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ABSTRACT: Zeaxanthin is a high-value carotenoid, found naturally in
fruits and vegetables, flowers, and microorganisms. Flavobacterium genus is
widely known for the production of zeaxanthin in its free form. Nowadays,
the production of zeaxanthin from bacteria is still noncompetitive with
traditional methods. The study of different operational conditions to
enhance carotenoid production, along with the development of better
models, is critical to improve the optimization, prediction, and control of
the bioprocess. In this work, the influence of dissolved oxygen
concentration was studied on zeaxanthin, f-cryptoxanthin, and f-carotene E | P
production. It was found that 10% pO, was the best condition for ; - L[
zeaxanthin production in a batch bioprocess, reaching a total carotenoid
concentration of 3280 + 88 ug/L, with 86% of zeaxanthin. To enhance
carotenoid production, a fed-batch culture was performed. Although
biomass and total carotenoid productivity were similar between batch and
fed-batch processes, the total carotenoid concentration in the fed-batch was the highest (8.3 mg/L) but with lower zeaxanthin
content and productivity. Two kinetic models were proposed based on a modified Monod and Luedeking—Piret model, as well as
glucose, biomass, oxygen, and each carotenoid concentration mass balance. The binary model that considers oxygen in biomass
growth and product formation presented a better fit to the experimental data.
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B INTRODUCTION

Carotenoids are a diverse group of pigments that present
interesting biological activities, such as antioxidant, anti-
inflammatory, enhancing immune response, and anticancer
.23 . . .. 4
properties,”” and some present provitamin A activities.” They

mand.'”"* The product obtained from this process is an
oleoresin composed of zeaxanthin dipalmitate, zeaxanthin, and
lutein."* Natural zeaxanthin can also be obtained from
photosynthetic microorganisms, such as microalgae and
cyanobacteria,"> and from non-photosynthetic bacteria, yeast,
and filamentous fungi.’ Regarding bacteria, species of genera

are the most widely distributed pigments in nature, being
present in plants, algae, fungi, yeast, and bacteria.” Zeaxanthin
(3,3’-dihidroxi-f-carotene) is a xanthophyll that plays
important physiological roles.” In humans, the 3R-3R’ isomer
is fundamental for the prevention of age macular degeneration
(AMD). The epidemiological evidence showed that the
amount of zeaxanthin and lutein in the macular tissues is
inversely related to AMD.” Other studies have established an
inverse relation between zeaxanthin consumption and the risk
of developing cancer.”” These properties have increased the
interest in the use of zeaxanthin as a food supplement due to
humans not being capable of synthesizing it de novo."
Currently, zeaxanthin is widely used as a colorant in animal
feed to enhance meat and egg yolk coloration.''

The market of natural zeaxanthin is supplied by the flowers
of Marigold (Tagetes erecta). However, plant extraction has
disadvantages regarding biotechnological production with
microorganisms, such as lower yields (0.3 mg/g), seasonal
and land dependency, and high-water consumption de-
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Flavobacterium, Chryseobacterium, Paracoccus, and Erythrobacter
were reported as zeaxanthin producers.'®”'” However, the
development of industrial zeaxanthin production biogrocesses
by wild-type bacterial strains is still not competitive.”’

The first step in carotenoid biosynthesis involves con-
densation of two geranyl—geranyl pyrophosphates (GGPPs) to
produce phytoene.”’ After desaturation, cyclization, and
hydroxylation steps, and through the formation of a variety
of intermediate compounds, zeaxanthin is produced.”” The
carotenoid profile of Flavobacterium sp. P8 is simple since it
synthesizes principally the zeaxanthin isomer with biological
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activity (3R-3R’) in free form and the biosynthesis
intermediates f-cryptoxanthin and f-carotene.”’ However,
for the bacterial production of zeaxanthin to be economically
viable, culture yields must be improved.

