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Microbial cell factories express diverse heterologous pathways for the production of a wide range of valuable
natural products. However, the recovery and purification of such compounds is a major bottleneck in
commercialization. In this study, a novel in situ solid phase adsorption strategy was investigated for enhanced
recovery of taxadiene, a precursor to the blockbuster anticancer drug, paclitaxel, from engineered Saccharomyces
cerevisiae. A synthetic adsorbent resin (HP-20) was employed to efficiently sequester taxadiene as it was secreted
during growth and a carefully optimized desorption solvent was applied following cultivation to maximize re-
covery of both secreted and intracellular taxadiene, across a range of scales (2 — 250 mL). Resin concentration
was found to have an impact on cellular growth, with the high concentration of 12 % (w/v) resulting in frag-
mentation of the resin beads, which was detrimental to growth. The optimal resin concentration and desorption
solvent combination elucidated at microscale (2 mL) resulted in a two-fold improvement in taxadiene titer to 61
+ 8 mg/L, compared to the traditional liquid-liquid extraction approach (dodecane overlay). Taxadiene was
found to be distributed evenly between resin beads and biomass. Performance of the optimal process was sub-
sequently investigated through scale-up using controlled mini-bioreactors (250 mL). Here, a comparable tax-
adiene titer of 76 + 19 mg/L was achieved despite a 125-fold scale-up in cultivation volume. This represented a
1.4-fold improvement in taxadiene recovery compared to previous mini-bioreactor scale cultivations using the
dodecane overlay extraction approach.

1. Introduction

Downstream processing for the recovery and purification of valuable
natural products (NPs) typically accounts for 60-80% of the total
operational costs at industrial scale [1]. Such processing steps are
typically energy intensive and require vast quantities of highly toxic
solvents, resulting in major economic and environmental sustainability
challenges. NPs have extensive applications across the global food,
cosmetics and pharmaceutical industries [2,3]. As a result of such far-
reaching potential benefits, NPs consumption has tripled since the
1990 s [4].

Over 60% of all known NPs are terpenoids, a large chemically diverse
group of compounds with important roles in both primary and
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secondary metabolism in their natural hosts [5,6]. Some terpenoids in
particular are drug candidates for the treatment of human disease; ex-
amples include the sesquiterpenoid anti-malarial drug, artemisinin and
diterpenoid chemotherapy drug, paclitaxel [7,8]. Most terpenoids are
hydrophobic in nature and often become toxic to heterologous hosts at
industrially feasible concentrations [9]. To minimize the detrimental
effects of terpenoids on the host, in situ product recovery methods have
become common practice at laboratory scale [10,11]. Through in situ
extraction, terpenoids can be effectively removed from the cultivation
medium as they are produced, thereby minimizing the accumulation,
product loss and cell death [12]. Liquid-liquid extraction (LLE) using a
biocompatible solvent such as the long chain alkane, dodecane [10], to
sequester secreted products from the cultivation medium, is one of the
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most common approaches employed in this context. The organic solvent
layer is immiscible, facilitating straightforward separation from the
culture at the end of the cultivation. However, vast quantities of solvent
are required and high boiling point of dodecane (216 °C) renders puri-
fication energy intensive, hindering economic feasibility. Furthermore,
as only secreted terpenoids can be recovered using this approach,
intracellular terpenoids (up to 33% of total production [13]) are typi-
cally neglected.

1.1. In situ solid phase adsorption of natural products

In situ solid phase adsorption (SPA) is an alternative method, which
could potentially alleviate the aforementioned bottlenecks associated
with liquid-liquid extraction (LLE). During in situ SPA, an inert adsor-
bent resin is added to the cultivation medium and the NP adsorbs to its
surface as it is secreted by the host [14]. This dramatically reduces
product loss due to air stripping or co-evaporation with the organic
overlay [15].

Through in situ SPA, feedback inhibition and cytotoxic effects can be
minimized thereby enhancing productivity [16,17]. Adsorbent resins
have been successfully employed in this context to extract a wide range
of NPs from a number of heterologous hosts including Escherichia coli,
Aspergillus fumigatus and Streptomyces hygroscopicus via in situ or post-
cultivation adsorption [16-19]. Different in situ SPA processes have
been developed, one example is the extraction of chaetominine, an
alkaloid compound with anti-cancer activity, from Aspergillus fumigatus,
where out of eight resins tested, XAD-16 and HP-20 demonstrated the
best extraction performance [18]. This superior performance was
attributed to greater adsorption capacity resulting from their larger
surface area. A number of polymeric resins have also been investigated
recently for the recovery of the sesquiterpene, (+)-zizaene, from engi-
neered E. coli cultivations. Of those tested, the highest (+)-zizaene titer
was achieved using HP-20 in the E. coli cultivations, where the resin
structure was a key element for higher hydrophobic adsorption [20].

1.2. Research scope: In situ solid phase adsorption for taxadiene
biosynthesis and recovery

The biosynthesis and recovery of the highly effective chemotherapy
drug, paclitaxel (commercially known as Taxol®), is a major ongoing
research effort [21,22]. Despite decades of study, the complex paclitaxel
biosynthetic pathway is yet to be fully elucidated. A robust precursor
purification method therefore has the potential to expedite cell factory
development and hence progress towards a more sustainable source of
the drug [7,23]. Heterologous biosynthesis of the first committed pre-
cursor in the paclitaxel pathway, taxadiene, has been successfully ach-
ieved in both E. coli [24,25] and S. cerevisiae [13,26].

The use of a dodecane overlay has proven to be an effective method
for taxadiene recovery in the highest-yielding E. coli [27,28] and
S. cerevisiae at laboratory scale cultivations [13,22]. However, research
into more scalable recovery and purification methods for this critical
precursor is scarce, despite taxadiene itself being considered a valuable
NP [23]. As described in Section 1.1, in situ solid phase adsorption is an
alternative method with the potential to improve recovery of natural
products. To maximize the efficiency of SPA, an appropriate resin ma-
terial must be selected according to the polarity of the product of in-
terest. In the case of taxadiene, a non-polar resin is desirable as the
molecule is hydrophobic by nature. Of the wide range of available non-
polar resins, HP-20 beads (Diaion®) were deemed most suitable for
taxadiene recovery due to their large surface area (590-850 m?/g) and
high adsorption capacity of NPs with similar chemical structure [18].

The metabolic pathway for heterologous production in Saccharo-
myces cerevisiae and subsequent adsorption of taxadiene onto the HP-20
resin beads is summarized in Fig. 1. Although HP-20 resin beads have
been employed for the adsorption and subsequent recovery of a variety
of NPs, their application for the extraction of microbially synthesised
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Fig. 1. Heterologous taxadiene biosynthetic pathway in S. cerevisiae engineered
strain (LRS5) and concurrent in situ adsorption of the secreted taxadiene to the
surface of the HP-20 resin beads. Galactose is metabolized via glycolysis
yielding acetyl-CoA, which is then converted into the universal diterpenoid
precursor, geranylgeranyl diphosphate (GGPP), via the highlighted mevalonate
pathway. Finally GGPP undergoes cyclization by taxadiene synthase (TASY)
yielding taxadiene. Native overexpressed genes are highlighted in purple,
whilst heterologous genes are shown in orange.

taxadiene is novel.

In this study, a HP-20 resin bead mediated SPA method for the re-
covery of taxadiene produced by an engineered S. cerevisiae strain, LRS5
[13], was developed and optimized. The effect of key factors such as
resin concentration and extraction solvent on product recovery were
investigated in detail across a range of bioreactor scales. The traditional
dodecane overlay approach was also used to compare the performance.
The system was tested across a range of cultivation scales from 2 mL
high throughput cultivations, previously shown to be predictive of
larger scale operations [11], to controlled benchtop bioreactors (250
mL) to investigate scalability and performance under more industrially
relevant conditions. Finally, the bioprocess was intensified by provoking
cell lysis using cell-wall disruptive organic solvents in the final extrac-
tion step.

2. Materials and methods
2.1. Yeast strains and media

The S. cerevisiae strain employed in this study was LRS5 {mGTy116;
ARS1014::GAL1p-TASY-GFP; ARS1622b::GAL1p-MBP-TASY-ERG20;
ARS1114a::TDH3p-MBP-TASY-ERG20} as described in detail in [13]
was originally derived from laboratory strain CEN.PK2-1C (EURO-
SCARF, Germany). All reagents, including extraction solvents were
sourced from Fisher Scientific UK at the highest available purity unless
otherwise stated. The media used for the yeast cultivations was yeast
extract peptone (YP, yeast extract 1 % (w/v), peptone 2 % (w/v)) sup-
plemented with 2 % (w/v) galactose (YPG) or 2 % (w/v) glucose (YPD)
unless otherwise stated.

