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Preface

The present 67th volume of this series, authored by leading experts in the field
of bioactive natural products, brings together 13 comprehensive reviews on
the most recent developments.

In Chapter 1, Cornejo Mora and coworkers provide a review about the
two major targets of dementia that include tau and a-synuclein involved in
the formation of toxic oligomers and intracellular aggregates essential for
the development of neurodegeneration. Huntington disease (HD) is a genetic
neurodegenerative disorder for which currently there is no cure. In
Chapter 2, Pandey et al. have reviewed a number of plant-derived natural pro-
ducts as disease-modifying agents that are found to be active against HD
pathology in various neurotoxic and transgenic models.

According to several traditional beliefs, Amaranthus hypochondriacus is a
tropical plant which has antioxidant potential for combating degenerative
diseases. In Chapter 3, Bhattacharjee et al. have provided a review on the
effectiveness of this plant including RP-HPLC and GC-MS analysis of struc-
ture and composition of its constituents. Omega-3 fatty acids are essential
nutrients that are important for preventing and managing heart diseases. In
Chapter 4, Rezanka and his colleagues give a detailed account on the potent
microbial sources for the production of omega-3 polyunsaturated fatty acids.
Chapter 5 written by Naufel et al. focuses on one of the most prevalent
diseases of the world, i.e., diabetes mellitus. The chapter covers the use of
bioactive natural products for the prevention and treatment of diabetes
mellitus. Similarly, in Chapter 6, Chen et al. discuss antidiabetic properties
and antihyperglycemic effects of polysaccharides and polysaccharide com-
plexes from animals, plants, bacteria, and fungi. Chapter 7 is a detailed review
by Dhanasekaran and Venugopal focused on the phytochemical constituents
of bitter gourd possessing the ability to address metabolic abnormalities and
treat various malignancies.

Many natural products have been found to be associated with antiinflam-
matory properties. Chapter § by Narayanaswamy and Veeraragavan presents
a comprehensive review on the antiinflammatory agents extracted from
natural products. Carrot waste and carotenoids are beneficial antioxidants that
can protect from diseases and enhance the immune system. In Chapter 9,
§eregelj and his colleagues have provided a review on food application and
health benefits associated with the use of natural bioactive compounds in

Xix



XX Preface

carrot waste. Chapter 10 discusses the structural and functional analysis of
peptides produced by cyanobacterial strains. Ahmad et al. have presented a
review on anticancer activity of cyanobacterial peptides. It is always a top
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et al. in Chapter 11 have provided a review on the bioactive compounds
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Introduction

The rapid development of society after World War II, especially Western
civilization, has led to a change in the human diet. Primarily due to the high
consumption of vegetable oils, a change in the type of consumed fatty acids
has occurred, especially in the amounts of ®-6 and w-3 polyunsaturated fatty
acids (PUFAs) that are consumed. The excessive use of vegetable oils has
shifted the ratio of ®-6/®w-3 from the ideal value of 1:1 to 1:0.25 recommended
by the WHO to an almost unbelievable 1:0.1 to 1:0.03, values which are typi-
cal of European and US diets [1]. The change in this ratio carries a number of
complications, including an increased incidence of cardiovascular disease, an
increased risk of cancer and autoimmune diseases, mental disorders, worsen-
ing memory in the form of Alzheimer’s disease, developmental retardation,
visual disturbances, muscle weakness and tremor, dyslipidemia, insulin resis-
tance, high blood pressure, thrombosis, diabetes, asthma, and obesity [1].

Studies in Natural Products Chemistry, Vol. 67. https://doi.org/10.1016/B978-0-12-819483-6.00004-7
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The most common ®-3 PUFA is a-linolenic acid (ALA), which is present
in some vegetable oils, nuts, flaxseeds, and soy products. ALA production by
bacteria is uninteresting from a scientific point of view, as ALA production is
very low in bacteria, where it is essentially a minor biosynthetic product of
biosynthesis as well as from an economic perspective because ALA produc-
tion is sufficiently obtained from vegetable oils such as linseed oil [2-4].
Humans have the ability to biosynthesize eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) from a-linolenic acid (ALA), but the production
is too low to provide sufficient amounts of ®-3 PUFAs for the needs of
humans, especially with regard to the high prevalence of obesity and hepatic
steatosis in the population, which leads to a lower bioavailability of these
PUFAs needed under normal physiological conditions [5—11]. The current
production of these -3 PUFAs (EPA and DHA) from natural sources is insuf-
ficient for commercial use, the primary source for which is currently sea fish,
which is not a truly effective source. Feeding wheat or corn to fish on fish
farms or freshwater ponds may lead to lower contents of EPA and DHA in
the fish and shift the ®-6/w-3 ratio toward the w-3 PUFAs [12]. Furthermore,
environmental pollution by heavy metals, toxic organic molecules, and the
recently appreciated microplastics [13] may lead to serious contamination
problems in sea fish. Currently, microbial-derived w-3 PUFA-rich oils are
being implemented as an alternative to fish oils in the food industry [14].

Commonly used vegetable oils are obtained from agricultural crops such
as sunflower, soy, canola, and palm oil. These oils are relatively inexpensive
and are not contaminated with pollutants. However, the PUFAs present in
commercially available vegetable oils are typically limited to linoleic acid
(LA; 18:2w-6) and a-linolenic acid.

Other important sources of PUFA include algae, which are an advanta-
geous source due to their favorable ratios of ®-6 and w-3 PUFAs. Here, we
give examples of this ratio in some biotechnologically cultivated algae pub-
lished by Lang et al. 2011 [15]. For commonly grown algae, such as Chlo-
rella, Parachlorella kessleri (formerly Chlorella kessleri), and Scenedesmus,
the w-6/w-3 ratios are 1:0.40, 1:0.19, and 1:0.45, respectively. In the case of
cyanobacteria, the ratio of these fatty acids ranges from 1:0.30 for Arthrospira
(Spirulina) to instances where the cyanobacterium does not produce any ®-3
PUFAs. Thus, this ratio is much worse and is almost similar to that observed
in common vegetable oils, such as soybean (1:0.14), olive (1:0.07), or sun-
flower oils, the latter of which does not contain w-3 PUFAs.

In conventional PUFA biosynthesis, saturated long-chain fatty acids pro-
duced by fatty acid synthase (FAS) are modified by a series of elongation
and desaturation reactions (Fig. 4.1). A number of separate desaturase and
elongase enzymes are required to produce unsaturated and longer chain ®-3
PUFA, typically EPA and/or DHA. Genetically untreated flowering plants
do not synthetize these PUFAs. The classical pathway of PUFA biosynthesis
using acetyl-CoA as the primary precursor for EPA and/or DHA biosynthesis
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requires approximately 30 different enzymes and 70 reactions [16]. A com-
pletely different and much simpler pathway (Fig. 4.2) catalyzed by type
I polyketide synthase (PKS I) has been identified in a number of deep-sea bac-
teria, such as Shewanella, Aetherobacter [17], Photobacterium profundum
[18], Moritella marina (also known as Vibrio marinus) [19], and Colwellia
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psychrerythraea [20], as well as marine dinoflagellates, including Schizochy-
trium and Thraustochytrium [16]. However, it should be emphasized that
dinoflagellates are known to be capable of PUFA biosynthesis via both con-
ventional (aerobic) and PKS I (anaerobic) pathways.

The traditional polyketide synthases described in the literature belong to one of
the three basic types that are typically referred to as type I (modular or iterative),
type II, and type III. As an example of the variety of products that can be biosynthe-
sized by PKSs, we present two bacterial metabolites in Fig. 4.3 that are industrially
produced, biologically active substances; see reviews [21,22].

\5/\

avermectin By,

Ol

o, 'y ~

monensin

OH
FIG. 4.3 Industrially produced and biologically active microbial metabolites.
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Type I PKSs are present in both bacteria and fungi and include a single
large polypeptide chain that contains several different domains capable of cat-
alyzing different reactions. Type II PKSs are typically present in bacteria and
are composed of separate dissociating proteins, each of which have a different
function in polyketide synthesis and are primarily involved in the production
of aromatic metabolites [23]. Type III PKSs also produce aromatic metabo-
lites and are primarily distributed in the plant kingdom but are occasionally
observed in bacteria [24]. This division is not entirely accurate, as transient
biosynthetic reactions occur. However, in this chapter, we will only deal with
type I PKSs, which remain only applicable for polyunsaturated fatty acid
biosynthesis.

Two groups of type I PKSs are present in both fungi and bacteria, includ-
ing iterative and/or noninteractive enzymes [25-29]. Fungal iterative PKSs
are typically single-module proteins, and since they are largely restricted to
fungi, they will not be mentioned further in this chapter. In contrast, bacterial
type I PKSs contain multiple sequential modules.

Type I PKSs have been predominantly identified in Actinobacteria, myco-
bacteria, Pseudomonas, and cyanobacteria [30] and are multifunctional
enzymes that are arranged in modules. A significant correlation has been
observed between the size of the genome and the presence of type I PKSs,
showing that small genomes (<2MB) generally lack these genes [31]. Fur-
thermore, bacteria having genomes <3 MB do not tend to produce secondary
metabolites, suggesting that natural product formation requires energy costs
that only bacteria with large genomes can afford [32]. The results of studies
by Hayashi et al. [33-35] show the domain organizations of bacterial PUFA
synthases and the proposed biosynthetic pathway of EPA and DHA synthases.

It was assumed that PKS enzymes only exist in plants, but genome
sequencing has shown that these enzymes are also widely present in bacteria
and fungi. Polyketide synthase I is an enzyme system similar to FAS. Fatty
acid synthase is present in all groups of organisms (excluding archaea), and
FA biosynthesis is probably one of the oldest metabolic pathways. Both
FAS and PKS utilize the same biosynthetic strategy. FAS and PKS are similar
with respect to their domain organization, the reactions they catalyze, the use
of precursors and overall architecture, suggesting an evolutionary link
between these two biochemical pathways.

Bacteria biosynthesize FA in three different ways. Most bacteria produce
fatty acids via type II FASs and dominant cellular fatty acids typically contain
14-18 carbon atoms. An alternative type I FAS system is present in some
corynebacteria, i.e., members of the order Actinomycetales, and consists of a
polyfunctional complex of enzymes harboring catalytic activity in separate
functional domains [36]. The third bacterial biosynthesis pathway involved in
de novo fatty acids occurs in a select group of predominantly marine bacteria.

PUFA biosynthesis utilizes the acyl carrier protein for hydrocarbon chain
synthesis and continues the iteration cycles with the addition of C2 units
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and double bonds. Unlike the classical biosynthesis of PUFAs, double bonds
are retained in the PUFA molecules after they are introduced during the fatty
acid biosynthetic process and are not reduced during the following processes.
Thus, aerobic desaturation is not required to introduce double bonds into the
existing acyl chain. This pathway is sometimes called the “anaerobic” path-
way although it occurs in aerobic organisms, such as microorganisms of the
dinoflagellate group. As the hydrocarbon chain extends, it is believed that
the oxo (keto) groups are reduced to hydroxyl groups and then dehydrated
to form double bond(s). Eight proteins are required for this biosynthetic path-
way: malonyl-CoA:ACP acyltransferase (MAT), acyl carrier protein (ACP),
3-ketoacyl synthase (KS), 3-ketoacyl-ACP reductase (KR), acyltransferase
(AT), chain length factor (CLF), enoyl reductase (ER), and 3-hydroxyacyl-
ACP dehydratase/isomerase (DH/IS). The genes for PKS are widespread
based on gene database searches. However, the synthesis of w-3 PUFAs via
the PKS pathway has only been demonstrated in a few studies, as the identi-
fication of genes encoding specific enzymes in a given microorganism does
not necessarily indicate that these PUFAs are produced. For example,
although genes encoding a type I PKS were identified in the cyanobacterium
Microcystis aeruginosa [37], no synthetized products (EPA or DHA) have yet
been identified in the species [15,38]. To further complicate the situation,
Shelest et al. [39] reported the presence of type I PKS genes in many algae,
including known green algae such as Chlorella variabilis, Coccomyxa subel-
lipsoidea, and Monoraphidium neglectum, as well as other algae such as
Nannochloropsis gaditana or N. oceanica. Among 32 algal species analyzed,
the type I PKS was identified in 15 (nearly one half ).

