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Abstract
Engineering photosynthetic bacteria as factories for the sustainable manufacturing
of vitamins and medications
by
McKenna Hicks

Much of the world struggles with inadequate access to essential medicines and
proper nutrition due to high pharmaceutical prices and unreliable distribution. More-
over, the industrial chemical synthesis of such products has a detrimental environ-
mental impact due to the sheer volume of hazardous byproducts generated in the
manufacturing process and the exorbitant energy overhead. My solution is to de-
centralize the production of these critical resources by engineering cyanobacteria to
produce essential medicines and supplements sustainably, photosynthetically, and
on-site at local healthcare facilities. Biosynthesis of products in cyanobacteria is eco-
friendly because they use sunlight as their energy, water as an electron donor, and
air as their carbon source. I have undertaken two separate engineering endeavors
in Synechococcus elongatus PCC 7942 to produce acetaminophen and human-usable
vitamin B12. The genes for acetaminophen, JABH and nhoA, were transformed
into PCC 7942, which was then analyzed via HPLC and a colorimetric assay, and
confirmed as acetaminophen-producing. Vitamin B12 assembly was tested in PCC
7942, which was confirmed to remodel its native, inactive pseudo-B12 into human-
active vitamin B12. The aim of this B12 work is to show that, since the addition
of the genes ssuF and bluB enable vitamin B12 assembly in PCC 7942, they may
also enable its production in the closely-related, edible, and robust cyanobacterium,
Arthrospira platensis, which contains nearly all essential vitamins, but lacks human-
usable vitamin B12. The addition of vitamin B12 to the metabolic spectrum of this
organism would improve its nutritional profile and create an easy-to-cultivate mul-
tivitamin. To facilitate the first steps of this work, I developed a novel axenicity
protocol for A. platensis, and sequenced the genome of strain UTEX 2340 using the
Oxford Nanopore MinlON. This sequencing identified a novel cyanophage present
within the A. platensis genome. This work paves the way for solar-powered chemical

synthesis and furthers research into A. platensis and its biotechnological applications.
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1 Harnessing a sustainable future using Arthrospira: a

review of current technologies and future prospects

1.1 Introduction

Arthrospira is a genus of cyanobacteria (blue-green
algae), which are thought to be Earth’s first oxygen pro-
ducers . Arthrospira are microscopic, photosynthetic,
filamentous prokaryotes that form multicellular cylindri-
cal trichomes . The cells forming the trichomes align in

a pattern that varies from tightly coiled to linear and this

spiral structure contributes to the name ” Arthrospira”.
Figure[T]shows helical and linear trichomes of Arthrospira. Figure 1: Coiled and

Arthrospira are commonly referred to as Spirulina, uncoiled Arthrospira tri-
which is more traditional than taxonomic. Previously, chomes.
species forming helical trichomes were classified into a
single genus, Spirulina, but recent biochemical, morphological, and physiological
studies showed two clearly different genera and that the edible Arthrospira species
have little in common with Spirulina species . Furthermore, 16S rRNA and rpoC1
gene sequencing showed that Arthrospira strains formed a tight cluster that was dis-
tinct from Spirulina [3]. Consequently, the confusing nomenclature of Arthrospira
was born. Commercially, the term Spirulina refers to the Food and Drug Adminis-
tration (FDA) approved Arthrospira; the most commonly consumed strains are A.
platensis and A. maxima . Historically, Arthrospira species such as A. platensis
and A. mazima were grouped into the genus Spirulina and thus had the names S.
platensis and S. maxima, but the recent separation of the two genera changed the
name of these species to their current A. platensis and A. mazima.

Arthrospira have been consumed by humans for centuries, dating back to ancient
civilizations like the Aztecs . Arthrospira are consumed around the world for the
nutritional benefits and are considered one of the most nutrient dense organism in

the world I@I )



Arthrospira grow under simple conditions, requiring only sunlight, water, COs,
nitrogen, and salts for survival |7]. Arthrospira thrive in alkaline (pH 9-11) and
high-salt environments, making it difficult for many contaminating species to survive
[7]. Their simple cultivation and resistance to contamination makes Arthrospira an
attractive organism for many biotechnological and agricultural applications.

In a laboratory setting, Arthrospira are commonly grown in one of many standard
media recipes |8, 9], though approximately 80% of the cost of cyanobacteria culti-
vation are due to consumption of these medium nutrients and water [10]. Because
the ingredients for these optimized mediums can be expensive, several studies have
successfully shown Arthrospira growth using cheaper non-conventional ingredients,
including human urine [11], commercially available fertilizers and salts |12], seawater
[13], and various kinds of agricultural, domestic, and industrial efluents (see Sec-
tion . The culturing success using these alternative ingredients demonstrates
that Arthrospira can be cheap and easily cultivated in geographic locations spanning
from rural to urban.

Arthrospira have many sustainable biotechnological applications, including ef-
fluent (wastewater) treatment, biofuels, nutritional supplementation, and abundant
medicinal properties. While fixing COq, Arthrospira are able to clean up pollutants
from wastewater and the biomass can in turn be used as a feedstock for biofuels.
The dense nutrient composition and simple cultivation of Arthrospira render it a
promising remedy for micronutrient deficiencies, which affect more than two billion
people around the world according to the Centers for Disease Control and Preven-
tion (CDC) [14]. Lastly, Arthropira have been shown to remedy multiple metabolic
dysfunctions, have anti-inflammatory, antioxidant, anti-angiogenic, anti-cancer, and
anti-viral properties, and have both radio- and neuroprotective benefits.

The above applications had been demonstrated with wild-type Arthrospira and
its extracts. With the growing industry of genetic engineering, the aforementioned
applications of Arthrospira can be considerably improved and its biotechnological
applications can be expanded. Previously, a stable genetic transformation system

for Arthrospira was widely sought after but nonexistent. Recently, though, a stable



transformation of Arthrospira was achieved, a feat that the scientific community has
long been awaiting [15].

This review discusses the biotechnological applications of Arthrospira, future
prospects of these applications, and their overall role in harnessing a sustainable

future.

1.2 Phycoremediation

Phycoremediation is a form of bioremediation in which algae is used to treat
wastes [16]. Arthrospira’s simple cultivation allows them to thrive in a wide range
of growth media, including wastewater. Some wastewater pollutants, such as ni-
trogen or phosphorus, foster Arthrospira growth, which simultaneously clears these
pollutants from the water. Using wastewater to cultivate Arthrospira provides a sus-
tainable cycle for water treatment; the Arthrospira can clean the water for recycling
or release into the environment, and the resulting Arthrospira biomass can be used
for biofuel production — all while fixing C'Os.

The high cost associated with harvesting cyanobacterial mass from these systems
previously hindered the development of this technology [17]. This cost projection has
recently decreased with the advent of flocculation and flotation harvesting, which
takes advantage of the low-density of cyanobacteria and their ability to float |17,
18|. Arthrospira have gas vesicles that enable natural flotation. Researchers found
that A. platensis float to the water surface during logrithmic growth and that this
flotation is exacerbated with the addition of NaCl |17]. Various coagulants and/or

173 and cetyl trimethylammonium bromide (CTAB), can be

surfactants, such as A
used to coagulate and enhance the migration of cyanobacterial mass to the surface

of the water, enabling easy collection [1§].

1.2.1 Domestic wastewater and pollution

Arthrospira have shown promise as a sustainable treatment of domestic wastew-
ater. A 2018 study examined the ability of A. platensis to clean the Yamuna River

water, which is considered India’s most polluted river (Figure [19]. This study



found that A. platensis cultivated in the Yamuna water using a sunlight wavelength
removed nitrate (99.76%), lead (99.22%), nickel (100%), cadmium (90.80%;,), and
copper (68.57%) [19]. A. platensis cells cultivated in the Yamuna water also showed
a 16.45% increase in lipids, which are of interest for biofuel production (see Sec-
tion . A. platensis can also effectively treat saline wastewater, which is appli-
cable to future use because the growing shortage of freshwater makes the use of
seawater a viable replacement for toilet water. A. platensis grown in synthetic saline
wastewater mixed with fresh washing wastewater showed a growth of 0.76g/L with
removal of 79.96% of total nitrogen (TN), 93.35% of total phosphorus (TP), and
90.02% of chemical oxygen demand (COD) [20]. In addition to saline wastewater,
A. platensis cultivated in synthetic municipal wastewater showed a biomass content
of 262.50mg/L with 81.51% removal of nitrogen and 80.52% removal of phosphorus

with nutrients recovery efficiency of TN and TP of 92.58% and 94.13%, respectively

[10].

Figure 2: The Yamuna River in India is one of the most polluted rivers in the world.
Arthrospira is a sustainable method that can clean the river water. Image source: India

Today 2016.

1.2.2 Industrial wastewater and heavy metals

In addition to domestic wastewater treatment, Arthrospira have been studied
for phycoremediation of industrial wastewater due to their ability to withstand and
remove heavy metals, even in complex mixes , . This was exhibited when,

in just one hour, the metal ion uptake by A. platensis from complex industrial



effluent removed chromium (37%), zinc (50%), aluminum (60%), strontium (68%),
iron (94%), and barium (100%) [22]. Moreover, A. platensis cultured in 50% tannery
effluent showed removed chromium (71.92%), cadmium (81.54%), and lead (73.04%)
[21], which are among the worlds most frequent toxic heavy metals according to
the ATSDR/’s Substance Priority List. Arsenic is first on the ATSDR list, which A.
platensis accumulates from contaminated water [23]. Another study observing A.
platensis absorption of industrial effluents removed 100% of chromium and 94% of
nickel from a chromium-containing effluent |24]. Additionally, A. platensis is suitable
as a possible industrial effluent treatment with silver [25| and zinc |26]. Arthrospira
are undoubtedly well suited to removing heavy metals from wastewater, and using
Arthrospira to treat heavy metal contamination is considered more economically
feasible and sustainable than the standard use of chemical precipitation and ion

exchange [21].

1.2.3 Agricultural wastewater

Beyond industrial wastes, Arthrospira have been investigated for their ability to
clean up a plethora of agricultural wastes. The growth of A. platensis in wastew-
ater taken from a shrimp farm in Thailand was investigated, and results showed a
decrease in COD, nitrogen, zinc, lead, and copper after cultivating A. platensis in
the wastewater for 30 days |27]. These findings show that shrimp wastewater can be
used to cultivate A. platensis and simultaneously improve water quality. In another
study, A. platensis was used to treat fish farming wastewater and caused a 94.8%
decrease in the concentration of ammonia, nitrite, nitrate, and phosphate, rendering
the A. platensis-treated wastewater safe for re-use or release into the environment
[28].

Two studies on anaerobically digested wastewater from pig farms concluded the
wastewater as a suitable medium for A. platensis [29,[30]. The 2017 study reported a
high biomass yield with 99% removal of ammonium from the anaerobically digested
piggery wastewater (DPW) [29]. The 2010 study cultured A. platensis in enriched

20% DPW and reported a high biomass yield and high removal rates for bicarbonate



(380mg/L/d), nitrogen (34 mg/L/d), and phosphorus (4 mg/L/d) [30]. This 2010
study also concluded that the DPW medium was approximately 4.4 times cheaper
than the standard Arthrospira modified Zarrouk’s medium [30].

Arthrospira cultivated during phycoremediation can be used for biofuel produc-
tion. A 2018 study evaluated A. platensis’s biofuel potential when cultivated in dairy
farm wastewater, finding that the wastewater supports A. platensis growth and fos-
ters a lipid composition that yields suitable biodiesel |31]. Furthermore, the A.
platensis reduced the COD, phosphate, nitrate, and nitrite concentrations by 98.4%
to 100% in just 4 days. This study highlights that Arthrospira water treatment can

provide a sustainable cultivation of crops for both food and biofuel.

1.2.4 Concluding remarks: phycoremediation

Water is Earth’s most precious resource, and billions of people from around the
world face severe fresh water scarcity [32]. Water must be conserved and recy-
cled whenever possible, but unfortunately not all current infrastructures incorporate
cleaning and recycling of wastewater, leading to polluted waterways and wasted re-
sources. Arthrospira have the ability to clean domestic, industrial, and agricultural
wastewater using only sunlight and the wastewater as fuel. The water can then be re-
cycled or safely released into the environment, and the Arthrospira biomass resulting

from the phycoremediation can be used as a source for biofuels.

1.3 Biofuel

Biofuel, fuel derived from biomass, is emerging as an eco-friendly and renewable
alternative to fossil fuels. Currently, fossil fuels provide over 70% of the worlds
energy [33|. Fossil fuel is a finite resource that will eventually be depleted, thus
renewable resources must be developed to eventually replace fossil fuels. Biofuel is
the only renewable resource able to replace conventional transportation fuel without
any major changes to vehicle machinery [34].

Fortunately, Arthrospira is capable of providing multiple types of biofuel. It

produces hydrogen via autofermentation and the cell mass of Arthrospira can be



anaerobically digested to produce methane, both of which are forms of gaseous bio-
fuel. The lipids or carbohydrates in Arthrospira are used as a feedstock that can
be converted to bioenergy; lipids convert to biodiesel and carbohydrates convert to
ethanol [35]. Arthrospira’s extreme growth conditions of high pH and high salt pro-
tect it from contamination, which allows for a more controlled growth environment
and higher productivity. Furthermore, its simple cultivation in sunlight and water,
or efluent, combined with its ability to fix CO2 makes it a safe and sustainable vessel

for biofuel production.

1.3.1 Biodiesel

The lipids in Arthrospira can be used as a feedstock for biodiesel production.
Biodiesel is produced by oil extraction and transesterification; oil extraction is per-
formed with a solvent and transesterification reacts glycerides with an alcohol in a
catalyzed reaction to produce biodiesel. One study used A. platensis to perform the
steps of biodiesel production in a single-stage, producing a biodiesel yield of 79.5%
using hexane as a solvent and methanol as an alcohol in an acid-catalyzed reaction
[36]. This biodiesel was found to have similar fuel properties when compared to
conventional biodiesel and diesel, rendering it a feasible alternative to these conven-
tional fuels. A second study used methanol as a solvent in an acid-catalyzed reaction
and achieved an 84.7% yield of biodiesel from A. platensis |37]. The quality of this
biodiesel was found to be compliant with the European standard for biodiesel, EN
14214. These two studies highlight the feasibility of using Arthrospira as a feedstock

to achieve high-quality biodiesel.

1.3.2 Hydrogen and methane

In addition to biodiesel, Arthrospira can be used to produce hydrogen and methane
gas. Hydrogen production via autofermentation has been reported in A. platensis |38|
and A. mazima [39]. Arthrospira contain the hox genes (hoxHYEFU) that encode
NiFe hydrogenase, which is a hydrogen-metabolizing enzyme that gives Arthrospira

the ability to make hydrogen [39]. There are some limitations to this technology,



such as a low solar-to-hydrogen energy conversion efficiency and slow conversion
rates under autofermentation conditions [39]. Researchers at Princeton University
have investigated these issues by studying the process of Hy evolution in A. mazima
[39]. These researchers have found that the key variables for increasing hydrogen
production are increased anaerobic ATP production, prior glycogen accumulation,
and intracellular reduction potential. The hydrogenase-mediated Hy uptake reaction
was found to be the limiting factor to Hy yield. Under optimized conditions, the
study reported a maximum Hs production of 36 ml/g dry weight and 18% Hy in the
headspace. This work presents crucial information to the evolution of Arthrospira as
a Ho producer.

One study used three stages of fermentation to produce both hydrogen and
methane gas using A. platensis as a feedstock [40]. A. platensis was cultured un-
der nitrogen starvation with CO2 bubbling and NaCl to increase the carbohydrate
content (53.4% of cell mass); carbohydrates are used for fermentative hydrogen pro-
duction. The cells were then pre-treated with dilute acid and steam heating to give
a maximum reducing sugar yield. The pre-treated cells underwent three stages of
fermentation i)dark hydrogen ii) photo hydrogen and iii) dark methane. The first two
stages produced a hydrogen yield of 429 mL/gVs (milliliter/ gram volatile solids) and
the last stage boosted the overall energy yield to 10.51 kJ/gVs. This study highlights
Arthrospira’s potential to produce hythane, which is a fuel that contains a mixture

of hydrogen and methane.

1.3.3 Ethanol

In addition to hydrogen fermentation, carbohydrates are used for ethanol fer-
mentation. Arthrospira are typically 15-20% carbohydrate and have high glycogen
content (up to 70%), which makes them a potential fermentation feedstock for the
production of ethanol [41},|42]. The conventional production of ethanol from plant or
algae mass requires multiple pretreatment and enzymatic hydrolysis steps [43], which
hinders the development of ethanol as a conventional energy source. A study from

Aikawa and colleagues addressed this issue by investigating direct ethanol production



from A. platensis biomass using yeast fermentation [43]. They used lysozyme and a
recombinant amylase-expressing yeast to eliminate the need for the pretreatment and
hydrolysis steps. The fermentation resulted in an ethanol titer of 6.5 g/L and a total
ethanol yield relative to glycogen consumption of 86%, which was thought to be the
highest yield of bioethanol from an oxygenic photosynthetic organism at the time.
They optimized this process by adding CaClsy to the reaction, which delaminated the
polysaccharide layer on the surface of A. platensis [44]. This delamination increased
the ethanol titer to 48 g/L, which is 93% of the theoretical yield.

