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Preface and Introduction

2020 turned out to be the year when the outspread of SARS-CoV-2 (COVID-19)
took place over the world (pandemic), which compelled us to be aware of a lack
of enough knowledge or appropriate countermeasures against such a retrovirus,
i.e., one of “the most biotic and simplest non-organisms”. As it were, life science
would still be at stages of developments.

The 19th International Symposium on Carotenoids will be held in Toyama
as the third one held in Japan, which was originally scheduled in 2020 and
postponed to 2023. It is a pleasure for me to be able to publish the present
book entitled “Carotenoids: Biosynthetic and Biofunctional Approaches” just
before this memorial event, since this book is written dominantly by Japanese
researchers along with several European scientists. Japan retains the caroten-
oid annual meetings that have lasted for 34 years, where established and
young scientists from a variety of scientific fields meet with the common
key word “carotenoids.” Study on carotenoids in Japan seems to have been
positioned in high levels in the fields of its biology and biotechnology as well
as its chemistry and physics. It is presumably because they have often
communicated, discussed, cooperated, or collaborated with others involved
in carotenoids, led or motivated by the carotenoid annual meetings. On the
other hand, no comprehensive English books on carotenoids have been
published, which contain large numbers of Japanese chapter authors involved
in biology, biotechnology, chemistry, or nutrient physiology. This book is
likely to undertake a role as the first one belonging to such a category.

The present Carotenoids book is composed of two parts, Part I Biosynthetic
Approach and Part II Biofunctional Approach. Part I consists of 19 chapters,
and starts with the first full-fledged reports by two Japanese companies that
succeeded in the commercial production of astaxanthin, AstaReal Co., Ltd.
(Kazuyuki Miyakawa, Executive Vice President; Chap. 1) and ENEOS Cor-
poration (Masahiro Hayashi et al.; Chap. 2). It is followed by South Product
Co., Ltd. (Masahiko Iha, President) along with Dr. Ritsuko Fujii, which
introduced a unique research for the substantial production of functional
carotenoids such as fucoxanthin by seaweed (Chap. 3). Dr. Takashi Maoka,
who is a precious natural products-chemist on carotenoids, comprehensively
described carotenoid metabolisms in various animal species (Chaps. 4 and 5).
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Prof. Akihiko Nagao explained carotenoid metabolism in mammals including
humans (Chap. 6). It should further be emphasized that Prof. Gerhard
Sandmann wrote multiple valuable reviews (over four chapters), including
one on diversity and evolution of carotenoid biosynthesis genes (Chap. 7).
The Biosynthetic Approach Part further contains unique or original review
papers on carotenoid biosynthesis, which were written by as follows:
Dr. Changfu Zhu and Prof. Paul Christou et al. [about maize (Zea mays)
plants; Chap. 8], Dr. Miho Takemura and N. Misawa (liverwort Marchantia
polymorpha; Chap. 9), Dr. Yuichi Kato and Prof. Tomohisa Hasunuma
(microalgae and cyanobacteria; Chap. 10), G. Sandmann et al. (basidiomycete
Xanthophyllomyces dendrorhous; Chap. 11), KNC Laboratories Co., Ltd.
(Dr. Hirosuke Kanamoto and Katsuya Nakamura) and N. Misawa (oleaginous
yeasts including Lipomyces starkeyi; Chap. 12), Montserrat Rodrigo-Baños and
Prof. Rosa María Martínez-Espinosa et al. (the Archaea domain, haloarchaea;
Chap. 13), and G. Sandmann (the Bacteria domain, Actinobacteria; Chap. 14).

Nowadays, Escherichia coli is usually used for functional expression and
functional analysis of carotenoid biosynthesis genes. I described the first
meeting of E. coli and carotenogenic genes, and subsequent developments
(Chap. 15). Dr. Hisashi Harada (Chap. 16), and G. Sandmann and N. Misawa
(Chap. 17) showed pathway engineering for the production of an increased
amount of carotenoids, and for that of acyclic carotenoids, using E. coli,
respectively. Intestinal microflora of dragonflies and its microbes producing
carotenoids were revealed by Dr. Takashi Koyanagi et al. (Chap. 18). The last
chapter of Part I is carotenoid biosynthesis in arthropods belonging to the
animal kingdom by N. Misawa et al. (Chap. 19).

Part II Biofunctional Approach consists of seven chapters. It covers
astaxanthin and β-cryptoxanthin, which are also called “Japanese
carotenoids”, and the marine carotenoid fucoxanthin and paprika carotenoids
capsanthin and capsorubin, which are also unique targets in the nutrient
physiology field of carotenoids. Part II starts with Tsuguhito Ota, M.D., Ph.
D., who revealed effects of astaxanthin and β-cryptoxanthin against nonalco-
holic fatty liver disease and nonalcoholic steatohepatitis (Chaps. 20 and 21).
Yuji Naito, M.D., Ph.D. et al. showed therapeutic potential of astaxanthin in
diabetic kidney disease (Chap. 22). Dr. Eiji Yamashita (Chap. 23) and
Dr. Katsuyuki Mukai (Daicel Corporation; Chap. 24) reviewed multiple
biofunctions of astaxanthin and β-cryptoxanthin, respectively. Prof. Masashi
Hosokawa showed health-promoting effects of fucoxanthin (Chap. 25).
Lastly, Dr. Hayato Maeda and T. Maoka along with Dr. Azusa Nishino
(Ezaki Glico Co., Ltd.) showed beneficial bioactivity of capsanthin and
capsorubin (Chap. 26).

The chapter authors, G. Sandmann and C. Zhu, are members of the COST
Action EUROCAROTEN (European network to advance carotenoid research
and applications in agro-food and health, CA15136), supported by the
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European Cooperation in Science and Technology. Lastly, I acknowledge
deeply to all the authors for their valuable and kind contributions that are
irreplacible for me.

In commemoration of publication in 2021.

Ishikawa, Japan Norihiko Misawa

Preface and Introduction vii



Contents

Part I Biosynthetic Approach

1 Commercial Production of Astaxanthin from the Green Alga
Haematococcus pluvialis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Kazuyuki Miyakawa

2 Commercial Production of Astaxanthin with Paracoccus
carotinifaciens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Masahiro Hayashi, Takashi Ishibashi, Daichi Kuwahara,
and Kazuaki Hirasawa

3 Production of Carotenoids from Cultivated Seaweed . . . . . . . 21
Masahiko Iha and Ritsuko Fujii

4 Carotenoid Metabolism in Aquatic Animals . . . . . . . . . . . . . . 29
Takashi Maoka

5 Carotenoid Metabolism in Terrestrial Animals . . . . . . . . . . . 51
Takashi Maoka

6 Metabolism of Carotenoids in Mammals . . . . . . . . . . . . . . . . 67
Akihiko Nagao

7 Diversity and Evolution of Carotenoid Biosynthesis from
Prokaryotes to Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Gerhard Sandmann

8 Engineered Maize Hybrids with Diverse Carotenoid Profiles
and Potential Applications in Animal Feeding . . . . . . . . . . . . 95
Changfu Zhu, Gemma Farré, Joana Díaz-Gómez, Teresa
Capell, Carmina Nogareda, Gerhard Sandmann, and Paul
Christou

9 Carotenoid Biosynthesis in Liverworts . . . . . . . . . . . . . . . . . . 115
Miho Takemura and Norihiko Misawa

10 Metabolic Engineering for Carotenoid Production Using
Eukaryotic Microalgae and Prokaryotic Cyanobacteria . . . . . 121
Yuichi Kato and Tomohisa Hasunuma

ix



11 Xanthophyllomyces dendrorhous, a Versatile Platform for the
Production of Carotenoids and Other Acetyl-CoA-Derived
Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Gerhard Sandmann, Hendrik Pollmann, Sören Gassel,
and Jürgen Breitenbach

12 Carotenoid Production in Oleaginous Yeasts . . . . . . . . . . . . . 153
Hirosuke Kanamoto, Katsuya Nakamura, and Norihiko Misawa

13 Haloarchaea: A Promising Biosource for Carotenoid
Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Montserrat Rodrigo-Baños, Zaida Montero, Javier Torregrosa-
Crespo, Inés Garbayo, Carlos Vílchez, and Rosa María
Martínez-Espinosa

14 Carotenoid Biosynthesis in the Phylum Actinobacteria . . . . . . 175
Gerhard Sandmann

15 When Carotenoid Biosynthesis Genes Met Escherichia coli:
The Early Days and These Days . . . . . . . . . . . . . . . . . . . . . . . 183
Norihiko Misawa

16 Pathway Engineering Using Escherichia coli to Produce
Commercialized Carotenoids . . . . . . . . . . . . . . . . . . . . . . . . . 191
Hisashi Harada

17 Carotenoid Production in Escherichia coli: Case of Acyclic
Carotenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Gerhard Sandmann and Norihiko Misawa

18 Fecal Microflora from Dragonflies and Its Microorganisms
Producing Carotenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Takashi Koyanagi, Takashi Maoka, and Norihiko Misawa

19 Carotenoid Biosynthesis in Animals: Case of Arthropods . . . 217
Norihiko Misawa, Miho Takemura, and Takashi Maoka

Part II Biofunctional Approach

20 Molecular Mechanisms of Nonalcoholic Fatty Liver Disease
(NAFLD)/Nonalcoholic Steatohepatitis (NASH) . . . . . . . . . . . 223
Tsuguhito Ota

21 Prevention of NAFLD/NASH by Astaxanthin and β-
Cryptoxanthin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
Tsuguhito Ota

22 Therapeutic Potential of Astaxanthin in Diabetic Kidney
Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
Yuji Naito, Kazuhiko Uchiyama, Osamu Handa, and Wataru
Aoi

23 Extensive Bioactivity of Astaxanthin from Haematococcus
pluvialis in Human . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
Eiji Yamashita

x Contents



24 β-Cryptoxanthin from Satsuma Mandarin and Its Multiple
Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Katsuyuki Mukai

25 Health-Promoting Functions of the Marine Carotenoid
Fucoxanthin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
Masashi Hosokawa

26 Biological Activities of Paprika Carotenoids, Capsanthin and
Capsorubin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Hayato Maeda, Azusa Nishino, and Takashi Maoka

Contents xi



Part I

Biosynthetic Approach



Commercial Production of Astaxanthin
from the Green Alga Haematococcus
pluvialis

1

Kazuyuki Miyakawa

Abstract

This is an overview of the potential of
Haematococcus pluvialis for use in the commer-
cial production of natural astaxanthin, alongwith
a survey of mass culture methods that utilize the
characteristics of H. pluvialis. The latest
advancements in cultivation methods that incor-
porate new technologies, such as light-emitting
diodes (LEDs), are outlined. Furthermore, the
differences in culture conditions that may affect
the product quality required tomeet the standards
for its use as a health supplement ingredient are
discussed. Additionally, insights are provided on
some of the current avenues of research and the
future of astaxanthin cultivation.

Keywords

Haematococcus pluvialis · Mass cultivation ·
Tubular reactor · Light-emitting diode (LED) ·
Quality management

1.1 Introduction

Renowned researcher, and a leading microbiolo-
gist, Kinichiro Sakaguchi once said, “We have
never been betrayed by microorganisms”—a
quote that could not be truer.

Numerous scientists have devoted their talents
to exploiting the commercial cultivation
techniques of microalgae, particularly Spirulina,
Chlorella, and Haematococcus, and we have
done so with the hope of contributing to society’s
well-being. Within the limited knowledge gained
thus far, this contribution attempts to give a brief
overview of the history, current status, and future
prospects of the commercial production of
H. pluvialis as a source for natural astaxanthin
by referring to articles and reviews that have been
published to date.

1.2 Functions and Uses of Natural
Astaxanthin

There were two events in the 1980s that triggered
rapid advancement in the functional research of
astaxanthin: the discovery of its high singlet oxy-
gen quenching ability (Miki 1982; Miki 1991)
and the mass production of non-synthetic
astaxanthin. Natural astaxanthin is a carotenoid
with superior biological activities. This caroten-
oid was conventionally acknowledged at that time
as a fish feed additive—for enhancing both the
aesthetic coloration of ornamental aquarium fish
and the flesh color of farmed salmon and trout for
human consumption—but soon became popular
as an ingredient for health supplements and cos-
metic products. The functions of astaxanthin
include retinal protection (Nakajima et al. 2008),
recovery from asthenopia (Nagaki et al. 2010),
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skin conditioning (Tominaga et al. 2012, 2017),
and improvement of cognitive function (Katagiri
et al. 2012), insulin resistance (Ishiki et al. 2013;
Ni et al. 2015), and sarcopenia (Liu et al. 2018).
In addition to these reported studies,
Haematococcus-related astaxanthin research was
highly regarded for both the quantity and quality
of clinical data in a 2014 Functional Assessment
Project conducted by the Japan Health and Nutri-
tion Food Association.

1.3 Natural Sources
for Astaxanthin

It was important to study and develop natural
sources of astaxanthin to replace synthetic
astaxanthin and to establish natural astaxanthin
as a functional health food ingredient. As shown
in Table 1.1, all source materials have arguments
for and against their use, but H. pluvialis is cur-
rently the preferred and most common source of
astaxanthin. Alongside the benefits for production
and its extensive safety evaluation, research has
shown significant differences between algae and
other sources (Ranga et al. 2009, 2010), resulting
in a clear preference for the natural, esterified
astaxanthin complex extracted from
Haematococcus pluvialis. H. pluvialis has an
unusual life cycle that will be described later. It
is generally understood that due to its adaptation
to nutrient-poor, natural environments, it is able
to thrive under such extreme conditions, ensuring
almost no competition from other organisms.
However, under normal growth conditions, and
in open cultivation systems, monoalgal cultures
ofH. pluvialis are difficult to maintain, and thus, a
closed cultivation system is required for growing
a stable culture free of cross-contamination.

However, simply enclosing the system does
not rectify the problem. While developing an
outdoor photobioreactor facility for H. pluvialis
cultivation on Maui, AstaReal faced several
problems, primarily due to cross-contamination
from other microorganisms. Moreover, it was
concluded that focusing on our indoor, closed
cultivation photobioreactors, developed in 1994,

would limit the possibility of cross-contamination
with unwanted microorganisms.

1.4 Life History of H. pluvialis

H. pluvialis has a unique life cycle, and under
optimal growth conditions, its morphology is that
of motile cells called zoospores which possess
two flagella (Shah et al. 2016). Depending on
the strain, their size is normally 20–30 μm.
H. pluvialis cells propagate via mitotic cell divi-
sion, producing up to 32 daughter cells. The
flagella and envelope are lost in response to nutri-
ent depletion or physical stress, and the morphol-
ogy changes to non-motile, spherical cells
(Figs. 1.1 and 1.2) These spherical cells have
mitotic potential, and the cell number increases
by two, four, or eight cell divisions. Although
under nutrient-rich conditions, and accompanied
by optimum illumination, zoospores tend to accu-
mulate small amounts of astaxanthin. When
stressed further, e.g., poor nutrition and intense
illumination, the chlorophyll content decreases,
and significant quantities of astaxanthin accumu-
late in lipid vesicles in the cytosol (Collins et al.
2011). The amount of astaxanthin and neutral
lipids increases with maturation, and the lipid
content in the cells often exceeds 45% of the dry
weight. The cells themselves typically become
enlarged, sometimes surpassing 100 μm (Li et al.
2019).

1.5 Mass Culture of H. pluvialis

To take advantage of the aforementioned
characteristics of H. pluvialis, astaxanthin is com-
mercially produced through a two-stage culture
regimen (Shah et al. 2016). The system begins
with a “green stage,” in which cell numbers are
increased by maximizing the proliferation of
green cells, followed by the induction of a “red
stage,” in which astaxanthin is accumulated under
intense illumination.

The combination of light stress with nutrient
depletion (especially of nitrogen), heat, and salt
stresses is considered to trigger the formation of
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aplanospores, in order to survive these harsh
conditions. Simultaneously, astaxanthin is
synthesized and accumulates as an antioxidant
to protect the aplanospores from stress damage.

As mentioned earlier, H. pluvialis is a unique
species because in its natural, nutrient-poor envi-
ronment, it has very little competition from other
living organisms and can therefore become the
dominant species. However, it becomes

outcompeted in outdoor culture systems with
nutrient-poor medium, moderate temperatures,
and lack of pH control which allows the propaga-
tion of rival species at maximum growth rates.
Thus, in cultivation systems open to the environ-
ment, the maintenance of a monoalgal culture of
H. pluvialis is difficult to achieve. Therefore,
H. pluvialis is often cultivated in indoor, closed
culture systems during the cell proliferation stage.

Table 1.1 Natural resources of astaxanthin

Resources
Astaxanthin Content
(mg/100 g) Pros/Cons

Crayfish (Procambarus clarkii) ~0.1–0.3 Have difficulties in mass production
Chum salmon (Oncorhynchus keta) ~1–2 For food. Not suitable as raw material for

extraction
Krill (Euphausiacea) ~3–4 Fish odor is a problem
Phaffia yeast (Xanthophyllomyces
dendrorhous)

~200–1000 Mass production possible, thick cell wall is a
problem

Paracoccus bacteria (Paracoccus
carotinifaciens)

~1000–2000 Mass production possible, multiple
carotenoid mixture

Haematococcus algae (Haematococcus
pluvialis)

~1500–6000 Mass production possible, currently most
common

Fig. 1.1 Life cycle of Haematococcus pluvialis
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However, outdoors with no major problems
arise from high temperatures, salt concentrations,
and pH conditions during the “red stage”; for
example, maintaining a monoalgal culture is rela-
tively easy by reducing nitrogen sources to a
minimum. Therefore, some companies use open
pond systems with low initial costs. Nevertheless,
there remains the risk of contamination by other
organisms in these open pond systems; hence,
cells must be collected before they have fully
matured and sufficient amounts of astaxanthin
have been accumulated. Relatively large amounts
of chlorophyll are left as a result, and conse-
quently, this has an adverse effect on product
quality (Kaewpintong et al. 2007; Sipaúba-
Taveres et al. 2013).

Various outdoor, closed-type culture systems
have been tested in an attempt to overcome this
problem, and the most popular system adopted
today is the multistage tubular reactor (Figs. 1.3
and 1.4). Glass tubes with diameters of 5–10 cm
are connected to form lengths which are tens of
meters or longer and are constructed outdoors to
form multiple layers. H. pluvialis culture is
circulated through these glass tubes while being
exposed to light, leading to astaxanthin accumu-
lation. A single, large-scale facility may use a
total length of up to several hundred kilometers
of glass tubes. Four years after the first indoor,
commercial-scale cultivation, Algatechnologies
Ltd. was the first company to employ the tubular
reactor for H. pluvialis cultivation, although this
is now a common method used by other
companies as well.

The astaxanthin content in H. pluvialis
cultivated in open ponds is normally 1.5–3%
(on a free-form basis, Olaizoloa 2000), whereas
this can be >4% using a tubular photobioreactor,
depending on the season and local climate (Zhang
et al. 2017). Compared with open pond cultiva-
tion, the productivity per unit of culture medium
is higher in the tubular photobioreactor, although
the cleaning and maintenance of the system is
costly due to its complex structure. Furthermore,
productivity is affected by environmental factors,
such as light intensity and temperature.

Indoor systems using artificial light were
developed to minimize the effect of such external
factors to the greatest extent possible. However,
these systems have been adopted by only a few
companies for commercial production because
they are highly energy-intensive. However, sev-
eral companies have started to adopt these
systems, as shown in Table 1.2, to meet the cur-
rent standards for health food ingredients, which
demand strict management of culture methods
and traceability. Since the beginning, AstaReal
AB has been conducting all culture activities in
a hygienically controlled facility, from the seed
stage in glass flasks to the astaxanthin accumula-
tion stage in closed, stainless-steel
photobioreactors.

Closed culture tanks have little risk of contam-
ination by other algae or bacteria that often occur
in outdoor cultivation. And numerous factors,
such as nutrient supply, stirring intensity, and
light intensity, are precisely controlled for each
culture stage to manage and maintain a stable,

Fig. 1.2 Changes in Haematococcus pluvialis morphology
Left: Zoospores, Middle: Palmelloid cell accumulating astaxanthin, Right: Cyst cell (aplanospore)
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optimal growth environment. In contrast to out-
door culture methods, the cultivation in closed
tanks achieves higher cell densities (Dominguez-
Bocanegra et al. 2004). Astaxanthin can be rap-
idly accumulated to higher concentrations
because the algae are illuminated continuously
for 24 hours per day. High productivity can be
ensured, throughout the year, of highly hygienic
and superior-quality astaxanthin that is suitable
for use in functional health foods. The
manufacturing cost due to the use of artificial
light sources is sufficiently compensated for by
the consistently high productivity and quality of
the astaxanthin produced.

1.6 Extraction of Astaxanthin

Algal cells containing astaxanthin are collected
via precipitation and centrifugation (Shah et al.
2016). The harvested algal cells are disrupted
with a ball mill and then undergo spray-drying
or drum-drying which creates a bioavailable,

astaxanthin-containing dry powder. The
disrupted, dried biomass is sometimes used
directly as a raw ingredient, though it is mostly
used to produce oil extracts through extraction
processes utilizing organic solvents or supercriti-
cal carbon dioxide. The astaxanthin concentration
of our extract (via supercritical CO2 extraction) is
more than 10% (which consists of approximately
5% free form, 5% diester, and 85% monoester)
(Fig. 1.5). Extracts then undergo purification/
refinement or concentration adjustment, as
required, and are marketed after careful testing.

The quality of these products is greatly
affected by factors involved in the cultivation
stages, but it also depends on the management
of processing steps, such as disruption, drying, or
extraction. Extracts obtained from immature cells
often contain undesirable substances, such as
chlorophylls or their degradation products
(Fig. 1.6). Like astaxanthin, these undesirable
compounds are also lipid-soluble and are respon-
sible for reduced quality of the astaxanthin extract
due to oxidation. Therefore, product stability is

Fig. 1.3 Outdoor tubular-type Haematococcus pluvialis culture system. (Courtesy of Algatechnologies Ltd., Israel)

Fig. 1.4 Indoor closed-type Haematococcus pluvialis culture system
Left: AstaReal AB, Sweden; Middle: courtesy of Algalif Iceland Ehf., Iceland; Right: courtesy of Algamo Ltd., Czech
Republic

1 Commercial Production of Astaxanthin from the Green Alga Haematococcus pluvialis 7



ensured by controlling parameters, such as tem-
perature and extraction time (Ranga et al. 2007).

1.7 Future of H. pluvialis-Derived
Astaxanthin

To date, many reports describe the benefits and
uses of astaxanthin. Most have been focused on,
for example, its applications as supplement in the
beauty or anti-aging field. But recent reports have
shown that astaxanthin can also be applied to
fields, such as the prevention of lifestyle diseases
(Yoshida et al. 2010; Zuluaga et al. 2018) or
amelioration of the progression of sarcopenia
(Liu et al. 2018), which will help meet the urgent
needs of our aging society. The majority of these
functional studies were based on H. pluvialis-
derived astaxanthin whose safety has long been
established through numerous clinical and
pre-clinical safety evaluations. Because
astaxanthin is no longer used only as animal
feed, strict hygiene and quality management,
equivalent to the standards required for general
foods and even medical drugs, is required.

There had been numerous challenges in the
establishment of an industrial-scale mass culture

Table 1.2 Sites of Haematococcus pluvialis commercial production

Name of manufacturer Area, country
Light
source

Manufacturing style (year
founded)

AstaReal AB Stockholm Province,
Sweden

Fluorescent Tank (1994)

Cyanotech Corporation Hawaii state, USA Solar Open pond (1997)
Algatechnologies Ltd. Southern District, Israel Solar Tubular (1998)
Parry Nutraceuticals Ltd. Coquimbo region, Chile Solar Open pond (2002)
Yunnan Alphy Biotech Co., Ltd Yunnan Province, China Solar Tubular (2007)
Beijing Gingko-Group Biological
Technology Co., Ltd.

Yunnan Province, China Solar Tubular (2006)

AstaReal, Inc. Washington state, USA Fluorescent Tank (2014)
Algalif Iceland ehf. Southern peninsula region,

Iceland
LED Tubular (2014)

MC Biotech Sdn. Bhd. Brunei-Muara District,
Brunei

Solar Tubular (2012)

Algamo Ltd. Pardubice region, Czech
Republic

LED Panel (2016)

Fig. 1.5 Haematococcus pluvialis-extracted oil
containing astaxanthin at a high concentration (via super-
critical CO2 extraction, with 10% astaxanthin comprised
of approximately 5% free form, 5% diester, and 85%
monoester)
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system, because the growth of H. pluvialis is
slower than that of other microalgae (Göksan
et al. 2011). The process included the develop-
mental stages starting from open pond culture,
progressing to outdoor closed systems, and then
to indoor closed photobioreactors in which the
major parameters for the cultivation of
microalgae became controllable. Due to
improvements in the performance of LEDs in
recent years, numerous companies are using
them as artificial light sources because of their
small energy expenditure and cost-efficiency.
Enhanced algal productivity will compensate for
the initial investment, and there are obvious
advantages for quality control. Therefore, this
method will likely become the standard
microalgae culture process in the near future.

Our company, AstaReal, is committed to fur-
ther optimizing the cultivation methods, as well
as continuously improving process and quality
management that will ensure the production of
high-quality natural astaxanthin. And I am confi-
dent that with its wide range of applications, its
production will continue to be an excellent way
for us to contribute to the health and well-being of
society.
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Commercial Production of Astaxanthin
with Paracoccus carotinifaciens 2
Masahiro Hayashi, Takashi Ishibashi, Daichi Kuwahara,
and Kazuaki Hirasawa

Abstract

Paracoccus carotinifaciens is an aerobic
Gram-negative bacterium that exhibits motil-
ity by a peritrichous flagellum. It produces a
carotenoid mixture containing astaxanthin as
the main component. Selective breeding of
P. carotinifaciens has been performed using
classical techniques for mutation induction,
such as chemical treatment and ultraviolet irra-
diation, and not using genetic engineering
technology. The commercial production of
astaxanthin with P. carotinifaciens has been
established by optimizing fermentation
medium and conditions in the process.
Dehydrated P. carotinifaciens is used as a
coloring agent for farmed fish and egg yolks.
Compared with the administration of chemi-
cally synthesized astaxanthin, dehydrated
P. carotinifaciens imparts more natural color-
ation, which is favored by consumers. In addi-
tion, astaxanthin-rich carotenoid extracts
(ARE) derived from P. carotinifaciens are

developed for human nutrition. Animal and
clinical studies with ARE for evaluating its
efficacy have been conducted and suggested
that ARE would be useful for preventing anxi-
ety, stomach ulcer, and retinal damage, as well
as improving cognitive function. The efficacy
is anticipated to result from not only
astaxanthin but also other carotenoids in
ARE, such as adonirubin and adonixanthin,
in some studies. Hence, astaxanthin commer-
cially produced with P. carotinifaciens has
been applied widely in animals and humans.

Keywords

Paracoccus carotinifaciens · Astaxanthin ·
Commercial production · Carotenoid mixture

2.1 Introduction

Commercially available astaxanthin can be either
synthesized from petroleum-based chemicals or
derived as a natural product from microorganisms
and algae. Approximately 80% of astaxanthin
produced each year (200 metric tons in 2016) is
chemically synthesized. Astaxanthin is mainly
used to enhance the color of farmed fish, and an
escalation in salmon aquaculture has led to its
increased use.

The industrial demand for naturally produced
astaxanthin is increasing because the number of
people who prefer to use natural products for

M. Hayashi (*) · D. Kuwahara · K. Hirasawa
Biotechnology R&D Group, HPM Research &
Development, Department High Performance Materials
Company, ENEOS Corporation, Naka-ku, Yokohama,
Japan
e-mail: hayashi.masahiro@eneos.com; kuwahara.
daichi@eneos.com; hirasawa.kazuaki@eneos.com

T. Ishibashi
New Business Development Group, New Business
Development , Department, ENEOS Techno Materials
Corporation, Sumida-ku, Tokyo, Japan
e-mail: ishibashi.takashi@eneos.com

# Springer Nature Singapore Pte Ltd. 2021
N. Misawa (ed.), Carotenoids: Biosynthetic and Biofunctional Approaches, Advances in Experimental
Medicine and Biology 1261, https://doi.org/10.1007/978-981-15-7360-6_2

11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-7360-6_2&domain=pdf
mailto:hayashi.masahiro@eneos.com
mailto:kuwahara.daichi@eneos.com
mailto:kuwahara.daichi@eneos.com
mailto:hirasawa.kazuaki@eneos.com
mailto:ishibashi.takashi@eneos.com
https://doi.org/10.1007/978-981-15-7360-6_2#DOI


feeding livestock or fish is increasing; also, the
nutraceutical and cosmetological applications for
humans are widening. Haematococcus pluvialis
is known as a natural astaxanthin source, and
astaxanthin is commonly used for human appli-
cation (Yamashita 2015; Shah et al. 2016).
Phaffia rhodozyma has also been recognized to
naturally produce astaxanthin (Johnson 2003),
which is mainly used for the pigmentation of
fish, meat, and eggs. Furthermore, Paracoccus
carotinifaciens has been reported to biosynthesize
carotenoids, especially astaxanthin (Tsubokura
et al. 1999), used for animal feeding.

In the present chapter, the discovery of
P. carotinifaciens, its microbial breeding,
improvements in astaxanthin production, and
development of applications in animals and
humans are described.

2.2 P. carotinifaciens

P. carotinifaciens, isolated from soil, is an aero-
bic Gram-negative bacterium that exhibits motil-
ity by a peritrichous flagellum (Fig. 2.1)
(Tsubokura et al. 1999). It produces mainly
(3S,3S0)-astaxanthin and also other intermediate
carotenoids, such as adonirubin, canthaxanthin,
and adonixanthin, which are all in free form with-
out esterification. From its novel 16S ribosome
nucleotide sequence and microbiological
characteristics, it was identified as a new species
of the genus Paracoccus and named P.

carotinifaciens E-396. The carotenoid biosyn-
thetic pathway responsible for astaxanthin pro-
duction in Agrobacterium aurantiacum, which
has been classified as Paracoccus sp. N81106,
was elucidated by Misawa et al. (1995), and it is
thought that P. carotinifaciens has the same path-
way (Fig. 2.2).

2.3 Improvement of Producing
Astaxanthin
with P. carotinifaciens

In the commercial production of useful
substances from microorganisms, it is important
that microbial breeding, media components, cul-
ture conditions, and manufacturing processes are
optimized.

Selective breeding of P. carotinifaciens E-396
has been performed using classical techniques for
mutation induction, such as chemical treatment
(1-methyl-3-nitro-1-nitrosoguanidine or ethyl
methane sulfonate) and ultraviolet irradiation.
Genetic engineering technology for microbial
breeding is not used because consumers prefer
non-genetically modified products. Mutated
P. carotinifaciens is plated on agar medium, and
primary selection is made according to the color
and size of colonies (Fig. 2.3). Because colonies
are evaluated visually, mutant strains can be
obtained efficiently. The primary selected strain
is then cultured in test tubes, and secondary selec-
tion is based on bacterial growth and astaxanthin
production. The secondary selection strains are
cultured using a small fermenter, and superior
strains are chosen according to bacterial growth,
carotenoid composition, and astaxanthin produc-
tion. From the genome analysis, activation by the
mutation of 1-deoxy-D-xylurose-5-phosphate
(DXP) synthase, which catalyzes the reaction of
converting pyruvic acid to DXP, is reported to
increase the production of astaxanthin by
accelerating the upstream of the biosynthetic
pathway in P. carotinifaciens (Fig. 2.4) (Sato
et al. 2017). Also, inactivation by mutation of
decaprenyl diphosphate (DPP) synthase, which
catalyzes the reaction of converting farnesyl
diphosphate (FPP) to DPP, is suggested toFig. 2.1 Electron micrograph of P. carotinifaciens
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promote the production of astaxanthin by stop-
ping the deviation. The productivity of
astaxanthin in P. carotinifaciens with these
mutations can increase up to five times more
than before the breeding.

The astaxanthin production medium consists
of carbon and nitrogen sources, inorganic salts,
vitamins, and amino acids (Ishibashi 2015). The
optimal concentration of each ingredient is deter-
mined by bacterial growth and astaxanthin pro-
duction. It has been found that essential trace
metal in parts-per-billion amount is important
for stable cultures of P. carotinifaciens. Bacterial
growth is inhibited when this trace metal is pres-
ent in the media in parts-per-million concentra-
tion. Further, the addition of glutamic acid
increases the production of astaxanthin by P.
carotinifaciens (Ishibashi 2015). As a result,
astaxanthin productivity has increased more than
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500 times using an optimummedium and mutated
P. carotinifaciens instead of the wild-type strain.

2.4 Commercial Production
of Astaxanthin
with P. carotinifaciens

The production flow of dehydrated
P. carotinifaciens is shown in Fig. 2.5. The pro-
duction flow includes inoculation and seed cul-
ture of P. carotinifaciens, production culture of
astaxanthin, concentration of culture solution,
desiccation of P. carotinifaciens, and weighing,
packaging, and quality inspection of dehydrated
P. carotinifaciens. P. carotinifaciens is cultured
under optimized conditions and internally
accumulates more than ten types of carotenoids
as intermediates. The carotenoid composition can
be controlled by the concentration of dissolved
oxygen in the culture. Lower dissolved oxygen
concentrations increase canthaxanthin and
adonirubin accumulations, whereas higher
dissolved oxygen concentrations lead to
adonixanthin accumulation (Ishibashi 2015;
Tsubokura 2010). To optimize carotenoid com-
position, monitoring is conducted at regular
intervals by high-performance liquid chromatog-
raphy analysis, aeration, agitation speed, and
internal pressure, and dissolved oxygen levels

are adjusted accordingly in commercial
astaxanthin production. To increase astaxanthin
yields, it is critical to control the temperature of
the process after harvesting cells because
carotenoids are easily degraded by heat in the
presence of oxygen. Regarding the concentration
process, the working time can be shortened by
decreasing the pH of the culture solution to 5.5 or
less to increase sedimentation (Ishibashi 2015). A
couple of weeks are required from the inoculation
of P. carotinifaciens to the analysis of dehydrated
P. carotinifaciens.

2.5 Usage Examples of Dehydrated
P. carotinifaciens

(1) Aquaculture

Wild fish and crustaceans ingesting carotenoid-
rich food sources accumulate carotenoids in their
muscles, eggs, and body surface. In red sea
bream, the hatching success rate of eggs increases
with astaxanthin in fish feed (Watanabe and Miki
1993). Even in aquacultured salmon, the admin-
istration of astaxanthin is necessary to protect
living cells from harmful reactive oxygen species.
Moreover, astaxanthin is important for enhancing
flesh color to vivid salmon pink to improve its
appearance as food.

Fig. 2.4 High production
of astaxanthin by mutation
of enzymes in
P. carotifaciens
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Dehydrated P. carotinifaciens is sold under the
name Panaferd® AX as a coloring agent for
salmon and trout. Panaferd® AX has been tested
for pathogenicity, safety, effectiveness, worker
safety, marine environmental contamination, and
its stability in storage, feed, and salmon fillet dye.
It gained certification as a feed additive for use in
salmon and trout aquaculture in Europe (2008),
the United States (2009), and Canada (2014).
Further, Panaferd® AX is registered in Japan as
a mixed feed.

The composition of Panaferd® AX is shown
in Table 2.1. All pigments included in Panaferd®
AX, except for β-carotene, are transferred to
salmon and trout, and some of the astaxanthin is
metabolically reduced to idoxanthin (Schiedt
et al. 1989). The coloring effect on salmon and
trout is evaluated by the Color Fan Score, which
is commonly called “Salmofan.” The coloring
effect on rainbow trout was tested by adding
50 or 70 ppm astaxanthin to fish feed. Panaferd®
AX was found to be inferior in the delivery of
astaxanthin to rainbow trout fillets compared with
chemically synthesized astaxanthin (Fig. 2.6).
The relatively small amount of astaxanthin trans-
ferred to the fillets by Panaferd® AX was likely
due to the competitive inhibition between
astaxanthin and other carotenoids when
carotenoids are accumulated in tissues or when
there is a lower dispersibility of Panaferd® AX in
intestinal absorption than that of chemically
synthesized astaxanthin. However, the rainbow
trout fillet Color Fan Score was higher in
Panaferd® AX than in chemically synthesized

astaxanthin (Fig. 2.7). This appears to be due to
adonirubin, canthaxanthin, and adonixanthin
pigments that are also contained in Panaferd®
AX. These carotenoids are also delivered to the
rainbow trout flesh and are more strongly red than
astaxanthin. Lerfall et al. (2016) provided organic
feed containing Panaferd® AX and conventional
feed containing chemically synthesized
astaxanthin for farmed Atlantic salmon individu-
ally. They found that the fillet of salmon fed with
the organic feed contained less astaxanthin but a
more diverse composition of muscle carotenoids
and was darker red compared with those of
conventional salmon, which are similar to the
results in Figs. 2.4 and 2.5. Compared with the
administration of chemically synthesized
astaxanthin, dehydrated P. carotinifaciens
imparts more natural coloration, which is favored
by consumers.

In addition to its use in salmon and trout aqua-
culture, dehydrated P. carotinifaciens is used for
enhancing the color of shrimp (Maoka et al.
2018), red sea bream, other aquaculture products,
and ornamental fish.

(2) Eggs

Paprika pigments have been used as natural
color enhancers for egg yolks. However, unstable
prices and supply have led to an increasing use of
dehydrated P. carotinifaciens as a replacement
pigment. For use as a coloring agent for egg
yolks, dehydrated P. carotinifaciens is sold
under the name Panaferd® P.

Fermenta�on

Flask 

Concentra�on 
with filter

Dried cells

1st Tank 

2nd Tank Fig. 2.5 Flow chart of the
manufacturing process for
dehydrated
P. carotinifaciens
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A comparative test of egg yolk color enhance-
ment was conducted between paprika pigments
and Panaferd® P. Equivalent concentrations of
t-capsanthin and astaxanthin, the main pigments
of paprika and Panaferd® P, respectively, were
added to poultry feed. The coloring effect on egg
yolks was more pronounced with Panaferd® P
than paprika pigments at 8 ppm or less of

t-capsanthin and astaxanthin (Fig. 2.8). The com-
position of egg yolk carotenoid when Panaferd®
P was administered is shown in Table 2.2.
Panaferd® P carotenoids were noted to be trans-
ferred and accumulated in the egg yolks. Lutein
and zeaxanthin were also detected in the egg
yolks but were likely derived from the corn-
based poultry feed used.

Table 2.1 Composition of Panaferd® AX (typical example)

Item Content (%)

Total carotenoids 3.5
(Astaxanthin) (2.1)
(Adonirubin) (0.9)
(Canthaxanthin) (0.2)
(Adonixanthin) (0.1)
(β-Carotene) (0.08)
(Asteroidenone) (0.07)
(Echinenone) (0.05)
(3-Hydroxyechinenone) (<0.01)
(Others) (<0.01)

Crude protein 44.3
Crude fat 7.5
Crude fiber <0.1
Crude ash 7.0
Nitrogen free extract 34.2
Moisture 3.5
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Fig. 2.6 Carotenoid content (mg/kg) in rainbow trout
fillets after feeding of chemically synthesized astaxanthin
or Panaferd® AX for 12 weeks. SA50: adding chemically
synthesized astaxanthin to feed as 50 ppm astaxanthin,

SA70: adding chemically synthesized astaxanthin to feed
as 70 ppm astaxanthin, AX50: adding Panaferd® AX to
feed as 50 ppm astaxanthin, AX70: adding Panaferd® AX
to feed as 70 ppm astaxanthin
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2.6 Astaxanthin-Rich Carotenoid
Extracts (ARE) Derived from
P. carotinifaciens

(1) Development of ARE derived for food
grade

ARE derived from P. carotinifaciens for food has
been developed on demand for astaxanthin as
human nutraceuticals and approved as a New
Dietary Ingredient and Generally Recognized as
Safe by the US Food and Drug Administration.
The production flow of ARE has been established
and is shown in Fig. 2.9 (Food and Drug Admin-
istration 2017). Dehydrated P. carotinifaciens,
which is prepared for food grade, is used as a
first material, and the carotenoids are extracted
from cells with ethanol heated. The extract is
filtered to remove the cells, and the filtrate is
concentrated by vacuuming. Then, the
concentrated solution is cooled for the crystalli-
zation of carotenoids, and the crystals are col-
lected by filtration and dried to remove ethanol.
After the process, ARE is purified to more than
90% carotenoids, including more than 60%
astaxanthin and other rare carotenoids
(Table 2.3). In addition, other products having
different contents of astaxanthin, which are pro-
duced with ARE to make them more bioavailable,
have been available. The ARE products have
been tested in terms of safety. Katsumata et al.
(2014) reported that no observed adverse effect
level for ARE was at least 1000 mg/kg/day for
male and female rats by a sub-chronic toxicity
evaluation. The ARE products have a high con-
tent of astaxanthin, are in powder form, and have
faint odor, which are different from the present
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Fig. 2.7 Color Fan Score in rainbow trout fillets after
feeding of chemically synthesized astaxanthin or
Panaferd® AX for 12 weeks. SA50: adding chemically
synthesized astaxanthin to feed as 50 ppm astaxanthin,
SA70: adding chemically synthesized astaxanthin to feed
as 70 ppm astaxanthin, AX50: adding Panaferd® AX to
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astaxanthin ingredients derived from other
origins; therefore, the products are being used
for new applications.

(2) Efficacy of ARE derived from
P. carotinifaciens

To confirm its efficacy, ARE derived from
P. carotinifaciens has been examined with animal
tests and human clinical study. Nishioka et al.
(2011) studied animal testing with ARE and
reported that feeding of mice with ARE signifi-
cantly increased the time spent in open arms in
the elevated plus maze test and increased the
head-dipping count and duration in the hole-
board test, which suggested that ARE might
have anxiolytic-like effects. Also, Murata et al.
(2012) found that ARE had antioxidant ability

against lipid peroxidation and free radicals and
exerted a protective effect against ulcer formation
with animal test. Furthermore, the results of
Otsuka et al.’s animal test (2016) suggested that
ARE inhibited ischemia-induced retinal cell death
via its antioxidant effect. A clinical study on
cognitive function was conducted with ARE
(Hayashi et al. 2018) and showed that word mem-
ory in 45–54-year-old subjects showed significant
improvement in the group ingesting ARE than in
the placebo group. Although astaxanthin derived
from H. pluvialis has been studied mainly for the
efficacy of human health, the number of studies
with astaxanthin derived from P. carotinifaciens
is also increasing now.

The above scientific evidence can result from
astaxanthin, which is the main component of
ARE, but some other carotenoids may also

Table 2.2 Carotenoid composition in egg yolks adding Panaferd® P to feed as 4 ppm astaxanthin for 6 weeks (typical
example)

Item Content (ppm)

Astaxanthin 3.5
Adonirubin 1.7
Adonixanthin 0.6
Canthaxanthin 0.7
Lutein 2.3
Zeaxanthin 1.8
Others 0.6
Total carotenoids 11.2

Dehydrated P. caro�nifaciens 

Hea�ng extrac�on 

Hea�ng filtra�on Waste cells 

Vacuum concentra�on 

Cooling crystalliza�on 

Filtra�on Waste filtrate 

Vacuum drying 

ARE 

Recovered ethanol  

Ethanol 

Fig. 2.9 Flow chart of the process for ARE
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contribute to all the efficacies. Maoka et al.
(2013) reported that adonirubin and adonixanthin,
which are minor carotenoids in ARE, have anti-
oxidant, anti-tumor-promoting, and anti-
carcinogenic activities as astaxanthin. In addition,
Inoue et al. (2017) demonstrated that
adonixanthin protected against light-induced cell
damage through not only an anti-oxidative
response but also Nrf2 activation, which was a
stronger effect than astaxanthin. Furthermore, the
results of Iwata et al.’s study (2018) indicated that
adonixanthin exerted protective effects against
hemorrhagic brain damage by activating antioxi-
dant defenses. Hence, adonixanthin, adonirubin,
and other carotenoids in ARE could have antioxi-
dant property and other good effects as does
astaxanthin; therefore, they may exert a syner-
getic effect in the human body with astaxanthin,
which is an interesting feature of a carotenoid
mixture like ARE.

In conclusion, P. carotinifaciens is described
as a commercial source of astaxanthin in this
chapter. P. carotinifaciens E-396 was isolated as
a unique astaxanthin-producing bacterium. The
commercial production of astaxanthin with
P. carotinifaciens became possible by the breed-
ing without genetic technologies, optimization of
fermentation, and establishment of manufacturing
flow. Astaxanthin in dehydrated
P. carotinifaciens was first used for animal feed-
ing, such as coloring fish and egg yolks. Nowa-
days, ARE derived from P. carotinifaciens is
being used in human nutraceuticals. The studies
on its efficacy report that it protects against anxi-
ety, stomach ulcer, and retinal damage as well as

improves cognitive function, as revealed by ani-
mal tests and clinical study. In addition, some
reports have suggested that ARE might be helpful
for human health because it has not only
astaxanthin but also some other rare carotenoids,
such as adonixanthin and adonirubin.
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Production of Carotenoids from
Cultivated Seaweed 3
Masahiko Iha and Ritsuko Fujii

Abstract

Cladosiphon (C.) okamuranus, a brown alga
endemic to the Nansei Islands, Japan, has been
conventionally ingested as food. Nowadays, it
is a major aquatic product of the Okinawa
Prefecture with an annual production of
around 20,000 tons. The life cycle of
C. okamuranus comprises the macroscopic
sporophyte (algal body) generation and the
microscopic gametophyte generation. The
germlings in the latter generation can prolifer-
ate when floating in seawater. This floating
form has been exploited in techniques
involved in the commercial production of
C. okamuranus seedlings.

Brown algae contain fucoxanthin, a car-
bonyl carotenoid known to have anticancer,
anti-obesity, and antidiabetic effect in addition
to the anti-oxidation effect. We found that the
fucoxanthin content of cultivated floating form
of C. okamuranus discoid germlings becomes
up to 50 times that of the mature alga. Since
the discoid germlings repeatedly grow like
microorganisms, although they are large
algae, they are utilized to produce fucoxanthin.

We optimize the culture conditions by chang-
ing the temperature, light intensity, photope-
riod, light wavelength, and nutrient salt
conditions for optimal fucoxanthin productiv-
ity. The cultivation has been successful to
industrial plant scale, culminating in the use
of 1 ton of cultivating medium.

In brown algal cells, fucoxanthin is primar-
ily found bound to the photosynthetic
pigment–protein complexes known as
fucoxanthin–chlorophyll protein (FCP). Con-
sequently cultivated floating form of
C. okamuranus also shows high content of
FCP. Isolation and characterization of
pigments bound to the FCP were determined
precisely, and ultrafast spectroscopies were
applied to elucidate the photosynthetic func-
tion of fucoxanthin bound to the pigment–pro-
tein complexes. This cultivation method has
also been applied to the other edible brown
algae. We found that the optimal cultivation
conditions as well as the yields of fucoxanthin
and FCP highly depend on the species.

The floating form cultivation was also
applied to a large-sized edible green alga,
Codium intricatum, which is uniquely produc-
ing a carbonyl carotenoid, siphonaxanthin.
This has several anti-disease effects and is
also a primal photosynthetic pigment which
is found bound to photosynthetic antenna
complex usually called siphonaxanthin–chlo-
rophyll protein (SCP). We are working on the
improvement of productivity, scale-up of
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production, and development of cultivation
technology of new macro algae.

Keywords

Fucoxanthin · FCP · Cultivation · Brown
algae · Siphonaxanthin

3.1 Introduction

Okinawa, Japan’s southernmost island group, has
a subtropical climate and unique biological
resources. Approximately 500 seaweed species
have been confirmed to inhabit the seas
surrounding the Okinawa Islands and Nansei
Island, including numerous indigenous species.
Especially several of them, such as Cladosiphon
okamuranus, Acetabularia ryukyuensis, and
Pseudodichotomosiphon, are precious species
only found in very limited areas. Owing to this
unique and diverse biota, various useful
organisms have been identified. Indeed, various
seaweed species can be readily collected from
marine waters surrounding our affiliated company
in Uruma City, Okinawa Prefecture.

Peoples living in these places have a culture of
ordinarily eating some of those seaweeds, such as
Gracilaria blodgettii and Chondrus ocellatus. A
few species among them, including Cladosiphon
okamuranus,Monostroma nitidum, and Caulerpa
lentillifera, are actively commercially cultivated
and are important aquatic products in Okinawa
Prefecture.

Seaweed contains various functional
compounds that are not found in terrestrial plants,
and we have been conducting research and devel-
opment to utilize seaweed resources unique to
Okinawa. In particular, we have been working
on the production of functional ingredients by
taking advantage of the life history stages of
large algae; culturing microscopic floating form
results in the consolidation of the ingredients
found in the later stage of sporophyte algae.

3.2 Cultivation of C. okamuranus
Discoid Germlings
in Floating Form

C. okamuranus is an edible seaweed indigenous
to the Nansei Islands, in which the Yaeyama
Islands and Amami Oshima Island represent the
southern limit (latitude 24�N) and the northern
limit (latitude 29�N), respectively (Fig. 3.1).
C. okamuranus grows well in wide pools in
coral reefs surrounding the inner and outer parts
of bays, inhabiting the areas with a low water
level of 0–13 m in spring tides, but preferring
the 0–8 m tidal range. The preferred habitats are
defined as relatively quiet but having good com-
munication with the open sea and “clean sea” that
realizes both high underwater visibility and low
nutrient concentration (Toma 1991).

C. okamuranus algal body is a major aquatic
product in Okinawa Prefecture where cultivation
techniques were established in the 1970s, and the
annual production now reaches 20,000 tons. The

Fig. 3.1 Photo of Cladosiphon okamuranus algal body
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cultivation of algal body is performed on a hori-
zontal cultivation net putting under a few meters
depth at coastal waters. The cultivation net can
accept seedlings of C. okamuranus spontaneously
from the environment. But occasionally the net is
dipped into the condensed pool of C. okamuranus
seedlings prior to settling in seawater.

The life cycle of C. okamuranus was well
studied, and it comprises the generation of a mac-
roscopic sporophyte (alga body) and a micro-
scopic gametophyte. Unilocular sporangia,
formed in sporophytes during March–June,
release zoospores, which are joined to form
germlings that adhere to rock or other substrates,
grow into a discoidal shape, and eventually form
an upright algal body. However, if a zoospore
fails to settle and remains floating on seawater,
it grows into the lint-like floating form and
undergoes vegetative propagation (Fig. 3.2).
This phenomenon has been exploited in
techniques for the C. okamuranus seedling
production.

C. okamuranus contains fucoidan, which has
been shown to exert various physiological effects
(e.g., anticancer, immune activation, and anti-
ulcer effects) and is used as a raw material for
functional foods. In addition, it also contains
fucoxanthin as a major carotenoid pigment
(Fig. 3.3), which has been reported to have radical
scavenging/singlet oxygen elimination properties
and anticancer, anti-obesity, and antidiabetic
effects, among others (Maeda et al. 2005). The

chemical compounds present in the floating form
of C. okamuranus have been investigated: fuco-
xanthin has been found at a concentration ~50
times that found in the mature alga (See Fig. 3.4).
Thus, we applied the floating form, which repeat-
edly grows like microorganisms, albeit it is a
large alga, to the production of fucoxanthin. Spe-
cifically, we identified optimal culture conditions
by changing the temperature, light intensity, pho-
toperiod, light wavelength, and nutrient
conditions and using fucoxanthin productivity as
an index (Iinuma et al. 2009).

Cultivation in an open pond has cost
advantages with regard to the scale-up of cultures.
Scaling-up is facilitated in the case of
C. okamuranus as it exhibits an allelopathic
effect, inhibiting the growth of other algae
(Kakisawa et al. 1988). C. okamuranus is
cultured stepwise in culture tanks in increasing
size, from flask scale to industry plant level,
culminating in the use of 1-ton tanks (open
ponds), in which about 1-kg wet weight of
C. okamuranus discoid germling per 1 ton of
seawater can be produced.

3.3 Production of Fucoxanthin
and Fucoxanthin Chlorophyll
a/c Protein

Fucoxanthin is widely found in
heterokontophyta, such as brown algae and oce-
anic microalgae, and is believed be the second-
most abundant carotenoid on Earth after
β-carotene. Recently, studies on the functionality
of fucoxanthin have been increasingly conducted,
and fucoxanthin has been shown to possess vari-
ous beneficial physiological activities (e.g., anti-
obesity effects). We put cultured C. okamuranus
into practical use for fucoxanthin production.
High-purity fucoxanthin is used as a reagent in
research and as a standard for quantitative analy-
sis. In addition, it is extracted, separated/purified,
stabilized, and commercialized as a raw material
for functional foods.

Fucoxanthin is a primary pigment binding to
photosynthetic antenna proteins, which play a
role in light harvesting during photosynthesis.

Fig. 3.2 Micrograph of C. okamuranus discoid germlings
floating in seawater
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We hypothesized that the involvement of antenna
proteins played a role in the changes in fucoxan-
thin content achieved under culture conditions
used to culture. Brown algae, such as
C. okamuranus, contain fucoxanthin chlorophyll
a/c protein (FCP), a unique antenna protein that is
not found in higher plants. FCP has been previ-
ously isolated from several diatoms and a few
brown algae (Büchel 2018). C. okamuranus dis-
coid germling is characterized by high fucoxan-
thin content and is suitable for the separation,
purification, and production of FCP under con-
trolled culture conditions. Using the cultivated
discoid germling as a starting material, we
extracted thylakoid membranes and successfully

isolated and purified FCP by successive solubili-
zation using a surfactant, sucrose density gradient
centrifugation, and various chromatographic
techniques (Fujii et al. 2012a, b). The isolated
and purified FCP had a molecular weight of
about 56 kDa and was found to be a homo- or
hetero-trimer of 18.2- and 17.5-kDa subunits
based on the results of two-dimensional poly-
acrylamide gel electrophoresis. (Recently, X-ray
crystallography reveals that the similar FCP from
a diatom consists of two dimers having molecular
weight of 37 kDa apoproteins (Wang et al. 2019).
The subunit composition of brown algal FCP,
however, was not resolved yet.) It was also
found that trimeric FCP binds five fucoxanthin

Fig. 3.3 Chemical structure of fucoxanthin

Fig. 3.4 Comparison of fucoxanthin contents (mg/g dry
weight) in Eisenia bicyclis (a), Laminariaceae (b), Sargas-
sum fusiforme (c), Sargassum fulvellum (d), Undaria

pinnatifida (e), C. okamuranus alga body (f), and
C. okamuranus discoid germlings (g)
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molecules per one subunit (Fujii et al. 2012a, b).
A series of ultrafast spectroscopies were applied
to the trimeric FCP, and optical properties of
fucoxanthin bound to the FCP have been exten-
sively investigated (Kosumi et al. 2012).

3.4 Cultivation of Various Brown
Algae in Microalgal Forms

Using the same cultivation technique as that used
for C. okamuranus, we attempted to cultivate
various other edible large algae with the aim of
producing both fucoxanthin and FCP. Thus far,
we have succeeded in culturing the brown algae
Nemacystus decipiens and Petalonia binghamiae
and have isolated and purified fucoxanthin and
FCP from both algae. Interestingly, we found that
these large algae exhibited differences in fuco-
xanthin content, pigment proportion, and optimal
culture conditions during preliminary
cultivations. We expect that physical and chemi-
cal studies on FCP preparations from different
origins will advance and that comparisons
between them will provide new knowledge.

3.5 Cultivation of Codium
intricatum Trichomes
in Floating Form

Yokohama and coworkers first identified a car-
bonyl carotenoid siphonaxanthin (Fig. 3.5) from a
large-sized green alga, Umbraulva japonica, that
grows under 20-m depths around Shimoda,
Kanagawa Prefecture (Kageyama and Yokohama
1978). They found that siphonaxanthin absorbs
green region of light (~540 nm) in vivo, although
it absorbs blue light (~450 nm) in vitro when
isolated and dissolved into organic solvents.
Siphonaxanthin has been found in a group of
green algae called siphonous green algae
(Arimoto et al. 2019), which habited at relatively
deeper side of intertidal zone. Siphonaxanthin
was found bound to the photosynthetic antenna
complexes known as siphonaxanthin–chlorophyll
protein (SCP) (Yokohama 1981; Anderson 1983;
Anderson 1985; Chu and Anderson 1985). It is

very similar to the well-known photosynthetic
antenna, known as light-harvesting II in higher
plants and other green algae, but lutein in LHCII
is substituted to siphonaxanthin. The green part of
sunlight is mainly penetrated through the water
column of a few tens of meters at coastal zones.
The chemical structure of siphonaxanthin is simi-
lar to that of lutein, except for the addition of
oxygen in two parts: a carbonyl and a hydroxyl
groups. Thus the siphonous green algae were
considered as the ancestor of other green algae
and/or higher plants in a carotenoid biosynthesis
point of view (Kageyama and Yokohama 1978).
They also pointed out the similarity of the optical
property of siphonaxanthin to that of fucoxanthin.
Both of them absorb around 450 nm in methanol,
but absorb around 540 nm when bound to
the photosynthetic pigment–protein complexes.
The large bathochromic shift may be caused by
the dipole–dipole interaction from pigments
surrounding the carbonyl carotenoids in the pro-
tein moiety, although detailed structures of both
fucoxanthin and siphonaxanthin bound to the
pigment–protein complexes have not yet been
elucidated.

Moreover, siphonaxanthin has been reported
to have physiological effects, such as
angiogenesis-inhibiting action (Sugawara et al.
2014). Therefore, we aimed to apply our cultiva-
tion technique to siphonous green algae for the
mass production of siphonaxanthin (and SCP) for
further investigations.

Samples of several species of siphonous green
algae were collected off the coast of Uruma City,
Okinawa Prefecture, and their siphonaxanthin
content was determined. Among them, Codium
intricatum was selected by considering three
criteria, the suitability for culture, sufficient high
siphonaxanthin content in natural growth, and
eating experience (Fig. 3.6). After unialgal cul-
ture, growth conditions were optimized on the
basis of the growth rate and siphonaxanthin pro-
duction in order to establish a culture technique
for zygote in floating form (Fig. 3.7). The culture
system was identical to that used for
C. okamuranus discoid germlings, except that
the scale of production was increased. Optimized
culture conditions resulted in an increase of
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approximately tenfold in siphonaxanthin content
compared with the siphonaxanthin content of nat-
urally grown C. intricatum (Oka et al. 2012;
Uragami et al. 2014). We have also established
a method for the separation and purification of
siphonaxanthin and siphonaxanthin chlorophyll
a/b protein from cultured C. intricatum
(a Japanese patent).

Investigations of the physiological function
using siphonaxanthin provided from the
cultivated C. intricatum are in progress. Albeit
anti-obesity and antidiabetic effects of
siphonaxanthin have been shown thus far, as
was the case for fucoxanthin, siphonaxanthin
has been found to have a blood lipid-lowering
effect that is not found in fucoxanthin. Further
experiments will elucidate the new nutraceutical
feature(s) of siphonaxanthin.

3.6 Prospects for the Future

We are currently working on improving productiv-
ity, scaling up production, and developing new

cultivation techniques for large algae, with the aim
of producing photosynthetic antenna proteins and
carotenoids using proprietary culture techniques.

Because large algal cultured successfully thus
far show compositions different from those of
mature algal bodies, they have potential for use
in the production of new functional ingredients.

Recently, the whole genome of
C. okamuranus has been analyzed (Nishitsuji
et al. 2016). We expect that biosynthetic
pathways for various functional ingredients of
C. okamuranus will be identified. In addition,
C. okamuranus may be useful as a model organ-
ism in the genetic research of brown algae
because its genome size (214 Mbp) is about the
same as that of Arabidopsis thaliana.

Antenna proteins play the most important
light-harvesting role in the initial stage of photo-
synthesis. Marine algae have antenna proteins
that enable the highly efficient use of the weak
solar energy received in deep waters of the sea.
Fucoxanthin and siphonaxanthin are conjugated
with antenna proteins in brown and green algae
growing, respectively. An increasing number of

Fig. 3.5 Chemical
structure of siphonaxanthin

Fig. 3.6 Photo of Codium intricatum algal body Fig. 3.7 Micrograph of Codium intricatum trichomes
(filamentous form)
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functions have been identified for fucoxanthin
and siphonaxanthin, as has been the case for
other carotenoids.
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Carotenoid Metabolism in Aquatic
Animals 4
Takashi Maoka

Abstract

Aquatic animals contain various carotenoids
that exhibit structural diversity. These
carotenoids originate from algae or partly
from some bacteria. Herbivorous animals
directly ingest carotenoids from dietary algae
and metabolize them. Carnivorous animals
ingest carotenoids from dietary herbivorous
animals and metabolize them. Therefore,
carotenoids found in these animals reflect the
food chain as well as the metabolic pathways.
Carotenoids in aquatic animals are described
from the viewpoints of natural product chem-
istry, metabolism, food chain, and
chemosystematics.

Keywords

Carotenoids · Aquatic animals · Metabolism ·
Food chain · Chemosystematics

4.1 Introduction

Aquatic animals contain various carotenoids that
exhibit structural diversity. In general, animals do
not synthesize carotenoids de novo, and so those
found in animals are either directly obtained from

food or partly modified through metabolic
reactions. The major metabolic conversions of
carotenoids found in animals are oxidation,
reduction, translation of double bonds, oxidative
cleavage of double bonds, and cleavage of epoxy
bonds. Aquatic animals obtain carotenoids from
foods such as algae and other animals and modify
them through metabolic reactions. Many of the
carotenoids present in aquatic animals are
metabolites of β-carotene, fucoxanthin, peridinin,
diatoxanthin, alloxanthin, astaxanthin, etc.
(Liaaen-Jensen 1998; Matsuno 2001; Maoka
2011, 2020). In this chapter, I will describe the
metabolism of carotenoids in aquatic animals
from natural product chemistry, metabolism,
food chain, and chemosystematic viewpoints.

4.2 Carotenoids in Porifera

Many marine sponges are brilliantly colored
due to the presence of carotenoids. Sponges
are filter feeders and are frequently associated
with symbionts, such as microalgae and/or bacte-
ria (Liaaen-Jensen 1998). The characteristic
carotenoids in sponges are aryl carotenoids
such as isorenieratene, renieratene, and
renierapurpurin (Matsuno 2001; Liaaen-Jensen
1998). More than 20 aryl carotenoids have been
reported in sponges (Britton et al. 2004). Except
for sponges, aryl carotenoids are found only in
green sulfur bacteria (Britton et al. 2004; Liaaen-
Jensen 1998). Therefore, aryl carotenoids in
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sponges are considered to originate from symbi-
otic bacteria (Liaaen-Jensen 1998). Novel carot-
enoid sulfates with an acetylenic group, termed
bastaxanthins, were isolated from the marine
sponge Ianthella basta (Britton et al. 2004).
Another acetylenic carotenoid was isolated from
the marine sponge Prianos osiros (Rogers and
Molinski 2005). Based on the structural similar-
ity, bastaxanthins and this acetylenic carotenoid
were considered to be metabolites of fucoxanthin
originating from microalgae (Fig. 4.1).

4.3 Carotenoids in Coelenterata

Astaxanthin, which originates from dietary zoo-
plankton, was found in some jelly fish. Peridinin,
pyrrhoxanthin, and diadinoxanthin, which origi-
nate from symbiotic dinoflagellates, were found
in some corals (Matsuno 2001; Maoka 2011). The
unique carotenoids, 2-nor-astaxanthin and
actinioerythrin, have been reported in sea
anemones Actinia equina and Tealia felina
(Britton et al. 2004). They are considered to be
metabolites of astaxanthin (Fig. 4.1).

4.4 Carotenoid Metabolism
in Mollusca (Mollusks)
and Protochordata (Tunicates)

Bivalves and tunicates contain various
carotenoids that exhibit structural diversity
(Maoka 2009). They obtained carotenoids from
dietary microalgae and modify them through met-
abolic reactions. Many of the carotenoids present
in bivalves and tunicates are metabolites of fuco-
xanthin, peridinin, diatoxanthin, diadinoxanthin,
and alloxanthin (Liaaen-Jensen 1998; Maoka
2009, 2011).

4.4.1 Metabolism of Fucoxanthin
in Bivalves and Tunicates

Bivalves (such as oyster, clam, scallop, mussel,
and ark shell) and tunicates (sea squirts) are filter
feeders. They feed on microalgae, such as
diatoms, dinoflagellates, blue-green algae, and
green algae, and obtain carotenoids from these
dietary sources. The major carotenoid in diatoms
is fucoxanthin. Fucoxanthin is converted to
halocynthiaxanthin via fucoxanthinol.
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Halocynthiaxanthin, an acetylenic analog of
fucoxanthinol, was first isolated from the sea
squirt Halocynthia roretzi (Matsuno et al. 1984).
These carotenoids are widely distributed in
bivalves and tunicates (Matsuno 2001; Maoka
2011). Mytiloxanthin, which has a unique enolic
hydroxy group at C80 in the polyene chain and a
30-hydroxy-60-oxo-κ-end group, is a characteristic
carotenoid in marine mussels and oysters (Khare
et al. 1973; Liaaen-Jensen 1990; Maoka 2011).
Mytiloxanthin was considered to be converted
from halocynthiaxanthin through a pinacol-like
rearrangement (Khare et al. 1973). Mytiloxanthin
is oxidatively metabolized to mytiloxanthinone in
sea squirts (Matsuno et al. 1984). Furthermore,
mytiloxanthin analogues containing an allenic
end group, a 3,6-epoxy-end group, and a
3,4-dihydroxy-β-end group were isolated from
the oyster (Maoka et al. 2001, 2005a, b).
Allenicmytiloxanthin, was considered to be a
metabolic intermediate from fucoxanthinol to
mytiloxanthin. Fucoxanthin 3-ester and
fucoxanthinol 3-ester were found to be major
carotenoids in some clams, Mactra chinensis
(Maoka et al. 2007), Ruditapes philippinarum,
and Meretrix petechialis (Maoka et al. 2010a).

Other metabolites of fucoxanthin,
amarouciaxanthin A and amarouciaxanthin B,
which have a unique 3-oxo-6-hydroxy-ε-end
group, were first isolated from the tunicate
Amaroucium pliciferum (Matsuno et al. 1985a).
Amarouciaxanthin A was also found to be a
major carotenoid in bivalve Paphia amabilis
(Maoka et al. 2008). Other metabolites of fuco-
xanthin with unique end groups,
crassostreaxanthin A and crassostreaxanthin B,
were isolated from the Japanese oyster
Crassostrea gigas (Fujiwara et al. 1992). A bio-
mimetic synthetic study of carotenoids
suggested that crassostreaxanthin B could be
converted from halocynthiaxanthin (Tode et al.
1999, 2001). Further studies of carotenoids in
marine animals revealed that
crassostreaxanthin A, crassostreaxanthin B, and
their 3-acetates were widely distributed in
marine bivalves (Maoka et al. 2005a, 2007).
Moreover, crassostreaxanthin A analogues were
isolated from the oyster as minor components
(Maoka et al. 2005a, 2007). The metabolic
pathways of fucoxanthin in bivalves and
tunicates are shown in Fig. 4.2.
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Metabolic conversion pathways of fucoxan-
thin are shown in Fig. 4.3. Fucoxanthin has sev-
eral functional groups, such as allene, epoxide,
carbonyl, and acetyl groups. Therefore, the
metabolites of fucoxanthin in aquatic animals
show structural diversity.

4.4.2 Metabolism of Peridinin
in Bivalves and Tunicates

Bivalves and tunicates also feed on
dinoflagellates. Peridinin, a characteristic carot-
enoid in dinoflagellates with a C37 skeletal struc-
ture, and its metabolites were also found in some
bivalves and tunicates. The major metabolic
conversions of peridinin in bivalves and
tunicates, as well as fucoxanthin, involve hydro-
lysis of an acetyl group, conversion of the allenic
bond to an acetylenic bond, and hydrolysis cleav-
age of the epoxy ring (Liaaen-Jensen 1990;

Maoka et al. 2005b; Maoka 2009, 2011), as
shown in Fig. 4.4.

4.4.3 Metabolism of Diatoxanthin
and Alloxanthin in Bivalves
and Tunicates

Bivalves and tunicates also accumulate acetylenic
carotenoids diatoxanthin and alloxanthin from
dietary algae. Oxidative metabolites of
diatoxanthin and alloxanthin, such as pectenol,
pectenolone, 4-hydroxyalloxanthin, and
4-ketoalloxanthin, are distributed in scallops, ark
shells, and clione (Liaaen-Jensen 1990; Maoka
2009, 2011). 80-Apoalloxanthinal, which is an
oxidative cleavage product of alloxanthin and/or
diatoxanthin, was also found in bivalves (Maoka
1997). A novel 3,6-epoxy derivative of
diadinoxanthin, named cycloidadinoxanthin, was
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also isolated from the oyster (Maoka 2011)
(Fig. 4.5).

4.4.4 Oxidation of Carotenoids
in Snail

A feeding experiment involving the feeding of
carotenoids to the fresh water snail Pomacea
canaliculata revealed that β-carotene was

oxidatively metabolized to (3S,30S)-astaxanthin.
P. canaliculata introduced a carbonyl group at
C4 and hydroxy group at C3 at the β-end group
of carotenoids. Stereochemical investigation
revealed that hydroxylation at C3 is
stereoselective, as shown in Fig. 4.6 (Tsushima
et al. 1997). Similarly, lutein is oxidatively
converted to fritchiella xanthin (Tsushima et al.
1997).
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4.4.5 Reduction of Carotenoids
with 4-Oxo-b-End Group to
4-Hydroxy-5,6-Dihydro-b-End
Group in Spindle Shells

Spindle shells Fushinus perplexus, F. perplexus
ferrugineus, and F. forceps convert the
4-oxo-β-end group and 3-hydroxy-4-oxo-β-end
group of carotenoids to the 4-hydroxy-5,6-
dihydro-β-end group and 3,4-dihydroxy-5,6-
dihydro-β-end, respectively. Canthaxanthin,
(3S)-adonirubin, and (3S,30S)-astaxanthin are
metabolized to 4,40-dihydroxypirardixanthin,
3,4,40-trihydroxypirardixanthin, and 3,4,30,4-
0-tetrahydroxypirardixanthin, respectively
(Matsuno et al. 1985b; Tsushima et al. 2001).
These metabolic reactions involve the
hydrogenation of the double bond at C5–C6 in
the β-end group and the reduction of the carbonyl
group at C4 to secondary alcohol in carotenoid
(Fig. 4.7). Similar reductive metabolism was
reported in the sea cucumber Cucumaria japonica
(Tsushima et al. 1996) and the prawn Penaeus
japonicus (Katagiri et al. 1987).

4.4.6 Oxidative Cleavage of Carbon–
Carbon Double Bond at C70–C80
in C40 Skeletal Carotenoids
to Form 80-Apocarotenoids

80-Apoalloxanthinal, which is an oxidative cleav-
age product of alloxanthin and/or diatoxanthin,
was found in several bivalves (Maoka 1997).
Several apocarotenoids have been reported in
sea slugs and sea hares belonging to Gastropoda.
A series of 80-apocarotenals and 80-apocarotenols
derived from β-carotene, lutein, and zeaxanthin
were found in the sea hare Aplysia kurodai
(Yamashita and Matsuno 1990). They are oxida-
tive cleavage products of the polyene chain at
C70–C80 in C40 skeletal carotenoids (Yamashita
and Matsuno 1990) (Fig. 4.8).

