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Abstract

Tailoring culture media and supplementation strategies to the specific requirements of a tar-
get product is essential for enhancing microbial production efficiency. This work addresses
an unexplored aspect of K. phaffii cultivation: optimizing culture media for metabolite
production from xylose, diverging from the conventional focus on recombinant protein
expression and the use of glycerol or methanol as primary substrates. Ethylene glycol
biosynthesis in an engineered K. phaffii strain was improved by evaluating media and nutri-
ent supplementation. Among the seven evaluated formulations, FM22 and d’Anjou were
the most effective, with inositol and thiamine dichloride playing key roles in enhancing
production. Salt concentrations in both media were optimized using Central Composite
Design (CCD), reducing complexity while increasing yields. Ethylene glycol production
increased by 54% in FM22 and 21% in d’Anjou, accompanied by a threefold and 26% re-
duction in the total salt content, respectively. The vitamin solution was streamlined from
seven to two components, each at half the standard concentration. Trace element solutions
were reduced to 25% of the original volume without compromising productivity. These
findings underscore the dual benefit of culture medium optimization: improved ethylene
glycol yields and simplified formulations, establishing a foundation for the development
of more efficient and cost-effective bioprocesses using K. phaffii.

Keywords: Komagataella phaffii; xylose; ethylene glycol; culture media optimization; bioprocess
development

1. Introduction

Ethylene glycol (EG) is a key component in numerous industrial applications, particu-
larly in polymer synthesis such as polyethylene terephthalate (PET) and polyurethane [1,2].
It is considered one of the most promising bio-based chemicals [3] due to its growing
market and the limitations of conventional production, which is based on a petrochemi-
cal derivative in a high-temperature, water-intensive process with significant by-product
formation [1,2,4].

Exploring this opportunity, K. phaffii, a prominent yeast in modern biotechnology,
has been engineered with four heterologous genes for converting xylose into EG via the
Dahms pathway [5]. Nevertheless, converting this biotechnological potential into efficient
production requires tailoring process parameters to the specific characteristics of the strain,
product, and production process [6-8]. In this context, culture medium formulation is
critical, as it must address the cells” nutritional requirements while also optimizing cost,
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stability, consistency, and process performance [9-11]. Notably, the culture medium can
contribute up to 30% of total production costs [12].

While rich complex media are commonly used at the laboratory scale due to their
ability to enhance cell growth and productivity by providing readily available precursors
that reduce microbial energy demand [12,13], chemically defined media are generally
preferred for high-cell-density cultures in industrial applications, where reproducibility
and cost-effectiveness are critical [14,15].

Among complex media, the yeast extract peptone (YP) and buffered glycerol com-
plex medium (BMGY) [16] are commonly used for K. phaffii cultivation, primarily for cell
propagation when large inoculum is required [12,17]. Similarly, the minimal medium
with a defined nitrogen source (YNB), which can be enriched to meet the auxotrophic
requirements of yeast mutants used in metabolic engineering, is also frequently used [12].
Within the defined media, the basal salt medium (BSM), proposed by the Invitrogen Corpo-
ration (2002), is the most recommended medium for the high-cell-density fermentation of
K. phaffii [18,19]. Although considered a standard medium, it may not be optimal for all
heterologous products due to limitations such as slower growth compared to nutrient-rich
complex media, precipitation at pH above 5.5, an unbalanced composition, and high ionic
strength [19,20]. Another basal salt medium with a similar composition and limitations,
frequently used for protein expression in K. phaffii, is FM22 [21]. Since studies suggest that
productivity in these media can be enhanced by nutrient supplementation, modified formu-
lations such as the modified basal salt medium (MBSM) [22] and d’ Anjou medium [23] have
been developed to improve K. phaffii performance for multiple applications. Additionally,
the addition of vitamins to these salt-based media has been shown to positively influence
growth and productivity in K. phaffii [14,20,22].

Despite growing evidence that no single medium composition is universally effec-
tive [24,25], the development of tailored formulations for K. phaffii remains underex-
plored [18,20]. Media formulations optimized for heterologous protein expression employing
glucose, methanol, or glycerol as carbon sources may not be the best choice for metabolite
production from non-traditional carbon sources (xylose and biomass hydrolysate) through
synthetic metabolic pathways. To the best of our knowledge, no studies have yet evaluated
culture media for the production of chemical compounds, rather than proteins, from xylose in
K. phaffii. In this context, the present study aimed to identify the most suitable conventional
medium for EG production and evaluate the required supplementation with vitamins, amino
acids, and trace elements. Subsequently, a Central Composite Design (CCD) was applied to
optimize salt concentrations in the two most promising media to enhance production yield,
lower salt content, and simplify the formulation.

2. Materials and Methods
2.1. Organism and Inoculum Preparation

The engineered K. phaffii strain JA122 was preserved in 30% glycerol at —80 °C in the
“Collection of Microorganisms and Microalgae Applied to Agroenergy and Biorefineries
(CMMAABio0)” at Embrapa Agroenergy. For culture initiation, the strain was streaked
onto YPD agar plates (1% yeast extract, 2% peptone, 2% glucose, and 2% agar, yeast
extract and peptone from Kasvi, Curitiba, PR, Brazil; glucose and agar from Sigma-Aldrich,
St. Louis, MO, USA), supplemented with antibiotics (100 ng/mL zeocin, from Thermo
Fisher Scientific, Waltham, MA, USA; 200 pg/mL geneticin, and 200 pug/mL hygromycin B,
from Sigma-Aldrich, St. Louis, MO, USA), and incubated at 28 °C for 48 h. A single colony
was transferred to 10 mL of the antibiotic-supplemented YPD medium and incubated at
28 °C for 24 h at 200 rpm. The pre-inoculum was then transferred to baffled Erlenmeyer
flasks containing the YPDX medium (1% yeast extract, 2% peptone, 2% glucose, and
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1% xylose from Sigma-Aldrich, St. Louis, MO, USA) and incubated overnight under the
same conditions. Cells were centrifuged (5600 x g, 5 min), washed with sterile water, and
resuspended in an appropriate volume for inoculum quantification (ODg(y).

2.2. Cultivation Parameters

The experiments were carried out in triplicate (except when CCD techniques were
applied) in 50 mL Erlenmeyer flasks with a 25 mL working volume. A substrate concentra-
tion of 20 g/L glucose and 20 g/L xylose was used in all conditions. Flasks were inoculated
to an initial ODggg of 10 and incubated at 28 °C and 160 rpm. The low agitation and the
use of half the nominal flask volume were selected to ensure a low oxygen transfer rate,
previously identified as suitable for EG production.

Samples were collected at 24, 48, and 72 h to quantify substrates and products. Cell
density measurements were omitted due to variations in turbidity levels across the evalu-
ated media caused by salt precipitation.

