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Rhodotorula paludigena CM33 is an oleaginous yeast that accumulates lipids
and carotenoids intracellularly. The first objective of this study was to improve the
utilization of crude glycerol, as a substrate for cultivating R. paludigena CM33 and to
use the Response Surface Methodology (RSM) to optimize factors influencing its growth
and enhance carotenoid production. The results of this study revealed that the optimal
conditions for carotenoid production were achieved by using 40 g/L of crude glycerol,
0.72 g/L of yeast extract, and 0.43 g/L of (NHg),SQ, resulting in a carotenoid yield of
382 pg/e. The maximum dry cell weight and carotenoid concentration obtained were
45.38+1.05 ¢/L and 15.39+0.03 mg/g, respectively, in 500-L fed-batch fermentation.
The findings demonstrate that culturing R. paludigena CM33 with crude glycerol,
combined with fed-batch fermentation in a 500-liter fermenter, efficiently enhances
the carotenoid concentration.

The second objective was to improve the harvesting, extraction, and separation
of carotenoids from the cells of R. paludigena CM33. This was achieved by harvesting
the cells through a microfiltration process, then disrupting the cell walls and extracting
carotenoids using a high-pressure homogenizer (HPH) in experiment design with the
RSM. The carotenoids were subsequently separated using preparative high-
performance liquid chromatography (prep HPLC), and their types were analyzed using
HPLC, LC-MS, and NMR techniques. The results revealed that the cake accounted for
85.38% of the overall resistance, while the adsorption resistance accounted for 12.62%.
The use of HPH for cell disruption and carotenoid extraction, along with RSM, revealed
that a pressure of 30,000 psi, 4 passes, and a 5% feed led to increased cell disruption.
After passing through prep HPLC, the analysis using HPLC, LC-MS, and NMR techniques

confirmed the identification of the main carotenoid as B-carotene. These results



demonstrated the potential of microfiltration, cell disruption, and carotenoid
extraction using a high-pressure homogenizer, as well as preparative HPLC for efficient
carotenoid extraction and separation in R. paludigena CM33 cells.

The third objective was to assess the effects of incorporating different levels of
R. paludigena CM33 (RD) in the dietary composition on the growth, immune-related
gene expression, intestinal health, resistance to Vibrio parahaemolyticus (VPauenp)
infection, and meat composition of shrimp (Litopenaeus vannamei). The results
demonstrated significant improvements in the specific growth rate, weight gain, and
survival of shrimp fed with 1% RD, 2% RD, and 5% RD. Administration of 5% RD led to
a reduction in cumulative mortality following the VPyuenp challenge. Furthermore, the
expression levels of immune-responsive genes, such as the proPO system
(prophenoloxidase-2:  PO2), antioxidant enzymes (superoxide dismutase: SOD,
glutathione peroxidase: GPX, and catalase: CAT), JAK/STAT pathway (signal transducer
and activator of transcription: STAT, gamma interferon-inducible lysosomal thiol
reductase: GILT), IMD pathway (inhibitor of nuclear factor kappa-B kinase subunit beta
and epsilon: IKKb and IKKe), and Toll pathway (Lysozyme) genes, were up-regulated in
the 5% RD group. Microbiome analysis revealed that the genus level, Vibrio was found
to be reduced in the 5% RD group, whereas the abundance of potentially beneficial
bacteria, such as Bifidobacterium, increased. The 5% RD group exhibited a significant
increase in crude protein and crude lipid levels, which are essential nutrients. These
results indicate that R. paludigena CM33 has the potential to serve as a probiotic
supplement in shrimp feed, improving growth, disease resistance against VPayeno, and

meat quality by increasing protein and lipid content in shrimp.
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CHAPTER 1
INTRODUCTION

1.1 Background

Carotenoids are vibrant organic compounds that exhibit colors ranging from
yellow to red. They can be found in various organisms, including plants, animals, algae,
bacteria, and yeast (Maldonade et al., 2008; Mata-Goémez et al., 2014). There are two
groups consist of carotene and xanthophylls (Bhosale & Bernstein, 2005). Furthermore,
carotenoid pigments have recently become widely used in industries such as
cosmetics, pharmaceuticals, chemicals, and food supplements, making them
expensive (Mata-Gomez et al,, 2014). Commercial carotenoids can be produced
through vegetable extraction or chemical synthesis. However, chemical synthesis can
result in hazardous waste that can negatively impact the environment. Plant-based
production of carotenoids can be challenging due to geographic variability and
seasonal limitations. In contrast, microbial production can utilize low-cost substrates,
resulting in a more cost-effective method for producing carotenoids (Maldonade et al.,
2008). Using oleaginous yeast for carotenoids production is a promising alternative that
could help reduce costs in the industry (Valduga et al., 2014).

Oleaginous yeast cultivation has the potential to utilize industry waste to
accumulate intracellular carotenoids and produce lipids. In addition, these yeasts can
utilize agricultural waste products such as crude glycerol and wastewater, making them
a sustainable option for carotenoid production (Mata-Gomez et al., 2014). Oleaginous
yeast is known to accumulate high levels of intracellular lipids, with some strains
capable of producing up to 20 — 25% lipid content (Breil et al., 2016). The yeast strain
Rhodotorula paludigena CM33 has been successfully used to produce a high lipid
content of 23.9% dry cell weight when grown on glucose (Gosalawit et al., 2021).
In addition, several oleaginous yeast strains have been found to produce carotenoids,
including Rhodotorula spp., Sporobolomyces roseus, S. salmonicolor, and Phaffia

rohdozyma. The majority of these products are B-carotene, astaxanthin, torulene,



a-carotene, and torularodine (Mata-Gomez et al,, 2014; Valduga et al,, 2014). The
carotenoid profiles of yeast cultures can be significantly influenced by various factors,
including nitrogen and carbon sources, pH levels, ligsht exposure, temperature, and
other environmental conditions (Mata-Gomez et al., 2014). Furthermore, R. glutinis 32
was found to utilize glucose as a carbon source and produce a mixture of carotenoids.
Specifically, the carotenoid profile consisted of approximately 80% B-carotene, 17%
torulene, and 2.3% torularodine (Bhosale & Gadre, 2001a). When beet molasses was
used as a carbon source, R. glutinis DBVPG 3853 was found to produce a mixture of
carotenoids. The carotenoid profile was comprised of approximately 3.1% B-carotene,
9.6% torulene, and 80.7% torularodine (Buzzini & Martini, 2000). Furthermore, the use
of alternative substrates derived from agricultural waste materials can significantly
reduce the production costs of carotenoids. These substrates include potato medium,
whey, chicken feathers, and crude glycerol. For example, R. glutinis was successfully
used to produce B-carotene (at a concentration of 46 mg/L) when cultivated in whey
(Marova et al.,, 2012). R. glutinis MT-5 has been demonstrated to be capable of
producing B-carotene at a concentration of 92 mg/L when cultivated using chicken
feathers as a substrate (Taskin et al., 2011). Moreover, R. glutinis has been employed
to produce B-carotene (at a concentration of 135.2 mg/L) using crude glycerol as a
substrate. Crude glycerol is a waste byproduct of biodiesel production that is both
low-cost and readily available (Anitha et al., 2016). Therefore, crude glycerol enhances
the carotenoids production while decreasing the costs of cultivation (Mata-Gomez et
al,, 2014; Saenge et al,, 2011). Based on the aforementioned research, it is therefore
interesting to consider cultivating R. paludigena CM33 using crude glycerol in order to
enhance carotenoid production.

Shrimp farming, particularly of Litopenaeus vannamei, is among the most
economical aquaculture practices worldwide (Landsman et al., 2019). In Thailand, the
total shrimp market value for July 2020 and June 2021 was $885 million (Schmitz &
Nguyen, 2022). Major markets for the exports include Japan, the US, China, ASEAN
countries, and South Korea (Asche et al., 2022). Despite its economic significance, large-
scale shrimp farming faces several challenges, notably outbreaks of diseases such as
acute hepatopancreatic necrosis disease (AHPND), early mortality syndrome (EMS), and

hepatopancreas necrosis syndrome (HPNS), which significantly affect shrimp yield



(Kumar et al., 2020).Yeast (probiotic) offer positive impacts on the animal gut, provide
health benefits to the host, mitigate diseases in shrimp aquaculture, and have gained
popularity among shrimp farmers (Knipe et al., 2021). Regarding yeast, several studies
have indicated its beneficial effects on growth, stress resistance, immune responses,
and disease resistance against aquaculture pathogens (Ayiku et al., 2020). Additionally,
It is reported that dietary supplementation with carotenoids contributes to a higher
survival rate than the control group (Yu et al., 2020). R. paludigena has gained
recognition as a dependable producer of carotenoids (Wang et al., 2019a). Published
studies on the application of R. paludigena have mainly focused on accumulating
neutral lipids for biodiesel production (Gosalawit et al., 2021). However, there is a lack
of literature reports regarding the effects of R paludigena on growth, immune
response, intestinal health, and disease resistance in shrimp and other aquatic animals.
Such studies could provide valuable guidance for shrimp production practices.

The objective of this study is to develop a carotenoid production process for R.
paludigena CM33 using crude glycerol as the substrate in a 500-L fermenter. The goal
is to increase the quality of the products with crude glycerol as a substrate and reduce
cultivation costs. Additionally, this study explores two applications for the produced
carotenoids. The first application, after developing the cultivation process to obtain
higher yields of carotenoids, is to investigate efficient methods for harvesting,
extraction, and separation to enhance the effectiveness of the obtained carotenoids.
The subsequent application involves using R. paludigena CM33 as a probiotic to

enhance growth rates, disease resistance, and improve the quality of shrimp meat.

1.2 Research objectives

1.2.1 Optimizing the utilization of crude glycerol in the cultivation of R. paludigena
CM33 for carotenoid production in a 500-L fermenter.

1.2.2 Optimization of the harvesting, extraction, and separation of carotenoids
from R. paludigena CM33 cells.

1.2.3 The potential of R. paludigena CM33 as a probiotic for white shrimp.



CHAPTER 2
LITERATURE REVIEW

2.1 Rhodotorula sp.

Rhodotorula is a genus of pigmented unicellular yeasts that belongs to the family
Cryptococcaceae within the phylum Basidiomycota, as well as the subfamily
Rhodotorulodae (Hawksworth et al., 1996). These yeasts are anamorphic, and certain
species among them are important in food spoilage or the fermentation industry (Yeeh,
1999). These Rhodotorula strains have polyphyletic cells that exhibit various shapes,
including ovoid, subsglobose, elongated, and ellipsoidal. Asexual reproduction in
Rhodotorula predominantly occurs through multilateral and polar budding, although
some strains occasionally undergo the sexual reproduction life cycle, which can
involve the formation of pseudohyphae (Kurtzman et al., 2011). As a result of
carotenoid pigment synthesis, the colonies exhibit shades of red, orange, or yellow
(Yeeh, 1999). As widespread saprophytic yeasts, Rhodotorula species can be found in
a wide range of habitats, spanning from the equator to the poles and encompassing
both land and water. Rhodotorula strains can develop on various surfaces and thrive
in diverse ecolosical settings, including the soil, air, and manure, as well as within the
bodies of plants, animals, and some lower species (Wirth & Goldani, 2012).

Rhodotorula can grow in solid minimal synthesis medium without the need for
vitamins. It grows well at 30°C and does not produce ethanol when cultivated on high-
glucose media under aerobic conditions (Yeeh, 1999). The production of natural
carotenoids through biosynthesis is one of the most prominent qualities of
Rhodotorula. The biomass of Rhodotorula, with its rich colors, can also be utilized as
a high-quality, single-cell protein source, making it a desirable addition to animal feed
(Tang et al,, 2019). Moreover, the Rhodotorula strain, being oleaginous, produces lipids
and fatty acids. In a previous study, Rhodotorula paludigena CM33 was screened using
NR fluorescent dye labeling and flow cytometry techniques, with castor beans (Ricinus

sp.) serving as the substrate. The study also demonstrated the ability of R. paludigena



CM33 to utilize industrial byproducts such as molasses and crude glycerol as carbon
sources. The resulting biomass exhibited concentrations of 16.5 ¢/L of lipid, 37.1% DCW
(dry cell weight) of lipid, and 6.1 ¢/L of lipid concentration (Gosalawit et al., 2021).
Furthermore, depending on the carbon substrates, the oleaginous yeast R. paludigena
CM33 can intracellularly accumulate 20-27% lipids. The majority of these lipids consist
of oleic acid (C18:1) and palmitic acid (C16:0), along with a few other fatty acids. The
bio-oil, as determined by simulated distillation gas chromatography, exhibited a
composition of 2.6% heavy naphtha, 20.7% kerosene, 24.3% biodiesel, and 52.4% fuel
oil (Poopisut et al., 2023).

2.2 Carotenoid production in Rhodotorula sp.

Carotenoids play a crucial role in pharmaceuticals, chemicals, and cosmetics,
serving as important compounds. Some carotenoids also act as precursors of vitamin
A (Prabhala et al.,, 1993). Furthermore, carotenoids have long been utilized as natural
colorants in the food industry (Rodrigues et al., 2019). Neurospora crassa and Blakeslea
trispora are fungi that accumulate carotenoids, while the genera Rhodotorula sp.,
Rhodosporidium sp., and Sporobolomyces sp. are yeasts that produce carotenoids.
The carotenoids in fungi are produced through the ergosterol pathway and accumulate
when exposed to light conditions (Schweiggert & Carle, 2016). Yeasts are the primary
producers of B-carotene, along with other carotenoids such as torulene, torularhodin,
and y-carotene (Moliné et al., 2010). Some researchers have reported the production
of carotenoids from various Rhodotorula species using different substrates as carbon

sources, as summarized in Table 2.1.



Table 2.1 Comparison of carotenoid production by Rhodotorula species grown on

various substrates as carbon sources.

Rhodotorula species Carbon Total carotenoids Reference
source (mg/g dry cells)

R. elutinis 32 Glucose 54 (Bhosale &

Gadre, 2001a)

R. elutinis KCTC Sugar cane 0.295 (Park et al,,
molasses 2007)

R. glutinis 32 Sugar cane 2.36 (Bhosale &
molasses Gadre, 2001b)

R. mucilaginosa NRRR-  Whey 29.2 (Aksu & Eren,

2502 2005)

R.glutinis DBVPG 3853 + Corn syrup 0.535 (Buzzini, 2001)

Debaryomyces castellii

DBVPG 3503

These terpenoid pigments consist of 40 carbon atoms and can be classified into
two groups: carotenes and xanthophylls. They are soluble in nonpolar solvents.
Xanthophylls, such as astaxanthin and canthaxanthin, contain more than one oxygen
functional group, whereas carotenes, such as B-carotene and torulene, consist of
hydrocarbon skeletons (Britton, 2008). The biosynthetic pathway of carotenoids in
yeasts consists of three steps. In the first step, acetyl CoA is converted to B-Hydroxy
B-methylglutaryl-CoA (HMG-CoA) by HMG-CoA synthase. HMG-CoA is then converted
into mevalonic acid (MVA). Mevalonic acid (MVA) is further converted to Isopentenyl
pyrophosphate (IPP) by MVA kinase. In the second step, three IPP molecules combine
to form dimethylallyl pyrophosphate (DMAPP) through the action of prenyltransferase.
DMAPP is then catalyzed to geranylgeranyl-diphosphate (GGPP). Two molecules of
GGPP are involved in the synthesis of phytoene, which undergoes a desaturation
process to form lycopene. In the final step, lycopene serves as a precursor for
carotenoid cyclic compounds, leading to the production of y-carotene. y-carotene is a

major branching point and a precursor for the synthesis of B-carotene and torulene.



Torulene can be further transformed into torularhodin through hydroxylation and
oxidation. Astaxanthin biosynthesis involves several steps, including the conversion of
lycopene, B-carotene, and echinenone to astaxanthin (Frengova & Beshkova, 2009). 4-
keto-torulene converts to 3-hydroxy-3',4"-didehydro-B, phi-carotene-4-one (HDCO), and
HDCO further converts to 3,3'-dihydroxy-p, phi-carotene-4,4'-dione (DCD), ultimately

resulting in the production of trans-astaxanthin, as shown in Figure 2.1.
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Figure 2.1 Biosynthetic pathway in Rhodotorula species (Frengova & Beshkova, 2009).

2.3 Factors affecting carotenoid production in Rhodotorula sp.

The most crucial element in carotenoid formation is the availability of carbon.
Under aerobic fermentation conditions, the glycolytic process utilizes glucose or other
carbohydrates to enhance pigment synthesis (Hannibal et al., 2000). When R. glutinis is
grown with sodium acetate as the carbon source and exposed to light, it enhances B-
carotene accumulation (Gong et al., 2020). The B-carotene content was 24.6 pg/g when
exposed to LED lamps, whereas in the absence of light, it was 14.69 ug/g (Yen & Zhang,
2011). Temperature has a significant impact on cell growth and metabolite production,

including carotenogenesis, as it influences the biosynthetic pathways. R. glutinis DM 28



exhibited the highest carotenoid production when cultured at 29 and 30 °C (Malisorn
& Suntornsuk, 2008). The growth rate, cell mass, and carotenogenesis are influenced
by the airflow rate. Additionally, low oxygen levels have an impact on carotenoid and
xanthophyll production. The biomass reached 8.17 ¢/L when the aeration was
increased from 0 to 2 vwvm (Saenge et al., 2011). Additionally, when 10 g/L of ethanol
and 5 ¢/L of acetic acid were added to the media of P. Rhodozyma, the carotenoid
concentrations reached 45.62 mg/L and 43.87 mg/L, respectively (Kim et al., 2003).
Many factors have been implicated in the increasing buildup of carotenoid
concentrations in yeast. Factors such as growth rate and biomass should be considered

while cultivating yeast for carotenoid synthesis.

2.4 Upstream and Downstream
2.4.1 Fermenter

Microorganisms predigest or break down complex organic compounds into
simpler forms during fermentation. Alcohol and other key byproducts of some
fermentations are gases. Beer, wine, leavened bread, and cheese were the first foods
to be fermented. Pickles, sauerkraut, vinegar, butter, and a variety of traditional
alcoholic beverages are just a few examples of the fermented foods that are popular
throughout East Asia (Krishna, 2005). Microorganisms in the industry are capable of
producing chemical compounds, enzymes, and pharmaceuticals. These tiny organisms
can be cultivated in fermenters using either solid or liquid media. Additionally, they
have a fast growth rate and can yield significant quantities within a short period of time.
Moreover, they can thrive under unique growth conditions. Products can be obtained
through batch or continuous cultivation methods. Figure 2.2 illustrates a diagram of a

fermenter.
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Figure 2.2 A diagram of fermenter (Bioninja, 2021).

The fermenter is equipped with probes and sensors to monitor cell cultivation
conditions. Motorized stirring paddles are responsible for distributing heat and ensuring
the even stirring of materials within the reaction chamber. An aerator is used to
introduce compressed air into the chamber, while a defoamer is employed to prevent
the formation of foam. Acid/base inlets are provided to regulate the pH levels within
the chamber, as the formation of the product may alter the pH (Bioninja, 2021). These

components and their functions are depicted in Figure 2.2.