In the aerobic bioprocess, oxygen is a key substrate for
cellular metabolism. Dissolved oxygen (DO) concentration in
the culture media depends on the oxygen transport rate
(OTR) from gas to liquid phases, OTR into the cell, and
oxygen uptake rate (OUR) for growth, maintenance, and
product synthesis. Gas—liquid transfer depends on hydro-
dynamic conditions in a bioreactor.”* During bioreactor
culture, variations in OTR must be applied to equilibrate
OUR, maintaining enough DO for cell growth and metabolite
production. For Flavobacterium, oxygen is required not only for
cell growth and maintenance but also for desaturation,
cyclization, and oxygenation of carotenoids.”> The complexity
of biological processes due to multiple simultaneous
interactions among microorganisms, substrates, and transferred
and consumed oxygen, among others, results in the develop-
ment of kinetic models that explain these interactions being a
challenge. Usually, first-principles models are developed to
describe the biochemical and physical phenomena based on
mass and energy balances and transport phenomena. In
particular, kinetic models in which carotenoids are the product
of interest have been Ero7posed for astaxanthin by Xantho-
phyllomyces dendrorhous”®*” and f-carotene by a recombinant
strain of Saccharomyces cerevisiae.”® The development of
accurate models is crucial for process optimization, prediction,
and control. New approaches, such as hybrid models, where
experimental data are combined with kinetic models, have
been proposed recently.”” ™" Bangi et al. proposed a hybrid
modeling approach for the production of f-carotene at a
laboratory scale by Saccharomyces cerevisiae. However, in those
models proposed, oxygen was not a variable studied because
no influence was reported, or the operational conditions
applied in bioreactors avoided limitations.

This work aimed to study the influence of DO on biomass
growth and f-carotene, pf-cryptoxanthin, and zeaxanthin
production by Flavobacterium sp. P8,'” a promising zeaxanthin
natural producer. Different operating strategies to improve
zeaxanthin production were investigated. Besides, a phenom-
enological model for batch fermentation was proposed to
describe cell growth, glucose consumption, f-carotene, p-
cryptoxanthin, zeaxanthin production, and oxygen transfer and
consumption. The model parameters were estimated by using
experimental data obtained from batch cultures at different
oxygen concentration regimes. In addition, fed-batch culture
was also studied to improve zeaxanthin and total carotenoid
production. The proposed models were tested with the fed-
batch data.

B MATERIALS AND METHODS

Microorganisms and Inoculum Culture Conditions.
Flavobacterium sp. P8 strain was isolated from saltwater
samples collected at King George Island in Antarctica.”
Stock cultures were maintained in 20% glycerol and stored at
—80 °C. Biomass used for bioreactor inoculation was grown in
500 mL Erlenmeyer flasks with 150 mL of an optimized culture
medium'” of composition, including glucose (6 g/L), peptone
(7 g/L), yeast extract (7 g/L), NaCl (15 g/L), urea (0.5 g/L),
MgSO,.7H,0 (3.4 g/L), CaCl, (0.3 g/L), Na,HPO, -7H,0O
(0.2 g/L), micronutrient solutions of 133 uL/100 mL
(composition: H;BO; (12.8 g/L), LiSO, (1.0 g/L), MnSO,

(3.2 g/L), CoCl, (2.0 g/L), CuSO, -H,0O (4.0 g/L), NiSO,
(2.5 g/L), (NH,)sMo,0,, -4H,0 (2.8 g/L), and ZnSO, (4.8
g/L)), initial pH 7, for 24 h at 20 °C in an orbital shaker at 200
rpm.

Flavobacterium sp. P8 Batch and Fed-Batch Cultures.
Batch cultures were conducted in a S L Biostat A Plus
Bioreactor (Sartorius, Germany) with 3 L of working volume,
operating at 20 °C and pH 7 with an aeration rate of 1 vvm.
The composition of the medium is described previously. The
initial biomass concentration was approximately 0.2 g/L in all
runs. To study the influence of DO, the agitation rate (N) was
adjusted automatically to achieve the minimum levels of 5, 10,
20, and 40% pO, (where pO, represents DO expressed as a
percentage of the oxygen saturation concentration) in each
culture, employing a cascade control mechanism using a
minimal agitation rate of 300 rpm. A controlled trial was
conducted at a constant agitation rate (N = 300 rpm). All of
the runs were duplicated. The pH was automatically regulated
at 7 by the controlled addition of 2.5 M NaOH or H,SO,.