4.4.7 Novel Carotenoid
Pyropheophorbide a Esters
from Abalone

A series of carotenoid pyropheophorbide A
esters, fucoxanthin pyropheophorbide A ester,
halocynthiaxanthin 30-acetate pyropheophorbide
A ester, lutein 3-pyropheophorbide A ester, lutein
30- pyropheophorbide A ester, and mutatoxanthin
pyropheophorbide A ester (Fig. 4.9), were
isolated from the viscera of the abalone Haliotis
diversicolor aquatilis. The major food sources of
abalone are macro algae, such as brown and red
algae, which contain fucoxanthin and lutein as
major carotenoids, respectively. Abalone
accumulates fucoxanthin and lutein in the viscera
from dietary algae. Halocynthiaxanthin 30-acetate
is a metabolite of fucoxanthin in shellfish.
Mutatoxanthin is derived from antheraxanthin
under acidic conditions. Pyropheophorbide A is
a metabolite of chlorophyll A in the viscera of
abalone. These carotenoid esters might be formed
from carotenoids and pyropheophorbide A by
esterase in the abalone viscera. It is well known
that pyropheophorbide A is a photosensitizer that
generates singlet oxygen from ground-state
molecular oxygen in the presence of light. Con-
versely, carotenoids are excellent quenchers of
singlet oxygen and prevent photooxidation.
Therefore, it is interesting that compounds acting
as singlet oxygen generators and quenchers are
linked with esterified bonds (Maoka et al. 2011a).

4.5 Carotenoid Metabolism
in Arthropoda (Crustaceans)

4.5.1 Oxidation of b-Carotene
to Astaxanthin in Crustaceans

Many crustaceans can synthesize astaxanthin
from β-carotene, ingested in dietary algae, via
echinenone, 3-hydroxyechinenone, canthaxan-
thin, and adonirubin, as shown in Fig. 4.10
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(Liaaen-Jensen 1998; Schiedt 1998; Matsuno
2001). This was revealed by a feeding experiment
using β-carotene-15,150-3H2 in the prawn

Penaeus japonicus (Katayama et al. 1972). In
many crustaceans, hydroxylation at C3 (C30) in
the 4-oxo-β-end group is non-stereoselective.
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Therefore, astaxanthin, adonixanthin, and
3-hydroxyechinenone, with a 3-hydroxy-4-
oxo-β-end group, present in crustaceans, are
comprised of a mixture of these optical isomers
(Liaaen-Jensen 1998; Schiedt 1998; Matsuno
2001).

4.5.2 Racemization of Astaxanthin
and Reductive Metabolic
Pathways of Carotenoids
in Prawn

Racemization of astaxanthin was observed in the
prawn Penaeus japonicus by a feeding experi-
ment using [3H]-labeled astaxanthin (Schiedt
et al. 1991, 1993). As the results, [3H]-labeled
(3S,30S)-astaxanthin was converted to (3R,30R)-,
meso-, and (3S,30S)-isomers at an approximate
ratio of 1:2:1 in this prawn. Isoastaxanthin (4,4-
0-dihydroxy-ε,ε-carotene-3,30-dione) was a key
intermediate of this metabolic conversion.

Furthermore, a series of yellow xanthophylls,
isoastaxanthin, 5,6-dihydropenaeusxanthin,
penaeusxanthin, 3,4,30,40-tetrahydroxy
pirardixanthin, and curstaxanthin, was found in
the prawn (Schiedt et al. 1991, 1993; Maoka et al.
2018). (Fig. 4.11). These yellow xanthophylls
were considered to be metabolites of astaxanthin
from the results of an astaxanthin administration
experiment involving the prawn (Maoka et al.
2018). Chiral conversion at the 3 (30)-hydroxy
group in astaxanthin could be explained by the
presence of isoastaxanthin, having a 3-keto-4-
hydroxy-ε-end group, as an intermediate.
Namely, the 3 (30)-hydroxy group in astaxanthin
was oxidized once to a carbonyl group with
double-bond translation from C5–C6 (C50–C60)
to C4–C5 (C40–C50) to form isoastaxanthin.
Then, the 3-keto-4-hydroxy-ε-end group in
isoastaxanthin was reversibly converted to the
3-hydroxy-4-keto-β-end group to form
astaxanthin. Another possible mechanism of
astaxanthin racemization is keto–enol
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tautomerization of the 3 (30)-hydroxy group, as
shown in Fig. 4.11. Through these conversions,
the chirality of the 3 (30)-hydroxy group of
astaxanthin could be converted. The reductive
metabolic pathways considering astaxanthin to
these yellow xanthophylls are shown in Fig. 4.11.

4.5.3 Other Oxidative Metabolic
Pathways of Carotenoids
in Crustaceans

Some crustaceans can convert lutein to fritchiella
xanthin and papyrioerythrinone (Liaaen-Jensen
1998; Matsuno 2001). Crustaceans belonging to
Isopoda can introduce a hydroxy group at C2 in
the β-end group. This hydroxylation is also
non-stereoselective. Therefore, β-caroten-2-ol in
the sea louse Ligia exotica exists as (2R) and (2S)
optical isomers (Matsuno et al. 1990). Daphnia
magna also introduces a hydroxy group at C2 in

the 4-oxo-β-end group to form carotenoids with a
2-hydroxy-4-oxo-β-end group (Partali et al.
1985), as shown in Fig. 4.12.

4.6 Carotenoid Metabolism
in Echinodermata
(Echinoderms)

Sea urchins oxidatively metabolize β-carotene to
echinenone via isocryptoxanthin. Echinenone,
which is present in the gonads of sea urchins,
has a 90Z configuration (Tsushima and Matsuno
1997). Starfish are carnivorous and mainly feed
on bivalves and small crustaceans. Principal
carotenoids in starfish are astaxanthin,
7,8-didehydroastaxanthin, and 7,8,70,8-
0-didehydroastaxanthin. They correspond to the
oxidative metabolites of β-carotene, diatoxanthin,
and alloxanthin, respectively (Liaaen-Jensen
1998; Matsuno 2001; Maoka 2011). The crown-

O

O

O

O
HO

O

OH
O

O
HO

β-Carotene

Echinenone

Canthaxanthin

Adonirubin*

Astaxanthin*

O
3-Hydroxyechinenone*HO

* Each compound consisted with optical isomers

+O

+O

+O

+O
-2H

+O
-2H

Fig. 4.10 Oxidative metabolism of β-carotene in crustaceans

38 T. Maoka



of-thorns starfish Acanthaster planci is a large,
nocturnal sea star that preys upon coral polyps.
4-Ketodeepoxyneoxanthin and
7,8-dihydrodiadinoxanthin were isolated from
A. planci. 4-Ketodeepoxyneoxanthin was consid-
ered to be an oxidative metabolite of
deepoxyneoxanthin (Maoka et al. 2010b,
2011b). 7,8-Dihydrodiadinoxanthin may be
formed from diadinoxanthin with the
hydrogenation of double bond at C7–C8
(Fig. 4.13).

A series of carotenoids, 5,6,50,60-tetrahydro-
β,β-carotene derivatives with 9Z, 90Z
configurations, was isolated from the sea
cucumbers Cucumaria japonica (Tsushima et al.
1996) and Plesiocolochirus minutus (Maoka et al.
2015) belonging to Cucumariidae.
Cucumariaxanthins in Cucumaria japonica and
9Z, 90Z-tetrahydroastaxanthin in Plesiocolochirus
minutus are considered to be metabolites of can-
thaxanthin and astaxanthin, respectively,
as shown in Fig. 4.14. 3,4,30,40-
Tetrahydroxypirardixanthin 4,40-disulfate,
named ophioxanthin, was reported in the brittle
star Ophioderma longicaudum (D’auria et al.

1985). Canthaxanthin and astaxanthin were
found in the gonads of sea cucumbers as major
components.

4.7 Metabolism of Carotenoids
in Fish

4.7.1 Epimerization of Lutein
Through
3-Hydroxy-b,«-Caroten-30-One
and Oxidative Metabolisms
of Lutein and Zeaxanthin
in Cyprinidae Fish

Lutein is converted to 30-epilutein through
3-hydroxy-β,ε-caroten-30-one (30-dehydrolutein).
Then, 30-epilutein is oxidatively metabolized to
α-doradexanthin in goldfish. Zeaxanthin is oxida-
tively metabolized to (3S,30S)-astaxanthin via
adonixanthin and idoxanthin in Cyprinidae fish
(Fig. 4.15). They were revealed by several feed-
ing experiments, including radioisotopic studies,
using 14C labeled zeaxanthin (Hata and Hata
1972).
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4.7.2 Reductive Metabolism Pathway
of Astaxanthin in Perciformes
and Salmonidae Fish

Perciformes and Salmonidae fish cannot synthe-
size astaxanthin from other carotenoids, such as
β-carotene and zeaxanthin (Schiedt et al. 1991;
Schiedt 1998). Therefore, astaxanthin present in
these fish originates from dietary zooplankton
belonging to Crustacea. Astaxanthin in these
marine fish comprises three optical isomers.
Perciformes and Salmonidae fish can reduc-
tively convert astaxanthin to zeaxanthin, as
shown in Fig. 4.15 (Schiedt et al. 1991; Schiedt
1998; Matsuno et al. 1985c). Therefore, zeaxan-
thin in these fish also exists as three optical
isomers (Maoka et al. 1986). Tunaxanthin is
widely distributed in fish belonging to
Perciformes. The bright yellow color of the
fins and skin of marine fish is caused by

the presence of tunaxanthin. Feeding
experiments of astaxanthin in the red sea
bream and yellow tail revealed that tunaxanthin
was metabolized from astaxanthin via zeaxan-
thin, as shown in Fig. 4.16 (Fujita et al. 1983;
Miki et al. 1985). Carotenoids with a
3-oxo-ε-end group such as 3-hydroxy-β,-
ε-caroten-30-one and ε,ε-carotene-3,30-dione
(Matsuno et al. 1985c) are key intermediates
in this metabolic conversion.

4.7.3 Hydrogenation of Double Bond
at C7–C8 (C70–C80) in Catfish
Silurus asotus

Zeaxanthin is converted to 70,80-dihydroparasi-
loxanthin via parasiloxanthin in the Japanese
common catfish Silurus asotus (Matsuno
et al. 1976). Similarly, lutein, diatoxanthin,
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and β-cryptoxanthin are metabolized to
7,8-dihydrolutein, 70,80-dihydrodiatoxanthin,
and 7,8-dihydro-β-cryptoxanthin, respectively,
in S. asotus (Tsushima et al. 2002; Maoka and

Akiomoto 2011). Furthermore, 70,8,90,100-
tetrahydro-β-cryptoxanthin was reported from
this fish (Maoka and Akiomoto 2011)
(Fig. 4.17).
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4.7.4 Oxidation of Hydroxy Groups
and Retro Rearrangement
of Polyene Chain of Zeaxanthin
in Tilapia Tilapia nilotica

Zeaxanthin is converted to rhodoxanthin in tilapia
Tilapia nilotica. This metabolic conversion
involves the oxidation of hydroxy groups at C3
and C30 to carbonyl groups and retro rearrange-
ment of the polyene chain (Katsuyama and
Matsuno 1988), as shown in Fig. 4.18.

4.7.5 Other Unique Structures
of Carotenoids in Fish

5,6-Epoxy carotenoids in algae and higher plants
only show the (3S,5R,6S)-5,6-(anti)-configura-
tion (Britton et al. 2004). Conversely, 5,6-epoxy
carotenoids with the (3S,5S,6R)-5,6-(syn)-config-
uration were isolated from the salmon
Oncorhynchus keta and the freshwater goby
Rhinogobius brunneus (Matsuno et al. 2001;
Tsushima et al. 2000). Furthermore, a series of
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carotenoids with a 3,6-dihydroxy-ε-end group,
salmoxanthin, deepoxysalmoxanthin from the
salmon Oncorhynchus keta (Matsuno et al.
2001), and gobiusxanthin from the freshwater
goby Rhinogobius brunneus (Tsushima et al.
2000) were isolated. Salmon and goby fish con-
vert zeaxanthin and diatoxanthin to
corresponding epoxides with a (3S,5S,6R)-5,6-
(syn)-configuration. Carotenoids with
3,6-dihydroxy-ε-end might be formed from
5,6-epoxy carotenoids through hydrolysis cleav-
age of the epoxide ring to 5,6-diol and continued
dehydroxylation of the hydroxyl group at C5, as
shown in Fig. 4.19. Recently, a new acetylenic
carotenoid, (3R,30R,60S)-7,8-didehydro-β,-
ε-carotene-3,30-diol, named 6-
0-epimonadoxanthin, was isolated from the
rosary goby Gymnogobius castaneus. This carot-
enoid was also considered to be a metabolite of
diatoxanthin (Maoka 2018).

4.7.6 Formation of Apocarotenoids
in Fish

A series of unique structural 100-apocarotenols
with an 110,120-dihydro polyene chain, named
micropterxanthins, was isolated from the black
bass Micropterus salmoides. These
apocarotenoids were considered to be formed by
exocentric cleavage of the C90–C100 double bond
and hydrogenation of the double bond at C110–
C120 from the corresponding C40 skeletal
carotenoids (Yamashita et al. 1996). Galloxanthin
was isolated from ayu (Plecoglossus altivelis). A
feeding experiment revealed that zeaxanthin was
converted to galloxanthin in the ayu
(Plecoglossus altivelis) (Yamashita et al. 1998)
(Fig. 4.20).
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4.7.7 Conversion of Carotenoids
to Retinoids in Fish

Carotenoids are not essential in dietary
components. However, they are beneficial for
animal health. It is well known that carotenoids
with an unsubstituted β-end group, such as
β-carotene, α-carotene, and β-cryptoxanthin, are
precursors of vitamin A in animals. Furthermore,
canthaxanthin was also converted to retinol in
Salmonidae fish. 3-Hydroxy carotenoids, such as
lutein, zeaxanthin, and astaxanthin, were also
reported to be precursors of 3,4-dehydroretinol
(Vitamin A2) in some freshwater fish (Matsuno
1991; Schiedt 1998) and 3,4-dehydroretinal and
retinal in the yellowtail Seriola quinqueradiata
(Matsuno et al. 1985c).

4.8 Examples of Food Chains
and Metabolic Conversion
of Carotenoids in Marine
Animals

As described in the introduction of this chapter,
all carotenoids present in aquatic animals origi-
nate from algae or partly from some bacteria,
which synthesize carotenoids de novo.

Herbivorous animals directly ingest carotenoids
from dietary algae and metabolize them. Carniv-
orous animals ingest carotenoids from dietary
herbivorous animals and metabolize them, as
shown in Fig. 4.21. Therefore, through these
food chains, carotenoids originating from algae
undergo metabolic modifications and accumulate
in carnivorous animals. In this section, structural
modifications of carotenoids originating from
microalgae through food chains are described.

The first example is the transfer of carotenoids
from zooxanthellae (dinoflagellate algae) to star-
fish via corals. The coral Acropora japonica is a
filter feeder, and it is associated with symbiotic
zooxanthellae. Coral absorbs carotenoids from
symbiotic zooxanthellae and accumulates them
without metabolic modification. The crown-of-
thorns starfish Acanthaster planci is carnivorous
and mainly preys upon coral.
7,8-Didehydroastaxanthin and astaxanthin were
found to be major carotenoids in this starfish.
They are oxidative metabolites of diatoxanthin
and β-carotene, respectively, ingested from die-
tary coral. 4-Ketodeepoxyneoxanthin might be an
oxidative metabolite of deepoxyneoxanthin
derived from neoxanthin by de-epoxydation
(Fig. 4.13). Carotenoids originating from
zooxanthellae are accumulated and oxidatively
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metabolized in the crown-of-thorns starfish via
coral, as shown in Fig. 4.22 (Maoka et al. 2011b).

The second example is carotenoid transfer
from diatoms to the sea angel Clione limacina.
The sea angel is a small, floating sea slug belong-
ing to gastropods. Its body is gelatinous and
transparent. Conversely, its gonads and viscera
are a bright orange-red color due to the presence
of carotenoids. The sea angel is carnivorous and
feeds exclusively on a small sea snail Limacina
helicina, which is herbivorous and feeds on
microalgae, such as diatoms and dinoflagellates.
Therefore, carotenoids produced by microalgae
are made available to the sea angel through
L. helicina in the food chain. L. helicina directly
absorbs carotenoids from dietary algae and
accumulates them without metabolic modifica-
tion. Conversely, the sea angel oxidatively
metabolizes ingested carotenoids from
L. helicina, as shown in Fig. 4.23. (Maoka et al.
2014).

The third example is carotenoid transfer from
phytoplankton to fish via Crustacean

zooplankton. Crustacean zooplanktons produce
astaxanthin from β-carotene, ingested from phy-
toplankton. Perciformes and Salmonidae fish
absorb astaxanthin from these dietary
zooplanktons. Then ingested astaxanthin is reduc-
tively converted to tunaxanthin and zeaxanthin in
Perciformes and Salmonidae fish, respectively
(Liaaen-Jensen 1990, 1998; Matsuno 2001;
Maoka 2011) (Fig. 4.24). Therefore, β-carotene,
produced by microalgae, is converted to
tunaxanthin and zeaxanthin via astaxanthin
through this food chain.

4.9 Metabolic Conversion
and Increasing Anti-oxidative
Activity of Carotenoids
in Aquatic Animals

Many crustaceans oxidatively convert dietary
β-carotene to astaxanthin. The scallop and sea
angel also oxidatively convert dietary
diatoxanthin to pectenolone. By these oxidative
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metabolic conversions, the anti-oxidative
activities of dietary carotenoids are increased.
Similarly, shellfish and tunicates accumulate
fucoxanthin from dietary algae and convert it to
mytiloxanthin. By this conversion, the carotenoid
changes color from orange to red and shows
increased anti-oxidative activities (Maoka et al.
2016). Therefore, it was concluded that these
marine animals metabolize dietary carotenoids

to a more active anti-oxidative form and accumu-
late them in their bodies and gonads.
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Carotenoid Metabolism in Terrestrial
Animals 5
Takashi Maoka

Abstract

Terrestrial animals, especially insects, contain
various carotenoids that show structural diver-
sity. These animals accumulated carotenoids
derived from plants and other animals and
modified them through metabolic reactions.
Therefore, most of the carotenoids found in
terrestrial animals originated from plants. Con-
versely, recent investigation revealed that
some species of aphids and spider mites
synthesized carotenoid themselves by caroten-
oid biosynthetic genes, which were horizon-
tally transferred from fungi. In this chapter,
carotenoids in terrestrial animals are described
from the viewpoints of natural product chem-
istry, metabolism, food chain, and
chemosystematics.
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Carotenoids · Terrestrial animals ·
Metabolism · Food chain · Chemosystematics ·
Chemical ecology

5.1 Introduction

With aquatic animals, most terrestrial animals
cannot synthesize carotenoids de novo and so

must obtain them from their diet. Therefore,
carotenoids in terrestrial animals mainly originate
from plants that they feed on. Many of the
carotenoids present in terrestrial animals are
β-carotene, β-cryptoxanthin, lutein, zeaxanthin,
and their metabolites. In this chapter, I will
describe the distribution and metabolism of
carotenoids in terrestrial animals. It is well
known that the important role of carotenoids in
animals is acting as a precursor of retinoids.
Carotenoids with an unsubstituted β-end group,
such as β-carotene, α-carotene, β,ψ-carotene (-
γ-carotene), and β-cryptoxanthin, are known to
be precursors of vitamin A and are called provita-
min A in animals. Details of metabolic
mechanisms in converting carotenoids to
retinoids in mammals are described in Chap. 6
(Nagao).

5.2 Mollusca (Snail)

There are a few reports on the carotenoids of
terrestrial snails. Euharda callizona amaliae is a
Japanese terrestrial snail that feeds on plant
leaves, leaf molds, and fungi. β-Carotene, lutein,
echinenone, and canthaxanthin were identified as
major carotenoids in the muscle and gonads of
this snail. A feeding experiment revealed that
β-carotene was metabolized to canthaxanthin via
echinenone in this snail (Maoka and Matsuno
1989).

T. Maoka (*)
Research Institute for Production Development, Kyoto,
Japan
e-mail: maoka@mbox.kyoto-inet.or.jp

# Springer Nature Singapore Pte Ltd. 2021
N. Misawa (ed.), Carotenoids: Biosynthetic and Biofunctional Approaches, Advances in Experimental
Medicine and Biology 1261, https://doi.org/10.1007/978-981-15-7360-6_5

51

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-7360-6_5&domain=pdf
mailto:maoka@mbox.kyoto-inet.or.jp
https://doi.org/10.1007/978-981-15-7360-6_5#DOI


5.3 Arthropoda

5.3.1 Insecta

Insects are the most diverse group of animals.
Therefore, carotenoids in insects show structural
diversity. Many of the carotenoids present in
insect are β-carotene, β-cryptoxanthin, lutein,
and zeaxanthin, which originate from their food
and their metabolites. Conversely, the aphid and
whitefly can synthesize carotenoids de novo by
carotenoid biosynthesis genes that are acquired
via horizontal gene transfer from fungi and by
those of endosymbiotic bacteria, respectively.

5.3.1.1 Hemiptera (Aphid, Whitefly,
Stink Bug, and Planthopper)

Body color in insects is an ecologically important
trait which is often involved in species recogni-
tion, sexual selection, mimicry, aposematism, and
crypsis. The pea aphid Acyrthosiphon pisum
displays red, yellow, green, and blue-green color
polymorphisms. Red and yellow body color
pigments in the aphid are carotenoids, while
blue-green pigments are polycyclic quinones.
β-Zeacarotene, β,ψ-carotene (γ-carotene),
torulene, β,γ-carotene, and γ,γ-carotene were
identified as major carotenoids in aphids. They
had been considered to have originated from
endosymbiotic microorganisms, such as fungi
(Liaaen-Jensen 1998). Recent investigations
revealed that aphids synthesized carotenoid them-
selves by carotenoid biosynthetic genes, which
were horizontally transferred from fungi to
aphids. Namely, the aphid genome itself encodes
multiple enzymes for carotenoid biosynthesis.
Thus, red aphids have carotenoid desaturase
genes and synthesize torulene from phytoene by
themselves (Moran and Jarvik 2010; Nováková
and Moran 2011; Mandrioli et al. 2016). Con-
versely, blue-green aphids synthesize polycyclic
quinones using genes of the endosymbiotic bac-
terium Rickettsiella (Tsuchida et al. 2010). There-
fore, aphids make their own carotenoids and
quinones by genes horizontally transferred from
fungi and by endogenous genes of symbiotic

bacteria for coloration, respectively, depending
on the environmental context. Furthermore,
Valmalette et al. (2012) reported that carotenoids
in orange and green aphids might potentially be
involved in absorbing light and using the energy
to reduce the co-enzyme NAD+, which can power
ATP synthesis in mitochondria. The findings sug-
gest that an archaic photosynthetic system might
be present in aphids.

A series of carotenes with γ-eng group (termi-
nal methylene group in the C-5 end group), such
as β,γ-carotene, γ,γ-carotene, and γ,ψ-carotene,
were isolated from aphids Acyrthosiphon pisum,
Megoura crassicauda, and Brevicoryne brassicae
(Takemura et al. submitted). It was considered
that carotenoids with γ-eng group were also
synthesized by carotenoid biosynthetic genes hor-
izontally transferred from fungi. Carotenoid bio-
synthetic pathways of aphids are shown in
Fig. 5.1, which are deduced from their carotenoid
components identified by methods of natural
product chemistry.

Furthermore, Sloan and Moran (2012)
reported that the whitefly Bemisia tabaci obtained
β-zeacarotene through synthesis by an endosym-
biont, Candidatus Portiera aleyrodidarum.

Contrary to aphids, carotenoid patterns of the
sting bug and planthopper are simple. β-Carotene,
β-cryptoxanthin, and lutein are present in these
insects (Maoka, unpublished data).

5.3.1.2 Coleoptera (Beetle)
Several species of beetles contain phytoene,
phytofluene, ζ-carotene, 7,8,11,12-tetrahydro-
lycopene, neurosporene, lycopene, 3,4-didehydro
lycopene, 7,8,11,12-tetrahydro-γ-carotene,
β-zeacarotene, γ-carotene, and torulene, which
are carotenoids in the torulene biosynthetic path-
way. Furthermore, a series of carotenes with a
unique γ-end group, such as 7,8,11,12-tetrahydro-
γ,ψ-carotene, 7,8-dihydro-γ,ψ-carotene, γ,-
ψ-carotene, 3,4-didehydro-γ,ψ-carotene, β,-
γ-carotene, and γ,γ-carotene, is present in aphids
(Britton et al. 1977a, b). It is well known that
beetles like to eat aphids. Therefore, these
carotenoids may originate from aphids.
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5.3.1.3 Odonata (Dragonfly
and Damselfly)

The carotenoid compositions of larval and adult
dragonfly are different. Larvae inhabit aquatic
environments and feed on aquatic insects,
crustaceans, tadpoles, and small fish.
β-Carotene, β-cryptoxanthin, lutein, and fucoxan-
thin, which are ingested in aquatic animals, were
found to be major carotenoids in the larvae of
dragonfly. Conversely, adult dragonfly feed on
flying insects, such as flies, mosquitoes,
butterflies, moths, aphids, planthoppers, and
beetles, as well as spiders. β-Zeacarotene, β,-
ψ-carotene (γ-carotene), and β,γ-carotene were
presented as major carotenoids along with
torulene and γ,γ-carotene in adult dragonfly.
β-Zeacarotene and β,ψ-carotene (γ-carotene) are
known to be intermediates of the torulene biosyn-
thetic pathway. β,γ-Carotene and γ,γ-carotene
have a unique γ-end group in their molecules.
Recent studies revealed that these carotenes
were derived from aphids, beetles, and whiteflies,
which dragonfly feed on (Maoka et al. 2020).
Myxol was also found in some species of adult

dragonfly. This carotenoid was derived from
myxoxanthophyll that originated from blue-
green algae through the food chain. β-Caroten-2-
ol and echinenone were found in both adult and
larval dragonflies. These carotenoids were con-
sidered to be oxidative metabolites of β-carotene
in the dragonfly. Similar results were found in
larvae and adults of damselfly (Maoka et al.
2020). Characteristic carotenoids in adults and
larvae of dragonfly are shown in Fig. 5.2.

5.3.1.4 Orthoptera (Locust and Mantis)
Many locusts are herbivorous. They feed on
leaves of higher plants. β-Carotene was found to
be a major carotenoid along with adonirubin and
astaxanthin in grasshoppers (Manuta 1948).
Adonirubin and astaxanthin in grasshoppers are
present as mixtures of optical isomers (Maoka
2015). β-Carotene is oxidatively metabolized to
astaxanthin in the locust, as shown in Fig. 5.3.
Mantises are carnivorous. β-Carotene, lutein, and
zeaxanthin are present as major carotenoids in
several mantises.

Fig. 5.1 Carotenoid biosynthetic pathway of aphids, which was obtained by horizontal gene transfer from fungi
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5.3.1.5 Phasmatodea (Stick Insect)
A series of carotenoids with 2-hydroxy and
2-keto- and 3,4-didehydro-2-keto-β-end groups,
such as β-caroten-2-ol, β-carotene-2,20-diol,
20-hydroxy-3,4- didehydro-β,β-caroten-2-one,
and 3,4,30,40-tetradehydro-β,β-carotene-2,20-dione,
is present in stick insects as major carotenoids
(Kayser 1981a, b, 1982; Matsuno et al. 1990;
Davidson et al. 1991). The 2 (20)-hydroxy groups
in β-caroten-2-ol, β,β-carotene-2,20-diol, and
20-hydroxy-3,4-didehydro-β-caroten-2-one in
stick insects were present as mixtures of optical
isomers. Kayser et al. (1984) suggested that the
reduction and oxidation of the 2-keto or
2-hydroxy group in the stick insect were inter-
changeable, as shown in Fig. 5.4. Therefore, the
2 (20)-hydroxy groups in β-caroten-2-ol, β,-
β-carotene-2,20-diol, etc., might be present as a
mixture of optical isomers.

Kayser (1981a, b, 1982) revealed that dietary
β-carotene was metabolized to 2-hydroxy, 2-keto-,
and 3,4-didejydro-2-keto- derivatives of
β-carotenes in the stick insects Extatosoma

tiaratum and Carausius morosus based on a feed-
ing experiment using [14C]-β-carotene.

5.3.1.6 Ephemeroptera (Mayfly)
The larvae of Ephemera inhabit streams and feed
on algae. The major carotenoids found in the
larvae of Ephemera are β-carotene, fucoxanthin,
and ficoxanthinol. Conversely, β-carotene was
found to be the sole carotenoid in adult mayfly
(Ephemera) (Matsuno et al. 1999).

5.3.1.7 Diptera (Fly)
The carotenoid pattern in insects belonging to
Diptera is simple. β-Carotene, β-cryptoxanthin,
and zeaxanthin were identified in Drosophila.
β-Carotene, β-cryptoxanthin, and zeaxanthin
were also found in adults and larvae of the lake
fly Chironomus sp. (Maoka, unpublished data).
Isocryptoxanthin and 40-hydroxyechinenone were
identified in the hemolymph and midgut of larvae
of the fly Rhynchosciara americana. They were
considered to be oxidative metabolites of
β-carotene (Terra et al. 1980).
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3-Hydroxyretinal has been found in visual
pigments of Diptera. It is also considered to be a
metabolic product of zeaxanthin and lutein
(Giovannucci and Stephenson 1999).

5.3.1.8 Trichoptera (Caddisfly)
2-Hydroxy carotenoid and philosamiaxanthin
(3-hydroxy-β,ε-caroten-30-one) were identified
along with β-carotene and lutein in the larvae
and adults of caddisfly (Matsuno et al. 1999).

5.3.1.9 Lepidoptera (Butterfly
and Moth)

The larvae of the butterfly and moth exclusively
feed on leaves of higher plants. They ingest
β-carotene, lutein, and zeaxanthin from these
diets. It was reported that lutein was oxidatively
metabolized to philosamiaxanthin (3-hydroxy-β,-
ε-caroten-30-one), fritschiellaxanthin, and

papirioerythrinon in several species of moth and
butterfly (Kayser 1975; Harashima 1970;
Harashima et al. 1972). Similarly, β-carotene
was oxidatively metabolized to echinenone and
canthaxanthin (Harashima et al. 1972). Zeaxan-
thin was also converted to (3S,30S)-astaxanthin
via adonixanthin in the pupae of the swallowtail
Papilio xuthus (Maoka, unpublished data). The
metabolic pathways of carotenoids in Lepidoptera
insects are shown in Fig. 5.5. The pupae of the
swallowtail Papilio xuthus display orange-green
color variation. The orange skin color is due to the
presence of keto-carotenoids, such as fritschiel-
laxanthin, papirioerythrinon, and astaxanthin.
Conversely, β-carotene and lutein are present as
major carotenoids in green-colored pupae
(Harashima et al. 1972).

β-Caroten-2-ol and β-caroten-2-one were
identified in the moth Cerura vinula (Kayser
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1976, 1979). β-Caroten-2-ol in the moth Cerura
vinula was also present as 2R and 2S optical
isomers at an approximate ratio of 3:7 (Kayser
et al. 1984). The moth Cerura vinula, as well as
stick insects, has the metabolic capacity to intro-
duce a hydroxyl group and carbonyl group at C-2
of β-carotene.

5.3.2 Arachnida (Spider and Spider
Mite)

A series of ketocarotenoids, echinenone, cantha-
xanthin, adonirubin, and astaxanthin, are present
as major carotenoids in the spider Nephila clavata
(Takemura et al. submitted). Adonirubin and
astaxanthin are present as a mixture of optical
isomers. They are considered to be oxidative
metabolites of β-carotene. Furthermore,
β-zeacarotene, β,ψ-carotene (γ-carotene),
torulene, β,γ-carotene, and β-caroten-2-ol are
present in the lynx spider Oxyopes sertatus
(Maoka et al. 2020). β-Zeacarotene, β,ψ-carotene
(γ-carotene), torulene, and β,γ-carotene are
assumed to be accumulated from aphid by food.
The food chain of carotenoids synthesized in
aphid to dragonfly, beetle, and spider is shown
in Fig. 5.6.

A series of ketocarotenoids,
3-hydroxyechinenone, adonirubin, and
astaxanthin, were identified in the two-spotted
spider mite Tetranychus urticae (Veeman 1974).
In response to long nights and lower
temperatures, female spider mites enter a faculta-
tive diapause characterized by the cessation of
reproduction and a marked change in body color
from faint yellow to bright red-orange. This body
color change results from the accumulation of
ketocarotenoids, such as astaxanthin, which has
been suggested to protect against the physical
stresses of overwintering.

A recent investigation revealed that carotenoid
cyclase/synthase and carotenoid desaturase
genes, which may be responsible for the conver-
sion of phytoene to β-carotene, were present in
the two-spotted spider mite T. urticae. Phyloge-
netic analyses suggest that these carotenoid bio-
synthetic genes were transferred from fungi into
the spider mite genome, probably in a similar

manner as recently suggested for aphids (Moran
and Jarvik 2010; Nováková and Moran 2011;
Mandrioli et al. 2016). It was also shown that
the two genes were expressed in both green and
red morphs, with a higher expression level of the
gene in red morphs. Additionally, there may be
changes in the expression of these genes during
diapause. As carotenoids are associated with dia-
pause induction in these animals, these results
added to recent findings highlighting the impor-
tance of eukaryotic horizontal gene transfer in the
ecology and evolution of higher animals
(Altincicek et al. 2012; Bryon et al. 2017). The
proposed oxidative metabolic pathway of
β-carotene to astaxanthin in the spider and spider
mite is shown in Fig. 5.7, although relevant bio-
synthesis genes have not enough been known.

5.4 Amphibia (Frog)

The yellow skin color of amphibians is caused by
the deposition of carotenoids. β-Carotene,
β-cryptoxanthin, and lutein were reported in sev-
eral species of frog. They originated from dietary
insects and small aquatic animals. Two
stereoisomers of ε,ε-carotene-3,30-diol,
chiriquixanthin A and B (Fig. 5.8), were isolated
from the yellow Costa Rican frog Atelopus
chiriquiensis (Bingham et al. 1977). They are
considered to be metabolites of lutein and
zeaxanthin.

5.5 Reptilia (Snake and Lizard)

Integument colors of the snake and lizard are due
to the presence of carotenoids. β-Carotene,
β-cryptoxanthin, and lutein were reported in sev-
eral species of snakes. β-Carotene,
β-cryptoxanthin, lutein, and ketocarotenoids,
such as canthaxanthin and astaxanthin, were
reported in several species of lizards.

5.6 Aves (Bird)

Carotenoids found in many birds are β-carotene,
lutein, zeaxanthin, and β-cryptoxanthin and their
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metabolites. Birds ingest carotenoids in their diets
and deposit them in feathers (plumage), eggs,
blood, muscle, liver, ovaries, etc. Parts of the
accumulated carotenoids are metabolically
modified before deposition.

5.6.1 Carotenoid Metabolism
in Chicken

The chicken Gallus gallus domesticus
accumulates carotenoids in its body and egg
yolk from the diet. The metabolism of carotenoids
in the chicken was studied in a feeding experi-
ment that included stereochemical analysis and
radioisotope-labeling experiments (Matsuno
et al. 1986; Schiedt et al. 1991; Schiedt 1998).
Zeaxanthin and lutein ingested from diets were
converted to ε,ε-carotene-3,30-dione via
3-hydroxy-β,ε-caroten-30-one and 30-hydroxy-

ε,ε-caroten-3-one in the chicken and deposited
in various organs and egg yolk. Similarly,
β-cryptoxanthin was metabolized to β,ε-caroten-
30-one (Matsuno et al. 1986; Schiedt et al. 1991).
Furthermore, zeaxanthin was metabolized to
galloxanthin (100-apozeaxanthinol) and (6S,60S)-
ε,ε-carotene in the retina (Schiedt 1998).

Egg yolk color is an important factor determin-
ing the commercial value of hen eggs. It is well
known that a major pigment of the egg yolk is
lutein, which is ingested on consuming higher
plants. Marigold, alfalfa, and corn meal, which
contain lutein and zeaxanthin as major
carotenoids, are widely used to promote yellow
color pigmentation of egg yolk. Paprika powder,
which contains capsanthin as a major carotenoid,
has been used to promote its red color pigmenta-
tion. Supplemented capsanthin was partly
oxidized to capsanthone in the chicken (Maoka
and Etoh 2014). Astaxanthin, which was also

synthesize carotenoids by 
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fungi to aphid

Torulene

γ-Carotene

β-Zeacarotene

β,γ-Carotene

γ,γ-Carotene

Dragonfly

Feed

Beetle Spider

Feed Feed

Feed

FeedFeed

Aphid (wingless) Aphid (winged)

Fig. 5.6 Food chain of carotenoids from aphid to dragonfly, beetle, and spider
The pictures of dragonfly and the others were kindly supplied from Takeshi Shinbo and Naoki Kawase of Minakuchi
Kodomo-no-mori Museum, respectively
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used to promote red color pigmentation, was
partly metabolized to zeaxanthin and galloxanthin
(Schiedt et al. 1991). Fucoxanthinol-30-sulphate
and paracentorone were identified in egg yolk
after supplementation of the diet with a seaweed
(Stranda et al. 1998). The metabolic pathways of
lutein, zeaxanthin, β-cryptoxanthin, capsanthin,
and fucoxanthin in the chicken are shown in
Fig. 5.9. A radioisotope-labeling experiment
also revealed that canthaxanthin was converted
to 4-keto-retinol and 4-hydroxy-retinol via 4-
0-hydroxyechinenone in laying hens, as shown
in Fig. 5.10 (Schiedt 1998).

5.6.2 Carotenoids in Zebra Finch

20,30-Anhydrolutein was identified as a major
carotenoid along with dietary carotenoids lutein,
zeaxanthin, and β-cryptoxanthin in the plasma,
liver, adipose tissue, and egg yolk of the zebra
finch Taeniopygia guttata. Zebra finches metabo-
lize lutein to 20,30-anhydrolutein with

dehydroxylation of the hydroxy group at C-30

(McGraw et al. 2002, 2003). Conversely, a series
of ketocarotenoids, astaxanthin, 4-ketolutein,
adonirubin, and canthaxanthin is present as
major carotenoids in the feathers and beak of the
zebra finch, as shown in Fig. 5.11 (McGraw
2004). The red color of the feathers and beak of
the zebra finch is caused by the presence of these
ketocarotenoids.

5.6.3 Carotenoids in Plumage
(Feathers) of Birds

Most of the bright red, orange, and yellow
pigments of plumage (feathers) are caused by
the presence of carotenoids. In birds, carotenoids
are an important signal of a good nutritional con-
dition, and they are used in ornamental displays
as a sign of fitness and to increase sexual attrac-
tiveness. Carotenoid-based color in feathers
(plumage) catches the attention of the opposite
sex to promote mating. For example,
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manipulation of the dietary carotenoid supply
invokes parallel changes in cell-mediated
immune function and sexual attractiveness in
male zebra finches (Blount et al. 2003; Andersson

et al. 2007; McGraw and Toomey 2010). At least
10 kinds of carotenoids have been documented in
red feathers. Most of these are produced through
metabolic modification of dietary precursor
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Fig. 5.10 Metabolism of canthaxanthin in the liver of laying hens (Schiedt et al. 1991)
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compounds. It is well known that the red color
pigment in the feathers of the American flamingo
is astaxanthin (Fox 1959), a dietary derived from
micro-crustaceans. Yellow carotenoids found in
finches, named canary xanthophylls, were
identified as ε,ε-carotene-3,30-dione and 3-
0-hydroxy-β,ε-caroten-3-one (Brush 1990). A
series of yellow carotenoids with the 3-hydoxy-
and/or 3-oxo-ε-end group were also reported in
colored feathers of the goldfinch Carduelis
(Stradi et al. 1995). They are also metabolized
from lutein and zeaxanthin (Friedman et al.
2014).

A series of ketocarotenoids, echinenone, can-
thaxanthin, 3-hydroxyechinenone, adonirubin,
adonixanthin, astaxanthin, and 4-ketolutein were
present as major carotenoids in the red plumage
of caciques and meadowlarks (Icteridae). They
are metabolites of β-carotene, β-cryptoxanthin,
zeaxanthin, and lutein, as shown in Fig. 5.12.
The C4-oxygenation of dietary carotenoids was
responsible for each observed transition from yel-
low to red plumage. This suggests that the
C4-oxygenation pathway may be a readily evolv-
able means to achieve red coloration using
carotenoids.

5.6.4 Novel Methoxy Carotenoids
in Feathers of Cotinga

The pompadour cotinga Xipholena punicea is a
species of bird in the family Cotingidae.
Interesting structural carotenoids with
3-methoxy-4-keto-β-ring and 2,3-didehydro-3-
methoxy-4-keto-β-ring moieties were isolated
along with canthaxanthin and astaxanthin, as
shown Fig. 5.13 (LaFountain et al. 2013). They
are considered to be metabolized from
adonirubin, astaxanthin, and 4-ketolutein by
methylation of the hydroxy group at C-3 (30)
and dehydrogenation at C-2 (20) and C-3 (30).

5.6.5 Identification of Carotenoid
4-Ketolase Gene in Zebra Finch

Recently, Mundy et al. (2016) identified genes
required for the bright-red coloration that birds
use for communication, such as attracting mates.
They revealed a genetic link between red colora-
tion and color vision in the zebra finch and pro-
posed that redness may be an honest signal of
mate quality by indicating a bird’s ability to
detoxify harmful substances. The yellow beak
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mutation maps were applied to identify a narrow
region of chromosome 8 with a CYP cluster.
CYP2J19 loci were most likely to encode carot-
enoid 4-ketolases that generate red
ketocarotenoids. CYP2J19 loci were considered
to be involved in both red coloration and red
retinal oil droplets. Such an involvement of cyto-
chrome P450s may provide a novel mechanism of
signal honesty.

5.7 Mammals

It has been reported that mammals are categorized
into three groups in terms of their ability to absorb
carotenoids. White fat animals, such as pig,
sheep, goat, cat, and rodent, do not absorb
carotenoids at all or in very small amounts.
Yellow-fat animal, such as ruminant cattle and
horses, exclusively accumulate carotenes and
not xanthophylls. The third group, humans and
monkeys, accumulates both carotenes and
xanthophylls equally well (Schweigert 1998).

A recent investigation revealed that horses and
cattle could absorb xanthophylls. Due to vigorous
exercise, race horses often develop exertional
rhabdomyolysis. Exertional rhabdomyolysis is
considered to be caused by active oxygen
generated by vigorous exercise. The

administration of astaxanthin ameliorated muscle
damage in horses caused by vigorous exercise.
Supplemented astaxanthin was detected both in
the plasma and erythrocytes of horses, but the
dose was very small (Sato et al. 2015).
Astaxanthin improved the reproduction perfor-
mance, regulated the estrus cycle, and reduce
heat stress damage in cattle. Feeding experiments
using carotenoids from phaffia yeast revealed that
cattle could accumulate echinenone and
3-hydroxy-echinenone along with astaxanthin.
However, astaxanthin, which is the major carot-
enoid in phaffia yeast, was found to be a minor
carotenoid in cattle. This indicated that cattle
effectively absorbed fewer polar xanthophylls,
echinenone, and 3-hydroxyechinenone compared
with polar astaxanthin (Tani et al. 2014).

Several investigations revealed that rodents
accumulate supplemented astaxanthin in their
body. Astaxanthin has attracted attention regard-
ing its effect on the prevention or co-treatment of
neurological pathologies, including Alzheimer
and Parkinson diseases (Wu et al. 2015; Galasso
et al. 2018). Several studies have also
demonstrated that astaxanthin can easily cross
the blood–brain barrier to protect the brain from
acute injury and chronic neurodegeneration (Shen
et al. 2009; Ying et al. 2015). Recently, Manabe
et al. (2018) reported that dietary astaxanthin
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could accumulate in the hippocampus and cere-
bral cortex of rats.

A feeding experiment revealed that monkeys
effectively absorbed not only β-carotene but also
β-cryptoxanthin, lutein, and zeaxanthin into the
plasma. In the liver, both β-carotene and
xanthophylls were well deposited. In the lung,
heart, muscle, fat, skin, and brain, less polar
carotenoids, such as β-carotene and
β-cryptoxanthin, were well deposited rather than
polar xanthophylls, such as lutein and zeaxanthin.
Namely, the plasma carotenoid profile in
monkeys reflected the dietary carotenoid compo-
sition, as in humans. Monkeys effectively
accumulated not only β-carotene but also
β-cryptoxanthin, lutein, and zeaxanthin in the
plasma. Interestingly, monkeys were similar
with regard to the preferential accumulation of
β-cryptoxanthin in the blood and brain (Nishino
et al. 2018).

β-Carotene, α-carotene, lycopene,
β-cryptoxanthin, lutein, and zeaxanthin were
found to be major carotenoids in human plasma.
Oxidative metabolites of lycopene, lutein, and
zeaxanthin were also detected in human plasma
(Khachik et al. 1992, 1998a, b). Capsanthin, a
major carotenoid in paprika, is also absorbed in
humans, and part of it is metabolized to
capsanthone (Etoh et al. 2000; Nishino et al.
2015). However, epoxy carotenoids, such as
antheraxanthin, violaxanthin, and neoxanthin,
which are present in vegetables, were not detected
in human plasma. These epoxy carotenoids might
be depredated due to the acidic conditions in the
stomach (Asai et al. 2008).
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Metabolism of Carotenoids in Mammals 6
Akihiko Nagao

Abstract

Pathways for xanthophyll metabolism have
been proposed on the basis of several oxida-
tion products of dietary xanthophylls detected
in the tissues of fish, birds, and human
subjects. No enzyme reaction had been
characterized as responsible for the pathways
until a mouse liver homogenate was found to
oxidize the 3-hydroxy β-end of xanthophylls
to a 3-oxo ε-end in the presence of a cofactor,
NAD+. This oxidation consists of dehydroge-
nation to an unstable intermediate having a
3-oxo β-end group and the subsequent migra-
tion of a double bond. β,ε-Caroten-30-one, a
metabolite of β-cryptoxanthin, was found in
human plasma, indicating that the same oxida-
tive activity as that found in the mouse liver
works in human tissues.

The oxidative cleavage of carotenoids is
mediated by two dioxygenases: a central
cleavage enzyme and an asymmetric cleavage
enzyme. In mice, the latter enzyme was
suggested to eliminate carotenoids in tissues,
while in humans, this enzyme is inactivated,
resulting in carotenoid accumulation. In this
chapter, carotenoid metabolism in mammals
is described in terms of the oxidation of

functional groups and cleavage of the carbon
skeleton.

Keywords
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6.1 Introduction

Dietary carotenoids are not only important
sources of vitamin A but also antioxidants that
work to ameliorate oxidative stresses by scaveng-
ing oxygen radicals and quenching singlet oxy-
gen. Individual carotenoids have also been
reported to show beneficial effects on human
health through their various biological activities,
including anti-carcinogenesis, anti-obesity, and
immune enhancement activities (Nishino et al.
2002; Maeda et al. 2005; Chew and Park 2004).
The metabolism of carotenoids plays an impor-
tant role in biological activities of carotenoids
related to human health. The central cleavage of
provitamin A carotenoids produces vitamin A,
which play an essential role in cell differentiation,
morphogenesis, and vision in vertebrates. The
asymmetric cleavage enzyme recently found to
be encoded in the genome of mammals may pro-
duce apocarotenoids with unknown biological
activities. These cleavage reactions naturally
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decrease the level of carotenoids accumulated in
tissues, affecting the efficacy of their antioxidant
and other biological activities. The metabolic
conversion of the functional group of
xanthophylls also decreases the level of parental
xanthophylls and may modify their biological
activities. Nonetheless, the metabolism of
carotenoids in mammals has not yet been fully
revealed. In this chapter, the metabolism of
carotenoids in mammals is described, considering
its relation to their roles in human health.

6.2 Oxidative Metabolites
of Carotenoid in Vertebrates

The cleavage reaction of provitamin A
carotenoids to vitamin A has been well
characterized in vertebrates, but no other meta-
bolic reaction in the functional groups of
carotenoids in animals has been fully elucidated.
Several metabolic pathways of carotenoids have
been determined principally by identifying
carotenoids that are not present in feed and by
tracing labeled carotenoids. In some birds, the
oxidation of carotenoids at C-4 and C-40 leads to
the formation of keto-carotenoids, such as cantha-
xanthin and astaxanthin, which accumulate as red
color pigments in plumage (McGraw et al. 2001).
The oxidation of lutein at C-3 and C-30 produces
another group of keto-carotenoids in chickens
(Matsuno et al. 1986). In fish, reductive
metabolisms, such as the conversion of cantha-
xanthin to β-carotene, have also been identified in
addition to the above oxidative metabolism
(Matsuno 2001). Although various metabolites
have been detected in vertebrates, no enzyme
responsible for the metabolic conversion has yet
been characterized (Hudon 1994).

In addition to fish and birds, several
xanthophylls different from the dietary
carotenoids have been found in human plasma.
Khachik et al. identified 30-hydroxy-ɛ,ɛ-caroten-
3-one, 3-hydroxy-β,ɛ-caroten-30-one, and ɛ,ɛ-
-carotene-3,30-dione, which were thought to be
formed by the oxidation of lutein and zeaxanthin
in human tissues (Fig. 6.1) (Khachik et al. 1992).
Canthaxanthin was formed in the plasma of

human subjects who ingested 4,40-dimethoxy
β-carotene (Zeng et al. 1992). 3-Hydroxy-β,ɛ-
-caroten-30-one was detected as an oxidation
product of xanthophylls in the plasma of human
subjects (Thurmann et al. 2005; Hartmann et al.
2004) and rhesus monkeys (Albert et al. 2008)
ingesting lutein and zeaxanthin. Moreover,
capsanthone was found in the plasma of human
subjects who ingested a paprika juice rich in
capsanthin, suggesting the oxidation of the sec-
ondary hydroxyl group bound to the κ-end group
of capsanthin (Etoh et al. 2000). These results
indicated that the oxidation of hydroxyl groups
in xanthophylls occurred to produce keto-
carotenoids in mammals, as well as in fish and
birds.

6.3 Oxidative Metabolism
of Fucoxanthin in Mice

It is interesting how these oxidation products
of xanthophylls are formed in the tissues of
mammals. In the course of a feeding study of
fucoxanthin in mice, we found for the first time
that a hydroxyl group of xanthophyll was
oxidized to an oxo group by dehydrogenation
dependent on NAD+ in the presence of a mouse
liver homogenate. Fucoxanthin is a major xantho-
phyll in brown seaweeds and has some interesting
biological activities, including apoptosis induc-
tion in several cancer cell lines (Kotake-Nara
et al. 2005) and anti-obesity effects (Maeda
et al. 2005). In order to investigate the possible
biological effects in mammals in vivo, we
evaluated the absorption of fucoxanthin in mice
(Sugawara et al. 2002) and humans (Asai et al.
2008).

Fucoxanthin was not detected in the plasma of
mice orally fed fucoxanthin, although
fucoxanthinol formed by hydrolysis of fucoxan-
thin in the intestine was detected in the mouse
plasma together with an unknown metabolite.
The unknown metabolite was found to have
formed by the incubation of fucoxanthinol with
a liver homogenate in the presence of NAD+. The
metabolite was successfully prepared from
fucoxanthinol using this reaction system and
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was identified as amarouciaxanthin A (Asai et al.
2004). The oxidation of the 5,6-epoxy-3-
hydroxy-5,6-dihydro β-end group of
fucoxanthinol to a 60-hydroxy-30-oxo ε-end
group of amarouciaxanthin A was mediated
through dehydrogenation by microsomal
enzymes dependent on NAD+ (Fig. 6.2). In this
oxidation, the 5,6-epoxy-3-hydroxy-5,6-dihydro
β-end group of fucoxanthinol would be first
dehydrogenated to an unstable intermediate hav-
ing a 5,6-epoxy-3-oxo-5,6-dihydro β-end group
and then isomerized to 60-hydroxy-30-oxo ε-end
group by opening the epoxy ring. The conversion
of fucoxanthinol to amarouciaxanthin A was also
observed in the culture of HepG2 human hepa-
toma cells, indicating potential metabolic activity
in the human liver.

Although diverse oxidative metabolites of
xanthophylls have been reported in animals as
described above, our study was the first to report
an enzymatic reaction corresponding to the meta-
bolic conversion. Thus, our results are the first
evidence of the enzymatic oxidation of a
hydroxyl group bound to xanthophylls, at least
in vertebrates. The oxidative activity for

fucoxanthinol found in mouse liver would also
work in human tissues and would be involved in
the formation of oxidation products of dietary
xanthophylls reported in the human plasma.

6.4 Oxidative Metabolism of Lutein
in Mice

It was previously considered that the lutein fed to
mice was accumulated in their tissues without any
metabolic conversion (Park et al. 1998). How-
ever, we detected large amounts of the oxidation
products of lutein in the tissues of mice fed diets
containing lutein esters (Yonekura et al. 2010).
The major oxidation products isolated from the
mouse tissues were identified as 30-hydroxy-ɛ,ɛ-
-caroten-3-one and ɛ,ɛ-carotene-3,30-dione
(Fig. 6.3). The level of intact lutein was lower
than those of its metabolites. The metabolites
formed dependent on NAD+ in the reaction mix-
ture of lutein and the homogenate of mouse liver,
indicating a metabolic activity of the liver involv-
ing a secondary alcohol dehydrogenase (Fig. 6.4)
(Nagao et al. 2015).

Lutein

3’-Hydroxyl-ε,ε-caroten-3-one

ε,ε-Carotene-3,3’-dione

Zeaxanthin 

3-Hydroxyl-β,ε-caroten-3’-one

Capsanthone
Capsanthin

Canthaxanthin4,4’-Dimethoxy β-carotene

3

3’

3

3’

3

3’

4

4’

4

4’

Fig. 6.1 Oxidation products of xanthophylls in human plasma
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30-Hydroxy-ɛ,ɛ-caroten-3-one isolated from
the reaction mixture was composed of approxi-
mately equal amounts of two diastereomers of
6R,30R,60R and 6R,30R,60R. This means that the
steric configuration of the ε-end group of lutein
(30R,60R) was retained in the two diastereomers,
indicating that the oxidation did not occur in the
ε-end group of lutein, but in the β-end group.
Thus, the 3-hydroxy β-end of lutein was thought
to be converted to a 3-oxo ε-end by dehydrogena-
tion and double bond migration.

It would be interesting to know whether the
two reactions occur simultaneously or in a step-
wise manner. A detailed analysis of the time
course of lutein oxidation showed that an
unknown product accumulated and reached its
maximum level at the early stage of the reaction,

while 30-hydroxy-ɛ,ɛ-caroten-3-one steadily
increased. The unknown product was identified
as 30-hydroxy-β,ɛ-caroten-3-one, of which the
ε-end had the same steric configuration as that
of lutein (Fig. 6.4), indicating that the 3-hydroxyl
β-end group of lutein was oxidized to the 3-oxo
β-end group by dehydrogenation. When isolated
30-hydroxy-β,ɛ-caroten-3-one was incubated with
liver homogenate in the absence of NAD+, it was
converted to (6RS,30R,60R)-30-hydroxy-ɛ,ɛ-
-caroten-3-one. This means that a double bond
at C5 and C6 of the β-end group in 30-hydroxy-
β,ɛ-caroten-3-one migrates to C4 and C5 and that
the newly formed chiral center at C6 takes both
configurations (Fig. 6.5). This migration would
spontaneously take place in a non-enzymatic
manner, because the reaction was found to

Fucoxanthin

Hydrolysis/Intes�ne H2O

CH3COOH

Dehydrogena�on 
and isomeriza�on
/Liver

Fucoxanthinol

Amarouciaxanthin A

NAD+

NADH  +  H+

1
3 5

1’

1’

1
3 5

1
3 5

1’
3’ 5’

Fig. 6.2 Metabolism of
fucoxanthin in mice
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Fig. 6.3 Representative
reversed phase HPLC
profiles of carotenoids in
saponified (a) and
unsaponified (b) liver
extracts from mice fed
diets containing lutein
esters and in unsaponified
extracts of human plasma
(c). Peaks were identified as
ɛ,ɛ-carotene-3,30-dione (1),
30-hydroxy-ɛ,ɛ-caroten-3-
one (2), cis-30-hydroxy-
ɛ,ɛ-caroten-3-one (3),
3-hydroxy-β,ɛ-caroten-
30-one (30), all-trans-lutein
(4), and cis-lutein (5).
(From Yonekura, L., et al.
(2010) Keto-carotenoids
are the major metabolites of
dietary lutein and
fucoxanthin in mouse
tissues. J Nutr 140 (10):
1824–1831, # 2010
American Society for
Nutrition)
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Fig. 6.4 Dehydrogenation and isomerization of lutein by
mouse liver homogenate
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Fig. 6.5 Oxidation of the 3-hydroxy β-end group in
xanthophylls.
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proceed independently on the liver homogenate.
The instability of the 3-oxo β-end group of 3-
0-hydroxy-β,ɛ-caroten-3-one caused by a steric
hindrance would induce the migration of the dou-
ble bond to form the 3-oxo ε-end. Overall, lutein
is oxidized to 30-hydroxy-ɛ,ɛ-caroten-3-one
through 30-hydroxy-β,ɛ-caroten-3-one as an
intermediate.

The mouse liver homogenate also showed oxi-
dative activity dependent on NAD+ for zeaxan-
thin and β-cryptoxanthin. Their 3-hydroxy β-end
groups were converted to 3-oxo ε-end groups as
in the case of lutein (Fig. 6.6). More specifically,
zeaxanthin was oxidized to (3R,60RS)-3-hydroxy-
β,ɛ-caroten-30-one and ɛ,ɛ-carotene-3,30-dione
with three possible configurations: meso, (6S,
60S), and (6R,60R). β-Cryptoxanthin was oxidized
to (60RS)-β,ε-caroten-30-one. Although β,-
ε-caroten-30-one has not been detected in the
tissues of mammals, we found that it was clearly
present in the human plasma and that its level
increased after the intake of mandarin orange
juice rich in β-cryptoxanthin (Fig. 6.7). This
indicates that the oxidative activity of the
3-hydroxy β-end group works in the tissues of
humans to produce keto-carotenoids with the
3-oxo ε-end. Thus, the 3-hydroxy β-end groups
in several dietary xanthophylls are potentially
oxidized to the 3-oxo ε-end group in mammals
(Fig. 6.6) and probably also in fish and birds that
accumulate keto-carotenoids.

Mouse liver homogenate showed the activity
to oxidize a 3-hydroxy ε-end to a 3-oxo ε-end,
though the level of this activity was far lower than
that for the oxidation of a 3-hydroxy β-end. In the
human plasma, 3-hydroxy-β,ɛ-caroten-30-one was
detected at levels comparable to that of 30--
hydroxy-ɛ,ɛ-caroten-3-one: 3-hydroxy-β,ɛ-
-caroten-30-one was thus produced either from
zeaxanthin by oxidation of its 3-hydroxy β-end
or from lutein by oxidation of its 3-hydroxy
ε-end. Considering that the dietary intake of zea-
xanthin is significantly lower than that of lutein, it
is likely that 3-hydroxy-β,ɛ-caroten-30-one is
formed from lutein by oxidation of its
3-hydroxy ε-end. Thus, a significant oxidation
of 3-hydroxy ε-end to 3-oxo ε-end would also
occur in the human tissues.

6.5 Lutein Oxidation and Its
Accumulation in Tissues

With respect to the stoichiometry of the
3-hydroxyl β-end oxidation of lutein, only 10%
of lutein consumed during the reaction was
converted to 3-oxo ε-end. Moreover, in the
isomerization of the intermediate (3-oxo β-end),
72% of the intermediate was lost, and 5.3% was
isomerized. These results indicated that a small
portion of the unstable intermediate was
isomerized to 3-oxo ε-end, while the greater por-
tion was oxidized to unknown products, possibly
smaller molecules (Fig. 6.5). If this were the case,
the oxidation of 3-hydroxy β-end would decrease
the level of xanthophylls in the tissues and affect
their bioavailability.

The 3-oxo ε-end group has an allylic hydrogen
at C-6 that is unstable to oxidation particularly
under alkaline conditions (Richard and Conrad
Hans 1979), and its α,β-unsaturated structure is
highly reactive with the nucleophilic molecules
present in biological tissues (LoPachin et al.
2008). In addition to the unstable intermediate,
these properties of oxidation products with the
3-oxo ε-end group suggest that the oxidative con-
version of the 3-hydroxy β-end group to the 3-oxo
ε-end group participates in the elimination of
xanthophylls from tissues.

The ratio of 30-hydroxy-ɛ,ɛ-caroten-3-one to
lutein in the plasma of mice fed lutein was 0.57,
whereas that of human subjects having normal
dietary habits was 0.14. This difference between
the two species suggests that humans have less
oxidative activity for the 3-hydroyl β-end group
than mice, leading to the accumulation of more
intact xanthophylls in the tissues. This metabolic
feature may enable humans to accumulate lutein
and zeaxanthin, particularly in the macula lutea of
the retina.

6.6 Biological Activity
of Keto-Carotenoids

The oxidation of xanthophylls described above
would affect the biological activity of
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xanthophylls by decreasing their levels in the
tissues. In addition, such oxidation might bring
some other biological activities to its products.
Oxidation products with 3-oxo ε-end groups
accumulated in the tissues might have biological
activities, such as anti-tumor, anti-viral, and anti-
inflammatory activities, as in the case for the
other diverse molecules with an α,β-unsaturated
structure (Murakami et al. 2002; Gerhauser et al.
2009). Indeed, we found that keto-carotenoids
formed from xanthophylls were suggested to
have anti-inflammatory activity that was not
observed in original xanthophylls (Nagao et al.
2015). 30-Hydroxy-ɛ,ɛ-caroten-3-one and ɛ,ɛ-
-carotene-3,30-dione, oxidation products of lutein,
suppressed the formation of nitrogen oxide by
mouse macrophage RAW264 cells stimulated
with lipopolysaccharide. β,ε-Caroten-30-one, an
oxidation product of β-cryptoxanthin, had the

same activity. The combined level of these oxida-
tion products in human plasma was comparable to
the level of β-cryptoxanthin. Their biological
activity should be taken into consideration when
assessing the health benefit of dietary
xanthophylls.

6.7 Cleavage of Carotenoids

The formation of retinal from provitamin A
carotenoids is the only metabolic conversion
that has been extensively studied in carotenoid
metabolism in mammals. The central cleavage
of provitamin A carotenoids to retinal is mediated
by β-carotene 15,150-oxygenase. Dietary provita-
min A carotenoids are taken up to the epithelial
cells of jejunum, where they are converted to
retinal by the central cleavage enzyme, followed
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Fig. 6.6 Proposed oxidation pathway of xanthophylls in
mammals
The solid arrows indicate the oxidation of a 3-hydroxy
β-end group to a 3-oxo ε-end group. The dashed arrows
indicate the oxidation of a 3-hydroxy ε-end group to a

3-oxo ε-end group. (From Nagao A., et al. (2015) A
3-hydroxy β-end group in xanthophylls is preferentially
oxidized to a 3-oxo ε-end group in mammals. J Lipid Res.,
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by reduction to retinol and esterification to retinyl
esters. Retinal is irreversibly oxidized to retinoic
acid (Fig. 6.8). The enzyme is also expressed in
the liver and peripheral tissues, in which it is
thought to supply vitamin A locally. Although
the central cleavage enzyme is assigned as a

monooxygenase at present, there has been contro-
versy about the mechanism of oxygenation. The
monooxygenase reaction, which utilizes an oxy-
gen atom of dioxygen for epoxidation of the
central double bond following hydrolysis of the
epoxide and cleavage to retinal, was proposed
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Fig. 6.7 HPLC profile of xanthophylls in human plasma
extract
The extract was prepared from the plasma of one subject
after intake of mandarin orange juice. 1: β,ε-caroten-
30-one. 2: β-cryptoxanthin. 3: internal standard. 4: ɛ,ɛ-
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American Society for Biochemistry and Molecular
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from the results of the distribution of the oxygen
atom from 18O-O2 and 18O-H2O (Leuenberger
et al. 2001). However, the rapid exchange of
oxygen atoms between water molecules and the
carbonyl group of retinal has made results about
the incorporation of an oxygen atom from water
to retinal controversial. A recent careful study
revealed that the oxygen atom of retinal is derived
solely from dioxygen molecules, indicating that
the central cleavage enzyme is dioxygenase (dela
Sena et al. 2014). The other cleavage enzymes of
carotenoids present in plant and bacteria were
also shown to be dioxygenases based on 18O
atom incorporation studies (Holger et al. 2006;
Sui et al. 2015).

In 2001, an asymmetric cleavage enzyme was
identified in the cDNA from mouse tissues and
characterized. This enzyme can cleave the double
bond exclusively at C90 and C100 of β-carotene to
produce β-apo 100-carotenal and β-ionone (Kiefer
et al. 2001). Cis-lycopene, lutein, zeaxanthin, and
β-cryptoxanthin were also found to be cleaved to
a pair of cleavage products with different chain
lengths (Mein et al. 2011), as shown in Fig. 6.9.

Although the physiological roles of the asymmet-
ric cleavage of carotenoids remain to be
elucidated, it is thought that the asymmetric
cleavage mediates another pathway of vitamin
A synthesis. The cleavage product, β-apo 10-
0-carotenal, would be converted to retinoic acid
by its oxidation to β-apo 100-carotenoic acid
followed by β-oxidation. Some products of the
asymmetric cleavage have been reported to
exhibit biological activity such as the activation
of retinoic acid receptors and Nrf2 (nuclear factor
E2-related factor 2) (Lian et al. 2007; Lian and
Wang 2008).

6.8 Bioavailability of Carotenoids
and Cleavage Enzymes

With regard to the bioavailability of carotenoids,
it is natural that these two cleavage enzyme
activities decrease the levels of intact carotenoids
in tissues. Indeed, cows with defects in the asym-
metric cleavage enzyme showed high levels of
β-carotene in their plasma and milk (Berry et al.
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3-Hydroxy-β-10’-apocarotenal 3-Hydroxy-β-ionone
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Fig. 6.9 Cleavage of carotenoid (zeaxanthin) by the asymmetric cleavage enzyme
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2009). One human subject with hypercarotenemia
had a missense mutation in the gene of the central
cleavage enzyme (Lindqvist et al. 2007). It is
known that there are large inter-individual
variations in carotenoid accumulation in human
tissues. It has been suggested that the
polymorphisms of the cleavage enzyme genes
affect the carotenoid levels significantly in the
tissues of individual human subjects (Wang
et al. 2013).

Mice deficient in the asymmetric cleavage
enzyme accumulated zeaxanthin and its
metabolites with a C40 carbon backbone of carot-
enoid when they were fed zeaxanthin, while wild-
type mice actually accumulated no carotenoid
(Amengual et al. 2011). This indicates that the
wild-type mice could not accumulate carotenoids
due to the significant activity of the asymmetric
cleavage enzyme. This would be one of the
reasons why the mouse is categorized as a
non-accumulator of carotenoids among
mammals, in which the carotenoid accumulations
are known to largely vary among species
(Goodwin 1984). Contrarily, humans and other
primates are assigned the label of indiscriminate
accumulators, while cows and horses are consid-
ered carotene accumulators.

These repressions of carotenoid accumulation
due to the cleavage enzyme activities were
suggested to have a physiological role in certain
animals. In particular, the asymmetric cleavage
enzyme, which is localized in the mitochondria,
may have a physiological role in protecting mito-
chondrial function from the adverse effects of
carotenoid by eliminating various carotenoids,
including non-provitamin A carotenoids. The
tissues of mice with gene knockout for the asym-
metric cleavage enzyme accumulated carotenoids
that caused mitochondrial dysfunction associated
with oxidative stress. The accumulation of vari-
ous carotenoids in HepG2 human hepatocytes
induced the production of reactive oxygen species
by polarization of the mitochondrial membrane,
while the introduction of a recombinant asymmet-
ric cleavage enzyme to the cells ameliorated the
depolarization (Lobo et al. 2012; Amengual et al.
2011). These results suggest that the asymmetric
cleavage enzyme might play a role in eliminating

carotenoid in the tissue to protect against the
oxidative stress induced by carotenoid accumula-
tion in mitochondria.

It would be interesting to know whether the
asymmetric cleavage enzyme works in the tissues
of humans and other primates, which are indis-
criminate accumulators distinct from the other
mammals. Bernstein et al. examined the
properties of a recombinant form of the human
asymmetric enzyme and found that the km value
for lutein was so large that the human asymmetric
cleavage enzyme could not cleave it, suggesting
that this inability causes humans to accumulate
several dietary carotenoids in the tissues, espe-
cially the retina (Li et al. 2014). Lutein and zea-
xanthin accumulate at high concentrations in the
macula lutea of the retina only in humans and
other primates and protect it from light-induced
oxidative stress. In certain types of
non-accumulators, carotenoids would be
eliminated from the tissues by the asymmetric
enzyme due to possible oxidative stress caused
by carotenoid accumulation. Conversely, in
humans and other primates, the carotenoid accu-
mulation caused by the inactivation of the asym-
metric enzyme in the course of evolution might
reflect a trade-off between possible carotenoid-
induced oxidative stress and its benefit for visual
function.

6.9 Conclusions

Mammals exhibit an oxidative activity in which
the 3-hydroxy β-end group in xanthophylls is
converted to the 3-oxo ε-end. Such oxidation
would potentially be involved in the elimination
of dietary xanthophylls from tissues and in vari-
ous biological effects through the oxidation
products. The dioxygenase reactions, which
cleave carotenoid to smaller molecules, such as
retinal and apocarotenoids, were found to be
closely related to carotenoid levels in tissues.
Thus, the carotenoid accumulations, which vary
largely among mammalian species, are closely
related to the metabolic activities described
above. More comparative studies on carotenoid
metabolism and its physiological roles among
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species are needed to elucidate the beneficial
effects of carotenoid accumulation on human
health.
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Diversity and Evolution of Carotenoid
Biosynthesis from Prokaryotes to Plants 7
Gerhard Sandmann

Abstract

Carotenoids exist in pro- and eukaryotic
organisms, but not in animals (with one excep-
tion). Their biosynthesis evolved from a com-
mon ancestor of Archaea and Bacteria and via
the latter by endosymbiosis to algae and
plants. The formation of carotenoids in fungi
can be regarded as a lineage from the archaea.
This review highlights the distribution and
evolution of carotenogenic pathways in taxo-
nomic groups of prokaryotes and eukaryotes
with a special emphasis on the evolutionary
aspects of prominent carotenogenic genes in
relation to the assigned function of their
corresponding enzymes. The latter aspect
includes a focus on paralogs of gene families
evolving novel functions and unrelated genes
encoding enzymes with the same function.

Keywords

Evolved carotenogenic genes · Carotenoid
biosynthesis · Phytoene desaturation diversity

7.1 Carotenoid Pathways
in Different Groups
of Organisms

7.1.1 Archaea

In Archaea two lines of carotenoid biosynthesis
exist (Fig. 7.1). In addition to zeaxanthin synthe-
sis in the Crenarchaeota, the synthesis of acyclic
C50 carotenoid bacterioruberin dominates in the
Euryarchaeota (Klassen 2010). One group of the
latter, the halobacteria, additionally possesses a
C40 pathway to β-carotene which in some of the
species is an essential precursor for the synthesis
of bacteriorhodopsin (Kushwaha et al. 1974) but
miss β-carotene hydroxylation unlike the
Crenarchaeota. The decisive enzyme for the
extension of the C40 carotenoid backbone with
two additional C2 units is the lycopene elongase
CrtEb (Krubasik et al. 2001). Typically, a CrtYcd
type of lycopene cyclase exists in all Archaea
with β-carotene formation in a C40 pathway
(Peck et al. 2002; Hemmi et al. 2003). All genes
involved in the synthesis of bacterioruberin have
been identified in Haloarcula japonica by muta-
genesis and analysis of the accumulation of carot-
enoid intermediates (Yang et al. 2015).