Increasing the carbohydrate content of Arthrospira could render it as a more
useful feedstock for ethanol production |41]. The growth conditions of Arthrospira
can be manipulated to increase carbohydrate production, but they must be manipu-
lated in a way that still supports total biomass production. For example, phosphorus
limitation in the media has been shown to increase the carbohydrate content of the
Arthrospira biomass, reaching up to 65% dry weight [45, 46]. Because phosphorus
is an essential element for ATP, starvation leads to a decreased synthesis of energy-
consuming proteins and an increase of carbohydrates and/or lipids |46]. Phosphorus
can be decreased an order of magnitude without sacrificing biomass, therefore its
limitation promotes carbohydrate production in a way that does not reduce over-
all yield [45]. Furthermore, under phosphorus limitation Arthrospira flocculate and
settle, which is useful for biomass harvesting. In addition to phosphorus stress,
Arthrospira show increased carbohydrate production in nitrogen-stressed conditions.
In A. platensis, nitrogen limitation was shown to increase carbohydrate content to
74% as well as cause the cells to flocculate and settle |47]. It is hypothesized that
nutrient-stressed Arthrospira settle because carbohydrates accumulate as glycogen,
which has a high specific density (1.40-1.62 g/mL), and in turn causes the density of

the cells to increase and therefore sink [47].

1.3.4 Genetic engineering

The studies discussed use environmental stresses to alter the cellular composi-

tion of Arthrospira. In biofuel research, it is common to edit the genomes of cells



to achieve such changes. One such study altered Arthrospira’s genetics using the
mutagenesis tool, Atmospheric and room temperature plasma (ARTP), to develop a
library of mutants with high carbohydrate content and growth rate [41]. This study
generated stable mutants, with one mutant showing a 78% increase in carbohydrates
and another mutant showing a 10.5%increase in growth rate.

Like other cyanobacteria, genetically engineering Arthrospira for target metabolic
processes, such as growth rate or energy component synthesis, would increase its
potential in the biofuel industry [48]. A stable system of genetic manipulation in
Arthrospira was not established until recently, so the field of Arthrospira biofuel is
expected to grow (see section Section . Aikawa and colleagues recognized this
potential and developed a genome-scale metabolic model of A. platensis NIES-39,
in which they developed metabolic engineering strategies to increase ethanol and
glycogen production [42]. Another genome scale metabolic model had previously
been published for A. platensis, but it was focused on growth metabolism rather

than metabolic engineering strategies [49].

1.3.5 Concluding remarks: biofuels

As fossil fuels begin to deplete, the need for renewable energy sources increases.
Biofuels are one of the most promising renewable energy sources because they can
be implemented in current machinery without major alterations. Arthrospira show
promise as one of the keystone species for biofuel production. Arthrospira’s abil-
ity to grow in wastewater opens the possibility of producing biofuel from waste,
which would produce renewable energy and clean water simultaneously. Further-
more, Arthrospira’s ability to fix COo makes it an attractive feedstock for fuel pro-
duction because it would have a negative carbon footprint. It has shown promise
as a feedstock for biodiesel, hydrogen and methane gas, and ethanol. All of these
results have been achieved by either no treatment or environmental treatment to the
Arthrospira. With the growing popularity of metabolic engineering, these biofuel
processes have the potential to be further optimized through the genetic engineering

of Arthrospira.
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1.4 Nutrition

Arthrospira consumption by humans dates back to the Aztecs, who ate blue-green
cakes of "Techuitlatl" [5]. Arthrospira have been consumed for centuries because
they require simple cultivation and are the most nutrient dense and complete food
source in the world [6]. Additionally, these organisms thrive in high alkaline and
salt environments, allowing them to evade contamination by other species. These
characteristics make Arthrospira a promising organism to remedy the micronutrient
deficiency aspects of malnutrition. Malnutrition has three sub-categories: hunger
and undernourishment, obesity or overnourishment, and micronutrient deficiencies
[50]. Essential micronutrients, such as iron, zinc, calcium, iodine, vitamin A, B-
vitamins, and vitamin C, are essential for physical and mental development |50].
The WHO estimates that over 2 billion people suffer from micronutrient deficiency,
which remains one of the leading causes of global disease burden, especially in low
socio-demographically developed regions |51]. The Food and Agriculture Organiza-
tion of the United Nations (FAO) has issued multiple reports supporting the use of
Arthrospira to combat malnutrition and has even funded projects in Chad and Angola
for developing Arthrospira agriculture |52]. The FAO has also urged international
organizations to develop small-scale production of Arthrospira aimed at providing
nutritional supplements for rural and urban communities, diversification of crops in
resource-constrained areas, a solution to wastewater treatment, and a high-protein
high-vitamin crop for emergency situations [52].

The complete nutrient profile of Arthrospira can be found in Table [I, Table
Table [3] Table [ and Table B} the data is presented as ranges because nutrients
vary between sources due to strain and culture conditions. Because all strains are
consumed, the data reported stems from the entire Arthrospira genus. The current
recommended dose of Arthrospira per day is 2-8.5g [52|. The general composition
of Arthrospira is shown in Table[I} In standard growth conditions, Arthrospira are
composed of 60% protein, 20% carbohydrates, 10% lipids, and the remaining 10%
ash and moisture. This nutrient composition can be altered with different growth

conditions, such as varying nutrient concentrations, which can produce up to 74%
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carbohydrate, 72.5% protein, and 24% lipid [47, 53].

Table 1: The general composition of Arthrospira, collected from multiple sources across the
entire Arthrospira genus. Sources for standard conditions: [52} 54H58|. Sources for altered

conditions: [47, [53].

Component | % composition: standard | % composition: alternative
carbohydrates 15.09 - 22.6 % 2.0-74.0%
lipids 7.09-133 % 5.45 - 23.7 %
proteins 44.9 - 70.0 % 16.5-72.5 %
ash 6.70 - 30.9 % no change
moisture 3.00 - 7.40 % no change

1.4.1 Amino acids

The amino acid (AA) composition of Arthrospira when grown in standard condi-
tions is shown in Table[2l Arthrospira has a balanced composition of AAs, providing
all 9 essential AAs and 9 non-essential AAs |52} 55| [5861]. It is worthy to note that
one study reported a histidine concentration of up to 10.41 g/ 100g in altered growth

media [59).
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Table 2: The amino acid composition of Arthrospira, collected from multiple sources across

the entire Arthrospira genus. Amounts are reported in g/100g protein, which is equivalent

to g/16g N. Sources: [52, 55} 58-61].

amino acid
Alanine (Ala) (A)
Arginine (Arg) (R)
Aspartic acid (Asp) (D)
Cystine (Cys) (C)
Glutamic acid (Glu) (E)
Glycine (Gly) (G)
Histidine (His) (H)
Isoleucine (Ile) (1)
Leucine (Leu) (L)
Lysine (Lys) (K)
Methionine (Met) (M)
Phenylalanine (Phe) (F)
Proline (Pro) (P)
Serine (Ser) (S)
Threonine (Thr) (T)
Tryptophan (Trp) (W)
Tyrosine (Tyr) (Y)
Valine (Val) (V)

1.4.2 Fatty acids

composition (g/100g)
4.7 - 10.81
4.8 - 10.2
5.2-11.8
0.3-0.9
7.04-17.4
3.9-6.8
0.6 - 2.81
3.9-71
9.5 - 10.6
24-6.2
1.2 -2.75
1.3-54
2.1-46
23-54
29-6.6
0.3-1.98
2.6-8.6
4.02 - 8.7

The fatty acid (FA) composition of Arthrospira is shown in Table [3| |55, |56,

58, 61, [62]. Arthrospira are a rich source of FAs, especially polyunsaturated FAs

(PUFA), such as linoleic, 7-linoleic, and a-linoleic acid (LA & GLA & ALA), and

monounsaturated FAs (MUFA), such as palmitoleic acid and oleic acid. LA and ALA

cannot be synthesized by humans and must be obtained through diet.



Table 3: The fatty acid composition of Arthrospira collected from multiple sources across
the entire Arthrospira genus. Amounts reported in % total fatty acid. Lipid numbers are
notated as C:D, where C indicates the number of carbon atoms in the FA and D is the

number of double bonds in the FA. Sources: [52} 55| [56, (58], |61} |62].

Common name lipid number (C:D) | % total lipid | FA type
lauric acid C12:0 0-04 SFA
myristic acid C14:0 0.0-0.8 SFA
myristoleic acid Cl4:1 0.30 - 0.53 w-5 PUFA
palmitic acid C16:0 14.99 - 65.1 SFA
palmitoleic acid C16:1n-7 1.84 - 124 w-7 MUFA
margaric acid C17:0 0-1.2 SFA
margaroleic acid C17:1 1.5-1.7 w-8 MUFA
steric acid C18:0 1.00 - 21.3 SFA
oleic acid C18:1n-9 1.43 - 35.74 | w-9 MUFA
vaccenic acid C18:1n-7 1.17 - 1.33 w-7 MUFA
linoleic acid C18:2n-6 10.37 - 30.7 | w-6 PUFA
~-linoleic acid C18:3n-6 3.1-35.0 w-6 PUFA
a-linoleic acid C18:3n-3 0-0.71 w-3 PUFA
stearidonic acid SDA C18:4n-3 0.57 - 0.81 w-3 PUFA
arachidonic acid C20:4n-6 0.34 - 0.41 w-6 PUFA
timnodonic acid EPA C20:5n-3 2.21-4.94 w-3 PUFA
cervonic acid DHA C22:6n-3 2.3 -3.51 w-3 PUFA
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1.4.3 Minerals

Table 4: The mineral composition of Arthrospira, collected from multiple sources across the

entire Arthrospira genus. Amounts are reported in mg/100g dry weight. Sources: [56, |58|

61).
mineral | composition (mg/100g) mineral | composition (mg/100g)
Na 121 - 2350.0 Cr 0.09 - 1.59
Ca 110 - 2246.0 Pb 0.21-1.29
K 892 - 1936.0 Ni 0.0-1.29
P 703.4 - 1397.0 A% 0.0 - 0.316
Cl 489.0 - 580.0 Co 0.03-0.2
Mg 67.0 - 503.0 La 0.0 - 0.183
Fe 37.6 - 201.6 Sc 0.003 - 0.0248
Mn 3.28 - 55.4 Cd 0.0 - 0.02
Zn 1.42 - 37.5 Sb 0.0 - 0.014
Br 1.79-7.79 Hg 0.0075 - 0.012
Cu 0.12 - 6.96 Cs 0.0021 - 0.0081
Se 0.0096 - 3.68 Eu 0.0023 - 0.0063

The mineral composition of Arthrospira is shown in Table [dl Arthrospira are a
rich source of minerals, providing all essential minerals including iron (Fe), potassium
(K), calcium (Ca), magnesium (Mg), and zinc (Zn) [52, [56, |58, 61]. Arthrospira are
particularly rich in iron and zinc which are some of the worlds leading micronutrient
deficiencies |14]. Furthermore, bioabsorbed zinc, iodine, and selenium in Arthrospira
is present in the organic, bioavailable form [63|. Arthrospira’s bioabsorption of min-
erals is effected by its growth conditions and media; the cells absorb the minerals that
are present in their environment, which causes different mineral profiles [52]. This
bioabsorbtion is what accounts for heavy metal toxins, such as lead (Pb) and mercury
(Hg), being found in some Arthrospira. Fortunately, when cultivated in controlled
conditions, such as those during food cultivation, these heavy metal concentrations

are kept at a concentration significantly below the recommended daily intake levels
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[64]. Furthermore, a study evaluated the potential toxicity of Arthrospira in rats; rats
were fed Arthrospira as a sole protein source for 75 weeks with no evident toxicity

[65].

1.4.4 Vitamins

The vitamin composition of Arthrospira is shown in Table Arthrospira are
particularly high in vitamin C, E, K, and the B-vitamins, though not including vita-
min B12 (cobalamin). Contrary to popular belief, Arthrospira are not considered a
source of human-active vitamin B12; Arthrospira instead produces a form of B12 that
humans cannot absorb |66} 67]. The lack of vitamin B12 is one major shortcoming
of Arthrospira as a food supplement because B12 is an essential vitamin and its defi-
ciency is extremely prevalent. B12 deficiency is common in wealthier populations but
most prevalent in poorer populations. Surveys have reported deficiency or marginal
status in 40% of children and adults in Latin America, 70% in Kenyan schoolchil-
dren, 80% in Indian preschoolers, and 70% in Indian adults [68|. Arthrospira are
an especially good source of the carotenioid, S-carotene (provitamin A), which the
human body converts to vitamin A; vitamin A is one of the world’s most prevalent
vitamin deficiencies.

In addition to its vitamin content, Arthrospira is packed full of healthy pigments,
including carotenoids, chlorophyll-a, and phycobiliproteins (i.e C-phycocyanin), these
pigments have many therapeutic applications due to their powerful antioxidant ca-

pabilities, including anti-inflammatory, anti-tumor and anti-viral properties [69] (See

Section ..
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Table 5: The vitamin composition of Arthrospira, collected from multiple sources across

the entire Arthrospira genus. Amounts are reported in mg/100g dry weight. Sources: |57,

601162, [70, [71].
vitamin composition (mg/100g)
C (ascorbic acid) 10.3 - 195.3
E (tocopherol) 1.1 - 100.0
K (phytomenadione) 2.2-255
B1 (thiamine) 1.38 - 154
B2 (riboflavin) 0.2 - 3.63
B3 (niacin) 11.3 - 16.62
B5 (pantothenic acid) 0.88 - 0.94
B6 (pyridoxine) 0.131 - 4.0
B7 (biotin) 0.005 - 0.01
B8 (inositol) 74.0 - 76.0
B9 (folic acid) 0.04 - 0.6
A as (-carotene (provitamin A) 22.5-214.0
pigments
carotenoids 456.0 - 477.0
chlorophyll-a 1200.0 - 1300.0
phycocyanin 15600.0 - 16200.0

1.4.5 Remedying micronutrient deficiencies

Arthrospira’s simple cultivation allows it to be grown in resource constrained ar-
eas, such as rural communities that suffer from undernutrition. Furthermore, it grows
in extreme conditions, which minimizes the risk of contaminating mesophilic species
during cultivation. A study compared the impact of nutritional rehabilitation with A.
platensis verses vitamin and mineral supplementation with undernourished children
on the Gaza strip [72|. This study concluded that Arthrospira was valuable and more
effective in treating malnutrition and anemia when compared to conventional multi-

vitamin supplementation. Researchers in Kenya noted that undernutrition affects a
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substantial amount of people in Kenya, notably children and those in rural commu-
nities, and that Arthrospira can potentially alleviate these deficiencies because it can
be feasibly cultivated in the effected communities [73]|. These researchers conducted
a feasibility study that evaluated the safety of Arthrospira fusiformis harvested from
Lake Bogoria in the Kenyan Rift Valley and consulted nearby communities about the
potential of incorporating Arthrospira into their diets |73]. The study concluded that
the Arthrospira was safe to eat and have successfully collaborated with communities

concerning Arthrospira consumption.

1.4.6 Concluding remarks: nutrition

Arthrospira has the ability to alleviate micronutrient deficiencies around the
world. It provides nearly all essential nutrients, including all essential amino acids,
fatty acids, minerals, and most essential vitamins. Currently, major shortcoming
of Arthrospira as a nutritional supplement include a foul taste and lack of vitamins
B12 and D, all of which can be remedied with synthetic biology and genetic engi-
neering. Taste and smell molecules could be expressed in Arthrospira to add flavor,
or pathways responsible for the foul flavors could be down regulated. To alleviate
insufficient amounts of certain vitamins, the metabolic pathways for such compounds
can be engineered into the Arthrospira genome. As the fields of synthetic biology and
genetic engineering grow, so does the potential of Arthrospira to alleviate worldwide

nutrition deficiencies.
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1.5 Therapeutic properties

Table 6: Summary of the therapeutic properties of Arthrospira (in order of first mention.
KEY: GLA = Gamma Linoleic Acid, C-pc = C-phycocyanin, Ca-SP = Calcium Spirulan.

condition
hyerlipidemia
hypertension
hyperglycemia
diabetes type 1
diabetes type 2
obesity
rheumatoid arthritis
allergic rhinitis
nephrotoxicity
cancer
radiation damage
HIV-1
measles virus
mumps virus
pseudorabies virus
HCMV
HSV-1
HSV-2
HHV-6
influenza A virus
manic depression
alcoholism
schizophrenia
neurotoxicity
Parkinson’s

Alzheimer’s

therapeutic mechanism and/or source
GLA & C-pc [74-77|
vasodialation; C-pc & potassium [75|
high fiber & protein content |76, 78, 79|
hypoglycemic effect; antioxidants |78|
hypolipediemic & hypoglycemic effect |76, (79|
fat-burning; C-pc & chlorophyll-a [80-82]
anti-inflammatory, -oxidant, -angiogenic; C-pc [83-85]
anti-inflammatory [86|
antioxidant 87, 88|
antiangiogenic; C-pc [89-95|
antioxidant |96} 97|
inhibits replication; Ca-SP [98-101|
inhibits replication; Ca-SP [101]
inhibits replication; Ca-SP [101]
blocks adsorption [102]
blocks adsorption & inhibits replication; Ca-SP |100-102]
blocks adsorption & inhibits replication; Ca-SP |100-H102]
blocks adsorption [102]
inhibits replication; ’spirulan-like’ polysaccharides |100]
inhibits replication; (-) heat-unstable polysaccharides [103]
+ serotonin, norepinephrine & dopamine; GLA 104} 105]
GLA [104]
GLA [104]
anti-inflammatory, -ioxidant; C-pc 106, |107]
anti-inflammatory, -ioxidant; C-pc |108]
antioxidant; C-pc [109]

Arthrospira have many proven medicinal properties, rendering them a diverse

nutraceutical, or foods with specific medical and health benefits Table [6] Because

of it’s simple growth conditions, Arthrospira can be grown and consumed locally

for its medicinal properties in addition to its nutritional benefits, which benefits

rural regions that may not have access to medicines. Extracts and specific molecules

from Arthrospira show therapeutic properties for some of the world’s most prevalent
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diseases, making them of particular importance for the future of medicine. With
the growing field of genetic engineering, the production of therapeutic molecules
may be improved in Arthrospira. Utilizing Arthrospira as a nutraceutical or as a
cellular factory to produce therapeutics may provide a more sustainable method of
pharmaceutical manufacturing than standard practices because Arthrospira has a

negative carbon footprint and does not produce dangerous byproducts.