2.2. Microscale cultivation using the solid phase adsorption (SPA) method

High-throughput microscale screening was performed using 24-well
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10 ML deep well plates (Axygen, USA) with a working volume of 2 mL.
Inoculum cultures were prepared by transferring a single colony of
S. cerevisiae strain LRS5 to 5 mL of YPD media and incubating in an
orbital shaker incubator (Innova 42, Eppendorf, UK) at 30 °C and 250
rpm overnight. An aliquot of this culture was then diluted with YPG
media to give a 2 mL culture with an initial ODgg9 = 1. Diaion® HP-20
adsorbent resin beads with a diameter of 0.4-1 mm and pore size of 290
A [16] (Merck, Germany) were added to each of the cultivations at
concentrations between 3 and 12 % (w/v) as indicated in the loading
plan (Table S1 of supplementary material). Prior to use, the resin beads
were autoclaved, rinsed with 100% ethanol and washed with sterile
deionized water. The resulting culture plate was incubated at 30 °C for
72 h at 350 rpm and covered with an adhesive gas permeable membrane
(Thermo Fisher Scientific, UK). This cultivation time is based on previ-
ous cultivations with LRS5 [22], as at this point the cells enter the sta-
tionary phase of growth and taxane production ceases. At the end of the
cultivation, the contents of each well were centrifuged at 4500 rpm for
10 min. To remove water traces in wells containing beads, only the solid
phase (cells + beads) was recovered and dried under nitrogen gas at
room temperature before adding acetone (99.8 %, Thermo Fisher Sci-
entific, UK) at 1:1 ratio of the cultivation volume and incubating the
resulting mixture at 30 °C and 350 rpm for four hours. Following in-
cubation, the mixture was centrifuged at 4500 rpm for 10 min and the
organic phase recovered for taxadiene analysis via GC-MS. Biomass
accumulation was monitored as optical density at 600 nm via offline
sampling using a Nanodrop 2000c spectrophotometer (Thermo Fisher
Scientific, UK). To ensure the presence of beads did not inflate optical
density readings, controls containing culture media and resin beads in
the absence of cells were ran in parallel. As the OD readings of these
controls were not significantly different from the blank, correction was
not deemed necessary in the culture readings. For comparison,
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additional cultivations were performed using the widely used dodecane
overlay approach described in detail in section 2.7. Control YPG culti-
vations with no extraction aid were also performed, taxadiene was
extracted from the solid phase (biomass only) at the end of the culti-
vation using acetone at a 1:1 ratio. The resulting mixture was incubated
at 30 °C and 350 rpm for four hours. Microscope images were taken
using an oil immersion brightfield microscope that is equipped with
100x Leica NPLAN objective lens (Leica Microsystems, Germany) using
an Andor-Zyla sCMOS camera (Oxford Instruments, UK). The SPA
method using adsorbent HP-20 resin beads is summarized in Fig. 2.

2.3. Small scale cultivations

Small scale cultivations were performed in 50 mL tubes and 250 mL
shake flasks with a working volume of 10 % of their respective total
volumes. Inoculum cultures were prepared by transferring a single col-
ony of S. cerevisiae strain LRS5 to 5 mL YPD media and incubating at
30 °C and 250 rpm overnight. An aliquot of this culture was then diluted
with YPG media to give a 5 mL culture with an initial ODggp = 1. In the
SPA cultivations, autoclaved HP-20 adsorbent resin beads were added at
a concentration of 3, 6 or 12 % (w/v). All of the cultivations were
incubated at 30 °C with a shaking speed of 250 rpm for 72 h. At the end
of the cultivation, biomass accumulation and taxadiene extraction using
acetone was performed as described in section 2.2.

2.4. Taxadiene partition from solid and liquid phases

To determine the taxadiene partition between the beads, biomass
and liquid phase, an additional experiment was conducted under the
conditions detailed in Section 2.2. Once the stationary phase of the
growth had been reached at around 72 h, the beads were removed from
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Fig. 2. HP-20 resin beads in situ SPA method. The methodology focuses on extracting taxadiene an early paclitaxel precursor produced by the engineered
Saccharomyces cerevisiae strain, LRS5. Taxadiene is adsorbed onto the resin surface as it is secreted throughout the cultivation and extracted at the end using an

appropriate organic solvent.
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the cultivation using a nylon mesh cell strainer with a pore size of 70 pm
(Thermo Fisher Scientific, UK). The cells were separated from the
resulting solution via centrifugation at 4500 rpm for 10 min, the su-
pernatant was transferred to a separate vessel for further analysis. The
biomass and bead phases were both dried under nitrogen gas before
being resuspended separately in a volume of acetone equal to the orig-
inal cultivation volume. The resulting suspensions were incubated at
30 °C and 250 rpm for four hours. To recover taxadiene from the liquid
phase, a dodecane overlay of 20 % of the cultivation volume was added
to the recovered supernatant at 30 °C and 250 rpm for four hours.
Following incubation, the extracts were centrifuged at 4500 rpm for 10
min and the dodecane organic phase was recovered for taxadiene
analysis via GC-MS.

2.5. Extraction solvent optimization

To investigate the effect of extraction solvent on recovery of tax-
adiene from the resin beads, the following solvents were tested: ethanol,
acetone, ethyl acetate and dodecane. Following cultivation at small scale
(5 mL) for 72 h, under the conditions detailed in section 2.3, the solid
phase was recovered by centrifugation at 4500 rpm for 10 min and
resuspended in a volume of the respective solvent equal to that of the
original culture. The resulting mixtures were incubated at 30 °C and 250
rpm for four hours then centrifuged at 4500 rpm for 10 min to separate
the organic and solid phases. The organic phases from each organic
solvent were subsequently extracted for GC-MS analysis.

2.6. Bioreactor cultivation

Larger scale cultivations were conducted in MiniBio 500 bioreactors
(Applikon Biotechnology, The Netherlands) with a working volume of
250 mlL. Pre-inoculum cultures were prepared by transferring from a
single colony to 5 mL of YPD and incubating in an orbital shaker at 30 °C
and 250 rpm for eight hours. The resulting culture was subsequently
used to inoculate a secondary 10 mL YPD culture to an ODggp = 1 and
incubated overnight under the same conditions as the pre-inoculum. An
aliquot of this culture was then diluted with YPG media in the bioreactor
to give a 250 mL culture with an initial ODggp = 1. To prevent excess
foam production polypropylene glycol P2000 (Alfa Aesar, UK) was
added to a concentration of 0.01 % (v/v) and an impeller with two
Rushton turbines was placed at the medium-air interface (separation
between turbines: 6.5 cm) at a stirring speed of 800 rpm. Autoclaved HP-
20 adsorbent resin beads were added at a concentration of 3 % (w/v),
the optimal bead concentration elucidated during small-scale experi-
ments. A set point of 30 % saturation for DO was maintained through
automated air sparging and the culture temperature was maintained at
30 °C. The pH was maintained above six through the automatic addition
of 1 M NaOH. Biomass was measured offline twice daily using Nanodrop
2000c spectrophotometer (Thermo Fisher Scientific, UK). At this scale,
biomass kinetics were monitored via offline sampling throughout the
cultivation and the cultivation stopped moments before the stationary
phase of growth was reached. Galactose concentration was monitored
via offline sampling twice daily using the 3,5-Dinitrosalicylic acid (DNS)
method [29].

2.7. Dodecane overlay method

Experiments using the widely used dodecane overlay method were
performed to facilitate direct comparison of the traditional method with
the proposed in situ SPA method. In this work, inocula, cultivations and
extraction methods were as described previously by [13] for microscale
cultivations. In the dodecane overlay experiments, dodecane (99 %,
Acros Organics, UK) comprised 20 % (v/v) of the total cultivation vol-
ume and resin beads were not added. To determine the final taxadiene
titre, the resulting cultures were centrifuged at 4500 rpm for 10 min to
separate the aqueous and organic phases and an aliquot of the organic
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phase was subjected to GC-MS analysis.
2.8. Analytical methods

Taxadiene identification and quantification was achieved via
GC-MS. A 1 pL sample of each organic solvent extract was injected into a
TRACE™ 1300 Gas Chromatograph (Thermo Fisher Scientific, UK)
coupled to an ISQ LT single quadrupole mass spectrometer (Thermo
Fisher Scientific, UK). Chromatographic separation was achieved using a
Trace Gold TG-SQC gas chromatography column (Thermo Fisher Sci-
entific, UK) using a previously described method [26]. To identify and
quantify production of compounds by S. cerevisiae strain LRS5, pure
standards of taxadiene, kindly supplied by the Baran Lab (The Scripps
Research Institute, California, USA) and GGOH, obtained from Sigma
Aldrich (Gillingham, UK), were used. Characteristic gas chromatograms
and taxadiene mass spectra can be found in supplementary information
(Figure S5 of Supplementary material).

