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ABSTRACT
Komagataella phaffii (Pichia pastoris) is a workhorse host for secreted industrial enzyme production, but titers for
any given target protein remain difficult to predict from first principles and are usually reached only after substantial
empirical optimisation at both the construct and fermentation level. Here we report a systematic, stepwise
optimisation of recombinant expression of a thermostable bacterial lipase (Lip-Tx, sourced from a thermophilic
Geobacillus-like organism) intended for biodiesel transesterification and detergent applications. At the construct
level, we compared the methanol-inducible AOX1 promoter against the constitutive GAP promoter, native versus
alpha-mating-factor secretion signals, and codon-optimised versus native gene sequence, screening
transformants across a Zeocin-resistance gradient to enrich for multicopy integrants. The best-performing
construct combined codon optimisation, the alpha-mating-factor signal and the AOX1 promoter in an estimated
four-copy integrant, giving a 14-fold improvement in shake-flask secreted lipase activity over the single-copy,
native-signal, native-sequence baseline. At the fermentation level, we then optimised methanol feed strategy,
induction temperature and dissolved oxygen control in a 5-litre bioreactor, finding that a growth-limited, low
constant methanol feed rate (3.0 g/L/h) at a reduced induction temperature of 20C nearly doubled specific
productivity relative to standard excess-methanol feeding at 30C, primarily by reducing methanol-associated cell
stress and extending the productive induction window. The final optimised process achieved an extracellular
lipase titer of 3.8 g/L and a volumetric activity of 12,400 U/mL after 96 hours of fed-batch induction, an
approximately 60-fold improvement over unoptimised shake-flask production. These results illustrate, using a
single representative target enzyme, a transferable optimisation sequence -- construct screening followed by feed
and temperature optimisation -- that consistently narrows the gap between a functional Pichia expression
construct and an industrially relevant titer.
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1. INTRODUCTION Industrial enzymes for biocatalysis, from lipases used in
biodiesel transesterification and detergent formulation to
proteases and amylases used across the food and textile
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industries, are overwhelmingly produced recombinantly
rather than purified from their native source organism,
both for cost reasons and because heterologous
production allows a host strain to be engineered for
secretion, glycosylation and fermentation characteristics
that the native producer may lack. Komagataella phaffii,
still widely known by its earlier name Pichia pastoris, has
become one of the dominant hosts for this purpose
because it combines efficient protein secretion, a track
record of gram-per-litre titers for a range of target
proteins, and fermentation characteristics -- high cell
density growth, straightforward scale-up, minimal
endotoxin burden -- that are generally favourable relative
to bacterial or mammalian alternatives [4,17].
Despite this track record, expression titer for a novel
target protein in Pichia is still difficult to predict and
typically requires empirical optimisation across several
largely independent variables: promoter choice, most
often a choice between the strong methanol-inducible
AOX1 promoter and the constitutive
glyceraldehyde-3-phosphate dehydrogenase (GAP)
promoter; secretion signal, where the Saccharomyces
cerevisiae alpha-mating-factor prepro sequence remains
the most widely used default despite not being native to
Pichia; gene codon usage, since Pichia has a distinct
codon bias from many source organisms including
thermophilic bacteria; and gene copy number, which can
be increased through selection on graded
antibiotic-resistance markers but does not always
translate linearly into higher titer because of downstream
secretory bottlenecks [8,14,22]. A construct that
performs well for one target protein does not reliably
predict performance for another, which is why
systematic, protein-specific optimisation studies retain
practical value even for a well-established host organism.
Fermentation-level optimisation compounds the
construct-level variables with a second, largely
independent set of process parameters. For
AOX1-driven constructs specifically, methanol feed
strategy during the induction phase is a critical and
frequently underappreciated variable: excess methanol
can be directly toxic and triggers a strong unfolded
protein and peroxisome-stress response that competes
with the secretory pathway for cellular resources, while
methanol starvation halts induction altogether, so most
industrial processes aim for a growth-limiting, tightly
controlled methanol feed rate rather than either extreme
[11,25]. Induction temperature is a second lever that is
sometimes overlooked in bench-scale optimisation:
reducing temperature during induction, typically from the
standard 28-30C growth temperature to somewhere in
the 20-25C range, has repeatedly been shown to
improve titers for secretion-limited or proteolytically
sensitive target proteins, plausibly by slowing translation
and secretory flux enough to allow more complete folding
and reducing the activity of secreted or vacuolar
proteases [19,29].