1.5.1 Reversing metabolic dysfunctions

Arthrospira provide protection against metabolic dysfunctions such as hyperlipi-
demia, hypertension, hyperglycemia, and obesity. With daily consumption, it is a hy-
polipidemic agent that reduces harmful LDL-cholesterol concentrations and fat depo-
sition in the arteries, while boosting beneficial HDL-cholesterol [74-76|. Arthrospira’s
hypocholesterolemic effects stem from the presence of 7-linoleic acid (GLA), an es-
sential fatty acid, and C-phycocyanin, a pigment with antioxidant capabilities |76,
77]. In addition to its antihyperlipedemic effect, A. mazima was shown to have anti-
hypertensive effects on humans, lowering systolic and diastolic blood pressure in an
open sample of Mexican individuals [75]. There are many hypotheses surrounding
the antihypertensive effect of Arthrospira, including vasoconstriction/vasodialation
metabolite control, the antioxidant C-phycocyanin inhibiting platelet aggregation,
and high potassium |[75]. Hyperglycemia, which is excess blood glucose, is a major
concern affecting those with diabetes mellitus |76|. Arthrospira supplementation has
been shown to significantly decrease blood glucose levels in type 1 and 2 diabetic
subjects, indicating that Arthrospira supplementation may be a beneficial factor to
glycemic control |76, |78, [79]. Furthermore, Arthrospira supplementation in type 1
diabetic mice showed increased insulin and improved liver enzyme markers [78]. One
hypothesis for the antihyperglycemic effect of Arthrospira is that its high fiber con-
tent leads to reduced glucose absorption; another theory suggests that the peptides
resulting from protein digestion act against hyperglycemia [76|. In addition to its
hantihyperglycemic effects, Arthrospira supplementation has been shown to reduce

weight in obese subjects [80-82]. In a double-blind crossover study, Arthrospira ad-
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ministered daily was shown to significantly reduce weight and appetite in people with
obesity [80, |81]. Though partly attributed to the decrease in appetite, Arthrospira
remedies obesity by reducing adipogenesis, or the formation of fat tissue, and in-
creasing thermogenesis, or the ’burning’ of fat [82]. Attributed to C-phycocyanin
and chlorophyll, Arthrospira are able to make energy-storing white adipose tissue
behave like the energy-using brown adipose tissue, in a process dubbed as ’browning’

52).

1.5.2 Anti-inflammatory activity

In addition to their therapeutic effects on metabolic dysfunctions, Arthrospira
have powerful anti-inflammatory properties, which have been shown to remedy arthri-
tis in mouse models. In multiple studies, Arthrospira was orally administered to mice
with experimentally induced arthritis (via zymosan, adjuvant, or collagen) and vari-
ous physical and biochemical arthritic symptoms were observed. In all studies, mice
treated with Arthrospira had both physical and biochemical arthritic symptoms re-
turn to normal levels [83-85]. The anti-arthritis properties of Arthrospira stem from
the powerful anti-inflammatory, antioxidant, and anti-angiogenic properties present
in Arthrospira and its extracts, namely C-phycocyanin [83-85].

The anti-inflammatory effect of phycocyanin is partly due to inhibition of
prostaglandin E2 and phospholipase A2, which promote inflammation in mammals
[110]. Furthermore, orally administered Arthrospira have been shown to decrease
serum levels of the inflammatory cytokines COX-2, TNF-q, IL-6, and IL-4; inflam-
matory cytokines are signaling molecules that promote inflammation [84, |86|. In
addition to arthritis, Arthrospira’s anti-inflammatory effects have been shown to
remedy allergic rhinitis due to the decrease of IL-4, which is a critical regulator to

immunoglobulin E-mediated allergy [86].

1.5.3 Antioxidant activity

Excess reactive oxygen species (ROS) cause damage to biological systems and

lead to a variety of ailments including metabolic dysfunctions (hyperlipidemia, hy-
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pertension, diabetes mellitus), rheumatoid arthritis, nephrotoxicity, malignancy (see
Section , radiation-induced tissue damage (see Section , and neurotox-
icity /degeneration (see Section . Arthrospira’s antioxidant components, such
as C-phycocyanins and (-carotene, are able to neutralize ROS and remedy these
ailments. For example, A. mazima extract was shown to relieve oxidative stress in
a type 1 diabetes model, reducing or delaying cytokine-mediated S-cell destruction
and enhancing cell survival |78].

Excess ROS are among the main causes of rheumatoid arthritis, along with in-
flammation and angiogenicity. In both human and animal models, rheumatoid arthri-
tis is characterized with lipid peroxidation and oxidative damage. A. platensis has
been shown to alleviate rheumatoid arthritis by neutralizing excess ROS, character-
ized by a decrease in thiobarbituric acid reactive substances (TBARS), a byproduct of
lipid peroxidation, and an increase in glutathione, a primary mammalian intracellular
antioxidant |84]. Arthrospira’s free radical scavenging properties were also shown to
protect against gentamicin-induced nephrotoxicity in rats [87] and mercury-induced
nephrotoxicity in mice; mercury induces oxidative damage by decreasing glutathione

33).

1.5.4 Anti-angiogenic and anti-cancer activity

Along with its anti-inflammatory and antioxidant effects, Arthrospira’s anti-
angiogenic properties remedy rheumatoid arthritis by reducing vascualar endothelial
growth factor (VGEF), which is highly expressed in rheumatiod arthritis [84].

In addition to rheumatoid arthritis, Arthrospira’s anti-angiogenic properties ren-
der them a powerful tumor suppressor and thus an anti-cancer agent. One study
tested A. platensis’s therapeutic abilities against dibutylnitrosamine (DBN)-induced
rat liver toxicity and carcinogenesis [89]. The study first tested A. platensis extract
on HepG2 human liver cancer cells and observed inhibition of cell proliferation and
induced apoptosis of the cancerous cells. These results were then tested in vivo
and showed rats that were fed DBN supplemented with A. platensis had a signifi-

cant decrease of liver tumor frequency (20%) compared to the DBN-only rats (80%).
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Additionally, expression levels of the tumor suppressor gene, p53, and the cell prolif-
eration marker, PCNA, were significantly reduced in the A. platensis supplemented
mice compared to the DBN-only mice. Another study evaluated A. platensis extract
against human non-small-cell lung carcinoma A549 cell line [90]. This 2018 study
revealed that A. platensis cell extract significantly reduced cancer cell viability and
proliferation. The extract inhibited the cell cycle in the G1 phase and induced apop-
tosis with no apparent cytotoxic effects. Likewise, A. mazima’s anti-carcinogenic
effect was demonstrated in mice, showing a 51.6% protection against azoxymethane-
induced aberrant colon crypts, which are biomarkers for colon cancer [91]. A. mazima
extract has additionally been proven to inhibit human gastric cancer cell line AGS
by 89.22%, human liver cancer cell line Hep3B by 85.22 %, human breast cancer
cell line MCF-7 by 73.93%, and human lung cancer cell line A549 by 76.57% [92].
Furthermore, A. fusiformis biomass has demonstrated chemopreventative activity in
humans by complete reversal of oral leukoplakia (pre oral cancer) in 45% of subjects
with no apparent cytotoxic effects [93].

The role of Arthrospira’s antioxidant activity with cancer is subject to debate.
Cancer cells have increased ROS levels, so Arthrospira’s ability to neutralize these
ROS may inhibit cancer cell proliferation [95]. On the other hand, an increase of ROS
to toxic levels within cancer cells leads to cell cycle arrest and death [95]. Therefore,
it is unclear the exact role of Arthrospira’s ROS neutralizing properties in cancer.
It is certain that Arthrospira’s anti-cancer effect can be largely attributed to the
pigment C-phycocycanin, which has individually been shown to arrest the cell cycle
and induce apoptosis in many different cancer cell lines (see Jiang et al. for references
therein |94]). As concluded by Jiang et al., C-phycocyanin has immense potential in
the treatment of cancer, but the molecular mechanism by which is kills cancer cells

must be better understood before clinical use [94].

1.5.5 Radioprotective

Radiation therapy is a widespread treatment of cancer that leads to toxic dam-

age of normal tissues. Radiation treatment for cancer patients can be improved
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with radio-protective therapies, which could protect the normal tissue from radia-
tion damage. Arthrospira has been demonstrated as a radioprotective agent due to
their antioxidant properties; oxidative stress plays a key role in tissue damage caused
by radiation |96} |97]. Significant radioprotective effects of Arthrospira against ox-
idative stress and tissue injury induced by gamma radiation have been observed in
rats [97] and mice [96]; gamma radiation is used in radiotherapy for cancer. Notably,
mice that were treated with Arthrospira supplementation prior to gamma radiation
showed increased total leukocyte (white blood cell), erythrocyte (red blood cell),
and hemoglobin counts [96]. Leukocytes are components of the immune system that
protect against infections; an increased number of leukocytes in the blood indicates

a boosted immune system that is more capable of fighting infection.

1.5.6 Anti-viral

Arthrospira have powerful antiviral and antiretroviral properties, which is partly
attributed to its ability to boost the immune system. A year long study observed the
impact of daily A. platensis supplementation on the immune system of naive human
immunodeficiency virus type 1 (HIV-1) patients in Cameroon [98|. After 6 months,
A. platensis supplementation was found to significantly decrease the viral load level
in patients and significantly increase CD4 cells, which are white blood cells that fight
viral and bacterial infections.

In addition to their immune-boosting capabilities, Arthrospira’s antiviral activity
stems from their polysaccharides, which have the ability to neutralize viruses. Hot
water extracts of Arthrospira have been reported to inhibit HIV-1, pseudorabies
virus, human cytomegalovirus (HCMV), and herpes simplex virus 1 and 2 (HSV),
measles virus, mumps virus, whereas cold water extract inhibits influenza A viral
strains |99} 101-103].

Calcium spirulan, a sulfated polysaccharide isolated from A. platensis, was char-
acterized as a specific antiviral component present in Arthrospira hot water extracts
[101]. Anti-viral activity from polysaccharide substances similar to spirulan have

also been reported against a broad spectrum of enveloped viruses, including HIV-1,
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HCMV, HSV-1, and human herpes virus 6 (HHV-6), suggesting that the presence
of these polysaccharides in the hot water extracts are responsible for the antiviral
activity |100]. One study explored the antiviral effects of both intracellular and
extracellular spirulan-like polysaccharides isolated from A. platensis and monitored
their inhibitory effect on viral replication [100]. Viral entry was not found as the
primary antiviral mechanism for HIV-1, whereas both HCMV and HSV-1 were pri-
marily inhibited during viral entry; HHV-6 is thought to have a slightly different
mode of action than HCMV and HSV-1. HCMYV also had a secondary inhibitory
effect during intracellular steps of viral replication. This study also found that hot
water extract did not have anti-viral properties against influenza.

Alternatively, a different study showed that A. platensis cold water extract in-
hibits viral plaque formation and replication for influenza A virus, whereas hot water
extract did not have anti-flu properties, which agrees with the previously discussed
study [103]|. Influenza A virus is the only known influenza strain to cause pan-
demics, and the A. platensis cold water extract inhibited influenza A strains, includ-
ing oseltamivir-resistant ones. The Arthrospira hot water extract in multiple studies
showed no anti-flu activity, and because calcium spirulan is thermo-stable, it can be
inferred that it is not responsible for the anti-viral activity against influenza A virus
[100} |103]. Thus, components present in the cold water extract that are not present
in the hot water extract have antiviral activities. This study concluded that a high
molecular weight, negatively charged, heat-susceptible, polysaccharide is responsible
for the antiviral activity in the cold water A. platensis extract [103]. The different
antiviral modes of action present in Arthrospira and its extracts suggest a broad

spectrum of future applications owed to robust antiviral mechanisms.

1.5.7 Physchological and neuroprotective activity

In addition to their bodily therapeutic properties, Arthrospira have psychologi-
cal and neuroprotective effects as well. Arthrospira are one of the few rich sources
of y-linolenic acid (GLA); GLA deficiency has been connected to alcoholism, manic

depression, and schizophrenia [104]. Therefore, consumption of Arthrospira may
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replenish GLA levels and alleviate these ailments. The antidepressant aspect of
Arthrospira was examined in vivo using carboxymethylcellulose-induced depression
in mice and rats [105]. This study conducted behavior tests that are standard to mea-
suring antidepressant activity, such as forced swim and tail suspension tests. Based
on this behavioral evidence, the study found that the rodents supplemented with
Arthrospira showed antidepressant activity via boosting serotonergic, noradrenergic,
and dopaminergic systems.

Arthrospira’s neuroprotective properties are partly attributed to their anti-oxidant
and anti-inflammatory effects [106-{109]. Using the HT-22 mouse hippocampal neu-
ronal cell line, one study observed the neuroprotective effects of A. maxima extract
against trimethyltin-induced neurotixicity [106]. This study observed that in addi-
tion to inhibiting ROS production, A. mazxima extract elevated the levels of pPCREB
and BDNF, which are both well-studied neuroprotective proteins. A second study
observed the neuroprotective properties of A. platensis against kainic acid-induced
hippocampal damage; kainic acid is known to cause damage specifically to the CA3
hippocampal region [107]. This study administered A. platensis to mice for 24 days
and a single dose of kainic acid on day 14. The study found that although A. platen-
sis did not protect against seizures, it protected against neuronal death in CA3 hip-
pocampal cells. Kainic acid-induced neuronal cell death is related to both oxidative
stress and inflammation, including microglial activation, both of which Arthrospira
provide protection against [107]. Microglia cells mediate immune responses in the
central nervous system and their activation is thought to be associated with the
development of neurodegenerative diseases such as Parkinson’s disease [108|. One
study observed the effects of Arthrospira on the inflammatory response in rats with
a-synuclein induced Parkinson’s disease [108|. The study found that rats fed with
Arthrospira decreased the number of activated microglial cells, likely via increasing
the expression of a fractalkine receptor, CX3CR1, on microglia. This study pro-
vides a hypothetical mechanism explaining the neuroprotective effects of Arthrospira
against Parkinson’s disease.

In addition to protecting against Parkinson’s disease, Arthrospira have been
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shown to protect against memory dysfunction, such as Alzheimer’s disease. One
such study administered A. platensis water extract to senescence-accelerated prone-8
mice, which are widely used in aging research due to their accelerated aging pheno-
type [109]. The mice that were fed A. platensis showed improved memory function
attributed to significantly reduced amyloid S-protein deposition in the brain as well
as significantly reduced oxidative damage. Amyloid S-protein is a key factor to the
to the pathogenesis of Alzheimer’s disease; the proteins make up the plaques found
in the brains of Alzheimer’s patients. The oxidative damage was reduced via lower-
ing the level of lipid peroxidation (free radical induced lipid damage) and increasing
catalase activity, an antioxidant. Increased lipid peroxidation and decreased endoge-
nous enzymes are thought to contribute to the development of Alzheimer’s disease.
This study demonstrated the mechanisms by which A. platensis protects against

Alzheimer’s disease |109].

1.5.8 Concluding remarks: therapeutics

Arthrospira possess an immense therapeutic potential. Consumption of it’s biomass
or extract provides protection and therapy to some of the worlds most plaguing
ailments including metabolic dysfunctions, arthritis, cancer, viral and retroviral in-
fections, and neurological disorders. Many of Arthrospira’s therapeutic properties
can be attributed to its powerful anti-inflammatory, antioxidant, and anti-angiogenic
properties. The therapeutic potential of Arthrospira may be vastly improved with the
recent tools of synthetic biology and genetic engineering, for example, the therapeutic
molecules already present in Arthrospira could be upregulated or further engineered
for improved efficacy, or metabolic pathways for completely new molecules may be
added into the Arthrospira genome. Using Arthrospira as a tool for therapeutic pro-
duction provides a sustainable and accessible method of pharmaceutical synthesis.
Cultivation produces a negative carbon footprint and, because of its ease of growth,
it can be grown in far reaches of the world and used therapeutically, aiding those
that may not have reliable access to such pharmaceuticals. As the field of genetic

engineering grows, so does the biopharmaceutical potential of Arthrospira.
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1.6 Genetics
1.6.1 Genome

To date, eight Arthrospira genomes have been assembled: Arthrospira sp. PCC
8005, A. platensis NIES-39, A. maxima CS-328, A. platensis C1, A. platensis Paraca
PO, A. platensis Y7, Arthrospira sp. TJSD091, and Arthrospira sp. TJSD092; the
TJSD092 genome was not published in a journal at the time of this paper, but it is
published via NCBI by Dong et al. under the NCBI accession NZ CP028914 [111/-
117]. A ninth genome assembly for A. platensis 09.13F is in progress under the
NCBI accession number NZ PKGDO00000000. A table of sequencing statistics and

methods for each genome is summarized in Table [7]

Table 7: Summary of genome statistics for different strains of Arthrospira [1114117].

strain size (bp) | sequencing technology
A. sp. 8005 6,279,260 454; Sanger
A. platensis NIES-39 | 6,788,435 ABI 3730
A. mazima CS-328 6,000,000 n/a
A. platensis C1 6,089,210 Sanger; 454
A. platensis Paraca PO | 6,501,886 Illumina HiSeq
A. platensis YZ 6,520,772 | ABI3730; Illumina GAIIx
A. sp. TIJSD091 6,311,308 [Mumina HiSeq
A. sp. TISD092 6,434,389 Illumina HiSeq; Pacbio

Arthrospira’s genome is organized into a single circular chromosome with no plas-
mid DNA; its size ranges from 6.0 Mbp to 6.78 Mbp. The total genes range from
5885 - 6646, with 807 - 935 being identified as pseudo-genes and 5032 - 5856 as
protein-coding genes. The Arthrospira genome is highly repetitive, with one study
reporting more than 300kb as tandem sequences and another study reporting 9% of
the genome as highly interspersed repetitive sequences |111} |114]. Included in these
repetitive sequences are an average 3-8 clustered regulatory interspaced short palin-
dromic repeat (CRISPR) arrays, which act as defense mechanisms [111} [112, 117].

