7 can detect low levels of

2 O2 produced by endogenous metabolism in unstressed cells. 

ccumulation of H2 O2 changes drastically in 

ells grown with different carbon sources 

o determine the effectiveness of the HyPer7 biosensor in evalu-
ting the endogenous generation of H2 O2 as a consequence of cel-
ular metabolism, additional cultivations in the BioLector system
ere carried out. Given that K. phaffii is a methylotrophic yeast
ble to metabolize methanol to produce energy and biomass,

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
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Figure 3. Redox and growth profiles of K. phaffii when cultivated in 
limiting glucose alone or with methanol addition as carbon sources. The 
addition of methanol leads to a higher accumulation of H2 O2 (A) and an 
increase in the growth rate of cells (B). Biomass is monitored by scattered 
light signal in arbitrary units (a.u.). Presented data is based on individual 
triplicates ( n = 3). Solid lines are mean of triplicates. Shadowed region 
represents the standard deviation between replicates. Red and black 
arrows represent, respectively, the addition of 0.5% and 1% methanol. 
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monitoring cell redox state during this process is of high interest.
The initial metabolic step that converts methanol into formalde- 
hyde via the action of the Aox enzymes, results in the stoichio- 
metric production of H2 O2 according to enzymatic assays (Sahm 

and Wagner 1973 , Couderc and Baratti 1980 ). However, so far the 
dynamics of this process in living cells remained unresolved. 

Therefore, our goal was to evaluate H2 O2 accumulation 

recorded by the biosensor in conditions that mimic glucose-based 

or methanol-induced fed batch cultivations in the BioLector. Cells 
growing under glucose-limited conditions were compared to those 
subjected to methanol injections at various time points. Limited- 
glucose supply was ensured by providing a glucose polymer as car- 
bon source, together with a glucose-releasing enzyme (EnPresso). 
Since K. phaffii is unable to metabolize the polysaccharide, glucose 
availability in the media is dictated by the activity of the releasing 
enzyme, simulating a fed-batch process. Again, an initial increase 
in the H2 O2 signal was observed under both limiting-glucose con- 
ditions and cells treated with 0.5% methanol, which returned to 
a basal level ∼10 h after start of cultivation or methanol addi- 
tion, respectively (Fig. 3 A). The cells induced with methanol re- 
acted to each further methanol shot with an instant increase in 

the 488/400 fluorescence ratio, while the ratio remained at the 
basal level in glucose-limited cells until the end of the cultiva- 
tion (Fig. 3 A). After some time, the HyPer7 ratio decreased again,
s the added methanol is consumed. The scattered light signal
Fig. 3 B) increased exponentially after addition of methanol, repre-
enting cell growth. At the same time as the HyPer7 peaks decline,
he scattered light signal remains constant (similar to stationary 
hase of a growth curve), indicating that cell growth ceases un-
il the addition of the next methanol shot. This observation val-
dates the production of H2 O2 attributed to the activity of Aox
nzymes upon MUT in vivo . Interestingly, the maximal height of
he peaks became lower following subsequent methanol shots 
hereas, on the other hand, the signal did not return to basal lev-

ls later during cultivation. The lower maximal peak height might
e explained as adding 1% methanol to a growing culture (i.e. in-
reasing cell densities) results in decreasing amounts of methanol 
dded per cell, and thus lower H2 O2 generation. 

nockout of Aox coding genes changes the redox 

rofile of strains 

he ability of K. phaffii to utilize methanol as sole carbon source is
ne of the main reasons of the popularity of this host organism.
ecent sustainability considerations have rejuvenated the inter- 
st in organisms able to utilize C1 carbon sources (Kuzman et al.
025 ). The first metabolic step of methanol metabolism in K. phaf-
i is carried out by two Aox isoforms, Aox1 and Aox2. This process
ses O2 as the final electron acceptor, generating H2 O2 as a by-
roduct. In this study, three different genotypes were studied re-
arding their MUT: Mut+ strains containing both isoforms, MutS 

trains having the Aox1 isoform deleted (S stands for slow) and
ut− K. phaffii strains lacking both isoforms, rendering them un- 

ble to grow using methanol as the sole carbon source (although
hey still consume methanol as energy source through the action
f an alcohol dehydrogenase; Zavec et al. 2021 ). 

