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Abstract: Meat and bone meal (MBM) is a product of the rendering industry, which is looking for
high-value applications of rendered animal proteins (RAP). The objective of this research was to
utilize MBM as a nitrogen source to produce astaxanthin (AX) by Xanthophyllomyces dendrorhous
and quantify the bioavailability of MBM as a potential substitution of commercial nitrogen sources
(i.e., yeast extract and peptone). To conduct yeast fermentation under the optimal glucose loading,
the C/N ratio was optimized to achieve maximum AX content. MBM was hydrolyzed by using
proteinase and alkaline (Ca(OH)2) for 4, 8, and 16 h with different enzyme and alkaline loadings to
produce MBM hydrolysates (MBMHs). The MBMHs were directly fermented by X. dendrorhous under
the optimum glucose concentration. Experimentally, the optimum medium contained 40 g/L glucose,
5 g/L peptone, and 3 g/L yeast extract, where AX content of 3.69 mg/g dry cell mass was achieved.
MBMHs were used by X. dendrorhous as a nitrogen source, while fermentation with lyophilized
MBMHs was generated using proteinase K. This resulted in a maximum AX content of 1.58 mg/g
dry cell mass. This research exhibits the feasibility of using MBM as a nitrogen source to produce AX
with X. dendrorhous.
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1. Introduction

In 2020, over 24.75 million tons of meat and bone meal (MBM) was generated by the
rendering industry in the U.S. [1]. MBM is one of the major products from the rendering
industry, and is extensively used for animal feed and pet food. Due to the vast volume
of MBM generated annually and the desire for added market value, the development
of novel high-value applications of MBM has sparked increasing research interests. In
terms of its chemical composition, MBM is nutritious and rich in protein, trace elements
(e.g., phosphate and calcium), and fat [2]. With this compositional profile, MBM can be
used in a variety of value-added products, such as a secondary fuel for combustion [3],
cement kilns [4], renewable flocculants [5], and fertilizers [6].

Given its high protein content, MBM has been studied as a substitute for commercial
yeast extract and peptone as a nitrogen source to support microbial growth and produce
value-added cellular products. Garcia et al. characterized various peptones derived from
different types of animal meal hydrolysates and found that MBM hydrolysates (MBMHs)
exhibited equivalent viscosity properties in media preparation to commercial peptone;
as such, they suggested that MBMHs could be a potential substitute for commercial pep-
tone [7]. Further work by Garcia et al. was conducted to hydrolyze rendered animal protein
using alkaline (Ca(OH)2) and to enzymatically generate water-soluble small peptides,
which they suggested could be used in non-feed applications [8] such as yeast extracts and
peptone substitutes. Moreover, Liang et al. compared commercial yeast extract with ren-
dered protein hydrolysates (RPHs) as a nitrogen source for Pythium irregulare (ATCC 10951)
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fermentation [9]. They found that the fermentation performance of RPHs was comparable
to yeast extract, i.e., RPHs had slightly lower eicosapentaenoic acid (EPA) production than
yeast extract while achieving a higher specific cell growth rate and cell mass productiv-
ity [9]. All these research results illustrate that rendered proteins are promising low-cost
alternative nitrogen sources for microbial bioprocessing.

Astaxanthin (3,3′-dihydroxy-β, β′-carotene-4,4′-dione) (AX) belongs to the carotenoid
family, and has long been considered one of the most powerful natural antioxidants; it has
been used in nutraceuticals, cosmetics, animal feed, and fish food [10]. It can be produced
through both chemical and biological synthesis methods. Two major microbial strains have
been used to produce AX commercially, including Haematococcus pluvialis (microalga) and
Xanthophyllomyces dendrorhous (yeast, previously Phaffia rhodozyma). Research efforts are on-
going to make natural AX more affordable, including strain development (e.g., exploration
of new and genetic modified strains) and process optimization (e.g., operation conditions
and media) [11]. In comparison, cultivation of X. dendrorhous has more flexibility in carbon
and nitrogen source selection and high efficiency in AX production, with a shorter fermen-
tation period, which makes X. dendrohous a preferable producer for natural AX [12]. For
example, X. dendrorhous can utilize both organic and inorganic nitrogen sources, meaning
that cheaper inorganic nitrogen sources (e.g., ammonium sulfate, ammonium chloride, and
potassium nitrate) could be used in replace of yeast extract and peptone to reduce the cost
of natural AX [13]. On the other hand, AX is a secondary metabolite of X. dendrohous, and its
production can be significantly influenced by the carbon to nitrogen (C/N) ratio. Excessive
carbon (high C/N ratio) can enhance the cell growth, while a low C/N ratio favors the
AX accumulation [14]. Therefore, the C/N ratio is an important factor in the fermentation
performance of X. dendrohous. In addition, the supplement of trace vitamins and minerals to
the medium has been reported to promote cell growth and AX production of X. dendrorhous,
such as biotin, calcium pantothenate, thiamin, cobalamin, and inositol [15]. As a result,
MBM could serve as an inexpensive nitrogen source while providing other nutritious
ingredients to enrich the medium and support X. dendrorhous growth for AX production.

Therefore, the present research aims at the utilization of MBM as an alternative ni-
trogen source to yeast extract and peptone for producing AX with X. dendrorhous. The
respective optimum loadings of glucose, yeast extract, and peptone to maximize AX produc-
tion were first determined, and served as reference C and N loadings for determining the
amount of MBM needed to replace yeast extract and peptone. To improve the digestibility
and availability of MBM proteins, the MBM was hydrolyzed using alkaline and enzymes to
prepare MBMHs as a nitrogen source for X. dendrorhous. In addition, vitamin and mineral
supplementation was investigated for further enhancement of X. dendrorhous cell growth
and AX production. This study is expected to demonstrate the possibility of using MBM
as a low-cost nitrogen source to replace yeast extract and peptone in the production of
affordable natural AX.

