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Abstract — The research and development of carotenoid production has a long history, and
interest in this group of pigments has not decreased to this day. Six existing carotenoids are
considered industrially important: astaxanthin, p-carotene, lutein, zeaxanthin,
canthaxanthin, and lycopene. These carotenoids have a wide range of applications and are
used as additives in food and beverages, feed, nutraceuticals, pharmaceuticals, and cosmetics
products due to their bioactive and pigmentation properties. Currently, the global pigment
market is dominated by chemically synthesized carotenoids. Carotenoids derived from
natural sources such as plants and microorganisms are not as popular or widespread.
Currently, the market of natural carotenoids is mainly represented by microalgae
Haematococcus pluvialis, Dunaliella salina, Botryococcus braunii, fungus Blakeslea trispora,
yeast Phaffia rhodozyma and bacteria Paracoccus carotinifaciens. These microorganisms
produce astaxanthin, B-carotene, canthaxanthin, and lycopene. Several yeast and bacteria
species from Rhodotorula, Sporobolomyces, Sporidiobolus, Gordonia, and Dietzia genus can
potentially become sources of carotenoids on an industrial scale, but available technologies
still need improving. This paper reviews strategies for increasing the competitiveness of
fungal and bacterial carotenoid production. Strategies such as selecting carotenogenic strains,
using low-cost substrates, stimulating the synthesis of carotenoids by adding trace elements,
TCA intermediates, NaCl, H:0:, light irradiation, and optimization of fermentation
conditions such as pH, temperature and aeration are considered.

Keywords — Agro-industrial wastes; astaxanthin; bacteria; p-carotene; canthaxanthin;
lutein; lycopene; pigment; stress factors; yeast; zeaxanthin.

1. INTRODUCTION

Carotenoids are natural or synthetic lipid-soluble pigments of yellow to orange-red colour,
belonging to the class of tetraterpenes of 40 carbon atoms [1]. Carotenoids are classified into
two groups. The first group is carotenes, such as a-carotene, -carotene, y-carotene, lycopene,
and torulene. The second group is xanthophylls, such as astaxanthin, canthaxanthin,
zeaxanthin, lutein, torularhodin, B-cryptoxanthin, and fucoxanthin [2]-[5]. Natural
carotenoids are found in algae, plants, animals, fungi, cyanobacteria, bacteria [6], [7], and
protists [8]. The primary function of carotenoids in plants, algae, and photosynthetic bacteria
is photoprotection, i.e., the ability to quench reactive oxygen species formed during
photosynthesis. Carotenoids also protect cells from other stresses, such as dehydration,
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osmotic pressure, high temperature, and high irradiance [9]. Carotenoids in
non-photosynthetic plant parts such as fruits and flowers act as antioxidants, colour
attractants, hormones, and aroma precursors [10]. In the case of microorganisms, the primary
role of carotenoids is to protect cells against the harmful effects of oxidative and osmotic
stress, light irradiation, nitrogen starvation, and low temperature [4], [11], [12]. In turn,
animals (including humans) cannot synthesize carotenoids themselves. They must consume
them through food to support physiological processes [13].

Due to their photoprotective, antioxidant, and colouring properties, carotenoids are widely
applied in the food, feed, nutraceutical, cosmetic, and pharmaceutical industries [14]-[17]. In
the food industry, carotenoids, mainly B-carotene and canthaxanthin, are used as colourant
and antioxidant agents in fruit juices, beverages, pasta, candies, margarine, cheeses, milk,
sausages, soft drinks, etc. [18], [19], [20]. In the feed industry, carotenoids, mainly
astaxanthin and canthaxanthin, are used for pigmentation of the flesh and skin of salmon,
trout, and ornamental fish [21], [22]. Canthaxanthin, zeaxanthin, and B-carotene used for
pigmentation of shells and meat of crustaceans [23], [24], egg yolk of poultry, and for
colouring ornamental bird plumage [25], [26]. In the pharmaceutical and nutraceutical
industries, these carotenoids have found various uses due to their ability to interact with
various systems in the human body [27]-[32]. Carotenoids, being antioxidants, reduce the
negative impact of oxidative stress on human cells, which causes various chronic diseases
such as cardiovascular diseases, osteoporosis, cancer, neurodegenerative diseases, etc. [31].
For example, lutein and zeaxanthin protect the eyes and skin from the harmful effects of solar
radiation [27], and positively affect cognitive functions such as memory, learning rate, verbal
fluency, etc. [28], [32]. Lycopene reduces the risk of developing various types of cancer,
reduces cholesterol levels, activates an adaptive immune response, and as a result, protects
against bacterial infection [29]. Astaxanthin has anti-inflammatory, anti-aging,
immunostimulatory, anti-cancer, photoprotector, and anti-diabetic action [33], [34]. B-
carotene is a dietary precursor of vitamin A, essential for eye health and immune system
[30], [35].

The primary dietary sources of carotenes are fruits, vegetables, herbs, legumes, cereals, and
vegetable oils [36]. Carrots, spinach, pumpkins, broccoli, sweet potatoes, tomatoes, apricots,
and grapes have a high content of B-carotenes and lycopene [37]-[39]. The human diet's
primary sources of xanthophylls like astaxanthin and canthaxanthin are animal products such
as salmon, trout, crustaceans, and poultry eggs [40], [41]. For aquaculture farming, the
situation is slightly different, since natural sources of astaxanthin for salmonids are
microalgae and zooplankton, therefore, it is necessary to supplement aquaculture feed with
astaxanthin [3], [40].

On an industrial scale, carotenoids are produced from natural sources such as plants, algae,
and microorganisms or through chemical synthesis [17], [42]. Approximately 80-90 % of the
global carotenoids market are synthetic carotenoids; the remaining small part comes from
natural sources [21]. For example, natural carotenoids are produced from microalgae
Haematococcus pluvialis [43] and Dunaliella salina [44], mould Blakeslea trispora (Xu et al.,
2007) [45], yeast Phaffia rhodozyma (Xanthophyllomyces dendrorhous) [46], bacteria
Paracoccus carotinifaciens [6], from Marigold flower, and vegetables such as tomatoes, carrots,
etc. [47]. The highest-demanded carotenoids on the world market are astaxanthin,
canthaxanthin, zeaxanthin, lutein, B-carotene, and lycopene. Astaxanthin, f-carotene, and lutein
account for 60 % of the market value [42], [48]. Carotenoid prices range from USD 200-2000
per kg for synthetic carotenoids and USD 350-7500 per kg for natural [49]. At the same time,
the most expensive carotenoid is astaxanthin USD 2000-7500 per kg, depending on raw
material for production [50]. The high percentage of synthetic carotenoids on the market is due
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to their low production cost, higher stability, and easier emulsification than natural carotenoids.
That facilitates their storage and application in various product matrices [19], [21]. In turn, the
production of carotenoids from natural sources cannot compete with synthetic ones due to lower
yields and slower growth of biomass that needs to be harvested, processed, and purified, all of
which affect the cost of carotenoids and the end product [51], [52].

Despite the dominance of chemically synthesized carotenoids on the market, the demand
for natural carotenoids is steadily increasing. This may be due to the growing awareness of
the health benefits of carotenoids and the consumer's tendency to acquire natural
products [48]. For example, the pinkish colour of salmon and trout flesh and the bright yellow
colour of egg yolks are considered a sign of quality and are in demand among consumers [4],
[53]. It is known that several chemically synthesized carotenoids are allergens, toxic, and
carcinogenic [4], [19], [21]. In many countries, certain synthetic carotenoids are banned from
use in food supplements and cosmetic products (astaxanthin, canthaxanthin, B-carotene) and
banned or restricted in feed (canthaxanthin) [4], [54]. Moreover, studies show that synthetic
carotenoids' antioxidant activity, anticancer activity, and bioavailability differ from natural
ones. That is associated with differences in the stereometry and esterification of the molecules
[55], [56]. For example, synthetic astaxanthin is 50 times less effective at quenching singlet
oxygen, and 20 times less effective at scavenging free radicals than natural astaxanthin [54].
Therefore, researchers focus on improving biotechnological processes for the economically
profitable production of natural carotenoids instead of synthetic ones [51].

Microbial carotenoids deserve special attention due to several advantages over other natural
carotenoid producers. Microorganisms do not require a large area for cultivation, the yield
does not depend on geographical factors and seasonality, as well as they are able to use
agro-industrial by-products as a substrate for medium [14], [17]. Microbial carotenoids are
more stable, less sensitive to light, more bioavailable, and have higher productivity than plant
origin [5]. On the other hand, microbial biomass rich in carotenoids can be used directly as
animal feed, but unlike plant biomass, it requires additional processing and purification [3].
Currently, microalgae are most often used to obtain carotenoids, since bacteria and fungi are
inferior to them of yield. Using various strategies to improve carotenoid-producing strains,
optimization of cultivation conditions, and using cheap feedstock raises the competitiveness
of bacteria and yeast by increasing productivity and reducing production costs [37], [52].

Therefore, it is necessary to analyse each carotenoid-synthesizing microbial species to
understand their potential for the biosynthesis of carotenoids. The review summarizes the
data of experimental studies on producing industrially important carotenoids from fungi and
bacteria: productivity and yield of carotenoids using agro-industrial by-products as feedstock,
discusses the environmental parameters and fermentation conditions affecting
carotenogenesis. The paper considers a strategy for increasing the competitiveness of
microbial carotenoids — exposure to osmotic and oxidative stress, light irradiation, adding of
precursors of the carotenogenesis pathway, and using two-stage fermentation.

2. OVERVIEW OF MICROBIAL SPECIES PRODUCING INDUSTRIALLY
IMPORTANT CAROTENOIDS

As mentioned earlier, the most highly sought-after carotenoids in the global market are -
carotene, astaxanthin, canthaxanthin, zeaxanthin, lutein, and lycopene [42], [48]. Microbial
carotenoids such as astaxanthin, B-carotene, and lutein are commercially produced mainly
from microalgae. Although many technologies for producing carotenoids from bacteria and
fungi are under research or development [57]. This is because microalgae cells are able to
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accumulate more carotenoids than bacterial and yeast cells [58]. For example, the microalgae
Haematococcus pluvialis can accumulate up to 0.8-4.8 % astaxanthin of dry biomass weight
[59], [60], Coelastrella species are capable of producing canthaxanthin up to 4.75-15 % of
dry weight [61], [62], and Dunaliella salina up to 6 % P-carotene and 5.4 % lutein
simultaneously of the dry weight [63]. Whereas the yeast Phaffia rhodozyma (or teleomorphic
state Xanthophyllomyces dendrorhous) generally contains 0.02-0.2 % astaxanthin [64]-[67],
Rhodotorula sp. 0.02—0.07 % B-carotene [68]-[70], and bacteria Dietzia maris 0.1-2.8 %
canthaxanthin [71]—-[73] based on the dry weight of the biomass. However, bacteria and yeasts
gradually becoming an alternative source of carotenoids due to strain improvement strategies,
optimizing culture conditions, faster growth, higher biomass in liquid media, and other
benefits [14], [58], [74]. For example, study [75] reported on 50-fold increase of the
accumulation of astaxanthin by optimizing the cultivation condition of a chemically induced
Phaffia rhodozyma mutant strain, with an impressively high biomass of about 100 g/L [75].
More strategies to improve carotenoid accumulation in bacteria, yeasts, and moulds are
described in section 3.

The astaxanthin can be synthesized by yeasts Phaffia rhodozyma [46], [64], [66],
Rhodosporidium toruloides [76], and Sporidiobolus salmonicolor [77], fungi Mucor
circinelloides [78] and Blakeslea trispora [79], some bacteria species of Gordonia [80], [81]
and Paracoccus [82], [83] genus, Sphingomonas astaxanthinifaciens [84], and some protists
of Schizochytrium [85], [86], Thraustochytrium [87], and Aurantiochytrium [8] genus (see
Table 1). These microorganisms are inferior in astaxanthin production to microalgae
Haematococcus pluvialis with a productivity of 10.1-21.0 mg L' d™! [59]. While the highest
bacterial and fungal astaxanthin productivity rates reported in studies are 1.54 mg L™! d"! and
3.89-8.23 mg L™ d"! for Schizochytrium KH105 [85] and Phaffia rhodozyma [64], [67], [88],
respectively. It is noteworthy that some microorganisms biosynthesize several types of
carotenoids, e.g. Gordonia alkanivorans produces astaxanthin, lutein, canthaxanthin [80],
and Sporobolomyces ruberrimus produces torularhodin, torulene, B-carotene and y-carotene
[89]. Wherein, proportions of the carotenoids will change under the influence of pH,
dissolved oxygen presence, light intensity, medium composition, etc [80], [81], [90], [91].
While others produce basic carotenoids in higher quantities, e.g., Phaffia rhodozyma is
capable of accumulating astaxanthin up to 83—87 % of total carotenoid content within its cells
[92], for Flavobacterium multivorum it is about 93-96 % zeaxanthin content [93], [94] for
Dietzia natronolimnaea this is canthatastaxanthin >89 % of total carotenoids content
[95], [96].