MutS and Mut− strains were generated through CRISPR/Cas9- 
ediated knockout of respective genes in the CBS7435 Hyper7 

eporter strain. Cells were then cultivated either under mixed 

arbon conditions using limited glucose with the addition of 
ethanol shots at different timepoints (Fig. 4 ), or when only
ethanol was provided as sole carbon source for the whole exper-

ment (Fig. 5 ). Under mixed carbon conditions, the growth of the
ut− strain (yellow line, Fig. 4 B) was comparable to the CBS7435
ild type strain grown on limiting glucose (black line, Fig. 3 B). In-
eed, also the redox state of HyPer7 in Mut− strains in the mixed
eed cultivation (yellow line, Fig. 4 A) was highly comparable to
he CBS7435 wild type strain grown in limited-glucose without 

ethanol (black line, Fig. 3 A). In contrast, no change in the redox
ignal was observed when the Mut− strain was cultivated in media
ith methanol as sole carbon source, indicating that cells lacking
oth isoforms of Aox do not produce H2 O2 (Fig. 5 A). As expected,
ut− strains did not show any growth when only methanol was

vailable (Fig. 5 B). 
Comparisons between the Mut+ (wild type) and MutS strains 

learly highlight the effects of AOX1 knockout on cell growth and

2 O2 production. Under mixed feed conditions, MutS cells lacking 
OX1 presented a decreased peak of the 488/400 ratio after each
ethanol addition indicating lower conversion of methanol into 

ormaldehyde and H2 O2 in addition to the subsequent reduction 

f the H2 O2 produced (Fig. 4 A). As both glucose and methanol are
resent, it is more difficult to directly correlate the generation of
iomass (Fig. 4 B), however, at later stages of cultivation, it is possi-
le to observe that the addition of methanol confers higher growth
ates to Mut+ strains than MutS immediately after methanol ad- 
ition. In contrast, higher overall biomass concentrations were 
eached with MutS strains, suggesting that Mut+ cells exhibiting 
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Figure 4. Effect of the lack of main methanol oxidizing enzymes (Aox1 and Aox2) on K. phaffii H2 O2 accumulation (A) and growth (B). Cultivation of 
cells with a limiting glucose and methanol mix show that the accumulation of H2 O2 is significantly higher in WT (Mut+ ) strains when compared to 
single aox1 � (MutS ) and double aox1 � aox2 � (Mut−) deletion strains. Biomass is monitored by scattered light signal in arbitrary units (a.u.). Presented 
data is based on individual triplicates ( n = 3). Solid lines are mean of triplicates. Shadowed region represents the standard deviation between 
replicates. Red and black arrows represent, respectively, the addition of 0.5% and 1% methanol. 
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 fast methanol assimilation suffer from H2 O2 and formaldehyde
oxicity which results in reduced biomass yield. Thus, the sensor
llows bioprocess optimization to balance the rate of methanol
ssimilation against the toxicity of methanol oxidation products
ormed in the process. 

This pattern was more pronounced when using methanol as
he sole carbon source (Fig. 5 A). With an initial concentration
f 1% MeOH, Mut+ strains presented a continuous 488/405 peak
rom the start of cultivation, decreasing to lower levels after ∼30 h,
oinciding with the cessation of growth (Fig. 5 B). Upon addition of
dditional 1% MeOH shots, cells resumed growth, accompanied
y an increase in the H2 O2 detected. In contrast, MutS strains pre-
ented a significant lower growth rate when only methanol was
resent in the media, never reaching a point when cells ceased
rowth due to having used up all available MeOH (Fig. 5 B). This
rowth pattern also correlated with the accumulation of signifi-
antly lower basal levels of H2 O2 , as well as peak heights in re-
ponse to methanol pulses (Fig. 5 A). 
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Figure 5. Effect of the lack of main methanol oxidizing enzymes (Aox1 and Aox2) on K. phaffii H2 O2 accumulation (A) and growth (B) on methanol as 
sole carbon source. Cultivation of cells using methanol as sole carbon source show that the accumulation of H2 O2 (A) is significantly higher in WT 