2.4.2 High Pressure Homogenizer or microfluidics
High-pressure homogenization (HPH) reduces particle size and enhances
homogeneity, resulting in highly efficient emulsions or suspensions. This process
involves applying high pressure to push sample fluids through a narrow gap over a very
short distance. The shear effects caused by liquid fluid shear can increase the
temperature by 14-18 °C per 100 MPa (Lammari et al, 2021). High-pressure
homogenization (HPH) involves shear forces and cavitation, resulting in the reduction

of particle size and the formation of emulsions or suspensions, as depicted in
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Figure 2.3 HPH finds application in various areas such as nano-emulsion preparation,
enzymatic inactivation, and the food sector. The potential of HPH is significant due to
its diverse range of applications. Furthermore, the development of HPH technology for
particle size reduction is an area of growing interest, including its application in yeast
preparation (Comuzzo & Calligaris, 2019). In a previous study, In the HPH method, three
homogenization cycles were conducted at a pressure of 80 MPa and a bacterial liquid
concentration of 8% (Liu et al,, 2019). The yeast strain GYB40-10s utilized HPH with a
pressure of up to 100 MPa to enhance energy yield, yielding similar results (Ekpeni et
al,, 2015). Furthermore, autolysis using HPH treatment (200 - 600 bar, 3 passes)
enhanced the extraction of B-glucan from Saccharomyces cerevisiae cells (Dimopoulos
et al., 2020). In a previous study, carotenoid extraction was performed using HPH at a
pressure of 80 MPa (11,603 psi) applied to an 8% biomass concentration and with 3
passes of Sporidiobolus pararoseus cells (Liu et al., 2019). Additionally, HPH was
explored as a cell disruption method for extracting carotenoids from Desmodesmus
sp. F51 (Xie et al.,, 2016). To achieve the desired results, the samples are often

subjected to multiple passes through a high-pressure homogenizer (Nemer et al., 2021).

Figure 2.3 Characteristics of the high-pressure homogenizer.
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2.4.3 Pure Flash/Prep HPLC

The Pure Flash/Prep HPLC Model C-850 is a high-purity chromatography
system used for processing and analytical methods. It offers both Flash and Prep
modes, allowing users to select from flash systems or combination flash/prep HPLC
for small to large-scale purification of complex mixtures. The system comes with
standard UV detection, and users also have the option to add ELS detection to detect
all compounds. It features purification and high-resolution steps, making it capable of
separating various compounds such as cannabinoids, essential oils, lipids, amino acids,
sugars, polymers, and natural products, among others (AG, 2020). The characteristics
of the equipment, as shown in Figure 2.4 of the Pure Flash/Prep HPLC Model C-850,
allow for the efficient separation of the target peak from impurities. The equipment is
designed to handle sample particles of medium to large size (15 - 60 um). Its primary
objective is to separate and purify the sample (AG, 2020). In addition, a 95.8% purity
was achieved by Nie at et al.'s (Nie et al., 2021) use of Prep HPLC to separate partially
purified terpenoids obtained by high-speed countercurrent chromatography (HSCCC)

fractionation.

Figure 2.4 The characteristics of the Pure Flash/Prep HPLC Model C-850.
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2.4.4 Microfiltration

Microfiltration is a highly accurate filtration process that is used to clean or
separate macromolecules. It operates by separating particles from mixtures, eliminating
particles with sizes ranging from 0.1 to 1.5 m. Microfiltration is a low-pressure
membrane filtration technology with an inlet pressure of less than 0.2 MPa.
Microfiltration has a filtration precision that sits somewhere between traditional
filtration and heat filtration. It can separate components with diameters ranging from
0.03 to 15 m, allowing it to remove dust, turbidity, bacteria, viruses, algae, and other
impurities (Koyuncu et al,, 2015). In the food sector, microfiltration processing is
commonly used. Microfiltration is used in the biotechnology industry for a variety of
purposes, such as cell recycling and harvesting, process purification, and the separation
of recombinant proteins from cell detritus (Cassano & Basile, 2013). The characteristics
of microfiltration are shown in Figure 2.5. In addition, in a previous study, stamped
ceramic membranes were utilized for microfiltration of beer yeast solutions. Both
membranes had an outside diameter of approximately 9 mm and featured an active
layer composed of zirconia oxide with a mean pore size of 0.23 mm. When a 5% yeast
suspension was microfiltered using the smooth membrane, a steady flow of permeate
was achieved in approximately 1000 seconds. In contrast, the stamped membrane

required nearly 2000 seconds to reach a constant flux (Stopka et al., 2001).

Figure 2.5 Characteristics of microfiltration.
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2.5 White Shrimp (Litopenaeus vannamei)

L. vannamei (Boone), commonly known as Pacific white shrimp, is the most
significant shrimp species cultivated in the Americas (Cuzon et al.,, 2004). Shrimp
farming is a significant industry in tropical and subtropical regions worldwide, with
current production estimated at 1090 Mt per year (Tidwell & Allan, 2001). The Pacific
white shrimp has a high growth rate and is typically found in tropical and subtropical
regions worldwide. It thrives in temperatures above 25°C, with a preferred salinity range
of 2 to 45 ppt, and it tends to inhabit muddy bottom areas. In terms of growth, female
shrimp exhibit faster growth rates compared to males, with an average weight ranging
from 30 to 45 ¢. The life cycle of L. vannamei consists of 6 nauplii stages, followed by
3 protozoal and 3 mysis stages. Subsequently, they progress through post-larval stages
and eventually adopt a benthic lifestyle (Wei et al.,, 2014). L. vannamei is translucent-

white in color. However, as depicted in Figure 2.6, the body exhibits a bluish hue.
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Figure 2.6 The characteristic of Litopenaeus vannamei.

Recent studies have shown the beneficial effects of astaxanthin on shrimp growth,
hepatopancreas repair, and antioxidant properties. A diet supplemented with
astaxanthin at a concentration of 275.2 mg/kg resulted in increased final body weight
and caused certain visible histopathological changes in the hepatopancreas.

Furthermore, a diet containing 450 mg/kg of astaxanthin showed improvements in
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hepatopancreatic health (Yu et al, 2020). The inclusion of astaxanthin at
concentrations of 50 and 100 ppm resulted in increased weight gain and specific growth
rate (SGR) compared to the control group (Wang et al., 2020). Cultivating L. vannamei
with 2% yeast extracts as feed for 8 weeks resulted in increased weight gain and specific
growth rate compared to the control treatment (Zheng et al., 2021). Thus, the role of
carotenoids in affecting the specific growth rate, antioxidant capacity, and protection
against certain damages in shrimp is of great interest as it can contribute to increased

shrimp production and high-quality shrimp exports.

2.5.1 Pathogen of shrimp

Shrimp are among the most important species in global aquaculture trade
(H. Liu et al,, 2021; Luo et al., 2007). However, worldwide shrimp production reached
approximately 6.5 million tons in 2019, leading to the transformation of the shrimp
farming sector into a large-scale operation. Nevertheless, the expansion of shrimp
farming has been accompanied by numerous disease outbreaks, resulting in substantial
losses in shrimp output. In addition to bacterial and fungal illnesses, several viral
infections can cause significant damage (Lee et al., 2022). Vibriosis is the most common
bacterial illness affecting shrimp aquaculture. It is caused by gram-negative bacteria
from the Vibrionaceae family, including V. harveyi, V. alginolyticus, V.
parahaemolyticus, V. vulnificus, V. cholerae, and V. splendidus (Jayasree et al., 2006).
In addition, Vibriosis manifests in hatcheries as luminescence in pond water or within
the shrimp body. Increased levels of Vibrio spp. in grow-out ponds are linked to internal
and external necrosis, reduced feeding rates, gastrointestinal disturbance, red staining
of shrimp (especially the tail), increased mortality, and decreased immunity, making
shrimp more susceptible to secondary infections (El-Saadony et al., 2022).

On the other hand, viruses are highly prevalent and pervasive in the marine
environment. Among these marine viruses, the White Spot Syndrome Virus (WSSV) has
emerged as one of the most widespread and deadly threats to shrimp populations
worldwide (Sanchez-Paz, 2010). When it was first discovered in Taiwan in 1992, it rapidly
spread to Japan and almost every Asian nation. The first recorded incidence of WSSV
in the Americas occurred in 1995 in a shrimp farm in South Texas. It was hypothesized

that the introduction most likely happened through an Asian shipment of frozen-bait
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shrimp. The most recent outbreak in a WSSV-free area was reported in Brazil in 2005,
as per the guidelines of the World Organization for Animal Health (OIE) (Hasson et al,,
2006; Sanchez-Paz, 2010). White spots ranging from 0.5 to 3.0 mm in diameter may
suddenly appear on the appendages, exoskeleton, and internal surface of WSSV-
infected shrimp. However, these spots are not considered a reliable indicator for a
preliminary diagnosis of the condition. Their presence is inconsistent, and similar spots
can be caused by bacterial infections, stress, or excessive alkalinity. Additional
symptoms of WSSV include lethargy, a sudden decrease in food intake, a loose cuticle
and red coloring of the body and appendages (Sanchez-Paz, 2010). In 1992, a shrimp
RNA virus known as Taura Syndrome Virus (TSV) was first identified in Ecuadorian shrimp
raised in aquaculture. Since the initial outbreak, Taura Syndrome Disease (TSD) has
spread to the majority of shrimp-producing nations, primarily through the exchange of
shrimp seed and broodstock for aquaculture or via frozen shrimp food products
(Bamford & Zuckerman, 2021). In post-larval and juvenile phases, this disease can lead
to mortality rates ranging from 40% to 95% (Lightner, 1999). It is most commonly
associated with the nursery phase of P. vannamei and typically manifests 14 to 40
days after postlarvae are stocked in grow-out ponds or tanks (Dhar et al., 2004). Based
on the above information, this represents only a portion of bacterial and viral infections
in shrimp. Thus, highlighting the importance of prevention and treatment of these

infections to enhance shrimp production to meet consumer demands.

2.5.2 Acute Hepatopancreatic Necrosis Disease (AHPND)

Acute Hepatopancreatic Necrosis Disease (AHPND) is a severe bacterial
illness that affects shrimp, leading to high mortality rates and causing significant
financial losses in the shrimp farming sector (Zhou et al., 2023). AHPND typically breaks
out at 30-35 days after juveniles and is characterized by sudden mass mortality,
reaching up to 100% (de la Pefa et al.,, 2015). In AHPND-affected shrimp, symptoms
such as lethargy, anorexia, slow growth, empty digestive tract, and pale to white
hepatopancreas were observed. The causative agent of AHPND, Vibrio
parahaemolyticus (VP apnp), Was identified in 2013 (Tran et al., 2013). The first outbreak
of AHPND was reported in China, and since then, the disease has spread to shrimp

production in Mexico, Malaysia, Thailand, the Philippines, Vietnam, Bangladesh, and
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the United States, resulting in significant economic losses (de la Pefia et al., 2015; Dhar
et al,, 2019; Flegel, 2012; Tran et al,, 2013). Among potential treatments, antibiotics
can contribute to pathogen resistance, disinfectants or phages may result in
environmental pollution, and while immunostimulants, probiotics, recombinant
proteins, gold nanoparticles, and plant-based compounds have shown promising

effects in the laboratory (Wang et al., 2020).

2.5.3 Immune system

As an invertebrate, shrimp lack a vertebrate-like adaptive immune system.
Shrimp, on the other hand, has an effective innate immune system composed of
physical barriers as well as cellular and humoral components. The recognition of
different microbial cellular components (pathogen-associated molecular patterns,
PAMPs) by host-associated pattern recognition receptors (PRRs) activates innate
immunity, which triggers different signaling pathways and, as a result, different cellular
and humoral immune responses (Ekasari et al., 2014). Cellular defense consists of a
variety of mechanisms (phagocytosis, encapsulation, nodule formation, coagulation,
death, and so on) that are directly mediated by haemocytes. The activation of cascade
systems and humoral components in shrimp results in the release of various
compounds, including the prophenoloxidase (proPO) activating system, antioxidant
system, agslutinins, protease inhibitors, antimicrobial peptides, phosphatase, lysozyme,
and other molecules accumulated within the haemocytes (Cerenius et al., 2008).
Intriguingly, it has been discovered that comparable to insects like Tenebrio molitor
and Drosophila, the prophenoloxidase (proPO) enzyme cascade and the Toll pathway
are simultaneously activated by the same proteolytic enzymes (Hauton, 2012; Kan et
al., 2008). Similar to this, reports on the simultaneous activation of the proPO and Toll
pathways leading to the synthesis of AMPs in P. monodon have been made by gene

silencing (Figure 2.7) (Kulkarni et al., 2021).
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Figure 2.7 The shrimp immune system model (Kulkarni et al., 2021; Song & Li, 2014,
Tassanakajon et al., 2013).

In invertebrates, activated PRRs directly or indirectly initiate a range of
cellular or humoral responses, including the prophenoloxidase-activating system
(proPO), clotting mechanism, phagocytosis, and the release of NF-kB dependent
antimicrobial peptides (AMPs). These innate immune responses are controlled by signal
transduction pathways that are activated when PRRs bind to specific PAMPs (Borregaard
et al,, 2000). In both the model organism Drosophila and shrimp, three major types of
signaling pathways have been discovered: the Toll pathway, the immune deficiency
(IMD) pathway, and the JAK/STAT pathway. In Drosophila, the Toll pathway primarily
functions in defense against fungi, Gram-positive bacteria, and viruses. However, in
shrimp, the Toll pathway also responds to Gram-negative bacteria (Deepika et al., 2022,
Li & Xiang, 2013; Sreedharan et al., 2017). In controlling Gram-negative bacterial and
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viral infections, the IMD pathway plays key roles, while the JAK/STAT pathway functions
in antiviral defense (Li & Xiang, 2013). Similarly, various components of these pathways
have been identified in other crustacean species (Figure 2.8).

Antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPX), are essential components within cells for the
elimination of excessive reactive oxygen species, such as hydrogen peroxide (H,0,)
(Wang et al., 2012). SOD plays a role in scavenging superoxide anions and converting
them into hydrogen peroxide and oxygen, thus detoxifying them. Subsequently, CAT
and GPX further transform hydrogen peroxide into water and oxygen (Nordberg & Arnér,
2001). CAT, present in virtually all oxygen-respiring organisms, holds a central position
as an important antioxidant enzyme by eliminating excessive hydroperoxide and
maintaining cellular redox balance (Ryu et al., 2006). GPX serves a significant role in
detoxifying lipids and hydroperoxides, safeguarding biomembranes and other cellular
components from oxidative damage. During processes like phagocytosis and
physiological metabolism, GPX catalyzes the reduction of various hydroperoxides using

glutathione as the reducing substrate (Liu et al., 2004; Wang et al., 2012).
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Figure 2.8 The shrimp immune system model, Toll pathway, immuno-deficiency (IMD)
pathway, and Janus kinase/signal transducers and activators of transcription

(JAK/STAT) pathway (Kulkarni et al., 2021).
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2.5.4 Enhancement of shrimp immune system

In the Pacific white shrimp production chain, enhancing immunity and
disease resistance has become crucial for the sustained and sustainable growth of the
shrimp farming industry. Consequently, the utilization of immunostimulants has
emerged as a significant ecological strategy for disease management and enhancing
production in aquaculture (dos S Filho et al.,, 2023). Immunostimulants are any
substances that have an effect on the immune response mechanisms in animals
(Anderson, 1992). Bacterial cells and their components, or derivatives from bacteria,
can effectively stimulate the immune system in shrimp due to the presence of protein
molecules, specifically the receptor molecules PRRs or PRPs, known as
lipopolysaccharide binding proteins (LGBPs) and peptidoglycan recognition proteins
(PGRPs), located on the cell walls of shrimp hemocytes (Tassanakajon et al., 2013).
Currently, various forms of bacterial immunostimulants are being prepared for use in
stimulating the immune system. These include living bacteria, probiotic bacterial
strains, bacterial extracts derived from bacterial cells, and extracts obtained from the
cell walls of both Gram-positive and Gram-negative bacteria. L. plantarum exhibits
enzymatic activity, such as phytase, which enhances phosphorus availability, and
demonstrates effectiveness in suppressing V. alginolyticus infection (Chiu et al., 2007).
B. thermophilum has been found to increase the activity of serine protease enzymes
in hemocytes. These enzymes promote the functioning of the prophenoloxidase
system (Rattanachai et al,, 2005). In addition, supplementation with prebiotic
carbohydrates can serve as a potent immunomodulator and effectively induce
immune-related genes involved in host defense. Pure B-1,4-mannobiose (MNB) has
demonstrated the ability to activate the prophenoloxidase system of shrimp
hemocytes. These results provide evidence that supplementing with MNB can enhance
the immune response and increase shrimp resistance against V. parahaemolyticus
infection (Elshopakey et al., 2018). Likewise, yeast extracts from strains have contain
components that can stimulate the immune system, such as antimicrobial extracts
effective against pathogens or extracts that enhance the functioning of the immune
system (Anderson, 1992). Similarly, nutritional factors and dietary supplements that
have been reported to stimulate the immune system and have been used in shrimp
include vitamin C, vitamin E, astaxanthin, animal extracts, and plant extracts etc.

(Cipolatti et al., 2019; Manowattana et al., 2020; Zheng et al., 2021).
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2.5.5 Probiotic

Microorganisms known as probiotics have positive impacts on either the
body or the environment. There are already a number of aquatic probiotics that are
marketed as mono- or multi-strain preparations. These probiotics can be delivered by
adding the probiotic bacteria directly to the water in the culture system or by
combining the probiotic bacteria with the feed. The former aids in the colonization of
the host intestine by the probiotics, while the latter aids in keeping an environment
free of pathogens (Chauhan & Singh, 2019; Mohapatra et al., 2013). By increasing the
activity of host digestive enzymes, such as amylase and protease, probiotics enhance
growth and feed utilization (Yu et al,, 2009). For instance, Lactobacillus species
produce hydrogen peroxide, short-chain fatty acids, and bacteriocins, all of which
exhibit antagonistic effects against pathogens (Faramarzi et al., 2011). However, certain
probiotic bacterial strains such as Bifidobacterium (B. bifidum, B. animalis, B. lactis),
Bacillus (B. cereus, B. toyoi), and Lactobacillus (L. acidophilus) have the ability to
disrupt pathogen signal molecules that facilitate this system. They achieve this by
producing auto-inducer antagonists (Brown, 2011; Sahandi et al., 2019). Probiotics have
demonstrated effectiveness in protecting shrimp against WSSV infection. For example,
when probiotics are administered through the diet, it enhances shrimp's resistance to

WSSV infection (Kumar et al., 2023).