According to the literature, canthaxanthin is found in the fungi Cantharellus cinnabarinus
[97], as well as in the bacteria Dietzia natronolimnaea [96], [98] and Dietzia maris [72], [73]
(see Table 1). The studies [71], [72] noted high concentrations of canthaxanthin in the strain
Dietzia maris NIT-D, 1.65 % and 2.8 % of dry weight respectively, which is significantly
higher than in many species of microalgae [26], [99]. Interestingly, Dietzia maris NIT-D,
with a relatively low canthaxanthin content in its cells, is superior to the microalgae
Coelastrella sp. D3-1 in productivity, although it can accumulate up to 15 % of this
carotenoid in biomass due to the difference in biomass yield and cultivation duration. Thus,
the productivity of canthaxanthin for Dietzia maris NIT-D is 24-105mg L' d! under
different cultivation conditions [71], [72], while for Coelastrella sp. D3-1 is 6.3 mg L' d!
[62].

1030



Environmental and Climate Technologies

2023/27

TABLE 1. QUALITATIVE AND QUANTITATIVE EVALUATION OF CAROTENOID-PRODUCING
WILD-TYPE STRAINS OF FUNGI, BACTERIA AND PROTISTS

Microorganism Carotenoid DCYIV » CA, a CA, 4 CP, 1 49 FT Carbon and nitrogen Ref.
gL mgg' mgL” mgL'd sources
Yeast species
Phaffia rhodozyma Sweet sorghum juice,
ATCC 74219 y Astaxanthin ~ 36.6 1.8 65.8 8.23 Batch  yeast extract, urea, [64]
(NH,4),SO4
Xanthophyllomyces ) 25.8 0.26 6.71 1.34 Flasks Pectinase rapeseed meal
dendrorhous Astaxanthin hvdrolysate. el 1 [100]
DSMZ 5626 42 024 102 217 Batch YOrolysate, glycero
Xanthophyllomyces 1635 022 361 073 Batch  Glucose, glycerol, yeast
dendrorhous Astaxanthin Fed- extract, malt extract, [65]
DSMZ 5626 18 027 48 1.15 batch  (NH)2804
Corn steep liquor,
g{lﬁwﬁ? lrft(t))(c)lozy M@ Astaxanthin 10.7 145 15.52  3.10 Flasks glucose, yeast extract, [66]
(NH,4),SO4
ﬁ:;’;g%’j ff:my €eS  Astaxanthin  15.68 174  27.05 492 Batch g;‘g’s&ifjs;g‘”w’ 88]
3 4)2504
gg"Aﬁgf’T’Zhgg"zy ™A Astaxanthin 452 043 1947  3.89 Batch SXS:;"“”"J“‘“’ yeast 167]
Rhodosporidium .
toruloides Astaxanthin =~ n/d n/d 0.93 0.23 Flasks Glucose, peptone [76]
Rhodotorula Crude glycerol, palm
glutinis BCRC B-carotene 28.8 035 10.08 1.55 Batch  oil, yeast extract, [68]
22360 (NH,4),SO4
Rhodotorula
mucilaginosa Total 161 023 373 093 Fed- = Sugar cane molasses, ¢,
CC7688 carotenoids batch  corn step liquor
Rhodotorula Pre-treated onion peels
mucilaginosa B-carotene 7.33 0.72 5.28 1.5 Flasks bean husk peels, [70]
MTCC-1403 fung bean us
Sporidiobolus P-carotene 56.32 034 1892631 Fed- Glucose, com steep [101]
pararoseus JD-02 Torulene ’ 011 6.05 2.02 batch  liquor
Sporobolomyces Fed- Hydrolysed coffee
roseus CCY 19-6-4 fB-carotene 36.8 042 1562 5.77 batch  ground, (NH,),SOs [102]
Crude glycerol,
Sporobolomyces Total
ruberrimus H110 carotenoids n/d n/d 510 153 Batch  (NH4),SO,, yeast [89]
extract, peptone
Sporobolomyces Total Technical glycerol,
ruberrimus ATCC c:ro tenoids 3350 297 9949 wd Batch  (NH4),SOs, peptone, [103]
66500 yeast extract
Mould species
Mucor Glucose, yeast extract
circinelloides CBS ~ B-carotene 9 0.7 6.3 3.15 Batch C.HAN ’Oy > [78]
277.49 4H12N206
Blakeslea trispora B-carotene 62 96 596 1192 Flasks Starch, soybean meal, [45]

ATCC 14271

com hydrolysate
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Blakeslea trispora Starch, soybean meal,
ATCC 14271 Lycopene 57 9.3 533 106.6 Flasks corn hydrolysate [45]

B-carotene 44.56 n/d Glucose, corn steep
Blakeslea trispora liquor, yeast extract,
ATCC 14271 y-carotene n/d 38.62 n/d n/d Batch casein acid hydrolysate, [79]

Lycopene 1.83 n/d L-asparagine
Blakeslea trispora Glucose. L-asparagine
NRRL 2895 (+),  P-carotene  n/d  n/d 138  1.69 Flasks G oxiract PAragne, 11043
NRRL 2896 (-)
Bacteria species
f/}lBr‘[lénglilj.;p ' Astaxanthin =~ 4.2 0.9 3.78 0.95 Flasks Glycerol, soya peptone  [82]
Paracoccus Total Pre-treated sawdust
aminophilus CRT1  carotenoids n/d 0.63 n/d n/d Flasks hydrolysate, yeast [105]

extract

Paracoccus Total Pre-treated sawdust
kondratievae CRT2  carotenoids wd 0.76  nid n/d Flasks hydrolysate [105]
Paracoccus Glucose, yeast extract
zeaxanthinifaciens  Zeaxanthin n/d 0.75 n/d n/d Flasks entone 24 > [106]
ATCC 21588 pepto
Paracoccus
zeaxanthinifaciens  Zeaxanthin n/d n/d 11.63  3.88 Flasks Glucose, yeast extract [90]
ATCC 21588
Shingomonas
natatoria KODA Zeaxanthin n/d 4.1 n/d n/d Flasks Yeast extract, peptone [107]
19-6
Sphingomonas Total Maltose, peptone, yeast
astaxanthinifaciens . n/d 2.8 n/d n/d Flasks » beptone, ¥ [84]
NBRC102146 carotenoids extract, fish meat extract
Flavobacterium Gl ¢ extract
multivorum ATCC ~ Zeaxanthin ~ n/d  n/d 1065 581 Flasks > UC0SC, Yeastextract, - g4
55238 peptone
Gordonia Total
alkanivorans 1B carotenoids n/d 3.1 n/d n/d Flasks Glucose, NH4C1 [81]
Rhodopseudomonas Total Glutamic acid, yeast
faecalis PA2 carotenoids 32 13 413 >1.6 Flasks extract, (NH4)>SO4 [108]
Dietziamaris NIT- = ¢, oanthin 739 1651 122.01 24.4 Flasks Olucose, peptone, yeast ),
D extract
Dietzia maris NIT- ) ovanthin 18.85  27.96  527.09 10542 nd  Coconutwater, peptone, ),
D yeast extract
Dietzia maris Canthaxanthin 3.03 099 300 15 Flasks O1UC0SS, peptone, yeast 4,
AURCCBTO01 : : ’ : S extract
Dietzia Beet molasses
natronolimnaea Canthaxanthin 7.26  0.83  6.01 0.86 Batch  hydrolysate, yeast [109]
HS-1 extract, peptone
Dietzia
natronolimnaea  Canthaxanthin 9.11 098 892 127 Fed- — Glucose, peptone, yeast 4,
HS-1 batch  extract
Dietzia Fed- Beet molasses
natronolimnaea Canthaxanthin 17.79 0.82 14.63  2.09 batch hydrolysate, yeast [95]
HS-1 extract, peptone
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Protist species

Astaxanthin 7.69 1.54
Schizochytrium Glucose, distillery
KH105 B-carotene n/d n/d 4.64 0.93 Batch wastewater using barley [85]
Canthaxanthin 0.28 0.06
Schizochytrium sp. Fed- Glycerol, yeast extract,
$31 B-carotene n/d n/d 15.16 3.03 batch  (NH.),SOs, CsH:NO:Na [86]
Thraustochytrium
striatum ATCC ~ Astaxanthin =~ 10 n/d 3.6 024 Eed'h Glucose, yeast extract, g,
24473 atc peptone

Note: DCW — dry biomass weight (grams per litre of medium); CA — carotenoids amount; mg g”' — mg per g of DCW;
mg L' —mg per L of medium; CP — carotenoids productivity; mg L™! d"' — mg per L of medium per day; FT — fermentation
type; n/d — not defined.

Currently, commercial -carotene is produced from the microalgae Dunaliella salina and
mould Blakeslea trispora [4], [110], [111]. Dunaliella salina is reported to be an effective
producer, accumulating up to 10 % B-carotene of the dry cells and 11.25mgL™'d™!
productivity [111]. Yeasts are able to synthesize B-carotene in more modest amounts, on
average 0.02-0.04 % of the dry weight, however, they have a higher cell density in the
fermentation medium than microalgae, which increases the total yield of carotenoid per litre
of medium [69], [101], [112]. E.g., the biomass yield and B-carotene productivity for
Sporobolomyces roseus CCY 19-6-4 and Sporidiobolus pararoseus JD-02 are 36.8 g L™ and
577mgL'd"',and 56.32 gL' and 6.31 mg L' d"!, respectively [101], [102]. B-carotene is
mainly synthesized by the red yeast Rhodotorula [69], [91], [112], [113], Sporidiobolus [101],
[114], [115], Sporobolomyces [89], [116], Cystofilobasidium capitatum [113] and mould
Mucor circinelloides [78]. The photosynthetic bacteria Rhodopseudomonas faecalis PA2
reportedly is capable of synthesizing f-carotene and lycopene [117], [118]. Depending on the
microorganism P-carotene can be synthesized either as one of the final metabolites or as a
primary metabolite precursor of astaxanthin, canthaxanthin, and zeaxanthin [2], [22].
Sporobolomyces ruberrimus is a producer of B-carotene, torularhodin and torulene. This
species is able to accumulate 2.8 % of carotenoids in the total biomass [89], while biomass
growth under optimal cultivation conditions may be relatively high around 34 g L™ [103].

Lutein is another important carotenoid, which is not produced chemically due to low
production yield [22]. It is obtained by extracting the biomass of the marigold flower Tagetes
erecta L. [17]. The marigold flower contains about 1.5 % lutein and 0.5 % zeaxanthin
(stereoisomer of lutein) per dry biomass weight [119]. This carotenoid is also present in
microorganisms, mainly in microalgae. Microalgae Dunaliella salina [63], Chlorella
zofingiensis [120], Chlamydomonas planctogloea, and Desmodesmus protuberans [99] are
able to accumulate lutein in their cells up to concentrations of 5.36 %, 1.53 %, 0.4 %, and
0.74 % of the dry biomass, accordingly. The microalgae Dunaliella salina shows a relatively
high yield and productivity of lutein, which is 155.2 mg L' and 9.7 mg L' d™! [63]. It is
reported that only a few of the bacteria, such as Flavobacterium multivorum [93], Gordonia
alkanivorans [80], [81], and Gordonia rubripertncta [121] are able to synthesize lutein,
however in small amounts.