2.9. Statistical analysis

Statistical analyses were performed using MATLAB 2020a and Min-
itab 19 statistical software. One-way analysis of variance (ANOVA) was
used to determine whether HP-20 resin beads concentration yielded a
significant impact on biomass yield at microplate and shake flask scale.
A Dunnett’s multiple comparison test was used to compare each treat-
ment to the control. One-way ANOVA was also used to determine
whether the selected extraction solvent had an effect on taxadiene titers
recovery. A Tukey’s honest significant difference test was subsequently
employed to compare each of the treatments. The null hypothesis
considered that there was no significant difference between the treat-
ments, hence if p < 0.05 the null hypothesis was rejected.

3. Results and discussion

3.1. Effect of bead concentration on LRS5 growth and taxadiene
accumulation kinetics

In situ solid phase adsorption (SPA) using HP-20 resin beads has
proven to be an effective method for improving NP recovery in microbial
cultivations [17,30]. However, high bead concentrations have been
found to inhibit microbial growth [31]. As the rates of biomass and
taxane accumulation have been shown to be highly correlated in the
engineered S. cerevisiae strain LRS5 used in this study [13], optimization
was necessary to maximize both growth and product recovery. The
S. cerevisiae strain LRS5 was cultivated in the absence and presence of a
range of bead concentrations in order to determine the effect on growth
kinetics at microscale. A further study was conducted using shake flasks
to investigate the effect of concentrations at an increased scale. Control
cultivations of S. cerevisiae strain LRS5 in the absence of the resin were
included in the study, both with or without (no extraction aid) a
dodecane overlay. The results of these studies are summarized in Fig. 3.

At microscale, the addition of 3 % (w/v) HP-20 resin beads was
found to enhance the growth rate of S. cerevisiae strain LRS5, with the
stationary phase of growth reached earlier than for the control cultiva-
tion with no extraction aid (Fig. 3A). An ODggg of 21 + 3 was observed
after 55 h, significantly greater than the control cultivation with no
extraction aid (p = 0.0005, Fig. 3A). However, the addition of 3 % (w/v)
beads had no significant effect on the final ODggo (p = 0.747, Fig. 3A)
with highly similar ODgg values of 23 + 3 and 22 + 8 obtained for the 3
% and no extraction aid cultivations. This behavior was similar in the
cultivations using 6 % (w/v) resin beads where no significant statistical
effect at 72 h was observed with an ODgg value of 20 + 1 (p = 0.280,
Fig. 3A). The final biomass yield of the cultures treated with a dodecane
overlay was also not statistically different from the control with no
extraction aid (p = 0.654, Fig. 3A) at 20 + 1. At the higher concentration
of 12 % (w/v), however, the addition of beads was highly detrimental to
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Fig. 3. Growth kinetics of S. cerevisiae strain LRS5 in presence of different concentrations of HP-20 resin beads (3A & 3B), microscope images of S. cerevisiae strain
LRS5 cultivated at 3 % (w/v) resin beads at small scale (3C & 3D). 3A) Experiments were carried out using microscale cultivations (2 mL cultivation) and 3B) small
scale cultivations (25 mL cultivation). All cultivations were performed with YP media supplemented with 2 % galactose at 30 °C and 250 rpm. Values represent mean
+ standard deviation (n = 3) (* p < 0.05, ** p < 0.01, *** p < 0.001; Dunnett’s multiple comparison test with no extraction aid (0 % resin bead) as control). 3C)
Interaction between HP-20 resin bead and S. cerevisiae strain LRS5 cells. 3D) Sharp resin fragments observed in the culture medium after 72 h.

S. cerevisiae strain LRS5 growth (p = 0.0003, Fig. 3A) with a final ODggg
of just 3 & 1 achieved at the end of the 72 h cultivations. This indicated
that at low concentrations, the beads were not detrimental to
S. cerevisiae growth. As for the microscale cultivations, the final ODggg of
the 3 % (w/v) bead and control cultures, which had no extraction aid
were comparable (p = 0.883, Fig. 3B). At the higher bead concentration
of 6 % (w/v) a 46 % reduction in biomass accumulation was observed
compared to the control (p < 0.0005, Fig. 3B). Increasing the concen-
tration further to 12 % (w/v) inhibited growth almost entirely with a
final ODgpg = 1 + 0.5 (p < 0.0005, Fig. 3B). The optimal bead concen-
tration was therefore deemed to be 3 % (w/v) with maximum ODggg
values of 21 + 3 and 37 + 3 at micro and shake flask scale, respectively.
These results were in agreement with previous studies using E. coli,
Streptomyces hygroscopicus and Streptomyces virginiae [17,20,33], which
found high bead concentrations were detrimental to microbial growth.
E. coli was able to tolerate higher bead concentrations with an optimal of
5 % (w/v) [20], whilst the optima for Streptomyces hygroscopicus and
Streptomyces virginiae were similar to that found in this study (Fig. 3A
and Fig. 3B) at between 2 % and 5 % (w/v) respectively [17,33].
Adsorption to the resin surface is not exclusive to the desired tax-
adiene compound [34], additional hydrophobic compounds present
within the culture medium therefore likely adsorbed to its surface. Such
compounds include fatty acids and non-polar amino acids, which are

essential for yeast growth [35]. A previous study revealed that 55 % of
the casein present within the culture medium adsorbed to the HP-20
beads when a concentration of 20 % (v/v) beads was used compared
to just 17 % at a 5 % (v/v) bead concentration [36]. This resulted in a
reduced availability of amino acids for cell growth, the adsorption of
essential nutrients may have therefore contributed to the poor growth
observed in the 12 % (w/v) cultivations of this study. This highlights the
importance of carefully optimizing the concentration of resin to ensure
sufficient capacity to maximize product recovery whilst minimizing
nutrient loss and hence growth inhibition [17]. In addition, visualiza-
tion of the cultures using oil immersion light microscopy (Fig. 3C and
3D) revealed physical degradation of the beads, generating sharp frag-
ments as shown in Fig. 3D, which may have caused some mechanical
lysis of the cells.

Such degradation was likely enhanced by culture agitation as it has
been noted in previous works using similar type of resins [37].
Furthermore, as the resin beads were around 100-fold larger than the
yeast cells, their presence within the culture likely contributed to shear
stress, which may have hindered cell viability at the higher bead con-
centrations (>6 % (w/v)). To our knowledge, this is the first report of the
contribution of HP-20 bead degradation and subsequent sharp fragment
generation to reduced cell growth at higher bead concentrations.

To further investigate the effect of bead concentration on cellular
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fitness, additional microplate cultivations were conducted under the
same conditions as described in section 2.2, except the parental strain,
CEN.PK2-1C, was used in place of strain LRS5. As this strain has not been
engineered for taxadiene biosynthesis or mevalonate pathway over-
expression, the effect of heterologous gene expression could be evalu-
ated. When CEN.PK2-1C was cultivated in the presence of 3 % (w/v)
resin beads, a maximum ODggq value of 40 + 3 was reached after 72 h
(Figure S1, Supplementary material), Considerably higher than the 23
+ 3 observed for strain LRS5 under the same conditions. Interestingly,
even at the highest bead concentration of 12% (w/v), no significant
effect on growth was observed in the wild-type strain, with a maximum
ODggp value of 38 + 4.0. These results highlight the detrimental effect of
gene editing on S. cerevisiae fitness, as the tolerance to mechanical stress
caused by the resin beads was reduced considerably in LRS5.

To investigate this effect further and determine the optimal con-
centration of beads, a second experiment involving larger shake flask
cultivations was performed, here the bead concentration of 3 and 6 %
(w/v) were tested. As the increased volumes at this scale facilitated more
frequent manual sampling, an investigation into taxadiene accumula-
tion kinetics was also performed as summarized in Fig. 4.

In these experiments, final ODggo values were 30 + 1 and 20 + 0.5
for the 3 % (w/v) and 6 % (w/v) bead cultivations, respectively, indi-
cating that the lower bead concentration of 3 % (w/v) was more suitable
at this scale. In addition, a strong correlation between biomass and
taxadiene accumulation was observed in 3 % (w/v) (Pearson’s r =
0.962) and 6 % (w/v) (Pearson’s r = 0.943). This was in agreement with
previous studies [13,22], which also observed a strong correlation be-
tween biomass accumulation and taxane production. It was therefore
deemed important to optimize the HP-20 resin beads concentration such
to minimize any detrimental effects on cell growth and productivity. It
was also seen that there was no statistical difference in taxadiene titer
using 3% and 6% (w/v) of resin beads.