We set out to apply a structured, two-stage optimisation
-- construct screening followed by fermentation
parameter optimisation -- to a single representative
industrial target, a thermostable bacterial lipase with
biodiesel and detergent relevance, with the explicit goal
of quantifying how much titer improvement each stage
contributes independently and in combination, rather
than optimising all variables simultaneously in a way that
would make their individual contributions difficult to
disentangle. Because thermostable lipases of this
general class are of direct industrial interest and their
native bacterial source organisms are not practical
production hosts at scale, establishing a reliable,
well-characterised Pichia expression and fermentation
protocol for this specific enzyme class has value beyond
the methodological point of the study.

2. MATERIALS AND METHODS

All expression work used Komagataella phaffii (Pichia
pastoris) strain X-33 as the parental host, and all lipase
activity assays were performed on culture supernatant
using a standard para-nitrophenyl palmitate (pNPP)
hydrolysis assay unless otherwise stated.

2.1 Gene synthesis and expression construct design

The gene encoding Lip-Tx, a thermostable lipase from a
Geobacillus-related thermophilic bacterium, was
synthesised in two versions: a codon-optimised
sequence adapted to Pichia codon usage tables, and the
native bacterial coding sequence, both cloned
downstream of either the AOX1 or GAP promoter and
fused to either the native Lip-Tx signal peptide or the
Saccharomyces cerevisiae alpha-mating-factor prepro
secretion signal, giving eight promoter-signal-codon
combinations in a pPICZ-alpha-derived
Zeocin-resistance backbone. Each construct was
linearised and transformed into X-33 by electroporation,
and transformants were selected on increasing Zeocin
concentrations (100-2000 microgram/mL) to enrich for
higher-copy-number integrants, with integrated copy
number for a subset of high-resistance clones
subsequently estimated by quantitative PCR against a
single-copy reference locus.

2.2 Shake-flask construct screening

For each of the eight promoter-signal-codon
combinations, twelve independent Zeocin-resistant
transformants were screened in 24-well deep-well plates
using buffered glycerol-complex medium for biomass
accumulation followed by induction in buffered
methanol-complex medium (for AOX1 constructs) or
buffered complex medium without inducer (for GAP
constructs) for 96 hours at 28C with daily methanol
supplementation for AOX1 cultures. Secreted lipase
activity in clarified supernatant was measured by pNPP
hydrolysis at 405 nm, and the three highest-activity
transformants per combination were re-screened in
shake flasks to confirm ranking before advancing the
single best-performing construct to bioreactor
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optimisation.
2.3 Bioreactor fed-batch fermentation and process optimisation

Fed-batch fermentations were performed in 5-litre
stirred-tank bioreactors (3 L working volume) following a
standard glycerol batch and fed-batch growth phase to
build biomass, followed by a methanol induction phase.
Dissolved oxygen was maintained above 20% saturation
throughout by cascading agitation and aeration, and pH
was controlled at 5.0 during growth and 6.0 during
induction using ammonium hydroxide. Three methanol
feed strategies were compared during induction: a
standard excess feed (methanol maintained at 1% v/v by
feedback control), a moderate constant feed (5.0 g/L/h),
and a low constant feed (3.0 g/L/h), each tested at both
30C and 20C induction temperature in a full factorial
design (six conditions, duplicate runs each). Culture
samples were withdrawn every 12 hours for biomass (dry
cell weight), secreted protein concentration (Bradford
assay) and lipase activity determination.