On the other hand, many carotenoid-producing bacteria synthesize zeaxanthin (a
stereoisomer of lutein), such as Flavobacterium multivorum [93], Paracoccus aminophilus
[105], Paracoccus zeaxanthinifaciens  [90], [106], Paracoccus kondratievae [105],
Shingomonas natatoria [107] etc. Zeaxanthin accumulates in cells in similar concentrations
of about 0.3-0.4 % of the dry weight in bacteria and microalgae. However, productivity is
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higher for bacteria due to shorter cultivation time. E.g., as reported in the study [107],
Shingomonas natatoria bacterium accumulated 0.4 % zeaxanthin of dry biomass weight over
4 days of cultivation in stirred flasks [107], while for microalgae Synechococcus sp. it takes
9 days to accumulate 0.23 % zeaxanthin of dry biomass and 21 days to accumulate 0.33 %
when cultured in a photoreactor [122]. Moreover, Flavobacterium multivorum and
Paracoccus zeaxanthinifaciens are capable of producing 5.81 mgL™'d™' [94] and
3.88 mg L™ d7! [90] of zeaxanthin, while for Synechococcus sp. it is 0.7 mg L™' d! [122].

Besides Phaffia rhodozyma, Blakeslea trispora, and Paracoccus sp., which are already used
industrially, the bacteria Dietzia maris, Flavobacterium multivorum, Paracoccus
zeaxanthinifaciens,  yeast  Sporidiobolus  pararoseus,  Sporobolomyces  roseus,
Sporobolomyces ruberrimus, and Cystofilobasidium capitatum seem to be excellent
candidates for carotenoid production based on productivity values (Table 1). Therefore, the
relevance of the microorganism should be assessed not only by the amount of accumulated
carotenoid in the cells, but also by the total weight of the biomass in the fermentation medium,
and the carotenoid productivity. The use of inexpensive substrates for the cultivation of these
microorganisms, the optimization of the culture medium and conditions, the manipulation of
carotenoid synthesis, and the co-production of other valuable products simultaneously
increase the competition of these microorganisms. The efficiency of extraction and
purification of carotenoids from biomass undoubtedly plays an equally important role in
economically profitable production [3], [65], [106], [123], but this aspect is beyond the scope
of this review.

3. SELECTION AND OPTIMIZATION OF THE FERMENTATION FACTORS AND
PARAMETERS

The content and composition of carotenoids in microorganism cells are not constant and
vary depending on environmental conditions, the presence or absence of nutrients, and abiotic
stresses [ 124]. Optimization of cultivation conditions and the composition of the fermentation
medium can significantly increase the total amount of accumulated carotenoids in the biomass
[67], [104], [125], and stimulate the accumulation of the target carotenoid by changing the
ratio of the proportions of produced carotenoids [93]. Studies [104], [125] reported an
increase in the content of B-carotene in the biomass of Blakeslea trispora by 42 % [104] and
astaxanthin in Phaffia rhodozyma by 92 % [125] in the optimal medium compared to the non-
optimized one. In another study [94], depending on the composition of the medium,
Flavobacterium multivorum bacteria accumulated p-carotene, p-cryptoxanthin, and
zeaxanthin in various proportions of the total mass from 3:4:93 to 82:7:11 [93]. To increase
canthaxanthin production by Dietzia maris bacteria, glucose concentration, NaCl, and pH
were key factors [73]. It is also important to consider that the type of fermentation used plays
a role, as in [67] the biomass and amount of astaxanthin of the yeast Phaffia rhodozyma
increased by 18.86 % and 32.5 %, respectively, during batch fermentation compared to
shaking flask fermentation under similar conditions [67]. The fed-batch fermentation of
Rhodotorula mucilaginosa increases total carotenoid amount approximately by 200 %
compared to batch fermentation [69]. Table 1 summarizes the best results of the main
microbial carotenoids obtained using agro-industrial by-products as substrate, applying
stressors/synthesis stimulators, or optimizing cultivation conditions. The influence of these
factors on the synthesis of major microbial carotenoids is described below.
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3.1. Substrate selection and fermentation medium composition

The viability of the technology for the commercial production of microbial carotenoids
directly depends on the cost of the process, which is influenced by many factors: the price of
the fermentation medium, the cost of equipment and its operation (fermenters, biomass
separating and processing, cleaning), the yield of carotenoids, productivity, and even the
purchasing power of consumers, etc. [37], [52], [126]. One strategy to increase the
competitiveness of the manufacturing process is to use inexpensive substrates as wastes and
by-products [4], [7], [48], [52]. Therefore, microorganisms capable of using agricultural
waste and industrial by-products as a nutrient source are being explored. Many studies on
carotenoids use these products successfully (Table 1). Sweet sorghum juice [64], sweet
potatoes juice [67], coconut water [72], corn steep liquor [66], [79], [101], molasses [69],
[95], [109], cheese whey [98], rapeseed meal [127], soybean meal [45], crude glycerol [89],
[113], [128], cooking oil [129], sawdust hydrolysate [105], wheat bran [7], [77], cassava
residues [130], onion peels and mung bean husk [70], fruit and vegetable waste [131] are used
for the cultivation of carotenoid-synthesizing microorganisms. At the same time, yeasts are
able to grow in environments with a high carbon content (50-100 g L") and utilize various
sugars, as well as glycerol and oil. It results in reaching a high biomass and a good yield of
carotenoids [70], [101], [114]. It is worth noting that, according to the assessment of many
researchers for astaxanthin-producing yeast Phaffia rhodozyma, a sugar concentration of
more than 50 g L™! can have a negative impact on the biomass and the concentration of
astaxanthin in cells [70], [127]. This is due to the occurrence of changes in metabolism,
switching the process of respiration to alcoholic fermentation, which subsequently has an
inhibitory effect [127]. However, it is possible to use batch or fed-batch fermentation, which
will solve the potential problem with alcoholic fermentation and increase biomass yield [65].
Bacteria in comparison prefer lower sugar concentrations up to 20-30 g L™! of medium and
although the growth rate is higher, they are not as effective in biomass yield [73], [84], [95],
[98], [107].

The source of C and N is important not only for the growth of biomass but also for the
accumulation of carotenoids, however, the effectiveness of one substrate will depend on the
preference of a particular microorganism strain [132], [133]. A study by [126] demonstrated
that Phaffia rhodozyma preferred sucrose, fructose, and glucose, generating higher biomass
and higher yield of astaxanthin per litre of a medium [126]. In another study, astaxanthin
yield was comparable when using galactose, raffinose or glucose [132]. Many oleaginous
yeasts successfully utilize oils and glycerol, which positively affects the yield of carotenoids
[89], [113]. It was found that the use of crude glycerol resulted in a higher yield of carotenoids
in the yeast Sporobolomyces ruberrimus compared to pure glycerol. This is due to the
presence of fats in the raw glycerine after biodiesel production. This theory was confirmed
by adding fatty acids to a medium containing pure glycerol. The researchers concluded that
adding palmitic, stearic, oleic, and linoleic acids increased carotenoid productivity up to
2-fold [89]. These results are consistent with another study in which the addition of
cottonseed oil increased the yield of carotenoids by 46 % in Rhodotorula mucilaginosa
biomass [134]. Bacteria and yeast prefer yeast extract and peptone as an organic N source.
Many studies show that these substrates provide maximum biomass and a high yield of
carotenoids [67], [75], [90], [132]. However, to reduce the cost of the fermentation medium,
inexpensive inorganic salts such as urea (CH4N:0), ammonium sulphate ((NH4)>SO4),
ammonium chloride (NH4Cl), potassium nitrate (KNO3) are also successfully used [80], [88],
[89].
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In addition to carbon and nitrogen sources, microorganisms need micro and macro elements
that positively affect biomass and carotenoid accumulation. The study [93] reported on the
stimulating effect of various salts on the synthesis of carotenoids in the cells of the bacterium
Flavobacterium multivorum. With the addition of urea, sodium carbonate, and calcium
chloride, the proportion of B-carotene increased without significantly inhibiting biomass. At
the same time, in the presence of ammonium and magnesium salts, zeaxanthin was mainly
synthesized, and growth inhibition was also observed [93]. Zinc, iron, copper, and magnesium
have been reported to act as carotenoid inducers in some yeast species [127] and bacteria
[82], [90], [96]. Fe*" 30 ppm, Cu?* 28.75 ppm and Zn?" 27 ppm added to the medium had a
significant effect on the synthesis of total carotenoids (9.7 mg/L) in Dietzia natronolimnaea
in a fed-batch fermentation. At the same time, canthaxanthin also increased significantly
(8.9 mg L) [96]. In another study [108], a maximum total caronitoid yield up to 413 mg L™
was achieved when 0.05 % Fe** was added to the medium for Rhodopseudomonas faecalis
PA2, while 190 mg L™' was obtained under non-optimized conditions. It is also interesting
that Fe*" supplementation reduced the cultivation time to reach maximum carotenoid values
from 12 days to 8. This increased carotenoid productivity to 51.6 mg L™'d"' compared to the
initial results of 25 ml L™!d™! in non-optimized conditions [108]. It was also reported that the
addition of 1000 ppm vitamin A acetate to the medium significantly increased the synthesis
of B-carotene in mould Blakeslea trispora at 828 mg L™!, while subsequent addition of a
piperidine inhibitor concentration of 500 ppm after 48 hours of cultivation increased the pool
of lutein in relation to B-carotene by 775 and 67 mg L ™!, respectively [135]. Another study
confirms the significant effect of methyl palmitate, ferrous sulphate, and pyridoxine
hydrochloride on zeaxanthin synthesis by Paracoccus zeaxanthinifaciens [90].

As several studies show (Table 1), the cultivation of fungi on a medium based on
agricultural plant residues or glycerine and/or waste oil along with the addition of ammonium
sulphate can give a satisfactory yield of biomass and the productivity of the main carotenoid
in comparison with the glucose-yeast extract-peptone medium. As for carotenoid-producing
bacteria, glucose-yeast extract-peptone containing media are more often used. However, for
some strains of bacteria, the alternative media may have glycerol for Paracoccus sp. [82], by-
products for Dietzia maris [72], [95], [108] Paracoccus aminophilus [105], Paracoccus
kondratievae [105] and ammonium chloride for Gordonia alkanivorans [80], [81]. Several
studies [82], [90], [96], [127] confirm the importance of the trace elements such as iron, zinc
and copper in significantly increasing the production of carotenoids in microbial cells.

3.2. Stimulators and stress factors supplements

Many studies have demonstrated that carotenoid synthesis is positively affected by the
addition of tricarboxylic cycle acid (TCA) intermediates such as citrate, malate, succinate,
pyruvate, fumarate, D-isocitrate and a—ketoglutarate, ferrous sulphate, etc. into the
fermentation medium [82], [135], [136]. TCA is involved in forming the carbon skeleton of
carotenoids and is also a source of energy used to synthesize carotenoids and fatty acids
[74], [135]. When malic acid, isocitric acid and a-ketoglutarate were added to the medium at
concentrations 6.02 mM, 6.2 mM, and 0.02 mM, respectively, zeaxanthin production in
Flavobacterium multivorum biomass was reported to increase 6-fold [94]. Malate at 5 mM
and ferrous sulphate at 1 mM addition increased astaxanthin yield in Paracoccus sp. 21 times,
from 0.18 to 3.75 mg L™! [82]. The presence of citrate 11.18 mM, malate 14.19 mM,
glutamate 12.48 mM, and succinate 13.38 mM in the medium (pH 8) increased carotenoid
yield in the anaerobic carotenogenic bacterium Cellulosimicrobium AZ to 28.86 mg L™!
compared to 24mgL™! in an unoptimized medium [137]. In another study [136],
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canthaxanthin synthesis by Dietzia natronolimnaea increases with the addition of three
intermediates at optimal concentrations: a-ketoglutarate 9.69 mM, oxaloacetate 8.68 mM,
succinate 8.51 mM in a medium in fed-batch cultivation mode. As a result, reaching
13.2 mg L™! canthaxanthin yield and 1.88 mg L™' d™! productivity compared to 8.97 mg L™!
and 1.28 mg L' d™! under non-optimized conditions [136].