Although the exact adsorption capacity of the HP-20 beads for tax-
adiene is unknown, previous studies have investigated their adsorption
capacity for the final paclitaxel compound [38]. The maximum
adsorption capacity was found to be 45 — 57 mg/g under controlled
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conditions. Assuming the capacity for taxadiene were in the same range
to that of taxadiene, the resin bead concentration could theoretically be
reduced to as low as 0.1 % (w/v) to recover the taxadiene produced by
S. cerevisiae strain LRS5. To investigate this further, additional micro-
scale cultivations were performed using lower bead concentrations of
0.1 and 1 % (w/v) (Figure S4, Supplementary information). There was
no significant difference in the final ODggg values observed for the 0.1, 1
and 3 % (w/v) bead cultivations at 26 & 2, 32 & 4 and 28 + 0.3,
respectively (Figure S4A, Supplementary information). Although bead
concentration had little effect on growth of S. cerevisiae strain LRS5
between 0.1 and 3 % (w/v), taxadiene recovery was enhanced by 17 and
76 % at 1 and 3 % (w/v) beads, respectively, compared to 0.1 % (w/v)
(Figure S4B, Supplementary information). This was likely due to the
aforementioned lack of specificity of the resin, which may have resulted
in the adsorption of additional non-polar compounds present in the
culture medium, reducing the capacity available for taxadiene adsorp-
tion. A resin bead concentration of 3 % (w/v) was therefore deemed
optimal for taxadiene recovery and applied in subsequent experiments.

3.2. Solid - Liquid extraction optimization using different organic solvents

The partition of taxadiene between the solid (beads + biomass) and
aqueous (culture medium) phases was subsequently investigated in
small scale (5 mL) cultures of S. cerevisiae strain LRS5. Following culti-
vation, taxadiene was extracted from each phase using dodecane and
quantified via GC-MS. Analysis revealed 97 % of the detected taxadiene
was present in the solid phase (Figure S2 of supplementary material). As
a result, subsequent experiments focused on extraction and purification
of taxadiene from the solid phase exclusively. This ensured recovery of
the vast majority of the product of interest, whilst minimizing solvent
requirements.

A key benefit of the application of an adsorbent resin is the elimi-
nation of reliance on biocompatible extraction solvents, which with high
boiling points render the purification stage both energy intensive and
costly (i.e. dodecane). A low cost extraction solvent with a low boiling
point is preferable to maximize the environmental and economic
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Fig. 4. Taxadiene concentration and yeast strain LRS5 kinetics using in situ solid phase adsorption method, both cultivations were made in shake flask (25 mL) at
30 °C. A) Showcase the growth kinetics of the yeast at 3 and 6 % (w/v) beads concentration and B) Display the taxadiene concentration kinetics of the same
cultivations. Solid phase (cells + beads) was treated with acetone in the extraction every specified hour (see section 2.3 for more details). Values represent mean +

standard deviation (n = 2).
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sustainability of the process. Previous studies have shown solvents with
intermediate polarity such as acetone can improve terpenoid recovery in
in situ SPA systems compared to dodecane [39,40]. Aguilar et al. (2019),
recently employed HP-20 resin beads for the in situ extraction of the
sesquiterpene zizaene from engineered E. coli cultivation. In that study,
of the seven extraction solvents tested in the study, ethyl acetate, decane
and isooctane displayed superior zizaene recovery to dodecane. Ethyl
acetate has also been successfully employed for the recovery of limonene
[41] and Fusicocca-2,10(14)-Diene [42] from resins resulting from
E. coli and S. cerevisiae cultivations, respectively. Ethyl acetate was
therefore selected as a potential solvent in this study, as in addition to its
observed affinity for terpene compounds, it is a volatile and relatively
low-cost solvent with low toxicity. Acetone and ethanol with similar and
higher polarities compared to ethyl acetate, respectively, are commonly
used organic solvents for the extraction of carotenoids from yeast cells
[43]. The efficacy of these solvents for eluting the shorter chain diter-
pene, taxadiene, from the HP-20 resin was investigated in this study, as
summarized in Fig. 5.

Of the tested solvents acetone (p = 0.007) and ethyl acetate (p =
0.023) enhanced taxadiene recovery significantly with respect to
dodecane as shown in Fig. 5. Unlike dodecane, the three other solvents
tested in this investigation are not biocompatible and are known to
affect yeast-cell viability and metabolic activity at concentrations > 6 %
(v/v) [44]. Organic solvents including ethanol, acetone and ethyl ace-
tate, disrupt the phospholipid bilayer of the cell membrane, which in-
creases permeability and can ultimately lead to cell lysis [45-47].
Biocompatible solvents such as dodecane are commonly used for in situ
liquid-liquid extraction to minimize this effect during cultivation and
maximize cell viability. However, permeabilization is desirable for
maximizing product recovery as it ensures access to intracellular tax-
adiene [45,48]. Currently, limited data is available on the nature of the
intracellular accumulation of taxadiene in S. cerevisiae, as previous
localization studies focused on the taxadiene synthase (TASY) enzyme
rather than the taxadiene product [26]. However, recent studies indicate
that cells have limited capacity to store high concentrations of terpe-
noids [49,50] and any terpenoids that are not secreted likely accumulate
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in the cytoplasm.

The higher titers observed with the alternative solvents in this study
(Fig. 5) was likely attributed to increased membrane permeability and
intracellular taxadiene recovery. The greatest taxadiene titer of 15 +
2.0 mg/L was achieved using acetone (5 mL cultivations), four-fold
greater than that using the highly non-polar and biocompatible dodec-
ane solvent. This solvent was therefore selected for subsequent studies.

3.3. Synergic effect of HP-20 resin beads and selected solvent to improve
taxadiene extraction

The results of the desorption step indicated that the use of ethanol,
acetone or ethyl acetate as the extraction solvent, resulted in higher
taxadiene titres than dodecane. Such solvents are known to increase cell
membrane permeability [46,47] and previous studies have shown that
some taxadiene is retained intracellularly [13]. It was therefore
hypothosised that improved recovery achived using ethanol, acetone or
ethyl acetate may be partially due to increased cell memebrane
permeability. In order to investigate this further, an additional experi-
ment was performed using the highest yielding solvent, acetone (Fig. 5).
S. cerevisiae strain LRS5 was cultivated in the absence of resin beads or a
dodecane overlay (no extraction aid) and acetone was applied at the end
of the cultivation to extract taxadiene from the solid phase (biomass).
This was compared to the optimal in situ solid phase (beads + biomass)
cultivation with 3 % (w/v) HP-20 beads and the traditional dodecane
overlay method as shown in Fig. 6.

Biomass accumulation was similar for the SPA, no extraction aid and
dodecane overlay cultivations with final ODgg values of 23 + 1,22 + 3
and 20 =+ 1, respectively. When acetone was applied to extract taxadiene
from the biomass resulting from the control treatment, in which
S. cerevisiae strain LRS5 was grown in the absence of an in situ extraction
aid, the final taxadiene titer was 26 + 6 mg/L at microscale as shown in
Fig. 6. Interestingly, this was comparable to the 31 + 3 mg/L obtained
using the traditional dodecane liquid-liquid extraction method. This
suggested that, in the absence of an in situ extraction aid, a significant
proportion of the taxadiene was intracellular or adsorbed onto cell
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Fig. 5. Effect of different organic solvents on taxadiene recovery in Solid phase adsorption (SPA) cultivation method. All the solvents were used in the extraction
stage, following resin bead cultivation at small scale (5 mL). Values represent mean =+ standard deviation (n = 3) (* p < 0.05, ** p < 0.01, p < 0.001; Tukey’s honestly

significant difference multiple comparison test).
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surface rather than secreted, likely due to the hydrophobic nature of the
diterpene. In the in situ SPA cultivations, taxadiene was distributed
equally between the resin beads and biomass with titers of 18 &+ 2 mg/L
and 19 + 1 mg/L observed, respectively. This indicated that the cells
retained up to near 50 % of the taxadiene produced during the culti-
vation. However, it was found that during the separation and desorption
steps, around 30% of the bead volume was lost compared to parallel
cultivations with the same bead concentration, in which the beads and
biomass were not treated separately (Figure S3 of supplementary ma-
terial). This taxadiene partition between biomass and resin beads pro-
vides an important piece of information, as it showcases where the
taxadiene that is being detected in the system is being captured. To our
knowledge, this information has not been commonly reported as the
extraction is generally made to the biomass and resin in conjunction
[17,30,51] or to the single beads without biomass [18,52]. These results
could have an important impact into determining the capacity of the
resin beads to relieve the cells from intracellular toxicity of selected NP
among other phenomena.