Furthermore, the genome is rich with other genes involved with defense mechanisms,
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such as group II introns, phage-like sequence defenses, insertion sequences, and other
repetitive elements. These defense elements in conjunction with the CRISPR arrays
make up 612kb of the genome and are considered the major barrier to a stable

transformation method for Arthrospira [111,|112}|114].

1.6.2 Genetic manipulation

Random mutagenesis Arthrospira’s abundant defense mechanisms have slowed
the development of a stable transformation system for targeted genetic alterations.
There has been successful non-specific genetic manipulations by way of random mu-
tagenesis, and only until recently has a stable transformation system for targeted
genetic edits been reported. Modifying Arthrospira opens the possibility of improv-
ing the strain for many biotechnological applications. Such improvements can be
increasing the growth rate, broadening the growth conditions, or improving produc-
tion or consumption of certain molecules.

Random mutagenesis is a tool widely used to generate mutants of an organism;
it is not considered a form of targeted genetic modification. As previously discussed
in Section [I.3] the growth rate and carbohydrate or lipid content of Arthrospira
must be increased for it to be a viable source for biofuels. Fang et al. success-
fully used atmospheric and room temperature plasma (ARTP), a powerful physical
mutagenesis tool, to generate A. platensis mutants with high carbohydrate content
and high growth rate [41]. Guan et al. used ethyl methanesulfonate mutagenesis
and low temperature screening to identify Arthrospira mutants that grow in lower
temperature and light intensity |118]. Mutants that are both temperature and light
tolerant could expand the regions suitable for cultivation, lengthen the cultivation
season, and decrease production costs |118]. Furthermore, one of these mutants was
screened for phytonutrient content and showed a significant increase in chlorophyll-
a, carotenoids, C-phycocyanin, allophycocyanin, and phycobiliproteins, all of which

have strong pharmaceutical benefits (see Section [1.5)).

Transformation Transformations incorporate exogenous DNA to genetically alter

a cell; this DNA induces a specific function within the transformed cell via the pro-
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duction of recombinant proteins. Arthrospira are considered a promising organism
for recombinant protein expression due to their high protein content and abundant
amino acids, lipids, vitamin, and minerals [15]. There have been few reports of
successful transformations within Arthrospira because of its abundant defense mech-
anisms, including cytoplasmic nucleases that cleave foreign DNA [15, [119H121]. The
first report of an Arthrospira transformation was by Toyomizu et al. in 2001 where
electroporation was used to transform a chloromphenicol resistance gene into A.
platensis [119]. The transformants from this procedure did confer chloromphenicol
resistance due to recombinant chloramphenicol acetyltransferase, but the resistance
could not be maintained and thus the transformation was unstable.

A few years later, Kawata et al. modified this electroporation transformation
system by implementing a Tnb transposon, transposase, and cation liposome com-
plex to transform A. platensis [120]. This procedure used a methylated chloram-
phenicol acetyltransferase gene to protect against restriction enzymes and reported
chloromphenicol resistance up to 12 months after the transformation, but only with
a low concentration of antibiotic. Because of the polyploidy nature of cyanobac-
teria, it is hypothesized that the chloramphenicol acetyltransferase gene was only
integrated into one genomic copy. This partial integration is common with poly-
ploidic cyanobacteria and is overcome by continuing selection pressure; after several
generations the integrated element spreads to other copies of the genome [122]. If
selection pressure is removed from partially transformed clones, the cells will expel
the recombinant gene and return to wild-type. This selection was attempted in this
study, but the researchers were unable to isolate a fully resistant A. platensis clone,
and thus the transformation was unstable.

Jeamton et al. implemented a type I restriction inhibitor with the Tnb transposon
and cationic liposome electroporation technique, but showed similar results to the
2004 Kawata et al. paper |120, 121]. This study reported antibiotic resistance over
multiple generations, albeit at a low concentration, indicating a low expression of the
resistance gene; the recombinant fluorescence protein caused no visible fluorescence,

presumably due to low expression as well. The study hypothesized that the low
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expression was caused by either competition with an endogenous gene under the
same promoter or the polyploidy nature of cyanobacteria.

Dehgani et al. integration of the foreign genes into the host genome, which may
affect essential wild-type genes and host viability |15]. They conducted their own
2018 study, which used an Agrobacterium-based system to transfer foreign genes into
the genome of A. platensis, and reported the first truly successful transformation
of Arthrospira |15]. Agrobacterium tumefaciens (A. tumefaciens) is a gram-negative
bacterium that has been used for the stable transformation of various cell types,
including plant, fungi, microalgae, and human cells |15]. It contains protective genes
against host endonucleases and can transfer its DNA into plant cells and cause tumor
formation. The use of a Agrobacterium-based plasmid in this study allows A. tume-
faciens to integrate the genes into the A. platensis nuclear genome, achieving stable
transformants just 14 days after the initial transformation. Three months after trans-
formation, this study reported a high expression of recombinant fluorescent protein
and resistance to high antibiotic concentrations, indicating that the transformants

are stable |15].

1.6.3 Concluding remarks: genetics

With the recent success of a stable transformation system, the biotechnological
applications of Arthrospira can be optimized. Arthrospira has been considered one
of the most promising hosts for the advancement of biotechnology and by use of
genetic engineering and synthetic biology its full potential, which has been discussed

for decades, can finally become a reality.

1.7 Future prospects

Arthrospira are among the most promising organisms for a sustainable and tech-
nologically advanced future. They harness CO4 and sunlight to clean up waste, act a
feedstock for biofuel, are the most nutrient dense organism in the world, and provide
plentiful applications to medicine. These aspects of Arthrospira have been recog-

nized by multiple space agencies, such as the United State’s National Aeronautics
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and Space Administration (NASA) and the European Space Agency (ESA). On long
distance space missions, Arthrospira can be used to clean waste, as a food source, as
a therapeutic, and to produce oxygen. In the ESA’s closed-loop artificial ecosystem,
The Micro-Ecological Life Support System Alternative (MELiSSA), A. platensis is
being used as a water and air-cleaning, oxygen-producing, food supplement [123].
Back on Earth, Arthrospira can provide a sustainable alternative to current COs-
producing, chemical-using, or expensive technologies used in today’s world.

With the recent discovery of a stable transformation system for Arthrospira, its
biotechnological applications can be vastly improved. With genetic engineering and
synthetic biology, researchers can re-engineer the Arthrospira genome and improve
upon its metabolic pathways or add entirely new ones. Its ability to clean and grow
in wastewater can be improved; its carbohydrate or lipid content can be increased to
improve its use as a biofuel feedstock; its vitamin content can be improved by upreg-
ulating or adding vitamin metabolic pathways; its therapeutic components, such as
C-phycocyanin or GLA, can be upregulated to improve content within Arthrospira.
Arthrospira can be used as a solar powered factory for the synthesis of entirely new
molecules, the metabolic pathways of which can be engineered into the genome.
By focusing on an edible cyanobacteria, these products can be produced in a food-
safe, easy-to-grow photosynthetic culture. Cyanobacteria have immense manufac-
turing potential because as cellular “factories” they are inexpensive, environmentally
friendly, and have simple growth conditions that enable people to grow their own

supplies, whether on Earth or in space.
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2 Induction of an axenic culture of Arthrospira platensis
and whole-genome sequencing using Oxford Nanopore

and Illumina MiSeq

2.1 Introduction

Arthrospira is a genus of cyanobacteria, which are photosynthetic prokaryotes
thought to be Earth’s first oxygen producers [1]. Arthrospira are filamentous and
form multicellular cylindrical trichomes |2].

Arthrospira are alkaliphiles and halophiles, making them resistant to contam-
ination [7]. Furthermore, their cultivation is simple, inexpensive, and fixes COq
[7]. These aspects make Arthrospira attractive for use in many biotechnological and
agricultural applications, including wastewater treatment, biofuels, medicine, and
nutritional supplementation.

Consumption of Arthrospira dates back to ancient civilizations like the Aztecs
[5]. Presently, Arthrospira are a globally consumed nutritional supplement and are
considered some of the most nutrient dense organisms in the world [6]. Arthrospira
are commonly referred to as Spirulina, though these are actually two separate genera
[124]. Commercially, the term Spirulina refers to the Food and Drug Administration
(FDA) approved Arthrospira; the most commonly consumed strains are A. platensis
and A. mazima [4].

The biotechnological applications of Arthrospira can be expanded through genetic
engineering, a feat only made possible through the recent advances in the stability
of their genetic transformation [15]. Genetic engineering requires a contaminant-free
(axenic) cell culture, as well as a known (sequenced) genome. Previously, finding an
axenic Arthrospira strain with a sequenced genome to purchase proved challenging.
Furthermore, isolating Arthrospira from xenic cultures is difficult because contami-
nants, such as Microcystis Aeruginosa, attach to the Arthrospira trichomes.

Previous assemblies report the A. platensis genome as being highly repetitive,
but all previous published genomes have been assembled using short-read technology,

such as Illumina, Roche 454, Sanger, and ABI3730. This brings into question the
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assembly accuracy with these repetitive regions [1114117]. One Arthrospira genome
has been sequenced using PacBio long read technology in conjunction with Illumina,
but there is no publication available detailing this genome assembly (Arthrospira sp.
TJSD092 NCBI Reference Sequence: NZ_ CP028914.1).

Arthrospira platensis UTEX 2340 is an unsequenced, xenic strain available from
the University of Texas Culture Collection of Algae. To increase accessibility to
Arthrospira genetic engineering research, I developed a novel, simple axenicity pro-
tocol, and sequenced the genome of A. platensis UTEX 2340 using Oxford Nanopore
MinION and lumina MiSeq. Herein is the first Arthrospira genome sequenced using
the Oxford Nanopore MinlON long read technology, the first publication detailing
the long read assembly of an Arthrospira genome, and the first report of a sequenced

Arthrospira bacteriophage.

2.2 DMaterials and methods
2.2.1 Bacterial strain and culture conditions

A xenic culture of A. platensis UTEX 2340 was purchased from the University of
Texas Culture Collection of Algae (UTEX). The cells were grown in modified SAG
medium ranging from 1X to 3X concentrations shaking at 150 rpm in 30°C with 12
hour 80 pmol photons per m?s light cycles using a 90 CRI light source with a color

temperature of 3000 Kelvin.

2.2.2 Induction of an axenic A. platensis culture

Physical treatments To separate contaminants coagulated with A. platensis, 150
mL of cell culture (OD750: 2) grown in 1X SAG media was vortexed for 15 seconds
followed by 15 seconds on ice for 3 minutes. The culture was filtered using a 20
um filter and washed with sterile SAG media to remove any contaminating species
smaller than 20 um. Cells that remained on the filter after the filtration process
were suspended in 1 mL of sterile SAG and vortexed for 15 seconds. These cells were
centrifuged for 10 minutes at 10000 rcf to separate contaminated A. platensis and

pure A. platensis into two phases. A. platensis cells coagulated with other bacteria
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to form a pellet at the bottom of the tube, while the free-floating A. platensis formed
a layer on the air-liquid interface. The surface layer of A. platensis was collected,
resuspended in sterile SAG, and centrifuged at 10000 rcf a second time. The final
surface layer was examined with an optical microscope to assess contaminants, and
used to inoculate A. platensis cultures treated with antibiotics and high pH, from
which DNA was extracted and sequenced. 1 call this A. platensis cell separation

technique Surface Activated Layer Extraction Method (SALEM).

Optimized technique for collecting floating cells A. platensis cultures were
inoculated (OD750:0.2) in 1X, 2X, and 3X SAG medium. Each cultures’ growth was
measured in 24 hour intervals via ODz59. Once the cells reached the log phase of
growth, the cultures were allowed to settle overnight. The floating cells were collected
from the liquid surface, briefly vortexed, and twice centrifuged at 10000 xg for 10
minutes and suspended in sterile SAG. The samples were examined microscopically

to assess contamination, and used for a second DNA extraction.

Gas vesicle collapse pressure A. platensis gas vesicle collapse was investigated
at various pressures. A culture of A. platensis settled overnight and cells were col-
lected from the surface of the culture. The cells were centrifuged for 10 minutes at
either 0 xg, 2,000 xg, 4,000 xg, 8000 xg, or 16,000 xg. Both the pellet and surface

cells from each sample were microscopically examined.

Antibiotic and pH treatment Sterile SAG media was supplemented with 65
pug/mL Ampicillin, 77ug/mL Cefoxitin, and 100ug/mL Meropenem. The pH of the
media was adjusted to 12.15 using 6 M HCl and 5 N NaOH. The media was re-
sterilized by filtering with a 0.22 pm filter. SALEM 1 separated A. platensis cells
were inoculated into this media and incubated in the dark for 4 days at 150 rpm and
30 °C.

After 4 days, the cells were filtered through a 1um filter, gathered from the filter,
and suspended in 1 mL sterile SAG. The cells were centrifuged and the top layer

collected. A small portion of these cells were inoculated in sterile SAG adjusted to
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a pH of 11.8 with HCI and NaOH. The remainder of the cells were used for DNA

extraction.

2.2.3 DNA extraction and sequencing

DNA extraction DNA was extracted from A. platensis using a protocol adapted
from Morin et al. [125]. Cells were resuspended in 0.5 mL of sterile extraction
buffer (0.15 M NaCl, 0.1 M EDTA, pH 8.0). The cells were subject to 3 freeze-thaw
cycles using dry ice and a 37°C bath to damage the cells walls and increase the
efficiency of cell lysis. The cells were then centrifuged, collected from the surface,
and resuspended in CTAB buffer (75mM Tris-HCI, 2% CTAB, 1.4 M NaCl, 1 mM
EDTA, HyO, pH 8). These cells were enzymatically lysed with 50 mg of lysozyme at
37 °C for 30 minutes. The lysed cells were then incubated at 37 °C for 1 hour with
2% SDS, 5 mg/mL proteinase K, and 100 ug/mL Rnase A. Following this incubation,
the lysed cells were mixed by slow inversion and incubated at 65 °C for 10 minutes
to optimize the formation of CTAB -protein and -polysaccharide complexes. The
sample was incubated with 1 volume of chloroform:isoamyl alcohol on ice for 30
minutes. The sample was centrifuged for 10 minutes at 3500 xg and the aqueous
phase was transferred to a fresh tube using a wide-bore pipette tip. 1 volume of
phenol:chloroform:isoamyl alcohol (25:24:1) was added, mixed with gentle inversion,
centrifuged for 3 minutes at 3500 xg, and the aqueous phase transferred to a fresh
tube. This phenol:chloroform:isoamyl wash was repeated until the interphase was
cleared. The aqueous phase was gently mixed with 1 volume of chloroform:isoamyl
alcohol, centrifuged for 3 minutes at 3500 xg, and transferred to a fresh tube. This
chloroform:isoamyl alcohol wash was repeated 4 more times. The final aqueous phase
was gently mixed with 1/10 volume 3M sodium acetate and 2.5 volumes of 100%
ethanol to precipitate DNA. The sample was incubated at -20 °C overnight, then
centrifuged at 3500 xg for 1 hour at 4 °C to pellet the DNA. The supernatant was
removed and the DNA was washed twice with 70% ethanol and mixed with inversion.
Following the last wash, the supernatant was removed and the DNA pellets were

allowed to dry. The DNA was then incubated in 1X TE at 37 °C until dissolved.
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The DNA purity was assessed with a Nanodrop UV /VIS spectrophotometer. The
DNA length was observed on a 0.5% agarose gel alongside an NEB 1 kb extended
ladder. The DNA from SALEM 2 was selected for high molecular weight DNA via

gel extraction.

DNA sequencing The extracted DNA was sequenced using an Illumina MiSeq
and an Oxford Nanopore MinlON. The MiSeq library was prepared and sequenced
at the University of California Davis DNA Technologies & Expression Analysis Cores.
The MinION library was prepared according to the Nanopore 1D Genomic DNA by
Ligation (SQK-LSK109) protocol.

Genome assembly 1 The MinlON reads were basecalled using Albacore [126].
The basecalled MinION reads were filtered to include fragments 15 kb and above and
the reads were assembled using Canu [127]. This genome assembly was polished with
signal-level data using Nanopolish [128|. Pilon was used to align the high-accuracy
Illumina data to the Nanopolished genome and clean up short inserts, deletions, and
SNPs [129]. RAST v 2.0 was used to annotate the genome [130] and SPAdes was

used to identify potential plasmid DNA using the Illumina data [131].