Type I PKS enzymes produce a limited set of fatty acids as primary pro-
ducts, including DHA, EPA, and docosapentaenoic acid (DPA, 22:5w-6), as
opposed to classical (aerobic) biosynthesis, where dozens of other PUFAs
are produced. This set FAs have been recently extended to include arachido-
nic acid (ARA, 20:4w-6), which was identified in the marine bacterium Aur-
eispira marina [40], and linoleic acid, which is present in myxobacteria [41].
Depending on the specific PKS I, the major product may be a single PUFA,
such as DHA, EPA, or ARA, or a mixture of PUFAs such as DHA and
DPA or DHA and EPA. All of these fatty acids are 18-22 carbons in length
and have between 2 and 6 carbon—carbon double bonds interrupted by meth-
ylene. Fig. 4.4 shows the structural formulas of the three most important
PUFAs, i.e., ARA, EPA, and DHA. The double bonds in these PUFAs are
always in the E (cis) configuration, and the last double bond occupies either
the ®-3 or w-6 position. Why these particular PUFAs are created and accumu-
late in microorganisms remains an open question.

Microbial diversity represents an enormous genetic pool that can be used
to identify novel genes and metabolic pathways for novel products. In addi-
tion, the characterization of a complex community of cultivable and nonculti-
vable microorganisms can also provide new information for understanding the
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FIG. 4.4 Structures of ®-6 (ARA) and -3 (EPA and DHA) PUFAs.

role of individual microorganisms in various ecosystems. As a result, new
insights into microbial physiology could help to cultivate microorganisms that
are currently noncultivable.

PUFA influence on humans

Studies have been performed involving data reported in the literature for
nearly 70 years and their processing using meta-analysis of randomized con-
trolled trials to estimate the effect of w-3 PUFA, EPA, and DHA on coronary
heart disease (CHD) to estimate the association between EPA and/or DHA
and CHD risk [42]. The results showed that higher EPA and/or DHA intake
may reduce coronary heart disease.

In one study, a meta-analysis of 10 studies involving 77,917 individuals
and monitoring the effect of ®»-3 PUFAs on cardiovascular disease was per-
formed [43]. Similarly, additional research has focused on assessing the effi-
cacy of dietary ARA administered as triacylglycerols or phospholipids as
substrates for brain activation in baboon neonates [44].

Another medical-focused article investigated w-3 and -6 PUFAs, i.e.,
EPA, DHA, and ARA, and their transformation to bioactive lipid mediators
[1]. Omega-6 PUFAs, i.e., ARA, have been shown to be overrepresented in
most cancer tissues compared to normal tissues, whereas the contents of ®-3
PUFA, i.e., EPA and DHA, are reduced. The consumption of ®-6/w-3 PUFAs
in a 2-4:1 ratio is associated with a reduced risk of breast, prostate, colon, and
kidney cancers. In addition, ®-3 PUFAs have cardioprotective functions, such
as reducing platelet aggregation and inflammation, especially in the liver and
brain, which is crucial for optimal brain function. Since DHA is the primary
®-3 PUFA present in the cortical gray matter, the importance of DHA and
its lipid uptake has recently been reported in patients with significant depres-
sive and bipolar disorders, Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis.
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The American Heart Association recommends that individuals consume
fish in such a quantity that approximately 0.5g of ®-3 PUFA is received,
especially EPA and DHA [45]. This recommendation was based on a study
involving 24,621 people, where more than 90% of people consumed less than
the recommended dose (median=0.11 g/day, mean=0.17 g/day). Among the
15% of individuals who were the most significant consumers of ®-3 PUFAs,
fish was the largest dietary contributor (71.2%). The effects were highest
among men aged 20 and over and lowest among children as well as women
who are or may be pregnant or breastfeeding. Only 6.2% of the total popula-
tion used food supplements.

The issue of DHA and EPA deficiency is essentially based on their inade-
quate biosynthesis in humans. Although a-linolenic acid is commonly present
in vegetable oils, unfortunately, only trace amounts are converted to DHA in
humans, with the same problem applying to EPA. An extensive study has
been published analyzing the PUFA content in dozens of different sources,
such as fish, crustaceans, and molluscs, as well as common types of meat,
eggs and milk, plant sources such as fruits, vegetables, and seeds; including
cyanobacteria, bacteria, fungi, and microalgae [46].

A similar review describing the typical EPA, DPA, and DHA contents of
selected seafood and meats, including the recommended consumption of ®-3
PUFA intake, has been reported [47]. Amusingly, the recalculated amount
of meat an adult would need to consume to meet the recommended daily
dose of ®-3 PUFAs (500mg) was 50kg of beef per day. From this calculation,
it is clear that only fatty sea fish, e.g., mackerel, can fulfill the daily
consumption needs.

Omega-3 PUFA-producing bacteria

In the following subchapters, we describe the primary producers of w-3
PUFAs, which are biosynthesized using type I PKSs.

Aureispira

Aureispira is a Gram-positive and aerobic genus of bacteria in the class Sphin-
gobacteria, order Sphingobacteriales, family Saprospiraceae. The colonies
are yellow or yellow-orange, with the bacteria being chemoorganotrophic
and aerobic. The predominant PUFA produced by Aureispira is ARA, with
the other characteristic FAs being 16:0 and 117:0. The optimum growth tem-
perature of these bacteria is between 25°C and 30°C, and the optimum pH is
approximately 7.0.

The marine bacterium Aureispira marina has been shown to produce ARA
[40]. The expression of a specific gene cluster in E. coli was shown to induce
ARA production, suggesting that the genes in this cluster encode the PKS
required for ARA biosynthesis.
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The marine bacterium Aureispira sp. CCB-QBI was collected from the
Penang coast (Malaysia), and the genome sequence of this strain was determined
[48]. The genome of this Aureispira sp. CCB-QBI consists of 7,370,077 bases
and contains 5911 protein-coding genes and 76 RNA genes. A number of these
genes have been previously characterized, e.g., linoleoyl-CoA desaturase, the
key gene in arachidonic acid biosynthesis, and the gene encoding the enzyme
responsible for the synthesis of geranylgeranyl diphosphate, which is a precursor
of diterpenoids and is used to synthesize menaquinones.

A. marina, which was isolated from marine sponges and algae on the south
coast of Thailand, has been studied by GC-MS. In addition to the commonly
described FAs, including i15:0, 116:0, 16:0, i117:0, etc., ARA was also identi-
fied and accounted for more than 1/3 of the total FA content [49]. The bacte-
rium was cultivated at 25°C for 48h.

A bacterium with a similar name, A. maritima, was isolated from marine
barnacle debris [50] and exhibited an ARA content of up to 43.6% of the total
FA content.

Colwellia

Colwellia is a Gram-negative bacterium, class Gammaproteobacteria and
family Colwelliaceae, they are facultatively anaerobic and chemoorgano-
trophic. C. psychrerythraea produces a red pigment. It is psychrophilic
bacterium and is able to grow from 0°C to 20°C, with a typical optimum of
15°C. This genus can even grow at —5°C in the liquid medium. Some genera
are barophilic and require high hydrostatic pressure for growth, with these
strains being isolated from permanently cold and often deep-sea habitats
(Atlantic and Pacific Oceans). These strains have been shown to produce
DHA and EPA, in addition to the common FAs that are characteristic of the
order Alteromonadales, e.g., 14:0, 14:1, 16:0, 16:1w7, 18:1, etc.

Eight strains of Colwellia, a genus of deep-sea psychrophilic, barophilic,
and facultative anaerobic bacteria were identified by 16S rRNA gene
sequence analysis [51]. Based on the sequence similarities of these eight
strains, they were observed to comprise five different species of Colwellia,
one that had previously been described (C. psychrerythraea) and four new
species (C. demingiae, C. psychrotropica, C. rossensis, and C. hornerae).
DHA production in these strains ranged from 1.2% to 4.1% of the total FA
content, culturing proceeded at 10°C for 2—7 days.

Kocuria

Bacteria of the genus Kocuria form Gram-positive coccoid cells that are aer-
obic or slightly facultatively anaerobic. Polar lipids detected in these bacteria
include cardiolipin (CL), phosphatidylglycerol (PG), and phosphatidylinositol
(PD), with the major fatty acid being ail5:0.
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Most Kocuria strains grow between 20°C and 37°C, with K. aegyptia and
K. marina being able to grow at up to 40°C and 43°C, respectively. In con-
trast, K. polaris is also able to grow at 5°C. Salt tolerance is among members
of this genus is variable, if indicated, with most strains tolerating 5% NaCl.
Equally variable is the occurrence of Kocuria species, which have been
isolated from a wide range of habitats, including meat, milk, mammalian skin,
or freshwater. In addition, they have been isolated from cold, temperate, and
desert soils; cyanobacterial mats; seawater, including deep sediments of the
Mariana Trench; cold habitats such as glaciers and Antarctica; or deepwater
radioactive springs.

Four PUFA-producing bacterial isolates were obtained from water samples
of radioactive springs (Agricola, Behounek, C1, and Curie) collected from a
Jachymov spa [52]. Jachymov (Sankt Joachimsthal) is a city in northwestern
Bohemia (Czech Republic) where Marie and Pierre Curie isolated radium in
1898 from the mineral uraninite. To date, four springs have been used for
spa purposes, i.e., for the treatment of nervous and rheumatic disorders with
water containing the radioactive gas radon (***Rn), which is continually dis-
solved in the water. The radioactivity reaches 24kBq/L. Through 16S RNA
gene sequence analysis, all four isolates were identified as members of the
genus Kocuria, with two isolates, designated Kocuria sp. 208 and 401, being
affiliated with Kocuria kristinae, while isolates Kocuria sp. 101 and 301 are
most likely K. rhizophila. The fatty acid content in polar lipids was deter-
mined by GC-MS, resulting in the identification of two polyunsaturated fatty
acids, i.e., arachidonic and eicosapentaenoic acids. The position of double
bonds was confirmed by GC-MS for 3-pyridylcarbinol (formerly picolinyl)
esters. We presume that all four isolates of Kocuria produce PUFAs to
increase the stability of cell membranes, which may be impaired by the pro-
duction of reactive oxygen species which can arise from the production of o
radiation during **’Rn decay.

Moritella

The genus Moritella is a group of Gram-negative bacteria belonging to
the class Gammaproteobacteria and family Moritellaceae. These bacteria
are chemoorganotrophic, facultatively anaerobic, and halophilic (optimum
growth in ~3% NaCl). All Moritella species have been detected in marine
environments. M. marina was isolated from fish skin, seawater, and marine
sediment, while M. japonica, which is barotolerant, was obtained from oce-
anic sediments, as was M. yayanosii. The latter species grows at a pressure
of 50MPa or greater. Members of this genus are psychrophilic and barophi-
lic, which is not surprising given their isolation sites. The majority of FAs
detected in these species are 14:0, 16:0, 16:1, and DHA.