2.4 Enzyme activity and protein quantification

Lipase activity was defined as the amount of enzyme
releasing 1 micromole of para-nitrophenol per minute
under assay conditions (37C, pH 8.0), calculated from a
para-nitrophenol standard curve. Total secreted protein
was quantified by Bradford assay against a bovine serum
albumin standard, and purity of the dominant secreted
band was assessed by SDS-PAGE with Coomassie
staining, since Pichia's low native background secretion
typically allows the recombinant protein to be visualised
as the dominant band directly in clarified supernatant.

2.5 Statistical analysis

Construct screening data were analysed by two-way
ANOVA (promoter x signal peptide, separately for each
codon variant) with Tukey's post-hoc test for pairwise
comparisons. Fermentation optimisation data were
analysed by two-way ANOVA (feed rate x temperature)
on specific productivity (activity per gram dry cell weight
per hour) at the 96-hour timepoint, with Tukey's post-hoc
test. All analyses were performed in R version 4.3, with a
significance threshold of P<0.05.

3. RESULTS

Across the eight shake-flask construct combinations,
codon optimisation produced the single largest
improvement in secreted lipase activity, averaging a
5.8-fold increase over the matched native-sequence
construct regardless of promoter or signal peptide
(P<0.001), consistent with codon usage mismatch being
a significant bottleneck for a bacterial gene expressed in
a yeast host. The alpha-mating-factor signal
outperformed the native Lip-Tx signal by a further
2.1-fold on average (P<0.001), and AOX1 outperformed
GAP by 1.6-fold among codon-optimised,
alpha-factor-signal constructs specifically (P=0.008),
though this promoter effect was not significant among
native-sequence constructs, suggesting an interaction

between promoter strength and how efficiently the
expressed protein can actually be processed and
secreted. The best-performing combination --
codon-optimised gene, alpha-mating-factor signal, AOX1
promoter -- gave a 14.2-fold improvement in shake-flask
activity over the native-sequence, native-signal, AOX1
baseline. Table 1 summarises activity for all eight
combinations at their best-performing copy number.
Table 1. Shake-flask lipase activity across promoter, signal
peptide and codon usage combinations.

Promoter Signal peptide
Codon
usage

Activity
(U/mL)

Fold vs
baseline

AOX1 Native Lip-Tx Native 42 1.0

AOX1 Native Lip-Tx
Optimize
d

210 5.0

AOX1 alpha-factor Native 88 2.1

AOX1 alpha-factor
Optimize
d

596 14.2

GAP Native Lip-Tx Native 31 0.7

GAP Native Lip-Tx
Optimize
d

165 3.9

GAP alpha-factor Native 70 1.7

GAP alpha-factor
Optimize
d

368 8.8

Values are mean of three re-screened top transformants per
combination, single-copy integrants, 96 h shake-flask
induction/growth.

Quantitative PCR on the highest-Zeocin-resistance
survivors of the best-performing combination identified
clones with estimated integrated copy numbers of one,
two, four and seven; activity increased with copy number
up to four copies (correlating with a 2.3-fold activity
increase from one to four copies, P<0.001) but did not
improve further, and in fact declined slightly, at seven
copies, consistent with previous reports that very high
AOX1-driven expression can overwhelm the secretory
pathway and trigger unfolded protein
response-associated growth defects that offset the
transcriptional gain. The four-copy clone was selected for
bioreactor optimisation on this basis. Figure 1 shows
lipase activity as a function of estimated gene copy
number for this construct.

Figure 1. Shake-flask secreted lipase activity as a function of
estimated AOX1-construct integrated copy number
(codon-optimized gene, alpha-mating-factor signal; mean of
duplicate cultures, 96 h induction).
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In the bioreactor factorial optimisation, both methanol
feed rate and induction temperature significantly affected
specific productivity at 96 hours (feed rate P<0.001,
temperature P<0.001, interaction P=0.02). The low
constant feed (3.0 g/L/h) at 20C gave the highest specific
productivity of the six conditions tested, nearly double
that of the standard excess-feed, 30C condition typically
used as a default starting point for AOX1-driven
fermentations. Biomass accumulation was slightly lower
under the low-feed, low-temperature condition, but this
was more than offset by the higher per-cell secreted
activity, so that final volumetric titer was also highest
under this condition despite the lower final cell density.
Table 2 reports the complete fermentation optimisation
dataset across all six feed-temperature combinations.
Table 2. Bioreactor fed-batch optimization: specific
productivity and titer at 96 h.