(Mut+ ) strains when compared to single aox1 � (MutS ) and double aox1 � aox2 � (Mut−) deletion strains. Biomass (B) was monitored by scattered light 
signal in arbitrary units (a.u.). Biomass was also significantly different between the strains, with the MutS and Mut− presenting the adequate slow and 
lack of growth using methanol as carbon source, respectively. Presented data is based on individual triplicates ( n = 3). Solid lines are mean of 
triplicates. Shadowed region represents the standard deviation between replicates. Arrows represent the addition of 1% methanol. 
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To further investigate the correlation between MUT and the 
generation of H2 O2 , the experiments were repeated with the MutS 

and Mut+ strains growing in limiting glucose and following the 
addition of different levels of methanol (Fig. 6 ). After the ini- 
tial 0.5% methanol shot (red arrow), three different concentra- 
tions of methanol were added in the three later timepoints. Both 

strains showed a similar pattern as described before (Fig. 4 ) when 

adding repeated shots of 1% methanol. When adding lower con- 
centrations of methanol (three times 0.5%), the HyPer7 signal ratio 
reached the same height as for 1% methanol, but declined to basal 
evels faster (Fig. 5 A and B). This effect was even more pronounced
hen 0.25% of methanol was added. As expected, biomass was

ower when lower amounts of methanol were added (Fig. 6 C and
). This again confirms that the generation of H2 O2 is arising from

he activity of the Aox enzymes during MUT. 

iscussion 

he control of the redox state by cells is crucial for a healthy func-
ioning of living organisms, with a variety of different players and
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Figure 6. Effect of adding different concentrations of methanol (MeOH) on H2 O2 accumulation and growth of K. phaffii Mut+ and MutS . At 3 h of 
cultivation on limiting glucose (see Fig. 3 ), cells were induced with 0.5% methanol (red arrows). Black arrows indicate the time of addition of different 
concentrations of MeOH (0.25%, 0.5% or 1%; black arrows) to the Mut+ wildtype (A and C) and the MutS strain (B and D). The HyPer7 signal ratio (A and 
B) returned faster when lower methanol concentrations were added. Biomass (C and D) was monitored by scattered light signal in arbitrary units 
(a.u.). Presented data is based on individual triplicates ( n = 3). Solid lines are mean of triplicates. Shadowed region represents the standard deviation 
between replicates. 
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eactions involved. The generation and accumulation of ROS is
ssential for proper functioning of cell metabolism and signal-
ng, while at higher levels also causing cellular damage (Knoefler
t al. 2012 ). Monitoring ROS, specially H2 O2 , is becoming increas-
ngly popular with the use of genetically encoded biosensors, such
s HyPer and roGFP-based tools (Belousov et al. 2006 ). Both sen-
ors are dynamically reflecting probe oxidation by H2 O2 and probe
eduction by intracellular antioxidant defense systems. Such in-
icators have been used in different organisms, such as plants

Dopp et al. 2023 ), mammalian cells (Pak et al. 2020 ), fission yeast
De Cubas et al. 2021 ), and baker’s yeast (Kritsiligkou et al. 2021 ,
ast et al. 2022 ). 
Here, we applied HyPer7 for the first time in K. phaffii , a methy-

otrophic yeast which is popular for recombinant protein produc-
ion in biotechnology and industry. Similarly to previous work
n S. cerevisiae (Kritsiligkou et al. 2021 ), HyPer7 was shown to
xhibit bright fluorescence when expressed using a strong pro-
oter (TEF), demonstrating full functionality also in the noncon-

entional yeast K. phaffii . The combination of HyPer7 express-
ng strains with the cultivation in a microbioreactor (BioLec-
or, mM2p-labs/Beckman Coulter Life Sciences) allowed real time

onitoring of the biosensor redox state during yeast growth (Gast
t al. 2022 ) and provided an appropriate setup for following the dy-
amics of H2 O2 generation and accumulation in various contexts.