2.3. Comparative Evaluation of Culture Media

A screening of seven widely used culture media, initially formulated for other applica-
tions in K. phaffii, was performed to identify the most suitable medium for EG production
by K. phaffii JA122. Four were defined media composed exclusively of salts: FM22, basal
salt medium (BSM), modified basal salt medium (MBSM), and d’Anjou. Additionally,
two complex media and one minimal medium were evaluated: the buffered complex
medium (BMY, an adaptation of BMGY with a substituted carbon source), yeast extract
peptone medium (YP), and a minimal medium with a defined nitrogen source (YNB). The
compositions of these media and their respective trace element solutions are detailed in
Tables 1 and 2.

Table 1. The composition (g/L) of the culture media evaluated for EG production.

Component (g/L)

FM22 BSM MBSM d’Anjou BMY YNB YP

KH,PO; (Sigma-Aldrich,
St. Louis, MO, USA)
(NH4),S04 (Sigma-Aldrich)
CaS0O,-2H,0 (Sigma-Aldrich)
K,SO4 (Sigma-Aldrich)

429 - 10.0 12.0 - - -

5.0 - - 20.0 - - -
1.0 0.93 - - - - -
14.3 18.2 - - - - -

MgSOy-7H,0 (Sigma-Aldrich) 11.7 14.9 32 47 - - -

KOH (Sigma-Aldrich)
H3PO4 85% (Sigma-Aldrich)
CaCl,.2H,0 (Sigma-Aldrich)
Yeast Extract (Kasvi, Curitiba,

PR, Brazil)

Bacteriological peptone (Kasvi) - - - - 20.0 - 20.0

Yeast nitrogen base (Kasvi)
Phosphate buffer pH 6.0
PTM4 salts
PTM1 salts
Trace Solution 1
Trace Solution 2

- - - 1.0mL - - -

Since vitamin supplementation has been reported to enhance K. phaffii cultivation, all
seven media were evaluated with and without adding 0.25% (v/v) of the vitamin solution
described in Table 3, which contains components known to support cell viability and
growth [22]. For non-buffered media (FM22, BSM, MBSM, d’Anjou, and YP), pH was
adjusted to 6.0 with 5 M KOH (Sigma-Aldrich, St. Louis, MO, USA) prior to inoculation.
It is worth noting that the BSM formulation used in this study does not include a defined
nitrogen source in its basal composition. In various BSM-based protocols, nitrogen is
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commonly introduced indirectly via pH control with ammonium hydroxide [14,20,22];
however, in the present study, KOH was used for pH adjustment, and no ammonium or
other nitrogen-containing base was employed.

Table 2. The composition (g/L) of trace element solutions evaluated to supplement the culture media.

Component (g/L) PTM4 PTM1 Trace Solution 1 Trace Solution 2
CuS04.5H,0 (Sigma-Aldrich, St. Louis, MO, USA) 2.00 6.00 6.00 -
Nal (Sigma-Aldrich) 0.08 0.08 - -
MnSOy (Sigma-Aldrich) 3.00 3.0 3.00 0.159
Na;Mo0O,.2H,0 (Sigma-Aldrich) 0.20 0.20 1.00 0.071
H3BOj3 (PanReac, Barcelona, Spain) 0.02 0.02 0.01 0.026
CaS0O4-2H,0 (Sigma-Aldrich) 0.50 - - 0.007
CoCl, (Sigma-Aldrich) 0.50 0.50 - -
ZnCl, (Sigma-Aldrich) 7.00 20.00 - -
FeSO,4.7H,0 (Dindmica, Indaiatuba, SP, Brazil) 22.00 65.00 65.00 -
Biotin (Sigma-Aldrich) 0.0125 0.0125 0.012 0.05
H,SOy4 (J.T. Baker, Phillipsburg, NJ, USA) 1.0 mL 5.0 mL 98.0 mL -
ZnS0O4.7H,0 (Sigma-Aldrich) - - 20.00 0.621
KI (Amresco, Solon, OH, USA) - - 0.42 0.044
FeCl3.6H,O (Sigma-Aldrich) - - - 1.579

Table 3. The composition (g/L) of the vitamin solution evaluated as a supplement to the culture media.

Component g/L

Pantothenic acid (Sigma-Aldrich, St. Louis, MO, USA) 0.8
Inositol (ACS Cientifica, Sumaré, SP, Brazil) 8.0
Thiamine dichloride (ACS Cientifica) 0.8
Pyridoxine hydrochloride (ACS Cientifica) 0.8
Nicotinic acid (Sigma-Aldrich) 0.2

Biotin (Sigma-Aldrich) 0.8

Ky;HPOy (Sigma-Aldrich) 4.0

2.4. The Effects of Individual Vitamins, Non-Essential Amino Acids, and Trace Elements on
EG Production

The beneficial effect of the vitamin solution was observed in some media for EG
production. However, minimizing medium complexity and cost is desirable for large-
scale applications. Each vitamin was individually evaluated to identify the key nutrients
with significant effects on EG production. In the FM22 medium, EG production was mea-
sured under three conditions: without supplementation, with standard supplementation
(0.25% v/v), and with double supplementation (0.5% v/v). Additionally, the effect of
each vitamin was examined by either excluding or doubling its standard concentration
while keeping all other vitamins constant. The effect of two non-essential amino acids,
methionine (80 mg/L) and glutamic acid (100 mg/L), was also evaluated based on previous
reports suggesting potential benefits for K. phaffii [20,26,27] and other yeast species [28-30].
Their effects were analyzed individually and in combination while maintaining complete
vitamin supplementation.

Based on these results, further comparisons were carried out with FM22 and d’Anjou
media. The standard formulations (Tables 1 and 2), supplemented with the complete
vitamin solution (Table 3), were compared to conditions in which only the vitamins that
were shown to enhance EG production were retained. In addition, the effect of halving
the concentration of these selected vitamins was evaluated. The omission of Ko;HPOy,
originally present in the standard vitamin solution, was also assessed. Finally, the effect of
varying the volume of the trace element solutions (PTM4 for FM22 and Trace Solution 2 for
d’Anjou) was investigated at 2, 0.5%, and 0.25x the standard volume.
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2.5. Optimization of Salt Composition in Culture Media

To optimize EG production and reduce salt concentrations, a Central Composite
Design (CCD) was applied to the two best-performing media, FM22 and d’Anjou. For
FM22, the evaluated concentration ranges (g/L) were KH, POy (5-50), (NH4)2SO4 (1-10),
CaS0,-2H,0 (0-2), K»504 (2-20), and MgSO4-7H,0 (2-20), with a rotatable alpha value
of +£2.24. For d’Anjou, the ranges (in g/L) were KH,PO4 (2-20), CaCl, (0-1), (NH4)»SOy4
(5-30), and MgSO,-7H,0 (2-10), with a rotatable alpha value of 2. Three replicates at the
central point were included to estimate response variability, requiring 45 experiments for
FM22 and 27 experiments for d”Anjou.