Genome assembly 2 The MinlON reads were basecalled using Guppy v 2.3.5.
The basecalled MinlON reads were filtered to include fragments 35 kb and above and
the reads were assembled using Shasta [132]. This genome assembly was polished
using MarginPolish [133], and polished with the Illumina data using Pilon. RAST
was used annotate the genome. CRISPRfinder was used to identify CRISPR clusters
[134]. PhyML with 1000 bootstrap steps was used to build a maximum-likelihood
phylogenetic tree using the genes phycocyaninB & A [135]. The phylogenetic tree

was visualized with Seaview4 [136].

Axenicity verification Cultures that went through the full axenicity protocol
were visually examined for contaminants using microscopy. RNAmmer 1.2 was used
to predict ribosomal RNA in the sequenced reads |137]. NCBI BLAST was used to

identify what organisms the ribosomal RNA belongs to.
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2.3 Results
2.3.1 Axenicity protocol

SALEM 1 A. platensis purification via centrifugation acts as an enrichment step
by separating A. platensis UTEX 2340 from a large portion of contaminating mi-
crobes, such as M. aeruginosa. Figure BJA shows the phase separation that occurs
after centrifuging a mixed A. platensis UTEX 2340 culture, where contaminating mi-
crobes pellet and A. platensis UTEX 2340 forms a layer on the air-liquid interface.
Figure 3B shows the first pellet of A. platensis UTEX 2340 cells entangled with M.
aeruginosa (brown). Figure shows the pellet after a second round of centrifuga-
tion entangled with less M. aeruginosa cells. Figure BD shows cells collected from
the air-liquid interface that are primarily A. platensis UTEX 2340. SALEM enriches
the A. platensis UTEX 2340 purification by removing contaminating organisms with

each centrifugation step.

Figure 3: Images of a crude culture of A. platensis at various stages of SALEM. A) The
phase separation of cells in a microcentrifuge tube. B) The pellet of cells after one round of
centrifugation. C) The pellet of cells after two round of centrifugation. D) Cells from the
liquid-air interface after two rounds of centrifugation.

SALEM 2 The cells on which SALEM was first performed had been from a mother
culture that had been incubating for approximately 6 months with media replenished
periodically. Therefore, we sought to expedite this method and induce SALEM in a
more controlled manner. We hypothesized that the flotation in A. platensis UTEX
2340 was caused by gas vesicles. A previous study reported that A. platensis cells
showed flotation in log phase of growth due to an optimal protein-to-carbon ratio

. Carbohydrate accumulation in the form of glycogen increases the cell density

38



and thus decreases the buoyancy [138]. When there is a higher protein content in the
cells, the gas vesicles outcompete the carbohydrates and the cells remain buoyant.

Furthermore, it was reported that the addition of cations to a cell culture increases
its buoyancy, either by increasing the media density or by reducing the negative
charge on the outside of the cells that prevents aggregation |17].

To test these hypotheses, A. platensis UTEX 2340 cells were grown in various
concentrations of SAG media and their growth was monitored. Once the cells reached
log phase, they were settled at static condition overnight. The growth curves of each
A. platensis UTEX 2340 culture in their respective culture medium are shown in
Figure[d The 1X culture grew most efficiently. The 1X, 2X, and 3X cultures showed
floating cells on day 3, 4, and 5, respectively, and retained flotation for at least 5 days
after. The constant increased concentration of salts in the media did not improve

the buoyancy of A. platensis UTEX 2340.

OD750

0.0

Figure 4: Growth curves of A. platensis UTEX 2340 in various concentrations of
SAG media. Experiment was performed in triplicate.

Cells were collected from the surface of the culture and SALEM was performed.
Figure [ shows microscopy images of the A. platensis UTEX 2340 culture at various
stages of this second SALEM. Figure shows the cells collected from the surface
without any treatment, it is primarily A. platensis UTEX 2340 with small bacteria.

Figure shows a pellet of primarily bacteria and some A. platensis UTEX 2340
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and M. aeruginosa after one round of centrifugation. Figure BIC shows surface A.
platensis UTEX 2340 after this round of centrifugation, with a much lower level of

contaminating organisms.

.&\Nu\‘\\a

SANN
Figure 5: Images of cells at various stages of optimized SALEM 2. A) A. platensis float-
ing cells and contaminating bacteria prior to centrifugation. B) Pellet following 10,000 xg

centrifugation that contains,A. platensis, M. aeruginosa, and other small bacteria. C) A.
platensis culture after SALEM.

Gas vesicle pressure collapse Under pressure, gas vesicles collapse and cells
lose buoyancy . I hypothesized that the A. platensis UTEX 2340 cells that
remained buoyant after centrifugation would have intact gas vesicles, and that the
cells collecting on the bottom would have deflated gas vesicles. Under phase contrast
microscopy, gas vesicles appear as bright, irregular shapes within the A. platensis
trichomes . When gas vesicles collapse, they lose this bright appearance and the
trichomes appear darker and more hallow [139].

A. platensis UTEX 2340 cells that were buoyant in stagnant conditions were
subjected to various pressures via centrifugation to observe any changes in their gas
vesicles. Bright gas vesicles are clearly seen in Figure [A - D, which are buoyant
cells collected after centrifuging at 2000 xg, 4000 xg, 8000 xg, and 16000 xg, respec-
tively. Figure [(E - H shows the pelleted cells after their respective centrifugation
pressure. With increased pressure, the A. platensis trichomes appear to darken,
which is indicative of gas vesicle collapse.

Some of the contaminating organisms in these cultures also have gas vesicles, such

as M. aeruginosa [140], yet they pellet from centrifugation. I hypothesize that these
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organisms’ gas vesicles have a lower pressure threshold for collapse. Alternatively,
A. platensis UTEX 2340 is the most abundant species, so it is more likely to have a

subpopulation of cells with hardier gas vesicles.

Figure 6: A-D) Floating A. platensis UTEX 2340 cells after centrifugation at A) 2000 xg,
B) 4000 xg, C) 8000 xg, D) 16000 xg. E-H) Pelleted A. platensis UTEX 2340 cells after
centrifugation at E) 2000 xg, F) 4000 xg, G) 8000 xg, H) 16000 xg.

pH and antibiotic treatments The xenic A. platensis UTEX 2340 culture was
subject to pH and antibiotic treatments following vortexing, filtering, and conducting
SALEM. Based on a previous report, high pH was used to eliminate M. aeruginosa
. Figure EIA is a 1000x phase contrast microscopy image that shows a trichome
of A. platensis surrounded by a colony of M. aeruginosa. Figure [7B shows lysed M.
aeruginosa surrounding A. platensis UTEX 2340 after incubating at pH 12.15 for 4
days.

The antibiotic mix most effective at eliminating contaminants while keeping A.
platensis UTEX 2340 alive was 65 pug/mL Ampicillin, 77 pg/mL Cefoxitin, and 100
ug/mL Meropenem. The antibiotic treatment was concurrent with the pH treatment.
These antibiotics were used based on previous reports . Figure Ep shows
dark field microscopy (400x) of an axenic A. platensis UTEX 2340 culture following

the entire axenicity protocol: vortex, filter, SALEM, pH and antibiotic treatment.
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Figure 7: Images of cells at various stages of the pH and antibiotic treatments. A) A.
platensis UTEX 2340 prior to any pH treatment, surrounded by M. aeruginosa. B) A.
platensis UTEX 2340 and M. aeruginosa after pH treatment. C) A. platensis UTEX 2340
culture after SALEM, pH, and antibiotic treatment.

Axenicity The axenicity of this culture was verified by identifying ribosomal RNA
sequences within the Illumina sequencing data. Only ribosomal RNA from A. platen-
sts was detected, indicating that the axenicity protocol was successful in eliminating
contaminating organisms. This protocol takes just 7 days, a significant improvement
over previous published Arthrospira axenicity methods. Shiraishi et al. produced an
axenic A. platensis culture by performing a series of serial dilutions with individually-
selected trichomes of A. platensis UTEX 1926, which were inspected for axenicity
and then propagated for one month to populate an axenic culture . Sena et al.
produced an axenic A. platensis Lefevre 1963/M-132-1 strain by filtering 20 mL of
contaminated culture, which were then subjected to a 72-hour, high pH treatment
followed by a 48-hour antibiotic treatment. This culture was then propagated for 2
weeks to generate enough cells for serial dilutions. In total, this method took up-
wards of 3 weeks . One method described by Choi et al. reported axenicity
of A. platensis SAG 21.99 in 3 days using a washing step and an antibiotic treat-
ment, but this method was verified only via microscopy and agar plating, which are
not as reliable as molecular-level assays, such as 16s and 23s rRNA identification
that was performed herein . Furthermore, the A. platensis SAG 21.99 starting
culture did not contain Microcystis and comprised an assortment of actinobacteria,
~-proteobacteria, and Firmicutes. The axenicity method presented herein addresses
Mucrocystis contamination, among other bacteria, and achieves axenicity in just one

week, which has been verified on the molecular level.
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2.3.2 Sequencing

Classification and features A maximum-likelihood phylogenetic tree was con-
structed using the phycocyanin operon, which shows that the sequenced genome is

Arthrospira platensis and its closest neighbors are A. platensis PCC 8005, TJSD092,
CHM, and Arthrospira mazima |111} |113].

0.02
Planktothrix-agardhii

A-platensis-YZ

19
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Figure 8: Bootstrapped phylogenetic tree of A. platensis UTEX 2340, constructed using
Phyml with 1000 bootstrap steps, and visualized using Seaview4. The numbers on the
branches represent the number of bootstrap steps that support this configuration, with 1000
being perfect.
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Classification and general features of Arthrospira platensis.
Property Term Reference
Current Classification Domain

Bacteria [144]

Phylum

Cyanobacteria [145]

Class

Cyanophyceae [146]

Order

Oscillatoriales [144]

Family

Oscillatoriaceae [144]

Genus

Arthrospira [145]

Species

platensis UTEX 2340
Cell Shape Spiral NAS
Sporulation None NAS
Motility none IDA
Temperature Range 20-40°C [147]
Optimum temperature 30-45°C [147]
pH 8.0-10.0 |147]
Carbon Source Phototroph, Mixotroph | |147]
Energy Source Phototroph [147]
Relationship to oxygen Aerobic [147]
Pathogenicity None NAS
Origin Natron Lake, Tanzania | |146|
Habitat saltwater [148]
Latitude 2.3436 S NAS
Longitude 36.0458 E NAS
Altitude 610 m [149]
Obtained From University of Texas, | [146]

Strain UTEX 2340

Table 8: Classification and general features of A. platensis UTEX 2340 according to
the MIGS recommendations [150]. Evidence codes - IDA: Inferred from Direct Assay
(first time in publication); TAS: Traceable Author Statement; NAS: Non-traceable
Author Statement. These evidence codes are from the Gene Ontology Project [151].

DNA extraction Figure [9]shows 0.5 pg of high molecular weight extracted DNA
on a 0.5% agarose gel alongside an NEB 1 kb extended ladder. The DNA extraction
yielded DNA with a 260/280 ratio of 1.92 and a 260/230 of 2.43.
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Figure 9: 0.5 pg of DNA extracted from an axenic culture of A. platensis UTEX 2340
visualized on a 0.5% gel alongside an NEB 1 kb extend ladder.

Axenic genome assembly The first genome assembly used the SALEM 1 DNA
extraction that underwent the entire axenicity protocol. This data was sequenced
using both Illumina Miseq and Oxford Nanopore MinION. Figure [I0] shows the dif-
ferent possible orientations that the Illumina data can be scaffolded; this genome
path has a multitude of potential genome paths and is a result of using short-read

data alone to assemble a genome.

Figure 10: Genome path of an axenic culture of A. platensis UTEX 2340 generated with
only the Illumina short-read data. Genome path generated with Bandage [152].

Instead, the long-read Nanopore data was used to assemble the genome first.
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Because the MinION only has 94% accuracy for 1D sequencing , this assembly
was polished with the Illumina data, which has over 99% accuracy. Nanopore reads
greater than 15 kb were assembled with 56X coverage into 5 contigs with an N50 of
3.29 Mb. These contigs were scaffolded into a 6.465 Mb genome and polished with
the Hlumina data. The structure of this genome is ambiguous. Figure [11]shows this
genome path with the colored contigs linked together in different possible orientations
that complete the circular chromosome. Assembling the genome with long read data

first was a significant improvement over a stand-alone Illumina-based assembly.

30620088 bp

Figure 11: Genome path of an axenic culture of A. platensis UTEX 2340 showing a 6.465
Mb genome with an ambiguous circular structure. Genome path generated with Bandage
[152].

Putative viral genome The Illumina data sourced from the axenic DNA extrac-
tion was used to predict plasmids using SPAdes. Origin of replications in the potential
plasmids were located by visualizing GC skew using Artemis , and identifying
DnaA binding boxes. With this approach, one predicted plasmid of 11,305 bp (40.4%
GC) was isolated (Figure . This element appears to be a bacteriophage genome,
and possibly a cyanophage, which specifically infect cyanobacteria . This circu-
lar construct encodes a Sp6 promoter, 3 tRNAs, an IS630 family transposase, a HNH
endonuclease, a tail-fiber domain containing protein, and four hypothetical proteins,
two of which have protein K and L fragments, respectively. These are all known

characteristics of a viral genome.
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Figure 12: Putative viral genome. GC skew is shown in purple and green. DnaA binding
boxes are labeled as A-box. The ori is predicted to be location at position 0, where there is

visible GC skew and two DnaA boxes. This construct has components that suggest it is a
viral genome.

I determined that the phage was integrated into the A. platensis UTEX 2340
genome via a reference-based alignment, and that the phage genome is larger than
the 11,305 bp circular construct, indicated by an upstream cluster of hypothetical
proteins and a DNA polymerase, shown in pink in Figure The phage genome
is roughly 25 kb when the hypothetical protein cluster and DNA polymerase are
included. Most encoded genes in bacteriophage genomes are unrelated to known
proteins and have unknown functions . A BLAST search on Virus Pathogen
Resource (ViPR) showed no significant similarity to already sequenced viral genomes,
which expected because bacteriophage genomes are incredibly diverse and rarely have

extensive nucleotide sequence similarity to other entries [156).

There have been two reports of Arthrospira phages: one in A. platensis and
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another in A. fusiformis . The A. platensis cyanophage was determined
to be a narrow, host specific virus. The A. fusiformis cyanophage study observed
infected biomass and its associated affect on flamingos [157]. It is worth noting
that the A. fusiformis was isolated from an African Soda Lake, a similar habitat
to that of A. platensis UTEX 2340. According to the KEGG Virus-Host Database,
only 20 cyanophage genomes have been sequenced, and an Arthrospira phage is
not among them; presented herein is the first sequenced Arthrospira bacteriophage
genome. A BLASTx search of the Phage Tail Fiber Protein downstream of the
Sp6 promoter showed that this viral protein is conserved across multiple Arthrospira
genomes Figure[I3] Because Arthrospira is a widely-distributed commercial product,
it is crucial to identify and characterize potential sources of disease that may be
detrimental to crop health. Further studies must be conducted to characterize this
phage.
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Figure 13: Viral genome integrated into the A. platensis genome.

Genome assembly 2 We performed a second sequencing run using high molecular
weight selected DNA to obtain reads that elucidate the regions of ambiguity in the
first genome assembly. This DNA was only purified via two rounds of SALEM
centrifugation and sequenced on an Oxford Nanopore MinION and Illumina MiSeq.
The genome was assembled using fragments 35 kb and above from the Nanopore
data, and polished with the high accuracy Illumina data. Table [0] contains relevant
project information. This assembly produced a 6.44 Mb circular genome in a single
contig (44.9% GC). The genome statistics can are summarized in Table and
Table [I0] A genome path is shown in Figure [I4]

A. platensis UTEX 2340 is a non-nitrogen fixing cyanobacterium. The genome
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contains type I, I, and III restriction modification systems and abundant CRISPRs,
which are some of the main defense mechanisms that inhibit the stable transformation

of arthrospira |114]. A. platensis UTEX 2340 possesses no motility genes, unlike A.
platensis NIES-39 [112].

Figure 14: Genome path of the second genome assembly, producing one 6.44 Mb circular
contig. Genome path generated with Bandage [152].

Project Information

Property Term

Finishing Quality Draft

Libraries Used Nanopore 1D genomic
DNA by Ligation SQK-
LSK109

Sequencing Platforms Oxford Nanopore Min-
ION, Illumina MiSeq

Fold Coverage 87x using fragments >
35 kb

Assemblers Shasta

Gene Calling Method RAST, GLIMMER

Genome Database Release Genbank

Genbank ID 1236701.5

Project relevance Biotechnology

Table 9: Summary of project information.
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Summary of genome

Label

Size(bp) Topology

Chromosome

6,436,916 circular

Table 10: Summary of genome organization

Genome Statistics

Property Term % total
Genome size(bp) 6,438,226 100.00%
DNA coding region(bp) 5,439,720 84.49%
DNA G+C content(bp) 2,888,727 44.9%
Total genes 7379 100%
Protein coding genes 7335 99.4%
RNA genes 44 0.60%
rRNA operons 2

tRNAs 37

CRISPR arrays 5

Table 11: Summary of genome statistics gathered from RAST and CRISPR finder.