Simultaneous extraction of taxadiene from the resin beads and
biomass, without separation, resulted in a taxadiene titer of 61 + 8 mg/
L, at this scale. This suggests that around 39 % of the recoverable tax-
adiene was lost during the separation step, likely due to the loss of beads
during the biomass and beads separation, indicating that the actual
fraction of taxadiene retained by the cells was 51 %, an almost evenly
partition ratio. This is in agreement with a previous study using
S. cerevisiae strain LRS5, which demonstrated that up to one third of the
total taxadiene was retained intracellularly using dodecane [13]. Using
the optimal bead concentration (3 % (w/v)) and extraction solvent
(acetone) resulted in a 1.8-fold improvement in taxadiene recovery
compared to the widely used dodecane overlay approach (Fig. 6).
Therefore, to maximize intracellular and secreted taxadiene titer, an
extraction solvent with a high affinity for taxadiene and a high per-
meabilization ability should be selected following the cultivation. Dif-
ferences in results between Fig. 5 and Fig. 6 were likely the result of an
increased shaking speed of 350 rpm (Fig. 6) compared to the 250 rpm
applied for the 5 mL cultures (Fig. 5). In addition, the microtiter plates
were sealed with a gas permeable membrane whereas the tubes used for
the 5 mL cultures were airtight. Oxygen mass transfer was therefore
likely enhanced significantly at microscale, promoting aerobic growth
and thus improving taxadiene titers. A similar effect was observed in a
previous study where taxadiene titers were improved two-fold in baffled
microtiter plate compared to shake flask cultivations of the strain [22].

A significant quantity of taxadiene was recovered from the cells

cultured without an extraction aid, when acetone was used as the
desorption solvent (Fig. 5). This indicated that, in addition to promoting
elution of secreted taxadiene from the HP-20 resin, acetone also
enhanced the recovery of intracellular taxadiene, likely due to its effect
on cellular permeability. The proposed SPA method is therefore an in-
tegrated bioprocess, eliminating the requirement for an additional unit
operation for cellular lysis [1,53] or further metabolic engineering to
introduce efflux pumps (e.g. outer membrane protein TolC) [54] to
enhance the product secretion.

3.4. Scale up bioprocess of the in situ SPA method

In order to validate the proposed in situ SPA method under indus-
trially relevant conditions, the process was scaled up using MiniBio 500
bioreactors (Applikon Biotechnology, The Netherlands). Here industri-
ally relevant process parameters including pH, temperature and dis-
solved oxygen concentration were monitored and controlled online in
real-time, allowing industrial scale conditions to be more effectively
mimicked [55]. The small- (Fig. 5) and micro-scale cultivations (Fig. 6)
revealed that a resin beads concentration of 3 % (w/v) was optimal for
biomass and taxane accumulation, this condition was therefore selected
for investigation at larger scale. A stirring speed of 800 rpm was used to
guarantee homogeneous distribution of the resin beads. The results of
this experiment are summarized in Fig. 7.

Final taxadiene titers were comparable at micro and bioreactor scale
at 61 + 8 mg/L and 76 £ 19, respectively (Fig. 7B), demonstrating that
the proposed process was robust despite a 125-fold increase in cultiva-
tion volume. This result is promising as shear stress was likely exacer-
bated at this scale due to the relatively high agitation rate of 800 rpm
and use of air sparging for dissolved oxygen control. The resulting titer
was 1.4-fold higher than the 53 mg/L achieved for S. cerevisiae strain
LRS5 using the dodecane overlay method under similar cultivation
conditions [13]. LLE using dodecane overlay was also employed for
extraction of taxadiene from the highest yielding heterologous E. coli
expression system [27], suggesting that the impressive titer of 1000 mg/
L could possibly be improved further through the use of in situ SPA. The
maximum taxadiene titers achieved in S. cerevisiae strain LRS5 [22] were
around sevenfold lower than those in E. coli [27]. Despite this, the
eukaryotic host is desirable as unlike E. coli, it possesses the necessary
biosynthetic and redox capabilities for the expression of the subsequent
cytochrome P450 genes, which constitute around 50 % of the 19 steps of
the paclitaxel biosynthetic pathway [56,57]. Lastly, a similar method for
paclitaxel recovery (using XAD resin) showed 40-70 % enhanced
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Fig. 7. Bioreactor cultivation kinetic parameters of S. cerevisiae strain LRS5 using the in situ Solid phase adsorption (SPA) cultivation method. Fig. 7A) shows the
cultivation parameters using the in situ SPA method at 250 mL cultivation volume. The controlled parameters were; pH and temperature. Fig. 7B) shows the taxadiene
titers for microplate cultivation and bioreactor using the in situ SPA method using 3 % (w/v) and acetone in the extraction step as well as the cultivation with no

extraction aid. Values in Fig. 7B represent mean + standard deviation (n = 2).

paclitaxel biosynthesis in Taxus cuspidate cell cultures [58], which
reinforce that the use of adsorbent resin beads could augment the re-
covery yields of different targeted taxanes.

One possible reason for the enhanced recovery using the in situ SPA
method compared to the dodecane overlay method is the positive effect
of acetone for solid phase (biomass + beads) extraction, allowing re-
covery of both the intracellular and secreted taxadiene. Moreover, the
loss of taxadiene due to air stripping or co-evaporation with dodecane
was likely reduced through the use of HP-20 resin beads. In the control
cultivations with no resin beads or dodecane overlay, taxadiene titers
were negligible (0.44 + 0.01 mg/L , Fig. 7B) due to air stripping,
highlighting the importance of in situ product recovery at bioreactor-
scale.

This synergic combination of sequestering secreted and inner tax-
adiene through coupling non-polar resin beads with a disruptive
desorption solvent is a key benefit of the proposed bioprocess. Through
further optimization of key process parameters such as organic solvents,
resin material, cultivation temperature and pressure [59], there is great
potential to further improve recovery of taxadiene and other paclitaxel
precursors.

These results demonstrate the potential of the in situ SPA cultivation
method for effective recovery of taxadiene under industrially relevant
conditions with considerable taxadiene yield. Nevertheless, further
techno-economic assessment is needed to evaluate the cost effectiveness
of the method at industrial scale.

4. Conclusions

The application of the in situ SPA method using HP-20 resin beads at
micro and bioreactor scale improved taxadiene recovery 1.4 and 1.9-
fold, respectively, compared to the traditional liquid-liquid extraction
approach using dodecane overlay. Higher resin bead concentrations
resulted in bead fragmentation (mechanical cell disruption) which were
found to be detrimental to cellular growth in S. cerevisiae strain LRS5. As
the biomass growth is heavily correlated with taxadiene production, it
was found that by using 3 % (w/v) beads concentration, the biomass

growth was not affected and the taxadiene time-profile recovery was the
higher obtained at this resin bead concentration. Acetone ensured the
sequestration of both the intracellular and secreted taxadiene at the
extraction step, achieving process integration and taxadiene yield
increment. In addition, it was found that by using the in situ SPA method
with 3 % (w/v) resin beads, of the total taxadiene synthesized, 49 % was
adsorbed by the resin beads with the remainder retained intracellularly.

CRediT authorship contribution statement

Jorge H. Santoyo-Garcia: Conceptualization, Methodology, Inves-
tigation, Validation, Formal analysis, Writing — original draft, Data
curation, Writing — review & editing. Laura E. Walls: Formal analysis,
Writing — review & editing, Data curation, Visualization. Behnaz
Nowrouzi: Writing — review & editing, Visualization. Giuseppe R.
Galindo-Rodriguez: Investigation. Marisol Ochoa-Villareal: Visuali-
zation. Gary J. Loake: Supervision, Visualization. Simone Dimartino:
Supervision, Visualization. Leonardo Rios-Solis: Resources, Writing —
review & editing, Supervision, Visualization, Project administration,
Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Authors would like to thank the technicians who helped with the GC-
MS analyses MRes Stuart Martin and MSc Caroline Delahoyde. Thanks
for the support from the IBioE technician Miss Katalin Kis. Thanks to
Professor Phil Baran’s Lab at The Scripps Research Institute, San Diego,
California for providing the taxadiene standard.



