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If small isoprenoids, the starting component of carotenoids, can be 

efficiently excreted from thermophilic cyanobacteria, they could help satisfy the 

demand for sustainably produced hydrocarbons.  This is the driving force behind 

wanting to understand the response and regulation of isoprenoid pathways to 

environmental stimuli in the thermophilic cyanobacterium, Thermosynechococcus 

elongatus, BP-1.   The portion of the isoprenoid pathway studied here is the 

carotenoid pathway since these products are critical to adaptation and they 

encompass the largest pool of isoprenoid compounds in cyanobacteria.  

Although synthetic biology in cyanboacteria has improved in recent years, there 

are many undiscovered metabolic complexities that make large-scale commercial 

production challenging.  To address this need, I quantify and report for the first 

time metabolic shifts within the carotenoid pathway of BP-1 due to combined 

effects of temperature, pH and blue light.  I show that metabolism shifts from the 

dicyclic into the monocyclic carotenoid pathway in response to pH, and that 

decreasing temperature drives flux into the end products of both pathways.  Also, 



 viii 

I report that the productivity of an uncommon carotenoid, 2-hydroxymyxol 2’-

fucoside (HMF), approached 500 μg/L-day in cultures grown at 45 °C, high light 

intensity, and pH 8.  In order to further elucidate these responses, I analyzed 42 

RNAseq samples taken over time of BP-1 induced by cold and heat stress and 

compared these results to metabolomics data.  I showed that crtR and crtG, two 

central carotenogenesis genes, are transcriptionally controlled and used 

weighted gene co-expression network analysis (WGCNA) to determine eight 

separate co-expressed modules of biological significance.  Among the co-

regulated heat response and cold response genes there were three and five non-

coding RNA, respectively, providing targets for future investigation.  Using 

subtractive genomics and transcriptional data I narrowed the potential missing 

steps of the myxol pathway in cyanobacteria to seven unknown BP-1 genes, two 

of which were confirmed not to be involved in the missing step(s).  Finally, by 

generating a ΔcrtG mutant and testing it under different environmental 

parameters, I showed that HMF does not protect against high pH or low 

temperature (despite up-regulation at these conditions), and that CrtG has a 

higher affinity for monocyclic than dicyclic carotenoids.   
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Chapter 1: Introduction 

Cyanobacteria research has undergone major revolutions since the first-

of-its-kind book “The Biology of Blue-green Algae” was published in 1973.  At 

that time the focus was on classification and diversity of habitat.  In the mid-

nineties cyanobacteria research progressed in a new direction, which was made 

apparent with the equally anticipated book, “The Molecular Biology of 

Cyanobacteria.”  Today, cyanobacteria research is being conducted in a variety 

of fields.  Texts and review articles abound with basic and applied cyanobacteria 

research being used for a wide range of human endeavors.  For example, life-

support systems on space expeditions [1], bioremediation [2], artificial or 

improved photosynthesis for crops [3], geobiological dating [4], and the 

sustainable production of valuable pharmaceuticals, fuels and chemicals [5-8].  

The focus of this chapter is on the application of cyanobacteria research for the 

commercial production of a diverse class of molecules: the isoprenoids.  I begin 

with an overview of cyanobacteria structure and previous applications of 

cyanobacteria as microbial cell factories.  Next, the isoprenoid biosynthesis 

pathway is highlighted, with potential products and their uses.  Finally, a case for 

isoprenoid research in the thermophilic Thermosynechococcus elongatus, BP-1, 

is described.   

1.1 UTILIZATION OF CYANOBACTERIA AS MICROBIAL CELL FACTORIES  

1.1.1 Cyanobacteria structure 

Cyanobacteria are oxygen-producing photosynthetic prokaryotes that 

contain both photosystems (PS) PSI and PSII as well as Cytochrome b6f.  They 
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were responsible for turning earth’s atmosphere from anoxic to oxygenated 

during the Precambrian era (2.5 and 0.54 billion years ago) and are believed to 

be the predecessor of the plant chloroplast through a single endosymbionic event 

[9].  The cyanobacteria vary in size, shape, and living condition, occupying 

almost all of earth’s niches, wherever light is available. The number of currently 

living species is estimated to be at least 8000 [10]. 

Cyanobacteria have gram negative-like structured cell walls and, like other 

prokaryotes, contain circular DNA [11].  Their thylakoid membrane contains PSI, 

PSII, and loosely connected phycobilisomes (PBS), large protein complexes 

which act as antennas for light photons not captured directly by the 

photosystems.  Both photosynthesis and respiration occur in the thylakoid 

membranes, causing complex interactions of redox potential signaling and 

response [12]. 

Cyanobacteria offer great promise as photoautotrophic hosts for synthetic 

biology and metabolic pathway engineering, and have recently been labeled the 

next “green E. coli” [6].  Increasingly complete cyanobacterial genomes are being 

sequenced and uploaded to sequence databases [13, 14].  Cyanobacteria 

genetic tools are available for a variety of applications [15].  For example, 

replicating and integrating plasmids have been designed with inducible 

promoters for temperature [16], light [17], and phosphorous [18].  In many single-

cell strains, DNA is easily transformed into the host cell by natural transformation, 

electroporation or conjugation with vectors such as the promiscuous shuttle 

vector RSF1010 [19].  

There are several specific challenges for genetic engineering of 

cyanobacteria.  First, they are known to have complex restriction systems [20] 
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and thick mucilous layers, impeding and destabilizing the insertion of exogenous 

DNA.  Second, they typically have multiple copies of their genome, causing 

merodiploids during cloning and integration.  The ploidy of cyanobacterial cells 

have been shown to be both growth-phase and species related.  For example, in 

Synechocystis sp. PCC 6803 between 58-218 genome copies were accounted 

for, depending on the growth phase, and in Synechococcus sp. PCC7942 and 

WH 7803, only 3-4 copies were found [21].  Finally, their natural fluorescence 

can interfere with techniques for protein-tagging.  Despite this, reporters such as 

luxAB have been used to monitor circadian rhythm [22], and researchers at MIT 

modified a yellow fluorescent protein which does not interfere with 

Synechococcus PCC7942 natural fluorescence [23].   

 

1.1.2 Exploitation of cyanobacteria natural products 

Cyanobacteria naturally produce several sought-after biomolecules.  For 

example, polyhydroxyalkanoates (PHAs) are a biodegradable plastic which can 

accumulate inside specific strains of bacterial cells under select conditions.  

Several species of cyanobacteria produce a type of PHA, called 

polyhydroxybutyrate (PHB), under nutrient limited conditions and excess carbon.  

Haase et al. (2011) reported a strain of Nostoc muscorum which reached 21.5% 

cell dry weight PHB when aerated with added CO2, phosphate-starved, and 

supplemented with 1% glucose and 1% acetate [24].   

Metabolic engineering of PHA production in cyanobacteria has improved 

over the years.  Ten years ago, the PHA synthase activity in Synechocystis sp. 

PCC 6803 was increased two-fold with the introduction of Ralstonia eutropha 
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PHA synthase genes, especially when grown on acetate, yet the total PHA was 

about the same as native, wild-type cells (WT) [25].  More recently, using 

RNAseq, the global expression was measured in a strain that could produce 41 

wt% PHA with the addition of acetate.  Interestingly, the bottleneck was found not 

to be PHA synthase, indicating that the synthase enzyme is not the rate limiting 

step and that there are unknown regulation factors [26].  Several gene 

disruptions have been found to result in increased PHB production and antibiotic-

free expression systems have been developed, including one that resulted in 

52% PHA [27].  Still, there are no reports of successfully secreting PHB from 

cyanobacteria cells.  Due to the high cost of separation and purification of PHB 

from the cells, this would need to be solved for PHB from cyanobacterial cells to 

be commercially viable.   

Large storage of lipids are often searched for in microalgae for the 

production of biodiesel.  Cyanobacteria naturally contain phospholipids but are 

not an abundant source of storage lipids (ie. triacylglycerides, TAG).  TAG have 

been found to accumulate more so in diatoms and other eukaryotic microalgae 

than in cyanobacteria [28].    Potentially valuable natural compounds include 

pigments (carotenoids) and porphyrin derivatives (chlorophyll a and phycobilins), 

phytohormones, exopolysaccharides, B vitamins, or toxins (which could be used 

as biocontrol agents) [8].   

Despite these attempts to utilize native cyanobacteria products, large-

scale production of natural products has proven difficult in cyanobacteria.  

Cyanobacteria which are grown industrially are currently being utilized for their 

cellular biomass and not for specific products of interest; for example, as fish or 

animal feed.  The cyanobacterium Spirulina sp. (aka Arthrospira platensis), which 
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is sold as washed, dried cellular biomass, brings in approximately $2 billion in 

revenue every year in the health-food industry.  These examples are few and 

have several attributes in common.  In order to be cost-competitive they are 

grown in large, outdoor race-track farms [29].  They are also naturally robust 

strains, able to thrive in dirty, alkaline water systems, ensuring minimum 

competition from invading species.     

 

1.1.3 Metabolic engineering of cyanobacteria 

Another facet of cyanobacteria research involves using them as a 

biological platform for the importation of non-native pathways.  Since biological 

pathways are complex, it is imperative that these approaches take into account 

the entire cellular system.  Metabolic engineering, which is the purposeful 

alteration of a cellular metabolic pathway for the production of a desired product, 

is evolving to incorporate many “systems biology” approaches.  This is known as 

systems metabolic engineering and incorporates rational design and 

improvement of cellular systems with a global perspective [30].  Some examples 

of products being engineered into cyanobacteria include ethanol [31], 2,3-

butanediol [32], isobutanol [33], and a sesquiterpene (β-caryophyllene) [34] 

Cellulose, especially in its non-crystalline form, has been investigated for 

decades as a reliable, abundant feedstock for biofuel fermentation.  Nobles et al.. 

showed that cellulose synthase likely originated in cyanobacteria [35] and then 

transferred to the other kingdoms through lateral gene transfer [36].  Some 

strains of cyanobacteria produce cellulose at low levels.  Nobles et al. introduced 

a non-native cellulose pathway into a Synechococcus UTCC 100 strain and 
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showed that significant amounts of non-crystalline cellulose could be produced in 

cyanobacteria [37].  

Although they have been called the new “green E. coli,” synthetic biology 

of cyanobacteria is lagging behind E. coli and yeast [2].  One reason is because 

of increased complexity and slower growth rates.  Some of these complexities 

are due to the fact that cyanobacteria include an intricate diurnal cycle and often 

live as photoautotrophs [6].   Despite several laboratories constructing constraint-

based flux balanced analyses on the most common cyanobacteria model, 

Synechocystis sp. PCC 6803, ambiguities and differences between the models 

exist.  Variances include which pathways and under what conditions they are 

present.  Even after comparing with experimental data, many of these 

computational metabolic models remain elusive [38].   

In addition to metabolic complexities, cyanobacteria lag behind E. coli and 

yeast due to a lack of specific genetic tools that are required for cyanobacteria 

research.  Recent reviews consider the latest genetic elements for generating 

knock-out mutants and pushing for more comprehensive genome-scale 

metabolic models [6, 39].    Some groups are working on the development of 

cyanobacteria-specific interchangeable elements (biobricks), for the 

straightforward utilization of promoters, terminators, and shuttle vectors [7]. 

Despite the challenges of complexity and lack of specific genetic tools, 

researchers at the University of California have metabolically engineered 

Synechococcus sp. PCC7942 to produce 2,3-butanediol (used for feedstock for 

plastics and solvents).  First they constructed systemic models to investigate 

redox potential and match critical integrating pathways and cofactors.  Then they 

inserted the non-native 2,3-butanediol pathway using irreversible enzymes while 
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providing a driving force based on their earlier computational work [32].  Since 

protein expression can be difficult to predict, this group later applied 

combinatorial approaches to generate a range of protein expressions for product 

optimization [40]. Finally, they recalculated carbon partitioning concepts, redox, 

stoichiometry, and made new recommendations to further improve on their 

design [5].  

 

1.1.4 Thermosynechococcus elongatus, BP-1, and other thermophilic 
cyanobacteria 

Various strains of cyanobacteria have been isolated from cold lakes in 

Antarctica and hot, draught-prone deserts; thus it seems they can grow 

anywhere there is light [9].  It is surprising that cyanobacteria are typically 

missing from low pH environments, something that was discovered by Brock in 

early studies of microorganisms from the Yellowstone hot-springs.  In his 

research, Brock noted that cyanobacteria were never found at low pH conditions 

and could always be found without eukaryotes at high temperature conditions.  

He also found that at temperatures above 56 to 60 °C eukaryotic organisms are 

always absent, only prokaryotic organisms can survive.  Above 60 C 

cyanobacteria were the only phototrophs [41].  Although many more strains have 

been found since this study, it remains true that thermophilic cyanobacteria have 

little competition from other eukaryotes or phototrophic bacteria at elevated 

temperatures and this characteristic allows for many benefits over mesophilic 

hosts as a biological platform for importation of non-native pathways [9].   

As a rule, extremophiles are robust, produce stable enzymes, and are 

capable of tolerating and adapting to changes in the environment.  These 
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properties give thermophilic organisms a biotechnological advantage, and as 

such, some are already being used for different biofuels [42].  The first 

thermophilic cyanobacterium to be fully sequenced was Thermosynechococcus 

elongatus, BP-1, which was isolated over ten years ago from a freshwater hot 

spring in Beppu, Japan [43]. 

BP-1 offers the genetic tools and scientific research capabilities of many 

other model cyanobacteria strains and its thermophilic properties make it 

conducive for industrial processes.  Based on 16S rRNA sequences, BP-1 

branches close to the cyanobacterial origin, unlike the seven cyanobacterial 

major lineages which branch more recently as a “crown group” [43].  BP-1 has a 

2.6 Mbp circular genome, no plasmids, and 2,475 protein encoding genes with 

56% of these having sequence similarity.  It has no fatty acid desaturases, which 

is reasonable since it grows optimally at 55 °C.  Despite its phylogenetic 

divergence, 63% of its genes are similar to Synechocystis sp. PCC 6803 and 

Anabaena sp. PCC 7120  [43].  Perhaps one of the most interesting discoveries 

is that BP-1 has 28 copies of group II introns.  Eight of the group II introns have 

genes for maturase/reverse transcriptase activity.  Trace genome rearrangement 

can be seen with conserved structures, indicating integration happened recently 

[44].   

Due to the fact that it has proteins which are stable over a wide range of 

temperatures, BP-1 has been the model organism for studying photosystem 

structure for many years.  Researchers have been able to determine crystal 

structures with protein subunits and cofactors for photosystem I at 2.5 Å [45, 46] 

and photosystem II at 3.8 Å [47, 48] resolution.  These directed efforts to study 

photosystem structure also led to development of simple and efficient genetic 
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techniques.  Onai et al. (2004) made a codon-optimized kanamycin marker from 

thermophilic Bacillus stearothermophilus that allowed resistant transformants to 

grow at 52 °C [49].  They achieved a transformation efficiency of 1,100 cells/µg 

DNA by double cross-over, and suggested there might be a native restriction 

system preventing a higher efficiency.  In another Japanese laboratory, Iwai et al. 

(2004) disrupted a gene tll2230 from the Type I restriction system, and were able 

to transform plasmids into the modified recipient BP-1 cells that could not be 

transferred in WT.  In their experiments, electroporation was used which led to 

many more single cross-overs than double cross-overs [20].   

Carotenoid biosynthesis in BP-1 was discovered to have an unusual 

carotenoid hydroxylase.  Iwai et al. made a targeted disruption clone, knocking 

out (KO) the crtG sterol hydroxylase gene and show that the same hydroxylase 

enzyme made nostoxanthin, caloxanthin and 2-hydroxymyxol 2’-fucoside (HMF) 

[50]. In a different study, the isoprenoid pathway in BP-1 was used to show that 

there is an electron transfer from ferredoxin to GcpE in a critical, terminal step of 

the MEP pathway.  This study was possible since native BP-1 proteins are 

expressed stably in E. coli [51].  Protein stability may have also been why 

squalene synthase from BP-1 was successfully cloned into an E. coli expression 

system, yet similar proteins from two other bacteria were not [52].   

A German group has used BP-1 for a number of years in order to study 

the interchange of different psbA genes coding for D1 protein in PSII. Sander et 

al. (2007, 2010) compared transcript and protein level and found that they closely 

corresponded, dissipating light and protecting PSII during high light conditions 

[53, 54].  Another lab studied differences between PsbA3-PSII and PsbA1-PSII 
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as strength of H-bond to PheoD1 and Qa (redox potential) were modified.  They 

found that electron transfer was faster in PsbA3 [55].  

BP-1 research has been infrequent in the United States.  For his 

dissertation, Eberly at Oregon State University investigated BP-1 as a host for H2 

production.  His discovered that carbon storage in BP-1 shifted depending on the 

type and amount of carbon enrichment.  Eberly concluded that BP-1 would make 

a good model organism for CO2 sequestration, as well as biofuel and biomaterial 

production [56-58].   

1.2 ISOPRENOID PRODUCTS 

1.2.1 Isoprenoid biosynthesis 

Isoprenoids, also known as terpenoids, are produced in all genera of life 

and are the largest (over 40,000 different molecules) class of natural products 

known [59].  Isoprenoids branch from two universal five-carbon precursors 

dimethylallyl pyrophosphate (DMAPP) and its isomer, isopentenyl pyrophosphate 

(IPP).  In general, DMAPP and IPP are formed by either the non-mevalonate 

(MEP) pathway in bacteria and in the plastids of plants or the mevalonate (MEV) 

pathway in eukaryotes [60].  The diversity of the isoprenoid molecules is due to 

the many ways in which the 5 carbon building block, isoprene, the backbone unit 

of DMAPP and IPP, are combined and rearranged by isoprenoid enzymes [61].  

Isoprenoid compounds are classified based on the number of isoprene units they 

contain.  Hemi-, mono-, sesqui-, di-, and tri-terpenoids correspond to one (5C), 

two (10C), three (15C), four (20C), and five (25C) isoprene units, respectively.  

Carotenoids, which are the focus of this dissertation, are tetraterpenoids (40C) 

composed of eight isoprene units.   
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Isoprenoids are modified into tens of thousands of biologically active 

compounds, often retaining their hydrophobic properties as linear, cyclic, or 

branched molecules composed of mostly hydrogen and carbon.  Due to these 

properties they tend to be membrane-bound or membrane-targeting with roles 

including signal transduction between or within cells, chemical storage, cell 

membrane structure, and photoprotection.  [62].  Their diversity of structure, 

potency, and hydrocarbon nature also make them useful for a variety of industrial 

purposes such as biofuels, pharmaceuticals, pesticides, chemical feedstocks, 

disinfectants, flavors, and perfumes [63].   

In bacteria alone, over 100 predicted terpene synthase genes have been 

found.  Many of these have been shown to make slightly different modified 

isoprenoids yet exist silent in the genome.  Increasing knowledge of isoprenoid 

synthesis genes and their expression would allow the synthesis of a variety of 

specific isoprenoid compounds, some of which have yet to be explored [64].   

1.2.2 Carotenoid products and carotenogenesis 

Carotenoids make up one of the most familiar groups of isoprenoids.  

They are composed of 40 carbons (8 isoprene units) in a class of at least 750 

known structures [50, 65].  Due to their conjugated double bonds, they resonate 

with electron and photon energy.  This confers a protective function in cell 

membranes by removing excess electrons from the environment which would 

otherwise damage cellular components.  Besides being antioxidants, their unique 

structure also allows for electron transfer, helping to direct photon energy into the 

central core of a photosynthetic reaction center [66].   
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In cyanobacteria they have many roles.  Through the synthesis of 

knockout carotenoid mutant strains, their roles have been identified [67].  Sozer 

et al. (2010) used a series of Synechocystis sp. PCC 6803  photosynthesis 

mutants and discovered that carotenoids are required for PSII structural integrity, 

whereas the other photosynthetic complexes, PSI and b6f, were able to form 

without the presence of carotenoids [68].  Interestingly, in another cyanobacteria 

study, it was found that when PSI was removed, thylakoid membranes kept their 

organized PBS on the surface but then disorganized when PSII was removed 

[69].  Thus, carotenoids in cyanobacteria are central to PSII structure, which is a 

critical element for PBS order in the thylakoid.   

In addition to structural integrity of PSII, carotenoids regulate the flow of 

energy within the PS apparatus, and protect it from photoinduced damage.  By 

examining the light-harvesting role of β-carotene in Synechococcus sp. 

PCC7942, it was found that they transfer energy to chlorophyll a in both 

photosystems, but only oxidate the PQ pool of PSI and not PSII. This means that 

β-carotene does not have a photosynthetic role in PSII and only serves as a 

structural and antioxidant compound [70].  Recent advances in visualization 

techniques are allowing for the increased understanding of carotenoids and their 

integration into the lipid membrane [71].  By looking at state energies of 

carotenoids, investigators hope for better understanding so that they can apply 

the science towards the construction of synthetic antennae [72].   

Since many carotenoids cannot be synthesized chemically and have anti-

oxidation properties, there are many commercial opportunities for biologically 

produced carotenoids.  For example, even the most common carotenoids can be 

used in nutraceuticals and cosmetics where anti-oxidation and anti-aging effects 
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are desired or as colorants in aquaculture [73-75].  The hydroxylated carotenoid, 

zeaxanthin, has been shown to prevent age-related macular degeneration (the 

leading cause of blindness) [76].  Due to its hydroxyl and keto groups on each 

ionone ring, astaxanthin has been shown to have the highest antioxidant activity 

of all the carotenoids.  Even more specialized carotenoids, such as those 

conjugated with sugar moieties, can be used as biologically safe surfactants [77].  

As a whole, the antioxidative properties of carotenoids confer skin-protective, 

ocular protective, neuroprotective, anticancer, and cardiovascular protective 

effects, all of which can be valuable to human health [78]. 

Due to their potential benefits, carotenoids have been produced in 

engineered strains of E. coli.  Yoon et al. (2009) combined two different parts of 

the MVA pathway into E. coli to make β-carotene [79].  Zhou et al. (2012) 

measured all DXP metabolites of an exogenously engineered E. coli strain and 

found that increasing dxs lead to MEC efflux as the bottle neck.  By increasing 

ispG expression, the efflux was reduced and isoprenoid production was improved 

[80]. Metabolic engineering was successfully employed in the case of lycopene 

production in E. coli.  Models were created for transgenic lycopene production in 

E. coli that correctly predicted the response of gene knockouts on IPP availability 

[81].  Through the use of transposon libraries additional regulatory genes were 

discovered [82], and finally, environmental conditions were determined that 

further increased yield [83].  Several years later, this work was followed up with 

an improved type II IDI gene which resulted in 198 mg/g dcw lycopene 

production in the engineered E. coli strains.  Also, it was found that citric acid 

was the best feedstock compared to other substrates, suggesting future 

strategies for upregulating citrate as well as using type II IDI  [84].   
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Carotenoid synthesizing enzymes from marine bacteria, cyanobacteria, 

and plants have been studied and many have been expressed in a variety of 

hosts besides E. coli [85].  Cyanobacteria produce lycopene and several well-

known downstream carotenoid products.  In general, cyanobacteria are known 

for having ketolases (echinenone, astaxanthin) and for their unique glycosidic 

bonds to the 2’C on a non-cyclicised ionone, which is limited to cyanobacteria 

despite the presence of carotenoid glycosides in other bacteria. Research on 

cyanobacterial carotenoid enzymes has been conducted through the use of 

knockout clones and careful analytical work.  For example, an unusual, secreted 

carotenoid, synechoxanthin, has been found in Synechococcus sp. PCC 7002 

[86, 87] [88].   

 

1.2.3 Isoprenoids for pharmaceutical and neutraceutical applications 

Carotenoids are not the only isoprenoids with potential health and 

commercial viability.  Furthermore, since all isoprenoids share common 

metabolic precursors, genetic platforms already developed for carotenoids can 

be used for other valuable isoprenoid products [89].  The demand for 

pharmaceutical and neutraceutical isoprenoids far exceeds the supply.  This is 

because often times these compounds are produced in very small amounts.  For 

example, the isoprenoid solanesol is used by the pharmaceutical industry as an 

intermediate for making quinones, coenzyme Q10 and vitamin K, proven relief 

agents of migraine headaches and protection for Parkinson’s and other 

neurodegenerative diseases.  This product is in such high demand that 

researchers are considering ways to utilize tobacco and other plant biowaste for 
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its extraction [90].  Besides extracting these rare compounds from plant waste, 

researchers are driven to identify limiting steps and improve pathway regulation 

and carbon flux for these compounds [91] [92].   

Methods to engineer host organisms for these pharmaceutical and 

neutraceutical isoprenoids has been wrought with challenges.  Early studies of 

sesquiterpene cyclases put into E. coli were tested under different environmental 

conditions.  However, sesquiterpenes did not increase but carotenoids increased 

500 fold, indicating that the cyclases were the bottleneck, not the substrate 

supply [93]. When sequiterpenes were engineered into yeast by downregulating 

a met3 promoter, the sequiterpenes volatilized away from the cells and culture 

[94]. Later, metabolic models were used to identify new target genes and model 

the effect of gene knockouts.  These knockouts decreased growth rate, and 

forced the researchers to find alternative pathway steps which could improve 

growth rate separately [95]. Later the MEV pathway was downregulated to 

increase FPP while an intermediate enzyme, HMG1, was overexpressed.  This 

resulted in increased cubebol and squalene.  By replacing erg9 with an inducible 

promoter the production increased but it was then discovered that cubebol was 

toxic to the cells [96].  Another sesquiterpene, capsidiol, was expressed in yeast 

using combinatorial expression of sesquiterpene synthase genes in different 

forms [97].   

Overproduction of a taxol precursor (taxadiene) was first conducted in E. 

coli.  Multivariate searches for each half of the terpenoid pathway found the best 

taxadiene with the least amount of indole [98].  The researchers imported initial 

taxol genes and regulatory factors to inhibit competitive pathways and found that 

the intermediate GGPP was insufficient.  After coexpression did not work, they 
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added another pathway, codon optimization, and found that it worked at small 

levels in yeast [99]. 

 

1.2.4 Isoprenoids for fuel and chemicals 

Aside from applications to health, isoprenoids have been investigated for 

their use as fuels and industrial specialty chemicals.  Squalene is a triterpenoid 

used in cosmetics and vaccines.  Englund et al. (2014) was able to accumulate 

squalene 70-fold in Synechocystis sp. PCC 6803 cells, simply by disrupting the 

downstream shc gene [100]   The squalene synthase gene (sqs) from BP-1was 

successfully expressed in E. coli to make squalene, which is not a natural E.coli 

metabolite [52]. 

Polyisoprene, natural rubber, comes from the latex secretions of many 

different plants.  Research for this product has focused on metabolically 

engineering natural rubber biosynthesis in crop plants that could be grown 

domestically such as guayule or yeast [101]. Several researchers have 

investigated the isoprenoid precursor pathways from Hevea brasiliensis in E. coli  

and concluded that it is synthesized from the MEV, not the MEP portion [102, 

103]. 

The sesquiterpene bisabolene has gained attention as a precursor to 

bisabolane, which has properties similar to D2 diesel.  Peralta-Yahya et al. 

(2011) screened a variety of bisabolene synthases [104], eventually increasing 

its production 10-fold in yeast [105]. 
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1.2.5 Volatile isoprenoids 

The volatile isoprenoids are the most recent class of biogenic isoprenoids 

to be considered for commercial production.  Isoprenoids which are volatile or 

semi-volatile fall into the C5-C20 category with exact volatility depending on their 

vapor pressure, solubility, and activity [106].  The role of volatile isoprenoids in 

nature cannot be understated and interest has surged in the field of crop 

management.  Metabolic engineering of volatile isoprenoid pathways into plants 

could have a huge impact on reproduction, defense, and food quality of 

agricultural crops.  So far, successes have been with plant defenses and the 

scent and aroma of flowers and fruits [107].  There are a plethora of plant-based 

volatile isoprenoids which are just beginning to be elucidated in terms of their 

regulation and functions [108].  A recent review covered what is currently known 

about volatile isoprenoids in plants and microbes and how they have been 

successfully engineered in plants for deterring herbivores, influencing 

interactions, or protecting against pathogens and stress [109]. 

In addition to their critical role in nature and potential future applications to 

crop vitality, volatile isoprenoids have received attention for their potential as a 

fuel.  However, the conditions must allow the isoprenoid to escape from the cell 

and liquid culture [110].  As discussed in section 1.1.1, the cyanobacterial cell 

wall is gram-negative, meaning there is a second outer membrane.  The 

peptidoglycan between the membranes tends to be much thicker and more 

highly cross-linked than typical gram-negative bacteria [11].   

Some cyanobacteria already produce volatile isoprenoids as the 

undesirable compounds geosmin and 2-Methylisoborneol (MIB).  These 

compounds have a strong odor and can greatly affect the quality of drinking 
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water.  Research has been conducted to understand under what conditions these 

compounds are produced.  Another class of volatile isoprenoids found naturally 

in cyanobacteria and other organisms are the apo-carotenoids (lysed carotenoid 

products).  β-cyclocitral is produced by many cyanobacteria, and it has 

antibacterial and anticyanobacterial properties.  When exposed to β-cyclocitral, 

Microcystis and Nitzschia cells lysed, causing the investigators to propose using 

β-cyclocitral as an agent to control outbreaks of these species [111].  When co-

cultured with Microcystis, it was found that β-cyclocitral was induced from 

Brevibacillus sp. and had lytic activity that turned the cyanobacterial cultures from 

green to blue. [112].  The dioxygenases that produce apo-carotenoids have been 

investigated for expression in E. coli.  Reiling et al. (2004) tried to improve mono 

and diterpenoid production in E. coli by increasing the expression of the 

suspected bottlenecks: dxs, ippi and ispA.  Some of the di and monoterpenes 

increased in this study, demonstrating that regulation and interactions among 

volatile terpenoid pathway genes are largely unknown [113].  In another E. coli 

study, 10 dioxygenases from 5 cyanobacteria were expressed in E. coli.  Three 

of these from Anabaena sp. PCC 7120 were found to have an unusual and 

different cleavage activity than previously found, increasing the variety of volatile 

isoprenoids which can be generated through metabolic engineering [114]. 

As a proof of concept that volatiles could be engineered into and then 

escape from cyanobacterial cells, Lindberg et al. (2010) expressed kudzu 

isoprene synthase in Synechocystis sp. PCC 6803 behind a psbA2 promoter.  

After being codon optimized, these cells could make 50 µg isoprene/g cell wt/day 

as measured in the head-space [115]. More recently, researchers were able to 
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express a plant derived limonene synthase to produce limonene in 

Synechocystis sp. PCC 6803, making over 1000 µg/L [116]. 

 

1.3 MOTIVATION FOR ISOPRENOID RESEARCH IN BP-1 

1.3.1 BP-1 isoprenoid pathway 

The isoprenoid pathway and related enzymes for BP-1 are shown in 

Appendix A.    Specifically, the carotenoid pathway splits at γ-carotene, with β-

carotene and hydroxylated carotenoids on one branch, and myxol and 

glycosylated myxol fucosides (MFs) on the other [50].   An unusual feature of the 

BP-1 carotenoid profile is the presence of 2-hydroxymyxol 2’-fucoside (HMF), a 

carotenoid also found in the terrestrial cyanobacterium Nostoc commune [117].  

This compound is of interest because its biosynthesis is not well understood and 

its aliphatic nature makes it a desirable natural product [62, 77].   The only other 

study of HMF in BP-1 demonstrated a doubling of HMF concentration when light 

intensity was increased an order of magnitude [50].  Information provided in 

Appendix A is from NCBI as well as from metabolic pathway databases KEGG 

and Pathway Tools [13, 14]. 

 

1.3.2 Potential engineering points in the BP-1 isoprenoid pathway 

Thermosynechococcus elongatus (BP-1) has amenable properties as a 

host organism for exogenously producing volatile isoprenoids.  As a thermophile, 

it is robust and can grow at temperatures amenable for isoprenoid volatilization.  

Also, it has a streamlined isoprenoid pathway with precursor pools which are 

readily available as engineering points for systems pathway engineering.  The 
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question is where on the pathway should one engineer new pathways and under 

what conditions?  In an engineered Synechocystis sp. PCC 6803 for the 

production of volatile isoprene, it was estimated that between 3–5 % of the total 

cellular carbon flux was converted into isoprenoids [115, 118, 119].  This is not 

much carbon; however, if allowed to escape from the cells, it could provide a 

metabolic sink that would drive the pathway into increased, sustained production.   

The three obstacles for increasing yields once they are expressed is: 

availability of substrates, accumulation of intermediates, and restricted storage 

capacity [89].  The restricted storage capacity should not be an issue with volatile 

isoprenoids in BP-1 since they will be released into the headspace.  This leaves 

availability of carbon substrate and accumulation of isoprenoid intermediates.   

In terms of increasing carbon availability in BP-1, Eberly et al. (2012) 

showed that cultures of BP-1 were able to grow on up to 20% CO2 in a 

photobioreactor.  At atmospheric levels of CO2, 50% of the fed carbon was 

accounted for in the storage compounds: lipids, PHB and glycogen.  However, at 

elevated levels of CO2 (any level beyond 5%) these pools only represented 20% 

of the biomass carbon.  Where did the remaining carbon go?  Analysis of the 

carbon left over in the media suggested that a significant amount of carbon not 

used in growth or storage compounds at elevated CO2 levels was excreted.  The 

authors concluded from this study that the results were unexpected and merit 

further testing of the carbon uptake metabolism in BP-1 in order to determine the 

bottlenecks [57].  Nevertheless, this abundance of carbon indicates that BP-1 

has additional carbon which could be utilized for accumulation of isoprenoids.  

The final obstacle is to direct the carbon into the desired isoprenoid 

intermediates.   
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1.3.3 Motivation for researching the coordinated response and regulation of 
carotenogenesis in BP-1 

As mentioned previously, carotenoids are a large class of isoprenoids 

found in cyanobacteria which are required for light harvesting and protection as 

well as membrane fluidity, electron transport, and gene expression.  Because of 

their critical roles, they must adapt to changing environmental conditions.  Thus, 

a first step to understanding how isoprenoid intermediates accumulate in BP-1 

cells is to review how their downstream carotenoid products respond to changes 

in the environment.  The effects of cultural triggers (pH, temperature, CO2, and 

salts) as well as environmental triggers (light quality and quantity) have been 

investigated for many years in a variety of phototrophs.  Below are some 

highlights on the effects tested in cyanobacterial cells. 

1.3.3.1 Probing the effects of cultural triggers 

Cultural triggers include the effects of pH, temperature, CO2 concentration 

and salts.  Cyanobacteria contain two-component stress responses to a variety 

of cultural trigger stress signals.  Targeted mutagenesis of Synechocystis sp. 

PCC 6803 showed that cold rigidification of the cellular membrane itself causes a 

two-component stress signal, enhancing the response of gene expression [120].  

These results as well as results from other studies have shown that the two-

component systems in cyanobacteria appear to be specific to individual types of 

stress [121].  Another method of studying the response of metabolic and 

transcript profiles in the MEP pathway is to inhibit a pathway step using chemical 

inhibitors.  By inhibiting a critical step of the MEP pathway using the inhibitor 
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fosmidomycin, it was shown that metabolites changed significantly but transcript 

level changes were modest.  These results suggest that the MEP pathway has a 

weak response at the transcriptional level.   

In general, low temperature has a stimulatory effect on carotenogenesis in 

cyanobacteria.  Low temperature also results in an increase in lipid unsaturation, 

which compensates for the decreased functionality of membranes at low 

temperature [122].  Polar carotenoids tend to anchor and rigidify to a greater 

extent than neutral carotenoids.  However, in Synechocystis sp. PCC 6803, low 

temperature led to an increase in the ratio of polar carotenoids to neutral 

carotenoids.  It is interesting to note that the increase in polar carotenoids was 

not uniform throughout the whole membrane.  These pockets of rigidity might 

provide more efficient scavenging of radicals by placing a barrier in locations 

where radical penetration could cause more damage.  This is especially critical at 

low temperature where there are more and longer-lasting free radicals [123]. In 

Lyngbya cells low temperature resulted in the accumulation of geosmin [124].  

Using computational folding software, it has been recently predicted that in BP-1 

the 5’-UTR of hspA adopts an extended secondary structure.  Probing of this 

region revealed that ribosome binding is inhibited on hspA (no proteins made) 

when temperature drops below 55 °C [125]. 

Another cultural trigger in cyanobacteria is pH.  As mentioned above, 

cyanobacteria rarely inhabit acidic environments [41].  In order for photosynthesis 

to occur at high pH, bicarbonate is essential in the cytoplasm.  This appears to 

be modulated in BP-1 by two NDH-1 complexes which convert CO2 to 

bicarbonate in the cytoplasm (one for high affinity and one for low affinity).  There 

could also be sodium dependent transporters. 



 23 

Several researchers have investigated the effects of pH on cyanobacteria 

[39].  This can be difficult and potentially controversial, since CO2 in the media 

can affect the pH, and the parameters are thus coupled by their influences on 

each other.  Bartley et al. (2014) decoupled the effects of pH and CO2 by using 

chemical pH buffers.  They compared the effects of pH 5-10 on Nannochloropsis 

and on diatom competitors.  They found that the diatoms were sensitive to the 

buffers but not the Nannochloropsis, allowing them to determine the effects of pH 

on growth in the Nannochloropsis regardless of CO2 concentration [126]. 

 

1.3.3.2 Probing the effects of environmental triggers  

Environmental triggers of isoprenoid or carotenoid pathways include the 

effects of light quality (wavelength) and light quantity (intensity).  Carotenoids act 

as photoprotectors as well as light harvesting molecules.  As photoprotectors 

they quench excited chlorophyll triplet states which can generate toxic singlet 

oxygen, especially important when cells are overexposed to light or oxygen [46].  

Due to the efficiencies of each photosystem in BP-1 photosystem studies, it was 

suggested that the main function of carotenoids is light harvesting in PS I and 

photoprotection in PS II [127].   

The common response of phototrophs under high light stress is a 

shrinking of light harvesting antenna, with corresponding decreases in chlorophyll 

a and β-carotene [128].  Zeaxanthin, on the other hand, was shown to 

accumulate in the cytoplasmic membranes of Synechococcus sp. PCC7942 

upon exposure to high light [129, 130].  When investigated over time, it was 

found that in Synechococcus sp. PCC7942, β-carotene decreased after four 
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hours of being transferred from low to high light conditions, myxol fucoside 

increased 8-24 hours, and zeaxanthin increased after 24 hours [131]. 

Since photosynthesis and respiration both occur in the thylakoid 

membrane, light can simultaneously affect the photosynthetic transport chain 

redox balance as well as a number of other responses [132].   Additionally, unlike 

in plants, cyanobacteria have multiple D1 proteins, expressed by a multi-gene 

family of psbA conferring altered light responses.  Depending on the light 

conditions, these psbA genes have been found to be differentially transcribed 

[133].   

Several investigations have considered light quality on both growth and 

carotenoid content in cyanboacteria.  In order to decrease energy and production 

cost, Arthrospira growth was tested in photobioreactors exposed to red light 

instead of the more energy-intensive red and blue light.  Cell productivity and 

pigment effects were minimal [1].  On the other hand, red light was used to 

selectively remove cyanobacterial cells from Roman archaeological sites.  Strong 

red light was found to generate ROS inside the cyanobacterial cells, effectively 

killing the cells, without damaging the stone below [134].  Kim et al. (2014) 

measured the effects of blue, green, and red light on classes of molecules and 

psbA, psbB and psaE in Synechocystis sp. PCC 6803.  They found that green 

and blue increased psbA and psbB expression and pigment content and red 

induced psaE and stimulated growth [135]. 
 

1.4 CONCLUSIONS 

Understanding the regulation of isoprenoid pathways in cyanobacteria is 

essential, both from the standpoint of gaining scientific knowledge of these highly 
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diverse compounds and for the purpose of exploiting them for the production of 

sustainable industrial products.  With new tools and techniques which integrate 

metabolic engineering and systems biology, researchers are gaining knowledge 

of regulatory and response mechanisms of cyanobacteria.  Yet, investigators 

have not been able to utilize this pool of carotenoid products to produce 

significant quantities for commercial purposes.  Still, many questions exist in 

relation to isoprenoid production in certain strains of cyanobacteria, such as: How 

do environmental parameters affect carotenoid production?  How are genes co-

expressed in cyanobacteria in response to environmental stress?  How is 

carotenogenesis affected by transcription levels?  What are recent developments 

in molecular biology and bioinformatics allowing further exploration in this field?  