Fed-batch culture was performed in the same bioreactor and
operational conditions as those for batch cultures. The initial
glucose concentration was 30 g/L. A substrate pulse of 50 mL
with 400 g/L glucose, 140 g/L peptone, and 140 g/L yeast
extract was added to extend the production phase when
glucose reached 10 g/L. Yeast extract and peptone were
included to incorporate macro- and micronutrients. The
agitation rate was regulated automatically to ensure a
minimum DO of 10% pO,. Biomass was harvested by
centrifugation at 4100 rpm, 15 min, 4 °C, the supernatant
was discarded, and the pellet was washed with distilled water
and stored at —80 °C until lyophilization (VirTis BenchTop
2K Freeze-Dryer, SP Industries Inc.).

Carotenoid Extraction. The carotenoid extraction was
carried out with 0.05 g of lyophilized biomass and 1 mL
aliquots of methanol in a ball mill MM 400 (Retsch) at 30 Hz
for 1 min. Supernatants were collected by centrifugation at
10,000 rpm for 1 min, and extractions were repeated until
biomass bleaching. Samples were analyzed by high-perform-
ance liquid chromatography (HPLC), as described below.

Analytical Determinations. Cell growth was determined
by optical density at 600 nm by using a Genesys 10S UV—vis
(Thermo Scientific) spectrophotometer. The relationship
between the optical density and dry cell weight was
determined, and the biomass concentration was reported as
grams of dry cells per liter of culture medium (g/L). Glucose
concentration was determined by an HPLC system (Shimadzu,
Kyoto, Japan), equipped with a refraction index detector and
an Aminex HPX-87H column (Bio-Rad Laboratories Ltd.,
USA), operating at 45 °C. The mobile phase used was S mM
H,SO, at a flow rate of 0.6 mL/min. Concentrations were
determined by quantification using commercial standards.
Samples were previously filtered through 0.2 ym PTFE syringe
filters. Carotenoid quantification was carried out by HPLC, as
described by Delgado-Pelayo and Hornero-Méndez."® Briefly,
the separation of carotenoids was carried out by a binary
gradient. The separation was done in a BDS Hypersil C18
(150 mm X 3 mm i.d.,, 3 gm, Thermo Fisher Scientific; USA)
fitted with a guard column of the same material (10 mm X 3
mm). The initial composition was 75% acetone and 25%
deionized water, which increased linearly in 10 min to 95%
acetone and 5% deionized water and held for 7 min. Finally,
the mixture was increased to 100% acetone in 3 min and was
maintained constant for 10 min. Initial conditions were
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reached within 5 min. The temperature of the column was kept
at 25 °C. An injection volume of 10 yL and a flow rate of 0.6
mL/min were used. Detection was performed at 450 nm, and
the online spectra were acquired in the 330—700 nm
wavelength range with a resolution of 1.2 nm.

Proposed Kinetic Model. A dynamic model based on
mass balances of the batch fermentation was used. The
variables were biomass (X, g/L), glucose (S, g/L), f-carotene
(mg/L), f-cryptoxanthin (mg/L), zeaxanthin (mg/L), and DO
(Coy mg/L). For microbial growth, two kinetic models were
proposed. The first was a simple Monod model®” considering
glucose as the substrate. However, as Flavobacterium sp. growth
is typically aerobic, a binary substrate-modified model was
proposed considering both glucose and oxygen as substrates.”
Eqs 1 and 2 show the variation of biomass in the batch
fermentation for the kinetic models proposed. The specific
growth rate y (h™") is a function of yi,,, ¢ (maximum growth
rate for the simple model, h™") and S, K (glucose saturation
constant for the simple model, g/L):

X =puX withp=p ——

dt " Kgs+ S (1)
For the binary model, the specific growth rate depends on
Hmaxp (the maximum growth rate for the binary model, h™"), §,
Ksp (glucose saturation constant for the binary model, g/L),
Cop and Ko, (oxygen saturation constant, mg/L):

2

dx S C
— =puXwithp=p . o
dt T Kgp + S Ko, + Co, (2)

Glucose consumption is described by eq 3, where Y¥*y/ is
defined as a model parameter and refers to the total biomass
produced based on the total glucose consumed in a complex
medium (Zyiomass/ Eglucose)y a8 Other carbon sources are available
due to the presence of peptone and yeast extract. This
parameter depends on the media culture formulation and tends
to be Yy,5 when glucose is the main carbon source.

ds 1 dx

a Yy)g dt 3)

To describe -carotene formation, a modified Luedeking—Piret
equation®” was proposed. A first-order term with respect to
oxygen concentration was added to consider the f-carotene
consumption to form f-cryptoxanthin (eq 4)

W = a% + X — k[p - carotene|Co,

4)
where @ (Mgs_cyrotene/Gbiomass) 1S the growth-associated p-
carotene formation coefficient, # (mgs_,rotene/ Giomassh) is the
non-growth-associated f-carotene formation coeflicient, and k,
(L/mgO,t) is the specific rate constant for p-carotene
transformation in f-cryptoxanthin.