7.1.2 Bacteria

A related C50 pathway as in Archaea can be found
in some families of the Actinobacteria. However,
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the C50 carotenoids in this bacterial group are
cyclic carrying β-rings in sarcenin (2,2-
0-bis-(3-methylbut-2-enyl)-ε,ε-carotene), γ-rings
in Cp450, and ε-rings in decaprenoxanthin
(2,20-bis-(4-hydroxy-3-methylbut-2-enyl)-ε,ε-
carotene) (Heider et al. 2014) (see chapter on
carotenoids in Actinobacteria for more details).
The functionally different but homologous
cyclases involved are closely related to the
CrtYcd cyclase of Archaea. In the groups of
Actinobacteria with a C40 pathway, a
heterodimeric lycopene cyclase is encoded by
two genes, individual crtYc and crtYd, which
together resemble the complete archaeal crtYcd
gene (Hemmi et al. 2003). The synthesis of zea-
xanthin is the preferred pathway in Bacteroidetes
and γ-Proteobacteria. In the latter class, the
hydroxy groups are glycosylated by CrtX. How-
ever, the major difference from archaeal zeaxan-
thin synthesis is the involvement of a CrtY-type
lycopene cyclase instead of the unrelated CrtYc/
CrtYd cyclase (Misawa et al. 1990).

In Bacteria, the pathways to structurally very
diverse carotenoid have been acquired. Taking
zeaxanthin as a prominent pathway product, addi-
tional hydroxylation at C2 of the ionone ring by
CrtG and ketolation at position 4 by CrtW is
possible. Both modification reactions can be
found simultaneously in Brevundimonas of the
α-proteobacteria (Yokoyama et al. 1996; Nishida
et al. 2005). Alternatively, the final reaction of
zeaxanthin formation, the 3-hydroxlation reaction
of β-carotene, may be replaced by further
desaturation of the ionone rings to aromatic
φ-end groups yielding isorenieratene (φ,-
φ-carotene) by CrtU (Krügel et al. 1999) and its
3,30-dihydroxylated product (Kohl et al. 1983).
The formation of carotenoids with two aromatic
φ-rings is a feature found in some families of the
Actinobacteria.

In addition to a C40 pathway, a C30 carotenoid
pathway exists exclusively in bacteria. C30 carot-
enoid biosynthesis is initiated by diapophytoene
synthase CrtM (Wieland et al. 1994).

Fig. 7.1 Carotenoid
biosynthesis pathways of
Archaea and Bacteria. For
structures of carotenoids,
see references in the text,
especially Takaichi and
Mochimaru (2007), for
those from cyanobacteria
and Takaichi (1999) from
photosynthetic bacteria and
Britton et al. (2004)
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Desaturation to either diaponeurosporene or lyco-
pene by CrtNa is equivalent to the desaturations
in the C40 pathway. The C30 pathway is typical
for the class of Clostridia with Staphylococcus
aureus synthesizing staphyloxanthin, a
diaponeurosporene-sugar ester (Pelz et al. 2005),
and Bacilli with diapolycopene mono and dioate
sugar esters (Osawa et al. 2010, 2013) among the
Firmicutes. Genes of the C30 pathways have been
cloned from Staphylococcus (Pelz et al. 2005) and
Bacillus species (Steiger et al. 2015). Apart from
the Firmicutes, the diapolycopenoic acid and its
sugar ester can also be found in
Methylobacterium rhodinum (Osawa et al. 2015)
of the α-proteobacteria.

In photosynthetic bacteria, carotenoids have
an essential functional role. They take part in the
photosynthesis process and are protective as
antioxidants to cope with the formation of an
oxygen atmosphere. This resulted in an evolu-
tionary pressure to optimize the carotenoid bio-
synthesis pathways and resulting structures
according to the individual demands for photo
heterotrophic, anoxygenic, and oxygenic photo
autotrophic growth. Different types of
carotenoids can be found in non-oxygenic bacte-
ria (Takaichi 1999). Acyclic structures with
modifications of the terminal C-atoms exist in
non-sulfur purple bacteria (α-proteobacteria)
lacking any lycopene cyclase. Their pathway
leads to the formation of spirilloxanthin (1,10-
dimethoxy-3,4,30,40-tetradehydro-1,2,10,20-tetrahydro-
ψ,ψ-carotene) with Rhodospirillum species as a
prominent example. However, when the
desaturation reaction is limited to the insertion
of only three double bonds into phytoene forming
neurosporene (7,8-dihydro-ψ,ψ-carotene) instead
of lycopene, further modifications occur at the
neurosporene backbone, yielding spheroidene
(1-methoxy-3,4-didehydro-1,2,70,80-tetrahydro-
ψ,ψ-carotene), HO-spheroidene, and
spheroidenone (1-methoxy-3,4-didehydro-
1,2,70,80-tetrahydro-ψ,ψ-caroten-2-one) as in
Rhodobacter species. All genes involved have
been identified (Armstrong et al. 1989) and the
pathway enzymatically characterized (Steiger
et al. 2000, 2003). The modifications of
neurosporene or lycopene are sequential and

involve the addition of water to the terminal dou-
ble bond catalyzed by CrtC, followed by the
formation of a new double bond at C3–C4 by
CrtD and depending on the environmental
conditions of ketolation at C2 by CrtA. At any
stage, the C1 hydroxy group can be methylated
by CrtF. Mono-cyclic chlorobactene (φ,-
ψ-carotene) derivatives with one aromatic φ-ring
are typical for green sulfur bacteria (Chlorobi).
Through an additional 10-HO group,
chlorobactene can be glycosylated. Genes
involved in this pathway have been identified
from Chlorobium tepidum (Frigaard et al. 2004),
including a novel type of lycopene cyclase, CruA,
and a novel type of phytoene and ζ-carotene
desaturase, CrtP and crtQb (Maresca et al.
2007). The green non-sulfur Chloroflexi show a
similar but slightly modified pathway lacking the
aromatic desaturase. Therefore, the end product is
10-HO-γ-carotene (1,0,20-dihydro-β,ψ-carotene-
10-ol) glycoside (Takaichi 1999). In purple sulfur
bacteria belonging to the γ-proteobacteria, a com-
bination of aromatic χ-ring formation and some
reactions of the spheroidene/spirilloxanthin
pathway leads to the synthesis of okenone
(10-methoxy-10,20-dihydro-χ,ψ-caroten-40-one).
However, in contrast to spheroidenone, the keto
group in okenone is positioned at C4. The genes
for the synthesis of okenone have been elucidated
from the Thiodiction genome sequence (Vogl and
Bryant 2011). The C4-ketolase CruO is of the CrtI
type, homologous to CrtO, and the aromatic
desaturase resembles CrtU from other bacteria,
although a χ-ring instead of a φ-ring is formed.

The carotenoid profile of oxygenic
phototrophic cyanobacteria is completely differ-
ent from the non-oxygenic photosynthetic bacte-
ria (Takaichi and Mochimaru 2007). In addition
to minor carotenoids, their major carotenoids are
either zeaxanthin or canthaxanthin (β,β-carotene-
4,40-dione). Both are derived from β-carotene by
either 3-hydroxylation catalyzed by CrtR
(Masamoto et al. 1998) or 4-ketolation by CrtW
(Misawa et al. 1995). The genes of both enzymes
may share a common ancestor but evolved to
different functions. In addition to CrtW, a second
ketolase CrtO (Fernandez-Gonzalez et al. 1997)
completely unrelated to CrtW exists in

7 Diversity and Evolution of Carotenoid Biosynthesis from Prokaryotes to Plants 81



cyanobacteria. This enzyme may act as a mono-
ketolase in the formation of echinenone (β,-
β-caroten-4-one) exclusively or can interact with
CrtW in the formation of canthaxanthin (Schöpf
et al. 2013). Especially in filamentous
cyanobacteria, zeaxanthin or canthaxanthin are
accompanied by monocyclic myxol (30,4-
0-didehydro-10,20-didehydro-β,ψ-carotene-
3,10,20-triol) 20-glycosides. One gene and
enzyme for the modification of the acyclic end
group, CruF a 1,2-hydratase, is known (Graham
and Bryant 2009), but the function of the enzymes
related to CrtD and CrtA-OH from
Flavobacterium (Rählert and Sandmann 2009) is
still open. In a Synechococcus strain, aromatic
synechoxanthin (χ,χ-caroten-18,180-dioic acid)
has been identified, including an aromatic
desaturase CruE and a C18 oxidase CruH
(Graham and Bryant 2008). In Cyanobacteria
two different types of lycopene cyclases unrelated
to CrtY or CrtYcd exist (Krubasik and Sandmann
2000b; Maresca et al. 2007). CrtL is the lycopene
cyclase from Synechococcus and
Prochlorococcus, whereas the CruA type first
identified in Chlorobium (Frigaard et al. 2004) is
the lycopene cyclase of all other cyanobacteria
(Klassen 2010). The CruA lycopene cyclase from
Synechocystis 6803 encoded by sll0147 has been
expressed and purified, showing that it needs
bound chlorophyll a for its cyclization function
(Xiong et al. 2016).

Desaturation is carried out in cyanobacteria
with CrtP (Chamovitz et al. 1991) and CrtQb
desaturases (Breitenbach et al. 1998). For the
reaction sequence from phytoene to all-E lyco-
pene, isomerization is essential by the isomerase
CrtH first identified in Synechocystis
(Breitenbach et al. 2001). Gloeobacter violaceus
is the only cyanobacterium not using these three
enzymes in the desaturation pathway but instead
the CrtI-type desaturase which is present in
non-photosynthetic bacteria (Steiger et al. 2005).
The prochlorophytes Acaryochloris and
Prochlorococcus are highly interesting. These
cyanobacteria possess, in addition to the zeaxan-
thin pathway, with α-carotene (β,ε-carotene) a
carotenoid precursor of lutein (β,ε-carotene-

3,30-diol) which is synthesized by rhodophycean
and chlorophycean algae and plants. In
Prochlorococcus, the genes crtL-b for to
β-carotene forming cyclase and crtL-e for an
α-carotene forming cyclase have been identified
(Stickforth et al. 2003).

In conclusion, the following interrelation
between bacterial groups and carotenoid biosyn-
thesis pathway genes can be established: for i. the
classes of the Firmicutes with a crtM encoding
diapophytoene synthase for the synthesis of C30

carotenoids, for ii. the Cyanobacteria together
with closely related Chlorobi in which the
phytoene desaturase crtI is replaced by crtP and
crtQb, and for iii. the Actinobacteria with
heterodimeric crtYc/crtYd-related lycopene
cyclases forming different ionone rings in a C50

precursor and crtEb in the C50-carotenoid-
synthesizing species, which is also related to the
Euryarchaeota of Archaea. This grouping
corresponds in general to the lineages obtained
from the phylogenetic tree of crtB and crtM genes
present in carotenogenic species (Klassen 2010).
The relationship of carotenoid biosynthesis with
other groups of bacteria is less evident due to the
diversification of the biosynthesis pathways by
horizontal gene transfer from distantly related
groups, as indicated for several crt genes (Chen
et al. 2007; Klassen 2010).

7.1.3 Algae and Plants

Carotenoid synthesis in algae and plants is
located in the chloroplast. Therefore, the evolu-
tion of carotenoids in these eukaryotes is
connected to the chloroplast evolution by endo-
symbiotic uptake of an ancestral cyanobacterium
from a non-carotenogenic host out of a
non-carotenogenic archaeal lineage (Keeling
2004, 2013). In secondary endosymbiosis, an
alga with a primary plastid is taken up by another
eukaryotic host. In this way, the originally
inherited cyanobacterial carotenoid synthesis is
further distributed to other groups of algae.
Thus, plastid inheritance is most relevant for the
evolution of carotenogenesis in algae.
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7.1.3.1 Primary Plastid Groups
Primary endosymbiosis may be a single or multi-
ple events (Nelissen et al. 1995) leading to three
distinct algal groups, the Glaucophyta,
Rhodophyta, and Chlorophyta (Howe et al.
2008). Glaucophyta (Chapman 1966) and several
classes of unicellular Rhodophyta (Schubert et al.
2006; Takaichi et al. 2016) not only contain
phycobilins for light harvesting but also possess
a zeaxanthin pathway resembling the pigments of
a Synechococcus-type cyanobacterium. In addi-
tion to this zeaxanthin type of Rhodophyta,
another type of this phylum synthesizes the zea-
xanthin-5,6-epoxydes antheraxanthin (5,6-epoxy-
5,6-dihydro-β,β-carotene-3,30-diol) and
violaxanthin (5,6,50,60-diepoxy-5,6-dihydro-
5,6,50,60-tetrahydro-β,β-carotene-3,30-diol) from
zeaxanthin. The third group is not only able to
synthesize α-carotene but also convert it to lutein.
Very little is known about the enzymes and genes
involved in carotenogenesis of Rhodophyta.
Although several orthologs of cyanobacterial crt
genes have been detected in the data base
(Takaichi et al. 2016), only two, a CrtL-type
carotene β-cyclase of Cyanidioschyzon merolae
(Cunningham et al. 2007) and a P450 CYP97B
hydroxylase of β-carotene of Porphyra
umbilicalis (Yang et al. 2014) belonging to the
zeaxanthin synthesizing group, have been func-
tionally assigned.

The carotenoids of all Chlorophyta are those of
the Rhodophyta with an additional violaxanthin
pathway (Takaichi 2011). Furthermore, they all
contain neoxanthin (5,6-epoxy-6,7-didehydro-
5,6,50,60-tetrahydro-β,β-carotene-3,5,30-triol)
derived from the latter. The enzymes and genes
for the synthesis of neoxanthin have not yet been
identified. Chlorophytes other than
Trebouxiophyceae and Charophyceae possess
oxidation products of lutein. These are
siphonaxanthin (3,19,30-trihydroxy-7,8-dihydro-
β,ε-caroten-8-one) with an 8- and a 19-HO
group and loroxanthin (β,ε-carotene-
3,19,30-triol) in which the 8-keto group is miss-
ing. Prasinoxanthin (3,6,30-trihydroxy-7,8-
dihydro-β,ε-caroten-8-one) of the Prasinophyceae
is an 8-keto carotenoid with a γ-ionone ring (Foss

et al. 1984). This ring originates from the β-ring
of the lutein precursor. In a few species of the
Chlorophyceae, astaxanthin (3,30-dihydroxy-β,-
β-carotene-4,40-dione) is synthesized under stress
conditions as secondary carotenoid involving the
Bkt ketolase, which is closely related to bacterial
CrtW (Lemoine and Schoefs 2010; Huang et al.
2006). The prominent example is Haematococcus
pluvialis which is in use for the bioproduction of
this keto carotenoid. Therefore, the ketolase gene
bkt (Kajiwara et al. 1995) and the hydroxylase
gene bch (Steinbrenner and Linden 2001), includ-
ing other genes of enzymes for its biosynthesis
pathway (Steinbrenner and Linden 2003), have
been cloned from this algae. The carotenogenic
genes of the Chlorophytes resemble orthologs to
the cyanobacterial genes, including crtL-e and
crtL-b, from Prochlorococcus.

7.1.3.2 Algae from Secondary
Endosymbiosis

The chloroplasts of Cryptophyta, Haptophyta,
Heterokontophyta, and Dinophyta, originate
from multiple secondary endosymbiosis events,
in which rhodophycean algae were integrated by
a host (Keeling 2013; Shih et al. 2013). Common
to the algae of these groups is the absence of the
α-carotenoid branch (in contrast to its report
by Klassen (2010))and the synthesis of
violaxanthin-derived carotenoids, fucoxanthin
(5,6-epoxy-30-ethanyloxy-3,50-dihydroxy-60,70-
didehydro-5,6,7,8,50,60-hexahydro-β,β-caroten-8-
one) with allenic double bonds, and/or structur-
ally related vaucheriaxanthin (5,6-epoxy-6,7-
didehydro-5,6,50,60-tetrahydro-β,β-carotene-3,5,30,
190-tetrol) with a 190-hydroxy group instead of an
8-keto group and without an esterified 30-hydroxy
group and the synthesis of diadinoxanthin
(5,6-epoxy-70,80-didehydro-5,6-dihydro-β,β-
carotene-3,30-diol) with a acetylenic bond
(Takaichi 2011). Diatoxanthin is the
de-epoxidation product of diadinoxanthin. In
addition to fucoxanthin, peridinin (5,6-epoxy-3-
0-ethanyloxy-3,50-dihydroxy-60,70-didehydro-5,
6,50,60-tetrahydro-120,130200-trinor-β,β-caroten-19,
11-olide) with a similar allenic double bond and
ring substitutions but with a lactone ring between
C11 and C19 is present in Dinophyta. Peridinin
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can be synthesized by oxidations of these
C-atoms of vaucheriaxanthin. The distribution of
vaucheriaxanthin and peridinin indicates a carot-
enoid pathway evolution from some classes of the
Heterokontophyta to Dinophyta. The pathway to
fucoxanthin and diadinoxanthin was recently
established, and some genes were functionally
identified (Dambek et al. 2012; Eilers et al.
2016). However, nothing is known to date about
the genes and enzymes of the later reaction
forming the allenic and acetylenic bonds. In addi-
tion to the inherited carotenoid pathways, espe-
cially the algae resulting from secondary
symbiosis extended their carotenoid pathway by
specific modifications (Fig. 7.2).

Individual secondary endosymbiosis involv-
ing Chlorophytes resulted in the formation of
the Euglenophyta and Chlorarachniophyte
lineages. As in Chlorophyta, their β-carotenoid
branch ends with formation of neoxanthin and
their α-carotenoid branch with loroxanthin or in
the case of Euglenophyta continues to
siphonaxanthin. An excellent survey on the
carotenoids of all groups of algae is given by
Takaichi (2011).

7.1.3.3 Plants
Plants are highly conserved in their composition
of the chloroplast carotenoids, the primary
carotenoids, since they are integral and functional
components of photosynthesis. In addition, they

produce a lot of complex carotenoids in the
chromoplasts of flowers and fruit. These
structures are very diverse due to their
non-essential function. Little is known about
their biosynthesis, and information on the genes
and enzymes involved is scarce. Among the few
well-studied fruit carotenoid pathways are the
ones from tomato which in principle are similar
to the chloroplast pathway with the same type of
enzymes and from Capsicum. The major caroten-
oid of the Capsicum fruit is capsanthin (3,3-
0-dihydroxy-β,κ-caroten-60-one) with one κ-ring
together with a β-ring as end groups accompanied
by capsorubin (3,30-dihydroxy-κ,κ-caroten-
6,60-dione) with two κ-rings. The gene of
capsanthin/capsorubin synthase Ccs catalyzing
the re-arrangement of the 3-HO-5,6-epoxy
β-ring to a κ-ring has been cloned (Bouvier et al.
1994). It is a paralog to the lycopene cyclase
gene. The only astaxanthin-accumulating plant
tissues are the flower petals of Adonis species
with an astaxanthin biosynthesis pathway
completely unrelated to bacterial and green
algae (Cunningham and Gantt 2011). The
enzymes involved are a Bch-related hydroxylase
inserting hydroxyl groups at C3 and at C4 of the
β-ionone rings and a dehydroxygenase converting
the 4-hydroxy group to 4-keto.

Bixin (6-methyl-6,60-diapocarotene-6,6-
0-dioate) and crocetin (digentiobiosyl-8,8-
0-diapocarotene-8,80-dioate) are two

Fig. 7.2 Carotenoid
biosynthesis pathways of
Rhodophytes and the
secondary symbiotic algal
groups. For structures of
carotenoids, see references
in the text, especially
Takaichi (2011) and Britton
et al. (2004)
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apo-carotenoids synthesized in the fruit of Bixa
orellana or the stamen of Crocus species, respec-
tively. They are formed by the C5,50-cleavage of
lycopene and by the C7,70-cleavage of zeaxanthin
(Bouvier et al. 2005). The genes of both cleavage
enzymes have been cloned and the reaction
mechanisms discussed as that of a mono
oxygenases.

The primary carotenoids in the chloroplasts of
plants, including mosses and ferns, resemble
very much the composition known for some
classes of the Chlorophyta, including the
Charophyceae which are regarded as the closest
relatives of plants. They all possess a
β-carotenoid biosynthesis branch to neoxanthin
and an ε-carotenoid branch to lutein which is the
dominant carotenoid in plant chloroplasts. The
genes and enzymes for the synthesis of plant
primary carotenoids are all known, except for
neoxanthin synthase. These enzymes are closely
related to those of the Chlorophyta. In plant, the
involvement of P450 hydroxylases in the forma-
tion of lutein has been elucidated. Whereas the
non-heme diiron Bch known from Chlorophyta is
an enzyme for the hydroxylation of the β-ionone
ring in the synthesis of zeaxanthin, two different
P450 enzymes, CYP97A and CYP97C, preferen-
tially carry out 3-hydroxylations at the β-ring and
the ε-ring of α-carotene, respectively (Kim et al.
2009).

7.1.4 Fungi and Animals

Animals and fungi originate from an archaeal
ancestor. In the case of animals, this ancestor
was non-carotenogenic. Thus, animals lack the
de ovo synthesis of carotenoids but developed
the modification reactions for the carotenoids
taken up with their diet. Carotenogenic fungi
from Chytridiales and Zygomycota exclusively
synthesize β-carotene. This carotenoid is also
found among the Ascomycotina and the
Basidiomycotina, but in some classes, lycopene
is further desaturated to 3,4-didehydrolycopene
(3,4-dehydro-ψ,ψ-carotene) before it is cyclized
to torulene (3,4-dehydro-β,ψ-carotene).

Depending on individual groups, modification
reactions such as the formation of a γ-ionone
ring, addition of water to the C1,2 double bond,
and formation of carboxylic end groups are some-
times accompanied by cleavage reactions
(Sandmann and Misawa 2002). The best studies
of species for carotenogenesis are Phycomyces
blakesleeanus of the Zygomycota (Cerd-
á-Olmedo 2001), Neurospora crassa, and
Podospora anserina of the Ascomycotina
synthesizing the secondary carotenoid neurospor-
axanthin (40-apo-β,ψ-caroten-40-oate) (Estrada
et al. 2008; Strobel et al. 2009) and
Xanthophyllomyces dendrorhous of the
Basidiomycotina (Schmidt et al. 2010). A special
feature of fungi is the presence of a crtYB fusion
gene encoding a lycopene-cyclase-phytoene-
synthase protein which is cut to the individual
enzymes as shown for Blakeslea trispora
(Breitenbach et al. 2012). The fungal phytoene
desaturases CrtI may act as a four-step desaturase
to lycopene or catalyze five steps yielding
3,4-dehydrolycopene (Hausmann and Sandmann
2000). The presence of both genes supports the
archaeal-fungal relatedness. The whole pathway
for the formation of the apocarotenoid acid
neurosporaxanthn (40-apo-β,ψ-caroten-40-oate)
present in Ascomycetes, such as Fusarium and
Neurospora, was elucidated from the latter fun-
gus. Torulene is cleaved by Cao-2 at C30 to
β-apo-40-carotenal and further oxidized to
neurosporaxanthin by Ylo-1 (Estrada et al.
2008). A unique feature among fungi is the syn-
thesis of astaxanthin by Xanthophyllomyces
dendrorhous. Unlike the reactions in bacteria,
algae, and Adonis, a unique P450 hydroxylase
hydroxylates at positions C4 and further on at
C3 of the ß-ionone rings yielding a 3-hydroxy-
4-keto substitution (Ojima et al. 2006).

An exception to the rule of non-carotenogenic
animals are aphids, such as green and red varieties
of Acyrthosiphon pisum (Moran and Jarvik 2010).
They synthesize β-carotene and torulene, respec-
tively. Phylogenetic analysis of the genes
involved clearly indicate a lateral transfer of fun-
gal genes into the aphid genome as indicated
by the presence of the crtYB gene.
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7.2 Evolutionary Relatedness
and Diversity
of Carotenogenic Genes

The carotenoid found in all pro- and eukaryotic
carotenogenic groups of the lineage to plants is
zeaxanthin. Its synthesis involves a minimum of
five genes and enzymes: the condensing enzyme
phytoene synthase, phytoene desaturase for the
insertion of double bonds, a carotene cyclase,
and a hydroxylase. Therefore, the focus is on the
evolution of these genes.

7.2.1 The Universal Phytoene
Synthase

The phytoene synthase gene crtB (named psy in
algae and plants) is well conversed in all
organisms with C40 carotenoid synthesis from
prokaryotes to all lineages of eukaryotes. This
makes this gene a useful candidate for phyloge-
netic analysis (Sandmann 2002; Klassen 2010).
Due to the function of phytoene synthase as a
gateway enzyme for the carotenoid pathway, the
gene crtB/psy may be present in plants in two
copies, one initiating the chloroplast pathway
and the other the chromoplast pathway. In fruit
chromoplasts, psy is upregulated during fruit rip-
ening (Fraser et al. 1999).

Related to phytoene synthase is diapophytoene
synthase encoded by the crtM gene. It is the
starter enzyme for the synthesis of C30

carotenoids. The mechanisms of both enzymes
resemble each other, but diapophytoene synthase
utilizes two molecules of C15 farnesyl pyrophos-
phate instead of C20 geranylgeranyl pyrophos-
phate. Diapophytoene synthase can be regarded
as a modified phytoene synthase which further
evolved to squalene synthase. By directed labora-
tory evolution, it has been shown that crtM can be
mutagenized in a single base to express an
enzyme acting as a C40 synthase (Umeno et al.
2002).

7.2.2 Phytoene Desaturation
Diversity

The conjugated polyene backbone of carotenoids
is completed by a multi-step desaturation reaction
of phytoene. The double bonds are inserted into
the phytoene molecule alternately to the left and
right of the central chromophore. The extension
of the conjugated double-bond system is an exer-
gonic reaction with a hydrogen acceptor as
co-factor. Up to six desaturation steps are possi-
ble, depending on the product specificity of the
desaturase. As already pointed out, two phylogen-
etically unrelated types of phytoene desaturase,
CrtI and CrtP, exist in prokaryotes and were
distributed differently to eukaryotes (Sandmann
1994).

7.2.2.1 The CrtI-Type from Prokaryotes
and Fungi

Desaturation of phytoene by CrtI, the ancient
desaturase, involves a proton abstraction and
hydride transfer to an oxidized cofactor, such as
FAD or NAD, in a mechanism which allows
simultaneous isomerization of the 15-cis double
bond to trans (Sandmann 2009). In most species,
CrtI catalyzes four desaturation steps yielding
lycopene as a product. Exceptions are most spe-
cies of the Rhodobacterales with three-step
desaturation to neurosporene and some higher
fungi with five desaturations to
3,4-dehydrolycopene (Raisig et al. 1996;
Hausmann and Sandmann 2000). The desaturases
yielding different desaturation products separate
in individual clusters upon phylogenetic analysis
(Sandmann 2009). CrtI from the purple bacterium
Rubrivivax gelatinosus is the only known enzyme
in which the reaction products neurosporene and
lycopene are formed by simultaneous three-step
and four-step desaturations. In a mutagenesis
approach, enzymes were obtained with one to
four amino acid exchanges. These mutated
desaturases synthesize almost exclusively either
neurosporene or lycopene (Stickforth and
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Sandmann 2011). Enzyme kinetic studies showed
that the turnover for neurosporene was lower in
the neurosporene-producing enzyme than in the
original but higher in the lycopene-producing
enzyme.

7.2.2.2 The crtP/Pds-Type Desaturases
An alternative phytoene desaturase, the crtP/pds
type with a completely unrelated amino acid com-
position to CrtI, evolved in Chlorobia and
Cyanobacteria. The desaturation of phytoene by
CrtP is mechanistically different from CrtI with
respect to the cis-isomers formed as intermediate
and product. The genuine hydrogen acceptor for
cyanobacterial and plant phytoene desaturases is
plastoquinone which is reduced to plastoquinol.
The regeneration of this reduced form to plasto-
quinone involves the electron transfer to photo-
system I in the light. This connection to
photosynthesis may be a reason for the
co-evolution of CrtP (and crtQb)-catalyzed carot-
enoid synthesis with the type I photo system
found in Chlorobia and Cyanobacteria
(Sandmann 2002).

Comparing lycopene synthesis with the differ-
ent desaturase systems, we can attribute to CrtI
four desaturations and an isomerization function.
In the case of CrtP, only two desaturations to
ζ-carotene are carried out, and a second
desaturase CrtQb, a ζ-carotene desaturase
(Albrecht et al. 1995), was acquired for the last
two desaturation steps. In contrast to CrtI, the
CrtP and CrtQb/Zds desaturases catalyze a poly-
cis pathway with cis-carotene intermediates and
prolycopene (7Z,9Z,70Z,90Z-tetra-cis-lycopene)
as end product (Breitenbach and Sandmann
2005). This lycopene poly-cis isomer is not acces-
sible for cyclization to β-carotene before it is
brought into the all-E form. Two carotene
isomerases are involved, Z-Iso able to isomerize
ζ-carotene first characterized in maize (Chen et al.
2010) and CrtH/CrtISO a prolycopene isomerase
first characterized from cyanobacteria
(Breitenbach et al. 2001) and also from plants
(Isaacson et al. 2004).

The genes crtP and crtQb are highly homolo-
gous (Sandmann and Vioque 1999) and may both
have evolved by gene duplication. In addition, the

reaction mechanisms of both desaturases are quite
similar with respect to cis-carotenes as substrates
and products and utilization of oxidized plasto-
quinone as co-factor (Breitenbach et al. 1999).
The most likely evolutionary root for these
desaturases is crtU, the gene of β-carotene
desaturase which shares similar regions with
CrtP and CrtQb, especially at the C-terminus
(Sandmann 2002). Gloeobacter violaceus is the
only known cyanobacterium without the replace-
ment of CrtI (Steiger et al. 2005). It is regarded as
a species with early divergence within
Cyanobacteria even before the origin of plastids
(Nelissen et al. 1995). Upon the appearance of the
two novel desaturase genes crtP and crtQb, crtI
lost its desaturation function and evolved to crtH,
the gene of the poly-cis lycopene isomerase. An
evolutionary link of a unique ζ-carotene
desaturase CrtQa can be found in Nostoc
PCC7120 in addition to CrtQb (Linden et al.
1994; Breitenbach et al. 2013). CrtQa is related
to CrtI and can desaturate most ζ-carotene
isomers even those which were poorly
metabolized by CrtQb concurrently isomerizing
cis to trans double bonds.

7.2.2.3 Other Carotenogenic Genes
Related to crtI

Table 7.1 list the members of the crtI gene family
together with the functions of their gene products.
Protein similarities between CrtI, CrtO, and CrtD
are well documented (Sandmann and Vioque
1999). Phylogenetic analysis demonstrate indi-
vidual clades for the closely related crtI, crtNa,
crtD, crtQa, and crtH genes (Sandmann 2002,
2009; Klassen 2010; Breitenbach et al. 2013).

The crtI-related genes may have evolved by
duplication and functional divergence. Common
to all of them is the initial part of the reaction
mechanism starting by hydride transfer to an
oxidized co-factor forming an allenic carbocation.
In the case of CrtI, CrtNa, and CrtD, a double
bond is formed by proton abstraction (Sandmann
2009), whereas in the reactions catalyzed by
CrtO, CrtNb, and CrtNc, this carbo cation is
stabilized by reaction with OH� forming a
hydroxy group. The first two enzymes carry out
this reactions twice at the same C atom, finally
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yielding a keto group by water elimination. The
mono hydroxy intermediate has been
demonstrated for CrtO (Breitenbach et al. 2013).
In the C30 pathway, CrtNc carries out a similar
reaction inserting another hydroxyl group to the
keto intermediate modifying the aldehyde to a
carboxylate. After the formation of
diapophytoene, the formation of C30 carboxylic
acids involves three paralogous genes, crtNa,
crtNb, and crtNc (Steiger et al. 2015). Also the
isomerization function of CrtI which is conserved
in CrtH can be mechanistically explained with an
initial hydride transfer, resulting in the formation
of a carbocation followed by cis to trans isomeri-
zation and back-formation of the double bond
(Sandmann 2009). A survey of the different crtI-
related genes and their functions is shown in
Table 7.1.

7.2.3 Multiple Lycopene Cyclases

The highest diversity can be observed within the
lycopene cyclases which have been acquired in
different bacterial groups by convergent evolu-
tion. To date, three non-homologous genes all
encoding a functional enzyme for the formation
of β-ionone rings have been identified. Phyloge-
netic analysis indicates the three major clades of
crtYcd, cruA/cruP, and crtY/crtL types (Maresca
et al. 2007). In the latter group, crtY and crtL are

separated due to their low homology (Krubasik
and Sandmann 2000b).

7.2.3.1 The Archaeal Type CrtYcd
The crtYcd lycopene cyclase gene from
β-carotene-synthesizing Archaea can be regarded
as a fusion of the divided crtYc and crtYd genes
(Hemmi et al. 2003). Both genes are also
paralogous to the C50 carotenoid cyclase genes
crtYd/crtYe, crtYf/crtYg, and ltbA/ltbB. These
three encoded enzymes all use flavuxanthin
(2,20-bis-(4-hydroxy-3-methylbut-2-enyl)-
1,16,10,160-tetrahydro-1,2,10,20-terahydro-ψ,-
ψ-carotene) as substrate but form different types
of ionone rings (Heider et al. 2014). In fungi, the
crtYcd gene became part of the fusion gene crtYB
encoding a bifunctional lycopene cyclase/
phytoene synthase (Krubasik and Sandmann
2000a). This indicates that crtYB was acquired
from Archaea after the fusion of crtYcd with
crtB which, for example, are adjacent in the crt
gene cluster of the Sulfolobus solfataricus
genome.

7.2.3.2 CruA/CruP Cyclases
in Photosynthetic Prokaryotes

The CruA lycopene cyclase was first identified
from Chlorobium tepidum as a new type
(Frigaard et al. 2004). The orthologs of this gene
are present in Chlorobi and Cyanobacteria,
including all filamentous groups and some

Table 7.1 CrtI related carotenogenic genes

Gene Enzyme Substrate Product Reference

crtI Phytoene desaturase Phytoene Neurosporene
Lycopene
3,4-Dehydrolycopene

Sandmann (2009)

crtQa ζ-Carotene desaturase ζ-Carotene trans Lycopene Linden et al. (1994)
crtNa Diapophytoene desaturase Diapophytoene Diaponeurosporene

Diapolycopene
Wieland et al. (1994)

crtH Prolycopene isomerase Prolycopene trans Lycopene Breitenbach et al. (2001)
Isaacson et al. (2004)

crtO β-Carotene ketolase β-Carotene Echinenone Fernandez-Gonzalez et al.
(1997)

cruO 10-HO-γ-carotene
4-ketolase

10-HO-γ-carotene 10-HO-γ-caroten-40-one Vogl and Bryant (2011)

crtNb Diapolycopene ketolase Diapolycopene 4,40-diapolycopendial Steiger et al. (2015)
crtNc 4,40-diapolycopen-4,40-dial

oxidase
4,40-diapolycopen-
4,40-dial

4,40-diapolycopen-
4,40-dioate

Steiger et al. (2015)
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unicellular species from the Chroococcales
(Maresca et al. 2007). This includes the ancient
cyanobacterium Gloeobacter violaceus (Steiger
et al. 2005). In addition to cruA, cyanobacteria
possess the homologous cruP which also has
lycopene cyclase function. Looking at the genus
Synechococcus, some species apart from the main
Synechococcus/Prochlorococcus subclade (Shih
et al. 2013) possess cruA/cruP and the others
the crtL-type lycopene cyclase. In one species,
Synechococcus 7942 (equaling 6301), crtL and
cruP genes are present simultaneously. Proteins
homologous to CruP also exist in plants, but their
function is not known.

7.2.3.3 CrtY and CrtL from Bacteria
CrtY and CrtL are only distantly related grouping
in different clades in phylogenetic trees (Klassen
2010). However, a conserved pattern of motifs of
the proteins point at a common phylogenetic ori-
gin (Sandmann 2002). CrtY can be found in all
bacterial divisions, except the Firmicutes,
Chlorobi, and Cyanobacteria, and in
Actinobacteria (Klassen 2010). CrtL is present
in a subclade of Synechococcus, including the
Prochlorococcus species. Synechococcus species
JA-2-3Ba(2–13) and JA-3-3Aba near the base of
the cyanobacterial tree contain the cruA-type
lycopene cyclase (Klassen 2010).

Prochlorococcus contains two homologous
crtL genes. The functional analysis of the gene
products demonstrated that both enzymes cyclize
lycopene. CrtL-b catalyzes the formation of
β-carotene, but the other cyclase CrtL-e-
synthesizes α-carotene with one ε-ionone ring
in addition to β-carotene (Stickforth et al. 2003).
At present, the crtL-e gene seems to be restricted
to the species of the genus Prochlorococcus. It is
assumed that crtL-e originated from gene dupli-
cation encoding an enzyme which then gained an
extended new product specificity. These two
enzymes are the phylogenetic root of the algal
and plant β- and ε-cyclases (Sandmann 2002).
Closely related to them is the capsanthin-
capsorubin synthase CCS from Capsicum
annuum.

7.2.4 a- and b-Carotene
3-Hydroxylases

Two types of carotene 3-hydroxylases exist:
non-heme di-iron mono oxygenases and P450
mono oxygenases. Among the genes of the
non-heme iron hydroxylases are crtZ and crtR,
which are well separated in phylogenetic trees
(Cui et al. 2013). The hydroxylase CrtZ
is distributed across most bacterial groups (and
is also present in Crenarchaeota of Archaea) but is
absent in Firmicutes, Actinobacteria, and photo-
synthetic bacteria, including Cyanobacteria
(Klassen 2010). In the latter group, CrtZ is
replaced by CrtR. There are strong indications
that the hydroxylase crtR gene has evolved from
the ketolase gene crtW (Masamoto et al. 1998).
To date, there is still a clear distinction between
filamentous cyanobacteria synthesizing cantha-
xanthin and possessing a crtW gene or alterna-
tively mainly unicellular species synthesizing
zeaxanthin with the crtR gene. Either the crtZ or
the crtR gene were transferred through an endo-
symbiont from which the algal chloroplasts
evolved. Although phylogenetic analysis strongly
supports an evolutionary relatedness between bch
of Rhodophyta and cyanobacterial crtR genes
(Chen et al. 2007), a relationship between bch of
Chlorophyta and cyanobacterial crtR genes is
doubted (Cui et al. 2013). According to its
domain structure, Bch of Chlorophyta and plants
belongs to the fatty acid hydroxylase superfamily,
a non-heme iron protein, as indicated by its two
histidine-rich iron-binding motifs (Bouvier et al.
1998).

Heme containing P450 hydroxylases emerged
sporadically and individually in single bacterial
species and a fungus. CYP175A1 is a unique
β-carotene 3-hydroxylase involved in zeaxanthin
in Thermus thermophilus (Blasco et al. 2004). In
analogy, a β-carotene 2-hydroxylase CYP287A
appeared in Deinococcus radiatus (Zhou et al.
2015), which has the same product specificity
but is structurally completely unrelated to CrtG,
a non-heme β-carotene 2-hydroxylase from other
bacteria, such as Brevundimonas (Nishida et al.
2005).
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In Chlorophyta, duplicates of P450 enzymes
evolved as α-carotene 3-hydroxylases forming
lutein (Kim et al. 2009). Their function was
elucidated with Arabidopsis mutants. CYP97A3
preferentially hydroxylates the β-ionone ring and
CYP97C1 the ε-ionone ring of α-carotene but
also the β-ionone ring. It should be pointed out
that CYP97A3 and Bch carry out the same reac-
tion at a β-ionone ring, but both enzymes show a
preference for either α- or β-carotene.

7.3 Evolution of Carotenoid
Biosynthesis from Bacteria
to Plants

In Bacteria, a broad variety of different carotenoid
structures are synthesized. This pathway diversity
culminated in the selection of suitable carotenoids
for photosynthesis processes, especially for oxy-
genic photosynthesis. Since carotenoids are
essential for photosynthesis, carotenoid biosyn-
thesis and photosynthesis were optimized in
co-evolution. Especially in Cyanobacteria, novel
genes emerged and were selected to replace other
ones. This gene evolution and inheritance are
summarized in Fig. 7.3.

In photosynthetic eukaryotes, carotenoid bio-
synthesis is a plastid process. Therefore, the evo-
lution of carotenoid biosynthesis in plants is

strongly related to chloroplast evolution. Obvi-
ously, there is a direct evolutionary line from
cyanobacteria via Chlorophyta to plants. During
endosymbiosis, the cyanobacterial ancestor trans-
ferred a zeaxanthin and an α-carotene biosynthe-
sis pathway, leading to a carotenoid composition
similarly found, for example, in the cyanobacte-
rium Prochlorococcus. The genes for the synthe-
sis of these carotenoids in Chlorophyta are also
closely related to the Prochlorococcus genes with
the exception of bch which is derived from crtZ, a
gene not present in Cyanobacteria. At the level of
Chlorophyta, α-carotene hydroxylation to lutein
and conversion of zeaxanthin to violaxanthin and
further on to neoxanthin were invented. This
included the acquirement of novel genes
encoding a P450 hydroxylase, an epoxidase, and
a so far unknown neoxanthin synthase. This
extended gene inventory of the Chlorophyta
completed the carotenoid metabolism, which is
also found in plant chloroplasts.
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Engineered Maize Hybrids with Diverse
Carotenoid Profiles and Potential
Applications in Animal Feeding

8

Changfu Zhu, Gemma Farré, Joana Díaz-Gómez, Teresa Capell,
Carmina Nogareda, Gerhard Sandmann, and Paul Christou

Abstract

Multi-gene transformation methods need to be
able to introduce multiple transgenes into
plants in order to reconstitute a transgenic
locus where the introduced genes express in a
coordinated manner and do not segregate in
subsequent generations. This simultaneous
multiple gene transfer enables the study and

modulation of the entire metabolic pathways
and the elucidation of complex genetic control
circuits and regulatory hierarchies. We used
combinatorial nuclear transformation to pro-
duce multiplex-transgenic maize plants. In
proof of principle experiments, we
co-expressed five carotenogenic genes in
maize endosperm. The resulting combinatorial
transgenic maize plant population, equivalent
to a “mutant series,” allowed us to identify and
complement rate-limiting steps in the extended
endosperm carotenoid pathway and to recover
corn plants with extraordinary levels of
β-carotene and other nutritionally important
carotenoids. We then introgressed the induced
(transgenic) carotenoid pathway in a trans-
genic line accumulating high levels of nutri-
tionally important carotenoids into a wild-type
yellow-endosperm variety with a high β:ε
ratio. Novel hybrids accumulated zeaxanthin
at unprecedented amounts. We introgressed
the same pathway into a different yellow corn
line with a low β:ε ratio. The resulting hybrids,
in this case, had a very different carotenoid
profile. The role of genetic background in
determining carotenoid profiles in corn was
elucidated, and further rate-limiting steps in
the pathway were identified and resolved in
hybrids. Astaxanthin accumulation was
engineered by overexpression of a β-carotene
ketolase in maize endosperm. In early
experiments, limited astaxanthin accumulation
in transgenic maize plants was attributed to a
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bottleneck in the conversion of adonixanthin
(4-ketozeaxanthin) to astaxanthin. More recent
experiments showed that a synthetic
β-carotene ketolase with a superior
β-carotene/zeaxanthin ketolase activity is criti-
cal for the high-yield production of
astaxanthin in maize endosperm. Engineered
lines were used in animal feeding experiments
which demonstrated not only the safety of the
engineered lines but also their efficacy in a
range of different animal production
applications.

Keywords

Maize (Zea mays) · Carotenoids · β-Carotene ·
Multi-gene transformation · Transgene

8.1 Introduction

Carotenoids are high-value industrially important
products, used as food colorants, and are essential
in the human diet (Naqvi et al. 2011a). Different
carotenoids have different functions (Bai et al.
2011; Farre et al. 2010, 2011; Berman et al.
2015). Four carotenoids (β-carotene, α-carotene,
γ-carotene, and β-cryptoxanthin) have vitamin A
activity in humans, which means that they can be
converted into the visual pigment retinal and are
classified as essential nutrients. Vitamin A plays
an important role in the human body for normal
growth and tissue repair. The visual and immune
systems are particularly dependent on this vita-
min for normal function. Lycopene is the red
pigment in many fruits and vegetables, such as
tomato and watermelon, and it does not have
pro-vitamin A activity; however, it is an excellent
dietary antioxidant and plays a role in reducing
the risk of a number of cancers and coronary heart
disease. Lutein and zeaxanthin constitute the
major carotenoids of the yellow spot in the
human retina and protect against age-related mac-
ular degeneration, which is the main cause of
blindness in elderly people in the industrialized
world. Astaxanthin helps prevent certain types of
cancer, inhibits the oxidation of low-density
lipoproteins, quenches singlet oxygen, and boosts

the immune system (Zhu et al. 2009). Animals are
unable to synthesize carotenoids directly and
must obtain them from their diets. β-Carotene
and astaxanthin are typical ingredients for
chicken and fish feeding, respectively. Although
fruits and vegetables are particularly good sources
of certain carotenoids, cereal grains generally lack
these compounds, leading to deficiency diseases
in countries where cereals are the staple diet (Zhu
et al. 2007; Bai et al. 2011; Berman et al. 2015).
Also, with the exception of Adonis aestivalis
flowers, astaxanthin and other ketocarotenoids
are scarce in plants, although they are abundant
in fish and shellfish and are used in aquaculture to
enhance the aesthetic qualities of salmon (Zhu
et al. 2009). For these reasons, there is much
interest in modifying cereal crops, such as maize
and rice, to enhance the carotenoid content (Zhu
et al. 2007, 2008, 2009; Naqvi et al. 2011a; Bai
et al. 2011; Farre et al. 2010, 2011, 2012, 2014,
2015; Berman et al. 2015).

8.2 Combinatorial Nuclear
Transformation Generates
a Diverse Library of Plants
with Distinct and Stable
Phenotypes

We used as a model system the South African
elite white maize inbred M37W, which lacks
carotenoids in the endosperm due to the absence
of the enzyme phytoene synthase (PSY1). We
transformed 13-day-old immature zygotic
embryos by bombarding them with gold particles
coated with six constructs, the selectable marker
bar, and five carotenogenic genes: Zmpsy1 (Zea
mays phytoene synthase 1), PacrtI (Pantoea
ananatis phytoene desaturase), Gllycb (Gentiana
lutea lycopene β-cyclase), Glbch (G. lutea
β-carotene hydroxylase, a plant-type β-ring
non-heme di-iron monooxygenase introducing
hydroxy groups at C-3), and ParacrtW
(Paracoccus β-carotene ketolase) (Zhu et al.
2008). Each gene was driven by a different
endosperm-specific promoter (respectively, the
wheat low-molecular-weight glutenin, barley
D-hordein, rice prolamin, rice glutelin-1, and
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maize γ-zein). A population of regenerated plants
was screened by genomic PCR, revealing many
different combinations of transgenes, including
nine lines (13%) containing all five carotenoid
input transgenes. Multiple independent transgenic
lines containing and expressing the same trans-
gene complement were identified. All of the
transgenic plants showed normal morphology
and development, reflecting the restriction of
transgene expression to the seed endosperm.
Visual inspection of the endosperm tissue
revealed seven distinct phenotypes based on
endosperm color (Ph-1 to Ph-7; Fig. 8.1a). Anal-
ysis of steady-state mRNA levels revealed which
transgenes were expressed in individual trans-
genic plants (Fig. 8.1b). We found a precise cor-
relation between the phenotypes and expressed
transgenes. Phenotype 1 (Ph-1), expressing
Zmpsy1 alone, appeared similar in color to WT
yellow maize, whereas Ph-2, expressing PacrtI
alone, was very pale yellow in color. The combi-
nation of Zmpsy1 and PacrtI in Ph-3 generated an
orange-red phenotype, whereas the combination
of Gllycb in addition to Zmpsy1 and PacrtI in
Ph-4 produced a distinct orange-yellow color.
Ph-5, Ph-6, and Ph-7 were more complex
phenotypes resulting from the expression of a
bacterial ketolase gene, ParacrtW, in addition to
Zmpsy1 + PacrtI + Glbch, Zmpsy1 +
PacrtI + Gllycb, or Zmpsy1 + PacrtI +
Gllycb + Glbch, respectively. These lines also
had distinguishable orange to red phenotypes
(Fig. 8.1a).

8.3 Reconstruction
of the Carotenoid Pathway
in White Maize Leads
to the Accumulation
of Extraordinary Levels
of Metabolic Intermediates
and End Products

HPLC analysis showed that the different color
phenotypes reflected the accumulation of

different metabolites (Fig. 8.1a and Table 8.1),
confirming a direct correspondence between
genotype and carotenoid accumulation. The met-
abolic profiles of each transgene complement and
resulting phenotype were qualitatively consistent
in the multiple transgenic events tested, despite
the variation in the absolute levels of particular
compounds. Ph-1 (Zmpsy1 alone) showed a
53-fold increase in the total carotenoids over
white maize [58.21 vs. 1.10 μg/g dry weight
(DW)], whereas Ph-2 (PacrtI alone) and Ph-3
(Zmpsy1 + PacrtI) showed 2.5- and 142-fold
increases, respectively (2.69 and 156.14 μg/g
DW) (Table 8.1). The total carotenoid content in
Ph-4 (Zmpsy1 + PacrtI + Gllycb) reached
148.78 μg/g DW. These data confirm that PSY1
is the key enzyme-limiting carotenoid accumula-
tion in the endosperm of white maize. The pre-
dominant carotenoids accumulating in Ph-1
endosperm were zeaxanthin (18.25 μg/g DW,
31.35% of the total carotenoids), lutein
(14.95 μg/g DW, 25.68%), and β-carotene
(7.10 μg/g DW, 12.20%), whereas those
accumulating in Ph-3 were β-carotene (57.35 μg/
g DW, 36.73%) and lycopene (26.69 μg/g DW,
17.09%). These findings suggest that both lyco-
pene cyclases may be rate-limiting in the synthe-
sis of cyclic carotenes in Ph-3.

Simultaneous expression of Zmpsy1, PacrtI,
and Gllycb in Ph-4 dramatically reduced the
levels of lycopene (11.50 μg/g DW, 7.73%) but
increased the levels of zeaxanthin (34.53 μg/g
DW, 23.21%) compared with Ph-3 (Table 8.1).
Phytoene, which is not present in WT M37W
endosperm, accumulated in Ph-1, Ph-3, and
Ph-4 (which express Zmpsy1), but not in Ph-2
(which does not express Zmpsy1) (Table 8.1).
This finding indicates that the conversion of
phytoene to lycopene is a subsequent limiting
step for carotenoid biosynthesis. Phenotypes and
carotenoid content remained stable for nine
generations (homozygous T9 plants) (Zanga
et al. 2016). Multiple independent transgenic
plants expressing the same transgene complement
exhibited identical qualitative metabolite profiles.
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Fig. 8.1 Phenotypes and genotypes of seven combinatorial transformants (Zhu et al. 2008). (a) Endosperm colors of
seven different transgenic maize phenotypes. Ph-1 expressing Zmpsy1 only accumulates zeaxanthin and has a bright
yellow color. Ph-2 expressing only PacrtI has a phenotype similar to WT M37W with a slight increase in total
carotenoids. Ph-3 (Zmpsy1 and PacrtI) accumulates a significant amount of β-carotene and lycopene and has an
orange-red color. Ph-4 expresses Gllycb in addition to Zmpsy1 and PacrtI and accumulates β-carotene, hence the orange
color. Ph-5, Ph-6, and Ph-7 express Zmpsy1 + PacrtI + Glbch, Zmpsy1 + PacrtI + Gllycb, and
Zmpsy1 + PacrtI + Gllycb + Glbch, respectively, in addition to ParacrtW, thus showing a range of colors from orange
to red, depending on the accumulation of ketocarotenoids. (b) Northern blot analysis (30 μg of total RNA per lane) to
monitor transgene expression in WT M37W and the seven transgenic phenotypes (lanes 1–7). Staining of rRNA with
ethidium bromide was used as a loading control
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8.4 Reconstruction
of the Astaxanthin
Biosynthesis Pathway in Maize
Endosperm Reveals
a Metabolic Bottleneck
in the Conversion
of Adonixanthin Into
Astaxanthin by β-carotene
Ketolase

Astaxanthin is formed from β-carotene by the
addition of keto groups at the 4 and 40 positions
and hydroxyl groups at the 3 and 30 positions of
the β-ionone rings. These reactions are catalyzed
by β-carotene ketolase and β-carotene hydroxy-
lase, respectively (Zhu et al. 2009). Ph-4 endo-
sperm (Zmpsy1 + PacrtI + Gllycb) accumulated
not only β-carotene but also xanthophylls, such as
lutein and zeaxanthin. The pathway can be
extended further to ketocarotenoids, such as
astaxanthin, by expressing ParacrtW. We
generated three unique phenotypes in which the
ParacrtW transgene was expressed in combina-
tion with Zmpsy1 and PacrtI, differing in the
additional expression of Glbch (Ph-5), Gllycb
(Ph-6), or both Glbch and Gllycb (Ph-7, which
expressed all five carotenogenic input transgenes)
(Fig. 8.1b). In terms of ketocarotenoid synthesis,
HPLC analysis revealed the presence of
adonixanthin (4-ketozeaxanthin) in Ph-5,
adonixanthin, echinenone (4-keto-β-carotene),
and 3-hydroxyechinenone in Ph-7 and these
three carotenoids plus astaxanthin (3,3-
0-dihydroxy-4,40-diketo-β-carotene) in Ph-6
(Table 8.1). The predominant carotenoids
accumulating in Ph-5 were zeaxanthin
(27.47 μg/g DW; 28.37% of total carotenoids)
and lutein (18.11 μg/g DW; 18.71%) in addition
to ketocarotenoids (10.62 μg/g DW; 10.96%)
(Table 8.1). Ph-5 is “based on” Ph-3, having the
Ph-3 genotype with additional genes Glbch and
ParacrtW. Ph-5 accumulated less β-carotene than
Ph-3 (8.72 vs. 57.35 μg/g DW), probably
reflecting the conversion of β-carotene into
β-cryptoxanthin and zeaxanthin by GlBCH
(Table 8.1). Similarly, Ph-7 is based on Ph-4,
having the Ph-4 genotype with additional genes

Glbch and ParacrtW (Fig. 8.1b), and it produced
mainly β-carotene (25.78 μg/g DW; 25.24%) and
zeaxanthin (16.78 μg/g DW; 16.43%) in addition
to ketocarotenoids (17.98 μg/g DW; 17.61%)
(Table 8.1). Ph-6 (Zmpsy1 + PacrtI
Gllycb + ParacrtW) accumulated significant
amounts of ketocarotenoids (35.85 μg/g DW;
24.29%) and β-carotene (34.81 μg/g DW;
23.72%) but less zeaxanthin (13.71 μg/g DW;
9.34%), most likely because of the absence of
GlBCH (Fig. 8.1b). Ph-7 accumulated the three
mono-ketocarotenoids echinenone, 3-hydroxy-
echinenone, and adonixanthin, whereas Ph-5 pro-
duced only adonixanthin. The missing
echinenone and 3-hydroxy-echineneone in Ph-5
may be caused by a shortage of β-carotene
(8.72 μg/g DW), reflecting the absence of lyco-
pene β-cyclase (Fig. 8.1b). In contrast, Ph-6 pro-
duced not only the three mono-ketocarotenoids
but also the di-ketocarotenoid astaxanthin
(Table 8.1). The astaxanthin yield in Ph-6, how-
ever, is considerably lower than β-carotene in
Ph-3. The limited astaxanthin synthesis is due to
a restricted conversion of adonixanthin (3,3-
0-dihydroxy-4-keto-β-carotene, 4-keto
zeaxanthin), resulting in the major accumulation
of adonixanthin among ketocarotenoids in Ph-5
(100% adonixanthin/total ketocarotenoids), Ph-6
(72%), and Ph-7 (69%) (Table 8.1).

Phytoene was not detected in WT M37W
endosperm, but it accumulated in all of the trans-
genic varieties with the exception of Ph-2 (the
only one lacking Zmpsy1). This suggests that the
conversion of phytoene to lycopene (catalyzed by
endogenous desaturases and isomerases in Ph-1
and by PaCRTI in addition to endogenous
desaturases and isomerase in the other
phenotypes) is a rate-limiting step for carotenoid
biosynthesis in these phenotypes. The expression
of Zmpsy1 and PacrtI genes in Ph-3 led to the
accumulation of lycopene (Table 8.1), the product
of the enhanced phytoene synthase and desaturase
branch of the pathway, suggesting that lycopene
cyclases are rate-limiting steps in the conversion
of lycopene to cyclic carotenes in phenotype-3.
The addition of G. lutea lycopene β-cyclase
(Gllycb) gene in Ph-4 alleviated this partial path-
way limitation by converting lycopene
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preferentially to β-carotene and further
derivatives (Table 8.1).

Our approach provides a unique and surpris-
ingly straightforward strategy for metabolic path-
way analysis and multigene metabolic
engineering in plants. It involves the introduction
and coordinated expression of multiple
transgenes followed by the selection of stable
lines expressing the specific combination of
transgenes required for particular metabolic
outputs. Individual lines, producing specific
metabolites (Ph-3 for β-carotene and lycopene;
Ph-4 for β-carotene and zeaxanthin; and Ph-6 for
astaxanthin), can be goals in themselves if the aim
is to accumulate particular molecules. However,
by examining the entire diverse population of
plants, it becomes possible to dissect the pathway
and subsequently reconstruct it either in its origi-
nal form or with modifications, thus providing a
basis for understanding and subsequently engi-
neering novel metabolites. The broad significance
of this approach is that it considerably simplifies
the process of carotenoid metabolic engineering
by making it analogous to screening a library of
metabolic variants for the correct functional com-
bination. This approach could be applied to any
pathway given a suitable template for combinato-
rial transformation.

8.5 Synergistic Metabolism
in Hybrid Corn Indicates
Bottlenecks in the Carotenoid
Pathway and Leads
to the Accumulation
of Extraordinary Levels
of the Nutritionally Important
Carotenoid Zeaxanthin

Lutein and zeaxanthin cannot be synthesized de
novo in humans, and although lutein is abundant
in fruit and vegetables, good dietary sources of
zeaxanthin are scarce. Transgenic line Ph-4
expressing Zmpsy1, bacterial PacrtI, and Gllycb
in a M37W background was used to introgress the
transgenic mini-pathway into the yellow endo-
sperm EP42 and A632 backgrounds (Naqvi
et al. 2011b). The novel hybrids, designated as

Ph-4 x EP42 and Ph-4 x A632, were selfed for
two generations to obtain homozygous lines
expressing all three transgenes. RT-PCR analysis
was then carried out on endosperm tissue from
wild-type M37W, EP42, and A632 plants along
with Ph-4, Ph-4 x EP42, and Ph-4 x A632. The
three transgenes were expressed as strongly in the
hybrid lines as in the transgenic parent (Naqvi
et al. 2011b). The hybrid lines had a bright orange
endosperm phenotype, indicating the accumula-
tion of more carotenoids, or different carotenoids
compared with the transgenic parent (Fig. 8.2a).
HPLC analysis showed that the wild-type M37W
endosperm contained a maximum of 1.42 μg/g
DW total carotenoids, which increased to a maxi-
mum of 127 μg/g DW in transgenic line Ph-4
where it comprised up to 10.42 μg/g DW lyco-
pene, 41.20 μg/g DW β-carotene, and 29.64 μg/g
DW zeaxanthin (Fig. 8.2b). Ph-4 also
accumulated phytoene and other intermediates,
such as α- and β-cryptoxanthin and α-carotene at
lower levels (Naqvi et al. 2011b). In Ph-4 x EP42,
the total carotenoid content increased to 90.32 μg/
g DW, including 19.31 μg/g DW β-carotene,
23.41 μg/g DW lutein, and 38.07 μg/g DW zea-
xanthin. In Ph-4 x A632, the total carotenoid
content was 88.53 μg/g DW, including
15.24 μg/g DW β-carotene, 9.72 μg/g DW lutein,
and 56.49 μg/g DW zeaxanthin (Table 8.2). Both
lines also accumulated intermediates, such as α-
and β-cryptoxanthin, but unlike the Ph-4 parent,
there was no evidence of phytoene or lycopene.
The β:ε ratio of both hybrids was significantly
higher than the wild-type parents, 2.05 in the
case of Ph-4 x EP42, and 6.80 in the case of
Ph-4 x A632. These results demonstrate that
introgressing the transgenic mini-pathway into
wild-type yellow endosperm varieties gives rise
to hybrids in which the β:ε ratio is altered addi-
tively. Where the β:ε ratio in the genetic back-
ground is high, introgression of the mini-pathway
allows zeaxanthin production at an unprece-
dented 56 μg/g DW. This result shows that meta-
bolic synergy between endogenous and
heterologous pathways can be used to enhance
the levels of nutritionally important metabolites.

As shown in Fig. 8.2b and Table 8.2, Ph-4
accumulated not only high levels of zeaxanthin
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Fig. 8.2 (a) Color phenotype shows carotenoid accumulation in endosperm (Naqvi et al. 2011b): (I) M37W; (II) Ph-4;
(III) EP42; (IV) Ph-4 x EP42; (V) A632; and (VI) Ph-4 x A632. (b) HPLC analysis of carotenoids in wild-type (M37W,
EP42, and A632), transgenic (Ph-4), and hybrid (Ph-4 x EP42 and Ph-4 x A632) corn lines, with retention time shown on
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and lutein but also carotenoid intermediates, such
as phytoene, lycopene, α- and β-cryptoxanthin,
and α- and β-carotene. In the hybrid lines Ph-4 x
A632 and Ph-4 x EP42, however, these
intermediates were not present, suggesting that
additional, more subtle bottlenecks in the M37W
genetic background were also alleviated by meta-
bolic complementation. M37W endosperm
accumulates only traces of carotenoids because
of the lack of psy1 expression. In contrast, psy1
mRNA is abundant in both yellow corn inbreds
(EP42 and A632) (Naqvi et al. 2011b). The traces
of lutein and zeaxanthin in M37W endosperm
probably reflect the presence of the psy2 tran-
script, which is mainly responsible for carotenoid
biosynthesis in green tissues but may have some
residual activity in the endosperm. Interestingly,
Ph-4 contains a significant amount of phytoene
(7.36 μg/g DW), which suggests that the next step
in the pathway (the conversion of phytoene into
lycopene by the bacterial enzyme phytoene
desaturase) is limiting. In contrast, no phytoene
was detected in yellow corn nor in the hybrids,
demonstrating that the three enzymes carrying out
the corresponding endogenous reactions in yel-
low corn are not limiting and alleviate the bottle-
neck in the M37W background when the induced
and endogenous pathways are combined in the
hybrid. Similarly, the transgenic endosperm also
contained significant amounts of lycopene
(10.42 μg/g DW), whereas no lycopene was
detected in either hybrid (Table 8.2). Phytoene
and lycopene accounted for ca: 14% of total
carotenoids in Ph4. Again, this suggests that the
lycopene β-cyclase provided by the transgene
introduces a bottleneck in the M37W back-
ground, which is overcome by the additional
lycopene β-cyclase activity in yellow corn. The
disappearance of carotene intermediates, such as
phytoene and lycopene, in the two hybrids might

also be due, at least in part, to lower plastidial
methyl erythritol 4-phosphate pathway-derived
isoprenoid precursor availability in the yellow
endosperm lines and/or the higher catabolic
activities of zeaxanthin epoxidase and carotenoid
cleavage dioxygenase (CCDs) in the yellow
endosperm backgrounds. Both hybrid lines
contained significant amounts of β-carotene
(19 μg/g DW in Ph-4x EP42 and 15 μg/g DW in
Ph-4 x A632), but this was much lower than the
41 μg/g DW we measured in the transgenic par-
ent. A plausible reason for this difference might
be the higher levels of bch2 accumulation in the
two yellow lines compared with M37W (Naqvi
et al. 2011b).

It is unlikely that differences in lutein accumu-
lation between EP42 and A632 (and the
corresponding hybrids with Ph-4) are due to cyto-
chrome p450-type hydroxylases, as expression
levels of these genes, at least at the mRNA
level, were very similar (Naqvi et al. 2011b).
These data suggest that the yellow corn
backgrounds also alleviated a bottleneck in
β-carotene hydroxylase activity, allowing the effi-
cient flow of intermediates towards zeaxanthin
synthesis. Our collective data indicate that the
yellow corn background compensated for ineffi-
cient activity at every step of the pathway
conferred by the transgenes, but the combination
of reduced lycopene ε-cyclase activity and the
pooled lycopene β-cyclase activity in the hybrid
conferred its highly skewed β:ε ratio and its
extraordinary potential to accumulate zeaxanthin.
This study is the first to show that significant
increases in zeaxanthin levels in a food crop can
be achieved by combining conventional breeding
with genetic engineering. Whereas genetic engi-
neering provides advantages such as speed and
access beyond the species gene pool, it can be
difficult and/or time-consuming to transform

�

Fig. 8.2 (continued) the x-axis and intensity on the y-axis (Naqvi et al. 2011b). Zeaxanthin and lutein were separated in
parallel runs using a C18 Vydac 218TP54 column, with methanol containing 2% water as the mobile phase. Samples
were monitored with a Kontron DAD 440 photodiode array detector with online registration of the spectra.
Abbreviations: E-lut epoxylutein, Lut lutein, Zeax zeaxanthin, β-car β-carotene, α-crypt α-cryptoxanthin, β-crypt
β-cryptoxanthin, lyc lycopene, and α-car α-carotene
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locally adapted varieties directly and therefore
make a practical impact on nutrition and health,
particularly in developing countries where staples
such as corn represent the predominant food
source for many people. Conventional breeding
for improved nutrition is slow and laborious, par-
ticularly where the intent is to modify several
different metabolic pathways simultaneously
(Naqvi et al. 2009), and is limited to the gene
pools of compatible species. Our combined
approach cherry-picks the advantages of both
systems—the speed, power, and accessibility of
genetic engineering and the diversity and practi-
cality of conventional breeding—to generate
nutritionally enhanced crops with unprecedented
levels of a key nutrient in the human diet.

8.6 Combined Transcript,
Proteome, and Metabolite
Analysis of Transgenic Maize
Seeds Engineered
for Enhanced Carotenoid
Synthesis Reveals Pleiotropic
Effects in Core Metabolism

Transcriptomic, proteomic, and metabolomics/
metabolite profiling are highly useful for
detecting metabolic changes in transgenic plants
(Ricroch et al. 2011). Genetic engineering of a
pathway for the higher accumulation of an end
product may have a global effect on the whole
metabolism (Sandmann 2001). Increased precur-
sor utilization can negatively affect closely
related pathways competing for the same
precursors. The engineered maize line Ph-3
described earlier was subjected to an in-depth
metabolomics, transcriptomics, and proteomics
analysis and compared with its near-isogenic
line M37W (Decourcelle et al. 2015). The aim
of this study was to evaluate whether endosperm-
specific carotenoid biosynthesis influenced core
metabolic processes in maize embryo and endo-
sperm and how global seed metabolism adapted
to this expanded biosynthetic capacity.

Carotenoid composition and the
concentrations of other terpenoids, sterols, and
tocopherol were analyzed in the endosperm and

embryo. More than 90% of the carotenoids in the
non-transgenic variety M37W are located in the
embryo, mainly zeaxanthin and violaxanthin.
However, Ph-3 had a 20-fold increase in caroten-
oid composition, mostly zeaxanthin and
β-cryptoxanthin. This increase in carotenoid syn-
thesis in the endosperm operates, at least in part,
at the expense of the synthesis in the embryo,
which was only half of that found in the
non-transgenic line. Another change in the
embryo carotenoid composition was the amount
of lutein and α-cryptoxanthin in Ph-3.
γ-Tocopherol was found exclusively in the
embryo which demonstrated a precise separation
of both compartments. Sterol content was also
threefold higher in the embryo when compared
with the endosperm, and the major sterols
identified in higher concentrations were stigmas-
terol and sitosterol. The only difference between
M37W and the transgenic line was an increase in
the sitosterol content in the embryo of Ph-3.
Sucrose and sorbitol concentrations increased
and glucose, fructose, and xylose concentrations
decreased in Ph-3. Other metabolites from early
glycolysis with lower concentrations in Ph-3 were
glycolate and glycerate. In addition, aspartate and
proline concentrations increased in Ph-3.
Palmitic, stearic, and oleic acids were detected
with an increase that is greater than eightfold.
The metabolomic data indicate a higher rate of
fatty acid synthesis which should also occur in the
embryo. Unexpectedly, sterol and fatty acid
syntheses were also higher in the transgenic line.
We thus demonstrated that the transgenic line
needed a higher flux through the glycolytic path-
way for the synthesis of carotenoids, sterols, and
fatty acids (Decourcelle et al. 2015).

8.7 Metabolic Engineering
of Ketocarotenoid Biosynthesis
in Maize Endosperm
and Characterization of a
Prototype High Oil
Astaxanthin-Enriched Hybrid

The white endosperm M37W inbred was
transformed with β-carotene hydroxylase (crtZ)
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from Brevundimonas and β-carotene ketolase
from Chlamydomonas reinhardtii to extend the
carotenoid pathway to astaxanthin. In addition,
phytoene synthase 1 was also overexpressed,
and lycopene ε-cyclase was knocked down to
direct the pathway towards the β-branch in line
bkt. After crossing the astaxanthin pathway in bkt
into the high-oil NSL76 line, astaxanthin accu-
mulation in the hybrid seeds increased by ca: 50%
compared with the original astaxanthin
accumulating bkt line. The NSL76-bkt hybrid
line accumulated 60% of the total seed
carotenoids as astaxanthin (Farre et al. 2016).

NSL-bkt and its parental line bkt were used for
metabolomic and proteomic analysis. The
enhanced metabolite flow into the carotenoid
pathway affected primary metabolism as a source
for terpenoid pathway precursors. Sucrose and
lactate pools were increased in the endosperm.
The concentration of sucrose synthase was
decreased, providing less UDP glucose for the
synthesis of other sugars, such as trehalose.
These changes in enzyme concentrations prefer-
entially supported glycolytic metabolism to the
precursors for carotenoid biosynthesis. Lactate
accumulation coincided with lower activity
pools of the citric acid cycle components and
lower concentrations of malate dehydrogenase.
This indicates a reduced flow of pyruvate into
the citric acid cycle. It appears that pathways
competing with glycolytic pyruvate formation or
competing with the deoxyxylulose 5-phosphate
pathway for pyruvate were downregulated. The
amino acid pool was decreased in NSL76-bkt,
and the concentrations of a legumin-like protein
and glutamin-enriched storage protein were
increased/decreased, respectively (Farre et al.
2016).

8.8 Carotenoid-Enriched
Transgenic Corn Delivers
Bioavailable Carotenoids
to Poultry and Protects Them
Against Coccidiosis

Vitamin A and carotenoid metabolism in poultry
is closely related to the equivalent process in

humans, so chickens are also susceptible to vita-
min A deficiency with similar symptoms as
humans (Pretorius and Schönfeldt 2013). High-
carotenoid (HC) corn was used in poultry feeding
experiments to ascertain its efficiency to
maintaining poultry productivity and health
(Nogareda et al. 2016).