DHA, as well as medium-chain fatty acids (MCFAs), were shown to be
produced by M. marina [53]. When the bacterium was cultivated in a medium
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in the presence of cerulenine, an inhibitor of FA biosynthesis, the proportion
of MCFA decreased, while an increase in DHA production was observed.
These results suggest that medium-chain fatty acid synthesis is independent
of DHA synthesis.

The effect of changing culture conditions on DHA production was inves-
tigated in another study of M. marina [54]. The production of DHA was opti-
mized by changing carbon sources (glucose and glycerol), nitrogen sources
(tryptone and yeast extract), salts (NaCl and MgCl,), pH (5, 6, or 8), and tem-
perature (10°C, 15°C, and 20°C). By evaluating all of the above combinations
of variables, the highest DHA production was observed in a culture medium
containing marine broth, glycerol, yeast extract, and tryptone, at 15°C and
pH 6.0 for 96h with orbital shaking at 150rpm. The yield was 11.1% of the
total FA content, and the DHA titer was 82mg/L.

Myxobacteria

A completely separate subchapter is the presence of PUFAs in myxobacteria,
a coherent group of Deltaproteobacteria. Myxobacteria are one of the most
fascinating Gram-negative prokaryotic groups of microorganisms. They
exhibit unique and complex life cycles and also form multicellular fruiting
bodies, which are more commonly observed in eukaryotic fungi. Myxobac-
teria have been isolated from deep-sea vents, hydrothermal springs, marine
sediments, alkaline peat, deserts, Antarctica, and freshwater. The primary rea-
son for the unsuccessful cultivation of many myxobacterial strains is their still
unexplained nutritional requirements and metabolism. Myxobacteria are the
source of dozens, if not hundreds, of secondary metabolites, with one study
identifying 32 major classes of cytotoxic compounds [55]. Many myxobac-
teria produce PUFAs, as discussed below.

A total of 47 aerobic myxobacterial strains comprising 19 genera and
mostly obtained from different collections were analyzed for the presence of
FAs, with an emphasis on PUFAs. Of the above strains, PUFAs were identi-
fied in 30 strains. For instance, in the genus Aetherobacter, EPA can reach
10.9% of the total FA content [56].

Two myxobacteria were isolated from dried soil samples containing
decaying plant material [17]. Through GC-MS analysis, the PUFA content
was observed to be 10.3% EPA and 12.7% DHA of the total FA content.
An analysis of their 16S rRNA gene sequences indicated that the two strains
are Aetherobacter fasciculatus and A. rufus. Strains used in the fatty acid anal-
ysis were grown in a medium containing Bacto casitone, CaCl,, MgSOy, glu-
cose, and HEPES, adjusted to pH 7.0 and shaken at 200rpm, for 5 days, with
optimum culture temperatures observed at room temperature and 30°C,
respectively.

In addition, a patent [56] disclosed a method for producing PUFAs by cul-
turing specific myxobacteria, including Aetherobacter sp., A. fasciculatus and
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A. rufus, where the amount of EPA and DHA ranged from approximately 5%
to 19% of the total FA content.

The halophilous genus Plesiocystis sp. is a producer of ARA [57], which
was later detected in other genera of marine myxobacteria [58,59] and in
some novel strains of myxobacteria [60].

Two strains of the novel myxobacterium species Plesiocystis pacifica were
isolated from the Japanese coast. These strains were shown to be strictly aer-
obic and have cell FA profiles characterized by a predominance of i15:0,
ail6:0, and ail7:0 and ARA in amounts of 17.5% and 14.1% of the total
FA content, respectively [57].

Another myxobacterium, Phaselicystis flava, was isolated from forest soil
in the Philippines. This strain is mesophilic, strictly aerobic and was shown to
have 15:0, 2-OH-17:1 and ARA as major FAs [61].

Two different types of clusters of PUFA biosynthetic genes [41] responsi-
ble for the production of linoleic acid as well as EPA and DHA were identi-
fied in myxobacteria of the genera Sorangium and Aetherobacter. The
relevant biosynthetic pathways differ from the biosynthesis described in
marine bacteria (myxobacteria are of terrestrial origin), primarily with respect
to the organization of genes, the arrangement of the catalytic domain, and the
sequence identity of PUFA synthetases, with 1-acylglycerol-3-phosphate
O-acyltransferase being identified as a unique domain.

One of the many patents involving myxobacterial PUFAs describes a
method of producing PUFAs by heterologous expression of gene clusters
encoding enzymes involved in their corresponding biosynthetic pathways
derived from specific myxobacteria. These gene clusters can be cloned into
a wide variety of microorganisms suitable for the production of increased
amounts of -3 PUFAs [62].

Photobacterium

The genus Photobacterium belongs to the Gram-negative family Vibrionaceae
and the class Gammaproteobacteria. Bacteria in this genus are widespread and
have been isolated from seawater, sediments, and the gastrointestinal tract of
some marine animals. Some strains have been shown to function as symbionts
in specialized light organs in marine fish, as suggested by a part of the name
of this genus, i.e., “photo.” Optimal growth of these bacteria occurs in the tem-
perature range of 18-25°C, with the exception being psychrophilic species such
as P. profundum. In particular, 16:1w7 and 16:0, 12:0, 18:107, and to a lesser
extent 14:0 or 14:1 have been identified in various Photobacterium species, with
hydroxy-FA being sometimes detected. The FA profile of P. profundum is very
different from that of other photobacteria and is particularly characterized by a
substantial amount of 116:0 and EPA, as discussed below.
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A new, psychrotolerant, barophilic deep-sea bacterium (P. profundum)
that can be cultivated at various temperatures and pressures has been shown
to produce FAs [63]. P. profundum isolated from an amphipod homogeneous
enrichment in the Sulu Sea (near Philippines) at a depth of 2551 m produces
multiple monounsaturated FAs (MUFAs) and PUFAs when grown at reduced
temperatures or elevated pressure. After the addition of the inhibitor cerule-
nine, MUFA biosynthesis was inhibited, but PUFA biosynthesis was not. Sev-
eral mutants were prepared, of which the mutant designated EA2 (low MUFA
production but increased EPA production) produced EPA at 32.7% of the total
FA content at 4°C and 28 MPa. Furthermore, the authors discuss the influence
of culture conditions on understanding the role of unsaturated FA production
during growth at low temperatures and high pressures.

Furthermore, a barophilic bacterium was isolated from sediment obtained
from a depth of 5110m from the Ryukyu Trench (between Taiwan and Japan)
[64]. Based on 16S rRNA gene sequence analysis, the sequence was deter-
mined to be that of P. profundum. The optimum growth and production of
EPA by this bacterium was observed at a temperature of 10°C and a pressure
of 10MPa, reaching 13% of the total FA content.

As mentioned many times, deep-sea marine bacteria living in low-
temperature and high-pressure environments produce PUFAs [18], including
P. profundum, in which four of the five genes needed for EPA biosynthesis
have been detected. Cultivation at elevated hydrostatic pressure or reduced
temperature did not increase the expression of the pfa gene required for PUFA
production. Nevertheless, the percentage of EPA increased. However, a regu-
latory mutant has been characterized that has been shown to exhibit increased
Pfa expression and an increase in the percentage of EPA. This result suggests
that there is a regulatory factor that coordinates the transcription of the
pfa genes.

Gram-negative, psychrophilic, and slightly halophilic P. frigidiphilum
strains were isolated from deep sediments (1450m depth) of the Edison Sea-
mount in the western Pacific Ocean [65]. A phylogenetic analysis of these
strains was performed using the 16S rRNA gene. Under optimal culture
conditions, i.e., the salinity of 1.5% NaCl, pH 6, and 14°C, EPA production
was 6% of the total FA content.

Shewanella

Shewanella species were the first to be described as a source of PUFAs [16].
These bacteria belong to the marine family Shewanellaceae, order Alteromo-
nadales and class Gammaproteobacteria, with the genus containing nearly
70 species. Shewanella are facultatively anaerobic Gram-negative rods that
primarily occur in extreme deep-ocean habitats where the water temperature
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is approximately 4°C and the pressure is tens of MPa. Shewanella species are
also typical microorganisms that live on fish skin and in the fish digestive
tract. The major fatty acids in Shewanella species are 13:0, 14:0, 15:0, 15:0,
16:1w7, 16:0, and 17:1w8. Shewanella contains both aerobic and anaerobic
desaturase biosynthetic pathways for FA synthesis. When cultivated anaerobi-
cally, Shewanella species have different FA profiles compared to when they
are cultured aerobically [66]. Psychrotolerant and psychrophilic Shewanella
species have an unusual ability to synthesize EPA, with levels ranging from
0% to 23.1%. An example of the rich diversity of FAs in Shewanella species
is presented in Table 4.1. PG and phosphatidylethanolamine (PE) have been
identified as major polar lipids in S. putrefaciens, S. baltica, and S. algae,
which are typical phospholipids of Gram-negative bacteria [76].

A marine bacterium related to S. putrefaciens was isolated from the intes-
tines of Pacific mackerel [77]. In particular, the effect of cultivation tempera-
ture on EPA production was observed, with the highest production (up to
249%—40% of the total FA content) being detected at 20°C. Other PUFAs, such
as linoleic acid or ARA were not identified. In addition, 90%—-95% of the EPA
was shown to be present in phospholipids, with PE and PG being the major
ones. Furthermore, EPA was almost exclusively bound in the sn-2 position
as determined by wusing snake venom phospholipase. In summary,
S. putrefaciens can produce 15g of dry matter per liter and a yield of 2%
EPA based on dry matter, making it an excellent EPA producer.

Psychrophilic bacteria of the genus Shewanella [78] were obtained from
samples of frozen sea ice in eastern Antarctica. Phylogenetic analysis per-
formed with the 16S rRNA gene sequence identified two new species among
the isolates, S. frigidimarina and S. gelidimarina. For the former strain, the
optimum growth was between 20°C and 22°C and an EPA production ranged
from 1.7% to 6.8% based on the total FA content. For the latter, optimum
growth was between 15°C and 17°C and EPA production ranged from
11.7% to 16.0% based on the total FA content.

In S. gelidimarina, the production of EPA was assessed under culture tem-
perature and carbon source conditions [66]. The EPA yield remained was
observed to remain essentially constant in the optimum temperature range
(—0.3 to 14.9°C) but dropped sharply at 19.7°C to 0.7mg/g of dry matter.
The presence of FAs was influenced by the presence of potential starter units
as the sole carbon sources in the culture medium. Most EPA (23.7% of the
total FA content) was produced using L-proline as the sole carbon source. Fur-
ther analysis showed that acyl groups containing monounsaturated FAs and
EPA were concentrated in PG, while branched FAs were detected in PE. This
result corresponds to the composition of the molecular species, where
16:1/EPA or 16:0/EPA were identified as the major constituents in PG by
negative-ion fast atom bombardment tandem mass spectra, whereas in PE
they were 115:0/EPA and 16:1/EPA.



TABLE 4.1 Fatty acid content (%) of Shewanella strains from published papers.

Strain

S. violacea strain
DSS12

S. benthica ATCC
43992

S. pealeana ANG-sq1

S. hanedai
IAM126417

S. algae IAM14159"

S. putrefaciens
IAM12079

S. gelidimarina
ACAM 456"

S. japonica sp.

S. waksmanii
KMM 38237

S. fidelis KMM 3582"

S. pealeana ATCC
7003457

S. gelidimarina
ACAM 456"

S. woodyi
ATCC 519087

S. hanedai
CIP103207"

Ref.
[67]

Cult.
Temp.