2. Materials and Methods
2.1. Meat and Bone Meal and Chemicals

MBM was provided by the Animal Co-Products Research and Education Center, Clem-
son University. It consisted of (on a dry weight basis) 50.4% crude protein, 10.0% fat, 10.3%
calcium, and 5.1% phosphorus. The four types of proteinases used for MBM hydrolysis
were purchased from Sigma Aldrich (St. Louis, MO, USA), including Flavourzyme® from
Aspergillus oryzae (P6110), Alcalase® 2.4L from Bacillus licheniformis (P4860), proteinase K
from Tritirachium album (P8044), and alkaline protease from B. licheniformis (P8038). Yeast
nitrogen base (YNB) without amino acids or ammonium sulfate (BD 233520) was pur-
chased from Fisher Scientific (Hampton, NH, USA), as were all other chemicals unless
otherwise specified.
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2.2. Microbial Cultivation

X. dendrorhous (ATCC 74219) was purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Cells were cultivated in yeast malt broth (YMB) medium,
which per liter contained 3 g of yeast extract, 3 g of malt extract, 10 g of glucose, and 5 g of
peptone. To prepare the agar plates, 2% agar was added to the YMB medium. All media
were autoclaved at 121 ◦C for 15 min prior to use. Following the ATCC protocol, the stock
culture was used to prepare a seed culture which was cultivated in YMB medium at 25 ◦C
and 200 rpm in an incubator (New Brunswick, Innova 4300, Edison, NJ, USA) for 48 h. An
aliquot of 1 mL seed culture was transferred into fresh YMB medium (inoculation size = 1%,
v/v) and incubated under the same conditions for seed culture preparation until the optical
density (OD) at λ = 600 nm (OD600) reached 0.5. The cells were harvested by centrifuga-
tion at 1800× g for 5 min at 4 ◦C. The pellets were washed three times using sterilized
deionized distilled water (DDI) and resuspended in DDI water to prepare the inoculum for
fermentation. All these operations were carried out aseptically.

2.3. Optimization of Carbon-to-Nitrogen (C/N) Ratio on Astaxanthin Production
2.3.1. Effect of Glucose Loading on Astaxanthin Production

Glucose was the only carbon source in the YMB medium; a series of glucose con-
centrations (20, 40, 60, 80, and 100 g/L) were tested to determine the optimum glucose
concentration with constant nitrogen loading (3 g/L yeast extract + 5 g/L peptone). The
culture inoculation size was 1% (v/v) with a working volume of 200 mL in 1 L flasks. The
flasks were incubated at 25 ◦C and pH5.0 with shaking at 200 rpm. During fermentation,
aliquots of 5 mL fermentation broth were collected every 24 h until the end of fermentation
at 120 h. Both OD600 and dry cell mass (DCM) were measured to reflect cell growth. Glu-
cose concentration and AX content (mg/g DCM) were analyzed using high-pressure liquid
chromatography (HPLC). All experiments were duplicated unless otherwise specified.

2.3.2. Effect of Nitrogen Loading on Astaxanthin Production

In the glucose loading study (Section 2.3.1), a glucose concentration of 40 g/L was
determined as the optimum value to achieve the highest AX content (mg/g DCM). As
such, it was used to determine the optimum nitrogen loading (i.e., yeast extract + peptone,
g/L). The nitrogen source was supplied by adding both yeast extract and peptone while
keeping the ratio of yeast extract/peptone constant at 3:5 (g/g) (Table 1). The C/N ratio
by element was the actual carbon to nitrogen elemental ratio, while the “C/N” ratios by
weight (i.e., “C/N” = glucose/(yeast extract + peptone), g/g) were 5, 10, 15, 20, and 25.
The sample analysis, inoculation procedures, and other conditions were the same as in
Section 2.3.1.

Table 1. Medium profile for the nitrogen loading study (Section 2.3.2).

Chemical Composition Values

Glucose (g/L) 40
Yeast extract + peptone (g/L) 3.0 + 5.0 1.5 + 2.5 1.0 + 1.6 0.7 + 1.2 0.6 + 1.0

C/N (element ratio) 15 30 47 64 76
“C/N” (g/g) 5 (N5) 10 (N10) 15 (N15) 20 (N20) 25 (N25)

2.4. Meat and Bone Meal Fermentation
2.4.1. MBM Defatting

Prior to hydrolysis, MBM was defatted to prevent soap formation during alkaline
hydrolysis. Soxhlet extraction was used for defatting, with hexane as a solvent. Each
extraction thimble contained 25 g of dry MBM, and the hexane was loaded at the ratio of
15:1 (hexane/MBM, v/w). The extraction lasted 6 h, and the extraction speed was adjusted
to six cycles per hour. The weight difference before and after extraction was calculated as
the total fat content of MBM.
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2.4.2. Enzymatic and Alkaline Hydrolysis of Meat and Bone Meal

Defatted MBM was hydrolyzed by alkaline and enzymes using the hydrolysis condi-
tions listed in Table 2. This hydrolysis was carried out following the protocol published by
Garcia et al. [8] and Liang et al. [9]. At the end of alkaline hydrolysis, CO2 was sparged
into MBM hydrolysate until the pH dropped to 9. Sulfuric acid was then added to further
reduce the pH to 7. In enzymatic hydrolysis, the reaction was terminated by heating
the hydrolysate to 90 ◦C to deactivate the enzymes. After hydrolysis, the mixture was
centrifuged at 11,250× g and 4 ◦C for 5 min and the supernatants containing MBMHs were
collected and stored at 4 ◦C until used for fermentation.