To describe B-cryptoxanthin production, a first-order model
with respect to oxygen and f-carotene concentrations was
proposed (eq 5), where k, (L/mgO,t) is the specific rate
constant for f-cryptoxanthin transformation in zeaxanthin.

d[ — cryptoxanthin]
dt
= k[ — carotene]Cy, — k,[f — cryptoxanthin]Cq,
©)

Finally, to describe zeaxanthin formation, a first-order model
with respect to oxygen and fS-cryptoxanthin concentrations was

proposed (eq 6).

d[zeaxanthin]

4 ky[f — cryptoxanthin]Cq,

(6)

For the binary model, the variation of the DO concentration
was based on oxygen mass balances. The term corresponding
to OUR (q0,X) was expressed, taking into account cell growth
and maintenance. The equations are presented in eqs 7-9,
where mg, is the oxygen consumption coefficient for
maintenance (h™") and Yy, is the yield of oxygen uptake
for biomass production (gpiomass/Mg02)-

dCo, .
= ka(Cy — Co) — 4o, X -
X X + 1 uX
q = Mg
O b Yyo (8)
ka=KN+K, (9)

where kya is the volumetric oxygen mass transfer coeflicient
(h™), K, and K, are constants, and N is the agitation rate
(rpm). The values of K; and K, were estimated in previous
work (data not shown) as 0.18 h™'rpm™ and —33 h7},
respectively. In both cases, it was assumed that there was no
nitrogen limitation.

Parameter Estimation. The parameters p,, s, Kss, Uiy
Ksp @, B, Koy, Moy, Yx/o) ki, and k, were considered unknown.
The Y*y,s value was calculated based on previously
experimental data, resulting in 1.0 yiomass/Gglucose for batch
cultures. C,* was considered as oxygen solubility at 20 °C
and the salinity of the media culture as 8.3 mg/L. Maximum
likelihood was used for parameter estimation; this must solve a
nonlinear optimization problem, where the objective function
is the sum of the squared differences between the prediction by
the model and data. As a restriction of the problem, the set of
equation models and the limit values of each parameter were
used (limits are presented in Table S1). As the output variables
had a different range of values, the objective function used
adimensional values of each output variable, where each output
variable took a value between 0 and 1.

The estimation problem was implemented and solved in
Octave, using Isode for the numerical integration of the model
and sequential quadratic programming (sqp) to solve the
optimization problem. The variables were biomass (X, g/L),
glucose (S, g/L), f-carotene (mg/L), f-cryptoxanthin (mg/L),
zeaxanthin (mg/L), and oxygen concentration (Cp, mg/L).
Since carotenoids are quantified in milligrams per gram and the
predictive model uses carotenoids in milligrams per liter, the
production (mg/L) was determined by multiplying the total
carotenoid value in milligrams per gram by the corresponding
biomass concentration (g/L) at each measurement interval.
For parameter estimation, the value of each experimental
measurement, including replicates, was employed as individual
data without calculating the average for each condition, using
103 measurements for each output variable.

Statistical Analysis. To determine the statistical signifi-
cance of data differences, an analysis of variance (ANOVA)
was performed via InfoStat/Estudiantil version 2019 software
(p < 0.05).
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Figure 1. (a) Biomass and (b) glucose profiles obtained for batch cultures of Flavobacterium sp. P8 at 20 °C, 1 vvm, and 300 rpm.

The goodness of the estimations was evaluated by root-
mean-square error (RMSE) and normalized root-mean-sqaure
error (NRMSE).

