
 

 

Β-PINENE SYNTHESIS IN SYNECHOCOCCUS SP. PCC 7002 CYANOBACTERIA: 

METABOLIC ENGINEERING FOR HIGH-DENSITY BIOFUEL APPLICATIONS 

 

By Rhiannon R. Carr 

In light of escalating concern over global climate change and the declining 

availability of non-renewable fossil fuels, a significant body of research has accumulated 

which explores renewable sources for comparable products, including direct biosynthesis 

of high-energy compounds by microorganisms.  While Escherichia coli is an obvious 

host due to its genetic malleability, cyanobacteria are both genetically tractable and 

photosynthetic, and thus present an attractive option for sustainable biosynthesis.  

Pinenes (α and β forms) are bicyclic monoterpenes with an energy density comparable to 

some high-performance aviation fuels; when dimerized, their energetic properties are 

functionally identical to JP-10, a jet propellant employed by the US Navy.  Due to its 

high cost of manufacture, JP-10 is presently limited to use in ramjet missiles, but 

microbial synthesis of an alternative could reduce the cost and open it up to a wider array 

of functions.  Proof-of-concept production has been demonstrated in E. coli and the 

model cyanobacterium Synechocystis sp. PCC 6803 using pinene synthases whose 

majority product is the α enantiomer.  The β form, in addition to being less common in 

nature, has a higher energy density and thus is potentially more valuable.  This study 

aimed to demonstrate that Synechococcus sp. PCC 7002, a fast-growing cyanobacterium, 

could manufacture β-pinene by supplementing the methyl-erythritol-phosphate (MEP) 

pathway with two enzymes: a geranyl diphosphate synthase (GPPS, adapted from Abies 

grandis) and a β-pinene synthase (bPinS, sourced from Artemisia annua).  Four 

transgenic strains, carrying codon-optimized genes for these enzymes, have been 

produced.  While sequencing and reverse transcriptase-quantitative PCR (RT-qPCR) 

analyses verify that the genes are unadultered and being expressed at a high level, no β-

pinene output has been detected. 

In addition to attempting a proof-of-concept of β-pinene production by PCC 7002, 

this study examined possible improvements to the strain’s commercial viability, in terms 

of metabolic requirements and transgene maintenance.  The terminal step in the 

methionine biosynthesis pathway may be carried out by two enzymes: MetH, which 

requires a vitamin B12 cofactor to proceed, and MetE, which operates independently of 

vitamin B12; PCC 7002 natively employs the former.  By transforming with a construct 

which targeted an E. coli gene for MetE to the metH site, this study attempted to produce 

a B12-independent strain of PCC 7002 and demonstrate that metE is suitable as a non-

antibiotic selectable marker.  Isolating such a strain proved to be impossible by methods 

employed, as metE provided insufficient selective power to overcome the cellular 

retention of vitamin B12. 
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CHAPTER I: INTRODUCTION 

STATEMENT OF PROBLEM 

 It is perhaps unnecessary to state that global climate change is one of the most 

pressing issues to be faced in the twenty-first century, but the fact remains that the effects 

are both acute and far-reaching.  It is therefore imperative to take steps that not only 

reduce the rate at which greenhouse gases enter the atmosphere, but also reverse some of 

the damage already wrought.  Greenhouse gas emission is a fact of industrial life – from 

the coal and natural gas burned to provide electricity, to the derivation of assorted plastics 

from crude oil, to the fuel burned in motorized transportation – and while reducing 

consumption and recycling materials are important steps, they are limited by cost, 

infrastructure, and the necessity of maintaining and improving the quality of human life.  

People will continue to require electricity and the transportation of goods across vast 

distances, so the next logical step in reducing dependence on non-renewable resources is 

to develop alternatives. 

 Technologically, replacing coal and natural gas as the source of electricity is 

relatively simple – solar, wind, and various forms of hydroelectric power already exist 

and are ready to take over as soon as the infrastructure is in place.  Petroleum divestment, 

however, has proven more challenging on a basic level.  So much of the twentieth 

century was spent developing an extensive portfolio of applications for petrochemicals 

that by 1980, humanity was extracting more oil than was being discovered, and it is 

estimated that the point at which oil production ceases to increase (“peak oil”) may have 

occurred in 2010(1, 2).  However, while it is true that petrochemicals are as ubiquitous as 
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dust mites, it is not necessary to approach the problem as a monolith – chipping away at 

smaller sections, like fuels, allows solutions to be proposed and tested more rapidly, to 

the ultimate, if incremental, benefit of the planet. 