CHAPTER 3
CAROTENOIDS PRODUCTION OF Rhodotorula paludigena CM33
USING CRUDE GLYCEROL AS A SUBSTRATE

3.1 Abstract

Rhodotorula paludigena CM33, an oleaginous yeast, has shown the capacity to
accumulate significant amounts of intracellular carotenoids. The carbon sources that
this yeast can use include glucose, sucrose, slycerol, and xylose. To increase the
production of carotenoids in R. paludigena CM33, this study used crude glycerol, a by-
product of the biodiesel industry, as a substrate in this study. Using response surface
methods to optimize the growth conditions, this study found an increase in carotenoid
content when 40 g/L of crude glycerol, 0.72 ¢/L yeast extract, and 0.43 g¢/L (NH;),SO4
was used. This study was obtained maximum concentrations of biomass (cell dry
weight) and carotenoids at 45.38+1.05 ¢/L and 15.39+0.03 mg/g, respectively, in a fed-
batch procedure carried out in a 500-L fermenter. Additionally, these results
demonstrate the potential of crude glycerol as an alternative substrate for enhancing

carotenoid production in R. paludigena CM33.

3.2 Introduction

Carotenoids, natural pigments utilized in high-value industries such as cosmetics,
pharmaceuticals, food supplements, and chemical industries, have drawn significant
interest. The biochemistry of carotenoid synthesis has been extensively reviewed in
previous studies (Igreja et al., 2021). Carotenoids are commonly found in vegetables,
fruits, microalgae, fungi, yeast, and bacteria (Mata-Gomez et al,, 2014). The global
carotenoids market was valued at 1.5 billion USD in 2019 and is projected to reach 2.0
billion USD by 2026 (Bccresearch, 2022). However, the production of carotenoids from

plants has certain disadvantages. It is associated with high production costs due to the
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requirement of extensive irrigation, time, land, fertilizers, and labor. Moreover, plant-
based carotenoid production is often influenced by seasonal variations (C. Liu et al,
2021). Among carotenoid-producing microorganisms, red yeasts have been identified
as potential carotenoid producers. They possess the ability to grow rapidly in various
substrates, resulting in significantly reduced production times when implemented at
an industrial scale (Chopra et al,, 2022). Currently, extensive research is being
conducted on the fermentation of microbial carotenoids using various red yeasts,
including Phaffia rhodozyma (Mussagy et al., 2022), Rhodotorula sp. (Allahkarami et
al,, 2021), R. mucilaginosa (Li et al., 2022; Machado et al., 2022) and R. glutinis (Gong
et al.,, 2020; Zhao & Li, 2022).

In a previous study, we isolated the yeast R. paludigina CM33 from our laboratory.
This yeast demonstrated its capacity to utilize different carbon sources, namely
slucose, sucrose, xylose, and glycerol, respectively (Gosalawit et al., 2021). For the
advancement of process development, utilizing affordable agro-industrial substrates
would result in reduced operational expenses and mitigate environmental
contamination. Among the substrates examined, crude sglycerol stands out as a
compelling option due to its availability as a by-product of biodiesel production. Its
utilization not only holds economic value by providing additional triglyceride feedstock
for biodiesel and oleochemical production but also enables the production of
carotenoids for high-value applications in the food industry. The bioprocess for
carotenoid production entails both upstream and downstream processing. In the
upstream phase, optimizing the yeast's erowth and its capacity to accumulate
substantial carotenoid levels is of great interest. Many techniques, including light
irradiation (Gong et al., 2020; Manowattana et al., 2020), gene insertion (Breitenbach et
al,, 2019), and chemical treatments (Gassel et al., 2013), have been investigated for
genetic modification aimed at enhancing carotenoid accumulation. Due to concerns
about the safety of genetically modified foods, the majority of research in this field
now emphasizes media optimization, culture conditions, and fermentation modes to
produce natural carotenoids (Dias et al., 2020; Robles-lglesias et al., 2023).

In this study, we initially investigated the process development by examining
media formulation based on different concentrations of crude glycerol, salts, and

nitrogen sources. Furthermore, we explored the effects of cultivation conditions on
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cell growth and carotenoid concentration using response surface methodology (RSM).
The optimized conditions obtained were then applied to a 500-L stirred tank bioreactor
for batch, repeated batch, and fed-batch fermentations. The outcomes of this study
have the potential to pave the way for the commercial production of carotenoids from

oleaginous yeast.

3.3 Materials and methods
3.3.1 Microorganism and culture conditions

The oleaginous yeast R. paludigena CM33 was isolated from various natural
habitats by our laboratory (Gosalawit et al., 2021). The microorganism was cultivated
on yeast peptone dextrose (YPD) medium, which contained 20 ¢/L glucose, 10 g/L
peptone, 10 ¢/L yeast extract, and 15 ¢/L agar (Gosalawit et al., 2021). For fermentation,
the inoculum was prepared using 10 ml of minimal medium components, including 70
¢/L glucose, 0.75 ¢/L yeast extract, 0.55 ¢/L (NH4),SOy, 2.0 ¢/L MgSOy-7H,0, and 0.4 ¢/L
KH,PO, (Poontawee et al., 2023). The inoculated cultures were then incubated

overnight at 30°C on a rotary shaker at 150 rpm for 48 h (Gosalawit et al., 2021).

3.3.2 Characteristics of chemical composition and elemental analysis of
crude glycerol
Crude glycerol, obtained from BioSynergy (Nakhon Ratchasima, Thailand),
was quantitatively determined using Gas Chromatography-Mass Spectrometry (GC-MS)
(Agilent Technologies 7000B, California, USA). The pH of the crude glycerol was
measured using a pH meter (Oakton pH700, Ilinois, USA). The carbon, hydrogen,
nitrogen, and sulfur elemental concentrations in the crude glycerol were determined
using a CHNS/O (liquid sample) analyzer (LECO CHN628+TruSpecMicro, Michigan, USA).
The concentrations of sodium (Na), magnesium (Mg), aluminum (Al), phosphorus (P),
potassium (K), calcium (Ca), manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), and
zinc (Zn) were analyzed using an Inductively Coupled Plasma Optical Emission

Spectrometer (ICP-OES) (Perkin Elmer Optima 8000, Massachusetts, USA).
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3.3.3 Response Surface methodology (RSM) - Box-Behnken

The optimization of R. paludigena CM33 cultivation was studied using the
Box-Behnken Design. The effects of the optimal conditions on carotenoid
concentration were analyzed using Design Expert software (Version 13, Stat-Ease Inc,,
Minneapolis, MN, USA). The independent variables and their levels are presented in
Table 3.1. A Box-Behnken design consisting of 15 factorial points was employed, as
outlined in Table 3.2. The predicted and observed responses for carotenoid production
were compared. The response variables were fitted into a quadratic polynomial model
represented by Eq. (3.1). The response variable Y was measured for each combination
of factorial levels. The regression coefficients By, B;, B, and B; represent the terms for
linearity, intercept, interaction, and square, respectively. The independent variables X,

X,, and X; are the coded values of the independent variables.

3
Y =Bo+ X Bixi + 2o Buxl + Xy X B xix; (3.1)

The fitness of the model can be assessed by several indicators, including
the coefficient of determination (R?), adjusted coefficient of determination (R? adj) -
value, and lack-of-fit. A model is considered well-fitted when the coefficient of
determination (R?) approaches unity (=1) and the lack-of-fit test yields a non-significant
p-value of 0.05. To determine the statistical significance of R? and the regression

coefficient, F-test and t-test were employed, respectively.

Table 3.1 Evaluated factors, factor notation, and their levels in Box-Behnken.

Independent variables codes Factor levels

-1 0 1
Crude glycerol (g/L) A (X9) 20 40 80
Yeast extract (g/L) B (X,) 0.50 0.63 0.75

(NHg),SOq (g/L) C (X3) 0.25 0.40 0.55
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Table 3.2 Box-Behnken consisting of 15 experiments for three experimental factors

for the carotenoid concentration by R. paludigena CM33.

Run Independent variables Dependent variables
Crude Yeast (NH,),SO, Carotenoid concentration (ug/g)
glycerol extract (g/L) observed predicted
(g/L) (g/L)

1 20 0.75 0.40 206.00 214.00

2 a0 0.50 0.25 287.00 295.45

3 a0 0.75 0.55 332.00 323.55

il a0 0.63 0.40 339.00 328.00

5 a0 0.63 0.40 319.00 328.00

6 80 0.63 0.25 0 0.37

7 20 0.63 0.55 200.00 203.26

8 a0 0.50 0.55 298.00 295.56

9 a0 0.63 0.40 326.00 328.00

10 80 0.63 0.55 0 7.63

11 80 0.75 0.40 0 -2.00

12 80 0.50 0.40 0 -6.00

13 a0 0.75 0.25 317.00 319.45

14 20 0.50 0.40 177.00 177.00

15 20 0.63 0.25 215.00 203.74

3.3.4 Cultivation of R. paludigena CM33 in a 500-L fermenter at pilot scale

The seed culture was made in the following manner: In a 5-L fermenter, R.
paludigena CM33 was inoculated into a crude glycerol medium and grown there for
48 hours at 30 °C and 0.7 vwm. The same conditions were employed for cultivation in
a 50-L fermenter as well. 10% (v/v) of the seed culture was added to the fermentation
medium in order to carry out batch fermentation. With an airflow rate of 0.7 vwm, the
batch fermentation process continued for 7 days at 30°C. For the repeated
fermentation process, after the overall glycerol concentration decreased,

approximately 70% of the fermentation broth was withdrawn, and an equal volume
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of fresh medium was added. Finally, for the fed-batch fermentation with pulse
addition, 10% (v/v) of cultures were inoculated into a 250 L medium and cultivated at
30 °C with a 0.7 vwm air flow level. The fed-batch culture took place in four stages.
During the first stage, the fermenter received 25 L of medium, resulting in a total
glycerol content of 40 g¢/L. After three days, the residual total glycerol concentration
fell below 5 ¢/L, prompting the addition. Subsequently, 25 L of medium was added in
each of the second to fourth stages to maintain a constant total glycerol concentration
of 40 g/L. Daily, 25 mL samples of the fermentation broth were taken throughout the
experiment to measure the levels of carotenoids, OD 600 nm, biomass, and glycerol.
A spectrophotometer was used to measure the carotenoid levels (Ribeiro et al., 2019).
10N NaOH was used to keep the pH at 5.5 +/- 0.5. As required, foam generation was

managed using silicone antifoam (Kemaus, Australia).

3.3.5 Analytical methods

The description of the extraction procedure by Ribeiro et al. (Ribeiro et al,,
2019) is accurate. Cells were collected using a Denville microcentrifuge 260D from New
Jersey, USA, by centrifuging them at 12,000 x ¢ for 5 min. After discarding the
supernatant, the cell pellets were then frozen at -20 °C for 24 hours. The frozen pellets
were thawed, broken up, and then re-dissolved in 2 mL DMSO. After 15 minutes of
incubation at 60°C, the mixture was vortexed for 2 minutes. The mixture was then
successively treated with the addition of 2 mL of acetone, 2 mL of petroleum ether,
and 2 mL of 20% NaCl. The entire mixture was vortexed for a total of 5 minutes,
followed by 5 minutes of centrifugation at 12,000 x g. Thermo Scientific P1000 UV-Vis
Wisconsin, USA spectrophotometer was used to detect the carotenoid concentration
at 450 nm using B-carotene in PE's absorption coefficient (A, ., = 2592) (Ribeiro et al.,
2019).

A spectrophotometer (Thermo Scientific Genesys10S UV-Vis Wisconsin,
USA) was used to measure optical density (OD) at 600 nm. For each sample, the OD
of the medium was removed (Campos et al., 2023). For biomass, a 2 mL sample was
centrifuged at 12,000 x g for 2 minutes and the supernatant was discarded. Cells were
washed three times with deionized water and dried for 24 hours at 65 °C to constant

weight (Gong et al., 2020).
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Glycerol was analyzed using HPLC (Hitachi Chromaster 5110 Tokyo, Japan),
a Refractive Index (RI) detector (Model 5450 RI detector Tokyo, Japan), and an HPX-
87C column (7.8 mm 150 mm i.d., 9 m). The samples were analyzed using a mobile

phase of 5 mM sulfuric acid with a flow rate of 0.6 mL/min (Uprety et al., 2017).

3.4 Results and discussion
3.4.1 Crude glycerol characterization

The major portion of crude slycerol is utilized as feedstock for the
manufacturing of various value-added chemicals (Yang et al., 2012). In this study, it was
discovered that the crude slycerol used in this investigation had a pH value of 2.38
and comprised 58% glycerol in its chemical composition. The crude glycerol's element
analysis revealed that it included 25.91% carbon, 7.44% hydrogen, 1% or fewer
nitrogen atoms, 4.14% sulfur, and 11,769 ppm sodium (Table 3.3). Crude glycerol's
chemical composition can change based on a number of variables, including
transesterification efficiency, the type of catalyst utilized, and downstream processing
techniques. During the biodiesel production process, crude glycerol is frequently
refined using chemicals, leaving a pH value as low as 1 (Kongjao et al., 2010). These
results are in line with earlier reports that stated crude slycerol had a carbon content
of 24.3% (Hu et al,, 2012). They discovered carbon content varying from 24 to 37% in
seven different crude glycerol types (Thompson & He, 2006). The low nitrogen value
reported in this study (1%), however, is consistent with prior research (Thompson &
He, 2006). Because of the employment of basic catalysts and the harvesting of glycerol
phase with 12.5 M NaOH during biodiesel production, the crude glycerol sample used
in this investigation had a high sodium concentration (11,769 ppm) (Kongjao et al,,
2010). In earlier research, oleaginous yeast was grown using crude glycerol as a carbon
source to produce carotenoids (Sun et al., 2023). In this investigation, crude glycerol
was employed as a substrate for R. paludigena CM33 fermentation. Additionally, we
noted that the concentration of nitrogen sources in crude glycerol is low. As a result,
in this study, we used response surface methodology (RSM) to improve the nitrogen

sources using yeast extract and (NH;),SO,.
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Parameter Unit Crude glycerol
Free Glycerol % 58

pH - 2.38

C % 25.909

H % 7.440

N % <1

S % 4.139

Na ppm 11,769+0.10
Mg ppm 31.29+0.12

Al ppm ND

P ppm 38.7+0.50

K ppm 118.8+0.13

Ca ppm 2,050.080+0.14
Mn ppm 3.22+0.42

Fe ppm 31.6+0.34

Co ppm ND

Cu ppm 4.960+0.14

Zn ppm 25.79+0.31

3.4.2 Effects of crude glycerol, yeast extract, and (NH,),SO, on carotenoid

production in R. paludigena CM33.

Rhodotorula sp. is known to produce carotenoids and requires a medium

that is rich in carbon but low in nitrogen (Saenge et al., 2011). Furthermore, a decrease

in carotenoid synthesis may occur due to a reduced nitrogen concentration in the

medium (Rodrigues et al., 2019). As a result, the primary independent variables in this

investigation were crude glycerol (X;), yeast extract (X,), and (NH4),SO, (X3). These

variables were selected to optimize carotenoid synthesis. The combined influence of

the three independent variables on carotenoid concentration was assessed using the

Response Surface Methodology (RSM) Central Composite Design.
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The results were analyzed using Analysis of Variance (ANOVA), as shown in
Table 3.4. From the table, it can be observed that X; has a positive effect on the
responses (P<0.05). The Model F-value of 216.78 for carotenoid confirms that the
model is highly significant, with a P-value less than 0.05. The lack of significance in the
lack-of-fit test indicates the accuracy of the model in predicting carotenoid production.
The model successfully predicted the variance observed in the test and fit well to the
experimental data, as indicated by a obtained P-value of < 0.05 (Bezerra et al., 2008;
Raviadaran et al., 2018). The coefficient of determination for carotenoid was calculated
as R? = 0.9974. The adjusted R-squared value was determined as 0.9928 for
carotenoids, as shown in Table 3.4. The collected data were analyzed using linear
regression analysis with Design Expert software 13. A quadratic polynomial model was
employed to describe the relationship between the variables. The model is
represented by Eq. (3.2), where Y represents carotenoids and X, X,, and X5 represent

the variables of crude glycerol, yeast extract, and (NH4),SOy, respectively.

Y carotenoid = -581.99 + 21.03 Crude glycerol + 1270.67 Yeast extract + 160.94
(NHg),SO,4 - 2.20 Crude glycerol * Yeast extract + 0.43 Crude glycerol *
(NH,),SO, - 53.33 Yeast extract * (NH,),SO, - 0.23 Crude glycerol? - 880.00
Yeast extract’ — 255.56 (NH4),SO,? (3.2)

The regression equation depicting the relationship between significant
parameters and carotenoid concentration was visually presented through RSM contour
plots and 3D surface plots generated by Design Expert Software 13. Figure 3.1 (A-C)
illustrates the effects and relationships between various significant variables and
carotenoid concentration. The contour and 3D surface graphs were generated by
plotting combinations of parameters while keeping the yeast extract concentration
fixed and the remaining parameters at their maximum level. Figure 3.1 (A-B) illustrates
that the highest carotenoid concentration was observed in the contours and 3D surface
when the crude glycerol and (NH,),SO, concentrations were within the middle range.
The RSM predictions for the optimized parameters were 40 g/L of crude glycerol, 0.72
g/L of yeast extract, and 0.43 g¢/L of (NH4),SO4 concentration (Figure 3.1C). The

carotenoid concentration obtained from the experiment closely matched the
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predicted value. Similar findings were reported in the cultivation of R. paludigenum
DMKU3-LPK4, where a glycerol concentration of 40 g¢/L was found to promote high
carotenoid synthesis (Yimyoo et al., 2011). Additionally, Uprety et al. observed that the
optimal concentration for lipid production in R. toruloides ATCC 10788 was 40 ¢/L of
pure glycerol (Uprety et al., 2017). In a 5-L stirred tank, Trichosporandoides spathulata
JU4-57 achieved a biomass yield of 13.8 ¢/L with a crude glycerol concentration of 32
g/L (Kitcha & Cheirsilp, 2013). Carotenoid and biomass production were observed during
yeast culture on various substrates, as shown in Table 3.5 (Raviadaran et al,, 2018;
Uprety et al, 2017; Yimyoo et al,, 2011). Based on the RSM results, the optimal
concentrations of 40 g/L crude glycerol, 0.72 ¢/L yeast extract, and 0.43 g/L (NH4),SO4

can be employed for scaling up the production in a 500-L fermenter.

Table 3.4 Analysis of variance (ANOVA) and Significance level of the Response Surface

Linear model exhibiting carotenoid concentration.

Source Sum of Degree Mean F-value p-value
squares of square
freedom

Carotenoid concentration

(ug/L)
Model 257800 9 28639.5 216.78 <0.0001 Significant

9
A 79600.50 1 79600.5 60251 <0.0001 Significant

0
B 798.47 1 798.47 6.04 0.0573 not significant
@ 21.90 1 21.90 0.1657 0.7008 not significant
Residual 660.58 5 132.12 - -
Lack of Fit 454.58 3 151.53 1.47 0.4291 not significant
Prue Error 206.00 2 B -
Cor Total 258400 14 - - -

R* = 0.9974; R4 = 0.9928
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Figure 3.1 (A) The effect of different significant variables on the response surface
contour plot was evaluated using Response Surface Methodology for
carotenoids.; (B) The RSM 3D surface plots obtained using Design-Expert
software illustrate the effects of different significant variables on
carotenoids by R. paludigena CM33 (A) The optimized parameters
predicted by RSM were 40 ¢/L of crude glycerol, 0.72 ¢/L of yeast extract
and 0.43 g/L of (NH4),SO, concentration.
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Table 3.5 Presents the cultivation of yeast on various substrates, focusing on the

production of biomass, and carotenoids.