The concentration ranges for both media were selected to enable reductions or, in some
cases, the complete removal of specific components. For certain compounds, concentrations
higher than those conventionally used were also tested, based on the maximum levels
observed in other evaluated media, to explore potential benefits. Notably, the standard
concentrations for both media were within the evaluated ranges. The standard vitamin and
trace element solutions were used in all CCD runs.

2.6. Validation of Model Predictions and Feasibility of Optimized Media Conditions

Experiments were carried out in both culture media under the conditions predicted by
the CCD to maximize EG production or reduce salt without compromising the EG yield to
validate the model predictions. These conditions were also applied to confirm the feasibility
of reducing vitamins and trace element concentrations, as previously established.

2.7. Analytical Methods

Glucose and EG were quantified by HPLC using a refractive index detector (RID) and
a reverse-phase Aminex® HPX87H column (BioRad), with 5 mM H,SOy as the mobile
phase at 0.6 mL/min and 45 °C. Xylose and xylonic acid were analyzed via UPLC coupled
with light scattering detection (ELSD), using an Acquity UPLC BEH Amide column. The
mobile phases consisted of acetonitrile and water at ratios of 80:20 (A) and 40:60 (B), both
containing 10 mM ammonium acetate and 0.2% (v/v) ammonium hydroxide. The gradient
started with 100% phase A for 3 min, transitioning to 70% by 4 min, 25% by 5 min, and
returning to 100% by the end of the run (11 min). The flow rate was 0.3 mL/min, and the
column was maintained at 50 °C.

2.8. Statistical Analysis

After verifying the assumptions of analysis of variance (the normality of residuals
and homoscedasticity), parametric tests were applied. Pairwise comparisons were carried
out using the f-test, while Tukey’s test (p < 0.05) was employed for multiple comparisons.
Statistical analyses were performed in Python 3.12 (Python Software Foundation, Wilm-
ington, DE, USA) using the scipy and statsmodels libraries. The CCD data were analyzed in
Statistica 12.0 (StatSoft Inc., Tulsa, OK, USA), with the significance level set at 90% (p < 0.1).

3. Results and Discussion
3.1. Comparative Evaluation of Culture Media

Several culture media have been developed for K. phaffii, primarily aiming to enhance
heterologous protein production. As different bioproducts and processes impose distinct
nutritional requirements, a systematic strategy was employed in this work to select and
optimize a culture medium to improve EG production from xylose, while reducing both the
number and concentration of medium components. Figure 1 summarizes the experimental
workflow used to implement this strategy.
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Evaluating seven culture media (FM22, BSM, MBSM, d”Anjou, BMY, YNB, YP),
in the presence and absence of vitamin supplementation

4

Reducing the concentration of vitamins with significant effects

4

Analyzing the individual effects of vitamin removal and doubling, and amino acid
addition

4

Reducing the concentration of vitamins with significant effects

4

Optimizing salt concentrations using Central Composite Design
(2 selected media)

4

Reducing trace element concentration

\ 4

Validation of EG production at previously optimized concentrations

Figure 1. A schematic representation of the experimental approach for optimizing EG production
and refining culture medium composition.

Initially, the effect of seven different culture media (Table 1) on EG production was
evaluated, maintaining the same initial concentrations of carbon sources (glucose and
xylose) and cell density. In addition, the effect of vitamin solution supplementation was
evaluated for each medium. The results showed that the medium composition strongly
influenced EG production, with and without vitamin supplementation (Figure 2). With-
out vitamin supplementation, EG production ranged from 0.43 & 0.14 g/L in MBSM to
3.33 £ 0.11 g/L in BSM after 72 h. BSM yielded the highest EG concentrations, followed
by YP, YNB, and d’Anjou, with no statistically significant differences between the latter
three media. In contrast, MBSM and BMY resulted in the lowest EG production (Figure 2A).

Among the evaluated media, BSM and FM22 are comparable in their high phosphorus
and potassium content. BSM provides elevated concentrations of essential elements. Even
if the BSM salt composition is considered unbalanced [14], any detrimental effects on EG
production were observed. FM22 was formulated according to the proportions suggested
by Wegner (1983) [31], who established the required concentration ranges and essential
element ratios for K. phaffii growth at high cell densities [22]. However, this medium may
not have provided all the nutrients required to support EG production at levels comparable
to the top-performing media, potentially limiting its metabolic performance (Figure 2A).
The observed differences in EG production between BSM and FM22 without vitamin
supplementation contrasted with previous works that demonstrated better K. phaffii growth
and protein production in FM22 than in BSM [14,20]. These studies attributed FM22's
superior performance to its lower concentrations of elements, which may favor a faster
growth rate and consequently improve protein production performance. The intrinsic
characteristic of basal salts was suggested to slow K. phaffii growth in the BSM [20].
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Figure 2. EG production profiles in different culture media: (A) without and (B) with vitamin
supplementation. Identical letters at the same sampling time indicate no significant difference
according to Tukey’s test (p = 0.05). Error bars represent the standard error of the mean from
independent triplicate experiments.

Compared to BSM and FM22, d’Anjou [23] incorporated a nitrogen source and sig-
nificantly reduced salt concentrations. Among the evaluated media, only d’Anjou fully
aligns with the requirements suggested by Wegner (1983) [22,31]. Due to its lower salt
content, the d’Anjou medium exhibits a reduced buffering capacity, which can be mitigated
through active pH control in a bioreactor. During the EG production experiments, under the
evaluated substrate concentration, the pH reduction was limited and did not compromise
process performance. Indeed, EG production was better in d’Anjou (2.81 £ 0.10 g/L) than
in FM22 (2.30 & 0.11 g/L), suggesting that the lower salt concentration may have had
a beneficial effect on EG production. In addition, analogous to FM22, an essential absence
of nutrients or insufficient availability likely contributed to the reduced EG production
compared to BSM (Table 2).

MBSM, an optimized version of BSM developed through linear optimization tech-
niques, has shown beneficial effects on protein expression in K. phaffii [22]. However, it
demonstrated the poorest EG production performance among the evaluated media. Com-
pared to BSM, MBSM has a reduced number and concentration of trace elements, which
may hinder cellular development and metabolic activity [14]. Thus, its poor performance
may be attributed to the absence of essential components, such as nitrogen or specific
trace elements (e.g., sodium iodide, cobalt chloride, and zinc chloride), or to the higher
concentrations of sodium molybdate, ferrous sulfate, or HSOj4 relative to FM22.
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The complex medium YP and the minimal medium with a defined nitrogen source
(YNB) achieved yields exceeding 90% of the highest observed EG concentration (in BSM).
This suggests that their complex components may provide essential nutrients that enhance
EG production. This improved performance may also be attributed to the uptake of
available glucose for growth, thereby maintaining specific productivity. However, it is
important to note that these factors may not be directly linked, as EG production in this
yeast is not growth-associated. The media that favor growth do not necessarily support the
enhanced production of target compounds. For instance, the highest thaumatin production
in K. phaffii occurred in BMGY, FM22, and BSM, yet these media did not support the highest
cell growth [14]. In contrast to YP and YNB, BMY, essentially a combination of these
two media, resulted in poor EG production, likely due to excess nutrients, which may
hinder cellular development and metabolic activity [14].