8

25
15

25
25

14,9

12
22-24

25
25

25

25

25

11:0

3.0

2.0

12:0
4.0

5.0

4.0
5.0

2.0
5.0

2.6

4.0
2.0

1.5
0.2

4.6

0.3

i13:0
8.0

11.0

9.0
12.0

5.0
11.0

6.3
10.0

7.7
2.6

8.0

10.5

5.8

13:0

0.5

14:0
6.0

17.0

5.0
10.0

1.0
3.0

7.6

4.8
1.7

2.0
2.6

5.2

6.4

9.1

14:1
1.0

0.3

i15:0
14.0

5.0

13.0
7.0

27.0
13.0

7.0

12.5
32,5

16.6
8.4

14.3

4.6

ai15:0 15:0
7.0

1.0
4.0

3.0
6.0

8.8

2.5 1.1
5.3

10.6
1.2

3.8

4.8

5.0

ai15:1

0.1

15: 108

0.1

15: 106

2.3

0.9

Continued



TABLE 4.1 Fatty acid content (%) of Shewanella strains from published papers.—Cont'd

Strain
S. algae ATCC 511927

S. amazonensis ATCC
700329

S. benthica (n=2)"

S. frigidimarina
(n=8)

S. hanedai (n=2)"

S. gelidimarina
(n — 2)‘1

S. oneidensis ATCC
700550

S. pealeana ATCC
700345

S. putrefaciens ATCC
8071

S. olleyana sp.

S. halifaxensis
HAW-EB4

S. psychrophila JCM
13876

S. piezotolerans JCM
13877

Shewanella sp. 717
Shewanella sp. NB72

Ref.
[71]
[71]

(71]
(71]

[71]
(71]

Cult.
Temp. 11:0

30
30

10
10

10
10

30

30

30

10

10

15

20
20

12:0

2.0

5.9

2.6

3.2

i13:0
0.5
4.7

7.3
6.3

8.3
13.1

2.5

2.5

7.3
3.0

7.3

8.0

3.5

13:0

0.7

0.6

2.5
0.2

i14:0

1.4

0.3
0.4

2.3

0.3

0.9

0.3

14:0
1.3
1.4

14.3
3.7

5.1

2.6

6.1

2.3

3.4
6.0

78

2.6

3.7
5.5

14:1

0.4

i15:0
27.4

26.7

6.6
9.0

10.4
12.3

8.7
12.0

4.0

10.3

ai15:0

2.0
1.0

0.4

0.5

15:0
6.5
9.2

0.8
2.5

4.2
5.1

4.7

2.8

3.2

2.6
1.0

ai15:1

2.0

15:108

15:106
0.2
0.8

0.1

1.2

0.3
0.1

0.3

0.2



Strain i16:0
S. violacea strain DSS12

S. benthica ATCC 43992

S. pealeana ANG-sq1

S. hanedai IAM126417

S. algae IAM14159" 1.0
S. putrefaciens IAM12079

S. gelidimarina
ACAM 456"

S. japonica sp. 0.2
S. waksmanii KMM 38237

S. fidelis KMM 35827

S. pealeana ATCC 700345"

S. gelidimarina
ACAM 456"

S. woodyi ATCC 51908"
S. hanedai CIP103207"

S. algae ATCC 511927 0.5
S. amazonensis ATCC 1.4
700329

S. benthica (n=2)"
S. frigidimarina (n=8)
S. hanedai (n=2)"

S. gelidimarina (n=2)

24.9
13.9

26.1
21.0
16.8

6.1

13.8
11.8
17.6
10.9

16:19

1.0
1.0
1.0
3.0
1.6

2.8

0.7

2.2

0.4

16:107
19.0
37.0
20.0
19.0
18.0
28.0
21.0

25.9

9.8
20.0
19.4
27.9

16.2
18.6
15.3

14.7

42.3
51.1
37.7
39.9

i17:0 ai17:0

2.0

3.0

0.8 0.4

1.4
1.8

1.0
0.3
2.1
0.3

17:0
2.0

2.0
1.0
3.0
1.0

0.4

4.1

3.9

5.4
1.2
1.0
0.6

17:108

0.2

10.9

23.4

5.1
3.0
1.3
3.8

17: 16

2.0

1.0
2.0

12.0
13.0

3.6

1.7

1.2
4.2

1.6
2.4
0.9

2.4

0.7

1.1

18:0

3.0

0.4
0.3

4.1
0.3

0.5
0.4
0.1

0.3
0.1
0.3
0.2

18: 109

2.0

4.0
1.0
0.5

4.9
1.4

0.1
1.7
0.6
0.7

18:1w7¢c
5.0
1.0
4.0
1.0
8.0
2.0
0.6

9.1
2.0
4.5
6.3
6.8

1.4
5.2
4.5

5.3
3.8
5.8

18:1w7t

Continued



TABLE 4.1 Fatty acid content (%) of Shewanella strains from published papers.—Cont’d

Strain i16:0 16:0 16:19 16:107 i17:0 ai17:0 17:0 17: 108 17:16 18:0 18:1®9 18:1w7c 18:1w7t
S. oneidensis ATCC 1.4 14.8 2.1 23.3 1.7 2.8 8.0 1.5 1.1 2.9 5.7

700550

S. pealeana ATCC 700345 20.3 1.1 22.0 1.1 1.6 3.2 1.0 1.1 2.6 3.2

S. putrefaciens ATCC 8071 0.1 19.1 3.5 29.6 1.7 1.5 6.7 0.9 2.1 3.8 6.0

S. olleyana sp. 0.2 10.8 23.0 0.6 1.2 1.5 0.3 0.7 0.6 8.7

S. halifaxensis HAW-EB4 20.0 1.0 37.0 2.0 7.0

S. psychrophila JCM 13876 12.7 38.2 1.6 2.0 9.4
S. piezotolerans JCM 10.0 23.5 2.2 5.6 1.7 2.5 9.3
13877

Shewanella sp. 717 27.9 37.1 5.8 8.4 3.1 1.9

Shewanella sp. NB72 0.5 20.6 31.5 0.4 0.2 1.0 1.8 2.8 5.5

Strain 18:403 20: 107 ARA EPA DHA
S. violacea strain DSS12 15.0

S. benthica ATCC 43992 8.0

S. pealeana ANG-sq1 11.0

S. hanedai 1AM126417 15.0

S. algae IAM14159"

S. putrefaciens IAM12079

S. gelidimarina ACAM 456" 12.8

S. japonica sp. 0.1 0.2 8.3

S. waksmanii KMM 38237 6.7

S. fidelis KMM 35827



S. pealeana ATCC 700345"
S. gelidimarina ACAM 456"
S. woodyi ATCC 51908"

S. hanedai CIP103207"

S. algae ATCC 511927

S. amazonensis ATCC
700329

S. benthica (n=2)"

. frigidimarina (n=28)"

. hanedai (n=2)"

. gelidimarina (n=2)*

. oneidensis ATCC 700550

. pealeana ATCC 700345

. putrefaciens ATCC 8071

. olleyana sp. 1.1
. halifaxensisHAW-EB4

. psychrophila JCM 13876

“nh »© “»©h “»©i i v “»© “» “» un

. piezotolerans JCM 13877
Shewanella sp. 717
Shewanella sp. NB72

“n indicates the number of strains examined.

1.6
0.7

2.3
1.0

19.1
14.0

19.2 0.5
7.0
7.1

13.4
7.6 0.3
4.0
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A new Shewanella species was isolated from seawater and a mussel
(Protothaca jedoensis) taken from the Sea of Japan [72]. Based on 16S rRNA
gene sequencing, the species was designated as S. japonica. In addition to
producing EPA (8.3% of the total FA content) at 12°C for 4 days, 18:4w-3
(0.1%) and ARA (0.2%) were also identified as minor FAs. The EPA content
at a cultivation temperature 28°C was 2.0%, making this a mesophilic Shewa-
nella species.

Two identical strains, later designated as S. olleyana, were isolated from
freshwater sediments in Tasmania (Australia) [72]. These strains were able
to utilize aromatic compounds such as tannic acid and derivatives of anthra-
quinone as sole carbon sources. PUFA production was studied at 4°C, 10°C,
and 24°C and was shown to decrease as the temperature increase. Neverthe-
less, even at 24°C, PUFAs accounted for 8.8% of the total FA content.

Two of the studied bacteria isolated from sipuncula (Phascolosoma japo-
nicum) from the Gulf of Peter the Great (Sea of Japan) and taxonomically
identified by 16S rRNA gene sequencing were shown to represent a new spe-
cies (S. waksmanii) [69]. Bacterial culturing was performed at 28°C, resulting
in an EPA content that was 6.7% of the total FA content.

Six marine bacteria were isolated from the Sea of Japan as part of the
Pacific Ocean and were identified as a new S. pacifica species based on
16S rRNA gene sequence analysis [79]. The bacterium was characterized as
mesophilic, as the production of EPA at 28°C in medium with a culture
medium salinity of up to 6% reached up to 5.3% of the total FA content.

Four bacterial strains isolated from hydrocoral species (hydrozoan) and/or
from Sipuncula (i.e., marine worms) collected from the Gulf of Peter the
Great (Sea of Japan) and Kuril Islands (North-West Pacific Ocean) [80].
Using 16S rRNA gene they were taxonomically determined as S. affinis.
The strains were mesophilic and grew between 10°C and 34°C, with EPA
production of approximately 2.1% of the total FA content at 28°C.

The 16S rRNA gene sequence analysis identified a bacterium named
S. halifaxensis that was isolated from the Atlantic Ocean near Nova Scotia,
Canada [73]. EPA produced by aerobically cultivated bacteria using the culture
medium marine broth 2216 (Difco) was 7% of the total FA content at 10°C.

The genes encoding PKS of S. oneidensis were cloned into E. coli, and
the optimal synthesis of EPA in four strains of E. coli was shown to occur
at 20°C, whereas production at 30°C or higher was negligible [81]. In addi-
tion, the production depended on or was inversely proportional to the glucose
concentration in the culture medium.

Two strains of Shewanella (S. psychrophila and S. piezotolerans) were
isolated from deep-sea sediment collected from the west Pacific [70]. Taxo-
nomic assignments were performed based on 16S RNA gene sequences.
Both strains were psychrophilic (psychrotolerant) and optimal cultivation
occurred at approximately 10-15°C. Both strains grew at a pressure of
0.1-50MPa, with an optimum pressure of 20MPa. The produced EPA
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accounted for 7.1% of the total FA content in the S. psychrophila strain and
13.4% in the S. piezotolerans strain.

The psychrotrophic bacterium S. [livingstonensis was isolated from
Antarctica produced and shown to use EPA as part of phospholipids [82].
After the addition of synthetic phospholipids to a culture of a mutant strain
disrupted in an EPA biosynthetic gene, these phospholipids were shown to be
incorporated into the membrane. These results suggest that intact EPA is best
suited to allowing this bacterium to adapt to the cold.

Shewanella and other bacteria

Based on 16S rRNA gene sequence analysis, two extremely barophilic bacte-
rial strains of Shewanella benthica and Moritella yaynanosii were obtained
from a depth of nearly 11km in the Mariana Trench at Challenger Deep
(western Pacific Ocean) [83]. Both strains grew optimally at 10°C and a pres-
sure of 70MPa. However, none of the strains grew at atmospheric pressure,
i.e., 0.1 MPa, at any temperature. The S. benthica and M. yaynanosii strains
produced 9% DHA based on the total FA content.