B RESULTS AND DISCUSSION

Effect of DO on Biomass Growth and Carotenoid
Production. Different minimum pO, values were set to study
their effect on biomass growth and carotenoid production.
Figure lab shows the biomass and glucose consumption
profiles, respectively. Runs were extended up to 72 h to
determine the relationship between growth and product
formation. A control run at a constant agitation rate at 300
rpm was carried out. In this condition, throughout almost the
entire essay, the pO, remained close to 0 (DO and N profiles
are shown in Figure S1). This oxygen limitation resulted in
lower biomass and slower glucose consumption rate, with
respect to those with the DO control set. Biomass
concentration achieved similar results for other conditions.

Regarding product formation, the carotenoid content and
concentration profiles are shown in Figure 2.

Figure 2af shows the carotenoid profiles obtained at a
constant agitation rate. An increase in carotenoid concen-
trations was observed in the early stages of bacterial culture.
After 9 h of culture, the high oxygen demand due to the
exponential cell growth caused oxygen limitation until 48 h. In
this period, zeaxanthin concentration remained constant, and
P-carotene and B-cryptoxanthin were not detected. Zeaxanthin
content halved at 32 h, reaching approximately 25 pg/g. Once
the stationary phase was reached and oxygen was raised, a
significant increase in zeaxanthin, f-cryptoxanthin, and f-
carotene was observed. The same trend was found for
carotenoid contents. Therefore, oxygen transferred in this
condition may not be enough to satisfy growth, maintenance,
and carotenoid formation.

At 5% pO,, zeaxanthin and f-cryptoxanthin concentrations
and contents increased during the experiment, reaching a
maximum at 48 h of 1300 pg/L and 200 pug/g, and 73S ug/L
and 120 ug/g, respectively, remaining constant until the end of
the culture, as shown in Figure 2b. -carotene content was the
highest at 24 h and then dropped and stayed constant after 30
h. In the first 24 h, the culture had exponential growth,

demanding a high oxygen concentration. However, the
minimum DO setting was sufficient for biomass growth and
P-carotene production. After 24 h, oxygen demand decreased
due to the stationary growth phase achievement, and oxygen
was available for hydroxylation of p-carotene to pf-cryptox-
anthin and zeaxanthin, reaching almost half of the total
carotenoids (24% f-carotene, 28% f-cryptoxanthin, and 48%
zeaxanthin). Zeaxanthin content presented a sharp increase
until 24 h of culture at 10, 20, and 40% pO,, as shown in
Figure 2c—e. The f-cryptoxanthin and p-carotene contents
remained constant and low in all the conditions evaluated.
Carotenoid concentration profiles were similar to carotenoid
content profiles.

Table 1 summarizes the main results obtained. The highest
total carotenoid content was achieved for 10% pO,, followed
by 5% pO,. At 5% pO,, oxygen deficit for hydroxylation of f-
carotene to f-cryptoxanthin, and the latest to zeaxanthin, could
have caused the lower levels of this xanthophyll. The lowest
zeaxanthin and total carotenoid contents (55 and 157 ug/g,
respectively) were obtained for the experiment at a constant
agitation rate (N = 300 rpm). This result confirmed that a
minimal DO level is needed to produce carotenoids and the
final conversion of f-carotene and J-cryptoxanthin to
zeaxanthin. In zeaxanthin synthesis, the enzyme CrtZ is
responsible for f-carotene and f-cryptoxanthin hydroxylation
using molecular oxygen for hydroxylation.”> If molecular
oxygen is not available enough, intermediate accumulation is
observed, as happened at 5 and 10% pO,. On the other hand,
40% pO, runs showed the lowest values of zeaxanthin and total
carotenoids contents related to the other DO-controlled
conditions (225 and 280 ug/g, respectively). High levels of
DO in the broth could lead to oxidative stress due to the
increase in reactive oxygen species (ROS). Carotenoid
synthesis has been reported to increase in the presence of
high levels of ROS as an adaptive strategy in bacteria, acting as
scavengers of ROS and preventing oxidative damage to cell
structures. However, the impact of increasing DO concen-
tration on carotenoid metabolism cannot be easily predicted.
In this study, Flavobacterium sp. P8 reached an optimal value
for carotenoid production at low levels of DO, before
subsequently decreasing. This result shows that oxygen
availability could change metabolic routes in aerobic
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Figure 2. Zeaxanthin, f-cryptoxanthin, and f-carotene in dry biomass and zeaxanthin, f-cryptoxanthin and f-carotene concentrations for batch
cultures, at 20 °C, 1 vvm, and (a) constant agitation rate (N = 300 rpm), (b) 5% pO,, (c) 10% pO,, (d) 20% pO,, (e) 40% pO,, and (f) detailed
constant agitation rate (N = 300 rpm) profile. Solid lines correspond to concentrations, and the dashed lines correspond to carotenoid contents,