 The viability of such solutions depends upon several factors, including the cost of 

production/extraction, availability of land and storage facilities, and the sustainability of a 

particular solution.  With respect to the sustainability factor, it makes sense to approach 

from a similar angle as renewable energy and take advantage of the sun by harnessing the 

light-harvesting mechanisms of photosynthetic organisms to produce biofuels with 

physical and energetic properties equivalent to conventional, petroleum-derived fuels.  

Plants and their distant progenitors, cyanobacteria, utilize light energy to power the 

enzymatic conversion of water and carbon dioxide (one of the more prominent 

greenhouse gases) to an assortment of hydrocarbons of varying size and energy density, 

including sugars and fatty acids which can easily be converted to alcohols and biodiesel, 

respectively. 

 These simple-conversion biofuels, referred to as first-generation biofuels, are 

primarily derived from food crops like corn and soybeans.  The best-known example, 

bioethanol, is produced by fermenting simple sugars (e.g. glucose) from the seeds and 

grains of plants, which leaves a substantial fraction of the plant behind as waste; 

alternatively, this and other alcohols (e.g. propanol and butanol) can be produced by 

enzymatic extraction or distillation.  Biodiesel, which is produced by the 

transesterification of vegetable oils, utilizes a similarly small portion of the plant.  

Despite the inefficiency of production, bioalcohols and biodiesel represent a moderate 
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success, as the speed and simplicity of production has allowed for commercial-scale 

utilization in several countries across the globe.  There is, however, a limit to the utility 

of this first pass at finding alternatives to petroleum-based fuels: in order to be used in 

engines designed for petroleum-based fuels, most of these biofuels must be mixed with 

conventional fuels, generally in relatively low proportion.  Additionally, as first-

generation biofuels are derived from food crops, they explicitly compete with the food 

supply, which has led to an increase in the price of certain crops.(3)  The competition 

becomes particularly stark when considered from a statistical standpoint (approximately 

1% of the world’s arable land is used to grow crops earmarked for biofuel, whose 

products account for 1% of global transport fuels), such that any attempt to completely 

replace conventional transport fuels with first-generation biofuels would starve the 

planet(4).  Taken in combination, these assorted issues represent a significant—and likely 

impassable—barrier to overcome, leaving a large gap between fuel consumption and 

biofuel availability. 

The second generation of biofuels attempts to mitigate the efficiency issue by 

instead using the inedible waste biomass from other areas of production or the entire 

biomass of non-edible plants grown specifically for biofuel production.  Lignocellulosic 

biomass, left behind in food and wood harvests as well as by lumber processing, can be 

converted by two routes – thermochemical and biochemical processing – into biodiesel, 

alcohol-based biofuels, and other non-transport-fuel products like methane and syngas(5).  

Purpose-cultivated non-food crops like switchgrass and mixed prairie grasses, which 

have advantages over food crops in reduced water requirements and perennialism, can 
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produce comparable energy yields to corn grain on a per-hectare basis(6).  Furthermore, 

employing first- and second-generation methods on the same crop harvest could both 

improve waste and increase energy yields.  Improving the efficiency of the harvest is not, 

however, a cure-all for that which holds back first-generation biofuel production, nor 

does it offset the issues unique to the second generation.  While the area necessary to 

displace conventional fuels with second-generation biofuels is a fraction of that necessary 

to do the same with first-generation biofuels, carrying out such a displacement in the 

United States alone would require field space comparable to that taken up by the total 

annual corn crop(6).  Ignoring the logistical nightmare that collecting all the harvest 

waste from all the corn crops in the entire United States would be, processing the biomass 

would present its own set of challenges.  In particular, the extra steps necessary to extract 

the useful portions of the biomass feedstock are, in addition to being more complicated, 

largely in-development and not ready for commercial-scale production(3, 5). 

The third generation of biofuels, derived from microalgae (microscopic plants) 

and cyanobacteria (photosynthetic prokaryotes), may prove the most promising option, as 

it addresses two of the major drawbacks to the first two generations: land use and water 

availability.  Where terrestrial plant-based sources of biofuels must be grown on fertile 

(or fertilized) land with sufficient fresh water, cultivation of aquatic microbes may take 

place on non-arable, otherwise unused land with alternative water sources (e.g. ocean 

water and agricultural/industrial runoff)(3, 4, 6).  Additionally, while aquatic phototrophs 

require additional, concentrated carbon input to maximize growth (versus absorbing 

atmospheric carbon dioxide), this could be provided by industrial flue gas, which 
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naturally lends itself to controlling carbon emissions by pairing power plants with 

culturing ponds(3, 7).  However, as there is a certain catch-22 quality to requiring the 

burning of petrochemicals to provide sufficient CO2 to the cyanobacterial ponds 

producing petrochemical alternatives, there is room for strategic improvement(8).  The 

diversity of the group – which includes species adapted to high salinities, pH, and 

temperature as well as species that can grow heterotrophically in the absence of light – 

lends itself to widespread utilization by selecting a species suited to a particular area(6).  