The typical corn- and soybean-based commer-
cial poultry diets do not supply sufficient
carotenoids to produce the golden skin preferred
by many consumers and do not confer additional
health benefits. Vitamin A and natural or syn-
thetic pigments are routinely added to poultry
feed, increasing the production costs (Castaneda
et al. 2005).

We investigated the potential use of
carotenoid-enriched transgenic corn in several
chicken trials using commercial broilers (Ross
308 males). Birds were fed on diets supplemented
with 58% of HC corn and were compared with a
nutritionally equivalent diet supplemented with
its near-isogenic line, M37W, which is essentially
devoid of carotenoids. Chickens were raised
under controlled experimental conditions at the
University of Lleida research animal facilities.
The birds were slaughtered at normal weight for
commercial production and subjected to gross
necropsy, histopathology, and blood chemistry,
and selected tissues and organs were analyzed
for carotenoid accumulation.

No differences in the growth, final body
weight, histopathology, blood chemistry, or the
final weight of most organs (liver, heart, and
spleen) were observed with the exception of the
bursa of Fabricius in replicated trials (Nogareda
et al. 2016). The bursa of Fabricius is a lymphoid
gland located on the posterodorsal wall of the
cloaca that regresses with sexual maturity and
plays an important role in disease resistance.
This organ was heavier in the birds fed on the
HC-supplemented diet. Histopathological analy-
sis of bursa of Fabricius showed no evidence of
any healthy problem, and we concluded that the
higher weight of this organ in animals fed on the
HC-supplemented diet may have been caused by
a better immunomodulation to a previous
vaccination.
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The analysis of hemoglobin levels, hematocrit
values, and ratio of different blood cell types
showed no differences between the diet groups.
In both cases, the values were similar to standard
chicken references (Fudge 2000; Harrison and
Lightfoot 2006).

The CIELAB trichromatic system was used to
quantify the lightness, redness, and yellowness of
pre-chilled meat and skin tissue from birds in both
diet groups (Nogareda et al. 2016). This revealed
significant differences (P < 0.001) in the skin,
meat color, and external cutaneous structures,
such as the comb and base of the feathers.
Chickens raised on the HC-supplemented diet
were healthy and accumulated higher levels of
bioavailable carotenoids in peripheral tissues,
muscle, skin, and fat. The analysis of carotenoid
levels in breast meat showed that violaxanthin
and β-cryptoxanthin were only present in the
birds fed on the HC-supplemented diet and that
the levels of lutein, zeaxanthin, and β-carotene
were significantly higher (P< 0.001) in the breast
meat of birds fed on the HC-supplemented diet.
We found that the levels of lutein, zeaxanthin, and
β-carotene were 117% (2-fold), 2104% (22-fold),
and 999% (11-fold) higher in birds reared on the
HC-supplemented diet. In contrast, violaxanthin
and β-cryptoxanthin were not present in thigh
meat, lutein levels were similar in both diet
groups, zeaxanthin levels were significantly
higher (P < 0.001) in the thigh meat of birds fed
on the HC-supplemented diet, and there was no
β-carotene in the thigh meat, suggesting that it
had been metabolized into downstream
derivatives. Accordingly, the thigh muscle of the
birds fed on the HC-supplemented diet contained
substantial amounts of oxidation products, such
as zeaxanthin-5,8-epoxides and β-carotene-5,8-
epoxides, suggesting that high levels of zeaxan-
thin and β-carotene may have accumulated
initially but subsequently underwent oxidation
(Nogareda et al. 2016).

The livers of birds reared on the
HC-supplemented diet accumulated high levels
of retinol and also a retinoic acid conjugate that
was not present in the livers of control animals.
Retinol in the liver was almost double compared
with the control diet (814� 115 and 471� 52 μg/

g freeze-dried liver, respectively) (Nogareda et al.
2016). Vitamin A metabolism is complex and
involves many different biologically active
molecules (retinol, retinal, retinoic acid, and
oxidized and conjugated metabolites) which are
collectively known as retinoids (D’Ambrosio
et al., 2011). The higher levels of serum and
liver retinoids in birds fed on the
HC-supplemented diet are likely to be derived
from the tenfold higher supply of provitamin A
carotenoids present in the feed. The absence of
β-carotene in most of the tissues we tested, cou-
pled with the higher levels of β-carotene oxida-
tion products in the skin and muscle and the
higher levels of retinol in the liver and serum,
suggests that β-carotene obtained from the diet
is metabolized to retinol via retinal or oxidized in
line with its antioxidant activity. A similar trial
was conducted under farm conditions. The results
were similar to those we obtained under the con-
trolled experimental conditions.

Having confirmed the nutritional and color-
promoting activity of HC in enriched poultry
diets, we carried out an additional trial
incorporating a challenge with Eimeria tenella,
one of several important protozoan parasites that
cause coccidiosis, which is an important disease
in commercial broilers farms (Nogareda et al.
2016). We allocated 56 1-day-old chicks into
four groups of 14 animals housed in isolated
cages. Two groups of chickens were fed on the
HC-supplemented diet and two on the control
diet. One group from each diet was challenged
orally with an E. tenella inoculum of 24.3 � 104

sporulated oocysts (Houghton strain) on day 13.
Cecal intestinal lesions, footpad dermatitis, digi-
tal ulcers, and fecal oocyst counts post-challenge
were evaluated. Animals in the challenged groups
weighed 25% less than their counterparts in the
non-challenged groups 6 days post-challenge.
Cecal intestinal lesions were assigned a score
from 0 to 4, depending on the severity. The
challenged group on the HC-supplemented diet
had fewer lesions than the controls (the average
scores of the animals were 0 in the
non-challenged groups, 2.75 � 0.41 in the
challenged group on the HC-supplemented diet,
and 3.25 � 0.16 in the control diet). Birds on the
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HC-supplemented diet suffered substantially
milder disease symptoms and had lower fecal
oocyst counts than birds on the control diet. The
number of oocysts per gram of feces was 0 in the
non-challenged groups, and significantly fewer
oocysts were found (P < 0.05) in the feces of
challenged chickens fed on the HC-supplemented
diet on day 6 post-challenge (87,000 � 1200 and
132,800 � 2900 oocysts/g feces) and day 9 post-
challenge (14,200 � 900 and 56,900 � 4300
oocysts/g feces) compared with challenged con-
trol diets (Nogareda et al. 2016).

We also found that incidences of footpad der-
matitis and digital ulcers were also significantly
lower in animals fed on the HC-supplemented
diet in both the challenged and non-challenged
groups, suggesting that the HC-supplemented diet
protects against lesions in the presence and also in
the absence of coccidiosis (Eimeria spp.)
(Nogareda et al. 2016). Footpad dermatitis
characterized by inflammation and ulcers on the
footpad and toes is common in poor litters and
can be caused by chemicals, genetic predisposi-
tion, immunosuppressive diseases, and poor
nutrition (Miljkovic et al. 2012). The animals
walk on the wet litter, and the outer layers of
their skin begin to soften. The litter produces
friction between the soft footpad and the floor,
and the outer layers erode to cause the lesions. We
found that incidences of footpad dermatitis and
digital ulcers were significantly lower in animals
fed on the HC-supplemented diet in both the
challenged and non-challenged groups,
suggesting that the HC-supplemented diet
protects against lesions in the presence and also
in the absence of coccidiosis (Nogareda et al.
2016). Our results show that carotenoid-enriched
corn can be used to maintain poultry health and
immunity, thus reducing footpad dermatitis and
ulcer counts on feet due to the more productive
inflammatory responses to lesions and secondary
infections. Our results also demonstrate that
carotenoid-rich corn incorporated into commer-
cial poultry diets can maintain animal health and
confer nutritional value to poultry products with-
out the use of expensive feed additives.

8.9 High-Carotenoid Corn in Egg
Production

The biofortified corn varieties HC and BKT,
which are rich in carotenoids and
ketocarotenoids, respectively, were evaluated in
feeding trials with laying hens to assess produc-
tivity and quality parameters in egg production
and to investigate the fate and distribution of
carotenoids in specific tissues, as well as in the
eggs. Four diets supplemented with different
types of corn (which represented a 62% of the
total feed) were assessed: HC, BKT, their near-
isogenic line (M37W), and a commercial yellow
corn line (supplemented with 3 mg retinol per kg
feed). These were evaluated in animal feeding
trials with 32 laying hens (ISA Brown). Hens
were fed on the M37W-supplemented diet for
12 days before starting the trial to ensure the
depletion of carotenoid content in the egg yolk.
The M37W-supplemented diet was then changed
to the experimental diets, and the trial lasted
20 additional days (Moreno et al. 2016).

Biofortified corn diets, which were nutrition-
ally equivalent to the other diets, except for carot-
enoid and ketocarotenoid levels, did not
adversely affect the health of the hen. The feed
conversion ratio (FCR), which is defined as the
amount (g) of feed required to produce a gram of
egg, was lower in HC- and BKT-supplemented
diets (1.79 and 1.94, respectively) compared with
M37W and commercial supplemented diets (2.22
and 2.06, respectively), resulting in a better effi-
ciency in terms of egg production. The egg qual-
ity parameters evaluated (egg weight, breaking
strength, albumen height, Haugh units, and shell
thickness) showed similar results among diets
(Moreno et al. 2016).

The yolk color is considered the most impor-
tant quality parameter, and significant differences
were found among diets. According to the DSM
scale, eggs laid by hens fed on BKT, and Ph-3-
supplemented diets had the highest values (11.38
and 10.08, respectively) compared with eggs laid
by hens fed on M37W and commercial diets (1.25
and 4.22, respectively). Similar differences were
found when yolk colors were measured by the
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CIELAB trichromatic system as lightness (L*),
redness (a*), and yellowness (b*). Yolks from
eggs laid by hens fed on commercial and
M37W-supplemented diets had the highest light-
ness (56.8 � 0.70 and 57.9 � 0.60, respectively)
compared with those from hens fed on HC- and
BKT-supplemented diets (51.7 � 0.55 and
49.4 � 0.94, respectively). The highest redness
was measured in yolks from eggs laid by hens fed
on biofortified corn diets (13.6 � 0.62 and
10.8 � 0.43 for BKT and HC, respectively) com-
pared with those from hens fed on commercial
and M37W-supplemented diets (3.6 � 0.18
and � 1.16 � 0.07). Regarding yellowness,
yolks from eggs laid by hens fed on the commer-
cial supplemented diet had the highest value
(25.4 � 2.38), followed by those from hens fed
on HC-, BKT-, and M37W-supplemented diets
(22.7� 1.41, 17.4� 0.89 and 9.7� 0.95, respec-
tively) (Moreno et al., personal communication).
Yolk colors are shown in Fig. 8.3.

Carotenoid analysis confirmed a correlation
between carotenoid content in the experimental
diets (Table 8.3) and carotenoid content in the
yolks (Table 8.4). The total carotenoid content
as well as provitamin A carotenoids (β-carotene
and β-cryptoxanthin) were much higher in the
HC-supplemented diet compared with the other
diets. Therefore, eggs laid by those hens had
significantly higher total carotenoid content and
provitamin A carotenoids. The
BKT-supplemented diet was the only one which

contained astaxanthin and other ketocarotenoids
(4.42 and 2.09 μg/g freeze-dried feed, respec-
tively). Thus, only hens fed on the
BKT-supplemented diet laid eggs accumulating
astaxanthin and other ketocarotenoids (6.56 and
1.69 μg/g freeze-dried yolk, respectively).

Carotenoid content in yolks was higher than
carotenoid content in feed, suggesting that they
were transferred to the eggs against a concentra-
tion gradient. This enrichment was higher when
hens were fed on biofortified corn diets rather
than on the commercial diet. Therefore, analyses
of provitamin A (PVA) and non-provitamin A
(non-PVA) carotenoids were separately
performed to elucidate the mechanism of caroten-
oid accumulation in the yolk (Tables 8.3 and 8.4).
Non-PVA carotenoids accumulated in the egg,
doubling the initial concentration in the feed,
particularly when biofortified diets were supplied,
while PVA carotenoids were depleted by up to
50% on their way to the egg (Moreno et al. 2016).

This difference in carotenoid distribution
could be explained by the conversion of PVA
carotenoids into retinol and its diversion to the
liver. Retinol levels in hens fed on commercial
and HC-, BKT-, and M37W-supplemented diets
were 1397, 1790, 1454, and 380 μg/g freeze-
dried, respectively, in the liver, and 18.0, 21.08,
23.69, and 15.4 μg/g freeze-dried, respectively, in
the egg. Taking into account that the commercial
diet was supplemented with 3 mg retinol per kg
feed, a higher retinol accumulation was found in
the liver when biofortified diets were supplied
compared with M37W-supplemented diet.

The specific carotenoid profiles play a more
important role in yolk pigmentation than the total
carotenoid content in the egg yolks. Therefore,
visual color is not always correlated with total
carotenoid content in the egg yolk (Karadas
et al. 2006). This has been corroborated in our
study. For example, the BKT-supplemented diet
increased redness due to astaxanthin and other
ketocarotenoids, whereas the HC-supplemented
diet supplied the highest total carotenoid content.
The results demonstrate that biofortified corn
diets not only increase yolk pigmentation but
also provide carotenoids through a direct source.
They thus not only constitute a cost-effective

Fig. 8.3 Yolks from eggs laid by hens fed on the experi-
mental diets (commercial and BKT-, HC-, and M37W-
supplemented diets from left to right) compared with
DSM color scale
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alternative to feed supplementation in the poultry
industry but also serve as a good model for carot-
enoid metabolism in humans.

8.10 Mice Fed on a Diet Enriched
with Genetically Engineered
High-Carotenoid Corn Show No
Sub-acute Toxic Effects and No
Sub-chronic Toxicity

The assessment of nutritionally enhanced
varieties created by genetic engineering or other-
wise must include (among other tests) composi-
tional analysis, laboratory feeding trials in
animals to test sub-chronic toxicity, as well as
tests for allergenicity and nutritional assessments
(Kuiper et al. 2001; Konig et al. 2004). As part of
the development process for genetically
engineered crops and following the European
Food Safety Authority (EFSA) recommendations,
high-carotenoid (HC) corn must be tested in
whole food/feed sub-chronic animal feeding stud-
ies to ensure that there are no adverse effects, and
potential allergens must be identified. A compo-
sitional analysis showed no nutritionally relevant
differences between HC corn and its near-
isogenic line M37W in terms of major
constituents. Indeed, the only difference was the
expected higher levels of novel carotenoids in HC
corn (Arjo et al. 2012). These nutritional
differences represent the intended effects of the
genetic modification and therefore do not

constitute “unintended effects” that the safety
tests are ostensibly designed to identify (Arjo
et al. 2012).

Diets enriched with HC corn had no adverse
effects on mice, did not induce any clinical signs
of toxicity, and did not contain known allergens.
In order to identify short-term toxic effects, a
28-day toxicity assessment was performed in
mice comparing the composition of HC corn
and its near-isogenic line M37W. After 28 days,
the male body weight was 23.88 � 1.82 g in the
reference diet group, 25.24� 0.47 g in the M37W
group, and 24.81 � 0.29 g in the HC corn group.
The corresponding female body weights were
20.28 � 1.33, 19.13 � 1.32, and
20.69 � 0.74 g, respectively. This experiment
showed no short-term sub-acute evidence of
diet-related adverse health effects in mice and
no difference in clinical markers (food consump-
tion, body weight, organ/tissue weight, hemato-
logical and biochemical blood parameters, and
histopathology) compared with mice fed on a
control diet (conventional varieties of the same
crop) (Arjo et al. 2012).

A subsequent 90-day sub-chronic feeding
study was carried out to determine any adverse
effects caused by repeated exposure over a longer
period. After 13 weeks, there was no statistically
significant difference in either food consumption
or body weight among the three diet groups when
comparing the whole groups or individual sexes,
although males fed on the HC corn diet were on
average marginally heavier (27.76 � 0.75 g) than

Table 8.3 Total carotenoid content and provitamin A (b-carotene and b-cryptoxanthin) and non-provitamin A
carotenoids in the experimental diets (mg/g freeze-dried feed)

HC BKT Commercial M37W

Total carotenoid content 31.05 13.81 9.22 0.84
Provitamin A carotenoids 6.47 1.6 0.68 0.23
Non-provitamin A carotenoids 24.58 5.7 8.54 0.61

Table 8.4 Total carotenoid content, provitamin A (b-carotene and b-cryptoxanthin), and non-provitamin A carotenoids
in the yolks (mg/g freeze-dried yolk)

HC BKT Commercial M37W

Total carotenoid content 57.5 26.18 11.54 1.81
Provitamin A carotenoids 3.09 0.46 0.33 0.13
Non-provitamin A carotenoids 54.41 17.47 11.21 1.68

110 C. Zhu et al.



their counterparts in the other two groups
(27.23 � 1.01 g for the reference diet,
27.04 � 1.13 g for the wild-type corn diet). The
females in the reference, wild-type, and HC diet
groups weighed 21.94 � 1.44 g, 22.39 � 1.42 g,
and 22.24� 0.99 g, respectively. This experiment
again showed no indications of toxicity in terms
of biochemical markers and hematological
parameters compared with mice fed on control
diets. No significant differences were measured
between the HC corn-fed group and control group
in terms of absolute organ weight, or organ
weight relative to brain or body weight, changes
which often indicate hepatocellular, myocardial,
adrenal gland, and renal tubular hypertrophy,
neurotoxicity in the brain, and toxicity-related
alterations in the reproductive or lymphoid
organs. For these assays, Arjo et al. (2012)
measured the weight of the adrenals, brain, epi-
didymis, heart, kidneys, liver, ovaries, spleen,
testes, thymus, and uterus. In addition, no
histopathological anomalies specific to the HC
corn diet were observed.

In conclusion, the genetically engineered HC
corn did not show any unintended effects in ani-
mal feeding trials designed to evaluate sub-acute
and sub-chronic toxicity, tests that are although
not mandated by law in most jurisdictions will
facilitate public acceptance of HC corn for human
consumption. Diets prepared with HC corn were
palatable, nutritious, and safe for animals. This
should pave the way for human trials and the
eventual deployment of HC corn in developing
countries to help combat micronutrient
deficiencies among populations that subsist on a
predominantly cereal-based diet.

8.11 Engineered Maize as a Source
of Astaxanthin: Processing
and Application as Fish Feed

Astaxanthin, a ketocarotenoid used in salmon and
trout feeding, is necessary for achieving a pink
flesh coloration. Currently, most of the
astaxanthin used in aquaculture is synthetic
(Moretti et al. 2006). Only a small number of
biological sources are available, including the

bacterium Paracoccus carotinifaciens, the alga
Haematococcus pluvialis, and the fungus
Xanthophyllomyces dendrorhous (Ambati et al.
2014), which are not sufficient to meet the global
astaxanthin market. An alternative source is
provided by the extension of the carotenoid path-
way in maize for the synthesis of astaxanthin
through metabolic engineering (Breitenbach
et al. 2016). A maize line expressing a hydroxy-
lase and a ketolase gene leading to the synthesis
of astaxanthin, in addition to a gene to knock
down lycopene ε-cyclase and phytoene synthase
1, was crossed into a high-oil hybrid (NLS76)
(Farre et al. 2016). The prevalent accumulated
carotenoid in the kernels was astaxanthin,
reaching ca: 60% of the total carotenoids. The
resulting maize seeds containing astaxanthin
were evaluated as a feed supplement source for
rainbow trout.

A large-scale extraction process was
established, and the isomeric composition of the
astaxanthin product was determined, identifying
the astaxanthin from this transgenic maize as the
3S, 30S enantiomer. The geometrical isomers
were 89% all-E, 8% 13-Z, and 3% 9-Z. The
astaxanthin concentration step involving
multiple-phase partitioning steps was
implemented to remove 90% of the oil provided
an oily astaxanthin preparation for use as a fish
feed ingredient. The fish were fed with
astaxanthin supplement from the start of the trial
with a lower dose of 7 mg/g feed, which was
increased tenfold in the astaxanthin feed to
72 mg/g after 35 days to a concentration ensuring
a maximum pigmentation effect. In contrast to the
fillets from the astaxanthin-free feed, the applica-
tion of astaxanthin resulted in a strong pink pig-
mentation. Pigmentation properties of the maize
produced natural astaxanthin incorporated to
3.5 μg/g DW in the trout fillet resembling that of
chemically synthesized astaxanthin. The only
detectable carotenoid in the fillet of the control-
diet fish was a small amount of zeaxanthin. By
comparing the relative carotenoid composition in
feed, flesh, and feces, a preferential uptake of
zeaxanthin and 4-keto zeaxanthin over
astaxanthin was observed (Breitenbach et al.
2016).
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Carotenoid Biosynthesis in Liverworts 9
Miho Takemura and Norihiko Misawa

Abstract

In higher plants, there are many studies on
carotenoid biosynthetic pathways and their rel-
evant genes. On the other hand, few researches
exist on carotenoid biosynthesis in early-land
plants containing liverworts, mosses, and
ferns. Thus, the evolutionary history of carot-
enoid biosynthesis genes in land plants has
remained unclear. A liverwort Marchantia
polymorpha is thought to be one of the first
land plants, since this plant remains a primitive
figure. Moreover, this liverwort is regarded as
the model plant of bryophytes due to several
reasons. In this chapter, we review carotenoid
biosynthesis in liverworts and discuss the
functional evolution and evolutionary history
of carotenogenic genes in land plants.

Keywords

Liverworts · Marchantia polymorpha ·
Carotenoid biosynthesis · Early-land plants ·
Functional evolution

9.1 Introduction

Bryophytes are non-vascular plants, which con-
tain three lineages, phylum Bryophyta (mosses),
phylum Marchantiophyta (liverworts), and phy-
lum Anthocerophyta (hornworts). They have an
obvious gametophyte stage. Liverworts, observed
ubiquitously, show the dominant gametophyte
generation, which retains leaf-like structures
(thalli) and root-like structures (rhizoids).
Liverworts can be propagated by both asexual
and sexual growth. A liverwort Marchantia
polymorpha L. belongs to the class March-
antiopsida and is commonly known as “liver-
wort,” which is unisexual with male and female
sexual organs formed on distinct plants. This
liverwort can be propagated not only asexually
by gemmae but also sexually by spores.
M. polymorpha remains a primitive figure,
which is a very interesting feature from the view-
point of plant evolution. Especially, this liverwort
is highlighted as one of the first land plants to
elucidate the origin and evolution of plants on
landscape. Thus,M. polymorpha has been widely
studied in its physiology and genetics. Recently,
M. polymorpha genome became available, which
should make genomic comparisons feasible with
wide phylogenetic levels (Bowman 2016). More-
over, genetic techniques in the liverwort, being
developed, allow this plant to become the model
plant of bryophytes (Ishizaki et al. 2008; Ishizaki
et al. 2013). We noted the carotenoid biosynthesis
genes of M. polymorpha. In this chapter, we
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review carotenoid biosynthesis in liverworts and
discuss the functional evolution and evolutionary
history of carotenogenic genes in land plants.

9.2 Carotenoid Profile
of Liverworts

Carotenoid compositions have widely been
examined in higher plants. It is striking that all
the plant green leaves examined contain the same
major carotenoids, i.e., β-carotene, lutein,
violaxanthin, and neoxanthin (Goodwin and
Britton 1988). α-Carotene, β-cryptoxanthin, zea-
xanthin, antheraxanthin, and lutein-5,6-epoxide
are commonly also present as minor carotenoid
components (Goodwin and Britton 1988). Carot-
enoid profiles in the flowers are distinctive
according to higher-plant species (see Chaps. 7
and 8). On the other hand, a few examinations
have been conducted on the carotenoid profile of
bryophytes. Czeczuga (1980) showed that the
same carotenoids as those in higher-plant leaves,
such as β-carotene, lutein, and zeaxanthin, were
found in bryophytes. In addition, some
ketocarotenoids, such as astaxanthin, were also
detected in the liverwort gametophyte by TLC
(Czeczuga 1980). We examined carotenoid con-
tent and composition in the male and female thalli
of M. polymorpha (Takemura et al. 2014). Con-
sequently, no significant differences were
observed between the male and female. Lutein
and β-carotene were dominant carotenoids, and
α-carotene, lutein-5,6-epoxide, zeaxanthin,
antheraxanthin, violaxanthin, and 90-cis-
neoxanthin were also found in the thalli. Their
carotenoid compositions were similar to those in
the leaves of higher plants (Fraser and Bramley
2004; Demmig-Adams et al. 1996; Goodwin and
Britton 1988). However, no ketocarotenoids were
detected in the liverwort thalli. This discrepancy
may be due to the different methods of extraction
and analysis or different liverwort materials. It
would be required to investigate the carotenoid
profiles of sexual organs and sporophytes in
detail.

9.3 Carotenoid Biosynthesis Genes
of the Liverwort

The presence of the leaf-type carotenoids in
bryophytes suggested that these organisms may
possess the same carotenoid biosynthetic path-
way as that of higher plants. So far, few
researches existed on the carotenoid biosynthesis
genes of bryophytes. Recently, we analyzed the
carotenoid biosynthesis genes in the liverwort
(Takemura et al. 2014, 2015a). According to dry
analysis of theM. polymorpha genome sequence,
liverwort genes proved to be single copy, while
higher plants often possess redundant carotenoid
biosynthesis genes (Takemura et al. 2015b). For
example, Arabidopsis, tomato, maize, and rice
carry 2, 2, 6, and 3 BHY (β-carotene hydroxylase)
genes, respectively, although two among the six
maize BHYs are pseudogenes (Vallabhaneni et al.
2009). In addition, tomato has two PSY and two
LCYb genes. A moss Physcomitrella patens was
found to be a paleopolyploid, and many of the
genes proved to be duplicated (Rensing et al.
2007). In the P. patens genome, the carotenoid
biosynthesis genes are highly redundant. Its met-
abolic genes have been thought to be maintained
in excess after the duplication event. In contrast,
there are few polyploids in most liverworts and
hornworts (Rensing et al. 2007). Therefore,
M. polymorpha is regarded as a suitable organism
material for study about plant evolution.

We analyzed the functions of the
M. polymorpha carotenoid biosynthesis genes
using the E. coli expression system (Misawa
et al. 1995). E. coli cannot produce carotenoids
but produce FPP (farnesyl diphosphate).Thus, by
introducing carotenoid biosynthesis genes that
start from GGPP (geranylgeranyl diphosphate)
synthase gene, engineered E. coli can produce
carotenoids, such as phytoene, lycopene, and
β-carotene. The functions of the MpLCYb,
MpLCYe, MpBHY, MpCYP97A, and MpCYP97C
genes were elucidated so far (Takemura et al.
2014, 2015a). The results indicated that MpLCYb
andMpLCYe show enzyme activities as lycopene
β- and ε-cyclase, respectively, as anticipated.
Interestingly, MpBHY was able to hydroxylate
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not only the β-rings of β-carotene but also the
β-ring of α-carotene, and MpCYP97A showed
no enzymatic activity to both β-carotene and
α-carotene. It was strikingly elucidated that
MpBHY and MpCYP97C function as β-ring and
ε-ring hydroxylase of α-carotene, respectively, to
produce lutein. In higher plants, CYP97C
functions mainly along with CYP97A, not with
BHY (Kim and DellaPenna 2006; Tian et al.
2003; Quinlan et al. 2012). In the liverwort,
CYP97A is unlikely to be involved in carotenoid
biosynthesis and may function in a different
pathway.

Other M. polymorpha genes for carotenoid
biosynthesis are under investigation. Our

preliminary data indicated that most of them are
functional (in preparation). Here, we show the
predicted pathway of carotenoid biosynthesis in
the liverwort (Fig. 9.1).

9.4 The Evolutionary History
of the Carotenoid
Biosynthesis Genes

In the genome of liverwort M. polymorpha, the
carotenoid biosynthesis genes showed low redun-
dancy, indicating the primitive features of this
plant as described above. MpLCYb belonged to
the LCYb1 subfamily (chloroplast-specific) and

DMAPP GGPP Phytoene 
MpGGPS 

MpPDS    MpZ-ISO 

MpPSY 

MpZDS    MpCRTISO 

Lycopene MpLCYb 
MpLCYe     MpLCYb 

α-Carotene β-Carotene 

MpBHY 

Zeaxanthin 

MpBHY 

MpZEP MpVDE 

Violaxanthin 

Neoxanthin 

Zeinoxanthin 

MpCYP97C 

Lutein 

9’-cis-Neoxanthin 

NSY 

MpCYP97A 

Fig. 9.1 Predicted pathway of carotenoid biosynthesis in liverwort Marchantia polymorpha. Genes (gene products)
indicated by black letter are functionally identified. Genes (gene products) indicated by grey letter are under investigation
in functional analysis
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had activity to produce β-carotene from lycopene.
A gene encoding LCYb2 subfamily
(chromoplast-specific), which was mainly
expressed in fruits (Alquézar et al. 2009; Mendes
et al. 2011), was not observed in liverworts.
Because liverworts possess neither flowers nor
fruits, the LCYb2 subfamily is likely to have
evolved after the branch point of bryophytes.
During the evolution of land plants, the caroten-
oid biosynthesis genes may have been duplicated
and diverged for more complicated regulations of
carotenoid biosynthesis.

TheMpBHY gene was found to code for β-ring
hydroxylase, which is responsible for both routes
starting from β-carotene and α-carotene.
MpCYP97C functioned as an ε-ring hydroxylase
for zeinoxanthin, while MpCYP97A showed no
hydroxylation activity for β-carotene or
α-carotene. From an evolutionary point of view,
in the early-land plants, the BHY genes may have
been mainly involved in β-ring hydroxylation of
both β- and α-carotenes to synthesize zeaxanthin
and zeinoxanthin, respectively. These plants also
possessed the CYP97C genes, which hydroxylate
the ε-ring of zeinoxanthin to produce lutein. On
the other hand, the CYP97A genes are present in
the early-land plants; however, they did not func-
tion for carotenoid biosynthesis. It is thus likely
that CYP97A came to act as a hydroxylase on
α-carotene after the branching point of
Marchantiophyta.

9.5 Concluding Remarks

The liverwort Marchantia polymorpha L. proved
to retain simple carotenoid biosynthesis genes
and to have kept a primitive genotype as the first
land plant. Therefore, this liverwort is suitable for
basic study on carotenoid biosynthesis. Recently,
genetic manipulation methods for this liverwort
were established, which should make it easy to
investigate in vivo function of unidentified genes.
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Metabolic Engineering for Carotenoid
Production Using Eukaryotic Microalgae
and Prokaryotic Cyanobacteria

10

Yuichi Kato and Tomohisa Hasunuma

Abstract

Eukaryotic microalgae and prokaryotic
cyanobacteria are diverse photosynthetic
organisms that produce various useful
compounds. Due to their rapid growth and
efficient biomass production from carbon
dioxide and solar energy, microalgae and
cyanobacteria are expected to become cost-
effective, sustainable bioresources in the
future. These organisms also abundantly pro-
duce various carotenoids, but further improve-
ment in carotenoid productivity is needed for a
successful commercialization. Metabolic engi-
neering via genetic manipulation and muta-
tional breeding is a powerful tool for
generating carotenoid-rich strains. This chap-
ter focuses on carotenoid production in
microalgae and cyanobacteria, as well as
strategies and potential target genes for meta-
bolic engineering. Recent achievements in
metabolic engineering that improved caroten-
oid production in microalgae and
cyanobacteria are also reviewed.

Keywords

Microalgae · Cyanobacteria · Metabolic
engineering

10.1 Introduction

Eukaryotic microalgae and prokaryotic
cyanobacteria are diverse groups of microscopic
photosynthetic organisms that include the green
algae Chlorella (Liu et al. 2014a), Dunaliella
(Oren 2014), Haematococcus (Shah et al. 2016),
the diatom Phaeodactylum (Gügi et al. 2015), and
the cyanobacteria Synechocystis (Yu et al. 2013)
and Synechococcus (Ruffing et al. 2016). In par-
ticular, the green alga Chlamydomonas
reinhardtii has been extensively studied as a
model in genetic researches (Scranton et al.
2015). Microalgae and cyanobacteria produce
biomass photosynthetically and grow rapidly
compared with terrestrial plants and are therefore
promising targets for producing valuable
products, such as biodiesel (Taparia et al. 2016;
Ho et al. 2017). These organisms can also synthe-
size high-value natural chemicals that can be used
in cosmetics, dietary supplements, and
pharmaceuticals (Wang et al. 2015; Chew et al.
2017; Yan et al. 2016). Microalgae and
cyanobacteria produce biomass by fixing carbon
dioxide using solar energy, which contributes to
cost-effective and sustainable production of valu-
able compounds. In addition, their cultivation in
the hydrosphere does not compete with food pro-
duction on croplands. Some microalgae and
cyanobacteria can be grown using seawater, sav-
ing limited freshwater resources.

Carotenoids are warm-colored tetraterpenoid
pigments primarily synthesized by photosynthetic
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organisms including terrestrial plants,
microalgae, and cyanobacteria (Huang et al.
2017). Carotenoids are commonly localized in
chloroplasts and chromoplasts, and they function
as light-harvesting antennas in photosynthesis as
well as scavengers of reactive oxygen species
(ROS) to protect cellular components from pho-
tooxidative damage (Xiao et al. 2011; Jahns and
Holzwarth 2012). Due to their antioxidative
properties, carotenoids have begun to attract pub-
lic attention with respect to both their use as
natural coloring agents for foods and their use as
dietary supplements (Fiedor and Burda 2014).
Microalgae and cyanobacteria produce abundant
amounts of a wide variety of valuable
carotenoids, such as β-carotene, lutein, zeaxan-
thin, astaxanthin, and fucoxanthin (Varela et al.
2015; Huang et al. 2017).

In order to meet the increasing worldwide
demand for carotenoids, stable and cost-effective
carotenoid production technologies using
microalgae and cyanobacteria are needed (Lin
et al. 2015; Anila et al. 2016). Improved caroten-
oid productivity is desired for commercialization,
which could be realized by breeding valuable
strains via metabolic engineering approaches
(Gimpel et al. 2015). This chapter focuses on
metabolic engineering of microalgae and
cyanobacteria for carotenoid production and
summarizes recent achievements.

10.2 Technologies for Metabolic
Engineering of Microalgae
and Cyanobacteria

Genetic engineering enables the overexpression
of targeted genes and is therefore a powerful tool
for use in metabolic engineering. Carotenoid-rich
transgenic organisms have been generated by
introducing transgenes related to carotenoid syn-
thesis pathways via plasmid vectors into bacteria
(Li et al. 2015; Henke et al. 2016), yeast (Gassel
et al. 2014), and plants (Hasunuma et al. 2008a;
Zhu et al. 2009). The success of these efforts
suggests that genetic engineering is an effective
approach for improving carotenoid production.
Technologies for genetic engineering of

microalgae and cyanobacteria have been devel-
oped in model organisms, such as
Chlamydomonas (Baek et al. 2016a, b; Yamaoka
et al. 2016; Wannathong et al. 2016), Chlorella
(Fan et al. 2015; Yang et al. 2016), Dunaliella
(Feng et al. 2014; Zhang et al. 2015),
Haematococcus (Steinbrenner and Sandmann
2006), Nannochloropsis (Kilian et al. 2011;
Kang et al. 2015), Phaeodactylum (Xie et al.
2014; Kadono et al. 2015a), Synechocystis
(Yu et al. 2013), and Synechococcus (Ruffing
et al. 2016), as well as in some non-model
organisms, such as Monoraphidium (Jaeger
et al. 2017) and Scenedesmus (Chen et al. 2016).
In eukaryotic microalgae, transformation of either
nuclear or chloroplast would be available for
enhancing carotenoid production, because intrin-
sic carotenoid synthesis occurs primarily in the
chloroplasts (Gimpel et al. 2015). In some
eukaryotic microalgae, exogenous DNA
fragments introduced into cells are randomly
integrated into the nuclear genome via
non-homologous end joining (NHEJ) pathways
(Doron et al. 2016). This makes targeted gene
knock-in/out of the nuclear genome via homolo-
gous recombination (HR) quite difficult in these
eukaryotic microalgal species, including the
model microalga C. reinhardtii.

Genome editing is a recently developed
genetic engineering tool that involves sequence-
specific nucleases. The CRISPR-Cas9 system is
now a widely employed technology for genome
editing due to its ease of use (Hsu et al. 2014;
Mali et al. 2013; Yang 2015). Targeted gene
knock-in and knock-out are archived after
generated DNA double-strand breaks are repaired
by HR and NHEJ pathways, respectively.
Targeting knock-out strains generated by genome
editing would be valuable because exogenous
sequences do not remain in the genome DNA;
therefore, these mutants are not regarded as genet-
ically modified organisms (GMOs)
(Kanchiswamy et al. 2015). However, genome
editing is still uncommon in eukaryotic
microalgae, probably because of the random inte-
gration characteristic described above. Genome
editing using CRISPR-Cas9 is now possible in
Chlamydomonas (Shin et al. 2016; Kao and Ng
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2017), Nannochloropsis (Wang et al. 2016a;
Ajjawi et al. 2017), and Phaeodactylum (Nymark
et al. 2016). Knowledge gained through genome
editing of model microalgae is expected to lead to
improved carotenoid production.

Mutational breeding, which combines random
mutagenesis using various mutagens, such as UV,
radiation, and chemical agents with screening to
identify potentially valuable strains, has been
widely utilized as a classical and traditional
approach (Bose 2016; Tanaka et al. 2010; Kato
et al. 2017; Emmerstorfer-Augustin et al. 2016).
Recently, easy and accelerated high-throughput
screening techniques have become available due
to technological developments. Atmospheric and
room temperature plasma (ARTP) has attracted
attention as a convenient, safe, and effective tool
for random mutagenesis as an alternative to radio-
active materials and heavy ion radiation (Fang
et al. 2013; Zhang et al. 2014; Cao et al. 2017).
Fluorescence-activated cell sorting (FACS) using
fluorescent biomarkers accelerates screening pro-
cesses (Velmurugan et al. 2013; Rumin et al.
2015). In microalgae, oil-rich strains of
Chlamydomonas (Terashima et al. 2015),
Parachlorella (Ota et al. 2013), Desmodesmus
(Hu et al. 2013; Zhang et al. 2016), and Euglena
(Yamada et al. 2016) have been generated using
mutational breeding. This approach is particularly
useful in cases in which genomic characteristics
of the organism are not fully understood or when
other metabolic engineering tools are not avail-
able. Knowledge obtained via mutational breed-
ing can be feedbacked into other targeted
metabolic engineering approaches. In addition,
as strains generated by random mutagenesis are
non-GMO, they can be used for outdoor cultiva-
tion and food purposes.

10.3 Carotenoid Synthesis Pathways
in Microalgae
and Cyanobacteria

Basic knowledge regarding carotenoid synthesis
pathways is indispensable for determining targets
for metabolic engineering. Carotenoids in
microalgae are believed to be synthesized via

universal pathways in common with plants
(Lohr et al. 2005; Cheng 2006; Liang et al.
2006; Wang et al. 2014). The hypothetical and
generally accepted pathways in microalgae and
cyanobacteria are summarized in Fig. 10.1. The
intermediate metabolites for carotenoid synthesis
are initially generated in the 2-C-methyl-D-
erythritol 4-phosphate (MEP) pathway. In the
MEP pathway, pyruvate and glyceraldehyde-3-
phosphate (GA3P) are converted to isopentenyl
diphosphate (IPP) and its isomer dimethylallyl
diphosphate (DMAPP) via 1-deoxy-D-xylulose-
5-phosphate (DXP), MEP, 4-diphosphocytidyl-2-
C-methyl-D-erythritol (CDP-ME), 4-diphos
phocytidyl-2-C-methyl-D-erythritol-2-phosphate
(CDP-MEP), 2-C-methyl-D-erythritol-2,4-
cyclodiphosphate (MEcPP), and (E)-4-hydroxy-
3-methyl-but-2-enyl pyrophosphate (HMB-PP)
by the sequentially acting enzymes DXP synthase
(DXS), DXP reductoisomerase (DXR), MEP
cytidylyltransferase (CMS), CDP-ME kinase
(CMK), MEcPP synthase (MCS), HMB-PP
synthase (HMS), and IPP/DMAPP synthase
(IDS). Microalgae and cyanobacteria do not pos-
sess the mevalonate pathway, which is also used
to synthesize DMAPP and IPP in plants (Lohr
et al. 2012; Bentley et al. 2014).

Lycopene are then synthesized from IPP and
DMAPP in the carotenoid synthesis pathway via
geranylgeranyl diphosphate (GGPP), phytoene,
and ζ-carotene by the sequentially acting
enzymes GGPP synthase (GGPS), phytoene
synthase (PSY/CrtB), phytoene desaturase
(PDS/CrtP), ζ-carotene desaturase (ZDS/CrtQ),
and carotenoid isomerase (CRTISO/CrtH), or
the bypassed pathway by cyanobacterial
phytoene desaturase (CrtI). PSY/CrtB functions
at the beginning of this pathway and converts
GGPP into phytoene. In plants, PSY is a rate-
limiting enzyme in carotenoid synthesis (Ruiz-
Sola and Rodríguez-Concepción 2012).
PDS/CrtP is downstream of PSY/CrtB, which
catalyzes the conversion of phytoene into
ζ-carotene. Considerable carotenoid synthesis
pathway research in eukaryotic microalgae has
focused on PDS due to the availability of specific
inhibitors (Simkin et al. 2000).
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The synthetic pathway upstream of lycopene is
common in many microalgae and cyanobacteria,
but pathways and synthesized carotenoids down-
stream of lycopene diverge across species
(Takaichi 2011). Lutein, mainly found in eukary-
otic Chlorophyta, is synthesized from lycopene
via α-carotene by lycopene ε-cyclase (LCYE),
lycopene β-cyclase (LCYB/CrtL), and two cyto-
chrome P450 enzymes (CYP97C and CYP97A).
Zeaxanthin, mainly found in the Rhodophyta and

Cyanophyta, is synthesized by LCYB/CrtL and
carotene β-hydroxylase (CHYB/CrtZ/CrtR) using
lycopene and β-carotene as the substrates.
Heterokontophyta and Haptophyta cells contain
abundant amounts of fucoxanthin, which is
synthesized from zeaxanthin via violaxanthin
and neoxanthin by zeaxanthin epoxidase (ZEP)
and neoxanthin synthase (NSY). The xanthophyll
cycle, which consists of reversible reactions
catalyzed by ZEP and violaxanthin deepoxidase
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(VDE), is an important photoprotection mecha-
nism in plants and microalgae (Goss and Jakob
2010). Astaxanthin, found in a limited number of
eukaryotic microalgae (such as Haematococcus
pluvialis) and cyanobacteria, is synthesized from
β-carotene via zeaxanthin and canthaxanthin by
carotene β-ketolase (BKT/CrtW/CrtO) and
CHYB/CrtZ/CrtR (Shah et al. 2016). Although
most eukaryotic microalgae do not possess the
bkt gene, genetic engineering enables the synthe-
sis of astaxanthin from β-carotene, as described
below (Vila et al. 2012).

Myxoxanthophyll, a cyanobacteria-specific
carotenoid, is synthesized from lycopene via
γ-carotene (Graham and Bryant 2009). To
increase the carotenoid content in microalgae
and cyanobacteria, previous metabolic engineer-
ing studies generally employed one of three main
approaches: (1) overexpression of genes
encoding rate-limiting enzymes,
(2) downregulation of competitive reactions, and
(3) heterogeneous expression of important/absent
genes.

10.4 Recent Achievements Through
Metabolic Engineering

10.4.1 Enzymes in the MEP Pathway

Challenges associated with metabolic engineer-
ing of microalgae and cyanobacteria and their
consequences are summarized in this section.
The MEP pathway is upstream of the carotenoid
synthesis pathway that synthesizes IPP and
DMAPP from pyruvate and GA3P. DXS is the
gateway enzyme in the MEP pathway and
catalyzes the conversion of pyruvate and GA3P
into DXP. In plants, this step is rate limiting in
carotenoid synthesis (Estévez et al. 2001;
Rodríguez-Concepción 2006); therefore, the dxs
gene is a potential target for metabolic engineer-
ing to improve carotenoid production (Hasunuma
et al. 2008b). Unfortunately, limited data are
available regarding metabolic engineering of the
MEP pathway in microalgae and cyanobacteria.
Some studies reported that metabolic engineering
of microalgae and cyanobacteria targeting the dxs

gene led to increased carotenoid content
(Table 10.1). Overexpression of the dxs gene in
Synechocystis sp. PCC6803 resulted in a 1.5-fold
increase in the total carotenoid content (Kudoh
et al. 2014). In Phaeodactylum tricornutum, the
fucoxanthin content was increased 2.4-fold com-
pared with the wild type following the introduc-
tion of the dxs gene (Eilers et al. 2016). GGPS,
which catalyzes the conversion of DMAPP and
IPP into GGPP, was also examined as a target of
metabolic engineering in microalgae. The ggps
gene from the thermophilic Archaea Sulfolobus
acidocaldarius was introduced into
C. reinhardtii, but no significant change was
observed in terms of carotenoid content
(Fukusaki et al. 2003).

10.4.2 Phytoene Synthase

Phytoene synthase is the gateway enzyme in the
carotenoid synthesis pathway and catalyzes the
conversion of GGPP into phytoene. Carotenoid
deficiency caused by the downregulation of the
psy gene in some microalgal species has been
reported. In C. reinhardtii, knockdown of the
psy gene using artificial miRNA decreased the
chlorophyll content, suggesting a deficiency of
protective carotenoids that suppress
photobleaching (Molnar et al. 2009). In
P. tricornutum, knockdown of the psy gene
using artificial miRNA resulted in a decrease in
total carotenoids (Kaur and Spillane 2015). These
data suggest that phytoene synthase plays an
important role in carotenoid synthesis.

Metabolic engineering involving the psy gene
is reportedly an effective way to improve carot-
enoid content in plants (Lindgren et al. 2003). In
microalgae, the psy gene was also shown to be a
key enzyme in carotenoid synthesis in studies
mainly involving C. reinhardtii and
P. tricornutum (Table 10.2). The psy gene from
Dunaliella salina was constitutively
overexpressed in C. reinhardtii using the
promoters of the rubisco small subunit (rbcS2)
and hsp70A genes. This increased the content of
violaxanthin, lutein, β-carotene, and neoxanthin
2.0-, 2.6-, 1.25-, and 1.8-fold, respectively,
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compared with the wild type (Couso et al. 2011).
In the same way, the psy gene from Chlorella
zofingiensis was overexpressed in C. reinhardtii
using the rbcS2 and hsp70A promoters. This
increased the content of lutein and violaxanthin
2.0- and 2.2-fold, respectively, compared with the
wild type (Cordero et al. 2011a). Overexpression
of the orange protein (OR), which is a DnaJ-like
chaperone for PSY, also increased the carotenoid
content. Overexpression of OR in C. reinhardtii
increased the content of lutein and β-carotene 1.9-
and 1.7-fold, respectively, compared with the
wild type (Morikawa et al. 2017). The psy gene
was also overexpressed in P. tricornutum.
Expression of the intrinsic psy gene using the
fcpA (fucoxanthin chlorophyll a/c-binding pro-
tein) promoter increased the fucoxanthin content
1.45-fold compared with the wild type. By con-
trast, the level of β-carotene, which is an interme-
diate metabolite for fucoxanthin in the carotenoid
synthesis pathway, was not affected (Kadono

et al. 2015b). Another study reported that expres-
sion of the psy gene in P. tricornutum increased
the fucoxanthin content 1.8-fold compared with
the wild type (Eilers et al. 2016). A unique study
reported increased carotenoid content in a green
alga, Scenedesmus sp., via psy gene expression.
In Scenedesmus sp., the β-carotene content
increased approximately threefold by the expres-
sion of a synthetic psy gene encoding consensus
amino acid sequences from the C. reinhardtii,
D. salina, and Mariella zofingiensis proteins
(Chen et al. 2017). In Synechocystis
sp. PCC6803, overexpression of crtB, which
encodes phytoene synthase in cyanobacteria,
increased the content of both zeaxanthin and
myxoxanthophyll 1.5-fold compared with the
wild type (Lagarde et al. 2000).

Table 10.1 Genetic engineering of the MEP pathway

Gene Microalga Strategy Effect on carotenoid production References

dxs Synechocystis sp. Genetic
engineering

1.5-fold increase in total
carotenoid content

Kudoh et al.
(2014)

dxs Phaeodactylum
tricornutum

Genetic
engineering

2.4-fold increase in fucoxanthin
content

Eilers et al.
(2016)

ggps (Sulfolobus
acidocaldarius)

Chlamydomonas
reinhardtii

Genetic
engineering

No significant change Fukusaki et al.
(2003)

Table 10.2 Genetic engineering related to phytoene synthase

Gene Microalga Strategy Effect on carotenoid production References

psy
(Dunaliella
salina)

Chlamydomonas
reinhardtii

Genetic
engineering

2.0-, 2.6-, 1.25-, and 1.8-fold increases in
violaxanthin, lutein, β-carotene, and neoxanthin
content

Couso et al.
(2011)

psy
(Chlorella
zofingiensis)

Chlamydomonas
reinhardtii

Genetic
engineering

2.0- and 2.2-fold increases in lutein and
violaxanthin content

Cordero
et al.
(2011a, b)

or Chlamydomonas
reinhardtii

Genetic
engineering

1.9- and 1.7-fold increases in lutein and β-carotene
content

Morikawa
et al. (2017)

psy Phaeodactylum
tricornutum

Genetic
engineering

1.45-fold increase in fucoxanthin content Kadono
et al.
(2015a, b)

psy Phaeodactylum
tricornutum

Genetic
engineering

1.8-fold increase in fucoxanthin content Eilers et al.
(2016)

Synthetic psy Scenedesmus sp. Genetic
engineering

3.0-fold increase in β-carotene content Chen et al.
(2017)

crtB Synechocystis sp. Genetic
engineering

1.5-fold increase in zeaxanthin and
myxoxanthophyll content

Lagarde
et al. (2000)
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10.4.3 Phytoene Desaturase

Phytoene desaturase, downstream of phytoene
synthase, catalyzes the conversion of phytoene
to ζ-carotene. Silencing of the pds gene via
RNA interference was conducted in
C. reinhardtii and D. salina, but no effect on
carotenoid content was reported (Vila et al.
2008; Sun et al. 2008). Another study reported
that the downregulation of the pds gene resulted
in the accumulation of phytoene and decline in
the levels of lycopene, β-carotene, and lutein in
D. salina (Srinivasan et al. 2017).

Many studies successfully increased caroten-
oid production using metabolic engineering
approaches targeting phytoene desaturase
(Table 10.3). Data resulting from metabolic engi-
neering of phytoene desaturase are now available
for microalgae and cyanobacteria. Many of these
studies used PDS/CrtP inhibitors, such as the
herbicide norflurazon (Chamovitz et al. 1991).
In a wide range of microalgae and cyanobacteria,
norflurazon inhibits PDS/CrtP, which has an
adverse effect on carotenoid production. For
example, norflurazon caused a decrease in the
carotenoid content in Dunaliella bardawil by
inhibiting the conversion of phytoene to
ε-carotene (Salguero et al. 2003; León et al.
2005). As they are antioxidants, carotenoids sup-
press photooxidative damage by ROS generated
under high light conditions. Thus, the inhibition
of the carotenoid synthesis pathway using
PDS/CrtP inhibitors negatively affects cell viabil-
ity under high light conditions. In other words,
resistance to PDS/CrtP inhibitors could be
obtained by increasing the levels of PDS/CrtP;
therefore, resistance to PDS/CrtP inhibitors has
been used as the indicator of high carotenoid
production in mutational breeding. A wide range
of metabolic engineering studies have succeeded
in increasing carotenoid content using PDS/CrtP
inhibitors. Carotenoid content was increased in
Chlorella sorokiniana using a mutational breed-
ing approach with norflurazon and nicotine. By
selective breeding using nicotine and norflurazon,
the lutein content in the resulting mutants
was1.49- and 1.55-fold higher, respectively,

than that of the wild type (Cordero et al. 2011b).
Mutational breeding was also conducted in
H. pluvialis using nicotine, diphenylamine,
fluridone, and norflurazon. The nicotine-resistant
mutant produced 2.08-fold more astaxanthin than
the wild type (Chen et al. 2003).

An important and widely conserved motif was
identified that controls the activity of phytoene
desaturase. Point mutations in this motif were
studied in Synechococcus sp., H. pluvialis,
C. zofingiensis, and C. reinhardtii. Changes in
phytoene desaturase activity resulting from
changes in the amino acid sequence of the motif
affected carotenoid content and resistances to
norflurazon (Liu et al. 2014b). In H. pluvialis,
expression of the pds gene modified by site-
directed mutagenesis increased the astaxanthin
content 1.33-fold compared with the wild type.
Thus, conversion of phytoene to ζ-carotene
catalyzed by PDS is thought to be the rate-
limiting step in astaxanthin synthesis
(Steinbrenner and Sandmann 2006). A
C. zofingiensis mutant with a single amino acid
substitution in PDS was generated using a chemi-
cal mutagen. Compared with the wild type, the
mutant showed 31-fold greater resistance to
norflurazon and 1.44-fold higher astaxanthin con-
tent under high light conditions (Liu et al. 2010).
A subsequent study reported that by inducing
point mutation in the pds gene in
C. zofingiensis, the transformant acquired
norflurazon resistance, and the astaxanthin and
total carotenoid content increased by 1.54- and
1.32-fold, respectively, compared with the wild
type (Liu et al. 2014b). Expression of modified
PDS protein also increased carotenoid content in
C. reinhardtii. A single amino acid substitution
mutant of PDS was designed based on the above
studies. The transformant expressing this
modified PDS showed 27.7-fold greater resis-
tance to norflurazon than the wild type and sig-
nificantly higher content of carotenoids, such as
lutein, β-carotene, and violaxanthin (Liu et al.
2013).

Norflurazon-resistant Synechococcus
sp. PCC7942 mutants have also been analyzed.
Three mutants with point mutations in the crtP
gene accumulated phytoene but exhibited
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decreased carotenoid content. Another mutant
had a deletion in the crtP promoter and
overexpressed the crtP gene. Like eukaryotic
microalgae with pds point mutations, this mutant
accumulated high level of carotenoids compared
with the wild type and was highly resistant to
norflurazon. Thus, phytoene desaturase is also
thought to be the rate-limiting enzyme in caroten-
oid production in cyanobacteria (Chamovitz et al.
1993). A positive correlation between carotenoid
content and norflurazon resistance has been
reported for many microalgae and cyanobacteria.
For increasing carotenoid content, modification
of the pds/crtP gene by selective breeding using
PDS/CrtP inhibitors is now possible for a wide
variety of microalgae and cyanobacteria.

10.4.4 b-Carotene Hydroxylase
and Zeaxanthin Epoxidase

To enhance zeaxanthin accumulation in
microalgae and cyanobacteria, metabolic engi-
neering of β-carotene hydroxylase and zeaxanthin
epoxidase is effective (Table 10.4). CrtR, the
β-carotene hydroxylase in cyanobacteria, is
important for zeaxanthin synthesis (Masamoto
et al. 1998). In Synechocystis sp. PCC6803,
overexpression of the crtR gene increased the
zeaxanthin content 2.5-fold compared with the
wild type (Lagarde et al. 2000). Zeaxanthin con-
tent can also be increased by downregulating

ZEP, which is a competitive enzyme that converts
zeaxanthin to violaxanthin. C. reinhardtii ZEP
mutants accumulate zeaxanthin constitutively
(Niyogi et al. 1997). This result was confirmed
by a more recent study using genome-editing
technology. A strain that constitutively produces
zeaxanthin was generated by the knock-out of the
zep gene in C. reinhardtii using CRISPR-Cas9
(Baek et al. 2016a, b). The ZEP protein in
C. zofingiensis was also shown to be functional
by expressing the zep gene from C. zofingiensis in
the zep mutant of C. reinhardtii (Couso et al.
2012). Mutational breeding with visual screening
of pale-green coloration was conducted in
D. salina, and a mutant lacking neoxanthin,
violaxanthin, and antheraxanthin but that consti-
tutively accumulates zeaxanthin was isolated.
These data strongly suggested that ZEP in this
mutant is functionally defective (Jin et al. 2003).
Thus, commercially valuable strains that accumu-
late high levels of useful zeaxanthin have been
generated via both enhancing zeaxanthin synthe-
sis and blocking the conversion of zeaxanthin to
less-valuable carotenoids.

10.4.5 b-Carotene Ketolase

β-Carotene ketolase, which catalyzes the conver-
sion of β-carotene and zeaxanthin to canthaxan-
thin and astaxanthin, respectively, is an important
enzyme for astaxanthin synthesis in microalgae

Table 10.3 Genetic engineering of phytoene desaturase

Gene Microalga Strategy Effect on carotenoid production References

pds Chlorella
sorokiniana

Mutational
breeding

1.55-fold increase in lutein content Cordero et al.
(2011a, b)

pds Haematococcus
pluvialis

Mutational
breeding

2.08-fold increase in astaxanthin content Chen et al. (2003)

Modified
pds

Haematococcus
pluvialis

Genetic
engineering

1.33-fold increase in astaxanthin content Steinbrenner and
Sandmann (2006)

pds Chlorella
zofingiensis

Mutational
breeding

1.44-fold increase in astaxanthin content Liu et al. (2010)

pds Chlorella
zofingiensis

Mutational
breeding

1.54- and 1.32-fold increases in astaxanthin
and total carotenoid content

Liu et al. (2014a, b)

Modified
pds

Chlamydomonas
reinhardtii

Genetic
engineering

Increase in lutein, β-carotene, and
violaxanthin content

Liu et al. (2013)

pds
promoter

Synechococcus
sp.

Mutational
breeding

Increase in carotenoid content Chamovitz et al.
(1993)
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and cyanobacteria. It was designated as BKT in
microalgae and CrtW (the BKT ortholog) in bac-
teria (Kajiwara et al. 1995). Cyanobacteria also
possess CrtO, which has a limited catalytic func-
tion, e.g., not to convert zeaxanthin to astaxanthin
(Choi et al. 2007). Studies involving metabolic
engineering of β-carotene ketolase in microalgae
and cyanobacteria are summarized in Table 10.5.
Most microalgae, except H. pluvialis, do not pos-
sess the bkt gene and are therefore unable to
produce astaxanthin (Vila et al. 2012).
Upregulation of the bkt gene in H. pluvialis
enhanced the astaxanthin content two- to three-
fold compared with non-transformed cells
(Kathiresan et al. 2015). Mutational breeding
was also conducted in H. pluvialis using the
astaxanthin synthesis inhibitor diphenylamine,
generating a mutant with 1.7-fold higher
astaxanthin content than the wild type (Wang
et al. 2016b). Metabolic engineering was also
employed to produce astaxanthin using
microalgae and cyanobacteria that originally
lack the capability to synthesize astaxanthin.
The bkt gene from H. pluvialis was expressed in
C. reinhardtii using a constitutive
rbcS2promoter. The transformant cells
accumulated a ketocarotenoid, but interestingly,
it was neither astaxanthin nor canthaxanthin
(León et al. 2007). The bkt gene derived from
H. pluvialis was also introduced in
Synechococcus sp. PCC7942. The transformed
cells produced various carotenoids (including
astaxanthin) not normally synthesized by this
species (Harker and Hirschberg 1997). In
Synechococcus sp. PCC7002, the expression of
the crtW and crtZ genes from Brevundimonas
sp. resulted in the production of astaxanthin at

the cost of β-carotene and zeaxanthin accumula-
tion (Hasunuma et al. 2019).

Deletion of the cyanobacterial β-carotene
monoketolase gene crtO combined with
overexpression of the crtB and crtP genes was
investigated in Synechocystis sp. PCC6803
(Lagarde et al. 2000). The crtP gene encodes
phytoene desaturase in cyanobacteria. The dele-
tion of the crtO gene increased the content of
myxoxanthophyll and total carotenoids 2.3- and
1.3-fold, respectively. The overexpression of the
crtB and crtP genes combined with the deletion of
crtO resulted in2.6-, 1.6-, and 1.5-fold increases
in the content of myxoxanthophyll, zeaxanthin,
and total carotenoids, respectively.

10.5 Conclusions

Microalgae and cyanobacteria have sufficient
potential for economical production of
carotenoids due to their rapid growth and high
carotenoid content. The use of terrestrial plants is
currently more profitable; therefore, further
improvements in carotenoid production are
required to commercialize carotenoid production
by microalgae and cyanobacteria. As the technol-
ogy progresses, metabolic engineering has
become less time-consuming and more effective
and thus could be further utilized to generate
valuable strains. Selecting suitable host strains
and genes for targeting to increase carotenoid
production as well as the best production strategy
are important for the most efficient utilization of
metabolic engineering. More basic data regarding
carotenoid synthesis and metabolic engineering in
microalgae and cyanobacteria are needed for each

Table 10.4 Genetic engineering of b-carotene hydroxylase and zeaxanthin epoxidase

Gene Microalga Strategy Effect on carotenoid production References

crtR Synechocystis sp. Genetic
engineering

2.5-fold increase in zeaxanthin content Lagarde
et al. (2000)

Δzep Chlamydomonas
reinhardtii

Mutational
breeding

Constitutive zeaxanthin accumulation Niyogi et al.
(1997)

Δzep Chlamydomonas
reinhardtii

Genetic
engineering

Constitutive zeaxanthin accumulation Baek et al.
(2016a, b)

Δzep? Dunaliella salina Mutational
breeding

Constitutive zeaxanthin accumulation; no neoxanthin,
violaxanthin, or antheraxanthin accumulation

Jin et al.
(2003)
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species. Regarding mutational breeding, screen-
ing tools to identify high carotenoid producers are
still lacking. High-throughput methods for mea-
suring carotenoid content in living cells should be
developed.

Metabolomics studies can provide a compre-
hensive understanding of cellular metabolites in
organisms, including microalgae and
cyanobacteria. For example, dynamic metabolic
profiling using in vivo13C-labeling combined with
transcription analysis revealed the details of
starch-to-lipid biosynthesis switching in
Chlamydomonas sp. and identified the metabolic
rate-limiting step, thus highlighting a potential
target for metabolic engineering to improve lipid
accumulation (Ho et al. 2017). Similarly, the
metabolic flux of glycogen biosynthesis was
determined in the cyanobacterium Arthrospira
platensis, and enhanced carbon dioxide
incorporation was revealed in a transgenic strain
of Synechocystis sp. PCC6803via dynamic meta-
bolic analyses (Hasunuma et al. 2013, 2014).
There is no doubt that metabolomics will also
play an important role in increasing carotenoid
production through the study of wild type strains
and mutants obtained via metabolic engineering.

Other challenges must be overcome to suc-
cessfully commercialize carotenoid production
using microalgae and cyanobacteria. Outdoor

cultivation using solar energy is essential for
cost-effective production. Therefore, strains for
commercialization should be robust in unstable
outdoor conditions and in the presence of envi-
ronmental contaminants. In addition, the resis-
tance of consumers to accept GMOs should be
considered, although most microalgae and
cyanobacteria are “generally regarded as safe
(GRAS)” for food purposes. Strains obtained
through mutational breeding could be utilized
for the present, as they are non-GMOs. Contain-
ment strategies for GMOs, such as the use of
auxotrophy, should also be developed.
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Xanthophyllomyces dendrorhous,
a Versatile Platform for the Production
of Carotenoids and Other
Acetyl-CoA-Derived Compounds
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Abstract

Xanthophyllomyces dendrorhous (with
Phaffia rhodozyma as its anamorphic state) is
a basidiomycetous, moderately psychrophilic,
red yeast belonging to the Cystofilobasidiales.
Its red pigmentation is caused by the accumu-
lation of astaxanthin, which is a unique feature
among fungi. The present chapter reviews
astaxanthin biosynthesis and acetyl-CoA
metabolism in X. dendrorhous and describes
the construction of a versatile platform for the
production of carotenoids, such as astaxanthin,
and other acetyl-CoA-derived compounds
including fatty acids by using this fungus.
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11.1 Introduction

Xanthophyllomyces dendrorhous (with Phaffia
rhodozyma as its anamorphic state) is a basidio-
mycetous, moderately psychrophilic, red yeast

belonging to the Cystofilobasidiales (Webster
and Weber 2007). Its red pigmentation is caused
by the accumulation of astaxanthin (Andrewes
and Starr 1976), which is a unique feature
among fungi. In addition to its homothallic life
cycle (Kucsera et al. 1998), a sexual reproductive
cycle can be initiated by growth on sugar alcohols
at low temperature (Golubev 1995). After conju-
gation between a cell and its bud, a holobasidium
with basidiospores is formed. Most known
X. dendrorhous strains are diploid (Kucsera
et al. 1998; Hermosilla et al. 2003).

In this chapter, we review astaxanthin biosyn-
thesis and acetyl-CoA metabolism of
X. dendrorhous and describe the construction of
a versatile platform for the production of
carotenoids, such as astaxanthin, and other acetyl-
CoA-derived compounds including fatty acids by
using this fungus.

11.2 Astaxanthin Biosynthesis
and Acetyl-CoA Metabolism
in Xanthophyllomyces
dendrorhous

In general, fungi possess a very active acetyl-CoA
metabolism. They synthesize large amounts of
fatty acids which are completely derived from
acetyl-CoA. Additionally, acetyl-CoA is utilized
for the synthesis of terpenoids. In fungi,
terpenoids are synthesized via mevalonate
(MVA) starting from three molecules of acetyl-
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CoA (Sandmann and Misawa 2002), and the
terpenoids found in the highest concentrations
are sterols, especially ergosterol. In
X. dendrorhous, ergosterol concentration of
about 1 to 2.5 mg/g dw is reached (Miao et al.
2010; Breitenbach et al. 2011). Some fungi syn-
thesize carotenoids, but X. dendrorhous is the
only one that accumulates astaxanthin.
Depending on the strains, the astaxanthin content
of wild type is in the range of 200 μg/g dw
(Schmidt et al. 2010). In contrast, fatty acid accu-
mulation in X. dendrorhous is 1000-fold higher
(Miao et al. 2010), indicating that most of acetyl-
CoA ends up in the lipids.

In fungal carotenoid biosynthesis, lycopene is
a common precursor for the different carotenoid
end products (Sandmann and Misawa 2002). This
acyclic carotene is formed by a condensation of
two molecules of geranylgeranyl pyrophosphate
and a four-step desaturation. The pathway to
astaxanthin in X. dendrorhous proceeds via cycli-
zation to β-carotene and final 4-ketolation and
3-hydroxylation. In contrast to other organisms,
only three genes are involved in the whole path-
way from phytoene to astaxanthin (Fig. 11.1)
(Schmidt et al. 2010). In bacteria, five gene
products are necessary to cover its formation,
and in algae, seven genes are needed. This
facilitates the genetic modification of carotenoid
biosynthesis in X. dendrorhous, since only three
targets in the specific pathway have to be consid-
ered. These carotenogenic genes from
X. dendrorhous have been functionally assigned
(Fig. 11.1). The bifunctional gene crtYB which is
typical for all fungi encodes a phytoene synthase
and a lycopene cyclase (Verdoes et al. 1999a);
crtI is the type of phytoene desaturase found in
bacteria and other fungi (Verdoes et al. 1999b),
but the asy gene encodes a unique astaxanthin
synthase which is absent in any other organism
(Ojima et al. 2006). It is a P450 monooxygenase
belonging to the 3A subfamily. The gene for the
corresponding cytochrome P450 reductase
providing the electrons for the monooxygenase
reaction has also been cloned (Alcaíno et al.
2008). Functional characterization of the enzyme
indicates that this P450 enzyme catalyzes all
oxygenation steps in astaxanthin formation at

Fig. 11.1 Pathway of astaxanthin formation in
Xanthophyllomyces dendrorhous. The corresponding
gene products are indicated next to the arrows, CrtYB is
a fusion of a phytoene synthase with a lycopene cyclase,
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carbons 3 and 4 of β-carotene by first 4-ketolation
then by 3-hydroxylation at one end of the mole-
cule followed by the same reactions at the other
end. This astaxanthin formation in
X. dendrorhous from β-carotene proceeds in a
single step in contrast to other organisms which
use an individual β-carotene ketolase and hydrox-
ylase. In some publications this asy gene is
designated as “crtS” (Rodriguez-Saiz et al.
2010), which is not legitimate, since this designa-
tion has already been used before for a gene
involved in carotenogenesis (Kato et al. 1995).
The same holds for the P450 reductase gene
named as “crtR” (Alcaíno et al. 2008). For this
gene asr (Schmidt et al. 2010) should be pre-
ferred, since crtR was already used for a
β-carotene hydroxylase gene from cyanobacteria
(Masamoto et al. 1998). In addition to
astaxanthin, 3-HO-4-ketotorulene is synthesized
in X. dendrorhous as a minor carotenoid. Its syn-
thesis is due to an additional desaturase step of
CrtI converting lycopene to
3,4-dehydrolycopene, which is then cyclized at
one side and the resulting ionone ring ketolated
and hydroxylated by Asy.

The regulation of astaxanthin biosynthesis in
X. dendrorhous is poorly understood. Oxygen
and light play a synergistic role (de la Fuente
et al. 2010; Breitenbach et al. 2011). Enhanced
aeration results in higher formation of colored
carotenoids at the expense of ergosterol and due
to better conversion of phytoene. Low light inten-
sity enhances this effect.

Since the astaxanthin content of
X. dendrorhous wild-type strains is too low for
commercial use, astaxanthin-hyperproducing
mutants have been generated by classical muta-
genesis and screening for the increase in reddish
color (Rodriguez-Saiz et al. 2010; Schmidt et al.
2010). Depending on the procedures, astaxanthin
concentration of up to 3 mg/g dry weight was
reached (Gassel et al. 2013). In addition, caroten-
oid mutants blocked at several steps of the

pathway exhibiting different colors were
generated by chemical mutagenesis (Girard et al.
1994). These mutants obtained by random muta-
genesis are valuable tools for the production of
astaxanthin or carotenoid precursor and starting
points for the generation of carotenoids not
synthesized by X. dendrorhous wild-type.

An alternative way to increase astaxanthin
production in X. dendrorhous is targeted pathway
intervention. For this approach, it is important to
know the limiting steps. Feeding of MVA to
X. dendrorhous leads to an increase in carotenoid
formation (Calo et al. 1995). This indicates that
the carotenoid pathway is limited in one or more
reactions. These limiting reactions can be
pinpointed by over-expression of the individual
pathway genes. This was successful in three
cases. Over-expression of the genes of
HMG-CoA (hydroxyl-methylglutaryl-CoA)
reductase (XDEN_01406) (unpublished result),
geranylgeranyl pyrophosphate synthase
(XDEN_05955) (Breitenbach et al. 2011), and
phytoene synthase (XDEN_03692) (Verdoes
et al. 2003) each resulted in higher astaxanthin
formation (Table 11.1). This increase reached
from 1.7- to 2.9-fold. In case of crtYB over-
expression, the amount of carotenoids formed is
related to the number of gene copies integrated
into the genome. The three enzymes in Table 11.1
should be the target for genetic engineering of
astaxanthin biosynthesis for higher yield. How-
ever, it should be mentioned that by overcoming
limitations in a pathway, other reactions may
become a new bottleneck, since their enzyme
activity may not cope with the higher flow rate.
This is revealed by accumulation of intermediates
instead of end product.

In contrast to carotenoid biosynthesis, very
little is known about fatty acid synthesis in
X. dendrorhous. The pathway has been
established exclusively by the annotation of the
pathway genes from the genome sequence
(Sharma et al. 2015). Based on the sequence
data, the genes for the cytoplasmic pathway and
the mitochondrial pathway could be annotated.
They also included the genes for fatty acid C18
elongase (XDEN_05837), delta 9 fatty acid
desaturase (XDEN_04179), and delta 12 fatty
acid desaturase (XDEN_05333 and

�

Fig. 11.1 (continued) CrtI is a phytoene desaturase, and
Asy is an astaxanthin synthase catalyzing all reactions
from β-carotene to astaxanthin. Carotenoids in the box
are intermediates and products of Asy
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XDEN_00895) for the synthesis of palmitic,
stearic, oleic, and linoleic acid, respectively,
which are the dominating fatty acids in
X. dendrorhous (Miao et al. 2010).