Three bacterial isolates of Shewanella colwelliana, Vibrio splendidus, and
Photobacterium lipolyticum collected from German North Sea coast [75] and
identified via 16S rRNA gene sequence analysis were shown to exhibit
decreased EPA production with increasing cultivation temperature (10°C,
20°C, or 30°C), ranging from 0.3% to 13.9% of the total FA content. Unlike
in most previous studies, a phospholipid analysis was performed and three
classes of phospholipids (PE, PG, and CL) and their molecular species were
identified. In the culture at 20°C, the major phospholipids were those containing
a glycerol backbone and palmitic, palmitoleic, or oleic acids in one position and
EPA always in the second position. Furthermore, based on a sediment analysis
and depending on the depth at which the sample was taken, the content of
PG-containing EPA differed. These molecular species taken at a depth of
11-15cm may indicate the presence of bacteria from the class Gammaproteo-
bacteria. Thus, these bacteria may be an important source of EPA in buried,
anoxic deposits under layers that carry a significant population of benthic
eukaryotic organisms. Differences in FA composition were noted as a function
of the phase of growth and the pressure used during the culturing process.

In two studies, Abd Elrazak et al. [74,84] described the optimization of
Vibrio cyclitrophicus and Shewanella sp. using mathematical models.
In Shewanella sp., a yield of 45mg of EPA 1g of biomass was achieved
under optimal pH, temperature, and dissolved oxygen conditions. In
V. cyclitrophicus, maximum EPA production of 7.5mg/g dry weight was
observed that represented 10% of the total FA content when cultured in a biore-
actor. In this study, the concentration of sodium chloride, yeast extract, temper-
ature, glucose, peptone, dissolved oxygen, and pH was monitored. The ability
of the organism to produce EPA in the complete absence of oxygen was tested,
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and although oxygen was dispensable for EPA biosynthesis, total PUFA produc-
tion was improved in the presence of oxygen. The stability of the produced oil
and the complete absence of heavy metals in the bacterial biomass are consid-
ered to be further benefits of bacterial PUFAs compared to other PUFA sources,
such as seafood or algae, which always contain trace amounts of heavy metals in
the culture medium, e.g., Mn, Co, Cu, Zn, Mo, etc.

Omega-3 PUFA-producing E. coli or marine bacteria cannot be used
directly as PUFA sources because they are not approved as safe microorgan-
isms for food supplements [85] which is not the case for lactic bacteria, which
were therefore used by the authors as a ®-3 PUFA producer. The 35-kb
EPA/DHA gene cluster was isolated from the marine bacterium S. baltica
and transferred to E. coli. Interestingly, recombinant E. coli carrying a 20-kb
gene cluster was shown to produce 3.5-6.1-fold more EPA than one carrying
a 35-kb DNA fragment harboring genes needed for EPA/DHA synthesis.
Therefore, the 20-kb EPA/DHA gene cluster was cloned into Lactococcus lac-
tis. Recombinant L. lactis produced DHA (1.35mg/g dry weight) and EPA
(0.12mg/g dry weight). The most interesting finding of the study was that with
increasing temperature, i.e., at 10°C, 15°C, and 30°C, the production of both
DHA and EPA increased. This finding is unique since all previously published
articles reported that PUFA content decreases with increasing temperature.

In another study, 40 Antarctic marine bacterial isolates identified by 16S
rRNA gene sequence analysis were shown to have produced -3 PUFAs. Strains
of Cellulophaga, Pibocella, and Polaribacter produced either EPA, DHA or both
[86]. The production was initially assessed using 2,3,5-triphenyltetrazolium
chloride and verified by GC-MS. Shewanella sp. produced up to 2% EPA
(1.8 mg of EPA per g of cell dry weight) based on the total FA content.

Table 4.2 summarizes the most significant published results of engineered
microbial strains. Although yield figures may appear to be inconsistent at first
glance, specific conclusions can be drawn from a given ®-3 PUFA being pres-
ent. In particular, the yield of w-3 PUFAs is not overwhelming, but when cul-
turing non-GMO (genetically modified organism) bacteria, the values are often
higher. In addition, the use of E. coli is not suitable because the bacterium is
not a safe microorganism for food supplements. Furthermore, the cultivation
period is very diverse from hardly 1 to 8 days. Based on these values and tak-
ing into account that although some progress has been made in the field of
genetically modified organisms, the commercial use of genetically manipulated
products in food and feed is subject to many scientific and social debates, with
a great deal of work remaining to be performed.

Vibrio
The genus Vibrio belongs to the class Gammaproteobacteria and the family

Vibrionaceae, which also includes the genus Photobacterium. Members of
this genus are facultatively anaerobic Gram-negative bacteria, with cells that



TABLE 4.2 Literature summary of ®-3 PUFA yields achieved by engineered microbial strains.

Host strain

E. coli DH5a

E. coli XL1-Blue

E. coli IM109

E. coli EPI 300T1

E. coli EPI 300T1

Lactococcus lactis
subsp. Cremoris

Lactococcus lactis
subsp. Cremoris

Synechococcus sp.
NKBG042902

Phaeodactylum
tricornutum
Pt Elo5

Pseudomonas
putida KT2440::
pfadH_KO/pME2 +
pPm**SynPfaAf2a

Genes (enzymes)

DHA synthesis gene cluster from
Moritella marina MP-1

EPA synthesis gene cluster from
Shewanella oneidensis MR-1

EPA synthesis gene cluster from
Shewanella sp. strain SCRC-2738

EPA synthesis gene cluster from
Shewanella baltica MAC1

DHA synthesis gene cluster from
Shewanella baltica MAC1

EPA synthesis gene cluster from
Shewanella baltica MAC1

DHA synthesis gene cluster from
Shewanella baltica MACT

EPA synthesis gene cluster from
Shewanella putrefaciens SCRC-2738

Overexpressing heterologous genes
encoding enzyme activities of the
LC-PUFA biosynthetic pathway

Replicative plasmid pPm**SynPfaAf2a
(artificial pfa gene cluster version 2 a,
trfA*, Pm**); Gent®, Tet®, Kan®

Gene source: Aetherobacter
fasciculatus SBSr002

Omega-3
LC-PUFA
DHA

EPA

EPA

EPA

DHA

EPA

DHA

EPA

DHA

DHA

Yield (% of
total fatty
acids)

5.2

0.689

22

14

0.4

0.12mg/g dew”
1.35mg/g dcw
0.5

7.5

1.4+£0.3mg/g
dew

Culture
temperature
0

15

20

17

Ambient

Time

(h)

96

34

N.D.?

120

120

24

24

24

192

24

Culture
type
Batch
Batch
Batch
Batch
Batch
Batch
Batch

Batch

Bubble

column

Batch

Refs.
(87]

(81]

(88]

(89]

(89]

(85]

(85]

[90]

(91]

[92]

Continued



TABLE 4.2 Literature summary of @-3 PUFA yields achieved by engineered microbial strains.—Cont'd

Host strain

Shewanella baltica
MACT mutant

E. coli DH5a(pEPA
(1)[pGBM3::sal
(vktA)])

E. coli S17-1
Synechococcus sp.

E. coli DH5a
E. coli DH5«
E. coli DH5«
E. coli Nissle1917

N.D., not detected.
bdew, dry cell weight.

Genes (enzymes)

Transposon Tn5 mutagenesis

EPA biosynthesis genes pEPAAT,
pGBM3::sal(vktA) from Shewanella sp.
strain SCRC-2738

Gene source: S. putrefaciens SCRC-2738
Gene source: S. putrefaciens SCRC-2738

Gene source: M. marina MP-1 and
S. pneumatophori SCRC-2738

Gene source: M. marina MP-1 and
S. pneumatophori SCRC-2738

Gene source: C. psychrerythraea 34H
and S. baltica MAC1

Gene source: S. baltica MAC1

Omega-3
LC-PUFA
EPA
EPA
EPA

EPA
DHA

EPA

DHA

EPA

Yield (% of
total fatty
acids)

6mg/g dcw

12

3.3mg/g dew

7.5mg/g dew
0.2

9.2%

2.2mg/g dcw

31.4mg/g dew

Culture
temperature
(4©)

4

20

15

Time
(h)
48-72
30-40
ND

22
96

96

ND

ND

Culture
type
Batch
Batch
Batch

Batch

Batch

Batch

Batch

Batch

Refs.
(93]

[94]

[90]

[95]
[96]

[96]

[97]

(98]
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are curved-rod shaped and nonsporulating. Members of this genus have been
isolated from sea fish and seawater and include bacteria that emit biolumines-
cence that is visible in areas of high cell concentration. Although this genus
comprises almost 100 species, only the species V. splendidus has been shown
to produce PUFAs.

Lipids of V. pelagius isolated from turbot (Scophthalmus maximus) were
analyzed by GC-MS [99]. EPA production was the highest at 4°C (8.7% of
the total FA content), but even at 23°C, EPA was still produced at 4.5% of the
total FA content. Some psychrophilic marine bacteria from the Vibrionaceae
family react in different ways to lowering growth temperature by either increas-
ing the content of branched FAs or odd-numbered FAs [100], such as in
V. marinus [101]. In this case, the DHA content increased with decreasing cul-
ture temperature. This result indicates that there are two different mechanisms
affecting the fluidity of membranes in the same genus, depending on whether
the bacterium is capable of producing PUFA or not.

Arctic char (charr; Salvelinus alpinus), a cold-water fish, were fed an artifi-
cial diet containing casein, dextrin, and coconut oil, i.e., a diet lacking PUFAs
[99]. Analysis of aerobic microorganisms from their intestines revealed that
EPA was present at 3.5% of the total FA content. Four isolates from 15 bacterial
strains were tested for EPA production. For the isolate named A7, EPA was
observed at 10.7% of the total FA content. All four production isolates belonged
to the genus Vibrio.

In another study, 22 psychrophilic and psychrotrophic vibrios isolated from
deep sediments, i.e., from depths of several hundred to thousands of meters,
were analyzed [102]. The bacteria were divided into three groups based on the
observed PUFA contents. The first group included isolates that produced DHA
and had a maximum growth temperature of 20°C; the second group contained
EPA producers and had a maximum growth temperature of 20-25°C; and the
third group did not produce PUFAs and grew at 25-37°C. The authors con-
cluded that PUFAs play a role in adapting marine vibrios to low temperatures
and further suggested that the presence of PUFAs can be used to distinguish
between psychrophilic and psychrotolerant marine bacteria.

The EPA production of a marine bacterium identified as V. cyclitrophicus
based on 16S rRNA gene sequencing was optimized under various culture con-
ditions [84]. The effects of yeast extract, peptone, glucose, palmitic acid temper-
ature, or pH on EPA production were assessed. The EPA production in the
bioreactor, pH, and dissolved oxygen values were further evaluated, and the
maximum amount of EPA produced was 7.5mg/g dry weight, which was 10%
the total FA content.

Other bacteria

Bacterial samples from the three different sites, i.e., the Mid-Atlantic Ridge,
the Mediterranean Sea, and the Red Sea were analyzed for the presence of
PUFAs, especially EPA and DHA [103]. Most strains from the Mid-Atlantic
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Ridge tested positive for PUFA production, while fewer of such strains were
isolated from the Red Sea and none were obtained from the Mediterranean.
Preliminary screening was based on a colorimetric method by adding 2,3,5-
triphenyltetrazolium chloride to the culture medium, and if PUFA was pres-
ent, the medium turned red. Unfortunately, as the authors themselves noted,
this colorimetric method for screening for PUFAs has been shown to have a
high false positive result. For these reasons, the presence or absence of
PUFAs is always verified by GC-MS. Furthermore, the culture conditions
were optimized to increase PUFA production, resulting in up to 45mg/L
of EPA, representing 11% of the total FA content, being obtained by adjust-
ing by the culture conditions. The optimal medium contained 10.79 g/L
whey and 6.87g/L glycerol. However, it has always been assumed that the
occurrence of PUFA-producing bacteria is temperature-related, with the high-
est number being obtained in water at approximately 4°C. Furthermore, PUFAs
have been shown to be synthesized by bacteria in the Red Sea, which is con-
sidered to be warm sea, and these bacteria were collected at a depth of only
25m. This anomaly is explained by the higher NaCl content observed in this
sea and the higher environmental stress.