According to numerous studies, induced osmotic and oxidative stress is also an excellent
stimulator of carotenoid production [12], [138], [139]. In a study on the impact of the osmatic
stress caused by the addition of 5 % NaCl to the medium, on the synthesis of carotenoids by
Rhodotorula glutinis, Rhodotorula mucilaginosa, and Rhodotorula gracilis — showed that
there was an increase in total carotenoids and the proportion of B-carotene in all three yeast
species [12]. On the other hand, oxidative stress caused by adding 5 mM — H,0,, increased
the production of torulene in the biomass of all three strains, proportionally reducing the
amount of B-carotene [12]. In another study, 2 % NaCl or 2 mM H»O> adding to fermentation
media resulted in a 2-fold increase in carotenoid production in Rhodotorula glutinis. In
contrast, adding 2 % NaCl directly to the inoculant followed by adding 5 mM H,0, to the
fermentation medium increased the production of carotenoids by 3—4 fold [139]. Oxidative
stress also affects the production of astaxanthin, with the addition of 10-20 mM H,0, in the
medium has a different effect on the accumulation of astaxanthin in Xanthophyllomyces
dendrorhous cells depending on the growth phase of the yeast. The increase in astaxanthin
was negligible with adding H,O, to cells in the stationary growth phase. In contrast, adding
H,0, during the exponential growth phase increased the accumulation of astaxanthin by 60 %
with little biomass inhibition. Also, the concentration of B-carotene in yeast cells decreased
by adding 10 mM H,O; after 0 and 24 hours of cultivation [140]. In another study [141]
Phaffia rhodozyma yeast treatment by TiO, (0.5 g L™!) doubled astaxanthin production within
72 h without apparent biomass inhibition [141].

Many studies have considered the effect of light illumination on increasing carotenoid
production as a natural defense mechanism against photooxidative stress [2], [87]. Indeed,
white light illumination increased the growth of biomass and the synthesis of carotenoids in
the cells of the bacterium Dietzia natronolimnaea (canthaxanthin) [98] and Gordonia
alkanivorans (lutein) [80], moulds Mucor circinelloides (B-carotene) [78], yeast
Xanthophyllomyces dendrorhous (astaxanthin) [131], Rhodosporidium toruloides (p-
carotene) [142], Rhodotorula glutinis (torularhodin) and Rhodotorula mucilaginosa
(torularhodin) [12]. A study [78] shows that Mucor circinelloides is able to accumulate 2.2—
2.7 times more [-carotene under continuous light compared to darkness, as a result,
accumulating up to 0.7 mg g~! of carotenoid in biomass for 48 hours of cultivation [78].
Cultivation of the genus Rhodotorula yeast under white light illumination increased the
accumulation of torularhodin and torulene relative to B-carotene [12]. In another study, the
authors [131] report that cultivation of Xanthophyllomyces dendrorhous under constant white
light illumination showed a slight difference in the biomass and amount of astaxanthin
compared to cultivation in the dark [131]. Thus, it has been established [80] that white light
has a significant effect on the synthesis of lutein, canthaxanthin, and astaxanthin in the
biomass of Gordonia alkanivorans in a glucose and sodium sulphate containing medium,
while replacing these sources with others reduces the effect of light [80]. Interesting results
were obtained by [81], it was reported that during cultivation in the dark, the synthesis of
carotenoids in Gordonia alkanivorans cells ceased simultaneously with the depletion of
glucose in the medium, while in the presence of light (400 and 3000 1m), the synthesis of
carotenoids continued even in the complete absence of a carbon source. The authors note that
this may be due to the ability of the strain to use the available reserves in the cells in the
presence of light, which does not occur in the dark [81].
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Interesting results are shown by a study [12], where stress factors such as 5 % NaCl, 5 mM
H,0,, white light and low temperature were tested on three Rhodotorula strains and compared
with a control (cultivation without stress). The most effective was a lower temperature —
20 °C instead of 28 °C. Rhodotorula glutinis, Rhodotorula mucilaginosa, Rhodotorula
gracilis showed an increase in the productivity of total carotenoids from 0.96, 0.46 and
098 gL 'd'to 1.22,0.65 and 1.54 g L"'d!, respectively. The remaining factors had less
positive or negative effect on carotenoid synthesis in these three strains. Only white light
irradiation significantly affected Rhodotorula gracilis, increasing carotenoid production from
098gL'd'tol.24gL'd ! [12].

It is worth noting that the effect of light on the synthesis of microbial carotenoids depends
on the light source, light intensity, growth phase of the microorganism, and cultivation
conditions

It can be concluded that TCA intermediates significantly affect carotenogenesis in bacteria,
increasing the synthesis of zeaxanthin, astaxanthin, and canthaxanthin [74], [82], [94], [135],
[136]. Due to the lack of scientific articles on using TCAs to increase carotenoid synthesis in
fungi, it can be assumed that there is no positive effect for these microorganisms. Only one
study reported no significant effect of TCA on B-carotene synthesis in Blakeslea trispora
cells [135]. The opposite situation is with the use of NaCl and H>O,. The impact of these
compounds on the synthesis of carotenoids has been described only for yeasts, and there are
no studies on bacteria. Adding 2—5 % NaCl and combining 2 % NaCl with 2 % H,O; increases
carotenoid synthesis [12], [139]. However, higher concentrations of H,O, as 5-10 mM reduce
the synthesis of B-carotene in cells. Notably, for an astaxanthin-producing yeast strain, adding
10-20 mM H,0; to the medium during the exponential growth phase leads to increased
accumulation of astaxanthin [140]. In turn, the positive effect of light radiation on
carotenogenesis is observed in bacteria and fungi. However, increasing the synthesis of
microbial carotenoids depends on the light source, light intensity, growth phase of the
microorganism, and medium composition and cultivation conditions. Therefore, light
radiation appears to be a less critical factor influencing carotenoid synthesis in bacteria and
yeast.

3.3. pH and temperature

It is known that pH and temperature are essential factors for successfully cultivating
microorganisms, and their optimal values can increase the production of certain cellular
products [64]. The best pH and temperature for carotenoid production varies depending on
the type of microorganism and the type of carotenoid. Phaffia rhodozyma has a wide pH range
at which it can grow and produce carotenoids, with many studies reporting optimal pH values
for astaxanthin production to be between 4 and 7.5, at 20-22 °C [64], [67], [130], [132]. The
work [88] reported that the maximum biomass growth of Phaffia rhodozyma was observed at
pH 6. In contrast, a decrease of pH to 5 and 4 decreased the yield of biomass but increased
the yield of astaxanthin. The productivity of astaxanthin was 3.22, 4.36, and 3.78 mg/L/d
under controlled batch fermentation conditions of pH 4, 5, and 6, respectively. Improved
astaxanthin productivity results of 5.41 mg/L/d and 4.57 mg/L/d were achieved by switching
the initial controlled pH of 6 to pH 5 and 4 at 80 hours of fermentation, respectively [88].
Considering this pH control and splitting the fermentation process into 2 steps, biomass
accumulation and astaxanthin synthesis is a good strategy to optimize carotenoid production
[2], [88]. A similar situation is observed for Paracoccus sp., when a lower temperature of
20 °C resulted in a 39 % increase in astaxanthin, while the optimum temperature for biomass
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was 25 °C. However, the improved productivity of 0.058 mg L™ d"! was at 20 °C compared
to 0.4 mg L™! d7! at 25 °C [82].

The optimum pH and temperature for carotenoid production varies greatly for red yeast,
natural producers of B-carotene, torularhodin, and torulene. For example, work [101] reported
that Sporidiobolus pararoseus has good biomass growth at pH 4-8 and 25-35 °C, which is
optimal for both carotenoids and biomass at pH 6 and 28 °C. At the same time, these
cultivation factors did not affect the ratio of the proportions of carotenoids [101]. In another
study [12] 3 species of yeast Rhodotorula synthesized a more incredible amount of total
carotenoids at a temperature of 20 °C compared to cultivation at the optimum temperature for
the biomass of these species of 28 °C. The concentration of carotenoids in the biomass
increased by 19 %, 46 %, and 57 % for Rhodotorula glutinis, Rhodotorula mucilaginosa, and
Rhodotorula gracilis when cultivated at 20 °C, respectively. Additionally, there was an
increase in the proportion of B-carotene and a decrease in torulene and torularhodin [12]. In
other studies, the optimum temperature and pH for carotenoid production from Rhodotorula
mucilaginosa based on various sugars from agro-industrial waste were reported to be pH 6.1
and 25.8 °C [70], pH 7.0 and 30 °C [134], and pH 5 and 22-28 ° C [143]. Since temperature
and pH are important triggers for enzymatic reactions [107], it is possible that when using
different substrates that require different enzymatic conversion, the optimal pH and
temperature will vary even within the same species.

According to multiple sources, the cultivation of carotenoid-producing bacteria occurs at a
temperature of 25-37 °C and a pH of 5.5-7.5 [82], [84], [95], [107], [136], [144]. It is
reported that the optimal temperature for the release of Paracoccus sp. biomass is 20-25 °C,
while a lower temperature of 20°C stimulated the release of astaxanthin by 39 % compared
to 25°C [82]. In another study, the maximum yield of zeaxanthin from Shingomonas
natatoria was obtained at 30 °C. In comparison, the optimal temperature for growth was
35 °C, although culturing bacteria at 25 °C gave average readings of biomass and zeaxanthin.
As aresult, carotenoid productivity was 0.06 mg L' d™!,0.18 mg L' d"!,and 0.02mg L' d™!
at 25 °C, 30 °C, and 35 °C, respectively [107]. Cultivation of Dietzia natronolimnaea in the
temperature range from 13 to 31 °C had no significant effect on biomass. The biomass
maximum slowly increased from 5.91 to 6.09 g L™! as the temperature increased to 31 °C and
fell more rapidly at 34 and 40 °C, 5.76 and 1.94 g L™}, respectively. However, temperature
strongly influenced the growth rate of bacteria; at 31 °C, the maximum biomass was reached
at 168 hours of fermentation, while at 13 °C at 340 hours. Interestingly, the maximum yield
of canthaxanthin was observed at 31 °C, while the maximum yield of total carotenoids was
at the lowest fermentation temperature. pH 7 proved optimal for biomass, total carotenoids,
and canthaxanthin products of Dietzia natronolimnaea [98].

Temperature and pH of the environment are the basic factors influencing the synthesis of
microbial carotenoids. According to the literature, the optimal temperature and pH for
synthesizing carotenoids either corresponds to the optimal conditions for biomass growth or
is lower than these readings. Therefore, after optimizing the environment and conditions for
the target strain and type of carotenoid, it is necessary to experiment with lower temperatures
and pH values relative to the optimal one.

3.4. Aeration

Adequate aeration of the fermentation medium is essential for the growth and synthesis of
carotenoids in aerobic microorganisms [37], [45], [65], [70], [145]. The requirement for
oxygen during fermentation can be fulfilled by mixing the flasks on an orbital shaker and
adjusting the working volume of the medium in the flasks, or by combining the supply of
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oxygen and mixing the medium in a bioreactor [66], [70]. Studies show that under the same
preassigned fermentation conditions, the biomass and yield of carotenoids were significantly
higher in the bioreactor compared to shake flasks [65]-[67], [127]. For example, Phaffia
rhodozyma cultivation in a 5 L bioreactor increased in biomass and astaxanthin yield by
18.9 % and 32.5 % compared to shake flask fermentation [67]. These results are consistent
with other work (see Table 1). Scientific works report high levels of astaxanthin production
with high aeration of the medium during the fermentation process, in the ranges of 40-80 %
dissolved oxygen (DO) saturation [64], [146] and/or stirring speed of 300—600 rpm [65], [67],
[127]. Increasing DO from 20 % to 80 % is reported to increase biomass and astaxanthin
production in Xanthophyllomyces dendrorhous. Moreover, high dissolved oxygen levels may
interfere with yeast growth inhibition associated with high glucose concentrations in the
medium [65]. Also, the regulation of DO saturation affects carotenoid ratios in B-carotene,
torulene, and torularhodin-producing yeast [70], [101]. When Sporidiobolus pararoseus was
cultivated at 5 % DO, carotene was 60.56 % and torulene 18.02 % of the total amount of
carotenoids, while with an increase in DO concentration, the proportions of carotenoids
changed towards an increase in torulene. At 40 % DO it resulted in 33.72 % carotene and
50.12 % torulene concentration of the total produced carotenoids [101]. To enrich the
fermentative medium with oxygen when growing the mould Blakeslea trispora, additional
measures are required due to the high viscosity of the medium created by the mycelium
biomass. Adding oxygen-vectors and surfactants to the fermentation medium positively
affects the production of biomass and carotenoids [45], [104]. For example, adding n-hexane
and n-dodecane at 1 % v/v increased the concentration of lycopene and B-carotene in cells,
and also positively affected biomass. The maximum yield of these carotenoids was obtained
by adding 1 % v/v to the medium n-dodecane together with 0.1 % w/v surfactant Span
20 [45]. In another study, adding 0.2 % w/v surfactant Span 20 significantly increased
B-carotene production (229 %) by Blakeslea trispora, which amounted to 318 mg/L of
medium [135].