The previously evaluated media were supplemented with a solution containing dif-
ferent vitamins (Table 3) to evaluate their effect on EG production using K. phaffii. The
EG concentrations ranged from 0.55 £ 0.15 g/L in MBSM to 3.71 &£ 0.09 g/L in FM22
(Figure 2B). Pairwise comparisons within each medium, with and without vitamin supple-
mentation, revealed a significant increase in EG production in FM22 and d’Anjou across all
time points and in YP at 24 and 48 h. For the remaining media, vitamin addition had no
significant effect. The most prominent improvements were observed in FM22 and d’Anjou,
where supplementation led to yield increases of over 61% and 28%, respectively, compared
to the non-supplemented conditions. In addition, with vitamin supplementation, EG pro-
duction in FM22 and d’Anjou was statistically equivalent (3.7 g/L), and significantly
higher than in BSM (3.37 g/L).

The relevance of vitamin supplementation for cell growth and heterologous pro-
tein production in K. phaffii has already been demonstrated using various culture me-
dia [14,20,22]. For instance, Joseph et al. (2023) [14] reported that supplementation with
a vitamin solution identical in composition to the one used in the present study improved
thaumatin production in BSM, FM22, and BMGY, but had no effect on the d’Anjou medium.

This discrepancy highlights how the effect of vitamin supplementation can vary
depending on the target product and the metabolic pathways involved. Moreover, the
mechanisms through which vitamins influence EG production remain unclear. It may
support yeast growth; however, no significant differences in sugar consumption rates were
observed between vitamin-supplemented and non-supplemented conditions in the best-
performing media (FM22 and d’Anjou), except for a slight increase in xylose consumption in
FM22 at 48 h, from 14.17 £ 0.31 g/L (without vitamins) to 16.30 &= 0.35 g/L (with vitamins).
Thus, vitamin supplementation may support yeast maintenance. Overall, the results
indicate that FM22 and d’Anjou are versatile media suitable for different K. phaffii strains,
provided that appropriate supplementation is applied. They further highlight that medium
selection should consider not only the microorganism but also the target product. With
the highest EG production seen in FM22 and d’Anjou, their complex compositions (often
associated with salt precipitation), the observed effects of vitamin supplementation, and the
lack of studies on component contributions during glucose and xylose metabolism, indicate
that these media could be further optimized by evaluating the effect of individual vitamins,
non-essential amino acids, trace elements, and salt concentrations on EG production.

3.2. Effect of Individual Vitamins, Non-Essential Amino Acids, and Trace Elements on
EG Production

The addition of a commonly used vitamin solution (Table 3) improved EG production
in some of the evaluated culture media, especially FM22 and d’Anjou (Figure 2B). However,
identifying the most effective concentration and individual contribution of each vitamin
is essential for reducing the complexity and costs of medium preparation. To investigate
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this, EG production in the FM22 medium was examined under three complete vitamin
solution supplementation levels: no supplementation, the standard level previously applied
(0.25% v/v), and a double level (0.5% v/v). In addition, the effect of excluding or doubling
the concentration of individual vitamins (pantothenic acid, inositol, thiamine dichloride,
pyridoxine hydrochloride, nicotinic acid, and biotin) was also examined, with all other
vitamins maintained at their standard levels. Finally, since the non-essential amino acids
methionine and glutamic acid were shown to benefit yeast physiological stability, their
potential contributions to EG production were also evaluated. The effects of these variables

on EG production are summarized in Figure 3.

Standard vitamin solution
Without vitamin

Double vitamin solution
No pantothenic acid
Double pantothenic acid
No inositol

Double inositol

No thiamine

Double thiamine

No pyridoxine

Double pyridoxine

No nicotinic acid

Double nicotinic acid

No biotin

Double biotin

Double K;HPO,
Methionine addition
Glutamic acid addition

Methionine and glutamic ac.

I 48h
I 72h

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Ethylene Glycol (g/L)

Figure 3. EG production in the FM22 medium under various supplementation conditions: no
vitamin supplementation, standard (0.25% v/v) and double (0.5% v/v) vitamin supplementation, the
exclusion or doubling of individual vitamins, and addition of methionine and glutamic acid. Error
bars represent the standard error of the mean from three independent replicates.

In this analysis, pairwise comparisons were performed to identify the effect of remov-
ing or increasing the concentration of each specific component. The heatmap (Figure 4)
presents the p-values for each pairwise comparison of EG production at 72 h. While not all
pairwise comparisons are meaningful or necessary, the heatmap reveals limited variability
across most conditions. Higher p-values indicate no significant difference between pairs,
suggesting that the evaluated modification did not significantly impact EG production,
whereas lower p-values reflected the statistically significant effects of specific components.
In this case, pairwise comparisons were preferred over multiple comparison procedures, as
the analysis aimed to evaluate specific treatment contrasts. Moreover, multiple comparison
procedures often reduce the sensitivity for detecting significant differences.

As previously observed, the addition of a vitamin solution increased EG production,
whereas doubling its standard concentration had a negative impact compared to the initial
supplementation level (Figure 3). In contrast, most individual vitamins did not affect
EG production, except for thiamine dichloride and inositol, which showed a measurable
influence (Figures 3 and 4).
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Figure 4. Heatmap of p-values from pairwise comparisons of EG production after 72 h of cultivation
under different supplementation conditions.

The most pronounced effect of individual vitamin supplementation on EG production
was observed with thiamine dichloride. Its removal from the culture medium significantly
reduced EG titers, resulting in concentrations comparable to those observed without
any vitamin supplementation (Figure 3). In contrast, increasing the concentration of
thiamine dichloride had no notable effect. Thiamine is critically involved in cellular energy
metabolism, as its derivatives serve as essential cofactors for several enzymes involved in
key metabolic pathways, including pyruvate decarboxylation, the tricarboxylic acid (TCA)
cycle, and the pentose phosphate pathway [14,32]. The observed effect on EG production is
likely linked to thiamine’s role in pyruvate decarboxylation via the thiamine-dependent
pyruvate dehydrogenase complex. As EG production in K. phaffii is not growth-associated,
maintaining a sufficient energy supply becomes particularly important to sustain metabolic
activity and support carbon flux through the synthetic pathway. Under thiamine-limited
conditions, impaired pyruvate processing may restrict acetyl-CoA generation and energy
production, thereby constraining EG synthesis. Additionally, thiamine contributes to the
cellular response to abiotic stress [24], which could enhance metabolic robustness under
engineered conditions and indirectly improve productivity.