respectively.
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Table 1. Results Obtained for Culturing Flavobacterium sp. P8 in Batch Cultures at 20 °C, 1 vvm, and Different % pO,”

responses 300 rpm
biomass (g/L) 5.0+ 0.1
glucose consumption (%) 100
t; biomass (h) 31
t; carotenoids (h) 72
p-carotene (ug/L) 222+ 4
p-cryptoxanthin (ug/L) 284 + 28
zeaxanthin (ug/L) 271 + 47
total carotenoids (ug/L) 777 £ 7
p-carotene (ug/g) 44+ 5
P-crytpoxanthin (pg/g) S7+7
zeaxanthin (ug/g) 55+8
total carotenoids (ug/g) 157 + 47
zeaxanthin/total carotenoids ratio (%) 35

5% 10% 20% 40%
63 +0.1 6.2 + 0.5 5.8 + 0.6 6.0 + 0.4
100 100 100 100
24 24 24 24
48 24 24 24
703 + 36 275 £ 10 nd 91 + 26
791 + 10 171 £ 6 38+6 239 £ 17
1370 £ 10 2833 + 108 2146 + 130 1350 + 137
2864 + 46 3279 + 124 2184 + 135 1680 + 180
110+ 6 43 +2 nd 15+6
123 £ 2 27 £2 7+1 40 £ 7
214 + 2 442 + 17 370 + 22 225 + 44
447 £ 7 S12 £ 20 377 £ 23 280 + 56
48 86 98 80

“Each % pO, condition was performed by duplicate. The results are presented as the mean of biological duplicates + the difference between the

highest and lowest values in a data set.

Table 2. Values of the Estimated Parameters for the Single and Binary Substrate Models”

parameter i (h7') K (g/L)  Kop (mg/L)  a (mg/g)
simple model 0.17 0.32 0.028
binary model 0.27 0.30 2.32 0.16

“For simple model i = S, for binary model i = B.

B (mg/gh™") moy (b7 ky (L/mgO,t)  k, (L/mgOst)  Yyo (g/mg)
0.000042 0.089 0.050
0.0068 0.000086 0.090 0.050 1.34

Table 3. Summary of the Model Parameters for Biomass, Glucose, fi-Carotene, f-Crytpoxanthin, Zeaxanthin, and Dissolved

Oxygen Concentration

simple model

X S P-carotene  f-cryptoxanthin  zeaxanthin
RMSE 1.20 0.70 0.22 0.22 0.22
NRMSE 0.19 0.10 0.21 0.028 0.47

binary model

X S P-carotene  f-cryptoxanthin  zeaxanthin Coa
0.92 0.53 0.20 0.094 0.63 2.76
0.15 0.075 0.19 0.20 0.22 0.35

bioprocess, as it was demonstrated by other authors for
different microorganisms and products.* In this study, runs at
high levels of DO (above 20% pO,) may induce metabolic
changes associated with excessive peroxides and free radical
production, causing undesirable products. Eventual secondary
metabolite formation could decrease the yield of carotenoids.
Although it is widely known that oxygen influences caroteno-
genesis in bacteria, there are few reports including quantitative
results. These reports are mostly focused on optimization of
agitation rates and air flow rates that favor pigment production
instead of reaching the optimal value of DO for the bioprocess.
Determining favorable conditions of DO in the culture is one
of the most difficult tasks in the efficiency of an aerobic
bioprocess. Masetto et al.,, reported that biomass growth was
less sensitive to oxygen-dissolved concentration than carote-
noid synthesis by Flavobacterium sp. (ATCC 21588). This is in
accordance with the results obtained in this work. Biomass
concentration and specific growth rate were considerably lower
only at a constant agitation rate (300 rpm), and all conditions
with DO concentration set presented similar results. However,
significant differences were observed in carotenoid production
under all conditions assayed, as well as in conversion
percentage. Volumetric productivity of zeaxanthin and total
carotenoids was maximum at 10% pO,. Thus, this condition
was selected to study zeaxanthin and carotenoid production in
fed-batch mode.