Strain Substrate Cultivation  Carotenoids  Biomass Reference
method
R. paludigenum 40 ¢/L glycerol  Batch 3.42 mg/L 759 ¢/L  (Yimyoo et
DMKU3-LPK4 al,, 2011)
R. toruloides ATCC 40 g/L Pure Batch - 21.16 ¢/L  (Uprety et
10788 glycerol al., 2017)
T. spathulata JU4-57 40% crude Fed-batch - 13.80 /L  (Kitcha &
glycerol Cheirsilp,
2013)
R. mucilaginosa CCT 70 ¢/L sugar Batch 1.25 mg/L 790¢/L  (Rodrigues
7688 cane molasses et al,,
and 3.4 ¢/L 2019)
corn steep
liquor
R. mucilaginosa CCT 30 g/L sugar Fed-batch 3.73 mg/L 16 ¢/L (Rodrigues
7688 cane molasses et al,,
and 6.5 ¢/L 2019)
corn steep
liquor
R. glutinis Rh-00301 400 ¢/L Fed-batch - 106 ¢/L (Lorenz et
glycerol al,, 2017)
R. glutinis DBVPG 3853 8.3 ¢/L Fed-batch 8.20 mg/L - (Buzzini,
and D. castellii DBVPG  glucose, 22.7 2001)
3503 ¢/L maltose,
and 4.65 ¢/L
nitrogen
R. paludigena CM33 40 ¢/L Crude Batch 1.27 me/g 9.27 ¢/L  This work
glycerol
R. paludigena CM33 40 ¢/L Crude Repeated 14.64 mg/g 38.33 ¢/L  This work
glycerol batch
R. paludigena CM33 40 ¢/L Crude Fed-batch 15.39 mg/g 45.38 ¢/L  This work

glycerol
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3.4.3 In a 500-L fermenter pilot scale, the effects of different cultivation
techniques on carotenoid production were examined using batch,
repeated batch, and fed-batch cultivation.

In each operation, a 500-L fermenter was used with 40 ¢/L of crude
glycerol, 0.72 ¢/L of yeast extract, and 0.43 g¢/L of (NH,),SO,. After 6 days of batch
fermentation, R. paludigena CM33 produced a biomass of 9.27 + 0.001 ¢/L using 40
g/L of crude glycerol (equivalent to 38.02 ¢/L of glycerol). The carotenoid
concentration was 1.27 + 4.27 mg/g of DCW (Figure 3.2A). A repeated batch method
was employed to achieve high biomass, which resulted in a maximum biomass of 38.33
+ 0.02 ¢/L. Moreover, the maximum carotenoid concentration reached 14.64 + 0.01
mg/g (after 8 days), respectively (Figure 3.2B). The results of the fed-batch fermentation
procedures used to maximize the biomass, and carotenoid concentration in R.
paludigena CM33 are illustrated in Figure 3.2C. The fermentation substrate used was
40 ¢/L of crude slycerol, equivalent to 32.98 g¢/L of ¢lycerol. The highest carotenoid
concentration was achieved during the fourth pulse, measuring 15.39 + 0.03 mg/¢ of
dry cell weight (DCW). These conditions led to a maximum biomass of 45.38 + 1.05
g/L. The productivity of carotenoids in batch, repeated batch, and fed-batch
cultivations was 0.054+0.001, 0.288+0.001, and 0.466+0.002, respectively (mg.L'1.h™)
and the total carotenoid yield was 0.025+0.002, 0.386+0.005, and 0.374+0.003,
respectively (mg.g™ DCW). According to this study, both the repeated batch and fed-
batch fermentation techniques exhibited more than a 4-fold increase in biomass and
a 12-fold increase in carotenoid synthesis compared to the batch process. In a similar
previous study, the fed-batch co-culture of R. glutinis DBVPG 3853 and Debaryomyces
castellii DBVPG 3503, using corn syrup as the carbon source, showed a 150% increase
in carotenoid production and a 2-fold increase in biomass compared to the batch
culture. These findings are consistent with previously reported carotenoid production
(Buzzini, 2001). Additionally, in another study, a feeding strategy was implemented in
the fed-batch method for R. mucilaginosa cultured in an agro-industrial medium,
resulting in a 400% increase in carotenoid production compared to the batch process
(Rodrigues et al., 2019). Furthermore, the addition of molasses as a supplement in a
different study led to a 4-fold increase in biomass between the fed-batch culture and

the batch culture (Bhosale & Gadre, 2001b) (Table 3.5) (Kitcha & Cheirsilp, 2013;
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Lorenz et al., 2017; Yen & Zhang, 2011). Based on the findings, it can be concluded
that fed-batch cultivation utilizing 40 ¢/L crude glycerol, 0.72 ¢/L yeast extract, and
0.43 g/L (NHg),SOq4 in a 500-L fermenter pilot scale can significantly enhance both the

carotenoid concentration.
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Figure 3.2 The effect of different fermentation modes: (A) batch, (B) repeated batch,

and (C) fed batch, on carotenoid concentrations of R. paludicena CM33
grown on crude glycerol. Biomass (M), Carotenoid concentration (A ), and

Crude glycerol (V). Each experiment was conducted in triplicate.
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3.5 Conclusion

The present study focused on investigating the utilization of crude glycerol as a
substrate for biomass and carotenoid synthesis. The study found that feeding a 500-L
fermenter with 40 ¢/L crude glycerol, 0.72 g/L yeast extract, and 0.43 g/L (NH4),SO, led
to increased cell density and carotenoid synthesis. According to this study, both the
repeated batch and fed-batch fermentation techniques exhibited more than a 5 to 8-
fold increase in carotenoids productivity and a 15-fold increase in total carotenoid
yield compared to the batch process. Based on the results, it can be concluded that
crude glycerol holds promise as an alternative substrate for enhancing carotenoid

synthesis in R. paludigena CM33.



CHAPTER 4
EFFICIENT DOWNSTREAM PROCESSES FOR CAROTENOIDS

PRODUCTION IN Rhodotorula paludigena CM33

4.1 Abstract

In this study, the harvesting of Rhodotorula paludigena CM33 cells was examined
through the analysis of the microfiltration process. The harvesting of carotenoids in R.
paludigena CM33 was achieved by cell disruption using response surface methodology
with a high-pressure homogenizer (HPH), followed by carotenoid purification with
preparative high-performance liquid chromatography (prep HPLC). A microfiltration
method was used for yeast harvesting. After fermentation, the recovery of yeast cells
was explored using a cross-flow microfiltration (MF) method, which included
concentration and diafiltration modes. To identify the primary causes of the flow rate
drop, the fouling process of the membrane was examined using a cleaning approach.
The observed flow rate of pure water was 80.00 L/m?/h, corresponding to a membrane
resistance of 1.4x10"> m™. The flux exhibited a significant drop during the MF process
for the entire broth and then gradually stabilized at around 25 L/m?/h until the
completion of the experiment. Pure water was subsequently added during the
diafiltration mode to remove any impurities. Following cell harvesting, a chemical
washing technique was employed to measure the resistances of the cake and
adsorption. After cleaning with water alone, the restored flux was measured at 68.40
L/m2/h; however, after washing with a 1 wt% NaOH solution, it increased to 80.00
L/m2/h. The results revealed that the cake accounted for 85.38% of the overall
resistance, while the adsorption resistance accounted for 12.62%. In addition, The
results of HPH revealed that applying a pressure of 30,000 psi, performing 4 passes,
and using a 5% yeast cell feed led to an increase in cell disruption. Following the Prep
HPLC, the compound was compared to a standard B-carotene. Subsequently, the
analytical HPLC analysis exhibited excellent resolution for B-carotene, revealing a

concentration of 12.76 mg/L and a purity of 94.80%. The carotenoids identified in this
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study, primarily B-carotene, were confirmed through HPLC, LC-MS, and NMR analyses.
These findings highlight the potential of microfiltration, high-pressure homogenization
(HPH), and preparative HPLC in enhancing the downstream processing of carotenoids

in R. paludigena CM33.

4.2 Introduction

Carotenoids are natural pigments that find applications in high-value industries,
including cosmetics, medicines, dietary supplements, and chemical industries. Previous
research has extensively investigated the biology of carotenoid production. (lgreja et
al., 2021).In 2019, the global carotenoids market was estimated to be worth 1.5 billion
USD, and it is projected to reach 2.0 billion USD by 2026.(Bccresearch, 2022). Red
yeasts have been identified as potential carotenoid producers among microorganisms.
Their ability to grow rapidly on various substrates makes them suitable for industrial-
scale production, significantly reducing production times. (Chopra, Rangarajan, & Sen,
2022). Currently, extensive research is underway on the fermentation of microbial
carotenoids using various red yeasts, including Phaffia rhodozyma (Mussagy et al,,
2022), Rhodotorula sp. (Allahkarami, Sepahi, Hosseini, & Razavi, 2021), R. mucilaginosa
(Li, Cui, Zhang, Meng, & Liu, 2022; Machado, Murari, Duarte, & Del Bianchi, 2022) and
R. elutinis (Gong, Zhang, & Tan, 2020; Zhao & Li, 2022). We isolated the yeast R.
paludigena CM33 from our laboratory for a previous study. This yeast demonstrated
the ability to utilize various carbon sources, including glucose, sucrose, xylose, and
glycerol, respectively (Gosalawit et al., 2021).

The bioprocess for carotenoid production entails both upstream and downstream
processing. In the upstream phase, optimizing the yeast's growth and its capacity to
accumulate substantial carotenoid levels is of great interest. Many techniques,
including light irradiation (Gong et al., 2020; Manowattana, Techapun, Laokuldilok,
Phimolsiripol, & Chaiyaso, 2020), gene insertion (Breitenbach, Pollmann, & Sandmann,
2019), and chemical treatments (Gassel, Schewe, Schmidt, Schrader, & Sandmann,
2013), have been investigated for genetic modification aimed at enhancing carotenoid
accumulation. Due to concerns about the safety of genetically modified foods, the
majority of research in this field now emphasizes media carotenoids (Dias, Reis, Santos,

& da Silva, 2020; Robles-Iglesias, Naveira-Pazos, Fernandez-Blanco, Veiga, & Kennes,
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2023). In addition, several techniques have been explored for the downstream process
to enhance the separation and purification of carotenoids. Physico-chemical extraction
methods, including high-pressure homogenization (Dias, Nobre, Santos, da Silva, & Reis,
2022), ultrasound under pressure (Martinez, Delso, Aguilar, Alvarez, & Raso, 2020), and
pulsed electric field (Martinez, Delso, Angulo, Alvarez, & Raso, 2018), have been
studied. Chromatographic separation is subsequently employed as the final step to
achieve high-purity carotenoid production (Latha & Jeevaratnam, 2010)

In this study, we initially investigated the process development for harvesting,
extracting, and purifying carotenoids from a microfiltration process. We disrupted cells
using a microfluidizer and employed response surface methodology (RSM) for
optimization. Subsequently, preparative liquid chromatography techniques were
employed. The presence of carotenoids was then confirmed through HPLC, LC-MS,
and NMR analyses. The outcomes of this study have the potential to pave the way for

the commercial production of carotenoids from oleaginous yeast.

4.3 Materials and methods
4.3.1 Microorganism and culture conditions

The oleaginous yeast R. paludigena CM33 was isolated from various natural
habitats by our laboratory (Poopisut et al., 2023). The microorganism was grown on
yeast peptone dextrose (YPD) medium (20 ¢/L glucose, 10 ¢/L peptone, 10 g/L yeast
extract and 15 g¢/L agar) (Gosalawit et al., 2021). The inocula for fermentation were
prepared by 10 ml minimal medium components: 70 ¢/L elucose, 0.4 ¢/L KH,PO,, 0.55
g/L (NHg),SOq, 2.0 ¢/L MgSO,-7H,0 and 0.75 ¢/L yeast extract and incubated at 30°C
overnight on rotary shaker at 150 rpm for 48 h (Poopisut et al., 2023). R. paludigena
CM33 was inoculated into crude glycerol medium and cultivation for 48 h at 30 °C and
0.7 vwwm in a 5-L and 50-L fermenter, respectively. The fed-batch culture was
conducted in four stages. During the first stage, 25 L of the medium was added to the
fermenter, reaching a total glycerol concentration of 40 ¢/L. This addition occurred
when the residual total glycerol concentration dropped below 5 g/L after 3 days.
Subsequently, in the second to fourth stages. The pH was maintained at 5.5 + 0.5 using
10N NaOH. The silicone antifoam (Kemaus, Australia) was used to control foam

formation as needed.
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4.3.2 Harvesting R. paludigena CM33 cell using a microfiltration system
4.3.2.1 Microfiltration set up

R. parudigena CM33 cells were removed from fermentation both
using cross-flow microfiltration and dead-end filtration for a study involving the volume
concentration ratio (VCR) in the experiment. The schematic diagram of the dead-end
and cross-flow microfiltration experiments were shown in Figure 4.1. A spiral-wound
microfiltration (MF) element with a nominal pore size of 0.1 um (Synder's Filtration,
USA) was placed in a stainless-steel housing for the cross-flow MF experiment. The
diameter and length of the membrane element were measured to be 10.2 cm and
96.5 cm, respectively. The feed spacer had a diameter of 3 mm, and the overall filter
area was 4.27 m?. The fermentation broth was recirculated using a 0.75 kW pump at a
volumetric flow rate of 70 L/min, which corresponded to a calculated linear flow
velocity of 0.09 m/s. (Russotti et al.,, 1995). A cooling coil, buried in the MF feed tank,
was utilized to maintain the feed temperature at 30°C. Traditional pressure gauges
were used to measure the feed, retentate, and permeate pressures, which were then
used to calculate the transmembrane pressure. The membrane was initially cleaned
with RO water after each run. Following 20 minutes of circulation with a 1% weight
NaOH solution, it was thoroughly rinsed with RO water until neutral. Subsequently, it
was cleaned with a 1.5% weight phosphoric acid solution and then rinsed with RO

water until the pH reached 7.0.

4.3.2.2 Resistance Analysis

The flow  through = microporous membranes during the
microfiltration stage is described by Darcy's Law. Due to the accumulation of
oleaginous yeast cells and other particles on the membrane surface, as well as pore
blockage, the permeate flux decreases (Juang et al., 2008). According to Darcy's law,
the movement of cell through the membrane depends on the applied pressure
(Redkar & Davis, 1993).
Darcy’s law

__kip

o (4.1)

Q

When Q = Volumatic filtration flowrate (m?/s)
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k = Darcy’s law permeability (m?)
Ap = Pressure drop across the filter medium (Pa)
u = Viscosity of the broth (kg/m.s)
[ = Thickness of the filter medium (m)
The permeability and thickness of filter can be combine into a

medium resistance term.

!
When Rm = medium resistance (m™)
Equation (4.1) can be written as;
_ Abp - v _ Adp
Q=2Zo Q=gr=22r 4.3)

At any instant during filtration basing on the Darcy’s law, rate of

filtration is given by the equation;

j=2Z_ (a.4)

When J = Flux, and R = Rm+ R,
In this case R is a combination of resistance of filter medium (Rm)
and resistance of cake solids (R¢). And the resistance of cake solids (R¢) can be written

as;
R. = apcg (4.5)

When pc is the mass of dry cake solids per volume of filtrate and a is specific cake

resistance. Combination of equation (2) , and (3) results in the following equation;

1dv Ap
—_—_ = — 4.
A dt u [a’pc%"'Rm] ( 6)
And integration of the eqution (4) results in;
At _ papc (V URm
v 2Ap (A) + Ap a.7)

To further prepare the concentrated cell suspension, a freeze-
drying device (Freeze dry, Christ/Gamma2-16, Osterode am Harz, Germany) was

utilized.
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4.3.3 Response Surface methodology (RSM) - Box-Behnken

The optimization of R. paludigena CM33 cell disruption were studied by
Box-Behnken Design. The optimal conditions effect on carotenoid concentration were
studied through the Box-Behnken using Design expert (Software 13, Stat-Ease Inc,,
Minneapolis, MN, USA). The independent variables and their levels are shown in Table
4.1. The Box-Behnken design consists of 15 factorial points as given in Table 4.2. The
predicted and obtained response regarding carotenoid production and cell disruption
with High pressure homogenizer (HPH) were analyzed. The response variables could

be fitted into the general form of a quadratic polynomial model shown in Eq. (4.8).

— 3 i 2 2 3
Y = Bo+ X Bixi + X Buxi? + Zig Yo Bu xix; (4.8)
When Y is the response variable measured for each combination of factorial

level; By, Bi, Bi, and By are terms are regression coefficients for linearity, intercept,

interaction and square; X;, X,, and X; are codes of the independent variables.

Table 4.1 Evaluated factors, factor notation, and their levels in Box-Behnken.

Independent variables Codes Factor levels

-1 0 1
Pressure (psi) A (Xy) 10,000 20,000 30,000
Feed (%) B (X,) 5 12.5 20

Passes (Time) C (X3) 4 6 8
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Table 4.2 Box-Behnken consisting of 15 experiments for three experimental factors

for the carotenoid concentration by R. paludigena CM33.

Run Independent variables Dependent variables

Pressure Feed Passes Carotenoid concentration

(psi) (%) (Time)  (ug/9)
observed predicted

1 20,000 5 a4 1,763.12 1,803.99
2 30,000 5 6 2,014.60 1,823.29
3 30,000 20 6 750.84 650.77
il 20,000 20 8 731.58 746.84
5 10,000 5 6 769.65 812.98
6 10,000 12,5 a 719.44 663.31
7 20,000 20 il 1,773.66 1,722.69
8 30,000 125 6 466.82 691.36
9 20,000 125 6 462.96 626.60
10 10,000 12,5 8 718.83 596.45
11 30,000 12.5 aq 1,425.15 1,491.39
12 20,000 5 8 1,703.19 1,810.30
13 20,000 - 6 719.96 626.60
14 20,000 a7 6 809.16 626.60
15 10,000 20 6 705.56 840.74

4.3.4 Carotenoids purification with high pressure homogenizer and
preparative high-performance liquid chromatography.

Based on the above study, fermentation broth was treated with High

Pressure Homogenization (HPH) (Microfluidics Model M-110EH-30 Massachusetts, USA)

at homogenization pressure 30,000 psi, 5% feed, and 4 passes, , as indicated by the

results obtained from the Response Surface Methodology (RSM) (Comuzzo & Calligaris,

2019). After HPH treatment, 25 mL sample were centrifuged at 5,000 rpm for 10 min.

The pellets were washed by deionized water, and carotenoid were extracted followed

the method by Ribeiro et al. (Ribeiro et al., 2019). At the end of the extraction stage,

the sample was further separated and purified.
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Preparative high-performance liquid chromatography (prep HPLC)
(BUCHI Pure Flash/Prep HPLC Model C-850 Flawil, Switzerland) was used to separate
and purify the carotenoids extracted from R. paludigena CM33. The operation process
was as follows: The mobile phase consisted of methanol: acetonitrile: ethyl acetate
(76:12:12 v/v) (Cipolatti et al., 2019). The separation was dissolved in 100 mL mobile
phase. The sample was injected into the HPLC system equipped with EcoFlex C18 50
pum spheric 12 g column. The flow rate was 30 mL/min, the analysis wavelength was
450, 474, 500 and 515 nm. After purification the carotenoids were confirmed by HPLC,
LC-MS, and NMR.