Feed rate
Temp
(C)

Specific
productivity
(U/g DCW/h)

Titer
(g/L)

Excess (1% v/v) 30 184 2.1

Excess (1% v/v) 20 241 2.6

Moderate (5.0 g/L/h) 30 229 2.7

Moderate (5.0 g/L/h) 20 312 3.3

Low (3.0 g/L/h) 30 267 3.1

Low (3.0 g/L/h) 20 355 3.8

The final optimised fed-batch process (four-copy
construct, low constant methanol feed at 20C) achieved
an extracellular lipase titer of 3.8 g/L total secreted
protein, of which SDS-PAGE densitometry indicated
approximately 91% corresponded to the expected Lip-Tx
molecular weight, and a volumetric activity of 12,400
U/mL after 96 hours of induction. This represents an
approximately 60-fold improvement over unoptimised
shake-flask production using the native-sequence,
native-signal, single-copy AOX1 construct at standard
28C induction, with construct-level optimisation and
fermentation-level optimisation each contributing roughly
half of the total fold improvement on a log scale,
indicating that neither stage of optimisation was
dispensable relative to the other for reaching an
industrially credible titer.

4. DISCUSSION

The two-stage optimisation strategy applied here --
exhaustive construct screening in shake flasks followed
by fermentation parameter optimisation in a controlled
bioreactor -- allowed each variable's contribution to be
estimated with reasonable independence, and the finding
that codon optimisation contributed the single largest
construct-level improvement is broadly consistent with
prior reports for other bacterial and fungal genes
expressed in Pichia, though the magnitude of the effect
(5.8-fold) is toward the higher end of previously reported
ranges, plausibly reflecting the substantial codon usage
divergence between a thermophilic bacterial source
organism and a mesophilic yeast host [8,22]. The finding

