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Sustainable bioproduction of the blue pigment
indigoidine: Expanding the range of heterologous
products in R. toruloides to include non-ribosomal
peptides+
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Non-ribosomal peptides (NRPs) constitute a diverse class of valuable secondary metabolites, with poten-
tial industrial applications including use as pharmaceuticals, polymers and dyes. Current industrial pro-
duction of dyes is predominantly achieved via chemical synthesis, which can involve toxic precursors and
generate hazardous byproducts. Thus, alternative routes of dye production are highly desirable to enhance
both workplace safety and environmental sustainability. Correspondingly, biological synthesis of dyes from
renewable carbon would serve an ideal green chemistry paradigm. Therefore, we engineered the fungal host
Rhodosporidium toruloides to produce the blue pigment indigoidine, an NRP with potential applications in
the dye industry, using various low-cost carbon and nitrogen sources. To demonstrate production from
renewable carbon sources and assess process scalability we produced indigoidine in 2 L bioreactors, reaching
titers of 29 + 0.8 g Lt using a sorghum lignocellulosic hydrolysate in a batch process and 86.3 + 7.4 g Lt
using glucose in a high-gravity fed-batch process. This study represents the first heterologous production of
an NRP in R. toruloides, thus extending the range of microbial hosts that can be used for sustainable, heter-
ologous production of NRPs. In addition, this is the first demonstration of producing an NRP using ligno-
cellulose. These results highlight the potential of R. toruloides for the sustainable, and scalable production of
NRPs, with the highest reported titer of indigoidine or any heterologously produced NRP to date.

Introduction

Public awareness of eco-safety and health concerns associated
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with the production and use of certain toxic compounds within
the commercial sector has given rise to a growing demand for
environmentally sustainable natural products. Secondary
metabolites such as polyketides and non-ribosomal peptides
(NRPs) have generated significant interest because of their
potential use in a wide range of industries including pharma-
ceuticals, polymers, flavors and fragrances, and natural dyes."
Natural dyes have been used for centuries to color textiles,” cos-
metics, and food ingredients.® Current industrial production of
dyes is predominantly achieved via chemical synthesis, which
can involve toxic precursors and generate hazardous chemicals
as byproducts of the process. Microbial production of dyes has
the potential to circumvent the issues with chemical synthesis
and can also provide higher production levels and purity than
can be achieved by isolating these dyes from natural sources.*”’
Indigoidine is a natural blue pigment produced by several
bacteria via known biosynthetic gene clusters.* > This

This journal is © The Royal Society of Chemistry 2019
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3',3"-bipyridyl pigment is formed through condensation of two
molecules of L-glutamine catalyzed by a non-ribosomal peptide
synthetase (NRPS).*'° The secondary metabolite class of NRPs
includes molecules with a range of pharmaceutical appli-
cations, such as immunosuppressants, antibiotics, anticancer
drugs and antiviral compounds.’ However, the low NRP pro-
duction levels from native hosts and their complex chemical
structures impede mass production by purification from
biological material or chemical synthesis, respectively.
Furthermore, despite the availability of biosynthetic tools for
metabolic engineering and pathway discovery, optimization of
NRP production in their natural hosts remains challenging.

One of the greatest challenges in the deployment of any bio-
product into the market, native or non-native to the production
host, is engineering the host to produce at high titer, rate, and
yield (TRY) in industrial settings.">'* Strain development of a
production host for industrial applications typically involves
many years of costly research and resources."® Therefore, selec-
tion of a host organism that naturally has the ability to produce
high TRY of a class of bioproducts in industrially relevant set-
tings would be of great economic and environmental value.

The basidiomycete Rhodosporidium toruloides, also known
as Rhodotorula toruloides, is emerging as a robust and metabo-
lically flexible host for bioproduction. This oleaginous red
yeast natively produces high amounts of lipids, carotenoids
and industrially relevant enzymes.'® R. toruloides features
many host characteristics vital for commercial-scale pro-
duction, such as the capacity to grow to high cell densities,"”
the ability to utilize a wide range of nitrogen and carbon
sources'® and tolerance to inhibitory compounds found in
unrefined substrates.'® In addition to its native suitable indus-
trial features, recent developments in the establishment of
metabolic engineering tools and -omics techniques for
R. toruloides*®* have not only enabled optimization of native
bioproducts but also the ability to produce non-native biopro-
ducts. While R. toruloides has successfully been engineered to
produce heterologous products from pathways that natively have
high carbon flux, like fatty acid-derived products> and non-
native terpenes,”® R. toruloides has not been explored for the
production heterologous NRPs. Here, we develop R. toruloides
as a platform host for the production of this class of bio-
products. To explore NRP production, we genetically engineered
R. toruloides to express the NRPS BpsA from Streptomyces laven-
dulae that converts native metabolite pools of glutamine into
the blue pigment indigoidine. Using colorimetric production
assays, we analyzed indigoidine production under different cul-
tivation conditions and at different scales. We show that
R. toruloides is capable of converting various low-cost carbon
and nitrogen sources to indigoidine and demonstrate the
importance of carbon-nitrogen ratio for efficient production. To
our knowledge, this is not only the first demonstration of heter-
ologous NRP production in R. toruloides, but also the highest
titer of an NRP ever reported in any microbial host. Our find-
ings emphasize the potential of R. toruloides to serve as a robust
platform host for sustainable, heterologous production of many
bioproducts, now including NRPs (Fig. 1).
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Fig. 1 R. toruloides was genetically engineered to produce the blue
pigment indigoidine. Activation of the inactive apo-form of BpsA (blue
pigment synthetase A) from S. lavendulae by Bacillus subtilis 4'-phos-
phopantetheinyl transferase Sfp (PPTase) via addition of a coenzyme
A-derived moiety to the peptide carrier domain (PCP) into the active
holo-form. The active holo-BpsA catalyzes a conversion of two
L-glutamines to indigoidine involving adenylation (A), oxidation (Ox) and
thioesterase (TE) domains.