4.3.5 Analytical methods

Carotenoids extraction was carried out according to Ribeiro et al. (Ribeiro
et al.,, 2019) Briefly, cells were harvested by centrifugation at 12,000 x g for 5 min
(Denville microcentrifuge 260D New Jersey, USA) and re-suspended with 1 mL
deionized water, after discarding the supernatant, the cell pellets were frozen at -20
°C for 24 hours. The frozen pellets were then thawed and disrupted before being re-
suspended in 2 mL DMSO. The resulting mixture was vortexed for 2 minutes and
incubated at 60°C for 15 minutes. Subsequently, 2 mL of acetone, 2 mL of petroleum
ether, and 2 mL of 20% NaCl were sequentially added to the mixture. The entire
mixture was vortexed for a total of 5 minutes and then centrifuged at 12,000 x g for 5
minutes. Carotenoid concentration was measured by spectrophotometer (Thermo
scientific P1000 UV-Vis Wisconsin, USA) at 450 nm wavelength using the absorption
coefficient of B-carotene in PE (A, ., = 2592) (Ribeiro et al., 2019).

A SpectraSystem (Thermo scientific P1000 UV-Vis Wisconsin, USA) equipped
with a SuperC18 HPLC column (4.6 mm x 150 mm id., 5 pm) was used for HPLC
analysis. The detection conditions were optimized before analysis. The mobile phase
consisted of a mixture of methanol: acetonitrile, and water in a ratio of 72:12:12
(Cipolatti et al., 2019). The flow rate was set to 1 mL/min, the column temperature
was maintained at 45 °C, the injection volume was 10 pL, and the analysis wavelength
was set to 450 nm (Marova et al., 2012). The concentration of the B-carotene pigment
was determined by referencing a B-carotene standard curve. The identification of B-
carotene in the compound was based on its relative retention times compared to the

standard B-carotene (MilliporeSigma, USA) (Alipour et al., 2017).
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Liquid chromatography-mass spectrometry (LC-MS) was used to identify
different carotenoid using UHPLC Ultimate 3000 (Thermo Fisher Scientific) Liquid
chromatography (LC) coupled with Bruker/micrOTOF — Q Il mass spectrometer (MS).
Mass spectra of carotenoids were acquired with an m/z detector and 50 - 1700 by a
diode array detector and confirmed with their respective standards. The LC-MS analysis
of carotenoids was conducted in positive ion mode (APCI), with a capillary voltage of
4500 V for the total ion current (TIC), and a charging voltage of 4500 V. Nitrogen was
used as the nebulizer gas (purity 99.9%) with a flow rate of 2 L/min and a vaporizer
temperature of 250°C. The identification of individual components was performed by
comparing mass spectra with profiles from the NIST 20 mass libraries (Sivathanu &
Palaniswamy, 2012).

'H Nuclear Magnetic Resonance Spectroscopy (NMR) measurements were
performed on a Bruker NMR (Bruker AVANCE Il 500 MHz Massachusetts, USA) at 500
MHz. Purified compounds were dissolved in methanol and acetone, and data were

processed by Bruker Topspin 3.5 software (Latha & Jeevaratnam, 2010).

4.4 Results and discussion
4.4.1 Microfiltration process

Microfiltration is commonly used in the downstream processing of
biotechnolosgical products to eliminate microbial cells from fermentation broth. It is
crucial to have a clear understanding of the cake structure as it has a substantial impact
on the filtering behavior of the microbial cell cake that forms on the membrane's
surface. This understanding plays a vital role in the design and operation of filter
equipment and membranes (Katagiri et al., 2021). A microfiltration machine was
employed to extract bacterial cells from fermentation broth, which contained
dissolved contaminants such as proteins, polysaccharides, coloring compounds, and
others. These substances contribute to another form of resistance known as
"adsorption resistance, Ra," as they can adsorb onto the membrane wall, reducing
permeation flux. The cleaning process was utilized to measure the resistance in series.
The decline in permeate flow (J) was slower compared to that observed with pure
water during the process. The cell elimination rate held significant importance in this

experiment. The changing of flux was shown in Figure 4.2 R. paludigena CM33 culture
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was transferred to cross- flow filtration system to be ready for the separation. Using a
transmembrane pressure of 1 bar, a membrane with a surface area of 18 m? and a
pore diameter of 0.1 um was operated. The time taken was recorded after collecting
25 samples of the permeate. The flux of pure water was measured at a constant value
of 100.72 L/m?/h. However, when switching from pure water to fermentation broth, a
flow reduction characteristic was observed. The flux experienced a rapid decline in the
first 346 seconds, followed by a gradual decrease until the completion of the
experiment. The cells were collected for further downstream oil extraction processing.
Furthermore, a cleaning technique involving RO water and 1% NaOH was utilized for
the machine. The recovered water flux of each cleaning step was monitored until it

returned to the initial flux value.

4.4.1.1 Resistance analysis

The resistance-in-series model, which takes into account
membrane resistance, adsorption resistance, and cake resistance, has been applied to
describe the fouling mechanism in the membrane filtration process. This model is
particularly applicable for analyzing the decline in flux during microfiltration of the
current broth, which contains numerous macromolecules such as proteins,
polysaccharides, and peptides (Juang et al,, 2008). Figure 4.3 shows the linear
relationship between 1/J and 1/P, indicating the validity of Eq. (2). The measurement
of flow using pure water can be utilized to determine the membrane resistance, Rm.
Water has a viscosity of 10 Pa-s. Figure 4.3 illustrates that as 1/P (Pa™) increased, 1/J
(m2s/m?3) also increased. The slope can be used to calculate the value of R, which is

1.4x10% m, with a correlation coefficient of 0.9971.

4.4.1.2 Fouling and cleaning of microfiltration system
The experimental results were presented in Table 4.3, showing the
flux values of the fermentation broth. These values were used to create a graph
illustrating the relationship between flux and time (Figure 4.4). Additionally, another
graph was plotted to depict the relationship between flux and volume concentration
ratio (Figure 4.5). Theoretically, when using dead-end filtration, the efficiency is

expected to be lower over time due to the formation of a thicker cake layer above
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the membrane. The flux of the samples decreased gradually over time, taking
approximately 20 minutes to obtain 50 mL of filtrated sample. In contrast, cross-flow
filtration is anticipated to have high efficiency initially, which then decreases steadily
until reaching a constant level. Both membranes had an outer diameter of
approximately 9 mm and featured a zirconia oxide active layer with a mean pore size
of 0.23 mm. When a 5 wt.% yeast suspension was subjected to microfiltration using
the smooth membrane, the steady flux of the permeate was attained at around 1000
s. In contrast, it took over 2000 s to achieve the steady flux using the stamped
membrane (Stopka et al., 2001). In a previous study, microfiltration of beer yeast
suspensions was conducted using stamped ceramic membranes (Stopka et al., 2001).
Furthermore, previous research has focused on the accumulation of yeast cells on the
membrane surface, the morphology of the resulting cake, and the microfiltration
process (Valencia et al., 2022). Therefore, microfiltration of the R. paludigena CM33
fermentation broth enhances the efficiency of cell harvesting, and the harvested cells
can be stored at -20°C for next experiments. On the other hand, cake formation
increased and stabilized due to the reduction of cake thickness caused by the flowing
phenomenon. However, in the case of 350 L of cross-flow filtration, it significantly
deviated from the theoretical expectations. The low efficiency of cross-flow filtration
was attributed to membrane fouling. Both the percentage of cake formation and
absorption emphasized the need for membrane cleaning and efficiency testing before
industrial application. Additionally, there are numerous factors to consider when
scaling up to an industrial scale. Typically, downstream processing presents fewer
challenges compared to upstream processes, which involve solving multiple factors.
Regarding water cleaning, the permeate flow rate was 1,230.22 L/h. The regained flux
after water washing was measured as 68.40 L/m2/h, while after 1% NaOH washing, it
increased to 80.00 L/m?2/h. This corresponds to a percentage of absorption of 12.62%
and a percentage of cake formation of 85.38%. The retained cells accumulated on the
membrane surface, forming a growing cake layer. The thickness of the cake layer

increased, resulting in an elevated resistance to the permeate flow.
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Table 4.3 Flux and volume concentration ratio of cross-flow filtration.

49

Volume per Permeate Time ) i Delta membrane volume .
fime volume (L) (min) Time (s) Time (h) fime area (m?) Flux concentration
ratio (VCR)

0 80

25 25 5 46 0.10 0.10 18 14.45 1.08

25 50 12 12 0.20 0.11 6.83 1.17

25 75 20 11 0.34 0.13 4.13 1.27

25 100 28 50 0.48 0.14 2.89 1.40

25 125 37 30 0.63 0.14 2.22 1.56

25 150 a7 20 0.79 0.16 1.76 1.75

25 175 58 41 0.98 0.19 1.42 2.00

25 200 69 20 1.16 0.18 1.20 2.33

25 225 80 5 1.33 0.18 1.04 2.80

25 250 91 14 1.52 0.19 0.91 3.50

25 275 102 12 1.70 0.18 0.82 4.67

25 300 113 15 1.89 0.18 0.74 7.00

25 325 124 11 2.07 0.18 0.67 14.00

Washing with H,O 3.07 1.00 68.4

washing with NaOH 4.07 1.00 80
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Figure 4.4 Time course of flux in cross-flow filtration, presenting the filtration of

R. paludigena CM33 broth at 1 bar with a pore diameter of 0.1 pm.
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Figure 4.5 Time course of volume concentration ratio in crossflow filtration.

4.4.2 Effects of HPH condition on the concentration of carotenoids in
R. paludigena CM33
The High-Pressure Homogenizer (HPH) method is used for cell disruption
to break down the cell wall. In order to utilize the HPH method, three homogenization
cycles were conducted at a homogenization pressure of 80 MPa and a bacterial liquid

concentration of 8% (Liu et al., 2019). Therefore, the main factors considered as



51

independent variables in this study were pressure (X;), feed (X,), and passes (X3). These
factors were selected for optimizing the cell disruption and carotenoid production. The
combined effect of three independent variables on cell disruption and carotenoids
concentration was determined using Box-Behnken Design of Response Surface
Methodology (RSM). The results were analyzed using the Analysis of variance (ANOVA)
shown in Table 4.4. From Table 4.4, it can be observed that X, X,, and X5 have positive
effects on the resulting responses (P<0.05). The Model F-value of 9.31 for carotenoid
implies confirms that the model is extremely significant, with a P-value less than 0.05.
The lack of insignificance in the lack of fit test indicated the accuracy of the model in
predicting carotenoids production. The model successfully predicted the variance
occurrence in the test and fitted to the experimental data, as indicated by the obtained
P-value of < 0.05. The coefficient of determination was R? = 0.9437 for carotenoid. The
adjusted R-Squared was 0.8424 for carotenoids (Table 4.4). The collected data were
subjected to linear regression analysis using Design Expert software 13, and a quadratic
polynomial model was used to express the relationship between the variables. The
model was expressed in Eq. (4.9), when Y are carotenoids, whereas X;, X,, and X,

represent the variables of pressure, %feed, and passes respectively.

Y carotenoid = 2031.55 + 0.19 pressure + 102.44 feed - 753.69 passes — 0.004
pressure * feed — 0.01 pressure * passes — 16.37 feed * passes — 1.40 pressure?

+ 9.70 feed? + 87.17 passes® (4.9)

The regression equation of significant parameters on carotenoids
concentration was graphically represented in RSM contour plots and 3D surface plots
generated by Design Expert Software 13. The relationship and effected between
different significant variables on carotenoids concentration were shown in Figure 4.6A-
B. The contour and 3D surface graphs were plotted with combination of parameters
and a fixed passes concentration, while the remaining parameters were kept constant
at the maximum level. Figure 4.6 (A-B) shows that the maximum carotenoids
concentration was observed in the contours and 3D surface when the pressure and
%feed concentration was in the middle range. The optimized parameters predicted by

RSM were 30,000 psi of pressure, 5% of feed and 4 of passes (Figure 4.6C). The
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carotenoids concentration obtained from the experiment were found to be close the
predicated value. Similar results the yeast strain GYB40-10s utilized HPH with a pressure
of up to 100 MPa to enhance energy vyield (Ekpeni et al.,, 2015). In addition, the
extraction of B-glucan from Saccharomyces cerevisiae cells was enhanced through
autolysis using HPH treatment (200 - 600 bar, 3 passes) (Dimopoulos et al., 2020).
Furthermore, the efficiency of cell disruption technology for oil recovery from Yarrowia
lipolytica yeast using HPH was investigated (Drévillon et al., 2019). The results indicate
that condition is a useful approach for optimizing cell disruption and increasing
carotenoid extraction with HPH in R. paludigena CM33. Therefore, these results from
RSM, with a pressure of 30,000 psi, a feed concentration of 5%, and 4 passes, can be

applied for the carotenoid purification experiment.

Table 4.4 Analysis of variance (ANOVA) and Significance level of the Response Surface

Linear model exhibiting carotenoid concentration.

Source Sum of Degree Mean F-value p-value
squares of square
freedom
Carotenoid

concentration

(ug/L)

Model 3762000 9 418000 9.31 0.0121 significant

A 281300 1 281300 6.27 0.0542 significant

B 655200 1 655200 14.60 0.0124 significant

@ 300000 1 330000 7.35 0.0422 significant

Residual 224400 5 44871.32 - -

Lack of Fit 159800 3 53251.32 1.65 0.3992 not
significant

Prue Error  64617.66 2 32308.83 - -

Cor Total 3986000 14 - - -

R® = 0.9437; R, =
0.8424
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Figure 4.6

(A) The effect of different significant variables on the response surface
contour plot was evaluated using Response Surface Methodology for
carotenoids production.; (B) The RSM 3D surface plots obtained using
Design-Expert software illustrate the effects of different significant
variables on carotenoids production by R. paludigena CM33 (C) The
optimized parameters predicted by RSM were 30,000 psi pressure, 4
passes, and a 5% feed of R. paludigena CM33 disruption cells.

4.4.3 Carotenoids Purification with HPH and Prep HPLC and carotenoids

analysis by HPLC, LC-MS, and NMR

The carotenoids were purified using HPH and Prep HPLC, which are highly

effective an

particularly

d scalable methods for cell disruption and compound separation. HPH is

advantageous, providing efficient disruption and release of intracellular

components (Nemer et al,, 2021), while Prep HPLC is a liquid chromatography
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technique, it utilizes a preparative column with high loading and high resolution to
achieve high-purity separation (Tong et al., 2015). HPH employed a pressure of 30,000
psi, underwent 4 passes, and utilized a 5% feed ratio to disrupt the resilient yeast cell
walls effectively. This indicates that HPH caused complete cell disruption, as observed
in the microscope images of cell disruption after the four passes, as shown in Figure
4.7 A-D, respectively. Multiple passes through a high-pressure homogenizer are
typically performed on the samples to achieve the desired results (Nemer et al., 2021).
Similar to a previous study, carotenoid extraction was conducted using HPH at a
pressure of 80 MPa (11,603 psi) applied to an 8% biomass concentration and involving
3 passes of Sporidiobolus pararoseus cells (Liu et al., 2019). Furthermore, HPH was
explored as a cell disruption method for the extraction of carotenoids from
Desmodesmus sp. F51 (Xie et al., 2016). Furthermore, Optimal conditions for separating
B-carotene using Prep HPLC were established by optimizing parameters, including the
mobile phase system (methanol: acetonitrile: ethyl acetate) and a flow rate of 30
mL/min. The detection mode was set at 450 nm, 474 nm, 500 nm, and 515 nm. The
characteristics of the compound samples after undergoing the Prep HPLC process are
shown in Figure 4.8A-B. After subsequent analysis, it was determined that the observed
compound corresponded to B-carotene, with a retention time of 4.90 minutes (Figure
4.9A-B). Following Prep HPLC, the compound was compared to a standard B-carotene
(MilliporeSigma, USA) dissolved in methanol. The analytical HPLC analysis
demonstrated excellent resolution for B-carotene, indicating a concentration of 12.76
me/L and a purity of 94.80%, as compared to the retention time of the B-carotene
standard at 7.53 min (Figure 4.9D). In addition, Both LC-MS and 'H NMR analyses were
utilized to determine the structure of the purified B-carotene compound. These
analytical techniques serve as valuable tools for the characterization of carotenoids
(Sivathanu & Palaniswamy, 2012). The LC-MS results displayed a molecular weight of
537.45 m/z for B-carotene, as shown in Figure 4.10A, which was comparable to the
molecular weight of the B-carotene standard at 537.46 m/z. The 'H NMR analysis was
conducted using a Bruker 500 MHz instrument to confirm the B-carotene, as depicted
in Figure 4.10B. The molecular structure of the B-carotene was successfully
determined, as evidenced by the typical chromatogram pattern observed, indicative

of B-carotene. The resonance at 5 ppm in the H NMR spectrum corresponds to protons
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on a double bond, while the resonance of protons attached to methyl groups is
observed between 1 and 2 ppm (Wang et al., 2021). Additionally, the 'H NMR spectra
of B-carotene displayed resonances in the range of 1.5 to 2.5 ppm, which correspond
to the protons attached to the ring (Figure 4.10B). The concentration of B-carotene
pigment synthesized from R. glutinis 32 accounted for more than 80% of the total
carotenoids (Bhosale & Gadre, 2001a, 2001b). The results indicate that both Prep HPLC
and cooperative HPH are effective methods for separating carotenoids structures from
R. paludigena CM33 cells. The confirmation of the purified compound as B-carotene

was achieved through LC-MS and NMR analysis.

A B

10 pm 10 pm

10 pm 10 um

Figure 4.7 Microscopic images (A) after the first pass, (B) after the second pass, (C)
after the third pass, and (D) after the fourth pass, all passes were used HPH
at a pressure of 30,000 psi and a 5% feed cell concentration of R.

paludigena CM33 cells.
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Figure 4.8 (A) R paludigena CM33 samples after HPH treatment, and (B) The

compound sample after Prep HPLC process.
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Figure 4.9 Preparative HPLC chromatogram of carotenoids from R. paludigena CM33,;
A) and B) B-carotene and HPLC chromatogram of purified B-carotene after
preparative HPLC; C) standard B-carotene D) B-carotene sample after

preparative HPLC was analyzed.
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Figure 4.10 A) Mass spectrum of B-carotene standard and B-carotene sample and B)

'H NMR spectrum of B-carotene standard and B-carotene sample.