The probe also responded to the addition of DTT ( Fig. S3 ). At low
TT concentrations, a less oxidized signal ratio was observed, sug-
esting that HyPer7 is also suited for the detection of low levels of

2 O2 produced endogenously during unstressed growth of K. phaf-
i in normal growth medium. Remarkably, HyPer7 showed an in-
reased oxidation signal upon addition of intermediate DTT con-
entrations (0.5–1 mM), indicating that cytosolic H2 O2 levels tem-
orarily increase upon reductive stress ( Fig. S3 ). Reductive stress

nduced by the addition of intermediate levels of DTT (5 mM)
as, perhaps a bit surprisingly, previously been shown to elicit a
ap1/Skn7-dependent antioxidant response and to increase both
xygenation and ROS levels in S. cerevisiae (Maity et al. 2016 ).
his response was proposed to shut down protein synthesis in re-
ponse to the accumulation of oxidatively unfolded proteins in
he ER, in line with the proposed role of H2 O2 in inhibiting trans-
ation (Topf et al. 2018 ). Our data suggests that this response is

ost probably also conserved in K. phaffii . 
Furthermore, HyPer7 responded to low concentrations of ex-

genously added H2 O2 (with a limit of detection of 0.01 mM H2 O2 

n the analysed conditions), showing a peak in the 488/405 ratio,
hat was not observed in untreated cells. The peak was quickly
educed, highly comparable to what was previously observed in S.
erevisiae (Kritsiligkou et al. 2021 ). In addition to HyPer7, we also
ested the roGFP2-based sensors roGFP2-Prx1 [containing S. cere-
isiae Prx1 (Van Laer and Dick 2016 , Gast et al. 2022 )] and roGFP2-
sa2dCr (Morgan et al. 2016 ) expressed under the same strong

TEF promoter, which have shown higher sensitivity in S. cerevisiae
nd S. pombe (De Cubas et al. 2021 , Kritsiligkou et al. 2021 ). Un-
xpectedly, roGFP2-Tsa2dCr exhibited photobleaching in the mi-
roscope and both showed significantly lower sensitivity for H2 O2 

han HyPer7 in K. phaffii ( Fig. S4 ), and where thus excluded for fur-
her studies. However, even though roGFP2-Prx1 only responded
o higher H2 O2 concentrations ( > 1 mM) in our experiments, it re-
urned faster to its reduced state than HyPer7, and might thus be
uited for specific applications where higher H2 O2 levels need to
e monitored in K. phaffii . 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
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Increased concentrations of exogenously added H2 O2 showed 

that complete oxidation of the HyPer7 sensor was achieved af- 
ter the addition of 0.25 mM. Untreated cells exhibited a slight in- 
crease in oxidation during prolonged cultivation. This increase is 
likely correlated to H2 O2 generated by cell growth (respiration). At 
higher concentrations ( ≥1 mM), H2 O2 was responsible for arrest- 
ing cellular growth, and as H2 O2 levels decreased, cells regained 

their ability to grow, culminating in the appearance of a second 

peak, mirroring untreated cells ( Fig. S5 ). This reinforces the hy- 
pothesis that initially, H2 O2 is generated as a byproduct of cellu- 
lar growth, likely as a result of the main sources of ROS in the cell,
such as mitochondria and the ER. 

The methylotrophy of K. phaffii makes it one of the popular 
microbial hosts used for the production of recombinant proteins 
(Zahrl et al. 2017 ) and new C1-based technologies (Baumschabl 
et al. 2024 ). The methylotrophic phenotype is based on the pres- 
ence of Aox enzymes, that initiate the conversion of methanol into 
formaldehyde by the oxidation of water into H2 O2 (Yurimoto et al.
2011 ). Here, we monitored the dynamics and differences in the ac- 
cumulation of H2 O2 over time during cultivation of K. phaffii in a 
BioLector (m2p-labs/Beckman Coulter Life Sciences) using a pre- 
viously described screening method for small scale assessment 
of K. phaffii production strains (Staudacher et al. 2022 ). Our ex- 
periments revealed a sharp increase in H2 O2 levels immediately 
following the addition of methanol to the culture. By analysing 
our data it is also possible to identify that especially Mut+ cells go 
through a period of starvation between methanol shots, indicat- 
ing that the methanol feeding regimen could be even further op- 
timized by decreasing the intervals between the methanol shots 
to avoid starvation. Previously, accumulation of ROS in K. phaffii 
has been determined at distinct timepoints offline using differ- 
ent redox sensitive dyes (Delic et al. 2014 , Cai et al. 2022 ). Even 