Table 2. Hydrolysis conditions of meat and bone meal.

Hydrolysis Type Reagent Hydrolysis Condition Label a

Enzymatic hydrolysis

Alcalase® 2.4 L
Alcalase® 2.4 L, 0.4 U/g substrate, 50 ◦C, pH 8.5, 4 h AM4
Alcalase® 2.4 L,0.4 U/g substrate, 50 ◦C, pH 8.5, 8 h AM8

Flavourzyme® Flavourzyme®, 50 LAPU/g substrate, pH 7.0, 50 ◦C, 4 h FM4
Flavourzyme®, 50 LAPU/g substrate, pH 7.0, 50 ◦C, 8 h FM8

Proteinase K
1 mg/g MBM, pH 7.5, 37 ◦C, 4 h Pk4
1 mg/g MBM, pH 7.5, 37 ◦C, 8 h Pk8

Bacterial proteinase 1 mg/g MBM, pH 7.5, 37 ◦C, 4 h Pb4
1 mg/g MBM, pH 7.5, 37 ◦C, 8 h Pb8

Alkaline hydrolysis Calcium hydroxide
0.1 g/g MBM, 85 ◦C, 4 h CM4
0.1 g/g MBM, 85 ◦C, 8 h CM8

0.1 g/g MBM, 85 ◦C, 16 h CM16
a Coding of label: In AM4, A = Alcalase® 2.4 L, M = MBM, and 4 = hydrolysis for 4 h.

2.4.3. Astaxanthin Fermentation with Meat and Bone Meal Hydrolysates

In this study, MBMHs obtained in Section 2.4.2 were directly used as a nitrogen source
for X. dendrohous fermentation. Glucose was the only carbon source for fermentation; a
concentration of 40 g/L (determined as described in Section 2.3.1) was used for fermentation
with 50 mL of MBMHs. This served as the nitrogen source, replacing yeast extract and
peptone. Glucose was directly mixed with MBMHs, and the pH was adjusted to 5 using
1 N HCl. The mixture was then added into 250 mL flasks with a working volume of 50 mL.
The inoculation size and other cultivation conditions were the same as in Section 2.3.1. In a
separate fermentation group with MBMHs, YNB mineral supplement was used to enhance
cell growth and AX production. YNB mineral supplement is a commercial mineral solution
that includes vitamins (biotin, thiamine hydrochloride, etc.), trace elements (boric acid,
copper sulfate, etc.), and salts (sodium chloride, magnesium sulfate, etc.).

2.4.4. Astaxanthin Fermentation with Lyophilized Meat and Bone Meal Hydrolysates

In light of the practical applications, the MBMH was lyophilized to produce lyophilized
meat and bone meal hydrolysate (LMBMH) powder and used as a nitrogen source for
comparison with yeast extract and peptone. Freeze-drying may change the digestibility
of MBMHs; therefore, the LMBMHs were compared with MBMHs for AX fermentation.
For example, flocculant-like substances were formed in MBMH fermentation and were not
formed in LMBMH fermentation, which was found to affect fermentation regarding cell
growth and AX production. Therefore, the MBMHs from Section 2.4.2 were freeze-dried to
concentrate the hydrolysates and obtain LMBMHs. The LMBMHs were stored at −20 ◦C in
a sealed glass bottle until used as a nitrogen source, then compared with yeast extract and
peptone for astaxanthin fermentation. Glucose concentration was maintained at 40 g/L,
and the other fermentation conditions were the same as in Section 2.4.3. Based on the
measured nitrogen content of LMBMHs, a certain amount of LMBMH was added to the
fermentation medium to achieve the same nitrogen content as the control group, which
had 5 g/L peptone and 3 g/L yeast extract. In addition, in order to study the effects of YNB
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supplementation, another group using LMBMHs for fermentation was carried out with
YNB supplement added.

2.5. Analytical Methods

Cell growth and glucose consumption were monitored every day during fermentation.
Cell growth was monitored by OD600, which was analyzed on a microplate spectropho-
tometer (BioTek Epoch 2, Winooski, VT, USA), while the DCM was measured using the
gravimetric method [16]. In brief, 4 mL of fermentation broth was centrifuged at 1800× g
for 5 min (Super T21, Sorvall Instruments, Newtown, CT, USA) and the cell pellet was
washed three times using DDI water. Afterwards, the pellet was further washed by filtra-
tion through a preweighted 0.45 µm filter paper. The washed cell pellet was dried in an
oven overnight at 105 ◦C. The DCM was then calculated by correcting the weight of filter
paper. The correlation curve (OD600 vs. DCM) was established and used to calculate DCM
for monitoring cell growth during fermentation, with the OD600 being measured as well.

The nitrogen contents of MBMHs, LMBMHs, yeast extract, and peptone were deter-
mined using a nitrogen analyzer (FP928, LECO Corporation, Saint Joseph, MI, USA). The
conversion factor for nitrogen content to protein content is 6.25 [17]. Glucose quantification
was performed on an HPLC (Shimadzu LC-20AB LC, Shimadzu Scientific Instruments,
NJ, USA) system equipped with a reflective index detector and an analytical carbohydrate
column (Rezex ROA organic acid H+, Phenomenex Inc., Torrance, CA, USA). The mobile
phase was 0.005 N sulfuric acid, and the flow rate was set at 0.6 mL/min. The separa-
tion temperature was 60 ◦C. Fermentation broth samples were centrifuged at 44,950× g
for 2 min, and the supernatants were filtered through 0.45-µm filters into HPLC vials
for analysis.