4.5 Conclusion

In this study, an alternative method for yeast harvesting using membrane

techniques was investigated. Microfiltration was employed to separate yeast from the

fermented broth at the conclusion of a batch fermentation process. The study aimed

to examine the factors influencing the performance of crossflow filtration. During the

cleaning process, cells were cultivated and suspended in saline until a steady state

was achieved. It was observed that when the circulation flow rate fell below a critical

value, a portion of the crossflow filtration module's channel became blocked by the
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cell cake, resulting in a low steady-state flux. In the case of crossflow filtration of yeast
cell suspensions, the flux exhibited a gradual decline, and after 12 hours of filtration.
Furthermore, this study investigated the use of high-pressure homogenization (HPH) for
cell disruption to extract carotenoids. Response surface methodology (RSM) was
successfully applied to enhance carotenoid production. The study revealed that using
a pressure of 30,000 psi, a feed concentration of 5%, and performing 4 passes resulted
in increased cell disruption and carotenoid production. Following preparative high-
performance liquid chromatography (prep HPLC), the analysis using analytical HPLC
demonstrated excellent resolution for B-carotene, with a concentration of 12.76 mg/L
and a purity of 94.80%. The carotenoids identified in this study, primarily B-carotene,
were confirmed through HPLC, LC-MS, and NMR analyses. These findings highlight the
potential of microfiltration, high-pressure homogenization (HPH), and preparative HPLC

in efficient the downstream processing of carotenoids in R. paludigena CM33.



CHAPTER 5
INVESTIGATING THE PROBIOTIC PROPERTEIES OF Rhodotorula
paludigena CM33 FOR WHITE SHRIMP

5.1 Abstract

Yeast is a health-promoting and bio-therapeutic probiotic that is commonly used
in aquaculture. Rhodotorula paludigena CM33 can accumulate amounts of
intracellular carotenoids and lipid, which are regarded as nutritionally beneficial
compounds in various aspects. The aim of this study was to evaluate the impact of
different levels of R. paludigena CM33 (RD) incorporated in a dietary composition at
0% (control), 1% (1% RD), 2% (2% RD), and 5% (5% RD) on the growth of shrimp
(Litopenaeus vannamei), their immune-related gene expression, intestinal health,
resistance to Vibrio parahaemolyticus (VPaupnp) infection, and meat composition. The
results showed significant improvements in the specific growth rate, weight gain, and
survival of shrimp fed with 1% RD, 2% RD, and 5% RD, which were higher than the
control group after 4 weeks of administration. The administration of 5% RD group
resulted in a decrease in cumulative mortality upon VP enp Challenge when compared
to the control group. Furthermore, the expression levels of immune-responsive genes,
including proPO system (prophenoloxidase-2: PO2), antioxidant enzyme (superoxide
dismutase: SOD, glutathione peroxidase: GPX, and catalase: CAT), JAK/STAT pathway
(signal transducer and activator of transcription: STAT, eamma interferon inducible
lysosomal thiol reductase: GILT), IMD pathway (inhibitor of nuclear factor kappa-B
kinase subunit f and epsilon: IKKb and IKKe), and Toll pathway (Lysozyme) genes, were
up-regulated in the 5% RD group. In the context of microbiota, microbiome analysis
revealed that the main phyla in shrimp intestines were Proteobacteria, Firmicutes,
Bacteroidota, Campilobacterota, Actinobacteriota, and Verrucomicrobiota. At the genus

level, Vibrio was found to be reduced in the 5% RD group, whereas the abundance of
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potentially beneficial bacteria Bifidobacterium was increased. The 5% RD group
showed a significant increase in the levels of crude protein and crude lipid, both of
which are essential nutritious components. Our results show the capability of R.
paludisena CM33 as a probiotic supplement in shrimp feed in improving growth,
antimicrobial responses against VPaupnp, @and meat quality by increasing protein and

lipid content in shrimp.

5.2 Introduction

Carotenoids, natural pigments utilized in high-value industries such as cosmetics,
pharmaceuticals, food supplements, and chemical industries, have drawn significant
interest. The biochemistry of carotenoid synthesis has been extensively reviewed in
previous studies. Pacific white shrimp (L. vannamei) is one of the most commonly
farmed crustaceans with the majority of production takes place in Asia and Latin
America. This shrimp is cultured worldwide because of its hish commercial demand,
rapid growth, and high nutritional value (Jin et al., 2018). The major markets are located
in Japan, the United States of America, and the European Union (Food & Organization,
2020). For many years, the disease outbreaks have wounded a number of shrimp
aquaculture industries, resulting in the considerable economic losses (Amaya et al,,
2007; Jin et al,, 2018). One of the approaches being harnessed to deal with these
complications is the use of antibiotics. Nevertheless, this practice has led to several
opposing impacts on environments due to the remnants of these compounds (Thuy
et al,, 2011). Hence, probiotics have become an emphasized choice in the aquaculture
industry as an alternative strategy for managing aquatic diseases (Ninawe & Selvin,
2009).

The positive effects on the gut of an animal are brought about by live
microorganisms known as probiotics, which can improve health profiles in the host and
prevent diseases (Knipe et al., 2021). Numeral probiotics have been revealed to
possess beneficial effects to their host for instance, the enhancing immune statuses
are perceived from receiving prebiotics or probiotics, which are able to improve
maturation, immune response, and resistance to diseases (Chien & Shiau, 2005; Jin et
al., 2018; Ju et al., 2011). Many studies have developed approaches to increasing the

amounts of probiotic strains, such as Bifidobacteria and Lactobacilli, which can be
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given as supplements capable of changing the gut microbiota in mammals (Jaskari et
al.,, 1998; Jayachandran et al,, 2018; Snart et al., 2006). Lactobacillus plantarum and
L. pentosus have been found to produce antimicrobial compounds such as hydrogen
peroxide, and bacteriocins, which could hinder the proliferation of pathogens (De Vuyst
& Leroy, 2007). Currently, common eukaryotic probiotics, such as yeasts, are used to
improve animal and human health. In the context of aquaculture, Bacillus and yeast
species are generally utilized as probiotics in aquaculture (Nimrat et al., 2021). For
instance, the body composition and growth performance of shrimp can be affected by
dietary supplementation of 0.19% Bacillus licheniformis and 0.5 % Rhodotorula
mucilaginosa (Chen et al., 2020). They are thus compelling choices to be employed to
replace antibiotic usages in animal farming.

The pigmented yeasts belonging in Rhodotorula genus have been acknowledged
to be good sources of carotenoids (Wang et al., 2019b). Rhodotorula sp. can synthesize
various forms of commercially important carotenoids, including p-carotene,
astaxanthin, torularhodin, and torulene (Frengova & Beshkova, 2009). These molecules
such as B-carotene and astaxanthin can influence the gene expression, antioxidant
capacity, and growth performance in shrimp (Niu et al., 2014). Furthermore, these red
yeasts have been identified in shrimp and in their culturing environments such as R.
paludigenum, R. toruloides, and found to accumulate carotenoid pigments (Yang et
al,, 2011). These yeasts are thus compelling choices to be implemented as probiotic
supplementation in marine animals. R. paludigena CM33 is one of Rhodotorula strains,
which has been studied on its capability to produce bio-oils and biochar through
pyrolysis process (Poopisut et al., 2023). Furthermore, its spray-dried form and the oils
extracted from this yeast displayed vivid red color, which could refer to the high
carotenoid contents accumulated within R. paludigena CM33 (Poopisut et al., 2023).
However, no information on the effect of R. paludigena on growth, disease resistance
and immunity intestinal health in shrimp was available despite to the fact this finding
could provide guidance for harnessing this nutritious microorganism in shrimp
production. Nevertheless, this yeast had yet to be studied whether it could be
beneficial in shrimp or not. Therefore, this study focused on the advantage of R.
paludigena CM33 as a potential probiotic supplement in shrimp feed with the aims of

revealing its effects on the growth of shrimp, immune-related gene expression, disease
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resistance, intestinal microbiota, body composition, and meat quality in L. vannamei.
This study presents a fascinating chance to evaluate its potential as a probiotic in
shrimp and provides a solid support towards its capability as a probiotic

supplementation in an attempt to prevent the use of antibiotics in shrimp farming.

5.3 Materials and methods
5.3.1 Ethics statement
The animal study was conducted in accordance with animal use protocol
number SUT-IACUC-66-04 and was approved by the Suranaree University of
Technology Animal Care and Use Committee. Additionally, the study's biosecurity
concerns were reviewed and approved by Suranaree University of Technology with

approval number SUT-IBC-66-02.

5.3.2 Animals
Before the feeding trial, healthy L. vannamei shrimp weighing 2-3 g were
obtained from a shrimp farm located in Chachoengsao Province, Thailand. The shrimp
were acclimatized in rearing tanks with constant aeration, water with a salinity of 20-
ppt, and an ambient temperature of 28+2°C, and were fed with commercial feed prior

to use in the experiments.

5.3.3 Probiotic preparation and experimental diet preparation

The oleaginous yeast R. paludigena CM33, which had been isolated by our
laboratory, was cultured according to Poopisut et al. (Poopisut et al., 2023). Briefly, the
microorganisms were cultured on yeast peptone dextrose (YPD) medium containing 20
¢/L glucose, 10 g/L yeast extract, and 10 ¢/L peptone (Poopisut et al., 2023) at 30°C
for 2 days. The cells were transferred to a 500-L fermenter containing 350 L of culture
medium (40 ¢/L crude glycerol, 0.20 ¢/L KH,PO, 0.55 ¢/L yeast extract, 1.0 ¢/L
MgSQO,-7H,0, and 0.25 g¢/L (NH,),SO,). The fermenter was incubated at 30°C with an
aeration rate of 0.1 vwm for 7 days. The yeast cells were harvested with a 200-L
evaporator for 4 hours at 65°C. The cells were freeze dried (Freeze dry, Christ/Gamma2-
16, Osterode am Harz, Germany) (Holmgren, 2014) and stored at a temperature of -

20°C until utilized. The lyophilized R. paludigena CM33 (RD) were subjected to
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determining its contents including protein, lipid, ash, and moisture via proximate
analysis and the carotenoid substances were analyzed, which are shown in Table 5.1.

Four different diets were formulated by supplementing shrimp feed with
RD. The commercial shrimp feed (9092L, Charoen Pokphand Foods, Thailand)
consisting of 36% protein, 4% fat, 5% ash, and 12% moisture was used.
Supplementations including 0%, 1%, 2%, and 5% (w/w) RD solid weight were supplied
on shrimp pellets, which were designated as the control, 1% RD, 2% RD, and 5% RD
groups, respectively, and coated with 1% (w/w) alpha starch. The formulated feeds
were dried in a hot air oven at a temperature of 60°C for 8 h or until completely dried.
After drying, yeast viability was assessed every 7 days by plating on YPD and calculated
from three replicates as CFU.¢"! as shown in Table 5.2 and stored at a temperature of

-20°C until utilized.

Table 5.1 Proximate compositions of R. paludisena CM33.

Parameters R. paludigena CM33

Freeze-dried cells

Moisture (¢/100¢) 10.71+0.07
Protein (g/100g) 13.82+0.04
Total fat (g/100) 43.21+0.66
Total carbohydrate (¢/100g) 30.93+0.95
Ash (g/100g) 2.97+0.00
Crude fiber (g/100¢) 0.21+0.02
Energy (Kcal/100g) 567.87+2.46
Carotenoids (mg/g) 15.39+0.04
B-carotene (mg/g) 10.16+0.08
Torulene (mg/s) 3.25+0.01

Astaxanthin (mg/g)
Other

Not Detected
0.86+0.00
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Table 5.2 Total plate count of freeze drying and spray drying at different temperature stores.

Yeast viability (log;, CFU.mL™") during storage (weeks)

Types Conditions Temperature
1 2 3 4 5 6 7 8
Room temp. 571+0.27  535+0.85 5.77+0.41  575+0.72  5.80+0.80 5.07+0.01  5.05+0.01 4.75+0.01
1% 4°C 5.50+0.01 5.50+0.95 550+0.36  5.38+0.40  5.35+0.81 5.19+0.01 5.09+0.01 4.80+1.02
-20 °C 554+0.31  5.80+0.50 6.15+0.84  6.00+1.15  6.05£0.07  5.91+0.01  591+0.01  5.58+0.01
Room temp. 564+1.17  6.17+1.31 6.24+1.71 6.23£1.69  6.30+1.86  5.34+1.61 534+1.65 5.21+1.52
Fre.eze 2% 4°C 5.15¢1.52  5.29+1.82  5.26+1.81 530+1.75 533177 531+159 534+1.62 521+1.47
aring -20 °C 6.11£1.69  6.27£1.92  6.22+1.43  6.19+1.77  6.23+1.74  585+2.00 5.87+2.03 5.19+1.99
Room temp. 6.72+2.29  6.59+237  6.64+2.56  6.88+2.99  6.83+2.77  6.23+0.01 6.12+0.01 5.90+0.01
5% 4 °C 6.74+1.68 6.71£1.80 6.64+2.15 6.86+2.13  6.88+2.31  6.26£0.01  6.27+0.01  6.23+1.87
-20 °C 6.61+1.67  6.75£1.60 6.32+1.60  6.68+2.43  6.72+2.50 6.27+1.28  6.23x1.46  6.09+0.01
Room temp. 3.61£1.59  3.82+1.04 4.07+0.79  4.01£0.86 3.91+£1.17 3.98+1.42 3.95+152  3.19+0.01
1% 4 °C 2.79+£2.26 3.35+1.60  3.96+093  3.32+1.66 = 3.39+1.76  3.22+0.01  3.22+1.45  3.19+0.05
-20 °C 3.50+2.63  3.88+1.11 431+1.24  4.64+035 4.64+0.32  4.53+0.33 4.43+0.44  3.98+0.08
Room temp. 2.65+1.06  2.52+1.15  2.75+056 ~ 2.95+1.15 3.05+096  3.43+0.01  3.05+1.15  3.22+0.02
Spréy 2% 4-°C 3.35+1.11 2.35+0.93  2.82+1.80 2.75£1.06  3.16+£1.62  3.12+0.02 2.65£0.55 3.19+0.02
arving -20 °C 2.82+0.41  2.75+150 2.65+1.41  2.89+0.01 3.09+1.41  2.65+0.01  2.52+0.67  2.05+0.03
Room temp. 3.18+0.99  2.82+1.33 4.12+0.24  3.18+1.62 4.19+0.32  3.04+1.15 3.09+0.02  3.22+0.01
5% 4-°C 3.60+0.41 3.55+0.36 3.77+0.36  3.95+0.04  3.90+0.03  3.13+0.59  3.12+0.01 3.22+0.02
-20 °C 3.49+1.41  339+055 3.46+0.42  3.64+0.31 3.83+0.11 3.57+0.59 3.52+0.02  3.00+0.03

All experiments were performed in three replications (CFU = colony forming unit).
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5.3.4 Growth performance analysis
To analyze growth performance, 100 shrimp were distributed into four
tanks containing 300 L of water with 20-ppt salinity. The shrimp were fed with an
amount of feed equivalent to 5% of their average body weight for four weeks. Before
the first feeding, the feed intake, and mortality were monitored. The shrimp growth
parameters were calculated from the weight gain (WG, g), specific growth rate (SGR,
%.day™"), survival rate (SR, %), average daily gain (ADG, g), and food conversion ratio

(FCR) (Zheng et al,, 2021) as follows:

final weight — initial weight
Weight gain (WG, ¢) = ; (5.1)
ay

final weight - initial weight
Average daily gain (ADG, g) = (5.2)

experimental duration (day)

4 (In (final weight) - (n (initial weight))
Specific growth rate (SGR, %day ) = ; x100 (5.3)
ay

Final amount of shrimp
Survival rate (SR, %) = x100 (5.4)

Initial amount of shrimp

Food conversion ratio (FCR) = Dried weight of feed fed — Wet weight gain of shrimp (5.5)

To examine the colonization of RD during feeding, nine shrimp of each
treatment were independently cultured apart from the other experiments. The
intestines were collected every 7 days and dotted them on YPD agar. The yeast viability

in shrimp intestine was calculated from three replications and expressed as CFU.mL™.
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5.3.5 Field emission scanning electron microscope (FE-SEM) analysis of
shrimp intestines

The colonization of RD in shrimp intestine was observed in each treatment

(0%, 1%, 2%, and 5% RD). The intestinal tissue of nine shrimp was fixed with 5%

glutaraldehyde in 200 mM monobasic sodium phosphate and 200 mM dibasic sodium

phosphate for 24 h. After being cut longitudinally, the digestive tracts were displayed

on a specimen stub prior to desiccation. They were coated with 20 pm of gold using

an ion coater (MSR-1S, Vacuum Device., Japan) and then examined by field emission

scanning electron microscope (FE-SEM) (JEOL, JSM 7800F, Tokyo, Japan). The images

were acquired at a nominal magnification of 5,000x using a 3.0 kV acceleration voltage

in secondary electron (SE) mode (Adilah et al., 2022).

5.3.6 Vibrio parahaemolyticus (VPauenp) Challenge

After feeding, shrimp were monitored for cumulative mortality upon
VPaupenp Challenge. The bacteria were incubated at 30°C and 220 rpm in tryptic soy
broth (TSB) supplemented with 1.5% NaCl for culturing. The optical density (OD) at a
wavelength of 600 nm (ODggo) Was used to determine the bacterial concentration,
which is an ODgy of 2.0 is equivalent to 1x10® CFU.mL™ (Boonchuen et al., 2018).
Bacterial inoculant (final concentration: 1x10® CFU.ml?) was added to sample tanks
containing 15 shrimps (LDsy = 24 h). The challenges were divided into VP ey infection
and non-VPenp infection, which both included the shrimp from control, 1% RD, 2%
RD, and 5% RD. The cumulative mortality of shrimp was recorded every 12 hours for
120 hours.

At 24 hours post-inoculation, the hepatopancreas and stomach were
collected from each group to determine the total Vibrio count. The collected
specimens were serially diluted with sterilized 0.85% (w/v) NaCl, spread on Difco TCBS
agar (BD), and incubated at 30°C for 14 hours. The resulting green colonies were
counted and reported as colony-forming units (CFU.mL™) from three replications (n =

9).
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5.3.7 Quantitative real-time PCR (gRT- PCR) analysis of immune gene
expression
After 4 weeks of feeding trials, hemolymph was collected from nine shrimp
of each treatment in the presence of an equal volume of MAS solution (27 mM sodium
citrate, 115 mM glucose, 9 mM EDTA, 336 mM NaCl, pH 7.0) (Boonchuen et al., 2020).
Hemocytes were harvested by centrifuging at 800 x ¢ for 10 minutes at 4°C. The total
RNA was extracted using a FavorPrep Tissue Total RNA mini kit (Favorgen) according to
the manufacturer’s protocol. RNA purity and quantity were determined by a Nanodrop
2000 Spectrophotometer (ThermoScientific) and agarose gel electrophoresis. The cDNA
was synthesized using the iScript reverse transcription supermix for quantitative real-
time PCR (gRT-PCR) (Bio-Rad) was used. The gRT-PCR amplification was performed
using specific pair primers (Table 5.3) and 2x Luna Universal gPCR Master Mix (New
England Biolabs) with the following conditions: 95°C for 3 min, 40 cycles of 95°C for 30
s, and 60°C (57°C for SOD) for 30 s. The relative expression was calculated from three

27AACt

replicates using method with elongation factor-1 alpha (EF-1Q) serving as the

internal control gene (Livak & Schmittgen, 2001).