Adaptability of the system is largely window-dressing, however, as the primary concern 

is whether microalgae and cyanobacteria can produce either biofuels or biofuel 

precursors, and in sufficient volume to be cost-effective versus conventional fuels. 

In a comparison of productivity, both cyanobacteria and microalgae can be relied 

upon to produce 5-10-fold more dry biomass per hectare than corn grain, with 20-50% of 

that weight being comprised of lipids (e.g. triglycerides)(4, 6).  The exact percent 

composition of lipids varies species to species, but can also be increased by depleting the 

nitrate, silicate, and phosphate content of the growth media; this enrichment strategy also 

increases the percent biomass devoted to other energy storage molecules (e.g. glycogen, a 

starch frequently produced by cyanobacteria)(3, 4, 6).  Both lipid and carbohydrate 

storage molecules are useful to the production of biofuels, and can be converted via the 

well-established methods of transesterification and fermentation, respectively, without 

the need to break apart structural biopolymers like cellulose and lignin(3, 4, 6, 7).  Taking 

into consideration the full spectrum of benefits, from non-competition with food crops to 

the potential environmental benefits to the ease of extraction, exploiting photosynthetic 
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microbes to mitigate reliance on non-renewable fuel sources is a particularly attractive 

option, despite the substantial research investment necessary to develop commercial-scale 

production facilities.  Harvesting biomass is not, however, the only method by which 

photosynthetic microbes can produce biofuels – the genetic tractability of cyanobacteria 

lends them to the direct synthesis of a host of energy-dense compounds suitable for use as 

transportation fuels. 

BACKGROUND 

CYANOBACTERIA AS A PLATFORM FOR METABOLIC ENGINEERING 

The workhorse of biotechnology, Escherichia coli, is known for its rapid growth 

rate and ease of genetic manipulation, traits which have been exploited for decades both 

in illuminating the genetic mechanisms that control life on a microscopic level and in 

applying those findings to solving macroscopic problems.  Since the early 1970s, when 

Stanley Cohen’s method for introducing plasmids was combined with Herbert Boyer’s 

newly-discovered EcoRI enzyme to clone recombinant DNA, E. coli has been the 

molecular factory of choice(9).  The species has played host to human insulin and human 

growth hormone – both of which transformed the medical landscape – and remains a key 

player in genetic research across the world.  However, while most products can be 

manufactured efficiently in E. coli (or other common hosts, like Saccharomyces 

cerevisae and Bacillus spp.), there are other microbial platforms available that may prove 

more suited for industrial applications (e.g. biofuel production)(10, 11). 

Cyanobacteria pair the genetic malleability seen in the aforementioned model 

microbes with a high photosynthetic efficiency – which is significantly greater than that 
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of plants – and a breadth of species adapted to an assortment of environmental 

conditions.  Many species, including Synechococcus sp. PCC 7002, Synechococcus 

elongatus PCC 7942, Synechocystis sp. PCC 6803, and Thermosynechococcus elongatus 

are naturally competent to take up exogenous DNA, which is an improvement over E. 

coli, which must, under most circumstances, be made competent by chemical or electrical 

inducement.  It is worth noting, however, that PCC 6803 and T. elongatus may also be 

transformed by electroporation, with the latter seeing improved efficiency over natural 

transformation(12–17).  Thus, by much the same method as used in the more standard 

species, cyanobacteria can be engineered to produce the same products, including ethanol 

and butanol, as E. coli, as well as to improve yields of natively-produced lipids(10, 18, 

19).  As cyanobacteria are photosynthetic organisms, they require considerably less input 

to manufacture biofuels – namely sunlight, carbon dioxide, and water – than the 

heterotrophic model species, which require an external source of carbohydrates to feed 

into the biosynthesis pathways.  Fiscally, this translates to a reduced cost of operations, 

which has (by virtue of shifting to non-terrestrial species) already been substantially 

improved versus the cost of first- or second- generation biofuel crops(20). 