Experimental
Strain construction

The haploid R. toruloides strain IFO0880 served as parental
strain for this study. BpsA and sfp sequences were codon-opti-
mized for expression in R. toruloides. Gene synthesis and
plasmid construction of pgen335.sfp.bpsA were performed by
Genscript (Piscataway NJ). Pgen335.sfp.bpsA contains a
Nourseothricin selection marker. All genes were expressed
from native promoters: BpsA was expressed using Tef1p, while
Sfp expression was driven by Acplp. All strains and plasmids
used in this study have been deposited in the public instance
of the JBEI Registry’” along with their corresponding infor-
mation and are available upon request through the Joint
BioEnergy Institute Strain Registry (https:/public-registry.jbei.
org/folders/419). Pgen335.sfp.bpsA was introduced into
R. toruloides recipient strain by Agrobacterium tumefaciens-
mediated transformation (ATMT) as previously described.”"

Media and cultivation conditions

Overnight cultures of R. toruloides were grown in 5 mL standard
rich glucose medium (YPD, 1% (w/v) Bacto yeast extract, 2% (w/v)
Bacto peptone, 2% (w/v) Dextrose) from a single colony at 30 °C,
shaking at 200 rpm, unless otherwise stated. These overnight
cultures were used to inoculate production cultures to ODgq of
0.15, which were cultivated at 25 °C, shaking at 200 rpm, unless
indicated otherwise. All productions were carried out in three or
four technical replicates. For correlation of ODgy to commonly
used ODg the reader is referred to Fig. S1.f

All experiments were performed in synthetic defined
medium (SD, 1.7 g L' yeast nitrogen base without amino
acids and ammonium sulfate (Becton Dickinson, Franklin
Lakes NJ), 0.79 g L' complete supplement mixture without
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yeast nitrogen base (Sunrise Science Products, San Diego CA)
with 100 g L™ sugar and 10.6 g L™' urea as nitrogen base)
unless stated otherwise. The synthetic defined media was
buffered with 10 mM citrate buffer at pH 5, except for media
used in experiments to characterize nitrogen sources and ratio,
which was buffered with 10 mM phosphate buffer at pH 6.
Culture tubes used in this study were 55 ml rimless culture
tubes (25 x 150 mm, product number 9820-25 Corning®).

The pretreatment configuration of the lignocellulosic feed-
stocks, eucalyptus and switchgrass, and the characterization of
resulting hydrolysates are described in detail elsewhere.”® The
hydrolysates were mixed in a 9:1 ratio (v/v) with 10x synthetic
defined media (17 g L™" yeast nitrogen base without amino acids
and ammonium sulfate (Becton Dickinson, Franklin Lakes NJ),
7.9 g L' complete supplement mixture without yeast nitrogen
base (Sunrise Science Products, San Diego CA) 79.5 g L™ urea as
nitrogen base) and buffered with 10 mM citrate buffer at pH 5.

Indigoidine extraction

Indigoidine was extracted using a previously developed protocol
by Yu et al. with slight modifications.’ Briefly, 0.5 mL of culture
was centrifuged at 21000g for 3 min and the supernatant
removed. For cell lysis and simultaneous extraction of indigo-
idine, 100 pL of acid washed beads (0.5 mm, BioSpec, Bartlesville
OK) and 2 mL DMSO + 2% Tween® 20 were added to the cell
pellet and vortexed twice for 1 min using Mini-Beadbeater-96
(Biospec, Bartlesville OK) at 3600 rpm. After centrifugation at
21 000g for 3 min, the indigoidine concentration was determined
by measuring the ODg;, of the supernatant using a BioTek
Synergy 4 plate reader (Biotek, Winooski VT), preheated to 25 °C
and applying a standard curve, we have developed previously.>

Measurement of absorption spectra of indigoidine in
supernatant at different pH and oxidation states

To test the effect of varying pH on the pigment, the pH of
500 pL of cell culture supernatant was adapted to indicated
values using 1 M HCI or 1 M NaOH. Subsequently, 100 pL of
the supernatant were transferred to a well of a 96-black-well-
clear-bottom plate. Absorption spectra were measured using a
BioTek Synergy 4 plate reader, preheated to 25 °C.

Sugar quantification

Sugar concentrations were quantified on a 1200 series HPLC
(Agilent Technologies, location) equipped with an Aminex H
column (Bio-Rad, Hercules CA). To remove cells, samples were
filtered through 0.45 pm filters (VWR, Radnor, PA) and 5 pL of
each sample was injected onto the column, preheated to
50 °C. The column was eluted with 4 mM sulfuric acid (H,SO,)
at a flow rate of 600 pL min™" for 20 minutes. The eluents were
monitored by a refractive index detector, and concentrations
were calculated by peak area comparison to known standards.

Separation-free process coupling pretreatment,
saccharification and cultivation

The one-pot process using sorghum biomass was performed
according to Sundstrom et al. using the same biomass with
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minor modifications.'® Briefly, the ionic liquid pretreatment
and enzymatic hydrolysis was performed in a 10 L Parr reactor
(Parr Instrument Company, Moline, IL, USA). Twenty-five
percent biomass loading was achieved by using 600 g of
biomass in a 10:90 ratio of cholinium lysinate [Ch][Lys] and
water. The pretreatment was carried out at 140 °C for 1 h, stir-
ring at 50 rpm using three arm, self-centering anchor with
PTFE wiper blades.

Following pretreatment, the reactor was cooled down and
the pH was adjusted to pH 5 with 50% v/v H,SO,. The IL-
treated biomass was diluted with DI water to achieve a solid
loading of 20% w/w. The cellulase complex Cellic® CTec2 and
HTec2 (Novozymes, Franklinton, NC, USA) (ratio of 9:1 v/v)
was used at loading of 10 mg g~' biomass dosing 31.9 mL of
the (hemi) cellulolytic enzymatic cocktails (i.e. 53 mL kg™
biomass). The reaction vessel was mixed at 30 rpm and heated
to 50 °C for 72 h. The amount of sugar generated by hydrolysis
was monitored by taking an aliquot from the slurry at specific
times and analyzed by HPLC for sugar quantification as
described (Fig. S21). Enzymatic digestibility was defined as the
glucose yield based on the maximum potential glucose from
glucan in biomass. In the calculation of cellulose conversion
to glucose, it was considered a cellulose: glucose ratio of
1:1.11.%° Prior to use, the hydrolysate was pasteurized at 80 °C
for 3 h in a BINDER FED 720 heating chamber (BINDER
GmbH, Tuttlingen, Germany).