2.4 Conclusion and future directions

The novel axenicity protocol herein provides a simple method to efficiently isolate
Arthrospira platensis from contaminating organisms, which is crucial in its genetic
engineering. A. platensis UTEX 2340 is available for purchase from The University
of Texas Culture Collection of Algae, and with its genome sequenced, it is an ac-
cessible strain for a multitude of applications. This study may help drive forward
the development of Arthrospira biotechnology, which has been enabled by the recent
stable genetic transformation of A. platensis [15]. The novel bacteriophage identified

in this genome assembly is the first of its kind and plans to further characterize this

phage are underway.
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3 Engineering photosynthetic bacterium Synechococcus

elongatus to produce mammalian-active vitamin B12

3.1 Introduction

Cobalamin, more commonly known as vitamin B12, is an essential vitamin that
is critical for many bodily functions, such as nucleotide synthesis, metabolism of
branched amino acids and odd-chain fatty acids, and methionine and succinyl-CoA
synthesis [158]. Furthermore, it is considered an essential prenatal vitamin for ner-
vous system development [159]. Inadequate vitamin B12 consumption is a leading
global vitamin deficiency, and the vitamin itself is difficult to naturally acquire, es-
pecially for vegetarians [160]. Surveys have reported fully or marginally deficient
status in 40% of children and adults in Latin America, and in smaller studies, 70%
of Kenyan schoolchildren, 80% of Indian preschoolers, and 70% of Indian adults |68,
160|. Vitamin B12 deficiency can lead to health problems such as megaloblastic
anemia and demyelinating nervous system disease [161].

Vitamin B12 chemical synthesis is roughly 70 steps, the most of any other com-
mercially produced B vitamin, and also the most expensive |162]. Microbes can pro-
duce vitamin B12 in significantly fewer steps, but current biosynthesis approaches are
still costly due to the price of media and lack of genetic tools [162]. Cyanobacteria are
a promising host for biosynthesis of vitamin B12 because of their relatively low media
cost. They require only water, sunlight, air and a mix of salts, and grow efficiently
in seawater and wastewater |7, [13]. Furthermore, cyanobacteria are well-studied or-
ganisms for genetic engineering, notably Synechococcus elongatus PCC 7942 (hereby
referred to as PCC 7942) |163|. Genetically engineering a cyanobacteria to produce
vitamin B12 could be more cost effective than other biosynthesis methods because
it would not require an added carbon source or vitamin B12 precursor, unlike other

approaches [162].
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Figure 15: A) The different components of the cobalamin (vitamin B12) molecule. B)The
final steps of the vitamin B12 metabolic pathway, which involve the creation and attachment
of the lower ligand to cobinamide to make cobalamin. 5,6-DMB is synthesized and then used
to make the lower ligand, a-ribazole 5’-phosphate. The lower ligand is attached to make
cobalamin 5’-phosphate, which gets dephosphorylated to make cobalamin.

As seen in Figure , vitamin B12 contains upper (blue) and lower (orange,
black, & red) ligands [158, [164]. The lower ligand, a-ribozole (orange, black, & red),
determines whether a vitamin B12 molecule can be absorbed by mammals into the
gastrointestinal tract — it must contain a 5,6-dimethylbenzimidazole (5,6-DMB) base
(red) [158, [161]. In the absence of 5,6-DMB, most cyanobacteria instead use cellular
adenine as the base in the a-ribozole lower ligand, which makes vitamin B12 inactive
in mammals . This inactive form of vitamin B12 is cobamide, which is more

commonly known as pseudo-B12.
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Figure shows the synthesis of 5,6-DMB from flavin mononucleotide (FMN)
using proteins encoded by the genes ssuF and bluB |158,|165-167]. The lower ligand,
a-ribazole 5’ phosphate (orange, black, & red), is constructed with either 5,6-DMB
(red) or adenine using the gene cobU [66), (158, (167, [168|. This lower ligand attaches
to cobinamide (green) using the gene cobS, making cobalamin 5’ phosphate, which is
dephosphorylated using the gene cobC (or the homologue pgams3) to make vitamin
B12 |66].

Some organisms, such as Rhodobacter sphaeroides and Dehalococcoides mecartyi,
are capable of remodeling intracellular pseudo-B12 into active vitamin B12 by re-
placing the adenine base in a-ribozole with 5,6-DMB with exogenously supplemented
5,6-DMB [169, [170]. A previous study by Helliwell et al. highlighted that certain
microalgal species, Pavlova lutheri and Chlamydomonas reinhardtii, are capable of
remodeling pseudo-B12, but Synechococcus is not |66]. This specific conclusion is
flawed because it makes a general assumption about all Synechococcus strains based
on results from strains WH8102 and WH7803 that may not have the molecular ma-
chinery needed to construct the lower ligand, a-ribozole, using a 5,6-DMB base. If
this were the case, then providing 5,6-DMB to these strains would not be sufficient
for a-ribozole synthesis, and thus would not be capable of remodeling pseudo-B12
into active vitamin B12, which is consistent with the study’s findings |66].

This uncertainty with WH8102 and WH7803 is rooted in the confusion surround-
ing the final steps of vitamin B12 synthesis, in which the proteins encoded by cobC
and cobS attach the lower ligand to the cobamide molecule, remove a phosphate
group, and make vitamin B12. In one model, the CobC phosphatase acts on a-
ribazole 5’ phosphate to generate a-ribazole, which is then attached as the lower
ligand to produce cobalamin [165]. In the second model, a-ribazole 5’ phosphate
is first added to cobinamide, generating cobalamin 5’-phosphate, which is then de-
phosphorylated to generate vitamin B12 [171]. A study from 1991 found that the
cobalamin synthase enzyme isolated from Pseudomonas denitrificans accepts both
a-ribazole and a-ribazole 5’ phosphate as substrates [172]. It was generally accepted

that the assembly followed the first proposed model in which a-ribazole is attached,
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until studies using Salmonella enterica showed that the true substrate for the cobal-
amin synthase is a-ribazole 5’-phosphate and not a-ribazole [171]. This finding was
documented in Propionibacterium freudenreichii shermanii as well [173]. Thus, the
evidence suggests that vitamin B12 synthesis follows the second model, in which
cobalamin 5’-phosphate is dephosphorylated (Figure .

The CobC protein present in WH8102 is not predicted to have phosphatase activ-
ity with cobalamin 5’-phosphate, but rather only with a-ribazole 5’-phosphate [165].
With the current model, therefore, WH8102 would not be able to synthesize vitamin
B12 when provided exogenous 5,6-DMB, which is consistent with previous findings
[66].

WH7803 only contains the cobalamin salvage pathway, which allows for cobal-
amin synthesis from exogenous cobalamin, which is imported into the cell, or
cob(I)inamide, which is synthesized intracellularly [174} 175]. There is no evidence
that WH7803 synthesizes its own cob(I)inamide, and it does not have the cobal-
amin transporter gene, btuB, according to a NCBI BLASTp search [176|. Therefore,
WHT7803 would likely not be capable of remodeling active vitamin B12 with exoge-
nous 5,6-DMB and pseudo-B12, which is consistent with previous findings [66].

Unlike strains WH8102 and WH7803, PCC 7942 is annotated to have the machin-
ery required to assemble vitamin B12 in the presence of 5,6-DMB: CobU synthesizes
a-ribazole 5’ phosphate with a 5,6-DMB base, CobS attaches it to cobalamin, and
Pgam3 dephosphorylates the complex in iron deficient conditions.

I hypothesize that PCC 7942 can remodel vitamin DMB-B12 with 5,6-DMB,
which can be done without exogenous supplementation by engineering the biosyn-
thetic pathway for 5,6-DMB into its genome. PCC 7942 contains flavin mononu-
cleotide (FMN), a precursor to 5,6-DMB, which can be converted to 5,6-DMB via
two enzymes: FMN reductase, encoded by ssuF, and 5,6-DMB synthase, encoded by
bluB (Figure . The addition of these genes to the PCC 7942 genome could render
PCC 7942 an optimal factory for vitamin B12 synthesis.

In this study, this vitamin B12 remodeling hypothesis was proved correct through

exogenous 5,6-DMB supplementation of PCC 7942 in iron deficient conditions. A
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plasmid was constructed for the stable integration of ssuF and bluB into Neutral Site
I (NSI) of the PCC 7942 genome. This work has the potential to make vitamin B12
production more affordable and environmentally friendly. It also provides a proof of
concept for further vitamin B12 engineering in other cyanobacteria, such as a the

edible and nutrient dense Arthrospira platensis (Spirulina).

3.2 Materials and methods

Materials All restriction enzymes, polymerase, and competent F. coli were pur-
chased from New England Biolabs. Gene blocks were purchased from Integrated DNA
Technologies. pAM2991 was generously provided by the Golden Lab at University
of California San Diego. 5,6-DMB was purchased from Acros Organics. Adeno-
sylcobalamin standard was purchased from Toronto Research Chemicals. Hydroxo-
cobalamin and methylcobalamin standards were purchased from Spectrum Chemical
MFG Corp. Mini-prep kits were purchased from Zymo Research. Gel extraction kits

were purchased from Quiagen. DNA ladders were purchased from NEB.

Bacterial strain and culture conditions Synechococcus elongatus PCC 7942
was generously provided by the Golden Lab at University of California San Diego.
Cultured cells were grown in BG-11 medium shaking at 150 rpm in 30°C with 12
hour 80 pmol photons per m?s light cycles using a 90 CRI light source with a color
temperature of 3000 Kelvin [177]. Cells on agar plates were grown in 24 hour light
cycles under the same conditions. BG-11(Fe-) medium is made by omitting ferric

ammonium citrate from the recipe.

Vitamin B12 remodeling with 5,6-DMB S. elongatus cells were grown in BG-
11 media until early log phase (3 days). Then, the cells were centrifuged, washed
once with sterile water, and resuspended in fresh BG-ll(Fe-) media. Three of the
BG-11(Fe-) cultures were supplemented with 10 uM DMB and the other three re-
mained unsupplemented. The cells grew for 5 more days, then were condensed via
centrifugation. Sucrose was added to the medium to a final concentration of 12%

and the cells were lyophilized.
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Microbiological assay of vitamin B12 Lyophilized cells were assayed for vi-
tamin B12 at Exact Scientific Services Incorporated via the AOAC certified kit:
R-BioPharm AG VitaFast@® B12 Microbiological Microtiter Plate Test for the de-
termination of Vitamin B12 [178]. Vitamin B12 was extracted from 1g of lyophilized
cells and converted to cyanocobalamin by boiling with a 1% NaCN solution. The
samples were serial diluted and added to the wells of a microtiter plate coated with
Lactobacillus delbrueckii subsp. lactis (leichmannii) (L. delbrueckii). The plate was
incubated at 37°C for 48 hours in the dark and absorbance of each well was measured
at 650 nm. Vitamin B12 concentration was determined by comparing to a standard

curve of L. delbrueckii cells grown in known vitamin B12 concentrations.

Vitamin B12 purification for HPLC Lyophilized cells were suspended in sterile
water in an opaque container and autoclaved at 121 °C for 10 minutes [179]. The ex-
tract was cooled at 4°C for 30 minutes and centrifuged at 1000 xg for 20 minutes. All
subsequent steps were performed in a dark room. The supernatant was transferred
to a clean, opaque tube and diluted with 20 mL sterile PBS. The pH was adjusted to
pH 7, and the extract was passed through a 0.22um filter into an Eagle Biosciences
Vitamin B12 Immunoaffinity Column. The vitamin B12 was eluted in methanol and

concentrated in a dark fume hood.

HPLC analysis of vitamin B12 Vitamin B12 was analyzed on an Agilent 1260
Infinity LC System using an Agilent Poroshell 120 EC-C18 column (4.6 x 100mm
2.7um). Sample analysis was conducted using Agilent ChemStation software.
Separate 100 pg/mL standards of hydroxocobalamin, methylcobalamin, and adeno-

sylcobalamin were prepared in methanol from lmg/ml water stocks. A standard
curve was generated with samples containing all three standards from 100ug/mL
to 1pug/mL. Additionally, a methanol blank was created, a sample of vitamin B12
extract from the cells supplemented with 5,6-DMB, and sample from extract from
the cells not supplemented with 5,6-DMB. All samples were prepared in a dark room
equipped with a red light to prevent sample degradation.

The sample sequences adhered to Agilent’s published protocol for multivitamin
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tablets |180], which I found to efficiently separate the different forms of vitamin B12.

Samples were detected at a spectral range of 200 - 235 nm.

Plasmid design Geneious 11.0.5 was used to visualize and design the plasmid.
Plasmid SYNB12 was designed with a pAM2991 vector backbone, which has an E.
coli origin of replication, ptrc IPTG inducible promoter, spectinomycin resistance
gene (SpR), and Neutral Site I left(-) and right(+) arms for homologous recombina-
tion into NSI of PCC 7942 (Figure [181].
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Figure 16: pSYNB12 design. Plasmid map generated with Geneious 11.0.5.

The genes used to produce vitamin B12 were ssuF, which encodes for FMN
reductase, and bluB, which encodes for 5,6-dimethylbenzimidazole synthase. The
sequence for ssuF was sourced from S. elongatus PCC 7002 and the sequence for bluB
was sourced from Sinorhizobium meliloti 1021. The genes were codon optimized for

PCC 7942 with DNAworks |182] using the PCC 7942 codon table generated by the
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Kasuza website [183]. The gene blocks were designed with overhangs compatible with
Gibson Assembly and ordered from IDT. SsuF and bluB were inserted downstream

of the ptrc promoter.

Plasmid construction PAM2991 was linearized via inverse PCR and confirmed
on a gel. Gene blocks were assembled into pAM2991 via Gibson Assembly. Assembly
reactions were treated with Dpnl, transformed into NEB E. coli DH5a cells, and
plated on spectinomycin (Spc) selective plates. Colonies were screened via colony
PCR with OneTaqg DNA Polymerase and visualized on an agarose gel. Plasmids
from positive colonies were confirmed via Sanger Sequencing at UC Berkeley DNA
Sequencing Facility or at Sequetech DNA Sequencing Service.

Plasmids missing +NSI were repaired via restriction digest using Sapl and Blpl
enzymes, which excised +NSI from pAM2991, and digested pSYNBI12 at the in-
tended NSI insertion site; fragments used to assemble the repaired fragment are
shown in pink Figure [I7] Fragments were analyzed on a gel, extracted, ligated, and
transformed into NEB FE. coli DH5« cells. Colonies were screened via colony PCR
and plasmids were confirmed with Sanger sequencing at Sequetech DNA Sequencing

Service.
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Figure 17: Restriction digests used to repair the pSYNB12 plasmid that was lacking +NSI.
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Synechococcus elongatus PCC 7942 transformation 10 mL of PCC 7942 cell
culture was pelleted, washed once with 10 mM NaCl, and resuspended in 2 mL sterile
BG-11 media. 1 pg of DNA was added to 300 uL of cells and incubated in the dark
at 30°C for 16 hours at 150 rpm. Transformants were plated on BG-11 plates with
25 pg/ml Spc. Plates were incubated at 30°C in 80 pmol photons per m?s. Cells
were restreaked weekly onto fresh BG-11 plates, and were transferred to 50 ug/ml
Spc plates after 3 weeks. Gene inserts were confirmed via colony PCR with primers

that annealed to NSI and the gene construct.

3.3 Results and Discussion
3.3.1 Vitamin B12 remodeling with 5,6-DMB

The remodeling of pseudo-B12 into active vitamin B12 has been tested only in
Synechococcus strains that may not have the machinery needed to assemble vitamin
B12, which is likely why past attempts have failed [66]. PCC 7942 synthesizes only
psuedo-B12, and has the genes cobU, pgam3, and cobS, which are responsible for
synthesizing the lower ligand, attaching it to cobinamide to make cobalamin, and
performing a dephosphorylation of the vitamin B12 molecule |66l 168|. Pgams is
a homologue of cobC' that is expressed only under iron deficient conditions [184]. I
hypothesized that the presence of these genes should allow the construction of vitamin
DMB-B12 when 5,6-DMB is present in iron deficient conditions. I first tested this

hypothesis with exogenously supplemented 5,6-DMB.

Microbiological assay L. delbrueckii requires exogenous vitamin B12 to survive
and is an Association of Official Agricultural Chemists (AOAC) approved method for
quantifying vitamin B12 [178,|185]. L. delbrueckii predominantly uses active vitamin
DMB-B12, but may still use some inactive pseudo-B12 [185|. PCC 7942 was grown
in iron deficient BG-11 media both with and without 10 uM exogenous 5,6-DMB,
referred to as media+DMB and media-DMB, respectively. The PCC 7942 sample
in media+DMB was expected to remodel its native pseudo-B12 into active vitamin

B12. The PCC 7942 sample grown in media-DMB was expected to only produce
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pseudo-B12 and acted as a control for the inactive pseudo-B12 that L. delbrueckii
may metabolize. All forms of vitamin B12 present in the cells were converted to
cyanocobalamin, the most stable cobalamin, which allowed for total vitamin B12

quantification |186].

L. delbrueckii subsp. lactis (leichmannii)
B12 dependent growth

1.0
== 0 uM DMB
== 10 UM DMB
mm B12 standards
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Figure 18: Growth response of B12 dependent Lactobacillus delbrueckii subsp. lactis (leich-
mannii) to known B12 standards (black), B12 extract from PCC 7942 grown in media-DMB
(blue), and B12 extract from PCC 7942 grown in media+DMB The samples were diluted to a
concentration that was within the range of the standard curve. Each sample’s concentration
is calculated.

Figure [I8] shows the results from this growth assay. The black line represents
the standard curve generated with known vitamin B12 concentrations, shown on the
X axis. The samples were serially diluted from 8E1 to 8E4 and used in the growth
assay. Absorbances that were within the values of the standard curve were used for
quantification. The colored points are the absorbances from the different vitamin B12
extracts fitted onto the standard curve, which is used to estimate concentration. The
vitamin B12 extract from PCC 7942 media-DMB produced an absorbance of 0.775,
which corresponds to 0.125 ug vitamin B12 /100g dry cell weight. This sample was
diluted 8E2, so in correcting for that dilution, this extract is estimated to have 100ug

of vitamin B12/100g dry cell weight. Since PCC 7942 only produces pseudo-B12, this
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is the expected amount of pseudo-B12 that L. delbrueckii produces a response with
[66]. The vitamin B12 extract from PCC 7942 media+DMB produced an absorbance
of 0.317, which corresponds to 0.044ug vitamin B12 /100g dry cell weight. This
sample was diluted 8E3, so this extract is estimated to have 352 pg vitamin B12
/100g dry cell weight. Subtracting the pseudo-B12 that L. delbrueckii responds to,
this corresponds to 2.52 ug of vitamin B12/ 1g of dry cell weight, which is just under
the 2.4 pg recommended daily value for adults according to the National Institute

of Health.