though the use of such dyes may be very informative, there re- 
main uncertainties mainly due to their limited specificity for dis- 
tinct ROS molecules and their overall low sensitivities (Murphy et 
al. 2022 ). Here, we show that the changes in the H2 O2 levels can 

be very abrupt and rapid, making it extremely advantageous to 
use a genetically encoded biosensor, since it avoids the need of 
manipulating the cells and specific sampling limitations inherent 
to redox staining. Furthermore, in-line measurements such as in 

the BioLector proved to be valuable to monitor the changes over 
time. 

One of the main challenges of methylotrophic yeasts are the 
high oxygen requirements and the oxidative stress generated 

during methanol metabolism (Zavec et al. 2020 ). Among differ- 
ent methylotrophic yeasts, a different range of Aox isoforms are 
present (Ito et al. 2007 ). In K. phaffii , the MUT phenotype is con- 
ferred by two enzymes, Aox1 and Aox2 (Cregg et al. 1989 ). The two 
enzymes are almost identical in sequence, nevertheless Aox1 is 
believed to be the main isoform. To elucidate their contribution to 
H2 O2 formation, we created MutS ( �aox1 ) and Mut− ( �aox1 �aox2 ) 
strains by sequential deletion of both Aox coding genes using 
CRISPR/Cas9. The deletion of the AOX1 gene resulted in substan- 
tially decreased levels of H2 O2 , whereas in the double mutant 
strain that cannot metabolize methanol the production of H2 O2 

was completely abolished. This shows that Aox1 indeed is the 
dominant methanol oxidizing enzyme and a major source of cel- 
lular H2 O2 . 

Conclusions 

In conclusion, HyPer7 in combination with in-line monitoring by 
a BioLector was successfully set up for K. phaffii and proved to 
e a powerful tool for assessing longstanding topics, such as the
rst in vivo confirmation of the generation of H2 O2 via methanol
etabolism. Furthermore, it offers insights into overcoming bot- 

lenecks in strain and bioprocess engineering. For example, we 
ould clearly see why MutS strains outperform their Mut+ coun- 
erparts in screening conditions, as they allow for a more contin-
ous activation of the AOX promoter and lower levels of the toxic
y-product H2 O2 . This also opens a lot of opportunities for the fu-
ure by studying cell physiology and production related stresses 
n K. phaffii using such biosensors e.g. the measurement of H2 O2 

evels as a consequence of the production of secretory recombi-
ant proteins. Future research might involve also targeting of the
iosensor to specific organelles to provide also spatially resolved 

nformation. 

upplementary data 

upplementary data is available at FEMSYR Journal online. 

onflict of interest : The authors declare no competing interests. 

unding 

his work was funded by the Austrian Science Fund FWF
doi:10.55776/W1224; Doctoral Program on Biomolecular Technol- 
gy of Proteins—BioToP). Further support was obtained from the 
wedish Research Council for Sustainable Development (FORMAS,
023–01238), the Austrian Science Fund FWF Cluster of Excellence 
OE17, Circular Bioengineering (funding DOI: 10.55776/COE17),
nd by the Austrian Federal Ministry of Economy, Energy and
ourism (BMWET), the Austrian Federal Ministry of Innovation,
obility and Infrastructure (BMIMI), the Styrian Business Promo- 

ion Agency SFG, the Standortagentur Tirol, the Government of 
ower Austria, the Business Agency Vienna and BOKU through 

he Funding Program COMET - Competence Centers for Excel- 
ent Technologies managed by the Austrian Research Promotion 

gency FFG within the COMET centre: acib—Next Generation Bio- 
roduction. For open access purposes, the author has applied a CC
Y public copyright license to any author accepted manuscript 
ersion arising from this submission. 