Psychrophilic bacterial strains, later identified by 16S rRNA gene sequ-
ence analysis as Psychromonas marina, were isolated from the Okhotsk Sea
(44°31'N, 143°39'E) near Hokkaido Island (Japan) [72]. The optimal culture
temperature ranged from 14°C to 16°C, and DHA production reached 1.6%
of the total FA content.

Dinoflagellates

Dinophyta (also referred to as Dinoflagellata or dinoflagellates) are a group
of organisms classified today into the taxa Chromalveolata and Alveolata.
They live in freshwater, brackish, and marine water. Dinophyta are mixotrophic
organisms (although they are also heterotrophic) that harbor chloroplasts
obtained from secondary or tertiary endosymbiosis. Their cells are “armored,”
as they have walls made of cellulose platelets. In addition, they reproduce both
sexually and asexually and have complex cell cycles. Dinophyta are evolution-
arily important due to the structure of their nucleus and specific organelles,
as well as ecologically as a result of many toxic species among them cause
“red tide.” Dinoflagellates can also poison shellfish and individuals who con-
sume affected shellfish. The latest estimates suggest that there are 2300 living
dinoflagellate species.

The marine dinoflagellate Schizochytrium is cultivated as an industrially
significant source of PUFAs, primarily DHA and DPA [91]. As previously
mentioned, these acids are biosynthesized by type I PKSs. Again, this phe-
nomenon was confirmed by an experiment in which three genes encoding
PKS subunits were isolated from genomic DNA and expressed in E. coli,
where the ratio of DHA and DPA produced remained approximately the same
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as that observed in the donor dinoflagellate. The addition of cerulenine to the
culture medium resulted in inhibition of MCFA biosynthesis (as detected by
'4C acetate incorporation) without affecting PUFA biosynthesis, suggesting
the presence of different MCFA and PUFA biosynthetic pathways.

Evidence that PUFAs play an essential role in some of these microorgan-
isms has been provided by observations of the dependence on complementa-
tion with PUFAs for the growth of Schizochytrium sp. in which the PKS had
been inactivated [92]. In addition, the potential roles of PUFA in marine bac-
teria have been described in detail, including their antioxidant functions and
the involvement of PKS in the production of a very-long-chain polyunsaturated
hydrocarbon (C31:9).

While marine bacteria produce PUFAs to use as components of their mem-
brane phospholipids, where the overproduction of these substances is limited
by membrane size, both marine and freshwater dinoflagellates accumulate
large amounts of PUFA in the form of triacylglycerols (TAG), which may in
some strains account for >50% of all fatty acids and up to 25% of dry matter
[104]. Therefore, PUFA-producing bacteria are not yet commercially used due
to their low PUFA productivity and it is for this reason that dinoflagellates are
industrially cultivated. Furthermore, dinoflagellates are able to utilize various
carbon sources, including industrial waste, sweet sorghum juice, bread crumbs,
and glycerol [105-107]. There are three orders of dinoflagellates, Labyrinthu-
lida, Amphitremida, and Thraustochytrida, representing more than 15 of the
genera described. Dinoflagellates are ubiquitous in the seas and oceans, where
they play an important ecological role in detritus degradation and in the recy-
cling of carbon and nutrients as a result of their extensive repertoire of hydro-
Iytic enzymes, including proteases, amylases, lipases, ureases, phosphatases,
chitinases, a-glucosidases, and cellulases. Therefore, they are primarily consid-
ered heterotrophic microorganisms.

One of the most common dinoflagellates, the protist Thraustochytrium, is
used for commercial DHA production [108]. In this microorganism, both
PUFA biosynthetic pathways have been demonstrated to be present, includ-
ing the classical aerobic pathway using a series of desaturation and elonga-
tion steps, as well as PUFA-producing type I PKS.

Heterologous expression of PKS from Thraustochytrium together with
phosphopantetheinyl transferase in E. coli showed that the anaerobic pathway
is highly active in PUFA biosynthesis [108]. In genetically engineered E. coli,
DHA and DPA reached up to 18% of the total FA content. As shown in their
Fig. 4.3a vs Fig. 4.3b, the ratio of DHA and DPA was different, as observed
in chromatograms obtained by GC-MS. Dinoflagellates are cultivated in
industrial amounts, and patents exist to protect their manufacture [109,110].

A mutant strain of Crypthecodinium cohnii having a deletion of the
RuBisCO gene, which is involved in CO, fixation under autotrophic conditions,
was generated and shown to exhibit increased glucose utilization and have
higher yields of lipids [111].
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In another study, nearly half-a-year cultivation of Amphidinium carterae
in a pilot-scale LED-illuminated raceway photobioreactor was performed
[112]. Culture conditions were optimized by changing specific parameters,
including using different concentrations of medium nutrients, culture modes,
or irradiance values.

We would also like to mention here that the longtime denomination of
dinoflagellates as algae is used only for commercial purposes since, as stated
by Leyland [113], there is no longer any reason for dinoflagellates to be placed
among algae.

Recently, type I PKS genes have been discovered in the bloom-forming
marine coccolithophore Emiliania huxleyi [114]. In this case, all domains of
the putative PKS I were encoded on a single large protein. E. huxleyi is a major
component of the global phytoplankton community and is known to produce
significant amounts of PUFAs. As with other eukaryotes that have a PKS sys-
tem, E. huxleyi also contains a set of standard PUFA biosynthesis pathways
and elongase enzymes [115]. It remains to be determined what the relative
contribution of both pathways to PUFA synthesis in this organism may be.

Conclusion

The history of research on PUFAs in bacteria is full of twists. Importantly,
only the broad spread and routine use of the GC—MS method made it possible
to identify these FAs in bacteria. In the 1960s and 1970s, the classical method
for analyzing FAs from any organism, including bacteria, was gas chromatog-
raphy. This method uses a comparison of retention times of the standards with
the retention times of FAs in the sample to identify the FAs. Although it was
known as early as 1962 that bacteria biosynthesize monounsaturated FAs by
aerobic biosynthesis [116], some authors interpreted this knowledge as indicat-
ing that “bacteria altogether lack polyunsaturated fatty acids™ [117]. In the next
decade, the doctrine of the absence of PUFAs in bacteria has been questioned
[118], but full confirmation of the ability of bacteria to biosynthesize PUFAs
has been published more than 25 years later [119].

The production of ®-3 PUFA in commercially available amounts is per-
formed using several sources, each of which has advantages and disadvantages
that are discussed above. Here, we will only mention microorganisms used for
PUFA production, especially dinoflagellates. PUFA production by algae has
been described many times and is commercially successful [120]. Industrial
scale dinoflagellate cultivation, specifically including Crypthecodinium, Schi-
zochytrium, or Ulkenia, is predominantly performed to produce DHA. The con-
tent of DHA varies in products used as food supplements, whether for humans
or livestock, but also for fish [121]. Of course, all industrial scale production is
protected by hundreds of patents. For instance, almost 200 patents were found
after entering the keywords “dinoflagellate” and “DHA” on the main website
of the United States Patent and Trademark Office.
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Abbreviations

ACP acyl carrier protein

ALA a-linolenic acid

ARA arachidonic acid

AT acyltransferase

CHD coronary heart disease

CL cardiolipin

CLF chain length factor

DES desaturation

DH dehydratase

DHA docosahexaenoic acid

DH/IS 3-hydroxyacyl-ACP dehydratase/isomerase
DPA docosapentaenoic acid

ELO elongation

EPA eicosapentaenoic acid

ER enoyl reductase

FA fatty acid

FAS fatty acid synthase

GMO genetically modified organism
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
2,21 2-trans, 2-cis isomerization

2,31 2-trans, 3-cis isomerase

KR 3-ketoacyl reductase

KS 3-ketoacyl synthase

LA linoleic acid

Mal-CoA malonyl-CoA

MAT malonyl-CoA:ACP acyltransferase

MCFAs medium-chain fatty acids
MUFAs monounsaturated fatty acids

PE phosphatidylethanolamine
PG phosphatidylglycerol
PI phosphatidylinositol

PKS I type I polyketide synthase
PUFAs polyunsaturated fatty acids
TAG triacylglycerols
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A
AA. See Arachidonic acid (AA)
Amaranthus
A. caudatus, 82
A. cruentus, 82, 84-85
A. dubius, 83
A. hypochondriacus, 84, 89, 94—115
ecotypes of, 90-91z, 94
ethanolic leaf extract, 98
GC-MS method, 98115, 99-113¢
1C95316, 96-98, 97f
methanolic leaf extracts
chelating effect of, 95¢, 96
DPPH radical scavenging property of,
94-96, 95¢
RP-HPLC analysis, 96-98
A. spinosus, 85
A. tricolor, 84-85
A. viridis, 89
Acanthella elongata, 480
Acanthopanax senticosus, 206
Aceriphyllum rossii, 445446
Acoita-cavalo. See Luehea divaricata
Actinomycetales, 127
Acute inflammation, 269-270, 272
Acyclic triterpenoids, 414423, 423f
Acyltransferases (ATs), 438, 439f
Aetherobacter sp., 134
A. fasciculatus, 133134
A. rufus, 133-134
ALA. See a-linolenic acid (ALA)
Alfalfa, 169
Algae polysaccharides, 202
Alginate, 202, 202f
Alicyclobacillus acidocaldarius, 433
Aliivibrio fischeri, 483484
a-linolenic acid (ALA), 124
Aliphatic C17-polyacetylenes, 327
Alkaloids33. See Parasite DNA-topoisomerase
inhibitors, alkaloids
Almiramide D, 349-358¢, 369
Alotamide, 367-368
Altenusin, 12

Alzheimer’s disease (AD), 1-2, 7
aggregation of tau, 11
drugs for, 3
Amaranth, 81-82
amino acids, 8283
as antioxidants, 85
components in, 82
in degenerative diseases treatment, 85-94
dietary fibers, 84
ethnomedical uses of, 85, 86f
extracts of, 85
fatty acids, 82
flavonoid quercetin, 93
grains, 82-84, 88-89
green leafy parts, 83-84
proteins from, 83
lipid peroxidation, 89-92
natural antioxidants, storehouse of, 86—89
phytonutrients, 83-84
protein, 82-83
role of, 85
seeds, 84, 88-89
phenolic compounds, rich sources of,
88-89, 90-91¢
in traditional medicine, 85-86
vitamins, storehouse of, 83-84
Amarogentin, 404
AMP-activated protein kinase (AMPK)
signaling pathways, 162
Amphidinium carterae, 150
a-Amylase inhibitors, 213
Amyloid aggregates, inhibitory
compounds of, 7-8
B-Amyrin, 435437
Anemone raddeana, 441
Animal polysaccharides, 201
Anthocephalus cadamba, 400
Anthraquinone, 13
Anticarcinogenic agents, triterpenoids
as, 441
Antidiabetic agents, triterpenoids as, 441442
Antidiabetic polysaccharides
chemical modification on, 211-212
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Antidiabetic polysaccharides (Continued)
molecular weight on, 207-210
monosaccharide composition on, 210-211