Inositol omission also resulted in a significant, though less pronounced, reduction in
EG production, with a 5.5% decrease in the final concentration relative to the complete vita-
min solution (Figure 3). This compound is associated with signaling and lipid metabolism,
playing a pivotal role in phospholipid biosynthesis and lipid-mediated signaling [33]. Al-
though EG production is not directly linked to lipid metabolism, inositol may help maintain
membrane integrity and intracellular signaling under engineered conditions, indirectly
supporting metabolic activity. Its role in stress regulation and transport processes could
also contribute to preserving cellular homeostasis and sustaining productivity.

Doubling the concentration of nicotinic acid slightly reduced EG production (p = 0.09
compared to the complete vitamin solution). However, this variation (less than 3% in the
final concentration) was minimal, and the observed statistical difference may be attributable
to minor experimental variability under these conditions (Figures 3 and 4). Nicotinic
acid is a key precursor for NAD and NADP, which are essential cofactors in cellular
metabolism [34]. This observation suggests that an excess of nicotinic acid may have
affected the NAD/NADDP balance, consequently influencing EG production.
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The addition or removal of the other vitamins or potassium phosphate dibasic did
not result in significant differences in EG production, despite their reported essential roles
in other yeast-based production processes (Figure 4). For instance, calcium pantothenate,
an essential growth factor, plays a pivotal role in carbohydrate and protein metabolism,
contributing to shorter generation times [35]. Pyridoxine hydrochloride functions as
a critical cofactor in various enzymatic processes [14,32]. Biotin, another indispensable
growth factor, serves as a cofactor in carboxylation reactions involved in lipogenesis,
gluconeogenesis, amino acid metabolism, and central carbon metabolism [24]. The response
of K. phaffii to biotin limitations has been shown to depend strongly on the carbon source
present in the medium [24]; however, no studies to date have evaluated this response under
xylose metabolism. Notably, the PTM4 trace element solution used in the medium contains
biotin, meaning that its removal from the vitamin solution did not lead to complete biotin
depletion in the culture.

The addition of the amino acids glutamic acid and methionine, both reported to
influence yeast’s chronological lifespan extension [28], had no effect on EG production
(Figures 3 and 4). In K. phaffii, methionine is primarily associated with the regulation of
genes involved in cellular biosynthesis and fatty acid metabolism, and its effects have been
reported to be substrate-dependent. In particular, methionine does not significantly affect
growth in media containing glycerol but has shown a significant impact when methanol
is used as the carbon source [26]. In the same study, glutamic acid, a precursor for the
biosynthesis of several amino acids [20], was reported to provide the greatest benefit to
growth in K. phaffii. While the effects of various amino acids on K. phaffii cultivation have
been investigated using glucose [36] and methanol [20] as carbon sources, there is no
available data regarding which amino acids may be most beneficial when xylose is used.

As inositol and thiamine dichloride had the most significant impact on EG production
(Figures 3 and 4), their single supplementation to FM22 and d’Anjou media was evaluated.
The d’Anjou medium was included in the comparison due to its comparable EG production
to FM22 and its positive response to vitamin supplementation (Figure 2B). To further
confirm that the observed effects on EG production are due to inositol and thiamine
dichloride supplementation, K;HPO, was also removed from the vitamin solution. Thus,
EG production in FM22 and d’Anjou media supplemented with the standard vitamin
solution was compared to three alternative conditions: (1) a halved inositol concentration,
with thiamine dichloride and K;HPO, maintained at standard levels; (2) a halved thiamine
dichloride concentration, with inositol and K,HPO, unchanged; and (3) the removal of
Ky,HPQOy, with inositol and thiamine dichloride maintained at standard concentrations. The
results are summarized in Figure 5.

In the FM22 medium, all three evaluated conditions significantly increased the EG
production rate at 48 h, with concentrations exceeding those obtained under standard
vitamin supplementation by 12.1%, 6.8%, and 14.2% for the reduced inositol level, reduced
thiamine level, and K,HPO, omission, respectively (Figure 5). However, after 72 h, neither
halving the inositol concentration nor removing KoHPO, from the vitamin solution affected
the EG concentration (p = 0.80 and 0.41, respectively) compared to the standard condition.
In contrast, reducing the thiamine dichloride concentration by half significantly increased
the final EG concentration by 5.5%, from 3.37 + 0.04 g/L to 3.56 &+ 0.05 g/L (p = 0.008)
(Figure 5). These results suggest that the inositol concentration could be reduced by
half without compromising EG production, whereas halving thiamine dichloride may
contribute to its improvement. In the d’Anjou medium, neither a reduction in thiamine
dichloride concentrations nor the removal of K,HPO, significantly affected the final EG
levels. However, halving the inositol concentration significantly accelerated EG production,
increasing it by approximately 6%, as indicated by the concentration measured at 48 h.
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Figure 5. Effect of inositol and thiamine dichloride concentrations and K2HPO4 removal on EG
production in FM22 and d’Anjou media compared to standard vitamin solution supplementation.
p-values correspond to pairwise comparisons with standard vitamin solution conditions at each

sampling time.

The evaluated media were also supplemented with trace element solutions (Table 2).
Since their standard concentrations were optimized for other strains and carbon sources other
than xylose, variations in their concentrations were also evaluated in this study. The cultivation
results demonstrate that doubling, halving, or reducing the trace elements to one-fourth of
the standard concentration (PTM4 solution in FM22 medium and Trace Solution 2 in d’Anjou
medium) did not significantly impact EG production at any of the sampled time points
(Figure 6). These results suggest that the current trace element concentrations can be reduced
by at least fourfold without compromising production efficiency. The optimal concentration
of trace elements in K. phaffii cultivation is thought to be product-dependent. This variability
in required concentrations can be explained by the fact that trace metals are required as the
structural components of proteins, enzyme cofactors, and active sites in cellular systems.
Conversely, excess metal concentrations can inhibit metabolic processes [37]. The evaluation
of trace element influence on cell growth and 3-galactosidase production in K. phaffii revealed
that, under optimal conditions, magnesium and zinc requirements could be reduced by 18-
and 23-fold, respectively, compared to the concentrations used in FM22 and BSM formulations.
In addition, supplementation with calcium, cobalt, iron, manganese, iodine, boron, and
molybdenum had no significant impact on cell growth or enzyme production [37]. A higher
yield of a malaria vaccine antigen was also observed when the PTM salt concentration was
reduced to minimize metal-phosphate precipitation [38].

Ethylene glycol (g/L)

Figure 6. The effect of trace element solution on EG production in FM22 and d”Anjou media compared
to standard supplementation. p-values represent pairwise comparisons with the standard condition
at the corresponding sampling times.
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3.3. Optimization of Salt Composition in Culture Media

To improve EG production and reduce salt concentrations (and, consequently, salt
precipitation), a Central Composite Design (CCD) was applied to optimize the salt composi-
tion of FM22 and d’Anjou media, which contain five and four salt components, respectively.
Tables 4 and 5 present the experimental runs and the corresponding EG concentrations
obtained at 72 h for FM22 and d’Anjou media, respectively. Limited variability in EG
production was observed across the experimental conditions for both media, with values
ranging from 3.09 to 3.58 g/L in FM22 and from 2.47 to 3.53 g/L in d’Anjou after 72 h. The
repetition of central points (included in the last three experiments of each table) highlights
the good reproducibility of the experiment, with deviations below 3%.