At the end of fermentation, the cells were collected by centrifugation at 1800× g for
30 min. The supernatant was discarded and the cell pellet was washed three times with DDI
water for, freeze-dried, and stored at −20 ◦C until use. To measure the cellular AX content,
20 mg of the freeze-dried cell sample was mixed with 5 mL dimethyl sulfoxide (DMSO) and
vortexed for 30 s for AX extraction in the presence of glass beads to aid in cell disruption.
The mixture was heated at 55 ◦C for 20 min followed by centrifugation at 1800× g for 20 min
and the supernatant was collected. This extraction step was repeated until the cell biomass
became colorless. All DMSO extracts were combined and subjected to AX analysis on an
HPLC (1100 Series HPLC, Agilent Technologies, Santa Clara, CA, USA) system equipped
with a diode array detector and an analytical column (ZORBAX Eclipse Plus C18, Agilent
Technologies, Santa Clara, CA, USA) following an existing method [18]. The mobile phase
was a mixture of acetonitrile, methanol, dichloromethane, and 1% formic acid, and the flow
rate was 1.5 mL/min. The signals were recorded at wavelength of 470 nm and 25 ◦C. AX
production was reported as the AX content (mg/g DCM) and concentration (mg/L).

2.6. Data Analysis

Statistical significance was determined by analysis of variance (ANOVA) and Tukey’s
test using JMP Pro 15 (JMP Statistical Discovery LLC, Cary, NC, USA) with α = 0.05. All
treatments were duplicated in this study unless otherwise specified.

3. Results and Discussion
3.1. Effect of Glucose Loading on Astaxanthin Production

Figure 1 shows the time course of cell growth, glucose consumption, and astaxanthin
accumulation at different glucose concentrations. Overall, the cell growth increased with
time during fermentation for 120 h at all glucose concentrations, demonstrating a typical
microbial cell growth pattern, including lag, exponential, and stationary phases (death
phase not recorded) (Figure 1A). Higher initial glucose concentration achieved higher
cell growth rate and maximum DCM. The lag phase lasted for about 24 h for all glucose
concentrations, and the length of the exponential phase was dependent on the glucose
concentration. The cell growth did not show much difference among glucose concentrations
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during the first 72 h. However, cells stopped growing and entered the stationary phase
after 72 h at 20 g/L glucose, with a maximum DCM of 4.96 g/L. Cells continued growing
until 96 h at 40 and 60 g/L glucose, reaching peak DCMs of 8.23 and 8.70 g/L, respectively,
followed by the stationary phase. Further increasing the glucose concentration to 80 and
100 g/L extended the exponential phase to 120 h and achieved maximum DCMs of 10.17
and 12.75 g/L, respectively.
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Figure 1. Effects of glucose concentration on (A) cell growth, (B) glucose consumption, and (C) astax-
anthin content. Nitrogen loading was kept constant with 3 g/L yeast extract +5 g/L peptone under
different glucose concentrations of 20, 40, 60, 80, and 100 g/L. The temperature, pH, and shaking
speed were 25 ◦C, pH 5.0, and 200 rpm, respectively.

As shown in Figure 1B, glucose consumption during fermentation followed a similar
trend for all initial glucose concentrations, i.e., a rapid and continuous decrease of glucose
concentration during the first 72 h (for 20, 40, and 60 g/L glucose) or 96 h (for 80 and 100 g/L
glucose) followed by a slow change until 120 h. The variation in the glucose substrate was
consistent with the cell growth and phase transition (Figure 1A,B), i.e., higher initial glucose
led to a longer exponential phase. In addition, higher initial glucose concentrations led to
higher residual glucose. For both 20 and 40 g/L initial glucose, almost all of the glucose
was consumed, while 30−40% of glucose remained unused for 60, 80, and 100 g/L initial
glucose. This could be caused by C/N unbalance (i.e., nitrogen deficiency), especially in the
stationary phase under high initial glucose concentration. The slight glucose consumption
during the stationary phase was likely used for cell maintenance and/or accumulation of
cellular compounds (e.g., AX and lipids). The limited amount of nitrogen could be a reason
for this inhibition of cell growth, even though there was residual glucose; the nitrogen
source is indispensable for protein synthesis for cell formation, and the carbon source
provides carbon and energy for cell growth. The relative carbon and nitrogen contents
(i.e., C/N ratio) should be balanced to maximize cell growth. Therefore, Figure 1A,B could



Fermentation 2023, 9, 630 7 of 16

indicate that the carbon source in this study was excessive when the glucose concentration
exceeded 40 g/L with constant yeast extract (3 g/L) and peptone (5 g/L) loadings. This
observation is consistent with Stoklosa et al. [19], who found that excessive sugar loading
did not allow for complete sugar metabolism by X. dendrorhous under conditions involving
nitrogen limitation.

The respective cellular AX contents for each glucose concentration are shown in
Figure 1C. It was observed that the fermentation broth underwent a distinct color change
from light yellow to orange and eventually red towards the end of fermentation, indicating
carotenoid accumulation in cells. Overall, the AX content increased with time during
fermentation, and the AX accumulation rate increased as the initial glucose concentration
being increased from 20 to 40 g/L. Further increasing the initial glucose concentration from
60 to 100 g/L reduced the AX accumulation rate (Figure 1C). In addition, the maximum
AX content at 120 h increased from 2.63 and 3.4 mg AX/g DCM for 20 and 40 g/L initial
glucose, respectively, while the AX content decreased significantly to 1.86–1.10 mg AX/g
DCM, respectively, when the initial glucose concentration was increased to 60–100 g/L.
AX synthesis is growth-associated, meaning that higher DCM from higher initial glucose
concentrations (Figure 1A) should be accompanied by higher AX production. However,
the results in Figure 1A,C show that high glucose concentration is not necessary to simul-
taneously achieve both high cell mass and AX content, which could be due to restricted
oxygen uptake and limited nitrogen.