HPLC The HPLC analysis identified the different forms of vitamin B12 present
in the cell extract. The three forms tested were hydroxocobalamin, adenosylcobal-
amin, and methylcobalamin, which are the three natural forms of vitamin B12. All
forms of vitamin B12 are converted to either adenosylcobalamin or methylcobal-
amin intracellularly [187]. Adenosylcobalamin and methylcobalamin are converted
to hydroxocobalamin within seconds of UVA exposure [186].

Figure [19|shows the standards and controls used in this experiment. HPLC sam-
ples and standards are typically prepared in a solvent similar to the mobile phase,
but this B12 extraction requires an elution in methanol. Figure[I9|A shows the signal
generated from a methanol blank when ran analyzed in the sodium phosphate and
acetonitrile mobile phase. Figure B - D shows that hydroxocobalamin, adeno-
sylcobalamin, and methylcobalamin have distinct retention times when ran in these
conditions. Hydroxocobalamin’s most prominent peak is at 14.24 minutes, but this
peak is not a distinct as adenosylcobalamin, which has a retention time of 15.371
minutes, and methylcobalamin, which has a retention time of 17 minutes. The best
wavelength for detecting both adenosylcobalamin and methylcobalamin appears to
be 205 nm, shown in orange.

Figure F shows 100ug/mL of hydroxocobalamin, adenosylcobalamin, and
methylcobalamin. Panels G and H are the same standards at 10 pg/mL and 1
pug/mL, respectively. A standard curve was generated for methylcobalamin using
Agilent ChemStation, which plots the area of these peaks against their concentra-

tions and calculates correlation and the formula of the line generated (Figure |19/ E).
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This standard curve had a correlation of 1.000, with the fit equation y = mx + b,

where m = 38.245, b = 2.894, x is amount in ng/uL, and y is area of the peak.
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Figure 19: Standards and controls used to detect and quantify B12 in the cell extract.
A) Methanol blank B) 100ug/mL hydroxocobalamin (OH-cbl) standard in methanol. C)
100pg/mL adenosylcobalamin (Ado-cbl) standard in methanol. D) 100ug/mL methylcobal-
amin (Me-cbl) standard in methanol. E) Methylcobalamin standard curve calibrated using
standards ranging from 1pg/mL to 100pg/mL. F) 100ug/mL OH-cbl, Ado-cbl, and Me-cbl
standards in methanol. G) 10ug/mL OH-cbl, Ado-cbl, and Me-cbl standards in methanol.
H) 1pug/mL OH-cbl, Ado-cbl, and Me-cbl standards in methanol.

The B12 extracts from PCC 7942 media-DMB and PCC 7942 media+DMB were
analyzed via HPLC (Figure. The 205 nm signal was used because it produced the
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most prominent peaks for both adenosylcobalamin and methycobalamin. Samples
were each measured three times. PCC 7942 media-DMB consistently produced no
peaks near the methycobalamin retention time, whereas PCC 7942 media+DMB
consistently produced a small peak at the expected methycobalamin retention time.
This data suggests that PCC 7942 media+DMB was able to remodel pseudo-B12
into methylcobalamin. The other cobalamins were not detected, likely because the
peaks were too small to detect, considering that methylcobalamin had the largest
peak at 205 nm, followed by adenosylcobalamin, and then hydroxocobalamin with a

much smaller peak.
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Figure 20: A-C) PCC 7942 cultured in media-DMB show no peaks that resemble methyl-
cobalamin. D-F) PCC 7942 cultured in media+DMB show peaks that resemble methyl-

cobalamin, suggesting that PCC 7942 is capable of remodeling pseudo-B12 into cobalamin
when provided 5,6-DMB.

The areas of the methylcobalamin peaks were calculated to be 10.17, 36.45, 27.6

for extracts 1,2, and 3, respectively. This corresponds to respective concentrations
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of 0.1902 ,0.8774, and 0.646 ng/ul, which averages to 0.571 ng/ul. The extract is
suspended in 1.5mL methanol, was sourced from 0.9g of cells, and the immunoaffinity
column expects an 85% recovery, so this concentration corresponds to 1.12ug of
methylcobalamin per gram of dry cell weight.

This vitamin B12 quantification is lower than the 2.52ug calculated in the mi-
crobiological assay, though this is expected. The microbiological assay converted all
forms of vitamin B12 to cyanocobalamin, thereby stabilizing all cobalamins and al-
lowing for an accurate total B12 quantification. The B12 extraction procedure used
for the HPLC did not convert all forms to cyanocobalamin to preserve the differ-
ent forms of vitamin B12. Methylcobalamin and adenosylcobalamin degrade into
hydroxocobalamin within seconds of UVA exposure. It is extremely likely that a
portion of the methylcobalamin and adenosylcobalamin present in B12 extract was
degraded into hydroxocobalamin from unintended light exposure. If this were the
case, the hydroxocobalamin would be undetectable with this HPLC protocol because
its peak was significantly lower than both adenosylcobalamin and methylcobalamin

and the expected concentration is too small to accurately detect.

3.3.2 S. elongatus PCC 7942 genetic engineering

Plasmid assembly 1 Plasmid SYNBI12 was assembled in two steps. The first step
cloned 600bp ssuF into pAM2991 using Gibson assembly. Figure 21] Panel A shows
an E. coli colony PCR with two positive colonies for this assembly. The next step
cloned 815 bp bluB into pAM2991-ssuE using Gibson assembly. Figure 21| Panel B
shows an FE. coli colony PCR with three possible positive assemblies of pSYNB12.
Sanger sequencing confirmed that the genes were assembled into pAM2991 correctly

without mutations.
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Figure 21: E. coli colony PCRs alongside a plasmid backbone control and an NEB 2-log
ladder. A) Gibson assembly of ssuF into pAM2991. B) Gibson assembly of bluB into
pPAM2991-ssuF.

S. elongatus PCC 7942 transformation pSYNBI12 is a suicide vector designed
for homologous recombination into NSI of the PCC 7942 genome; a neutral site is
an area of a genome that allows permanent genetic alterations . pSYNB12
was transformed into PCC 7942 and the cells were restreaked onto fresh agar plates
for approximately 6 weeks. PCC 7942 has up to eight copies of its single chromosome
1189|, so transformants must be grown under selection until all eight copies of the

chromosome are transformed.

Mass (ng) Kilobases

Integrated genes

PCC 7942 genome

124 05

Figure 22: Previous integration of ssuF into NSI of PCC 7942. Over time, the genomic
copies converge to all have the integrated gene cassete.

A colony PCR was performed on transformed PCC 7942 using primers that an-
nealed to NSI and amplified the gene construct. This PCR produces an erratic

banding pattern at first, and over the weeks of restreaking the gene construct is in-
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serted into all chromosomal copies and produces a single band; Figure 22] shows an
example of this pattern from a previous NSI integration.

Figure [23] shows an NSI colony PCR of multiple cell lines alongside a wildtype
PCC 7942 control; the gene insert is expected to produce a band at 7.3kb. After 6
weeks, it appeared that the PCR never converged to the gene insert size, indicating
that the genes were not present within NSI. The cells were growing on 50 ug/ml Spe,
which is well above the standard concentration used for PCC 7942 , indicating

that at least part of the genetic construct was present somewhere in the genome.

-LosdbbbabhiiiilL-

Figure 23: PCC 7942 colony PCRs of NSI suggest that the ssuE and bluB gene cassette
was not integrated into NSI. The gene cassette was expected to produce a band at 7.3kb.

Because pSYNBI12 is a suicide vector, its contents would not amplify in a PCR
unless they were present somewhere in the genome. I performed a PCR with primers
specific to the gene cassette that annealed to the ptrc promoter and SpR. The gel
suggested that some of the cell lines had this portion of the gene construct present in
the genome and matched that of the pSYNB12 plasmid control (Figure. Wildtype
PCC 7942 did not show amplification with these gene specific primers, as expected.

These transformants are named PCC 7942-B12a.
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Figure 24: PCC 7942 colony PCR with primers that anneal to the ptrc promoter and SpR.
Cell lines showed amplification that resembles that of the pSYNB12 control, indicating gene
integration into PCC 7942.

Multiple PCR attempts with pSYNB12 using primers that annealed to NSI pro-
duced no results or erratic bands. I hypothesized that a portion of NSI must be
missing from pSYNBI12, which also explains why the genetic construct would not
have been integrated into NSI of the PCC 7942-B12a genome. Sanger sequencing of
NSI in pSYNB12 showed that +NSI was deleted from the pSYNB12 plasmid, likely
due to a cloning error. Figure [25] panel A shows pSYNB12 aligned to its reference
and a misalignment starting in the middle of the T4 terminator. Figure 25| panel B
show the same chromatogram aligned with no mismatches to a pSYNB12 reference

with a portion deleted—this portion contained +NSI.

A 6518 6528 6538 6,548 65568 6.568 6578 6,585 6.598 6.608 6,618 6628 6,638 6,648 ¢

AGETT G CEACEEAGEET GEGEGAGEAGCG GAATTCATEE GG TGGATGC ATETTTTCAAT G ACETTTAATAGATTATATTACTAATTAATT GG GGATEETAGAGG TECCETTTITTTATTTTAAAAATTTTTTCACAAAAL GGTTTACA

f U | A ! i | \
AT THRGCGATAGCGGAGT GTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGC

B 3 6518 6528 6538 6518 6,558 6,568 6578 6,585 6,598 6,608 6618 6628 6,638 6,648 6.
; X

b TAterminator € pBR322\sequences

Figure 25: +NSI is not present in pSYNB12. A) Misalignment of pSYNBI12 to its reference.
B) Perfect alignment of pSYNB12 to a altered reference in which +NSI was deleted.

PCC 7942-B12a colonies 12,13, and 14 were inoculated into liquid BG-11 with
5ug/ml Spc and grown for vitamin B12 testing. Subsequent colony PCRs with the

same primers that anneal to ptrc and SpR showed that the genes were ejected from

67



the PCC 7942-B12a genome. Figure [26] shows these colonies alongside a pSYNB12
control; the expected amplicon size is 2.8kb. The cells likely ejected the genes due
to being in low antibiotic concentration, and which did not provide enough selective
pressure to retain the genetic construct. When grown on plates, PCC 7942 were
re-streaked on agar with increasing antibiotic concentration, but this pattern was
not repeated in liquid culture. Moreover, if the genes were not integrated into NSI,
the construct may have been placed in an alternative position in the genome that
disrupts normal cellular function, which renders the construct unfavorable to the cell

and more likely to be excised.
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Figure 26: PCC 7942-B12a colony PCRs alongside pSYNB12 suggesting that the genetic
construct was ejected from the genome.

Plasmid assembly 2 A restriction digest was used to repair pSYNB12. One digest
excised the deleted +NSI fragment from pAM2991, the second digest cut pSYNB12
in the same positions. The pSYNB12 backbone was ligated with the +NSI fragment
to produce pSYNB12v2 Figure The success of this ligation was confirmed with
PCR and Sanger sequencing. One PCR used primers that annealed on either side of
the +NSI insert, which produces an 800bp fragment when absent and a 2kb fragment
when present. The two screened colonies produced a 2kb fragment that matched that
of the pAM2991 positive control, and the pSYNB12v1 negative control producing a
fragment of 800bp (Figure . The second PCR confirmed that the genes were still

assembled correctly and used primers annealed to ptrc and SpR, producing a 2.8bp
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fragment. The two screened colonies produced amplicons that matched that of the
pSYNBDb12v1 positive control, which has correctly assembled genes; the pAM2991
negative control worked as expected (Figure . The gene inserts and +NSI insert
ligation was Sanger sequenced and aligned to the reference, indicating that +NSI

was successfully inserted Figure
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Figure 27: Successful ligation repair of pSYNB12. A) PCR of two screened colonies, a
pAM2991 + control, and a pSYNBI12 - control, that amplifies the inserted +NSI fragment.
B) PCR of two screened colonies, a pSYNB12v1 + control, and a pAM2991 - control, that
amplifies the gene inserts.
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Figure 28: Successful ligation repair of pSYNB12. Sanger sequencing of ligation reactions
aligned against the pSYNB12vs reference showing successful insert ligation of +NSI.

3.4 Conclusion and future directions

PCC 7942 is able to remodel its native pseudo-B12 into vitamin B12 with ex-

ogenous 5,6-DMB. PCC 7942 synthesized roughly 2.52 ug of vitamin B12 per gram
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of dry cell weight, which is just over the 2.4 ug recommended daily value for adults
according to the National Institute of Health. This finding is the first report of a
Synechococcus strain performing this corrinoid remodeling. This concentration is on
the lower end of vitamin B12 production in commercial microbiological fermentation
processes, with the highest output being 206 pg/mL and the lowest being 1.1 pg/mL
[190]. All of these microbes, however, require media additives such as 5,6-DMB,
glucose, or sucrose.

The next steps of this work are to engineer PCC 7942 to synthesize 5,6-DMB,
thereby producing vitamin B12 without any media additives. The plasmid to trans-
form PCC 7942, pSYNB12v2, has been created for stable genetic integration of ssuF
and bluB into NSI of the PCC 7942 genome. The metabolic engineering with these
genes will complete the pathway for 5,6-DMB synthesis within PCC 7942, giving it
the ability to produce vitamin B12 without any external supplementation. The engi-
neered PCC 7942 will be assayed for vitamin B12 using the same methods presented
herein, and if the concentration is still low, routes for optimization will be explored.
It is feasible that over-expressing the genes responsible for riboflavin production,
which is the precursor to 5,6-DMB, could drive up the production titer of vitamin
B12 in PCC 7942.

Cyanobacteria could be useful factories for vitamin B12 production, because they
use sunlight as their energy, water as an electron donor, and air as their carbon source
[191]. They can grow in seawater or non-potable water, and with access to sunlight
and air, produce vitamin B12.

This work has implications for consistent access to nutrition around the world.
An estimated 2 billion people are micronutrient deficient [192]. Transferral of this
work into the edible cyanobacteria, A. platensis, more commonly known as Spirulina,
would extend its impact range. A widely consumed food for its many nutritional
and health benefits [72, 104, 193], A. platensis contains nearly all essential vitamins,
minerals, amino acids, and lipids, but lacks vitamin B12 |66 67]. Engineering A.
platensis to produce vitamin B12 could create a vegetarian multivitamin supple-

ment that is cultivated with minimal materials, making it accessible to regions that
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may struggle with access to nutrition. The 2.5 pg vitamin B12 per gram dry cell
weight concentration observed here with PCC 7942 would be sufficient for vitamin
supplementation if the cell mass were being consumed directly, as one would with A.

platensis.
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4 Engineering the photosynthetic bacterium Synechococ-

cus elongatus PCC 7942 to produce acetaminophen

4.1 Introduction

Paracetamol, more commonly known as acetaminophen, is a common mild anal-
gesic and antipyretic recognized by the WHO as an essential medicine [51]. Ac-
etaminophen is often used in conjunction with opioid pain medications postoper-
atively to enhance pain relief, thus reducing reliance upon opioid pharmaceuticals
[194].

Acetaminophen is one of the most commonly-used pain relievers in the world,
and is projected to reach a global market value of 999.4 million in 2020 [195],
with over 143 kilo metric tons produced annually [196]. The industrial synthesis
of acetaminophen can begin either with phenol, chlorobenzene, nitrobenzene, or 4-
hydroxyacetophenone oxime [197]. The first two methods present environmental
concerns because of unsafe byproducts, such as salts or isomers [197]. The second
two methods require the use of mineral acids, strong acids, and severe reaction con-
ditions |197]. The processes of acetaminophen synthesis involve multiple steps, high
temperatures, and various harmful chemicals. Developing processes that mitigate
the concomitant byproducts of acetaminophen production is crucial to ensuring the
sustainability of the volume at which it is currently manufactured.

With the immediate concern of climate change, there has been a movement to
decrease sources of pollution and waste in favor of conservation-minded methods.
Arisen among this movement is the concept of green chemistry, which aims to develop
procedures that limit waste accumulation and protect the environment through the
limitation of hazardous reagents and energy consumption [198|. In particular, there
has been special interest in the green synthesis of acetaminophen [197, |199| 200],
since its use is so commonplace that an environmentally-friendly synthesis method
could have a major impact on sustaining environmental health.

Presented herein is a proposed method for biosynthesis of acetaminophen in the

photosynthetic cyanobacterium, Synechococcus elongatus PCC 7942 (hereby referred
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to as PCC 7942) using a previously engineered pathway in E. coli as a model [201].
This pathway converts chorismate, an abundant amino acid precursor of tryptophan,
phenylalanine, and tyrosine, into acetaminophen with the addition of the 4ABH gene

from Agaricus bisporus, an edible mushroom, and nhoA from E. coli (Figure .

PabA OH

O © PabB o ’
PabC 4ABH nhoA N
O O
O (0]
; OJH( HN HO
OH (0]

NH,

para-aminobenzoic

; 4-aminophenol acetaminophen
acid (PABA)

chorismate

Figure 29: Previously described pathway for acetaminophen biosynthesis from the abundant
precursor, chorismate [201]. Acetaminophen synthesis is induced in PCC 7942 with the
addition of the genes JABH and nhoA.