Table 4. Experimental runs, the observed and predicted EG concentrations, and relative errors from

the CCD-based optimization of salt concentrations in the FM22 medium after 72 h of cultivation.

Concentration (g/L) (Coded VALUE)

Run KH,POy4 (NH4),SO; CaS04-2H,0 K,SO0, MgSO4-7H;0 Observed  Predict EG Relative
X1) (X2) (X3) (Xq) Xs) EG (g/L) (g/L) Error (%)
1 17.46 (—1) 349 (1) 0.55 (—1) 6.98 (—1) 6.98 (—1) 3.49 3.47 0.64
2 17.46 (—1) 349 (—1) 0.55(—1) 6.98 (—1) 15.02 (+1) 3.51 3.45 1.46
3 17.46 (—1) 349 (1) 0.55 (—1) 15.02 (+1) 6.98 (—1) 3.51 3.47 1.21
4 17.46 (—1) 349 (—1) 0.55(—1) 15.02 (+1) 15.02 (+1) 3.52 3.45 1.88
5 17.46 (—1) 349 (1) 1.45 (+1) 6.98 (—1) 6.98 (—1) 3.56 3.57 0.56
6 17.46 (—1) 349 (—1) 1.45 (+1) 6.98 (—1) 15.02 (+1) 3.55 3.49 1.69
7 17.46 (—1) 349 (—-1) 1.45 (+1) 15.02 (+1) 6.98 (—1) 3.58 3.50 2.28
8 17.46 (—1) 349 (—1) 1.45 (+1) 15.02 (+1) 15.02 (+1) 3.35 341 2.04
9 17.46 (—1) 7.51 (+1) 0.55 (—1) 6.98 (—1) 6.98 (—1) 3.48 342 1.63
10 17.46 (—1) 7.51 (+1) 0.55 (—1) 6.98 (—1) 15.02 (+1) 3.56 3.50 1.45
11 17.46 (—1) 7.51 (+1) 0.55 (—1) 15.02 (+1) 6.98 (—1) 3.44 3.42 0.49
12 17.46 (—1) 7.51 (+1) 0.55 (—1) 15.02 (+1) 15.02 (+1) 3.54 3.50 1.04
13 17.46 (—1) 7.51 (+1) 1.45 (+1) 6.98 (—1) 6.98 (—1) 3.51 3.53 0.58
14 17.46 (—1) 7.51 (+1) 1.45 (+1) 6.98 (—1) 15.02 (+1) 3.50 3.54 1.12
15 17.46 (—1) 7.51 (+1) 1.45 (+1) 15.02 (+1) 6.98 (—1) 3.47 3.45 0.46
16 17.46 (—1) 7.51 (+1) 1.45 (+1) 15.02 (+1) 15.02 (+1) 3.45 3.46 0.51
17 37.54 (+1) 349 (—-1) 0.55 (—1) 6.98 (—1) 6.98 (—1) 3.35 3.32 0.86
18 37.54 (+1) 3.49 (-1) 0.55 (—1) 6.98 (—1) 15.02 (+1) 3.29 3.31 0.53
19 37.54 (+1) 349 (—1) 0.55 (—1 15.02 (+1) 6.98 (—1) 3.28 3.25 0.89
20 37.54 (+1) 3.49 (—1) 0.55 (—1) 15.02 (+1) 15.02 (+1) 3.23 3.23 0.22
21 37.54 (+1) 349 (—1) 1.45 (+1) 6.98 (—1) 6.98 (—1) 3.46 3.43 0.77
22 37.54 (+1) 3.49 (-1) 1.45 (+1) 6.98 (—1) 15.02 (+1) 3.35 3.34 0.19
23 37.54 (+1) 349 (—1) 1.45 (+1) 15.02 (+1) 6.98 (—1) 3.29 3.28 0.40
24 37.54 (+1) 3.49 (—1) 1.45 (+1) 15.02 (+1) 15.02 (+1) 3.29 3.19 2.99
25 3754 (+1)  751(+1)  0.55(—1) 6.98 (—1) 6.98 (—1) 3.34 3.27 2.04
26 37.54 (+1) 7.51 (+1) 0.55(—1) 6.98 (—1) 15.02 (+1) 3.36 3.36 0.06
27 3754 (+1)  751(+1)  0.55(—1) 15.02 (+1) 6.98 (—1) 3.22 3.20 0.58
28 37.54 (+1) 7.51 (+1) 0.55 (—1) 15.02 (+1) 15.02 (+1) 3.25 3.28 0.97
29 3754 (+1)  7.51 (+1) 145 (+1) 6.98 (—1) 6.98 (—1) 3.38 3.38 0.12
30 37.54 (+1) 7.51 (+1) 1.45 (+1) 6.98 (—1) 15.02 (+1) 3.43 3.39 0.94
31 3754 (+1)  7.51 (+1) 145 (+1 15.02 (+1) 6.98 (—1) 3.20 3.23 0.85
32 37.54 (+1) 7.51 (+1) 1.45 (+1) 15.02 (+1) 15.02 (+1) 3.20 3.24 1.28
33 5(—«x) 5.5 (0) 1 (0) 11 (0) 11 (0) 3.39 3.48 294
34 50 (+x) 5.5 (0) 1 (0) 11 (0) 11 (0) 3.09 3.07 0.57
35 27.5 (0) 1(—w) 1(0) 11 (0) 11 (0) 3.34 341 2.31
36 27.5(0) 10 (+w) 1 (0) 11 (0) 11 (0) 3.36 341 1.70
37 27.5 (0) 5.5 (0) 0(—x) 11 (0) 11 (0) 3.25 3.37 3.83
38 27.5(0) 5.5 (0) 2 (+o0) 11 (0) 11 (0) 3.43 3.45 0.57
39 27.5 (0) 5.5 (0) 1 (0) 2(—x) 11 (0) 3.50 3.50 0.08
40 27.5(0) 5.5 (0) 1(0) 20 (+x) 11 (0) 3.31 3.33 0.51
41 27.5 (0) 5.5 (0) 1 (0) 11 (0) 2 (—x) 3.31 341 3.08
42 27.5(0) 5.5 (0) 1 (0) 11 (0) 20 (+) 3.39 341 0.80
43 27.5 (0) 5.5 (0) 1 (0) 11 (0) 11 (0) 3.45 341 0.96
44 27.5(0) 5.5 (0) 1 (0) 11 (0) 11 (0) 3.46 341 1.24
45 27.5 (0) 5.5 (0) 1 (0) 11 (0) 11 (0) 3.43 341 0.52




Fermentation 2025, 11, 424

14 of 19

Table 5. Experimental runs, the observed and predicted EG concentrations, and relative errors from
the CCD-based optimization of salt concentrations in the d’Anjou medium after 72 h of cultivation.