The subsequent indigoidine production was performed
using 2 L Sartorius BIOSTAT B® fermentation system
(Sartorius AG., Goettingen, Germany), each agitated with two
Rushton impellers, with an initial working volume of 1 L unfil-
tered sorghum hydrolysate containing 7.95 g L™' urea and
50 mL seed culture pre-cultured overnight in a 50 : 50 mixture
of YP10%D (1% (w/v) Bacto yeast extract, 2% (w/v) Bacto
peptone, 10% (w/v) Dextrose) and filtered hydrolysate (0.2 pm
filter), adjusted to pH 7. The bioreactor cultivations were inocu-
lated at pH 7 and adjusted to maintain below pH 7.5 using HCI
throughout the process (initially 1 N HCI, switched to 6 N HCI
after 48 h). 1 mL 30% cefotaxime was added to the batch
medium to inhibit contamination. Process values were moni-
tored and recorded using the integrated Sartorius software
(BioPAT MFCS/win). Dissolved oxygen was controlled to remain
above a set point of 30% by varying agitation from 400-900
rpm. Cultivation temperature was held constant at 25 °C.

Fed-batch experiments at 2 L bioreactor scale

Fed-batch experiments were performed using 2 L Sartorius
BIOSTAT B® fermentation system (Sartorius AG., Goettingen,
Germany), each agitated with two Rushton impellers, with an
initial working volume of 1 L synthetic defined medium (SD,
1.7 g L' yeast nitrogen base without amino acids and
ammonium sulfate (VWR International), 0.79 g L™" complete
supplement mixture without yeast nitrogen base (Sunrise
Science Products) with 100 g L™" glucose and 10.6 g L™ urea
as nitrogen base) and 50 mL seed culture pre-cultured over-
night in the same media.

This journal is © The Royal Society of Chemistry 2019
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The bioreactor cultivations were inoculated at pH 5.
Initially, the pH was not controlled, and pH increased to pH 8
after 40 h. To avoid oxidation of newly produced indigoidine,
the pH was then adjusted to pH 7 using HCI (initially 1 N HCI,
switched to 6 N HCI after 48 h of cultivation). A 600 g L™*
glucose solution containing 63.6 ¢ L' urea was used as
carbon and nitrogen feed. 1 mL 30% cefotaxime was added to
the batch medium to inhibit contamination. Process values
were monitored and recorded using the integrated Sartorius
software (BioPAT MFCS/win). Feeding parameters were
implemented using customized LabVIEW Virtual Instruments
(National Instruments, Austin, TX).

Dissolved oxygen was controlled to 30% by varying agitation
between 400-900 rpm. Cultivation temperature was held con-
stant at 25 °C. Batch glucose was allowed to drop to
approx. 20 g L™ before starting continuous feed addition at
0.063 mL min~" (86 h EFT). The feed rate was later modified to
0.189 mL min~" (96 h EFT), 0.130 mL min~"' (116 h EFT), and
0.145 mL min~" (125 h EFT) in an attempt to maintain glucose
concentrations between 20 g L' and 100 g L™". Feed addition
was stopped after measuring glucose concentrations higher
than 100 g L™" (144 h EFT).

Indigoidine purification and chemical analysis

Purification of indigoidine was performed using a modified
protocol from Yu et al.” To obtain pure indigoidine for further
chemical analysis, the culture broth was centrifuged at 10 000g
for 5 min to separate the cells from the media. After removal of
the supernatant, the cell pellet was resuspended in an equal
volume of dimethylformamide (DMF) and cell lysis was per-
formed by subjecting the cells to an using ultrasonic bath (Model
5510, Branson Ultrasonics, Fremont CA) for 30 min to facilitate
extraction of indigoidine into the solvent. THF can be used for
extraction of indigoidine as an alternative to DMF. The extraction
process was repeated with fresh solvent until the supernatant was
colorless and the organic solution was combined, evaporated
in vacuo, and the resultant dark solid was washed twice each with
water, methanol, ethyl acetate and hexane (15 mL x 2) using
centrifugation. Finally, the product was dried under high vacuum
to yield 400 mg dry indigoidine from 400 mL culture broth with
a concentration of 2 g L' indigoidine (Fig. S8t). Solution
'H nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker AVQ-400 (400 MHz) spectrometer (Billerica, MA) operat-
ing with an Avance electronics console (Las Vegas, NV).

Results and discussion

R. toruloides as a platform host for production of the
non-ribosomal peptide indigoidine

To establish the indigoidine pathway in R. toruloides, we geno-
mically integrated codon-optimized sequences of the B. subtilis
PPTase sfp, previously shown to successfully activate the
S. lavendulae apo-BpsA in S. cerevisiae,”® and the single
module type NRPS gene bpsA into R. toruloides IFO0880 via
A. tumefaciens-mediated transformation (ATMT).*?

This journal is © The Royal Society of Chemistry 2019
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Transformants that successfully expressed these two genes
were dark blue due to high-level production of indigoidine
(Fig. 2A). In addition to strong pigmentation of the resultant
colonies, the surrounding agar showed dark blue tinting that
increased in intensity over time, indicating secretion of indi-
goidine from the cells. This behavior was maintained in liquid
cultures, where the pigmentation appeared in both the cell
pellet and the supernatant (Fig. 2B).

After initial demonstration of indigoidine formation in
R. toruloides, we optimized indigoidine production by asses-
sing the impact of physical cultivation parameters on pro-
duction efficiency. A single transformant (hereafter referred to
as BlueBelle) was selected for the subsequent optimization.
Physical cultivation parameters, including oxygen availability
and temperature of the culture, are known to affect the pro-
ductivity of microbial systems. The filling volume, and corre-
spondingly the headspace of a culture, is recognized to impact
oxygen transfer from the gaseous into the liquid phase.*'™?
Thus, to characterize the effect of oxygen transfer and cultiva-
tion temperature on the efficiency of indigoidine production,
we compared indigoidine production of BlueBelle cultivated in
55 ml culture tubes using three different filling volumes
(3 mL, 5 mL and 10 mL corresponding to 5%, 9% and 18%
filling volume) and three different temperatures (18 °C, 25 °C
and 30 °C) after 3 days in standard synthetic defined media
with a starting concentration of 100 g L™* glucose and 5 g L™*
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Fig. 2 Characterization of indigoidine production in R. toruloides
(BlueBelle) (A) colonies of BlueBelle grown on YPD agar plates exhibit
blue pigmentation occurring with colony formation. (B) Cell pellet (P)
and supernatant (S) show blue hue after separation of an indigoidine
production culture by centrifugation. (C) Impact of filling volume on
indigoidine production after 3 days of cultivation at 25 °C. (D) Impact of
cultivation temperature on growth, pH over the course of 5 days of cul-
tivation and (E) indigoidine production after 3 days of cultivation using
5 mL filling volume. Error bars represent SD of 3 replicates. The colors
used in (C—E) correspond to the respective cultivation temperature
depicted in (E). Cultivations in liquid culture were performed in synthetic
defined media with a starting concentration of 100 g L™ glucose and
5 g L™ of ammonium sulfate.
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of ammonium sulfate. Oxygenation is a step required for the
formation of indigoidine from glutamine.'® Hence, we
expected the superior oxygen transfer associated with lower
filling volume of culture tubes to positively affect pigment pro-
duction. We detected no significant difference in pigment pro-
duction for 3 mL and 5 mL cultures. However, as expected,
indigoidine production was reduced by 24% in 10 mL cultures
compared to 3 mL and 5 mL cultures (Fig. 2C).