Parameter Estimation. Table 2 presents the values of the
estimated parameters for the two models proposed.

The i, obtained in the binary model was slightly higher;
however, the values for Kg were very similar. The kinetic
parameters obtained associated with f-carotene production (a
and f§) showed that its production is principally growth-
associated, and they were comparable to those obtained
previously by other authors.””*” The kinetic constants for
conversion of f-carotene to f-cryptoxanthin and its conversion
to zeaxanthin (k, and k,, respectively) were similar between
the models.

Table 3 presents the values of the RMSE and NRMSE of
data points and estimates for each variable for the models
tested. Better results were achieved for the binary model since
RMSE and NRMSE, in most cases, were lower. Besides, Figure
3 presents the fitting of the binary substrate kinetic models,
showing better adjustment of each carotenoid concentration.
The simple model fitting is presented in Figure 2.

The binary substrate model proved to be satisfactory for
predicting the parameters associated with cellular growth,
substrate consumption, and product formation in batch mode.
In the upcoming sections, the goodness of fit of the model for
predicting growth behavior, substrate consumption, and
product formation in fed-batch mode was evaluated.

Fed-Batch Flavobacterium sp. P8 Culture. A fed-batch
culture of Flavobacterium sp. P8 was performed with the aim to
increase carotenoid production. The response profiles are
shown in Figure 4. Previously, the batch experiments were
conducted with a glucose concentration of 6 g/L, as the
microorganism did not consume more than this amount during
optimization experiments in shaken flasks, as reported

https://doi.org/10.1021/acsomega.4c06892
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Figure 3. (a) Biomass, (b) glucose, (c) f-carotene, (d) f-crytpoxanthin, (e) zeaxanthin, and (f) % pO, data and estimation as a function of time for
the experiments at different DO, considering the binary substrate model.
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—— Zeaxnthin Table 4. Results Obtained for Flavobacterium sp. P8
N o~Ricomm _y | oovEghn Cultures at 20 °C, 1 vvm, and 10% pO, in Batch and Fed-
o ¢ %p0 #—Glusose oo Batch Cultures (before and after the Pulse)
60 fed-batch fed-batch
80— . parameter batch (0—-30 h) (30—81 h)
L m g biomass (g/L) 62 + 05 85 + 0.1 15.5 + 0.1
e ’ ) initial glucose (g/L) 6.0 + 0.1 27.7 + 0.1 33.0 £ 0.5
2 40 w2 t; biomass (h) 24 60
40 t; carotenoids (h) 24 60
0 ™ P-carotene (ug/L) 275 + 10 1125 + 48 4511 + 193
ol - p-cryptoxanthin (ug/L) 171+ 6 679 + 24 1685 + 63
32 zeaxanthin (u/L) 2833 + 108 937 + 40 2149 + 99
2 4 4000 total carotenoids (y/g/L) 3279 + 124 2740 + 89 8346 + 200
P-carotene (ug/g) 43 +2 132 + 4 289 + 6
24 P-crytpoxanthin (ug/g) 27 £2 80 + 2 115+ 1
-g - - 6000 ;g zeaxanthin (ug/g) 442 + 17 110 £ 5 131 +3
g ".52' total carotenoids (ug/g) 512 + 20 322 + 10 536 + 6
2 6 S zeaxanthin/total 86 34 26
;f 000 £ carotenoids ratio (%)
-551 E s zeaxanthin productivity 118 31 36
- (ug/Lh)
:\ 2000 total caro?e.noid 137 91 139
4 ’ productivity (xg/Lh)
0 = . - : 0
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Time (b) exhaustion of nutrients that are needed for carotenoid

Figure 4. (a) % pO, profiles and stirring speed (N) vs time and (b)
biomass, glucose, and carotenoid concentration profiles as a function
of time for the culture of Flavobacterium sp. P8 in fed-batch mode at
20 °C and 10% pO,.

elsewhere.'” In bioreactor batch cultures, glucose was
completely consumed within the first 20 h, reaching the
stationary growth phase. The highest glucose concentration
that did not inhibit cell growth was determined previously as
30 g/L (data not shown); therefore, this was the initial sugar
concentration selected for the fed-batch.