11.3 Potential of X. dendrorhous
as a Cell Factory
for the Production
of Terpenoids
and Poly-unsaturated Fatty
Acids

In X. dendrorhous wild type, acetyl-CoA-derived
products account for up to 20% of the total cell
mass. This metabolic potential can be exploited
and even increased for the production of industri-
ally valuable compounds (Sandmann 2014).
Another advantage of X. dendrorhous is its
growth on pentose sugars such as xylose
(Wozniak et al. 2011). This allows the utilization
of cost-efficient substrates as alternative to glu-
cose. Its effectiveness has been demonstrated for
a hydrolysate of the waste product hemicellulose
which is rich in xylose by feeding to a
transformant for high zeaxanthin production
(Breitenbach et al. 2019).

Economically interesting products to be pro-
duced in X. dendrorhous include carotenoids,
such as astaxanthin for feed, phytoene for skin
care, and zeaxanthin as nutraceutical, including
derivatives of the latter (Fig. 11.2). Mutants
blocked in the conversion of geranylgeranyl pyro-
phosphate can be used as the basis for the synthe-
sis of steviol derivatives used as low-calorie
sweetener. Also ergosterol accumulating in high
concentration can be converted in a single step to
vitamin D2. Poly-unsaturated fatty acids (PUFA)
are important as feed additives and as

nutraceutical. In X. dendrorhous, C18 linoleic
acid is the most desaturated fatty acid. By engi-
neering with suitable elongases and desaturases,
the fatty acid pathway can be extended to other
PUFAs, such as C20 arachidonic acid (ARA), and
further on to eicosapentaenoic acid (EPA)
(Fig. 11.2).

11.4 Tools and Techniques
for Genetic Manipulations
of X. dendrorhous

X. dendrorhous can be transformed with high
efficiency. One way of transformation of
X. dendrorhous is by electroporation (Wery
et al. 1998). A detailed protocol for routine
transformations has been published (Visser et al.
2005) which yields about 1000 transformants per
microgram of DNA. Biolistic transformation with
gold particles is an alternative with a high trans-
formation efficiency of up to 4000 transformants
per microgram of DNA (Ojima et al. 2006). The
X. dendrorhous strain used was CBS6938
(¼ATCC96594). But, also other strains such as
ATCC24230 (Niklitschek et al. 2008) and
NBRC10129 (Hara et al. 2014) are well
transformable.

The first transformation vector for
X. dendrorhous was constructed by Wery et al.
(1997) based on pUC18 (for amplification in
E. coli). The resistance gene for the selection
in X. dendrorhous was flanked by the promoter
and terminator of the glyceraldehyde-3-phos-
phate dehydrogenase gene. A section of the
ribosomal DNA allows multiple-copy integra-
tion of the linearized plasmid into the
X. dendrorhous genome. Integration of theoret-
ically up to 61 copies are possible (Wery et al.

Table 11.1 Limiting reactions in carotenoid biosynthesis, enhancement by over-expression of corresponding genes

Reaction Gene Carotenoid increase References

HMG-CoA to MVA Hmg 1.8-fold Unpublished
FPP to GGPP crtE 1.7-fold Breitenbach et al. (2011)
GGPP to phytoene crtYB (2 IC) 2.4-fold Ledetzky et al. (2014)
GGPP to phytoene crtYB (6 IC) 2.9-fold Ledetzky et al. (2014)

IC number of integrated copies, MVA mevalonic acid, FPP farnesyl pyrophosphate, GGPP geranylgeranyl pyrophos-
phate, HMG hydroxy-methylglutaryl-CoA reductase
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1997). Other promoters (and terminators) that
were successfully used were from the translation
elongation factor EF-1a gene (Niklitschek et al.
2008), the NADP-dependent glutamate dehy-
drogenase gene (Rodriguez-Saiz et al. 2010),
the alcohol dehydrogenase gene, and the
triosephosphate isomerase gene (Hara et al.
2014). To date, the following selection markers
were successfully used: the nptII gene confer-
ring resistance to geneticin/G418 (Verdoes et al.
2003), the hph gene to hygromycin (Niklitschek
et al. 2008), the nat gene to nourseothricin
(Gassel et al. 2014), and a zeocin resistance
gene (Hara et al. 2014).

Several transformation plasmids are available
based on the four known selection markers for
X. dendrorhous. The most versatile are the ones
which allow the insertion of two different genes
(Gassel et al. 2014; Hara et al. 2014). Tandem
transformation plasmids for protein expression
with four selections are shown in Fig. 11.3
(top). They contain all the elements mentioned
above. The BamHI, NotIII, and HindIII sites can
be used for the insertion of two gene cassettes
with promoter and terminator. Such gene
cassettes can be easily generated from a gene of

interest with a pUC8-based modification plasmid
pUC8ΔEcoRI-HNNH (Fig. 11.3 (bottom))
(Gassel et al. 2014). Ligation of a gene into the
EcoRI/XhoI sites connects the GAPDH promoter
and terminator. Through the flanking BamHI,
NotI, and HindIII sites, the promoter-gene-termi-
nator cassette can be cut out.

Very recently, a new method for selectable
marker recycling based on a Cre-loxP system
was developed for X. dendrorhous (Zhang et al.
2019). It is based on a transient Cre expression
independent of episomal plasmids and inducible
promoters.

It is also possible to knock out pathway genes
of X. dendrorhous. By double cross-over of
truncated genes, heterozygous transformants
were obtained (Niklitschek et al. 2008). A second
transformation with the same truncated gene
resulted in a homozygous line. Alternatively,
homozygous lines can emerge from heterozygous
transformants by spontaneous mitotic cross-over.
This recombination method for the generation of
mutants is applicable to the genes of the caroten-
oid pathway in X. dendrorhous.

In addition to all the genetic tools developed
over almost two decades, the firstly published

Fig. 11.2 Potential of Xanthophyllomyces dendrorhous
as a cell factory for the synthesis of commercially impor-
tant compounds derived from acetyl-CoA. Boxed are end
products of the fungal pathway, dotted boxes are end
products of carotenoid mutants, bold arrow indicates
genetic modifications for the generation of novel products

which are underlined. Abbreviations: Ergost ergosterol,
HMG-CoA hydroxyl-methylglutaryl-CoA reductase, FPP
farnesyl pyrophosphate synthase, GGPP geranylgeranyl
pyrophosphate synthase, βCar β-carotene, Astax astaxanthin,
Zeax zeaxanthin, FA fatty acid ester, Glu glucoside,
HK-Zeaxmulti hydroxylated and ketolated zeaxanthin
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genomic sequence of X. dendrorhous CBS6938
(Sharma et al. 2015) and of other X. dendrorhous
strains (Bellora et al. 2016) turned out to be very
advantageous not only for direct pathway
interventions but also for the modeling of the
primary metabolisms. Recent metabolite profiling
and the resulting biochemical network construc-
tion (Alcalde and Fraser 2018) in combination

with proteomic analysis of biosynthetic pathways
(Martinez-Moya et al. 2015; Pan et al. 2017) can
identify targets for improvement of
X. dendrorhous production strains, especially
focusing on higher precursor supply. More details
on different omics approaches can be found in a
recent review on X. dendrorhous (Barredo et al.
2017).

Fig. 11.3 Plasmids for the
transformation of
Xanthophyllomyces
dendrorhous. Top: Four
different vectors each with
another selection marker,
geneticin, hygromycin,
nourseothricin, and zeocin.
The two integration sites for
gene cassettes are HindIII
and NotI. Bottom:
Modification plasmid for
the fusion of genes or
cDNAs via EcoRI/XhoI.
The NotI or HindIII site are
for the excision of the gene
cassette. More details are
given in the text
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11.5 Treatment to Achieve Genetic
Stability of the Diploid
X. dendrorhous Transformants

In the literature, there are inconsistent
conclusions on the ploidy of X. dendrorhous.
The most direct results demonstrating a diploid
situation was obtained from the genetic inactiva-
tion of carotenoid pathway genes which in all
cases showed two copies (Niklitschek et al.
2008; Pollmann et al. 2016, 2017a).Therefore,
transformation by genome integration results pre-
dominantly in heterozygous lines. During the
inactivation of the phytoene desaturase genes,
only 0.5% of the resulting transformants were
homozygous (Pollmann et al. 2017a). A genetic
modification is stable only when both alleles are
hit. Otherwise, the genome insert is lost by spon-
taneous mitotic homologous recombination
which is well documented in yeast (Lee et al.
2009) and also effective in X. dendrorhous
(Pollmann et al. 2017a). As a consequence, stable
transformants can only be obtained by consecu-
tive targeting of both alleles or by re-cultivation
of a heterozygous transformant to initiate mitotic
recombination followed by the selection of the
homozygous trait. Another way of stabilizing
plasmid integration is through the initiation of a
sexual cycle in the transformant followed by
selection (Pollmann et al. 2016). For a phytoene
producing homologous X. dendrorhous
transformant, the stability of plasmid integration
and phytoene production was demonstrated in a
fermenter trial over 180 h (equivalent to about
20 generations) without selection pressure.

11.6 Engineering of Enhanced
Astaxanthin Biosynthesis

Astaxanthin is a high-value carotenoid with a
market price of around $2000 per kg for the
synthetic compound and about $7000 per kg for
natural astaxanthin (Schmidt et al. 2010). In
salmon and trout farming, it is essential as feed
additive to obtain the pink coloration of the flesh.
To date, chemically synthesized astaxanthin

dominates the market, since astaxanthin from
natural sources are less cost-efficient. Among a
few natural sources for astaxanthin is
X. dendrorhous. In this yeast, free astaxanthin
(not astaxanthin fatty acid esters) accumulates
predominantly as the all-E isomer (Visser et al.
2005). In contrast to all other astaxanthin
synthesizing organisms, X. dendrorhous
produces the 3R,30R-enantiomer (Andrew and
Starr 1976). It has been shown that there is no
preference for astaxanthin stereoisomers in flesh
pigmentation (Foss et al. 1987), but a preference
for all-E astaxanthin over Z isomers has been
reported (Zhao et al. 2016).

X. dendrorhous is advantageous for the devel-
opment of a high-yield astaxanthin producer since
this pathway is already established, an
astaxanthin storage system exists, and a very
active acetyl-CoA metabolism can be utilized.
The highest production of astaxanthin was
achieved by combining classical mutagenesis
with genetic pathway engineering (Gassel et al.
2014). Mutant AXG-13was generated by
repeated mutagenesis with nitrosoguanidine and
selection of deep red colonies on plates with
triazine (Gassel et al. 2013). This mutant was
transformed over-expressing all the steps men-
tioned in Table 11.1 to obtain an overall syner-
gism for high total carotenoid synthesis. The
mutant and final line are shown in Fig. 11.4
(top). Since it has been shown before that an
enhanced carotenoid synthesis pathway increased
the accumulation of intermediates rather than
astaxanthin (Verdoes et al. 2003), the first trans-
formation step with a tandem integration plasmid
(Fig. 11.3) not only included crtYB but also asy.
This first transformation which targeted the spe-
cific carotenoid pathway led to a 1.5-fold increase
in astaxanthin (Table 11.2). In continuation with
the best transformant, hmg and crtE genes were
over-expressed in the next round to enhance pre-
cursor flow into carotenogenesis. This second
transformation step increased the astaxanthin
content to 5823 μg/g dw. Due to the accumulation
of several ketolated intermediates, including
4-ketozeaxanthin, the astaxanthin content
accounted for only 65% of the total carotenoids.
Therefore, in a third transformation, more copies
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of the asy gene were integrated into
X. dendrorhous. Concurrently with the increase
in the numbers of the asy copies from three to
seven, the astaxanthin content increased substan-
tially which was mainly caused by the complete

conversion of 4-ketozeaxanthin which previously
accounted for 14% of the total carotenoids
(Gassel et al. 2014). The resulting high
astaxanthin levels of 8.5 mg/dw obtained under
laboratory conditions can even be increased by

Fig. 11.4 Xanthophyllomyces dendrorhous wild type, mutants generated by classical mutagenesis (dashed arrow) and
further engineering to high astaxanthin-, phytoene-, and zeaxanthin-producing strains (bold arrows)

Table 11.2 Total carotenoids and astaxanthin (mg/g dry weight) after several transformation steps starting with the
high-producing mutant AXJ20 (Gassel et al. 2014)

Mutant/Transformant Total Car Astax Integrated copies

AXJ20 4141 2439 (59%)
AXJ20 -crtYB-asy 6518 3662 (56%) 3 crtYb, 3 asy
AXJ20 -crtYB-asy-HMG-crtE 8921 5823 (65%) +9 hmg, +9 crtE

AXJ20- crtYB-asy-HMG-crtE -asy 11,368 8510 (75%) +4 (¼7 total) asy

Wild-type CBS6938 with 119 (73%) μg/g dw astaxanthin (Gassel et al. 2013), numbers of integrated gene copies
determined by real-time PCR; Total Car, total carotenoids; Astax astaxanthin
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optimized fermentation conditions and selection
of growth substrates more favorable for
X. dendrorhous than glucose (Gassel et al. 2013).

11.7 Accumulation of Phytoene by
Pathway Disruption

Phytoene is a colorless carotenoid with increasing
economic potential for skin care but with limited
availability. It is the first C40 carotenoid in the
pathway but is not accumulated due to efficient
conversion. Blocking its desaturation in the carot-
enoid pathway by disruption of the phytoene
desaturase gene accumulated this carotene in
Xanthophyllomyces dendrorhous (Pollmann
et al. 2017a). After the selection of homozygous
transformants from the mutant AXJ-20 (Gassel
et al. 2013), the flow of metabolite into
carotenogenesis was enhanced by over-
expression of the genes HMGR, crtE, and crtYB
in the same way as for the astaxanthin
synthesizing transformant. The combination of
these engineering approaches resulted in a
X. dendrorhous strain for stable phytoene produc-
tion (AXG-13ΔcrtI-(YB)2-HMG-E, Fig. 11.4)
without selection pressure in a fermenter reaching
more than 10 mg/g dw of pure phytoene without
contamination by other carotenoids.

11.8 Pathway Extension from
β-Carotene to Zeaxanthin.

Another carotenoid of interest is zeaxanthin for
the protection of our vision. In our diet, it is of
low abundance and is supplied as nutraceutical.
For the engineering of a zeaxanthin-producing
strain, all strategies followed in the generation of
a high-yield astaxanthin producer were employed
(Pollmann et al. 2016). The useful mutant PR-1-
104 with inactive astaxanthin synthase
accumulates β-carotene (Ojima et al. 2006).
Initially, this mutant was used to enhance metab-
olite flow into the carotenoid pathway for higher
formation of β-carotene which had to be effi-
ciently converted to zeaxanthin. This was
achieved by transformation with a bacterial

β-carotene hydroxylase. The β-carotene mutant
and the transgenic zeaxanthin-producing strain
are shown in Fig. 11.4. The conversion rates of
β-carotene to zeaxanthin could be improved to
76% by the use of a hydroxylase gene codon
optimized for X. dendrorhous and an increase in
the number of integrated copies of this β-carotene
hydroxylase gene. Without selection pressure,
zeaxanthin formation was not stable, but stability
was achieved through the initiation of a sexual
cycle in the transformant (Pollmann et al. 2016).
Selection from basidiospores resulted in a homo-
zygous strain (PR-1-104-YB-HMG-E-Z,
Fig. 11.4), which grows with a fully stable zea-
xanthin production in the absence of selection
pressure in shaking flasks and with even higher
yields in fermenter cultures (Pollmann et al.
2016).

Based on this proof of concept on zeaxanthin
synthesis in X. dendrorhous, a high-yield zeaxan-
thin-producing strain was developed
(Breitenbach et al. 2019). Transformation started
from the chemically generated high astaxanthin
mutant used before for the engineering of the
astaxanthin (Gassel et al. 2013) and phytoene
pathway (Pollmann et al. 2017a) by knock-out
of both astaxanthin synthase genes in this diploid
mutant. The efficiency of the conversion of the
accumulation by the bacterial hydroxylase was
the most crucial step for the formation of high
levels of zeaxanthin. Therefore, all tools
described before were used to reach a maximum
of copies of the hydroxylase gene integrated into
the genome. The knock-outs of the astaxanthin
synthase genes were combined with knock-ins of
two copies of the hydroxylase genes in each
case (Fig. 11.5). These transformations were
combined with an additional integration of two
copies of the hydroxylase gene into the rDNA.
Moreover, transformation with a copy of the
phytoene synthase gene increased the amount of
carotenoids synthesized by the pathway and con-
sequently the yield of zeaxanthin. These engi-
neering steps finally resulted in a transformant
(AXG13/az2ha + az2gba/rZ2, Fig. 11.4) with a
73% conversion of β-carotene to zeaxanthin and
an accumulation of 5.2 mg/g dry weight
zeaxanthin.
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11.9 Versatility of X. dendrorhous
for Combinatorial Biosynthesis
of Novel Carotenoid Structures

This red yeast was used for combinatorial biosyn-
thesis of novel multioxygenated carotenoid
structures (Pollmann et al. 2017b). This was
achieved starting from the zeaxanthin-
accumulating transformant mentioned above by
additional integration of a microbial β-carotene
2-hydroxylase and a 4-ketolase gene into the
genome. This resulted in the formation of
2,3,20,30-tetrahydroxy-4,40-diketo-β-carotene and
2,3,20,30-tetrahydroxy-4-monoketo-β-carotene. By
chemical reduction, these keto derivatives,

2,3,4,20,30,40-hexahydroxy-β-carotene and 2,3,
4,2030-pentahydroxy-β-carotene, were obtained.

11.10 Genetic Extension of the Fatty
Acid Pathway to the Formation
of Arachidonic Acid

In addition to astaxanthin, long-chain polyunsat-
urated fatty acids (PUFAs) are another important
feed ingredient for salmon farming. Therefore, it
is intriguing not only to increase astaxanthin pro-
duction of in X. dendrorhous but also to engineer
the formation of PUFAs for a dual nutritional
value. First attempts have been made towards a

Fig. 11.5 Engineering of a high-yield zeaxanthin-pro-
ducing Xanthophyllomyces dendrorhous transformant
from a high-yield astaxanthin mutant. Top: transformation
strategy to insert six copies of the β-carotene hydroxylase

gene crtZ and one copy of the phytoene synthase gene
crtB. Bottom: linearized plasmids used for the integration
into the asy genes (labeled as no. 1 and 2) and into the
ribosomal DNA (no. 3)
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producer of ARA (arachidonic acid,
C20:4Δ5,8,11,14) and EPA (eicosapentaenoic
acid, C20:5Δ5,8,11,14,17). The genes used for this
approach were Δ6 fatty acid desaturase
(AF465281), fatty acid C18 elongase
(AF206662), and Δ5 fatty acid desaturase
(AF067654) all from Mortierella alpina and all
codon optimized for X. dendrorhous. The trans-
formation plasmids constructed for the formation
of ARA in X. dendrorhous are shown in Fig. 11.6.
They were derived from the vectors in Fig. 11.3
by insertion of one or two genes of the fatty acid
pathway. The first vector contains the Δ6 fatty

acid desaturase and the geneticin resistance gene;
the second vector, the fatty acid C18 elongase
additionally; and the third vector, the Δ5 fatty
acid desaturase together with the nourseothricin
resistance gene. The generated transformants
were alternatively grown in YPD medium alone
or with added oleic acid (18:1) for a better supply
of fatty acids for the extended pathway. The fatty
acid concentrations are shown in Table 11.3. In
the Δ6 transformant, there has been a substantial
amount of linoleic acid accumulating in the wild
type (137 mg/g dw) of γ-linolenic acid
(18:3Δ6,9,12). Additional transformation with an

Fig. 11.6 Vectors for the genetic extension of the fatty
acid pathway in Xanthophyllomyces dendrorhous from
linoleic acid (18:2) to arachidonic acid (20:4). Genes
from Mortierella alpina: fatty acid Δ5 desaturase in

pPR2TNN-d5FADopt, fatty acid Δ6 desaturase in
pPR2TN-d6FADopt, and fatty acid C18 elongase together
with fatty acid Δ6desaturasein pPR2TN-
d6FADopt + C18ELOopt
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elongase gene yielded 20:3 in a concentration of
only 10 mg/g dw. This step seems to be the
bottleneck in the engineered pathway. Conse-
quently, the addition of the third gene, a Δ6
desaturase, can only result in an even lower con-
centration, which was 4 mg/g dw in the 18:1-
supplemented culture. The low conversion of
18:3 ω6 to 20:3 may be caused by the following
problem: fatty acid elongases utilize long-chain
acyl-CoA as substrate. Fatty acid desaturase may
react either with acyl-CoA or with membrane-
bound acyl lipids. When the latter reaction
dominates, only a limited amount of previously
desaturated acyl-CoA elongation is available for
the elongation reaction as the next step (Napier
2007).

The engineered pathway can be continued
from ARA to EPA by one additional step. A
suitable enzyme is the ω3 fatty acid desaturase
(FAD3) from Saccharomyces kluyveri (Oura and
Kajiwara 2004). Transformants of
X. dendrorhous wild type with the codon-
optimized gene from Saccharomyces kluyveri
synthesize α-linolenic acid (C18:3Δ9,12,15) from
linoleic acid (C18:2). This resembles the same
desaturation reaction which converts ALA to

EPA. Since ω-3 fatty acid of at least 20 carbon
atoms and with more than 5 double bond are
superior for salmon feeding, an engineered
X. dendrorhous strain producing EPA will be
commercially important as a source of fatty
acids to replace fish oil as salmon feed additive.
Although the yields in the transformants were
quite low, the data in Table 11.3 represent a
proof of concept, demonstrating that PUFA syn-
thesis can be engineered into X. dendrorhous. For
the increase in PUFA yields, the multicopy
approach for relevant genes (e.g., a C18 elongase
from other organisms) and enhancement of pre-
cursor supply as successfully followed for the
accumulation of carotenoids should be applied.
Alternatively, feeding of ARA in a transformant
with the ω3 desaturase should be a promising way
for the formation of EPA.

11.11 Perspectives

For more than a decade, useful tools for pathway
engineering of X. dendrorhous have been devel-
oped. They opened new possibilities for advanced
metabolic pathway engineering of this yeast as a

Table 11.3 Fatty acids in X. dendrorhous. A. Wild-type pathway to 18:2 is shown on top, reactions catalyzed in the
transformants are indicated by bold arrows. B. Fatty acid content (mg/g dw) and distribution (%) in transformants
generated by a step-by-step pathway extension to C18:3o6, to C20:3o6, and further on to 20:4o6 (arachidonic acid)

A.

B.
Strain 16:0 18:0 18:1 18:2 18:3ω6 20:3 20:4
Xdwt 83(14%) 11(2%) 190(33%) 275(49%) nd nd nd
+ 18:1 95(12%) 45(6%) 303(39%) 336(43%) nd nd nd
Xd-Δ6 70(15%) 12(3%) 142(31%) 117(25%) 137(29%) nd nd
+ 18:1 120(15%) 74(9%) 311(38%) 219(27%) 137(18%) nd nd
Xd-Δ6 + El 77(16%) 14(4%) 97(23%) 151(36%) 85(20%) 7(2%) nd
+ 18:1 86(15%) 27(5%) 176(30%) 203(35%) 95(15%) 10(2%) nd
Xd-Δ6-El + Δ5 44(14) 12(4%) 50 (15%) 180(55%) 26(8%) 1(0.3%) 2(0.7%)
+ 18:1 82(14%) 23(4%) 175(30) 194(34%) 102(17) 9(2%) 4(1%)

Cultures were grown in YPD medium or in YPD with the addition of 0.5 mM oleic acid (18:1) and 2.4% Tergitol. nd not
detectable
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cell factory for a sustainable bioproduction. This
approach has been especially successful for high-
yield production of carotenoids. In the case of
astaxanthin, the concentrations reached with the
recombinant strains are in the range to consider
their economic exploitation. Metabolic engineer-
ing for the synthesis of PUFAs such as ARA can
be regarded as a proof of concept, showing that
this approach is feasible but still needs further
improvements. In the future, the active acetyl-
CoA metabolism of X. dendrorhous can be fur-
ther exploited for the production of many high-
value commercially interesting metabolites out of
the terpenoid metabolism. The great potential to
further develop X. dendrorhous to a versatile
production platform by expanding its biosynthe-
sis capacity has been highlighted (Fig. 11.2).

In addition to detailed proteomic (Martinez-
Moya et al. 2015; Pan et al. 2017) and
metabolomics (Alcalde and Fraser 2018) analysis
of X. dendrorhous, future transcriptomic studies
with mutants and recombinant strains will aid
further improvement and direct the metabolic
engineering. These omic data will certainly be a
great help to optimize growth media and the fer-
mentation process to yield maximum productivity
for acetyl-CoA-derived products.
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Carotenoid Production in Oleaginous
Yeasts 12
Hirosuke Kanamoto, Katsuya Nakamura, and Norihiko Misawa

Abstract

Oleaginous yeasts, Yarrowia lipolytica and
Lipomyces starkeyi, can synthesize more than
20% of lipids per dry cell weight from a wide
variety of substrates. This feature is attractive
for cost-efficient production of industrial
biodiesel fuel. These yeasts are also very
promising hosts for the efficient production
of more value-added lipophilic compound
carotenoids, e.g., lycopene and astaxanthin,
although they cannot naturally biosynthesize
carotenoids. Here, we review recent progress
in researches on carotenoid production by ole-
aginous yeasts, which include red yeasts that
naturally produce carotenoids, e.g.,
Rhodotorula glutinis and Xanthophyllomyces
dendrorhous. Our new results on pathway
engineering of L. starkeyi for lycopene pro-
duction are also revealed in the present review.

Keywords

Carotenoid production · Oleaginous yeast ·
Red yeasts · Lipomyces starkeyi

12.1 Introduction

Carotenoids are naturally occurring lipophilic
pigments, the majority being C40 isoprenoids,
which efficiently scavenge singlet oxygen and
peroxyl radicals as antioxidants. They are gener-
ally separated into carotenes (non-oxygenated
carotenoids, such as lycopene, β-carotene, and
α-carotene) and xanthophylls (oxygenated
carotenoids, such as astaxanthin, zeaxanthin,
and lutein). Some carotenoids are used as func-
tional foods, pharmaceuticals, additive to
cosmetics, and coloring agents for foods or
feeds (e.g., baked goods, soft drinks, and cultured
salmon). As for a new topic on the applications of
carotenoids, some researchers observed correla-
tion between carotenoids and the cognitive func-
tion in the brain. It has been reported that macular
pigment (carotenoid) optical density is positively
related to cognitive ability (Vishwanathan et al.
2014). Further relevant investigation should elu-
cidate cognition-related functions of carotenoids
and expand their application to healthcare
accompanied by a growing nutritional conscious-
ness of consumers.

Due to a variety of their properties, carotenoids
represent a valuable class of molecules for an
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industrial application. The global market of
carotenoids is estimated to be valued at USD
1.53 billion by 2021, growing at a compound
annual growth rate of 3.78% from 2016 to 2021
(Markets and Markets 2016). Demands for the
practical use of carotenoids in the world market
are increasing more than ever before. Therefore, it
becomes necessary to produce carotenoids in a
more cost-efficient manner. Industrially produced
carotenoids are chemically synthesized or
extracted from natural carotenoid producers,
higher plants, algae, yeasts, and bacteria. In recent
years, there has been an increasing market
demand for the natural carotenoid resources to
overcome health concerns of chemically
synthesized carotenoids. However, higher plants
are not necessarily an ideal carotenoid resource
due to their slow growth rates, large space for
their growth, and susceptibility to weather
conditions. It is considered that not only
microalgae, cyanobacteria, and carotenogenic
yeasts but also recombinant strains of
non-carotenogenic Escherichia coli and yeasts
are alternative producers of carotenoids.

Among these candidates, oleaginous yeasts,
including red yeasts, are highlighted as hosts for
carotenoid production. It is because these yeasts
are featured to have high growth rate in a high-
density culture condition. In addition, some of
them are able to feed on agro-industrial wasted
carbon sources for their growth, which contribute
to lower culture cost. Furthermore, these yeasts
can accumulate a large amount of storage lipid
more than 20% of their biomass in their cells. It is
reported that ATP citrate lyase (ACL) plays one
of the essential roles for the lipid accumulation in
these yeasts (Zhang et al. 2014; Chávez-Cabrera
et al. 2010). It is considered that ACL mainly
catalyzes the production of acetyl-CoA in these
yeasts. Given that acetyl-CoA is a common inter-
mediate metabolite for both the lipid and caroten-
oid biosyntheses, it is expected that oleaginous
yeasts possess a potential to supply a sufficient
amount of acetyl-CoA for carotenoid biosynthe-
sis. The productivity of carotenoids should be
higher by genetically engineering the oleaginous
yeasts in the near future.

12.2 Carotenoid-Producing
Oleaginous Yeasts (Red Yeasts)

Carotenoids are naturally distributed in several
genera of oleaginous yeasts, i.e., the genera
Xanthophyllomyces (Phaffia), Rhodotorula,
Rhodosporidium, Sporidiobolus, and
Sporobolomyces. These carotenoid-producing
yeasts were especially named “red yeasts” due
to their red color appearance that comes from
carotenoid pigments. Red yeasts, Rhodotorula
glutinis, Rhodotorula mucilaginosa, and
Xanthophyllomyces dendrorhous, were found to
produce135, 89, and 59 mg/L of total carotenoids,
respectively, as shown in Table 12.1. R. glutinis
and R. mucilaginosa contain various carotenoids,
such as β-carotene, torulene, and torularhodin
(Fig. 12.1). On the other hand, X. dendrorhous
accumulates an industrially valuable carotenoid
astaxanthin. Such large amounts of carotenoids
accumulated in these yeasts are attractive for
commercial carotenoid production. Actually,
astaxanthin produced with X. dendrorhous is
used as a coloring agent for a farmed fish. The
most important physiological role of carotenoids
in red yeasts is thought to be antioxidants in
situations of high oxidative stress, such as light
irradiation or high/cold temperature. A recombi-
nant strain of the conventional yeast Saccharomy-
ces cerevisiae, which heterologously synthesized
a carotenoid similar to torularhodin, was found to
acquire high resistance against H2O2, paraquat,
menadione, and UV light (Méndez-Álvarez et al.
2000). In the case of red yeast R. mucilaginosa, a
strain accumulating higher amounts of
torularhodin showed enhanced survival ratio
(up to 250%) compared with the parental strain
after exposure to UV-B (Moliné et al. 2010).
Carotenoids are lipophilic compounds and can
be stored in lipophilic environments. Indeed, in
a lycopene-producing recombinant Yarrowia
lipolytica, lycopene was found to exist domi-
nantly in the lipid body fraction in addition to
the membrane and interphase (Matthäus et al.
2014). It was also proposed in the bacterium
Sphingobacterium antarcticus that a carotenoid
can maintain proper membrane fluidity
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Table 12.1 Production of carotenoids by the red yeasts

Yeast strain
Carotenoid
yield

Culture
condition Substrate References

Sporobolomyces roseus 412 μg/g
DCW

Batch Glucose, yeast extract Davoli et al. (2004)

Rhodotorula
mucilaginosa

89 mg/L Batch Molasses sucrose, glucose Aksu and Eren
(2005)

Rhodotorula graminis 803.2 μg/g
DCW

Batch Glucose, yeast extract, malt extract Buzzini et al.
(2005)

Xanthophyllomyces
dendrorhous

58.77 mg/La Batch Glucose, yeast extract, ammonium
sulfate

Zheng et al. (2006)

Rhodotorula glutinis 135.25 mg/L Fed-batch Crude glycerol, ammonium sulfate Saenge et al. (2011)
Sporobolomyces
pararoseus

16.55 mg/L Batch Crude glycerol, yeast extract,
ammonium sulfate

Manowattana et al.
(2012)

Rhodosporidium
toruloides

33.43 mg/L Fed-batch Glucose, yeast extract Dias et al. (2015)

Sporidiobolus
salmonicolor

4.4 mg/L Fed-batch Glycerol, peptone, malt extract Colet et al. (2015)

aContent of astaxanthin only

Phytoene

β-Carotene (β,β-Carotene)

GGPP

Lycopene (ψ,ψ-Carotene)CrtI

Torulene

CrtYB

3,4-Didehydrolycopene
crtZ

crtY

crtI

crtB

CrtI

CrtYB

CrtYB

Asy
Zeaxanthin

Astaxanthin

Torularhodin

FPP

4,4’-Diketo-nostoxanthin

CrtE
crtE

+ crtGbkt (BKT2)

Fig. 12.1 Carotenoid biosynthetic pathways in red yeasts
and pathway engineering of oleaginous yeasts for caroten-
oid production
Gene names with red, black, and green letters,

respectively, represent genes derived from red yeasts,
Proteobacteria, and green algae. FPP farnesyl diphos-
phate, GGPP geranylgeranyl diphosphate
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(homeoviscous adaptation) at an extreme cold
temperature in the Antarctica (Jagannadham
et al. 2000). Taking these evidences into consid-
eration, carotenoids generated in red yeasts may
also have a physiological effect on membrane
fluidity, when they are exposed to harmful envi-
ronmental conditions, such as cold or high
temperature.

In order to put the production of carotenoids
by oleaginous yeasts into practical use, their pro-
duction cost needs to be lowered to compete with
preexisting producers, such as green alga
Haematococcus pluvialis. Utilization of low-cost
alternative substrates in the culture is one of the
countermeasures. Agro-industrial wastes, such as
crude glycerol, whey, chicken feathers, potato
medium, and fermented radish brine, have been
reviewed in the culture of red yeasts (Mata-
Gómez et al. 2014). Lignocellulose from wood-
plant biomass, one of the agro wastes, is also an
appropriate substrate, containing a variety of
sugars, including pentoses (e.g., xylose and arab-
inose) and hexoses (e.g., glucose and mannose).
Since S. cerevisiae shows a limited growth on
pentoses, lignocellulose materials have not been
fully utilized in the culture of this conventional
yeast. On the other hand, the oleaginous yeasts
that belong to the genus Lipomyces was shown to
have the ability to assimilate both pentoses and
hexoses efficiently, leading to the utilization of
such an agro waste (Dien et al. 2016). These
features of oleaginous yeasts should bring about
an advantage for their practical use.

Improvement of the culture conditions and
host strains is required to increase carotenoid
productivity. An amount of carbon source and
carbon to nitrogen (C/N) ratio in culture media
are crucial factors concerning culture conditions,
and an optimization of them would lead to a high
productivity of carotenoids. For instance, red
yeast, R. glutinis, accumulated 2.1-fold higher
amounts of carotenoids than before optimization
(Saenge et al. 2011). On the other hand, improve-
ment in carotenoid productivity by host cell engi-
neering had not been fully explored in the red
yeasts due to the insufficiency of genetic modifi-
cation techniques besides X. dendrorhous. The
classical mutagenesis approach was a relatively

accessible method to achieve higher productivity
of carotenoids in most of oleaginous yeasts. How-
ever, even a mutant of X. dendrorhous that
showed the highest productivity of astaxanthin
remained in lower productivity, 0.5% on the dry
cell weight (DCW) basis, than that ofH. pluvialis,
up to 3.8% (Ambati et al. 2014). To address this
issue, genetic modification techniques have been
gradually introduced to the yeasts as described
later.

12.3 Genetically Modified
Oleaginous Yeasts

Oleaginous yeasts have been developed as a
biodiesel fuel resource in the early stage of their
research. Their lipid productivity has been
improved mainly by culture conditions. However,
due to the increasing demand for the host cells to
produce lipids more efficiently or to produce
value-added products, genetic manipulation
technologies have been applied for some oleagi-
nous yeasts. Furthermore, an application of the
next-generation DNA sequencing technology to
the yeasts should boost the development of such
untapped yeasts. The increase in the available
genomic sequence data would help us understand
the metabolic pathways on a genome-wide scale.
With the combination of their genomic sequence
data and the required genetic tools for manipula-
tion, oleaginous yeast would show a considerable
potential for biotechnological applications. Now,
transformation techniques are available in several
oleaginous yeast species, such as, Y. lipolytica
(Davidow et al. 1985), Sporobolomyces sp. (Ianiri
et al. 2011), Rhodosporidium toruloides (Liu
et al. 2013), X. dendrorhous (Wery et al. 1998),
R. glutinis (Li et al. 2013), and L. starkeyi (Calvey
et al. 2014). Engineering of carotenoid biosynthe-
sis in these yeasts have been carried out based on
the transformation systems (Table 12.2).
According to progressing of researches, it has
been expected that oleaginous yeasts would
exceed the results of S. cerevisiae by exploiting
their advantages mentioned above.
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12.4 Carotenoid Production by
Genetically Modified
Xanthophyllomyces
dendrorhous

Xanthophyllomyces dendrorhous is a promising
strain, since it can primarily synthesize a commer-
cially important carotenoid, astaxanthin. A com-
bination of classical mutagenesis and genetic
engineering was applied to X. dendrorhous to
strengthen metabolite flow for the desired end
product astaxanthin (Gassel et al. 2014). They
introduced the genes for HMG-CoA reductase
(HMGR), GGPP synthase (CrtE), lycopene
cyclase/phytoene synthase (CrtYB), and
astaxanthin synthase (Asy; cytochrome P450)
(Fig. 12.1) into a high-yield mutant. The efficient
conversion of intermediates into astaxanthin
resulted in the maximum astaxanthin content of
9 mg/g DCW. A combination of classical muta-
genesis and genetic engineering is also an attrac-
tive strategy to change carotenoid species that are
mainly accumulated in the cells. A block mutant

of X. dendrorhous, which inactivated the Asy
gene and accumulated β-carotene instead, was
used as the base strain. Overexpression of
HMGR, CrtE, and CrtYB in the mutant led to
the increment of total carotenoids, dominantly
β-carotene. Furthermore, the introduction of the
bacterial β-carotenoid 3,30-hydroxylase (crtZ)
gene (Choi et al. 2006) switched the pathway
from β-carotene to zeaxanthin in the mutant
(Fig. 12.1), resulting in production of 0.5 mg/g
DCW of zeaxanthin (Pollmann et al. 2016). Fur-
ther introduction of the bacterial β-carotenoid 2,2-
0-hydroxylase (crtG) gene (Nishida et al. 2005)
and the H. pluvialis β-carotenoid 4,40-ketolase
(bkt; BKT2) gene (Kajiwara et al. 1995) to the
zeaxanthin-synthesizing X. dendrorhous was
found to produce naturally minor carotenoids,
such as 4,40-diketo-nostoxanthin (Fig. 12.1)
(Pollmann et al. 2017). These results indicate
that the application of pathway engineering to
the red yeast made it feasible to produce desirable
carotenoids metabolized from β-carotene. Molec-
ular analysis of carotenoid-overproducing
mutants is a reasonable strategy to understand

Table 12.2 Production of carotenoids by metabolic pathway-engineered or mutagenized yeasts by a jar

Yeast Strain Metabolic engineering approach
Culture
condition Carotenoid yield Reference

S. cerevisiae Yeast deletion collection with introduction of
BTS1, CrtYB, and CrtI

Batch N.D. Özaydin et al.
(2013)

Y. lipolytica Combination of gene deletion (POX1to POX6, and
GUT2) and gene overexpression (crtB, crtI, GGS1,
and HMG1)

Fed-
batch

16 mg/g DCW
lycopene

Matthäus
et al. (2014)

S. cerevisiae Overexpression of crtE, crtB, and crtI under ADH2
promoter

Batch 3.3 mg/g DCW
lycopene

Bahieldin
et al. (2014)

X. Dendrorhous Combination of mutagenesis with genetic
engineering

Batch 9 mg/g DCW
astaxanthin

Gassel et al.
(2014)

S. cerevisiae Combination of directed evolution and metabolic
engineering

Fed-
batch

1.61 g/L
(24.41 mg/g
DCW) lycopene

Xie et al.
(2015)

X. dendrorhous
XR4

Mutagenized strain Batch 0.4 mg/g DCW
astaxanthin

Castelblanco-
Matiz et al.
(2015)

S. cerevisiae Deletion of YJL064W, ROX1, and DOS2 and
upregulation of stress-responsive transcription
factor INO2 and introduction of crtE, crtB, and crtI

Fed-
batch

55.56 mg/g
DCW lycopene

Chen et al.
(2016)

X. Dendrorhous Double deletion of CYP61 genes Batch 1.65 mg/L
astaxanthin

Yamamoto
et al. (2016)

X. Dendrorhous Combination of β-carotene synthesis mutant with
overexpression of HMGR, CrtE, CrtYB, and crtZ

Fed-
batch

500 μg/g DCW
zeaxanthin

Pollmann
et al. (2016)

DCW dry cell weight, N.D. not described
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how to improve the metabolic pathway for carot-
enoid biosynthesis. In X. dendrorhous XR4
mutant, it showed five-fold increase in carotenoid
amount compared with wild type (Castelblanco-
Matiz et al. 2015). Analysis on gene expression in
the mutant elucidated that the mRNA levels of
genes related to carotenoid biosynthesis [CrtE
and Asy (CrtS)] were increased by three-fold
higher than that of the wild type in the late sta-
tionary phase. In addition, several point mutations
were also detected in other carotenoid biosynthe-
sis genes of XR4, whereas these point mutations
are unclear about how they are related to the
phenotype.

12.5 Carotenoid Production by
Genetically Engineered
Oleaginous Yeast Yarrowia
lipolytica

Yarrowia lipolytica is not a natural carotenoid
producer, though the techniques of genetic
manipulation are most abundant among oleagi-
nous yeasts. Under the advantage of bioengineer-
ing techniques in this yeast, a genetic engineering
approach was intensely tried for the production of
lycopene. One of the strategies for the production
was the reinforcement of an inner cellular carot-
enoid storage. The enlargement of lipid body led
to lycopene accumulation due to the expansion of
storage capacity for carotenoids (Matthäus et al.
2014). This lipid body formation was increased
remarkably by blocking β-oxidation caused by
the deletion of POX1 toPOX6 genes and the loss
of glycerol-3-phosphateby the deletion of GUT2
gene. It formed large lipid bodies that were able to
accumulate hydrophobic products (Beopoulos
et al. 2008). These efforts combined with the
pathway engineering resulted in the lycopene
accumulation of 16 mg/g DCW in Y. lipolytica.

12.6 Carotenoid Production by
Genetically Engineered
Oleaginous Yeast Lipomyces
starkeyi

Lipomyces starkeyi that was originally isolated
from soils is an ascomycetous yeast belonging
to the order Saccharomycetales and one of the
well-known oleaginous yeasts. This yeast has
intensely been studied about biodiesel fuel pro-
duction due to its high growth rate and relatively
high ability for lipid accumulation, reaching
61.5% (wt/wt) lipid content, among oleaginous
yeasts (Zhao et al. 2008). This feature indicates
that L. starkeyi must be abundant in the precursor
(acetyl-CoA) for carotenoid biosynthesis. A lot of
researches have been carried out about the oil
yeast, which is focused on the culture conditions,
such as carbon source, temperature, aeration, and
C/N ratio, for its growth and lipid production. It
has been elucidated particularly about the carbon
sources that L. starkeyi is able to utilize many
varieties of hydrolysates derived from sewage
sludge, wheat straw, sugarcane bagasse,
corncobs, and corn stover in addition to crude
glycerol (Calvey et al. 2016). This diversity on
agro-industrial wasted carbon sources would be
essential to lower the cost for the culture. More-
over, L. starkeyi can accumulate lipids despite the
presence of inhibitors released during the hydro-
lysis of hemicellulosic biomass, including acetic
acid up to 4 g/L (Yu et al. 2011), hydroxymethyl-
furfural up to 2 g/L (Sitepu et al. 2014), and
furfural up to 0.5 g/L (Chen et al. 2009). There-
fore L. starkeyi is expected to be a promising
strain for industrial use. However, in spite of the
abundance of information about culture
conditions, DNA recombinant technologies had
not been developed in L. starkeyi until a report on
its transformation was issued by Calvey
et al. (2014).

In the background of the recent progress in the
genetic modification technique for L. starkeyi
(Calvey et al. 2014), we tried to develop
L. starkeyi as a carotenoid producer (Kanamoto
H et al. our unpublished results). Bacterial lyco-
pene biosynthesis genes, crtE, crtB, and crtI,
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which were derived from Pantoea ananatis
belonging to the phylum Proteobacteria
(Fig. 12.1) (Misawa et al. 1995), were flanked
by upstream promoter and downstream termina-
tor sequences of L. starkeyi genes coding for
phosphoglycerate kinase (PGK), triosephosphate
isomerase (TPI), and translation elongation factor
(TEF), respectively. This gene construct was
introduced into L. starkeyi genomic DNA by lith-
ium acetate method using G418 resistance gene
as a selective marker. HPLC analysis of the
extract from the transformant showed that we
succeeded in the lycopene production in
L. starkeyi for the first time. The addition of
mevalonolactone in the culture medium boosted
the amount of lycopene accumulation in the
transformant. This indicated that mevalonate
pathway has a crucial role in carotenoid biosyn-
thesis in L. starkeyi. Several sets of promoter and
terminator sequences (regulatory sequences) from
each L. starkeyi gene, which showed a variety of
expression levels, were used for the heterologous
expression of the truncated HMGR (tHMGR)
gene encoding the rate-limiting enzyme in the
mevalonate pathway (Fig. 12.2). When the regu-
latory sequences from pyruvate kinase (PYK)
gene was used for the tHMGR expression, the
amount of lycopene accumulated in L. starkeyi
reached the maximum (Fig. 12.2a). Interestingly,
despite lower expression level of tHMGR in the
PYK strain than that in the TEF strain
(Fig. 12.2b), the accumulation level of lycopene
was considerably higher in the PYK strain
(Fig. 12.2a). The tHMGR gene-expressing strain,
under the control of the PYK promoter sequence,
showed a 19-fold increase in lycopene content
(5.6 mg/L, 1.2 mg/g DCW) compared with the
original strain (Kanamoto H et al. our unpub-
lished results). In addition, mevalonate was
found to accumulate in this strain by LC-MS
analysis among increased metabolic
intermediates in the mevalonate pathway. The
concentration of mevalonate in the cells reached
11-fold, indicating that pathway engineering by
the heterologous expression of tHMGR gene
contributed to the robustness of the mevalonate
pathway. The increment of mevalonate also
suggested that there was another rate-limiting

step in the downstream from mevalonate. There
have not been enough gene modification
technologies (like a plasmid vector system), but
now, gene targeting technology is available in the
L. starkeyi (Oguro et al. 2017). According to an
expansion of available gene modification
technologies, it is expected to carry out more
advanced pathway engineering in the oil yeast to
increase the productivity.

12.7 For Efficient Carotenoid
Production by Oleaginous
Yeasts

As other initiatives, the improvement of activity
of each enzyme that participates in carotenoid
production is a straightforward strategy for incre-
ment of carotenoid production. An ATP citrate
lyase (ACL) that oleaginous yeasts distinctively
possess is one of the candidate enzymes. The
ACL derived from Aspergillus nidulans showed
the highest enzyme activity among ACLs previ-
ously reported (Rodriguez et al. 2016). The heter-
ologous expression of the ACL gene in
S. cerevisiae resulted in increase in the amount
of mevalonate pathway intermediate
(mevalonate) up to two-fold. Furthermore, for
the robustness of enzyme activity in metabolic
pathways, directed mutagenesis of enzyme
which composes metabolic pathways related to
carotenoid production is another approach. This
is a widely used strategy for altering the catalytic
characteristics of enzymes. The overexpression of
both tHMGR1 and CrtI and the directed evolution
of CrtE and CrtYB led to the production of 1.61 g/
g DCW of lycopene in S. cerevisiae (Xie et al.
2015). This approach would also be a very attrac-
tive way to improve metabolic pathways of ole-
aginous yeasts.

In order to increase carotenoid productivity,
other attempts have been made to control the
complicated metabolic-flow system besides
improving each enzyme activity. Through the
release of the feedback inhibition of the
mevalonate pathway by the double deletion of
CYP61 gene, the production of astaxanthin was
found to be enhanced (Yamamoto et al. 2016).
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There may be more unidentified factors that exert
effect on the carotenoid biosynthetic pathway. To
identify these factors, gene screening from hyper-
or lower-production mutants would be a fruitful
method. The yeast (S. cerevisiae) ORF-knockout
collection strains expressing carotenoid biosyn-
thesis genes were used to screen genes related to
carotenoid production. Among strains that ele-
vated carotenoid level, about 1/5th were classified
as metabolic enzymes, and 1/5th were unknown.
The majority of the remaining genes had a role

related to gene expression or protein regulation
(Özayd{n et al. 2013). In the red yeasts, some
carotenoid-elevated mutants were already
reported (Zhang et al. 2016; Bhosale and Gadre
2001), while factors related to the improvement
of carotenoid production have not been identified
yet. The application of transcriptome analysis and
comparative genomics based on the next-
generation sequence technology to the carotenoid
mutants should boost to elucidate unidentified
factors in the carotenoid metabolic pathway.
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Fig. 12.2 Lycopene production by the recombinant
Lipomyces starkeyi cells carrying the tHMGR gene (a)
and comparison of relative amounts of the tHMGR
mRNA (b), under the control of individual promoter and
terminator sequences
(a) The tHMGR gene derived from S. cerevisiae was
expressed under the control of regulatory sequences of
individual genes described as follows: PYK, Pyruvate
kinase; TEF, Translation elongation factor 1; ACC, Acetyl

Co-A carboxylase; PK, Phosphoketolase; HK, Histidine
kinase. Without tHMGR, original strain containing the
lycopene biosynthesis genes without tHMGR; WT, wild-
type strain. Picture of cell pellets after a 7-day culture were
also shown
(b) Amounts of the tHMGR mRNA synthesized in the
individual strains were relatively compared with those of
the PK strain by real-time PCR. Samples from 5-day and
7-day cultures were used for this experiment
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And the introduction of identified factors to the
host cells by gene manipulation technologies
would pave the way for the improvement of
carotenoid production in oleaginous yeasts in
the near future.
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Haloarchaea: A Promising Biosource
for Carotenoid Production 13
Montserrat Rodrigo-Baños, Zaida Montero, Javier Torregrosa-
Crespo, Inés Garbayo, Carlos Vílchez,
and Rosa María Martínez-Espinosa

Abstract

Haloarchaea are halophilic microorganisms
belonging to the Archaea domain that inhabit
salty environments (mainly soils and water) all
around the world. Most of the genera included
in this group are able to produce carotenoids at
significant concentrations (even wild-type
strains). The major carotenoid produced by
the cells is bacterioruberin (and its
derivatives), which is only produced by this
kind of microbes. Nevertheless, the under-
standing of carotenoid metabolism in
haloarchaea, its regulation, and the roles of
carotenoid derivatives in this group of extreme
microorganisms remains mostly unrevealed.
Besides, potential biotechnological uses of
haloarchaeal pigments are poorly explored.
This work summarizes what it has been
described so far about carotenoid production
by haloarchaea, haloarchaeal carotenoid pro-
duction at large scale, as well as the potential

uses of haloarchaeal pigments in biotechnol-
ogy and biomedicine.

Keywords

Haloarchaea · Isoprenoid · Carotenoids ·
Bacterioruberin · Natural biosources ·
Microbial blooms

13.1 Haloarchaea

Hypersaline environments represented by hyper-
saline lakes, soils, springs, solar salterns, and rock
salt deposits are widely distributed. Organisms
characterized by their high salt tolerance/
requirements inhabit these ecosystems (Oren
2015). The organisms living under these
conditions are usually termed “halotolerants/
halophiles.”

Halophilic microorganisms can be found in
Bacteria and Archaea domains. However,
microorganisms requiring high salt
concentrations for optimal growth are mainly
archaea grouped into the families
Halobacteriaceae and Haloferacaceae, phylum
Euryarchaeota, and Archaea domain (Gupta
et al. 2016). These halophilic archaea are widely
distributed in salty environments such as marshes
or salty ponds from where NaCl is obtained for
human consumption constituting the main micro-
bial populations in such kind of ecosystems
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(Gupta et al. 2015; Oren 2010, 2013, 2014)
(Fig. 13.1).

Halophilic archaea are mostly aerobic,
although some species are able to grow anaerobi-
cally using nitrate as final electron acceptor (deni-
trification) (Torregrosa-Crespo et al. 2016). Most
of the species are generally red-pigmented. To be
alive under these extreme conditions (low water
availability and high ionic strength), halophilic
microbes have adopted different metabolic
adaptations (Imhoff 1986):

(i) Amino acidic residues predominate in halo-
philic protein surface.

(ii) Cells accumulate high KCl intracellular
concentrations to deal with high ionic
strength or some osmolytes such as
2-sulfotrehalose (Desmarais et al. 1997).

(iii) Cellular bilayers have different
compositions and structures (Mesbah and
Wiegel 2012).

Due to these adaptations, haloarchaea have
become a good and innovative source of different
molecules of high interest in biotechnology such
as enzymes able to be active at high temperature
and high ionic strength (Madern et al. 2004;
Bonete and Martinez-Espinosa 2011), PHB and
PHA (Fig. 13.2), and carotenoids (Rodrigo-
Baños et al. 2015). Besides, new roles for
haloarchaea in wastewater bioremediation pro-
cesses have also been reported (Bonete et al.
2015; Nájera-Fernández et al. 2012).

13.2 Haloarchaea-Based
Biotechnology

Currently, biotechnology has great significance in
many aspects, both industrial and on daily life.
The use of several biomolecules such as enzymes
as biocatalysts, antibiotics, and bioplastics is well
established, and it has been the subject of numer-
ous texts and revisions (Margesin and Schinner
2001). All halophilic microbes, particularly
haloarchaea, show their specific metabolic
pathways adapted to extreme conditions. Because
of that, they are considered as natural sources

from which natural biocompounds can be isolated
and even produced at large scale. Consequently,
and more and more with increasing intensity,
there are functions that apply or intend to
archaea-derived materials.

Halophilic archaea offer a multitude of actual
or potential biotechnological applications. For
example, the extremely stable lipids of
membranes of these organisms represent a novel
drug delivery system (Oren 2010; Patel and
Sprott 1999; Schiraldi et al. 2002; Zhao et al.
2015). Bipolar structure of archaeal lipids offers
opportunities for protein-lipid interactions
(De Rosa et al. 1994). Liposomes with thermosta-
bility can be obtained with archaeal lipids
(Gambacorta et al. 1995).

Self-assembling components from Archaea
such as the S-layer glycoprotein and
bacterioopsin are of interest for their nanotech-
nological potential (Oesterhelt et al. 1991; Sleytr
et al. 1997). Polysaccharides secreted from
haloarchaea could find use in the oil industry
(Rodriguez-Valera 1992), while polymers
secreted also from haloarchaea have been tested
as a raw material of biodegradable plastics
(Fernández-Castillo et al. 1986) (Fig. 13.2).

However, several technical difficulties have
avoided large-scale industrial applications from
archaeal cultures, and fermenters have to be resis-
tant to corrosion by the media required for growth
of halophiles. Two extreme halophilic archaea
that produce poly-γ-glutamic acid and
poly-β-hydroxybutyric acid, respectively
(Hezayen et al. 2000), have been cultivated in a
bioreactor composed of anticorrosion materials
obtaining and accumulating
poly-β-hydroxybutyric acid comprising up to
53% of the dry biomass.

Halophilic archaea have also been evaluated
for bioremediation, in the treatment of
wastewaters of textile industry, for degradation
of organic pollutants (Margesin and Schinner
2001), and to accelerate remediation of
oil-polluted saline environments (Banat et al.
2000).

Finally, halophilic enzymes can catalyze their
respective reactions in non-aqueous
environments, in water/solvent mixtures, at

166 M. Rodrigo-Baños et al.



Fig. 13.1 Aerial overview of the Santa Pola saltern ponds. This is an example of natural saline environments from
where several extremophiles (halophilic Bacteria and Archaea) have been isolated

PHB 
accumulation

Fig. 13.2 Hfx. mediterranei cells. These cells can accumulate significant amounts of PHB when growing under specific
conditions (courtesy: Vanesa Bautista)
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extremely high pressures, at acid and alkali pH, at
temperatures up to 140 �C, or near the freezing
point of water (Adams et al. 1995).

13.3 Carotenoids from Haloarchaea

13.3.1 Biological Roles

Bibliography about carotenoids of extremophile
microorganisms is scarce if we compare with all
information available about carotenoid produc-
tion from other organisms. Little has been written
about carotenoid production by archaea and
haloarchea (Naziri et al. 2014). At the end of the
1960s (Kelly and Jensen 1967; Schwieter et al.
1996), a study of carotenoid production from the
Haloferacaceae family was described.

From that date up to now, it has been
demonstrated that C50 carotenoids as
bacterioruberin (which is usually the main carot-
enoid from halophilic archaea) and its precursors
(2-isopentenyl-3,4-dehydrorhodopin (IDR),
bis-anhydrobacterioruberin (BABR), and mono-
anhydrobacterioruberin (MABR)) are synthetized
by most members of the family Haloferacaceae
(Kelly and Jensen 1967; Kushwaha et al. 1975).

Other carotenoids as β-carotene, lycopene, and
phytoene are also produced by these species but
at lower (Goodwin and Britton 1988) or very low
concentrations as it happens with lycopersene,
cis- and trans-phytoene, cis- and trans-
phytofluene, neo-β-carotene, and neo–αcarotene.
Probably they are used as precursors for the syn-
thesis of other carotenoids including lycopene,
retinal, and the members of the bacterioruberin
group (Oren 2002).

The most widely analytical method used to
identify and quantify carotenoids by halophilic
archaea is spectrophotometry after separation or
not by thin-layer chromatography or high-
performance liquid chromatography. But there
are some limitations that the coupling of HPLC
with mass spectrometry can solve providing iden-
tification based on their molecular mass and their
fragmentation with high sensitivity and selectiv-
ity (Rønnekliev et al. 1995; Van Bremen et al.
2012). Nuclear magnetic resonance combined to

HPLC can help with isomer structure (Lorantfy
et al. 2014). Besides, Raman spectroscopy has
been used recently to identify common and less
common carotenoids (α-bacterioruberin,
salinixanthin, and spirilloxanthin derivatives) in
model organisms belonging to the genera
Haloferax, Haloarcula, and Halobacterium
among others (Jehlička and Oren 2013b), and
moreover it can be used to quantify carotenoids
with a minimal volume of sample. Deeper
research in techniques to identify carotenoids
with high selectivity and sensitivity are required
(Calegari-Santos et al. 2016).

Carotenoid regulation and metabolic pathways
in haloarchea are still unknown (Tanaka et al.
2012), even if the first studies were described in
the later 1970s, and at that time, synthesis of C40

carotenes in Halobacterium was described as
follows: isopentenyl pyrophosphate leads to
trans-phytoene, leads to trans-phytofluene, leads
to ζ-carotene, leads to neurosporene, leads to
lycopene, leads to gamma-carotene, and finally
leads to β-carotene. Difference with pathway in
higher plants is that the cis isomers of phytoene
and phytofluene are not on the main pathway of
carotene biosynthesis, as they are in plants
(Kushwaha et al. 1976). Some research has
shown that addition of C5 isoprene units to each
end of the lycopene chain is the way in which
bacterioruberin is synthesized (Kushwaha and
Kates 1976; Kushwaha et al. 1975), but may be
more than one biosynthetic pathway (Dassarma
et al. 2001; Peck et al. 2001). Evidence support
that lycopene cyclase (OE3983R) converts lyco-
pene to β-carotene in Halobacterium salinarum
str. NRC-1 (Peck et al. 2001), although the
reactions ranging from lycopene to
bacterioruberins are still not well known.

As it can be concluded from the previous sec-
tion, bacterioruberin is the main carotenoid com-
ponent responsible for the color of the red archaea
of the families Halobacteriaceae and
Haloferacaceae. This pigment is located in the
cell membrane and has a rather different molecu-
lar structure. It has a primary conjugated isopren-
oid chain length of 13 C¼C units with no
subsidiary conjugation arising from terminal
groups, which contain four –OH group
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functionalities only (Jehlička and Oren 2013a;
Jehlička et al. 2013). Osmotic stress (D’Souza
et al. 1997), compounds as aniline (Raghavan
and Furtado 2005), low oxygen tension, and
high light intensity (El-Sayed et al. 2002; Shand
and Betlach 1991) are factors that induce its
synthesis.

Bacterioruberin presents an important
biological role as antioxidant and it protects
cells against oxidative damage. This antioxidant
activity is related to the number of pairs of conju-
gated double bonds, the length of the carbon
chain, and the concentration (Albrecht et al.
2000; Miller et al. 1996; Tian et al. 2007). It
contains 13 pairs of conjugated double bonds
versus the nine pairs of conjugated double bonds
of the β-carotene, which makes bacterioruberin a
better radical scavenger than β-carotene (Saito
et al. 1997; Yatsunami et al. 2014). Therefore,
haloarchaea is resistant to strong light, to gamma
irradiation, and to DNA damage resulting from
radiography, UV irradiation, and H2O2 exposure
(Kottemann et al. 2005; Shahmohammadi et al.
1998). What it is clearly stated up to now is that
the carotenoids of halophilic microorganisms
present higher antioxidant capacity than those
produced by other microorganisms
(extremophilic or not extremophilic).

Bacterioruberin increases membrane rigidity
acting as a “rivet” in the membrane cells, a
cause of its 4-hydroxyl substitutes in the struc-
ture, and also decreases water permeability acting
as a barrier and allows permeability to oxygen
and other molecules, which makes strains able to
survive at low temperature or hypersaline
conditions (Fang et al. 2010; Lazrk et al. 1988).

Other biological role of bacterioruberin is
being part of rhodopsin complexes. Crystallo-
graphic studies have demonstrated that
bacterioruberin sustains structural support related
to archaerhodopsin that is a retinal protein-
carotenoid complex found in the claret membrane
of Halorubrum sp. as well as in other species
(Cao et al. 2015; Feng et al. 2006; Li et al.
2000; Yoshimura and Kouyama 2008) and is
used to obtain energy.

13.3.2 Production

Several microorganisms have been proposed as
renewable, efficient factories for carotenoid pro-
duction, microalgae being the most widely stud-
ied in that respect (Forján et al. 2015). However,
little attention has been paid to the potential of
haloarchaea as carotenoid producers in spite of
their ability to synthesize and accumulate both
C40 and C50 carotenoids (Rodrigo-Baños et al.
2015).

Several reasons probably explain the limited
efforts paid in the use of haloarchaea for caroten-
oid production (Yatsunami et al. 2014): (a) C40

carotenoids have attracted most of the attention in
research and development of carotenoid produc-
tion technology due to their increasing commer-
cial value and the increasing interest in the use of
carotenoid producing microalgae to obtain them.
However, C50 carotenoids which attain specific
valuable chemical properties remain to be
exploited. (b) No reports on scale-up of caroten-
oid production processes of haloarchaea have
been published or are available. (c) Little infor-
mation has been published regarding the biomass
productivity of standard cultures of haloarchaea
species; obtaining high biomass productivity
values is a key issue to make a production process
of a valuable compound feasible. (d) Though the
biosynthetic pathway of bacterioruberin has been
mostly described, deeper knowledge on the regu-
lation of the key metabolic steps of the pathway
should still be obtained. In addition, deeper
knowledge on the influence of physical, chemical,
and nutritional parameters on the haloarchaeal
growth and on biosynthesis and accumulation of
bacterioruberin should enable performing effi-
cient processes of biomass production and pig-
ment accumulation.

Consequently, the still scarce scientific infor-
mation on biomass production and carotenoid
accumulation by haloarchaeal species is an
opportunity to study and determine metabolic,
physiological, physical, and chemical conditions
that might result in efficient production processes
of carotenoid-enriched haloarchaeal biomass
(Calegari-Santos et al. 2016).
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In addition to it, if we have a look at the unique
features occurring in the carotenoid producing
haloarchaea species, the potentiality of these
microorganisms emerges. For instance,
haloarchaea species grow at high salt
concentrations, and this becomes an advantage
to avoid or limit bacterial growth other than the
target archaeal species (De Lourdes Moreno et al.
2012). Furthermore, this is a competitive advan-
tage for outdoor production if compared to pro-
duction of non-halo-tolerant microalgae. The
presence of salt is always problematic for many
elements of the cultivation system, but a suitable
salt concentration can be determined such that it
enables growth and limits technical problems to
the cultivation system derived from excess salt
(Fig. 13.3).

One of the advantages of haloarchaea for pro-
duction of C50 carotenoids is that their biosynthe-
sis can be easily enhanced by transferring the
cells from a culture medium of high salt concen-
tration that favors growth (20–25% w/v) to a
culture medium with a lower salt concentration
(normally below 16% w/v) that favors rapid accu-
mulation of bacterioruberin (D’Souza et al. 1997;
Hamidi et al. 2014) (Fig. 13.4). That means that
C50 carotenoid accumulation and fast cell growth
are no compatible processes. Therefore, the feasi-
ble production of carotenoids from haloarchaea
should be performed through a two-phase process
consisting of biomass production under high salt
concentration (first) and fast carotenoid biosyn-
thesis and accumulation enhancement under low
salt concentration (second).

Once pigments accumulate inside the
haloarchaeal cells, the following step to complete
the production process is extraction from the bio-
mass. When carotenoid production is carried out
from microalgal cells, extraction can become a
key step in terms of process costs. Cells of many
microalgal species are difficult to break due to a
cell wall composition that is highly resistant to
standard cell breaking tools, including the
freezing-unfreezing of algal pellets in liquid nitro-
gen or the use of sonication, among others. One of
the key advantages of haloarchaeal species for
carotenoid extraction is that low salt
concentrations induce cell lysis, which therefore

avoids cost investments in terms of energy
required to enable efficient cell breaking (Asker
and Ohta 2002). This means that haloarchaeal
cells might be suitable for maximizing pigment
recovery eventually at lower costs compared to
other microorganisms.

Among the factors that have been reported to
influence the accumulation of carotenoids in hal-
ophilic archaea, pH, temperature, oxygen concen-
tration, light irradiance, and salt concentration are
included (Asker et al. 2002; Fang et al. 2010;
Shand and Betlach 1991) (Fig. 13.4). But above
the influence of the referred parameters on the
accumulation rate of carotenoids, the first condi-
tion that it is required to make the process eco-
nomically feasible is achieving high biomass
productivities in the cultures of the haloarchaeal
cultures. The few data available about biomass
productivity of haloarchaeal cultures were
obtained at laboratory scale and suggest biomass
productivity values of about 0.08 g L d�1

(Rodrigo-Baños et al. 2015). These values are
low if compared to those obtained in microalgal
cultures. This in principle can be a disadvantage
for large-scale production of carotenoids by
haloarchaeal species. However, far from being
taken as an unbeatable obstacle, the efficient mas-
sive production of haloarchaeal biomass must be
taking as a challenge. In that respect, efforts
might be paid to optimize the culture medium
composition and reactor system that enable
achieving higher biomass productivities at large
scale.

Interestingly, the carotenoids of haloarchaeal
species have been reported to accumulate intra-
cellularly up to 20–25 mg g�1 (Hamidi et al.
2014). This compares well to the intracellular
concentrations of carotenoids reported for several
microalgal species. Moreover, such a level of
intracellular accumulation of carotenoids,
2–2.5% on dry weight basis, is even higher than
most of the data published for carotenoid accu-
mulation of microalgae which are normally below
1% on dry weight basis, except for Dunaliella
salina for β-carotene production.

As referred, the potential success of
haloarchaeal species for carotenoid production
lays in the biomass production improvement.
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There is still large room for improvement of the
cultivation process at pre-industrial scale as the
available production data in the literature come
from laboratory experiences. The use of cheap,
raw materials as source of nutrients; the optimi-
zation of the culture medium composition for
large-scale production; the improvement of the
cultivation systems; the development of

production strategies at large scale based on two
phases, biomass production (growth phase) and
carotenoid accumulation (stress phase); and the
development of extraction technology coupled to
the cell lysis phase are all key factors to approach
a feasible carotenoid production process by
haloarchaeal species (Fang et al. 2010).

Fig. 13.3 Fermentador Biostat® B (B. Braun Biotech International) successfully used to grow haloarchaea under
controlled conditions

Fig. 13.4 Changes on the pigmentation of Hfx.
mediterranei cells grown under different salt
concentrations. Among the specific conditions that

promote large accumulation of bacterioruberin-related
pigments, salt concentration lower than 10% has been
found to be highly efficient
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13.4 Conclusions

Several studies demonstrated that some
haloarchaeal species (wild-type strains) produce
significant concentrations of carotenoids, which
are highly marked demanding. Thus, haloarchaea
constitute a promising biosource for carotenoid
production at large scale by means of suitable
bioprocess engineering tools, namely, specifically
designed bioreactors.

The main reasons that make haloarchaea suit-
able for carotenoid production are as follows:
(i) many haloarchaeal species possess high carot-
enoid production availability; (ii) haloarchaea can
grow easily using suitable bioprocess engineering
tools (bioreactor); (iii) downstream processes
related to carotenoid isolation from haloarchaea
are relatively quick, easy, and cheap;
(iv) carotenoid production by haloarchaea can
be improved by genetic modification or even by
modifying several cultivation aspects such as
nutrition, growth pH, or temperature;
(v) carotenoids are needed to support plant and
animal life and human well-being; and
(vi) carotenoids are compounds highly demanded
by pharmaceutical, cosmetic, and food markets.

There are not studies on the potential benefits
of the carotenoids produced by haloarchaea on
human health reported in the scientific literature
up to now. Thus, more efforts should be made to
address not only this question but also other open
marks related to carotenoid synthesis and degra-
dation in haloarchaea; such analysis would lead to
a better understanding of the spatial distribution
and function of different carotenoids and their
derivatives in response to environmental and
developmental signals. This knowledge may
facilitate further progress in the field of caroten-
oid metabolic engineering in haloarchaea, and it
would contribute to evaluate whether or not
haloarchaea are good sources for carotenoid pro-
duction at large scale.
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Carotenoid Biosynthesis in the Phylum
Actinobacteria 14
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Abstract

Actinobacteria is the phylum that has the big-
gest genome in the Bacteria domain and
includes many colored species. Their pigment
analysis revealed that structurally diverse
carotenoids are responsible for their pigmenta-
tion. This chapter reviews the biosynthesis of
the diverse carotenoids of Actinobacteria. Its
carotenoids belong to three different types: 1)
carotenoid of C50 chain length, 2) carotenoids
with aromatic end groups, and 3) keto caroten-
oid like canthaxanthin (β,β-carotene-
4,40-dione) or monocyclic keto-γ-carotene
derivatives. Species from the genus
Rhodococcus are the only known
Actinobacteria with a simultaneous pathway
to aromatic and to keto carotenoids.
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Among the different groups of Actinobacteria,
many colored species can be found. Their analy-
sis revealed that structurally diverse carotenoids
are responsible for their pigmentation (Goodwin

1980). The carotenoids in Actinobacteria belong
to three different types: 1) carotenoid of C50
chain length, 2) carotenoids with aromatic end
groups, and 3) keto carotenoid like canthaxanthin
(β,β-carotene-4,40-dione) or monocyclic
keto-γ-carotene derivatives. Species from the
genus Rhodococcus are the only known
Actinobacteria with a simultaneous pathway to
aromatic and to keto carotenoids.