Table 5.3 The list primers used in this study.
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Primer name

Sequence (5' to 3')

Annealing temperature (°C)

LvCatal-F
LvCatal-R
LVGPX-F
LVGPX-R
LvSOD-F
LvSOD-R
LVHSP70-F
LVvHSP70-R
LVHSP90-F
LVHSP90-R
LvPO-F
LvPO-R
LvPO2-F
LvPO2-R
IMD-F
IMD-R
LVIKKb-F
LVIKKb-R
LviKKe-F
LviKKe-R
LvMyD88-F1
LvMyD88-R1
Dorsal-F
Dorsal-R
PEN4-F
PEN4-R
LYZ-F
LYZ-R
STAT-F
STAR-R
GILT-F
GILT-R
EF-10-F
EF-10-R

CCCTGATGGCTATCGTCA
TCAGCCTTCTTGCTGCTA
TCGGCAAAGTCGACGTCAA
GCAGTCGCTCCTTCAGGTACTTA
GCAGGTCGCCGTAGTAAG
AGTTCGCAAATGCAGCA
CTCCTGCGTGGGTGTGTT
GCGGCGTCACCAATCAGA
TGGGCTTCTACTCCGCCTACC
ACGGTGAAAGAGCCTCCAGCA
ACTGACCTGGAAATCTGGCG
TCCTCCTTGTGAGCGTTGTC
CCGTGAACAACTCCGGAAGA
CTGAGATTCGAGTCGGCCTC
CGGCTCTGCGGTTCACAT
CCTCGACCTTGTCTCGTTCCT
ACCACACTTTCCACCTTTGG
TCCCGATGAAGGAAGAACAC
TTGGCTTCTTTCCAGGACAC
TTTTATGGCTGCCAGGAGTC
GCTGTTCCACCGCCATTT
GCATCATAGTGCTGTAGTCCAAGA
GATGGAATGATAGAATGGGAAGC
CACTGGTACTCTTGTCTGGTGGTC
ATATTTTCTTTCTTTCTTTCCCAGGG
GTCCTCTGTGACAACAATCCCC
TACGCGACCGATTACTGGCTAC
AGTCTTTGCTGCGACCACATTC
TATATCCGAATGTGCCTA
ATAGTTTGTGGTGTGTTG
TCCTTCACCTGCCAACA
CGAGAGAAGGCAGTTGA
CGCAAGAGCGACAACTATGA

TGGCTTCAGGATACCAGTCT

60

60

57

60

60

60

60

60

60

60

60

60

60

60

60

60

60
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5.3.8 Enzymatic activities

Nine shrimp were randomly selected from the control and 5% RD groups
to measure phenoloxidase (PO), catalase (CAT) activity, and superoxide dismutase
(SOD). The determination of PO activity was carried out using the method described
by Boonchuen et. al, (Boonchuen et al., 2022) with a spectrophotometer to record the
formation of dopachrome converted from L-3,4-dihydroxyphenylalanine (L-DOPA,
Fluka). The enzyme activity was measured by recording the absorbance at 490 nm
after incubating the sample for 90 min and recorded as A490/mg total protein/min.

Superoxide dismutase (SOD) activity was determined by using the protocol
reported by Beauchamp et al. (Beauchamp & Fridovich, 1971). Briefly, 3 mL of reaction
mixture (13 uM methionine, 0.75 mM Nitro Blue Tetrazolium (NBT), and 20 uM riboflavin
in 50 mMM phosphate buffer at pH 7.8), and 100 L of hemocyte were placed under
fluorescent light for 1 min. The enzyme activity was measured with absorbance at 560
nm and calculated in units per mg protein.

Catalase (CAT) activity was examined based on catalase peroxidatic action
by measuring the production of formaldehyde (Johansson & Borg, 1988). A standard
curve was plotted using formaldehyde at concentrations of 5, 10, 15, 45, 60, and 75
MM in 25 mM KH,PQq4, 0.1% bovine serine albumin, and 1 mM EDTA at pH 7.5. The
samples were measured in a 96-well plate using 20 pyL and 150 pL of the reaction
mixture, which contained 66.7% 100 mM KH,PO, at pH 7.0, 20% methanol, and 13.3%
4.2 mM H,0,. The samples were shaken for 20 min and then the reaction was stopped
by adding 30 pL of 10 M KOH. Subsequently, 30 uL of chromagen; Purpald (4-amino-
3-hydrazino-5-mercapto-1,2,4-triazole) (Sigma-Aldrich) was added. The mixture was
then incubated at room temperature for 20 min. The reaction was oxidized with 10 pL
of potassium periodate and incubated for 5 min, and the absorbance at 550 nm was
measured. The activity was recorded as units per mg protein. Experiments were

conducted in triplicate.

5.3.9 Microbiome analysis
After feeding trials for 2 and 4 weeks, genomic DNA was extracted from the
intestines of twelve shrimp of each group; control and 5% RD, using a FavorPerp Stool

DNA Isolation Mini Kit (Favorgen) by following the manufacturer’s protocol. The DNA
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integrity was evaluated by 1% agarose gel electrophoresis. The DNA concentration was
determined by a NanoDrop 2000 Spectrophotometer (ThermoScientific). The V3-V4
region of 16S rRNA genes was amplified with the common primer pair (Forward primer,
5'-CCTACGGGNGGCWGCAG-3'; reverse primer, 5-GGACTACHVGGGTWTCTAAT-3'). A total
volume of 50 pL PCR components contained 10 pL buffer, 0.2 uL Q5 high-fidelity DNA
polymerase, 10 pL high GC enhancer, 1 pL dNTP, 10 pM of each primer and 60 ng
genome DNA. Thermal cycling conditions were as follows: an initial denaturation at 95
°C for 2 min, followed by 30 cycles at 95 °C for 40 s, 50 °C for 30 s and 72 °C for 1 min,
with a final extension at 72 °C for 7 min. Finally, all PCR products were quantified by
Qubit dsDNA HS Reagent and pooled together. High-throughput sequencing analysis of
bacterial rRNA genes was performed on the purified, pooled sample using the Illumina
Hiseq 2500 platform (2 x 250 paired ends) according to the standard protocols.

Quality filtering on the raw tags were performed using the fastp (Version
0.20.0) software to obtain high-quality clean tags. Paired-end reads were merged using
FLASH (Version 1.2.11, http://ccb.jhu.edu/software/FLASH/) (Mago¢ and Salzberg,
2011). The clean tags were compared with the reference database (Silva database
https://www.arbsilva.de/ for 165/18S,Unite database https://unite.ut.ee/ for ITS) using
Vsearch (Version 2.15.0) to detect chimera sequences, and then the chimera sequences
were removed to obtain the effective tags (Haas et al., 2011). The high-quality effective
tags were clustered into operational taxonomic units (OTUs) at 97% sequence identity
by DADA2 or deblur module in the QIIME2 software (Version QIIME2-202006) and
taxonomic annotation was carried out on OTUs based on the taxonomy databases
(http://scikit-bio.org/docs/latest/generated/skbio.diversity.alpha. observed otus.html),
and the taxa relative abundances of community compositions in samples were
identified at different taxonomic level (phylum, class, order, family, genus, and species)
respectively and displayed with R software (Version 3.5.3).

Alpha diversity was applied in analyzing the complexity of species diversity
for samples through 3 indices, including Chao1l, Shannon, and Simpson. Unique species
among groups were shown by Venn analysis. Beta diversity was calculated based on
weighted UniFrac distances, visualized via principle coordinate analysis (PCoA) which
was plotted in R software (Version 2.15.3), and MetaStat analysis was plotted in R
software (Version 3.5.3) (Li et al., 2020).



71

5.3.10 Proximate and color analysis

The proximate compositions of shrimp meat, including moisture, protein,
fat, and ash, were determined using nine shrimp for each parameter according to the
method of the Association of Official Analytical Chemists (AOAC) (AOAC, 2000) The
crude protein (N x 6.25) was analyzed by the Kjeldahl method using an Auto Kjeldahl
System (Buchi 323, Distillation Unit, Flawil, switzerland). Moisture was determined by
the air oven method. Aluminum moisture dishes were preheated for 30 min at 103 -
105°C and were cooled in a desiccator for 15 min. After cooling, the weights of the
aluminum moisture dishes were taken, and approximately 5.0 g of the shrimp sample
was weighed into dishes. The moisture dishes and contents were subjected to oven
drying at a temperature of 103 — 105°C for 4 h after which they were removed and
cooled in a desiccator for 15 min. Crude lipid was analyzed by via the petroleum ether
extraction method using a Soxhlet extraction system. (OPSIS, SX360, Sweden) Ash was
analyzed by incineration in a muffle furnace at 550 - 600°C for 3 h after which they
were removed and cooled in a desiccator and expressed as % wet-weight basis. For
color, both raw and cooked shrimp meat (boiled at 100°C for 7 min) (Niamnuy et al,,
2007) were investigated by using a Hunter Lab test (Color Quest XE, Virginia, USA) with
nine samples per group. The results were expressed as L* (lightness), a* (redness), and

b* (yellowness) (Wachirasiri et al., 2017). The experiments were performed in triplicate.

5.3.11 Statistical analysis

Significant differences were established using a one-way analysis of
variance (ANOVA) at the 5% level of probability, and differences between means were
compared using Tukey’s range test for growth performance, VPaupenp challenge, gene
expression, antioxidant enzyme activity, alpha diversity, proximate analysis, and color
analysis. All results are presented as the mean + standard deviation (SD). The survival
percentage is displayed as the mean + 1 standard error (S.E.) at each time point. The
statistical analysis of the survival rate in each experiment group was done using the
log-rank (Mantel-Cox) test (Bland & Altman, 2004). Statistical analysis was carried out
in Minitab (Minitab version 19 Sydney, Australia) and GraphPad Software (GraphPad

Software version 19 Massachusetts, USA) for Windows.



72

5.4 Results
5.4.1 Growth performance and colonization of RD in shrimp intestine

The effects of difference amount of R. paludigena CM33 in shrimp feed on
the growth performance of L. vannamei were examined. The viable cell numbers of
freeze-dried R. paludigena CM33 yeast were in the range of 2.82 to 6.88 log(CFU.mL™)
(Table 5.2). After 4 weeks of feeding, significantly higher weight gain, ADG, SGR, and
survival rate of shrimp fed 1% RD, 2% RD, and 5% RD were observed in comparison to
the control group. The increases were around 1.25, 1.5, and 1.15-fold, respectively.
FCR was lower by around 1.5-fold when compared to the control group.

Colonies of yeast microbes resembling R. paludigena CM33 were not
detected in the intestine of the control group during the experiment. After feeding, the
populations in the intestine of the 2% RD and 5% RD were in the range of 5.89+0.08x10°
and 5.44+0.16x10* CFU.mL*, respectively, which were significantly higher than those of
1% RD and the control group (Table 5.4). Intestinal morphological characteristics of
shrimp were analyzed using FE-SEM. The internal surfaces of the 1% RD, 2% RD, and
5% RD groups showed yeast cell colonies in the upper microvilli of the midgut

epithelium (Figure 5.1A-D).

Table 5.4 Growth performance of L. vannamei fed with the experimental different

diets of R. paludigena CM33 for 4 weeks.

Parameters Treatments

Control 1% RD 2% RD 5% RD
IBW (g) 3.00+0.50°  2.86+0.47° 2.59+0.43° 2.78+0.84°
FBW (g) 4.75+1.45°  5.08+0.75° 5.09+0.90° 5.13+1.13°
WG (g) 1.75+0.29%  2.2240.12° 2.50+0.18° 2.35+0.05°
ADG (g) 0.06+0.01¢  0.08+0.01° 0.09+0.01° 0.09+0.01°
SGR (%g.day ™) 8.00+1.07¢  8.21+0.45° 9.25+0.67° 8.70+0.17°
FCR 2.40+0.42°  1.62+0.03° 1.45+0.09¢ 1.59+0.30°
Survival rate (%)  92.25+0.41¢ 95.73+0.76° 95.23+0.16° 97.50+0.35°
Total plate count R. paludigena CM33 (CFU.mL™)
Day O n.d. n.d. n.d. n.d.
Day 14 n.d.® 1.33+0.01x10°¢  5.78+0.06x10>° 5.78+0.15x10%2

Day 28 n.d.®

1.44+0.01x10°¢

5.89+0.08x10%°

5.44+0.16x10%?
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All values were presented as the mean + SD (n = 9). Means in the same
row sharing different superscripts are significantly different (P<0.05) as determined by
Tukey’s range test. The experiment was conducted in three replications (n.d. = Not
detected, CFU = colony forming unit, IBW = initial body weight, FBW = final body
weight, WG = weight gain, ADG = average daily gain, SGR = specific growth rate, and

FCR = food conversion ratio).

Figure 5.1 Field emission scanning electron microscope results of intestinal sections
of L. vannamei. (A) Control, (B) 1% RD, (C) 2% RD, and (D) 5% RD. Yeast are
visible in the intestines of 1% RD, 2% RD, and 5% RD groups (white arrow).
The images (magnification x 5,000) demonstrate the findings of field
emission scanning electron microscopy in secondary electron (SE) mode at
an acceleration voltage of 3.0 kV. Scale bars represent 2 pm.

Representative images from three replicates are shown (mv = microvilli).
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5.4.2 The impact of RD feeding on cumulative mortality with VPaueno

infection

After feeding for 4 weeks, shrimp were challenged with VPsyenp. Shrimp

mortality was inspected at every 12 hours post infection (hpi). At 48 h, the survival

rates of the control, 1% RD, and 2% RD groups were 0%, 6.67%, and 20%, respectively.

100% mortality of 1% RD, and 2% RD groups was observed at 72 and 96 hpi,

respectively. In the 5% RD group, 40% survival was observed at 48 to 120 hpi, which

was significantly higher than in the control, 1% RD, and 2% RD groups (Figure 5.2). To

confirm the effect of RD supplementation on VP enp resistance, the numbers of Vibrio

(CFU.mL™) in the hepatopancreas and stomach were observed, which were lower in

all RD groups at 24 hpi (Figure 5.3). According to the significant reduction in shrimp

mortality upon VPuenp infection, the control and 5% RD group was used in further

experiments to discern immune-related gene expression, the activity of antioxidant

enzymes, and changes in intestinal microbiome.
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Figure 5.2 The effect of R. paludigena CM33 on shrimp mortality. VPaupnp-infected

shrimp were observed for 120 hpi. Shrimp were divided into eight groups

of 15 each: (A) without VP ey infection: control (), 1% RD (O), 2% RD

(0), and 5% RD (A) for 120 h; (B) with VPaenp infection: control (@), 1% RD

(m), 2% RD (), and 5% RD (V). The survival percentage is displayed as

mean + 1 standard error (S.E.) at each time point. Asterisks indicate

significant differences between data of each treatment (P<0.05).
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Figure 5.3 The effect of R. paludigena CM33 on shrimp mortality. Total Vibrio count
in hepatopancreas and stomach was elucidated by spread plating on TCBS
agar. The green colonies were counted as the total number of viable green
colony forming units (CFUs). All experiments were performed in triplicate.

Bars represent mean + SD (n = 9).

5.4.3 Modulation of immune-related genes and antioxidant enzyme activity
from dietary RD feeding.

Figure 5.4 and Figure 5.5 shows the results of gene expression analysis of
immune-related andantioxidant genes, including Toll pathway (MyD88, Dorsal, and
Lysozyme), IMD pathway (immune deficiency: IMD, inhibitor of nuclear factor kappa-B
kinase subunit beta and epsilon: IKKb and IKKe), JAK/STAT pathway (signal transducer
and activator of transcription: STAT and gamma interferon inducible lysosomal thiol
reductase: GILT), TolWl/IMD  pathway (penaeidin-4: PEN4), antioxidant enzyme
(superoxide dismutase: SOD, glutathione peroxidase: GPX, and catalase: CAT), and
proPO system (prophenoloxidase-1: PO1 and prophenoloxidase-2: PO2) in hemolymph.
The expression levels of PO2, SOD, GPX, CAT, STAT, GILT, IKKb, IKKe, and lysosome
were significantly up-regulated by 2 to 8-fold in the 5% RD group in comparison with
the control group, whereas the expression of PO1 showed no significant difference
between the 5% RD and control groups (Figure 5.4). In the analysis of enzymatic, PO,
SOD, and catalase activity, the 5% RD group displayed significantly higher results than
the control group by about 4, 3, and 3-fold, respectively (Figure 5.5).
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Figure 5.4 The effects of different experimental diets on R. paludigena CM33 and the
gene expression effects in the hemocytes of L. vannamei were studied for
4 weeks. The expression profile of MyD88, Dorsal, lysozyme, IMD, IKKb,
IKKe, PEN4, STAT, GILT, PO1, PO2, GPX, SOD, and CAT by gRT-PCR was
normalized against EF-1 a. Triplicate replications (n = 9) were performed,
and results are displayed as means + SD. Asterisks indicate significant

differences between data of each treatment (P<0.05).
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Figure 5.5 The effects of experimental different diets of R. paludigena CM33. PO
activity (A), SOD activity (B), and catalase activity (C) effects in the
hemocytes of L. vannamei for 4 weeks. PO activity was examined at 4
weeks of the different treatments, and the activity was measured as
Ad490/mg total protein/min. SOD activity and catalase activity were
examined at 4 weeks of the different treatments, and the activity was
measured U/mg protein. Triplicate replications (n = 9) were performed, and
results are displayed as means + SD. Asterisks indicate significant

differences between data of each treatment (P<0.05).

5.4.4 Intestinal microbiota in RD-fed shrimp

The OTU and alpha diversity data from the intestinal microbiota of L.
vannamei are presented in Table 5.5 A total of 1,908,035 high-quality effective
sequencing reads were obtained from 12 samples, ranging from 86,685 to 137,338.
OTUs in the 5% RD1 (2 weeks) and 5% RD2 (4 weeks) groups were significantly higher
than in the control group. The 5% RD1 and 5% RD2 treatment groups showed
significantly improved Chao and Shannon estimator indices compared to the control
group. In addition, the Simpson estimator index ranged between 0.77 and 0.96 (Table
5.5).

The relative taxa abundance of bacteria in L. vannamei intestine is shown
in Figure 5.6. The main phyla in shrimp intestine among the six groups were
Proteobacteria, Bacteroidota, Firmicutes, Actinobacteria, Campilobacterota, and
Verrucomicobiota. At the genus level (Figure 5.6), Motilimonas, Bifidobaterium,

Rhodobacteraceae, Pseudoalteromonas, and Lactobacillius were abundant in the 5%
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RD1 (2weeks) and 5% RD2 (4 weeks) groups. Beta diversity was demonstrated by PCoA,

which revealed discrete clustering of intestinal microbiota in shrimp between the 5%

RD and control groups (Figure 5.7).

The two principal coordinates explained 72.39% of the differences. Bacteria

communities from different diets along PC-2 were divided into two major clusters with

a total of 27.57% variation (control and 5% RD). However, the boxplot obtained by

MetaStat analysis revealed that Vibrio was significantly decreased in the 5% RD2 group

when compared to the control (Figure 5.8A), while Bifidobacterium was significantly

increased in the 5% RD2 group when compared to the control (Figure 5.8B).

Table 5.5 Effects of different diets on the diversity of intestinal microbiome in shrimp.