Concentration (g/L) (Coded Value)

Observed Predict EG Relative

Run KH,PO4 (Xq) CaCl, (Xp) (NH4)2S04 (X3) MgSO4-7H,0 (Xy) EG (g/L) (g/L) Error (%)
1 6.5(—1) 0.25(—1) 11.25 (—1) 4(-1) 3.07 3.09 0.70
2 15.5 (+1) 0.25(—1) 11.25 (-1) 4(-1) 3.49 3.53 1.08
3 6.5(—1) 0.75 (+1) 11.25 (-1) 4(-1) 3.20 3.09 3.39
4 15.5 (+1) 0.75 (+1) 11.25 (—1) 4(—-1) 3.53 3.53 0.06
5 6.5(—1) 0.25(—1) 23.75 (+1) 4(-1) 3.23 3.21 0.60
6 15.5 (+1) 0.25 (—1) 23.75 (+1) 4(-1) 3.37 3.41 1.29
7 6.5 (—1) 0.75 (+1) 23.75 (+1) 4(—1) 3.20 3.21 0.34
8 15.5 (+1) 0.75 (+1) 23.75 (+1) 4(-1) 3.38 3.41 0.99
9 6.5(—1) 0.25(—1) 11.25 (-1) 8 (+1) 3.08 2.99 2.97
10 15.5 (+1) 0.25(—1) 11.25 (—1) 8 (+1) 3.50 3.43 2.00
11 6.5(—1) 0.75 (+1) 11.25 (-1) 8 (+1) 3.17 2.99 5.72
12 15.5 (+1) 0.75 (+1) 11.25 (-1) 8 (+1) 3.49 3.43 1.86
13 6.5 (—1) 0.25(—1) 23.75 (+1) 8 (+1) 3.27 3.10 4.96
14 15.5 (+1) 0.25(—1) 23.75 (+1) 8 (+1) 3.30 3.31 0.47
15 6.5(—1) 0.75 (+1) 23.75 (+1) 8 (+1) 3.23 3.10 3.78
16 15.5 (+1) 0.75 (+1) 23.75 (+1) 8 (+1) 3.44 3.31 3.62
17 2 (—w) 0.5 (0) 17.5 (0) 6 (0) 2.47 2.69 9.27
18 20 (+) 0.5 (0) 17.5 (0) 6 (0) 3.37 3.34 0.97
19 11 (0) 0(—x) 17.5 (0) 6 (0) 3.28 3.42 4.30
20 11 (0) 1(+x) 17.5 (0) 6 (0) 3.50 3.42 2.26
21 11 (0) 0.5 (0) 5(—w) 6 (0) 3.36 3.42 1.97
22 11 (0) 0.5 (0) 30 (+x) 6 (0) 3.33 3.42 2.73
23 11 (0) 0.5 (0) 17.5 (0) 2 (—x) 3.39 3.28 3.16
24 11 (0) 0.5 (0) 17.5(0) 10 (+x) 2.77 3.07 10.92
25 11 (0) 0.5 (0) 17.5 (0) 6 (0) 3.35 3.42 2.27
26 11 (0) 0.5 (0) 17.5 (0) 6 (0) 3.28 3.42 4.30
27 11 (0) 0.5 (0) 17.5(0) 6 (0) 3.47 3.42 1.27

Based on experimental data (Table 4 for FM22 and Table 5 for d”Anjou), predictive
models were developed to describe the effects of salt concentrations in each medium. The
regression equations for EG production, expressed in coded variables and including only
statistically significant parameters (p < 0.1), are presented in Equations (1) and (2) for FM22
and d’Anjou media, respectively, at 72 h.

EG (g/L) in FM22 medium = 3.412 — 0.092-X; — 0.038-X; — 0.027-X;2 + 0.025-X5-X5 — 0.019-X3-X4 — 0.018-X1-X4 — 0.017-X3-X5 + 0.0167-X3 R2 =083 (1)

EG (g/L) in d’Anjou medium = 3.421 + 0.161-X; — 0.101-X;? — 0.061-X4> — 0.057-X;-X3 — 0.051-Xy R?=0.75 (2)

where X; to X5 correspond to the coded concentrations of KH,POj (X1), (NH4),SO4 (X2),
CaS04-2H,0 (X3), KxSO4 (X4), and MgSO4-7H,0 (X5) in Equation (1) and to KH, POy (X3),
CaCl, (X2), (NH4)2SO4 (X3), and MgSO4-7H,0 (X4) in Equation (2).

The ANOVA, performed at a 90% confidence level, confirmed that both models were
statistically significant and suitable for predictive purposes. The regression F ratio was 11.9
for FM22 and 5.9 for the d’Anjou medium, with no significant lack of fit detected in either
case. Although the coefficient of determination (R?) for the d’Anjou model was less robust,
the predicted values closely matched the experimental results across the entire evaluated
range, with deviations below 10%, as shown in Tables 4 and 5.

The obtained models did not exhibit a maximum inflection point within the evaluated
range. Therefore, the maximum of each regression equation was determined by applying
a nonlinear iterative numerical optimization algorithm, using the models as objective
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functions and the experimental range as constraints. This method allows the identification
of the maximum predicted value within the evaluated range.

For the FM22 medium, EG production was maximized using a formulation contain-
ing 17.3 g/L KHyPOy, 1 g/L (NH4),S04, 2 g/L CaSO4-2H,0, 2 g/L K350y, and 2 g/L
MgSO,4-7H,0 (coded values: X1 = —1.02, Xp = —2.24, X3 =2.24, X4 = —2.24, X5 = —2.24). In
the d’Anjou medium, the maximum EG concentration was achieved with 17.3 g/L KH,POy,
5 g/L (NH4)2504, and 5.2 g/L MgSO4-7H,0, without the addition of CaCl, (coded values:
X1 =14,X; =-2,X3=-2,X4 = —0.4). Since variation in CaCl, did not significantly affect
the response, its concentration could be maintained at the lowest evaluated level.

3.4. Validation of Model Predictions and Feasibility of Optimized Media Conditions

To validate the model predictions for EG production in FM22 and d’Anjou media,
experiments were carried out using salt concentrations identified as optimal for maxi-
mizing production. For FM22, the model predicted a concentration of 3.9 g/L under the
optimized conditions; however, the experimentally observed value was 3.34 £+ 0.05 g/L,
corresponding to a deviation of approximately 15%. This discrepancy may be explained by
the relatively low response variability within the tested range, which could have hindered
the identification of a well-defined optimum. Moreover, the simultaneous evaluation of
five variables increases the system complexity and requires a large number of experimental
runs, potentially limiting the model’s ability to capture subtle interaction effects.