Anti-HD properties, medicinal plants with
Bacopa monnieri, 4041
Boerhaavia diffusa, 42
Calendula officinalis, 42
Cannabis sativa, 4243
Centella asiatica, 43
Convolvulus pluricaulis, 44
Garcinia kola, 44
Gastrodia elata, 4445
Ginkgo biloba, 45
Luehea divaricata, 45
Olea europaea, 45-46
P. quinquefolius, 46
Panax ginseng, 46
Psoralea corylifolia, 46
Punica granatum, 47
Valeriana officinalis, 47
Withania somnifera, 4748

Antiinflammatory activity, phytochemicals

with, 272-273, 274-298¢

Antiinflammatory agents, 269-272
animal models, 272
COX-2 inhibitors, 273-299
human neutrophil elastase (HNE)

inhibitors, 299
matrix metalloproteinases (MMPs)
inhibitors, 300
microsomal prostaglandin E synthases
(mPGES-1 and 2), 300
natural products as, 272-273
NF-xB inhibitors, 300
nitric oxide synthases (NOS)
inhibitors, 299
numerous mediators, 270
phytochemicals, 272-273, 274-298¢
PLA, inhibitors, 299
signaling pathways, in inflammation, 272
two-dimensional structure of, 270, 271f
Antiinflammatory agents, triterpenoids as,
442-443

Antillatoxin B, 379

Antimicrobial agents, triterpenoids as,
443444

Antimicrobial effect, 334-335

Antioxidants, 85
amaranth, 8689
based phytonutrients, 85, 115
plant polyphenolic compounds, 87—-88

Antiviral and anti-HIV agents, triterpenoids

as, 444
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Apoptosis regulators, 246247
Apratoxin H, 372
Apratoxins F and G, 370
ARA. See Arachidonic acid (AA)
Arabidopsis thaliana, 433-434, 437-438
Arabinose, 210-211
Arachidonic acid (AA), 128, 130131, 134,
270-272, 299
Arctic char, 147
Ardisiaquinone-G, 273
Ardisia teysmanniana, 273
Arzanol, 273-299
Asiaticoside, 43
Aspartic proteinase (SAP) secreted, 443
Aspergillus candidus, 334-335
Astragalan, 48
Astragalus membranaceus, 48
Astragalus polysaccharides, 205-206
AtCASI, 433
Atomic absorption spectrometry (AAS),
491492

Aureispira sp., 130-131

A. marina, 127-128, 130-131

CCB-QBI, 131
Autophagy inducer, 244-246

B
Bacillus vallismortis, 480
Bacopa monnieri, 33, 4041, 443-444
Bacterial polysaccharides, 202-203
Baicalein, 12, 402
Balanus amphitrite, 489
Bardoxolone (CDDO), 446447
Bardoxolone methyl (CDDO-Me), 446447
Barnacles, 489
BBB. See Blood-brain barrier (BBB)
Beetroot—carrot juice, 328
Berberine, 48
Betulinic acid, 443444
Bevirimat (PA457), 448
BG-4 peptide, 247
Bicyclic triterpenoids, 423-424, 423f
Bioactive natural products
in diabetes mellitus (DM), 161-163
curcumin, 177-180
epigallocatechin-3-gallate, of green tea,
166-169
genistein, 169-173
Ginkgo biloba, 163-166
resveratrol (RSV), 174-176
Biofilm, 463464
Biofouling, 463—-464
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Bisbenzylisoquinoline alkaloids, 400
Bisebromoamide, 367
Bitter gourd (Momordica charantia), 222
cell signaling cascades modulation
(see Cellsignaling cascades,
modulation of)
cultivation of, 223
molecular targets, for various diseases
antioxidative activity, 225-232
cancer, 235-236
diabetes, 232-233
dyslipidemia, 234
hypertension, 225-232
inflammation, 225-232
obesity and adipocyte dysfunction, 234-235
vascular dysfunction, 225-232
morphology of, 223
origin of, 222-223
overview and traditional uses of, 223-224
phytochemical constituents of, 224-225
preclinical data of, 250-251
Blood-brain barrier (BBB), 54, 57-58
Boerhaavia diffusa, 42
Boswellia serrata, 443
Bouillonamide, 371-372
Brain food, 43
Brassica oleracea, 53
Butylated hydroxyanisole (BHA), 484

C

Cadambine, 400

Caldoramide, 373

Caldora penicillata, 373

Calendula officinalis, 42

Camellia sinensis, 51, 166-167, 445-446

Camellia. sinensis var. assamica, 445-446

Camptotheca acuminata, 400-401

Camptothecin (CPT), 400401

Cancer

carrot waste in, 326-329
molecular targets of bitter gourd, 235-236

Candida albicans, 443

Cannabis sativa, 42-43

Capsicum, 482

Carbon nanotubes (CNTs), 480

Carbon tetrachloride (CCly)-induced hepatic
injury, 330-331

Cardiovascular diseases, carrot waste in,
329-330

B-Carotene, 307-308, 314, 321-322, 324-326,
333-334

Carotenoids, 311, 314-316, 328, 334
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Carriebowmide, 349-358¢, 361
Carrot waste, 310-312
antioxidant potential, 325-326
bioactive compounds in, 314
carotenoids, 314-316
dietary fibers, 320-321
phenolic compounds, 316-318
polyacetylenes, 318-319
bioactive compounds recovery from, 312
in cookies, 322
extracting solvents, 312, 313¢
extraction methods, 312, 313¢
health benefits, of bioactive
compounds, 326
antimicrobial effect, 334-335
cancer, 326-329
cardiovascular diseases, 329-330
diabetes, 330
gastrointestinal diseases, 332-333
hepatic diseases, 330-331
ocular diseases, 333
renal diseases, 331-332
vitamin A deficiency, 334
wound healing, 333-334
nutritional composition of, 312
in pasta, 323
peel, 325-326
jam, 321-322
powder-enriched defatted soy flour fortified
biscuits, 322-323
utilization, in food and drinks, 321-325
and wheat flour-based buns, 323
Carthamus tinctorius, 51
Caspases enzyme, 246
Catalytic inhibitors, 394-395, 397f
Catathelasma ventricosum, 204
Catechol-O-methyl transferase inhibitors
(COMT), 14-15
Celastrol, 49, 448
B-Cell
apoptosis, in T2DM, 213
dysfunction, 212-213
proliferative effect, 172
Cell signaling cascades, modulation of
APK-2, alteration of, 241-242
apoptosis regulators, 246247
autophagy inducer, 244-246
cell cycle regulatory proteins, 242-244
c-Met signaling, 248-249
energy homeostasis modulator, 244-246
histone deacetylases (HDACs)
alteration of, 238-239, 239f
modulation of, 239-241
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Cell signaling cascades, modulation of
(Continued)
HSP-27, alteration of, 241-242
ICAM-1, 248-249
MAPKs and NF-xB
on pancreatic fB-cells, 236237
multiple drug resistance, 247-248
phosphatase and tensin homolog (PTEN),
238-239
p38MAPK-MAPK, alteration of, 241-242
SHH signaling regulation, 250
TGF/SMAD notch signaling cascade, 250
topoisomerase II a enzymatic effects,
239-241
Whnt/B-catenin, 238-239
Cellulophaga, 144
Cellulose, 202, 202f
Centella asiatica, 33, 43
Chaetomium chiversii, 405
Chair-boat—chair (CBC) conformation,
429-433, 434f
Chair—chair—chair (CCC) conformation,
429-433, 435-436f
CHD. See Coronary heart disease (CHD)
Chitosan, 201, 482
Chlorogenic acid, 318
Chronic inflammation, 270, 272
Chrysanthemum morifolium, 443-444
Cinnamaldehyde, 12-13
Cinnamomum sp., 12-13
C-5 isoprene precursor biosynthesis, 428429
Cis-resveratrol, 174, 174f
Citrus sp., 51-52
Clinopodium polycephalum, 445
c-Met signaling, 248-249
Coibacins A and D, 364
Coibamide A, 377-378
Colwellia, 131
Colwellia psychrerythraea, 131
Combretum leprosum, 443—-444
Commercial nanocoatings, 485486
COMT. See Catechol-O-methyl transferase
inhibitors (COMT)
Conventional leukemic treatment, 328
Convolvulus pluricaulis, 44
Cookies, carrot in, 322
Copper, use of, 466, 470
Cornssilk polysaccharides (CSPS), water-soluble,
211
Coronary heart disease (CHD), 127-129
Corosolic acid-rich banaba leaf extracts,
441-442
Covalent inhibitors, 8
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COX-2 inhibitors, 273-299
Crataegus flavonoids, 205-206
Cratoxylum cochinchinense, 423-424
Crypthecodinium cohnii, 149
C-30 triterpenoid precursor biosynthesis, 429
Curacin D, 361-362
Curcumin, 14, 49, 177-180
Cussonia bancoensis, 442—443
Cutaneous leishmaniasis (CL), 390-392
Cyanobacterial peptides, anticancer cancer
drug, 346-380
almiramide D, 369
alotamide, 367-368
antillatoxin B, 379
apratoxin H, 372
apratoxins F and G, 370
bisebromoamide, 367
bouillonamide, 371-372
caldoramide, 373
carriecbowmide, 361
coibacins A and D, 364
coibamide A, 377-378
desmethoxymajusculamide C, 378-379
dolastatin 10, 367
dragonamides C-D, 366-367
dysidenamide, 366
grassypeptolide, 349-358¢, 359-361
grassypeptolides D-E, 380
grassypeptolides F and G, 349-358t, 363
guineamides (A-F), 364-365
hantupeptins B-C, 374-375
hoiamide A, 349-358¢, 362
hoiamide B, 370-371
homodolastatin 16, 375
Jahanyne, 374
jamaicamides A—-C, 349-358t, 362
kohamamides A-C, 372
kurahyne, 349-358¢, 362
kurahyne B, 349-358¢, 362-363
lagunamide C, 369-370
largamides A—H, 363
largazole, 349-358t, 367
loggerpeptins A—C and molassamide, 380
lyngbyabellin, 379
lyngbyabellin A-B, 368
lyngbyabellins K-N, 368
lyngbyacyclamides A-B, 369
lyngbyastatin 4, 366
maedamide, 373
malyngamide, 370
malyngamide 4, 374
malyngamide 3 and cocosamides A-B, 366
malyngamide Y, 374
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medusamide A, 371

mitsoamide, 378

muscotoxin A and B, 369

nordysidenin, 366

odoamide, 371

odobromoamide, 373

palmyramide A, 349-358t, 361-362

pitiprolamide, 372

portoamides, 376

pseudodysidenin, 366

samoamide A, 373

somocystinamide A, 378

symplocamide A, 378

tasiamides C-E, 374

tasipeptins A—B, 375-376

tenuecyclamides A-D, 365

tiglicamides A-C, 379

trichophycin A, 376

ulongapeptin, 376

urumamide, 371

venturamides A and B, 363

veraguamides A-G, 377

viequeamides A and B, 372

viridamides A and B, 349-358¢, 363-364

wewakpeptins (A-D), 365

wewakzole B, 373

Cyclin/cyclin-dependent kinase (CDK)
complexes, 242-244
Cycloartenol, 433

D
Daucus carota, 307-308
cultivars and production, 308-310
DCOIT. See 4,5-Dichloro-2-
octyl-4-isothiazolin-3-one
(DCOIT)
Dementia, 1-2, 16-17
Deoxynojirimycin (DNJ)—polysaccharide
mixture, 206
Desmethoxymajusculamide C, 378-379
Desmonostoc muscorum, 369
Diabetes mellitus (DM), 232-233
bioactive natural products in, 161-163
curcumin, 177-180
epigallocatechin-3-gallate, of green tea,
166-169
Genistein, 169-173
Ginkgo biloba, 163—-166
resveratrol (RSV), 174-176
carrot waste in, 330
polysaccharides uses in (see Polysaccharides)
streptozotocin (STZ)-induced, 232-233
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4,5-Dichloro-2-octyl-4-isothiazolin-3-one
(DCOIT), 483-484