Under high initial glucose concentrations (e.g., over 40 g/L), dissolved oxygen (DO)
in the media can be reduced to a level that inhibits AX synthesis. In order to maintain
a high level of AX production, enough DO to eliminate or reduce the Crabtree effect is
necessary [14,20]. From the aspect of intracellular energy transformation, NADH plays
the role of a preliminary electron carrier for intercellular adenosine triphosphate (ATP)
production [21]. Due to the restriction of DO, respiration is restricted and NADPH accu-
mulation can happen, meaning that insufficient utilization of energy causes repression of
AX production [14]. In addition, an oxygen molecule is incorporated into the astaxanthin
molecule, serving as a substrate material required for AX biosynthesis. Therefore, sufficient
DO is important to enhance AX production by preventing NADPH accumulation and
repression and by providing oxygen as a starting material for AX synthesis. In addition to
oxygen, the C/N ratio can affect AX production, with a high C/N ratio usually conducive
to high AX production. Sufficient nitrogen is critical for amino acid and/or protein syn-
thesis, which requires NADPH to support cell growth, i.e., nitrogen depletion can lead to
global inhibition of amino acid and/or protein synthesis [21]. Meanwhile, AX synthesis is
a secondary metabolism and requires a large amount of NADPH. With a proper C/N ratio,
most NADPH is prioritized for primary metabolism, such as cell anabolism to synthesize
proteins for cell growth, which reduces the amount of NADPH available for AX production.
Thus, an increased C/N ratio could increase the amount of NADPH available for AX
production. However, an excessive C/N ratio could result in an inhibitory effect on AX
synthesis due to repression of the lycopene-to-β-carotene and β-carotene-to-astaxanthin
steps in the pathway [22]. As a result, the C/N ratio should be well controlled to achieve a
trade-off between cell growth and AX production by X. dendrorhous. Fed-batch fermentation
could be a good operating strategy to replace batch fermentation in order to achieve high
cell growth and AX production simultaneously through decoupling the optimization of
cell growth and AX production in two stages. In this study, 40 g/L of glucose was the
most favorable initial concentration for AX production, even though it did not achieve
the highest cell growth. Thus, it was selected for the subsequent study on the effects of
nitrogen loading.

3.2. Effects of Nitrogen Loading on Astaxanthin Production

At a fixed initial glucose concentration of 40 g/L, increasing the C/N ratio from 5 to 25
decreased DCM and growth rate, extended the length of the lag phase, and shortened the
exponential phase (Figure 2A). For instance, the lag phase was about 24 h for C/N ratios of
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5, 10, and 15, while it increased to 48 h at C/N ratios of 20 and 25. The exponential phase
for C/N ratios of 5 and 10 lasted about 96 h, from 24 to 120 h, while it was shortened to
72 h for C/N ratios of 15 and 20 and to 48 h for a C/N ratio of 25. The maximum DCM
of 8.23 g/L was achieved at a C/N ratio of 5 after 120 h, while the increase of the C/N
ratio to 25 resulted in the lowest cell biomass of 2.57 g/L due to insufficient N for protein
synthesis for cell growth. According to Figures 1A and 2A, a balanced C/N ratio is more
important than N concentration in terms of its effect on cell growth. Both overdose and
underdose of N can inhibit cell growth, causing low DCM, meaning that there must be an
optimum N concentration for each level of carbon concentration to achieve maximum cell
growth [23,24]. Therefore, both carbon and nitrogen concentrations need to be optimized
simultaneously to maximize DCM. In this study, the optimum C/N ratio was 5 under a
fixed glucose concentration of 40 g/L with 3 g/L yeast extract and 5 g/L peptone.
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Figure 2. Effects of nitrogen loading on (A) cell growth, (B) glucose consumption, and (C) astaxanthin
content. The definition of NX (X = 5, 10, 15, 20, and 25) is shown in Table 1. The glucose concentration
was 40 g/L. The temperature, pH, and shaking speed were 25 ◦C, pH 5.0, and 200 rpm, respectively.