The optimal production temperature of a microbial biopro-
cess can cause a trade-off between optimal growth temperature
and optimal temperature for pathway efficiency, the latter
often correlating with production of correctly folded proteins.
To determine the optimal temperature for indigoidine pro-
duction and to establish whether the production of indigo-
idine is linked with microbial growth, we measured microbial
growth by means of ODgy, measurements of 5 mL production
cultures of BlueBelle grown at three different temperatures
(18 °C, 25 °C and 30 °C) and quantified indigoidine pro-
duction after three days of production (Fig. 2D and E). We
observed no significant difference in the growth profile
between cultures grown at 25 °C and 30 °C, whereas the
growth rate was decreased for cultures at 18 °C (Fig. 2D). While
all cultures reached a similar final ODg, independent of culti-
vation temperature, cultures grown at 25 °C and 30 °C reached
the final ODgq after 3 days of cultivation and cultures grown
at 18 °C did not reach the final ODgq, until 5 days after start of
the cultivation. Interestingly, the culture pH tracked with
microbial growth: the pH of all cultures increased throughout
the course of production and reached a similar final value of
8.9. Similar growth and pH profiles were observed for wild-
type cultures cultivated under the same conditions (Fig. S37).

Overall, we observed that cultivation temperature impacts
indigoidine production more strongly than culture volumes for
the conditions tested (Fig. 2E). Amongst the tested tempera-
tures, cultivation at 25 °C resulted in the highest indigoidine
titer after 3 days. In comparison to cultures grown at 25 °C, the
indigoidine titer achieved in cultures grown at 30 °C and 18 °C
was reduced by 34% and 57%, respectively. Thus, while
BlueBelle shows no significant growth impairment when culti-
vated at 30 °C compared to 25 °C, the production of indigo-
idine is significantly decreased at higher temperatures.

Assuming that the production of indigoidine is directly
coupled with biomass at lower temperatures, the differences in
indigoidine titer at 18 °C compared to 25 °C could be caused
by the differences of biomass accumulation at these tempera-
tures. To test this hypothesis, we quantified indigoidine after 5
days of cultivation when all cultures had reached similar
ODggo. We found that the indigoidine titer produced by cul-
tures grown at 18 °C increased during this period in compari-
son to cultures grown at higher temperatures and reached
similar final titers of indigoidine as that produced by cultures
grown at 25 °C (Fig. S41). These findings indicate that, at lower
temperatures, indigoidine production is linked to microbial
growth.

We observed a change in the hue of indigoidine culture
over the course of the dye production. While the supernatant
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of all production cultures is blue at initial phases of growth,
the color changed to green with increasing pH for all cultures,
independent of growth temperature, and to yellow at later
stages of the production for cultures grown at 25 °C and 30 °C
(Fig. S51). To better characterize the pH dependent colori-
metric properties of this compound, we performed pH adjust-
ments of supernatant from a production culture and recorded
the absorption spectra of the resultant solutions (Fig. S671). To
avoid prior changes in pigment hue due to changes in the
culture pH, we utilized the supernatant of a production culture
cultivated at 25 °C for 24 hours at neutral pH (Fig. 2D).

We observed distinct changes in the color of the solution
with changes in the pH: the hue of the supernatant ranged
from red in acidic conditions to blue at neutral pH, and green
under alkaline conditions (Fig. S6A and S6Dt). To determine
the origin of these colors and confirm the aforementioned
observations, we recorded UV-Vis spectra of these solutions
with pH ranging from 9 to 2 in intervals of 1. We detected
three absorption maxima in these solutions: 470 nm, 500 nm
and 610 nm corresponding to perception of orange, red and
blue (Fig. S6AT). To investigate the reversibility of the process,
we re-adjusted the pH from pH 2 to pH 7 using 1 M NaOH.
Indeed, we observed a color change of the solution from red to
blue (Fig. S6B7). Both the red and blue colors fade over time in
the presence of air, resulting in an orange solution with
absorption maxima at 470 nm. Similarly, an absorption band
at 470 nm was detected in the UV-Vis spectrum of the super-
natant at pH 9 that appeared yellow (Fig. S6AT). Thus, we
hypothesized the orange pigment to be a product of oxidation.
To confirm this hypothesis, we oxidized the various products
at different pH (e.g. red pigment at pH 2, blue pigment at pH 7
and orange pigment at pH 9) using hydrogen peroxide
(Fig. S6CT). We observed a change in color towards yellow/
orange for all three solutions upon addition of the oxidizing
reagent, which coincided with the disappearance of the
absorption maxima at 610 nm (blue pigment). These obser-
vations are in agreement with studies performed by Kuhn
et al. to characterize the chemical properties of indigoidine
and are summarized in Fig. S6D.1>* Addition of the reducing
agent dithionite to the various products at different pH (e.g
red pigment at pH 2, blue pigment at pH 7 and orange
pigment at pH 9) resulted in loss of color (Fig. S6CY). This
observation is in agreement with previous work, describing the
formation of a reduced, colorless but fluorescent form, leuco-
indigoidine.**?®

Importance of nitrogen source for indigoidine production

In addition to enhancing physical cultivation parameters like
oxygen availability and cultivation temperature, optimization
of the production medium composition presents a powerful
means to improve a microbial process. The capacity to efficien-
tly utilize multiple, low-cost feedstocks is critical to maintain
sustainability and increase economic feasibility of a bioprocess
due to potential changes in substrate cost and availability.
NRPs in general, and the blue 3',3"-bipyridyl target molecule
indigoidine specifically, are molecules with high nitrogen

This journal is © The Royal Society of Chemistry 2019
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content, increasing the importance of nitrogen supplied to the
culture medium.