It can be concluded that astaxanthin-producing yeasts require a high concentration of 40—
80 % DO in the environment for high yield of biomass and astaxanthin. For yeast producing
a carotenoid mix, the concentration of dissolved oxygen in the medium will affect the ratio
of these carotenoids in the cells. Therefore, it is necessary to experimentally select the
required dissolved oxygen concentration for the target carotenoid. There is no data on the
effect of dissolved oxygen concentration on the synthesis of bacterial carotenoids. Improving
the yield of biomass and carotenoids in mould is carried out through oxygen-vectors, which
increase the access of oxygen to medium with increased viscosity. Surfactants, n-hexane and
n-dodecane can be applied in small quantities to improve the synthesis of lycopene and
carotene by Blakeslea trispora.

4. CONCLUSIONS

Studies show that maximum values of carotenoids are achieved under multifactorial
cultivation conditions aimed at two main tasks. The first is to achieve high biomass, which in
the case of yeasts and moulds is an advantage over bacteria and microalgae. Even at relatively
low concentrations of carotenoids in cells, the yield of carotenoids at high biomass
concentrations becomes competitive with that of microalgae. For this purpose, it is necessary
to optimize the cultivation conditions for each particular strain: the composition of the
nutrient medium, temperature, pH, adequate aeration, nutrition, and the addition of growth
essential elements must be checked. The second task is to increase the synthesis of total
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carotenoids or a specific target carotenoid in the case of a microorganism synthesizing a mix
of carotenoids. This also requires optimization of cultivation factors as in the case of the first
task. However, it is important to understand and distinguish that the parameters of these
factors will be different. It is worth noting that bacteria have a more diverse composition of
carotenoids compared to yeast and show an excellent improvement in carotenoid synthesis
while optimizing the fermentation process aimed at carotenogenesis.

Microbial carotenoid synthesis can be improved using the following strategies:

— Addition of TCA intermediates: citrate or isocitric acid, malate or malic acid,
succinate, a-ketoglutarate, glutamate, oxaloacetate to the medium for carotenoid-
synthesizing bacteria.

— Addition of NaCl, H,0,, TiO», etc. to the medium for carotenoid-synthesizing yeast.

— Experimentally determine suitable cultivation conditions for the target strain and
carotenoid type by applying lower pH values and temperatures relative to the optimum
for biomass yield.

— Maintain a high concentration of dissolved oxygen in the environment to improve
astaxanthin production and lower values for carotene production.

— Use oxygen vectors to improve aeration for carotenoids yield by mould.

In the future, it is important to expand knowledge and define the influence of the growth
phase of microorganisms on the result of using factors that improve carotenogenesis. In this
way, achieving high productivity of microbial carotenoids will be possible. Because optimal
parameters for the synthesis of carotenoids are often inhibitory for biomass growth, applying
a two—stage fermentation strategy is necessary. Where high biomass is achieved under
optimal cultivation conditions at the first stage, the factors that have a greater influence on
the synthesis of carotenoids for a particular strain are switched to the required values. The
application of this two-stage fermentation strategy in combination with other strategies such
as the use of inexpensive agro-industrial waste, the co—production of high value—added
components, the use of efficient extraction methods, the improvement of strains by
mutagenesis or genetic engineering, etc. allows us to consider bacteria, yeast, and mould as
a worthy alternative to microalgae.

ACKNOWLEDGEMENTS

This work was supported by the European Social Fund within the Project No 8.2.2.0/20/1/008 “Strengthening of PhD
students and academic personnel of Riga Technical University and BA School of Business and Finance in the strategic
fields of specialization”.

REFERENCES

[1] Swapnil P., Meena M., Singh S. K., Dhuldhaj U. P., Harish, Marwal A. Vital roles of carotenoids in plants and
humans to deteriorate stress with its structure, biosynthesis, metabolic engineering and functional aspects. Current
Plant Biology 2021:26:100203. https://doi.org/10.1016/]J.CPB.2021.100203

[2] Lu Q., Lu Y. Microalga- and yeast-based astaxanthin production via nutrient recovery from wastewater for
aquaculture practice: an emerging technology for sustainable development. Journal of Chemical Technology and
Biotechnology 2022:97(11):3035-3048. https://doi.org/10.1002/jctb.7164

[3] Mussagy C. U., Winterburn J., Santos-Ebinuma V. C., Pereira J. F. B. Production and extraction of carotenoids
produced by microorganisms. Applied Microbiology and Biotechnology 2019:103:1095-1114.
https://doi.org/10.1007/s00253-018-9557-5

[4] Rapoport A., Guzhova 1., Bernetti L., Buzzini P., Kieliszek M., Kot A. M. Carotenoids and some other pigments
from fungi and yeasts, Metabolites 2021:11(2):92. https://doi.org/10.3390/metabo11020092

[S] Benbelkhir F. Z., Medjekal S. Microalgal carotenoids: A promising alternative to synthetic dyes. Algal Research
2022:66:102823. https://doi.org/10.1016/j.algal.2022.102823

1041



Environmental and Climate Technologies

2023/27

[6] Misawa N. Carotenoids: Biosynthetic and Biofunctional Approaches, 1261* ed. Singapore: Springer, 2021.

[7] Cassarini M., Besaury L., Rémond C. Valorisation of wheat bran to produce natural pigments using selected
microorganisms. Journal of Biotechnology 2021:339:81-92. https://doi.org/10.1016/j.jbiotec.2021.08.003

[8] Yin F. W., Zhan C. T., Huang J., Sun X. L., Yin L. F., Zheng W. L., Luo X., Zhang Y. Y., Fu Y. Q. Efficient Co-
production of Docosahexaenoic Acid Oil and Carotenoids in Aurantiochytrium sp. Using a Light Intensity Gradient
Strategy. Applied Biochemistry and Biotechnology 2023:195:623-638. https://doi.org/10.1007/s12010-022-04134-w

[9] JanchotK., Rauytanapanit M., Honda M., Hibino T., Sirisattha S., Praneenararat T., Kageyama H., Waditee-Sirisattha
R. Effects of Potassium Chloride-Induced Stress on the Carotenoids Canthaxanthin, Astaxanthin, and Lipid
Accumulations in the Green Chlorococcal Microalga Strain TISTR 9500. Journal of Eukaryotic Microbiology
2019:66(5):778-787. https://doi.org/10.1111/JEU.12726

[10] Maoka T. Carotenoids as natural functional pigments. Journal of Natural Medicines 2020:74:1-16.
https://doi.org/10.1007/s11418-019-01364-x

[11] Borowitzka M. A. Carotenoid Production Using Microorganisms. Single Cell Oils: Microbial and Algal Oils: Second
Edition 2010:225-240. https://doi.org/10.1016/B978-1-893997-73-8.50015-3

[12] Kot A. M., Btazejak S., Kieliszek M., Gientka 1., Brys J., Reczek L., Pobiega K. Effect of exogenous stress factors
on the biosynthesis of carotenoids and lipids by Rhodotorula yeast strains in media containing agro-industrial waste.
World Journal of Microbiology and Biotechnology 2019:35(10). https:/doi.org/10.1007/s11274-019-2732-8

[13] Madaan T., Choudhary A. N., Gyenwalee S., Thomas S., Mishra H., Tariq M., Vohora D., Talegaonkar S. Lutein, a
versatile phyto-nutraceutical: An insight on pharmacology, therapeutic indications, challenges and recent advances
in drug delivery. PharmaNutrition 2017:5(2):64-75. https://doi.org/10.1016/j.phanu.2017.02.005

[14] Castangia 1., Manca M. L., Razavi S. H., Nacher A., Diez-Sales O., Peris J. E., Allaw M., Terencio M. C., Usach L.,
Manconi M. Canthaxanthin Biofabrication, Loading in Green Phospholipid Vesicles and Evaluation of In Vitro
Protection of Cells and Promotion of Their Monolayer Regeneration. Biomedicines 2022:10(1):157.
https://doi.org/10.3390/biomedicines10010157

[15] Galasso C., Corinaldesi C., Sansone C. Carotenoids from marine organisms: Biological functions and industrial
applications. Antioxidants 2017:6(4):96. https://doi.org/10.3390/antiox6040096

[16] Sun T., Rao S., Zhou X., Li L. Plant carotenoids: recent advances and future perspectives. Molecular Horticulture
2022:2:1-21. https://doi.org/10.1186/s43897-022-00023-2

[17] Bogacz-Radomska L., Harasym J., Piwowar A. Commercialization aspects of carotenoids, in Carotenoids:
Properties, Processing and Applications 2020:327-357. https://doi.org/10.1016/B978-0-12-817067-0.00010-5

[18] Zia-Ul-Haq M., Carotenoids: Structure and Function in the Human Body. Switzerland: Springer, 2021.
https://doi.org/10.1007/978-3-030-46459-2

[19] Cheng S. H., Khoo H. E., Kong K. W., Prasad K. N., Galanakis C. M. Extraction of carotenoids and applications.
Carotenoids: Properties, Processing and Applications 2020:259-288. https://doi.org/10.1016/B978-0-12-817067-
0.00008-7

[20] Arab M., Razavi S. H., Hosseini S. M., Nayebzadeh K., Meybodi N. M., Khanniri E., Mardi P., Mortazavian A. M.
Production and characterization of functional flavored milk and flavored fermented milk using microencapsulated
canthaxanthin. LWT2019:114:108373. https://doi.org/10.1016/j.1wt.2019.108373

[21] Yaqoob S., Riaz M., Shabbir A., Zia-Ul-Haq M., Alwakeel S. S., Bin-Jumah M. Commercialization and Marketing
Potential of Carotenoids, in Carotenoids: Structure and Function in the Human Body 2021:799-826.
https://doi.org/10.1007/978-3-030-46459-2 27

[22] Martinez-Camara S., Ibanez A., Rubio S., Barreiro C., Barredo J.-L. Main Carotenoids Produced by Microorganisms.
Encyclopedia 2021:1(4):1223—1245. https://doi.org/10.3390/encyclopedial 040093

[23] Fawzy S., Wang W., Zhou Y., Xue Y., Yi G., Wu M., Huang X. Can dietary B-carotene supplementation provide an
alternative to astaxanthin on the performance of growth, pigmentation, biochemical, and immuno-physiological
parameters of Litopenaeus vannamei? Aquaculture Reports 2022:23:101054.
https://doi.org/10.1016/J.AQREP.2022.101054

[24] Aruldass C. A., Dufosse L., Ahmad W. A. Current perspective of yellowish-orange pigments from microorganisms-
a review. Journal of Cleaner Production 2018:180:168—182. https://doi.org/10.1016/j.jclepro.2018.01.093

[25] Lim K. C., Yusoff F. M., Shariff M., Kamarudin M. S. Astaxanthin as feed supplement in aquatic animals, Reviews
in Aquaculture 2018:10(3):738-773. https://doi.org/10.1111/raq.12200

[26] Rebelo B. A., Farrona S., Rita Ventura M., Abranches R. Canthaxanthin, a Red-Hot Carotenoid: Applications,
Synthesis, and Biosynthetic Evolution. Plants 2020:9(8):1039. https://doi.org/10.3390/PLANTS9081039

[27] Roberts R. L., Green J., Lewis B. Lutein and zeaxanthin in eye and skin health. Clinics in Dermatology
2009:27(2):195-201. https://doi.org/10.1016/j.clindermatol.2008.01.011

[28] Johnson E. J. Role of lutein and zeaxanthin in visual and cognitive function throughout the lifespan. Nutrition Reviews
2014:72(9):605-612. https://doi.org/10.1111/nure.12133

[29] Caseiro M., Ascenso A., Costa A., Creagh-flynn J., Johnson M., Simoes S. Lycopene in human health. LWT - Food
Science and Technology 2020:127:109323. https://doi.org/10.1016/j.1wt.2020.109323

1042



Environmental and Climate Technologies
2023/27

[30] Khalid M., Saeed-ur-Rahman, Bilal M., Igbal H. M. N., Huang D. Biosynthesis and biomedical perspectives of
carotenoids with special reference to human health-related applications. Biocatalysis and Agricultural Biotechnology
2019:17:399-407. https://doi.org/10.1016/].BCAB.2018.11.027