Expanding upon the land-use benefits of microbes versus terrestrial plant crops, 

phylum Cyanobacteria contains species adapted to nearly every aquatic and terrestrial 

biome, allowing for a manufacturing method tailored to local conditions and water 

sources.  For example, PCC 6803 (considered a model cyanobacterium) grows best in 

fresh water at 33ºC and moderate light intensity, which is suited to outdoor growth in a 

location that is warm, but often cloudy(21).  PCC 7002 is somewhat more adaptable, as it 
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grows best at 38ºC but is tolerant of light intensities up to twice full sunlight and is 

euryhaline (i.e. grows at a wide range of salinities), lending it to being cultured in 

seawater at a desert plant(13, 22).  For higher temperatures, one might choose 

Thermosynechococcus elongatus, and if one required a species that would continue to 

grow at night, Anabaena sp. PCC 7120 will grow in the dark so long as an appropriate 

substrate is provided(23, 24).  Variations in pH, such as might be found in water sourced 

from industrial and agricultural processes, can also be accommodated. 

There are tradeoffs to the use of cyanobacteria versus E. coli and S. cerevisiae.  E. 

coli is renowned for its 20- to 30-minute doubling time in rich media, and while S. 

cerevisiae is not as quick, a 100-minute doubling time is still quite speedy.  By 

comparison, cyanobacteria are sluggish – only one known species, Synechococcus 

elongatus UTEX 2973, comes close, with a two-hour doubling time under optimal 

conditions; the next-fastest, Synechococcus sp. PCC 7002, typically doubles in 

approximately four hours (ultrafast growth approaching UTEX 2973 has been observed 

under high irradiance), and Synechocystis sp. PCC 6803 is even slower at more than six 

and a half hours(25, 26).  This is not, however, a death knell – considering the reduced 

overhead inherent to using a photoautotrophic organism and the possibility that lower cell 

density could improve yield by virtue of reducing shading effects, sacrificing growth rate 

is not unreasonable. 

In light of the potential to fix excess carbon dioxide from the atmosphere into 

biofuels and offset any released in the burning thereof, exploring the capability of 

cyanobacteria to be engineered to produce biofuels and biofuel feedstocks has the 
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potential to be a game-changing area of research.  The overhead cost of culturing is 

inherently lower than that of heterotrophic microbes, so the primary focus is first to 

verify that a useful substance can be produced, and then to produce it in sufficient 

quantities to compete with conventional petrochemicals without causing the cultures to 

crash.  Both ethanol and 1-butanol have been produced, albeit in limited quantities, in 

PCC 6803 and PCC 7942 respectively, which provides a route to replacing conventional 

gasoline, if production can be boosted substantially; similarly, PCC 6803 has been 

engineered to secrete fatty acids which can be converted to biodiesel(18, 19, 27, 28).  The 

portfolio of fuels that can be derived from raw petroleum sources is not, however, limited 

to gasoline and diesel – aviation fuels are composed of high-density petrochemicals like 

kerosene – and likewise the range of biofuels produced by cyanobacteria should not be 

limited to alcohols and fatty acids. 

TERPENOID BIOSYNTHESIS IN CYANOBACTERIA 

 Terpenoids, sometimes referred to as terpenes or as isoprenoids, are a large family 

of organic compounds derived from repeating five-carbon isoprene units (Figure 1).  

Approximately 60% of all compounds produced by living organisms are terpenoids, 

including aromatic oils like limonene and pinene, photosynthetic pigments like 

chlorophyll and carotenoids, as well as squalene, which is the biochemical precursor to 

the steroids(29).  As a family, terpenoids serve a range of functions nearly as diverse as 

its members: carotenoids act in a photoprotective role in plants and algae, isoprene 

confers resistance to reactive oxygen species and damage caused by the rapid heating of 

leaves, steroids and sterols have roles in cell signaling and membrane structure, and a 
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number of aromatics have found commercial use due to their contributions to flavor and 

fragrance(30–32).  Additionally, the sesquiterpenoids artemisinin and (E,E)-α-farnesene 

are effective anti-malarial agents(32). 