As shown in Figure 2B, glucose titer was monitored along with time course, while
a higher C/N ratio (i.e., lower N concentration) had lower total glucose consumption
and higher residual glucose concentration. At the beginning of fermentation, the glucose
concentration decreased rapidly for all N concentrations, followed by a negligible change
after 48 h for C/N ratios of 15, 20, and 25 (about 40% of the glucose remained unutilized)
and after 96 h for C/N ratios of 5 and 10 (about 13% glucose left) until the end of 120 h.
These results were consistent with the cell growth shown in Figure 2A, i.e., more cell
growth consumed more glucose and increased N concentration led to an increase in both
cell growth and glucose consumption. Thus, a proper C/N ratio is critical to achieving
high cell growth with a high substrate utilization rate.
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Overall, the cellular AX content increased with time during fermentation and was
significantly affected by the C/N ratio. The highest N concentration (i.e., the lowest C/N
ratio of 5) resulted in the highest AX accumulation rate and AX content of 3.67 mg/g
DCM at 96 h (Figure 2C). In a comparison of AX production between C/N ratios of 5
and 10–25, a higher C/N ratio was found to slow down AX accumulation and reduce
AX content. In addition, AX content for C/N ratios of 10–25 showed insignificant change
after 72 or 96 h of fermentation. The reduction of AX production and DCM could indicate
nitrogen deficiency. ATP-citrate lyase (ACL) is an enzyme that supplies acetyl-CoA for
carotenoid accumulation in X. dendrorhous, and the production of AX is subject to ACL
activity [25]. Nitrogen depletion may cause the reduction of ACL activity, thereby repressing
AX production [25]. As hypothesized by Chávez-Cabrera et al., there may be a second
isoform of ACL that affects the balance between lipid and carotenoid synthesis and drives
the metabolism pathway toward lipid over carotenoid production upon nitrogen deficiency,
thereby reducing AX production [25,26]. In addition, the C/N ratio can cause differences
in the proteomics profile. Wang et al. reported that a high C/N ratio (e.g., 76/1) led to
significant alteration in expression of nine proteins involved in the synthesis of AX and
reduced cellular AX content [27]. According to Figure 2A,C, the optimum N concentration
was 8 g/L (3 g/L yeast extract and 5 g/L of peptone) with the glucose concentration being
fixed at 40 g/L, which achieved both the highest cell growth and AX content. In fed-batch
operation, the C/N ratio could be manipulated to achieve high cell growth under lower
C/N ratios in the first stage and high AX content under higher C/N ratio at the second
stage, as suggested in [14].

3.3. Astaxanthin Production with Meat and Bone Meal Hydrolysates (MBMHs) as
Nitrogen Sources

Under different hydrolysis methods, the time (4 and 8 h) had little effect on the yield of
MBMHs in terms of nitrogen content (Table 3). In comparison, alkaline hydrolysis was more
efficient than enzymatic hydrolysis, and achieved MBMHs with higher nitrogen content
of 2.9–3.1% within 4–8 h, while enzymatic MBMHs had nitrogen contents of 1.8–2.3%
at 4 h and 1.9–2.8% at 8 h, varying by enzyme source and hydrolysis time. In contrast,
hydrolysis time was found to have a significant effect on enzymatic hydrolysis of poultry
byproducts for nitrogen generation in a study by Taheri et al. [28], which could be because
the hydrolysis time used in this research was much longer.

Alkaline and enzymatic MBMHs were used as nitrogen sources for X. dendrorhous
fermentation to produce AX at 40 g/L glucose. YNB solution was used to supplement the
fermentation media to stimulate cell growth and AX production [29]. The DCM, residual
glucose concentration, and AX content after 120 h of fermentation were all measured
(Table 3). Different MBMHs exhibited different abilities with respect to supporting cell
growth. X. dendrorhous was unable to grow in the media with certain enzymatic MBMHs,
including AM4, AM8, FM4, Pb4, and Pk4, which could be due to inhibition caused by
unknown inhibitors in these MBMHs. However, X. dendrorhous could grow very well with
other MBMHs, including FM8, Pb8, Pk8, and CM4/8/16, and achieved DCMs of 2.3, 3.1,
5.0, and 4.7/3.1/5.7 g/L, respectively. Hence, except for AM, time (i.e., 8 h) was critical
in enzymatic hydrolysis of MBM to prepare consumable MBMHs to support cell growth,
while all selected time periods (4, 8, and 16 h) for alkaline hydrolysis with Ca(OH)2 worked
well to prepare amenable MBMHs to support cell growth. It was observed that Pk8 resulted
in the highest DCM (5.0 g/L) among all MBMHs except for CM16 (DCM of 5.7 g/L), even
though its nitrogen content was the lowest. However, CM16 took twice as long (16 h vs.
8 h) as Pk8 to achieve only 0.7 g/L more DCM. Therefore, the nitrogen source seems to
be more important than the nitrogen content in achieving a high DCM of X. dendrorhous.
YNB supplementation enhanced cell growth to the extent of 6% (YCM8)~350% (YFM8),
varying with the type of MBMHs (Table 3), as compared to fermentation without YNB
supplementation. It was noticed that FM8 had the lowest DCM (2.3 g/L), while YFM8
increased DCM to 10.2 g/L, the highest improvement. This finding suggests that YNB
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could have a synergistic effect with FM8. However, AM4, AM8, FM4, Pb4, and Pk4 did not
have any cell growth even in the presence of YNB (YAM4, YAM8, YFM4, YPb4, and YPk4).

Table 3. Meat and bone meal hydrolysate fermentation results.

MBMHs Nitrogen Content
(wt%, g/g Medium) DCM (g/L) Astaxanthin Content

(mg/g DCM)
Residual Glucose

Concentration (g/L)

AM4 2.29 ± 0.03 - - d -
AM8 2.17 ± 0.08 - - d -
FM4 2.17 ± 0.04 - - d -
FM8 2.78 ± 0.02 2.28 ± 0.04 0.09 ± 0.05 d 16 ± 1.96
Pb4 1.84 ± 0 - - -
Pb8 2.2 ± 0.01 3.06 ± 0.48 0.52 ± 0.14 c 13.04 ± 0.5
Pk4 1.9 ± 0.02 - - -
Pk8 1.85 ± 0.05 4.96 ± 1.44 0.75 ± 0.11 bc 11.55 ± 0.39
CM4 3.1 ± 0 4.66 ± 0.56 1.02 ± 0.12 a 14.81 ± 1.13
CM8 2.96 ± 0.01 3.85 ± 1.19 0.79 ± 0.03 ab 12.68 ± 0.8