J.H. Santoyo-Garcia et al.
Funding

This work was supported by the Mexican government dependence
CONACyT (Mexican National Council for Science and Technology)
Scholarship reference: 2018-000009-01EXTF-00193 for JHSG and 018-
000009-01EXTF-00060 for GRGR. This research was supported by the
Engineering and Physical Sciences Research Council (Grant number EP/
R513209/1) for LEW, The University of Edinburgh (Principal’s Career
Development PhD Scholarship) for BN and the Biotechnology and Bio-
logical Sciences Research Council (grant BB/R017603/1) for MOV. The
Royal Society (Grant Number RSG\R1\180345), The University of
Edinburgh Global Challenges Theme Development Fund 418 (Grant
Number: TDF_03), The Biotechnology and Biological Sciences Research
Council (Grant Number: 527429894)

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.seppur.2022.120880.

References

[1] A.A. Kiss, J. Grievink, M. Rito-Palomares, A systems engineering perspective on
process integration in industrial biotechnology, J. Chem. Technol. Biotechnol. 90
(3) (2015) 349-355, https://doi.org/10.1002/jctb.4584.

[2] N.F. Fazilah, A.B. Ariff, M.E. Khayat, L. Rios-Solis, M. Halim, Influence of
probiotics, prebiotics, synbiotics and bioactive phytochemicals on the formulation
of functional yogurt, J. Funct. Foods. 48 (2018) 387-399, https://doi.org/
10.1016/4.jf£.2018.07.039.

[3] L.E. Walls, L. Rios-Solis, Sustainable production of microbial isoprenoid derived

advanced biojet fuels using different generation feedstocks: a review, Front.

Bioeng. Biotechnol. 8 (2020) 1-19, https://doi.org/10.3389/fbioe.2020.599560.

J.J. Kellogg, M.F. Paine, J.S. Mccune, N.H. Oberlies, N.B. Cech, Natural Product

Reports products for research studies : a NaPDI center recommended approach T,

Nat. Prod. Rep. 36 (2019) 1196-1221, https://doi.org/10.1039/c8np00065d.

[5] D. Gonzalez-Cabanelas, A. Hammerbacher, B. Raguschke, J. Gershenzon, L.

P. Wright, Chapter ten - quantifying the metabolites of the methylerythritol 4-
phosphate (MEP) pathway in plants and bacteria by liquid chromatography-triple
quadrupole mass spectrometry, in: S.E.B.T.-M, in: E. O’Connor (Ed.), Synth,
Academic Press, Biol. Metab. Eng. Plants Microbes Part B Metab. Plants, 2016,
PP. 225-249, https://doi.org/10.1016/bs.mie.2016.02.025.

[6] J. Wong, L. Rios-Solis, J.D. Keasling, Microbial Production of Isoprenoids, in:

Consequences Microb. Interact. with Hydrocarb. Oils, Lipids Prod. Fuels Chem.,

2017: pp. 0-24. https://doi.org/10.1007/978-3-319-50436-0.

S. Edgar, F.-S. Li, K. Qiao, J.-K. Weng, G. Stephanopoulos, Engineering of taxadiene

synthase for improved selectivity and yield of a key taxol biosynthetic

intermediate, ACS Synth. Biol. 6 (2) (2017) 201-205, https://doi.org/10.1021/
acssynbio.6b00206.

[8] J. Wong, T. de Rond, L. d’Espaux, C. van der Horst, 1. Dev, L. Rios-Solis, J. Kirby,

H. Scheller, J. Keasling, High-titer production of lathyrane diterpenoids from sugar

by engineered Saccharomyces cerevisiae, Metab. Eng. 45 (2018) 142-148, https://

doi.org/10.1016/j.ymben.2017.12.007.

R. Perestrelo, C. Silva, M.X. Fernandes, S. C, Prediction of Terpenoid Toxicity Based

on a Quantitative Structure — Activity Relationship Model, Foods. 8 (2019) 1-16.

[10] H. Schewe, M.A. Mirata, J. Schrader, Bioprocess engineering for microbial
synthesis and conversion of isoprenoids, in: J. Schrader, J. Bohlmann (Eds.),
Biotechnol, Springer, Isoprenoids. Adv. Biochem. Eng., 2015, pp. 251-286, https://
doi.org/10.1007/10_2015_321.

[11] M. Halim, L. Rios-Solis, M. Micheletti, J.M. Ward, G.J. Lye, Microscale methods to
rapidly evaluate bioprocess options for increasing bioconversion yields :
application to the x -transaminase synthesis of chiral amines, Bioprocess Biosyst.
Eng. 37 (2014) 931-941, https://doi.org/10.1007/500449-013-1065-5.

[12] M. Ochoa-Villarreal, S. Howat, H. SunMi, O.J. Mi, J. Young-Woo, L. Eun-Kyong, G.
J. Loake, Plant cell culture strategies for the production of natural products, BMB
Rep. 49 (2016) 149-158.

[13] B. Nowrouzi, R.A. Li, L.E. Walls, L. d’Espaux, K. Malci, L. Liang, N. Jonguitud-
Borrego, A.L. Lerma-Escalera, J.R. Morones-Ramirez, J.D. Keasling, L. Rios-Solis,
Enhanced production of taxadiene in Saccharomyces cerevisiae, Microb. Cell Fact.
19 (1) (2020), https://doi.org/10.1186/s12934-020-01458-2.

[14] M. Othman, A.B. Ariff, L. Rios-Solis, M. Halim, Extractive fermentation of lactic
acid in lactic acid bacteria cultivation: a review, Front. Microbiol. 8 (2017) 1-7,
https://doi.org/10.3389/fmicb.2017.02285.

[15] L. Fan, G. Sun, J. Qiu, Q. Ma, P. Hess, A. Li, Effect of seawater salinity on pore-size
distribution on a poly (styrene) -based HP20 resin and its adsorption of diarrhetic
shellfish toxins, J. Chromatogr. A. 1373 (2014) 1-8, https://doi.org/10.1016/j.
chroma.2014.11.008.

[16] T. Phillips, M. Chase, S. Wagner, C. Renzi, M. Powell, J. Deangelo, P. Michels, Use
of in situ solid-phase adsorption in microbial natural product fermentation

[4

=

[7

—

[9

—

10

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Separation and Purification Technology 290 (2022) 120880

development, Ind. Microbiol. Biotechnol. 40 (2013) 411-425, https://doi.org/
10.1007/510295-013-1247-9.

H. Qi, S. Zhao, H. Fu, J. Wen, X. Jia, Enhancement of ascomycin production in
Streptomyces hygroscopicus var. ascomyceticus by combining resin HP20 addition
and metabolic profiling analysis, Ind. Microbiol. Biotechnol. 41 (2014) 1365-1374,
https://doi.org/10.1007/510295-014-1473-9.

C. Liu, R. Jiao, L. Yao, Y. Zhang, Y. Lu, R. Tan, Adsorption characteristics and
preparative separation of chaetominine from Aspergillus fumigatus mycelia by
macroporous resin, J. Chromatogr. B. 1015-1016 (2016) 135-141, https://doi.
org/10.1016/j.jchromb.2016.02.027.

H. Ben Slama, H. Cherif-silini, A.C. Bouket, M. Qader, A. Silini, B. Yahiaoui,

F. Alenezi, L. Luptakova, M. Triki, A. Vallat, T. Oszako, M.E. Rateb, L. Belbahri,
Screening for fusarium antagonistic bacteria from contrasting niches designated
the endophyte bacillus halotolerans as plant warden against fusarium, Front.
Microbiol. 9 (2019) 1-24, https://doi.org/10.3389/fmicb.2018.03236.

F. Aguilar, T. Scheper, S. Beutel, Improved production and in situ recovery of
sesquiterpene (+)-zizaene from metabolically-engineered E. coli, Molecules 24
(2019) 1-19.

M. Le Roux, F. Guéritte, 4 - From the Pacific Yew (Taxus brevifolia) to the English
Yew (Taxus baccata): Steps Towards the Discovery of Docetaxel (Taxotere®), in: M.
Le Roux, F.B.T.-N. and T. Guéritte (Eds.), Elsevier, 2017: pp. 151-212. https://doi.
org/https://doi.org/10.1016/B978-1-78548-145-1.50004-0.

L.E. Walls, K. Malci, B. Nowrouzi, R.A. Li, L. d’Espaux, J. Wong, J.A. Dennis, A.J.
C. Semiao, S. Wallace, J.L. Martinez, J.D. Keasling, L. Rios-Solis, Optimizing the
biosynthesis of oxygenated and acetylated Taxol precursors in Saccharomyces
cerevisiae using advanced bioprocessing strategies, Biotechnol. Bioeng. 118 (1)
(2021) 279-293, https://doi.org/10.1002/bit.27569.

B.A. Boghigian, D. Salas, P.K. Ajikumar, G. Stephanopoulos, B.A. Pfeifer, Analysis
of heterologous taxadiene production in K- and B-derived Escherichia coli, Appl.
Microbiol. Biotechnol. 93 (4) (2012) 1651-1661, https://doi.org/10.1007/
s00253-011-3528-4.