To determine the most suitable nitrogen source for the pro-
duction of indigoidine in R. toruloides, we cultivated BlueBelle
for three days in minimal media containing 100 g L™" glucose
and individual widely-available nitrogen sources, and then
quantified indigoidine. To avoid secondary effects originating
from carbon-nitrogen ratio, each nitrogen source was normal-
ized to the elemental nitrogen content to contain 1.06 g L™"
nitrogen and added accordingly (Table S1t). In general, indi-
goidine production varied significantly based on nitrogen
source, covering a 4-fold range from the least suitable nitrogen
source (potassium nitrate, KNO3) to the most suitable, which
was urea and yeast extract (Fig. 3), emphasizing the impor-
tance of the choice of nitrogen source for the production of
indigoidine.

The commonly used inorganic nitrogen source ammonium
sulfate resulted in comparatively low indigoidine production
(Fig. 3). In agreement with studies examining various nitrogen
sources for lipid production in R. toruloides,” this observation
indicates the presence of nitrogen catabolite repression (NCR)
elicited by extracellular ammonium. The presence of extra-
cellular ammonium has been suggested to repress various
catabolic enzymes required for nitrogen assimilation, includ-
ing glutamate dehydrogenase which catalyzes the reversible
reaction of glutamate to alpha-ketoglutarate,” and this could
lead to reduced flux towards the final product, indigoidine.

Other studies have shown that R toruloides can readily
assimilate amino acids as nitrogen source for lipid production
under nitrogen-limited conditions.*® To allow utilization of
nitrogen for cellular metabolism, any nitrogen source first has
to be converted to glutamate or glutamine, which serve as
nitrogen donors for all other nitrogen containing compounds
in the cell.*® Interestingly, exogenous addition of the amino
acids glutamine or glutamate, precursors tin the pathway to
indigoidine, did not yield high production of indigoidine
(Fig. 3). This observation could originate from slow assimila-
tion or a regulatory response that reduces native flux toward
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Fig. 3 Impact of nitrogen source on the indigoidine production after 3

days of cultivation using 100 g L™ glucose. Nitrogen content was nor-
malized to elemental nitrogen at a C/N ratio of 4. Error bars represent
SD of 4 replicates.
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these compounds under non-nitrogen limited conditions.
These conclusions are in general agreement with differential
transcriptomic and proteomic analyses of R. toruloides under
different nitrogen regimes, illustrating the effect of nitrogen
availability on central carbon metabolism and lipid
metabolism.*°

In contrast to the amino acids glutamine and glutamate,
use of urea as a nitrogen source resulted in a high titer of indi-
goidine, indicating that the use of urea as sole nitrogen source
elicits faster uptake and assimilation. This conclusion is in
agreement with previous reports describing faster uptake of
urea and a faster metabolic response as compared to
ammonium or glutamate, partly due to upregulation of urease
activity when urea is used as nitrogen source.’® Additionally,
the enhanced production of indigoidine could result from an
increased accumulation of the precursor glutamine. To use
urea as a nitrogen donor, the compound is first hydrolyzed by
a urease or decarboxylated by an urea amidolyase to yield
ammonia, which in turn is used as substrate to form gluta-
mate and glutamine from alpha-ketoglutarate.”®*" Indeed,
early biochemical studies revealed that enzymes required for
t-glutamine synthesis from ammonia show higher activities
when urea was used as nitrogen source compared to
glutamine.?®

The use of yeast extract as a nitrogen source resulted in
similarly high titers of indigoidine (Fig. 3). Yeast extract is a
complex nitrogen source, predominantly prepared by autolysis
of yeast cells, and thus contains all soluble cell compounds,
such as peptide and amino acids, vitamins, trace elements and
nucleic acids.*” However, the poorly defined composition,
batch-to-batch variability and high cost of commercially avail-
able yeast extracts present constraints for industrial
processes.”>*® Based on these factors, we optimized the
process using urea as the defined nitrogen source.

Nitrogen limitation is known to enhance accumulation of
storage lipids in oleaginous yeasts.’” The effects of varying
nitrogen concentrations and nitrogen limitation on production
of lipids and fatty acid-derived products have been thoroughly
studied in R. toruloides.** To better characterize the effect of
nitrogen availability on the production of the TCA cycle
derived, heterologous product indigoidine, we cultivated
BlueBelle in minimal medium containing 100 g L™" glucose at
different carbon/nitrogen (C/N) ratios, ranging from C/N 2 to
C/N 160, and determined indigoidine titer as well as culture
PH after 3 days (Fig. 4).

As the C/N ratio presents an important factor known to
affect carbon flux distribution into either storage lipids or by-
products in oleaginous yeast,">™ specifically citrate in
R. toruloides,"® we expected to find an interdependency
between C/N ratio and indigoidine production. Indeed,
amongst the conditions tested, we found a C/N ratio of 8 to
result in the highest indigoidine production after 3 days. A
deviation from this ratio to either lower or higher C/N ratio,
e.g. C/N 4 or C/N 40 respectively, resulted in lower titers.
Growth was mostly stalled at the lowest C/N ratio tested (C/N 2)
as well as the highest C/N ratio tested (C/N 160), possibly due

Green Chem., 2019, 21, 3394-3406 | 3399
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to inhibitory effects originating from high amounts of urea
added to the medium (42.5 g L™")*® and nitrogen limitation,
respectively.