The aim of this dissertation project was to provide the framework necessary to 

answer these questions, using the model organism Thermosynechococcus 

elongatus, BP-1.  Figure 1.1 shows an outline of the steps taken in this work. 
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Figure 1.1 Overlapping steps for this dissertation work.  
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Chapter 2: Development of Equipment and Protocols for Growth, 
Screening, Isoprenoid Analysis, and RNA Extraction of BP-1 

2.1 INTRODUCTION 

The following is a technical chapter describing the methods, equipment, 

and tools developed for completing the research in this dissertation.  Considering 

that this project was launched with no previous experience in the lab on 

isoprenoids or thermophilic cyanobacteria, it was critical to first establish reliable 

growth and analytical techniques.  Six experimental areas were investigated 

before moving on to further research: Growth characteristics of 

Thermosynechococcus elongatus BP-1, design of a high temperature 

photobioreactor (PBR), analysis of volatile isoprenoids, analysis of carotenoids, 

pH buffering considerations, and quality RNA extraction from BP-1.  

In addition to allowing further research in BP-1, the protocols and skills 

obtained here could prove useful in a variety of protocol developments and 

applications related to utilizing cyanobacteria for commercial isoprenoid 

production in the future. 

2.2 MATERIALS AND METHODS 

2.2.1 Strain and growth media 

The thermophilic cyanobacterium BP-1 was provided by Professor 

Masahiro Ishiura at Nagoya University [49].  Axenic cultures were routinely grown 

in BG11 medium adjusted to pH7 [136] in an incubator under 4100K white light 

(50 μE/m2s) and 53 °C.  Four buffers of differing pKa values - MES, HEPES, 

Bicine, and CAPS [137] - were tested in BG-11 for their ability to maintain pH 

control during BP-1 growth over different operating conditions.  Each buffer-
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modified growth media was adjusted with HCl or NaOH at 23 °C to the desired 

pH before being filter sterilized. 

BP-1 cultures were monitored for cell density using absorption readings at 

OD730 nm on a Shimadzu UV-2450 spectrophotometer.  These readings were 

converted to cell concentrations based on previously calibrated hemocytometer 

cell counts.  Cells were harvested either by centrifugation at 3000 x g for 10 min, 

or by filtration through a Whatman GF/C filter, or Waters HA filter.  Then either 

the cell pellet or the filter was frozen in liquid N2 and stored at -80 °C until such 

time that carotenoid or RNA extraction protocols could be tested.   

2.2.2 Gradient Heat Block 

A gradient heating block with drilled tube holders was used for screening 

growth at different temperatures.  The block was temperature controlled with an 

electric heater set to 60-75 °C on one end and a circulating water bath set to 44-

50 °C on the other.  Duplicates (one on each side) of up to 8 different 

temperatures could be run at the same time along the gradient block.  Air or 

enriched air (1.5% CO2) was bubbled through sterile DIW heated to 50 °C to 

minimize evaporation.   Light was provided on each side of the block by three 

fluorescent tubes (36W/33) at low, medium, and high light (30, 200, 500 µE/m2-s, 

respectively, as measured by a Li-COR Photometer Model LI-185A).   

2.2.3 Custom photobioreactor 

The chamber used to grow BP-1 cells directly, and also used as a water 

bath for bubbler tubes, was a 27.0 x 26.5 x 7.0 cm glass TLC chamber (Sigma-

Aldrich, Z126195) placed inside of an illumination box.  LED panels on the two 

broad faces of the illumination box consisted of an array of lamps of three 
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different colors (blue, yellow, and red), which could be independently tuned to a 

desired intensity in order to complement the absorbance spectrum of BP-1.  In 

order to maintain axenic cultures during operation, the growth chamber was 

washed with ethanol and placed under UV light overnight, and the entire 

assembly of test tubes, syringes, manifolds, and air tubing were autoclaved as a 

unit prior to use.  Temperature was controlled via a Virtual Instrument (VI) 

program designed in LabVIEW 10.0 (National Instruments).  Details into the 

design, operation, and troubleshooting of the PBR are provided in the Results 

and Discussion sections below. 

2.2.4 Volatile Isoprenoid Analysis 

Solid phase microextraction (SPME) was the method used to detect 

unique volatile and semi-volatile compounds from BP-1 cells.  SPME fibers made 

of different materials (PDMS 100 um, PDMS/DVB, and CAR/PDMS, Kit 4, 

Supelco) were compared in order to collect isoprenoids with different properties.   

Three sampling techniques were tested; two above liquid cultures and one 

above a filtered (wet-solid) culture.  The liquid sampling was conducted either 

directly above a growing culture or above an aliquot of 1-10 ml of cell culture 

placed into a sealed Supelco 15cc vial.  For the aliquot sample, a Teflon septum 

was used to reduce off-gassing at high temperatures.  Each vial contained a 

micro-stir bar and was placed in a heated stir plate assembly, where stir speed 

and temperature could be controlled.  A mount was built above the stir plate 

assembly to secure a SPME manual fiber holder (Supelco).  The tip of the 

septum-piercing needle was inserted and locked at a distance of 2 mm into the 

vial and 10 mm above the liquid sample.  For direct sampling of headspace 
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above growing cultures, air flow to the cells was halted and the septum-piercing 

needle of the fiber holder was inserted into the bubble tube cap.  It was locked 

into position 15 mm above the sample. 

For sampling above a filtered (wet-solid) culture, the liquid was removed 

by filtering 10-20 ml cell culture through a 0.45 um HA filter disk, and then placing 

it into a 15 cc Supelco vial with Teflon septa with the cell-side facing inward.  

Once capped, the vial was lightly tapped until the edge of the filter just touched 

the bottom of the vial. 

All GC samples were separated using a HP-5MS Column with 1 ml/min 

He carrier gas.  For routine detection, an Agilent 6850 with FID detection was 

employed with an inlet temperature of 200 °C and a detector temperature of 300 

°C.  The most commonly used oven recipe, called “Frankincense.M,” was 

programmed as the following:  40 °C 1min, 9 °C/min to 130 °C, 3 °C/min to 200 

°C, 9 °C/min to 325 °C.  For peak identification, an Agilent 6800 GC/MS was 

used, equipped with a Thermo Scientific TSQ Quantum Triple Quad MS, with a 

chemical ionization flow rate of 1.5 ml/min.  In order to increase linear velocity, 

and thus resolution of desorbed volatile analytes, a 0.75 mm injection liner 

(Sigma-aldrich) and an injection port stand (Supelco) were used to secure the 

fiber holder during desorption into the GC.   

2.2.5 Carotenoid Analysis 

The carotenoid extractions were conducted, as much as possible, under 

conditions of low temperature and low light [138].  All solvents and standards 

used in the development of carotenoid extraction and analysis procedures were 

of HPLC grade (Fischer Scientific).    
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For carotenoid analysis that employed HPLC, carotenoid extracts were 

separated on a Dionex Ultimate 3000 HPLC System, equipped with an 

autosampler, photodiode array detector, temperature controlled column 

compartment, and a YMC Carotenoid C30 Column (3 μm, 250 x 2.0 mm) with a 3 

μm, 10 x 2.0 mm Guard Column (YMC America, Inc.).  Pump parameters were 

tested for different recipes with two solvents, solvent A=100% methanol with 

0.05% Triethylamine (TEA), and solvent B=100% Methyl Tertiary Butyl Ether 

(MTBE) with 0.05% TEA.  Sample-to-sample variability was normalized by trans-

β-Apo-8′-carotenal (Sigma-Aldrich) as an internal standard (IS).  The IS was 

prepared by mixing and diluting stock solutions of β-apocarotenal in methanol to 

a final concentration of 5 mg/µl, which equaled 2 µg per 400 µl in the extraction 

protocol.   

Molar absorptivity (ε) was used to quantify carotenoids at their highest 

peaks of absorption [50].  The highest absorbance peaks were 450 nm for β-

carotene, zeaxanthin, nostoxanthin, and caloxanthin, and 470 nm for MF, HMF 

and β-carotenal.  To determine the ε values, weighed dilutions of zeaxanthin, β-

carotenal, and β-carotene standards (Sigma Aldrich) were separated by HPLC, 

and the ε values were calculated using the Lambert–Beer’s law for continuous 

HPLC flow [139].   

2.2.6 RNA extraction 

In order to obtain quality RNA extraction from BP-1 cells, several chemical 

and physical methods were tested and described in more detail in the Results 

section.  Trizol reagent (Life Technologies), extraction kits, RNAprotect Bacteria 

Reagent (Qiagen), bead-beating, heat, and mortar and pestles were some of the 
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materials and methods tested.  All chemicals and plastic-ware were DNase and 

RNase-free, and the bench and pipetters were wiped before each extraction with 

RNase wipes. 

2.3 RESULTS 

2.3.1 BP-1 temperature growth characteristics 

Upon receiving BP-1 from Japan, cultures were inspected microscopically 

to confirm morphology and check for contamination.  Figure 2.1 shows the shape 

and size of BP-1 and the incubator where axenic cultures were maintained in 

BG-11 media at 53 °C under 4100 K fluorescent white light.   

 

 

Figure 2.1 Images of Thermosynechococcus elongatus BP-1 a) under a light 
microscope at 400 x, and b) static in the seed culture growth 
chamber (50 μE/m2s white light, 53 °C). 

Figure 2.2 shows the results of cell counts vs. spectrophotometer readings 

at optical density OD730 nm.  Three types of cuvette set-ups were tested in order 

to determine the most reliable correlation between cell concentration and OD.  

The first method used a thin glass cuvette and scatter plate.  This resulted in a 

R2 fit of 0.993.  However, the points corresponding to BP-1 cell concentration 

a) b) 
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found during exponential growth (ie. 1x107 – 1x108 cells/ml) were not well 

correlated.  A standard cuvette without a scatter plate resulted in a much lower 

R2 fit of 0.861.  This set-up also had the disadvantage of requiring 4 ml per 

sample.  The best cuvette set-up was using thin plastic (disposable) cuvettes 

without a scatter plate which had a R2 fit of 0.940.  This set-up resulted in a good 

fit for BP-1 cell concentrations found during exponential growth, and required 

only 1.5 ml per sample. 

 

 

Figure 2.2 Hemocytomer cell counts of BP-1 vs spectrophotometer OD730 
measurements.  Linear trendline fits shown for three different cuvette 
set-ups. 

 

BP-1 growth rates were tested in CO2 enriched air (air + 1.5% CO2) for 

temperature dependence.  These experiments were conducted in the heat 

gradient block.  Figure 2.3 shows the growth over time for runs spanning 40-70 

°C.   The range of temperatures in which cells grew robustly was 45-61 °C.  

y = 1.310x109 x (OD730) 
R² = 0.993 
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Within this range, the 45 °C cultures took longer to reach their maximum cell 

concentration, and stayed at a higher concentration after 4 days than the 61 °C 

cultures.  Outside of this range the cells either grew very slowly or died shortly 

after inoculation.   

 

 

Figure 2.3 Growth profiles of BP-1 bubbled with CO2-enriched air (1.5%) over a 
temperature range of 40-70 °C exposed to 200 µE/m2s white light. 

Table 2.1 lists the growth characteristics of BP-1 under CO2-enriched air 

at different temperatures.  Growth rate increased with temperature until 61 °C, 

where μ=2.77/day for a doubling time of Td=0.25 days.  Over the temperature 

range of 40-61 °C cells grew to similar maximum concentrations of 6.3-6.6 x 107 

cells/ml.  The gradient heat block used to test temperature dependence of BP-1 

growth had several design elements which made it inadequate both for long-term 

high throughput screening of environmental parameters and for high volume 
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cultivation studies.  First, evaporation from the cotton-plug bubbler tubes in the 

gradient heat block was a major operational challenge.  The tubes had to be 

replenished daily with sterile water to compensate for evaporation.  Sealed caps 

and syringes helped reduce evaporation yet caused several tubes to 

intermittently clog with condensate, increasing back-pressure.  Second, the light 

flux to each tube in the block was limited due to a small window on the side of the 

metal encasing.  This caused shading and non-uniform light attenuation into each 

tube.  Finally, due to the limited surface area, each bubbler tube could not hold 

more than 30 ml; volumes larger than 30 ml resulted in non-uniform temperature 

within each tube.   

 

Table 2.1 Growth characteristics of BP-1 bubbled with CO2-enriched air (1.5%) 
over a temperature range of 40-70 °C exposed to 200 µE/m2s white 
light.   

Temp °C μmax (1/day) Td (day) Max. conc. 
(cells/ml) 

Time to 
reach Max. 
conc. (days) 

40 1.14 0.61 6.46 x 107 2.9 
45 1.93 0.36 6.54 x 107 2.3 
48 2.35 0.30 6.40 x 107 2.3 
53 2.67 0.26 6.39 x 107 2.3 
55 2.72 0.26 6.34 x 107 2.0 
61 2.77 0.25 6.58 x 107 1.5 
65 0.71 0.97 3.76 x 106 1.3 
70 0.09 8.00 1.78 x 106 2.0 

 To solve these problems, and allow more samples to be run in parallel, a 

custom photobioreactor (PBR) system was required.  This system would need to 

be versatile in order to run different culture volumes.  In addition, the parameters 

affecting BP-1 growth would need to be uniform and carefully controlled.   
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2.3.2 Photobioreactor construction and troubleshooting 

The photobioreactor (PBR) design objectives were: 1) to be constructed 

from inert, non-leaching components, 2) to be easily sterilizable, 3) to run up to 

14 small volume experiments simultaneously or one large volume experiment, 4) 

to have adjustable light (quality and quantity) and temperature, 5) to cost less 

than $5000 to construct, 6) to be monitored in real-time, and 7) to have optional 

chemostat settings.   

2.3.2.1 Chamber and lighting design 

In order to determine if a TLC glass chamber would work in a PBR, one 

was cleaned, ethanol-sterilized, and placed under UV overnight.  The chamber 

was then placed onto a heated stir plate and 4 L of BG-11 media was stirred and 

allowed to reach 55 °C for several hours before inoculating the chamber with 

fresh BP-1 cells at 1 x 107 cells/ml.  Air was bubbled into the chamber and each 

side was illuminated from a computer projector.  The projector was chosen in 

order to provide uniform light and to allow customization of light wavelength.  

Figure 2.4 shows the growth curve over 2.5 days under 150 μE/m2s measured 

light from a white-screen projection.  There was no noticeable accumulation of 

cells at the bottom of the chamber and the growth rate was 0.486/days for a 

doubling time of 1.43 days.   
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Figure 2.4 Growth profile of 4 L culture of BP-1 bubbled along the sides of a 
glass TLC chamber at 55 °C exposed to 150 μE/m2s light from a 
white-screen projection. 

 

The chamber needed to be encased in a box, but the projector was bulky 

and generated much heat.   In order to provide customized light at a low profile 

onto both sides of the chamber and with low heat emission, it was decided to 

make customizable LED panels.  The LED panels were designed to match the 

peaks in a typical absorption spectrum of BP-1.  Figure 2.5 shows the spectrum 

of 50 μE/m2s light flux from a 4100K white light, superimposed with the 

absorption spectrum of BP-1.  Typical white light growth conditions of BP-1 are 

35-200 μE/m2s.  Considering that white light has minimal emission over the 

biologically relevant wavelengths, a target maximum photon flux of 200 μE/m2s 

with biologically-relevant light for each panel was deemed sufficient.   For reactor 

surface area = 0.056 m2, this would require 112 lumens to achieve 200 μE/m2s.  
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Each LED panel contained 98 each of blue, yellow, and red 5mm cylindrical 

LEDs, corresponding to wavelength optima of 470 nm, 590 nm, 643 nm, 

respectively (VCC Optoelectronics).   

Bulbs with the widest available viewing angle (100 degrees) were chosen 

in order to allow light mixing and uniformity at the chamber surface.  The largest 

region of absorption (400-500 nm) is in the blue region, where the carotenoids 

overlap with the major absorbance peak of chlorophyll a.  Superbright blue LEDs 

(433-500 nm, VAOL-5701SBY4) were chosen to span this wavelength range.  

Yellow (553-620 nm, VAOL-5701CE4) LEDs were selected to target the 

phycobilins and red (620-670 nm, VAOL-5701AE4) LEDs were selected to target 

the second, smaller chlorophyll peak (645-710 nm).  In total, 95 bulbs of each 

LED color were used on each panel in an alternating array.  At maximum 

intensity, blue, yellow and red LED lights emitted 35, 1, and 8 µE/m2s, 

respectively.  The LED panel was designed as a rectangular grid with blue, red, 

and yellow LEDs repeating in order down each column of 14 bulbs and repeating 

in the same order (offset by one color) until the 21st column.  LEDs were spaced 

13 mm apart.  Alternate panels could be designed and traded out when needed.  

The radiated heat from the LEDs was insignificant.  

The contour plots of light flux were measured as a means to determine the 

operating region in the reactor.  Figure 2.6 shows contour plots of the light flux 

measured with a photometer (LI-1400 data logger) at 96 points inside the reactor 

chamber at distances of 1.5, 5, 8.5, and 12 cm from one illuminated LED panel.  

As a point of reference, the inside edge of the flat glass chamber wall is located 5 

cm from the LED panel.  The flatness of the 60 µE/m2-s topography at 5 cm 

distance and 8 cm height indicated a uniform photon flux and an ideal location for  
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Figure 2.5 The BP-1 and light profile absorption spectrums.  BP-1 (green) is 
overlaid with a 4100K white light spectrum at 50 μE/m2s (grey) and 
the PBR LED panel spectrum, emitting light at maximum level of 
intensity with blue, yellow, and red LEDs at 35, 1, and 8 μE/m2s 
photon flux, respectively. 
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cm above the height of the reactor) were used along with a fan which cooled 

evaporated water so it could return to the culture.  Silicon caps with 30 gauge 

syringes for vent were inserted in the tubes.  Using a larger bore size (or cotton 

to plug the tubes) resulted in significant evaporation loss and a smaller size 

caused occasional bubbling irregularities due to backpressure.  This design 

resulted in less than 0.5 ml evaporation per day at 61 °C.  

 

 

Figure 2.6 Contour plots of LED photon flux throughout the PBR.  Distances of 
1.5, 5, 8.5 and 12 cm are from one of the two custom LED panels 
emitting light at maximum level of intensity.  Units are μE/m2s. 

 

2.3.2.2 Fluid flow and instrumentation 

Initial experiments utilized a hot water circulator to maintain constant water 

temperature in screening experiments; however, this design made much of the 

uniform light area unusable.  A heat strip was affixed to a metal chamber lifting 

tray, allowing the chamber to heat up, so that the water just had to be mixed with 

an immersible aquarium recirculator.  The silicon heater strip, part SRFG-1241 

(Omega Engineering), was chosen because its dimensions (1 in x 24 in) fit into 
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the ridges of the TLC glass chamber up to the water level on each side.  The 

amount of power needed to heat a full chamber containing 8.82 lbs water (4 L) 

and 10 lbs glass from 25 to 60 °C (including heat lost to the environment) in 2 

hours was calculated to be 115 W.  This strip provided 5 W/in2, or 120 W total 

power, enough to provide this necessary power.   

Due to fluctuations in room temperature and bath volume, the temperature 

drifted over time during the span of an experiment  Figure 2.7 shows the results 

of cell concentration, pH and temperature over 12 days for 3 separate bubbler 

tubes in the PBR under the manually set strip heater design.  The bubbler tubes 

had similar growth rates over the 12 day period.  The pH increased over the first 

6 days, then leveled off to around 10.  The temperature was measured multiple 

times per day and had to be manually adjusted to maintain 55 +/-2 °C. 

 

 

Figure 2.7 Growth, pH, and temperature profiles of three separate bubbler tubes 
of BP-1 grown in the PBR at 55 °C with no automated data collection.   

1E+06

1E+07

1E+08

0 2 4 6 8 10 12

C
e

lls
/m

l 

Days 

tube position 1

tube position 2

tube position 3

7

8

9

10

11

0 2 4 6 8 10 12

p
H

 

Days 

35

40

45

50

55

60

65

0 2 4 6 8 10 12

Te
m

p
e

ra
tu

re
, °

C
 

Days 



 42 

Figure 2.4 and Figure 2.7 showed that BP-1 could be grown in the glass 

chamber either as a large volume or as multiple cultures.  The LED panels and 

illumination box provided custom, uniform light and the heat strip allowed for 

more space within the reactor chamber.  In order to improve on the temperature 

control, a thermocouple was added to the reactor and the PBR was connected to 

a computer for instrumentation monitoring and feedback control.  The schematic 

for both screening and cultivation modes are shown in Figure 2.8.  

The temperature feedback loop was created with a type J thermocouple 

connected to a TC01 temperature collector and a solid-state relay connected to 

the heat strip and a data acquisition device.  Figure 2.8 shows that signals from a 

J-type thermocouple are collected through a USΒ-TC01 device (①) into a 

custom LabVIEW Virtual Instrument (VI).  When the temperature increases past 

the user inputted temperature set-point, a signal is sent from the LabVIEW VI to 

the DAQ 6008 data acquisition device (②) to a solid state relay (SSR) to turn off 

the silicon affixed chamber heat strip (③).  The LabVIEW “Virtual Instrument” 

and “Block Diagram” are shown in Appendix °C. 

 

Figure 2.8 Schematic of the photobioreactor and auxiliary components under 
both possible configurations. a) screening mode and b) cultivation 
mode. 

a) b) 
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The cultivation mode required additional instrumentation.  To allow for 

steady-state operation, Figure 2.8 shows a photodiode circuit which is energized 

by the DAQ 6008 5V output (④) and the resulting amount of infra-red (IR) light 

radiation penetrating to the other side of the chamber is detected by an IR 

photodetector.  The signal from the photodetector (⑤) is collected by the DAQ 

6008 and, based on previously correlated values, the fresh media pump is 

remotely controlled by a signal from the DAQ 6008 (⑥) such that the cell density 

is maintained to a set-point value.  The level control pump is continuously 

operating to maintain constant reactor volume.  A pH probe and meter also send 

signal values to the DAQ 6008 (⑦), allowing real-time pH monitoring of the 

culture conditions (⑧). 

The pH was measured with an IQ Scientific Instruments pH probe and 

meter with a wire connector translating the “chart output” of 0-40 mA to a pH 

range of 0-14.  However, the pH fluctuated over time, and was found to drift after 

one day.  A higher quality probe and meter should solve the problem.  For the 

remainder of the project all samples were measured using a benchtop pH probe 

due to availability and low cost. 

A challenge that continued to present itself was loss of culture media 

during experiments due to evaporation at thermophilic conditions.  This required 

the air to be saturated upon entering the culture, and the bubbled out air to be 

vented in such a way that water vapor could condense and return to the culture.  

For the cultivation mode this was remedied with a Graham-style spiral glass 

condenser in the chamber lid.  For the smaller bubbler tubes, several venting 

designs were tested.  The best method was to use a short, 22 gauge syringe as 

a vent.  This resulted in the maximum return of condensate and zero 
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accumulation of water within the syringe (a condition which causes back-

pressure).  The manifold was also found to be a source of fluctuating back-

pressure.  This was remedied by opening the cap at the end of the manifold to 

force a continuous stream of air through the manifold at all times. There were 

several improvements which could be made on the PBR, but were not essential 

to moving forward with BP-1 research.  For example, with all lights on full power, 

the cultures could survive, meaning they were not past their limit for 

photooxidation.  A panel with more lights and/or increased pulse width 

modulation would be desired in the future.  Despite these shortcomings, the PBR 

generated attention and in 2010, the PBR was photographed by the Texas 

Tribune and then re-published in the New York Times for an article regarding the 

UTEX culture collection [140], Figure 2.7.  

 

2.3.3 Headspace sampling for volatile isoprenoids in BP-1 

Three different solid-phase microextraction (SPME) fibers and a multitude 

of extraction and GC conditions were tested for analysis of volatile compounds in 

BP-1.  The aim was to determine if BP-1 produced volatile isoprenoids and if they 

could be quantified using headspace analysis with SPME and then analysis by 

gas chromatography-flame ionization detection (GC/FID).  This method was 

chosen because of its low cost and the availability of a GC/FID and pertinent 

columns.  The SPME fibers PDMS, PDMS/DVB, and CAR/PDMS were selected 

based on technical specifications of their compound selectivity.  The 

experimental results are summarized below.  Further details, including 

comparative GC/FID chromatograms, can be found in Appendix D.   
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In order to determine the best extraction parameters and if peaks using 

this method could be quantifiable, standards of 2% wt/vol squalene standard in 

10 ml DIW were tested using the PDMS/DVB fiber over ranges of equilibrium 

time (30-300 min), temperature (53-80 °C), extraction time (5-40 min), GC 

injector temperature (200-250 °C), and syringe height (2.5-3.5 in).  After 30 

minutes equilibrium there was little difference in peak height.  Increasing the inlet 

temperature above 200 °C resulted in noise, perhaps due to fiber degradation.  If 

the fiber was not properly desorbed at 200 °C for 30 minutes, squalene carry-

over would occur in subsequent runs, and the syringe height of 3 led to larger 

peak sizes.  Figure 2.9 compares extraction temperature and exposure time to 

the squalene peak area.  As this figure demonstrates, extraction increases with 

exposure time, yet the data does not adequately fit a standard curve, and thus, 

the SPME method could be beneficial for identifying compound peaks but not for 

accurate quantification.  

The first two experiments (Appendix D, Experiments SPME 1,2) were 

conducted using the PDMS and PDMS/DVB fibers directly above growing BP-1 

cells in the PBR chamber or bubbler tubes at 53 °C.  These experiments resulted 

in approximately 20-30 well-defined peaks, most of which turned out to be from 

the DIW or BG-11 media.   A few small unique peaks from the BP-1 cultures 

were detected.   

In order to improve detection of unique peaks, experiments were conducted 

using air-tight 15 ml Supelco vials, in which the cells were stirred and heated to 

53 or 60 °C before being extracted with the PDMS fiber for 30 minutes (Appendix 

D, Experiments SPME 3, 4).  Using the Supelco vial allowed the detection of 

several BP-1 peaks at very high levels.  One peak (labeled “A”) appeared just 
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before 30 min and was 500x taller than other peaks and detected above all BP-1 

liquid samples, but not filtered cells.  Another peak appeared after 30 min 

(labeled “B”) and was present in all samples, but 4x larger than “A” in the filtered 

cell sample only.  This means “A” is excreted from the cell and perhaps is more 

water soluble, ending up in the filtrate, while “B” is likely membrane-bound and 

lipid soluble, and could only be extracted when cells were heated directly into air, 

where this compound could be partitioned from the membrane. 

 

 

Figure 2.9 SPME sampling exposure time vs. GC/FID peak area for extraction of 
a squalene standard (2% wt/vol).  Samples were equilibrated for 30 
min, then extracted using a PDMS/DVB fiber for different exposure 
times and different sampling temperatures. 

In order to test how equilibration time effects peak areas, three separate 

BP-1 samples were placed in Supelco vials, equilibrated for 10, 80, or 150 

minutes, then exposed to the PDMS fiber for 60 min.  Figure 2.10 shows the 
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chromatogram and a chart of peak area for these three samples.  Peak “A” is 

retention label 22 and Peak “B” is label 27.  The former increases with increasing 

equilibrium time while the latter does not.   

A new oven recipe (Frankincense recipe, Appendix D, Experiments SPME 

6, 7) was developed in order to separate the three large peaks.  Also, the 

extraction temperature was increased to 80 °C with PDMS/DVB and CAR/PDMS 

fibers to try and detect more unique compounds.  The result was a four-fold 

increase in the number of peaks, and especially with the CAR/PDMS fiber, the 

detection of smaller-sized compounds. 

 

 

 

Figure 2.10 SPME equilibration time vs. GC/FID peak area for BP-1 headspace 
sampling.  BP-1 samples were extracted using a PDMS fiber for 60 
min exposure at a sampling temperature of 53 °C. The inset shows 
the actual SPME chromatogram for the three runs. 

0

25

50

75

100

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

P
e
a
k
 A

re
a
 

Peak label, in order by retention time 

10min

80min

150min



 48 

The large peaks discovered by the PDMS fiber (labeled as “A” and “B”) 

were detected using GC/FID.  These peaks eluted late in the run, indicating that 

they were probably not isoprenoids.  The small peaks detected by the 

CAR/PDMS eluted earlier and were within the range of mono- or 

sesquiterpenoids.  Both low and high resolution GC/MS were utilized in order to 

identify these unknown BP-1 compounds by molecular weight and structure. 

Figure 2.11 shows two chromatograms over time of SPME analysis with 

low resolution GC/MS.  The first GC/MS experiment (Appendix D, Experiment 

SPME 8) utilized a low resolution methane chemical ionization in order to gently 

fractionate the volatile compounds from a filtered BP-1 sample onto a 

PDMS/DVB fiber.  The three large peaks mentioned above (including “A” and 

“B”) had molecular weights and fragmented patterns of branched hydrocarbons 

with formulas: C15H32, C16H34, C17H36.  The C15 peak was the peak which 

appeared in media filtrate and liquid samples.  The C17 peak was the peak which 

was clearly apparent in the filtered cells in which no liquid was present during 

extraction.  In the second GC/MS experiment (Appendix D, Experiment SPME 9) 

a slower oven recipe and the CAR/PDMS fiber were utilized to pick up the 

smaller unknown peaks.  Four peaks were discovered in this experiment, three 

with the chemical formula C9H14O and one with the chemical formula C10H16O.  

Although these chemical formulas could represent modified monoterpenoids, 

high resolution fragmentation determined these C9 and C10 peaks to be 

cyclocitral and citral, respectively.  These two compounds are common apo-

carotenoids, products of the hydrolysis of β-carotene. 

The final set of SPME experiments was conducted with three types of BP-

1 cell preparations: 10 ml liquid culture, 10 ml filtered cells on filter, 10 ml filtrate 
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from filtered cells.  The results of the peak areas for the identified apo-

carotenoids and branched hydrocarbons from the different cell preparations are 

shown in Figure 2.12.   

 

 

 

 

Figure 2.11 GC/MS chromatograms for filtered BP-1 headspace sampling.  The 
two methods were a) using a PDMS fiber picking up mostly 
hydrocarbons, and b) using a CAR/PDMS fiber picking up mostly 
apo-carotenoids.   

After testing a variety of conditions and treatments, it was concluded that 

BP-1 excretes small amounts of apo-carotenoids in the form of citral and 

cyclocitral and large amounts of branched hydrocarbons.  Since this project is 

focused on isoprenoids and the isoprenoid pathway, further investigation into the 

hydrocarbons was put on hold and may be re-visited at a later date.  The next 

step was to determine accurate extraction and quantification of intra-cellular 

isoprenoids, ie. pigments chlorophyll a and carotenoids.   

a) 

b) 
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Figure 2.12 GC/FID Peak area of previously identified volatile compounds from 
BP-1 headspace sampling.  Samples were equilibrated for 30 min 
then extracted using a CAR/PDMS fiber exposed for 45 min 
exposure at  66 °C, arranged by type of sample.  

 

2.3.4 Development of high-throughput carotenoid extraction and screening 
method 

The main objectives in the development of a carotenoid extraction method 

were accuracy and reproducibility.  Additional goals included cost-savings and 

expediency.  As a first measure, available and/or inexpensive materials were 

tested, in which the extraction and quantification could be completed in-house.  
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Some of the extractions tested included comparing solvents (chloroform, 

methanol, acetone), and physical processes (centrifuged vs. filtered cells, 

lyophilized vs. not lyophilized cells, with vs. without liquid N2 freeze-thaw 

treatments).   TLC was already available in the lab so it was used to compare 

pigment bands from the different extraction methods.  However, all attempts to 

elute the bands from TLC plates into solvent, in order to quantify with 

spectrophotometer readings, failed.  The amount of starting material required for 

clear bands on the TLC plates was on the order of 30 ml of cell culture; anything 

less and the bands were not resolved enough for quantification, even with the 

use of imaging software.   

Sep-pak C18 Plus Light (Waters) solid phase cartridges were tested for 

quick separation of classes of carotenoids.  These cartridge methods did not 

result in clean separation of carotenoids from BP-1 (especially for the 

xanthophylls: zeaxanthin, caloxanthin, and nostoxanthin).  Figure 2.13 shows the 

results from two such experiments in which classes of carotenoids co-eluted.  In 

Trial #1, the cell extract from 7:2 acetone-methanol was applied to the column, 

followed by 1 ml each of acetone, 8:2 hexane-acetone, and hexane.  In Trial #2, 

more dilute extractions and larger volumes were used to improve selectivity.  The 

cell extract from 7:2 acetone-methanol was applied to the column, followed 

successively by 10 ml each of 90% methanol, methanol, acetone, and hexane.   

The carotenoid extraction procedure resulting in reproducible results are 

detailed in Appendix B.  For each sample, 1.8 ml 7:2 acetone-methanol 

containing IS β-carotenal was added to the frozen cell pellet and sonicated.  Up 

to 12 samples were vortexed in parallel on a vortexer at 4 °C for 30 min.  The 

samples were then spun and an aliquot was removed, mixed with a salt buffer 
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and ethyl acetate, spun again and then 50 µl ethyl acetate containing the 

pigments was mixed with 200 µl methanol and injected into the HPLC column.  

This one step process was efficient, allowing adequate solvent penetration (as 

sequential extractions showed no detectible peaks), and had no identified 

degradation of carotenoids (as there were no additional unidentified peaks on 

HPLC).  Several times the remaining pellet was extracted again to determine 

how much pigment remained.  Each time, carotenoids and chlorophyll a were 

below detection levels on HPLC and bands could not be detected on TLC, 

confirming that the carotenoid and chlorophyll a extraction from BP-1 cells using 

this protocol was sufficiently representative of the total carotenoid content. 

A C30 column was selected for the separation and quantification of 

pigments from BP-1.  The smallest pore size available was chosen in order to 

minimize solvent consumption.  Several recipe and troubleshooting programs 

were tested in order to develop the best resolution in the shortest amount of time.  

Appendix D contains both the Dionex HPLC Command Code used in the 

operation of the Dionex HPLC system and four selected recipes outlining the 

troubleshooting involved in the development of an efficient, well-resolved HPLC 

separation.  With each recipe given, the elution profile, 3D heat map over a range 

of 250-600 nm wavelengths, and the pump parameters are shown.  Recipe #1 

produced a long gap between peaks.  Recipe #2 shortened this gap, yet the first 

peak did not elute until after nine minutes.  Heating the column in Recipe #3 sped 

up the first elution time, yet the peak shape had some trailing and the overlap of 

MF and zeaxanthin made it impossible to resolve these peaks.  Recipe #4, “25C 

A78% faster 3D” became the standard recipe for carotenoid analyses in this 

research, due to the short run time and clear peak resolution.  
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Figure 2.13 Full spectrum readings of fractionated pigment extractions using 
Sep-pak C18 solvent separations.  Steps listed indicate the solvent 
recipe used for a) Trial #1 and b) Trial #2.   

 

The molar absorptivity (also known as the extinction coefficient, ε) for 

carotenoids with one or more hydroxyl groups is the same regardless of the 

number of hydroxyl groups [138].  This is convenient, since many pure 

carotenoid standards do not exist or can be very expensive.  In order to 

determine the molar absorptivity for the HPLC system used here, three 

standards, zeaxanthin, β-carotenal, and β-carotene were prepared and run using 

Recipe #4 at different nmol amounts.  The results show an almost linear 

response, regardless of the carotenoid standard (Figure 2.14).  Nevertheless, the 

slopes were slightly different.  This difference was due to the small difference in 

polarity of the mobile phase entering the column at the time each peak was 

eluted.  The equation used to calculate molar absorptivity from HPLC is: 

 

Sep-pak C18 Trial #1  
1) Applied extract 
2a) 1 ml acetone (media blank) 
2b) 1 ml acetone (acetone 
blank) 
3) 1 ml hexane-acetone 8:2 
4)1 ml hexane  

BP-1 cells 
(media blank) 

Sep-pak C18 Trial #2 
1) applied extract 
2) 10 ml 90% 
methanol 
3) 10 ml methanol 
4) 10 ml acetone 

5) 10 ml hexane 

a) b) 
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𝜀[[
𝑚𝑜𝑙

𝐿
]−1𝑐𝑚−1] =

𝐴[𝐴𝑈 𝑚𝑖𝑛] ∗ 𝑓𝑙𝑜𝑤 [
𝐿

𝑚𝑖𝑛]

𝑙[𝑐𝑚] ∗ 𝑀𝑜𝑙
 

 
 
Convert units AU min  mAU min, L/min  ml/min, Mol  nmol: 
 

𝜀[[
𝑚𝑜𝑙

𝐿
]−1𝑐𝑚−1] =

𝐴[𝑚𝐴𝑈 𝑚𝑖𝑛] ∗ 𝑓𝑙𝑜𝑤 [
𝑚𝑙

𝑚𝑖𝑛] ∗ 103

𝑙[𝑐𝑚] ∗ 𝑛𝑀𝑜𝑙
 

 
 
Where, A = area under the peak for compound at specific wavelength (mAU-min) 

𝑛𝑀𝑜𝑙 =nmoles of compound injected into HPLC 
𝑓𝑙𝑜𝑤 = 0.159 ml/min 
𝐿 = path length = 1cm 
𝜀 = extinction coefficient for compound at specific wavelength 
 
 
 

 

Figure 2.14 HPLC peak area vs nmol injected of carotenoid standards used for 
molar absorptivity measurements. 
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Using these equations, the average extinction coefficient was calculated 

for each standard.  Table 2.2 shows the wavelengths and extinction coefficients 

used for quantifying carotenoid content from BP-1 carotenoid extracts.  The ε 

value decreased slightly with elution time as the HPLC solvent mixture 

decreased in polarity.  The values were 101, 99.0, and 96.3 1/mM-cm for 

zeaxanthin, β-carotenal, and β-carotene, respectively.  For the peaks without 

standards, the ε values of the closest standard peaks were used for 

quantification.  These were 101 1/M-cm for nostoxanthin and caloxanthin, 99.0 

1/M-cm for HMF and MF, and 96.3 1/M-cm for both cis and trans β-carotene 

peaks.   

 

Table 2.2 Wavelength and extinction coefficient values used for calculations 
quantifying carotenoids in BP-1 

Compound Wavelength 
(nm) 

Extinction coefficient 
from literature(1/mM -
cm) [50] 

Measured Extinction 
coefficient  
(1/ M -cm) (see below) 

Nostoxanthin 450 140 No standard 
Caloxanthin 450 140 No standard 
Zeaxanthin 450 140 101 
HMF 470 140 No standard 
MF 470 140 No standard 
β-carotenal (IS) 470 140 99.0 
β-carotene  450 140 96.3 
Chlorophyll a 618 16.8 No standard 

 

2.3.5 pH Control in BP-1 cultures 

Four different buffers were selected as pH stabilizers.  These buffers were 

selected based on their pKa and their compatibility with living organisms.  Similar 

to pH, the pKa decreases with increasing temperature.  In order to select 
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appropriate buffers for thermophilic conditions, the pKa was calculated for the 

four buffers using measured data found in [141] and seen in Figure 2.15.  These 

physical characteristics can also be seen in Table 2.3 with the buffer selected for 

each buffered BG-11 media.   

 

 

Figure 2.15 pKa as a function of temperature for buffers used to control pH of 
BG-11 media during BP-1 experiments.  Values obtained from ref 
[141].  

The process conditions shown in the right hand side of Table 2.3 show the 

measured pH at 23 °C after the pH of each 20 mM buffered media was adjusted 

to its target pH at 53 °C and then measured and recorded at 23, 45, and 61 °C.  

This information was valuable because it allowed the buffered media to be 

prepared and adjusted at room temperature in order to reach its corresponding 

values under experimental conditions.  

The buffers and prepared media worked very well to stabilize pH in 

subsequent experiments.  Figure 2.16 shows the pH changes over time for two 
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separate experiments in which BP-1 cells were grown in separate pH tubes 

ranging from pH 5-10.  Despite the different conditions, the pH remained 

relatively stable over the six day time period. 

 

Table 2.3 Physical characteristics for each buffered media used in this study 
showing the temperature dependence of pKa and pH. 

 Physical characteristics BG-11 supplemented with 20 mM 
buffer, process condition settings 

BG-11 
buffered 
Media Label 

Buffer pKa at 
20°C 

α
 

ΔpKa/°C 
α
 pKa at 

53°C 
pH at 
23°C 

β
 

pH at 
45°C 

pH at 
53°C 

pH at 
61°C 

BG-11 (pH5) MES 6.31 -0.008 6.04 5.18 5.07 5.00 4.93 
BG-11 (pH6) MES 6.31 -0.008 6.04 6.18 6.07 6.00 5.93 
BG-11 (pH7) HEPES 7.63 -0.012 7.24 7.26 7.09 7.00 6.91 
BG-11 (pH8) Bicine 8.41 -0.015 7.92 8.33 8.12 8.00 7.88 
BG-11 (pH9) CAPS 10.64 -0.028 9.73 9.61 9.22 9.00 8.78 
BG-11 (pH10) CAPS 10.64 -0.028 9.73 10.61 10.22 10.00 9.78 

  

 

 

  

Figure 2.16 pH over time for two screening experiments lasting six days under 
PBR screening conditions of a) 45 °C and low blue light intensity and 
b) 61 °C and high blue light intensity.  
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2.3.6 Quality RNA extraction from BP-1 

Obtaining quality RNA is critical for downstream transcriptomic analysis.  