B.W. Biggs, C.G. Lim, K. Sagliani, S. Shankar, G. Stephanopoulos, M. De Mey, P.
K. Ajikumar, Overcoming heterologous protein interdependency to optimize P450-
mediated Taxol precursor synthesis in Escherichia coli, Proc. Natl. Acad. Sci. U. S.
A. 113 (12) (2016) 3209-3214, https://doi.org/10.1073/pnas.1515826113.

S. Edgar, K. Zhou, K. Qiao, J.R. King, J.H. Simpson, G. Stephanopoulos,
Mechanistic insights into taxadiene epoxidation by taxadiene-5a-hydroxylase, ACS
Chem. Biol. 11 (2) (2016) 460-469, https://doi.org/10.1021/
acschembio.5b00767.

A. Reider Apel, L. d’Espaux, M. Wehrs, D. Sachs, R.A. Li, G.J. Tong, M. Garber,
O. Nnadi, W. Zhuang, N.J. Hillson, J.D. Keasling, A. Mukhopadhyay, A Cas9-based
toolkit to program gene expression in Saccharomyces cerevisiae, Nucleic Acids Res.
45 (1) (2017) 496-508, https://doi.org/10.1093/nar/gkw1023.

P.K. Ajikumar, W.-H. Xiao, K.E.J. Tyo, Y. Wang, F. Simeon, E. Leonard, O. Mucha,
T.H. Phon, B. Pfeifer, G. Stephanopoulos, Isoprenoid pathway optimization for
taxol precursor overproduction in Escherichia coli, Science 330 (6000) (2010)
70-74.

B.W. Biggs, J.E. Rouck, A. Kambalyal, W. Arnold, C.G. Lim, M. De Mey, M. O’Neil-
Johnson, C.M. Starks, A. Das, P.K. Ajikumar, Orthogonal assays clarify the
oxidative biochemistry of taxol P450 CYP725A4, ACS Chem. Biol. 11 (5) (2016)
1445-1451, https://doi.org/10.1021/acschembio.5b00968.

G.L. Miller, Use of dinitrosalicylic acid reagent for determination of reducing sugar,
Anal. Chem. 31 (3) (1959) 426-428, https://doi.org/10.1021/ac60147a030.

J.C. Lee, H.R. Park, D.J. Park, H.B. Lee, Y.B. Kim, C.J. Kim, Improved production of
teicoplanin using adsorbent resin in fermentations, Lett. Appl. Microbiol. 37 (3)
(2003) 196-200, https://doi.org/10.1046/j.1472-765X.2003.01374.x.

V. Dzhavakhiya, V. Savushkin, A. Ovchinnikov, V. Glagolev, V. Savelyeva,

E. Popova, N. Novak, E. Glagoleva, Scaling up a virginiamycin production by a
high-yield Streptomyces virginiae VKM Ac-2738D strain using adsorbing resin
addition and fed-batch fermentation under controlled conditions, 3 Biotech. 6 (2)
(2016), https://doi.org/10.1007/s13205-016-0566-8.

V.A. Savushkin, V.V. Dzhavakhiya, E.V. Glagoleva, V.V. Savelyeva, E.

D. Voskresenskaya, A.I. Ovchinnikov, V.I. Glagolev, N.V. Novak, Y.O. Grebeneva,
Enhanced production of virginiamycin with the maintained optimal ratio of its
components by a mutant Streptomyces virginiae IB 25-8 strain, Biocatal. Agric.
Biotechnol. 17 (2019) 408-415, https://doi.org/10.1016/j.bcab.2018.10.021.
M.L. Soto, E. Conde, N. Gonzalez-16pez, M.J. Conde, A. Moure, J. Sineiro,

E. Falqué, H. Dominguez, M.J. Nunez, J.C. Parajo, Recovery and concentration of
antioxidants from winery wastes, Molecules 17 (2012) 3008-3024, https://doi.
org/10.3390/molecules17033008.

K. Medina, E. Boido, E. Dellacassa, F. Carrau, Growth of non-Saccharomyces yeasts
affects nutrient availability for Saccharomyces cerevisiae during wine
fermentation, Int. J. Food Microbiol. 157 (2) (2012) 245-250, https://doi.org/
10.1016/j.ijfoodmicro.2012.05.012.

C.-H. Kim, S.-W. Kim, S.-I. Hong, An integrated fermentation-separation process
for the production of red pigment by Serratia sp. KH-95, Process Biochem. 35
(1999) 485-490, https://doi.org/10.1016/50032-9592(99)00091-6.

M. Othman, A.B. Ariff, M.R. Kapri, L. Rios-Solis, M. Halim, Growth enhancement of
probiotic pediococcus acidilactici by extractive fermentation of lactic acid
exploiting anion-exchange resin, Front. Microbiol. 9 (2018) 1-11, https://doi.org/
10.3389/fmicb.2018.02554.

H.S. Shin, J.-H. Kim, Isotherm, kinetic and thermodynamic characteristics of
adsorption of paclitaxel onto Diaion HP-20, Process Biochem. 51 (7) (2016)
917-924, https://doi.org/10.1016/j.procbio.2016.03.013.

H. Jin, Y. Min, J. Zhou, H. Jin, Z. Hua, Optimization of extraction solvents, solid
phase extraction and decoupling for quantitation of free isoprenoid diphosphates in


https://doi.org/10.1016/j.seppur.2022.120880
https://doi.org/10.1016/j.seppur.2022.120880
https://doi.org/10.1002/jctb.4584
https://doi.org/10.1016/j.jff.2018.07.039
https://doi.org/10.1016/j.jff.2018.07.039
https://doi.org/10.3389/fbioe.2020.599560
https://doi.org/10.1039/c8np00065d
https://doi.org/10.1016/bs.mie.2016.02.025
https://doi.org/10.1021/acssynbio.6b00206
https://doi.org/10.1021/acssynbio.6b00206
https://doi.org/10.1016/j.ymben.2017.12.007
https://doi.org/10.1016/j.ymben.2017.12.007
https://doi.org/10.1007/10_2015_321
https://doi.org/10.1007/10_2015_321
https://doi.org/10.1007/s00449-013-1065-5
https://doi.org/10.1186/s12934-020-01458-2
https://doi.org/10.3389/fmicb.2017.02285
https://doi.org/10.1016/j.chroma.2014.11.008
https://doi.org/10.1016/j.chroma.2014.11.008
https://doi.org/10.1007/s10295-013-1247-9
https://doi.org/10.1007/s10295-013-1247-9
https://doi.org/10.1007/s10295-014-1473-9
https://doi.org/10.1016/j.jchromb.2016.02.027
https://doi.org/10.1016/j.jchromb.2016.02.027
https://doi.org/10.3389/fmicb.2018.03236
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0100
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0100
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0100
https://doi.org/10.1002/bit.27569
https://doi.org/10.1007/s00253-011-3528-4
https://doi.org/10.1007/s00253-011-3528-4
https://doi.org/10.1073/pnas.1515826113
https://doi.org/10.1021/acschembio.5b00767
https://doi.org/10.1021/acschembio.5b00767
https://doi.org/10.1093/nar/gkw1023
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0135
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0135
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0135
http://refhub.elsevier.com/S1383-5866(22)00437-3/h0135
https://doi.org/10.1021/acschembio.5b00968
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1046/j.1472-765X.2003.01374.x
https://doi.org/10.1007/s13205-016-0566-8
https://doi.org/10.1016/j.bcab.2018.10.021
https://doi.org/10.3390/molecules17033008
https://doi.org/10.3390/molecules17033008
https://doi.org/10.1016/j.ijfoodmicro.2012.05.012
https://doi.org/10.1016/j.ijfoodmicro.2012.05.012
https://doi.org/10.1016/S0032-9592(99)00091-6
https://doi.org/10.3389/fmicb.2018.02554
https://doi.org/10.3389/fmicb.2018.02554
https://doi.org/10.1016/j.procbio.2016.03.013

J.H. Santoyo-Garcia et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Haematococcus pluvialis by liquid chromatography with tandem mass
spectrometry, J. Chromatogr. A. 1598 (2019) 30-38, https://doi.org/10.1016/j.
chroma.2019.03.051.

L. Monks, L. Tiggamann, M.A. Mazuti, V.J. Oliveira, E. Valduga, Assessment of
carotenoids recovery through cell rupture of Sporidiobolus salmonicolor CBS 2636
using compressed fluids, Food Bioprocess Technol. 5 (6) (2012) 2353-2359,
https://doi.org/10.1007/s11947-010-0493-3.