Interestingly, the color of the culture also changed with
varying C/N ratio (Fig. 4), indicating changes in pH (Fig. S67)
during the cultivation triggered by carbon or nitrogen limit-
ations. This observation was further confirmed by pH
measurements. After 3 days of cultivation, the cultures in low
C/N ratio, thus not nitrogen limited, showed a green or blue
hue, corresponding to pH values of 8.0 for C/N 4 and 7.7 for
C/N 8, respectively. In contrast, cultures grown in media con-
taining a high C/N ratio, thus under nitrogen limitation,
showed a purple to red hue, indicating a low pH, which was
confirmed by pH measurements. This observation could orig-
inate directly from the varying concentrations of urea in these
solutions*® or from modified metabolic activities. To test
whether the increase in pH in cultures containing a low C/N
ratio is solely a result of high urea concentrations, we culti-
vated BlueBelle in rich media with the same concentrations of
the complex nitrogen sources yeast extract and peptone con-
taining either 20 ¢ L™ (YPD) or 100 g L™' glucose (YP10D)
(Fig. S77). Here, as well, we found that the pH increased over
time for media having a lower C/N ratio (YPD). This obser-
vation renders the hypothesis that the varying concentrations
of urea are the sole cause for the differences in culture pH un-
likely. However, the observed decrease in culture pH with
increasing C/N ratio together with the decrease in production,
is consistent with the current understanding of the regulation
of lipid accumulation in R. toruloides.*®**>° Generally, nitro-
gen limitation was found to enhance lipid accumulation in
oleaginous as well as non-oleaginous yeasts.”’ Under these
conditions, oleaginous yeasts produce large amounts of TCA
cycle intermediates, foremost citrate.’’”> During nitrogen star-
vation the activity of the isocitrate dehydrogenase is decreased,
which is caused by low levels of its allosteric regulator AMP,
resulting from an increased activity of AMP deaminase to
ensure a stable pool of internal ammonium required for cell
viability.*>>® Consequently, mitochondrial citrate is not
further metabolized via the TCA cycle resulting in accumu-
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lation and subsequent secretion into the cytosol where it
serves as substrate to ATP citrate lyase to form acetyl-CoA for
fatty acid biosynthesis.>®* Thus, the decrease in production
together with the decrease in culture pH with increasing C/N
ratio likely originates from the metabolic flux shift to lipid bio-
synthesis. This shift results in the stalling of flux through the
TCA cycle towards the precursor of indigoidine, alpha-keto-
glutarate, and is accompanied by enhanced secretion of citrate.*®

Further, we observed a delayed increase in indigoidine pro-
duction after 7 days of cultivation at C/N 40 (Fig. S7t), possibly
due to remobilization of storage lipids accumulated during
earlier stages of the cultivation as a result of the onset carbon
depletion at late stages of the cultivation.>**® This observation
further supports the hypothesis, that higher C/N ratios favor
storage lipid accumulation over completion of the TCA cycle
and underlines the importance of a customized carbon-to-
nitrogen ratio for efficient production of different products.
Further experiments are needed to fully understand the regu-
latory mechanisms underlying the balance between lipid bio-
genesis and TCA cycle progression.

Utilization of various carbon sources for indigoidine
production

Various carbon sources, such as glucose, glycerol and biomass
derived sugars can feed into the TCA cycle of R. toruloides via
different yet integrated pathways, and can be used to produce
native products such as lipids and carotenoids as well as
heterologous bioproducts with relatively high initial titers such
as fatty alcohols and terpenes, all of which funnel mainly
through the metabolite acetyl-CoA.>>>”7° It remains unknown
whether TCA cycle intermediates can be used to produce
heterologous bioproducts with similar efficiency to the natural
products without engineering the carbon flux through central
metabolism. Thus, we sought to characterize the ability of
R. toruloides to efficiently convert four commonly-used carbon
sources into indigoidine: glucose, xylose, sucrose and glycerol.

To gain a more detailed understanding of the efficiency of
the conversion of these carbon sources, we examined sugar
utilization, cell growth, culture pH, and indigoidine pro-
duction over the course of seven days. Generally, we found that
indigoidine production correlated linearly with biomass for-
mation for all the carbon sources tested (Fig. 5). Similar to
observations made in the experiment investigating indigoidine
production at different cultivation temperatures (Fig. 2D), we
found the culture pH to increase with biomass density over the
course of the cultivation, reaching similar final values (pH ~
9) in all conditions tested.

Using glucose and sucrose as carbon sources resulted in
similar production profiles, especially during the first 3 days
of cultivation (Fig. 5, left panel). During this initial phase of
production, biomass formation coincided with sugar con-
sumption and indigoidine production. While sugar consump-
tion rate remained comparable for these carbon sources and
both sucrose and glucose were fully consumed after 4 days, the
growth profiles show differences in the later stages of pro-
duction (after 4 days). The use of sucrose as carbon source

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Impact of carbon source on the indigoidine production. (A) Metabolic pathways of R. toruloides to produce indigoidine from different carbon
sources (yellow boxes), namely glucose, sucrose, glycerol and xylose. These pathways include glycolysis (grey), the pentose-phosphate-pathway
(PPP, brown), the TCA-cycle (green) and central nitrogen metabolism (blue). As depicted in the figure, any nitrogen source, inorganic or organic, is
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resulted in a further increase in biomass formation from day 3
to day 4, reaching a maximum cell density (ODgqo) of 7.1 on
day 4, whereas growth stalled after 3 days when grown on
glucose. Interestingly, in both cases, indigoidine titers
decreased in the later stages of production.

Unlike sucrose and glucose, we observed a delay in con-
sumption of glycerol and xylose. This observation indicates the
need of adaptation to allow utilization of these carbon
sources. For glycerol, this observation is consistent with
reports describing carbon catabolite repression after cultiva-
tion in glucose containing medium (Fig. 5, right panel).”®
With the exception of the initial adaptation phase needed for
glycerol, the production profile of indigoidine on glycerol as a
carbon source is highly similar to the production on glucose
and sucrose. Similarly, biomass formation coincided with
sugar consumption and indigoidine production, reaching a
lower maximum indigoidine titer of 3.2 ¢ L™ in glycerol com-
pared to 3.8 g L™" in glucose. However, biomass accumulation
in glycerol was higher compared to growth on glucose (ODggq
of 6.21 compared to 5.64). These results are consistent with
previous reports®® that compared growth and lipid production
of R. toruloides from glycerol and glucose.