Compared to eukaryotic cells, bacteria are especially prone to RNA degradation.   

Furthermore, cyanobacteria contain unique secondary metabolites which make 

quality RNA extraction more difficult than other commonly used bacteria strains.  

For this reason, specialized methods targeting attributes such as abundance of 

polysaccharides [142], or specialized methods for cyanobacteria [143] have been 

described.  In order to minimize degradation, the cells were quickly filtered, 

rinsed from the filter with a mixture of BacteriaProtect and TE buffer, then 

incubated 15 minutes before pelleting and storing the cell pellet for later 

extraction, as described in Appendix B.  To determine the best RNA extraction 

method, several published methods were attempted employing beads, heat, a 

vortexer, mortar and pestle, grindable filters, and different solvent recipes.  The 

extraction with the highest yield and least amount of degradation (as determined 

by RNA gel and bioanalyzer results) was to quickly mix the frozen BP-1 pellet in 

Trizol preheated to 65 °C then incubate at 65 °C for 15 minutes (vortexing twice).  

After adding chloroform the sample is solvent separated, purified on an 

miRNEasy kit, processed with TurboDNAse, and cleaned again with the 

miRNEasy kit, as described in Appendix B. Due to the sensitivity of bacterial 

RNA and the abundance of cyanobacterial exopolysaccharides, it was necessary 

to test several methods until one allowing the least degradation of RNA from BP-

1 cells was discovered.  Figure 2.17 shows an RNA gel of extracted BP-1 RNA 

before and after DNase clean-up of three separate samples.  The bioanalyzer 

results are also shown for one of the samples.   
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Figure 2.17 Quality control tests for BP-1 RNA extractions.  Shown above are a) 
three separate RNA extractions run before and after DNase 
treatment on a TAE gel and b) one RNA extraction run on the 
Bioanalyzer after DNase treatment and clean-up. 

 

2.4 DISCUSSION 

This chapter described the development of equipment and protocols 

necessary to conduct experiments involving the response and regulation of 

carotenogenesis in BP-1.  The PBR which was used in this research was 

constructed in order to allow multi-parameter exploration of environmental 

conditions, at a fraction of the cost of a commercial PBR. The system was 

designed and tested to uniformly provide light, temperature, and bubbling across 

14 culture tubes and was simple to clean and sterilize. A major downside to 

constructing a system like this from scratch is the time commitment required in 

the design and assembly. A benefit was that for most of the parts, re-purposed 

laboratory equipment was used, making it simple and inexpensive. Another major 

advantage to building a PBR is having full control over the equipment and 
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instruments. This allows the design or data collection to change at any point in 

the future.  

PBRs are now commonplace, and range in price, starting at fairly 

inexpensive tubular designs for several hundred dollars.  However, to achieve 

the level of instrumentation and versatility required for this research project two 

very expensive commercial PBRs would have been needed.  This is due to no 

current availability of a PBR which can act both as a large growth chamber for 

cultivation studies in steady-state or non-steady-state conditions, and as a device 

for high throughput screening.   

As an example, Figure 2.18 shows three commercially available PBRs 

used for microalgae and cyanobacteria research, made by the company Photon 

Systems Instruments (PSI).   On the PSI website, it is advised to use the 

Cultivator MC 1000 for high-throughput screening of conditions, then the FMT 

150 for finalizing results and finally the 25-120 L PBR for industrial production.  

The first two PBRs can be purchased without any accessories, instruments, or 

software.  Even without these items, prices for the MC 1000 and FMT 150 start at  

 

   
  PBR FMT 150  Multi-Cultivator MC 1000 Large-Scale PBR 25-120 L 

Figure 2.18 Commercial PBRs available from Photon Systems Instruments [144]. 

http://www.psi.cz/products/photobioreactors/photobioreactor-fmt-150
http://www.psi.cz/products/photobioreactors/multi-cultivator-mc-1000
http://www.psi.cz/products/photobioreactors/large-scale-photobioreactors
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~$21,400 [144].  Data collection and visualization add $4,000, pH and 

Temperature sensors add $1,700-3,000, and the equipment allowing the PBR to 

operate in chemostat mode add $3,500 [144]. 

The PBR developed here is versatile enough to be used for screening and 

batch cultivation runs, and cost roughly $2600.  The addition of equipment and 

sensors for chemostat operation increased the total to $4500 (Appendix C).  

Furthermore, many PBRs found in the literature are designed to either optimize 

biomass density for large-scale cultivation [1, 145, 146], or to demonstrate a 

small-scale screening platform [147, 148].  In both cases, these systems are 

specifically designed for one particular strain of microalgae or cyanobacteria.  

Moreover, the additional challenges of thermophilic photoautotrophic growth 

(such as mitigating evaporative losses) are often not considered in these 

systems [149].  Beyond design, very few PBRs are affordable for a small 

company or laboratory on a budget, and none offer the ability to change 

configuration from high throughput screening mode to cultivation mode in one 

device [148, 150].  An additional down-side to using a commercially available 

PBR is that the user is restricted from adding additional instrumentation and 

software programming.  In the PBR described here, the program LabVIEW was 

used and was simple enough to be self-taught and expandable for countless 

added instrumentation and control algorithms.   

The LED lighting and tuning utilized in the PBR target the major 

absorption peaks in BP-1, Figure 2.7.  LED lighting is an attractive, efficient 

alternative to incandescent lights, as energy is focused into a rather narrow 

range of wavelengths and heat radiation is minimized [151].  This saves energy 
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and allows the researcher to customize wavelength and flux distribution for 

matching absorption spectra or for parameter effects testing [1].   

A long-term goal of this research is to develop methods of engineering 

pathways to produce valuable volatile compounds that could be induced by 

certain environmental parameters and then be driven to excrete from the cells.  

The SPME method tested here is a reliable and simple extraction method used 

for identification and semi-quantification of volatile compounds.  This  technique 

is used in the food [152], perfume [153], and wine industry [154].  It is less 

commonly used in the detection of cyanobacteria-derived off-flavor compounds, 

geosmin and 2-methlisoborneol (MIB), in the headspace of growing 

cyanobacteria [155-157].  The BP-1 genome does not have isoprene synthase or 

any known mono- or sesquiterpenoid gene so if any of these products exist it 

must be from a novel pathway.  The only way to know with certainty would be to 

capture the volatiles and then analyze them with mass spectrometry.  This was 

accomplished using SPME extraction and GC/FID then later GC-MS for 

identification.   

The largest volatile peaks were found to be branched hydrocarbons of 

C17H34 and C15H30.  The C15 compound was present in the liquid media 

external to the cell and the C17 peak was only detected when the liquid was 

removed and the cells heated.  Thus it was apparently trapped in a cellular 

membrane, Figure 2.15.  Based on the low-resolution GC-MS, there are three 

branches and no double bonds.  If double bonds were present, there would be a 

mixture of the H- and H+ molecules.  Liu et al. (2013) noted five known 

hydrocarbon biosynthetic pathways in prokaryotes [158].  Of these five pathways, 

only the isoprenoid pathway would correspond to the precursor of a methyl 
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branched hydrocarbon.  However, collections of hydrocarbon content from 

cyanobacteria appear to focus on those derived from fatty acids or fatty acid 

precursors [158, 159].  The only evidence found in the literature was the 

identification of 2,6,10-trimethyltetradecane from shale oil and the proposed 

pathways by means of farnesol (a C15 isoprenoid) or phytol (C20) [160].  

Low resolution GC-MS was used to detect very small unique peaks.  

These eluted at similar times to monoterpenoid standards but did not correspond 

to limonene or camphor peaks.  High resolution GC-MS determined these peaks 

to be citral and cyclocitral, two byproducts of the cleavage of carotenoid 

compounds by the enzyme dioxygenase [161].  Β-cyclocitral has been shown to 

have lytic activity on cyanobacteria and microalgae [111, 112] and is a known 

cyanobacterial-derived odorant, detectable in water at 500 ng/L.[162].  With the 

absence of mono- or diterpenoids, it was concluded that BP-1 produces no 

volatile terpenoids except for the apo-carotenoids.   

A reliable carotenoid quantification method for BP-1 carotenoids was 

established.  Methods for pigment extraction and quantification have been 

described for many plants, algae, and cyanobacteria [163, 164]; however, 

parameter alterations were required to achieve adequate resolution of all peaks.  

Within the past 15 years, the C30 column with photodiode array detection has 

been the column of choice for separating xanthophyll and carotenoid 

enantiomers [164, 165].  Separation of cis and trans forms is necessary since 

they are commonly found in biosynthetic pathways separated by enzymatic steps 

[67, 166, 167].  Enantiomers must be separately quantified to be biologically 

meaningful since they have been accounted for in specific ratios within 

photosystems [72] and cellular membranes [168, 169].  Since heat and light can 
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produce isomerization and various degradation products (leading to inaccurate 

carotenoid profiles), the samples were processed in low light and in the cold.  

Lashbrooke et al. (2010) noted that lyophilation caused damage to carotenoid 

extractions, thus cells were extracted without freeze-drying [170].  The amount of 

degradation of chlorophyll a in the HPLC chromatograms may be an indicator of 

the quality of the extraction [138].  Chlorophyll a degradation was not seen in the 

chromatograms, indicating that the extraction conditions were not conducive to 

degrading conditions.  Furthermore, extractions of the cell pellet, which were 

based on a single-step extraction protocol [170] and described in Appendix B, 

were re-extracted and consistently shown to have no detectable peaks on HPLC 

chromatograms, indicating that this method removed all pigments from the cells 

(data not shown). 

The growth of BP-1 reached maximum concentrations within two days 

when grown under CO2 enrichment for cultures grown between 45 and 61 °C 

(Figure 2.3).  This indicates an acceptable temperature growth range for BP-1.  

The maximum growth rates under these conditions increased with temperature 

from μmax=1.9 to 2.8/day (Table 3.1). Very little data are available on the range of 

growth temperatures for BP-1 and the growth rates of BP-1.  One exception is 

found in the dissertation by Jed Eberly [56], which considered the accumulation 

of carbon storage products generated in BP-1 by various inorganic carbon 

enrichment conditions.  The fastest growing culture during exponential growth 

appeared to be the one grown under 20 mM DIC and was roughly calculated 

(from this work’s Figure 2.1) as μmax=Ln(0.62/0.2)/(1 day)=1.13/day [56], which is 

less than the μmax=1.9-2.8/day found in this study. 
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Using 20 mM buffers allowed the pH to remain stable over six days for pH 

5-10 under a variety of conditions, Figure 2.16.  Initial growth experiments 

revealed that the pH of growing BP-1 cultures increases over time, Figure 2.7.  

Although this is not an economical means to control pH on a commercial scale, 

response to relative pH values gives important information that can be useful for 

industrial applications. 

A reliable RNA extraction method for BP-1 was developed.  There was 

only one RNA isolation method found in the literature for BP-1 [53], which utilized 

glass pearls, Bacteria Protect, and Qiagen RNeasy Mini Kits.  The method was 

labeled “The German Protocol” and confirmed by further correspondences with 

the authors, yet it continued to result in RNA degradation as tested by RNA gel 

(data not shown).  The final protocol determined and verified (Figure 2.17) was a 

modification of the German Protocol and others found in the literature in which 

the Trizol was heated and no beads were used.  Quality RNA extraction was a 

critical step for the transcriptomics studies described in Chapter 4.   

In conclusion, the device, the cultural conditions, and the extraction 

methods for researching the response and regulation of carotenogenesis in BP-1 

were developed and verified.  This chapter, sections of it, and corresponding 

Appendices will be referenced in the remainder of the dissertation.   
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Chapter 3: Quantifying the effects of blue light intensity, pH and 
temperature on carotenogenesis in BP-1 

3.1 INTRODUCTION 

Although great progress has been made in cataloging the estimated 

72,500 different species of cyanobacteria and microalgae [10], only a few algal 

species have been cultivated on an industrial scale [7, 171].  The vast majority of 

algal research remains in the laboratory, where a lack of physiological 

understanding and genetic tractability limit economically-viable commercialization 

[7].  The use of multiparameter screening either through Design of Experiments 

[172] or Response Surface Methodology [173-175] has been used to maximize 

products and processes.   

Understanding the impact of multiple, combined parameters on growth 

and product yield often requires numerous perturbation experiments.  Moreover, 

the optimal combination of these parameters for a desired outcome is not always 

predictable a priori.  This chapter begins with a set of exploratory experiments in 

which potentially impactful parameters were first tested one at a time.  Once the 

most significant parameters on BP-1 carotenogenesis were discovered, an 

orthogonal multi-parameter screening experiment was conducted.  Results from 

the screening experiments were modeled with regression analysis, allowing the 

discovery of quantitative relationships for these parameters and their interactions. 

The chapter concludes with a set of time-course perturbation experiments 

for visualization of the carotenoid profile responses over time.  This provides 

additional insight into the rates of carotenogenesis and environmental stress 

adaptation in BP-1.  Later, these environmental stimulants which alter 
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carotenogenesis in BP-1 are investigated for comparative transcriptional 

response and differential gene expression, the topic presented in Chapter 4.    

3.2 MATERIALS AND METHODS 

For material and methods information regarding the strain and growth 

media, the gradient heat block and the custom PBR, please refer to Sections 

3.2.1-3.2.3.  For details on the carotenoid analysis equipment and protocol, 

please refer to Sections 3.2.4, 3.3.5, and Appendix B. 

 

3.2.1 Screening experiments 

Screening experiments utilized twelve test tubes (25 mm X 280 mm), each 

containing 40 ml of pre-warmed, pre-aerated pH-buffered media (5, 6, 7, 8, 9, or 

10), represented in duplicate and positioned randomly in the PBR.  Experiments 

were started at the time the test tubes were inoculated to 9.5 x 106 cells/ml.  A 

sample was removed from each test tube every day for 7 days to determine 

culture density.  Densities were determined from spectrophotometer OD730 nm, 

calibrated to hemocytometer cell counts.  The specific growth rate (μ, 1/day) of 

each culture was determined from measurements taken during exponential 

growth, generally on days 2, 3 and 4.  A sample (5-10 ml) of culture was 

collected from each test tube during late-exponential phase for carotenoid 

analysis. 

3.2.2 Statistical analysis 

JMP10.0.0 software (SAS Institute, www.jmp.com) was used to conduct a 

least squares fit of measured carotenoid data to a response surface model which 

included main, square, and all cross-product effects.  The coded regression 
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equation was y = β0 + β1x1 + β2x1x1 + β3x2 + β4x2x2 + β5x3 + β6x3x3 + β7x1x2 + 

β8x1x3 + β9x2x3 + β10x1x2x3, where, y=carotenoid level response, 

x1=Temperature, x2=Blue Light Intensity, x3=pH and βn=Parameter Estimates.  

The response surface equation for each carotenoid was used to generate the 3D 

surface plots. 

3.3 RESULTS 

3.3.1 Single parameter effects of CO2, light, temperature, and pH on growth 
and carotenoid profiles in BP-1 

The first set of carotenoid experiments were conducted in the gradient 

heat block under white fluorescent light (Section 3.2.2).  One side of the heating 

block was exposed to 150 µE/m2s (WL) and the other to 250 µE/m2s (WH).  The 

tubes were bubbled with CO2-enriched air at temperatures of 47, 55, and 60 °C 

and sampled 24 and 48 hours after inoculation.  The results indicate that 

regardless of temperature, the carotenoid profiles were similar after 24 hours, 

Figure 3.1.  However, there was an increase in β-carotene and a decrease in 

HMF after 48 hours, a response which appeared to be more pronounced as 

temperature increased.  At the lowest temperature of 47 °C, there was only a 

slight change over time in the low light culture; whereas the high light culture 

failed to grow under these conditions.   
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Figure 3.1 The effect of temperature and white light on the carotenoid profile in 
BP-1 over two days during exponential growth.  BP-1 cultures were 
bubbled with air + 1.5% CO2.  WL= white light, 150 µE/m2s;  
WH=white light, 250 µE/m2s.  The 47 °C and WH cultures did not 
survive. 

In Chapter 2, growth rates of BP-1 grown in CO2-enriched air increased 

with temperature (Figure 2.3).  Also, BP-1 growth curves showed that the pH of 

non-buffered media increased over time (Figure 2.7).  Thus, the observed 

changes in the carotenoid profile presented in Figure 3.1 could be due to 

temperature, time, and/or pH.  Since CO2-enriched air impacts the pH of the 

media it was decided to decouple these two parameters by using pH buffered 

media and non-enriched air.  For the next set of experiments the PBR (Section 

3.2.3) was utilized with three bubble tubes of buffered media at pH 6, 7, and 9 

and bubbled with non-enriched air.  Figure 3.2 shows the results of these 

conditions on the carotenoid profile at 55 °C in medium blue light.   
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Figure 3.2 The effect of pH on the carotenoid profile in BP-1 over two days during 
exponential growth.  BP-1 cultures were grown in the PBR in medium 
blue light at 55 °C and bubbled with air. 

Figure 3.2 demonstrates a clear effect of pH on carotenoid profiles.  As pH 

increased, β-carotene and the downstream products of the bicyclic pathway 

(Appendix A) decreased while products of the monocyclic pathway (HMF and 

MF) increased.  Also, there was little difference from the 24 hr to the 48 hr 

samples, indicating that the metabolic shifts under these conditions occurred 

within the first 24 hours.   

The experimental results for Figures 3.1-3.2 did not include replicates.  In 

order to confirm that changes in the observed carotenoid profiles were significant 

and not an artifact of sample-to-sample variability, the next experiment 

considered biological replicates as well as different pH values.  Figure 3.3 shows 

the results of carotenoid profile measurements of BP-1 grown under high blue 

light and 60 °C.  Biological replicates were from two separate runs in which cells 

were collected during exponential growth (~48 hours after inoculation).  Figure 

3.3 demonstrates that the replicates had similar profiles.   
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Figure 3.3 The effect of pH and sample-to-sample variability on the carotenoid 
profile in BP-1 during exponential growth.  Duplicate, separate BP-1 
cultures were grown in the PBR in high blue light at 60 °C and 
bubbled with air. 

There were some subtle differences between the medium blue light at 55 

°C and the high blue light at 60 °C results, Figures 3.2 and 3.3, respectively.  For 

example, β-carotene decreased and HMF increased as pH increased from pH 7 

to 9 in the 55 °C medium blue light conditions (Figure 3.2).  This effect is not as 

apparent in the 60 °C high blue light conditions (Figure 3.3) until pH 9.  More 

upstream hydrocarbon carotenoids such as lycopene and γ-carotene, and less 

nostoxanthin, are present in the 60 °C high blue light cultures (Figure 3.3) 

compared to the 55 °C medium blue light cultures (Figure 3.2).  Since two 

parameters were altered (blue light intensity and temperature) it was unclear 

which one caused these differences. Thus, two additional experiments were 

conducted to look at each parameter individually.    
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Figure 3.4 demonstrates the effects of blue light over different pH values 

at 55 °C.  Here, there is a clear change due to pH, similar to the trends observed 

in Figures 3.1-3.3.  There is also evidence of interacting effects.  For example, 

the amount of HMF and MF increased with increasing light intensity for the pH 7 

and 8 cultures, but not for the pH 6 culture.  Nostoxanthin was constant over blue 

light intensity for pH 6; however, it peaked at medium blue light intensity for pH 7 

and 8 cultures.  These observations indicate the presence of interacting light and 

pH effects on specific carotenoids.   

Figure 3.5 shows the results of low temperature (47 °C) on pH 7 and 9 

over three days (24 to 72 hours).  The pH 7 cultures retained similar carotenoid 

profiles over this time period, whereas the pH 9 cultures continued to change 

over time.  These results suggest that response to different environmental 

parameters can lead to different adaptation rates; and that in order to better 

understand the metabolic response of carotenogenesis in BP-1, changes over 

time must be taken into account.    

 Figures 3.1-3.5 demonstrate the results of changes to carotenogenesis in 

BP-1 by shifting one or two environmental parameters at a time.  The most 

notable effect was that from pH, in which HMF increased and β-carotene 

decreased under high pH conditions.  In addition to the main pH effect, 

interactions between pH and light and pH and temperature seemed to exist as 

well.  In order to quantify these interactions, the next step was to set up a design 

of experiments in which the main affects and interactions could be examined.   
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Figure 3.4 The effect of pH and blue light intensity on the carotenoid profile in 
BP-1 during late exponential growth.  BP-1 cultures were grown in 
the PBR under low (L), medium (M), and high (H) blue light intensity 
at 55 °C.   

 

 

Figure 3.5 The effect of pH 7 and pH 9 on the carotenoid profile in BP-1 over 
three days during late exponential growth.  BP-1 cultures were grown 
in the PBR in medium blue light at 47 °C and bubbled with air. 
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3.3.2 Coordinated multiparameter response 

 The single parameter experiments described in the previous Section 3.3.1, 

indicated that pH, blue light intensity, and temperature could be easily screened 

in the PBR and had several significant single and interactive effects on the 

carotenoid profile in BP-1.  In order to elucidate these effects, a screening 

experiment was designed to measure growth rate and carotenoid levels from BP-

1 cells growing in three levels of temperature (45, 53, 61 °C), three levels of blue 

light intensity (1, 17, and 33 µE/m2s) and six levels of pH (5,6,7,8,9,10) in a 

3x3x6 factorial design with n=2 replicates.  This orthogonal design resulted in a 

total of 54 unique combinations of parameters.  A representation of this design of 

experiments can be seen in Figure 3.6.   

 

3.3.2.1 Cell growth 

The screening experiments were conducted in the PBR configured to run 

12 tubes in parallel (photos located in Appendix C).  For each run, the PBR was 

set to one temperature (45, 53, or 61 °C) and one blue light intensity (1, 17, or 33 

µE/m2s), and samples were collected over a period of seven days. As an 

example of one of these nine runs, the results for 61 °C and 17 µE/m2s (medium 

blue light) are shown in Figure 3.7a (Eight additional growth trends can be found 

in Appendix E).  As seen in Figure 3.7a, there is no lag phase at the start of the 

run for the different pH conditions.  This is an indication that cells from the seed 

culture were completely supplied with essential nutrients both before and after 

inoculation into the PBR bubbler tubes.  This also shows that the different buffers 

themselves did not negatively impact growth, and that changes in growth rate  
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Figure 3.6 Diagram representing high throughput screening of the effects of pH, 
temperature, and blue light on growth and carotenogenesis in BP-1.  
The design incorporated an orthogonal multiparameter approach for 
a total of 54 unique combinations of parameters. 

were due solely to shifts in light, pH, and temperature.  At extreme pH conditions 

(pH 5 and 10) cell cultures immediately declined, then died several days after 
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inoculation.  The pH 9 cultures continued to grow for one day after inoculation, 

then began to decline.  The fastest growing cultures under the conditions shown 

in Figure 3.7a (61 °C medium blue light) were at pH 7, followed by similar growth 

rates at pH 6 and pH 8.  The pH 6-8 cultures survived in the PBR long enough to 

be sampled for pigment analysis (this time point is indicated with an arrow in 

Figure 3.7a).  

The maximum growth rates over pH 5-10 for all nine PBR runs are shown 

in Figure 3.7b. Conditions which led to a decline in growth upon inoculation are 

given values of zero. Depending on the conditions, growth rates of stable 

cultures ranged between 0.11 – 1.14/day, with the maximal growth rate occurring 

at 45 °C in high blue light at pH 7. As demonstrated by error bars, the PBR 

facilitated highly reproducible growth rates for the same pH conditions. This was 

the case even with cultures which had low growth rates and declined shortly after 

inoculation. The reproducible results reported here may be due to the controlled 

environment that was possible within the PBR (Section 2.3.2).  

The growth rate of BP-1 varied significantly over temperature and pH. In 

general, growth rate increased as temperature decreased and exhibited maximal 

growth rates at pH values near 7. In contrast, the effects of blue light intensity 

were less obvious and involved the influences of combined parameters. The 

range of pH values that facilitated high rates of growth became broader as light 

intensity decreased, demonstrating a greater pH tolerance at low light intensities. 

Light intensity had little effect on growth rates of cultures maintained at 53 °C, but 

had a pronounced effect on cultures at the higher or lower temperatures. Since 

the cells were preadapted to 53 °C white light, and pH 7, this indicates that under 
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neutral pH conditions, adjustments from white to blue light are not impactful on 

growth, unless they are combined with temperature shifts.  

 

    

Figure 3.7 Growth of BP-1 in the PBR screening experiments. a) Growth curves 
over time for duplicate pH values (5-10) under medium blue light 
intensity and 61 °C, the time point for pigment analysis is indicated by 
an arrow. b Growth rates of cultures for all conditions of low (L), 
medium (M), and high (H) blue light, 45, 53, 61 °C, and pH 5-10. The 
growth rate trend from Part a) is indicated by an arrow. Error bars 
represent the range of two separate samples.  

3.3.2.2 Pigment content 

The carotenoid and chlorophyll a content of BP-1 sampled during late-

exponential-phase growth for all nine PBR screening runs are shown in Figure 

3.8. Chlorophyll a was the most abundant pigment, followed by β-carotene and 

HMF. Chlorophyll a remained relatively stable over the different pH values in 

each run, except at high pH values. The drop in chlorophyll a content from 

maximum to minimum pH values in the run corresponding to 53 °C and medium 
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blue light was approximately 2-fold (30 to 15 mg/g). The dicyclic carotenoids also 

decreased due to pH under these same conditions; however, there was a much 

more significant decline (approximately 9 to 10-fold) observed, as β-carotene, 

zeaxanthin, and nostoxanthin decreased 9 to 1, 0.9 to 0.1, and 1 to 0.1 mg/g, 

respectively. In contrast, a different response to pH was observed with the 

monocyclic carotenoids. In each PBR run the monocyclic compounds MF or HMF 

either increased or remained stable as pH increased. As an example, at 53 °C 

and medium blue light, MF did not vary significantly and HMF increased 

approximately 3-fold (2 to 6 mg/g) over pH. In general, the dicyclic carotenoids 

(β-carotene, zeaxanthin, and nostoxanthin) decreased and the monocyclic 

carotenoids (HMF and MF) increased at the highest pH values. This trend 

indicates a metabolic shift from the dicyclic branch to the monocyclic branch of 

the carotenoid pathway as pH increases.  

Another metabolic shift elucidated from the data presented in Figure 3.8 

was due to the effects of temperature on zeaxanthin and nostoxanthin. In the 

bicyclic carotenoid pathway of BP-1, zeaxanthin is converted into caloxanthin, 

which is then converted into nostoxanthin, by the enzyme CrtG [50], Appendix A. 

In all PBR runs at 61 °C, zeaxanthin was more abundant than nostoxanthin. At 

53 °C, both zeaxanthin and nostoxanthin were present at similar levels. In all but 

one condition at 45 °C, nostoxanthin was more abundant than zeaxanthin. This 

accumulation of zeaxanthin at 61 °C suggests that the enzyme converting 

zeaxanthin to nostoxanthin (CrtG) is inhibited or down-regulated at this 

temperature. For this to be true, a similar response would be observed in the 

monocyclic pathway, which also contains the CrtG enzyme, with an accumulation 

of MF and a decrease in HMF for increasing temperature. This shift in the 
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monocyclic was present, made apparent by a decrease in the ratio of HMF to MF 

at 61 °C. Caloxanthin levels shifted only slightly, and were consistently between 

the levels of zeaxanthin and nostoxanthin (data not shown). 

The effects of blue light intensity on carotenoid and chlorophyll a content 

are dependent on combined parameter interactions. For example, there is 

significantly more β-carotene than HMF at 45 °C, low blue light and pH 6-8, 

Figure 3.8. For the other two 45 °C runs, as the blue light intensity increases, the 

ratio of β-carotene to HMF decreases. This trend holds for the 45 °C runs; 

however, there is not as clear of a light effect on β-carotene and HMF ratio in 

warmer temperatures. Another observed effect of light can be seen in 

nostoxanthin content at pH 9. In those culture conditions in which pH 9 samples 

were collected for pigment analysis, increased blue light led to decreased 

nostoxanthin. However, no additional significant trends at pH 9 over increasing 

light intensity could be found. 

 

3.3.2.3 Productivity  

In order to understand the significance that blue light, temperature and pH 

perturbations have on pigment production in BP-1, several carotenoids were 

evaluated for productivity. Average productivity was calculated as the difference 

in pigment content measured at the late-exponential phase (arrow depicted in 

Figure 3.7a) to the pigment content at time zero (inoculation time=0 days 

depicted in Figure 3.7a), divided by time. The results can be seen over all PBR 

screening conditions for nostoxanthin, zeaxanthin, HMF, and β-carotene, Figure 

3.9.  
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Figure 3.8 Pigment content in BP-1 under all combinations of low (L), medium 
(M), and high (H) blue light intensities, 45, 53, 61 °C, and pH 6 - 9. 
The monocyclic pathway products, HMF (hydroxymyxol fucoside) 
and MF (myxol fucoside) are represented with dashed lines. Under 
some conditions cultures grown at pH 9 were unstable and are not 
shown. Error bars represent the range of two separate samples. 
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The highest productivity for any carotenoid was β-carotene (749 μg/L-day) 

at 53 °C, medium blue light, and pH 7 (the conditions most closely resembling 

the seed culture). This was also the condition of maximum zeaxanthin 

productivity, which reached 60 μg/L-day. The productivity of HMF was the 

second highest carotenoid productivity after β-carotene. Although HMF reached 

a high productivity (455 μg/L-day) at 53 °C, medium blue light, and pH 7, the 

maximum productivity of HMF (498 μg/L-day) was at 45 °C, high blue light, and 

pH 8. Nostoxanthin also reached its highest productivity (156 μg/L-day) at these 

combined conditions. 

 

Figure 3.9 Carotenoid Productivity of nostoxanthin, zeaxanthin, HMF, and β-
carotene in BP-1 for all conditions of low (L), medium (M), and high 
(H) blue light, 45, 53, 61 °C, and pH 5-10.  
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3.3.2.4 Regression and surface plots 

Regression analysis was performed using least squares fits of the 

concentration measurements for each of the six most abundant carotenoids (β-

carotene, zeaxanthin, caloxanthin, nostoxanthin, MF, and HMF) in attomole/cell 

(amol/cell).  The statistically significant parameters and their interactions are 

listed in Table 3.1.  The more red (and negative) the number, the more the 

carotenoid content was negatively affected by the corresponding parameter.  The 

more blue (and positive) the number, the more the parameter positively 

influenced the cellular abundance of the corresponding carotenoid.  Values with 

no number are those in which no statistically significant correlations were found.   

From Table 3.1 it is clear that temperature had a significant effect on the 

compounds zeaxanthin and nostoxanthin, discussed above as a shift in 

metabolism within the bicyclic pathway due to temperature (Section 3.3.2.2).  

There was a slight negative temperature effect on HMF, but no significant effect 

on MF.  Metabolic flux between the mono and dicyclic carotenoid pathways due 

to pH is verified by Table 3.1.  Here, pH correlates to negative t ratios for the 

dicyclic carotenoids and positive t ratios for the monocyclic carotenoids.  This 

was already discussed above (Section 3.3.2.2).   

Surface plots were created from the estimated parameter values obtained 

in the least squares fit for each of the carotenoids.  These carotenoid response 

surface plots were generated using JMP 10.0.0 software (SAS Institute) and are 

shown in Figure 3.10.  The top row shows the three bicyclic downstream 

products zeaxanthin, caloxanthin and nostoxanthin.  The strong inverse response 

of zeaxanthin and nostoxanthin can be seen with respect to temperature and a 
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curvilinear response to pH can be visualized.  Blue light alone does not appear to 

greatly effect these three bicyclic carotenoids as much as temperature does.   

 

Table 3.1 The t ratios of a standard least squares model fit of the screening 
experiment parameter estimates.   

Parameter 
Estimates

Δ
 

β-carotene zeaxanthin caloxanthin nostoxanthin MF HMF 

Temp 
 

6.07 -3.89 -12.05 
 

-5.8 

pH -10.91 
 

-6.13 -3.18 5.2 6.41 

pH2 -9.55 -4.25 -9.44 -5.71 
 

2.69 

Blue Light 
   

2.8 4.33 7.42 

Temp X Blue 
Light 

-4.58 -2.01 -6.11 -4.59 -2.5 -6.4 

pH X Blue 
Light 

-3.1 
 

-3.52 -3.15 
  

Temp X pH -3.2 
   

4.91 
 

Temp X Blue 
Light X pH 

            

Δ Only those values which resulted in significant effects of Prob >|t| of 0.05 are shown.  Intensities of red 

and blue indicate the level of negative or positive correlation, respectively. 

 

 

The bottom row of Figure 3.10 shows the surface plots for β-carotene and 

the two monocyclic carotenoids (MF, HMF).  Here, temperature and blue light 

have less of an effect than pH.  The surface plots illustrate the dramatic and 

inverse relationship of β-carotene and MF/HMF due to pH.  As pH increases, the 

monocyclic carotenoids increase and β-carotene decreases. 
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Figure 3.10 Carotenoid response surface plots based on least square fits to 
measured carotenoid content (CAR, amol/cell).  The effects included 
main, square, and all cross-product interactions of temperature 
(Temp, °C), blue light intensity (Blue Light, μE/m2s), and pH. 
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which allowed larger volume; and thus, more sampling.  For each run, 4 L was 

inoculated from seed culture grown in white light (50 μE/m2s), pH 7, 53 °C, and 

transferred to the PBR at the indicated set of conditions at time 0.  In the first set 

of experiments, the conditions were medium blue light, pH 7, and temperatures 

45, 53, and 61 °C.  In the second set of experiments, the conditions were high 

blue light, pH 8, and temperatures 45, 53, and 61 °C.   

3.3.3.1 Medium blue light, pH 7, and 45 °C, 53°C, 61°C 

The results from the first set of perturbation experiments are shown in 

Figure 3.11.  The first time-course chart, Figure 3.11a shows the response of the 

seed culture (grown to late exponential phase in white light) after it was freshly 

inoculated into the medium blue light of the PBR.  The changes seen over-time 

are due to changes in light quality and intensity as the newly inoculated culture 

experienced increased light attenuation and a new light profile (refer to Figure 

2.5).  This resulted in relatively stable chlorophyll a, HMF and nostoxanthin 

levels, a slight decrease in β-carotene, and increases in zeaxanthin, caloxanthin 

and MF.  All of these effects occurred within the first 24 hours. 

The second time-course, Figure 3.11b, shows the effects of PBR lighting 

seen in Figure 3.11a as well as decreasing temperature from 53 to 45 °C.  Here, 

a much different response can be seen.  Chlorophyll a decreased and β-carotene 

decreased more rapidly.  HMF started to decrease, and then increased after 10 

hours.  The shift within the bicyclic pathway is evident with the significant and 

steady drop in zeaxanthin and increase in nostoxanthin over 30 hours.   

The third time-course, Figure 3.11c, shows the response to an increase in 

temperature from seed culture conditions of 53 °C to the PBR conditions at 61 
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°C.  Here, nostoxanthin and caloxanthin decrease while zeaxanthin levels off.  Β-

carotene and HMF decreased and leveled off while chlorophyll a decreased 

steadily after inoculation.   

 

 

Figure 3.11 Growth and carotenoid content after different temperature step 
changes from seed culture conditions into the PBR at medium blue 
light, pH7.   a) 53 °C, b) 45 °C, and c) 61 °C. Error bars represent the 
range of two separate samples. 

3.3.3.2 High blue light, pH 8, and 45 °C, 53°C, 61°C 

The second set of perturbation conditions were chosen because they 

represented the most dramatic differences in carotenoid levels and allowed for 

high growth rates. Figure 3.12 shows the time course data of a series of 
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perturbation experiments of high blue light, pH 8 and 45, 53, and 61 °C.  The first 

was the inoculation of the seed culture into the PBR at high blue light, pH 8, and 

45 °C (marked with an “a” arrow in Figure 3.12).  In these conditions, all three 

parameters had changed.  The β-carotene content began to decrease and HMF 

content increased very soon after the culture was transferred to 45 °C.  

Meanwhile, all other carotenoids increased.  This rapid increase subsided after 

10 hours, indicating a delay in the response of the enzyme CrtG.  Once activity of 

CrtG increased, the end products of each pathway rose until 24 hours in which 

carotenoid content stabilized in the new conditions.   

The arrow marked “b” in Figure 3.12 is where the PBR culture was re-

inoculated into the same PBR conditions of high blue light, pH 8 and 45 °C.  The 

only difference experienced was an increased light attenuation due to lower 

concentration and less cell shading.  The result of this increase in light 

attenuation was a rapid decrease in all pigments except for zeaxanthin and 

caloxanthin.  This may indicate that the high blue light intensity was approaching 

levels that were damaging to the cells.  Once the cellular concentration reached 

1.7x107 cells/ml, several of the pigments leveled and remained stable.  The 

exceptions were caloxanthin, nostoxanthin, MF, and HMF, which all began to 

increase at this point. 

 At the point marked “c” the PBR operating temperature was shifted to 61 

°C.  The cells were not re-inoculated, thus cell concentration and light attenuation 

remained the same.  The temperature transition took approximately 30 min.  The 

only pigments to respond during this transitional time were zeaxanthin and MF.  

Zeaxanthin decreased then later increased while MF only decreased.  After 

several days under these conditions, cellular concentration did not change; 
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however, the amount of β-carotene, caloxanthin, nostoxanthin, and HMF 

decreased whilst MF and zeaxanthin remained at stable levels. 

 

 

Figure 3.12 Growth and carotenoid content after step change from seed culture 
conditions into 45 °C, reinoculated at 45 °C, and then exposed to 61 
°C.  The arrows represent each step, a) 45 °C, high blue light, and 
pH 8; b) re-inoculated at same conditions 45 °C, high blue light, and 
pH 8; c) step change into 61 °C, high blue light, and pH 8. Error bars 
represent the range of two separate samples. 

Figure 3.13 shows the time-dependent change in carotenoid content after 

transferring seed culture into the PBR at 61 °C. The increase in MF is consistent 

with previous experiments (Figure 3.11c).  The relatively unchanged level of HMF 

and increasing MF suggest that at high temperature HMF is not degraded, but 

rather that crtG is down-regulated, causing MF to accumulate over time.  This 
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interpretation is consistent with the observation that the upstream reactant of 

crtG, zeaxanthin, begins to accumulate after 24 hours while the downstream 

products of crtG catalysis, caloxanthin and nostoxanthin, decrease over time.   

 

 

Figure 3.13 Growth and carotenoid content after step change from seed culture 
conditions into 61 °C.  Other conditions were high blue light, and pH 
8. Error bars represent the range of two separate samples. 
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45 °C or 61 °C PBR conditions at pH 8 and high light, there was a rapid change 

(Figure 3.14a, d).  The results of Figure 3.14b indicate that re-inoculation resulted 

in relatively stable response and the results of Figure 3.14c indicate that when 

the conditions were shifted to high temperature only a few pigments altered in 

concentration within the initial 30 hours. 

 

3.4 DISCUSSION 

The response of carotenogenesis to individual environmental parameters 

have been tested in recent years in several different microalgae [128, 176-178] 

and cyanobacteria [131, 135, 179, 180].  However, the impact of multiple, 

combined parameters is less understood. Wang et al. (2012) noted that it was a 

lack of physiological understanding and genetic tractability that was preventing 

economically-viable commercialization of cyanobacteria and algae [7]. 