Flavobacterium sp. P8 was able to consume 60 g/L glucose
and reached a biomass concentration of 15.5 & 0.1 g/L at the
end of the culture. The substrate pulse was added at 30 h of
fermentation. After 60 h, biomass and carotenoid concen-
tration remained constant, although glucose was not totally
consumed until 72 h. Carotenoid production was growth-
associated. The maximum total carotenoid concentration was
8.4 + 0.2 mg/L at 60 h, and the composition of carotenoids in
the extract was 25% zeaxanthin, 22% f-cryptoxanthin, and 54%
p-carotene. The increase in the zeaxanthin concentration was
attributed to biomass growth, as the zeaxanthin content
remained constant (120 pg/g) throughout the experiment.
However, f-cryptoxanthin and f-carotene were accumulated.
The f-cryptoxanthin content increased from 21 + 8 to 115 + 1
4g/g and f-carotene from 18 + 4 to 289 + 6 ug/g.

Table 4 shows the results obtained in batch and fed-batch
modes by Flavobacterium sp. P8. for 10% pO,. For the fed-
batch culture, the results before and after the pulse of the
substrates are presented. In the fed-batch culture, the biomass
concentration increased 2.5 times compared to that obtained
in batch culture. However, biomass growth was extended until
60 h in fed-batch culture, resulting in similar biomass
productivity. In both operation modes, glucose was totally
consumed. Total carotenoid contents did not present
significant differences. These results could be caused by an

synthesis. On the other hand, since carotenoids are immersed
in the cell membrane, their accumulation capacity could be
limited."

Prediction of Fed-Batch Production. The kinetic
parameters estimated by the binary substrate model in batch
fermentation were tested in fed-batch mode. The validation
was performed using the parameters listed in Table 1 and the
Y*y /s value based on experimental data, resulting in 0.5 g/g up
to 30 h and 0.2 g/g for the rest of the culture. The obtained
values of RMSE and NRMSE are shown in Table S.

Figure S presents fed-batch data and predictions for the
binary model. The model obtained for batch cultures fits
properly for biomass, glucose, f-carotene, f-cryptoxanthin, and
zeaxanthin production in the first stage of the fed-batch
culture.

After the addition of the substrate pulse (30 h), biomass
estimation remained stable, in accordance with experimental
values, f-carotene and f-crypoxanthin remained at low values,
and zeaxanthin was overestimated. On the other hand, DO
estimation did not fit the experimental data. This difference
could be due to a different metabolic cellular state. The glucose
feeding did not result in increasing biomass; however, it was
fastly consumed for biomass maintenance or conversion into
byproducts, with continuous oxygen consumption. The high
concentration of glucose could induce a metabolic overflow
that was not present in the batch culture, resulting in the lack
of adjustment in the final stage.

In this work, the effect of different concentrations of DO on
cultivation of Flavobacterium sp. P8 was studied in the
bioreactor. It was determined that 10% pO, favored the
zeaxanthin and total carotenoid production in batch mode.
The cultivation of Flavobacterium sp. P8 in fed-batch mode
enabled an increase in total carotenoid concentration to 8346
+ 200 ug/L. However, this increase was caused by the
accumulation of f-cryptoxanthin and f-carotene content in
biomass and higher biomass concentration compared to batch
cultivation.
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Table 5. Summary of the Model Parameters for Biomass, Glucose, fi-Carotene, f-Cryptoxanthin, Zeaxanthin, and Dissolved
Oxygen Concentration in Fed-Batch Production Validation of the Binary Substrate Model

X S f-carotene
RMSE 229 6.49 2.78
NRMSE 0.15 0.20 0.62

P-cryptoxanthin zeaxanthin Coa
0.79 4.135 4.732
0.44 2.06 0.63
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Figure S. Fitting of the experimental data to the binary substrate
model for describing the fed-batch culture of Flavobacterium sp. P8 at
20 °C, 1 vvm, and 10% pO,.

A binary substrate model that considers oxygen con-
sumption for growth and carotenoids was built with batch
experimental data. The kinetic parameters were extended to
fed-batch production to test the models' goodness. The binary
model fitted better at the early stages of the culture, suggesting
that oxygen and metabolic regimes should be considered to
improve model accuracy. Further experiments must be carried
out to improve the model fitting for fed-batch production.
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