Treatments  Control 1 5% RD 1 Control 2 5% RD 2

(2. weeks) (2. weeks) (4. weeks) (4. weeks)
Raw read 128,258 102,420 119,292 127,039
Clean read 119,737 90,572 112,868 122,381
Tags 119,568 87,226 110,789 120,858
OoTU 337.00+93.64° 704.67+151.44° 433.00+31.75° 743.67+100.50°
Chao 330.09+64.44°  705.87+152.19% 437.92+33.77° 746.58+99.81°
Shannon 3.87+1.34° 6.67+1.08° 4.42+0.67% 5.98+0.21%
Simpson 0.77+0.17° 0.96+0.02° 0.84+0.112 0.94+0.02°

All values were presented as the mean + SD (n = 12). Means in the same row sharing

different superscripts were significantly different (P<0.05) as determined by Tukey’s

range test. All experiments were performed in quadruplicate.
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Figure 5.6 Intestinal microbiota composition of L. vannamei fed with the experimental
different diets of R. paludiscena CM33 for 2 and 4 weeks. Taxonomical
composition at genus level of the microbiome on different diets of R.

paludisena CM33 and control group for 2 and 4 weeks.
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Figure 5.7 Principle coordinate analysis (PCoA) based on weighted UniFrac distances
of intestinal bacteria communities of L. vannamei fed different diets. Each
point represents a sample with different diets: control for 2 weeks, 5% RD
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coordinates and vertical coordinates mean the two characteristic values
that led to the biggest differences among samples, and the main influence

degree was reflected by a percentage (n = 12 for each group).



81

40000- .
30000-
o -
S
>|2oooo- .
[#)]
10000-
C2 R2
group
3000 3
—
: —%
3
S 2000
5
m -
L
o
-
=
CD| 1000 =
(=]
. I
0
c2 R2
group

Control 2 (4 weeks)

I 5% RD 2 (4 weeks)

Figure 5.8 MetaStat analysis of microbiota data based on weighted UniFrac distances

between control for 4 weeks and 5% RD for 4 weeks in the Vibrio level (A)

and Bifidobacterium level (B).

5.4.5 Meat composition and color of RD-treated shrimp
Proximate compositions of shrimp are presented in Table 5.6 The results
showed that the contents of moisture, crude protein, and crude lipid of the 5% RD
and control groups were significantly different (P<0.05). Their ranges were 76.21+0.07%
to 76.58+0.12%, 73.12+0.62% to 77.48+0.74%, and 4.97+0.13% to 6.20+0.22%,
respectively. There was no difference in ash content between these 2 samples

(P<0.05), accounting for 5.78+0.19 to 5.49+0.20.
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The moisture content of the 5% RD group was lower than in the control
group. The significantly higher crude lipid and crude protein of the 5% RD shrimp were
around 1.25 and 1.10-fold higher, respectively. The color values of the raw and boiled
shrimp in the 5% RD and control groups are shown in Table 5.6. There were no
differences in color between these 2 samples in both raw and cooked form (P<0.05).
For raw shrimp, the lightness (L*), redness (a*), and yellowness (b*) were around
53.76+3.40, -2.84+0.41, and -4.68+0.39, respectively. After boiling, L*, a*, and b* were
around 84.82+2.38, 3.16+1.51, and 8.93+2.15, respectively.

Table 5.6 Proximate analysis and color of Pacific white shrimp L. vannamei fed with

experimental different diets of R. paludigena CM33 for 4 weeks.

Treatments
Parameters Control 5% RD
Moisture (%) 76.58+0.12° 76.21+0.07°
Crude protein (%) 73.12+0.62° 77.48+0.74°
Crude lipid (%) 4.97+0.13° 6.20+0.22°
Ash (g) 5.78+0.19° 5.49+0.20°
Color (Raw)
L* 52.49+2.772 53.76+3.40°
a* -2.31+0.74° -2.84+0.41°
b* -4.07+1.08° -4.68+0.39°
Color (Boiled)
L* 84.24+2.33% 84.82+2.38°
a* 3.67+1.74° 3.16+1.51°
b* 9.33+3.01° 8.93+2.15°

All values are presented as the mean + SD (n = 9). Means in the same row sharing with
different superscripts were significantly different (P<0.05) as determined by Tukey’s
range test. All experiments were carried out in three replications (L* = lightness, a* =

(+) red or (-) green, and b* = (+) yellow or (-) blue).
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5.5 Discussion

Yeast is regarded to be one of probiotics able to enhance animal health and
promote growth (Chaitanawisuti et al., 2011). Furthermore, its anti-inflammatory ability
is discerned in aquatic animals (Dawood et al., 2020; Qiang et al.,, 2019). Previous
research reported enhanced growth performance with 1% hydrolysate yeast (R.
mucilaginosa) supplementation, as well as increased feed utilization and growth in
juvenile Nile tilapia (Chen et al., 2019). In L. vannamei, 1-2% dietary Saccharomyces
cerevisiae supplementation could significantly enhance the growth performance (Jin
et al,, 2018), weight cain rate (WG), SGR, survival rate, and low FCR (Ayiku et al., 2020).
Likewise, our study showed significant improvement of growth parameters such as WG,
ADG, SGR, FCR, and survival when shrimp were fed with R. paludigena CM33 (Table
5.4). These results demonstrated that R. paludigena CM33 supplementation in feed
can improve growth performance in shrimp.

Probiotics have the potential to decrease the likelihood of the bacterial infections
in shrimp, thereby reducing the risk of infectious diseases (Prabawati et al., 2022).
Previously, the supplementation of B. subtilis P2.24 was able to increase survival by
40% after injecting V. parahaemolyticus (Aribah & Wahyudi, 2022). The B. subtilis E20
supplementation decreased shrimp mortality after a V. alginolyticus injection (Adilah
et al,, 2022). Furthermore, a mixture of L. plantarum and galactooligosaccharide fed
to the shrimp showed a decrease in mortality after V. harveyi infection (Huynh et al.,
2019). In addition, shrimp fed 2% S. cerevisiae had 70% survival against V. harveyi
infection (Ayiku et al., 2020). In our study, 5% RD increased the shrimp survival rate
(40% survival) after challenging with VP ey, Which was higher than the control group
(Figure 5.2). These results indicated that 5% RD could be used as a potential feed
additive to improve the resistance of shrimp against VPpnp infection.

During pathogenic invasion, the innate immune system is harnessed by shrimp to
handle with the infection through various pathways such as the prophenoloxidate
(proPO) system, Toll/IMD pathways, and JAK/STAT. In these pathways, the major
components and downstream products are lysozyme, kB kinase-B (IKKb), IkB kinase-g
(IKKe), IMD, Dorsal, anti-lipopolysaccharide (ALF), gamma-interferon-inducible
lysosomal thiol reductase (GILT), signal transducer and activator of transcription (STAT),

penaiedin 4 (PEN4), and phenoloxidase (PO) (Li & Xiang, 2013; Wang et al., 2013).
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Antioxidant enzymes (e.g., superoxide dismutase (SOD), glutathione peroxidase (GPX ),
and catalase (CAT)) are responsible for eradicating radical species that are generated
in response to biotic and abiotic stresses (Huchzermeyer et al.,, 2022). Hence, these
genes and enzymes have been regarded as imperative targets for monitoring the health
status of shrimp. Probiotics have been found to increase immune gene expression and
the activities of antioxidant enzymes, which promotes resistance to infectious diseases
(Yuan et al., 2019). Previously, The upregulation of proPO was observed in shrimp that
were fed with L. plantarum, resulting in an enhanced resistance against V. alginolyticus
infection (Chiu et al., 2007). Furthermore, the increased transcriptional levels of
lysozyme, PO1, and PO2 were observed in shrimp given B. subtilis E20 (Liu et al., 2010).
Chiu et al. discerned the effect of dietary L. plantarum on the upregulation of PO and
SOD activity and resistance to V. alginolyticus infection (Chiu et al., 2007). Moreover,
the elevated expression of proPO, SOD, GPX, and CAT and increased GPX and SOD
activities were found in shrimp given hydrolyzed R. mucilaginosa and B. licheniformis
(Chen et al,, 2020). In this study, the 5% RD group showed significantly upregulated
transcriptional levels of immune-related genes, such as lysozyme, IKKb, IKKe, STAT,
GILT, and PO2 genes and antioxidant genes such as SOD, CAT, and GPX while PO1 was
not significantly induced when compared to the control (Figure 5.4). Increased activities
of PO, SOD, and catalase were also observed in the 5% RD-fed shrimp (Figure 5.5).
Thus, 5% RD could have a positive impact on the health status of L. vannamei by
inducing the activities of antioxidant enzymes and immune responses.

Our study showed the downregulated expression of myeloid differentiation
primary response protein (MyD88), Dorsal, ALF, IMD, and PEN4 in the 5% RD group
(Figure 5.4). Similar expression patterns of these genes have been perceived in Ussuri
catfish that had been given dietary yeast culture, which showed a reduction of the
transcript level of Myd88 (Bu et al.,, 2020). Likewise, decreased expression levels of
MyD88, Toll-like receptor, Nuclear factor Kb p65, and caspase-1 were recognized in
juvenile shrimp fed with yeast culture (Guo et al., 2022). The decreased expression of
these genes might imply the alleviation of stresses that resulted from the
supplementation of probiotics; nevertheless, the involvement and the consequences

of these trends remain elusive and need further investigation.
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Probiotics can affect the microbiota throughout the shrimp's digestive tract
(Imaizumi et al., 2021). There have been extensive reports of how rich nutrients in
yeast-extract supplementation enhance microbiota structure and microbial diversity in
the intestine of L. vannamei (Zheng et al., 2021). Previously, probiotic supplementation
resulted in the most abundant intestinal bacteria communities in shrimp, which were
in phyla such as Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes (Ayiku et
al,, 2020) and in genera such as Bifidobacteria (Boonanuntanasarn et al., 2016).
Bifidobacteria secretes antimicrobial and antioxidant agents that contribute to
intestinal health of the host (Fan et al, 2019). The population of Vibrio, which is a
major cause of bacterial disease in shrimp farming, was decreased after probiotic
supplementation (Aribah & Wahyudi, 2022). In addition, previous studies have
demonstrated that a decrease in Vibrio in shrimp intestinal microbiota led to
upregulation of prophenoloxidase and serine proteinase, as well as an increase in
superoxide dismutase (SOD) and phenoloxidase (PO) activity in shrimp hemolymph
(Tepaamorndech et al,, 2020). However, in some studies, a high correlation has been
found between the expression of immune genes and certain bacteria in the intestinal
microbiota of shrimp (Zheng et al., 2023). Notably, the microbiota have local effects
on the development of gut immunity in mammals (Hall et al., 2008; Uematsu et al,,
2008). And, changes in intestinal microbiota has led to differences in the gene functions
(Yu et al,, 2022). In the context of shrimp, the administration of probiotic, Bacillus
velezensis BVO07, could alter the intestinal microbiota and instigate the expression of
immune-related genes (Chen et al.,, 2021). From our results, the addition of 5% RD
affected the biodiversity of the intestinal microbiota. High proportions of three major
intestinal bacteria (Firmicutes, Proteobacteria, and Bacteroidetes) were found in the
5% RD group. At the genus level, the relative abundance of beneficial bacteria,
Bifidobacterium, was increased when shrimp were fed with 5% RD, while Vibrio, which
are predominantly pathogenic bacteria of shrimp, was decreased. However, no
significant differences of Vibrio between 2-week feeding trial and control group were
observed. These data could imply to the synergistic impact of 5% RD on the elevation
of helpful microbes while reducing unfavorable bacteria in the intestinal microbiota,
where more significant consequences were perceived in 4-week group when compared

to 2-week group. Therefore, the alterations of these microbial networks after feeding
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for 4 weeks in 5% RD could be one of imperative features resulting in the reduction of
shrimp mortality upon VPuenp infection. In addition, we found that dietary 5% RD
impacted antioxidant enzymes and immune responses compared with the control
group. Herein, these results suggested that microbiota in the intestinal of shrimp may
be a key factor to associate immune-related gene expression.

Shrimp are regarded as a good source of quality macromolecules such as
proteins and lipids, which have comparable levels to those of fish, eggs, and other
meats (Ali et al.,, 2017). Previous research has reported that supplementation of 1-3%
yeast extract can increase crude lipid and crude protein in shrimp (Zheng et al., 2021).
In this study, 5% RD led to significantly higher protein and lipid contents in shrimp
meat, suggesting the potential to improve the nutritional value of this meat. The
increase in protein and lipid and constant ash content after yeast supplementation
agree with the study by Ayiku et al. (Ayiku et al., 2020). Additionally, elevated levels of
crude lipid were found in shrimp that had received a yeast-formulated diet (Zheng et
al., 2021).

The discrepancies in the quantities and sources of lipids and proteins could
influence body compositions (Cheng & Hardy, 2004; Jin et al., 2015; Zhang et al., 2013).
In the context of Rhodotorula, various bio-oils, proteins, and other nutritious
compounds such as B-glucan, B-carotenoids, and MOS are highly accumulated and can
be produced by RD (Chen et al., 2019; Frengova & Beshkova, 2009). These components
might be responsible for the increment of crude protein and crude lipid in RD groups.
However, which substances predominantly increase the body compositions remain
vague and need to be examined further. Previously, the red pigmented yeasts such as
R. paludigenum, R. toruloides, R. sphaerocarpum have been isolated from shrimp and
their culturing environments and found to contain carotenoids in the range of 124.5 to
422.6 ug/g (approximately 0.124 to 0.423 mg/g) (Yang et al., 2011). According to our
analysis, it was found that the predominant carotenoid found in R. paludigena CM33
was B-carotene, which was at the concentration of 15.39 mg/g, while astaxanthin was
not detected (Table 5.1). Hence, R. paludigena CM33 contains the high quantity of
carotenoids when compared to the ones that have been isolated from the marine.
When considering the color changes from the application of dietary carotenoids in

shrimp, astaxanthin had a more pronounced impact on color enhancement in shrimp
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compared to B-carotene (Niu et al., 2014). However, when R. paludigena CM33 being
used in feeding, no significant differences were found in color values between the 5%
RD and control groups. Therefore, RD could promote the growth and nutrient
composition of L. vannamei while preserving their color, which is one of the qualities

that make consumers perceive shrimp as palatable.

5.6 Conclusion

In summary, this study provides compelling evidence that the inclusion of R.
paludigena CM33 in the diet leads to significant improvements in growth performance,
antioxidant enzyme activities, immune responses, body compositions, crude lipid,
crude protein, microbiota communities, and resistance against VP aupnp in shrimp. These
findings highlight the potential of R. paludigena CM33 as an effective probiotic for

shrimp, capable of enhancing the immune system and increasing survival rates.



CHAPTER 6
CONCLUSION

6.1 Optimizing the utilization of crude glycerol in the cultivation of
R. paludigena CM33 for carotenoid production in a 500-L
fermenter
6.1.1 Crude glycerol, a byproduct of the biodiesel industry, was used in this

work as a substrate for the growth of R. paludigena CM33. Response surface methods

(RSM) were employed to optimize the growth conditions, and it was shown that using

40 g/L of crude glycerol significantly increased the carotenoid content. This shows

the potential of employing crude glycerol as a different and more affordable

substrate to increase the production of carotenoids by R. paludigena CM33.

6.1.2 In this study, the maximum concentrations of biomass (cell dry weight)
and carotenoids were obtained at 45.38+1.05 ¢/L and 15.39+0.03 mg/g, respectively,
using a fed-batch procedure conducted in a 500-L fermenter.

6.1.3 These findings demonstrate the potential of crude glycerol as an

additional substrate for enhancing carotenoid synthesis in R. paludigena CM33.

6.2 Optimization of the harvesting, extraction, and separation of

carotenoids from R. paludigena CM33 cells

6.2.1 The microfiltration process was utilized for the efficient harvesting of R.
paludigena CM33 cells. The results revealed that the cake accounted for 85.38% of
the overall resistance, while the adsorption resistance accounted for 12.62%. This
highlights the enhanced efficiency of cell harvesting through microfiltration of the R.
paludigena CM33 fermentation broth.

6.2.2 The high-pressure homogenizer (HPH) was utilized in this study to disrupt
the cells, followed by the purification of carotenoids using preparative high-
performance liquid chromatography (prep HPLC). The results demonstrated that
enhanced cell disruption was achieved by applying a pressure of 30,000 psi,

performing 4 passes, and utilizing a 5% yeast cell feed.
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6.2.3 Using HPLC, LC-MS, and NMR studies, the carotenoids, mainly B-carotene,
that were discovered in this study were verified. These results highlight the potential
of preparative HPLC, high-pressure homogenization (HPH), and microfiltration in

enhancing carotenoids' downstream processing in R. paludigena CM33.

6.3 The potential of R. paludigena CM33 as a probiotic for white shrimp

6.3.1 After 4 weeks of administration, the results revealed significant
improvements in the specific growth rate, weight gain, and survival of shrimp fed with
1%, 2%, and 5% RD, which were higher than those of the control group.

6.3.2 The shrimp were challenged with VPaeyp after 4 weeks of feeding, and
shrimp mortality was recorded at 12-hour intervals post-infection (hpi). When
comparing the 5% RD group to the control group at 120 hours, the cumulative mortality
following the VP challenge was lower. Supplementation of R. paludigena CM33
reduced shrimp mortality against VP aupnp infection.

6.3.3 In the 5% RD group, the application of RD in feed led to the modulation of
immune-related gene expressions and enzymatic activities. The expression levels of
immune-responsive genes, including proPO system (prophenoloxidase-2: PO2),
antioxidant enzymes (superoxide dismutase: SOD, glutathione peroxidase: GPX, and
catalase: CAT), JAK/STAT pathway (signal transducer and activator of transcription:
STAT, gamma interferon inducible lysosomal thiol reductase: GILT), IMD pathway
(inhibitor of nuclear factor kappa-B kinase subunit beta and epsilon: IKKb and IKKe),
and Toll pathway (Lysozyme) genes, were up-regulated in the 5% RD group.

6.3.4 Microbiome analysis revealed the predominant phyla present in the shrimp
intestines, including Proteobacteria, Firmicutes, Bacteroidota, Campilobacterota,
Actinobacteriota, and Verrucomicrobiota. At the genus level, the abundance of Vibrio
was reduced in the 5% RD group, while the potentially beneficial bacteria
Bifidobacterium showed an increase. These findings indicate that 5% RD
supplementation had a positive influence on the intestinal microflora of the shrimp,
promoting a favorable microbial community.

6.3.5 In the 5% RD group, there was a notable and significant increase observed
in the levels of crude protein and crude lipid, both of which are essential and nutritious
components. This finding suggests that the inclusion of 5% RD in the diet positively

influenced the nutritional composition of the samples.
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6.3.6 The results demonstrate the potential of R. paludigena CM33 as a probiotic
supplement in shrimp feed, as it has shown positive effects on various aspects. Firstly,
it improves growth performance in shrimp. Secondly, it enhances the shrimp's
antimicrobial responses against VPauenp, @ harmful pathogen. Lastly, it positively
influences the meat quality of shrimp by increasing the protein and lipid content.
These findings highlight the potential benefits of incorporating R. paludigena CM33 into

shrimp feed as a probiotic supplement.
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