[311 Rao A. V., Ray M. R, Rao L. G. Lycopene. Advances in Food and Nutrition Research 2006:51:99—-164.
https://doi.org/10.1016/S1043-4526(06)51002-2

[32] Johnson E. J. A possible role for lutein and zeaxanthin in cognitive function in the elderly. American Journal of
Clinical Nutrition 2012:96(5):1161S-11658S. https://doi.org/10.3945/ajcn.112.034611

[33] Alugoju P., Krishna Swamy V. K. D., Anthikapalli N. V. A., Tencomnao T. Health benefits of astaxanthin against
age-related diseases of multiple organs: A comprehensive review. Critical Reviews in Food Science and Nutrition
2023:61(31):10709-10774. https://doi.org/10.1080/10408398.2022.2084600

[34] Fakhri S., Abbaszadeh F., Dargahi L., Jorjani M. Astaxanthin: A mechanistic review on its biological activities and
health benefits. Pharmacological Research 2018:136:1-20. https://doi.org/10.1016/j.phrs.2018.08.012

[35] Nabi F., Arain M. A., Rajput N., Alagawany M., Soomro J., Umer M., Soomro F., Wang Z., Ye R., Liu J. Health
benefits of carotenoids and potential application in poultry industry: A review. Journal of Animal Physiology and
Animal Nutrition 2020:104(6):1809-1818. https://doi.org/10.1111/jpn.13375

[36] Dias M. G., Borge G. L. A., Kljak K., Mandi¢ A. 1., Mapelli-Brahm P., Olmedilla-Alonso B., Pintea A. M., Ravasco
F., Saponjac V. T., Sereikait¢ J., Vargas-Murga L., Vuli¢ JI. J., Meléndez-Martinez A. J. European database of
carotenoid levels in foods. Factors affecting carotenoid content. Foods 2021:10(5):912.
https://doi.org/10.3390/foods10050912

[37] Schweiggert R. M., Carle R., Chapter 12 - Carotenoid Production by Bacteria, Microalgae, and Fungi. In Carotenoids
in Nutrition: Therapy, Spectroscopy and Technology 2016. https://doi.org/10.1002/9781118622223.ch12

[38] Khan U. M., Sevindik M., Zarrabi A., Nami M., Ozdemir B., Kaplan D. N., Selamoglu Z., Hasan M., Kumar M.,
Alshehri M. M., Sharifi-rad J. Lycopene: Food Sources, Biological Activities, and Human Health Benefits. Oxidative
Medicine and Cellular Longevity 2021. https://doi.org/10.1155/2021/2713511

[39] Yamaguchi M. Carotenoids food sources, production and health benefits. Nova Science Publishers Inc., 2013.

[40] LorenzR. T., Cysewski G. R. Commercial potential for Haematococcus microalgae as a natural source of astaxanthin.
Trends in Biotechnology 2000:18(4):160-167. https://doi.org/10.1016/S0167-7799(00)01433-5

[41] Esatbeyoglu T., Rimbach G. Canthaxanthin: From molecule to function. Molecular Nutrition & Food Research
2017:61(6):1600469. https://doi.org/10.1002/mnfr.201600469

[42] Steven R., Humaira Z., Natanael Y., Dwivany F. M., Trinugroho J. P., Dwijayanti A., Kristianti T., Tallei T. E.,
Emran T. Bin, Jeon H., Alhumaydhi F. A., Radjasa O. K., Kim B. Marine Microbial-Derived Resource Exploration:
Uncovering the Hidden Potential of Marine Carotenoids. Marine Drugs 2022:20(6):352.
https://doi.org/10.3390/md20060352

[43] Colusse G. A., Duarte M. E. R., De Carvalho J. C., Noseda M. D. Production of astaxanthin by Haematococcus
pluvialis: Lab processes to scale up including the cost considerations. Global Perspectives on Astaxanthin: From
Industrial Production to Food, Health, and Pharmaceutical Applications 2021:121-130.
https://doi.org/10.1016/B978-0-12-823304-7.00019-2

[44] SuiY.,Mazzucchi L., Acharya P., XuY., Morgan G., Harvey P. J. A comparison of B-carotene, phytoene and amino
acids production in Dunaliella salina DF 15 (CCAP 19/41) and Dunaliella salina CCAP 19/30 using different light
wavelengths. Foods 2021:10(11):2824. https://doi.org/10.3390/foods10112824

[45] Xu F., Yuan Q. P., Zhu Y. Improved production of lycopene and B-carotene by Blakeslea trispora with oxygen-
vectors. Process Biochemistry 2007:42(2):289-293. https://doi.org/10.1016/j.procbio.2006.08.007

[46] Harith Z. T., Lima M. de A., Charalampopoulos D., Chatzifragkou A. Optimised Production and Extraction of
Astaxanthin from the Yeast Xanthophyllomyces dendrorhous. Microorganisms 2020:8(3):430.
https://doi.org/10.3390/microorganisms8030430

[47] Rodriguez-Amaya D. B. Update on natural food pigments — A mini-review on carotenoids, anthocyanins, and
betalains. Food Research International 2019:124:200-205. https://doi.org/10.1016/].foodres.2018.05.028

[48] Ashokkumar V., Flora G., Sevanan M., Sripriya R., Chen W. H., Park J. H., Rajesh banu J., Kumar G. Technological
advances in the production of carotenoids and their applications — A critical review. Bioresource Technology
2023:367:128215. https://doi.org/10.1016/j.biortech.2022.128215

[49] Venil C. K., Dufosse L., Renuka Devi P. Bacterial Pigments: Sustainable Compounds With Market Potential for
Pharma and Food Industry. Frontiers in Sustainable Food Systems 2020:4. https://doi.org/10.3389/fsufs.2020.00100

[50] Stachowiak B., Szulc P. Astaxanthin for the Food Industry. Molecules 2021:26(9):2666.
https://doi.org/10.3390/molecules26092666

[51] Goswami R. K., Agrawal K., Verma P. Chapter 6 - An Overview of Microalgal Carotenoids: Advances in the
Production and Its Impact on Sustainable Development. In Bioenergy Research: Evaluating Strategies for
Commercialization and  Sustainability, eds. Srivastava ~ N., Srivastava M. 2021:105-128.
https://doi.org/10.1002/9781119772125.ch6

[52] Foong L. C., Loh C. W. L., Ng H. S., Lan J. C. W. Recent development in the production strategies of microbial
carotenoids. World Journal of Microbiology and Biotechnology 2021:37:12. https://doi.org/10.1007/s11274-020-
02967-3

1043



Environmental and Climate Technologies

2023/27

[53] Langi P., Kiokias S., Varzakas T., Proestos C. Carotenoids: From plants to food and feed industries. In Methods in
Molecular Biology 2018:1852. https://doi.org/10.1007/978-1-4939-8742-9 3

[54] Capelli B., Bagchi D., Cysewski G. R. Synthetic astaxanthin is significantly inferior to algal-based astaxanthin as an
antioxidant and may not be suitable as a human nutraceutical supplement. Nutrafoods 2013:12:145-152.
https://doi.org/10.1007/s13749-013-0051-5

[55] Kumar S., Kumar R., Kumari A., Panwar A. Astaxanthin: A super antioxidant from microalgae and its therapeutic
potential. Journal of Basic Microbiology 2022:62(9):1064—1082. https://doi.org/10.1002/jobm.202100391

[56] Nair A., Ahirwar A., Singh S., Lodhi R., Lodhi A., Rai A., Jadhav D. A., Harish, Varjani S., Singh G., Marchand J.,
Schoefs B., Vinayak V. Astaxanthin as a King of Ketocarotenoids: Structure, Synthesis, Accumulation,
Bioavailability and Antioxidant Properties. Marine Drugs 2023:21(3):176. https://doi.org/10.3390/md21030176

[57] Dufosse L. Current and Potential Natural Pigments From Microorganisms (Bacteria, Yeasts, Fungi, Microalgae).
Handbook on Natural Pigments in Food and Beverages: Industrial Applications for Improving Food Color
2016:337-354. https://doi.org/10.1016/B978-0-08-100371-8.00016-6

[58] Gervasi T., Santini A., Daliu P., Salem A. Z. M., Gervasi C., Pellizzeri V., Barrega L., De Pasquale P., Dugo G.,
Cicero N. Astaxanthin production by Xanthophyllomyces dendrorhous growing on a low cost substrate. Agroforestry
Systems 2020:94:1229-1234. https://doi.org/10.1007/s10457-018-00344-6

[59] Shah M. M. R., Liang Y., Cheng J. J., Daroch M. Astaxanthin-producing green microalga Haematococcus pluvialis:
From single cell to high value commercial products. Frontiers in Plant Science 2016:7:531.
https://doi.org/10.3389/fpls.2016.0053 1

[60] Nishshanka G. K. S. H., Liyanaarachchi V. C., Premaratne M., Ariyadasa T. U., Nimarshana P. H. V. Sustainable
cultivation of Haematococcus pluvialis and Chromochloris zofingiensis for the production of astaxanthin and co-
products. The Canadian Journal of Chemical Engineering 2022:100(10):2835-2849.
https://doi.org/10.1002/cjce.24317

[61] AbeK., Hattori H., Hirano M. Accumulation and antioxidant activity of secondary carotenoids in the aerial microalga
Coelastrella striolata var. multistriata. Food Chemistry 2007:100(2):656—661.
https://doi.org/10.1016/j.foodchem.2005.10.026

[62] Saito M., Watanabe H., Sasaki M., Ookubo M., Yarita T., Shiraiwa M., Asayama M. Coproduction of lipids and
carotenoids by the novel green alga Coelastrella sp. depending on cultivation conditions. Biotechnology Reports
2023:37. https://doi.org/10.1016/j.btre.2022.e00769

[63] Wang X., Zhang M.-M., Liu S.-F., Xu R.-L., Mou J.-H., Qin Z.-H., Zhou Z.-G., Li H.-Y., Sze C., Lin K., Sun Z.
Synergistic bioconversion of lipids and carotenoids from food waste by Dunaliella salina with fulvic acid via a two-
stage cultivation strategy. Energy Conversion and Management 2021:234:113908.
https://doi.org/10.1016/j.enconman.2021.113908

[64] Stoklosa R. J., Johnston D. B., Nghiem N. P. Phaffia rhodozyma cultivation on structural and non-structural sugars
from sweet sorghum for astaxanthin generation. Process Biochemistry 2019:83:9-17.
https://doi.org/10.1016/j.procbio.2019.04.005

[65] Harith Z. T., Lima M. de A., Charalampopoulos D., Chatzifragkou A. Optimised production and extraction of
astaxanthin from the yeast Xanthophyllomyces dendrorhous. Microorganisms 2020:8(3):430.
https://doi.org/10.3390/microorganisms8030430

[66] Liu Y. S., Wul. Y., Ho K. P. Characterization of oxygen transfer conditions and their effects on Phaffia rhodozyma
growth and carotenoid production in shake-flask cultures. Biochemical Engineering Journal 2006:27(3):331-335.
https://doi.org/10.1016/i.bej.2005.08.031

[67] Zhang C., Zhao X., Yao M., Zhang J., Liu L., Li Q., Xu H., Li R., Tian Y. High-density cultivation of Phaffia
rhodozyma SFAS-TZ08 in sweet potato juice for astaxanthin production. Electronic Journal of Biotechnology
2023:61:1-8. https://doi.org/10.1016/j.ejbt.2022.09.007

[68] Yen H. W., Palanisamy G., Su G. C. The Influences of Supplemental Vegetable Oils on the Growth and B-carotene
Accumulation of Oleaginous Yeast-Rhodotorula glutinis. Biotechnology and Bioprocess Engineering 2019:24:522—
528. https://doi.org/10.1007/s12257-019-0027-4

[69] Rodrigues T. V. D., Amore T. D., Teixeira E. C., Burkert J. F. de M. Carotenoid Production by Rhodotorula
mucilaginosa in Batch and Fed-Batch Fermentation Using Agroindustrial Byproducts. Food Technology and
Biotechnology 2019:57:388. https://doi.org/10.17113/{th.57.03.19.6068

[70] Sharma R., Ghoshal G. Optimization of carotenoids production by Rhodotorula mucilaginosa (MTCC-1403) using
agro-industrial waste in bioreactor: A statistical approach. Biotechnology Reports 2020:25:¢00407.
https://doi.org/10.1016/j.btre.2019.¢00407

[71] Goswami G., Chakraborty S., Chaudhuri S., Dutta D. Optimization of process parameters by response surface
methodology and kinetic modeling for batch production of canthaxanthin by Dietzia maris NIT-D
(accession number: HMI151403). Bioprocess and  Biosystems  Engineering  2012:35:1375-1388.
https://doi.org/10.1007/s00449-012-0726-0

[72] Bera S., Sv V. B., Chaudhuri S., Dutta D. Strong Antioxidant Property of Bacterial Canthaxanthin Obtained By Raw
Coconut Water Supplementation as an Additional Nutrient Source. Proceeding of 2015 International Conference on
Bio-Medical Engineering and Environmental Technology, 2015.