CM16 2.91 ± 0.01 5.71 ± 0.49 0.81 ± 0.05 ab 13.13 ± 1

YAM4 2.29 ± 0.03 - - A -
YAM8 2.17 ± 0.08 - - A -
YFM4 2.17 ± 0.04 - - A -
YFM8 2.78 ± 0.02 10.18 ± 0.44 0.57 ± 0.61 A 17.54 ± 1.29
YPb4 1.84 ± 0 - - -
YPb8 2.2 ± 0.01 4.36 ± 0.04 0.66 ± 0.05 A 9.39 ± 0.61
YPk4 1.9 ± 0.02 - - -
YPk8 1.85 ± 0.05 5.99 ± 0.37 0.71 ± 0.06 A 5.72 ± 0.18
YCM4 3.1 ± 0 10.89 ± 2.15 0.21 ± 0.04 A 9.34 ± 2.81
YCM8 2.96 ± 0.01 4.08 ± 0.48 0.35 ± 0.12 A 10.85 ± 0.42

YCM16 2.91 ± 0.01 11.47 ± 0.99 0.26 ± 0.12 A 5.9 ± 1.39

Note: “-” denotes no cell growth and was treated as 0 for statistical analysis. In the astaxanthin column (the fourth
column), the different lowercase letters indicate significant differences among MBMHs without YNB supplemen-
tation, while different capital letters indicate significant differences among MBMHs with YNB supplementation.

With the same initial glucose concentration of 40 g/L, a higher residual glucose
concentration means less glucose was consumed. Overall, MBMHs that achieved higher
DCM had lower residual glucose (Table 3). For instance, FM8 (DCM = 2.3 g/L) and
CM16 (DCM = 5.7 g/L) had 16 and 13 g/L residual glucose, respectively. Meanwhile,
alkaline MBMHs appeared to have higher glucose utilization efficiency than their enzymatic
counterparts, achieving higher DCM with similar or even lower glucose consumption,
e.g., CM4 and CM16 vs. Pb8. Supplementation with YNB resulted in less residual glucose
compared to MBMHs without YNB, which could be because YNB promoted cell growth,
which led to more glucose being consumed. However, cell growth and glucose consumption
were not consistent between different MBMHs in the presence of YNB, i.e., higher DCM
did not cause lower residual glucose. For example, YFM8 achieved 10.2 g/L DCM, higher
than the other MBMHs with YNB except for YCM4 and YCM16, while it had the highest
residual glucose of 17.5 g/L among all MBMHs with YNB. This result indicates that YNB
can enhance carbon utilization efficiency by a synergistic effect with MBMHs to stimulate
cell growth.

The different methods used to prepare MBMHs had significant impacts on AX pro-
duction (Table 3). Cellular AX contents varied greatly among all MBMHs, from almost
0 (e.g., AM4) to 1.02 (CM4) mg/g, and all three alkaline MBMHs achieved significantly
higher AX contents that enzymatic MBMHs. Of the enzymatic MBMHs, Pk8 led to the
highest AX content (0.75 mg/g), while CM4 achieved the highest AX content (1.02 mg/g)
among all alkaline MBMHs. In addition, high DCM was not accompanied by high AX
content, which was consistent with the results from Sections 3.1 and 3.2. Overall, it was
found that the presence of YNB resulted in insignificant differences among different MBMH
preparation methods, which could mean that YNB was important for AX production and
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overrode the impact of the method on AX production. However, as expected, the addition
of YNB increased the AX contents of FM8 and Pb8 significantly, from 0.09 and 0.52 mg/g
to 0.57 (YFM8) and 0.66 (YPb8) mg/g, respectively, while the AX content of Pk8 decreased
slightly, from 0.75 to 0.71 mg/g (YPk8). Kim et al. reported that minerals (e.g., calcium
dichloride, manganese sulfate, and magnesium sulfate) in YNB could significantly enhance
the production of AX by the X. dendrorhous mutant strain JH1 [30]. In contrast, the presence
of YNB resulted in significant reduction (55~80%) of the AX contents of alkaline MBMHs,
even though cell growth was greatly increased, e.g., the AX content of CM4 decreased from
1.02 to 0.21 mg/g. In our experiments, the addition of YNB to alkaline MBMHs generated
flocculant-like substances, which could impair AX accumulation for unknown reasons.
Overall, while MBMHs can be used as nitrogen sources for X. dendrorhous fermentation to
produce AX, they are not comparable to yeast extract and peptone. In addition, different
MBMHs with and without YNB resulted in very different cell growth and AX contents, even
with similar nitrogen contents, which indicates that the nitrogen source is more important
than the nitrogen content in supporting X. dendrorhous growth for AX production.