Understanding the impact of multiple, combined parameters on growth and 

product yield often require numerous perturbation experiments. This study 

accomplished this by completing a fully orthogonal design of experiments to 

investigate both the individual and synergistic effects of temperature, blue light 

intensity, and pH; and by considering the response of the rarely studied 

compound, HMF. The two most significant results uncovered in this study were a 

metabolic shift within each pathway towards CrtG downstream products at low 

temperature, and a shift from bicyclic to monocyclic pathways under alkaline 

conditions. 
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Figure 3.14 Growth and carotenoid content for first 30 hours after step change 
from seed culture conditions into several different conditions.  The 
conditions shown are  a) 45 °C, high blue light, and pH 8; b) re-
inoculated at same conditions 45 °C, high blue light, and pH 8; c) 
step change into 61 °C, high blue light, and pH 8; d) 61 °C, high blue 
light, and pH 8. Error bars represent the range of two separate 
samples. 
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The cellular content of nostoxanthin and zeaxanthin in BP-1 were 

significantly different between all three temperatures tested, Figures 3.8-3.13. At 

61 °C zeaxanthin accumulated and at 45 °C nostoxanthin accumulated. Although 

there is no data in the literature to compare these observations, one possibility is 

that the enzyme CrtG, Appendix A, is down-regulated at 61 °C and upregulated 

at 45 °C. Further evidence that this might be the case is the observation that at 

61 °C, MF accumulates with respect to HMF. Iwai et al. (2008) functionally 

identified CrtG as the enzyme converting MF to HMF.  This is the expected 

response if the enzyme CrtG is inhibited by increased temperature. Zeaxanthin is 

a known rigidifying agent that provides thermostability and protection against lipid 

peroxidation in higher plants and cyanobacteria. The accumulation of zeaxanthin 

at high temperature might be beneficial in order to maintain the proper 

microviscosity in the photosynthetic membrane [67]. The possibility that CrtG is 

controlled by temperature merits future work. For example, these findings might 

be beneficial for the production of zeaxanthin and MF by triggering their 

accumulation through increasing temperature. Zeaxanthin is known to have 

many health benefits such as the prevention of age-related macular 

degeneration, and it is a common feed additive for fish, birds, and swine; 

however, few microorganisms are known to produce amounts sufficient for 

commercial applications [181]. Potential commercial uses of MF or HMF have not 

yet been explored.  

The effect that temperature had on BP-1 growth rates is somewhat 

surprising. Prior work in the lab demonstrated that BP-1 cells died soon after 

inoculation into media at or below 43 °C in non-enriched air and grew slowly at 

40 °C in CO2-enriched air (Figure 3.3). Also, for continuously growing cultures, 
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optimal growth rates were at 53 °C, a value very close to the optimal growth 

temperature cited in several BP-1 studies [20, 43]. However, BP-1 cells 

inoculated into screening cultures at 45 °C consistently grew faster than their 

corresponding 53 °C cultures, Figure 3.7. One possibility makes the assumption 

that since the seed culture was bubbled at 53 °C with air, the cells were adapted 

to carbon-limited conditions. This physiological state requires BP-1 to use low-

affinity CO2 transport systems in order to capture as much CO2 as possible [57]. 

The improved growth response may have been due to the fact that lower 

temperature corresponds to an increase in CO2 solubility and that with the low-

affinity transport system, this resulted in increased uptake rates. This 

underscores the importance of not just elucidating the effects of continuous 

steady-state growth parameters, but also the effects of transient stress 

conditions. Both have value in implementing industrially-relevant decisions for 

growth and metabolic engineering. 

The shift in flux from the bicyclic carotenoid pathway into the monocyclic 

carotenoid pathway, Figure 3.8, at high pH is an interesting discovery both for 

understanding the biochemistry of these pathways as well as for utilizing 

environmental stimuli as triggers for metabolic change. Recent studies have 

investigated the effects of pH on CO2 biofixation [174], lipid accumulation [126], 

flocculation optimization [175], and photosynthetic activity [182]. There is no 

information in the literature on pH effect on carotenogenesis. However, there is 

one study that correlates an increase in MF to phosphatidylglycerol (PG) 

depletion. Domonkos et al. (2009) used a mutant strain of Synechocystis sp. 

PCC 6803 deficient in PG synthesis to demonstrate that depletion of PG causes 

enhanced synthesis of MF and a decrease in β-carotene and zeaxanthin. The 
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shift in flux into the monocyclic pathway shown in this study is consistent with 

these results. In all BP-1 cultures that survived pH 9 conditions, dicyclic 

carotenoids decreased in favor of monocyclic carotenoids, Figure 3.8. It should 

be noted that BP-1 cells did not survive at 53 °C, pH 9, high blue light nor at 61 

°C, pH 9, under any light intensity, potentially due to the stress of PG depletion at 

these extreme conditions. 

The response to blue light intensity was less than expected. Iwai [50] 

showed a significant increase in growth rate in BP-1 cultures at 45 °C, pH 7, and 

4100K white light when it was increased from 30 to 300 μE/m2s. However, in this 

study there was only a slight increase in the 61 °C cultures, no increase in 53 °C 

cultures and a distinctive increase in 45 °C from medium to high blue light. 

Equally unexpected, the response of the carotenoid profile in BP-1 to blue light 

intensity in the PBR screening experiments was not significant. This was 

surprising since carotenoids are photosensitive molecules that respond to light. 

These results signify the importance of separating photon quality from effects on 

growth and carotenogenesis [135]. Without knowing specifically what 

wavelengths were used in a previous study, it is difficult to compare and interpret 

published results.  

In conclusion, all environmental stimulants tested in this study were found 

to have an impact on BP-1 growth, carotenoid content, chlorophyll a content, and 

carotenoid productivity. Despite the available information of environmental 

parameters on carotenogenesis found in the literature, many of these 

coordinated effects, especially on the rarely studied HMF, could not have been 

predicted beforehand.  The data here suggests that several of the enzymes in 

carotenogenesis respond due to transcriptional regulation.  This is because the 
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shift in activities, especially for the enzymes crtG and crtR, are affected by 

temperature.  The question remains as to whether these effects are 

transcriptionally or post-transcriptionally regulated.  In order to provide more 

biological explanation of these observations, the next chapter investigates the 

transcriptional response and differential gene expression that occurs in BP-1 

during environmental stress response.   
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Chapter 4: Integrated carotenoid and transcriptomic analysis 
reveals genes involved in temperature adaptation in BP-1 

4.1 INTRODUCTION 

Bacterial transcriptomes are proving to be much more complicated than 

previously thought [183].  Some researchers are even comparing them to 

eukaryotic transcriptomes, and crediting recent advances in next-generation 

sequencing as the reason for the recent surge in bacterial transcriptomics 

knowledge [184]. In particular, RNA-seq has been instrumental in identifying new 

transcription start sites, more accurate operon prediction, and the discovery of 

new UTR regulatory regions (such as riboswitches) [185].  Researchers are 

discovering that epigenetic modifications (such as methylation), overlapping 

UTRs and leaderless mRNA are more common in bacteria than originally thought 

[183].   

Special software such as Rockhopper [186] has been developed for 

bacterial transcriptomes in order to align raw reads as well as to determine 

operons and non-coding RNA (ncRNA).  Rockhopper is an all-inclusive program 

in which the user inputs the genome and the sample raw data in the order of 

replicates and side-by-side differential expression experiments they wish to 

compare.  The read counts are normalized for each sample by upper quartile 

gene expression levels and aligned to the genome using Bowtie2.  Operons are 

predicted using the intergenic distances and gene expression correlation across 

the RNA-seq experiments.  Rockhopper was found to be the most accurate and 

fastest of algorithms when compared to bowtie and bwa [186]. 

To provide links between complex networks, networking programs such as 

weighted gene co-expression network analysis (WGCNA) [187] can be utilized to 
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create clusters of related expression over a sample set.  These clusters 

(otherwise known as modules) each contain a list of similarly expressed genes 

[188].  By clustering co-expressed genes into modules, emphasis is diverted 

away from comparing individual genes across the genome to comparing modules 

instead.  Once modules of similarly expressed genes are determined, each gene 

is given a module membership value (kME), which quantifies the module 

“closeness” for that gene.  Since the modules are defined by cutting branches of 

a cluster tree formed from the expression data alone, there is no requirement for 

prior knowledge of genes, networks or biological pathways. 

BP1 has never been investigated using RNAseq.  One benefit of RNAseq 

over microarrays is the ability to capture reads from non-coding RNA (ncRNA) 

which would have been missed in a standard array system.  Results reported in 

previous chapters showed that temperature had a significant influence on the 

carotenoid pathway, causing downstream crtG products to accumulate at low 

temperature and upstream products to accumulate at high temperature.  To 

investigate the temperature response further and look for coordinated control in 

the cell, transcriptomes of BP-1 were investigated using RNAseq following 

exposure to low and high temperature stress.  Unlike in previous screening and 

cultivation experiments, the cells were fully adapted to the PBR conditions before 

exposing the cells to temperature variation.  Also, the samples were taken at the 

same point in the growth curve, ensuring that the cellular physiology and light 

attenuation were comparable and that the only difference between the hot and 

cold treatments relative to the control treatment was temperature. 

I begin this chapter with initial experiments to confirm that the carotenoid 

profile shifts were consistent using this new PBR set-up.  Also, I provide the 
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results of my first set of RNAseq data, taken at 24 hours after temperature shift.  

However, the 24 hour time points resulted in insufficient data for analyzing 

transcriptional response; thus, time points corresponding to 0, 0.5, 3, and 10 

hours were added to the data set.  Using WGCNA, eight modules of biologically-

meaningful co-expressed genes were discovered relating to several different 

mechanisms involved in the response of BP-1 to temperature over time.    

4.2 MATERIALS AND METHODS 

4.2.1 Strain and photobioreactor set-up 

BP-1 was grown in BG11 medium adjusted to pH7 (20mM HEPES) and 

bubbled with air at 53 ° C in three separate bubbler tubes in the PBR (Section 

3.3.2). The red and yellow LEDs were at maximum intensity and the blue was at 

“Medium” intensity (17 µE/m2s, at the reactor surface). The difference between 

the set-up in previous chapters and this study was the initial conditions of the 

cells.  In Chapters 2 and 3, the experiments were conducted with seed culture 

pre-adapted to white light at 50 µE/m2s.  In this experiment, the cells were 

continuously re-cultured in the PBR so that they were adapted to the light and 

conditions of the PBR system.  When the adapted cells reached ~3x107 cells/ml, 

the reactor conditions were shifted to either cold (45 °C) or hot (61 °C), and 

samples were collected over time (starting at time zero) for both pigment and 

RNA analysis. For RNA analysis, 50-100 ml was poured into a manifold and fast-

filtered through MF Membrane Filters (0.45 um HAWP, Millipore).  The cells were 

washed off the filter with 1 ml of 1:1 TE buffer-Bacteria Protect, spun, and then 

stored at -80 ° C until RNA Extraction. 
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4.2.2 Carotenoid extraction and analysis 

Carotenoids were extracted from frozen cell pellets using the method 

established in Chapter 3 (Section 3.3.4).  This was performed using acetone-

methanol (7:2) with vortexing, then fractionated to ethyl acetate, as detailed in 

the previously reported “single-step extraction protocol” [170]. Carotenoids were 

separated on a Dionex Ultimate 3000 HPLC System, equipped with an 

autosampler, photodiode array detector, temperature controlled column 

compartment, and a YMC Carotenoid (C30), 3 μm, 250 x 2.0 mm Column with a 

3 μm, 10 x 2.0 mm Guard Column (YMC America, Inc.). Sample-to-sample 

variability was normalized by β-carotenal, an internal standard. All solvents were 

HPLC grade (Fisher Scientific).   

 

4.2.3 RNA extraction and analysis 

Frozen cell pellets were mixed in Trizol preheated to 65 °C then incubated 

15 minutes for RNA extraction, as detailed in the method development results 

described in Chapter 3 (Section 3.3.6). The sample was solvent separated with 

chloroform, purified on an miRNEasy kit, processed with TurboDNAse, and 

cleaned up with an miRNEasy kit. 

 

4.2.4 RNASeq 

Library prep and adapter synthesis was performed at the Genomic 

Sequencing and Analysis Facility (GSAF) Center at the University of Texas.  

Each sample was analyzed as single-end 100 bp, ≥ 12 million reads on an 

Illumina HiSeq 2500.  The initial nine temperature samples (24 hour cold, hot, 
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control samples and replicates) were processed, aligned, and annotated 

according to the flow pipeline shown in Figure 4.1.  For the data set including all 

time points, the initial raw reads were processed using Cutadapt, and then 

annotated and aligned on Rockhopper [186].   

 

 

Figure 4.1 Bioinformatics pipeline for processing, mapping, and annotating 
RNAseq reads provided from an Illumina Genome Analyzer. 

 

4.4.5 Reference gene selection 

The aligned expression data was filtered by removing rRNA and 

normalizing the reads to the reference gene(s).  There are several noted 

reference genes which have been used to normalize transcript levels in previous 

studies.  Pinto et al. (2012) investigated several cyanobacterial reference genes 

and showed low variability for rrn16S, ppc, purC, rnpA, rnpB, secA, petB, and 
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rpoA.  The conclusion of that study recommended using several reference genes 

together [189].  For this study, the reference gene was determined by least 

variability across all 46 RNA sample sets (42 described in this chapter and four 

preliminary experiments, data not shown).  To compare variability between the 

different reference genes, the average percentage of total transcript for each one 

was normalized to match the average percentage of the ppc transcript.  Figure 

4.2 shows the variability across the sample set for ppc, rnpb, 16S and 23S 

transcripts after using a transcript-specific multiplier to match average expression 

to ppc.  The lowest single-transcript variance was the 23S transcript.  However, a 

lower variability was achieved by using the average of four reference genes: 

ppc/23S/16S/secA.  Thus, all raw counts were normalized before analysis of 

differential gene expression by dividing the raw counts for each gene by the 

average value of these four reference genes.   

 

 

Figure 4.2 Reference genes and their expression level across the sample data 
set.  Reference genes were adjusted (normalized) to match the 
average ppc transcript counts for comparison of variability across 
samples. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 The temperature effects on carotenogenesis in BP-1 during 
temperature-only PBR experiments 

The experimental design for the carotenoid and RNA sampling over time 

is shown in Figure 4.3.  The experiments began after several re-inoculations of 

cells at 53 °C.  The first experiment was the control experiment, in which the 

temperature remained at 53 °C.  When the cells reached the target cell 

concentration of 1.5 x 107, RNA sampling began.  At the end of the temperature 

perturbation period, the cells were re-inoculated twice before starting the next 

experiment.  During this time, carotenoid samples were continuously taken to 

monitor levels to ensure that carotenoid profiles returned to their original, control 

conditions.  Total RNA was extracted from cells collected at four time points, 0.5, 

3, 10, and 24 hours.  

In the second and third experiment the temperatures were shifted at time 

zero to 45 and 61 °C, respectively.  These perturbation experiments were started 

at the same starting culture concentrations, in order to minimize variability in light 

shading and growth phase between experiments.   

Figure 4.4 shows the carotenoid response for the three perturbation 

experiments for control, cold, and hot temperature shifts.  The response due to 

temperature agreed with previous results described in Chapter 3.  The control 

sample (Figure 4.4a) had relatively stable carotenoid levels, especially for the 

first 10 hours.  Lycopene, zeaxanthin, and MF increased slightly while 

caloxanthin and nostoxanthin decreased at 24 hours.  These effects could be a 

result of changes in light, nutrient content, and/or growth phase of BP-1 cells in 
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the PBR, as no other environmental changes were implemented besides the 

ones intrinsic to the set-up.    

 

 

Figure 4.3 Diagram showing increasing cell concentration during each batch 
growth cycle of BP-1 during the three temperature perturbation 
experiments.  After reaching late-exponential phase (4x107 cells/ml), 
the cells were re-inoculated to 7x106 cells/ml.  Once they were 
adapted to the control conditions after several re-inoculations and 
reached 1.5x107 cells/ml, the temperature shift experiment and 
sampling for carotenoid and RNA extraction began.  The first 
temperature perturbation experiment was the control and remained at 
53 °C.  The second and third temperature perturbation experiments 
were after temperature shifts to 45 and 61 °C, respectively. 

 

The cold temperature shift (Figure 4.4b) resulted in a rapid decline of 

several carotenoids within the first 3 hours.  Caloxanthin, zeaxanthin, and 

lycopene rapidly dropped at the beginning of the experiment and continued to 

decrease.  The β-carotene cell content decreased slowly and leveled off after 10 
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hours.  The carotenoids MF and myxol decreased after 3 hours, then began 

increasing towards the end of the perturbation period.   

The hot temperature response (Figure 4.4c) was the only perturbation 

experiment in which there was an initial increase in β-carotene, followed by a 

decrease.  Also, it was the only condition in which there was a continued decline 

in chlorophyll a.  The hot temperature response resulted in an increase, then 

decrease, of all crtG downstream products, namely HMF, caloxanthin, and 

nostoxanthin.  In previous experiments it was observed that over time zeaxanthin 

increases in response to high temperature stress and that this response is slow, 

occurring after 30 hours (Figure 3.13).  In Figure 4.4c the zeaxanthin levels surge 

at the beginning of the run, decrease slightly, then begin to increase towards the 

end of the 24 hour period.  

The first RNAseq data collection point was at 24 hours after the control, 

cold, and hot temperature perturbations and consisted of three separate 

biological replicates.  The rationale for choosing this time point was to target the 

gene expression after cells had adapted and started growing in what would be 

mid-exponential phase, rather than the gene expression representative of the 

initial stress response.  I was concerned that the initial stress response would 

generate noise in our transcription data set and could make it more difficult to 

find the key drivers for the observed carotenoid-related states at cold and hot 

temperatures in BP-1. 

Figure 4.5 indicates that for the sample time point taken at 24 hours, there 

were less than 800 and 300 genes with p values less than 0.05, representing 

statistically relevant values of differential expression between 45 and 53 °C, and 
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Figure 4.4 Growth and pigment content for the temperature perturbation 
experiments over time.  The time zero is the point in which the 
temperature was shifted to a) control (53 °C), b) cold (53 to 45 °C), 
and c) hot (53 to 61 °C) conditions. Error bars represent the standard 
deviation of three separate samples. 
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°C.  The results for the hot temperature response (61 and 53 °C) were lower, with 

no genes expressed above three-fold and only 20 genes with a two-fold 

differential expression.  These values increased when the 45 and the 61 °C 

samples were compared for differential expression.  However, more than 50% of 

these genes were hypothetical genes and none were related to carotenogenesis.   

 

 

Figure 4.5 Differential gene expression results from the 24 hour sample time 
point.  The largest bar represents the number of genes with 
significant differential expression (pvalue<0.5).  None of the 
conditions had a gene with greater than a 5 fold decrease, only 45 vs 
61 C showed one gene with 5 fold increase.  There were more cold- 
than heat-induced genes with significant differential expression.  

Despite the minimal fold-change for carotenoid gene expression, 

biological relevance was determined by looking at pathways of genes in the 

carotenoid pathway.  Figure 4.6 shows the results of sets of carotenoid genes 

and their fold changes for low and high temperature shifts, next to the fold 

changes of their product metabolite for low and high temperature shifts.  The 

pathway leading to zeta-carotene all show a decrease in gene expression for the 
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cold shift, compared to the hot shift.  The enzymes leading to lycopene ISO1 and 

crtQ seem to all have a higher gene expression in cold shift, related to hot shift 

and the product lycopene is more abundant at cold temperature.  Not all of the 

carotenoid products matched their corresponding transcriptional patterns.  That 

was the case with zeaxanthin and MF, for example.  It was decided that in order 

to gain more insight into what was happening on a transcriptional level; earlier 

time points would be needed as well as these 24 hour time points. 

 

 

Figure 4.6 The differential gene expression fold change for carotenoid genes in 
BP-1 after 24 hours in either cold or hot perturbation experiments. 

 

4.3.2 Several carotenoid genes and ncRNA are transcriptionally regulated 
by temperature 

In order to improve on previous results and elucidate the transcriptional 

changes due to temperature perturbations and their relationship to 
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carotenogenesis, it was necessary to take time point samples earlier in the 

perturbation experiments.  In all, 42 samples were collected, processed, and 

submitted for RNAseq analysis.  The raw counts were pre-processed with 

cutadapt to remove the Illumina adapter sequences (Appendix F).  Then they 

were aligned to the BP-1 genome using Rockhopper [186].  Figure 4.7 shows the 

total processed reads and the portion that aligned to the genome (including 

coding and non-coding RNA) for each of the 42 samples. 

 

 

Figure 4.7 Total number of processed reads (full bar height) and portion of reads 
which aligned to the BP-1 genome for all temperature and time point 
samples and replicates. 

As a confirmation step, the aligned, processed, and normalized RNA 

obtained from all 42 samples was first investigated for known temperature-

sensitive genes.  Figure 4.8 shows the transcript response of groEL (foldase-type 

chaperonin), hspA (short-term heat shock protein), desC2 (fatty acid desaturase) 
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and sqs (squalene synthase) over time. The first two are known to increase with 

exposure to heat stress, while the second two are expected to increase with low 

temperature stress [190].  As presented in Figure 4.9, all four genes responded 

as predicted. 

 

 

Figure 4.8 The differential expression fold change for known temperature-
responsive genes in BP-1 over time in either cold or hot stress.  Error 
bars represent standard deviation over triplicates. 

Previous chapters suggest that the effects of temperature alter metabolic 

flux within carotenoid pathways.  These changes over time could indicate 

transcriptional regulatation, especially by intermediate enzymes such as crtR or 
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disruptant mutants, investigators postulated that the upstream non-oxygenated 

carotenoids are likely to be transcriptionally regulated, whereas the xanthophylls 

(oxygenated) are likely to be post-transcriptionally regulated [180].  Their 
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conclusions were based on the observations that crtP and crtB genes, encoding 

phytoene dehydrogenase and phytoene synthase, are clustered on the genome 

and the cDNA did not indicate a non-transcribed region.  Other studies with 

Synechococcus sp. PCC 7942 and Synechocystis sp. PCC 6803 have indicated 

differential expression of these genes, indicating that due to their 50 bp 

sequencing results, a common transcript cannot be verified [180].  Another 

possibility is the presence of altered transcription start sites within the operon, or 

decreasing expression over operon length, based on a newly discovered 

bacterial transcription elements [185] [183]. 

In this study, the carotenoid levels and corresponding mRNA levels were 

compared in order to clarify these ambiguities and determine which sections, if 

any, in the BP-1 carotenoid pathway were transcriptionally controlled.  Figure 4.9 

shows the results of the fold change over time for several carotenoid mRNA 

levels and their corresponding products.  The blue bar indicates the 

transcriptional levels of the cold response divided by the control and the red bar 

indicates the transcriptional levels of the hot response divided by the control.  

The results in Figure 4.9 show that the non-oxygenated carotenoid β-carotene is 

not altered by temperature stress.   

Figure 4.9 shows, in contrast to the previous report [180], that the two 

xanthophyll-producing pathways in BP-1 are transcriptionally controlled.  Both the 

crtR and crtG mRNA transcript levels are highly temperature sensitive and 

correspond to the changes in their product levels.  There is a difference in the 

response time of the product and mRNA levels, with mRNA increasing after 0.5 

hours and product after three to ten hours.   
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Figure 4.9 The fold change difference for %mol total carotenoid and transcript 
level relative to control (53 °C) for hot (61 °C) temperature shift, red 
bar; and low (45 °C) temperature shift, blue bar.  Gene expression 
plots have red font and are smaller than the carotenoid plots.  
Samples taken over time for 0, 0.5, 3, 10, and 24 hours.  Error bars 
represent standard deviation between biological replicates. 
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Using the Rockhopper program described above [186], 80 different non-

coding RNA transcripts were discovered (ncRNA) within the BP-1 RNAseq data 

set.  Of these, four were predicted as antisense ncRNA.  The antisense ncRNA 

transcripts have been recently discovered to be a common form of regulation in 

transcription, translation or degradation, through the interaction between strands 

from sense and antisense transcripts [191].  Figure 4.10 shows four of the 

ncRNA, including two antisense RNA found in BP-1.   

All four ncRNA shown in Figure 4.10 respond to temperature.  The 

ncRNA15 increases with cold and decreases with hot, whereas the ncRNA25 is 

sensitive only to hot conditions until late exponential phase, when its expression 

level decreases due to cold as well.  The two antisense ncRNA examples 

provided in Figure 4.10 have significant biological relevance due to the gene to 

which they are complementary.  The antisense kaiA is highly expressed at the 

beginning of the hot shift, then stabilizes to elevated levels at high temperatures.  

KaiA encodes the protein core of the cyanobacteria timing mechanism and is 

known to be transcriptionally controlled [22].  This may be the unknown heat-

sensitive regulation factor for the cyanobacteria circadian clock system.  The 

gshB (glutathione synthetase) antisense ncRNA began with weak over-

expression at high temperature, then increased over time for hot cultures only.  

The product glutathione has been shown to be required for acid, osmotic, and 

oxidative stress in Synechocystis sp. PCC 6803 [192].  This is the first report of 

ncRNAs from BP-1 and is significantly less than the 314 intergenic ncRNAs and 

866 antisense RNAs found in Synechocystis sp. PCC 6803 [193].  It is possible 

that with increased conditional experiments a different set of ncRNAs will 

become known. 
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.  

 

Figure 4.10 The differential expression fold change for several ncRNA in BP-1 
over time in either cold or hot stress. 

 

4.3.3 WGCNA of BP-1 under temperature stress 

Genes across a sample set that are co-expressed are biologically 

interesting, since they suggest similar biological processes and/or shared 
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used for the analysis included both known and unknown genes and non-coding 

RNA (ncRNA).  Ribosomal RNA (rRNA) were removed from the analysis.   

The steps used to construct and compare WGCNA networks for BP-1 

transcription data are shown in Figure 4.11 (all R code is provided in Appendix 

F).  The first step was to check the sample data set for outliers.  Figure 4.12 

shows the samples as they form into a cluster tree.  Underneath are the traits for 

the samples.  Most replicates grouped, indicating similar expression profiles.  

The traits and their levels also grouped, which is an indication that the co-

expression patterns represented by the different cell samples in the dataset will 

be indicative of the traits observed by these cells.  

 

 

Figure 4.11 Flow diagram of steps taken in WGCNA analysis for BP-1 response 
to temperature. 
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Since none of the samples were found to be outliers, the next step was to 

generate the co-expression modules using hierarchical clustering.  To do this a 

Pearson correlation matrix (calculated as a linear relationship between -1 and 1) 

was generated with values representing the correlation between each gene with 

every other gene in terms of the expression levels.  The correlation matrix was 

then transformed into an adjacency matrix with values between 0 and 1.   

There are several parameters and methods (ie. signed vs. unsigned) to 

transform the correlation matrix into the adjacency matrix.  Basically, the most 

important consideration is that the transformed matrix represents the data as 

scale-free topology, meaning that most of the gene expressions are not co-

expressed with other genes.  Figure 4.13 shows the power required to transform 

the data set so that it is scale-free.  For this data set, this occurs at power value 

greater than 6.  Using a power of 7, the correlation to scale-free can be seen in 

Figure 4.13 as the slope=-1.35 and R2>0.9.  Any values above R2>0.8 are 

considered adequate for WGCNA protocol. 

The adjacency matrix was used to calculate a connectivity measure and a 

dissimilarity measure for each gene.  In this study, the dissimilarity measure was 

calculated based on the average of pairwise dissimilarities.  The dissimilarity 

measure is what was used to generate a dendrogram by hierarchical clustering.  

Hierarchical clustering is an iterative merging of objects, in which the most similar 

objects in each step merge, until all objects or groups of objects are merged.  

The merge height within a dendrogram produced by hierarchical clustering is 

representative of the dissimilarity between those two groups when they were 
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Figure 4.12 WGCNA dendrogram of RNAseq samples to check for outliers and a 
heat map of sample traits.  The intensity of red indicates the value of 
the trait, with the darkest shade being the maximum value of that 
trait.  “P.” refers to %mol total carotenoids.  DICYCLIC is the sum of 

β-carotene, zeaxanthin, caloxanthin, and nostoxanthin.  

MONOCYCLIC is the sum of myxol, MF, and HMF. “P.crtG” refers to 
the sum of caloxanthin, nostoxanthin, and HMF. 
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Figure 4.13 Representation of RNAseq data set to WGCNA scale-free topology.  
Plots represent a) the soft threshold value (power) vs the fit of the 
data to scale-free topology.   For a soft threshold power of 7, b) the 
histogram of k shows a sharp decline in the proportion of nodes (p) 
with high connectivity (k) and c) the log scale plot of p and k is close 
to -1 with a R2 of 0.9.   

 

eventually merged.  The y-axis represents the order in which each object was 

merged.  The arrangement of the x-axis is such that the lines do not cross.   

Sets of co-expression modules were constructed using two different 

methods for comparison: The Dynamic Tree Method and the Dynamic Hybrid 

Method.  Both methods detected clusters from the dendrogram based on shape, 

not height cut-off.  This results in a flexible branch cutting method that adaptively 

chooses a different height for each branch.  The Dynamic Tree Method is a top-

down algorithm that relies only on the dendrogram, whereas the Dynamic Hybrid 

Method builds clusters from the bottom up and incorporates the dissimilarity 

information for each gene.  The latter method is more sensitive to detection of 

outlying members of each cluster.  The default detection parameters for the 
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Hybrid Method were minimum cluster size 20, deepSplit 2, and cut height above 

the highest merge (R code can be found in Appendix F).   

The clustering results of the two methods can be seen in Figure 4.14.  

Based on recommendations of the authors of WGCNA, the strategy selected was 

to use finer splitting so that “too many” modules were produced.  Then, based on 

the eigengenes, similar modules were merged.  The eigengene is the 

representative pattern of expression for a particular module.  The eigengene 

merging threshold was set to 0.3.  Dendrograms of the eigengenes for both the 

Dynamic Tree and Dynamic Hybrid method are shown at the bottom of Figure 

4.14. 

The module detection provided by the merged eigengenes of the Dynamic 

Hybrid clustering was chosen for analysis of co-expression networks in BP-1.  

Figure 4.15 shows the relationship of a module to each of the listed traits.  The 

relationships are based on p-value correlation, with red indicating a high 

correlation close to 1 and green indicating a negative correlation close to -1.   

The two most significant modules related to temperature are the blue and 

the brown module, which correspond to low temperature and high temperature, 

respectively.  Based on Figure 4.15, the purple and salmon modules correspond 

to late and early exponential growth, and the salmon module also corresponds to 

high growth rate.  Figure 4.16 shows how each gene member of each module 

correlates to temperature.  These values are plotted by taking the membership 

value (known as kME) of the co-expression modules and plotting against 

temperature significance.  It can be seen that of the eight modules, the blue and 

brown modules most closely relate to temperature, and that they are the inverse 

of each other.     
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Figure 4.14 WGCNA module detection comparison for Dynamic Hybrid and 
Dynamic Tree methods.  The results show the module separations 
before and after eigengenes are merged by threshold similarity of 
0.3. 
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Figure 4.15 Module vs. traits for WGCNA clusters.  “P.” refers to %mol total 

carotenoids.  DICYCLIC is the sum of β-carotene, zeaxanthin, 

caloxanthin, and nostoxanthin.  MONOCYCLIC is the sum of myxol, 
MF, and HMF. “P.crtG” refers to the sum of caloxanthin, 
nostoxanthin, and HMF. 

 

Figure 4.16 Correlation of WGCNA modules to temperature, based on kME 
value. 
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Another way to biologically interpret and distinguish the modules is to look 

at the eigengene.  The eigenene for each module is the average expression over 

that module’s sample set.  The profiles can be examined to determine how they 

represent the sample data set.  Appendix F lists all eight eigengenes.  Based on 

the trait information shown in Figure 4.15 and the eigengene profiles, the 

following list describes the biological meaning of each module: 

 

 Black=Repressed under stress conditions 

 Blue=Cold response 

 Green=Late exponential phase 

 Brown=Heat response 

 Purple=Cell death 

 Salmon=Initial stress shock 

 Tan=Initial heat shock 

 Grey=no trait 

 

The module eigengene also allows the quantitative measure of the gene 

membership (kME value) to a particular module.  The genes with the highest 

module membership in a particular module are known as the “hub genes.”  It has 

been shown that when an entire array of transcriptomics is evaluated, the overall 

hub genes are rarely biologically interesting.  However, intra-modular hub genes 

are often biologically interesting.  Hub genes can be investigated for their gene 

ontology, or they can be evaluated for potential as transcription factors, ncRNA 

or important biomarkers.  Occasionally, hub genes will also correlate closely to 

other modules, in which case they can provide information about multiple 

expression similarities.  The top hub genes, including protein product, function, 
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class, and module kME are listed in Appendix F.  A summary of these results is 

listed in Table 4.1.   

 

Table 4.1 List of modules with properties and biological significance. 

Module  Co-expression 
Significance 

# 
Genes 
Total 

# Genes 
listed in 
appendix 
F 

# ncRNA 
listed in 
appendix F 

# Genes listed in appendix 
a for top-represented gene 
function category 

Black 
Repressed under 
stress conditions 

107 
25, 
kME>0.8 

0 of 25 
Photosynthesis and 
respiration=12 
Transport and binding proteins=5 

Blue 

High expression 
under cold 
treatment, 
repressed under 
hot 

1160 
75, 
kME>0.9 

5 of 75 

Transport and binding 
proteins=16 
Other categories=11 
Energy metabolism=7 
Cellular processes=6 

Green 
Late exponential 
phase 

168 
15, 
kME>0.8 

3 of 15 

Photosynthesis and 
respiration=4 
Translation=2 
Cellular processes=2 

Brown 

High expression 
under hot 
treatment, 
repressed under 
cold 

938 
56, 
kME>0.85 

3 of 56 

Other categories=10 
Photosynthesis and 
respiration=7 
Regulatory functions=6 
 

Purple Cell death 69 
32, 
kME>0.7 

4 of 32 
tRNA=27 
Cell envelope=1 

Salmon Initial stress shock 39 
13, 
kME>0.84 

0 of 13 Translation=13 

Tan Initial heat shock 54 
18, 
kME>0.7 

3 of 18 
Cellular processes=3 
Other categories=5 

Grey no trait 69 
None, 
because all 
kME <0.6 

n/a n/a 

 

The amount of data generated by using WGCNA can be overwhelming.  

Unfortunately, other temperature stress-related transcriptional analyses of 

cyanobacteria could not be found in the commonly checked databases.  Thus, for 

now this data remains useful for prediction of common upstream UTR regions or 

identification of regulons.  However, any researcher can utilize this data in the 
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future to cross-reference across different cyanobacteria species and uncover 

these complex temperature responses.  A very useful attribute of WGCNA 

analysis is that the modules are preserved across species.  In this manner, 

intramodular hub genes are preserved, which allows a unified approach to relate 

traits and expression response across different species.   

 

4.4 CONCLUSIONS 

Several isoprenoid gene expressions matched their corresponding 

isoprenoid product after either cold or hot temperature shift.  For example, both 

the mRNA for ΔcrtG and its products (nostoxanthin and HMF) increased in the 

cold shift and decreased in the hot shift. Also, both the mRNA for crtR and its 

product (zeaxanthin) increased in the hot shift.  These results indicate 

transcriptional control for carotenogenesis under temperature stress. 

Eighty bacterial small non-coding RNAs (ncRNAs) were detected in BP-1.  

Many of these appear to have regulatory functions due to their cold and hot 

stress response over time.  Two highly upregulated ncRNA under hot shifts were 

antisense RNAs to the circadian gene kaiA and to the stress-responsive gene 

gshB. 

RNAseq expression data for time 0-24 hours clustered into eight modules. 

The blue module had a close inverse correlation to temperature and included 

many ncRNA as well as transport-related genes.  The brown module had a close 

positive correlation to temperature and included genes related to photosynthesis 

and regulatory functions.  Several modules were related to biological significance 

by investigating their eigengene profiles.  The purple module, for example, was 
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highly upregulated during cell death and included tRNAs, while the salmon 

module was related to both cold and hot initial stress and contained mostly genes 

related to translation.  Future work will compare upstream UTR regions to look 

for common translational elements, generate maps to visualize the intramodular 

gene connections, and generate knock-out mutants to determine how the 

intramodular hub genes found in this study affect cell viability and 

carotenogenesis. 
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Chapter 5: Subtractive genomics and targeted mutagenesis for 
the discovery of missing pathway genes for the biosynthesis of 

myxol fucoside in BP-1 

5.1 INTRODUCTION 

As a final exploration of carotenogenesis in BP-1, I used subtractive 

genomics and targeted mutagenesis in the hopes of finding the gene(s) yet to be 

discovered and functionally verified from the myxol biosynthesis pathway.  I also 

optimized transformation of BP-1 and generated a ΔcrtG knockout mutant.  The 

mutant was tested against wild type (WT) cells under a number of conditions to 

better understand the role of the ΔcrtG products caloxanthin, nostoxanthin, and 

HMF. 

The myxol pathway, Figure 5.1, begins with lycopene undergoing a 

cyclization step (catalyzed by CruA) and a hydroxylation step (catalyzed by CruF, 

a 1,2 hydratase) to form 1’-hydroxy-γ-carotene.  The enzyme(s) responsible for 

the conversion of 1’-hydroxy-γ-carotene into plectaniaxanthin have not been 

identified.  During this step both a hydroxyl and a double bond are added to the 

non-cyclic end.  The final reaction is the addition of a hydroxyl group to the cyclic 

end to form the product myxol.   

 

 

 

 

 

 

Figure 5.1 Myxol biosynthesis pathway. 
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Myxol glucosides have received special attention due to their unique 

glycosidic bond, found only in cyanobacteria.  In general, carotenoid glycosides 

are known as natural surfactants and membrane stabilizers.  In cyanobacteria, 

the sugar entity in myxol glucosides is bound to the carotenoid at the C-2’-

hydroxyl group instead of at the C-1’-hydroxyl group.  If the myxol pathway 

enzymes are discovered, then this unique bond could be engineered into host 

organisms, providing a new array of potential natural surfactants or specialty 

chemicals [77, 195].  

In this study, a computational technique known as subtractive genomics 

was used to narrow down the search of potential gene targets based on the 

presence of homologous proteins between strains that do, and strains that do 

not, have the myxol pathway.  To confirm the presence or absence of the myxol 

biosynthesis pathway in certain cyanobacterial strains, cultures of Anabaena sp. 

PCC 7120, Synechococcus sp. PCC 7002, and Synechococcus sp. PCC7942 

were grown and their carotenoid content was experimentally verified.  Also, 

attributes such as protein size, and predicted transmembrane topology were 

investigated and compared to the properties of known carotenoid-related 

enzymes.  Seven potential myxol biosynthesis gene targets were selected for 

targeted disruption.  Knockout plasmids were constructed using the Gibson 

assembly method to disrupt each target gene through insertional inactivation by 

double homologous recombination.   
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5.2 MATERIALS AND METHODS 

For material and methods information regarding the strain and growth 

media, the gradient heat block and the custom PBR, please refer to Sections 

3.2.1-3.2.3.  For details on the carotenoid analysis equipment and protocol, 

please refer to Sections 3.2.4, 3.3.5, and Appendix B. 

 

5.2.1 Protein transmembrane topology prediction 

Protein transmembrane topology prediction was carried out using the 

webserver program Phobius [196].  The protein sequence was entered in fasta 

format and the resulting graphical output displayed the posterior probabilities of 

cytoplasmic, non-cytoplasmic, transmembrane helix, or signal peptide along the 

length of the primary sequence.   

 

5.2.2 Subtractive genomics 

Subtractive genomics was performed using blastp to search for shared 

homologous protein sequences.  The genomes were downloaded as fasta 

protein files from NCBI.  The Texas Commuting Center (TACC) was accessed 

using PuTTY telnet/ssh client and transferred using FileZilla FTP Client.  The BP-

1 genome was turned into a blast database and split_blast was used to compare 

each genome to BP-1.  The result was a fasta file with a list of proteins that 

matched the blast criteria.  Similarities were cut off at an E-value of 0.0001. 

The text file was opened in excel and columns were sorted across a set of 

all tested genomes to match and score target genes from genomes with the 

myxol pathway (BP-1, Thermosynechococcus sp. NK55, Synechococcus sp. 
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PCC 7002, Anabaena variabilis ATCC 29413, Nostoc punctiforme PCC 73102, 

Anabaena sp. PCC 7120, Synechocystis sp. PCC 6803) and those without 

(Trichodesmium sp. Strain IMS 101, Synechococcus elongatus PCC7942, 

PCC7335, PCC6301) as the highest scoring hits. 

 

5.2.3 Plasmid construction 

The Gibson Assembly® Cloning Kit (New England BioLabs) was used to 

construct the knockout plasmids targeting myxol biosynthesis gene(s) according 

to the manufacturer’s instructions.  The online “NEBuilder” for four fragments 

setting was used to design primers for the backbone, upstream (of disruption), 

chloramphenicol insert, and downstream (of gene disruption) segments and to 

obtain the final sequence of the assembled plasmid.  Each upstream and 

downstream region was 1200 bp and constructed into the plasmid so that the 

chloramphenicol (1342 bp) would be inserted and transcribed on the opposite 

strand and in the opposite direction of transcription of neighboring genes.  The 

vector backbone used was pUC19 (2600 bp).  All DNA fragments were amplified 

by PCR and confirmed for size by gel electrophoresis.  The final constructs were 

confirmed by sequencing before transformation into BP-1.  