1044



Environmental and Climate Technologies
2023/27

[73] Abuthahir S. S. F., Venil C. K., Malathi M., Devi P. R. Optimization of submerged fermentation for enhanced
production of canthaxanthin by Dietzia maris AURCCBTOL. Materials Today: Proceedings 2021:47(9):2132-2137.
https://doi.org/10.1016/j.matpr.2021.05.150

[74] Xiao A., Jiang X., Ni H., Yang Q., Cai H. Study on the relationship between intracellular metabolites and astaxanthin
accumulation during Phaffia rhodozyma fermentation. Electronic Journal of Biotechnology 2015:18:148-153.
https://doi.org/10.1016/.ejbt.2015.02.002

[75] Luna-Flores C. H., Wang A., von Hellens J., Speight R. E. Towards commercial levels of astaxanthin production in
Phaffia rhodozyma. Journal of Biotechnology 2022:350:42—54. https://doi.org/10.1016/j.jbiotec.2022.04.001

[76] Tran T. N., Tran Q. V., Huynh H. T., Hoang N. S., Nguyen H. C., Ngo D. N. Astaxanthin Production by Newly
Isolated Rhodosporidium toruloides: Optimization of Medium Compositions by Response Surface Methodology.
Notulae Botanicae Horti Agrobotanici Cluj-Napoca 2019:47:320-327. https://doi.org/10.15835/nbha47111361

[77] Dursun D., Dalgic A. C. Optimization of astaxanthin pigment bioprocessing by four different yeast species using
wheat wastes. Biocatalysis and Agricultural Biotechnology 2016:7:1-6. https://doi.org/10.1016/j.bcab.2016.04.006

[78] Naz T., Nosheen S., Li S., Nazir Y., Mustafa K., Liu Q., Garre V., Song Y. Comparative Analysis of B-Carotene
Production by Mucor circinelloides Strains CBS 277.49 and WJ11 under Light and Dark Conditions. Metabolites
2020:10(1):38. https://doi.org/10.3390/metabo10010038

[79] Nanou K., Roukas T., Papadakis E. Improved production of carotenes from synthetic medium by Blakeslea trispora
in a bubble column reactor. Biochemical Engineering Journal 2012:67:203-207.
https://doi.org/10.1016/1.bej.2012.06.018

[80] Silva T. P., Paix S. M. Ability of Gordonia alkanivorans strain 1B for high added value carotenoids production. RSC
Advances 2016:58055-58063. https://doi.org/10.1039/C6RA08126F

[81] Fernandes A. S., Paixdo S. M., Silva T. P., Roseiro J. C., Alves L. Influence of culture conditions towards optimal
carotenoid production by Gordonia alkanivorans strain 1B. Bioprocess and Biosystems Engineering 2018:41:143—
155. https://doi.org/10.1007/s00449-017-1853-4

[82] Chougle J. A., Singhal R. S. Metabolic precursors and cofactors stimulate astaxanthin production in Paracoccus
MBIC 01143. Food Science and Biotechnology 2012:21:1695-1700. https://doi.org/10.1007/s10068-012-0225-8

[83] Kumar P., Jun H. B., Kim B. S. Co-production of polyhydroxyalkanoates and carotenoids through bioconversion of
glycerol by Paracoccus sp. strain LL1. International Journal of Biological Macromolecules 2018:107:2552-2558.
https://doi.org/10.1016/j.ijbiomac.2017.10.147

[84] Asker D., Amano S., Morita K., Tamura K., Sakuda S., Kikuchi N., Furihata K., Matsufuji H., Beppu T., Ueda K.
Astaxanthin dirhamnoside, a new astaxanthin derivative produced by a radio-tolerant bacterium, Sphingomonas
astaxanthinifaciens. The Journal of Antibiotics 2009:62:397-399. https://doi.org/10.1038/ja.2009.50

[85] Yamasaki T., Aki T., Shinozaki M., Taguchi M., Kawamoto S., Ono K. Utilization of Shochu distillery wastewater
for production of polyunsaturated fatty acids and xanthophylls using thraustochytrid. Journal of Bioscience and
Bioengineering 2006:102(4):323-327. https://doi.org/10.1263/jbb.102.323

[86] Chang M., Zhang T., Guo X., Liu Y., Liu R., Jin Q., Wang X. Optimization of cultivation conditions for efficient
production of carotenoid-rich DHA oil by Schizochytrium sp. S31. Process Biochemistry 2020:94:190-197.
https://doi.org/10.1016/j.procbio.2020.04.007

[87] Xiao R., Li X., Leonard E., Tharayil N., Zheng Y. Investigation on the effects of cultivation conditions, fed-batch
operation, and enzymatic hydrolysate of corn stover on the astaxanthin production by Thraustochytrium striatum.
Algal research 2019:39:101475. https://doi.org/10.1016/j.algal.2019.101475

[88] Hu Z. C., Zheng Y. G., Wang Z., Shen Y. C. pH control strategy in astaxanthin fermentation bioprocess by
Xanthophyllomyces dendrorhous. Enzyme and Microbial Technology 2006:39(4):586-590.
https://doi.org/10.1016/j.enzmictec.2005.11.017

[89] Cardoso L. A. C., Jickel S., Karp S. G., Framboisier X., Chevalot 1., Marc 1. Improvement of Sporobolomyces
ruberrimus carotenoids production by the use of raw glycerol. Bioresource Technology 2016:200:374-379.
https://doi.org/10.1016/j.biortech.2015.09.108

[90] Joshi C., Singhal R. S. Modelling and optimization of zeaxanthin production by Paracoccus zeaxanthinifaciens
ATCC 21588 using hybrid genetic algorithm techniques. Biocatalysis and Agricultural Biotechnology 2016:8:228—
235. https://doi.org/10.1016/j.bcab.2016.10.004

[91] Tinoi J., Rakariyatham N., Deming R. L. Simplex optimization of carotenoid production by Rhodotorula glutinis
using hydrolyzed mung bean waste flour as substrate. Process Biochemistry 2005:40(7):2551-2557.
https://doi.org/10.1016/j.procbio.2004.11.005

[92] Rodriguez-Sifuentes L., Marszalek J. E., Hernandez-Carbajal G., Chuck-Hernandez C. Importance of Downstream
Processing of Natural Astaxanthin for Pharmaceutical Application. Frontiers in Chemical Engineering
2021:2:601483. https://doi.org/10.3389/fceng.2020.601483

[93] Bhosale P., Bemstein P. S. B-Carotene production by Flavobacterium multivorum in the presence of inorganic salts
and urea. Journal of Industrial Microbiology and Biotechnology 2004:31:565-571. https://doi.org/10.1007/s10295-
004-0187-9

1045



Environmental and Climate Technologies

2023/27

[94] Bhosale P., Larson A. J., Bernstein P. S. Factorial analysis of tricarboxylic acid cycle intermediates for optimization
of zeaxanthin production from Flavobacterium multivorum. Journal of Applied Microbiology 2004:96(3):623-629.
https://doi.org/10.1111/1.1365-2672.2004.02197.x

[95] Gharibzahedi S. M., Razavi S. H., Mousavi M. Optimisation and kinetic studies on the production of intracellular
canthaxanthin in fed-batch cultures of Dietzia natronolimnaea HS-1. Quality Assurance and Safety of Crops & Foods
2015:7(5):757-767. https://doi.org/10.3920/QAS2014.0503

[96] Nasrabadi M. R. N., Razavi S. H. Enhancement of canthaxanthin production from Dietzia natronolimnaea HS-1 in a
fed-batch process using trace elements and statistical methods. Brazilian Journal of Chemical Engineering
2010:27(4):517-529. https://doi.org/10.1590/S0104-66322010000400003

[97] Naz T., Yang J., Nosheen S., Sun C., Nazir Y., Mohamed H., Fazili A. B. A., Ullah S., Li S., Yang W., Garre V.,
Song Y. Genetic Modification of Mucor circinelloides for Canthaxanthin Production by Heterologous Expression of
B-carotene Ketolase Gene. Frontiers in Nutrition 2021:8:718. https://doi.org/10.3389/fnut.2021.756218

[98] Khodaiyan, Faramarz, Razavi S. H., Emam-Djomeh Z., Mousavi S. M. A., Hejazi M. A. Effect of Culture Conditions
on Canthaxanthin Production by Dietzia natronolimnaea HS-1.pdf. Journal of Microbiology and Biote 2007:17:195—
201.

[99] Soares A. T., da Costa D. C., Vieira A. A. H., Antoniosi Filho N. R. Analysis of major carotenoids and fatty acid
composition of freshwater microalgae. Heliyon 2019:5:¢01529. https://doi.org/10.1016/j.heliyon.2019.01529

[100] Harith Z. T., Charalampopoulos D., Chatzifragkou A. Rapeseed meal hydrolysate as substrate for microbial
astaxanthin production. Biochemical Engineering Journal 2019:151:107330.
https://doi.org/10.1016/i.bej.2019.107330

[101] Han M., He Q., Zhang W. G. Carotenoids production in different culture conditions by Sporidiobolus pararoseus.
Preparative Biochemistry and Biotechnology 2012:42(4):293-303. https://doi.org/10.1080/10826068.2011.583974

[102] Petrik S., Obruca S., BeneSova P., Marova 1. Bioconversion of spent coffee grounds into carotenoids and other
valuable metabolites by selected red yeast strains. Biochemical Engineering Journal 2014:90:307-315.
https://doi.org/10.1016/1.bej.2014.06.025

[103] Razavi S. H., Mousavi S. M., Yeganeh H. M., Marc 1. Fatty acid and carotenoid production by Sporobolomyces
ruberrimus when using technical glycerol and ammonium sulfate. Journal of Microbiology and Biotechnology
2007:17(10):1591-1597.