Tables 14.1 and 14.2 list the genera with
identified carotenoid belonging to these groups.
In addition to the end products of the pathway,
several slightly modified structures or biosynthe-
sis intermediates may accumulate in substantial
amounts. It should be pointed out that formation
of these carotenoids is not a criterion that can be
used for their classification. For example, forma-
tion of C50 carotenoid or unrelated canthaxanthin
occurs in Micrococcineae and Corynebac-
teriaceae whereas species synthesizing aromatic
carotenoids belong to Corynebacteriaceae and
Streptomycineae. The principal differences in
carotenoid biosynthesis pathway within
Actinobacteria is the presence of either a lyco-
pene elongase CrtEb (Krubasik et al. 2001a) for
the synthesis of C50 carotenoids (Fig. 14.1) or an
ionone desaturase CrtU (Krügel et al. 1999) for
the formation of φ-ionone rings (Fig. 14.2). In
addition, a β-carotene ketolase is functional in
some of the species (Fig. 14.2). The differences
of the C50 carotenoids are determined by their
individual ionone rings. Apart from acyclic C50
carotenoids, an ε-ionone is found in

G. Sandmann (*)
Biosynthesis Group, Molecular Biosciences, Goethe
Universität, Frankfurt, Germany
e-mail: sandmann@bio.uni-frankfurt.de

# Springer Nature Singapore Pte Ltd. 2021
N. Misawa (ed.), Carotenoids: Biosynthetic and Biofunctional Approaches, Advances in Experimental
Medicine and Biology 1261, https://doi.org/10.1007/978-981-15-7360-6_14

175

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-7360-6_14&domain=pdf
mailto:sandmann@bio.uni-frankfurt.de
https://doi.org/10.1007/978-981-15-7360-6_14#DOI


decaprenoxanthin (2,20-Bis-(4-hydroxy-3-
methybut-2-enyl)-ε,ε-carotene), a β-ionone ring
in Cp450 (2,20-bis-(4-hydroxy-3-methybut-2-
enyl)-β,β-carotene) and a γ-ionone ring in
sarcinaxanthin (2,20-bis-(4-hydroxy-3-methybut-
2-enyl)-γ,γ-carotene). Formation of these rings
is catalyzed by heterodimeric cyclases CrtYe/
CrtYf (Krubasik et al. 2001a) which are very
closely related proteins (Heider et al. 2014).
Depending on the species of origin, they differ
in the second step of the cyclization mechanism
(Netzer et al. 2010). After addition of the carbo
cation to the C5,6 double bond, a proton is
released for stabilization (Krubasik et al. 2001a)
either from C4, C6, or C18 which determines the

formation of the different ionone rings
(Fig. 14.1). In most C50 carotenoids, the terminal
C atoms at each end carry HO groups which can
form glycoside bonds with sugars.

The species with a C40 carotenoid pathway
lack the lycopene elongase. They possess a
heterodimeric cyclase (Krubasik and Sandmann
2000) which is structurally similar to the cyclases
in the species with C50 carotenoids. However,
this enzyme catalyzes the cyclization of the end
groups of lycopene to a β-ionone ring yielding
either monocyclic γ-carotene or bicyclic
β-carotene (Fig. 14.2). A typical modification of
these rings is by a 4-keto group resulting in mono
keto derivatives like echinenone or diketo

Table 14.1 C50 carotenoids in Actinobacteria: (A) acyclic, (B) with e-ionone rings, (C) with b-ionone rings, and
(D) with g-ionone rings

A. Bacterioruberin and bisanhydrobacterioruberin

Arthrobacter glacialis (Arpin et al. 1975); Curtobacterium flaccumfaciens (formerly Corynebacterium poinsettiae)
(Norgard et al. 1970); Dietzia sp. Cq4 (Tao et al. 2007)
B. Decaprenoxanthin and glycosides

Arthrobacter spec. M3 (Arpin et al. 1972); Arthrobacter arilaitensis (Giuffrida et al. 2016); Arthrobacter glacialis
(Arpin et al. 1975); Aureobacterium sp. (Fukuoka et al. 2004); Agromyces mediolanus (formerly Flavobacterium
dehydrogenans) (Liaaen-Jensen et al. 1968); Cellulomonas biazotea (Weeks et al. 1980); Corynebacterium glutamicum
MJ233C (Krubasik et al. 2001b)
C. CP450 and glycosides
Curtobacterium flaccumfaciens (formerly Corynebacterium poinsettiae) (Norgard et al. 1970); Dietzia sp. Cq4 (Tao
et al. 2007)

D. Sarcinaxanthin and glycosides

Micrococcus luteus (formerly Sarcina lutea) (Hertzberg and Liaaen-Jensen 1977)
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canthaxanthin. In common to the C50
carotenoids, the monocyclic C40 carotenoids
carry an HO group at the terminal C atom of the
acyclic end of the molecule. Another modification
of the β-ionone rings of C40 carotenoid is
desaturation to a φ-ionone ring (Fig. 14.2). The
resulting carotenoids are β-isorenieratene (β,-
φ-carotene) with one β- and one φ-end group
and isorenieratene (φ,φ-carotene) with two
φ-end groups. This carotenoid can be
hydroxylated at C3 and C30 (Kohl et al. 1983).

The carotenoid biosynthesis pathways of
Actinobacteria were elucidated in addition to
intermediate analysis (Goodwin 1980) by gene
inactivation (Krügel et al. 1999) and gene clon-
ing. Then these genes were used for the recon-
struction of the pathway. The latter approach
allowed the establishment for the first time of a
C50 pathway (Krubasik et al. 2001a) leading to
decaprenoxanthin in this case (Fig. 14.1). The
crtB phytoene synthase genes from
Actinobacteria are the same as in all other

Table 14.2 C40 carotenoids in Actinobacteria: (A) bicyclic with b-ionone rings, (B) monocyclic with b-ionone ring,
(C) monocyclic with j-ionone rings, and (D) bicyclic with j-ionone rings

A. Canthaxanthin some times together with intermediate echinenone

Brevibacterium KY-4313 (Sakurai et al. 1971); Dietzia maris (formerly Rhodococcus maris) (Khodaiyan et al. 2007);
Dietzia sp. CQ4 (Tao et al. 2007); Gordonia jacobaea (de Miguel et al. 2001)
B. HO-γ-carotene derivatives

Gordonia terrae (Takaichi et al. 2008); Rhodococcus rhodochrous (Takaichi et al. 1997); Rhodococcus CIP (Osawa
et al. 2011)
C. HO-chlorobactene glucoside and HO-chlorobactene glucoside hexadecanoate

Rhodococcus CIP (Osawa et al. 2011)
D. β-Isorenieratene and isorenieratene

Brevibacterium linens (Kohl et al. 1983); Mycobacterium aurum (Viveiros et al. 2000); Salinispora tropica (Richter
et al. 2015); Streptomyces griseus (Krügel et al. 1999)
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bacteria starting with the synthesis of C40
carotenoids. The following step is phytoene
desaturation to lycopene by the product of a sin-
gle gene. This crtI gene is homologous to the
desaturase genes found in carotenogenic bacteria
except for cyanobacteria and Chlorobi. With the
exception of the Streptomycineae, Actinobacteria
possess heterodimeric lycopene cyclases
(Krubasik and Sandmann 2000). This type of
lycopene cyclase is completely unrelated to the
CrtY type but evolved from an archaeal single
gene enzyme (Hemmi et al. 2003). In Streptomy-
ces griseus a lycopene cyclase of the CrtY type is
present (Krügel et al. 1999). From this species
also, a desaturase gene crtU converting the

β-ionone rings in β-carotene to the φ-ionone
rings of isorenieratene (Fig. 14.2) was cloned
and functionally identified for the first time.
Hydroxylation of isorenieratene at C3 and C30 is
carried out by a P450 hydroxylase (Dufosse and
de Echanove 2004). The ketolase gene which
mediates the formation of 4-keto groups at
β-ionone rings in the species of Table 14.2a, b is
only known from Rhodococcus species (Klassen
2010) where it is of the CrtO type (Fernandez-
Gonzalez et al. 1997). The alternative CrtW type
(Misawa et al. 1995) seems to be absent in
Actinobacteria.

The C50 carotenoid pathway branches off at
the level of lycopene by addition of one molecule

Fig. 14.1 Biosynthesis of C50 carotenoids in Actinobacteria. Both terminal C400 hydroxyl groups may be glycosylated
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of dimethylallyl pyrophosphate (DMAPP) to the
C1,2 and to the C10’20 double bonds catalyzed by
the crtEb gene product (Krubasik et al. 2001a).
An open question is how the C400 hydroxyl group
is formed. From genetic pathway complementa-
tion in Escherichia coli, one may conclude that
the product of crtEb is also responsible for
hydroxylation of the terminal C atom of the
added DMAPP. However, from a mechanistic
point of view, it is unlikely that in one reaction
step DMAPP is added to the C5,6 double bond
under formation of a C1,16 double bond and
simultaneous oxidative hydroxylation of C500. A
gene encoding an enzyme for terminal carbon
hydroxylation, crtNb is known only from the
C30 carotenoid pathway (Tao et al. 2005; Steiger
et al. 2015) and has not been detected in bacteria
with a C40 or C50 pathway.

The diversity of the C50 carotenoids is deter-
mined by the product specificities of closely
related heterodimeric lycopene cyclases. By com-
plementation in E. coli with a lycopene back-
ground, it was shown that crtYe/crtYf from
B. glutamicum mediates the formation of
decaprenoxanthin (Krubasik et al. 2001a) and
similar genes from Dietzia (ltbA/ltbBC) the for-
mation of Cp450 (Tao et al. 2007). Expression of
the crtYg/crtYh genes from Micrococcus luteus
revealed the synthesis of sarcinaxanthin (Netzer
et al. 2010). A special feature of the heterodimeric
cyclase fromDietzia is that the gene encoding one
of then subunits is fused to the lycopene elongase
(Tao et al. 2007). In some species, C50
carotenoids are glycosylated. Formation of a
glycosylic bond with the HO groups at C500 is
catalyzed by the crtX gene product found in the

Fig. 14.2 Biosynthesis of C40 aromatic and keto carotenoids in Actinobacteria
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carotenogenic gene clusters of M. luteus and
Dietzia (Netzer et al. 2010).
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When Carotenoid Biosynthesis Genes
Met Escherichia coli : The Early Days
and These Days

15

Norihiko Misawa

Abstract

Nowadays, carotenoid biosynthetic pathways
are sufficiently elucidated at gene levels in
bacteria, fungi, and higher plants. Also, in
pathway engineering for isoprenoid (terpene)
production, carotenoids have been one of the
most studied targets. However, in 1988 when
the author started carotenoid research, almost
no carotenoid biosynthesis genes were
identified. It was because carotenogenic
enzymes are easily inactivated when extracted
from their organism sources, indicating that
their purification and the subsequent cloning
of the corresponding genes were infeasible or
difficult. On the other hand, natural product
chemistry of carotenoids had advanced a
great deal. Thus, those days, carotenoid bio-
synthetic pathways had been proposed based
mainly on the chemical structures of
carotenoids without findings on relevant
enzymes and genes. This chapter shows what
happened on carotenoid research, when carot-
enoid biosynthesis genes met
non-carotenogenic Escherichia coli around
1990, followed by subsequent developments.

Keywords

Carotenoid biosynthetic pathway · Escherichia
coli · Pantoea ananatis · Erwinia uredovora ·
Land plants · β-Carotene ketolase

15.1 Introduction

Carotenoids are biosynthesized in all photosyn-
thetic prokaryotes that contain photosynthetic
bacteria and cyanobacteria, in all photosynthetic
eukaryotes including algae and land plants, and
further in some non-photosynthetic bacteria and
fungi. Nowadays, carotenoid biosynthetic
pathways are sufficiently elucidated at gene levels
in bacteria, fungi, and higher plants. Also, in
pathway engineering for isoprenoid (terpene) pro-
duction, carotenoids have been one of the most
studied targets (Misawa 2011). However, almost
no knowledge about enzymes and genes involved
in carotenoid biosynthesis had been available up
to 32 years ago. The present chapter shows what
happened on carotenoid research, when caroten-
oid biosynthesis genes met Escherichia coli those
days, followed by subsequent developments.
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15.2 The Early Days When
Carotenoid Biosynthesis Genes
Met Escherichia coli

In 1988 when I started carotenoid research as an
employee of Kirin Brewery Co. Ltd., no caroten-
oid biosynthesis genes were identified. It was
because carotenogenic enzymes are easily
inactivated when extracted from their organism
sources, indicating that their purification and the
subsequent cloning of the corresponding genes
were infeasible or difficult. On the other hand,
natural product chemistry of carotenoids had
advanced a great deal (Goodwin and Britton
1988). Thus, those days, carotenoid biosynthetic
pathways had been proposed based on the chemi-
cal structures of carotenoids or metabolic analysis
without findings on relevant enzymes and genes
(Britton 1988). Carotenoids were also the first
group of compounds among isoprenoids, which
were synthesized from foreign genes in
non-carotenogenic E. coli as a heterologous host
(Sandmann et al. 1999). The first report was the
cloning of a 12.4-kb carotenogenic gene cluster in
E. coli, resulting in yellow pigmentation (Perry
et al. 1986; Tuveson et al. 1988). This gene clus-
ter was derived from Erwinia herbicola
(reclassified as Pantoea agglomerans) that
belongs to the same γ-Proteobacteria class as
E. coli. This result represented that genes for the
yellow pigment were functionally expressed in
E. coli. Up to then, molecular biologists of
carotenoids had noted carotenogenic genes from
photosynthetic bacteria such as Rhodobacter
capsulatus and Rhodobacter sphaeroides, which
belong to the α-Proteobacteria class. DNA
sequence of a 11-kb R. capsulatus carotenoid
biosynthesis gene cluster was determined in
1989, which was the first reports on nucleotide
sequence of carotenogenic genes (Armstrong
et al. 1989; Bartley and Scolnik 1989), while its
gene functions had remained unclear.

We were able to isolate a yellow pigment-
generating gene cluster from Erwinia uredovora
(reclassified as Pantoea ananatis) as a 6.9-kb
fragment using E. coli (Misawa et al. 1990).
This gene cluster was sequenced and found to

contain six open reading frames (ORFs) (Misawa
et al. 1990). Its three ORFs were found to exhibit
significant homology to the crtE, crtI, and crtB
genes in the carotenogenic gene cluster of
R. capsulatus. Thus, the same designation was
applied to the corresponding three ORFs, and
the other P. ananatis three ORFs (novel genes)
were newly designated crtX, crtY, and crtZ.
E. coli cells carrying the six genes of
P. ananatis were found to produce zeaxanthin
3,30-β-D-diglucoside as a main carotenoid by
chromatographic and spectroscopic analysis
(Nakagawa and Misawa 1991). Next, each ORF
was disrupted using a unique restriction endonu-
clease site, and E. coli cells carrying the
remaining five ORFs or E. coli cells that carried
various combinations among the six ORFs were
analyzed by chromatographic and spectroscopic
methods. Consequently, the crtI, crtY, crtZ, and
crtX genes were found to be responsible for the
conversion of phytoene (15,150-cis) to lycopene
(all-trans), lycopene to β-carotene, β-carotene to
zeaxanthin, and zeaxanthin to zeaxanthin
3,30-β-D-diglucoside, respectively (Fig. 15.1)
(Misawa et al. 1990). The crtE and crtB genes
were shown to encode geranylgeranyl diphos-
phate (GGPP) synthase [its substrates: farnesyl
diphosphate (FPP) and isopentenyl diphosphate
(IPP)] and phytoene synthase, respectively, by
metabolic analysis using crude enzyme extracts
(Fig. 15.1) (Math et al. 1992; Sandmann and
Misawa 1992).

Characters of the gene products (enzymes),
CrtE, CrtI, CrtY, and CrtX, were further exam-
ined using the respective proteins synthesized in
recombinant E. coli cells (Fraser et al. 1992;
Hundle et al. 1992; Schnurr et al. 1996;
Wiedemann et al. 1993). The above-mentioned
results also demonstrated the suggestion, made
some years earlier, that carotenogenic enzymes
typically recognize a particular half-molecule,
end group, or structural feature rather than a spe-
cific whole molecule (Britton et al. 2017), e.g.,
CrtY catalyzes reactions for converting lycopene
and γ-carotene into γ-carotene and β-carotene,
respectively, and CrtZ for converting β-carotene
and β-cryptoxanthin into β-cryptoxanthin and
zeaxanthin, respectively, as shown in Fig. 15.1.
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15.3 Subsequent Rapid Advance

The above-described results significantly
indicated that we obtained a new and powerful
tool to analyze the functions of carotenoid bio-
synthesis genes, since we became able to synthe-
size in E. coli basic carotenoids that contain
phytoene, lycopene, β-carotene, and zeaxanthin
and GGPP, as substrates. Since 1992, numerous
carotenoid biosynthesis genes have been isolated
from bacteria including cyanobacteria and other
Proteobacteria, fungi including yeasts, algae, and
land plants that contained higher plants and
bryophytes, and the great majority has been

functionally analyzed using the recombinant
E. coli strains, which has resulted in their func-
tional assignments (Fraser and Bramley 2004;
Misawa 2010; Nishida et al. 2005). For example,
as for carotenogenic genes from cyanobacteria
and higher plants, phytoene synthase genes [pys
and PSY (pTOM5)] that exhibit homology to the
crtB gene were first isolated from Synechococcus
PCC7942 and tomato, respectively (Chamovitz
et al. 1992; Ray et al. 1987), and functionally
confirmed using GGPP-accumulating E. coli
cells due to the presence of the P. ananatis crtE
gene (Chamovitz et al. 1992; Misawa et al. 1994).
Phytoene desaturase (PDS) and ζ-carotene
desaturase (ZDS) genes from higher plants were
cloned and functionally analyzed in E. coli
(Bartley et al. 1999; Linden et al. 1994; Pecker
et al. 1992).

Figure 15.2 shows carotenoid biosynthetic
pathway common to land plants, which has been
elucidated at gene levels (Giuliano 2014; Moise
et al. 2014; Takemura et al. 2014; Zhu et al.
2003). LCYb (lycopene β-cyclase) and BHY (-
β-carotene 3,30-hydroxylase; also called CHYb
and BCH) of land plants show homology as
well as the same functions to CrtY and CrtZ,
respectively. On the other hand, the route from
phytoene to lycopene requires four enzymes,
PDS, Z-ISO (ζ-carotene isomerase), ZDS, and
CRTISO (carotene isomerase) in higher plants,
which is comparable to one enzyme reaction
with CrtI. Cyanobacteria also retain the four
enzyme-mediated desaturation reactions same to
higher plants, with the exception that CrtI is used
in Gloeobacter violaceus which partially retains
ancestral properties of cyanobacteria (Tsuchiya
et al. 2005).

Cytochromes P450 typically require redox
partner proteins such as NADPH-P450 reductase
to exert their catalytic activity (Chang et al. 2007;
Hannemann et al. 2007; Nodate et al. 2006). It is
thus worth noting that the CYP97A and CYP97C
genes were functionally expressed without a het-
erologous redox partner gene in E. coli that natu-
rally does not possess any P450 and catalyzed the
synthesis of zeinoxanthin and lutein there, respec-
tively (Fig. 15.2) (Kim and Della Penna 2006;
Quinlan et al. 2007). It was also confirmed using

Fig. 15.1 Carotenoid biosynthetic pathway of the
Pantoea genus containing Pantoea ananatis and Pantoea
agglomerans and functions of the gene products (the
enzymes encoded by the genes)
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α-carotene-accumulating E. coli that in liverwort
Marchantia polymorpha, nonheme β-carotene
3,30-hydroxylase (MpBHY) can bifunctionally
convert α-carotene into zeinoxanthin instead of
CYP97A (Fig. 15.2) (Takemura et al. 2015).

Nowadays, all of the carotenoids shown in
Fig. 15.2, except for neoxanthin (and its 90-cis
form), can be synthesized in E. coli (Takemura
et al. 2019). IPP isomerase (Idi) is known as one
of rate-limiting step enzymes for the biosynthesis
of isoprenoids including carotenoids in E. coli
(Harada and Misawa 2009). We first showed
that further expression of an exogenous IDI
gene in recombinant E. coli cells, that synthesized
carotenoids, resulted in two to threefold increase
of carotenoid content (Kajiwara et al. 1997).

15.4 The Early Days When
Astaxanthin Biosynthesis
Genes Met Escherichia coli

Recently, astaxanthin, one of commercialized
carotenoids, attracts a lot of attention because of
its diverse clinical benefits against age-related
functional decline and muscle or eye fatigue
(Guerin et al. 2003; Kidd 2011; Yamashita
2006). However, astaxanthin had only been
noted as the red pigment used for aquaculture,
until its strong antioxidant activity was suggested
(Miki 1991). Marine Biotechnology Institute
(MBI) isolated some marine bacteria that pro-
duced astaxanthin (Yokoyama et al. 1995,
1996). Independently in almost the same time,
Hebrew University and JX Nippon Oil & Energy

Fig. 15.2 Carotenoid biosynthetic pathway of land plants
containing higher plants and liverworts and functions of
the gene products
Gene product names from bacteria are enclosed in
parentheses and shown as reference. Idi (type 2) and

IspA were described by Kaneda et al. (2001) and Fujisaki
et al. (1990), respectively.
DMAPP dimethylallyl diphosphate, GPP geranyl diphos-
phate, GGPS GGPP synthase
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Corporation (now, ENEOS Corporation) isolated
a soil bacterium (named Paracoccus marcussi)
and a river bacterium (named Paracoccus
carotinifaciens), respectively, as astaxanthin
producers (Harker et al. 1998; Tsubokura et al.
1999). These bacteria belonged to the
α-Proteobacteria class.

According to color change in E. coli, we first
isolated an astaxanthin biosynthesis gene cluster
(Misawa et al. 1995a, b) from a marine bacterium
Agrobacterium aurantiacum (Yokoyama et al.
1995), which was later renamed to Paracoccus
sp. strain N81106. The functions of the individual
genes were identified by the same methods as
those of the Pantoea genes (Misawa et al.
1995b). A novel gene, named crtW, was found
to encode β-carotene (β,β-carotenoid) 4,4-
0-ketolase (Misawa et al. 1995a). Figure 15.3
shows the biosynthetic pathway of astaxanthin
from β-carotene.

A gene named bkt [renamed BKT2 by Huang
et al. (2006)] that shares homology to crtW was
isolated from green algaHaematococcus pluvialis
(Kajiwara et al. 1995). Separately from us, Lotan
and Hirschberg (1995) isolated a similar gene
from this alga and named crtO [renamed BKT1
by Huang et al. (2006)]. In H. pluvialis,
β-carotene is converted to astaxanthin with the
same biosynthetic routes to Fig. 15.3 by BKT1

or BKT2 (CrtW homolog) and by β-carotene (β,β-
carotenoid) 3,30-hydroxylase (BHY; CrtZ homo-
log). We also carried out enzyme character-
izations of ketolases, CrtW and BKT2, along
with CrtZ (Fraser et al. 1997, 1998).

Postscript and Acknowledgment This chapter was writ-
ten intending to reveal or recall what happened on carot-
enoid research, when carotenoid biosynthesis genes met
Escherichia coli in the beginning, as a witness of such
exciting events of those days.
The author is very grateful to dead Profs. Keiji Harashima
and Kanji Ohyama, who were my teachers those days for
carotenoid research and research in general, respectively.
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Pathway Engineering Using Escherichia
coli to Produce Commercialized
Carotenoids
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Hisashi Harada

Abstract

The biosynthesis of commercialized
carotenoids (e.g., lycopene, β-carotene, zea-
xanthin, and astaxanthin) using recombinant
microorganisms is one of the reasonable and
cost-effective alternatives to extraction from
natural sources and chemical synthesis.
Among heterologous hosts, Escherichia coli
is one of the most useful and manageable. To
date, many approaches using recombinant
E. coli are available to produce various
carotenoids. Here we outline the latest carot-
enoid production research using recombinant
E. coli produced through pathway engineering
and its future prospects.

Keywords

Escherichia coli · Commercialized
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16.1 Introduction

Carotenoids are important natural pigments with
diverse physiological functions, which are pro-
duced by microorganisms, higher plants, and
algae. Over 750 carotenoids have been isolated,

although many are present in limited quantities or
isolated at low yields from their natural sources.
One of the primary methods for supplying
carotenoids is chemical synthesis. However, it is
often difficult to generate commercial carotenoids
only using chemical synthesis because of their
structural complexity and high cost. For these
reasons, many carotenoids are not utilized for
practical purposes despite their physiological
benefits and valuable functions. Biosynthesis of
carotenoids using recombinant microorganisms
may provide an effective solution to these
problems. Heterologous hosts used in carotenoid
production include model organisms such as
Escherichia coli or Saccharomyces cerevisiae.
These organisms are frequently used as hosts for
the production of useful materials because of their
advantages such as the abundance of genetic
information and established molecular genetic
modification techniques. This chapter reviews
the latest remarkable research on the production
of commercialized carotenoids (such as lycopene,
β-carotene, zeaxanthin, and astaxanthin) using
recombinant E. coli as the host.

16.2 Functional Characterization
of Carotenoid Biosynthetic
Genes Expressed by
Recombinant E. coli

The development of today’s carotenoid produc-
tion research using recombinant E. coli could not
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be achieved without establishing practical
methods to identify biosynthetic genes. Approxi-
mately 30 years ago, only a handful of genes had
been identified, although many carotenoid bio-
synthetic genes have now been isolated and
characterized. This is explained by the low abun-
dance of carotenoid biosynthetic enzymes in cells
and the difficulty in protein purification. In 1990,
Misawa and his colleagues succeeded in isolating
and characterizing the carotenoid genes crtE,
crtB, crtI, crtY, crtZ, and crtX that encode
enzymes that biosynthesize zeaxanthin β-D-
diglucoside from geranylgeranyl diphosphate
(geranylgeranyl pyrophosphate, GGPP) derived
from the soil bacterium Pantoea ananatis (for-
merly Erwinia uredovora) (Misawa et al. 1990).
They developed a technological breakthrough to
identify the function of biosynthetic genes by
introducing plasmids containing candidate genes
for carotenoid biosynthesis into E. coli and
analyzing the final carotenoid products. These
methods allowed the functional identification of
biosynthetic genes without using complicated
enzymatic and chemical techniques. With the
development of analytical methods, new caroten-
oid biosynthetic genes were sequentially
identified in bacteria, fungi, algae, and higher
plants. Particularly in bacteria, carotenoid biosyn-
thesis genes are often organized into operons, and
a series of biosynthetic genes were comprehen-
sively isolated. In contrast, the genes of many
eukaryotes often do not form genomic clusters,
and the entire biosynthetic pathway has yet to be
identified.

E. coli synthesizes isopentenyl pyrophosphate
(IPP) and its isomer dimethylallyl pyrophosphate
(DMAPP), which are precursors of isoprenoids in
a nonmevalonate pathway, namely, the 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway
(Rohmer et al. 1993). IPP and DMAPP are
metabolized to C10 geranyl pyrophosphate
(GPP) followed by C15 farnesyl pyrophosphate
(FPP) via a continuous condensation reaction
catalyzed by prenyltransferase. E. coli is
noncarotenogenic and does not possess genes
required for carotenoid biosynthesis from FPP.
Therefore, it is possible to synthesize the first
C40 carotenoid, phytoene, by expressing GGPP

synthase and the phytoene synthase gene in
E. coli. Further, sequential gene expression after
phytoene enables the production of various C40
carotenoids such as lycopene, β-carotene, zeaxan-
thin, and astaxanthin. Figure 16.1 shows the
carotenoid biosynthetic pathway in recombinant
E. coli. Further, it is possible to produce unusual
carotenoids such as C30 and C50 in recombinant
E. coli. For example, the C30 carotenoids
diapophytoene and diaponeurosporene of Staphy-
lococcus aureus can be synthesized using FPP as
substrate by introducing the diapophytoene
synthase gene (crtM) instead of the GGPP
synthase gene. The C50 carotenoids flavuxanthin
and decaprenoxanthin of Corynebacterium
glutamicum can be synthesized by expression of
the lycopene elongase (crtEb) and cyclase (crtYe
and crtYf) genes in addition to the three genes
responsible synthesizing lycopene. Thus, it is rel-
atively easy to construct a variety of carotenoid
production systems, if the biosynthetic genes can
be expressed in E. coli.

16.3 Overproduction of Carotenoids
in Recombinant E. coli

Although carotenoids can be produced by recom-
binant E. coli as described above, the amounts of
carotenoids obtained only by expressing the bio-
synthetic genes in the pathway downstream of
FPP is far from the level sufficient for commercial
production. For example, the amount of lycopene
produced in E. coli that expresses crtE, crtB, and
crtI of P. ananatis is approximately 0.5–1 mg/g
dry cell weight (DCW). This outcome is
explained by the production by nonrecombinant
E. coli of only a small amount of isoprenoids, and
therefore a small amount of precursor FPP is
generated. Therefore, it is necessary to signifi-
cantly increase the amount of FPP produced to
increase carotenoid production in E. coli.

Pathway engineering produces target
compounds using a large-scale modification of
the host biosynthetic pathway and has attracted
the attention of researchers engaged in metabolic
engineering and synthetic biology (Misawa
2011). Pathway engineering research conducted
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to date focuses on increasing FPP production.
These studies can be roughly divided into two
approaches as follows: (1) modification of the
endogenous metabolic pathways, including the
MEP pathway, by overexpression and/or deletion
of the key genes, and (2) the introduction of a
heterologous mevalonate (MVA) pathway.

16.4 Modification of Endogenous
Pathways

The MEP and its related pathway enzymes are the
primary targets of endogenous pathway engineer-
ing of E. coli. IPP isomerase (Idi) reversibly
catalyzes the isomerization of IPP and DMAPP,
which are components of isoprenoids. Idi is clas-
sified according to the differences in primary
amino acid sequences. Eukaryotes to prokaryotes
possess type 1 Idi, whereas type 2 Idi is expressed
only by certain bacteria and archaea. Kajiwara
et al. reported for the first time that carotenoid
production significantly increases in E. coli

overexpressing the type 1 Idi derived from bud-
ding yeasts or the green algae Haematococcus
pluvialis (Kajiwara et al. 1997). Albrecht et al.
found that coexpression of 1-deoxy-D-xylulose
5-phosphate (DXP) synthase (Dxs) or DXP
reductoisomerase (Dxr) in the MEP pathway
with type 1 Idi increases the levels of carotenoids
(Albrecht et al. 1999). In 2005, Alper et al.
reported that lycopene accumulation in
engineered E. coli correlates with the strength of
the dxs promoter (Alper et al. 2005a). Yuan et al.
produced �6 mg/g DCW of β-carotene by
enhancing the strengths of the promoters of
MEP pathway genes such as dxs, ispD, ispF,
and idi as well as that of ispB, which is involved
in quinone biosynthesis (Yuan et al. 2006).

Numerous approaches targeting endogenous
metabolic pathways, except for the MEP path-
way, have been reported. For example, Alper
et al. combined systematic and combinatorial
gene knockouts of gdhA, aceE, fdhF, and PyjiD,
which increases the production of carotenoids
(Alper et al. 2005b, c). They subsequently found
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Fig. 16.1 Carotenoid
biosynthesis pathway in
recombinant E. coli. Thin
arrows indicate the
endogenous pathway.
Recombinant pathways are
shown as bold arrows.
Enzyme names are attached
to each arrow
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that deleting hnr and yliE significantly improves
carotenoid production (Alper and
Stephanopoulos 2008). In contrast, Kang et al.
used a chromosome shotgun library of E. coli to
overexpress appY, crl, and rpoS to increase carot-
enoid production (Kang et al. 2005). Jin and
Stephanopoulos produced 16 mg/g DCW of lyco-
pene in E. coli using multidimensional gene-
targeting methods combining knockout and
overexpression of these key genes (Jin and
Stephanopoulos 2007). A recent unique approach
to increase the production of carotenoids
employed E. coli glucose phosphotransferase
(PTS) operon (ptsHIcrr) knockout strains,
which, when grown under optimal culture
conditions, produced a maximum of 20 mg/g
DCW of lycopene (Zhang et al. 2013).

16.5 Introduction of Heterologous
MVA Pathway Genes

The MVA pathway is a conserved isoprenoid
biosynthetic pathway among eukaryotes, certain
actinobacteria, and archaea. In this pathway,
MVA is synthesized from three molecules of
acetyl-CoA by three enzyme reactions, and then
IPP is synthesized by two-step phosphorylation
and decarboxylation of MVA with three
enzymes. Pathway engineering studies using het-
erologous MVA pathway genes have been
reported. For example, Kakinuma et al. created a
recombinant strain of E. coli harboring an
introduced MVA pathway gene cluster derived
from the actinobacteria Streptomyces sp. CL190
that synthesized deuterated zeaxanthin from
deuterated D-mevalonolactone (D-MVL)
(Kakinuma et al. 2001). Campos et al. proved
that E. coli with a synthetic operon consisting of
upstream mevalonate pathway genes from
S. cerevisiae and human cells supplies IPP and
DMAPP without the MEP pathway (Campos
et al. 2001). Martin et al. constructed a plasmid
harboring MVA pathway genes from
S. cerevisiae, which were expressed in E. coli to
produce the antimalarial sesquiterpene precursor
amorphadiene (Martin et al. 2003). In 2005,
Vadali et al. demonstrated that lycopene

production in E. coli, harboring the MVA path-
way derived from Streptomyces sp. CL190,
increased >twofold compared with that of the
parental strain (Vadali et al. 2005). Yoon et al.
reported that E. coli expressing the MVA path-
way genes that encode the downstream
components of the MVA pathway from Strepto-
coccus pneumoniae produce 22 mg/g DCW of
lycopene with mevalonate as a substrate (Yoon
et al. 2006). Several groups reported on caroten-
oid overproduction using heterologous MVA
pathway genes derived from streptococci, Entero-
coccus faecalis, or Staphylococcus aureus.

In contrast, we developed an isoprenoid pro-
duction system that utilizes lithium acetoacetate
(LAA), which is structurally simpler and less
expensive than D-MVL, as the main substrate
(Harada et al. 2009). The plasmid (pAC-Mev/
Scidi/Aacl) contains the MVA pathway gene
cluster of Streptomyces sp. CL190, type 1 idi
derived from S. cerevisiae (Scidi), and the rat
acetoacetate-CoA ligase gene that synthesizes
acetoacetyl-CoA (Aacl) from acetoacetate
(Fig. 16.2). E. coli carrying the plasmid
pAC-Mev/Scidi/Aacl and a lycopene biosynthetic
plasmid produced 12.5 mg/g DCW of lycopene
with the addition of LAA. We recently found that
carotenoid production increases by replacing the
upstream MVA pathway genes with heterologous
bacterial genes.

Further, we developed production systems
from acetoacetate ester, which is much less
expensive than LAA (Harada et al., submitted).
Since it is known that the acetoacetate ester forms
acetoacetate by the hydrolysis reaction, we
searched for various bacterial carboxylesterases
that catalyze the hydrolysis of acetoacetate esters.
Fourteen recombinant bacterial carboxylesterases
were expressed in E. coli, and the enzymatic
activities against two types of acetoacetate esters,
methyl acetoacetate (MAA) and ethyl
acetoacetate (EAA), were examined. Some
carboxylesterases showed promising catalytic
activity for two types of acetoacetate esters, espe-
cially in p-nitrobenzyl esterase (PnbA) derived
from Bacillus subtilis (Fig. 16.3). The plasmid
(pAC-Mev/Scidi/Aacl/PnbA) ligating PnbA
gene to the downstream of Aacl was constructed
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and introduced into E. coli with a lycopene bio-
synthetic plasmid. Lycopene accumulation in
engineered E. coli using MAA or EAA as sub-
strate was almost equivalent to that with the addi-
tion of LAA (Fig. 16.4).

The approach of introducing a heterologous
MVA pathway into E. coli is currently one of
the most powerful and efficient tools for pathway
engineering to overproduce carotenoids.
Table 16.1 summarizes efforts to modify the
precursor-supplying pathway of E. coli.

16.6 Applied Researches and Future
Prospects for Using
Recombinant E. coli Carotenoid
Production Systems

The carotenoid production system using recombi-
nant E. coli has the advantages of producing rare

carotenoids that are difficult to obtain from nature
as well as new synthetic carotenoids. Genetic
modification based on directed evolution typified
by error-prone PCR (epPCR) and DNA shuffling
is very useful for molecular engineering of a gene
having a desired function. Umeno et al.
constructed a system to produce C35 carotenoids
synthesized by condensation of FPP and GGPP in
recombinant E. coli and produced ten novel and
unnatural C35 carotenoids with mutant crtN and
crtI genes generated using epPCR (Umeno and
Arnold 2003). They reported the production of
unnatural carotenoids with chain lengths of C45
and C50 (Umeno and Arnold 2004, Furubayashi
et al. 2015). Similarly, we constructed a recombi-
nant strain of E. coli that coexpresses the zeaxan-
thin glycoside synthetic gene cluster derived from
P. ananatis and crtG from the marine bacterium
Brevundimonas sp. SD212. This recombinant
E. coli synthesizes the novel carotenoid
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Fig. 16.2 Pathway engineering of E. coli using the pAC-Mev/Scidi/Aacl plasmid. A) Structure of the pAC-Mev/Scidi/
Aacl plasmid. B) Carotenoid precursor biosynthesis pathway of pAC-Mev/Scidi/Aacl introduced E. coli
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Fig. 16.3 Measurement of the hydrolytic activity of bac-
terial carboxylesterases for two types of acetoacetate
esters. Bacterial carboxylesterases (these included putative
enzymes) derived from Bacillus subtilis (Nap, PnbA, and
YvaK), Bacillus cereus (BC2743, BC3642, and BC5130),
Corynebacterium glutamicum (Cgl0090 and Cgl2310),
Escherichia coli (YeiG), Pseudomonas aeruginosa

(PA3859), Streptococcus gordonii (SGO0795), and
Xanthomonas campestris (XCC2285 and XCC3514)
were expressed in E. coli to prepare crude enzyme solu-
tion. The bars indicate the concentration of acetoacetate
produced when 0.5 μg of crude extract was reacted with
MAA (shaded bars) or EAA (white bars). ND, not detected
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caloxanthin 30-β-D-glucoside and the rare
carotenoids caloxanthin and nostoxanthin
(Osawa et al. 2011). In the future, integration of
new or unique carotenoid production systems
with overproduction systems is expected to pro-
mote the use of valuable carotenoids, which are
difficult to produce. For more information on new
or rare carotenoid production studies, see
Chaps. 15 and 17.

A unique approach toward secreted carotenoid
production by recombinant E. coli was recently
reported (Doshi et al. 2013). Many carotenoids
are weakly hydrophilic. Therefore, these lipid-
soluble compounds accumulate in the membranes
of cells in endogenous tissues. Moreover, the
amount of accumulated lipid-soluble carotenoids
is limited, because it depends on the amount of
hydrophobic tissues. The secretory production

Table 16.1 Summary of pathway modifications to overproduce carotenoids

Carotenoids

Precursor-
supplying
pathways Strategy for production

Maximum
yield Year References

Lycopene MEP Overexpression of heterologous idi genes 1 mg/g
DCW

1997 Kajiwara et al.

β-Carotene
and
zeaxanthin

MEP Coexpression of idi, dxs, and dxr genes 1.6 mg/g
DCW

1999 Albrecht et al.

Zeaxanthin
(deuterated)

MVA Overexpression of Streptomyces sp. CL190
MVA pathway gene cluster into dxr disrupted
strain

N/A 2001 Kakinuma et al.

N/A MEP and
MVA

Overexpression of synthetic operon consisting
of upstream MVA pathway genes from
S. cerevisiae and human

N/A 2001 Campos et al.

N/A MEP and
MVA

Overexpression of MVA pathway genes from
S. cerevisiae with mevalonate supplementation

N/A 2003 Martin et al.

Lycopene MEP Replace from native dxs promoter to
endogenous strong promoter

2.5–3 mg/
L medium

2005a Alper et al.

Lycopene MEP and
MVA

Overexpression of Streptomyces sp. CL190
MVA pathway gene cluster

4.3 mg/L
medium

2005 Vadali et al.

Lycopene MEP Knockout of gdhA, aceE, and fdhF genes 6.6 mg/g
DCW

2005b Alper et al.

Lycopene MEP Knockout of appY, crl, and rpoS genes 4.7 mg/g
DCW

2005 Kang et al.

Lycopene MEP Systematic and combinatorial gene knockout
with overexpression of dxs, ispD, ispF, and idi
genes

18 mg/g
DCW

2005c Alper et al.

β-Carotene MEP Replace from native dxs, ispB, ispD, ispF, and
idi promoters to bacteriophage T5 promoter

6 mg/g
DCW

2006 Yuan et al.

Lycopene MEP and
MVA

Overexpression of the lower MVA pathway
genes from Streptococcus pneumoniae with
mevalonate supplementation

22 mg/g
DCW

2006 Yoon et al.

Lycopene MEP Combination of knockout and overexpression
of key genes

16 mg/g
DCW

2007 Jin and
Stephanopoulos

Lycopene MEP Knockout of gdhA, aceE, fdhF, and hnr genes 9 mg/g
DCW

2008 Alper and
Stephanopoulos

Lycopene
and
Astaxanthin

MEP and
MVA

Overexpression of Streptomyces sp. CL190
MVA pathway gene cluster, yeast idi, and rat
acetoacetate-CoA ligase (Aacl) with lithium
acetoacetate supplementation

12.5 mg/g
DCW

2009 Harada et al.

Lycopene MEP Knockout of glucose phosphotransferase
operon and optimize culture conditions

20 mg/g
DCW

2013 Zhang et al.
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system may overcome the accumulation limit of
carotenoid of cells.

Carotenoid production using recombinant
E. coli is an effective way to provide quantitative
solutions without extensive extraction from natu-
ral sources or complex chemical synthesis. More-
over, it contributes qualitatively through
facilitating the production of novel or rare
carotenoids. From the viewpoint of commercial
production, a production system using recombi-
nant E. coli is required. However, to produce
structurally complex carotenoids, novel produc-
tion hosts may be required, such as other bacteria,
fungi, higher plants, and microalgae.
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Carotenoid Production in Escherichia
coli: Case of Acyclic Carotenoids 17
Gerhard Sandmann and Norihiko Misawa

Abstract

Among isoprenoids, carotenoids were the first
group of compounds which were synthesized
from foreign genes in non-carotenogenic
Escherichia coli as a heterologous host. A
great variety of carotenoids have been shown
to be produced in E. coli due to the introduction
of combinations of carotenoid biosynthesis
genes, which were isolated from carotenogenic
organisms. Carotenoids that have been pro-
duced in E. coli are mostly cyclic carotenoids
that retain carbon 40 (C40) basic structure,
except for acyclic carotene lycopene. On the
other hand, acyclic carotenoids, which can
also be produced in E. coli, comprise a group
of carotenoids with diverse chain lengths, i.e.,
with C20, C30, C40, or C50 basic skeleton. As
for acyclic C30, C40, and C50 carotenoids,
carotenogenic genes of bacterial origin were
needed, while a cleavage dioxygenase gene of
higher-plant origin was utilized for the synthe-
sis of acyclic C20 carotenoids. The present
chapter is a review on the biosynthesis of such
diverse acyclic carotenoids at the gene level.

Keywords

Acyclic carotenoids · Escherichia coli ·
Combinatorial biosynthesis · Crocin · C30
carotenoids

17.1 Introduction

Among isoprenoids, carotenoids were the first
group of compounds which were synthesized
from foreign genes in non-carotenogenic
Escherichia coli as a heterologous host
(Sandmann et al. 1999). The first report was
published by Perry et al. (1986) and Tuveson
et al. (1988) by cloning a carotenogenic gene
cluster from Erwina herbicola (renamed Pantoea
agglomerans) into E. coli, resulting in yellow
pigmentation. Later, these types of genes were
utilized for the generation of several representa-
tive carotenoids in E. coli, containing acyclic
carotene lycopene and cyclic carotenoids
β-carotene and zeaxanthin (Misawa et al. 1990;
Sandmann et al. 1990). Since then, a great variety
of carotenoids have been shown to be produced in
E. coli due to the introduction of combinations of
carotenoid biosynthesis genes, which were
isolated from carotenogenic organisms (see
Chap. 15; Misawa 2010; Sandmann 2002).
Detailed protocols for combinatorial biosynthesis
of carotenoids in E. coli including description of
suitable genes and transformation plasmids can
be found in Sandmann (2003). Carotenoids that
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have been produced in E. coli are mostly cyclic
carotenoids that retain carbon 40 (C40; C40) basic
structure, except for lycopene. Acyclic
carotenoids, which can also be produced in
E. coli, comprise a group of carotenoids with
diverse chain lengths, i.e., with C20, C30, C40,
or C50 basic skeleton, whereas few comprehen-
sive reviews are present concerning their produc-
tion in E. coli. This chapter is a review on the
different carotenoid structures generated by com-
binatorial biosynthesis in E. coli.

17.2 Bacterial Acyclic Carotenoids

Several groups of bacteria with carotenoid bio-
synthesis lack the different cyclase genes
(Krubasik and Sandmann 2000) for the synthesis
of ionone rings. Among them are the purple bac-
teria with C40 carotenoids (Takaichi 1999) and
species from the phylum Firmicutes including the
families of Bacillus,Heliobacteriaceae, as well as
a few methylotrophic species among the
Protobacteria (Steiger et al. 2012). These species
provide the genes for the modification of the
acyclic end group. C50 carotenoids which are
formed in Actinobacteria (see Chap. 14) are
derived from C40 carotenoid by extension with
C5 units at each side of the carotenoid molecule
(Krubasik et al. 2001).

17.2.1 Acyclic C30 Carotenoids
Synthesized in E. coli

The first C30 carotenoids generated in E. coli
were the carotenes with a different extent of
desaturation 4,40-diapophytoene, 4,40-
diapo-ζ-carotene, 4,40-diaponeurosporene, and
4,40-diapolycopene (Raisig and Sandmann
2001). This was achieved by combination of the
crtM and crtNa genes from Staphylococcus
aureus that belongs to the phylum Firmicutes.
After the cloning of the genes for hydroxylation
crtNb, formation of aldehyde crtNb and carboxy
groups crtNc at a terminal C atom at each side, it
was possible to let E. coli synthesize 4,40-
diaponeurosporen-4-al and 4,40-diapolycopene-

4,40-dial (Tao et al. 2005) as well as 4,4-
0-diapolycopen-4,40-oic acid and 4,4-
0-diapolycopene-4,40-dioic acid (Steiger et al.
2015). The pathway and the gene products
involved are shown in Fig. 17.1.

Two C30 carotenoids not naturally found were
generated by transformation of a 4,4-
0-diaponeurosporene synthesizing E. coli with
the crtA gene from a C40 pathway (Kim et al.
2016). This resulted in the formation of 4,40-
diaponeurosporene-6,60-dione which was
converted to 4,40-diapolycopene-6,60-dione by
an additional crtD gene (Fig. 17.2b). The function
of both genes in the C40 pathway is described in
the following section.

17.2.2 Acyclic C40 Carotenoids
Synthesized in E. coli

The carbon backbone of C40 carotenoids can
vary by the size of the conjugated polyene sys-
tem. Phytoene desaturases CrtP or CrtI, the latter
from different species, exert a different product
pattern with a varying degree of desaturation
inserting either two or up to ten double bonds
(Linden et al. 1991). As indicated in Fig. 17.2,
the individual carotenes formed in E. coli are
ζ-carotene with seven conjugated double bonds
by a two-step desaturase, neurosporene with nine
conjugated double bonds by a three-step
desaturase, lycopene with 11 conjugated doubles
bonds by a five-step desaturase,
3,4-didehydrolycopene with 12 conjugated dou-
ble bonds by a seven-step desaturase, and
3,4,30,40-tetradehydrolycopene with 13 conju-
gated double bonds. In Pantoea ananatis (for-
merly Erwinia uredovora), the product of crtI
catalyzes the formation of lycopene. However,
when expressed in E. coli to high concentration,
this enzyme can desaturate phytoene to a full
polyene chain yielding 3,4,30,40- tetradehydro-
lycopene in an eight-step desaturation (Linden
et al. 1991). Increased desaturation in the pres-
ence of high enzyme amounts is a general feature
of CrtI-catalyzed reactions which is due to a com-
petition between phytoene and other higher
desaturated intermediates and products for the
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substrate binding site of phytoene desaturase
(Stickforth and Sandmann 2007).

Possible modifications of the acyclic ψ-end
groups include hydration of the C1,2 and C1020

double bonds by CrtC, methylation of the
resulting 1- and 10-hydroxy groups by CrtF, and
formation of a 3,4- and a 30,40 double bond by
CrtD and subsequently ketolation at C2 and C20

by CrtA. These genes have been first cloned from

Rhodobacter capsulatus with a carotenoid bio-
synthesis pathway involving modification of
neurosporene (Armstrong et al. 1989). Later, sim-
ilar genes were cloned from Rubrivivax
gelatinosus. However, their products exhibited
slightly different substrate and product
specificities due to their function in a pathway
involving lycopene (Ouchane et al. 1997).
Transforming E. coli with a variation of the

Fig. 17.1 Formation in E. coli of typical C30 carotenoids (a) and those modified by genes from the C40 biosynthesis
pathway (b)
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corresponding genes allows the generation of a
broad variety of modified acyclic C40
carotenoids, which are listed in Fig. 17.3b. It has
been shown that CrtC and CrtD work consecu-
tively as shown in Fig. 17.3a (Steiger et al. 2003).
Then, a 2-keto group can be inserted by CrtA into
the 1-HO-3,4-didehydro-ψ-end group (Gerjets
et al. 2009). At any stage the 1-HO group may
get methylated by the CrtF (Badenhop et al.
2003). In addition, these modifications may
occur only at one end or at both sides of the
carotenoid molecule. However, the initial
1,2-hydratase reaction catalyzed by CrtC from
Rba. capsulatus modifies only one end of the
neurosporene, lycopene, or
3,4-didehydrolycopene molecule to 1-hydroxy
derivatives. For the formation of 1,10-dihydroxy
derivatives, the use of the crtC gene from Rvi.
gelatinosus is decisive (Steiger et al. 2003).

Using the genes mentioned above, a wide range
of acyclic carotenoids have been synthesized in
E. coli. This includes 2-hydroxy carotenoids formed

through a special 2-hydroxylase closely related to a
2-ketolase which has been identified in
Flavobacterium P99–3 (Rählert and Sandmann
2009). The corresponding crtA-OH gene adds an
additional 2-hydroxy group to a
1-HO-3,4-didehydro-ψ-end group. Several of the
carotenoids from Fig. 17.3 do not exist in nature
and were generated in E. coli by combining genes
from different branches of carotenoid biosynthesis
from different species (Sandmann 2002). The
structures of the acyclic carotenoids produced in
E. coli are grouped in Fig. 17.3b according to the
type of carotene at which the modifications start
(ζ-carotene, neurosporene, lycopene, or
3,4-didehydrolycopene) and the extent of the path-
way reactions indicated in Fig. 17.3a (GrI to Gr.VII).

There is one example that a gene involved in
the modification of C30 carotenoids works in
E. coli on a C40 carotenoid. With crtNb in a
lycopene background, formation of lycopen-1-al
(Fig. 17.3c) was achieved (Tao et al. 2005).

Fig. 17.2 Formation of the
C40 carotenoid carbon
chain from phytoene with
different degrees of
desaturation
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Fig. 17.3 Acyclic C40 carotenoids synthesized in E. coli.
(a) Reaction sequences with (b) their products from
ζ-carotene (zC), neurosporene (N), lycopene (L), and
3,4-didehydrolycopene (DDL); (c) formation of lycopen-

1-al. Details can be found in these publications: Albrecht
et al. (2000); Steiger et al. (2000); Badenhop et al. (2003);
Gerjets et al. (2009); Rählert and Sandmann (2009)
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17.2.3 Acyclic C50 Carotenoids
Synthesized in E. coli

All end products of the C50 pathway are carotenoids
with either β-, γ-, or ε-ionone rings. However, two
acyclic intermediates were accumulated in E. coli.
These were nonaflavuxanthin (2-(4-hydroxy-3-
methylbut-2-enyl)-1,3,4,16-tetrahydro-1,2-dihydro-
ψ,ψ-carotene) and flavuxanthin (2,20-bis-
(4-hydroxy-3-methylbut-2-enyl)-1,16,10,160 -
tetrahydro-1,2,10,20-tetrahydro-ψ,ψ-carotene)
(Krubasik et al. 2001).

17.3 Plant Acyclic Carotenoids

The early-stage biosynthesis from phytoene to
lycopene in higher plants comprise C40 acyclic
carotenes (see Chap. 15). Lycopene is then
cyclized to β-carotene and α-carotene by way of
γ-carotene and δ-carotene, respectively.
β-Carotene is further metabolized to cyclic
xanthophylls such as zeaxanthin, violaxanthin,
and neoxanthin and α-carotene to lutein.

Saffron (Crocus sativus) accumulates an acy-
clic C20 carotenoid crocetin and its glycosylated
form crocin (apocarotenoids), along with aroma

ingredients picrocrocin and safranal in the stig-
mas, which constitute the most expensive spice
known and a valuable herbal medicine (Bouvier
et al. 2003). Biosynthesis specialized for these
spice components starts with the cleavage of zea-
xanthin by carotenoid cleavage dioxygenase
2 (CCS2) to generate crocetin dialdehyde and
two molecules of 3-hydroxy-β-cyclocitral
(Frusciante et al. 2014), as shown in Fig. 17.4.
Biosynthetic pathway of crocin by way of
crocetin is well elucidated at the gene
level (Demurtas et al. 2018), while a route from
3-hydroxy-β-cyclocitral to safranal remains
unclear (Fig. 17.4).

17.3.1 Acyclic C20 Carotenoids
Synthesized in E. coli

Wang et al. (2019) constructed E. coli cells that
synthesize crocetin and its glycosyl ester as
follows: Recombinant E. coli, which expressed
the Crocus sativus CCS2 (CsCCS2) gene and an
aldehyde dehydrogenase (ALD8) from fungus
Neurospora crassa, was shown to produce
4.4 mg/L of crocetin. Further expression of Bacil-
lus subtilis glucosyl transferase genes instead of

Fig. 17.3 (continued)

206 G. Sandmann and N. Misawa



the original plant UGT gene in this recombinant
E. coli strain resulted in the biosynthesis of
crocetin monoglucosyl ester, while crocin was
not synthesized there.
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Fecal Microflora from Dragonflies and Its
Microorganisms Producing Carotenoids 18
Takashi Koyanagi, Takashi Maoka, and Norihiko Misawa

Abstract

The intestines of insects are assumed to be the
niche of various microbial groups, and a
unique microflora could be formed under envi-
ronmental conditions different from mamma-
lian intestinal tracts. This chapter describes the
bacterial flora formed in the intestines of two
dragonfly species, “akatombo” (the red drag-
onfly; Sympetrum frequens) and “usubaki-
tombo” (Pantala flavescens), which fly over a
long distance, and carotenoid-producing
microorganisms isolated from this flora. C30

carotenoids, which were produced by a bacte-
rium Kurthia gibsonii isolated from
S. frequens, were structurally determined.

Keywords

Microflora · Dragonfly · Sympetrum frequens ·
Pantala flavescens · carotenoids · Kurthia
gibsonii

18.1 Introduction

The intestines of insects are assumed to be the
niche of various microbial groups, and a unique
microflora could be formed under environmental
conditions different from mammalian intestinal
tracts. This chapter describes the bacterial flora
formed in the intestines of two dragonfly species,
“akatombo” (the red dragonfly; Sympetrum
frequens) and “usubaki-tombo” (Pantala
flavescens) (Fig. 18.1), and carotenoid-producing
microorganisms isolated from this flora. Since
these dragonflies fly over a long distance, their
intestines can be not only a stable residence for
microorganisms but also a means of spreading
and moving themselves to a wide range of
environments. Recently, Nair and Agashe
(2016) examined the gut bacterial flora of eight
dragonfly species in southern India, including
P. flavescens, through a culture-dependent isola-
tion methodology, and found that its community
composition was affected by host species and
sampling location and month. Symbiosis of
insects and microorganisms in the gastrointestinal
tracts is likely to be advantageous for the survival
of diverse bacteria other than obligate anaerobic
species.
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18.2 Fecal Bacterial Flora of the Two
Dragonfly Species

Mature adults of Sympetrum frequens and
Pantala flavescens were caught in Koka-shi,
Shiga, in September and August–September,
respectively. Excrements (feces) were collected
from these two dragonfly species (30–50 each).
Bacterial genomic DNA was extracted from these
feces to amplify the 16S ribosomal RNA gene
(rDNA) by PCR (the experimental scheme was
indicated in Fig. 18.2). The hypervariable V4
region (approximately 250 bp) was targeted to
analyze nucleotide sequence of the gene, and
PCR amplicon obtained was sequenced by using
next-generation sequencing (NGS) technology
with Illumina MiSeq apparatus. Note that feces
from multiple dragonflies (30–50 individuals)
were mixed together to collect sufficient amounts
for the analysis, and thus the result represents the
mixed bacterial flora of the multiple individuals
(percentage of each taxonomic group represents
an average in bacterial flora of multiple
dragonflies).

At the phylum level, the fecal flora
compositions from the two species were signifi-
cantly different (Fig. 18.3). Proteobacteria (32%
of total bacterial flora) and Firmicutes (66%)
accounted for the most dominant bacteria in the
flora of S. frequens, whereas Chlamydiae, intra-
cellular parasitic bacteria, was the most dominant
in P. flavescens (68%). Except for Chlamydiae,
Proteobacteria (9%) and Firmicutes (11%)
existed in the feces of P. flavescens, which was
similar to the case in S. frequens, and
Actinobacteria was additionally present (12%).

At the genus level, it should be noted that
Lactococcus (Streptococcaceae) was a major
constituent in the fecal bacterial flora of
S. frequens (54% of total bacteria), indicating
that lactic acid bacteria (LAB) can be dominant
in the intestine of this dragonfly (Fig. 18.4).
Another LAB genus Lactobacillus also existed
at the considerable ratio (11%), also indicative
of the lactic acid fermentation occurring in the
intestine. Other bacterial groups were identified
as multi-taxa belonging to Enterobacteriaceae

(Morganella, Serratia, and a genus close
to Enterobacter/Klebsiella/Kluyvera/Lelliottia/
Leclercia/Erwinia/Pantoea/Buttiauxella),Coxiellaceae
(Rickettsiella), and Bartonellaceae (Bartonella).
On the other hand, the fecal bacterial flora of
P. flavescens was distinctively dominated at the
genus level; putative Chlamydiales bacterium
occupied 68% of the total flora as mentioned
above (Fig. 18.5). The second majority was
genus Leifsonia/Cryocola (11%), which belongs
to Microbacteriaceae that was also not observed
as a major group in the bacterial flora of
S. frequens. The LAB genera Vagococcus (6%),
Lactococcus (2%), and Lactobacillus (1%) were
present as minor constituents.

Thus, it is interesting that bacterial floras are
significantly distinct depending on the species of
dragonflies, especially for the existence of
Chlamydiae. It is also intriguing that general
inhabitants in mammal intestinal microflora such
as Bacteroidetes were not detectable as a major
constituent in dragonfly feces, indicating great
difference of gut environments between them.

18.3 Carotenoid-Producing
Microorganisms Isolated from
Excrement of Dragonflies
S. frequens and P. flavescens

As described in Chaps. 1, 2, 3, 4, and 5,
carotenoids are generally found in dragonflies.
In S. frequens, carotenoids were distributed in
feces (590–910 μg/g: predominant), head
(9.4–18.0 μg/g), chest (5.4–19.0 μg/g), and abdo-
men (10.5–18.0 μg/g), indicating that the intestine
is the major place of carotenoid accumulation.
Intestinal microorganisms are potential
candidates as the producer of their domestic
carotenoids. Thus, dragonfly feces could be a
fruitful experimental target to isolate strains with
carotenoid production ability.

Culturable bacteria and yeasts were grown on
six media, tryptone soya agar (TSA) (Eiken,
Tokyo, Japan), Gifu anaerobic medium (GAM)
agar (Nissui, Tokyo, Japan), de Man, Rogosa, and
Sharpe (MRS) medium agar (Becton Dickinson,
Franklin Lakes, NJ, USA), nutrient agar
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(NA) (Nissui), standard method agar
(SA) (Nissui), and potato dextrose medium agar
(PDA, containing 0.01% chloramphenicol)
(Eiken). The medium plates were used to isolate
aerobic bacteria with TSA, NA, and SA,

anaerobic bacteria with GAM, lactic acid bacteria
with MRS, and yeasts with PDA. For both
dragonflies P. flavescens and S. frequens, viable
counts were approximately 106 cfu per gram feces
both for aerobic and anaerobic bacteria, and yeast

Fig. 18.1 Mature adults of “akatombo” (the red dragon-
fly; Sympetrum frequens) and “usubaki-tombo” (Pantala
flavescens)

These photos were taken in Tenjin-jima, Yokosuka-shi,
Kanagawa, by Kiyoshi Hagiwara, and in Koka-shi, Shiga,
by Sadako Une, respectively

Feces of dragonfly (S. frequens and P. flavescens)

Extrac�on of DNA (cell disrup�on by zirconia beads bea�ng, followed by 
DNA extrac�on and purifica�on with NucleoSpin �ssue kit 
(Macherey-Nagel, Germany))

1 st PCR using bacterial 16S rDNA V4 hypervariable region-specific 
universal primers 515F and 806R

Purifica�on with QIAquick PCR purifica�on kit (QIAGEN, Germany)

2 nd PCR using the barcode-tagged  sample-specific 515F and 806F primers 

Nucleo�de sequence analysis using Illumina MiSeq
…ATGGATGCCTG…

…GCCTCGATGGCC…
…AATGGAACTTTC…

V4

V4

extrac�on

purifica�on

PCR

PCR

sequencing

feces

Fig. 18.2 Experimental scheme of fecal bacterial flora analysis of dragonflies
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counts were around 103–104 cfu per gram feces
(Table 18.1).

Among microorganisms isolated, yellowish,
pinkish, and red colonies were picked and
streaked on the medium plates (Fig. 18.6), and
their genomic DNA was extracted to analyze

nucleotide sequence of the 16S ribosomal RNA
gene (rDNA). The hypervariable V1–V3 regions
were covered to identify species in the analysis. In
the excrement of S. frequens, the most frequently
isolated yellow-pigmented microorganism was a
bacterial species very close to Kurthia gibsonii
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that belongs to the Firmicutes phylum (Kg in
Fig. 18.6). Thus, we classified this strain as
K. gibsonii. Secondary frequent isolates were
identified as Bacillus sp. (Bs in Fig. 18.6); some
species of genus Bacillus have been reported to be
C30 carotenoid producers (Khaneja et al. 2010;
Steiger et al. 2012a). Other three yellowish strains
were identified as Enterobacter sp. (light-yellow
colony, Es in Fig. 18.6), Stenotrophomonas sp.
(light-yellow colony, Ss in Fig. 18.6), and Pseu-
domonas sp. (thick-yellow colony, Ps in
Fig. 18.6). This Pseudomonas sp. was found to
produce β-carotene and zeaxanthin by Fukaya
et al. (2018). One strain indicating sharp red
color was isolated and identified as Serratia

marcescens (Sm in Fig. 18.6), which has been
known as a producer of non-carotenoid pigment
prodigiosin (Williams 1973). Interestingly,
K. gibsonii was also isolated from the excrement
of P. flavescens (Fig. 18.6), suggesting that this
bacterium may be commonly detectable from
dragonfly intestines. Abovementioned bacteria,
however, were not the species dominating the
fecal bacterial flora as seen in Figs. 18.3, 18.4,
and 18.5; K. gibsonii was detected at low existing
ratio (0.8% of total bacteria) in the feces of
P. flavescens and was not detected in that of
S. frequens possibly due to an extremely low
population. Bacillus was also quite low popula-
tion (<1%) both in the fecal flora of S. frequens
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Table 18.1 Microbial viable counts of feces of dragonflies P. flavescens and S. frequens

Medium Microorganisms

Viable counts (cfu/g feces)

S. frequens P. flavescens

PDA Yeasts 3 � 103 3 � 104

MRS Lactic acid bacteria 3 � 106 8 � 106

GAM Anaerobic bacteria 4 � 106 5 � 106

TSA Aerobic bacteria 2 � 106 6 � 106

NA Aerobic bacteria 3 � 106 3 � 106

SA Aerobic bacteria 7 � 106 7 � 106
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and P. flavescens. Thus, it was predicted that the
carotenoid producers do not occupy majority in
the intestines of these two dragonflies. Finally,
one pinkish strain isolated from the feces of
P. flavescens was identified as a basidiomycete
yeast close to the genus Pseudozyma by analyzing
the ITS1 and ITS2 sequences (P in Fig. 18.6).

Bacterial strains belonging to phylum
Firmicutes generally produce short-chain C30

carotenoids as seen in Staphylococcus aureus
(Pelz et al. 2005) and Planococcus maritimus
(Shindo et al. 2008b; Shindo and Misawa 2014),
while bacteria belonging to phylum
Proteobacteria generally produce C40

carotenoids such as the Pseudomonas
sp. described above and Erwinia uredovora
(reclassified as Pantoea ananatis) that was
elucidated to possess the biosynthetic pathway
producing zeaxanthin and its glycosides (Choi
et al. 2013; Misawa et al. 1990). A broad range
of microorganisms, i.e., yellowish bacterial
strains of both phyla described above and the

yeast strain producing pinkish pigments, were
isolated from the excrements of the dragonflies,
indicating that dragonfly feces could be a poten-
tial source for the isolation of carotenoid-
synthesizing strains.

18.4 Structural Determination of C30
Carotenoids Produced by Fecal
Bacteria of Dragonflies

As described, one strain of Pseudomonas
sp. producing β-carotene and zeaxanthin, C40

carotenoid, was isolated from the excrement of
S. frequens (Fukaya et al. 2018). Another yellow-
pigmented bacterium K. gibsonii, belonging to
Firmicutes, was here analyzed for its carotenoids.
Through UPLC, UV/VIS, MS, and NMR
analyses, a major carotenoid produced by this
species was proved to be a novel C30 carotenoid
5,6-dihydro-4,40-diapolycopene-5-ol 1-glucoside
fatty acid ester (Fig. 18.7) (our unpublished

Kg

KgKg

Ps Sm

Kg

Kg

Bs

KgKg

SsBs

BsBs

Es

Kg Kg Eg P

Pantala
flavescens

Sympetrum 
frequens

Fig. 18.6 Microorganisms producing yellow, pink, and
red pigments isolated from excrement of dragonflies
S. frequens and P. flavescens. Kg, K. gibsonii; Bs, Bacillus

sp.; Es: Enterobacter sp.; Ss, Stenotrophomonas sp.; Ps,
Pseudomonas sp.; Sm, S. marcescens; Eg, Enterococcus
gallinarum; P, Pseudozyma sp.
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data). We also identified 4,40-diapolycopene,
5,6-dihydro-4,40-diapolycopene-5-ol and
5,6-dihydro-4,40-diapolycopene-5-ol 1-glucoside
as the minor components (Fig. 18.8).

Past several reports described that some bacte-
ria produced carotenoids with the C30 skeleton of
4,40-diapolycopene similar to our results (Steiger
et al. 2012a, b, 2015; Shindo et al. 2007,

R: branched monoene fatty acid

Fig. 18.7 Spectroscopic analysis of the major carotenoid, 5,6-dihydro-4,40-diapolycopene-5-ol glucoside, of Kurthia
gibsonii isolated from the feces of the red dragonfly S. frequens

Fig. 18.8 Structure of carotenoids of K. gibsonii isolated from the feces of S. frequens
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2008a, b), but their chemical structures are differ-
ent from the major carotenoids of K. gibsonii. It is
likely that various carotenoids are produced by
gut microbes in dragonfly intestines, suggesting
that they may have some role to contribute to the
balance of antioxidative chemical substances in
the host intestines. On the other hand, either of
S. frequens and P. flavescens did not accumulate
the C30 carotenoids in the feces and any other
body parts as major components (majority was
C40 carotenoids, β,β-carotene 14.4%, β,-
γ-carotene 9.6%, β-zeacarotene 16.2%, and β,-
φ-carotene 34.0%; our unpublished results), so
that further study should be needed to reveal
whether, if any, C30 carotenoids could play
some role in the dragonfly body or not.
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Carotenoid Biosynthesis in Animals:
Case of Arthropods 19
Norihiko Misawa, Miho Takemura, and Takashi Maoka

Abstract

All the organisms that belong to the animal
kingdom had been believed not to synthesize
carotenoids de novo. However, several groups
of arthropods, which contain aphids, spider
mites, and flies belonging to the family
Cecidomyiidae, have been unexpectedly
shown to possess carotenoid biosynthesis
genes of fungal origin since 2010. On the
other hand, few reports have shown direct evi-
dence corroborating the catalytic functions of
the enzymes that the carotenogenic genes
encode. In the present review, we want to over-
view the carotenoid biosynthetic pathway of the
pea aphid (Acyrthosiphon pisum), which was
elucidated through functional analysis of
carotenogenic genes that exist on its genome
usingEscherichia coli that accumulates caroten-
oid substrates, in addition to carotenoid biosyn-
thesis in the other carotenogenic arthropods.

Keywords

Carotenoid biosynthesis · Aphids ·
Acyrthosiphon pisum · Spider mites

19.1 Introduction

Carotenoids are isoprenoid pigments with long
conjugated double bonds and, in animals, exert
important physiological functions as a protector
against excessive light, an antioxidant, an
enhancer of immunity, and a contributor to repro-
duction, as well as roles as a precursor of retinoids
(provitamin A) (Frank and Cogdell 1993; Stahl
and Site 2004). Furthermore, several animals use
carotenoids as signals for communications
between intraspecies (sexual signaling, social sta-
tus signaling, and parent-offspring signaling) and
between interspecies (species recognition, warn-
ing coloration, mimicry, and crypsis) (Blout and
McGraw 2008).

Carotenoid pigments are biosynthesized
(synthesized de novo) not only in photosynthetic
organisms that include cyanobacteria, green
algae, brown algae, diatoms, and higher plants,
but also in some species of bacteria, archaea, and
fungi (Britton et al. 2004; Misawa 2010; Moise
et al. 2014). On the other hand, animals, which
contain a variety of structurally diverse
carotenoids, ordinarily utilize exogenous
carotenoids acquired from their diet, by
metabolizing them to other carotenoid forms or
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apocarotenoids as needed, for supporting their
health or life, since they generally have no ability
to synthesize carotenoids de novo.