J. Alonso-Gutierrez, R. Chan, T.S. Batth, P.D. Adams, J.D. Keasling, C.J. Petzold, T.
S. Lee, Metabolic engineering of Escherichia coli for limonene and perillyl alcohol
production, Metab. Eng. 19 (2013) 33-41, https://doi.org/10.1016/j.
ymben.2013.05.004.

L. Halka, R. Wichmann, Enhanced production and in situ product recovery of
fusicocca-2,10(14)-diene from yeast, Ferment 4 (3) (2018) 65, https://doi.org/
10.3390/fermentation4030065.

P.K. Park, E.Y. Kim, K.H. Chu, Chemical disruption of yeast cells for the isolation of
carotenoid pigments, Sep. Purif. Technol. 53 (2007) 148-152, https://doi.org/
10.1016/j.seppur.2006.06.026.

J. Qun, Y. Shanjing, M. Lehe, Tolerance of immobilized baker’s yeast in organic
solvents, Enzyme Microb. Technol. 30 (6) (2002) 721-725, https://doi.org/
10.1016/50141-0229(02)00048-0.

F.R. Pinu, S.G. Villas-Boas, R. Aggio, Analysis of intracellular metabolites from
microorganisms: quenching and extraction protocols, Metabolites 7 (2017) 53,
https://doi.org/10.3390/metabo7040053.

1. Trawczynska, M. Wojcik, Application of response surface methodology for
optimization of permeabilization process of baker’s yeast, Polish J Chem. Technol.
16 (2014) 31-35, https://doi.org/10.2478 /pjct-2014-0026.

M. Patra, E. Salonen, E. Terama, I. Vattulainen, R. Faller, B.W. Lee, J. Holopainen,
M. Karttunen, Under the influence of alcohol: the effect of ethanol and methanol on
lipid bilayers, Biophys. J. 90 (2006) 1121-1135, https://doi.org/10.1529/
biophysj.105.062364.

A. Segura, L. Molina, S. Fillet, T. Krell, P. Bernal, J. Munoz-Rojas, J.-L. Ramos,
Solvent tolerance in gram-negative bacteria, Curr. Opin. Biotechnol. 23 (3) (2012)
415-421, https://doi.org/10.1016/j.copbio.2011.11.015.

A. Peramuna, H. Bae, C. Quinonero Lopez, A. Fromberg, B. Petersen, H.

T. Simonsen, B. Hamberger, Connecting moss lipid droplets to patchoulol
biosynthesis, PLoS One 15 (12) (2020) €0243620, https://doi.org/10.1371/
journal.pone.0243620.

11

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Separation and Purification Technology 290 (2022) 120880

M.S. Belcher, J. Mahinthakumar, J.D. Keasling, New frontiers: harnessing pivotal
advances in microbial engineering for the biosynthesis of plant-derived terpenoids,
Curr. Opin. Biotechnol. 65 (2020) 88-93, https://doi.org/10.1016/j.
copbio.2020.02.001.

B. Liu, J. Hui, Y.Q. Cheng, X. Zhang, Extractive fermentation for enhanced
production of thailandepsin A from Burkholderia thailandensis E264 using
polyaromatic adsorbent resin Diaion HP-20, J. Ind. Microbiol. Biotechnol. 39
(2012) 767-776, https://doi.org/10.1007/510295-011-1073-x.

M. Bilal, S.-J. Yue, H.-B. Hu, W. Wang, X.-H. Zhang, Adsorption/desorption
characteristics, separation and purification of phenazine-1-carboxylic acid from
fermentation extract by macroporous adsorbing resins, J. Chem. Technol.
Biotechnol. 93 (11) (2018) 3176-3184, https://doi.org/10.1002/jctb.5673.

M.F. Zainuddin, C.K. Fai, A.B. Ariff, L. Rios-Solis, M. Halim, Current pretreatment/
cell disruption and extraction methods used to improve intracellular lipid recovery
from oleaginous yeasts, Microorganisms 9 (2021) 1-28, https://doi.org/10.3390/
microorganisms9020251.

C. Wang, B. Zada, G. Wei, S. Kim, Bioresource Technology Metabolic engineering
and synthetic biology approaches driving isoprenoid production in Escherichia
coli, Bioresour. Technol. 241 (2017) 430-438, https://doi.org/10.1016/j.
biortech.2017.05.168.

P. Wilk, M. Halim, L. Rios-Solis, Recent Advances and Impacts of Microtiter Plate-
Based Fermentations in Synthetic Biology and Bioprocess Development, in:
Ferment. Microbiol. Biotechnol., Fourth, 2018: pp. 359-372.

B. Engels, P. Dahm, S. Jennewein, Metabolic engineering of taxadiene biosynthesis
in yeast as a first step towards Taxol (Paclitaxel) production, Metab. Eng. 10 (3-4)
(2008) 201-206, https://doi.org/10.1016/j.ymben.2008.03.001.

R. Kaspera, R. Croteau, Cytochrome P450 oxygenases of Taxol biosynthesis,
Phytochem. Rev. 5 (2-3) (2006) 433-444, https://doi.org/10.1007/s11101-006-
9006-4.

1.C. Kwon, Y.J. Yoo, J.H. Lee, J.O. Hyun, Enhancement of taxol production by in
situ recovery of product, Process Biochem. 33 (7) (1998) 701-707, https://doi.org/
10.1016/50032-9592(98)00037-5.

M. Koller, R. Bona, E. Chiellini, G. Braunegg, Extraction of short-chain-length poly-
[(R)-hydroxyalkanoates] (scl-PHA) by the “anti-solvent” acetone under elevated
temperature and pressure, Biotechnol. Lett. 35 (7) (2013) 1023-1028, https://doi.
org/10.1007/s10529-013-1185-7.


https://doi.org/10.1016/j.chroma.2019.03.051
https://doi.org/10.1016/j.chroma.2019.03.051
https://doi.org/10.1007/s11947-010-0493-3
https://doi.org/10.1016/j.ymben.2013.05.004
https://doi.org/10.1016/j.ymben.2013.05.004
https://doi.org/10.3390/fermentation4030065
https://doi.org/10.3390/fermentation4030065
https://doi.org/10.1016/j.seppur.2006.06.026
https://doi.org/10.1016/j.seppur.2006.06.026
https://doi.org/10.1016/S0141-0229(02)00048-0
https://doi.org/10.1016/S0141-0229(02)00048-0
https://doi.org/10.3390/metabo7040053
https://doi.org/10.2478/pjct-2014-0026
https://doi.org/10.1529/biophysj.105.062364
https://doi.org/10.1529/biophysj.105.062364
https://doi.org/10.1016/j.copbio.2011.11.015
https://doi.org/10.1371/journal.pone.0243620
https://doi.org/10.1371/journal.pone.0243620
https://doi.org/10.1016/j.copbio.2020.02.001
https://doi.org/10.1016/j.copbio.2020.02.001
https://doi.org/10.1007/s10295-011-1073-x
https://doi.org/10.1002/jctb.5673
https://doi.org/10.3390/microorganisms9020251
https://doi.org/10.3390/microorganisms9020251
https://doi.org/10.1016/j.biortech.2017.05.168
https://doi.org/10.1016/j.biortech.2017.05.168
https://doi.org/10.1016/j.ymben.2008.03.001
https://doi.org/10.1007/s11101-006-9006-4
https://doi.org/10.1007/s11101-006-9006-4
https://doi.org/10.1016/S0032-9592(98)00037-5
https://doi.org/10.1016/S0032-9592(98)00037-5
https://doi.org/10.1007/s10529-013-1185-7
https://doi.org/10.1007/s10529-013-1185-7

	In situ solid-liquid extraction enhances recovery of taxadiene from engineered Saccharomyces cerevisiae cell factories
	1 Introduction
	1.1 In situ solid phase adsorption of natural products
	1.2 Research scope: In situ solid phase adsorption for taxadiene biosynthesis and recovery

	2 Materials and methods
	2.1 Yeast strains and media
	2.2 Microscale cultivation using the solid phase adsorption (SPA) method
	2.3 Small scale cultivations
	2.4 Taxadiene partition from solid and liquid phases
	2.5 Extraction solvent optimization
	2.6 Bioreactor cultivation
	2.7 Dodecane overlay method
	2.8 Analytical methods
	2.9 Statistical analysis

	3 Results and discussion
	3.1 Effect of bead concentration on LRS5 growth and taxadiene accumulation kinetics
	3.2 Solid – Liquid extraction optimization using different organic solvents
	3.3 Synergic effect of HP-20 resin beads and selected solvent to improve taxadiene extraction
	3.4 Scale up bioprocess of the in situ SPA method

	4 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgements
	Funding
	Appendix A Supplementary material
	References