[104] Choudhari S., Singhal R. Media optimization for the production of f-carotene by Blakeslea trispora: A statistical
approach. Bioresource Technology 2008:99:722-730. https://doi.org/10.1016/j.biortech.2007.01.044

[105] Pyter W., Grewal J., Bartosik D., Drewniak L., Pranaw K. Pigment Production by Paracoccus spp. Strains through
Submerged Fermentation of Valorized Lignocellulosic Wastes. Fermentation 2022:8(9):440.
https://doi.org/10.3390/fermentation8090440

[106] Sajilata M. G., Bule M. V., Chavan P., Singhal R. S., Kamat M. Y. Development of efficient supercritical carbon
dioxide extraction methodology for zeaxanthin from dried biomass of Paracoccus zeaxanthinifaciens. Separation
and Purification Technology 2010:71(2):173—177. https://doi.org/10.1016/j.seppur.2009.11.017

[107] Thawornwiriyanun P., Tanasupawat S., Dechsakulwatana C., Techkarnjanaruk S., Suntornsuk W. Identification of
Newly Zeaxanthin-Producing Bacteria Isolated from Sponges in the Gulf of Thailand and their Zeaxanthin
Production. Applied Biochemistry and Biotechnology 2012:167:2357-2368. https://doi.org/10.1007/s12010-012-
9760-2

[108] Saejung C., Apaiwong P. Enhancement of carotenoid production in the new carotenoid-producing photosynthetic
bacterium Rhodopseudomonas faecalis PA2. Biotechnology and Bioprocess Engineering 2015:20:701-707.
https://doi.org/10.1007/s12257-015-0015-2

[109] Gharibzahedi S. M. T., Razavi S. H., Mousavi M. Kinetic analysis and mathematical modeling of cell growth and
canthaxanthin biosynthesis by Dietzia natronolimnaea HS-1 on waste molasses hydrolysate. RSC Advances
2013:3(45):23495. https://doi.org/10.1039/c3ra44663h

[110] Rammuni M. N., Ariyadasa T. U., Nimarshana P. H. V., Attalage R. A. Comparative assessment on the extraction
of carotenoids from microalgal sources: Astaxanthin from H. pluvialis and B-carotene from D. salina. Food
Chemistry 2019:277:128-134. https://doi.org/10.1016/j.foodchem.2018.10.066

[111] Prieto A., Pedro Cafiavate J., Garcia-Gonzalez M. Assessment of carotenoid production by Dunaliella salina in
different culture systems and operation regimes. Journal of Biotechnology 2011:151(2):180-185.
https://doi.org/10.1016/j.jbiotec.2010.11.011

[112] Yen H. W., Hu C. Y., Liang W. S. A cost efficient way to obtain lipid accumulation in the oleaginous yeast
Rhodotorula glutinis using supplemental waste cooking oils (WCO). Journal of the Taiwan Institute of Chemical
Engineers 2019:97:80-87. https://doi.org/10.1016/j.jtice.2019.02.012

[113] Petrik S., Marova I., Haronikova A. Production of biomass , carotenoid and other lipid metabolites by several red
yeast strains cultivated on waste glycerol from biofuel production — a comparative screening study. Annals of
Microbiology 2013:63:1537—-1551. https://doi.org/10.1007/s13213-013-0617-x

[114] Han M., Xu Z. yuan, Du C., Qian H., Zhang W. G. Effects of nitrogen on the lipid and carotenoid accumulation of
oleaginous yeast Sporidiobolus pararoseus. Bioprocess and Biosystems Engineering 2016:39:1425-1433.
https://doi.org/10.1007/s00449-016-1620-y

1046



Environmental and Climate Technologies

2023/27

[115] Kanpiengjai A., Khanongnuch C., Lumyong S., Haltrich D., Nguyen T. H., Kittibunchakul S., Co-production of
gallic acid and a novel cell-associated tannase by a pigment-producing yeast, Sporidiobolus ruineniae A45.2.
Microbial Cell Factories 2020:19:1-12. https://doi.org/10.1186/s12934-020-01353-w

[116] Dimitrova S., Pavlova K., Lukanov L., Korotkova E., Petrova E., Zagorchev P., Kuncheva M. Production of
Metabolites with Antioxidant and Emulsifying Properties by Antarctic Strain Sporobolomyces salmonicolor AL,.
Appl Biochem Biotechnol 2013:169:301-311. https://doi.org/10.1007/s12010-012-9983-2

[117] Saejung C., Lomthaisong K., Kotthale P. Alternative microbial-based functional ingredient source for lycopene,
beta-carotene, and polyunsaturated fatty acids. Heliyon 2023:9(3):e13828.
https://doi.org/10.1016/j.heliyon.2023.¢13828

[118] Patthawaro S., Lomthaisong K., Sacjung C. Bioconversion of Agro-Industrial Waste to Value-Added Product
Lycopene by Photosynthetic Bacterium Rhodopseudomonas faecalis and Its Carotenoid Composition. Waste and
Biomass Valorization 2020:11:2375-2386. https://doi.org/10.1007/s12649-018-00571-z

[119] Dufosse L. Microbial Pigments From Bacteria, Yeasts, Fungi, and Microalgae for the Food and Feed Industries.
Natural and Artificial Flavoring Agents and Food Dyes in: Handbook of Food Bioengineering 2018:113-132.
https://doi.org/10.1016/B978-0-12-811518-3.00004-1

[120] Del Campo J. A., Rodriguez H., Moreno J., Vargas M. A., Rivas J., Guerrero M. G. Accumulation of astaxanthin
and lutein in Chlorella zofingiensis (Chlorophyta). Applied Microbiology and Biotechnology 2004:64:848-854.
https://doi.org/10.1007/s00253-003-1510-5

[121] Zhang Q., Wang J., Li C., Zheng M., He Z., Zou Y., Xiong H., Xu B., Xiang W., Tang J. Characterization and
Bioactive Potential of Carotenoid Lutein from Gordonia rubripertncta GH-1 Isolated from Traditional Pixian
Douban. Foods 2022:11(22):3649. https://doi.org/10.3390/foods 11223649

[122] Bourdon L., Jensen A. A., Kavanagh J. M., McClure D. D. Microalgal production of zeaxanthin. Algal Research
2021:55:102266. https://doi.org/10.1016/j.algal.2021.102266

[123] Cheng S. H., Khoo H. E., Kong K. W., Prasad K. N., Galanakis C. M. 8 - Extraction of carotenoids and applications,
in Carotenoids: Properties, Processing and Applications 2020:259-288. https://doi.org/10.1016/B978-0-12-817067-
0.00008-7

[124] Kolasinac S. M., Stevanovi¢ Z. P. D., Kilibarda S. N., Kosti¢ A. Carotenoids: New applications of “old” pigments.
Phyton-International Journal of Experimental Botany 2021:90(4):1041-1062.
https://doi.org/10.32604/phyton.2021.015996

[125] Cerezal-Mezquita P., Espinosa-Alvarez C., Jauregui-Tirado M., Jaime-Matus C., Palma-Ramirez J., Ruiz-
Dominguez M. C. Physical-chemical characteristics of “Red Meal”, a novel non-defatted additive in the fish feed
from cracked biomass of Haematococcus pluvialis. Animal Feed Science and Technology 2022:285:115247.
https://doi.org/10.1016/j.anifeedsci.2022.115247

[126] Mezzomo N., Ferreira S. R. S. Carotenoids functionality, sources, and processing by supercritical technology: A
review. Journal of Chemistry 2016. https://doi.org/10.1155/2016/3164312

[127] Harith Z. T., Charalampopoulos D., Chatzifragkou A., Rapeseed meal hydrolysate as substrate for microbial
astaxanthin production. Biochemical Engineering Journal 2019:151:107330.
https://doi.org/10.1016/i.bej.2019.107330

[128] Chong T. Y., Law M. C., Chan Y. S. The Potentials of Corn Waste Lignocellulosic Fibre as an Improved Reinforced
Bioplastic Composites. Journal of Polymers and the Environment 2020:29:363-381. https://doi.org/10.1007/s10924-
020-01888-4

[129] Kumar P., Kim B. S. Paracoccus sp. Strain LL1 as a Single Cell Factory for the Conversion of Waste Cooking Oil
to Polyhydroxyalkanoates and Carotenoids. Applied Food Biotechnology 2019:6:53-60.
https://doi.org/10.22037/afb.v6i1.21628.

[130] Jinsong Y., Haisheng T., Rui Y., Xiaohuan S., Hairui Z., Kaimian L. Astaxanthin production by Phaffia rhodozyma
fermentation of cassava residues substrate. Agricultural Engineering International: CIGR Journal 2011:13:1-6.

[131] Gervasi T., Santini A., Daliu P., Salem A. Z. M., Gervasi C., Pellizzeri V., Barrega L., De Pasquale P., Dugo G.,
Cicero N. Astaxanthin production by Xanthophyllomyces dendrorhous growing on a low cost substrate. Agroforestry
Systems 2020:94:1229-1234. https://doi.org/10.1007/s10457-018-00344-6

[132] Guo X., Li X., Xiao D. Optimization of culture conditions for production of astaxanthin by Phaffia rhodozyma. 4"
International Conference on Bioinformatics and Biomedical Engineering. Chengdu, China, 2010:1-4.
https://doi.org/10.1109/ICBBE.2010.5516101

[133] Braunwald T., Schwemmlein L., Graeff-honninger S., French W. T., Hernandez R., Holmes W. E. Effect of different
C/N ratios on carotenoid and lipid production by Rhodotorula glutinis. Applied Microbiology and Biotechnology
2013:97:6581-6588. https://doi.org/10.1007/s00253-013-5005-8

[134] Aksu Z., Tugba Eren A. Carotenoids production by the yeast Rhodotorula mucilaginosa: Use of agricultural wastes
as a carbon source. Process Biochemistry 2005:40:2985-2991. https://doi.org/10.1016/j.procbio.2005.01.011

[135] Choudhari S. M., Ananthanarayan L., Singhal R. S. Use of metabolic stimulators and inhibitors for enhanced
production of B-carotene and lycopene by Blakeslea trispora NRRL 2895 and 2896. Bioresource Technology
2008:99(8):3166—3173. https://doi.org/10.1016/]j.biortech.2007.05.051

1047



Environmental and Climate Technologies

2023/27

[136] Nasri Nasrabadi M. R., Razavi S. H. Use of response surface methodology in a fed-batch process for optimization
of tricarboxylic acid cycle intermediates to achieve high levels of canthaxanthin from Dietzia natronolimnaea HS-1.
Journal of Bioscience and Bioengineering 2010:109(4):361-368. https://doi.org/10.1016/.jbiosc.2009.10.013

[137] Salehi Bakhtiyari A., Etemadifar Z., Borhani M. S. Use of response surface methodology to enhance carotenoid
pigment production from Cellulosimicrobium strain AZ. SN Applied Sciences 2020:2:1-9.
https://doi.org/10.1007/s42452-020-03549-6

[138] Basiony M., Ouyang L., Wang D., Yu J., Zhou L., Zhu M., Wang X., Feng J., Dai J., Shen Y., Zhang C., Hua Q.,
Yang X., Zhang L. Optimization of microbial cell factories for astaxanthin production: Biosynthesis and regulations,
engineering strategies and fermentation optimization strategies. Synthetic and Systems Biotechnology 2022:7:689—
704. https://doi.org/10.1016/j.synbio.2022.01.002

[139] Marova 1., Carnecka M., Halienova A., Breierova E., Koci R. Production of Carotenoid-/Ergosterol-Supplemented
Biomass by Red Yeast Rhodotorula glutinis Grown Under Exteral Stress. Food Technology. Biotechnology
2010:48:56-61.

[140]Liu Y. S., Wu J. Y. Hydrogen peroxide-induced astaxanthin biosynthesis and catalase activity in Xanthophyllomyces
dendrorhous. Applied Microbiology and Biotechnology 2006:73:663—668. https://doi.org/10.1007/s00253-006-
0501-8

[141] Zhang J., Li Q., Liu J., Lu Y., Wang Y., Wang Y. Astaxanthin overproduction and proteomic analysis of Phaffia
rhodozyma under the oxidative stress induced by TiO,. Bioresource Technology 2020:311:123525.
https://doi.org/10.1016/j.biortech.2020.123525

[142] Pham K. D., Shida Y., Miyata A., Takamizawa T., Suzuki Y., Ara S., Yamazaki H., Masaki K., Mori K., Aburatani
S., Hirakawa H., Tashiro K., Kuhara S., Takaku H., Ogasawara W. Effect of light on carotenoid and lipid production
in the oleaginous yeast Rhodosporidium toruloides. Bioscience, Biotechnology, and Biochemistry 2020:84:1501—
1512. https://doi.org/10.1080/09168451.2020.1740581

[143] Cheng Y. T., Yang C. F. Using strain Rhodotorula mucilaginosa to produce carotenoids using food wastes. Journal
of the Taiwan Institute of Chemical Engineers 2016:61:270-275. https://doi.org/10.1016/j.jtice.2015.12.027

[144] Khomlaem C., Aloui H., Oh W. G., Kim B. S. High cell density culture of Paracoccus sp. LL1 in membrane
bioreactor for enhanced co-production of polyhydroxyalkanoates and astaxanthin. International Journal of
Biological Macromolecules 2021:192:289-297. https://doi.org/10.1016/j.ijbiomac.2021.09.180

[145] Rostami F., Razavi S. H., Sepahi A. A., Gharibzahedi S. M. T. Canthaxanthin biosynthesis by Dietzia
natronolimnaea HS-1: effects of inoculation and aeration rate. Brazilian Journal of Microbiology 2014:45:447-456.
https://doi.org/10.1590/S1517-83822014005000046

[146] Wang W., Yu L. Effects of oxygen supply on growth and carotenoids accumulation by Xanthophyllomyces
dendrorhous. Zeitschrift fur Naturforschung — Section C Journal of Biosciences 2010:64:853-858.
https://doi.org/10.1515/znc-2009-11-1216

1048



	3.2. Stimulators and stress factors supplements