This method of biosynthesis could reduce the environmental impact of acetaminophen
production, because cyanobacteria use sunlight as their energy, water as an electron
donor, and air as their carbon source [191]|. They can grow in seawater or non-potable
water, and with access to sunlight and air, produce acetaminophen. This biosynthe-
sis would fix atmospheric COs, require no harmful chemicals or media additives, and
have low temperature and energy requirements.

The genes for acetaminophen production, 4ABH and nhoA, have been integrated
into the PCC 7942 genome. Acetaminophen has been detected in a range of 1.04 -
3.3 pg/mkL cell media. These concentrations are lower than what has been previously
reported in E. coli [201], but methods for optimization in PCC 7942 have yet to be
explored. Though this concentration is not yet industrially feasible, this work paves

the way for solar-powered pharmaceutical synthesis.

4.2 Materials and methods

Materials All restriction enzymes, polymerases, competent E. coli, and DNA lad-
ders were purchased from New England Biolabs. Mini-prep kits were purchased from
Zymo Research. Gene blocks were purchased from Integrated DNA Technologies.

PAM2991 was generously provided by the Golden Lab at University of California San
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Diego. pAM1573 was purchased from Addgene. Acetaminophen and 4-aminophenol
standards were purchased from Alfa Aesar. HPLC solvents were purchased from

VWR.

Bacterial strain and culture conditions Synechococcus elongatus PCC 7942
was provided by the Golden Lab at University of California San Diego. Cultured
cells were grown in BG-11 medium shaking at 150 rpm in 30°C with 12 hour 80 pmol
photons per m?s light cycles using a 90 CRI light source with a color temperature of
3000 Kelvin [177]. Cells on agar plates were grown in 24 hour light under the same

conditions.

Plasmid designs Geneious 11.0.5 was used to visualize and design the plasmids.
Plasmid AM2991-4/ABH was designed with a pAM2991 vector backbone contain-
ing an E. coli origin of replication, ptrc IPTG inducible promoter, spectinomycin
resistance gene (SpR), and Neutral Site I left(-) and right(+) arms for homologous
recombination into NSI of PCC 7942 (Figure [30| A) [181]. The gene used to syn-
thesize 4-aminophenol from chorismate, JABH was placed downstream of the ptrc
promoter. The sequence for JABH was sourced from Agaricus bisporus.

Plasmid AM1573-nhoA was designed with a pAM1573 vector backbone contain-
ing an FE. coli origin of replication, rop, ptrc IPTG inducible promoter, rrnB T1
and T2 terminators, chloramphenicol resistance gene (CmR), ampicillin resistance
gene (AmpR), and Neutral Site IT left(-) and right(+)arms for homologous recom-
bination into NSII of PCC 7942 (Figure [30| B) [202]. The gene used to synthesize
acetaminophen from 4-aminophenol, nhoA, was placed downstream of the ptrc pro-
moter and upstream of a TO terminator. The sequence for nhoA was sourced from
E. coli.

The genes were codon optimized for PCC 7942 with DNAworks [182] using the
PCC 7942 codon table generated by the Kasuza website [183]. The gene blocks were

designed with overhangs compatible with Gibson Assembly and ordered from IDT.
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Figure 30: A) pAM2991-4ABH. B) pAM1573-nhoA. Plasmid map generated with Geneious
11.0.5.

Plasmid construction PAM2991 and pAM1573 were linearized via inverse PCR
and confirmed on a gel. Gene blocks were assembled into pAM2991 and pAM1573
via Gibson Assembly. Assembly reactions were treated with Dpnl, transformed into
NEB E. coli DH5« cells, and plated on spectinomycin (Spc) or chloramphenicol
(Cm) selective plates. Colonies were screened via colony PCR with OneTaq DNA
Polymerase, and visualized on an agarose gel. Plasmids from positive colonies were

confirmed via Sanger Sequencing at the UC Berkeley DNA Sequencing Facility.

PCC 7942 transformation 10 mL of PCC 7942 cell culture was pelleted, washed
once with 10 mM NaCl, and resuspended in 2 mL sterile BG-11 media. 500 g
of pAM2991-4ABH and pAM1573-nhoA were each added to 300 upL of cells and
incubated in the dark at 30°C for 16 hours at 150 rpm. Transformants were plated
on BG-11 plates with 2 pg/ml Spe and 5 pg/ml Cm, based on previous reports [203].
Plates were incubated at 30°C in 80 pmol photons per m?s. Cells were re-streaked
weekly onto fresh BG-11 plates, and were transferred to 10 ug/ml Spc and 15 ug/ml
Cm plates after 3 weeks. Gene inserts were confirmed via colony PCR with primers
that annealed to NSI, NSII, and the pAM2991-4ABH gene contruct. PCC 7942
transformed with both constructs, PCC 7942 zxx::JABH NSII::nhoA, are hereby

referred to as Se4n.
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Colorimetric assay of acetaminophen The acetaminophen concentration within
the culture media was analyzed following a previously-described colorimetric assay
[204]. A series of acetaminophen standards were prepared in PCC 7942 wild type
(WT) media at the following concentrations: 0.5, 1, 5, 25, 50, 100, 200, 300, and 400
pug/mL. These standards were used to generate a standard curve with the described
method. WT cells were inoculated in BG-11 and Se4n cell culture was inoculated
in BG-11 with 2ug/mL Spc, 5ug/mL Cm, and 1mM IPTG |205|. The cultures were
grown until log phase and the media was used to estimate acetaminophen concen-
tration with the described method by comparing against the standard curve.

0.5 mL of sample was mixed with 1 mL of 15% trichloroacetic acid. This mix was
vortexed, centrifuged, and the supernatant was added to 0.5mL 6N HCI. 0.4 mL of
sodium nitrite was added to the solution, creating nitrous acid, and allowed to sit
for 2 minutes, after which 1.0 mL of 15% sulfamic acid was added to neutralize any
excess nitrous acid. Lastly, 2.5 mL of 15% NaOH was added to the solution. The
absorbance of each sample at 430 nm was measured against a W'T method blank.

The method was performed in triplicate for each sample.

HPLC analysis of acetaminophen Acetaminophen and 4-aminophenol were an-
alyzed on an Agilent 1260 Infinity LC System using an Agilent Poroshell 120 EC-C18
column (4.6 x 100 mm 2.7 um). Sample analysis was conducted using Agilent Chem-
Station software.

Separate 100 pg/mL standards of 4-aminophenol and acetaminophen were pre-
pared in WT media from 1 mg/ml water stocks. A standard curve was generated
with samples containing both standards at 100 pg/mL, 10 pug/mL, and 1 pg/mL.
Additionally, WT and WT + IPTG blanks were created. Media from Se4n + IPTG
was examined for acetaminophen. All samples were prepared immediately prior to
measurement to avoid degradation.

The samples were run according to Agilent’s published protocol to detect ac-
etaminophen and its impurities [206]. Samples were detected at a range of 225 - 235

nM.
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DNA extraction and sequencing A DNA extraction was performed on Sedn
colonies 8 and 5 as described in Section 2.3.3. Samples were sequenced for 10 gb of
data on an Illumina NovaSeq at the QB3 Vincent J. Coates Genomics Sequencing

Laboratory, Berkeley.

4.3 Results and discussion
4.3.1 Plasmid construction

Gibson assembly of pAM2991-4/ABH was successful. Colony PCR showed gene
integration into pAM2991, with an expected amplicon size of 2800 bp alongside
a pAM2991 control (1383 bp) (Figure [31]A). This integration was confirmed with
Sanger sequencing. Gibson assembly of pAM1573-nhoA was also successful; Fig-
ure shows a colony PCR of four E. coli colonies alongside a pAM1573 control.
The expected amplicon for an nhoA insert is 4 kb and without is 3.1 kb. This

integration was confirmed with Sanger sequencing.

4abh C3 2991 5] | X X X X X X X X C1 C2 C3 nhoA1573

Figure 31: A)E. coli colony PCR showing successful Gibson assembly of pAM2991-4ABH.
B) E. coli colony PCR showing successful assembly of pAM1573-nhoA.

4.3.2 PCC 7942 transformation

Both pAM2991-4ABH and pAM1573-nhoA are suicide vectors designed for ho-
mologous recombination into NSI and NSII of the PCC 7942 genome, respectively.
Both plasmids were simultaneously transformed into PCC 7942 and the cells were
re-streaked onto fresh agar plates for approximately 6 weeks. A colony PCR was

performed on transformed PCC 7942 using primers that annealed to NSI and NSII
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and amplified each gene construct.

Each colony in the NSIT PCR produced amplicons larger than the pAM1573 and
WT PCC 7942 (2kb) controls Figure The expected size for WT PCC 7942 was
2kb, pAM1573 was 4.5kb, and pAM1573-nhoA was 5.3kb. The plasmid controls
produced amplicons about 1 kb smaller than expected, but some of the transformed
PCC 7942 produced amplicons near the expected size. These results indicate that
the cassette may have been incorrectly integrated into NSII, but that it is nonetheless

present.

Kiobases Mass (ng) L ¢1 c2 ¢c3 c4 c5 c6 ¢c7 c8 c9 c10 c11 c12 wt wt 1573 nhoA 1573 nhoa L
100 42 pooy glycerol  plasmid

-80 42
-60 50 .
=50 42 _
40 33

-30 125 . '

Figure 32: PCC 7942 colony PCR of NSII indicating one or morenhoA integrations.
Colonies produced amplicons greater than that of WT PCC 7942 or the plasmid controls.

Figure [33] shows an NSI colony PCR of multiple cell lines alongside a WT PCC
7942 control; the gene insert is expected to produce a band at 7.4 kb. After 6 weeks,
it appears that the PCR never converged to the gene insert size, indicating that the
genes were not present within NSI. The cells were growing on 10 ug/ml Spc and 15
pg/ml Cm, which is higher than standard concentrations used for PCC 7942 [177],
indicating that at least part of the genetic construct was present somewhere in the

genome. This result mirrors the one discussed in Section 3.2.2 Figure
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Figure 33: PCC 7942 colony PCRs of NSI suggest that the JABH gene cassette was not
integrated into NSI. The gene cassette was expected to produce a band at 7.3 kb.

Because pAM2991-4ABH is a suicide vector, its contents would not amplify in
a PCR unless they were present somewhere in the genome. I performed a PCR
with primers specific to the gene cassette that annealed to the ptrc promoter and
SpR. This PCR was run alongside pAM2991-/ABH, pAM2991, and WT PCC 7942
controls (Figure . Many colonies produced amplicons larger than those of the
controls, indicating that the genetic construct may be inserted, but in an ambiguous
orientation. These transformants are named PCC 7942 zxx::4ABH NSII::nhoA, ab-
breviated as Sedn. Sequencing of pAM2991-/ABH revealed that +NSI was missing,
which explains why the genes weren’t integrating properly.

Because the amplicons for the PCRs in Figure[34] differed in size between colonies,
multiple colonies were selected for further screening. While growing the cells for
screening, pAM2991-JABH was repaired by digesting +NSI from pAM2991 and
ligating it into pAM2991-/A BH, which is the same approach as discussed in Section

3.3.2. Ligation repairs were confirmed via colony PCR and Sanger sequencing.
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Figure 34: PCC 7942 colony PCRs of gene cassette specific primers suggests that the
4ABH gene cassette was integrated in an unknown location of the PCC 7942 genome. These
transformants are named Se4n.

4.3.3 Colorimetric assay for acetaminophen

The colorimetric assay for acetaminophen was first described for plasma sam-
ples by Glynn and Kendall in 1975 [207]. The method is based on the reaction of
paracetamol (acetaminophen) with nitrous acid, which produces the chromophore,
2-nitro-4-acetamidophenol . This method is specific to acetaminophen, with
no interference by its conjugates or other drugs . An optimized method with
decreased volumes and less generated nitrous gas was used. This method was
tested on clinical plasma samples and was reported to have a correlation with HPLC
of r? = 0.9758.

A standard curve was built by performing the colorimetric method with 0.5
pug/mL to 400 pg/mL acetaminophen in WT spent media and measuring their ab-
sorbance at 430 nmFigure [35] The standard samples were performed in triplicate
and blanked against a WT method blank, producing an 72 of 0.9992.

Biosynthesis of acetaminophen has previously been performed in E. coli, and the
acetaminophen was reported to be exported into the culture medium . A 500
mL culture of Sedn colony 5 was inoculated in BG-11 with 1 mM IPTG, 2 pug/mL
Spm, and 5 pug/mL Cm. Once in log phase (4 days), the cell media was collected
and prepared according to the method. The sample was prepared in triplicate, as
was a WT negative control. Sedn colony 5 media had an absorbance that roughly

correlates to 3.3ug/mL acetaminophen; the WT control was below the standard curve
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and thus treated as 0 (Figure . This concentration of acetaminophen is below the
50 pg/mL that was previously reported in E. coli . The difference may be caused
by the haphazard integration 4A BH, which may not include all parts of the genetic
construct or may be inserted in a genomic location that disrupts the cells normal
function. Despite the low concentration, this evidence does suggest that PCC 7942

is capable of synthesizing acetaminophen.

Acetaminophen Standard Curve
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Figure 35: Colorimetric assay of acetaminophen. A standard curve was built (blue) and

used to estimate the concentration of acetaminophen in Se4n cell medium (purple). These
results indicate 3.3 pg/mL acetaminophen in the cell medium.

4.3.4 HPLC analysis of acetaminophen

Cell media was analyzed via HPLC for acetaminophen and its precursor, 4-
aminophenol, which is the principal impurity in pharmaceutical acetaminophen, and
is caused by both its synthesis and degradation [210] Figure A WT blank and
WT + 1 mM IPTG blank was analyzed to determine expected background signals.
WT produced a peak at 0.709 minutes (Figure [36| G), which is present in the rest of
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the signals observed. WT+ 1 mM IPTG produced two peaks, one at 0.710 minutes
and another at 0.814 minutes (Figure [36{H). 100 pg/mL standards of 4-aminophenol
and acetaminophen were prepared in WT media and observed to have distinct re-
tention times of 0.992 and 1.207 minutes, respectively (Figure A & B). Both
4-aminophenol and acetaminophen were measured at 100 pug/mL, 10 ug/mL, and 1
pg/mL and used to generate an acetaminophen standard curve with 72 = 0.99997 and
fit equation y = ma + b, where y is the peak integration area, z is the concentration
in ng/uL, m = 12.02615, and b = 7.03328 (Figure [36] C-F).

The Sedn colony 5 cell media + 1 mM IPTG showed a peak at 1.225 minutes,
which corresponds to acetaminophen (Figure I). This peak was not present in
either of the blanks, indicating that Se4n colony 5 was producing acetaminophen.
The area of this acetaminophen peak was calculated to be 19.5, which corresponds
to 1.0366 p/mL of acetaminophen. This concentration differs from that of the col-
orimetric assay, which may be due to natural fluctuation between the two assays; the

correlation between the two methods was previously reported as r? = 0.9758 |204].
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Figure 36: HPLC data indicating Se4n colony 5 produces acetaminophen. A) 100 ug/mL 4-
aminophenol in WT media. B)100 pyg/mL acetaminophen in WT media. C) C) 100 pg/mL
4-aminophenol & acetaminophen. D) 10 pg/mL 4-aminophenol & acetaminophen. E) 1
ug/mL 4-aminophenol & acetaminophen. F) Acetaminophen standard curve built from the
standards in Panels C-E. G) Wildtype PCC 7942 media H) Wildtype PCC 7942 media with
1 mM IPTG I) Engineered Sedn colony 5 with 1 mM IPTG showing a peak that indicates

acetaminophen presence.

83



4.3.5 DNA extraction and sequencing

In the neutral site PCRs, Figure Figure colony 5 produced amplicons
close to the expected values, whereas colony 8 had amplicons larger than expected.
DNA was extracted from each of these colonies, and 10 gb of data were sequenced
on an Illumina NovaSeq. This sequencing was performed to elucidate where in the
genome JABH was integrated, and why the amplicons were larger than expected.

Unfortunately, the data for this has not yet been received.

4.4 Conclusion and future directions

Acetaminophen biosynthesis in a cyanobacteria is an environmentally friendly
method of production. Cyanobacteria harness the power of the sun to fix COq
and drive cellular processes. Engineered acetaminophen production in PCC 7942,
enabled with the genes JABH and nhoA, allows for solar-powered synthesis of the
compound, naturally driven by the host organism. This synthesis does not require
harmful chemicals, media additives, or stringent energy requirements.

The Se4n colony 5 produced acetaminophen in a range of 1.04-3.3 ug/mL, prov-
ing that PCC 7942 is compatible with this engineered pathway. This acetaminophen
titer is lower than expected, likely due to the ambiguous integration of the JABH
and nhoA genetic constructs. It is possible that the gene blocks had their parts
assembled incorrectly, conceivably with some parts missing or disrupted by a double
integration event, as is suggested by the colony PCRs (Figure Figure . Fur-
thermore, JABH is integrated in an unknown location of the genome that may be
disrupting normal cellular function, which would lower the synthesis efficiency. The
ambiguity of the gene integrations will be solved with the Illumina sequencing data,
and appropriate steps will be taken to optimize acetaminophen production in PCC
7942.

Although this acetaminophen titer is below industrial feasibility, it shows that
cyanobacteria are capable of synthesizing acetaminophen via an engineered pathway.
Upon further optimization, this system could provide a truly green synthesis of ac-

etaminophen and have a profound impact on the pharmaceutical synthesis industry.
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