that AOX1 outperformed GAP only among already
well-secreted (alpha-factor signal, codon-optimised)
constructs, and not among poorly secreted ones, is a
useful practical lesson: promoter strength alone does not
rescue a construct with an unresolved secretion
bottleneck, and optimising secretion signal and codon
usage before promoter selection is likely a more efficient
sequence than the reverse.
The observation that increasing gene copy number
improved titer only up to a point, and slightly reduced it at
the highest copy number tested, reinforces a pattern
reported for several other Pichia-expressed secreted
proteins and argues against the common assumption
that more integrated copies of an expression cassette is
straightforwardly better [14,26]. This ceiling effect is
generally attributed to the secretory pathway, specifically
protein folding and vesicular trafficking capacity,
becoming rate-limiting once transcriptional output
exceeds what the cell's chaperone and trafficking
machinery can process, at which point excess unfolded
protein triggers stress responses that impose a growth
and productivity cost of their own. A practical implication
is that copy-number screening should be treated as a
variable to be optimised for each new target protein
rather than assumed to favour the highest available copy
number.
The fermentation-level finding that a growth-limiting low
methanol feed at reduced temperature outperformed
standard excess-methanol, standard-temperature
induction is consistent with a substantial prior literature
on methanol toxicity and induction temperature effects in
Pichia, though the specific optimum will differ by target
protein and cannot be assumed to transfer directly from
this study to a different enzyme [11,19,29]. We would
emphasise that the low-feed, low-temperature condition
also extended the practical induction window, since
cultures under this condition maintained viable, actively
secreting biomass for longer before entering
stationary-phase decline, which is itself a meaningful
process variable for scale-up economics even setting
aside the specific-productivity improvement. Slower
induction kinetics of this kind do carry a real trade-off in
process time and, at industrial scale, energy cost for
extended temperature-controlled fermentation, so the
choice between a faster, lower-yielding process and a
slower, higher-yielding one will ultimately depend on the
relative cost of fermentation time versus the value of the
additional enzyme recovered, a calculation that is
specific to each production context and was outside the
scope of the present study.
A limitation of this work is that it examined a single target
enzyme in depth rather than testing whether the
identified optimum (codon optimisation, alpha-factor
signal, AOX1 promoter, four-copy integration, low
methanol feed at reduced temperature) generalises
across a panel of structurally or biochemically distinct
target proteins; secretion bottlenecks in particular are
known to be strongly protein-specific, and a construct or
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feed strategy optimal for a small, robustly folding
bacterial lipase may not transfer directly to a larger,
disulfide-rich, or otherwise more secretion-challenging
target [17,27]. We also did not systematically vary pH
during induction, which prior work suggests can interact
with methanol feed strategy in ways that were beyond
the scope of the present factorial design, and which
would be a reasonable next variable to examine in a
follow-up optimisation of this or a related target enzyme.
From an applied standpoint, the achieved titer of 3.8 g/L
and volumetric activity of 12,400 U/mL after 96 hours
compare favourably with published titers for other
recombinant lipases expressed in Pichia at comparable
bioreactor scale, and are within the range generally
considered industrially workable for a biocatalysis
application such as biodiesel transesterification, where
enzyme cost per unit of product is a key determinant of
process economics relative to conventional chemical
catalysis. Whether this specific titer is sufficient for a
commercially viable process depends on downstream
purification cost and the specific activity required per unit
of substrate converted, both of which are
process-engineering questions outside the scope of this
expression-optimisation study but which would be the
natural next step before any scale-up decision.
It is also worth situating Pichia against the other hosts
realistically available for a target such as Lip-Tx.
Escherichia coli remains attractive for cost and speed,
but bacterial lipases expressed intracellularly in E. coli
frequently partition into inclusion bodies and require a
refolding step that adds cost and reduces overall process
yield, an issue that secreted, correctly folded Pichia
expression largely avoids for enzymes of this size and
disulfide content. Filamentous fungal hosts such as
Aspergillus niger can reach very high secreted titers for
some enzyme classes, but strain and process
development timelines for a novel target in a fungal host
are typically longer than for Pichia, which supports Pichia
as a reasonable default starting host for a bacterial
hydrolase of this kind.

5. CONCLUSION

A stepwise, two-stage optimisation of Pichia pastoris
expression for a thermostable industrial lipase --
exhaustive shake-flask construct screening across
promoter, secretion signal, codon usage and copy
number, followed by bioreactor-scale optimisation of
methanol feed rate and induction temperature --
achieved a final extracellular titer of 3.8 g/L and
volumetric activity of 12,400 U/mL, an approximately
60-fold improvement over an unoptimised baseline
construct and fermentation protocol. Codon optimisation
and secretion signal choice contributed the largest gains
at the construct level, gene copy number showed a clear
optimum beyond which activity declined, and a
growth-limiting low methanol feed at reduced induction
temperature nearly doubled specific productivity relative
to standard excess-methanol, standard-temperature

conditions. Construct-level and fermentation-level
optimisation contributed roughly equally to the total
improvement, underscoring that neither stage can be
skipped if an industrially relevant titer is the goal. We
intend to test whether the identified fermentation
optimum -- low constant methanol feed at reduced
temperature -- generalises to structurally distinct target
proteins already available in our expression library, and
to examine induction-phase pH as an additional
optimisation variable given its reported interaction with
methanol feed strategy in related systems. A pilot-scale
(50-litre) fermentation run using the optimised protocol
identified here is planned as the next step toward
assessing whether the specific productivity gains
observed at 5-litre scale hold at a scale more
representative of eventual industrial production, and
downstream purification economics for this specific
lipase will be evaluated once pilot-scale material is
available in sufficient quantity for process development
work.
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