eferences 

aumschabl M , Ata Ö, Mattanovich D. Single carbon metabolism—
a new paradigm for microbial bioprocesses? Synth Syst Biotechnol 
2024; 9 :322–9. https://doi.org/10.1016/j.synbio.2024.03.003 .

elousov VV , Fradkov AF, Lukyanov KA et al. Genetically encoded flu-
orescent indicator for intracellular hydrogen peroxide. Nat Meth- 
ods 2006; 3 :281–6. https://doi.org/10.1038/nmeth866 .

ai P , Wu X, Deng J et al. Methanol biotransformation toward
high-level production of fatty acid derivatives by engineer- 
ing the industrial yeast Pichia pastoris . Proc Natl Acad Sci USA
2022; 119 :e2201711119. https://doi.org/10.1073/pnas.2201711119 .

ouderc R , Baratti J. Oxidation of methanol by the yeast, Pichia pas-
toris . Purification and properties of the alcohol oxidase. Agric Biol
Chem 1980; 44 :2279–89. https://doi.org/10.1080/00021369.1980.10 
864320 .

regg JM , Madden KR, Barringer KJ et al. Functional characteri-
zation of the two alcohol oxidase genes from the yeast Pichia
pastoris . Mol Cell Biol 1989; 9 :1316–23. https://doi.org/10.1128/mcb. 
9.3.1316 .

e Cubas L , Pak VV, Belousov VV et al. The mitochondria-to-cytosol 
H2 O2 gradient is caused by peroxiredoxin-dependent cytosolic 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf070#supplementary-data
https://doi.org/10.1016/j.synbio.2024.03.003
https://doi.org/10.1038/nmeth866
https://doi.org/10.1073/pnas.2201711119
https://doi.org/10.1080/00021369.1980.10864320
https://doi.org/10.1128/mcb.9.3.1316


10 | FEMS Yeast Research, 2025, Vol. 25

D  

 

 

D  

 

 

D  

 

 

D  

 

G  

 

G  

 

G  

 

 

G  

 

 

 

G  

 

 

H  

 

I  

 

 

K  

 

 

K  

 

K  

 

K  

 

K  

 

L  

 

L  

 

M  

 

 

M  

 

M  

 

 

P  

 

 

 

P  

 

 

S  

 

 

S  

 

S  

 

S  

 

 

 

T  

 

 

V  

 

W  

 

 

X  

 

 

Y  

 

Z  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/doi/10.1093/fem
syr/foaf070/8340370 by guest on 23 D

ecem
ber 2025
scavenging. Antioxidants 2021; 10 :731. https://doi.org/10.3390/anti 
ox10050731 .

elic M , Graf A, Koellensperger G et al. Overexpression of the tran-
scription factor Yap1 modifies intracellular redox conditions and
enhances recombinant protein secretion. MIC 2014; 1 :376–86. ht
tps://doi.org/10.15698/mic2014.11.173 .

elic M , Rebnegger C, Wanka F et al. Oxidative protein folding and
unfolded protein response elicit differing redox regulation in en-
doplasmic reticulum and cytosol of yeast. Free Radical Biol Med
2012; 52 :2000–12. https://doi.org/10.1016/j.freeradbiomed.2012.0 
2.048 .

i Marzo N , Chisci E, Giovannoni R. The role of hydrogen peroxide
in redox-dependent signaling: homeostatic and pathological re-
sponses in mammalian cells. Cells 2018; 7 :156. https://doi.org/10
.3390/cells7100156 .

opp IJ , Kalac K, Mackenzie SA. Hydrogen peroxide sensor HyPer7
illuminates tissue-specific plastid redox dynamics. Plant Physiol
2023; 193 :217–28. https://doi.org/10.1093/plphys/kiad307 .

asser B , Prielhofer R, Marx H et al. Pichia pastoris : protein production
host and model organism for biomedical research. Future Microbiol
2013; 8 :191–208. https://doi.org/10.2217/fmb.12.133 .

assler T , Heistinger L, Mattanovich D et al. CRISPR/Cas9-mediated
homology-directed genome editing in Pichia pastoris . Methods Mol
Biol 2019; 1923 :211–25. https://doi.org/10.1007/978- 1- 4939- 9024- 
5_9 .