Of all the carbon sources tested, xylose resulted in the
lowest growth and indigoidine titer. Similarly to growth on gly-
cerol, xylose was steadily consumed after an initial adaptation
phase, however at a slower rate than any of the other carbon
sources as previously reported.>® Xylose is metabolized via the
pentose-phosphate-pathway, which results in loss of carbon
through CO, and thus less biomass and product formation.*”

Production of the NRP indigoidine from lignocellulosic
biomass

The ability to convert various carbon sources from ligno-
cellulosic biomass to a bioproduct is an important require-
ment for a sustainable bioprocess from renewable feedstocks.
To demonstrate the potential of R. toruloides to produce indi-

20 Mixed Feedstocks
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goidine from a mix of carbon liberated from lignocellulosic
biomass, we cultivated BlueBelle in hydrolysates derived from
several lignocellulosic feedstocks and used as a sole carbon
source. We examined growth, sugar utilization, indigoidine
production, and culture pH using hydrolysates from eucalyp-
tus as well as from mixed feedstocks (switchgrass and eucalyp-
tus) predominantly containing glucose and xylose (Fig. 6),
which were thoroughly characterized in an earlier study.>®

In the hydrolysate cultivations, efficient xylose consumption
was delayed by 2 days of cultivation, indicative of a required
adaptation phase for efficient utilization of xylose as observed
when using xylose as sole carbon source for indigoidine pro-
duction (Fig. 5, bottom right). Similar to growth on single
carbon sources, we found that the indigoidine titer corre-
sponded to biomass accumulation, reaching maximum titers
of 1.51 g L™ and 0.67 g L™ for eucalyptus and mixed feed-
stocks, respectively. In contrast to growth on single carbon
sources, the maximum indigoidine titer on hydrolysates was
reached earlier, after 2 days of growth for both liquors tested,
and decreased afterwards, when the culture was not yet
depleted of all carbon sources. The early decrease in detectable
indigoidine when grown on biomass-derived carbon sources
compared to a refined, single carbon source could be due to
inhibitors originating from the lignocellulosic biomass.®* This
hypothesis is supported by the observation of marked differ-
ences in growth and sugar consumption between the two
hydrolysates despite having very similar amounts of sugars
and total carbon, as different biomass was used for the prepa-
ration while maintaining the same deconstruction and sac-
charification protocol.?®

Considering the lower amount of total sugar and specifi-
cally lower concentrations of glucose in the hydrolysate
obtained from mixed feedstocks and eucalyptus (Fig. 6) as
compared to the 100 g L™" of sugar used in the single carbon
cultivations, the lower titers obtained from the lignocellulosic
hydrolysates are not surprising. Overall, successful production
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obtained from different feedstocks (mixed feedstocks from eucalyptus and switchgrass as well as solely from eucalyptus) with an initial C/N ratio of
8, using urea as nitrogen source. The table shows glucose and xylose concentrations in media prepared with hydrolysates. Error bars represent SD

of 3 replicates.
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of indigoidine highlights the potential of R. toruloides to
convert lignocellulosic biomass and presents the first report of
non-ribosomal peptide production from renewable feedstocks.

The use of lignocellulosic hydrolysates as carbon source in
many cases includes a solid-liquid separation and several
washing steps after the pretreatment process,®> which results
in loss of lignocellulosic biomass and increased process cost.
To demonstrate the feasibility of indigoidine production in
R. toruloides from lignocellulosic hydrolysates in a more sus-
tainable manner, we performed a separation-free biomass
deconstruction and conversion process using sorghum that
couples pretreatment, saccharification and indigoidine pro-
duction in a single unit operation. R. toruloides was cultivated
under this regime in a 2 L bioreactor as previously described
by Sundstrom et al. for the production of the terpene biopro-
duct bisabolene.'® HPLC analysis showed that the prepared
hydrolysate contained 44.3 g L™" glucose and 13.8 g L™" xylose
(Fig. S27). To avoid additional cellular stress due to high pH as
well as oxidation of the pigment in the culture broth as
observed in shake flasks, the pH of the culture was maintained
at 7. In order to allow R. toruloides to adapt to the ionic liquid
cholinium lysinate used for pretreatment and any other inhibi-
tors present in the hydrolysate, the seed culture used to inocu-
late the bioreactor contained a 1: 1 mix of hydrolysate and rich
medium.

Unlike previous experiments performed in shake flasks,
glucose utilization was delayed by a day when grown in the bio-
reactor using the one-pot lignocellulosic hydrolysate (Fig. 7).
This observation suggests a need to adapt to the one-pot
environment, including lignin-derived aromatic compounds,
some of which can be inhibitory.®" Indeed, Yaegashi et al.
found that R. toruloides engineered for bisabolene production
preferably utilized the aromatic compound p-coumaric acid in
a mock medium also containing glucose and xylose.>® Further,
they showed that other lignin-related aromatic compounds can
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Fig. 7 Indigoidine production profile of BlueBelle in a separation-free 2
L bioreactor process. Concentrations of indigoidine (blue bars), con-
sumed glucose (yellow line) and xylose (brown line) are plotted against
time. Error bars for indigoidine extraction represent SD from 3 technical
triplicates.
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be readily consumed by R. toruloides including ferulic acid,
even though some were inhibitory.”® Additionally, the ionic
liquid used for pretreatment, cholinium lysinate, is known to
inhibit microbial growth at higher concentrations. As the seed
culture was pre-grown in diluted hydrolysate, the delay in
growth observed after transfer to the bioreactor could have
been caused by the need for an adaptation phase to the higher
concentration of ionic liquid present in the hydrolysate.

After an initial lag, glucose was mostly consumed within 3
days of cultivation. Similar to observations made in previous
experiments, efficient xylose consumption was delayed until
the majority of glucose was consumed. Indigoidine production
commenced with almost complete consumption of glucose
at day 3 of the cultivation and increased to a final titer of
2.91 g L™, Overall, the indigoidine yield from sugar achieved
in the separation-free bioreactor process was 0.045 g/g, which
was 18% higher than the one achieved at shake flask level
using the best single carbon source glucose (0.038 g/g) and
95% higher compared to using the best hydrolysate derived
from eucalyptus (0.023 g/g).

Fed-batch process with pH control results in increase of
indigoidine titer
Following cultivation optimization in shake flasks and demon-
stration of sustainable indigoidine production using ligno-
cellulosic feedstocks, we sought to further enhance indigo-
idine production in R. toruloides and to demonstrate the feasi-
bility of process scale-up. In previous experiments, we demon-
strated a positive correlation between biomass accumulation
and indigoidine production. Further, we established the
importance of the C/N ratio for efficient indigoidine pro-
duction and pH for optimal growth of R. toruloides. Thus, we
hypothesized that maintaining a neutral pH and ensuring an
excess of carbon and nitrogen at an adequate ratio would allow
for higher accumulation of biomass while maintaining
efficient indigoidine production. To test this hypothesis, we
performed a fed-batch cultivation in a 2 L bioreactor at pH 7.