19.2 Animals (Arthropods) that Can
Synthesize Carotenoids
De Novo

All the organisms that belong to the kingdom
Animalia (animals) had been believed not to syn-
thesize carotenoids de novo. However, several
groups of arthropods (the phylum Arthropoda)
have been unexpectedly shown to possess carot-
enoid biosynthesis genes since 2010. It was con-
tinuously revealed that carotenoid biosynthesis
genes homologous to fungal ones, which contain
lycopene cyclase/phytoene synthase (CrtYB) and
phytoene desaturase (CrtI) genes, were present in
the genomes of several arthropods, i.e., aphids
such as the pea aphid (Acyrthosiphon pisum),
which belong to the Aphididae family (order,
Hemiptera; class, Insecta) (Moran and Jarvik
2010), the two spotted spider mite (Tetranychus
urticae; family, Tetranychidae; order, Acari;
class, Arachnida) (Grbić et al. 2011), and the
goldenrod gall midge (Asteromyia carbonifera)
that lives around tall goldenrod (Solidago
altissima) and the Hessian fly (Mayetiola
destructor), flies of the family Cecidomyiidae
(order, Diptera; class, Insecta) (Cobbs et al.
2013). The aphid carotenoid biosynthesis genes
were reported to be inherited to aphid relatives,
adelgids (the Adelgidae family) and phylloxerids
(the Phylloxeridae family) (Zhao and Nabity
2017). The CrtYB and CrtI genes appearing in
the genomes of the above-mentioned arthropods
are thought to have been acquired with lateral
gene transfer from (a) fungal donor(s) or with
consequent differentiation. Among these
arthropods, carotenoid analysis was performed
in spider mites and aphids more than 3.5 decades
ago (Goodwin 1984; Veeman 1974). Spider mite
Tetranychus urticae that feeds on higher-plant
tissues was described to possess typical higher
plant-type carotenoids such as β-carotene
(β,β-carotene), lutein, and neoxanthin, in addition
to ketocarotenoids such as astaxanthin (Veeman

1974). Disruption of the CrtI gene was shown to
result in complete albinism in Tetranychus
urticae as well as in the citrus red mite
Panonychus citri, by abolishing carotenoid accu-
mulation, which indicates that carotenoid biosyn-
thetic genes of fungal origin enable some mites to
forgo dietary carotenoids (Bryon et al. 2017). It
was also recently revealed through knockout
experiments that the endogenous CYP384A1
gene of Tetranychus urticae is very likely to
code for carotenoid ketolase, which synthesize
ketocarotenoids such as astaxanthin (Wybouw
et al. 2019). On the other hand, aphid
Macrosiphum liliodendri was shown to contain
β,γ-carotene and γ,γ-carotene that are untypical
carotenoids in the ordinal green morphs and con-
tain lycopene, γ-carotene (β,ψ-carotene), and
3,4-didehydrolycopene in the pink variants
(Goodwin 1984). These carotenoids are not
observed in the leaf, stem, and sap of higher
plants. Thus, aphids, as sap-sucking insects, are
very likely to biosynthesize all these carotenoids
by their own genes. Recently, Zhang et al. (2018)
found a gene (named tor) encoding carotene
dehydrogenase, which was significantly
upregulated in the red morph of the pea aphid
(Acyrthosiphon pisum).

19.3 Functional Analysis of Aphid
Carotenoid Biosynthesis Genes

As described above, several arthropods including
aphids and spider mites have been shown to pos-
sess carotenoid biosynthesis genes of fungal ori-
gin, while direct evidence corroborating the
catalytic functions of these gene products is
scarcely present so far. Thus, we carried out func-
tional complementation experiments of caroten-
oid biosynthesis gene sequences that existed on
the genome of the pea aphid (Acyrthosiphon
pisum), using recombinant Escherichia coli cells
that synthesized carotenoid substrates (Misawa
et al. 1995). Consequently, four carotenoid bio-
synthesis genes were identified to synthesize
carotenoids accumulated in aphids from
geranylgeranyl diphosphate (GGPP), as shown
in Fig. 19.1 (Takemura et al. submitted). They
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consisted of two lycopene (carotene) cyclase/
phytoene synthase genes (ApCrtYB1, 3) and two
phytoene desaturase genes (ApCrtI2 and
ApTor). The ApTor gene, which had been
characterized as the gene significantly
upregulated in the red morph and named tor
(Zhang et al. 2018), proved to mediate the con-
version from phytoene to 3,4-didehydrolycopene,
which was considered to be metabolized to
torulene with ApCrtYB1.

19.4 Postscript

In the present review, we showed the overview
of carotenoid biosynthesis in arthropods of
animals, which is a brand new and developing
research category that started 10 years ago.
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Molecular Mechanisms of Nonalcoholic
Fatty Liver Disease (NAFLD)/
Nonalcoholic Steatohepatitis (NASH)

20

Tsuguhito Ota

Abstract

Nonalcoholic fatty liver disease (NAFLD) is
one of the most common chronic liver diseases
worldwide and has garnered increasing atten-
tion in recent decades. NAFLD is
characterized by a wide range of liver changes,
from simple steatosis to nonalcoholic
steatohepatitis (NASH), cirrhosis, and hepato-
cellular carcinoma. The pathogenesis of
NAFLD/NASH is very complicated and
involves lipid accumulation, insulin resistance,
inflammation, and fibrogenesis. In addition,
NAFLD is closely associated with
complications such as obesity, dyslipidemia,
and type 2 diabetes. In particular, the clinical
spectrum, pathophysiology, and therapeutic
options of NAFLD share many things in com-
mon with diabetes. Insulin resistance is an
underlying basis for the pathogenesis of diabe-
tes and NAFLD. This chapter focuses on the
molecular mechanism involved in the patho-
genesis of insulin resistance, diabetes, and
NASH/NAFLD including those that drive dis-
ease progression such as oxidative stress,
genetic and epigenetic mechanisms,
adiponectin, cytokines, and immune cells.

Keywords

Nonalcoholic fatty liver disease (NAFLD) ·
Nonalcoholic steatohepatitis (NASH) · Type
2 diabetes mellitus (T2DM) · Macrophage/
Kupffer cell · Carotenoid

20.1 Introduction

In the last decade, nonalcoholic fatty liver disease
(NAFLD) has emerged as the most common
cause of the chronic liver disease in the developed
countries. The prevalence of NAFLD is as high as
90% in obese individuals, and up to 70% of
patients with type 2 diabetes mellitus (T2DM)
develop NAFLD (Chalasani et al. 2012).
NAFLD is characterized by a wide range of
liver changes, from simple steatosis to nonalco-
holic steatohepatitis (NASH), cirrhosis, and hepa-
tocellular carcinoma. The pathogenesis of
NAFLD/NASH is complicated and involves
lipid accumulation, insulin resistance, inflamma-
tion, and fibrogenesis. During the progression of
NAFLD, reactive oxygen species (ROS) are
activated and induce oxidative stress. Recent
attempts at establishing effective NAFLD therapy
have identified potential micronutrient
antioxidants that may reduce the accumulation
of ROS and finally ameliorate the disease. There-
fore, this chapter is to highlight NAFLD as a
common liver disease, and I present the molecular
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mechanisms involved in the pathogenesis of
NAFLD and NASH.

20.2 Pathogenesis of NAFLD
and NASH

NAFLD is characterized by a wide histologic
spectrum of liver damage, including, simple
steatosis, NASH, hepatic fibrosis, and cirrhosis
(Chalasani et al. 2012). NASH, an advanced
form of NAFLD, was originally used by Ludwig
et al. (1980) in 1980, to define histological
features of the liver resembling alcoholic hepatitis
in patients without a history of significant alcohol
consumption. NASH is described as steatosis
combined with inflammation and ballooning and
has become the second leading hepatic disease
resulting in liver transplantation in the USA
(Wong et al. 2015). Approximately one third of
adults in the USA who have NAFLD also have
NASH, and 30% of these individuals have the
potential to progress to advanced cirrhosis, hepa-
tocellular carcinoma, and liver-related mortality
(Chalasani et al. 2012; Farrell and Larter 2006).

The mainstream concept of NAFLD is the
“multiple parallel-hit” hypothesis (Tilg and
Moschen 2010), which developed from the
two-hit theory proposed by Day et al. (Day and
James 1998) in 1998. The two-hit theory states
that a high-fat diet or diabetes-induced steatosis
(the first hit) will make the liver more sensitive to
other risk factors related to oxidative stress and
induce severe lipid peroxidation (the second hit)
(Day and James 1998). In our previous studies,
we found that insulin resistance promoted the
progression of NASH from simple fatty liver
(Ota et al. 2007) (Fig. 20.1). The overload of
liver lipids and/or hyperinsulinemia-driven de
novo lipogenesis enhances lipid peroxidation,
which induces the production of reactive oxygen
species (ROS) and steatohepatitis (Fig. 20.1).
Currently, this traditional view has been devel-
oped within a more complex “multiple parallel-hit
hypothesis,” which comprises a wide spectrum of
parallel hits (Fig. 20.2), including insulin resis-
tance, oxidative stress, genetic and epigenetic
mechanisms, environmental elements, cytokines,

and microbiota changes (Tilg and Moschen 2010)
(Fig. 20.2). The multiple parallel-hit theory states
that NAFLD is a more comprehensive effect of
diverse factors than a simple effect of one or two
factors, which may explain why NAFLD is also
observed in lean or aged people (Tilg and
Moschen 2010).

20.3 Obesity

Adipocytes, as important mediators of systemic
lipid storage and adipokine release, gather the
excessive fatty acids as TGs in tissues, which
then influence processes including lipid metabo-
lism, glucose regulation, and inflammation
(Scherer 2006). The free fatty acids (FFAs)
obtained from TG lipolysis are the central source
of fat in patients with NAFLD. These FFAs con-
tribute to the development of insulin resistance as
a common complication of NAFLD (Marchesini
et al. 2001; Ota et al. 2008). The activity of
lipolysis in visceral adipose tissue is higher than
that in subcutaneous adipose tissue, which causes
patients with visceral fat accumulation-induced
central obesity to be universally insulin resistant
and more likely to develop NAFLD secondary to
their increasing FFA content (Angulo 2007).

Adiponectin is an adipose-specific secretory
adipokine that can induce FFA oxidation and
lipid transfer to inhibit FFA accumulation with
its corresponding receptor in the liver (Angulo
2007). Adiponectin is a link between adipose
tissue and whole-body glucose metabolism,
which can affect hepatic insulin sensitivity (Berg
et al. 2001). Hypoadiponectinemia, a typical trait
of NAFLD, suggests that adiponectin, as an
antagonist of tumor necrosis factor α (TNF-α),
has anti-lipogenic and anti-inflammatory effects
that can protect the liver from damage by
maintaining the balance between
pro-inflammatory and anti-inflammatory
cytokines in hepatocytes (Pagano et al. 2005).
Furthermore, the serum adiponectin concentra-
tion coupled with the waist-to-hip ratio and
AST/ALT ratio could serve as a novel tool with
which to diagnose advanced fibrosis of NAFLD,
suggesting that increasing adiponectin levels may
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be a new therapeutic method for inflammation
and fibrosis in patients with NAFLD (Savvidou
et al. 2009). Interestingly, because adiponectin is
secreted mostly by subcutaneous fat rather than
visceral fat, hypoadiponectinemia may also help
to explain why patients with central obesity more
commonly develop insulin resistance among
patients with NAFLD (Angulo 2007)
(Table 20.1).

20.4 Diabetes to NAFLD

Overall, the clinical spectrum, pathophysiology,
and therapeutic options of NAFLD share many
things in common with T2DM and diabetes or
obesity-related complications. As a consequence
of obesity and low adiponectin production
induced by long-term oversupply of calories,
hyperlipidemia and insulin resistance are

frequently found in patients with NAFLD, con-
siderably strengthening the association between
this metabolic syndrome and diabetes. A few
studies have found a strong link between
insulin-dependent diabetes mellitus (also known
as type 1 diabetes mellitus) and NASH in
adolescents (Rashid and Roberts 2000). Many
other studies have focused on the relationship
between T2DM and NAFLD, which is complex
and bidirectional (Anstee et al. 2013). A clinical
study of general health examinations in Japan
found that about 29% of middle-aged Japanese
adults have NAFLD and that a substantial propor-
tion of them also had metabolic syndrome (Jimba
et al. 2005). With their impaired glucose metabo-
lism and abnormally elevated TG concentration,
patients with concurrent T2DM and NAFLD have
a greater risk of progression to NASH (Ratziu
et al. 2010; Ryysy et al. 2000).

Fig. 20.1 Hypothetic mechanism of nonalcoholic fatty
liver disease/nonalcoholic steatohepatitis (NAFLD/
NASH) progression. Excessive intake of calories and fat
results in accumulation of triglycerides, total cholesterol,
and free fatty acids, inducing hepatic steatosis. The over-
load of liver lipids enhances lipid peroxidation, which
induces the production of reactive oxygen species (ROS)
and steatohepatitis. Hepatic inflammation activates the
mitogen-activated protein kinase pathway and nuclear

factor-κB, resulting in insulin resistance. Insulin resistance
also promotes de novo lipogenesis, forcing the healthy
liver to develop NASH. The inflammation also recruits
Kupffer cells and polarizes M1 macrophages, activating
hepatic stellate cells and finally leading to liver fibrosis.
TG, triglycerides; TC, total cholesterol; FFA, free fatty
acids; MAPK, mitogen-activated protein kinase; NF-κB,
nuclear factor-κB
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20.5 NAFLD to Diabetes

Likewise, NAFLD also increases the risk of
developing T2DM. Using liver ultrasound tech-
nology and hepatic biopsy, a study in the USA
indicated that the incidence of diabetes is three-
fold higher in patients with NAFLD than in the
general population (Williams et al. 2011).
Hepatic steatosis causes redundant nonesterified

fatty acid as an intrinsic defect and induces
peripheral insulin resistance and endocrine over-
reaction, the typical features of T2DM (Bugianesi
et al. 2005). Due to the precise relationship
between NAFLD and diabetes, the most effective
therapy for NAFLD appears to be the indirect
method of improving abnormal hepatic lipid
metabolism by ameliorating glucose

Fig. 20.2 Multiple parallel-hit hypothesis of the progres-
sion of NAFLD/NASH. Overloading of lipids consisting
primarily of triglycerides (TGs) and free fatty acids (FFAs)
induces hepatic steatosis. Adipokines, such as interleukin
(IL)-6 and tumor necrosis factor (TNF)-α, produced by
adipocytes lead to hepatocyte fat accumulation and liver
inflammation. The microbiota decreases epithelial expres-
sion of fasting-induced adipocyte factor (Fiaf), which
functions as a circulating lipoprotein lipase (LPL) inhibitor

and, therefore, is an important regulator of peripheral fat
storage. Gut-derived signals can be affected by ingested
trans-fatty acids, fructose, or Toll-like receptor (TLR)
ligands. Ingested FFAs and free cholesterol induce endo-
plasmic reticulum (ER) stress and oxidative stress, leading
to hepatic inflammation and fibrogenesis. The presence of
single nucleotide polymorphisms (SNPs) in the patatin-
like phospholipase 3 (PNPLA3) gene increases the risk for
NAFLD and NASH development across ethnicities

Table 20.1 Major adipokines involved in nonalcoholic fatty liver disease (NAFLD) pathogenesis

Adipokines Function

Adiponectin Anti-inflammatory, improve insulin sensitivity, prevent lipid accumulation, attenuate fibrosis, and
inhibit tumor necrosis factor (TNF-α) synthesis and/or release

Leptin Prevent lipid accumulation, amplify inflammation, induce fibrosis, and increase TNF-α concentration
TNF-α Promote inflammation and induce lipid accumulation and insulin resistance, pro-fibrotic effect
Resistin Cause insulin resistance, reduce interleukin 6 (IL-6) secretion, and participate in liver fibrogenesis
IL-6 Suppress oxidative stress and prevent mitochondrial dysfunction
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dysregulation and enhancing insulin sensitivity
(Anstee et al. 2013).

The prevalence of some other fatal diseases is
also heightened in populations with these two
complications. In patients with diabetes, for
instance, the highest standardized mortality ratio
is associated with liver cirrhosis; hepatic cirrhosis
also elevates the risk of death from cardiovascular
disease in patients with diabetes (de Marco et al.
1999). More than 34% of patients with diabetes
have NAFLD and that the combination of these
two diseases enhances the risk of death from
malignancy (Adams et al. 2010). Frequently,
NAFLD also increases the risk of developing
microvascular diseases such as chronic kidney
disease in patients with T2DM. The increased
γ-glutamyltransferase concentrations caused by
NAFLD may be associated with some severe
subclinical renal disease and the risk of T2DM
(Chang et al. 2008). A recent study in Italy
involving a large number of participants
estimated that the prevalence of chronic kidney
disease in diabetic patients with NAFLD is 60%
higher than that in their counterparts without
NAFLD (Targher et al. 2008).

20.6 Immune Cells
in the Development of NASH

Efforts have been made to understand the roles of
immune cells, such as macrophages, natural killer
cells, Th1/Th2 cells, and T regulatory cells
(T regs), in the pathogenesis of NASH and their
potential therapeutic relevance. Specifically,
hepatic macrophages, which consist of resident
Kupffer cells and recruited bone marrow-derived
macrophages, are the major cells that produce
inflammatory mediators, such as tumor necrosis
factor (TNF)-α and interleukin (IL)-1β, causing
systemic insulin resistance and, ultimately,
NASH (Odegaard et al. 2008). In tissues,
macrophages mature and acquire specialized
functional phenotypes upon activation by differ-
ent stimuli. In general, classical M1 activation is
stimulated by Toll-like receptor (TLR) ligands,
such as lipopolysaccharide (LPS) and interferon-
gamma (IFN-γ), while alternative M2 activation

is stimulated by IL-4/IL-13 (Sica and Mantovani
2012). A network of signaling molecules, tran-
scription factors, epigenetic mechanisms, and
posttranscriptional regulators underlie the differ-
ent forms of macrophage activation (Fig. 20.3).

Dysregulation and polarization of M1/M2
macrophages can lead to chronic inflammation,
infection, cancer, obesity and its associated
disorders, and NAFLD [21]. Recently, the protec-
tive effects of M2 macrophages/Kupffer cells
were reported against alcoholic fatty liver disease
and NAFLD by promoting M1 macrophage/
Kupffer cell apoptosis (Wan et al. 2014). There-
fore, specific macrophage-targeted therapies are
now starting to appear in the clinical arena. In
particular, the reorienting and reshaping of mac-
rophage polarization is extremely important in
macrophage therapeutic targeting (Xue et al.
2015). In this chapter, we discuss the involvement
of hepatic macrophages/Kupffer cells on the path-
ogenesis of NASH and the impact of carotenoids
on NAFLD prevention and treatment.

20.7 Fibrosis

As a crucial response to chronic injury and mac-
rophage activation, fibrosis indisputably plays a
key role during the progression of NAFLD to
NASH (Wynn and Barron 2010). In the course
of hepatic fibrosis, the trans-differentiation of
hepatic stellate cells (HSCs) into myofibroblasts
(known as activated HSCs) produces extracellular
matrix components and causes extensive scarring
with the formation of abundant dying necrotic
cells and debris (Iredale et al. 1998; Schuppan
and Kim 2013). The Kupffer cells and recruited
macrophages then guide phagocytosis of the
dying necrotic cells and debris; this can induce
the formation of TGF-β which also accelerates
fibrosis (Tacke and Zimmermann 2014; Takehara
et al. 2004). Furthermore, monocytes and
macrophages expressing chemokine receptors,
including CCR2 and CCR5, are thought to be
involved in the activation and migration of
HSCs through TGF-β to promote liver fibrosis
(Karlmark et al. 2009; Seki et al. 2009).
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Prevention of NAFLD/NASH by
Astaxanthin and b-Cryptoxanthin 21
Tsuguhito Ota

Abstract

Metabolic disorders, such as lipid accumula-
tion, insulin resistance, and inflammation,
have been implicated in the pathogenesis of
NAFLD/NASH. Both innate and recruited
immune cells mediate the development of
insulin resistance and NASH. Oxidative stress
is also pivotal for the progression of NASH.
Astaxanthin is a natural carotenoid mainly
derived from microorganisms and marine
organisms. Due to its special chemical struc-
ture, astaxanthin has strong antioxidant activ-
ity. β-Cryptoxanthin is a xanthophyll
carotenoid specifically found in the Satsuma
mandarin. β-Cryptoxanthin is readily absorbed
and relatively abundant in human plasma,
together with α-carotene, β-carotene, lyco-
pene, lutein, and zeaxanthin. Considering the
unique chemical properties of astaxanthin and
β-cryptoxanthin and the complex pathogenic
mechanism of NASH, astaxanthin and
β-cryptoxanthin are regarded as a considerable
compound for the prevention and treatment of
NASH. This chapter comprehensively
describes the mechanism of the application
for astaxanthin and β-cryptoxanthin on the
prevention and treatment of NASH from the
aspects, including antioxidative stress,

inhibition of inflammation and promotion of
M2 macrophage polarization, improvement of
mitochondrial oxidative respiration, ameliora-
tion of insulin resistance, and suppression of
fibrosis.

Keywords

Nonalcoholic fatty liver disease (NAFLD) ·
Nonalcoholic steatohepatitis (NASH) ·
Macrophage/Kupffer cell · Astaxanthin ·
β-Cryptoxanthin

21.1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is a
major contributor to chronic liver disease world-
wide, and 10–20% of nonalcoholic fatty liver
(NAFL) progresses to non-alcoholic
steatohepatitis (NASH). Both innate and recruited
immune cells mediate the development of insulin
resistance and NASH. Therefore, modifying the
polarization of resident and recruited macro-
phage/Kupffer cells is expected to lead to new
therapeutic strategies in NAFLD. Oxidative stress
is also important for the progression of NASH,
which has generated interest in carotenoids as
potent micronutrient antioxidants in the treatment
of NAFLD/NASH. Astaxanthin is a natural carot-
enoid mainly derived from microorganisms and
marine organisms. β-Cryptoxanthin is a xantho-
phyll carotenoid specifically found in the Satsuma

T. Ota (*)
Department of Cell Metabolism and Nutrition, Brain/Liver
Interface Medicine Research Center, Kanazawa
University, Kanazawa, Ishikawa, Japan

# Springer Nature Singapore Pte Ltd. 2021
N. Misawa (ed.), Carotenoids: Biosynthetic and Biofunctional Approaches, Advances in Experimental
Medicine and Biology 1261, https://doi.org/10.1007/978-981-15-7360-6_21

231

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-7360-6_21&domain=pdf
https://doi.org/10.1007/978-981-15-7360-6_21#DOI


mandarin. Due to its unique chemical structure,
astaxanthin and β-cryptoxanthin have strong anti-
oxidant activity. In addition, these carotenoids
regulate macrophage/Kupffer cell polarization
and, thereby, prevent NASH progression. This
chapter describes dietary antioxidants, such as
β-cryptoxanthin and astaxanthin, that may be
effective in the prevention or treatment of
NAFLD/NASH.

21.2 Pharmacological Agents
for NASH

The pathogenesis of NAFLD is complicated and
involves lipid accumulation, insulin resistance,
inflammation, and fibrogenesis. During the pro-
gression of NAFLD, ROS are activated and
induce oxidative stress. Recent attempts at
establishing effective NAFLD therapy have
identified potential micronutrient antioxidants
that may reduce the accumulation of ROS and
finally ameliorate the disease. Therefore, this
chapter is to introduce some nutraceutical
antioxidants that may be used to prevent or cure
NAFLD.

In addition to the established treatment involv-
ing sustained weight loss by increased physical
training and diet control, there is no consensus on
the most effective pharmacological therapies for
NAFLD/NASH. One popular approach involves
the use of components for secondary therapy of
complications, such as hepatic fat accumulation,
insulin resistance, inflammation, and fibrosis. In
particular, NAFLD and insulin resistance coexist
frequently in subjects with obesity and T2DM
(Chalasani et al. 2012; Farrell and Larter 2006).
Therefore, insulin resistance is considered as an
underlying basis for the pathogenesis of T2DM
and NAFLD. However, recent randomized clini-
cal trials do not support the notion that insulin
resistance is major target for the treatment of
NASH. For example, pioglitazone and metfor-
min, common treatments for T2DM, can enhance
insulin sensitivity in patients with NAFLD/
NASH; however, other histological features,
such as fibrosis, are not significantly influenced
(Lavine et al. 2011; Sanyal et al. 2010). In the

TONIC trial, both metformin and vitamin E did
not lead to a sustained reduction in alanine ami-
notransferase (ALT) levels in children and
adolescents with NAFLD. Although NASH reso-
lution was greater in vitamin E-treated subjects,
fibrosis was not improved (Lavine et al. 2011). In
the PIVENS trial, pioglitazone improved steatosis
and inflammation but led to significant weight
gain. In contrast, compared with placebo, vitamin
E improved liver enzyme levels and all histologi-
cal features of NASH, except fibrosis (Sanyal
et al. 2010).

21.3 Vitamin E

There is a clear need for additional therapies for
NAFLD/NASH. Thus, most recommendations
encourage the consumption of micronutrients
such as vitamin E, which have antioxidative and
anti-inflammatory effects, to prevent and treat
NAFLD (Dongiovanni et al. 2016; McCarthy
and Rinella 2012). As a common antioxidant,
vitamin E has been used as a therapeutic compo-
nent for NAFLD by inhibiting ROS production
during the development of steatohepatitis. One
study showed that, compared with the control
group, 43% of patients with NASH showed clini-
cal improvement with significant reductions in
their ALT and AST levels and lobular inflamma-
tion after treatment with vitamin E (Sanyal et al.
2010). Similar effects were reported in a clinical
study in which vitamin E ameliorated NASH by
decreasing the ALT concentration and histologi-
cal activity and promoted weight control
(Hoofnagle et al. 2013). More generally, vitamin
E is often used with other therapeutic methods,
such as comprehensive weight reduction
programs, leading to weight loss and normalized
serum enzyme concentrations in obese children
with NASH (Lavine 2000). A prospective,
double-blind, randomized, placebo-controlled
trial observed that 6 months of combination treat-
ment with vitamins E and C alleviated fibrosis in
patients with NASH without improvement in the
necroinflammatory activity or ALT concentration
(Harrison et al. 2003). Nevertheless, some studies
have shown that vitamin E is not superior to
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placebo in ameliorating NAFLD or, even worse,
that daily supplementation of vitamin E may
increase the risk of prostate cancer (Klein et al.
2011; Lavine et al. 2011).

21.4 Astaxanthin

Astaxanthin is another xanthophyll carotenoid
found in various microorganisms and marine

Fig. 21.1 Effects of micronutrient antioxidants on
NASH. In this chapter, we introduce some carotenoids
that may be used to prevent or cure NAFLD/NASH,
such as astaxanthin and β-cryptoxanthin. One of the key
mechanisms is that both astaxanthin and β-cryptoxanthin

decrease numbers of M1 macrophages while increasing
those of M2 macrophages, which results in an
M2-dominant shift in macrophage/Kupffer cells and
leads to an attenuation of lipid-induced insulin resistance,
inflammation, and fibrosis in NASH
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animals, including salmon, crabs, and crustaceans
(Ambati et al. 2014). Astaxanthin is well known
for its strong antioxidant capacity (Ambati et al.
2014). It is 100–500-fold more effective than
vitamin E at preventing lipid peroxidation. It has
hepatoprotective effects and can protect against
inflammation, ulcers, cancer, neurodegeneration,
diabetes, immune system attacks, and cardiovas-
cular disease (Ambati et al. 2014) (Yuan et al.
2011). Astaxanthin has been reported to inhibit
carbon tetrachloride-induced lipid peroxidation
and to increase glutathione (GSH) levels and
superoxide dismutase (SOD) activity in rat liver
(Kang et al. 2001). Astaxanthin prevented diet-
induced obesity and hepatic lipid accumulation in
mice (Ikeuchi et al. 2007). Moreover, astaxanthin
prevented and reversed the activation of mouse
primary HSCs and suppressed the upregulation of
fibrogenic genes by blocking TGF-β/Smad3 sig-
naling (Yang et al. 2015, 2016). In addition,
astaxanthin ameliorated insulin resistance by
protecting cells from oxidative stress (Ishiki
et al. 2013). Therefore, the use of astaxanthin as
a nutritional supplement has increased signifi-
cantly in recent years.

We compared the preventative and therapeutic
effects of astaxanthin and vitamin E in a lipotoxic
NASH mouse model (Ni et al. 2015b) (Fig. 21.1).
We found that astaxanthin had significant preven-
tative and therapeutic effects. Astaxanthin
attenuated insulin resistance, hepatic lipid accu-
mulation and peroxidation, stellate cell activation,
and fibrosis, and it decreased the proportion of
pro-inflammatory or M1-type macrophages/
Kupffer cells in diet-induced NASH (Fig. 21.2).
In addition, astaxanthin ameliorated simple
steatosis, the early stage of NAFLD, in both
genetically and diet-induced obese mice. Finally,
we demonstrated that astaxanthin has the poten-
tial to improve NASH in humans (Ni et al.
2015b).

The different mechanisms of action of
astaxanthin and vitamin E in NASH mouse
models are intriguing, because both of these
lipophilic antioxidants suppress hepatic lipid per-
oxidation to an equivalent extent. Collectively,
these results suggest that astaxanthin is more
effective at preventing and treating NASH than
is vitamin E (Ni et al. 2015b) (Fig. 21.3). First,
astaxanthin was superior to vitamin E at

Fig. 21.2 Beneficial
effects of astaxanthin on the
progression of NASH.
Astaxanthin inhibits the
progression of NASH by
attenuating lipid
accumulation, lipid
peroxidation, and insulin
resistance. Furthermore,
astaxanthin decreases
numbers of M1
macrophages while
increasing those of M2
macrophages, which results
in an M2-dominant shift in
Kupffer cells and leads to
an attenuation of lipid-
induced insulin resistance,
inflammation, and fibrosis
in NASH
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improving steatosis by suppressing lipid accumu-
lation. Second, astaxanthin reduced inflammation
and insulin resistance more potently than did vita-
min E. Of note, these anti-inflammatory and
insulin-sensitizing effects were associated with
attenuated MAPK (JNK/p38 MAPK) signaling
and NF-κB activation, decreased macrophage/
Kupffer cell and T cell accumulation, and
enhanced alternative M2 macrophage activation
in the liver. Finally, astaxanthin prevented and
reversed hepatic fibrosis to a greater extent than
did vitamin E. Our in vitro study demonstrated
that astaxanthin can act directly on hepatocytes

by decreasing lipid accumulation, enhancing
insulin signaling, and suppressing inflammatory
signaling. Additionally, astaxanthin administra-
tion decreased M1 macrophage marker activation
and increased M2 macrophage marker activation
in RAW264.7 macrophages, indicating
macrophages are also a direct target of
astaxanthin (Ni et al. 2015b). Therefore,
astaxanthin confers its beneficial effects by
regulating macrophage homeostasis and may be
a potential candidate for the prevention or treat-
ment of insulin resistance and NASH.

Fig. 21.3 A brief comparison of NAFLD/NASH preven-
tion and therapy between astaxanthin and vitamin E. First,
astaxanthin is more effective than vitamin E in improving
steatosis by suppressing lipid accumulation. Second,
astaxanthin is superior to vitamin E with respect to
suppressing the MAPK pathway and NF-κB activation
and induces a strong shift of M2 macrophage polarization,
which ultimately reverses hepatic steatosis, inflammation,

and insulin resistance. Most importantly, as a result of
M1/M2 transformation, astaxanthin can reduce hepatic
stellate cell (HSC) activation and ameliorate hepatic fibro-
sis. Black arrow: ", induction; #, inhibition;!, no change.
Red arrow: #, inhibition compared with vitamin E; ""/##,
more significant induction/inhibition effect compared with
vitamin E
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21.5 β-Cryptoxanthin

So far, it remains unclear whether micronutrient
antioxidant supplementation, particularly
carotenoids, can be used to prevent and treat
NAFLD/NASH. β-Cryptoxanthin is a xantho-
phyll carotenoid specifically found in the Satsuma
mandarin (Citrus unshiuMarc.). β-Cryptoxanthin
is readily absorbed and relatively abundant in
human plasma, together with α-carotene,
β-carotene, lycopene, lutein, and zeaxanthin
(Sugiura et al. 2005, 2006, 2009). Similar to
other carotenoids, β-cryptoxanthin has antioxi-
dant activity (Lorenzo et al. 2009; Unno et al.
2011) and higher bioavailability than those of

β-carotene in rodents (Sugiura et al. 2014).
Serum β-cryptoxanthin concentrations were
found to be inversely associated with indices of
oxidative DNA damage and lipid peroxidation
(Haegele et al. 2000). Recent epidemiological
studies showed that serum β-cryptoxanthin levels
were inversely associated with insulin resistance
risk and alcohol-induced increases in serum
γ-glutamyltransferase levels in nondiabetic
subjects and alcohol drinkers, respectively
(Sugiura et al. 2005, 2006) [104,105]. In addition,
β-cryptoxanthin suppressed LPS-induced osteo-
clast formation in co-cultures of bone marrow
cells and osteoblasts and restored alveolar bone
loss induced by LPS in mice (Matsumoto et al.

Fig. 21.4 Schematic representation of the
hepatoprotective effect of carotenoids on the progression
of NAFLD/NASH. Carotenoids may improve NAFLD/
NASH by inhibiting lipogenesis, β-oxidation of free fatty
acids, inflammation, and HSC activation. In addition, apart

from their common antioxidative and anti-inflammatory
properties, carotenoids, such as β-cryptoxanthin and
astaxanthin, can contribute to liver homeostasis by
regulating the polarization of M1/M2 macrophages/
Kupffer cells
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2013). Moreover, β-cryptoxanthin can accumu-
late in RAW264.7 monocyte cells and induce
changes in the intracellular redox status, in turn
regulating the immune function of macrophages
(Katsuura et al. 2009).

In our previous study, we found that
β-cryptoxanthin prevented the development of
NASH by attenuating fat accumulation, increases
in Kupffer cell numbers, activation of stellate
cells, and fibrosis in mouse models of
lipotoxicity-induced NASH (Kobori et al. 2014;
Ni et al. 2015a). Comprehensive gene expression
studies have shown that β-cryptoxanthin is more
effective in inhibiting the inflammatory gene
expression changes that accompany NASH
(Kobori et al. 2014). β-Cryptoxanthin
downregulated the expression of genes associated
with cell death, inflammatory responses, free rad-
ical scavenging, and infiltration and activation of
macrophages, leukocytes, and T cells (Kobori
et al. 2014). However, it showed little effect on
the expression of genes related to the metabolism
of cholesterol and other lipids (Kobori et al.
2014). Moreover, β-cryptoxanthin reversed
pre-existing NASH in mice (Ni et al. 2015a).
β-Cryptoxanthin inhibited lipid accumulation
and peroxidation in the liver due to its strong
antioxidative properties. Furthermore,
β-cryptoxanthin reduced the accumulation of T
cells and macrophages and regulated the M1/M2
status of macrophages/Kupffer cells in the liver
without affecting the recruitment of monocytes
from the bone marrow (Ni et al. 2015a)
(Fig. 21.4). Additionally, β-cryptoxanthin
directly decreased LPS-induced M1 activation
and augmented IL-4-induced M2 macrophage
activation in vitro, suggesting macrophages may
be directly targeted by β-cryptoxanthin (Ni et al.
2015a) (Fig. 21.1).
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Therapeutic Potential of Astaxanthin
in Diabetic Kidney Disease 22
Yuji Naito, Kazuhiko Uchiyama, Osamu Handa, and Wataru Aoi

Abstract

Astaxanthin is a carotenoid that has potent
protective effects on diabetic kidney disease
(DKD) in diabetic mice models. DNA
microarray study clearly demonstrated the
involvement of mitochondrial oxidative phos-
phorylation pathway in the renal glomerular
cells of diabetic mice and also showed that
the expression of upregulated genes associated
with this pathway was decreased by the treat-
ment with astaxanthin. Proteomic analysis
confirmed that the increases of 4-hydroxy-2-
nonenal (HNE)- and Nε-(hexanonyl)lysine
(HEL)-modified proteins were inhibited by
the treatment with astaxanthin. These results
demonstrated that astaxanthin exerts a protec-
tive effect against hyperglycemia-induced
DKD by attenuating mitochondrial oxidative
stress and subsequent cellular dysfunction.

Keywords

Diabetic kidney disease · Glomerular cell ·
Mitochondrial oxidative phosphorylation · 4-
Hydroxy-2-nonenal

22.1 Introduction

Diabetic kidney disease (DKD) is one of the
complications of diabetic mellitus and is the
major cause of end-stage kidney disease in devel-
oping countries. The term DKD frequently covers
classical diabetic nephropathy and other types of
kidney dysfunction in diabetic patients and is
currently the term being used to reflect the
changes in kidney disease phenotypes of diabetic
patients (Hirakawa et al. 2017). It has been
postulated that increased oxidative stress by
high glucose concentrations in the blood is impor-
tant in the pathogenesis of DKD including
nephropathy. Numerous studies on experimental
models of diabetic glomerular injury have
demonstrated reactive oxygen species (ROS) to
be first agent in the pathogenesis of diabetic
nephropathy and showed that the kidney is sus-
ceptible to oxidative stress. Hyperglycemia not
only because of generation of more ROS but
also because of attenuation of the antioxidative
enzymes is a pathogenic factor of long-term com-
plication of diabetes. Mitochondria are the major
endogenous source of ROS and can utilize 95%
of the available oxygen to produce ATP.
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Normally, ~2% of oxygen enters the electron
transport chain and is subsequently oxidized to
superoxide radical and hydrogen peroxide. In
diabetes, the uncoupling of mitochondrial elec-
tron transport leads to excessive superoxide pro-
duction, which may stimulate several abnormal
biochemical metabolic pathways, such as the
polyol, protein kinase C, and advanced glycation
end-product pathways. Studies using natural and
synthetic antioxidants, such as N-acetyl-L-cyste-
ine, vitamins C and E, α-lipoic acid, taurine, and
probucol, have provided convincing evidence
that glomerular hypertrophy and the accumula-
tion of collagen and transforming growth factor-
β (TGF-β) due to high glucose concentrations are
largely mediated by ROS. Therefore, it is thought
that such studies might provide further insight
into therapeutic strategies for treating patients
with diabetes mellitus to prevent DKD. In this
review, we summarized the function of
astaxanthin and presented recent results obtained
from a nutrigenomics and proteomics approach in
order to investigate the beneficial effect of
astaxanthin on DKD.

22.2 What Is Astaxanthin?

Astaxanthin, which is found as a common
red-colored pigment in algae, fish, and birds, is a
carotenoid that exerts many highly potent phar-
macological effects, such as antioxidative activity
(Naguib 2000; Fukuhara et al. 1998; Kobayashi
2000), immunomodulating actions (Jyonouchi
et al. 1994; Kurihara et al. 2002), anti-apoptotic
action (Fang et al. 2017), anticancer activity
(Chew et al. 1999), anti-inflammation action
(Ohgami et al. 2003; Zhou et al. 2017),
cardioprotective action (Zhang et al. 2017a),
neuroprotective action (Grimmig et al. 2017;
Pan et al. 2017; Ji et al. 2017), anti-photoaging
(Komatsu et al. 2017), and hepatoprotection
(Zhang et al. 2017b). Astaxanthin is reported to
be more effective than other antioxidants such as
vitamin E and β-carotene in the prevention of
lipid peroxidation in solution and in various
biomembrane systems (Naguib 2000; Fukuhara
et al. 1998). Goto et al. (Goto et al. 2001) reported

that the efficient antioxidant activity of
astaxanthin could be due to the unique structure
of its terminal ring moiety. Astaxanthin traps
radicals not only at the conjugated polyene
chain but also in its terminal ring moiety, in
which the hydrogen atom at the C3 methine is
suggested to be a radical trapping site. In addition
to antioxidative effect, many investigators have
demonstrated anti-inflammatory properties of
astaxanthin in vivo (Ohgami et al. 2003; Zhou
et al. 2017). We also reported that astaxanthin can
attenuate exercise-induced acute inflammation
with neutrophil infiltration in mouse skeletal mus-
cle and heart (Aoi et al. 2003). Ohgami et al.
(Ohgami et al. 2003) have demonstrated that
astaxanthin has a dose-dependent anti-inflamma-
tory effect against endotoxin-induced uveitis, by
the suppression of nitric oxide, prostaglandin E2,
and tumor necrosis factor-α production, through
directly blocking nitric oxide synthase enzyme
activity. It was also reported that its anti-
inflammatory effect may be derived from its
inhibitory effect against nuclear factor (NF)-κB
activation (Suzuki et al. 2006). They found that
astaxanthin reduced ocular inflammation in eyes
with endotoxin-induced uveitis by
downregulating pro-inflammatory factors and by
inhibiting the NF-κB-dependent signaling
pathway.

Some microorganisms are rich in
astaxanthin—the chlorophyte alga
Haematococcus pluvialis (H. pluvialis) is
believed to accumulate the highest levels of
astaxanthin in nature. Commercially grown
H. pluvialis can accumulate >30 g of astaxanthin
kg�1 dry biomass (Guerin et al. 2003). AstaReal
Co. (Fuji Chemical Group, Toyama, Japan) has
developed unique closed-bioreactor systems in
Gustavsberg, Sweden, and Moses Lake, USA,
which effectively stimulates the optimum
conditions for astaxanthin production that yields
the highest quality and minimizes risk of
contaminants. Therefore, a market for
neutraceutical astaxanthin has started to develop,
as recent research has pointed to the possible
functions of astaxanthin in human body, espe-
cially for health of the skin, eye, cardiovascular
system, and brain.
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22.3 Prevention of Diabetic
Nephropathy by Astaxanthin

In 2002, we firstly reported the potential useful-
ness of astaxanthin treatment for reducing glu-
cose toxicity using db/db mice, a rodent model
of type 2 diabetes (Uchiyama et al. 2002). This
mouse is a genetic model of type 2 diabetes
mellitus that develops hyperglycemia in associa-
tion with insulin resistance and obesity beginning
in the second month of age. After 10–20 weeks of
sustained hyperglycemia, the db/db mouse
exhibits clinical and histological features of dia-
betic nephropathy that parallel those of human
disease. The kidneys show the characteristic his-
tological lesions of diabetic nephropathy, includ-
ing mesangial matrix expansion and glomerular
basement membrane thickening. Therefore, the
db/db mouse represents a suitable model for
studying diabetic glomerulosclerosis and examin-
ing pathogenic influences and treatment strategies
that may be applicable to the human disease.

In our study, the ability of islet cells to secrete
insulin was determined by the glucose tolerance
test, and this ability was found to be preserved in
an astaxanthin-treated group, although histologic
study of the pancreas revealed no significant
differences in the β-cell mass between
astaxanthin-treated and astaxanthin-untreated
db/db mice (Uchiyama et al. 2002). Next, using
the same model of diabetic mice, we
demonstrated that astaxanthin treatment signifi-
cantly ameliorates diabetic nephropathy, which
is determined based on urinary albumin levels
and histological findings (Naito et al. 2004). In
addition, it was clearly observed that long-term
oral treatment with astaxanthin reduced not only
the increased albuminuria but also ameliorated
the increases in the urinary excretion of
8-hydroxydeoxyguanosine (8-OHdG) and in
8-OHdG expression in the mesangial cells, with
little effect on blood glucose levels (Naito et al.
2004). Furthermore, our data demonstrated that
the esterified astaxanthin used in our study was

effectively absorbed from the intestine and was
transported successfully to the kidneys (Naito
et al. 2004 (Erratum in Biofactors 2013, 39:
590)). Taken together, these results suggested
that astaxanthin might directly attenuate diabetic
oxidative damage, although a slight decrease in
blood glucose levels would also be expected to
contribute to the attenuation of such oxidative
damage. The protective effects of astaxanthin
against DKD have been recently confirmed
using a model of alloxan-induced diabetes in
rats. They have demonstrated that treatment with
shrimp astaxanthin significantly inhibited the
increase in creatinine as well as oxidative stress
markers including malondialdehyde and protein
carbonyl levels in plasma and kidneys (Sila et al.
2015a).

In addition to our reports, recent studies have
demonstrated the beneficial effects of astaxanthin
on pathological situation in diabetic animal
models. Hyperglycemia increases oxidative stress
in which reactive oxygen species have the main
role in the pathogenesis of diabetic complications
of the eyes, kidneys, nerves, and heart. Therefore,
antioxidants which combat oxidative stress
should be able to prevent and repair oxidative
damages induced by ROS. Recent reports have
demonstrated that oral treatment with astaxanthin
has attenuated liver injury (Zhang et al. 2017b;
Sila et al. 2015b), depression (Zhou et al. 2017),
retinopathy (Yeh et al. 2016), cognitive deficits
(Xu et al. 2015), and redox imbalance in
lymphocytes (Otton et al. 2010) in diabetic
animals (Table 22.1). The Diabetes Control and
Complications Trial demonstrated that tight
glycemic control could substantially reduce—
but not completely prevent—clinical
complications in the diabetic population (the Dia-
betes Control and Complications Trial Research
Group 1993). This suggests that, in addition to
controlling blood glucose, alternative treatment
strategies are needed. However, clinical effects
of astaxanthin on diabetic complications includ-
ing DKD in human have not been reported.
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22.4 Effects of Astaxanthin on Gene
Expression Profile in Diabetic
Glomerular Cells

In patients with DKD as well as in experimental
animal models, various molecules associated with
oxidative stress, collagen synthesis, and TGF-β
have been reported to play important roles in the
onset and aggravation of DKD. The enhanced
expression of these molecules, the abnormal reg-
ulation of cell signaling, and the genetic polymor-
phism of these genes may all contribute to
dysregulated cell proliferation and to an enhanced
expansion of the extracellular matrix in the renal
glomerular region. We identified specific gene
expression profiles in the renal glomerular cells
of diabetic db/db mice and investigated the effects
of astaxanthin on the expression of these genes
using a comprehensive GeneChip® system anal-
ysis (Naito et al. 2006). By laser-assisted micro-
dissection to obtain cell-specific RNA, renal
glomerular cells were identified on cryostat
sections (8 μm) of specimens obtained from the
kidneys of the mice, and the cells were isolated by

laser-assisted microdissection using an LM200
system (Olympus, Tokyo, Japan). We used the
GeneChip® of Mouse Expression Array 430A
(Affymetrix, Santa Clara, CA), which contained
22,690 probes representing approximately 15,000
full-length sequences and approximately 4000
EST clusters selected from the UniGene database.
Comparison of the expression profiles from nor-
mal db/m mice and diabetic db/db mice and from
db/db mice and astaxanthin-treated db/db mice
enables the identification of differentially
regulated genes associated with diabetic-induced
hyperglycemia and activity of astaxanthin,
respectively. Of the 22,690 probes examined,
779 (3.4%) were upregulated (550 probes) or
downregulated (229 probes) at least 1.5-fold in
the diabetic mice in comparison with the db/m
mice. By the use of Pathway Analysis tool (Inge-
nuity Systems, Mountain View, CA), we
identified six genetic networks which are affected
in the glomerular cells of diabetic mice. These
networks were associated with oxidative phos-
phorylation, the citrate cycle, ubiquinone biosyn-
thesis, pyruvate metabolism, fatty acid

Table 22.1 Effects of astaxanthin on diabetic complications in animal models

Outcome Dose of Ax Duration Efficacy Authors

Glucose toxicity for b-cells 0.02% in diet 12 weeks db/db mice Effective Uchiyama et al.
(2002)

Urinary albuminemia 0.02% in diet 12 weeks db/db mice Effective Naito et al. (2004)
Redox imbalance in
lymphocytes

20 mg/kg 30 days Alloxan-induced
diabetic rats

Effective Otton et al. (2010)

Endothelial dysfunction 10 mg/kg STZ-induced diabetic
rats

Effective Zhao et al. (2011)

Hypercoagulatory factors 0.01/0.05% in
diet

12 weeks Diabetic rats Effective Chan et al. (2012)

Apoptosis of retinal
ganglion cells

25/50 mg/kg 8 weeks db/db mice Effective Dong et al. (2013)

Hepatic injury 50 mg/kg 18 days STZ-induced diabetic
rats

Effective Park et al. (2015)

Nephropathy 20 mg/kg 21 days Alloxan-induced
diabetic rats

Effective Sila et al.
(2015a, b)

Cognitive deficits 10/20/40 mg/
kg

5 days STZ-induced diabetic
rats

Effective Xu et al. (2015)

Cognitive decline 50 mg/kg 14 days STZ-induced diabetic
rats

Effective Li et al. (2016)

Retinal oxidative stress 0.6/3.0 mg/kg 8 weeks STZ-induced diabetic
rats

Effective Yeh et al. (2016)

Depression 25 mg/kg 10 weeks STZ-induced diabetic
mice

Effective Zhou et al. (2017)
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biosynthesis, and the synthesis/degradation of
ketone bodies. In particular, the results regarding
networks associated with the oxidative phosphor-
ylation pathway were found to be highly signifi-
cant. This pathway includes 20 probe sets for
genes located at the inner mitochondrial mem-
brane, and these genes are members of the elec-
tron transport system, in particular complexes I,
III, and IV. The abnormal upregulation of these
genes may be associated with the increased pro-
duction of ROS from the mitochondrial mem-
brane, which has also been demonstrated in
previous studies. Nishikawa et al. (Nishikawa
et al. 2000) showed that the hyperglycemia-
induced production of ROS is abrogated by
inhibitors of mitochondrial metabolism or by the
overexpression of uncoupling protein-1 (UCP-1)
or manganese superoxide dismutase (MnSOD).
In addition, normalization of mitochondrial ROS
production by each of these agents can prevent
glucose-induced activation of protein kinase C,
the formation of advanced glycation end
products, the accumulation of sorbitol, and the
activation of NF-κB in bovine vascular endothe-
lial cells, as well as in cultured human mesangial
cells (Kiritoshi et al. 2003), all of which are
known to be involved in the development of
diabetic complications. Our study also showed
that the expression of upregulated mitochondrial
genes was decreased by treatment with
astaxanthin, suggesting that astaxanthin could
reverse the abnormal function of glomerular cell
mitochondria in diabetic db/db mice.

22.5 Effects of Astaxanthin
on Hyperglycemia-Induced
Oxidative Signaling in Cultured
Glomerular Cells

A growing body of evidence suggests that many
of the effects of cellular dysfunction under oxida-
tive stress are mediated by products of
non-enzymatic reactions, such as the peroxidative
degradation of polyunsaturated fatty acids. Lipid
peroxidation of polyunsaturated fatty acids, one
of the free radical reactions, has been an index of
increased oxidative stress and cytotoxicity. In

comparison with free radicals, the aldehydes are
relatively stable and can diffuse within or even
escape from the cell and attack targets far from
the site of the original event. Among these
aldehydes, 4-hydroxy-2-nonenal (HNE) is
generated during lipid peroxidation of ω-6 poly-
unsaturated fatty acids, and the Michael-type
addition of HNE to protein is formed in vivo.

To examine the relationship among oxidative
stress, HNE-protein modification, and cellular
signaling, we treated cultured human mesangial
cells with high (25 mM) concentration glucose
and identified proteins modified by HNE using
immunoblotting (Manabe et al. 2008). Interest-
ingly, specific targets with estimated molecular
masses of 60, 80, 85, and 105 kDa were strongly
stained by anti-HNE antibody in mitochondrial
fraction of high glucose-treated mesangial cells
(Fig. 22.1). In addition, fluorescent intensity of
RedoxSensor CC-1 was increased in high
glucose-exposed mesangial cells, and the merged
images with MitoTracker Green FM clearly
indicated that mitochondria are the major source
of ROS production in high glucose-exposed
mesangial cells (Fig. 22.2). It is conceivable that
these specific targets identified in vitro are
involved in the mechanism of HNE-induced
dysregulation of cellular signaling. We have
found that astaxanthin reduced the increases of
these HNE-modified proteins in mitochondrial
fraction as well as inhibited the ROS production
from the mitochondria in high glucose-exposed
mesangial cells (Figs. 22.1 and 22.2). These
molecular-based data strongly support an in vivo
evidence that the treatment with astaxanthin
inhibits diabetic nephropathy via reducing oxida-
tive stress in a mouse model (Naito et al. 2004
(Erratum in Biofactors 2013, 39: 590)).

22.6 Effects of Astaxanthin on Lipid
Metabolism

Nε-(Hexanonyl)lysine (HEL) has been found in
the reaction between linoleic hydroperoxide and
lysine moiety. It has been shown that the forma-
tion of HEL is a good marker for oxidative modi-
fication by oxidized ω-6 fatty acids such as
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linoleic acid and arachidonic acid. The presence
of HEL is reported by the immunostaining by
using monoclonal and polyclonal antibodies
against HEL. Kato et al. (2000) evaluated muscu-
lar oxidation injury by the excessive exercise
using an anti-HEL antibody and reported that
functional food factor flavonoid is useful in
reduction of this oxidation injury by showing
that this compound clearly reduced the HEL pos-
itivity in muscular tissues.

We have demonstrated that (1) astaxanthin
increased the utilization of lipids as an energy
substrate during exercise and (2) astaxanthin
improved muscle lipid metabolism in exercise
via inhibitory effect of oxidative carnitine
parmitoyltransferase I (CPT I) modification by
HEL (Aoi et al. 2008) (Fig. 22.3). A rate-limiting
step of lipid metabolism in myocytes is the entry
of long-chain fatty acids into mitochondria. CPT I
located on the mitochondrial membrane plays an
important role in the entry of fatty acid. Recent
studies have shown that FAT/CD36 is associated
with CPT I on the mitochondrial membrane and
elevates its function. Our study has reported that
an increase of the interaction between CPT I and
FAT/CD36 in the muscle during exercise is
facilitated by astaxanthin, which would be one
of mechanisms involved in the promotion of

lipid metabolism (Aoi et al. 2008). Exercise-
induced oxidative stress is mainly derived from
mitochondrial production of reactive oxygen spe-
cies associated with ATP generation, and thus
CPT I located on the mitochondria membrane is
easily exposed to oxidative stress. We found that
astaxanthin limits the modification of CPT I by
HEL during exercise. Modification of CPT I by
HEL may alter the co-localization of CPT I with
FAT/CD36 by changing the CPT I molecule.
These data indicate that an increase of fatty
acyl-CoA uptake into the mitochondria via CPT
I during exercise may be involved in the promo-
tion of lipid metabolism by antioxidant activity of
astaxanthin. Moreover, our data show the possi-
bility that the HEL modification of CPT I may be
a good biomarker for the evaluation of
antioxidative properties of food factors in vivo.

22.7 Conclusion

A growing body of evidence suggests that mito-
chondrial dysfunction and the production of ROS
are closely related in the pathogenesis of DKD.
We identified the mitochondrial oxidative phos-
phorylation pathway as the canonical pathway
that is most significantly affected by diabetic

25kD WB: MnSOD (25kDa)

D-Glucose                5     25     5    25      5    25    5    25  (mM)
ASX (10-6M)             - - +     +      - - +     + 

Mitochondria               Cytosol

WB: HNE
(4-hydroxy-2-nonenal)105kD

75kD

Fig. 22.1 Astaxanthin inhibited high glucose-induced
production of HNE-modified proteins in mitochondria of
normal human mesangial cells (NHMCs). Representative
Western blotting image out of three independent
experiments was shown. Anti-HNE antibody was used to
detect protein adducts in mitochondrial and cytosolic

fractions of high glucose (25 mM)-treated NHMCs. Anti-
cytochrome C oxidase complex IV subunit (COX) anti-
body was used as a mitochondrial protein marker. Arrows
indicate bands stained with anti-HNE antibody. M:
marker. Data are from Manabe et al. (2008)
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nephropathy in mice. In addition, treatment with
astaxanthin could significantly decrease the pro-
duction of ROS in mitochondria as well as the
modification of mitochondrial proteins by 4-HNE
or HEL, generated from the peroxidative degra-
dation of polyunsaturated fatty acids. Recently,
we have also reported that chronic treatment with
astaxanthin elevates the levels of peroxisome
proliferative-activated receptor-γ coactivator-1α
(PGC-1α) and its downstream proteins in skeletal
muscle (Liu et al. 2014). Beneficial effects of

astaxanthin have been also demonstrated in
another tissues and cells, including skin (Fang
et al. 2017), neurons (Lobos et al. 2016),
pulmonary myofibroblasts (Zhang et al. 2015),
and alveolar epithelial cells (Song et al. 2014).

In conclusion, the present review
demonstrated that astaxanthin, a natural antioxi-
dant, exerts a protective effect against
hyperglycemia-induced DKD by attenuating
mitochondrial oxidative stress and subsequent
cellular dysfunction.

Fig. 22.2 Astaxanthin reduced high glucose-induced
mitochondria-dependent ROS production in normal
human mesangial cells (NHMCs). The laser scanning con-
focal microscopic image of NHMCs with (a) normal glu-
cose, (b) high glucose, (c) normal glucose + astaxanthin,
and (d) high glucose + astaxanthin. In each panel, the

image of mitochondria (MitoTracker: green fluorescence)
and ROS production (RedoxSensor: red fluorescence) was
presented in the upper panel, and merged (yellow fluores-
cence) images were presented in the lower panel. Data are
from Manabe et al. (2008)
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Extensive Bioactivity of Astaxanthin
from Haematococcus pluvialis in Human 23
Eiji Yamashita

Abstract

Astaxanthin is known as a “marine caroten-
oid” and occurs in a wide variety of living
organisms such as salmon, shrimp, crab, and
red snapper. Astaxanthin antioxidant activity
has been reported to be more than 100 times
greater than that of vitamin E against lipid
peroxidation and approximately 550 times
more potent than that of vitamin E for singlet
oxygen quenching. Astaxanthin doesn’t
exhibit any pro-oxidant nature and its main
site of action is on/in the cell membrane. To
date, extensive important benefits suggested
for human health include anti-inflammation,
immunomodulation, anti-stress, LDL choles-
terol oxidation suppression, enhanced skin
health, improved semen quality, attenuation
of common fatigue including eye fatigue,
increased sports performance and endurance,
limiting exercised-induced muscle damage,
and the suppression of the development of
lifestyle-related diseases such as obesity, ath-
erosclerosis, diabetes, hyperlipidemia, and
hypertension. Recently, there has been an
explosive increase worldwide in both the
research and demand for natural astaxanthin
mainly extracted from the microalgae,
Haematococcus pluvialis, in human health
applications. Japanese clinicians are especially

using the natural astaxanthin as add-on supple-
mentation for patients who are unsatisfied with
conventional medications or cannot take other
medications due to serious symptoms. For
example, in heart failure or overactive bladder
patients, astaxanthin treatment enhances
patient’s daily activity levels and QOL. Other
ongoing clinical trials and case studies are
examining chronic diseases such as
non-alcoholic steatohepatitis, diabetes, dia-
betic nephropathy, and CVD, as well as infer-
tility, atopic dermatitis, androgenetic alopecia,
ulcerative colitis, and sarcopenia. In the near
future, astaxanthin may secure a firm and sig-
nature position as medical food.

Keywords

Astaxanthin · Haematococcus · Extensive
bioactivity

23.1 Introduction

Astaxanthin is widely and naturally distributed in
marine organisms including crustaceans such as
shrimp and crabs and fish such as salmon and sea
bream. In fact, astaxanthin is one of the oldest
carotenoids originally isolated and identified from
lobster, Astacus gammarus (Kuhn and Sorensen
1938). Astaxanthin was first commercially used
for pigmentation in the aquaculture industry,
which shows that humans have consumedE. Yamashita (*)
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astaxanthin for a long time. After the biological
activity of the potent antioxidative property was
first reported in 1991 (Miki 1991), the use of
astaxanthin as a food supplement started gaining
acceptance. Recently, there has been an explosive
increase worldwide in both the research and
demand for natural astaxanthin mainly extracted
from the microalgae, Haematococcus pluvialis, in
human health applications.

In this review, we examine the brief underly-
ing basis for astaxanthin bioactivity and the
extensive health promotion effects of the natural
astaxanthin in human. This review also examines
the practical medical applications of the natural
astaxanthin in cases and reports by clinicians
using astaxanthin as an add-on supplement in
patients who were unsatisfied with their conven-
tional medications or could not receive any
medications due to the seriousness of their
symptoms.

23.2 Suspected Basis
of Astaxanthin’s Bioactivity

Astaxanthin is a totally unique antioxidant that
possesses three simultaneous novel distinctions
that include being a powerful antioxidant, safe
antioxidant, and having a superior position within
the cell membrane.

23.2.1 Powerful Antioxidant Activity

The inhibitory activity of astaxanthin on the
peroxyl radical-mediated lipid peroxidation was
more than 100 times greater than that of
α-tocopherol in the homogenate of rat
mitochondria (Miki 1991). Among 27 common
hydrophilic and lipophilic antioxidants such as
polyphenols, tocopherols, carotenoids, ascorbic
acid, coenzyme Q10, and α-lipoic acid,
astaxanthin has been shown to have the strongest
singlet oxygen (1O2) quenching activity when
using the same test conditions (Nishida et al.
2007). The hydroxyl radical scavenging ability
of astaxanthin encapsulated in liposomes has

also been shown to be more potent than that of
α-tocopherol (Hama et al. 2012).

23.2.2 Safe Antioxidant Activity

Martin et al. investigated 17 carotenoids and then
divided them into three classes: (i) without signif-
icant antioxidative properties, (ii) anti- and
pro-oxidants, and (iii) pure antioxidants.
Astaxanthin was classified as a “pure antioxidant”
as it did not possess any pro-oxidative properties
similar to β-carotene and lycopene (Martin et al.
1999). Nonpolar carotenoids such as lycopene
and β-carotene caused disorder of the membrane
bilayer enriched with polyunsaturated fatty acids
and showed a potent pro-oxidant effect (>85%
increase in the lipid hydroperoxide (LOOH)
levels), while astaxanthin preserved the mem-
brane structure and exhibited significant antioxi-
dant activity (40% decrease in the LOOH levels)
(McNulty et al. 2007). The photostability of the
three carotenoids in human dermal fibroblasts
was astaxanthin > canthaxanthin >>

β-carotene. Only astaxanthin efficiently
abrogated the apoptotic response to UVA.
β-Carotene dose-dependently induced caspase-3
activity following UVA exposure (Camera et al.
2009).

23.2.3 Superior Position in the Cell
Membrane

Astaxanthin traps radicals not only at the conju-
gated polyene chain but also in the terminal ring
moiety, in which the hydrogen atom at the C3
methine is suggested to be a radical trapping site.
Owing to the equivalent amounts of the hydro-
phobic intramolecular hydrogen-bonded ring and
intermolecular hydrogen bonding with phospho-
lipid polar heads and the interconversion between
the two hydrogen bond formations, the terminal
ring of astaxanthin is able to scavenge radicals
both at the surface and in the interior of the
phospholipid membrane, although its unsaturated
polyene chain only trapped radicals in the mem-
brane (Goto et al. 2001). That’s why astaxanthin

250 E. Yamashita



can span the double layer cell membrane.
β-Carotene and vitamin C only reside inside and
outside the lipid bilayer membrane, respectively.
Since the astaxanthin molecule is exposed to both
the inside and outside of the cell, this provides
better overall protection.

None of the other antioxidants simultaneously
possess these three unique characteristics. Thus, it
is probable that these unique characteristics are
associated with the molecule’s potent
bioactivities to exhibit the extensive health
benefits.

23.3 Extensive Health Promotion
Effects of the Natural
Astaxanthin

Numerous studies have shown that astaxanthin
has potential health-promoting effects in the pre-
vention and treatment of various diseases, such as
cancers, chronic inflammatory diseases, meta-
bolic syndrome, diabetes, diabetic nephropathy,
cardiovascular diseases, gastrointestinal diseases,
liver diseases, neurodegenerative diseases, eye
diseases, skin diseases, exercise-induced fatigue,
and male infertility (Yuan et al. 2011). In addi-
tion, over 65 clinical studies and reports in over
300 peer-reviewed publications have provided
proof for these effects. Figure 23.1 shows the
main benefits for human health. “Eye fatigue
relief,” “skin aging defense” (anti-photoaging),
and “muscle resilience” (enhancement of sports
performance) have been the most clinically
substantiated.

23.3.1 Relief of Eye Fatigue

Eye fatigue or asthenopia is an ophthalmological
condition with nonspecific symptoms such as eye
pain, eye strain, blurred vision, headache, and
shoulder stiffness. Symptoms often occur after
reading, computer work, or other activities that
involve visual display terminals (VDT). More
recently, the advances of information technology
(IT), software, and electronics have led to the
widespread and habitual use of VDT resulting in

higher visual fatigue complaints and more
sufferers. There is, however, no effective thera-
peutic approach to date. Eye fatigue is usually
caused by straining the ciliary body, the eye mus-
cle responsible for accommodation. As shown in
Table 23.1, ten clinical studies were performed
using astaxanthin extracted from the microalgae,
Haematococcus pluvialis. All of the studies found
significant dose-dependent suppressive effects for
astaxanthin against eye fatigue. Results
demonstrated that a 6 mg per day supplementa-
tion for 4 weeks reduced eye fatigue along with
bleariness, tearing eyes, red eyes, stiff shoulders
and back, heavy head feelings, and headaches.

For example, there is a randomized double-
blind placebo-controlled crossover study using
ten healthy subjects (Iwasaki and Tawara 2006).
Supplementation period was 2 weeks for both
run-1 and run-2 along with a 2-week washout.
After a 20-min near visual task, accommodation
contraction and relaxation times were extended in
both the astaxanthin (n¼5, 6 mg per day) and
placebo (n¼5, 0 mg per day) groups. However,
accommodation relaxation time in the placebo
was significantly longer than in the astaxanthin
group, and accommodative contraction and relax-
ation times after a 10-min rest in the placebo were
also significantly longer than those in the
astaxanthin group. Another randomized double-
blind placebo-controlled study has been reported
using VDT workers (n¼25
treated vs. 23 placebo). Astaxanthin supplemen-
tation of 6 mg/day for 4 weeks significantly
improved eye fatigue measuring ocular accom-
modation by the objective instrument and subjec-
tive individual assessment (Nagaki et al. 2006).

As far as action mechanisms of significant
suppressive effects of astaxanthin, other studies
suggest that muscular fatigue in the ciliary body
was ameliorated by increasing (normalizing) not
just the retinal (Nagaki et al. 2005; Saito et al.
2012) but the whole body blood flow (Miyawaki
et al. 2008) and/or inhibiting the inflammation in
the eyes (Ohgami et al. 2003).

Based on the studies it is suggested that
astaxanthin supplementation might be a practical
and beneficial approach for eye fatigue relief.
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Fig. 23.1 Health
promotion effects of
astaxanthin

Table 23.1 Clinical studies on eye fatigue

Reference Dose: mg/day; ( ): number of subjects; duration Study design

Nagaki et al. (2002) 0(13), 5(13); 4 week DB-PC
Nakamura et al. (2004) 0(10), 2(12), 4(14), 12(10); 4 week DB-PC
Nitta et al. (2005) 0(10), 6(10), 12(10); 4 week DB-PC
Shiratori et al. (2005) 0(19), 6(20); 4 week DB-PC
Takahashi and Kajita (2005) 6(9); 2 week Open label
Iwasaki and Tawara (2006) 0(10), 6(10); 2 week DB-PC, crossover
Nagaki et al. (2006) 0(23), 6(25); 4 week DB-PC
Kajita et al. (2009) 6(22); 4 week Open label
Seya et al. (2009) 6(10); 4 week Open label
Nagaki et al. (2010) 0(40), 9(42); 4 week DB-PC

DB-PC, randomized double-blind placebo-controlled
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23.3.2 Skin Aging Defense
(Anti-photoaging)

We have previously reported on five clinical stud-
ies that evaluated either the topical or oral supple-
mentation or the combined effects with
astaxanthin derived from the microalgae
Haematococcus pluvialis. In the first small pilot
study, subjects received repeated topical
applications of a cream containing not only
astaxanthin (0.7 mg/g) but other active
ingredients and effective base materials (Seki
et al. 2001). The 3-week test showed there was a
visible wrinkle reduction.

The second study was a double-blind placebo-
controlled study that used a dietary supplement
containing astaxanthin and tocotrienol from palm
oil (Yamashita 2002). In this study, subjects
received a supplement containing 2 mg of
astaxanthin and 40 mg of tocotrienol per day for
4 weeks. The treated subjects with dry skin
characteristics exhibited increased moisture
levels, maintained consistent natural oils, and
showed a reduction of fine wrinkles, while the
skin condition of the placebos did not improve
and generally worsened during the test period.

The third study was a single-blind placebo-
controlled study that evaluated the effects of a
dietary supplement containing only astaxanthin
(Yamashita 2006). After a 4 mg per day
astaxanthin supplementation, significant
improvements were observed in fine lines/
wrinkles and elasticity during a dermatologist’s
visual assessment and in the moisture content as
per a mechanical assessment at week 6.

All of these studies used either an oral supple-
mentation or a topical application, and all of the
trials were conducted in female subjects. A fur-
ther open-labeled non-controlled clinical study
that combined both oral supplementation and top-
ical treatment of astaxanthin involving 30 healthy
female subjects and a randomized double-blind
placebo-controlled study of astaxanthin oral sup-
plementation in 36 healthy male subjects were
reported in the fourth and fifth studies (Tominaga
et al. 2012). A combination of 6 mg per day oral
supplementation and 2 ml (78.9 μM solution) per

day topical application resulted in significant
improvements in skin wrinkles (crow’s feet at
week 8), age spot size (cheek at week 8), elasticity
(crow’s feet at week 8), skin texture (cheek at
week 4), moisture content of the corneocyte
layer (cheek in ten dry skin subjects at week 8),
and the corneocyte condition (cheek at week 8)
(Fig. 23.2). After daily supplementation of 6 mg
of astaxanthin, improvement of the crow’s feet
wrinkles and elasticity along with transepidermal
water loss (TEWL) were observed at week 6. In
addition, moisture content and sebum oil level at
the cheek zone also showed strong tendencies for
improvement as well (Fig. 23.3).

These results appear to suggest that a combi-
nation between oral supplementation and topical
treatment should be recommended for wrinkle
reduction and that an oral versus a topical treat-
ment might be more potent. Regarding the mech-
anism of action for the wrinkle reduction, an
in vitro study using human dermal fibroblasts
demonstrated that astaxanthin promoted collagen
fiber recovery by protecting the dermal layer from
singlet oxygen (1O2) damage (Fig. 23.4)
(Tominaga et al. 2010). The improvement in the
elasticity was the result of the collagen fiber
recovery. Significant inhibition of melanogenesis
in age spots was observed by suppressing the
oxidative polymerization in melanocytes and
inflammation in the epidermis. Thus, topical
treatments might be more deeply involved in the
improvement of rough skin as compared to oral
supplementation.

Astaxanthin treatment might normalize the
corneocyte conditions protecting the keratinocyte
differentiation and the cornification due to oxida-
tive damages such as inflammation in the epider-
mis. TEWL serves as a marker for the barrier
functions in the corneocyte layer. It appears that
the observed significant TWEL improvements
resulted in a normalization of the corneocyte con-
dition. It is possible that atopic skin patients who
have high TEWL might be able to be treated by
astaxanthin. In humans, secretions from the sweat
and sebaceous glands change as a person ages,
with the breakdown of increased amounts of
sebum oil potentially leading to increased body
odor in older people. In addition, it is well known
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that men have a greater sebum oil production
compared to women. Thus, astaxanthin oral sup-
plementation may help to reduce the odor related
to aging by protecting the sebum oil from peroxi-
dation. This may also suggest that as seen in
Fig. 23.5, skin beauty associated with treatments
using astaxanthin derived from Haematococcus
pluvialis firstly requires a combination between
the “inside-out” oral supplementation and the
“outside-in” topical treatment, with a secondary
“inside-out” only treatment. This treatment
method should work not only in women but also
in men.

Additionally, it has been recently revealed that
a long-term preventive astaxanthin supplementa-
tion may inhibit age-related skin deterioration and
maintain skin conditions associated with environ-
mentally induced damage via its anti-
inflammatory effect (Tominaga et al. 2017).