 

5.2.4 Construction of a ΔcrtG mutant 

The plasmid used to disrupt crtG was provided by Shinichi Takaichi 

(Department of Biology, Nippon Medical School) [65].  Double recombination 

transformants were created using the soft-agar method [20] in a fully humidified 

incubator at 45 °C and 50 μE/m2s white light.  BG-11 plates with 3.4 μg/ml 
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chloramphenicol (Sigma-Aldrich) were sealed with Parafilm™ and Saranwrap™, 

and kept in low light for the first 24 hours after transformation.  Colonies were 

selected after 3 weeks and checked for gene disruption by colony PCR of 

flanking regions and sequenced [65].  Successful transformants were grown in 

liquid culture and confirmed to lack CrtG products by HPLC analysis of pigment 

extracts. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Subtractive genomics results 

The myxol biosynthesis pathway is found in several cyanobacteria, 

including Synechocystis sp. PCC 6803 [197], Anabaena sp. PCC 7120 [198], 

Synechococcus sp. PCC 7002, Anabaena variabilis ATCC 29413,  [199] and BP-

1 [50].  In each of these species there are different downstream enzymes which 

lead to variations in myxol-products.  For example, in  Synechocystis sp. PCC 

6803 the sugar entity is a dimethyl fucose [197].  In Anabaena sp. PCC 7120 

there are myxol 2’-fucoside and ketomyxol 2’fucoside compounds [200].  In 

Anabaena variabilis ATCC 29413, only free myxol is present [201].  

Regardless of the different downstream products, there are consistencies 

between cyanobacteria that do and those that do not produce the intermediate 

compound myxol.  For example, it has been noted that there are no open ocean 

species of cyanobacteria which produce myxol [180].  Also, all sequenced 

cyanobacteria which produce myxol do not have the CrtL-type lycopene cyclase 

[202].  In addition, the homologous proteins for the known steps of myxol 

biosynthesis (cruG, crtR) are found in the cyanobacteria that have the myxol 

pathway, and not those that do not [199].  For these reasons, a simple 
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subtractive approach was employed in order to search for the missing step, with 

the assumption that this missing protein is likely to be conserved across all 

myxol-producing strains. 

Figure 5.2 shows a Venn diagram with a shaded grey region representing 

the shared proteins which are homologous in Synechococcus sp. PCC 7002, BP-

1 and Anabaena sp. PCC 7120 and not in Synechococcus sp. PCC7942.  These 

four strains were experimentally verified by HPLC to either contain or not contain  

 

 

 

Figure 5.2 Venn diagram of experimentally verified myxol-producing strains 
(Synechococcus sp. PCC 7002, BP-1, Anabaena sp. PCC 7120) and 
non-myxol producing strain (Synechococcus sp. PCC7942).  The 
grey region is the list of target genes. 
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myxol products.  The only strain that did not have myxol was Synechococcus sp. 

PCC7942.  Of the 28 genes which resulted from the blastp subtractive genomic 

results, ten were already annotated.  The remaining 18 genes are listed in 

Appendix G, along with several properties. 

 

5.3.2 Protein transmembrane topology prediction 

As an additional measure of comparison, the protein topology for known 

carotenoids was compared to the predicted protein topology of the protein results 

from subtractive genomics.  The carotenoid-synthesizing proteins of several 

types (hydroxylases, hydratases, desaturases, transferases, cyclases, and 

ketolases) were simulated for predicted protein topology using the Phobius 

webserver program.  It is interesting to note that in some classes of enzymes, the 

predicted transmembrane topology was different for different strains.  This was 

the case for the ketolases in Synechococcus sp. PCC 7002 and Synechocystis 

sp. PCC 6803 which were predicted to be transmembrane and non-cytoplasmic 

proteins, respectively, Appendix G.  Other groups were consistent in predicted 

structure such as the transferases which were predicted to be non-cytoplasmic 

and the hydroxylases which had over four transmembrane domains.  A small but 

distinctive similarity can be seen at the N-terminal end of the desaturases, which 

are all predicted to have a signal peptide.  This indicates that an attribute of 

desaturases in cyanobacteria is that in order to integrate into the membrane they 

require a targeting signal sequence.  Other classes of protein predictive topology 

did not have the same signal sequence requirements. 
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The unknown steps in myxol synthesis (Figure 5.1) involve a desaturation 

on C-3’-4’ and the addition of a hydroxyl group to C-2’ to form plectanioxanthin 

(Figure 5.1).  Graham et al. (2009) tested CruF and CruG knockout mutants, and 

never found additional intermediates upstream of plectaniaxanthin, indicating that 

the missing step is either one enzyme or two very tightly coupled enzymes [199].  

One enzyme that does both steps is the oxydoreductase CrtA, found in the 

purple nonsulfur bacterium Rhodobacter capsulatus  [203].  This enzyme was 

tested in Phobius and was predicted to be membrane bound with a signal 

peptide, which is very similar to the pattern found in the desaturases, Appendix 

G.  However, only one homologous protein could be identified in the Phylum 

Cyanobacteria using blastp; a spheroidene monooxygenase from Tolypothrix 

with 37% identity to CrtA.  Its absence in myxol producing strains ruled out a 

similar sequenced protein to CrtA as the missing step. 

The final target list was reduced to seven candidate genes.  One gene, 

tlr0414 was found to be the ortholog to CruF (Figure 5.1) discovered in 

Synechococcus sp. PCC 7002 [199].  Having this gene as a result of the 

subtractive genomics and selection process confirmed that the methodology 

used was accurate.  It was decided to construct the tlr0414 plasmid first in order 

to confirm the plasmid construction method and to use it as an internal control.  If 

the BP-1 tlr0414 mutant survived, this would indicate that the myxol pathway is 

non-essential and rule out lethal disruptions as a cause of integration failure. 

5.3.3 Targeted mutagenesis of BP-1 carotenoid genes  

The Gibson Assembly® method was utilized to construct the seven KO 

plasmids used to target potential missing myxol desaturase/oxygenase 
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enzyme(s).  The first chosen target was tlr0414, a homologous protein to CruF 

found in Synechococcus sp. PCC 7002 [199] .  The same backbone was used as 

a ΔcrtG KO plasmid (pPCR-Script Amp SK) backbone given to the lab [65].  

Usage of the online Gibson Assembly software resulted in a list of primers which 

overlapped, and allowed the ligation of four segments at the same time in one 

reaction.  The Gibson construct and overlapping regions for the first tlr0414 

plasmid can be seen in Appendix G.   

 

Table 5.1 List of constructed plasmids for targeted mutagenesis of BP-1 
carotenoid genes. 

Name Description Reference 

Δtlr0414 chloramphenicol, 1250 bp upstream and 1165 bp 
downstream regions of tlr0414 were cloned into pPCR-Script 
Amp SK (+) for double crossover disruption using Gibson 
assembly 

This study 

Δtll0141 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tll0141 

This study 

Δtlr0230 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tlr0230 

This study 

Δtlr0291 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tlr0291 

This study 

Δtlr0414 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tlr0414 

This study 

Δtsr1212 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tsr1212 

This study 

Δtll1277 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tll1277 

This study 

Δtlr2022 chloramphenicol, 1200bp upstream and 1200bp 
downstream of tlr2022 

This study 

ΔcrtG chloramphenicol cassette with flanking upstream and 
downstream regions of tlr1917 cloned into pPCR-Script Amp 
SK (+) for double crossover disruption 

Iwai et.al 2008 
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The tlr0414 plasmid was constructed after some troubleshooting with PCR 

conditions and multiple proofreading enzymes.  For the remaining plasmids, it 

was decided to switch to a simpler pUC19 backbone.  The initial tlr0414 plasmid, 

all seven pUC19 backbone plasmids and the ΔcrtG plasmid are listed in Table 

5.2. 

Each KO plasmid was confirmed by PCR and sequencing, then 

transformed into BP-1 cells.  All but the tlr0141 plasmid transformation resulted in 

colonies.  After transferring these transformed colonies to new selective plates, 

all but tll1277 died.  This suggests the cells were merodiploid and that full 

integration was lethal to the cell.  Over 30 different conditions were tested 

including different concentrations of BG-11 in the agar, lighting, and temperature.  

However, only tll1277 survived multiple transfers into either liquid or solid media.  

Eventually, the tll1277 cells were transferred to selective liquid media and tested 

by HPLC for carotenoid extracts.  The carotenoid compositions were similar to 

that of the WT cells, indicating that tll1277 is not the missing myxol biosynthesis 

gene.  

5.3.4 Coordinated effect of blue light intensity, pH and temperature on a 
ΔcrtG mutant 

As a final characterization of myxol synthesis in BP-1, CrtG (the enzyme 

responsible for the conversion of MF to HMF) was disrupted using the ΔcrtG 

plasmid, Table 5.2.  To confirm disruption, amplicons from WT and the ΔcrtG 

mutant were analyzed by agarose gel and shown to have their expected size.  In 

addition, pigment extracts of the ΔcrtG mutant differed from WT with missing 

HMF, caloxanthin and nostoxanthin peaks (the three ΔcrtG products), Figure 5.3. 
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Earlier work (Chapter 3-4) indicated that there was a shift in flux due to pH 

from the monocyclic into the dicyclic pathway.  In addition, it was shown that 

temperature had an effect on carotenoid accumulation in each pathway.  Low 

temperature drove flux into the final ΔcrtG products, whereas high temperature 

caused accumulation of upstream ΔcrtG products.   

 

 

 

Figure 5.3 PCR and HPLC verification of the ΔcrtG mutant of BP-1.  Arrows 
indicate the caloxanthin and HMF peaks, absent in the ΔcrtG mutant.  
The nostoxanthin is not shown in these screen shots but it also is 
missing from the ΔcrtG mutant. 

To discover the role of the downstream ΔcrtG products, the ΔcrtG mutant 

cells were grown in the PBR and exposed to different levels of blue light intensity 

and both low and high temperature.  Figure 5.4 shows the results of low and high 
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blue light intensity on the growth of the ΔcrtG mutants.  It is interesting to note 

that the ΔcrtG mutant cells grew similar to the WT pH9 cells under low blue light, 

except for the pH6 cultures.  Under high blue light the growth rate was similar 

during the first two days to WT for ΔcrtG pH7 and low for the other cultures, with 

pH6 cultures dying just after inoculation.  These results suggest that the products 

of ΔcrtG are protective for pH6 and pH8, especially under high blue light.  The 

protective features of CrtG products are not present at pH9.  In both lighting 

conditions, the ΔcrtG pH6 grew the least whereas the ΔcrtG pH9 grew similar to 

WT pH9.  At pH9 the predominant CrtG product is HMF.  Thus, HMF does not 

provide pH protection at the alkaline condition of pH8.  

 

 

Figure 5.4 Comparison of WT and the ΔcrtG mutant growth over time at different 
light intensities. 

 The results from low and high temperature on the growth of the ΔcrtG 

mutants are shown in Figure 5.5.  The pH 6 and 7 cultures grew almost as well 

as the WT cultures at 45 °C.  This result indicates that at low temperature the 
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ΔcrtG products do not protect for low pH conditions.  This is interesting to note 

because at low temperatures and low pH, the products of ΔcrtG are 

predominantly nostoxanthin and caloxanthin.  At low temperature and high pH 

the final product of ΔcrtG is predominantly HMF, and this is where the mutant is 

compromised compared to WT.  This means that HMF is essential for survival at 

high pH, while nostoxanthin and caloxanthin are not essential for survival at low 

pH and temperature but are essential for survival under heat stress. 

 

 

Figure 5.5 Comparison of WT and the ΔcrtG mutant growth over time at different 
temperatures. 

Although the exact role of myxol fucoside in cyanobacteria is yet to be 

determined, it has been suggested that myxol fucoside accumulates in 

Synechococcus sp. PCC 7002 as a means to protect cells from extracellular 

stresses [180].  It is possible that high pH levels result in a similar stress for BP-1 

and that the polar HMF molecule is favored by the cells in these conditions as a 

protectant.   
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In previous work (Chapter 4) I showed that the temperature effect was 

controlled by the ΔcrtG and crtR transcript levels.  If crtR is upregulated at high 

temperature and down-regulated at low temperature, with ΔcrtG the opposite, 

then at high temperature ΔcrtG will be at its lowest activity and, thus, similar to 

ΔcrtG mutant.  Any differences between high temperature and the ΔcrtG mutant 

would indicate a basal activity of the ΔcrtG enzyme.  It is notable that in WT, 

under these high temperature conditions, the level of nostoxanthin reaches zero.  

This indicates that either the selectivity of ΔcrtG to myxol is greater than to 

zeaxanthin, or nostoxanthin is more sensitive to temperature and is degraded, 

compared to HMF. 

If nostoxanthin is more sensitive to heat than HMF, then the total 

accumulated product in the 61 °C will be greater in the ΔcrtG mutant.  To test 

this, pigments were extracted from the WT and ΔcrtG cells grown under 45, 53, 

and 61 °C, Figure 5.6 in medium blue light.  The results shown in Figure 5.6 

indicate that the total accumulated carotenoids for each branch (monocyclic and 

dicyclic) under 61 °C are very similar.  On the other hand, at 45 °C, when the 

ΔcrtG activity has been shown to increase, the profile for the WT has shifted 

more towards the monocyclic pathway, whereas the profile for the ΔcrtG mutant 

is remarkably similar to the 61 °C results.  This means that ΔcrtG has increased 

substrate specificity more towards MF than it does towards zeaxanthin and 

caloxanthin.  Also, it confirms that caloxanthin and nostoxanthin levels drop close 

to zero because of lower enzyme activity and specificity, and not because of 

temperature degradation.  The observation that flux is pulled towards the 

monocyclic pathway under low temperature, even though the enzyme ΔcrtG is 

active in both pathways indicates a pulling effect.  This could be due to several 
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reasons: Either because the synthesis of HMF is more thermodynamically 

favorable, the product HMF is transported elsewhere in the cell, or some 

upstream intermediate specific to the myxol pathway is upregulated (pushing the 

reaction forward) under low temperature conditions.   

 

 

Figure 5.6 Pigment profiles for monocyclic and dicyclic carotenoids for WT and 
ΔcrtG mutant cells grown under medium blue light intensity and 
different temperatures.  a) monocyclic carotenoids, b) dicyclic 
carotenoids.  

Earlier results on the effect of light intensity on carotenogenesis (Chapter 

3) found that the effect due to blue light was minimal.  However, Figure 5.4 

shows that without ΔcrtG products, BP-1 cells become very sensitive to high 

light, especially at low pH conditions.  In order to determine the role of individual 

a) 

b) 
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carotenoids, the pigment profile was compared to WT for low and high blue light 

intensity, and can be seen in Figure 5.7.   

 

 

Figure 5.7 Pigment profiles for monocyclic and dicyclic carotenoids for WT and 
ΔcrtG mutant cells grown at 53 °C under low and high blue light 
intensity.  a) monocyclic carotenoids, b) dicyclic carotenoids.  

In WT cells, increased pH caused flux to shift into the monocyclic pathway 

under all light and temperature conditions.  The reason for this is unclear.  

Perhaps the myxol synthesizing genes are upregulated at high pH or the bicyclic 

pathway genes are upregulated under low pH.  This observation was also 

present in ΔcrtG mutants under different temperatures.  Under low light, 

however, the shift from dicyclic to monocyclic was not seen in the ΔcrtG mutant 

cells for pH7-9, Figure 5.7.  The ratios for all three cultures remained constant.  

a) 

b) 
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The growth for these same cultures was lower than WT but also consistent.  In 

fact, it appears that the shift to increased monocyclic carotenoids might be a 

detriment to the cells under low light, since the WT pH9 culture had the slower 

growth rate than all the other cultures.   

This theory merits further testing since it could be put to use in commercial 

systems.  For example, if it is true that monocyclic carotenoid pathways increase 

flux at high pH but that this increase into HMF is detrimental, then a good 

engineering point would be to react MF into compounds other than HMF and use 

pH to drive flux into that pathway branch. 

 

5.4 CONCLUSIONS 

By comparing the genomes of cyanobacteria that do and do not produce 

myxol fucosides, subtractive genomics was used to narrow down a subset of 18 

unknown candidate genes which may include the missing pathway genes of this 

pathway in cyanobacteria.  Prediction of transmembrane topology as well as 

protein size and membership within operons was used to narrow down the 

targets to seven.  One of these genes, tlr0414, turned out to be an analog of the 

cruF gene found in Synechococcus sp. PCC 7002.  Seven knockout plasmid 

constructs were made.  Six (all but tll0141) produced transformed colonies, and 

one (tll1277) survived subculturing into liquid media.  HPLC of carotenoid 

extracts confirmed that tll1277 is not one of the missing myxol synthesis genes. 

The generation of a KO clone allowed the interpretation of the roles of 

ΔcrtG products in BP-1.  For example, it was discovered that ΔcrtG has a higher 

substrate specificity for MF than for zeaxanthin and caloxanthin both at low and 
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high temperature.  All three ΔcrtG products are protective to high blue light, 

especially for culture conditions of pH6-8.  Protection of the pH9 cultures by 

increased HMF product was shown not be affective in low or high blue light 

conditions.  In both of these experiments, ΔcrtG mutant cells grew similar to WT 

pH9 cells, and their pigment content was comparable to WT cells at pH6-8.  
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Chapter 6: Conclusions 

6.1 PROJECT SUMMARY 

The aim of this work was to determine how changes in isoprenoid 

pathways of cyanobacteria are triggered by environmental conditions.  The focus 

naturally flowed to carotenoids since they are heavily influenced by 

environmental parameters and they represent a large pool of isoprenoid 

compounds in cyanobacteria.  My central hypothesis was that through careful 

experimental design and analytical techniques we could understand the 

regulation of carotenoid pathways in BP-1 and identify the important parameters 

that lead to a defined physiological state.  My rationale was that we could use 

this information in the future to propose targets to produce industrially-significant 

volatile isoprenoids efficiently and abundantly.   

I began my dissertation research interested in directly producing volatile 

isoprenoids in BP-1.  At that time, the expression of isoprene, a hemi-terpenoid, 

had just been demonstrated in Synechocystis sp. PCC 6803 [115].  Several 

years earlier, the Keisling lab inserted multiple genes into E. coli that increased 

flux into the isoprenoid pathway and diverted it into a mixture of volatile mono 

and diterpenoids [113].   

It would be interesting to add a monoterpenoid-producing gene (such as 

limonene) into BP-1; yet I came to realize that this type of project would not be 

considered novel.  Moreover, once I demonstrated that I could produce limonene 

in BP-1, I would question how to improve production without knowing the 

underlying biochemistry and response to environmental factors [204].  As an 

engineer it would be like opening a factory to make a specific product without 

knowing how the process equipment works.   
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Earlier this year, a Japanese group did indeed insert limonene synthase to 

produce limonene in the cyanobacterium Synechocystis sp. PCC 6803 [116].  

Although this would have been fun, and fragrantly pleasing, it would not have led 

to the discoveries described in this dissertation.  Here, I summarize what has 

been learned in this project and how it can be useful for future applications.   

6.2 BROADER IMPACT  

The research presented in this dissertation contains the first reported 

results of the coordinated response of carotenogenesis in BP-1 to changes in pH, 

temperature and blue light intensity.  These three parameters were chosen 

based on the literature.  However, only temperature and pH had significant effect 

on carotenogenesis in BP-1.   

High throughput experiments determined that as the pH of the medium 

increased there was a metabolic shift from the dicyclic carotenoid branch into the 

monocyclic carotenoid branch.  As temperature increased there was an 

accumulation of intermediate products within each carotenoid branch.  It was 

surprising to discover that inoculating 53 °C pre-adapted BP-1 cells into lower 

temperature 45 °C, resulted an increase in growth rate.  Due to these combined 

effects, the maximum average productivity over three days for HMF was 498 

μg/L-day at 45 °C, high blue light, and pH 8. Nostoxanthin also reached its 

highest productivity (156 μg/L-day) at these combined conditions. 

The changes to the carotenoid profile over time confirmed that they were 

due to internal cellular alterations, and the accumulation at low temperature of 

nostoxanthin and HMF suggested that crtG might be up-regulated at low 

temperature.  To confirm these observations, the transcriptomes of BP-1 
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undergoing cold and heat-shock over time were compared with the carotenoid 

levels.  Under increased temperature, crtG was down-regulated and crtR was up-

regulated.  The opposite was true for the cold response; thus confirming that 

these two key enzymes in the carotenoid pathway were transcriptionally 

regulated by temperature.   

The CrtG enzyme in BP-1 has been functionally determined to produce 

caloxanthin, nostoxanthin, and HMF [50].  By using a ΔcrtG mutant, I showed 

that the substrate specificity for CrtG was greater for MF than for zeaxanthin or 

caloxanthin.   Since the carotenoid pathway flux shifted from dicyclic into 

monocyclic pathway branches as pH increased, it was speculated that perhaps 

the HMF product conferred additional protection at high pH.  However, the ΔcrtG 

mutant cultures grew just as well as the WT cultures at pH9, indicating that HMF 

does not provide pH protection.  Furthermore, the protection is not taken over by 

MF, since the size of its metabolic pool did not make up for the missing HMF 

product. 

Although this research was heavily aimed towards the eventual 

commercial application of cyanobacteria producing volatile hydrocarbons, all of 

these results are scientifically interesting because cyanobacteria can be used as 

model organisms to study isoprenoid pathways and regulation as they occur in 

plants.  The isoprenoid pathway in cyanobacteria is almost identical to the MEP 

pathway of plastids.  In plants, the hemi, mono, and diterpenoid pathways 

originate by the MEP pathway in the plastid [205].  The closeness of the 

chloroplast and cyanobacterial MEP pathways means that the knowledge 

obtained here could be directed towards land plants as well.  
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Appendices 

APPENDIX A: ISOPRENOID/CAROTENOID PATHWAY IN BP-1 WITH ENZYMES 

 
dxs tll0623 1-deoxy-D-xylulose-5-phosphate synthase 

dxr tlr1040 1-deoxy-D-xylulose 5-phosphate reductoisomerase 

ispD tlr0605 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 

Cmk tll0500 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

ispF=mcs tlr2035 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase 

ispG=cpE tlr0996 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 

hmbdr tlr1041 4-hydroxy-3-methylbut-2-enyl diphosphate reductase 

ippi tll1403 isopentenyl pyrophosphate isomerase 

miaA tlr0648 tRNA delta(2)-isopentenylpyrophosphate transferase 

ptfp tll2183 hypothetical protein 

crtE tll0020  geranylgeranyl pyrophosphate synthase 

sqs tll1096 farnesyl-diphosphate farnesyltransferase 

shc tlr2309 squalene-hopene cyclase 

sds tlr1757 solanesyl diphosphate synthase 

menA tlr2196 1,4-dihydroxy-2-naphthoate octaprenyltransferase 

chlP tll0150 geranylgeranyl hydrogenase 

ubiE tll2373 ubiquinone/menaquinone biosynthesis methyltransferase 

chlG tll1539 bacteriochlorophyll/chlorophyll a synthase 

crtB=pys tll1560 phytoene synthase 

crtP=pds tll1561 phytoene dehydrogenase 

crtQ tll0337 zeta-carotene desaturase 

cruA tlr1139 hypothetical protein 

crtR tlr1900 β-carotene hydroxylase 

cruG tlr2019 2'-O-glycosyltransferase CruG [Thermosynechococcus sp. NK55] 

hpnB tll0986 hopene-associated glycosyltransferase HpnB [Thermosynechococcus sp. NK55a] 

crtG tlr1917 sterol desaturase family protein 

dox tll0015 lignostilbene-alpha,β-dioxygenase,  

cruF tlr0414 γ-carotene 1' hydroxylase CruF [Thermosynechococcus sp. NK55a] 



 147 

APPENDIX B: PROTOCOLS 

Preparation of BG-11 Media with Buffer for Target pH Values 

Preparation of BG-11 Media Liquid 
and Plates at Target pH Values 

Background 
Several biologically safe buffers were tested and found to maintain pH in BG-11 
media over weeks at 61 °C and to be safe for BP-1 cells.  The BG-11 Media 
recipe for BG-11 is based on and the following stock mixtures are based on the 
protocol from UCDavis 
(http://microbiology.ucdavis.edu/meeks/BG11medium.html).   
All stock solutions were kept at 4 °C. 
 
Prep Beforehand 

 Stock solutions for BG-11 

 Weigh 0.02 g Na2CO3 per Liter medium 

 Weigh 1.50 g NaNO3 per Liter medium 

 Weigh appropriate buffer powder 

o 3.90 g MES per Liter medium for pH 5-6 

o 4.43 g CAPS per Liter medium for pH 7 

o 3.26 g Bicine per Liter medium for pH 8 

o 4.77 g HEPES per Liter medium for pH 9-10 

 Calibrate benchtop pH probe 

Stock solutions for BG-11: 

Stock 1: 

Na2MG EDTA  0.1g/liter 

Ferric ammonium citrate 0.6g/liter 

Citric acid . 1H2O  0.6g/liter 

CaCl2 . 2H2O  3.6g/liter 

Filter sterilize into a sterile bottle  

Stock 2: 

MgSO4 . 7H2O  7.5g/liter 

Filter sterilize into a sterile bottle 

Stock 3: 

K2HPO4 . 3H2O  4.0g/liter 
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or K2HPO4   3.05g/liter 

Filter sterilize into a sterile bottle  

Stock 5 (Microelements): 

H3BO3   2.86g/liter 

MnCl2 . 4H2O  1.81g/liter 

ZnSO4 . 7H2O  0.222g/liter 

CuSO4 . 5H2O  0.079g/liter 

COCl2 . 6H2O  0.050g/liter 

NaMoO4 . 2H2O  0.391g/liter 

or MoO4 (85%)  0.018g/liter 

 

Method 

1 Combine the following stock solutions in the order listed while stirring on stir 

plate: 

Stock Solution  Per Liter of medium 

Stock 1   10 ml 

Stock 2   10 ml 

Stock 3   10 ml 

Na2CO3   0.02g 

Stock 5   1.0 ml 

NaNO3   1.5g 

2 Measure pH of the room-temperature (T=23 °C) media on a calibrated 

benchtop pH probe. 

3 Adjust pH with 1.0 N HCl or 1.0 N NaOH to reach desired pH target, as listed 

in Table 3.1: 

BG-11 
buffered 
Media Label 

Buffer pH at 
23°C  

BG-11 (pH5) MES 5.18 
BG-11 (pH6) MES 6.18 
BG-11 (pH7) HEPES 7.26 
BG-11 (pH8) Bicine 8.33 
BG-11 (pH9) CAPS 9.61 
BG-11 (pH10) CAPS 10.61 

4 Filter sterilize into a bottle 

5 For solid media, prepare the stock solutions at 2x concentration and mix with 

2x bactoagar at 50 °C, 10mM sodium thiosulfate and antibiotics, if needed. 
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Rapid Carotenoid Extraction and HPLC Analysis 

1-step Protocol for Isoprenoid 
Isolation from BP-1 Cyanobacterial 
cells 

 
Background 
Many protocols exist for lipid, pigment, isoprenoid, carotenoid, and chlorophyll 
extraction, each with unique efficiencies to different compounds and types of 
tissues.   Cyanobacteria pigments are routinely extracted with acetone-methanol 
(7:2) and injected onto C18 RP-columns.  However, it was desired to see 
separation of geometrical carotenoid isomers and chlorophyll a in one sample 
run.   To do this a C30 RP-HPLC approach was taken.  
 
Prep Beforehand 

 Β-apocarotenal, add 1 ml stock solution to 6.81 ml methanol + DHT 

 1 ml extraction buffer in Eppendorf tube for each sample 

 ml glass vials with inserts and new septa for each sample 

 IS sample of 200 µl IS + 50 µl ethyl acetate in 2 ml glass vial with insert 

and septum, this will represent 1ug standard IS for each batch of samples 

 
Method 
1 To collected cells, add 1.4 ml acetone and 0.4 ml methanol with 2 µg Β-

apocarotenal 

2 Sonicate to break up pellet 

3 Vortex cold 30 min 

4 Spin 11,000xg cold 5 min 

5 Remove 300 µl, add it to 1 ml extraction buffer 

6 Vortex cold 5 min 

7 Add 200 µl ethyl acetate 

8 Vortex cold 5 min 

9 Spin 11,000xg cold 5 min 

10 Transfer 50 µl to 200 µl Methanol/BHT 

 
HPLC Conditions 
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Column Temp: 25 °C 
Syringe Height: 10 mm 
Solvent A: Methanol + 0.05% TEA (100ul/200ml) 
Solvent B: MTBE + 0.05% TEA 
Pump settings: 19%A 10min, 2%/min 5 min, 35% 2 min, 4%/min to 68%, 68% 
10min 
Photodiode settings: monitor continuously at 450 nm, 470 nm, 618 nm 
Calculations 
Lambert–Beer’s law (A = εlc) for HPLC is shown as the following [139], where 
c=mol/volume: 

𝐴[𝐴𝑈 𝑚𝑖𝑛] =
𝜀[[

𝑚𝑜𝑙
𝐿 ]−1𝑐𝑚−1] ∗ 𝑙[𝑐𝑚] ∗ 𝑀𝑜𝑙 ∗ 𝑚𝑖𝑛

𝑉𝑜𝑙𝑢𝑚𝑒[𝐿]
 

Where flow rate=volume/min 

𝐴[𝐴𝑈 𝑚𝑖𝑛] =
𝜀[[

𝑚𝑜𝑙
𝐿 ]−1𝑐𝑚−1] ∗ 𝐿[𝑐𝑚] ∗ 𝑀𝑜𝑙

𝑓𝑙𝑜𝑤 [
𝐿

𝑚𝑖𝑛]
 

Convert units AU min  mAU min, L/min  ml/min: 

𝐴[𝑚𝐴𝑈 𝑚𝑖𝑛] ∗
1 𝐴𝑈 𝑚𝑖𝑛

1000 𝑚𝐴𝑈 𝑚𝑖𝑛
=

𝜀[[
𝑚𝑜𝑙

𝐿 ]−1𝑐𝑚−1] ∗ 𝐿[𝑐𝑚] ∗ 𝑀𝑜𝑙

𝑓𝑙𝑜𝑤 [
𝑚𝑙

𝑚𝑖𝑛] ∗
1 𝐿

1000 𝑚𝑙

 

𝐴[𝑚𝐴𝑈 𝑚𝑖𝑛] =
𝜀[[

𝑚𝑜𝑙
𝐿 ]−1𝑐𝑚−1] ∗ 𝐿[𝑐𝑚] ∗ 𝑀𝑜𝑙

𝑓𝑙𝑜𝑤 [
𝑚𝑙

𝑚𝑖𝑛] ∗ 10−6
 

 
Solving for Mol: 

𝑀𝑜𝑙 =
𝐴 ∗ 𝑓𝑙𝑜𝑤 ∗ 10−6

𝜀 ∗ 𝐿
 

 
mMol and nMol and aMol 

𝑚𝑀𝑜𝑙 =
𝐴∗𝑓𝑙𝑜𝑤∗10−3

𝜀∗𝐿
, 𝑛𝑀𝑜𝑙 =

𝐴∗𝑓𝑙𝑜𝑤∗103

𝜀∗𝐿
 , 𝑎𝑀𝑜𝑙 =

𝐴∗𝑓𝑙𝑜𝑤∗1012

𝜀∗𝐿
 

Where, A = area under the peak (mAU-min) 

𝑚𝑀𝑜𝑙 =mmoles of compound injected into HPLC 
𝑓𝑙𝑜𝑤 = 0.159 ml/min 
𝐿 = path length, 1cm 

𝜀 = extinction coefficient for compound at specific wavelength 

Compound Wavelength 
(nm) 

Extinction coefficient 
from literature(M-1 
cm-1) [50] 

Measured Extinction 
coefficient  
(M-1 cm-1) (see below) 

Nostoxanthin 450 140000 No standard 

Caloxanthin 450 140000 No standard 
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Zeaxanthin 450 140000 101000 

HMF 470 140000 No standard 

MF 470 140000 No standard 

Β-carotenal (IS) 470 140000 99000 

Β-carotene  450 140000 96300 

Chlorophyll a 618 16800 No standard 

 
Using a separate injection of IS, prepared with 1 µg IS in 250 ul volume, the 
following ratio is determined based on the dilutions inherent to the extraction up 
to the vial step (1/6 removal in first step, ¼ removal from ethyl acetate=1/24 
original which contains 2ug IS), 

2 𝑢𝑔 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐼𝑆

250 𝑢𝑙 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
= 24 ∗

 1 𝑢𝑔 𝑆𝑎𝑚𝑝𝑙𝑒 𝐼𝑆

250 𝑢𝑙 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝑋 

 
X represents the adjustment necessary for evaporation during extraction, usually 
X>1 (because the sample is less than what should be equivalent in the standard), 
and all other peaks should be compensated accordingly by dividing by X, 
 
For adjusted concentration in aMol injected, 

𝑎𝑀𝑜𝑙𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
𝐴 ∗ 𝑓𝑙𝑜𝑤 ∗ 1012

𝜀 ∗ 𝐿 ∗ 𝑋
 

 
For adjusted concentration in aMol of original sample, multiply by dilution and 
fraction of injection, 
 

𝑎𝑀𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑎𝑀𝑜𝑙𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

𝑎𝑀𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑎𝑀𝑜𝑙𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 ×
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

6 ∗ 4 ∗ 250
 

 
Where dilution factor using 1-step method above=200 (1/6 removal in first step, 
¼ removal from ethyl acetate, 30/250 amount used in HPLC injection=1/200 of 
original sample). 
 
For adjusted concentration in aMol/cell extracted, 

𝑎𝑀𝑜𝑙

𝑐𝑒𝑙𝑙
=

𝑎𝑀𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒

#𝑐𝑒𝑙𝑙𝑠 − 𝑖𝑛 − 𝑠𝑎𝑚𝑝𝑙𝑒
 

For concentration as mg/L, 

𝐶𝑚𝑔/𝐿 =
(𝑎𝑀𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒) ∗

𝑚𝑚𝑜𝑙
1𝐸15𝑎𝑚𝑜𝑙

𝑀𝑊[
𝑚𝑔

𝑚𝑚𝑜𝑙
]

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 ∗
1𝐿

1𝐸3𝑚𝑙

 

Where 𝑉𝑠𝑎𝑚𝑝𝑙𝑒=volume of sample (ml) 
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Rapid, Low Degradation RNA Extraction from BP-1 

1-step Protocol for Isoprenoid 
Isolation from BP-1 Cyanobacterial 
cells 

 
Background 
Obtaining good quality RNA from cyanobacteria has been proven to be difficult 
due to polysaccharides and nucleases present in bacteria .  Literature suggests 
not bead-beating due to increased degradation [143]. 
 
Prep Beforehand 

 1 ml trizol per reaction, heated to 60 °C, labeled 

 1 set empty tubes, labeled 

 RNEasy kit tubes, labeled 

 RNase free water 

 RNase/DNase removal wipes 

 1.7% TAE gel made with RNase free water 

 Thaw TurboDNase 10x buffer and inactivation solution on ice 

 
Method 

1. Wipe down pipetters, bench, pipette tip boxes, etc. with RNase/DNase 

removal wipes, let dry. 

2. Take cell pellet from -80 °C freezer and add 1 ml hot Trizol (60 °C), pipette 

up and down until well mixed 

3. Place tube in bath (60 °C) 15 min, vortex every 5 min 

4. Spin and place supernatant into new tube 

5. Add 200 µl chloroform, cover and shake vigorously 15 sec, store at RT 15 

min 

6. Spin 12,000xg 15 min 4 °C 

7. Transfer aqueous phase to new tube, add equal amount of 70% ethanol to 

make 35% ethanol, pipette up and down and transfer into RNeasy kit tube, 

spin 15s 
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8. Follow RNeasy kit protocol: 700 μl RW1-15 sec spin, 500 μl RPE-15 sec 

spin, 500 μl RPE-15 sec spin, place in new collection tube, 1 min spin, add 

26 µl DIW, place in sample tube, incubate 1 min, 1 min spin 

9. Follow Turbo DNAse protocol: Add 3 µl 10x buffer and 1 µl enzyme to 

each sample tube, incubate 37 C for 30 min, add 3 µl inactivation solution. 

10. Add 67 µl DIW to each sample to bring volume to 100 µl and follow 

RNEasy kit protocol for clean-up. 

11. Verify using gel: Heat 5 µl sample 60 C for 5 min, cool on ice 2 min, add 1 

µl loading dye and run on 1.7 % TAE gel next to 1 kb DNA ladder.  Expect 

to see 23s, 16s, 5s bands for cyanobacteria  
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Cleaning BP-1 

Cleaning BP-1 

 
Background 
Bacterial contamination can inhibit transformation, result in incorrect pcr 
amplicons and alter the results of an experiment.  Contamination is easily 
checked by streaking culture on BG-11 plates with glucose or other enriched 
media and checked the next day for growth.     
 
Prep Beforehand 

 BG11/glucose plates 

 Sterilized antibiotic stock solution, ex. Carbenecilin 1ug/ul 

 Sterilized nutrient solution 

o 2.5% sucrose 

o 0.5% difco yeast 

o 0.5% bactopeptone 

 
Method 

1. Grow up cells to early exponential growth, either bubbling or not 

2. Expose cells to darkness  for 1 hour 

3. Add 400 µl/20 ml culture of nutrient solution 

4. Add antibiotic for 100ug/ml final concentration 

5. Let cultures bubble or not (depending on how they were grown) overnight in the 

dark. 

6. 16-24hrs later, wash cells 2 times with fresh, sterile, BG11 media 

7. Increase temperature back to 55 C 

Verification Method 
 After 1-2 hours, streak cultures onto BG11/glucose plates to check for 

contamination 
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Transformation of BP-1 

Transformation of Plasmid into BP-1 

 
Background 
Obtaining high efficiency transformation is important in cloning.    Some 
references for BP-1 transformation are available [20, 49] 
 
 
Prep Beforehand 

 4-10 Deep dish petri dishes with 40ml BG11+antibiotic 

o 3.4 µg/ml chloramphenicol 

o 10 µg/ml streptomycin 

o 40 µg/ml kanamycin 

 2 Deep dish petri dishes with 40ml BG11 

 
Method 

1. Harvest (1500 x g, 5min) and wash (with 10mM NaCl) cells growing in early log 

phase (3-8E8) 

2. Resuspend so concentration is 2.5E10 

3. For each transformation, aliquot 40 µl cells into amber tube, place in 45 °C water 

bath 10 min 

4. Add 1 µg plasmid to all but one reaction, leave one reaction as control, incubate 

45 °C in the dark, 4 hours 

5. Mix with 3 volumes (~150 µl) BG11 0.35% agar heated to 45 °C. 

6. Spread onto plate, making dilutions if necessary, spread one reaction on plate 

without antibiotic 

7. Spread control on plate with and plate without antibiotic 

 
Verification Method 

 Colony pcr and gel 
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APPENDIX C: PHOTOBIOREACTOR SUPPLEMENTARY MATERIAL 

PBR Photos 

  

Screening mode, side open Screening, cultivation, triplicate chambers 

  

Computer, DAQ device, PBR Sparger for cultivation runs 

  

pH and Temp control in LabView Triplicate run set-up, lights off 
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Parts List 
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IR Sensor Photos 

        

Preliminary design Bread-board testing Final detector circuit 

   

IR Light array source IR source & detection IR sensor in LabView 
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APPENDIX D: GC-SPME AND HPLC 

Select GC Oven Recipes Developed for SPME/GC 

Each step shown in brackets as [Ramp (°C/min) / Temp (°C) / Hold min] 

 Frankincense recipe: [-/40/1][9/130/0][2/200/0][9/325/5] 

 Monoterpenoids recipe: [-/40/3][4.5/130/0][20/325/0] 
 

List of Experiments and Chromatograms from SPME/GC 

Experiment GC/FID Chromatograph(s) Notes 

1. PDMS/DVB Fiber 
DB5squalene recipe 
BP-1, above reactor at 53 
°C, fiber placed in 
condenser vent 
A. 1 hr exposure 
B. 1.5 hr exposure  

Large, broad peak at beginning of 
run, later some well-defined peaks.  
1 hr and 1.5 hr exposure had similar 
profile but different relative peak 
heights 

2. PDMS Fiber 
DB5 BP-1 recipe 
BP-1, stirred Supelco vial, 
60 °C, 30 min exposure 
A. BP-1 (1) 
B. BP-1 (2) 
C. Filtrate 
D. Filtered cells on 

filter 
E. Sonicated cells 

  

  

The two BP-1 runs had identical 
peak locations but first was low yield 
and height ratios were different in 
each run.  Both had a large peak 
before 30min, “A”, and small peak 
after 30 min, “B”.  The filtrate also 
had large “A”, small “B” and some 
new peaks from filter material.  The 
cells on filter had small “A” large “B” 
while the sonicated cells was large 
“A” and small “B”.  