Nevertheless, it is noteworthy that the observed production under these conditions
was statistically equivalent to that obtained with the standard FM22 formulation. Im-
portantly, this result was achieved with a substantial reduction in salt concentrations:
KH,POy from 42.9 to 17.3 g/L, (NH4),S0, from 5to 1 g/L, K,SO4 from 14.3 to 2 g/L, and
MgSOy4-7H,0 from 11.7 to 2 g/L, along with an increase in CaSOy4-2H,0 from 1 to 2 g/L.
This represents a threefold reduction in total salt mass, from 74.9 to 24.3 g /L. For the con-
ventional salt concentrations of the medium, the model predicted a 3.2 g/L EG production,
while the experimentally observed concentration was 3.32 £ 0.12 g/L, corresponding to
a relative error of 3.8%.

An additional analysis was carried out to evaluate the effects of a reduction in salt
concentrations alongside the reduction in vitamin and trace element supplementation.
For this, a medium with reduced salt concentrations, half the standard levels of thiamine
dichloride and inositol (without any additional vitamin supplementation), and one-quarter
of the standard volume of PTM4 solution was employed. Under these conditions, EG
production (3.35 £ 0.04 g/L; p = 0.19) remained statistically equivalent to the optimized
salt formulation supplemented with the complete vitamin solution and PTM4. This result,
therefore, also validates all previous observations made throughout this work.

Following the optimization of vitamin and salt concentrations in the FM22 medium,
additional experimental conditions were evaluated to explore alternative medium formula-
tions. This approach was supported by previous experiments and several considerations:
the low variability in EG production observed across the DCCR experiments; the recurrent
precipitation of calcium salts, which could compromise medium stability and calcium
availability as a nutrient; and the possible relevance of the nitrogen source for cellular main-
tenance. Considering these observations, three additional experimental conditions were
evaluated, each using half the standard concentrations of thiamine dichloride and inositol
and one-quarter of the standard volume of the PTM4 solution. The conditions used were as
follows: (1) halving the concentrations of all salts; (2) halving the concentrations of all salts
except (NHy)2SOy; and (3) eliminating CaSO,4-2H,O while halving the concentrations of all
other salts. These conditions resulted in EG concentrations of 3.53 & 0.05, 3.59 + 0.07, and
3.44 £ 0.03 g/L, respectively, after 72 h. The first two conditions yielded significantly higher
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EG concentrations than both the conventional FM22 formulation and the model-predicted
maximum (p = 0.049 and 0.03, respectively), while the last condition resulted in production
levels statistically equivalent to those of the conventional FM22 medium (p = 0.18). Notably,
under these conditions, the observed EG concentration deviated by less than 2% from the
model prediction, even though the model was developed using the full volume of PTM4
and the complete vitamin solution. These results further corroborate the effectiveness of
reducing both vitamin and trace element supplementation in maintaining EG yield. They
also highlight promising formulation strategies that can lower medium preparation costs
while sustaining or even enhancing EG production.

For the d’Anjou medium, the model predicted an EG concentration of 3.6 g/L under
optimal salt conditions. Experimentally, the observed concentration after 72 h of cultivation
was 3.40 £ 0.10 g/L, representing a deviation of 5.5% from the predicted value. To validate
additional findings for this medium, the same salt formulation was evaluated with only
half the standard concentrations of thiamine dichloride and inositol (without any additional
vitamin supplementation) and one-quarter of the standard concentration of Trace Solution
2. Under these conditions, EG production reached 3.31 &£ 0.02 g/L, which was statistically
equivalent to the previous condition (p = 0.33).

The optimized salt composition differed substantially from the original formulation:
KH,PO4 was increased from 12 to 17.3 g/L, and (NH4),SO, increased from 0.36 to 5 g/L;
in contrast, MgSO,-7H,O was reduced from 20 to 5.2 g/L, and CaCl, was entirely removed
(from 4.7 to 0 g/L). These modifications resulted in a total reduction in salt mass from 37 to
27.5 g/L, corresponding to a 26% decrease. Despite these changes, the new formulation
yielded EG concentrations statistically equivalent to those obtained with the conventional
d’Anjou medium (p = 0.32). For the conventional salt concentrations of the d’Anjou
medium, the model predicted an EG production of 3.4 g/L. Experimentally, the observed
concentration was 3.34 & 0.05 g/L, corresponding to a relative error of 1.7%. These
small deviations from the predicted values confirm the model’s accuracy in capturing the
behavior of the system.

Comparing media development and supplementation strategies with data from
the literature is not straightforward. Most available research focuses on the effects of
adding individual components or small groups of additives to specific media formula-
tions [17,24-26,37,39—-41]. In addition, existing optimization studies often report highly
specific findings tailored to particular products, which differ considerably from the present
work in terms of substrate selection and product type [14,20,22].

In both media, it was possible to significantly reduce the quantity of salt used com-
pared to the standard concentrations. This reduction is advantageous not only for lowering
medium preparation costs but also for minimizing salt precipitation. Precipitate formation
interferes with cell density measurements and may lead to several operational issues, in-
cluding unbalanced nutrient supply, nutrient starvation, and even cell disruption due to
its abrasive nature. It can also accelerate fermenter component deterioration and require
additional steps in downstream processing [37,42].

In addition to the reduction in medium components, a significant increase in EG
production was achieved based on the complete set of screening results. Initially, EG
concentrations of 2.30 & 0.11 g/L and 2.81 £ 0.10 g/L were obtained in FM22 and d’Anjou
media, corresponding to 28% and 34% of the theoretical stoichiometric conversion, re-
spectively. Through targeted adjustments to the culture media composition, these values
increased to 3.59 £ 0.07 g/L and 3.41 £ 0.10 g/L, representing 43% and 41% of the theo-
retical yield and improvements of 54% and 21%, respectively. These enhancements were
also accompanied by a reduction in the total salt mass used in the medium by threefold for
FM22 and 26% for d’Anjou. Notably, these results were achieved solely through medium
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optimization, without altering any other process parameters, underscoring the importance
of this research approach.

4. Conclusions

This study demonstrates the effectiveness of medium optimization strategies tailored
to EG production in K. phaffii. Among the seven media evaluated, FM22 and d’Anjou stood
out as the most suitable formulations. Inositol and thiamine dichloride were identified as
critical supplements, contributing significantly to enhanced production. Targeted modifi-
cations, such as the simplification of the vitamin solution from seven to two components
(each at half the standard concentration), and the reduction in trace element volumes, were
implemented. As a result, EG yields increased by 54% in FM22 and 21% in d’Anjou, while
the total salt content was reduced threefold and by 26%, respectively. These improvements
were achieved without altering operational parameters, underscoring the central role of the
medium composition in optimizing microbial production. Altogether, these findings pro-
vide useful insights that may contribute to the development of scalable and economically
viable bioprocesses.
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