23.3.3 Muscle Resilience
(Enhancement of Sports
Performance)

In a randomized double-blind placebo-controlled
study to investigate the effects of astaxanthin on
muscle strength and endurance, 40 healthy men
were supplemented with 4 mg/daily of
astaxanthin for 6 months (Malmsten and Lignell

2008). The group treated with astaxanthin was
able to perform significantly more knee bends
(squats) compared to the placebo group
(Fig. 23.6) when carrying a barbell weighing
42.5 kg. In another randomized, single-blind, pla-
cebo-controlled study, 14 competitive amateur
cyclists performed a 20 km maximal biking test
after a 2 h constant intensity preexhaustion ride
followed by a 10-h fast (Earnest et al. 2011). The
group treated with astaxanthin bicycled signifi-
cantly faster (121 s faster) compared to the pla-
cebo group (19 s faster). The tests were performed
before and at 28 days after treatment with 4 mg/
day of astaxanthin or placebo. Cycling time was
accompanied by a 20-watt increase (15%) in the
average power output generated by the riders
during their cycling time.

While these studies were essentially an exami-
nation of aerobic exercise (i.e., low power; more
than a 2-min exercise duration), there has been a
further report that found there was a significant
benefit for astaxanthin during anaerobic exercise
(i.e., middle power, exercise duration of 30 s to
2 min; and high power, approximately a 30-s
exercise duration) (Yamashita 2011).

A subsequent randomized double-blind study
has revealed why astaxanthin enhanced the mus-
cle endurance. In this study, 16 track athletes
performed a 1200-m run before and after treat-
ment with astaxanthin (6 mg/daily for 4 weeks)
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(Sawaki et al. 2002). In the astaxanthin group
there was a tendency for a decreasing creatine
kinase after 4 weeks of treatment compared to
placebo. This finding suggests that there was a
lower muscular fatigue. Furthermore, the serum
lactate levels were significantly reduced when
assessed at 2 min after the exercise. This suggests
that there was an improvement in the aerobic
metabolism in the muscle cells. In addition,
when the serum lactate levels were assessed at

4, 8, and 10 min after the exercise, the astaxanthin
group showed a decreasing tendency compared to
the levels obtained after the administration
(Fig. 23.7). This fact suggests that astaxanthin
supplementation may accelerate the diffusion of
lactic acid in the muscle cells and consequently
reduce the muscle fatigue.

Aoi et al. have reported that there was a low-
ering of the action mechanisms of the blood lactic
acid buildup (Aoi et al. 2008). The supplementa-
tion enhanced the lipid metabolism rather than the
glucose metabolism that produced the lactic acid

0

5

10

15

20

25

30

35

3 6
Test periods (month)

sgnidneb-eenk fo reb
mun fo esaercnI

fro
m

 b
as

el
in

e

Placebo Astaxanthin

* 

Fig. 23.6 Increase in number of knee bends from base-
line (0 months) in placebo and astaxanthin-supplemented
groups. *p ¼ 0.047 vs. placebo

* 

0.0

5.0

10.0

15.0

20.0

Rest 2 min. 4 min. 8 min. 10 min.

m
m

ol
 

Before Administration
After Administration

* p < 0.05 

Fig. 23.7 Serum lactate levels after a 1200-m run in the
astaxanthin group

Wrinkle

Rough Skin

Age Spot

UVBUVA

MMP-1

Dermis

Corneocyte

Epidermis

Melanocyte

Inflammation

As
ta

xa
nt

hi
n

Keratinocyte

Fibroblast

INSIDE-OUT

OUTSIDE-IN

As
ta

xa
nt

hi
nFig. 23.5 Astaxanthin

inside-out and outside-in
treatment for the skin

256 E. Yamashita



during the exercise (Fig. 23.8). Aoi et al. further
reported that astaxanthin limited muscle damage
by scavenging reactive oxygen species (ROS)
generated by exercise in the cellular and mito-
chondrial membranes (Aoi et al. 2003).
Astaxanthin is also called the “mitochondrial
nutrient,” as it elevates the levels of PGC-1α
(PGC; peroxisome proliferator-activated recep-
tor-γ coactivator) and the downstream proteins,
which are involved in the activation of the mito-
chondrial biogenesis and function in the skeletal
muscle (Liu et al. 2014).

Haematococcus algae-derived, predominantly
esterified astaxanthin material was used in all of
the above studies. The astaxanthin seems to be
better than non-esterified one such as synthetic or
Phaffia yeast-derived astaxanthin (Aoi et al.
2018).

23.4 Practical Medical Applications
of Natural Astaxanthin

In clinical practice, 12 mg of astaxanthin
extracted from the microalgae, Haematococcus
pluvialis, in the dietary supplement are usually
administered by clinicians. In patients who were
unsatisfied with their current medications or who
could not receive any medications due to the
seriousness of their symptoms, add-on
supplementations exhibited dramatic
improvements. In some cases, the supplemental

administration improved the cardiac function in
heart failure patients that was previously difficult
to control with other drug therapies, and the daily
activity levels and QOL were enhanced in
patients with reduced activity levels due to
chronic heart failure. The add-on effects of
astaxanthin for the treatment of benign prostatic
hypertrophy/lower urinary tract symptom
(BPH/LUTS) were originally reported as part of
an open-label preliminary study (Yagi et al.
2013). A total of 30 patients who had been treated
with α1-blockers for more than 12 weeks but still
had LUTS were given astaxanthin for 8 weeks.
The subjective symptoms and objective voiding
parameters both showed improvement, including
QOL. Other clinical trials and case studies that are
examining chronic diseases such as nonalcoholic
steatohepatitis, diabetes, diabetic nephropathy,
and cardiovascular diseases as well as infertility,
atopic dermatitis, androgenetic alopecia, ulcera-
tive colitis, and sarcopenia are currently
underway.

23.5 Conclusion

The findings of the previous and ongoing research
all tend to indicate that the practical medical
application of astaxanthin from Haematococcus
will expand not only into medical institutions
worldwide but also into the consumer space.
Thus, this expanding research and treatment
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success might best be represented as a signature
ingredient for medical food.
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b-Cryptoxanthin from Satsuma
Mandarin and Its Multiple Functions 24
Katsuyuki Mukai

Abstract

Satsuma mandarin (Citrus unshiu Marc.), a
unique Japanese citrus species, is one of the
foods which have most abundant
β-cryptoxanthin all over the world. In this
study, β-cryptoxanthin has a variety of
health-promoting functions such as the body
fat reducing, cosmetic (whitening), and osteo-
porosis prevention. β-Cryptoxanthin has also
been shown in human studies to have anti-
exercise fatigue and diabetes prevention
actions. These multiple functions further sup-
port that β-cryptoxanthin may play a role in
vitamin A function.

Keywords

Cryptoxanthin · Satsuma mandarin · Vitamin
A

24.1 Introduction

The Satsuma mandarin (Citrus unshiu Marc.) is
the signature fruit of winter in Japan and is
domestically harvested in warmer regions.
Brought in from China more than a thousand
years ago, the Satsuma mandarin was adapted to

the Satsuma region in the Kagoshima Prefecture
from around the 1600s, the reason why the
English name includes “Satsuma,” thus becoming
an independent citrus fruit variety with more than
400 years’ history as a Japanese food product.
The Satsuma mandarin uniquely contains large
amounts of a yellow pigment called
β-cryptoxanthin (Mangels et al. 1993). This is
reflected by the fact that the Japanese are known
to have significantly higher blood concentrations
of β-cryptoxanthin levels in winter than in sum-
mer (Sugiura et al. 2002).

β-Cryptoxanthin, the structure of which is
shown in Fig. 24.1, is a form of carotenoid. The
levels of β-cryptoxanthin contained within Sat-
suma mandarins are extraordinarily high,
between 1.8 and 2 mg/100 g of fresh fruits. Tak-
ing into account the volume of its production, it
would not be an exaggeration to say that Satsuma
mandarins are an exclusive source of
β-cryptoxanthin in Japan. This manuscript will
highlight the multiple functionality of Satsuma
mandarin-derived β-cryptoxanthin.

24.2 Multiple Functionality
of β-Cryptoxanthin

β-Cryptoxanthin is one of six principal carotenoids
found in human serum, and because its
concentrations in vivo can easily be assessed via
blood testing, epidemiological studies are ongoing
in Shizuoka and other Japanese prefectures that
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produce Satsuma mandarins. Based on the results
of these studies, there have been numerous
transitions to interventional trials using
β-cryptoxanthin to reduce the risk of diseases
such as cancer, osteoporosis, rheumatism/arthritis,
diabetes, gout, and reduced liver function.

Table 24.1 provides an overview of the main
health functions of β-cryptoxanthin that have hith-
erto been elucidated, along with the concentrations
at which they are derived. The table has been
organized based on whether the concentrations
were confirmed through epidemiologic studies,
test tube studies (e.g., in vitro cellular studies),
animal studies, or human interventional studies.
Even from among this multitude of health
functions, this functionality has come to light
through a focus on human interventional studies,
which we introduce in the next section.

24.3 Body Fat Reduction

24.3.1 Differential Lipocyte Inhibition

We verified one effect of β-cryptoxanthin against
the mouse-derived adipose progenitor cells

3T3-L1s during differentiation. After reaching
confluence, dexamethasone, 3-isobutyl-1-methyl-
xanthine, and insulin were added to a culture of
3T3-L1 cells as differential inductors. Two days
post induction, the regular culture medium was
changed to one containing only insulin. Two days
later, the medium was changed to a standard
medium that also contained insulin. Then, after
this early induction period, β-cryptoxanthin was
added to act on the cells. Figure 24.2 shows the
lipids within the 3T3-L1 cells, stained with oil
red O, following differential induction. In control
cultures that did not receive β-cryptoxanthin, dif-
ferentiation was promoted by the addition of the
differential inductors, and large intracellular
accumulations of lipids were observed. Con-
versely, in the 3T3-L1 cells that did receive
β-cryptoxanthin, lipocyte differentiation was
remarkably suppressed to 10 μM, revealing
β-cryptoxanthin to have an inhibitory effect
against lipocyte differentiation. Additionally, we
measured the absorbance of the oil red O
extracted from the cells at 540 nm as index of
the intracellular level of lipid accumulation.
These results, as shown in Fig. 24.3, revealed
that β-cryptoxanthin inhibited the differentiation

Fig. 24.1 Chemical
structure of cryptoxanthin

Table 24.1 The overview of the health-promoting functions of b-cryptoxanthin

Levels Epidemiologic study Test tube study Animal study Human study

Cancer prevention ○ ○ ○ ○

Rheumatism/arthritis prevention ○ ○ ○ –

Osteoporosis prevention ○ ○ ○ ○

Periodontal disease prevention – ○ ○ –

Skin whitening/cosmetic effect – ○ ○ ○

Ultraviolet rays defense – ○ ○ –

Diabetes prevention ○ ○ ○ ○

Anti-exercise fatigue – – ○ ○

Body fat reduction ○ ○ ○ ○

Uric acid level reduction ○ – ○ ○

Arteriosclerosis prevention ○ – ○ ○

Liver function reduction prevention ○ – ○ ○

Anti-inflammatory action – ○ – –

○, reported health function; �, unreported
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of 3T3-L1 cells in a concentration-dependent
manner, thereby suppressing intracellular lipid
accumulation (Shirakura et al. 2011).

24.3.2 Mechanism of Visceral Lipid
Reduction

Tsumura Suzuki obese diabetic (TSOD) mice
have been observed to gain weight after 4 weeks
of age due to rapid accumulation of visceral
lipids; at 3 months of age, they develop symptoms
of abnormal carbohydrate/lipid metabolism,
hyperinsulinemia, hypertension, and peripheral
neuropathy, thus allowing classification as an
obesity model mouse which exhibits symptoms
similar to human metabolic syndrome (Suzuki
et al. 1999).

After 1 week of habituation, 3-week-old
TSOD mice and their genetic counterparts
Tsumura Suzuki nonobese diabetic (TSNO)

mice were each divided into two groups that
were gavage-administered either olive oil as a
control or β-cryptoxanthin suspended in olive oil
at 0.8 mg/kg/day for 8 weeks. The tissue of each
phenotype, including blood, was compared and
analyzed. These results, shown in Fig. 24.4,
revealed no alterations in weight due to the
administration or non-administration of
β-cryptoxanthin in TSNO mice. Meanwhile,
TSOD mice that were not administered
β-cryptoxanthin demonstrated remarkable weight
gain, whereas TSOD mice that were administered
β-cryptoxanthin weighed significantly less com-
pared to TSOD mice that were not administered
β-cryptoxanthin after 2 weeks of the administra-
tion, thus demonstrating obesity inhibition.

Because weight gain inhibition was observed
thanks to β-cryptoxanthin administration in
TSOD mice, the weight of the visceral lipids
(epididymal, perirenal, and mesenteric lipids) in
the TSOD mice was compared. As shown in

Control (DMSO)         β-Cryptoxanthin

Fig. 24.2 Cryptoxanthin
inhibits lipid accumulation
in 3T3-L1 cells
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Fig. 24.5, TSOD mice that were not administered
β-cryptoxanthin demonstrated a marked increase
in visceral lipid weight compared to TSNO mice.
However, this weight gain in β-cryptoxanthin-
administered TSOD mice was found to have sig-
nificantly lessened, with overall reductions of up
to 81%.

Next, we created hematoxylin and eosin (HE)-
stained samples of the testicular lipids and com-
pared the size of the lipocytes. As shown in
Fig. 24.6, no change in lipocyte size was
observed owing to the administration or

non-administration of β-cryptoxanthin in TSNO
mice. Conversely, the lipocytes of TSOD mice
that were not administered β-cryptoxanthin were
markedly enlarged compared to those of TSNO
mice, whereas the lipocytes of TSOD mice that
were administered β-cryptoxanthin were not
enlarged and were roughly equivalent in size to
those of TSNO mice. These results thus con-
firmed that β-cryptoxanthin administration does
have an inhibitory effect on the growth of visceral
lipocytes in obesity-model TSOD mice
(Takayanagi et al. 2011).

Fig. 24.4 Effect of
cryptoxanthin on body
weight of TSOD and TSNO
mice
TSNO Tsumura Suzuki
nonobese diabetes, TSOD
Tsumura Suzuki obese
diabetes. TSOD in the
experimental group, TSOD
in the control group, TSNO
in the experimental group,
and TSNO in the control
group are denoted as
TSOD-E, TSOD-C, TSNO-
E, and TSNO-C,
respectively
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Fig. 24.5 Effect of
cryptoxanthin on the
visceral adipose tissue
weight
Epi epididymal, Peri
perirenal, Mes mesenteric
TSOD in the experimental
group, TSOD in the control
group, TSNO in the
experimental group, and
TSNO in the control group
are denoted as TSOD-E,
TSOD-C, TSNO-E, and
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24.3.3 Human Interventional Trials
on Body Fat Reduction

Twenty-six men (aged 45.6 � 9.7 years) who
were mildly to moderately obese (BMI ¼ 25–30-
kg/m2) were divided into two groups of 13, with
one group designated the experimental beverage
group and administered 100 mL of an experimen-
tal beverage containing 0.25 mg of
β-cryptoxanthin twice daily and the other group
administered the same volume of placebo bever-
age at the same frequency. The experimental
period was 12 weeks, before and after which
abdominal computed tomography (CT) was
performed at the level of the L4-L5 vertebral
disc space, and the area occupied by adipose
tissue such as visceral and epidermal fat was
calculated (Fig. 24.7). These results, as shown in
Fig. 24.8, revealed that from pre- to post-
experiment, visceral fat area in the experimental
beverage group had significantly reduced com-
pared to that of the placebo beverage group
(p < 0.001). Moreover, neutral fats or body
mass indices such as weight, waist size, blood

glucose levels, and glycated hemoglobin
(HbA1c) were all significantly reduced compared
to pre-experimental levels and the post-
experiment values seen in the placebo-
administered group (Tsuchida et al. 2008). Thus,
it was shown that β-cryptoxanthin consumption
has a body fat reduction or a dieting effect in
humans as well.

24.4 Whitening/Cosmetic Effect

24.4.1 Melanin Synthesis Inhibitory
Action

Melanoma cells (RCB1283) from B16 mice were
cultured in the dark at 37 �C in RPMI medium
under 5% CO2 until the melanoma cells had
increased to subconfluent conditions, at which
time they were inoculated onto 24-well plates at
a concentration of 5 � 104 cells/well. They were
then pre-cultured for 24 h under identical
conditions, after which, the culture medium was
switched to one containing β-cryptoxanthin

Fig. 24.6 Effect of
cryptoxanthin on the size of
the adipocytes
Panel A, B, C, and D
indicate TSNO-C, TSNO-
E, TSOD-C, and TSOD-E,
respectively. TSNO:
Tsumura Suzuki nonobese
diabetes; TSOD: Tsumura
Suzuki obese diabetes.
TSOD in the experimental
group, TSOD in the control
group, TSNO in the
experimental group, and
TSNO in the control group
are denoted as TSOD-E,
TSOD-C, TSNO-E, and
TSNO-C, respectively
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dissolved at a predetermined concentration in
dimethyl sulfoxide (DMSO). After 3 further
days of culture, the cells were washed thrice
with phosphate buffered saline (PBS) and then
recovered via trypsin treatment. The culture
medium was then removed by further washing
and centrifuging the recovered cells in PBS, and
the pellet was then recovered. A solution of 2 N
NaOH was then added to resuspend the pellet,
which was then ultrasonicated for 30 min. The
rate of melanin synthesis inhibition was then
measured via absorbance at 405 and 690 nm.
These results, as shown in Fig. 24.9, revealed
that β-cryptoxanthin inhibited melanin synthesis
in B16 mice melanoma cells in a concentration-
dependent manner, and at a concentration of

50 μg/mL, the level of melanin synthesis was
reduced by 67% compared to that in control
cells cultured only in DMSO. Furthermore, cellu-
lar toxicity was not observed at this concentra-
tion. Additional experiments using identical
methods regarding other carotenoids revealed
β-carotene to also have a concentration-
dependent melanin inhibitory action on cultured
B16 mice melanoma cells. However, such action
with astaxanthin and lycopene was almost
completely absent. Moreover, upon measurement
of intracellular tyrosinase activity due to the addi-
tion of L-DOPA, following Triton-X processing
conducted concurrently on a separate batch of
cells, a decrease in tyrosinase activity was
observed depending on the concentration of

Fig. 24.7 Typical CT-cross-sectional image of the subject in the experimental beverage group

Fig. 24.8 Variation in the visceral fat area during the trial
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dissolved β-cryptoxanthin. These results thus
revealed that β-cryptoxanthin inhibits melanin
synthesis, at the very least via a reduction in
tyrosinase activity (Takayanagi and Mukai 2012).

24.4.2 Pigmentation Inhibition

Twelve 9-week-old female A1 guinea pigs were
divided into two groups, an administration group
and a control group, with the former being

administered 1 mg of β-cryptoxanthin dissolved
in olive oil daily by gavage and the latter receiv-
ing only olive oil. After the eighth day of gavage
administration, the guinea pigs’ hair was cut and
their backs exposed to 0.384 J/cm2 of ultraviolet
B radiation (UVB) three times daily to induce
pigmentation. Skin color following UVB expo-
sure was measured with a colorimeter and
expressed based on the L*a*b* color system
(International Commission on Illumination).
Skin color measurement results from initiation

（ ）
（
）

Fig. 24.9 Repressive
effect of melanin
production by
cryptoxanthin
Circle, cryptoxanthin;
triangle, carotene; square,
vitamin C; diamond,
astaxanthin/lycopene
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Fig. 24.10 Repressive
effect of melanin
production by
cryptoxanthin
Circle, control; square,
cryptoxanthin
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and 1 week after UVB exposure are shown in
Fig. 24.10. Although skin lightness (L*values)
decreased in both groups due to UVB exposure,
in the group administered β-cryptoxanthin, this
decrease was suppressed and moreover signifi-
cantly different compared to the control group.
Meanwhile, no differences in a* values and b*
values were observed between groups. An image
of a representative guinea pig with tanned skin
from each group after the 23rd day from the
initiation of gavage administration is shown in
Fig. 24.11.

24.4.3 Human Interventional Trial
on Whitening

It has been shown that, upon consumption,
β-cryptoxanthin has high motility within organs

such as the liver, skin, eyes, and lungs. Based on
its high motility even within skin tissue, a double-
blind study was performed regarding the post-
consumption action of β-cryptoxanthin on the
skin. Twenty-four subjects (12 men/women)
were divided into three groups: a placebo group
(average age 36.0 � 8.5 years), a low-dose group
(β-cryptoxanthin 0.2 mg/day, average age
35.3 � 6.4), and a high-dose group (-
β-cryptoxanthin 0.4 mg/day, average age
35.3 � 8.8 years), with the β-cryptoxanthin con-
sumed daily in a soft capsule, and the amount of
blemishes and water loss measured prior to, as
well as 4 and 8 weeks post-experiment.
Blemishes were evaluated via facial imaging
measurements (single side, buccal region) with
VISIA Evolution (CANFIELD Imaging
Systems), and water loss was evaluated via
measurements on the inner side of the left forearm

Control �-Cryptoxanthin

Fig. 24.11 Repressive
effect of melanin
production by
cryptoxanthin
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Fig. 24.12 The blemish
elimination by
cryptoxanthin in the human
trial
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with a Tewameter® (C + K electronic). The num-
ber of blemishes in the low-dose group and high-
dose group during the experimental period of
β-cryptoxanthin capsule consumption, as shown
in Fig. 24.12, significantly reduced compared to
that in the placebo group. This effect of blemish
elimination by β-cryptoxanthin administration
can also be confirmed by observing pre- and
post-experiment photos of the subjects. Represen-
tative examples of this are shown in Figs. 24.13
and 24.14. From these skin photos, it was
observed that, thanks to the β-cryptoxanthin,
small blemishes became unnoticeable, and larger
blemishes tended to become smaller and more
fragmented. Additionally, water loss also signifi-
cantly decreased, and an increase in skin
moisturization was observed. Altogether, these
results on pigmentation and whitening thus

revealed that β-cryptoxanthin has cosmetic effects
such as blemish elimination, skin moisturization,
and defense against ultraviolet solar radiation.

24.4.4 Bone Quality Improvement

Ovariectomies (OVX) were performed on female
Sprague-Dawley (SD) rats, and upon administra-
tion of β-cryptoxanthin, large values were
indicated for femoral epiphyseal bone mass,
trabecular count and width, and low values
indicated for trabecular gap and osteophage
counts. Thus, through the administration of
β-cryptoxanthin in OVX rats, it was shown that
β-cryptoxanthin directly acts to reduce the num-
ber of osteophages and inhibits bone loss, thereby
promoting bone formation and improving not

pre-experiment                                    post-experiment

Fig. 24.13 The
photographs of face skin
before and after
cryptoxanthin consumption
(40 years old, female)

pre-experiment post-experiment

Fig. 24.14 The
photographs of face skin
before and after
cryptoxanthin consumption
(51 years old, man)
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only bone density but also trabecular structure, as
well as bone quality (Ikeda et al. 2012). In light of
these results, we performed a double-blind study
in 24 post-menopausal women (average age
65.5 � 7.5 years) and randomly divided them
into three groups of eight and deemed them
groups A, B, and C. For 12 weeks, each group
consumed four capsules daily, with group A con-
suming four placebo capsules, group B consum-
ing three placebo capsules and one experimental
capsule (containing 0.2 mg of β-cryptoxanthin),
and group C consuming four experimental
capsules. During the experimental period of con-
sumption, independent objective symptoms were
examined every 4 weeks for a total of four times.
Additionally, measurements of bone metabolic
markers such as bone-specific alkaline phospha-
tase (bone ALP), urinary deoxypyridinoline, as
well as dual-energy X-ray absorptiometry
(DEXA)-based measurements of bone minerals
were performed, along with other serum chemis-
try and urinary examinations. These results
revealed that, compared to group A, the values
of bone ALP after 12 weeks of consumption were
significantly elevated in groups B and C
(Table 24.2). Furthermore, the levels of urinary
DPD, a bone-loss marker, were significantly
reduced in group C compared to the other two
groups (Tsuchida et al. 2006). These results thus
revealed that β-cryptoxanthin improves the bone
metabolism of post-menopausal women.

24.5 β-Cryptoxanthin Acts
as a Vitamin A Compound

The fact that all-trans retinoic acid (ATRA)
becomes a natural retinoic acid receptor (RAR)
ligand suggests its conferring a variety of effects

as a vitamin A compound. With regard to
β-cryptoxanthin’s action on RAR, results
measured using a nuclear receptor kit (Micro
Systems), as shown in Fig. 24.15, revealed that
β-cryptoxanthin has an activation effect against
RAR subtypes α and γ and that this action was
approximately 1/100th the power as that of
ATRA. Meanwhile, the provitamin β-carotene
showed no such activation effect against RAR
whatsoever 3). In other words, β-carotene may
be a provitamin A compound and not a vitamin
A compound. Conversely, β-cryptoxanthin,
which is a β-carotene molecule with an additional
hydroxyl group, is both a provitamin A and a
vitamin A compound. In the human studies on
body fat reduction which used drinks containing
β-cryptoxanthin, the serum β-cryptoxanthin
concentrations after more than 8 weeks of con-
sumption were approximately 80 μg/dL 6). This
equates to approximately 1 μM of
β-cryptoxanthin. In the application of the nuclear
receptor kit as well, the concentration at which
β-cryptoxanthin began to act was approximately
1 μM and thus on par with the above in vivo
working concentration. These results thus
revealed that β-cryptoxanthin acts in vivo not
only as a provitamin A compound but also as a
form of vitamin A.

24.6 Conclusion

As demonstrated in this study, the compound
β-cryptoxanthin, contained in Satsuma
mandarins, has a variety of health-promoting
functions. Aside from the body fat reducing, cos-
metic (whitening), and osteoporosis prevention
effects presented here, β-cryptoxanthin has also
been shown in human studies to have anti-

Table 24.2 The changes of bone-type alkaline phosphatase in the serum of post-menopausal women

Group

Experimental period

Before consumption After 4 weeks After 12 weeks

A 26.6 � 5.16 27.3 � 4.72 28.9 � 4.81
B 27.3 � 6.68 28.1 � 6.86 29.9 � 6.13*

C 28.5 � 7.33 29.0 � 7.57 32.0 � 8.21*

*p < 0.05
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exercise fatigue and diabetes prevention actions.
These multiple functions further support that
β-cryptoxanthin may play a role in vitamin A
function. Indeed, the concentrations of vitamin
A (e.g., ATRA) are controlled extremely strictly
in vivo, and it is known that in times of insuffi-
ciency, they are supplied from provitamins such
as β-carotene. To this end, it is possible that
β-cryptoxanthin consumption elevates vitamin A
concentrations in the body, allowing it to serve as
a “safe” vitamin A, thereby implying that
β-cryptoxanthin has multiple functions precisely
because it acts as a vitamin.
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Health-Promoting Functions
of the Marine Carotenoid Fucoxanthin 25
Masashi Hosokawa

Abstract

Fucoxanthin (Fx) is a marine carotenoid found
in brown seaweeds and several marine
microalgae. Recent studies have reported that
dietary Fx exhibits many health-promoting
functions such as anti-obesity and anti-diabetic
effects in animal experiments. A human clini-
cal trial of Fx showed high potential on reduc-
tion of body weight and fat content. The anti-
obesity effect of Fx is due to several
mechanisms, which include the suppression
of adipocyte differentiation, anti-
inflammation, and uncouple protein 1 induc-
tion in white adipose tissue. Furthermore, Fx
reduced blood glucose level and improved
insulin resistance through the regulation of
adipokine mRNA expressions. In this chapter,
we reviewed health beneficial effects and
safety of Fx and discussed their molecular
mechanisms.

Keywords

Fucoxanthin · Fucoxanthinol ·
Amarouciaxanthin A · Anti-obesity effect ·
Anti-diabetic effect · Brown seaweeds

25.1 Introduction

Fucoxanthin (Fx, 3S,5R,6S,30S,50R,60R)-5,6-
epoxy-30-ethanoyloxy-3,50- dihydroxy-60,70-
didehydro-5,6,7,8,50,60-hexahydro-β,β-carotene-
8-one) (Fig. 25.1) is one of the most abundant
carotenoids and is widely distributed in brown
seaweeds and several marine microalgae. Fx has
unique structures, including an allenic bond, an
epoxide, and conjugated carbonyl residues,
which makes it different from other well-
known carotenoids such as β-carotene and
lutein. Additionally, its structure shows a typical
non-provitamin A carotenoid.

Fx is well known to have a critical role in the
light-harvesting complex of photosystems. It is
found in edible brown seaweeds (Phaeophyceae)
such as Undaria pinnatifida, Laminaria japonica,
and Sargassum fusiforme (Fig. 25.2) (Terasaki
et al. 2009). The amount of Fx in Sargassum
horneri and Cystoseira hakodatensis is
1.35–4.49 and 0.63–4.14 mg/g dry weight,
respectively, depending on seasonal variations
(Nomura et al. 2013). Furthermore, in
Phaeodactylum tricornutum, one of the genome
sequenced diatoms, Fx is found at high levels
(15 mg/g dry weight) (Fig. 25.2) (Kim et al.
2012). Cylindrotheca closterium, Chaetoceros
calcitrans, and Isochrysis galbana are also
expected to be significant bio-resources of Fx
(Kim et al. 2012; Foo SC et al. 2017). In addition,
Yamano et al. (1995) reported total synthesis of
optically active Fx.
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Fx has been reported to have significant nutra-
ceutical activities, including antioxidant, anti-
inflammatory, anti-cancer, anti-obesity, and anti-
diabetic effects (Miyashita et al. 2011; Peng J
et al. 2011; D’Orazio et al. 2012). These
multifunctions are thought to be dependent on
its unique chemical structure. In particular, anti-
obesity and anti-diabetic effects by Fx have been
studied since there has been a drastic increase in
the prevalence of obesity in recent years. This
chapter focuses on animal and human studies on
the anti-obesity and antidiabetic effects of Fx,

including discussions about its absorption, metab-
olism, and safety.

25.2 Absorption and Metabolism
of Fucoxanthin

Dietary Fx is deacetylated to fucoxanthinol
(FxOH) (Fig. 25.1) in the gastrointestinal tract
before intestinal absorption and can be detected
in the plasma of Fx-fed mice (Asai et al. 2004).
FxOH is subsequently metabolized to

Fucoxanthinol

Fucoxanthin

Amarouciaxanthin A

In the body

Fig. 25.1 Fucoxanthin and its metabolites
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Fig. 25.2 Fucoxanthin contents in brown seaweeds and microalgae (Terasaki et al. 2009; Kim et al. 2012)
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amarouciaxanthin A (Amx A) (Fig. 25.1) in the
liver of mice. The conversion of FxOH to Amx A
was also observed in liver microsomes and
human HepG2 hepatoma cell.

Fx metabolites FxOH and Amx A are
distributed to the adipose tissue, kidney, heart,
lung, and spleen. In addition, the concentration
of these metabolites in the plasma was found to be
higher than that in erythrocytes (Hashimoto T
et al. 2009). FxOH and Amx A preferentially
accumulated in the liver and white adipose tissue
(WAT), respectively (Hashimoto T et al. 2009;
Airanthi et al. 2011). These results suggest that
the WAT and liver attract considerable attention
as nutraceutical target tissues of Fx.

Recently, a high-sensitivity analytical protocol
has been established to quantify human serum
FxOH concentration using a LC-MS/MS system.
FxOH was detected in the serum 4 h after a single
oral intake of Fx and immediately decreased over
48 h (Mikami et al. 2016). Oral intake of dry
powder and extracts prepared from edible brown
seaweed for 1 week also showed absorption of Fx
through detection of FxOH in the plasma (Asai
et al. 2008; Hashimoto T et al. 2012).

25.3 Anti-obesity Effect
of Fucoxanthin

25.3.1 Suppression of Body
and Adipose Tissue
Weight Gain

The increase in obese populations is a worldwide
big problem because it is an underlying factor for
diabetes, hypertension, and hyperlipidemia. The
cluster of these diseases is called metabolic syn-
drome. Metabolic syndrome has recently been
recognized as a major risk or pathogenesis of
cardiovascular disease, which causes high mortal-
ity in developed countries. In obesity, excessive
fat accumulates in the WAT and induces insulin
resistance. In general, adipocytes in the adipose
tissue play an important role as an endocrine
tissue producing bioactive mediators, adipokines,
in addition to their role in energy storage. How-
ever, in hypertrophic adipocytes observed in

obesity, production of adipokines is disturbed,
leading to chronic inflammation and insulin resis-
tance. Therefore, it is important to suppress and
reduce excessive fat accumulation in the WAT
around the internal organs for the prevention of
metabolic syndrome and cardiovascular disease.

Fx-containing diet (0.2% Fx-containing
AIN-93G diet with 7% soybean oil) suppressed
body weight gain of diabetic/obese KK-Ay mice
by feeding for 2–4 weeks (Maeda et al. 2005;
Hosokawa M et al. 2010). In addition, the weight
of the WAT of Fx-fed KK-Ay mice was signifi-
cantly lower than that of control mice, while no
change in the weight of WAT of lean mice,
C57BL/6 J by Fx. Woo et al. (2010) also exam-
ined the anti-obesity effect of Fx on diet-induced
obese mice as a suitable model for human obesity,
compared to genetically mouse model. Supple-
mentation of high-fat diets with Fx for 6 weeks
attenuated both body and WAT weight gain in
C57BL/6 N mice without affecting food intake
(Woo et al. 2009). Interestingly, a low dose of
0.05% Fx also showed an anti-obesity effect on
high-fat diet-fed mice.

In both KK-Ay and diet-induced obese C57BL/
6 N mice, most adipocytes in the WAT were
smaller in Fx-fed mice than in control mice.
These results suggest that Fx prevents the
dysregulation of adipocyte properties
accompanying hypertrophy observed in the
development of obesity. The anti-obesity effect
of Fx on diet-induced obesity in C57BL/6 J mice
was also observed when feeding mice the ethanol
extract from brown seaweeds (Jeon SM et al.
2010; Maeda et al. 2009).

A human clinical trial of Fx was conducted as
a double-blind, randomized, placebo-controlled
study (Abidov et al. 2010). Intake of Xanthigen™
(300 mg brown seaweed extract with 2.4 mg
Fx + 300 mg pomegranate seed oil) for
16 weeks reduced body weight and fat content
in nondiabetic, obese women with nonalcoholic
fatty liver disease (NAFLD) or normal liver fat.
Reduction of liver fat content and serum triglyc-
eride was also observed by Xanthigen™ supple-
mentation. Further, a dose of more than 2.4 mg Fx
alone as well as Xanthigen™ increased resting
energy expenditure in NAFLD women compared
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to the placebo group. Obese patients with
NAFLD are known to present elevated plasma
markers of liver inflammation and injury such as
C-reactive protein (CRP), alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), and
γ-glutamyltransferase (GGT), which are linked
with insulin resistance and hypertension
(Heilbronn et al. 2001; Stranges et al. 2005).
Xanthigen™ containing 2.4 mg Fx significantly
decreased the plasma levels of CRP, ALT, AST,
and GGT in obese and NAFLD subjects.

25.3.2 Regulation of Adipocyte
Differentiation (Fig. 25.3)

Development of adipose tissue observed in obese
subjects is closely related to hyperplasia and
hypertrophy, involving cell proliferation,
adipogenesis, and adipolysis. The peroxisome

proliferator-activated receptor (PPAR) and
CCAAT-enhancer-binding protein (C/EBP)
families play critical roles as transcriptional
factors to regulate the expression of genes
involved in adipocyte phenotypes and properties.

Fx metabolites, FxOH and Amx A, showed
suppressive effects on glycerol-3-phosphate
dehydrogenase and lipid accumulation in
3T3-L1 cells at intermediate and late stages of
the adipogenic process (Maeda et al. 2006; Yim
et al. 2011). Further, the suppressive effects of
FxOH and Amx A were stronger than that of
Fx. In the Fx-fed mice, Amx A and FxOH accu-
mulate in the WAT as major metabolites while Fx
does not (Airanthi et al. 2011). Thus, dietary Fx
appears to be metabolized to more active
carotenoids showing an anti-obesity effect in the
body. We also reported that neoxanthin with an
allenic bond attenuated 3T3-L1 cell differentia-
tion, although lutein, β-carotene, and

Fig. 25.3 Anti-obesity effects of fucoxanthin
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amarouciaxanthin B with acetylenic bonds did
not (Okada et al. 2008). These findings suggest
that an allenic bond in the chemical structure of
carotenoids may be important to control the
adipogenesis of 3T3-L1 cells.

In the 3T3-L1 cells treated with Amx A and
FxOH, PPARγ and C/EBPα were downregulated.
The expression levels of aP2 and LPL mRNAs,
which are regulated by PPARγ and C/EBPα, also
decreased with Amx A and FxOH treatment (Yim
et al. 2011). Therefore, the suppression of 3T3-L1
differentiation by Amx A and FxOH is suggested
to be, at least partially, due to the downregulation
of PPARγ and C/EBPα mRNA expressions.

25.3.3 Control of Adipokine
Production and Inflammation
in White Adipose Tissue
(Fig. 25.3)

The WAT plays an important role as an endocrine
tissue producing adipokines such as adiponectin,
leptin, tumor necrosis factor-a (TNF-α), and
interleukin-6 (IL-6). In the development of obe-
sity, excessive fat accumulation leads to
low-grade chronic inflammation through infiltra-
tion of macrophages and T cells into the WAT.
Infiltrated macrophages and adipocytes show a
paracrine loop mediated by TNF-α and saturated
fatty acids produced in these cells (Suganami
et al. 2005). These interactions disturb adipokine
production and result in insulin resistance.

Dietary Fx markedly reduced the expression
levels of TNF-α and IL-6 mRNA in the white
adipose tissue of diabetic/obese KK-Ay mice,
but not in that of control C57BL/6 J mice
(Fig. 25.4) (Hosokawa et al. 2010). In addition,
the mRNA expression of monocyte
chemoattractant protein-1 (MCP-1), which
recruits macrophages, was downregulated by
Fx. In the WAT of KK-Ay Fx-fed mice, infiltra-
tion of F4/80-positive macrophages was clearly
decreased compared to that of control mice.

In contrast to these pro-inflammatory
adipokines, plasma concentration of adiponectin
in Fx-fed mice was higher than in control group

of C57BL/6 N mice of diet-induced obesity (Woo
et al. 2009). Adiponectin is an adipocyte-specific
factor to promote fatty acid β-oxidation in the
skeletal muscle and in the liver and reduces
hepatic gluconeogenesis. It has been reported
that plasma adiponectin levels decrease with the
development of obesity and insulin resistance
(Kadowaki et al. 2006). Thus, Fx improved
plasma adiponectin level in diet-induced
obese mice.

Leptin produced in adipose tissue plays a piv-
otal role in the control of food intake via central
hypothalamic signaling (Schwartz et al. 2000). In
addition, leptin enhances energy expenditure
through direct action on fatty acid β-oxidation in
peripheral tissues (Ceddia 2005). In obese human
subjects, inefficiency of leptin functions has been
observed; hence, the improvement of leptin sig-
naling has been studied as possible mechanism to
prevent and treat obesity. Intake of Fx decreased
serum leptin levels in diabetic/obese KK-Ay mice
showing hyperleptinemia. Interestingly, Fx mark-
edly reduced the expression of stearoyl-coenzyme
A desaturase 1 (SCD-1) in the liver.
Downregulation of SCD-1 has been found to
mediate leptin signaling and to be a target for
the prevention and management of obesity and
diabetes by regulating energy metabolism (Cohen
et al. 2002; Rahman et al. 2005). These results
indicate that dietary Fx controls pro-inflammatory
adipokines and anti-inflammatory adiponectin
mRNA expression in the WAT. Their regulation
suggests an important mechanism of Fx in the
prevention of obesity and in the improvement of
insulin resistance observed in obese/
diabetic mice.

Further, FxOH, which accumulates in
the WAT, attenuated IL-6 and MCP-1 production
from three 3T3-F442A adipocytes stimulated
with TNF-α. FxOH also downregulated TNF-α,
iNOS, and COX-2 mRNA expression in
macrophage-like RAW264.7 cells treated with
palmitic acid (Hosokawa et al. 2010). These
findings indicate that FxOH regulates the para-
crine signaling loop between adipocytes and
macrophages as well as suppress macrophage
infiltration into the WAT.
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25.3.4 Uncoupling Protein 1 Induction
(Fig. 25.5)

Uncoupling protein 1 (UCP1) uncouples oxida-
tive phosphorylation in the mitochondria and
dissipates energy from fatty acids as heat. This
protein has been an attractive molecular target to
prevent and improve obesity and its related meta-
bolic syndrome (Saito et al. 2016). UCP1 highly
expresses in the brown adipose tissue (BAT) and
controls energy balance in the body (Saito et al.
2009). In addition, UCP1-expressing brown-like
adipocytes in the WAT are being investigated as
“beige/brite adipocytes” because browning of
WAT is expected to increase energy expenditure
and improve insulin sensitivity (Kajimura et al.
2015).

We found that Fx significantly induced ectopic
UCP1 expression in the WAT of obese mice. In
KK-Ay mice fed with 0.2% Fx-containing diet for
4 weeks, the expression level of UCP1 in the
WAT was approximately four times higher than
in that of the control mice and weight of the WAT
significantly decreases (Maeda et al. 2005, 2007).
Woo et al. (2009) also reported that Fx increased
UCP1 mRNA expression in the WAT and BAT
of C57BL/6 N mice fed with a high-fat diet.

PPARγ coactivator-1α (PGC-1α) regulates
mitochondrial factors including UCP1 and
nuclear respiratory factor 1 (NRF1) in the BAT
(Wu et al. 1999). In the upstream signaling path-
way of PGC-1α activation, β3-adrenergic receptor
(β3-AR) plays a pivotal role. Though β3-AR stim-
ulation, protein kinase A is activated and
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upregulates the transcription of PGC-1α mRNA.
Wu et al. (2014) reported that dietary Fx
increased PGC-1α and β3-AR mRNA expression
in the WAT, but not in the BAT, of C57BL/6 J
mice fed with a high-fat diet. In addition, Fx
feeding enhanced O2 consumption and CO2 pro-
duction compared with control mice not given
Fx. We also reported that brown seaweed lipids
(2.22% in 30% high-fat diet) containing 10% Fx
upregulated β3-AR mRNA expression in the
WAT of diet-induced obese C56BL/6 J mice
(Maeda et al. 2009). Thus, our results and other
reports indicate that UCP1 activation in the WAT
is, at least partially, a molecular mechanism and
contributes to the anti-obesity effect of Fx.

25.4 Anti-diabetic Effect
of Fucoxanthin

25.4.1 Improvement of Blood Glucose
and Insulin Levels

Type 2 diabetes has become one of the most
common metabolic disorders globally. The rise
in prevalence of type 2 diabetes is closely
associated with the growth of obesity, especially
excess visceral adiposity. In type 2 diabetes,
blood glucose level and the insulin concentration
needed to induce a biological effect increase

compared with the normal state, which is termed
insulin resistance.

Fx (0.1 and 0.2% in the AIN-93G diet
containing 7% or 13.5% soybean oil) markedly
decreased the high blood glucose level of dia-
betic/obese KK-Ay mice, although Fx did not
affect blood glucose in lean C57BL/6 J mice
(Hosokawa et al. 2010). Plasma insulin level
was also reduced in KK-Ay mice showing
hyperinsulinemia by Fx in a dose-dependent man-
ner. Other groups reported that Fx feeding for
6–9 weeks improved blood glucose level in diet-
induced insulin resistance mice (Woo et al. 2010;
Park et al. 2011). In the studies, HbA1c was used
as a risk factor for the development of diabetic
complications, and the insulin/glucagon ratio was
reduced by Fx. Interestingly, low concentration of
Fx (0.02% in the diet) decreased blood glucose
level, plasma insulin concentration, insulin resis-
tance index, and visceral fat level in C57BL/6 J
mice fed with a 20% high-fat diet. Further,
plasma resistin, which has been proposed to be
an adipokine affecting type 2 diabetes and insulin
sensitivity (Steppan et al. 2001), decreased in
diet-induced obese mice fed with 0.05% Fx
(Woo et al. 2010). The effective concentration
of Fx required to exhibit anti-diabetic effects
may be low compared to the concentration neces-
sary to show an anti-obesity effect.

Mikami et al. (2017) recently reported a
single-blinded, randomized intervention trial to
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evaluate the effects of Fx on obesity-related
parameters in Japanese subjects. In the experi-
mental group administered 2 mg/day Fx for
8 weeks, HbA1c levels significantly reduced
compared to that in the control group (0 mg/day
Fx) (n¼ 20 per group), although no differences in
visceral fat areas and resting energy expenditure
were detected between the groups after interven-
tion. It is noteworthy that HbA1c levels declined
more significantly in subjects with G/G alleles of
theUCP1 gene than in those with the A/A or A/G
alleles (P < 0.05).

25.4.2 Regulation of Insulin Signaling
Pathways (Fig. 25.6)

Insulin is a pivotal factor in the regulation of
blood glucose level and energy production in the
body. In general, insulin stimulates the insulin
receptor (IR), which transduces signaling through

insulin receptor substrates, and activates serine/
threonine kinases, including Akt. Akt regulates
most insulin actions, such as the suppression of
hepatic glucose production and the activation of
glucose transporters in muscles and adipocytes. In
type 2 diabetes, insulin signaling is impaired
through alterations of mRNA expressions, protein
levels, and phosphorylation of signaling factors.

Liver is the central tissue for glucose homeo-
stasis, including gluconeogenesis and glycogen-
olysis, involving glucose-6-phosphatase
(G6Pase), phosphoenolpyruvate carboxykinase
(PEPCK), and glucokinase (GK) activities. Fx
(0.02% in the diet) upregulated GK expression
in the liver of diet-induced insulin resistant
C57BL/6 J mice fed with a 20% high-fat diet for
9 weeks (Park et al. 2011). In addition, the hepatic
GK activity/G6Pase activity ratio was also
enhanced by Fx together with an increase in gly-
cogen content and a decrease in plasma insulin
concentration. Activities of G6Pase and PEPCK

GLUT4

Fucoxanthin

DNA

GLUT4 mRNAPGC-1

T F

Fucoxanthinol
Amarouciaxanthin A

EDL muscle

Skeletal muscle

Up-regulation of insulin 
receptor mRNA expression 

Insulin

Akt activation

Promotion of 
GLUT4 translocation

Glucose

GLUT4:Glucose transporter 4

Up-regulation of 
GLUT4 expression

Soleus muscle

Fig. 25.6 Glucose transporter 4 (GLUT4) activation by fucoxanthin in skeletal muscle

280 M. Hosokawa



activities in the Fx-fed group tended to be lower
than that in the high-fat control group, though this
difference is not significant. These findings sug-
gest that Fx improved hepatic glucose production
and blood glucose level through altering hepatic
glucose-regulating enzymes related to insulin
sensitivity.

Further, we demonstrated that dietary Fx
activates insulin signaling pathways in the skele-
tal muscle of diabetic/obese KK-Ay mice. In the
skeletal muscle of KK-Ay mice fed with a 0.2%
Fx-containing AIN-93G diet (7% soybean oil) for
2 weeks, IR mRNA expression was upregulated
and phosphorylation of Akt was activated, while
corresponding reductions in blood glucose and
serum insulin levels were observed (Nishikawa
et al. 2012). Interestingly, in the soleus muscle,
which is composed mainly of type I fibers with a
highly expression of glucose transporter
4 (GLUT4), Fx promoted the translocation of
GLUT4 from the cytosol to the plasma mem-
brane. In the extensor digitorum longus (EDL)
muscle, which is composed of type IIa and IIb
fibers with high glycolytic activity, Fx enhanced
the expression level of GLUT4, while the GLUT4
translocation tended to be promoted.
Insulin-mediated glucose uptake by GLUT4 is
the rate-limiting step in glucose metabolism. In
type 2 diabetes, GLUT4 translocation to the
plasma membrane is attenuated. In addition,
Henriksen et al. (1990) reported GLUT4 content
was higher in the soleus muscle than in the EDL
muscle. Therefore, GLUT4 activation in different
muscle types by Fx appears to be an effective way
to activate insulin signaling in diabetic/obese
KK-Ay mice.

In particular, Fx increased PGC-1 expression
levels in skeletal muscles. In previous studies,
overexpression of PGC-1α in muscle was found
to increase glucose uptake via upregulation of
GLUT4 expression (Benton et al. 2008).
Conversely, it has been reported that the expres-
sion of PGC-1α is low in obese and diabetic
subjects (Mootha et al. 2003). Together, these
results suggest that a key mechanism by which
Fx improves hyperglycemia may be the
upregulation of PGC-1α in skeletal muscle to
activate GLUT4.

25.5 Safety of Fucoxanthin

People in Japan and several other Asian countries
have traditionally consumed brown seaweeds
containing Fx, such as Undaria pinnatifida
(Wakame) and Sargassum fusiforme (Hijiki). Fx
is, therefore, considered to be a food component
in edible seaweeds. However, to be used as a
functional ingredient in the food industry, safety
evaluation of Fx is required. Single and repeated
oral dose toxicity studies of Fx have been
conducted. A single-dose study indicated no mor-
tality and no abnormalities in male and female
ICR mice fed with 1000 and 2000 mg/kg purified
Fx. In a repeated-dose study, Fx did not show
toxicity in mice given 500 and 1000 mg/kg
purified Fx for 30 days (Beppu et al. 2009a).
Further, FxOH, the metabolite of dietary Fx, has
been confirmed to be a safe compound in terms of
mutagenicity by in vivo and in vitro evaluation
(Beppu et al. 2009b).

Fx has been found to increase total serum
cholesterol, HDL cholesterol, and non-HDL cho-
lesterol levels in SD (Kadekaru et al. 2008) and
KK-Ay mice (Beppu et al. 2012), although an
increase in total plasma cholesterol was not
observed in many studies of Fx-fed animals
given high-fat diets (Muradian et al. 2015). In a
human clinical trial with intervention of 2 mg Fx,
cholesterol levels showed no change after Fx
administration for 6 weeks (Mikami et al. 2017).
The influence of Fx on plasma cholesterol levels
might differ depending on the basal diet and
animal species.

25.6 Conclusions

Fx has unique structure and is different from well-
known carotenoids such as β-carotene and lutein.
Increasing research data suggests that Fx has high
potential for health benefits. In this chapter, we
reviewed anti-obesity and anti-diabetic effects of
Fx, because obesity and its-related type 2 diabetes
are a major public health problem. In especially,
Fx exhibits activation and induction of mitochon-
drial factor UCP1 in the WAT and GLUT4 in the
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skeletal muscle through upregulation of PGC-1.
These findings expect to apply as nutraceuticals.
Better understanding of the molecular mechanism
of Fx, with respect to contributions to our health
and disease, is worthy of further investigation.
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Biological Activities of Paprika
Carotenoids, Capsanthin
and Capsorubin

26

Hayato Maeda, Azusa Nishino, and Takashi Maoka

Abstract

Paprika Capsicum annuum L. (Solanaceae)
contains various carotenoids such as
capsanthin, capsorubin, cryptocapsin
cucurbitaxanthin A, β-cryptoxanthin,
capsanthin epoxide, zeaxanthin, and
β-carotene. Especially, capsanthin and
capsorubin are characteristic carotenoid in
paprika. They show strong antioxidative
effect. Furthermore, these carotenoids show
preventive effect of obesity-related diseases.
Dietary paprika carotenoids are absorbed in
blood, and they are detected in erythrocytes.
It contributes to upregulate endurance perfor-
mance of athletes by reducing oxygen con-
sumption (VO2) and the heart rate.

Keywords

Capsanthin · Capsorubin · Paprika

26.1 Introduction

Ripe fruits of paprika are used widely as
vegetables and food colorants. They are good
sources of carotenoid pigments. The red
carotenoids in paprika are mainly capsanthin,
capsorubin, and cryptocapsin, which have a
3-hydroxy-6-oxo-κ-end group, and capsanthone,
which has a 3,6-dioxo-κ-end group (Goodwin
1980) (Fig. 26.1). Their carotenoids account for
30–80% of the total carotenoids in fully ripe fruits
(Almela et al. 1991; Minguez-Mosquera and
Hornero-Mendez 1993, 1994; Deli et al. 1996a).
β-Cryptoxanthin and zeaxanthin, having
3-hydroxy-β-end group, are also present in
paprika as major carotenoids. Many other
carotenoids, especially those with the 3,5,6-trihy-
droxy-5,6-dihydro-β-end group, karpoxanthin
(Deli et al. 1998); 3,4-didehydro-6-hydroxy–γend
group, nigroxanthin (Deli et al. 1994) and
prenigroxanthin (Deli et al. 2001); and
5-hydroxy-5,6-dihydro-3,6-epoxy-β-end group,
capsanthin 3,6-epoxide (Parkes et al. 1986),
cycloviolaxanthin (Deli et al. 1996b),
cucurbitaxanthins (Deli et al. 1991), and
capsanthone 3,6-epoxide (Maoka et al. 2001a),
have been isolated from paprika. Furthermore,
carotenoids having unique 6-oxo-κ-end group
have been reported: 3-hydroxy-β,κ-caroten-
60-one and 3,4-didehydro-β,κ-caroten-60-one
(Maoka et al. 2004).

Paprika carotenoids having 3-hydroxy-6-
oxo-κ-end group capsanthin and capsorubin
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show excellent antioxidative (Hirayama et al.
1994; Matsufuji et al. 1998; Maoka et al. 2001b;
Nishino et al. 2015) and anticancer (Murakami
et al. 2000; Maoka et al. 2001a, b) properties.

This section presents description of some
biological activities such as antioxidative and
anti-obesity-related disease activity, accumula-
tion in blood, and improvement of endurance
exercise performance of paprika carotenoids.

26.2 Antioxidative Activities
of Paprika Carotenoids

Singlet oxygen (1O2) quenching activities of
paprika carotenoids, such as those of capsanthin
and capsorubin, have been investigated using
several methods. Hirayama et al. (1994) studied
the 1O2 quenching ability of various naturally
occurring carotenoids by measuring toluidine
blue-sensitized photooxidation of linoleic acid.
Among the 18 natural carotenoids investigated,
capsorubin showed excellent 1O2 quenching
activity, followed by capsanthin. Nishino et al.
(2016a) investigated the 1O2 quenching activity
of paprika carotenoid using chemiluminescence
method. Consequently, capsorubin showed the
strongest 1O2 quenching activity followed by
cucurbitaxanthin A, capsanthin, astaxanthin,
cryptocapsin, and zeaxanthin. Furthermore,
Nishino et al. (2016a) studied 1O2 quenching
activity by ESR spin-trapping method using
2,2,6,6-tetramethyl-4-piperidone (TMPD). As in
previous results, capsorubin showed excellent
1O2 quenching activity followed by capsanthin
diacetate and capsanthin. Reportedly, the 1O2

quenching activity of carotenoids depends on
the number of conjugated polyenes, polyene
chain structures, and functional groups, especially
conjugated carbonyl groups (Hirayama et al.
1994; Shimidzu et al. 1996; Nishino et al.
2015). Capsorubin has 11 conjugated double
bonds including two conjugated carbonyl groups.
Capsanthin and its acetate have 11 conjugated
double bonds including one conjugated carbonyl
group. Therefore, capsorubin and capsanthin
showed strong 1O2 quenching activity as did
astaxanthin, which is well known as an excellent

1O2 quencher (Shimidzu et al. 1996). Reportedly,
carotenoids inhibit 1O2 through physical
quenching and chemical reaction. LC/MS studies
revealed that capsanthin formed
5,6-endoperoxide and 5,8-endoperoxide and that
capsorubin formed 7,8-endoperoxide from reac-
tion with 1O2 (Nishino et al. 2016b). This forma-
tion indicates that capsanthin and capsorubin can
chemically take up 1O2 by the formation of endo-
peroxide. Capsorubin showed greater stability
against the attack of 1O2 than capsanthin, zeaxan-
thin, and others did. Capsorubin has a long linear
conjugated double bond system in its molecule.
Capsorubin might exclusively quench 1O2

through a physical quenching system. Therefore,
among the carotenoids, capsorubin showed the
strongest quenching effect on 1O2.

ESR and LC/MS studies also revealed that
capsanthin can scavenge superoxide anion radical
(.O2

�) and hydroxy radical (.OH) by the forma-
tion of 5,6-epoxide and 5,8-epoxide (Nishino
et al. 2016b).

Capsanthin and related carotenoids also inhibit
lipid peroxidation induced by free radicals.
Matsufuji et al. (1998) studied the antioxidant
capability of capsanthin. The fatty acid esters
were examined by measuring the free radical
oxidation of methyl linoleate. They reported
capsanthin as a more potent antioxidant than
β-carotene and that the radical scavenging activity
of capsanthin was not influenced by esterification.
Therefore, the antioxidative ability was attribut-
able to the polyene chain, especially the conju-
gated carbonyl group. It was also reported that
capsorubin, capsanthin, capsanthin 3,6-epoxide,
and cycloviolaxanthin inhibited the oxidation of
methyl linoleate in solution initiated by 2,2-
0-azobis(2,4-dimethyl valeronitrile). The
antioxidative activities decreased in the order of
capsorubin > capsanthin 3,6-epoxide >

capsanthin > cycloviolaxanthin > β-carotene
(Maoka et al. 2001b).

Peroxynitrite (ONOO�), a reactive nitrogen
species formed from superoxide (O2

�) and nitric
oxide (NO•), is a highly reactive oxidant that
causes nitration of the aromatic ring of free tyro-
sine and protein tyrosine residues. Capsanthin
takes up peroxynitrite through the formation of
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nitrocarotenoid (Tsuboi et al. 2011). Furthermore,
capsanthin inhibits the nitration of tyrosine by
peroxynitrite. This effect is almost identical to
that of γ-tocopherol. A similar result was obtained
in the case of fucoxanthin. These results indicate
that capsanthin can capture peroxynitrite to form
nitrocarotenoids and can inhibit the nitration of
tyrosine. Capsanthin and capsorubin also
suppressed generation of superoxide and nitric
oxide from stimulated leukocyte mouse macro-
phage RAW 264.7 cells (Murakami et al. 2000)

26.3 Anti-obesity Effects of Paprika
Carotenoids

Obesity has been regarded as a major risk factor
for type 2 diabetes, hypertension, and
dyslipidemia. The cluster of these three diseases
is called metabolic syndrome, the incidence of
which has developed into a worldwide health
threat (Eckel et al. 2005). Furthermore, these
diseases are related to low-grade inflammation
in various organs such as the muscle, liver, and
adipose tissues.

Adipocytes are recognized as an important
endocrine cell that secretes biologically active

mediators called adipocytokines (Matsuzawa
et al. 1999; Kadowaki et al. 2006). These
adipocytokines regulate lipid metabolism, blood
glucose metabolism, and blood pressure. For
example, adiponectin is secreted from small adi-
pocyte cells, recovering insulin sensitivity. Fur-
thermore, adiponectin promotes the
HDL-cholesterol concentration of blood and
ameliorates blood lipid disorders. However,
monocyte chemotactic protein-1 (MCP-1),
tumor necrosis factor-α (TNF-α), and resistin are
known to be elevated in obesity conditions. These
adipocytokines induce low-grade chronic inflam-
mation, developing into insulin resistance and
type 2 diabetes.

Paprika carotenoids promoted adiponectin
secretion by promoting differentiation of small
adipocyte cells in an in vitro study (Maeda et al.
2013). 3T3-L1 preadipocyte cells were cultured
by differentiation medium in the presence of
paprika carotenoids, mainly capsanthin (44.3%)
and capsorubin (12.8%) (Fig. 26.1). As a result,
adiponectin mRNA expression and secretion
were increased in treatment with paprika
carotenoids (Fig. 26.2). Furthermore, treatment
with paprika carotenoid cells increased the activ-
ity of glycerol phosphate dehydrogenase
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Fig. 26.1 Carotenoid structure of paprika carotenoids
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(GPDH), which is an enzyme related to
differentiated adipocyte cells. Moreover, paprika
carotenoid enhanced mRNA expression and pro-
tein concentrations of peroxisome proliferator-
activated receptor γ (PPARγ). PPARγ is a nuclear
receptor that regulates adipocyte differentiation
and metabolism in adipocyte cells. Some
PPARγ ligand medicines such as
thiazolidinedione-type compounds (TZDs) pro-
mote adipocyte differentiation and PPARγ
expression and improve insulin sensitivity by
increasing concentrations of adiponectin (Parker
2002; Tsuchida et al. 2005). The paprika caroten-
oid effects were similar to treatment with
troglitazone (TR), which is a TZD.

Paprika carotenoids ameliorated chronic
inflammation in obesity condition adipocyte
cells (Maeda et al. 2013). Obese adipose tissues
are characterized by enhanced infiltration of
macrophages (Kanda et al. 2006). Actually,
MCP-1, TNF-α, and resistin are associated
strongly with obesity-induced inflammation and
obesity-related diseases. Paprika carotenoids
showed suppressive effects of chronic inflamma-
tion in co-culture of adipocyte and macrophage
cells. MCP-1, TNF-α, resistin, and IL-6 mRNA
expression were suppressed in treatment with
paprika carotenoid cells (Table 26.1). Moreover,
cells treated with paprika carotenoids showed
markedly decreased nitric oxide

(NO) production dose-dependently. These results
suggest that paprika carotenoids ameliorate
inflammatory changes in adipocyte cells induced
by obesity.

Cardiovascular disease (CVD) is induced by
hyperlipidemia, which is typically caused by a
high-fat diet and sedentary lifestyle. High
concentrations of LDL cholesterol in blood are a
risk factor in CVD. However HDL cholesterol
removes excess cholesterol from peripheral
tissues. Therefore, increasing the concentrations
of HDL cholesterol prevents CVD. Furthermore,
adiponectin secreted from adipocytes promotes
the HDL-cholesterol concentration of blood and
ameliorates blood lipid disorders.

Capsanthin is a major carotenoid in paprika
pigments. Capsanthin has an HDL cholesterol
raising effect on plasma (Aizawa and Inakuma
2009). Rats fed with 0.0285% purified capsanthin
diets showed significantly increased plasma
HDL-cholesterol concentrations after 2 weeks’
administration. Dietary capsanthin upregulates
mRNA expression of hepatic apoA5 and lecithin
cholesterol acyltransferase (LCAT), which con-
tribute to HDL-cholesterol concentration. High
HDL-cholesterol concentration in blood is a risk
factor for CVD. However, HDL cholesterol
removes excess cholesterol from organs. There-
fore, paprika pigments might affect anti-blood-
related disease components. Dietary paprika

Fig. 26.2 Effects of
paprika carotenoids (PP) on
adiponectin mRNA
expression and protein
secretion on 3T3-L1
adipocyte cells
3T3-L1 cells were
incubated with 10 μmol/L
troglitazone (TR) or 15, 30,
or 60 μg/mL paprika
carotenoids (PP): (a)
adiponectin mRNA
expression, (b) adiponectin
concentration in the
medium; *,
p < 0.05 vs. control
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carotenoids upregulated HDL-cholesterol con-
centration and improved adipocytokine expres-
sion and secretion in mice fed with a high-fat
(14 wt%) diet (Fig. 26.3). Diets containing 0.5%
and 2.0% paprika carotenoids were fed to A/J
mice for 3 weeks. Results show that the paprika
carotenoid diet groups had significantly
( p < 0.05) increased serum HDL-cholesterol
concentrations compared to mice fed with a con-
trol diet (Control group, 81 � 4 mg/dl; 0.5%

group, 100 � 4 mg/dl; 2.0% group,
104� 6 mg/dl). Moreover, the serum adiponectin
concentration and adiponectin mRNA expression
in white adipose tissue were increased in the
paprika carotenoid diet groups. However, the
resistin concentration was suppressed. These
results suggest that dietary paprika carotenoids
improve adipocytokine secretion and prevent
CVD, which is induced by disorder of the blood
lipid profile.

Table 26.1 Effects of PP on adipocytokine mRNA expression in a co-culture of 3T3-L1 adipocyte cells and a
RAW264.7 macrophage cell system

Control TR (10 μmol/ L) PP (15 μg/ml) PP (30 μg/ml) PP (60 μg/ ml)

IL-6/GAPDH 1.00 � 0.24 0.78 � 0.05 0.41 � 0.02* 0.38 � 0.08* 0.24 � 0.02*
MCP-1/GAPDH 1.00 � 0.17 0.43 � 0.14* 1.06 � 0.29 0.72 � 0.07* 0.51 � 0.03*
Resistin/GAPDH 1.00 � 0.66 0.21 � 0.16* 0.25 � 0.18* 0.14 � 0.11* 0.08 � 0.03*
TNF-α/GAPDH 1.00 � 0.09 0.56 � 0.08* 0.86 � 0.07 0.75 � 0.05 0.65 � 0.05*

TR troglitazone, PP paprika carotenoids; * p < 0.05 vs. control

Fig. 26.3 (a) Adiponectin and (b) resistin serum
concentrations in mice fed with a paprika carotenoid
(PP) diet. (c) Adiponectin and (d) resistin mRNA

expression in white adipose tissue of mice fed with PP
diets. *, p < 0.05 vs. control
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26.4 Accumulation of Paprika
Carotenoids in Human Blood

Reportedly, paprika carotenoids show strong
antioxidative activities against reactive oxygen
species such as singlet oxygen and hydroxyl radi-
cal (Nishino et al. 2016a) and anti-obesity effects
(Maeda et al. 2013), as described in earlier
sections. To make those functions of carotenoids
beneficial for human health, ingested carotenoids
must be absorbed into the blood and be
distributed in tissues and organs. The difference
in structure of carotenoid end groups dramatically
affects the bioavailability. Its polarity is regarded
as important for absorption into human blood
(Yonekura and Nagao 2007; Ryan et al. 2008).

Paprika carotenoids consist mainly of
xanthophylls of seven kinds (capsanthin,
capsorubin, cryptocapsin, cucurbitaxanthin A,
β-cryptoxanthin, capsanthin epoxide, and zeaxan-
thin) with β-carotene. Among these carotenoids,
capsanthin, capsorubin, and cryptocapsin are
characteristic of paprika carotenoids. In actuality,
these carotenoids are almost absent or entirely
absent in other plants that humans usually eat.
Although cucurbitaxanthin A is also a unique
carotenoid, it is found not only in paprika but
also in pumpkin. Therefore, paprika carotenoids
contain a wide range of carotenoids that differ in
polarity, so elucidating the absorption of each

paprika carotenoid into human blood is an inter-
esting investigation.

We assessed changes of total and individual
carotenoid concentration in plasma and
erythrocytes while subjects consumed paprika
carotenoids (14 mg/day as total carotenoids) for
4 weeks (Nishino et al. 2015). Tables 26.2 and
26.3 show the carotenoid concentrations in
human plasma and erythrocytes before and after
ingestion of paprika carotenoids. After 2 weeks of
the supplementation, total carotenoid
concentrations in plasma and erythrocytes
increased respectively by 1.2-fold and 2.2-fold,
which indicated that paprika carotenoids were
more effective for increasing carotenoid
concentrations in erythrocytes than in plasma.
The concentration after 4 weeks was almost iden-
tical to that at 2 weeks. Total carotenoid
concentrations in blood might reach saturation
during intake of paprika carotenoids. In terms of
individual carotenoid, cucurbitaxanthin A
concentrations in both of plasma and erythrocytes
increased significantly after 2 and 4 weeks despite
their low contents in paprika carotenoids. This
result indicates that humans can absorb
cucurbitaxanthin A easily. In addition,
capsanthone, the oxidative metabolite of
capsanthin, was detected in plasma and blood.
Because paprika carotenoids contain only small
amounts of capsanthone, they might be
metabolized from capsanthin in vivo.

Table 26.2 Carotenoid contents in plasma before and after paprika ingestion

Carotenoids (pmol / mL)

Before ingestion 2 weeks after ingestion 4 weeks after ingestion

Mean SD Mean SD Mean SD

Total carotenesa 1272.9 329.8 1260.3 159.4 1101.7 339.7
β-Cryptoxanthin 259.0 28.5 470.0 78.0 547.3 124.4
3-Hydroxy-β,ε-caroten-30-one 73.7 27.7 33.0 13.3 28.0 6.2
Cryptocapsin – – 10.7 5.4 8.2 3.5
Cucurbitaxanthin A – – 114.1 20.3 111.8 16.8
Capsanthone – – 39.6 7.4 54.6 12.6
Lutein 248.3 80.6 249.1 96.6 204.1 37.4
Zeaxanthin 53.9 42.0 110.8 33.2 100.9 47.6
Capsanthin – – 74.8 33.7 70.1 16.9
Total carotenoidsb 1907.8 371.7 2362.5 314.6 2226.6 468.2
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26.5 Endurance Exercise
Performance Improvement
Effects of Paprika Carotenoids

As described in the previous section, results show
that paprika carotenoid intake increases caroten-
oid blood concentrations, especially in
erythrocytes. Erythrocytes are known to play an
important role in distributing oxygen to periph-
eral tissues. Erythrocytes must pass through
microvessels to distribute oxygen to peripheral
tissues. For that reason, erythrocyte membranes
must remain flexible. Unsaturated fatty acids
present in erythrocyte membranes are responsible

for keeping the erythrocyte membrane flexible,
but such unsaturated fatty acids entail a risk of
peroxidation with reactive oxygen species. Accu-
mulation of paprika carotenoids in erythrocytes
might enhance erythrocyte function by protecting
membrane-unsaturated fatty acids.

To evaluate that hypothesis, we investigated
effects of supplementation of paprika carotenoids
on endurance exercise performance because it
consumes enormous amounts of oxygen and
requires efficient use of an oxygen supply. Track
and field athletes performed a treadmill exercise
(30 min), during which their VO2 and heart rate
were measured. After 2 weeks of paprika

Table 26.3 Carotenoid contents in erythrocytes before and after paprika ingestion

Carotenoids (pmol / mL)

Before ingestion 2 weeks after ingestion 4 weeks after ingestion

Mean SD Mean SD Mean SD

Total carotenesa 9.6 5.1 18.7 7.9 15.1 5.9
β-Cryptoxanthin 8.0 2.1 15.6 5.4 15.9 4.8
3-Hydroxy-β,ε-caroten-30-one 3.9 2.1 2.6 0.6 1.8 0.5
Cryptocapsin – – 1.1 0.4 1.4 0.0.4
Cucurbitaxanthin A – – 11.1 3.7 10.1 1.6
Capsanthone – – 7.5 3.4 5.7 0.4
Lutein 14.3 2.7 18.6 6.1 16.0 3.1
Zeaxanthin 4.1 1.5 9.9 3.3 10.4 1.4
Capsanthin – – 2.1 0.8 3.4 0.7
Total carotenoidsb 40.0 11.5 87.1 24.4 79.8 12.7
aTotal carotenes are the sum of α-carotene, β-carotenes, and lycopene
bTotal carotenoids are the sum of total carotenes, β-cryptoxanthin, 3-hydroxy-β,ε-caroten-30-one, cryptocapsin,
cucurbitaxanthin A, capsanthone, lutein, zeaxanthin, and capsanthin

Fig. 26.4 Rate of oxygen consumption (VO2) during 30 min treadmill exercise before ingestion and 2 and 4 weeks after
supplementation of paprika carotenoids
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carotenoid intervention (14 mg/day as total
carotenoids), their VO2 and heart rate were
measured under the same conditions after 2 and
4 weeks. Results show that rates of VO2 and heart
rate decreased gradually with ingestion of paprika
carotenoids. They showed a significantly lower
concentration of VO2 at 4 weeks after ingestion
compared to that before ingestion ( p < 0.001).
The heart rate was significantly lower at 2 and
4 weeks after ingestion compared to before inges-
tion ( p < 0.05) (Figs. 26.4 and 26.5).

This result suggests that supplementation of
paprika carotenoids can enhance the endurance
performance of athletes by reducing VO2 and
the heart rate. We infer that this effect is attribut-
able to improved erythrocyte function to distrib-
ute oxygen to peripheral tissues, which is
mediated by localization of paprika carotenoids
to erythrocyte membranes.
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