3.4. Fermentation with Lyophilized Meat and Bone Meal Hydrolysates (LMBMHs) as
Nitrogen Sources

Lyophilized MBMHs (LMBMHs) were used as nitrogen sources for fermentation with
and without YNB supplement for AX production by X. dendrorhous under the same C/N
ratio, where the medium included 40 g/L of glucose and LMBMHs (with the same nitrogen
content as the sum of 3 g/L of yeast extract and 5 g/L of peptone). The effects of LMBMHs
on cell growth, glucose consumption, and AX production varied with the LMBMH source
in the absence of YNB, while the LMBMHs had better fermentation performance in all
fermentation parameters (i.e., increase of glucose consumption and AX content) in the
presence of YNB compared to the results for liquid MBMHs in Section 3.3. For example, the
maximum AX content of 1.58 mg/g DCM was achieved by YPk8 with LMBMHs (Figure 3),
much higher than the 0.71 mg/g DCM resulting from its counterpart with MBMHs (Table 3).
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LMBMHs benefited cell growth with AM4, AM8, FM4, Pb4, and Pk4 as the nitrogen
source compared to their counterparts with MBMHs. Except for AM4/AM8, cell growth
with LMBMHs had a much longer lag phase (72 h for enzymatic LMBMHs and 96 h for al-
kaline LMBMHs) and was much slower in the exponential phase than in the corresponding
MBMHs (Section 3.3). Similar results were reported in other studies with the microalga
Schizochytrium limacinum SR-21 and fungus P. irregulare had no or slight cell growth using
alkaline MBMHs due to the inhibition of cross-linked amino acids [8,9]. It was found
that glucose concentration decreased rapidly in the first 24 h (for enzymatic LMBMHs)
(Figure 4D,F,H) or 48 h (for alkaline LMBMHs) (Figure 4J) during the lag phase, followed
by a slight change (i.e., about 50% glucose was unutilized). These findings could indicate
that freeze-drying changed the properties of MBMHs by making them more digestible to X.
dendrorhous. Therefore, the ratio of C to digestible N for LMBMHs was higher than that
of MBMHs.
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Figure 4. Cell growth (A,C,E,G,I) and glucose consumption (B,D,F,H,J) during fermentation with
LMBMHs produced from MBM hydrolysis by (A,B) Alcalase® 2.4 L, (C,D) Flavourzyme®, (E,F) Bac-
terial proteinase, (G,H) Proteinase K, and (I,J) Calcium hydroxide as nitrogen sources with and
without YNB supplement. The glucose concentration was 40 g/L. The LMBMHs were loaded to
achieve a C/N elemental ratio of 15, corresponding to the control nitrogen source with 3 g/L yeast
extract and 5 g/L peptone. The temperature, pH, and shaking speed were 25 ◦C, pH 5.0, and
200 rpm, respectively.

The addition of YNB improved cell growth and AX content significantly, and no
lag phase was found for all LMBMHs except for YPk4 and YPk8, of which the lag phase
was 24 h (vs. 72 h without YNB), while the cell growth rate was increased significantly
(Figure 4A,C,E,G,I). These results indicate that YNB significantly facilitated cell growth
and AX production. Although the addition of YNB had only slightly positive (Figure 4D,J)
or little (Figure 4F,H) effect on glucose consumption (Figure 4D,F,H,J), the AX production
was significantly improved (Figure 3). With YNB supplementation, cell growth and AX
content with LMBMHs were improved approximately two-fold in comparison to MBMHs.
Similar results were observed by Stoklosa et al., who reported that mineral supplementation
improved sugar utilization and AX production during X. dendrorhous fermentation of sweet
sorghum juice [31].

In addition, the LMBMH source had a significant effect on AX content without YNB
supplementation (the left half of Figure 3), and the enzymatic LMBMHs achieved higher
AX content than the alkaline counterparts (CM4, 8, and 16), and AM4 resulted in the highest
AX content of 0.81 mg/g DCM, which was opposite to MBMHs (Table 3), with alkaline
MBMHs better than their enzymatic counterparts. In addition, it was found that enzymatic
and alkaline LMBMHs were respectively better and worse than their MBMHs counterparts
regarding AX content. In the presence of YNB, LMBMHs achieved higher AX content than
MBMHs (the right half of Figure 3 vs. Table 3). Similar to MBMHs, the presence of YNB
overrode the effect of the LMBMH source on AX content, i.e., the AX content resulting from
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different LMBMHs showed insignificant differences when YNB was supplied (the right
half of Figure 3). Taking the best case of YPk8 as an example, a simplified mass balance
was conducted based on 1 kg raw MBM, showing that 70.5 mg AX could be achieved
(Figure 5). Overall, freeze-drying improved the digestibility of LMBMHs for X. dendrorhous
fermentation. The amino acid profiles of MBMHs and LMBMHs need to be analyzed to
reveal the property change of MBMHs resulting from freeze-drying. YNB is an effective
supplement to promote AX production and sugar consumption in the case of LMBMHs
used as nitrogen sources.
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4. Conclusions

MBM can serve as an effective nitrogen source for X. dendrorhous to produce AX,
however, the efficiency depends on the method and conditions that are used to process
the MBM as well as on the nitrogen source. In addition, the fermentation process can
be optimized to further improve AX production. In terms of cellular AX content, 40 g/L
glucose and 8 g/L nitrogen (3 g/L yeast extract+5 g/L peptone) loadings were the best
conditions in this study, achieving the maximum AX content of 3.69 mg/g DCM. A balanced
C/N ratio is a key factor affecting both cell growth and AX accumulation, i.e., a low C/N
ratio was favorable for cell growth, while a high C/N ratio benefited AX accumulation.
As a result, the C/N ratio should be well controlled to achieve a trade-off between cell
growth and AX production by X. dendrorhous. Hydrolysis time and method had significant
effects on MBMHs digestibility to X. dendrorhous and its yield in terms of nitrogen. As an
alternative nitrogen source to yeast extract and peptone, enzymatic MBMHs were generally
better than alkaline MBMHs, achieving higher cell growth and AX content. The maximum
DCM and AX content could reach 4.66 g/L and 1.02 mg/g DCM, respectively. While the
addition of YNB to MBMH media increased cell growth, it did not improve or only slightly
improved AX content. A fed-batch approach could be used to mitigate this conflict in
order to achieve both high cell growth and AX accumulation. Freeze-drying improved
the digestibility of MBMHs, resulting in higher cell growth and AX accumulation with
LMBMHs as a nitrogen source in the presence or absence of YNB compared to MBMHs,
with the maximum DCM (3.99 g/L) and AX content (1.58 mg/g DCM) achieved by YPk8.
This work could provide the rendering industry with an alternative value-added outlet for
MBM through its use in AX production by X. dendrorhous.
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