assler T , Sauer M, Gasser B et al. The industrial yeast Pichia pas-
toris is converted from a heterotroph into an autotroph capable
of growth on CO2 . Nat Biotechnol 2020; 38 :210–6. https://doi.org/10
.1038/s41587- 019- 0363- 0 .

ast V , Campbell K, Campos CP et al. The yeast eIF2 kinase Gcn2 fa-
cilitates H2 O2 -mediated feedback inhibition of both protein syn-
thesis and ER oxidative folding during recombinant protein pro-
duction. Appl Environ Microbiol 2021; 87 :e0030121. https://doi.org/
10.1128/AEM.00301-21 .

ast V , Siewers V, Molin M. A hypersensitive genetically encoded
fluorescent indicator (roGFP2-Prx1) enables continuous mea-
surement of intracellular H2 O2 during cell micro-cultivation.
Bio Protoc 2022; 12 :e4317. https://doi.org/10.21769/BioProtoc.4317 .

olmström KM , Finkel T. Cellular mechanisms and physiological
consequences of redox-dependent signalling. Nat Rev Mol Cell Biol
2014; 15 :411–21. https://doi.org/10.1038/nrm3801 .

to T , Fujimura S, Uchino M et al. Distribution, diversity and regula-
tion of alcohol oxidase isozymes, and phylogenetic relationships
of methylotrophic yeasts. Yeast 2007; 24 :523–32. https://doi.org/10
.1002/yea.1490 .

alyanaraman B , Darley-Usmar V, Davies KJA et al. Measuring reac-
tive oxygen and nitrogen species with fluorescent probes: chal-
lenges and limitations. Free Radical Biol Med 2012; 52 :1–6. https:
//doi.org/10.1016/j.freeradbiomed.2011.09.030 .

noefler D , Thamsen M, Koniczek M et al.. Quantitative in vivo re-
dox sensors uncover oxidative stress as an early event in life.
Mol Cell 2012; 47 :767–76. https://doi.org/10.1016/j.molcel.2012.06 
.016 .

ostyuk AI , Panova AS, Kokova AD et al. In vivo imaging with ge-
netically encoded redox biosensors. Int J Mol Sci 2020; 21 :8164.
https://doi.org/10.3390/ijms21218164 .

ritsiligkou P , Shen TK, Dick TP. A comparison of Prx- and
OxyR-based H2 O2 probes expressed in S. cerevisiae . J Biol Chem
2021; 297 :100866. https://doi.org/10.1016/j.jbc.2021.100866 .

uzman M , Ata Ö, Mattanovich D. Advancing yeast metabolism
for a sustainable single carbon bioeconomy. FEMS Yeast Res
2025; 25 :foaf020. https://doi.org/10.1093/femsyr/foaf020 .
ee JD , Nguyen A, Gibbs CE et al. Monitoring in real time and far-red
imaging of H2 O2 dynamics with subcellular resolution. Nat Chem
Biol 2025. https://doi.org/10.1038/s41589- 025- 01891- 7 .

ennicke C , Cochemé HM. Redox metabolism: ROS as specific
molecular regulators of cell signaling and function. Mol Cell
2021; 81 :3691–707. https://doi.org/10.1016/j.molcel.2021.08.018 .

aity S , Rajkumar A, Matai L et al. Oxidative homeostasis regulates
the response to reductive endoplasmic reticulum stress through
translation control. Cell Rep 2016; 16 :851–65. https://doi.org/10.1
016/j.celrep.2016.06.025 .

organ B , Van Laer K, Owusu TNE et al. Real-time monitoring of
basal H2 O2 levels with peroxiredoxin-based probes. Nat Chem Biol
2016; 12 :437–43. https://doi.org/10.1038/nchembio.2067 .

urphy MP , Bayir H, Belousov V et al. Guidelines for measuring re-
active oxygen species and oxidative damage in cells and in vivo .
Nat Metab 2022; 4 :651–62. https://doi.org/10.1038/s42255- 022- 005
91-z .
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