Dichothrix uthensis, 380

Dietary fibers, 84, 320-321

Diheterospora chlamydosporia, 405

3,3'-Di-indolylmethane (DIM), 404405

Dinoflagellates, 148—150

Dinophyta, 148

Diospyrin, 405

Diuron, 494

DNA topoisomerases, 239-240

Docosahexaenoic acid (DHA) biosynthesis,
124-126

Dolabella auricularia, 364-365

Dolastatin 10, 367

DPPH radical scavenging property

of methanolic leaf, 94-96, 95¢

Drosophila, 49

Dysidenamide, 366

Dysidenin, 366

Dyslipidemia, 234

E

Eastern/anthocyanin carrot, 309

EGb 761, 163, 164f

EGCG. See Epigallocatechin-3-gallate
(EGCG)

EGFR. See Epidermal growth factor receptor
(EGFR)

Eicosapentaenoic acid (EPA) biosynthesis,
124-126, 125f

Electrolysis, 484—-494

o-Eleostearic acid, 225-230

Emiliania huxleyi, 150

Energy homeostasis modulator, 244-246

Engineered microbial strains, 144, 145-146¢

Entacapone, 14-15

Entandrophragma congoense, 443

Enterobacter cloacae 70206, 203-204

Enzymatic coatings, 467

EP300 gene, 240241

Epidermal growth factor
receptor (EGFR), 248-249

Epigallocatechin-3-gallate (EGCG), 15, 49

of green tea, 166—169

Escherichia coli, 130, 142, 144, 149, 483484

17B-Estradiol, 169-170, 170f

Ethnomedical uses, of Amaranth, 85, 86f

Euphorbia kansui, 424

Euphorbia sieboldiana, 441

European Chemical Agency (ECHA), 493

Euscaphis japonica, 426
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Extract of G. biloba (EGb), 163-164
antiinflammatory role of, 165
flavonoids, 163, 166
hypoglycemic potential of, 165
potential use of, 165
T2DM patients treatment with, 165
therapeutic effects of, 165

F
Falcarindiol-3-acetate, 328
Falcarinol, 318-319, 328
Fatty acids (FAs), 401-402
in Shewanella, 135-136, 137-141t
Fatty acid synthase (FAS), 124-127
bacteria biosynthesize, 127
Ferrozine, 96
Ferula communis, 50
Ferulic acid (FA), 50
Fisetin, 50
Flavones, 402—-403
Flavonoids, 87-92
antiinflammatory property, 93
medicinal uses of, 92
molecular mechanisms of, 92-93
quercetin, 93-94
rutin, 88—89
Foliar hydroethanolic extracts, rich antioxidant
potential of
of Amaranthus hypochondriacus L, 94, 95t
Fucoidan, 202, 202f
Fucosylated chondroitin sulfate, 201
Fungal polysaccharides, 202-203

G

Galanthamine, 50

Galanthus sp., 50

Ganoderma lucidum, 441443

Garcinia kola, 44

Garcinia mangostana, 48

Gastric ulcers, in rats, 231-232

Gastrodia elata, 4445

Gastrointestinal diseases, carrot waste in,
332-333

GC-MS method, 98-115, 99-113¢, 133

Geitlerinema sp., 378

Genistein, 50, 169-173

Giardia, 394-395

Ginkgo biloba, 45, 163-166, 180

Ginsenosides, 50-51

Ginsenosides Rgl, 445-446

Glaucoma, 333
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Global cerebral ischemia, 230-231

Glucose transporter (GLUT1), 250-251

o-Glucosidase nhibitors, 213

Glutein free diet, 83

Glycine max, 437438

Glycyrrhiza uralensis, 444

Glycyrrhizin, 445-446

Gold nanoparticles, 470-479

Gotu kola and Thannkuni, 43

Grain amaranths, 82-83

Gram-positive coccoid cells, 131

Grassypeptolide, 349-358¢, 359-361
grassypeptolide D-E, 380
grassypeptolide F and G, 349-358¢, 363

Guineamides (A-F), 364-365

Gymnema sylvestre, 441-442

H

Hantupeptins B-C, 374-375

HCT-116 colon cancer cells, 247

HDACS. See Histone deacetylases (HDACs)

Head and neck squamous cell carcinoma
(HNSCC), 248-249

Helichrysum italicum, 273-299

Helicobacter pylori, 332

Hepatic damages, 331

Hepatic diseases, carrot waste in, 330-331

Hepatotoxins, 347-348

Herbal formulation and quality control, 5657

Hesperidin, 51

Hexacyclic triterpenoids, 425f, 426

High-fat diet (HFD), 230-231

Histone code, 30-31

Histone deacetylases (HDACs), 238-241

Hitomigosun carrot, 316

HMG-CoA. See 3-Hydroxy-3-methylglutaryl-
CoA (HMG-CoA)

HNSCC. See Head and neck squamous cell
carcinoma (HNSCC)

Hoiamide A, 349-358¢, 362

Hoiamide B, 370-371

Homodolastatin 16, 375

Hormonal regulation mechanism, T2DM,
212-213

Human leukocyte elastase (HLE), 442443

Human neutrophil elastase (HNE) inhibitors,
299

Huntington’s-associated protein (HAP-1), 30-31

Huntington’s disease (HD)

anti-HD properties, medicinal plants with

(see Anti-HD properties, medicinal
plants with)
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anti-HD therapeutics, natural antioxidants
as, 55-56
anti-neurodegenerative natural products,
bioavailability of, 54-55
clinical description, 29
epidemiology, 29-30
herbal formulation and quality control, 5657
herbal products, synergistic interaction and
implication of, 57
methodology, 33—40
pathophysiology, 29
phytochemicals, anti-HD activity of
(see Phytochemicals, anti-HD
activity of)
plant-derived natural compounds, anti-HD
activity of, 3340, 34-38¢
treatment and medication
anti-HD role, of medicinal plants and
phytochemicals, 32-33
conventional treatments, 31-32
with stem cell therapy, 32
Huntington’s interactor protein (HIP-1), 30-31
Hyaluronic acid, 201
Hydroquinone (HQ), 239-240
Hydroxycinnamic acids, 318
3-Hydroxy-3-methylglutaryl-CoA
(HMG-CoA), 428-429
23-Hydroxy ursolic acid, 442-443
Hypercholesterolemia, 234

|
1C95316, 96-98, 97f
1C95322, chromatogram of, 98, 114f
ICAM-1 signaling cascade, 249-250
IL-6/JAK/STAT3 pathway, 272
Induced neural stem cells (iNSCs), 32
Induced pluripotent stem cells (iPSCs), 32
Inflammation, 269-270

signaling pathways in, 272

stimuli, 269-270
Inonotus obliquus, 203
Inonotus obliquus polysaccharides—chromium

(III) complex (UIOPC), 203-204

Insoluble dietary fiber, 320-321
Interferon (IFN)-y, 236
Interleukin 12 (IL-12), 270
Interleukin (IL)-1p, 236
Interswift 6600, 484
Inula racemosa, 446
Ionic-polysaccharides complex, 203-204
Isodysidenin, 366
Isothiazoles, 483
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)

Jahanyne, 374
Jamaicamides A-C, 349-358¢, 362

K
Kaempferol, 51, 88-89
Kemira pigments, 485
Kinetoplastid protozoa, 390

diseases caused by, 390-392
Kocuria, 131-132

K. aegyptia, 132

K. marina, 132

K. polaris, 132
Kohamamides A-C, 372
Kurahyne, 349-358¢, 362
Kurahyne B, 349-358¢, 362-363

L

Lachnum YM240, 203, 211-212

Lactobacillus plantarum, 232-233, 330

Lactococcus lactis, 144

Lagerstroemia speciosa, 446

Lagunamide C, 369-370

Lanostane-type tetracyclic triterpenoids, 441

Lanosterol, 433

Largamides A—H, 363

Largazole, 349-358t¢, 367

LC3B protein, 244-246

LdTOPIB. See Type IB topoisomerase of
L. donovani (LATOPIB)

LdTOPIB-associated cleavage complex
(LdTOPIBcc), 402

Leishmaniasis, 390-392

Leishmania sp., 390, 401-403, 405

L. amazonensis, 390-392, 443444
L. donovani, 390-392, 400, 404

Leishmune, 392-393

Leishtec, 392-393

Lentinan, 202-203

Lentinus edodes, 202-203

Leonuronins A and B, 441

Leonurus japonicus, 441

Leptolyngbya sp., 377, 380

Lignan, 403—404

Limonoid, 442443
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Lycopene, 51
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L. majuscula, 361-366, 369-370, 372,
374-375, 378-379
L. polychroa, 361, 366-367
L. semiplena, 365
L. sordida, 370
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Lyoniside and saracoside, 403—404
Lyophilized carrots, 316, 327, 329-330
Lysine, 82-83
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M. japonica, 132
Macrofouling, biological examinations of,
487-490
Madecassoside, 43
Maedamide, 373
Malyngamide, 370
Malyngamide 4, 374
Malyngamide 3 and cocosamides A-B, 366
Malyngamide C, 361-362
Malyngamide Y, 374
o-Mangostin, 48
Mannose, 210-211
Marine antifoulants, nanomaterials as,
468494, 472-478¢
antifouling coatings, development of
antifouling potential, substances selection
with, 487
nanobiocide degradation and release
assays, 491-492
physical, chemical, and mechanical
tests, 492-493
toxicity tests, 490-491
commercial and synthetic biocides, 483484
commercial nanocoatings, 485-486
electrolysis, 484494
advantages, 485
antifouling coatings, development of,
486494
metal compounds, 470480
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natural products extracts, 481483
nonmetallic compounds, 480-481
Marine cyanobacteria, 346
Matrix metalloproteinases-9 (MMP-9)
inhibitors, 300
MB. See Methylene blue (MB)
MC-derived polysaccharides (PMC), 232233
MC-derived saponins (SMC), 232-233
MCF-7, 244
MCFAs. See Medium-chain fatty acids
(MCFAs)
MDA-MB-231, 244
MDRCPs. See Multidrug resistance
conforming proteins (MDRCPs)
Medium-chain fatty acids (MCFAs), 132-133
Medusamide A, 371
Melatonin, 51-52
Metabolic regulation mechanism, in T2DM,
213
Methionine, 82-83
Methylene blue (MB), 8—11
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), 49
Microcystis aeruginosa, 127-128
Microsomal prostaglandin E synthases
(mPGES-1 and 2), 300
Miscellaneous triterpenoids, 428
Mitochondrial DNA, 390
Mitogen-activated protein kinases (MAPKSs)
signaling cascade, 236-237, 241-242
Mitsoamide, 378
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Mogroside V, 441-442
Momordica sp.
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M. cochinchinensis, 231-232
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NF-xB. See Nuclear factor kappa B (NF-xB)
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Quorum sensing (QS), 468
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Reactive oxygen species (ROS), 87
formation, 89-92
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Tauopathies, 2, 5
drugs for, 3
Tau protein, 4-6, 11f
methylene blue mechanism in, 8-11
and a-synuclein, 7
TBARS. See Thiobarbituric acid reactive
substances (TBARS)
TBT-associated self-polishing coatings
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