Similar to the experiments performed in shake flasks, indi-
goidine production tracked with biomass accumulation under
these conditions (Fig. 8). However, unlike experiments per-
formed in shake flasks, efficient glucose consumption was
delayed by 48 h, indicating the need to adapt to the bioreactor
environment. After an initial lag phase with slow glucose con-
sumption and growth, the carbon source was utilized rapidly
in the next cultivation phase accompanied by an increase in
indigoidine production and biomass formation (days 2 to 4).
In the last phase of the cultivation, after 4 days, indigoidine
production increased further, while microbial growth slowed
down significantly. A maximum indigoidine titer of 86.3 +
7.4 g L™ was achieved after 5 days (116 h) of cultivation with
an overall productivity and yield of 0.73 g L™ h™" and 0.91
Zindigoidine/Zelucose; Tespectively (99.4 g indigoidine net pro-
duced and 109.6 g glucose net consumed).

In addition to the production of a target compound, the
practicability of separating the compound from the culture
broth and the achieved quality of the product after purification
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have an important bearing for the economic success of a bio-
technological process. To demonstrate the feasibility of separ-
ation and purification of indigoidine, we performed indigoidine
extraction and purification to obtain a dry powder and per-
formed NMR analysis to confirm the structure and purity
(Fig. S8t). To our knowledge, these results represent the highest
reported production of NRPs in the scientific literature. The
culture reached a final ODg, of 66, corresponding to a dry cell
weight (DCW) of 27.6 + 4.9 g 17", The obtained DCW values are
similar to those previously reported for high-gravity fed-batch
cultivation for bisabolene production using R. toruloides
(25 g L™" after 135 h of production).*® However, they remain
below the DCW values reported for lipid overproduction (106.5
g L™ " after 134 h of production), likely due the high lipid content
accounting for 67.5% Ziipia/Zbiomass O 71.9 g L™" of DCW."”

The high titers observed in our study compare favorably
with bioproduction of other NRPs. Industrial production of
the antibiotic penicillin has been achieved in P. chrysogenum
but is an example of producing a native fungal NRP in its
natural fungal host.®> There are no directly comparable
systems that both utilize a bacterial NRP in a fungal host and
rely on conversion of a crude hydrolysate in bioreactors. The
results in the present study far outperforms earlier reports of
Indigoidine production in both bacterial (8.81 + 0.21 g 1™" in
E. coli in shake flasks)®* and fungal systems (0.98 g L' in
S. cerevisiae in 2 L bioreactor).”® Bacterial NRPs have been
mainly examined in bacterial systems and are typically small-
scale batch-mode proof-of-concept studies, conducted in the
model bacterium Escherichia coli,’>*°® or hosts that natively
express NRPSs such as Streptomyces sp.67 Most recently, a
study in S. cerevisiae used the bpsA based indigoidine pro-
duction to examine the impact of carbon catabolite repression
on the production of heterologous TCA cycle derived pro-
ducts.”® However, as a Crabtree-positive yeast that cannot
efficiently utilize the major classes of carbon present in ligno-
cellulosic biomass, S. cerevisiae may not be an ideal system for
the sustainable production of this NRP.®*7°
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Each production system, comprised of carbon source, a
host organism and a production pathway, is unique and
requires specific process parameters to ensure optimal per-
formance. Thus, we lack a suitable Indigoidine production
system against which we can benchmark our study. However
individual aspects of the present production system compare
well with existing processes.

Conclusions

This study represents the necessary innovation required to
establish an industrially relevant platform for the production
of non-ribosomal peptides — a large category of natural pro-
ducts with a broad range of applications. Specifically, we
demonstrate the sustainable production of indigoidine using
the basidiomycete yeast R. toruloides. The goal of this study
was to develop a platform that could be used for the indust-
rially relevant, sustainable, high-titer production of this prom-
ising dye candidate.

To this end, several important biotechnological aspects,
including the demonstration of fed-batch bioreactor processes,
designed specifically to improve production, were successful,
reaching indigoidine titers of 86.3 + 7.4 g L' and yield 0.91
Zindigoidine/Zglucose from glucose and urea. Additionally, we
showed that R. toruloides can convert lignocellulosic hydro-
lysates and various other carbon and nitrogen sources to indi-
goidine, and that the efficiency of indigoidine production is
partly dependent on the carbon-to-nitrogen ratio.

In addition to containing the same chromophore as the
industrially dominant blue dye indigo, indigoidine can act as
powerful radical scavenger and strong antioxidant.'® Further,
indigoidine may have potential use as a colorimetric redox
state and pH sensor, rendering it a natural blue dye with
various industrially important properties. Due to the structural
similarity to indigo in terms of amine functional groups that
result in strong intermolecular hydrogen bonds and n-r stack-
ing interactions, indigoidine may be suitable for similar indus-
trial applications demonstrated for indigo and its derivatives,
including biodegradable organic semiconductors and
transistors.”' 7> However, the nitrogen content of indigoidine
is higher compared to indigo, potentially resulting in different
chemical and physical properties, expanding the application
space of this class of compounds.

While indigoidine itself shows immense potential for
industrial applications, the high titers achieved in this study
further underline the potential to explore the basidiomycete
R. toruloides as a production host for other classes of heter-
ologous products besides NRPs. The successful demonstration
of activating a heterologous NRPS via phosphopantetheinyla-
tion suggests that this yeast has potential to produce other
classes of compounds that require this step, such as polyke-
tides (PK) or NRP-PK hybrids.”

Overall, our study presents the first demonstration of the
microbial production of a heterologous NRPS-derived product,
the blue pigment indigoidine, at titers approaching 100 g L™".

This journal is © The Royal Society of Chemistry 2019
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These results suggest that R. toruloides may be key to enabling
industrial production of a wide range of valuable NRP and PK
bioproducts. Further, our results demonstrate the ability of
R. toruloides to facilitate the critical phosphopantetheinylation
step required to access to broad category of compounds
derived from NRPs and other secondary metabolites. Our
results along with the emergence of effective synthetic biology
tools and its native industrial features emphasize the potential
of R. toruloides as highly versatile microbial production host.
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