3. PDMS Fiber 
BP-1, above bubble tubes 
at 53 °C, Medium Blue 
Light, bubbled air 
DB5 BP-1 recipe 
A. Tube with BP-1, 5 

min 
B. Tube with water 
C. Tube with BG-11 

(-N) 
D. Tube with BP-1, 

45 min 
E. Tube with BP-1, 

90 min 

 

 

All large peaks in BP-1 appeared in 
BG-11 (-N) and DIW.  Some small 
peaks did not show up in controls, 
yet they were barely noticeable, 
better yield and higher temperature 
required to elute these peaks 
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4. PDMS 
Ramp recipe 
53 °C Sample BP-1, filter, 
re-extracted from same 
filter, blank controls 

 

3 large peaks from BP-1 filter, 
repeatable.  Some small, early 
peaks seem to be from DIW 

5. PDMS/DVB 
Ramp recipe 
66 °C  
Sample BP-1liquid and 
filter 

 

3 peaks from above showed up with 
new fiber.  Once again, first of 3 
showed up more in liquid cultures, 
last of 3 showed up in filtered cells 

6. PDMS/DVB 
Frankincense recipe 
80 °C 
BP-1 cells in vials 
Media control w and w/o 
filter 

 

This new oven recipe spread the 3 
peaks, also shows some small 
peaks that do not appear in media or 
filter controls. 

7. CAR/PDMS 
Frankincense recipe 
80 °C 
BP-1 cells in vials 

 

New fiber favors smaller 
compounds, signals for these 
compounds increase with increasing 
extraction time.  

 
Experiment GC-MS Chromatograph(s) Notes 

8. PDMS/DVB 

Methane CI, source 170 
°C, 70.7 eV resolution 
10,000 
Low resolution 
Ramp recipe 
66 °C 
Filtered BP-1 in vials 

 

Found the three large 
peaks have mass 
spectra of branched 
hydrocarbons: C15H30, 
C16H32, C17H34, many 
isomers possible.  
Shown below: 3,7,11 
trimethyltetradecane 

 

9. CAR/PDMS  

Methane CI, source 170 
°C, 70.7 eV resolution 
10,000 
High resolution 
Frankincense recipe 

 

Found four small peaks 
which had mass 
spectra of 
apocarotenoids: 
C9H14O, C10H16O 
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66 °C 
Filtered BP-1 in vials 
A. Peak 16.01 min, 

C9H14O 

B. Peak 17.12 min, 

C9H14O 

C. Peak 19.68 min, 

C10H16O 

D. Peak 20.25 min, 

C9H14O 
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DIONEX HPLC Command Code  

 

 
  

 

 TempCtrl =  On 
 Temperature.Nominal =  25.0 [°C] 
 Temperature.LowerLimit =  24.0 [°C] 
 Temperature.UpperLimit =  26.0 [°C] 
 EquilibrationTime =  0.5 [min] 
 ReadyTempDelta =  0.5 [°C] 
 Column_A.ActiveColumn =  Yes 
 Column_A.SystemPressure =  "Pump" 
 Column_B.ActiveColumn =  No 
 Pressure.LowerLimit =  0 [bar] 
 Pressure.UpperLimit =  250 [bar] 
 MaximumFlowRampDown = 0.998 [ml/min²] 
 MaximumFlowRampUp =  1.001 [ml/min²] 
 %A.Equate =  "Methanol" 
 %B.Equate =  "MTBE" 
 Pump_Pressure.Average =  On 
 DrawSpeed =  10.000 [µl/s] 
 DrawDelay =  3000 [ms] 
 DispSpeed =  20.000 [µl/s] 
 DispenseDelay =  0 [ms] 
 WasteSpeed =  32.000 [µl/s] 
 SampleHeight =  10.000 [mm] 
 InjectWash =  AfterDraw 
 WashVolume =  100.000 [µl] 
 WashSpeed =  20.000 [µl/s] 
 LoopWashFactor =  2.000 
 PunctureOffset =  0.0 [mm] 
 PumpDevice =  "Pump" 
 InjectMode =  Normal 
 Data_Collection_Rate =  5.0 [Hz] 
 ResponseTime =  2.000 [s] 
 UV_VIS_4.Wavelength =  618.0 [nm] 
 UV_VIS_4.Bandwidth =  4 [nm] 
 UV_VIS_4.RefWavelength =  800.0 [nm] 
 UV_VIS_4.RefBandwidth =  2 [nm] 
 UV_VIS_2.Wavelength =  450.0 [nm] 
 UV_VIS_2.Bandwidth =  4 [nm] 
 UV_VIS_2.RefWavelength =  800.0 [nm] 
 UV_VIS_2.RefBandwidth =  2 [nm] 
 UV_VIS_3.Wavelength =  470.0 [nm] 
 UV_VIS_3.Bandwidth =  4 [nm] 
 UV_VIS_3.RefWavelength =  800.0 [nm] 
 UV_VIS_3.RefBandwidth =  2 [nm] 
 UV_VIS_1.Wavelength =  215.0 [nm] 
 UV_VIS_1.Bandwidth =  4 [nm] 
 UV_VIS_1.RefWavelength =  800.0 [nm] 
 UV_VIS_1.RefBandwidth =  2 [nm]0.000 

 3DFIELD.RefWavelength = 
 800.0 [nm] 
 3DFIELD.RefBandwidth =  2 [nm] 
 3DFIELD.MinWavelength = 
 200.0 [nm] 
 3DFIELD.MaxWavelength = 
 700.0 [nm] 
 3DFIELD.BunchWidth =  4 [nm] 
 Autozero 
 Flow =  0.159 [ml/min] 
 %B =  22.0 [%] 
 Curve =  5 
 Wait UV.Ready and 
Pump.Ready and ColumnOven.Ready and 
Sampler.Ready and PumpModule.Ready 
 Inject 
 Pump_Pressure.AcqOn 
 Flow =  0.159 [ml/min] 
 %B =  22.0 [%] 
 Curve =  5 
 5.000 UV_VIS_1.AcqOn 
 UV_VIS_2.AcqOn 
 UV_VIS_3.AcqOn 
 UV_VIS_4.AcqOn 
 3DFIELD.AcqOn 
10.000 Flow =  0.159 [ml/min] 
 %B =  50.0 [%] 
 Curve =  5 
14.000 Flow =  0.159 [ml/min] 
 %B =  68.0 [%] 
 Curve =  5 
21.000 Flow =  0.159 [ml/min] 
 %B =  68.0 [%] 
 Curve =  5 
24.000 Flow =  0.159 [ml/min] 
 %B =  22.0 [%] 
 Curve =  5 
25.000 UV_VIS_1.AcqOff 
 UV_VIS_2.AcqOff 
 UV_VIS_3.AcqOff 
 UV_VIS_4.AcqOff 
 3DFIELD.AcqOff 
 Pump_Pressure.AcqOff 
26.000 Flow =  0.159 [ml/min] 
 %B =  22.0 [%] 
 Curve =  5 
30.000  End 
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Chromatograms from HPLC Recipe Development 

 
Recipe 1) 25C A80% 40min 3D  
First attempt, calculated flow 
rate to be equivalent horizontal 
flow as C30 column of larger 
size in literature, used 420nm 
for chlorophyll a. Good 
resolution, noise at start of run, 
long gap in center of run, long 
run time 
 
CH1:287 
CH2:450 
CH3:470 
CH4:420  
0.159ml/min  
0-12 min %B=20 
2 min AcqOn 
18-22 min %B=50 
24-40 min %B=68 
43 min %B=20, AcqOff 
60 min End  
 
Total run=60 min 
 

Recipe 2) 25C A81% 34min 3D  
Try to shorten run time by 
shortening first hold, try to 
improve xanthophyll resolution 
by starting at lower B 
concentration, used 618nm for 
chlorophyll a since know 
extinction coefficient.  Started 
Acq after noise,HMF, MF, 
chlorophyll a overlap, gap in 
center of run 
CH1:215 
CH2:450 
CH3:470 
CH4:618  
0.159ml/min  
0-8 min %B=19 
7 min AcqOn 
14-15 min %B=50 
17-25 min %B=68 
29 min %B=19 
30 min AcqOff 
34 End  
Total run=34 min 
 

Recipe 3) 30C A78% faster 3D 
Increase temperature and take 
out step to shorten run time.  
Peaks eluted faster with higher 
temperature, however, the 
zeaxanthin and HMF peaks 
perfectly overlapped, could not 
resolve these two peaks with 
this recipe 
CH1:215 
CH2:450 
CH3:470 
CH4:618 
0.159ml/min  
0 min %B=22 
5 min AcqOn 
12 min %B=50 
15-21 min %B=68 
24 min %B=22 
25 min AcqOff 
36 min End 
 
Total run=36 min 
 

Recipe 4) 25C A78% faster 3D 
Slow then fast ramp, goal is to 
minimize run time with 
quantifiable resolution. HMF, 
MF, chlorophyll a resolved, no 
gap in run, short run time 
 
CH1:215 
CH2:450 
CH3:470 
CH4:618  
0.159ml/min  
0 min %B=22 
5 min AcqOn 
10 min %B=50 
14-21 min %B=68 
24 min %B=22 
25 min AcqOff 
30 min End  
 
 
Total run=30 min 
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Chromatograms from Different BP-1 Clones 

 WT (no IS peak) 

 

 crtG (no IS peak) 
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Chromatograms from Different Cyanobacteria Strains 

 Thermosynechococcus elongatus BP-1 

 

  Anabaena sp. PCC 7120 

 

 Synechococcus sp. PCC7942 

 

 Synechococcus sp. PCC 7002 

 
  



 166 

APPENDIX E: GROWTH CURVES FOR DOE EXPERIMENTS 

 53 °C Medium Blue Light 

 
 53 °C Low Blue Light 

 
 61 °C Low Blue Light 
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 61 °C Medium Blue Light 

 
 53 °C High Blue Light 

 
 45 °C High Blue Light 

 
 

1.0E+06

1.0E+07

1.0E+08

5
/2

5
/1

2

5
/2

6
/1

2

5
/2

7
/1

2

5
/2

8
/1

2

5
/2

9
/1

2

5
/3

0
/1

2

5
/3

1
/1

2

6
/1

/1
2

6
/2

/1
2

ce
lls

/m
l 

5
6
7
8
9
10

1.0E+06

1.0E+07

1.0E+08

6
/1

/1
2

6
/2

/1
2

6
/3

/1
2

6
/4

/1
2

6
/5

/1
2

6
/6

/1
2

6
/7

/1
2

6
/8

/1
2

ce
lls

/m
l 

5
6
7
8
9
10

1.0E+06

1.0E+07

1.0E+08

6
/2

5
/1

2

6
/2

6
/1

2

6
/2

7
/1

2

6
/2

8
/1

2

6
/2

9
/1

2

6
/3

0
/1

2

7
/1

/1
2

7
/2

/1
2

7
/3

/1
2

ce
lls

/m
l 

5
6
7
8
9
10



 168 

 45 °C Low Blue Light 

 
 61 °C High Blue Light 

 
 45 °C Medium Blue Light 
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APPENDIX F: BIOINFORMATICS 

Submitting a job to lonestar 

1) Interactive mode (to get 60min): idev -A BP-1RNASeq 

a. Allows computationally expensive process to run in real-time 

b. Only lasts 1 hr, all calculations will stop 

2) Submit as a job, use nano to put the command into a “job script” file, run 

with a “launcher” file.   

a. For example, 6 hours using 2 nodes under BP-1RNASeq allocation 

with command file named jobscript type: launcher_creator.py -q 

normal -a BP-1RNASeq -n Sample -j jobscript -w 2 -t 6:00:00 

b. Can run overnight but need to check commands before setting up, 

can wait for a while in the queue. 

c. Check queue by typing: qstat 

LINUX Code 

Prepare ahead of time 

Convert genebank file to fasta file 

 bp_seqconvert.pl --from genbank --to fasta < bp1.gbk > bp1.gbk.fasta 

 

Load bwa and index fasta file to BWA 

 module load bwa/0.7.7 

 bwa index bwa/bp1.gbk.fasta 

 

Load samtools and index fasta file to SAM/BAM 

 module load bwa/0.7.7 

 samtools faidx bwa/bp1.gbk.fasta 

Prepare a GFF feature file for the reference sequence 

 wget http://iubio.bio.indiana.edu/soft/molbio/readseq/java/readseq.jar 

 java -cp readseq.jar run bp1.gb -f GFF -o bp1.gbk.gff 

 

Clean up gbk file to just genes 

 grep 'NC_004113[[:space:]]*-[[:space:]]*gene' bp1.gbk.gff > bp1.genes.gff 

 Reformat gff to tab file, open in excel and remove columns up to 

“locus_tag” 

 sed 's/^.*locus_tag=//' TimeTemp_genecounts.gff > Temp_genecounts.tab 
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Remove adapter sequences 

 Have to install but already installed in $BI/bin, just have to get to it, the 

following in one line 

/corral-repl/utexas/BioITeam/bin/cutadapt -m 36 -O 10 -a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC 

Sample_45C_L007_R1.cat.fastq 2>cuta.45.log > cut24_45_1.fastq 

 

Map reads and convert files to sam/bam 

module load bwa/0.7.7 

module load samtools 

 

(run for each file) 

FILE=cut5_61_1 && bwa aln -t 6 -f bwa/$FILE.sai bwa/bp1.gbk.fasta $FILE.fastq 

&& bwa samse -f bwa/$FILE.sam bwa/bp1.gbk.fasta bwa/$FILE.sai $FILE.fastq 

&& samtools view -b -S -o bwa/$FILE.bam bwa/$FILE.sam && samtools sort 

bwa/$FILE.bam bwa/$FILE.sorted && samtools index bwa/$FILE.sorted.bam 

 

Annotate 

module load bedtools  

module swap intel gcc/4.4.5 

 

bedtools multicov -bams bwa/cut24_45_1.sorted.bam  

bwa/cut24_45_2.sorted.bam bwa/cut24_45_3.sorted.bam 

bwa/cut24_53_1.sorted.bam bwa/cut24_53_2.sorted.bam 

bwa/cut24_53_3.sorted.bam bwa/cut24_61_1.sorted.bam 

bwa/cut24_61_2.sorted.bam bwa/cut24_61_3.sorted.bam -bed bp1.gbk.gff > 

Time24_genecounts.bwa.gff 

 

bedtools multicov -bams bwa/cut10_45_1.sorted.bam  

bwa/cut10_45_2.sorted.bam bwa/cut10_45_3.sorted.bam 

bwa/cut10_53_1.sorted.bam bwa/cut10_53_2.sorted.bam 

bwa/cut10_53_3.sorted.bam bwa/cut10_61_1.sorted.bam 

bwa/cut10_61_2.sorted.bam bwa/cut10_61_3.sorted.bam -bed bp1.gbk.gff > 

Time10_genecounts.bwa.gff 

 

bedtools multicov -bams bwa/cut3_45_1.sorted.bam  bwa/cut3_45_2.sorted.bam 

bwa/cut3_45_3.sorted.bam bwa/cut3_53_1.sorted.bam 

bwa/cut3_53_2.sorted.bam bwa/cut3_53_3.sorted.bam 
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bwa/cut3_61_1.sorted.bam bwa/cut3_61_2.sorted.bam 

bwa/cut3_61_3.sorted.bam bwa/cut3_61_1B.sorted.bam 

bwa/cut3_61_2B.sorted.bam bwa/cut3_61_3B.sorted.bam -bed bp1.gbk.gff > 

Time3_genecounts.bwa.gff 

 

bedtools multicov -bams bwa/cut5_45_1.sorted.bam  bwa/cut5_45_2.sorted.bam 

bwa/cut5_45_3.sorted.bam bwa/cut5_61_1.sorted.bam 

bwa/cut5_61_2.sorted.bam bwa/cut5_61_3.sorted.bam -bed bp1.gbk.gff > 

Time0.5_genecounts.bwa.gff 

 

bedtools multicov -bams bwa/cut0_45_1.sorted.bam  bwa/cut0_45_2.sorted.bam 

bwa/cut0_45_3.sorted.bam bwa/cut0_61_1.sorted.bam 

bwa/cut0_61_2.sorted.bam bwa/cut0_61_3.sorted.bam -bed bp1.gbk.gff > 

Time0_genecounts.bwa.gff 
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R Code  

Differential Expression Using the “DESeq” Program 

 
 

library("DESeq") 

counts = read.delim(“newTemp_genecounts.tab", header=F, row.names=1) 

head(counts) 

colnames(counts) = c(“cold1", “cold2", “cold3", “med1“, “med2”, “med3”, “hot1”, 

“hot2”, “hot3”) 

head(counts) 

my.design <- data.frame(row.names = colnames( counts ),condition = c( "cold", 

"cold", "cold", "med", "med", "med", "hot", "hot", "hot"),libType = c( "single-end", 

"single-end", "single-end", "single-end" , "single-end", "single-end" , "single-end", 

"single-end", "single-end")) 

conds <- factor(my.design$condition) 

cds <- newCountDataSet( counts, conds ) 

cds 

cds <- estimateSizeFactors( cds ) 

sizeFactors( cds ) 

head( counts( cds, normalized=TRUE )  

cds = estimateDispersions( cds ) 

pdf("DESeq-dispersion_estimates10.pdf") 

plot(rowMeans( counts( cds, normalized=TRUE ) 

),fitInfo(cds)$perGeneDispEsts,pch = '.', log="xy") 

xg <- 10^seq( -.5, 5, length.out=300 ) 

lines( xg, fitInfo(cds)$dispFun( xg ), col="red" ) 

dev.off() 

result3 <- nbinomTest( cds, “45", “53") 

head(result3) 

write.csv(result, "hot.cold.csv") 

pdf("DESeq-53.61.24.pdf") 

plot(result$baseMean,result$log2FoldChange,log="x", pch=20, cex=.3,col = ifelse( 

result$padj < .1, "red", "black" )) 

dev.off() 
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WGCNA – Load Files 

 

# Counts normalized to several housekeeping genes, removed largest rRNA only, 

no zero, no old samples 

#1 Clear memory, set directory location, load programs, load files, match files, look 

for outliers in samples 

library(WGCNA) 

library(cluster) 

options(stringsAsFactors = FALSE) 

setwd("C:/Users/Rebecca/Documents/ALL DATA/rnaseq data files/R code") 

rm(list=ls(all=TRUE)) 

 

# Transcript Data File 

BP1Data = read.csv("BP1.2605nozero.4ref.csv") 

datExprBP1=as.data.frame(t(BP1Data[, -c(1:9)])) 

names(datExprBP1)=BP1Data$Synonym 

rownames(datExprBP1)=names(BP1Data)[-c(1:9)] 

 

# Traits (Carotenoids, Temp, etc.) Data File  

allTraits = read.csv("BP1.Traits.csv") 

 

# Order the rows of allTraits so that they match those of datExprBP1: 

Samples=rownames(datExprBP1) 

traitRows = match(Samples, allTraits$Sample) 

datTraits = allTraits[traitRows, -1]  

rownames(datTraits) = allTraits[traitRows, 1] 

# show that row names agree, check that alignment is correct 

table(rownames(datTraits)==rownames(datExprBP1)) 

 

#Cluster samples to check for outliers using Euclidean distance, generate a heat 

map with traits below 

sampleTree = flashClust(dist(datExprBP1), method ="average") 

traitColors=data.frame(numbers2colors(datTraits,signed=FALSE)) 

plotDendroAndColors(sampleTree, groupLabels=names(datTraits), 

colors=traitColors,main="Dendrogram of RNA Samples by distance with a trait 

heatmap", cex.colorLabels = 0.7, cex.dendroLabels = 0.7,  cex.rowText = 0.2) 
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WGCNA – Construct Network 

 

#2 Construct a network, check power, choose soft thresholding (preserves 

continuous information, tend to be more robust) powers such that network fits 

scale-free topology, want it to be such that most genes don’t interact.  The higher 

the saturation point, closer it is to scale-free topology 

 

sft=pickSoftThreshold(datExprBP1,powerVector=c(1:20)) 

# Plot the results: 

par(mfrow=c(1,2)) 

# SFT index as a function of different powers 

plot(sft$fitIndices[,1],-sign(sft$fitIndices[,3])*sft$fitIndices[,2], 

xlab="Soft Threshold (power)",ylab="SFT, signed 

R^2",type="n",main=paste("Scale independence")) 

text(sft$fitIndices[,1],-sign(sft$fitIndices[,3])*sft$fitIndices[,2], 

labels=c(1:20),col="red") 

# this line corresponds to using an R^2 cut-off of h 

abline(h=0.90,col="red") 

# Mean connectivity as a function of different powers 

#left shows scale-free fit index as a function of soft-thresholding power 

#right shows mean connectivity as a function of soft-threshholding power 

plot(sft$fitIndices[,1],sft$fitIndices[,5],type="n", 

xlab="Soft Threshold (power)",ylab="Mean Connectivity",main=paste("Mean 

connectivity")) 

text(sft$fitIndices[,1],sft$fitIndices[,5],labels=c(1:20),col="red") 
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WGCNA – Identify Modules 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

#Need to merge modules with similar expression, do 

this by calculating eigengenes and cluster based on 

correlation 

MEs=moduleEigengenes(datExprBP1,dynamicColors,

trapErrors=TRUE)$eigengenes 

MEDiss=1-cor(MEs) 

METree=flashClust(as.dist(MEDiss), 

method="average") 

sizeGrWindow(7,6) 

plot(METree,main="Clustering of module 

eigengenes", xlab="",sub="") 

abline(h=Mt,col="red") 

merge=mergeCloseModules(datExprBP1,dynamicCol

ors,cutHeight=Mt, trapErrors=TRUE,verbose=3) 

mergedColors=merge$colors 

mergedMEs=merge$newMEs 

MEs2=moduleEigengenes(datExprBP1,dynamicColors

2,trapErrors=TRUE)$eigengenes 

MEDiss2=1-cor(MEs2) 

METree2=flashClust(as.dist(MEDiss2), 

method="average") 

sizeGrWindow(7,6) 

plot(METree2,main="Clustering of module 

eigengenes", xlab="",sub="") 

abline(h=Mt,col="red") 

merge2=mergeCloseModules(datExprBP1,dynamicCo

lors2,cutHeight=Mt, trapErrors=TRUE,verbose=3) 

mergedColors2=merge2$colors 

mergedMEs2=merge2$newMEs 

plotDendroAndColors(geneTree,cbind(dynamicColors

,mergedColors,dynamicColors2,mergedColors2),group

Labels=c("Dynamic Hybrid "," Dynamic Hybrid 

Merged "," Dynamic Tree "," Dynamic Tree Merged 

"), cex.colorLabels = 0.6, 

dendroLabels=FALSE,hang=0.03,addGuide=TRUE,gu

ideHang=0.05) 

#How many modules and their sizes for Dynamic 

Hybrid Method (using TOM) and Dynamic Tree 

Method, and their merged eigengenes 

table(dynamicColors) 

table(dynamicColors2) 

table(mergedColors) 

table(mergedColors2) 

 
 

#3 Make dendrograms and identify modules 

#3a signed/unsigned, P=power , dS= deepSplit, Mt= 

mergethreshold 

P=7 

dS=2 

Mt=0.3 

A = adjacency(datExprBP1, type="unsigned", power=P, 

corFnc="cor") 

k=as.vector(apply(A,2,sum, na.rm=T)) 

# Plot a histogram of k and a scale free topology plot 

sizeGrWindow(10,5) 

par(mfrow=c(1,2)) 

hist(k) 

scaleFreePlot(k, main="Check scale free topology\n") 

#Turn A into topological overlap 

TOM=TOMsimilarity(A) 

dissTOM =1-TOM 

#Clustering using TOM-based dissimilarity 

geneTree=flashClust(as.dist(dissTOM), 

method="average") 

sizeGrWindow(12,9) 

plot(geneTree,xlab="",sub="",main="Gene clustering on 

TOM-based dissimilarity",labels=FALSE,hang=0.04) 

#Module formation using Dynamic Hybrid Method 

(using TOM) and Dynamic Tree Method  

dynamicMods=cutreeDynamic(dendro=geneTree,distM

=dissTOM,deepSplit=dS,pamRespectsDendro=FALSE,

minClusterSize=30) 

dynamicMods2=cutreeDynamic(dendro=geneTree,meth

od="tree",deepSplit=dS,pamRespectsDendro=FALSE,

minClusterSize=30) 

#How many modules and their sizes 

table(dynamicMods) 

table(dynamicMods2) 

#Access module Assignments 

dynamicColors= labels2colors(dynamicMods) 

table(dynamicColors) 

dynamicColors2= labels2colors(dynamicMods2) 

table(dynamicColors2) 

# Plot the dendrogram and the module colors underneath 

plotDendroAndColors(geneTree,dynamicColors, 

groupLabels=c("Dynamic Hybrid"), 

dendroLabels=FALSE,hang=0.03,addGuide=TRUE,guid

eHang=0.05) 

# Plot the dendrogram and the module colors underneath 

plotDendroAndColors(geneTree,dynamicColors2, 

groupLabels=c("Dynamic Tree"), 

dendroLabels=FALSE,hang=0.03,addGuide=TRUE,guid

eHang=0.05) 

#Need to merge modules with similar expression, do this 

by calculating eigengenes and cluster based on 

correlation 

MEs=moduleEigengenes(datExprBP1,dynamicColors,tra

pErrors=TRUE)$eigengenes 

MEDiss=1-cor(MEs) 

METree=flashClust(as.dist(MEDiss), 

method="average") 

sizeGrWindow(7,6) 

plot(METree,main="Clustering of module eigengenes", 

xlab="",sub="") 

abline(h=Mt,col="red") 

merge=mergeCloseModules(datExprBP1,dynamicColors

,cutHeight=Mt, trapErrors=TRUE,verbose=3) 

mergedColors=merge$colors 

mergedMEs=merge$newMEs 

MEs2=moduleEigengenes(datExprBP1,dynamicColors2,
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WGCNA – Relate Modules to Traits 

 

# 4 Choose a module assignment 

moduleColorsBP1=mergedColors 

# Define numbers of genes and samples 

nGenes = ncol(datExprBP1) 

nSamples = nrow(datExprBP1) 

# Recalculate MEs with color labels 

MEs0 = moduleEigengenes(datExprBP1,moduleColorsBP1,trapErrors=TRUE)$eigengenes 

MEsBP1 = orderMEs(MEs0) 

modTraitCor = cor(MEsBP1, datTraits, use = "p") 

modTraitP = corPvalueStudent(modTraitCor, nSamples) 

#Correlate the module eigengenes with the trait 

signif(cor(MEsBP1, use = "p"),2) 

# color code each association by the correlation value 

textMatrix = paste(signif(modTraitCor, 2), "\n(", 

signif(modTraitP, 1), ")", sep = "") 

dim(textMatrix) = dim(modTraitCor) 

par(mar = c(7, 7, 1, 1)) 

# Display the correlation values within a heatmap plot 

labeledHeatmap(Matrix = modTraitCor, xLabels = names(datTraits), 

yLabels = names(MEsBP1), ySymbols = names(MEsBP1), 

colorLabels =FALSE,colors=greenWhiteRed(8),textMatrix=textMatrix, 

setStdMargins = FALSE, cex.text = 0.8, zlim = c(-1,1), 

main = paste("Module-trait relationships")) 

# calculate the module membership values 

# (aka. module eigengene based connectivity kME): 

datKME=signedKME(datExprBP1, MEsBP1) 

# calculate Gene Significance and the module membership values(aka. module eigengene based connectivity kME): 

Temp = as.data.frame(datTraits$Temp) 

Growth = as.data.frame(datTraits$growth.rate) 

Nosto = as.data.frame(datTraits$A.nostoxanthin) 

crtG = as.data.frame(datTraits$P.crtG) 

names(Temp)=" Temp" 

names(Growth)="Growth Rate" 

names(Nosto)="Nostoxanthin" 

names(crtG)= "Total crtG products" 

# Next use this trait to define a gene significance variable, correlate each gene with temp, bicyclic, monocyclic and crtG, makes numeric 

variable, see which modules relate to which traits 

GS.Temp=as.numeric(cor(datExprBP1,Temp,use="p")) 

GS.Growth=as.numeric(cor(datExprBP1,Growth,use="p")) 

GS.Nosto=as.numeric(cor(datExprBP1,Nosto,use="p")) 

GS.crtG=as.numeric(cor(datExprBP1,crtG,use="p")) 

# This translates the numeric values into colors 

GS.TempColor=numbers2colors(GS.Temp,signed=T) 

GS.GrowthColor=numbers2colors(GS.Growth,signed=T) 

GS.NostoColor=numbers2colors(GS.Nosto,signed=T) 

GS.crtGColor=numbers2colors(GS.crtG,signed=T) 

colorOfColumn=substring(names(datKME),4) 

par(mfrow = c(3,3)) 

selectModules=c("black","blue","green","brown","purple","salmon","tan","grey") 

par(mfrow=c(2,length(selectModules)/2)) 

for (module in selectModules) { 

column = match(module,colorOfColumn) 

restModule=moduleColorsBP1==module 

verboseScatterplot(datKME[restModule,column],GS.Temp[restModule], 

xlab=paste("Intra-modular strength (kME)"),ylab="Temperature", 

main=paste(module),col=module)} 

 

 

colorOfColumn=substring(names(datKME),4) 

par(mfrow = c(3,3)) 

selectModules=c("black","blue","green","brown","purple","salmon","tan","grey") 

par(mfrow=c(2,length(selectModules)/2)) 

for (module in selectModules) { 

column = match(module,colorOfColumn) 

restModule=moduleColorsBP1==module 

verboseScatterplot(datKME[restModule,column],GS.Growth[restModule], 

xlab=paste("Intra-modular strength (kME)"),ylab="Growth rate", 

main=paste(module),col=module)} 
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WGCNA – Output Results 

 

# Read in the probe annotation 

BP1Annotation=read.csv(file="BP1.GO.csv") 

# Match probes in the data set to those of the annotation file 

probes = names(datExprBP1) 

probes2annot = match(probes,BP1Annotation$Synonym) 

# data frame with gene significances (cor with the traits) 

datGS.Traits=data.frame(cor(datExprBP1,datTraits,use="p")) 

names(datGS.Traits)=paste("cor",names(datGS.Traits),sep=".") 

datOutput=data.frame(ProbeID=names(datExprBP1), 

BP1Annotation[probes2annot,],moduleColorsBP1,datKME,datGS.Traits) 

 

datColors=data.frame(moduleColorsBP1,GS.TempColor, GS.GrowthColor, 

GS.NostoColor, GS.crtGColor) 

 

# save the results in a comma delimited file 

write.table(datOutput,"140923BP1unsignedHybridResults.csv",row.names=F,sep=

",") 

 

cmd1=cmdscale(as.dist(dissTOM),2) 

par(mfrow=c(1,1)) 

plot(cmd1,col=moduleColorsBP1,main="MDS plot", xlab="Scaling Dimension 

1",ylab="Scaling 

Dimension 2") 

 

 

#plot gene expression sample heat map with eigengene underneath 

sizeGrWindow(8,9) 

par(mfrow=c(3,1), mar=c(1, 2, 4, 1)) 

which.module="grey" 

ME= MEsBP1 [, paste("ME",which.module, sep="")] 

par(mfrow=c(2,1), mar=c(0.3, 5.5, 3, 2)) 

plotMat(t(scale(datExprBP1[,moduleColorsBP1==which.module ]) ), 

nrgcols=30,rlabels=F,rcols=which.module, 

main=which.module, cex.main=2) 

par(mar=c(5, 4.2, 0, 0.7)) 

barplot(ME, col=which.module, main="", cex.main=2, 

ylab="eigengene") 
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WGCNA module eigengenes 

   

   

  

 

 Black=Repressed 

under stress conditions 

 Blue=Cold response 

 Green=Late 

exponential phase 

 Brown=Heat response 

 Purple=Cell death 

 Salmon=Initial stress 

shock 

 Tan=Initial heat shock 

 Grey=no trait 
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WGCNA list of top hub genes 

 
Name BP1 

gene 
Protein Function Class module module 

kME 
cpcE tlr1961 phycocyanin alpha-subunit 

phycocyanobilin lyase 
Photosynthesis 
and respiration 

Phycobilisome black 0.916 

- tll0569 methyl-accepting chemotaxis 
protein 

Cellular 
processes 

Chemotaxis black 0.915 

- tlr1122 ABC transporter permease 
protein 

Transport and 
binding 
proteins 

 black 0.915 

- tlr1120 ABC transporter substrate-
binding protein 

Transport and 
binding 
proteins 

 black 0.909 

psaB tlr0732 P700 apoprotein subunit Ib Photosynthesis 
and respiration 

Photosystem I black 0.903 

- tll1985 ammonium/methylammonium 
permease 

Transport and 
binding 
proteins 

 black 0.901 

cpcF tlr1962 phycocyanin alpha-subunit 
phycocyanobilin lyase 

Photosynthesis 
and respiration 

Phycobilisome black 0.900 

putA tlr0416 proline oxidase Energy 
metabolism 

Amino acids and 
amines 

black 0.896 

cysK tlr0504 cysteine synthase Amino acid 
biosynthesis 

Serine family / 
Sulfur assimilation 

black 0.890 

cpcG2 tlr1964 phycobilisome 29kDa rod-core 
linker polypeptide 

Photosynthesis 
and respiration 

Phycobilisome black 0.889 

- tlr1121 ABC transporter permease 
protein 

Transport and 
binding 
proteins 

 black 0.880 

cpcA tlr1958 phycocyanin alpha subunit Photosynthesis 
and respiration 

Phycobilisome black 0.869 

cpcC tlr1959 phycobilisome rod linker 
polypeptide 

Photosynthesis 
and respiration 

Phycobilisome black 0.864 

psbV tll1284 cytochrome c550 like protein Photosynthesis 
and respiration 

Photosystem II black 0.851 

cpcG1 tlr1963 phycobilisome 31kDa rod-core 
linker polypeptide 

Photosynthesis 
and respiration 

Phycobilisome black 0.845 

cpcD tsr1960 phycocyanin-associated 
7.8kDa rod linker protein 

Photosynthesis 
and respiration 

Phycobilisome black 0.839 

apcE tll2365 phycobilisome core-membrane 
linker polypeptide 

Photosynthesis 
and respiration 

Phycobilisome black 0.839 

cpcB tlr1957 phycocyanin beta subunit Photosynthesis 
and respiration 

Phycobilisome black 0.837 

- tll1025 two-component response 
regulator 

Regulatory 
functions 

 black 0.831 

psaA tlr0731 P700 apoprotein subunit Ia Photosynthesis 
and respiration 

Photosystem I black 0.828 

- tll0568 two-component hybrid sensor 
and regulator 

Regulatory 
functions 

 black 0.817 

- tll1870 transketolase Other 
categories 

Other black 0.813 

ycf23 tlr1249 hypothetical protein YCF23 Transport and 
binding 
proteins 

 black 0.810 

- tll1021 two-component hybrid sensor 
& regulator 

Regulatory 
functions 

 black 0.809 

glnA tll1588 glutamate--ammonia ligase Amino acid 
biosynthesis 

Glutamate family / 
Nitrogen 

black 0.809 
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Name BP1 
gene 

Protein Function Class module module 
kME 

assimilation 

- tll1213 isochorismate synthase Transport and 
binding 
proteins 

 blue 0.968 

ycf39 tll1029 hypothetical protein YCF39 Transport and 
binding 
proteins 

 blue 0.967 

- tll1298 ABC transporter ATP-binding 
protein 

Transport and 
binding 
proteins 

 blue 0.966 

- tll0952 transcription-repair coupling 
factor 

Regulatory 
functions 

 blue 0.966 

- tll0398 sulfolipid biosynthesis protein Amino acid 
biosynthesis 

Serine family / 
Sulfur assimilation 

blue 0.966 

- tlr1758 probable transcription 
regulator 

Regulatory 
functions 

 blue 0.965 

- tlr0962 ABC transporter ATP-binding 
protein 

Transport and 
binding 
proteins 

 blue 0.965 

- tll0397 thiosulfate sulfurtransferase Other 
categories 

Other blue 0.964 

- tll1804 protease Translation Degradation of 
proteins, peptides, 
and glycopeptides 

blue 0.955 

- tlr2210 similar to cation-transporting 
ATPase 

Transport and 
binding 
proteins 

 blue 0.954 

- tll0391 sporulation protein spoIID 
homolog 

Cellular 
processes 

Cell division blue 0.954 

ycf46 tll0076 hypothetical protein YCF46 Transport and 
binding 
proteins 

 blue 0.952 

- tll1545 ABC transporter sugar 
permease protein 

Transport and 
binding 
proteins 

 blue 0.951 

trpD tll1714 anthranilate 
phosphoribosyltransferase 

Amino acid 
biosynthesis 

Aromatic amino 
acid family 

blue 0.951 

atpA tlr0435 H+-transporting ATP synthase 
alpha chain 

Photosynthesis 
and respiration 

ATP synthase blue 0.950 

pcrA tlr2459 ATP-dependent helicase PcrA Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

blue 0.949 

atpI tlr0430 H+-transporting ATP synthase 
chain a 

Photosynthesis 
and respiration 

ATP synthase blue 0.949 

- tlr1878 DNA-methyltransferase DNA 
replication, 
recombination, 
and repair 

 blue 0.948 

- tlr1047 sucrose synthase Energy 
metabolism 

Sugars blue 0.948 

purK tlr1258 phosphoribosylaminoimidazole 
carboxylase, ATPase subunit 

Purines, 
pyrimidines, 
nucleosides, 
and 
nucleotides 

Purine 
ribonucleotide 
biosynthesis 

blue 0.946 

atpH tlr0431 ATP synthase subunit c Photosynthesis 
and respiration 

ATP synthase blue 0.945 

- tll2049 potassium uptake protein Other Drug and analog blue 0.943 
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Name BP1 
gene 

Protein Function Class module module 
kME 

categories sensitivity 

- tll1481 Adenine specific DNA 
methylase-C end 

DNA 
replication, 
recombination, 
and repair 

 blue 0.942 

avtA tll1742 valine-pyruvate transaminase Energy 
metabolism 

Pyruvate 
dehydrogenase 

blue 0.942 

desC2 tlr1653 acyl-CoA desaturase 3 Fatty acid, 
phospholipid 
and sterol 
metabolism 

 blue 0.941 

- tll1465 small subunit of soluble 
hydrogenase 

Other 
categories 

Hydrogenase blue 0.941 

- tll1480 Type III restriction-modification 
enzyme, helicase subunit 

Transport and 
binding 
proteins 

 blue 0.940 

hemE tlr0741 uroporphyrinogen 
decarboxylase 

Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

blue 0.939 

- tll1807 arginine decarboxylase Energy 
metabolism 

Amino acids and 
amines 

blue 0.935 

- tlr1902 
probable endo-1,4-β-
xylanase 

Fatty acid, 
phospholipid 
and sterol 
metabolism 

 blue 0.931 

ho1 tll0365 heme oxygenase 1 Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

blue 0.931 

nadC tll1713 nicotinate-nucleotide 
pyrophosphorylase 

Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Nicotinate and 
nicotinamide 

blue 0.930 

- tll0251 N-acetylmuramoyl-L-alanine 
amidase 

Cell envelope Murein sacculus 
and peptidoglycan 

blue 0.929 

rfbB tll0458 dTDP-glucose 4,6-
dehydratase 

Cell envelope Surface 
polysaccharides, 
lipopolysaccharides 
and antigens 

blue 0.928 

- tlr0783 integral membrane signal 
transducer protein 

Cellular 
processes 

Protein and peptide 
secretion 

blue 0.927 

- tll1403 isopentenyl-diphosphate delta-
isomerase 

Other 
categories 

Other blue 0.925 

- tll0064 probable glycosyltransferase Other 
categories 

Other blue 0.924 

cobW tll1624 cobalamin synthesis protein 
cobW homolog 

Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

blue 0.922 

- tlr1498 WD-40 repeat protein Other 
categories 

WD repeat proteins blue 0.922 

- tlr1649 ABC transporter ATP-binding 
protein 

Transport and 
binding 
proteins 

 blue 0.920 

glpX tll1276 fructose-1,6-/sedoheptulose- Energy Sugars blue 0.920 
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Name BP1 
gene 

Protein Function Class module module 
kME 

1,7-bisphosphatase metabolism 

- tll1373 probable flavoprotein Other 
categories 

Other blue 0.918 

- ncRNA28    blue 0.918 

ycf55 tlr2323 probable two-component 
response regulator 

Transport and 
binding 
proteins 

 blue 0.918 

- tll2050 putative aminotransferase Other 
categories 

Other blue 0.917 

- tlr1930 probable glycosyl transferase Other 
categories 

Other blue 0.916 

- tlr0938 rod shape-determining protein 
MreB 

Cell envelope Murein sacculus 
and peptidoglycan 

blue 0.916 

- tlr2340 acetate kinase Energy 
metabolism 

Pyruvate and 
acetyl-CoA 
metabolism 

blue 0.916 

sigB tll0831 group 2 RNA polymerase 
sigma factor 

Transcription RNA synthesis, 
modification, and 
DNA transcription 

blue 0.916 

atpD tlr0434 H+-transporting ATP synthase 
delta chain 

Photosynthesis 
and respiration 

ATP synthase blue 0.915 

- tlr2251 probable anion-transporting 
ATPase 

Transport and 
binding 
proteins 

 blue 0.914 

gltX tll0506 glutamyl-tRNA synthetase Translation Aminoacyl tRNA 
synthetases and 
tRNA modification 

blue 0.914 

- tll1618 multidrug efflux transporter Transport and 
binding 
proteins 

 blue 0.914 

dnaX tll0518 DNA polymerase III, delta 
prime subunit 

DNA 
replication, 
recombination, 
and repair 

 blue 0.912 

- tlr1789 chloroplastic outer envelope 
membrane protein homolog 

Cellular 
processes 

Cell division blue 0.911 

 ncRNA19    blue 0.909 

- tlr1532 phosphoglycerate mutase Energy 
metabolism 

Glycolysis blue 0.908 

- tlr1098 serine/threonine protein 
kinase 

Regulatory 
functions 

 blue 0.907 

cmpC tlr2002 bicarbonate transport system 
ATP-binding protein 

Transport and 
binding 
proteins 

 blue 0.906 

- tll0384 probable glycosyltransferase Other 
categories 

Other blue 0.906 

- tll0879 branched-chain amino acid 
ABC transporter periplasmic 
amino acid-binding protein 

Transport and 
binding 
proteins 

 blue 0.905 

- tll1783 H+/Ca2+ exchanging protein Transport and 
binding 
proteins 

 blue 0.905 

psbW tlr0493 photosystem II reaction center 
W protein 

Photosynthesis 
and respiration 

Photosystem II blue 0.904 

- tll1712 iron(III) ABC transporter, 
permease protein 

Transport and 
binding 
proteins 

 blue 0.904 

- ncRNA69    blue 0.904 

nusB tll0787 N utilization substance protein 
B homolog 

Amino acid 
biosynthesis 

Glutamate family / 
Nitrogen 

blue 0.904 
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Name BP1 
gene 

Protein Function Class module module 
kME 

assimilation 

- tlr0302 isocitrate dehydrogenase Energy 
metabolism 

TCA cycle blue 0.904 

gidB tll1704 glucose inhibited division 
protein B 

Cellular 
processes 

Cell division blue 0.904 

- ncRNA23    blue 0.904 

- ncRNA16    blue 0.904 

- tlr1685 probable peptidase Cellular 
processes 

Protein and peptide 
secretion 

blue 0.904 

- tll2390 S-adenosyl-L-homocysteine 
hydrolase 

Amino acid 
biosynthesis 

Aspartate family blue 0.902 

trmE tlr0961 thiophen and furan oxidation 
protein 

Cellular 
processes 

Detoxification blue 0.901 

glgC tlr1287 glucose-1-phosphate 
adenylyltransferase 

Amino acid 
biosynthesis 

Serine family / 
Sulfur assimilation 

blue 0.901 

- tlr1344 probable aminotransferase Other 
categories 

Other blue 0.900 

cdsA tll2108 phosphatidate 
cytidylyltransferase 

Fatty acid, 
phospholipid 
and sterol 
metabolism 

 brown 0.947 

- tlr0419 fibrillin Other 
categories 

Other brown 0.928 

- tll1011 pilin polypeptide PilA homolog Cell envelope Surface structures brown 0.928 

recQ tlr0800 ATP-dependent DNA helicase 
RecQ 

DNA 
replication, 
recombination, 
and repair 

 brown 0.927 

- tlr1901 ABC transporter ATP-binding 
protein 

Transport and 
binding 
proteins 

 brown 0.926 

- tll2099 two-component response 
regulator 

Regulatory 
functions 

 brown 0.925 

nifS tlr0115 cysteine desulfurase Amino acid 
biosynthesis 

Glutamate family / 
Nitrogen 
assimilation 

brown 0.923 

ureC tlr0005 urease alpha subunit Central 
intermediary 
metabolism 

Other brown 0.920 

psbJ tsr1544 photosystem II PsbJ protein Photosynthesis 
and respiration 

Photosystem II brown 0.916 

- tlr1461 photomixotrophic growth 
related protein, PmgA 
homolog 

Other 
categories 

Other brown 0.915 

tmRNA rTEs02 tmRNA RNA  brown 0.911 

psbY tsl0836 photosystem II protein Y Photosynthesis 
and respiration 

Photosystem II brown 0.909 

- tlr1644 probable protein phosphatase Regulatory 
functions 

 brown 0.907 

- tlr0140 similar to light-harvesting 1 
(B870) complex assembly 
protein PucC 

Photosynthesis 
and respiration 

Photosystem II brown 0.906 

- tll0854 similar to allophycocyanin 
alpha subunit 

Photosynthesis 
and respiration 

Phycobilisome brown 0.902 

cobQ tll1716 cobyric acid synthase Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

brown 0.900 

topA tll1881 DNA topoisomerase I DNA  brown 0.899 
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Name BP1 
gene 

Protein Function Class module module 
kME 

replication, 
recombination, 
and repair 

- tlr1710 γ-glutamyl phosphate 

reductase homolog 

Other 
categories 

Other brown 0.896 

- tll1768 probable polysaccharide 
export protein 

Cell envelope Surface 
polysaccharides, 
lipopolysaccharides 
and antigens 

brown 0.896 

- tll0538 putative potassium/proton 
antiporter 

Transport and 
binding 
proteins 

 brown 0.893 

cysC2 tlr1341 adenylylsulfate kinase 2 Amino acid 
biosynthesis 

Serine family / 
Sulfur assimilation 

brown 0.893 

- tlr0246 probable glycosyltransferase Other 
categories 

Other brown 0.891 

ycf64 tll0874 hypothetical protein YCF64 Transport and 
binding 
proteins 

 brown 0.891 

crtR tlr1900 β-carotene hydroxylase 
Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Carotenoid brown 0.890 

secA tll1851 preprotein translocase SecA 
subunit 

Cellular 
processes 

Protein and peptide 
secretion 

brown 0.889 

- tlr0491 transcriptional regulator Regulatory 
functions 

 brown 0.888 

- tll0584 GTP pyrophosphokinase Regulatory 
functions 

 brown 0.887 

ntcA tll1650 global nitrogen regulator Regulatory 
functions 

 brown 0.886 

- tll0933 probable transglycosylase Other 
categories 

Other brown 0.885 

hrcA tll0761 heat-inducible transcription 
repressor HrcA homolog 

Cellular 
processes 

Chaperones brown 0.884 

- tlr1056 precorrin-6x reductase Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

brown 0.882 

- tsl2208 CAB/ELIP/HLIP superfamily 
protein 

Other 
categories 

Adaptations and 
atypical conditions 

brown 0.881 

- ncRNA48    brown 0.881 

mraY tll0971 phospho-N-acetylmuramoyl-
pentapeptide-transferase 

Cell envelope Murein sacculus 
and peptidoglycan 

brown 0.880 

- tll0314 probable glycosyltransferase Other 
categories 

Other brown 0.878 

fbpII tll0541 fructose-1,6-bisphosphatase Energy 
metabolism 

Sugars brown 0.875 

petB tlr0796 cytochrome b6 Photosynthesis 
and respiration 

Cytochrome b6/f 
complex 

brown 0.872 

- tlr0535 glucose inhibited division 
protein 

Cellular 
processes 

Cell division brown 0.870 

cysM tll2311 cysteine synthase Amino acid 
biosynthesis 

Serine family / 
Sulfur assimilation 

brown 0.869 

cytM tll2429 cytochrome CytM Photosynthesis 
and respiration 

Soluble electron 
carriers 

brown 0.868 

- tlr2423 two-component response 
regulator 

Regulatory 
functions 

 brown 0.867 
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Name BP1 
gene 

Protein Function Class module module 
kME 

psbN tsr1387 photosystem II PsbN protein Photosynthesis 
and respiration 

Photosystem II brown 0.865 

ycf54 tll1499 hypothetical protein YCF54 Transport and 
binding 
proteins 

 brown 0.864 

ycf81 tll0008 hypothetical protein YCF81 Transport and 
binding 
proteins 

 brown 0.864 

- tlr1001 reverse transcriptase Other 
categories 

Transposon-related 
functions 

brown 0.862 

- tll2366 thiamine-monophosphate 
kinase 

Purines, 
pyrimidines, 
nucleosides, 
and 
nucleotides 

Pyrimidine 
ribonucleotide 
biosynthesis 

brown 0.862 

- tlr0489 WD-40 repeat protein Other 
categories 

WD repeat proteins brown 0.862 

ribA tlr1727 riboflavin biosynthesis protein 
RibA includes GTP 
cyclohydrolase II and 3,4-
dihydroxy-2-butanone 4-
phosphate (DHBP) synthase 

Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Riboflavin brown 0.861 

uvrC tlr1753 excinuclease ABC subunit C DNA 
replication, 
recombination, 
and repair 

 brown 0.860 

chlD tll1413 magnesium-chelatase subunit 
ChlD 

Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Cobalamin, heme, 
phycobilin and 
porphyrin 

brown 0.858 

- tlr0850 2-isopropylmalate synthase Amino acid 
biosynthesis 

Branched chain 
family 

brown 0.857 

- tlr1342 putative acetyl transferase Other 
categories 

Other brown 0.855 

- ncRNA30    brown 0.853 

- tlr2386 hemolytic protein hlpA 
homolog 

Cellular 
processes 

Cell killing brown 0.851 

- ncRNA62    brown 0.851 

dnaA tlr0603 chromosomal replication 
initiator protein DnaA 

DNA 
replication, 
recombination, 
and repair 

 brown 0.850 

psaM tsr0197 photosystem I subunit XII Photosynthesis 
and respiration 

Photosystem I green 0.921 

- ncRNA6    green 0.911 

petF tsl1009 ferredoxin I Photosynthesis 
and respiration 

Soluble electron 
carriers 

green 0.903 

- tlr1169 pyruvate dehydrogenase E1 
component, alpha subunit 

Energy 
metabolism 

Pyruvate 
dehydrogenase 

green 0.874 

- tlr0594 competence protein ComM 
homolog 

Cellular 
processes 

Transformation green 0.855 

rnpB rTEs04 RNase P subunit B RNA  green 0.842 

psaC tsl1013 photosystem I subunit VII Photosynthesis 
and respiration 

Photosystem I green 0.840 

- ncRNA78    green 0.839 

glgA tll0763 glycogen synthase Central 
intermediary 
metabolism 

Polysaccharides 
and glycoproteins 

green 0.839 

- ncRNA7    green 0.830 
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Name BP1 
gene 

Protein Function Class module module 
kME 

petG tsr0877 cytochrome b6-f complex 
subunit 5 

Photosynthesis 
and respiration 

Cytochrome b6/f 
complex 

green 0.819 

ftsZ tll2382 cell division protein FtsZ Cellular 
processes 

Cell division green 0.819 

metG tlr0750 methionyl-tRNA synthetase Translation Aminoacyl tRNA 
synthetases and 
tRNA modification 

green 0.817 

- tlr1925 chromosome segregation 
SMC protein 

Translation Nucleoproteins green 0.811 

- tlr1540 serine/threonine protein 
kinase 

Regulatory 
functions 

 green 0.804 

trnG_UCC rTEt02 tRNA-Gly(TCC) RNA  purple 0.979 

trnK_UUU rTEt27 tRNA-Lys(TTT) RNA  purple 0.976 

trnA_GGC rTEt24 tRNA-Ala(GGC) RNA  purple 0.971 

trnfM_CAU rTEt34 tRNA-fMet(CAT) RNA  purple 0.960 

trnV_UAC rTEt09 tRNA-Val(TAC) RNA  purple 0.956 

trnT_CGU rTEt13 tRNA-Thr(CGT) RNA  purple 0.954 

trnD_GUC rTEt29 tRNA-Asp(GTC) RNA  purple 0.953 

trnG_GCC rTEt28 tRNA-Gly(GCC) RNA  purple 0.950 

trnT_UGU rTEt41 tRNA-Thr(TGT) RNA  purple 0.947 

trnL_UAA rTEt37 tRNA-Leu(TAA) -5' RNA  purple 0.944 

trnE_UUC rTEt40 tRNA-Glu(TTC) RNA  purple 0.940 

trnR_UCU rTEt05 tRNA-Arg(TCT) RNA  purple 0.939 

trnS_UGA rTEt19 tRNA-Ser(TGA) RNA  purple 0.935 

trnC_GAC rTEt18 tRNA-Val(GAC) RNA  purple 0.934 

trnF_GAA rTEt31 tRNA-Phe(GAA) RNA  purple 0.931 

trnM_CAU rTEt08 tRNA-Met(CAT) RNA  purple 0.930 

trnL_CAA rTEt11 tRNA-Leu(CAA) RNA  purple 0.928 

trnS_CGA rTEt39 tRNA-Ser(CGA) RNA  purple 0.924 

- ncRNA74    purple 0.906 

trnA_CGC rTEt33 tRNA-Ala(CGC) RNA  purple 0.904 

trnN_GUU rTEt25 tRNA-Asn(GTT) RNA  purple 0.896 

trnS_GCU rTEt14 tRNA-Ser(GCT) RNA  purple 0.886 

trnS_GGA rTEt03 tRNA-Ser(GGA) RNA  purple 0.881 

- ncRNA64    purple 0.868 

trnL_UAA rTEt37 tRNA-Leu(TAA) -5' RNA  purple 0.853 

trnT_GGU rTEt30 tRNA-Thr(GGT) RNA  purple 0.836 

trnH_GUG rTEt23 tRNA-His(GTG) RNA  purple 0.825 

trnL_UAG rTEt17 tRNA-Leu(TAG) RNA  purple 0.814 

- ncRNA31    purple 0.793 

trnR_CCU rTEt20 tRNA-Arg(CCT) RNA  purple 0.789 

 ncRNA67    purple 0.741 

rfbB tll0665 dTDP-glucose 4,6-
dehydratase 

Cell envelope Surface 
polysaccharides, 
lipopolysaccharides 
and antigens 

purple 0.736 

rplD tlr0082 50S ribosomal protein L4 Translation Ribosomal proteins salmon 0.952 

rplE tlr0093 50S ribosomal protein L5 Translation Ribosomal proteins salmon 0.926 

rps19 tsr0085 30S ribosomal protein S19 Translation Ribosomal proteins salmon 0.913 

rpsQ tsr0090 30S ribosomal protein S17 Translation Ribosomal proteins salmon 0.911 

rpsH tlr0094 30S ribosomal protein S8 Translation Ribosomal proteins salmon 0.908 

rplF tlr0095 50S ribosomal protein L6 Translation Ribosomal proteins salmon 0.892 

rplN tlr0091 50S ribosomal protein L14 Translation Ribosomal proteins salmon 0.884 

rplB tlr0084 50S ribosomal protein L2 Translation Ribosomal proteins salmon 0.881 

rplC tlr0081 50S ribosomal protein L3 Translation Ribosomal proteins salmon 0.881 

rpsC tlr0087 30S ribosomal protein S3 Translation Ribosomal proteins salmon 0.878 

rplV tlr0086 50S ribosomal protein L22 Translation Ribosomal proteins salmon 0.873 

rpmC tsr0089 50S ribosomal protein L29 Translation Ribosomal proteins salmon 0.854 
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Name BP1 
gene 

Protein Function Class module module 
kME 

rplX tlr0092 50S ribosomal protein L24 Translation Ribosomal proteins salmon 0.842 

groEL tll0185 60kD chaperonin 1 Cellular 
processes 

Chaperones tan 0.961 

pilM tlr2341 probable fimbrial assembly 
protein PilM 

Cell envelope Surface structures tan 0.960 

groES tll0186 10kD chaperonin Cellular 
processes 

Chaperones tan 0.959 

- ncRNA5    tan 0.957 

- ncRNA4    tan 0.948 

rne tlr0597 ribonuclease E Transcription Degradation of 
RNA 

tan 0.923 

- tlr0598 putative glutaminase Other 
categories 

Other tan 0.851 

- ncRNA57    tan 0.845 

- tlr2037 transcriptional regulator Regulatory 
functions 

 tan 0.841 

- tll1801 similar to poly-γ-glutamic 

synthesis PgsA protein 

DNA 
replication, 
recombination, 
and repair 

 tan 0.823 

- ncRNA58    tan 0.807 

- tll1590 probable glycosyl transferase Other 
categories 

Other tan 0.790 

- tlr1113 putative transposase Other 
categories 

Transposon-related 
functions 

tan 0.785 

- tlr1132 DNA polymerase III gamma 
and tau subunits 

DNA 
replication, 
recombination, 
and repair 

 tan 0.771 

nadD tlr1178 probable nicotinate-nucleotide 
adenylyltransferase 

Biosynthesis of 
cofactors, 
prosthetic 
groups, and 
carriers 

Nicotinate and 
nicotinamide 

tan 0.768 

- tlr2344 probable general secretion 
pathway protein D 

Cellular 
processes 

Protein and peptide 
secretion 

tan 0.767 

- tlr1436 sorbitol dehydrogenase Other 
categories 

Other tan 0.728 

- tsl0469 putative transposase Other 
categories 

Transposon-related 
functions 

tan 0.703 
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APPENDIX G: SUBTRACTIVE GENOMICS 

Subtractive Genomics List of Proteins and Characteristics 

 

BP-1
NK55

PCC7002

ATC
C29

413

PCC7310
2

PCC7120

PCC6803

IM
S1

01

PCC7942

PCC7335

PCC6301

membrane

aa Homology/Notes operon

tll0141 X X X X X X X NC/1TM 416 no

tlr0229 X X X X X X X NC 168 FHA-domain containing protein

tlr0230 X X X X X X X NC? 297

tlr0291 X X X X X X NC 266 no

tlr0313 X X X X X X X ? 124

Domain of unknown function 

(DUF4278); found in bacteria and 

viruses. 

no, between 2 

operons

tlr0414 X X X X X X 8TM 304

Protein of unknown function 

(DUF422); Predicted to be an integral 

membrane protein.   

gamma-carotene 1' hydroxylase CruF 

[Thermosynechococcus sp. NK55] 

looks like but didn't 

match to neighboring 

expression

tlr0703 X X X X X X NC 391
homology to methyl accepting 

chemotaxis protein

no, next to 

asparaginase

tlr0883 X X X X X X X 5TM 185
putative membrane protein, integral 

membrane signal transducer protein

middle of operon next 

to shikimate kinase

tlr1173 X X X X X X X NC? 149

yes with an similar to 

O-succinylbenzoate-

CoA synthase

tsr1212 X X X X X X X 1TM/CYT 94 no

tll1277 X X X X X X NC 785

  

glycoside hydrolase family 57 

[Thermosynechococcus sp. NK55] 

Alpha-amylase/alpha-mannosidase 

[Carbohydrate transport and 

metabolism]

tll1278 X X X X X X X NC? 269

2-hydroxyhepta-2,4-diene-1,7-dioate 

isomerase, fumarylacetoacetate 

(FAA) hydrolase family protein, part 

aligned with zeta-carotene 

desaturase [BP-1] 

tlr1485 X X X X X X NC/1TM/CYT? 380

Domain of unknown function 

(DUF4335);found in bacteria and 

eukaryotes. 

last gene, after 

peptidyl-tRNA 

hydrolase

tsl1864 X X X X X X X NC? 98

middle of operon next 

to transcriptional 

regulator

tll1979 X X X X X X NC 460

Protein of unknown function 

(DUF1822); This family of proteins 

are functionally uncharacterized.

middle of operon next 

to probable RNA 

polymerase sigma 

factor

tlr2022 X X X X X X X NC/1TM/CYT? 99
Predicted membrane protein 

[Function unknown]
no

tlr2059 X X X X X X X CYT/4TM 181
RDD family protein 

[Thermosynechococcus sp. NK55] 

yes with rpmG and 

rpsR

tlr2082 X X X X X X X CYT/2TM 485

photosystem II assembly chaperone 

[Thermosynechococcus sp. NK55] , 

homology to tll2086 (DUF58)

yes, next to tlr2081

last 2 genes in 

operon?

not predicted, but 

seem like these are 

together
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Transmembrane Topology Prediction for Known Enzymes 

HYDROXYLASES - EC 1.14.13 
 
 
With NADH or NADPH as one 
donor, and incorporation of one 
atom of oxygen  
 
 

 
EC 1.14.13.129 β-carotene 3-hydroxylase 

crtR 
 
 

2’ Hydrolase, β-carotene hydroxylase 

(CrtR), BP-1 295 aa 

 
crtZ β-carotene hydroxylase (CrtZ), no 

cyanobacteria, green algae/land 
plants>gi|28911949|gb|AAO53295.1| 
carotenoid hydroxylase [Haematococcus 
pluvialis] 

 
crtG 2,2'- β-ionone ring hydroxylase (crtG) in 

some proteobacteria and only NK55, 
PCC6312 and BP-1 in cyanobacteria, BP-1 
crtG 260 aa 
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CruF γ-carotene 1' hydroxylase CruF BP-1 

>lcl|NC_004113.1_cdsid_NP_681204.1:1-
304 
Full length blast to NK55 and PCC6312 but 
not IMS101, 7942, 6301, 7335 
 

 
HYDRATASES - EC 4.2.1 
 
Hydro-Lyases 

 
EC 4.2.1.2 fumarate hydratase 

crtC 1’,2’ Hydratase, 1’, 2’ (crtC) No Blastp product in 
BP-1 
CrtC[pfam07143],  
Hydroxyneurosporene synthase (CrtC); This 
family consists of several purple photosynthetic 
bacterial hydroxyneurosporene synthase (CrtC) 
proteins. The enzyme catalyzes the conversion 
of various acyclic carotenes including 1-hydroxy 
derivatives. This broad substrate specificity 
reflects the participation of CrtC in 1'-HO-
spheroidene and in spirilloxanthin biosynthesis. 
This family also contains the members of the old 
Pfam family DUF2006. Structural 
characterisation of DUF2006 family member 
putative AttH from Nitrosomonas europaea has 
revealed a lipocalin-like fold with domain 
duplication. 
>gi|384262731|ref|YP_005417918.1| CrtC 
[Rhodospirillum photometricum DSM 122] 

 

fumC Citrate cycle (TCA cycle) 
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DESATURASES - EC 1.3.(99) 
 
Acting on the CH-CH group of 
donors (with other acceptor not 
listed in EC categories) 
 

 
EC 1.3.99.26 all-trans-ζ-carotene desaturase 

Pds 
tll1561 

>gi|22299104|ref|NP_682351.1| phytoene 
dehydrogenase [Thermosynechococcus elongatus 
BP-1] 
 

 
crtD 
tll0232 

phytoene dehydrogenase [Thermosynechococcus 
elongatus BP-1] 
3’,4’ Desaturase(crtD) Found in all strains Blast to: 
NP_681023.1 
TIGR02733 (PSSMID 233987) C-3',4' desaturase 
CrtD aka phytoene dehydrogenase ;Members of 
this family are slr1293, a carotenoid biosynthesis 
protein which was shown to be the C-3',4' 
desaturase (CrtD) of myxoxanthophyll biosynthesis 
in Synechocystis sp. strain sp. PCC 6803, and 
close homologs (presumed to be functionally 
equivalent) from other cyanobacteria, where 
myxoxanthophyll biosynthesis is either known or 
expected. This enzyme can act on neurosporene 
and so presumably catalyzes the first step that is 
committed to myxoxanthophyll [Biosynthesis of 
cofactors, prosthetic groups, and carriers, Other]. 
>gi|22293953|dbj|BAC07785.1| tll0232 
[Thermosynechococcus elongatus BP-1] 
 

 

crtQ 7,8 desaturase crtQ zeta-carotene desaturase, 
found in all strains 
>gi|22297880|ref|NP_681127.1| zeta-carotene 
desaturase [Thermosynechococcus elongatus BP-
1] 
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TRANSFERASES 
EC 2.1 Transfer one carbon 
group  
EC 2.5 Transfer alkyl group, 
other than methyl 
  

EC 2.1.1.42 flavone 3'-O-methyltransferase 

psy >gi|22299103|ref|NP_682350.1| phytoene 
synthase [Thermosynechococcus 
elongatus BP-1] 
 

 
crtF O-Methyl transferase (crtF)in all checked 

cyanos except BP-1 and NK55 
>gi|169885615|gb|ACA99328.1| O-
methyltransferase, putative 
[Synechococcus sp. PCC 7002] 
 

 
wcaG 
tlr238
1 
 

wcaG tll0633 GCP-fucose transferase all 
cyanos have it 
>gi|22294354|dbj|BAC08184.1| GDP-
fucose synthetase [Thermosynechococcus 
elongatus BP-1] 
 

 
 Tll0634 GDP-mannose 4,6-dehydratase all 

cyanos have it 
>gi|22294355|dbj|BAC08185.1| GDP-
mannose 4,6-dehydratase 
[Thermosynechococcus elongatus BP-1] 
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crtX zeaxanthin glucosyl transferase 
[Synechocystis sp. PCC 6803]crtX No 
Blastp product in BP-1 
>gi|384435303|ref|YP_005650027.1| 
zeaxanthin glucosyl transferase 
[Synechocystis sp. PCC 6803] 
 

 
CYCLASES 
 

 
EC 5.5.1.19 EC 5.5.1.19 lycopene β-cyclase 

cruA Lycopene cyclase (cruA) 
>gi|22298682|ref|NP_681929.1| 
hypothetical protein tlr1139 
[Thermosynechococcus elongatus BP-1] 
 

 
cruA Synechococcus sp. PCC 7002 

 

 
 Lycopene cyclase (cruP) 

>gi|170076678|ref|YP_001733316.1| 
lycopene cyclase CruP [Synechococcus 
sp. PCC 7002] 
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KETOLASES 

 
EC 1.14.15.9 spheroidene monooxygenase 

crtW crtW β-carotene oxygenase [ 

Synechococcus sp. PCC 7002 ] 

>gi|169887064|gb|ACB00778.1| β-
carotene oxygenase (ketolase) 
[Synechococcus sp. PCC 7002] 
 

 
 β-carotene ketolase [Synechocystis sp. 

PCC 6803] 

>gi|384437827|ref|YP_005652552.1| β-

carotene ketolase [Synechocystis sp. PCC 
6803] 
 

 
crtA spheroidene monooxygenase 

[Rhodobacter capsulatus: RCAP_rcc00678 
[EC:1.14.15.9]] 
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Transmembrane Topology Prediction for Potential Myxol Pathway Enzymes 

 
>lcl|NC_004113.1_cdsid_NP_680932.1:1-416

 

>gi|22298812|ref|NP_682059.1| hypothetical 
protein tll1269 [Thermosynechococcus elongatus 

BP-1]  

>lcl|NC_004113.1_cdsid_NP_681020.1:1-168

 

>lcl|NC_004113.1_cdsid_NP_682067.1:1-785

 
>lcl|NC_004113.1_cdsid_NP_681021.1:1-297

 

>gi|22298821|ref|NP_682068.1| 2-hydroxyhepta-
2,4-diene-1,7-dioate isomerase 
[Thermosynechococcus elongatus BP-1]

 
>lcl|NC_004113.1_cdsid_NP_681045.1:1-181

 

>lcl|NC_004113.1_cdsid_NP_682156.1:1-144
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>lcl|NC_004113.1_cdsid_NP_681082.1:1-266

 

>lcl|NC_004113.1_cdsid_NP_682275.1:1-380

 
>lcl|NC_004113.1_cdsid_NP_681103.1:1-124

 

>gi|22299330|ref|NP_682577.1| hypothetical 
protein tsr1787 [Thermosynechococcus 
elongatus BP-1]

 
>lcl|NC_004113.1_cdsid_NP_681121.1:1-211

 

>gi|22299407|ref|NP_682654.1| hypothetical 
protein tsl1864 [Thermosynechococcus 
elongatus BP-1]

 
>lcl|NC_004113.1_cdsid_NP_681204.1:1-304

 

>gi|22299522|ref|NP_682769.1| hypothetical 
protein tll1979 [Thermosynechococcus elongatus 
BP-1] 
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>lcl|NC_004113.1_cdsid_NP_681492.1:1-391

 
 

>lcl|NC_004113.1_cdsid_NP_681673.1:1-185

 

>gi|22299565|ref|NP_682812.1| hypothetical 
protein tlr2022 [Thermosynechococcus elongatus 

BP-1]  

>gi|22298522|ref|NP_681769.1| succinate 
dehydrogenase subunit C 
[Thermosynechococcus elongatus BP-1]

 

>lcl|NC_004113.1_cdsid_NP_682849.1:1-181

 

>lcl|NC_004113.1_cdsid_NP_681963.1:1-149

 

>lcl|NC_004113.1_cdsid_NP_682872.1:1-485
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>lcl|NC_004113.1_cdsid_NP_682002.1:1-94

 

>gi|22299684|ref|NP_682931.1| hypothetical 
protein tll2141 [Thermosynechococcus elongatus 

BP-1] 

 
>gi|22298811|ref|NP_682058.1| hypothetical 
protein tll1268 [Thermosynechococcus elongatus 

BP-1] 

>lcl|NC_004113.1_cdsid_NP_682934.1:1-251

 

 

>gi|22299899|ref|NP_683146.1| hypothetical 
protein tsr2356 [Thermosynechococcus 
elongatus BP-1]
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Gibson Assembly Diagram for 0414 KO Construct 
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Primers Used for Gibson Assembly 
Primer Name Sequence Tm 

(°C) 
Anneal 

Temp (Ta, 
°C, phusion) 

PCR 
(Ta,°C) 

Label Amplicon 

pUC19, f GGCGTAATCATGGTCATAGC 67.2 64.1 64.1 pucB 2600 

pUC19,rev CACTGGCCGTCGTTTTACAACG 70 71.5 

0141,cap_fwd  gaatagaggaAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c1 1342 

0141,cap_rev  acattcctccAACGAAGCGCTAACCGTT  62.3 61.8 

0141,down_fwd  gcgcttcgttGGAGGAATGTGCTCCTAAG  58.8 55.1 55.1 d1 1200 

0141,down_rev  gctatgaccatgattacgccTCAGGAAAGGTACTCAGTG  55.1 55.1 

0141,up_fwd ttgtaaaacgacggccagtgTTTGGTCAGCTCTCCGATG  64 59.7 55.1 u1 1200 

0141,up_rev  cgctcgagttTCCTCTATTCCAATTCCTCAG  59.7 59.7 

0230,cap_fwd  ccccctaaggAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c2 1342 

0230,cap_rev  ttaatctcgaAACGAAGCGCTAACCGTT  62.3 61.8 

0230,down_fwd  gcgcttcgttTCGAGATTAAACTTTAGGACATTTC  60.4 57.7 55.1 d2 1200 

0230,down_rev  gctatgaccatgattacgccAGTCAACGCCTGAGTACC  57.7 57.7 

0230,up_fwd  ttgtaaaacgacggccagtgTCCAGCGAAGGTGCAAAT  64.4 64.3 61.8 u2 1200 

0230,up_rev  cgctcgagttCCTTAGGGGGCAAGTTGG  64.3 64.3 

0291,cap_fwd  gggagtgaccAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c3 1342 

0291,cap_rev  ctctgaattgAACGAAGCGCTAACCGTT  62.3 61.8 

0291,down_fwd  gcgcttcgttCAATTCAGAGATAGAGGGAAATG  60.5 60.2 55.1 d3 1200 

0291,down_rev  gctatgaccatgattacgccCTAGGTAGATGACAGCAGCG  60.2 60.2 

0291,up_fwd  ttgtaaaacgacggccagtgTTTGGGTGACAAAGTAGC  56 55.5 55.1 u3 1200 

0291,up_rev  cgctcgagttGGTCACTCCCCTTAAATAA  55.5 55.5 

0414,cap_fwd  gagattgcccAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c4 1342 

0414,cap_rev  gaatgtccccAACGAAGCGCTAACCGTT  62.3 61.8 

0414,down_fwd  gcgcttcgttGGGGACATTCCGCCTTGA  68.4 64.9 61.8 d4 1200 

0414,down_rev  gctatgaccatgattacgccGAGCACGACAGCGGCTAC  64.9 64.9 

0414,up_fwd  ttgtaaaacgacggccagtgTACCACACTCAACCTCAAGGA
AG  

64.1 64.1 61.8 u4 1200 

0414,up_rev  cgctcgagttGGGCAATCTCAAAGGGGC  66.8 64.1 

1212,cap_fwd  cagcgatcgcAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c5 1342 

1212,cap_rev  ctcagctttgAACGAAGCGCTAACCGTT  62.3 61.8 

1212,down_fwd  gcgcttcgttCAAAGCTGAGATCATCGTCTG  62.5 62.5 61.8 d5 1200 

1212,down_rev  gctatgaccatgattacgccCAGTGGCGAAAGTGAGCA  64 62.5 

1212,up_fwd  ttgtaaaacgacggccagtgAATCAGTTTATGCAGCAGATT
ACC  

62 62 61.8 u5 1200 

1212,up_rev  cgctcgagttGCGATCGCTGGATGACTC  64.8 62 

1277,cap_fwd  gccccttaagAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c6 1342 

1277,cap_rev  gcaacggattAACGAAGCGCTAACCGTT  62.3 61.8 

1277,down_fwd  gcgcttcgttAATCCGTTGCTAAGGGAGG  62.9 62.9 61.8 d6 1200 

1277,down_rev  gctatgaccatgattacgccCCTTGAGCTTTGTGGCGC  67.1 62.9 

1277,up_fwd  ttgtaaaacgacggccagtgAGTGACTTCAACTGCTGATC  56.9 56.9 55.1 u6 1200 

1277,up_rev  cgctcgagttCTTAAGGGGCAACCTTTG  59.7 56.9 

2022,cap_fwd  tcacagtgagAACTCGAGCGCTGATGTC  61.8 61.8 61.8 c7 1342 

2022,cap_rev  ctattggcggAACGAAGCGCTAACCGTT  62.3 61.8 

2022,down_fwd  gcgcttcgttCCGCCAATAGCGACGACC  68.9 65.1 61.8 d7 1200 

2022,down_rev  gctatgaccatgattacgccCAAACGTGGTGATAGACATTTC
G  

65.1 65.1 

2022,up_fwd  ttgtaaaacgacggccagtgCGACTGTAAACCACTACTCC  56.2 56.2 55.1 u7 1200 

2022,up_rev  cgctcgagttCTCACTGTGAATGATTCTACAATG  60.1 56.2 

  



 201 

References 

 
1. Farges, B., et al., Spectral Kinetic Modeling and Long-Term Behavior 

Assessment of Arthrospira platensis Growth in Photobioreactor Under Red 
(620 nm) Light Illumination. Biotechnol Prog, 2009. 25(1): p. 151-162. 

2. Burja, A.M., S. Dhamwichukorn, and P.C. Wright, Cyanobacterial 
postgenomic research and systems biology. Trends Biotechnol, 2003. 
21(11): p. 504-11. 

3. Price, G.D., et al., The cyanobacterial CCM as a source of genes for 
improving photosynthetic CO2 fixation in crop species. J Exp Bot, 2013. 
64(3): p. 753-768. 

4. Welander, P.V., et al., Identification and characterization of 
Rhodopseudomonas palustris TIE-1 hopanoid biosynthesis mutants. 
Geobiology, 2012. 10(2): p. 163-77. 

5. Oliver, J.W. and S. Atsumi, Metabolic design for cyanobacterial chemical 
synthesis. Photosynth Res, 2014. 120(3): p. 249-61. 

6. Berla, B.M., et al., Synthetic biology of cyanobacteria: unique challenges 
and opportunities. Front Microbiol, 2013. 4: p. 246. 

7. Wang, B., et al., Application of synthetic biology in cyanobacteria and 
algae. Frontiers in Microbiology, 2012. 3. 

8. Prasanna, R., et al., Rediscovering cyanobacteria as valuable sources of 
bioactive compounds (Review). Applied Biochemistry and Microbiology, 
2010. 46(2): p. 119-134. 

9. Oren, A., Cyanobacteria: biology, ecology and evolution. Cyanobacteria: 
an economic perspective, ed. N. Sharma, A. Rai, and L. Stal2014: Wiley 
Blackwell. 

10. Guiry, M.D., How Many Species of Algae Are There? Journal of 
Phycology, 2012. 48(5): p. 1057-1063. 

11. Hoiczyk, E. and A. Hansel, Cyanobacterial cell walls: news from an 
unusual prokaryotic envelope. J Bacteriol, 2000. 182(5): p. 1191-9. 

12. Nogales, J., et al., Detailing the optimality of photosynthesis in 
cyanobacteria through systems biology analysis. Proc Natl Acad Sci U S 
A, 2012. 109(7): p. 2678-83. 

13. Kanehisa, M. and S. Goto, KEGG: Kyoto Encyclopedia of Genes and 
Genomes. Nucleic Acids Research,, 2000. 28(1): p. 27-30. 

14. Karp, P.D., et al., Pathway Tools version 13.0: integrated software for 
pathway/genome informatics and systems biology. Brief Bioinform, 2010. 
11(1): p. 40-79. 

15. Koksharova, O.A. and C.P. Wolk, Novel DNA-binding proteins in the 
cyanobacterium Anabaena sp. strain PCC 7120. J Bacteriol, 2002. 
184(14): p. 3931-40. 



 202 

16. Pieulle, L., et al., The gene encoding the NdhH subunit of type 1 NAD(P)H 
dehydrogenase is essential to survival of Synechocystis PCC6803. FEBS 
Lett, 2000. 487(2): p. 272-276. 

17. Seki, A., et al., Induction of a group 2 sigma factor, RPOD3, by high light 
and the underlying mechanism in Synechococcus elongatus PCC 7942. J 
Biol Chem, 2007. 282(51): p. 36887-94. 

18. Collier, J.L. and A.R. Grossman, A small polypeptide triggers complete 
degradation of light-harvesting phycobiliproteins in nutrient-deprived 
cyanobacteria. EMBO J, 1994. 13(5): p. 1039-47. 

19. Mermet-Bouvier, P. and F. Chauvat, A conditional expression vector for 
the cyanobacteria Synechocystis sp. strains PCC6803 and PCC6714 or 
Synechococcus sp. strains PCC7942 and PCC6301. Curr Microbiol, 1994. 
28(3): p. 145-8. 

20. Iwai, M., et al., Improved Genetic Transformation of the Thermophilic 
Cyanobacterium, Thermosynechococcus elongatus BP-1. Plant and Cell 
Physiology, 2004. 45(2): p. 171-175. 

21. Griese, M., C. Lange, and J. Soppa, Ploidy in cyanobacteria. FEMS 
Microbiol Lett, 2011. 323(2): p. 124-31. 

22. Holtman, C.K., et al., High-throughput functional analysis of the 
Synechococcus elongatus PCC 7942 genome. DNA Res, 2005. 12(2): p. 
103-15. 

23. Chabot, J.R., et al., Stochastic gene expression out-of-steady-state in the 
cyanobacterial circadian clock. Nature, 2007. 450(7173): p. 1249-52. 

24. Haase, S.M., B. Huchzermeyer, and T. Rath, PHB accumulation in Nostoc 
muscorum under different carbon stress situations. Journal of Applied 
Phycology, 2011. 24(2): p. 157-162. 

25. Sudesh, K., K. Taguchi, and Y. Doi, Effect of increased PHA synthase 
activity on polyhydroxyalkanoates biosynthesis in Synechocystis sp. 
PCC6803. Int J Biol Macromol, 2002. 30(2): p. 97-104. 

26. Lau, N.S., et al., RNA-Seq analysis provides insights for understanding 
photoautotrophic polyhydroxyalkanoate production in recombinant 
Synechocystis Sp. PLoS One, 2014. 9(1): p. e86368. 

27. Akiyama, H., et al., Antibiotics-free stable polyhydroxyalkanoate (PHA) 
production from carbon dioxide by recombinant cyanobacteria. Bioresour 
Technol, 2011. 102(23): p. 11039-42. 

28. Kaiwan-arporn, P., et al., Cultivation of cyanobacteria for extraction of 
lipids. Biomass and Bioenergy, 2012. 44: p. 142-149. 

29. Acien Fernandez, F.G., et al., Conversion of CO2 into biomass by 
microalgae: how realistic a contribution may it be to significant CO2 
removal? Appl Microbiol Biotechnol, 2012. 96(3): p. 577-86. 

30. Curran, K.A. and H.S. Alper, Expanding the chemical palate of cells by 
combining systems biology and metabolic engineering. Metab Eng, 2012. 
14(4): p. 289-97. 



 203 

31. Gao, Z., et al., Photosynthetic production of ethanol from carbon dioxide in 
genetically engineered cyanobacteria. Energy & Environmental Science, 
2012. 5(12): p. 9857. 

32. Oliver, J.W., et al., Cyanobacterial conversion of carbon dioxide to 2,3-
butanediol. Proc Natl Acad Sci U S A, 2013. 110(4): p. 1249-54. 

33. Varman, A.M., et al., Metabolic engineering of Synechocystis sp. strain 
PCC 6803 for isobutanol production. Appl Environ Microbiol, 2013. 79(3): 
p. 908-14. 

34. Reinsvold, R.E., et al., The production of the sesquiterpene β-
caryophyllene in a transgenic strain of the cyanobacterium Synechocystis. 
Journal of Plant Physiology, 2011. 168(8): p. 848-852. 

35. Nobles, D.R., D.K. Romanovicz, and R.M. Brown, Cellulose in 
Cyanobacteria. Origin of Vascular Plant Cellulose Synthase? Plant 
Physiology, 2001. 127(2): p. 529-542. 

36. Nobles, D.R. and R.M. Brown, The pivotal role of cyanobacteria in the 
evolution of cellulose synthases and cellulose synthase-like proteins. 
Cellulose, 2004. 11(3-4): p. 437-448. 

37. Nobles, D.R. and R.M. Brown, Transgenic expression of 
Gluconacetobacter xylinus strain ATCC 53582 cellulose synthase genes 
in the cyanobacterium Synechococcus leopoliensis strain UTCC 100. 
Cellulose, 2008. 15(5): p. 691-701. 

38. Yoshikawa, K., et al., Reconstruction and verification of a genome-scale 
metabolic model for Synechocystis sp. PCC6803. Appl Microbiol 
Biotechnol, 2011. 92(2): p. 347-58. 

39. Heidorn, T., et al., Synthetic biology in cyanobacteria engineering and 
analyzing novel functions. Methods Enzymol, 2011. 497: p. 539-79. 

40. Oliver, J.W., et al., Combinatorial optimization of cyanobacterial 2,3-
butanediol production. Metab Eng, 2014. 22: p. 76-82. 

41. Brock, T.D., Lower pH Limit for the Existence of Blue-Green Algae: 
Evolutionary and Ecological Implications. Science, 1973. 179(4072): p. 
480-483. 

42. Barnard, D., et al., Extremophiles in biofuel synthesis. Environ Technol, 
2010. 31(8-9): p. 871-88. 

43. Nakamura, Y., et al., Complete Genome Structure of the Thermophilic 
Cyanobacterium Thermosynechococcus elongatus BP-1 (Supplement). 
DNA Research, 2002. 9(4): p. 135-148. 

44. Mohr, G., E. Ghanem, and A.M. Lambowitz, Mechanisms Used for 
Genomic Proliferation by Thermophilic Group II Introns. Plos Biology, 
2010. 8(6). 

45. Jordan, P., et al., Three-dimensional structure of cyanobacterial 
photosystem I at 2.5[thinsp][angst] resolution. Nature, 2001. 411(6840): p. 
909-917. 



 204 

46. Fromme, P., P. Jordan, and N. Krauß, Structure of photosystem I. 
Biochimica et Biophysica Acta (BBA) - Bioenergetics, 2001. 1507(1-3): p. 
5-31. 

47. Loll, B., et al., Towards complete cofactor arrangement in the 3.0 A 
resolution structure of photosystem II. Nature, 2005. 438(7070): p. 1040-4. 

48. Krivanek, R., et al., Spare quinones in the QB cavity of crystallized 
photosystem II from Thermosynechococcus elongatus. Biochim Biophys 
Acta, 2007. 1767(6): p. 520-7. 

49. Onai, K., et al., Natural transformation of the thermophilic cyanobacterium 
Thermosynechococcus elongatus BP-1: a simple and efficient method for 
gene transfer. Mol Genet Genomics, 2004. 271(1): p. 50-9. 

50. Iwai, M., et al., 2,2'-beta-hydroxylase (CrtG) is involved in carotenogenesis 
of both nostoxanthin and 2-hydroxymyxol 2'-fucoside in 
Thermosynechococcus elongatus strain BP-1. Plant Cell Physiol, 2008. 
49(11): p. 1678-87. 

51. Okada, K. and T. Hase, Cyanobacterial non-mevalonate pathway: (E)-4-
hydroxy-3-methylbut-2-enyl diphosphate synthase interacts with ferredoxin 
in Thermosynechococcus elongatus BP-1. J Biol Chem, 2005. 280(21): p. 
20672-9. 

52. Lee, S. and C.D. Poulter, Cloning, solubilization, and characterization of 
squalene synthase from Thermosynechococcus elongatus BP-1. J 
Bacteriol, 2008. 190(11): p. 3808-16. 

53. Sander, J., et al., Functional characterization and quantification of the 
alternative PsbA copies in Thermosynechococcus elongatus and their role 
in photoprotection. J Biol Chem, 2010. 285(39): p. 29851-6. 

54. Sander, J., M. Nowaczyk, and M. Rogner, Role of the psbA gene family of 
PSII from the thermophilic cyanobacterium Thermosynechococcus 
elongatus. Photosynth Res, 2007. 91(2-3): p. 176-176. 

55. Sugiura, M., et al., Energetics in photosystem II from 
Thermosynechococcus elongatus with a D1 protein encoded by either the 
psbA1 or psbA3 gene. Biochim Biophys Acta, 2010. 1797(8): p. 1491-9. 

56. Eberly, J., Analysis of the Thermophilic Cyanobacterium 
Thermosynechococcus elongatus as a Model Organism for Carbon 
Sequestration, Biofuel, and Biomaterial Production, in Biological and 
Ecological Engineering2010, Dissertation, Oregon State University. 

57. Eberly, J. and R. Ely, Photosynthetic accumulation of carbon storage 
compounds under CO2 enrichment by the thermophilic cyanobacterium 
Thermosynechococcus elongatus. Journal of Industrial Microbiology & 
Biotechnology, 2012. 39(6): p. 843-850. 

58. Eberly, J.O. and R.L. Ely, Thermotolerant hydrogenases: biological 
diversity, properties, and biotechnological applications. Crit Rev Microbiol, 
2008. 34(3-4): p. 117-30. 



 205 

59. Withers, S.T., et al., Identification of isopentenol biosynthetic genes from 
Bacillus subtilis by a screening method based on isoprenoid precursor 
toxicity. Appl Environ Microbiol, 2007. 73(19): p. 6277-83. 

60. Rodriguez-Concepcion, M. and A. Boronat, Elucidation of the 
methylerythritol phosphate pathway for isoprenoid biosynthesis in bacteria 
and plastids. A metabolic milestone achieved through genomics. Plant 
Physiol, 2002. 130(3): p. 1079-89. 

61. Eisenreich, W., et al., Biosynthesis of isoprenoids via the non-mevalonate 
pathway. Cell Mol Life Sci, 2004. 61(12): p. 1401-26. 

62. Sasso, S., et al., Microalgae in the postgenomic era: a blooming reservoir 
for new natural products. FEMS Microbiol Rev, 2012. 36(4): p. 761-85. 

63. Rabinovitch-Deere, C.A., et al., Synthetic biology and metabolic 
engineering approaches to produce biofuels. Chem Rev, 2013. 113(7): p. 
4611-32. 

64. Yamada, Y., D.E. Cane, and H. Ikeda, Diversity and analysis of bacterial 
terpene synthases. Methods Enzymol, 2012. 515: p. 123-62. 

65. Takaichi, S., Carotenoids in algae: distributions, biosyntheses and 
functions. Mar Drugs, 2011. 9(6): p. 1101-18. 

66. Cazzonelli, C.I., Goldacre Review: Carotenoids in nature: insights from 
plants and beyond. Functional Plant Biology, 2011. 38(11): p. 833. 

67. Domonkos, I., et al., Carotenoids, versatile components of oxygenic 
photosynthesis. Prog Lipid Res, 2013. 52(4): p. 539-61. 

68. Sozer, O., et al., Involvement of carotenoids in the synthesis and 
assembly of protein subunits of photosynthetic reaction centers of 
Synechocystis sp. PCC 6803. Plant Cell Physiol, 2010. 51(5): p. 823-35. 

69. van de Meene, A.M., et al., Gross morphological changes in thylakoid 
membrane structure are associated with photosystem I deletion in 
Synechocystis sp. PCC 6803. Biochim Biophys Acta, 2012. 1818(5): p. 
1427-34. 

70. Stamatakis, K., M. Tsimilli-Michael, and G.C. Papageorgiou, On the 
question of the light-harvesting role of beta-carotene in photosystem II and 
photosystem I core complexes. Plant Physiol Biochem, 2014. 81: p. 121-7. 

71. Gruszecki, W.I. and K. Strzalka, Carotenoids as modulators of lipid 
membrane physical properties. Biochim Biophys Acta, 2005. 1740(2): p. 
108-15. 

72. Polivka, T. and H.A. Frank, Molecular factors controlling photosynthetic 
light harvesting by carotenoids. Acc Chem Res, 2010. 43(8): p. 1125-34. 

73. Nishino, H., et al., Carotenoids in cancer chemoprevention. Cancer and 
Metastasis Reviews, 2002. 21(3-4): p. 257-264. 

74. Camera, E., et al., Astaxanthin, canthaxanthin and beta-carotene 
differently affect UVA-induced oxidative damage and expression of 
oxidative stress-responsive enzymes. Exp Dermatol, 2009. 18(3): p. 222-
31. 



 206 

75. Pashkow, F.J., D.G. Watumull, and C.L. Campbell, Astaxanthin: a novel 
potential treatment for oxidative stress and inflammation in cardiovascular 
disease. Am J Cardiol, 2008. 101(10A): p. 58D-68D. 

76. Sajilata, M.G., R.S. Singhal, and M.Y. Kamat, The carotenoid pigment 
zeaxanthin - A review. Comprehensive Reviews in Food Science and 
Food Safety, 2008. 7(1): p. 29-49. 

77. Dembitsky, V.M., Astonishing diversity of natural surfactants: 3. 
Carotenoid glycosides and isoprenoid glycolipids. Lipids, 2005. 40(6): p. 
535-57. 

78. Yuan, J.P., et al., Potential health-promoting effects of astaxanthin: a high-
value carotenoid mostly from microalgae. Mol Nutr Food Res, 2011. 55(1): 
p. 150-65. 

79. Yoon, S.H., et al., Combinatorial expression of bacterial whole mevalonate 
pathway for the production of beta-carotene in E. coli. J Biotechnol, 2009. 
140(3-4): p. 218-26. 

80. Zhou, K., et al., Metabolite profiling identified methylerythritol 
cyclodiphosphate efflux as a limiting step in microbial isoprenoid 
production. PLoS One, 2012. 7(11): p. e47513. 

81. Jin, Y.S., et al., Improvement of xylose uptake and ethanol production in 
recombinant Saccharomyces cerevisiae through an inverse metabolic 
engineering approach. Appl Environ Microbiol, 2005. 71(12): p. 8249-56. 

82. Alper, H., K. Miyaoku, and G. Stephanopoulos, Construction of lycopene-
overproducing E. coli strains by combining systematic and combinatorial 
gene knockout targets. Nat Biotechnol, 2005. 23(5): p. 612-6. 

83. Alper, H., K. Miyaoku, and G. Stephanopoulos, Characterization of 
lycopene-overproducing E. coli strains in high cell density fermentations. 
Appl Microbiol Biotechnol, 2006. 72(5): p. 968-74. 

84. Rad, S.A., et al., Type 2 IDI performs better than type 1 for improving 
lycopene production in metabolically engineered E. coli strains. World J 
Microbiol Biotechnol, 2012. 28(1): p. 313-21. 

85. Misawa, N., Carotenoid beta-ring hydroxylase and ketolase from marine 
bacteria-promiscuous enzymes for synthesizing functional xanthophylls. 
Mar Drugs, 2011. 9(5): p. 757-71. 

86. Fujii, S., S.Y. Chang, and M.D. Burke, Total Synthesis of Synechoxanthin 
through Iterative Cross-Coupling. Angewandte Chemie-International 
Edition, 2011. 50(34): p. 7862-7864. 

87. Graham, J.E. and D.A. Bryant, The Biosynthetic pathway for 
synechoxanthin, an aromatic carotenoid synthesized by the euryhaline, 
unicellular cyanobacterium Synechococcus sp. strain PCC 7002. J 
Bacteriol, 2008. 190(24): p. 7966-74. 

88. Graham, J.E., J.T. Lecomte, and D.A. Bryant, Synechoxanthin, an 
aromatic C40 xanthophyll that is a major carotenoid in the cyanobacterium 
Synechococcus sp. PCC 7002. J Nat Prod, 2008. 71(9): p. 1647-50. 



 207 

89. Klein-Marcuschamer, D., P.K. Ajikumar, and G. Stephanopoulos, 
Engineering microbial cell factories for biosynthesis of isoprenoid 
molecules: beyond lycopene. Trends Biotechnol, 2007. 25(9): p. 417-24. 

90. Taylor, M.A. and P.D. Fraser, Solanesol: added value from Solanaceous 
waste. Phytochemistry, 2011. 72(11-12): p. 1323-7. 

91. Ajikumar, P.K., et al., Terpenoids: opportunities for biosynthesis of natural 
product drugs using engineered microorganisms. Mol Pharm, 2008. 5(2): 
p. 167-90. 

92. Kirby, J. and J.D. Keasling, Biosynthesis of plant isoprenoids: 
perspectives for microbial engineering. Annu Rev Plant Biol, 2009. 60: p. 
335-55. 

93. Martin, V.J., Y. Yoshikuni, and J.D. Keasling, The in vivo synthesis of plant 
sesquiterpenes by Escherichia coli. Biotechnol Bioeng, 2001. 75(5): p. 
497-503. 

94. Asadollahi, M.A., et al., Production of plant sesquiterpenes in 
Saccharomyces cerevisiae: effect of ERG9 repression on sesquiterpene 
biosynthesis. Biotechnol Bioeng, 2008. 99(3): p. 666-77. 

95. Asadollahi, M.A., et al., Enhancing sesquiterpene production in 
Saccharomyces cerevisiae through in silico driven metabolic engineering. 
Metab Eng, 2009. 11(6): p. 328-34. 

96. Asadollahi, M.A., et al., Enhancement of farnesyl diphosphate pool as 
direct precursor of sesquiterpenes through metabolic engineering of the 
mevalonate pathway in Saccharomyces cerevisiae. Biotechnol Bioeng, 
2010. 106(1): p. 86-96. 

97. Nguyen, T.D., G. MacNevin, and D.K. Ro, De novo synthesis of high-value 
plant sesquiterpenoids in yeast. Methods Enzymol, 2012. 517: p. 261-78. 

98. Ajikumar, P.K., et al., Isoprenoid pathway optimization for Taxol precursor 
overproduction in Escherichia coli. Science, 2010. 330(6000): p. 70-4. 

99. Engels, B., P. Dahm, and S. Jennewein, Metabolic engineering of 
taxadiene biosynthesis in yeast as a first step towards Taxol (Paclitaxel) 
production. Metab Eng, 2008. 10(3-4): p. 201-6. 

100. Englund, E., et al., Production of squalene in Synechocystis sp. PCC 
6803. PLoS One, 2014. 9(3): p. e90270. 

101. Mooibroek, H. and K. Cornish, Alternative sources of natural rubber. Appl 
Microbiol Biotechnol, 2000. 53(4): p. 355-65. 

102. Sando, T., et al., Cloning and Characterization of Mevalonate Pathway 
Genes in a Natural Rubber Producing Plant, Hevea brasiliensis. Biosci 
Biotechnol Biochem, 2008. 72(8): p. 2049-2060. 

103. Sando, T., et al., Cloning and Characterization of the 2-C-Methyl-D-
erythritol 4-Phosphate (MEP) Pathway Genes of a Natural-Rubber 
Producing Plant, Hevea brasiliensis. Biosci Biotechnol Biochem, 2008. 
72(11): p. 2903-2917. 



 208 

104. Peralta-Yahya, P.P., et al., Identification and microbial production of a 
terpene-based advanced biofuel. Nat Commun, 2011. 2: p. 483. 

105. McAndrew, R.P., et al., Structure of a three-domain sesquiterpene 
synthase: a prospective target for advanced biofuels production. Structure, 
2011. 19(12): p. 1876-84. 

106. Fichan, I., C. Larroche, and J.B. Gros, Water solubility, vapor pressure, 
and activity coefficients of terpenes and terpenoids. Journal of Chemical 
and Engineering Data, 1999. 44(1): p. 56-62. 

107. Dudareva, N. and E. Pichersky, Metabolic engineering of plant volatiles. 
Curr Opin Biotechnol, 2008. 19(2): p. 181-9. 

108. Dudareva, N., et al., Biosynthesis, function and metabolic engineering of 
plant volatile organic compounds. New Phytol, 2013. 198(1): p. 16-32. 

109. Vickers, C.E., et al., Metabolic engineering of volatile isoprenoids in plants 
and microbes. Plant Cell Environ, 2014. 37(8): p. 1753-75. 

110. Giglio, S., et al., Biosynthesis of 2-methylisoborneol in cyanobacteria. 
Environ Sci Technol, 2011. 45(3): p. 992-8. 

111. Chang, D.W., et al., Kinetics of cell lysis for Microcystis aeruginosa and 
Nitzschia palea in the exposure to beta-cyclocitral. J Hazard Mater, 2011. 
185(2-3): p. 1214-20. 

112. Ozaki, K., et al., Lysis of cyanobacteria with volatile organic compounds. 
Chemosphere, 2008. 71(8): p. 1531-8. 

113. Reiling, K.K., et al., Mono and diterpene production in Escherichia coli. 
Biotechnol Bioeng, 2004. 87(2): p. 200-12. 

114. Marasco, E.K., K. Vay, and C. Schmidt-Dannert, Identification of 
carotenoid cleavage dioxygenases from Nostoc sp. PCC 7120 with 
different cleavage activities. J Biol Chem, 2006. 281(42): p. 31583-93. 

115. Lindberg, P., S. Park, and A. Melis, Engineering a platform for 
photosynthetic isoprene production in cyanobacteria, using Synechocystis 
as the model organism. Metab Eng, 2010. 12(1): p. 70-9. 

116. Kiyota, H., et al., Engineering of cyanobacteria for the photosynthetic 
production of limonene from CO2. J Biotechnol, 2014. 185: p. 1-7. 

117. Takaichi, S., T. Maoka, and M. Mochimaru, Unique carotenoids in the 
terrestrial cyanobacterium Nostoc commune NIES-24: 2-hydroxymyxol 2'-
fucoside, nostoxanthin and canthaxanthin. Curr Microbiol, 2009. 59(4): p. 
413-9. 

118. Melis, A., Photosynthesis-to-fuels: from sunlight to hydrogen, isoprene, 
and botryococcene production. Energy & Environmental Science, 2012. 
5(2): p. 5531. 

119. Wijffels, R.H., O. Kruse, and K.J. Hellingwerf, Potential of industrial 
biotechnology with cyanobacteria and eukaryotic microalgae. Curr Opin 
Biotechnol, 2013. 24(3): p. 405-13. 

120. Los, D.A., et al., Stress sensors and signal transducers in cyanobacteria. 
Sensors (Basel), 2010. 10(3): p. 2386-415. 



 209 

121. Murata, N. and I. Suzuki, Exploitation of genomic sequences in a 
systematic analysis to access how cyanobacteria sense environmental 
stress. J Exp Bot, 2006. 57(2): p. 235-47. 

122. Bhosale, P., Environmental and cultural stimulants in the production of 
carotenoids from microorganisms. Appl Microbiol Biotechnol, 2004. 63(4): 
p. 351-61. 

123. Varkonyi, Z., et al., Low-temperature-induced accumulation of 
xanthophylls and its structural consequences in the photosynthetic 
membranes of the cyanobacterium Cylindrospermopsis raciborskii: an 
FTIR spectroscopic study. Proc Natl Acad Sci U S A, 2002. 99(4): p. 2410-
5. 

124. Zhang, T., et al., Effects of temperature and light on the growth and 
geosmin production of Lyngbya kuetzingii (Cyanophyta). Journal of 
Applied Phycology, 2008. 21(3): p. 279-285. 

125. Cimdins, A., et al., Translational control of small heat shock genes in 
mesophilic and thermophilic cyanobacteria by RNA thermometers. RNA 
Biology, 2014. 11(5): p. 594-608. 

126. Bartley, M.L., et al., pH effects on growth and lipid accumulation of the 
biofuel microalgae Nannochloropsis salina and invading organisms. 
Journal of Applied Phycology, 2014. 26(3): p. 1431-1437. 

127. Saenger, W., P. Jordan, and N. Krauss, The assembly of protein subunits 
and cofactors in photosystem I. Curr Opin Struct Biol, 2002. 12(2): p. 244-
54. 

128. Solovchenko, A., et al., Interactive effects of salinity, high light, and 
nitrogen starvation on fatty acid and carotenoid profiles inNannochloropsis 
oceanicaCCALA 804. European Journal of Lipid Science and Technology, 
2014. 116(5): p. 635-644. 

129. Masamoto, K., et al., Accumulation of zeaxanthin in cytoplasmic 
membranes of the cyanobacterium, Synechococcus PCC7942 grown 
under high light conditions. Plant Physiology, 1997. 114(3): p. 1039-1039. 

130. Masamoto, K., O. Zsiros, and Z. Gombos, Accumulation of zeaxanthin in 
cytoplasmic membranes of the cyanobacterium Synechococcus sp. strain 
PCC7942 grown under high light condition. Journal of Plant Physiology, 
1999. 155(1): p. 136-138. 

131. Montero, O., et al., Changes in membrane lipids and carotenoids during 
light acclimation in a marine cyanobacterium Synechococcus sp. Journal 
of Biosciences, 2012. 37(4): p. 635-645. 

132. Mullineaux, C.W., Co-existence of photosynthetic and respiratory activities 
in cyanobacterial thylakoid membranes. Biochim Biophys Acta, 2014. 
1837(4): p. 503-11. 

133. Asayama, M., Regulatory system for light-responsive gene expression in 
photosynthesizing bacteria: cis-elements and trans-acting factors in 



 210 

transcription and post-transcription. Biosci Biotechnol Biochem, 2006. 
70(3): p. 565-73. 

134. Hsieh, P., J.Z. Pedersen, and P. Albertano, Generation of reactive oxygen 
species upon red light exposure of cyanobacteria from Roman hypogea. 
International Biodeterioration & Biodegradation, 2013. 84: p. 258-265. 

135. Kim, N.N., et al., Profiles of photosynthetic pigment accumulation and 
expression of photosynthesis-related genes in the marine cyanobacteria 
Synechococcus sp.: Effects of LED wavelengths. Biotechnology and 
Bioprocess Engineering, 2014. 19(2): p. 250-256. 

136. ATCC. ATCC Medium: 616 Medium BG-11 for Blue-green Algae. 2013  
July 15, 2013]; Available from: 
http://www.atcc.org/~/media/157099A704B54A1DA8AF8ADDCF1BF2C8.
ashx. 

137. Good, N.E., et al., Hydrogen Ion Buffers for Biological Research. 
Biochemistry, 1966. 5(2): p. 467-477. 

138. Britton, G., S. Liaaen-Jensen, and H. Pfander, Carotenoids: 
Handbook2004: Birkhäuser. 

139. Pelillo, M., et al., Calculation of the molar absorptivity of polyphenols by 
using liquid chromatography with diode array detection: the case of 
carnosic acid. Journal of Chromatography A, 2004. 1023(2): p. 225-229. 

140. Lapin, L., U.T. Making a Big Bet On the Future of Algae, in The New York 
Times2011. 

141. Goldberg, R.N., N. Kishore, and R.M. Lennen, Thermodynamic Quantities 
for the Ionization Reactions of Buffers. Journal of Physical and Chemical 
Reference Data, 2002. 31(2): p. 231-370. 

142. Li, Z. and H.N. Trick, Rapid method for high-quality RNA isolation from 
seed endosperm containing high levels of starch. Biotechniques, 2005. 38: 
p. 872-876. 

143. Pinto, F.L., et al., Analysis of current and alternative phenol based RNA 
extraction methodologies for cyanobacteria. BMC Mol Biol, 2009. 10: p. 
79. 

144. PSI. Photobioreactors. Photon Systems Instruments 2014  August 11, 
2014]; Available from: http://www.psi.cz/products/photobioreactors/. 

145. Hu, Q., et al., Ultrahigh-cell-density culture of a marine green alga 
Chlorococcum littorale in a flat-plate photobioreactor. Appl Microbiol 
Biotechnol, 1998. 49(6): p. 655-662. 

146. Wakayama, M. and K. Ohtaguchi, Shortening the Light Path Length of 
Photobioreactors to Elevate the Cell Mass Concentration of 
Cyanobacterium Synechococcus sp Strain PCC6301. Journal of Chemical 
Engineering of Japan, 2009. 42(4): p. 281-289. 

147. Havel, J., E. Franco-Lara, and D. Weuster-Botz, A parallel bubble column 
system for the cultivation of phototrophic microorganisms. Biotechnol Lett, 
2008. 30(7): p. 1197-1200. 

http://www.atcc.org/~/media/157099A704B54A1DA8AF8ADDCF1BF2C8.ashx
http://www.atcc.org/~/media/157099A704B54A1DA8AF8ADDCF1BF2C8.ashx
http://www.psi.cz/products/photobioreactors/


 211 

148. Kostov, Y., et al., Low-cost microbioreactor for high-throughput 
bioprocessing. Biotechnol Bioeng, 2001. 72(3): p. 346-352. 

149. Mata, T., A. Martins, and N. Caetano, Microalgae for Biodiesel Production 
and Other Applications: A Review. Renewable and Sustainable Energy 
Reviews, 2010. 14: p. 217-232. 

150. Nedbal, L., et al., A photobioreactor system for precision cultivation of 
photoautotrophic microorganisms and for high-content analysis of 
suspension dynamics. Biotechnol Bioeng, 2008. 100(5): p. 902-10. 

151. Fu, W., et al., Maximizing biomass productivity and cell density of 
Chlorella vulgaris by using light-emitting diode-based photobioreactor. J 
Biotechnol, 2012. 161(3): p. 242-9. 

152. Loizzo, M.R., et al., Chemical composition and bioactivity of dried fruits 
and honey of Ficus carica cultivars Dottato, San Francesco and Citrullara. 
Journal of the Science of Food and Agriculture, 2014. 94(11): p. 2179-
2186. 

153. Ruiz-Ramon, F., et al., Optimization of fragrance extraction: Daytime and 
flower age affect scent emission in simple and double narcissi. Industrial 
Crops and Products, 2014. 52: p. 671-678. 

154. Wang, P., et al., Changes in flavour characteristics and bacterial diversity 
during the traditional fermentation of Chinese rice wines from Shaoxing 
region. Food Control, 2014. 44(0): p. 58-63. 

155. Gutierrez, R., et al., Off-flavour in Nile tilapia (Oreochromis niloticus) 
cultured in an integrated pond-cage culture system. Maejo International 
Journal of Science and Technology, 2013. 7: p. 1-13. 

156. Ma, K., et al., Determination of Seven Musty Odor Compounds in Water 
by Gas Chromatography Mass Spectrometry with Headspace Solid Phase 
Micro-Extraction. Chinese Journal of Analytical Chemistry, 2011. 39(12): 
p. 1823-1829. 

157. Salto, K., K. Karnura, and H. Kataoka, Determination of musty odorants, 
2-methylisoborneol and geosmin, in environmental water by headspace 
solid-phase microextraction and gas chromatography-mass spectrometry. 
Journal of Chromatography A, 2008. 1186(1-2): p. 434-437. 

158. Liu, A., et al., Hydrocarbon profiles and phylogenetic analyses of 
diversified cyanobacterial species. Applied Energy, 2013. 111: p. 383-393. 

159. Yao, L., et al., Improved production of fatty alcohols in cyanobacteria by 
metabolic engineering. Biotechnology for Biofuels, 2014. 7(94): p. 1-9. 

160. McCarthy, E.D. and M. Calvin, The Isolation and Identification of the C17 
Saturated Isoprenoid Hydrocarbon 2,6,10-trimethyltetradecane From a 
Devonian Shale. Tetrahedron, 1967. 23: p. 2609-2619. 

161. Scherzinger, D. and S. Al-Babili, In vitro characterization of a carotenoid 
cleavage dioxygenase from Nostoc sp. PCC 7120 reveals a novel 
cleavage pattern, cytosolic localization and induction by highlight. Mol 
Microbiol, 2008. 69(1): p. 231-44. 



 212 

162. Young, C.C., et al., Identification of a woody-hay odor-causing compound 
in a drinking water supply. Water Science and Technology, 1999. 40(6): p. 
273-278. 

163. Rezanka, T., et al., The Use of APCI-MS with HPLC and Other Separation 
Techniques for Identification of Carotenoids and Related Compounds. 
Current Analytical Chemistry, 2009. 5: p. 1-25. 

164. Taylor, K.L., et al., High-performance liquid chromatography profiling of 
the major carotenoids in Arabidopsis thaliana leaf tissue. J Chromatogr A, 
2006. 1121(1): p. 83-91. 

165. Fraser, P.D., et al., Application of high-performance liquid chromatography 
with photodiode array detection to the metabolic profiling of plant 
isoprenoids. The Plant Journal, 2000. 24(4): p. 551-558. 

166. Armstrong, G.A., Genetics of eubacterial carotenoid biosynthesis: a 
colorful tale. Annu Rev Microbiol, 1997. 51: p. 629-59. 

167. Maresca, J.A., J.E. Graham, and D.A. Bryant, The biochemical basis for 
structural diversity in the carotenoids of chlorophototrophic bacteria. 
Photosynth Res, 2008. 97(2): p. 121-40. 

168. Shumskaya, M. and E.T. Wurtzel, The carotenoid biosynthetic pathway: 
thinking in all dimensions. Plant Sci, 2013. 208: p. 58-63. 

169. Montero, O., et al., Changes in membrane lipids and carotenoids during 
light acclimation in a marine cyanobacterium Synechococcus sp. Journal 
of Biosciences, 2012. 37(4): p. 635-645. 

170. Lashbrooke, J.G., et al., The development of a method for the extraction 
of carotenoids and chlorophylls from grapevine leaves and berries for 
HPLC profiling. Australian Journal of Grape and Wine Research, 2010. 
16(2): p. 349-360. 

171. Carvalho, A.P., L.A. Meireles, and F.X. Malcata, Microalgal reactors: a 
review of enclosed system designs and performances. Biotechnol Prog, 
2006. 22(6): p. 1490-506. 

172. Montgomery, D., Fitting Response Curves and Surfaces, in Design and 
Analysis of Experiments2005, John Wiley & Sons. 

173. Iwuchukwu, I.J., et al., Optimization of photosynthetic hydrogen yield from 
platinized photosystem I complexes using response surface methodology. 
International Journal of Hydrogen Energy, 2011. 36(18): p. 11684-11692. 

174. Martínez, L., et al., Optimization of growth operational conditions for CO2 
biofixation by native Synechocystis sp. Journal of Chemical Technology & 
Biotechnology, 2011. 86(5): p. 681-690. 

175. Shen, Y., Y. Cui, and W. Yuan, Flocculation Optimization of Microalga 
Nannochloropsis oculata. Appl Biochem Biotechnol, 2013. 

176. Grama, B.S., et al., Induction of canthaxanthin production in a 
Dactylococcus microalga isolated from the Algerian Sahara. Bioresour 
Technol, 2014. 151: p. 297-305. 



 213 

177. Mohsenpour, S.F. and N. Willoughby, Luminescent photobioreactor 
design for improved algal growth and photosynthetic pigment production 
through spectral conversion of light. Bioresour Technol, 2013. 142: p. 147-
53. 

178. Park, S., Y. Lee, and E. Jin, Comparison of the responses of two 
Dunaliella strains, Dunaliella salina CCAP 19/18 and Dunaliella bardawil 
to light intensity with special emphasis on carotenogenesis. Algae, 2013. 
28(2): p. 203-211. 

179. Schopf, L., J. Mautz, and G. Sandmann, Multiple ketolases involved in 
light regulation of canthaxanthin biosynthesis in Nostoc punctiforme PCC 
73102. Planta, 2013. 237(5): p. 1279-85. 

180. Zhu, Y., et al., Roles of xanthophyll carotenoids in protection against 
photoinhibition and oxidative stress in the cyanobacterium Synechococcus 
sp. strain PCC 7002. Arch Biochem Biophys, 2010. 504(1): p. 86-99. 

181. Sajilata, M.G., R.S. Singhal, and M.Y. Kamat, The Carotenoid Pigment 
Zeaxanthin—A Review. Comprehensive Reviews in Food Science and 
Food Safety, 2008. 7(1): p. 29-49. 

182. Keymer, P.C., P.A. Lant, and S. Pratt, Modelling microalgal activity as a 
function of inorganic carbon concentration: accounting for the impact of pH 
on the bicarbonate system. Journal of Applied Phycology, 2013. 26(3): p. 
1343-1350. 

183. Guell, M., et al., Bacterial transcriptomics: what is beyond the RNA horiz-
ome? Nat Rev Microbiol, 2011. 9(9): p. 658-69. 

184. Croucher, N.J. and N.R. Thomson, Studying bacterial transcriptomes 
using RNA-seq. Curr Opin Microbiol, 2010. 13(5): p. 619-24. 

185. Febrer, M., et al., Advances in bacterial transcriptome and transposon 
insertion-site profiling using second-generation sequencing. Trends 
Biotechnol, 2011. 29(11): p. 586-94. 

186. McClure, R., et al., Computational analysis of bacterial RNA-Seq data. 
Nucleic Acids Research, 2013. 41(14): p. e140. 

187. Ponomarev, I., et al., Gene coexpression networks in human brain identify 
epigenetic modifications in alcohol dependence. J Neurosci, 2012. 32(5): 
p. 1884-97. 

188. Zhang, B. and S. Horvath, A general framework for weighted gene co-
expression network analysis. Stat Appl Genet Mol Biol, 2005. 4: p. 
Article17. 

189. Pinto, F., et al., Selection of Suitable Reference Genes for RT-qPCR 
Analyses in Cyanobacteria. PLoS One, 2012. 7(4). 

190. Prakash, J., P. Krishna, and S. Shivaji, Sensing and Molecular Responses 
to Low Temperature in Cyanobacteria, in Stress Biology of Cyanobacteria, 
A. Srivastava, A.N. Rai, and B. Neilan, Editors. 2013, CRC Press. 



 214 

191. Kim, J., et al., Elucidation of bacterial genome complexity using next-
generation sequencing. Biotechnology and Bioprocess Engineering, 2012. 
17(5): p. 887-899. 

192. Cameron, J.C. and H.B. Pakrasi, Essential role of glutathione in 
acclimation to environmental and redox perturbations in the 
cyanobacterium Synechocystis sp. PCC 6803. Plant Physiol, 2010. 
154(4): p. 1672-85. 

193. Mitschke, J., et al., An experimentally anchored map of transcriptional 
start sites in the model cyanobacterium Synechocystis sp. PCC6803. 
Proceedings of the National Academy of Sciences, 2011. 

194. Clarke, C., et al., Correlating transcriptional networks to breast cancer 
survival: a large-scale coexpression analysis. Carcinogenesis, 2013. 
34(10): p. 2300-8. 

195. Dembitsky, V.M., Astonishing diversity of natural surfactants: 7. 
Biologically active hemi- and monoterpenoid glycosides. Lipids, 2006. 
41(1): p. 1-27. 

196. Käll, L., A. Krogh, and E.L.L. Sonnhammer, Advantages of combined 
transmembrane topology and signal peptide prediction—the Phobius web 
server. Nucleic Acids Research, 2007. 35(suppl 2): p. W429-W432. 

197. Takaichi, S., Myxoxanthophyll in Synechocystis sp. PCC 6803 is Myxol 2'-
Dimethyl-Fucoside, (3R,2'S)-Myxol 2'-(2,4-di-O-Methyl-alpha-L-Fucoside), 
not Rhamnoside. Plant and Cell Physiology, 2001. 42(7): p. 756-762. 

198. Mochimaru, M., et al., Substrate specificities and availability of 
fucosyltransferase and beta-carotene hydroxylase for myxol 2'-fucoside 
synthesis in Anabaena sp. strain PCC 7120 compared with Synechocystis 
sp. strain PCC 6803. J Bacteriol, 2008. 190(20): p. 6726-33. 

199. Graham, J.E. and D.A. Bryant, The biosynthetic pathway for myxol-2' 
fucoside (myxoxanthophyll) in the cyanobacterium Synechococcus sp. 
strain PCC 7002. J Bacteriol, 2009. 191(10): p. 3292-3300. 

200. Takaichi, S., et al., Myxol and 4-ketomyxol 2'-fucosides, not rhamnosides, 
from Anabaena sp. PCC 7120 and Nostoc punctiforme PCC 73102, and 
proposal for the biosynthetic pathway of carotenoids. Plant Cell Physiol, 
2005. 46(3): p. 497-504. 

201. Takaichi, S., M. Mochimaru, and T. Maoka, Presence of free myxol and 4-
hydroxymyxol and absence of myxol glycosides in Anabaena variabilis 
ATCC 29413, and proposal of a biosynthetic pathway of carotenoids. 
Plant Cell Physiol, 2006. 47(2): p. 211-6. 

202. Maresca, J.A., et al., Identification of a fourth family of lycopene cyclases 
in photosynthetic bacteria. Proc Natl Acad Sci U S A, 2007. 104(28): p. 
11784-9. 

203. Strnad, H., et al., Complete genome sequence of the photosynthetic 
purple nonsulfur bacterium Rhodobacter capsulatus SB 1003. J Bacteriol, 
2010. 192(13): p. 3545-6. 



 215 

204. Hutt, M.T. and U. Luttge, Nonlinear dynamics as a tool for modelling in 
plant physiology. Plant Biology, 2002. 4(3): p. 281-297. 

205. Bohlmann, J. and C.I. Keeling, Terpenoid biomaterials. Plant Journal, 
2008. 54(4): p. 656-669. 

 
 
  



 216 

Vita 

Rebecca Anne Knight grew up in Seattle, Washington.  In 1995 she 

entered Arizona State University to pursue a degree in engineering.  During the 

summer of 1997 she received a scholarship to attend the Kanazawa Institute of 

Technology engineering summer abroad program where she won a wind-car 

design competition.  She then received a scholarship from the Japanese 

Government to attend one year at Kansai Gaidai University where her focus was 

on Japanese language, history and literature.  At the end of the program she 

delivered the commencement speech to her class of international students.  She 

returned to Arizona State in 1998 and completed degrees in B.S. Chemical 

Engineering and B.A. Japanese language in 2000.   

After graduating, she moved to Austin, TX and worked as a bilingual 

Process Engineer for the semiconductor equipment manufacturing company 

Tokyo Electron.   In 2004 she left industry to pursue a career in renewables and 

joined the Agricultural and Biological Engineering department at Purdue 

University.  She worked on her Master’s project under the direction of Dr. Ladisch 

where her focus was on converting food waste into ethanol through simultaneous 

saccharification and fermentation.  In 2006 she obtained her Master’s degree and 

moved into the laboratory of Dr. Tao where her focus shifted to the utilization of 

plant oils and hydrocarbons.  While under Dr. Tao she took over the pilot plant 

operations of a process to convert soy oil into jet fuel and modeled the design 

and economics for implementing it into a local biodiesel plant.  She presented her 

work at the 29th Symposium on Biotechnology for Fuels and Chemicals and won 

1st place in the engineering poster competition. 



 217 

In 2008 Rebecca returned to Austin, TX and married her Texas 

sweetheart.  She joined the laboratory of Dr. Brand, director of the UTEX Culture 

Collection of Algae and immediately started on a project to use Group II Introns 

to selectively disrupt cyanobacterial genes.  This project lasted until 2010 when 

she began her own research pursuits in the area of isoprenoids in thermophilic 

cyanobacteria.  In 2012 she received the P.E.O. Scholar Award and the Plant 

Biology Graduate Research Award.  She developed her own equipment and 

protocols under a limited budget and, with the guidance of Dr. Brand and her co-

supervisor, Dr. Alper, she completed her PhD dissertation in 2014.  She is 

inventor of one provisional patent application related to her dissertation research 

and authored or co-authored four papers during her graduate tenure. 

 

Contact: rknight160@gmail.com 

This dissertation was typed by the author. 