 There are two metabolic pathways by which terpenoids are synthesized: the 

mevalonate acid (MVA) pathway, which is present in archaea, eukaryotes, and some 

bacteria; and the methyl-erythritol-phosphate (MEP) pathway, which is present in many 

bacteria species, algae, and plant chloroplasts(33–35).  In cyanobacteria, only the MEP 

pathway is present.  The end result of both pathways, which differ both in enzymatic 

Figure 1. Terpenoids are comprised of repeating isoprene units.  Terpenoids are a 

diverse class of organic compounds with wide-ranging functions and applications; as 

a group, their structures can be broken down into five-carbon isoprene units.  Several 

examples are shown here, including ten-carbon monoterpenes (clockwise from top, α-

pinene, β-pinene, and limonene), fifteen-carbon sesquiterpenes ((E,E)-α-farnesene 

top, artemisinin bottom), thirty-carbon triterpenes (squalene), and forty-carbon 

tetraterpenes (lycopene top, β-carotene bottom). 
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progression and initial substrate, is isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP), which are catalyzed by additional enzymes into the full 

complement of terpenoids (Figure 2).  The MVA pathway begins with two acetyl 

coenzyme A (acetyl-CoA) molecules, which are synthesized over six enzymatic steps to a 

single molecule of IPP, which can be further converted to DMAPP via isopentyl 

diphosphate isomerase (IDI)(33).  Pyruvate and glyceraldehyde-3-phosphate (G3P) serve 

as the substrates for the MEP pathway, which over six steps converts them to a molecule 

Figure 2. Terpenoids may be synthesized by either the Mevalonate (MVA) 

Pathway or the Methyl-erythritol-phosphate (MEP) Pathway.  The root 

terpenoid precursors isopentyl diphosphate (IPP) and dimethylallyl diphosphate 

(DMAPP) can be synthesized by both the MVA and MEP pathways, which are then 

combined by a geranyl diphosphate synthase (GPPS) into the direct substrate for 

monoterpene synthesis, geranyl diphosphate (GPP); GPP and IPP are also substrates 

for farnesyl diphosophate, a precursor molecule for more complex terpenoids (see 

Figure 3). 
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of hydroxymethylbutenyldiphophate (HMBPP); a single enzyme, IspH, converts HMBPP 

to IPP and DMAPP, which can be interconverted as necessary to supply downstream 

reactions by IDI(34–36). 

 Unlike in the MVA pathway, of which IDI is an essential component, production 

of both IPP and DMAPP by the MEP pathway dictates that IDI is not necessary for 

survival, though its presence assists in maintaining the correct balance of substrate for 

downstream enzymes(37).  In PCC 7002, isoprene production was observed to improve 

by an order of magnitude when a codon-optimized IDI was introduced to supplement the 

native enzyme (fni, SYNPCC7002_RS05650); as isoprene synthase (IspS) requires only 

DMAPP as a substrate, this suggests that the introduction of an over-expressed IDI 

allowed the balance of the IPP/DMAPP pool to be shifted to meet demand(38).  It can 

therefore be hypothesized that the inclusion of IDI in strains of PCC 7002 engineered to 

produce more complex terpenes would be beneficial in maintaining the IPP/DMAPP ratio 

for the synthesis of geranyl diphosphate (GPP) and farnesyl diphosphate (FPP), which are 

the immediate precursors to monoterpenes and sesquiterpenes, respectively, as well as the 

upstream precursors to more complex terpenoids (Figure 3) (39, 40). 
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 To date, cyanobacteria have been transformed to manufacture a number of 

terpenoids, ranging from the hemiterpene isoprene to the triterpene squalene(41, 40).  In 

many cases, because the synthesis of carotenoids is a stepwise progression through a 

number of terpenoid precursors, achieving production of a particular terpene requires 

minimal modification of the native metabolic processes.  Isoprene synthesis has been 

introduced to PCC 6803 and PCC 7002 using codon-optimized IspS genes from Pueraria 

montana (kudzu) and poplar (Populus alba x Populus tremula).  A number of mono- and 

sesquiterpenes – including limonene, bisalbonene, linalool, β-caryophyllene, and β-

phellandrene – have been produced by adding a single synthase gene to utilize GPP and 

Figure 3. Geranyl diphosphate (GPP) is the chemical precursor 

to terpenoid biosynthesis.  With the exception of hemiterpenes 

like isoprene, all terpenoid molecules have GPP as a precursor.  

Monoterpenes are synthesized directly, whereas sesquiterpenes and 

higher orders require the synthesis of farnesyl diphosphate (FPP) 

as an intermediate. 
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FPP already present within the cell(39, 41–44).  Squalene, a triterpene, is natively 

produced in PCC 6803 as a precursor to hopanoids, but by knocking out a squalene 

hopene cylase (which utilizes squalene as a substrate), the Lindberg group was able to 

accumulate 70-fold higher quantities of squalene in PCC 6803 versus the wild type, with 

no notable growth deficiencies(40).  While it is not a difficult endeavor to demonstrate 

that the heterologous expression of terpenoids in cyanobacteria is possible, ensuring that 

the rate of production reaches commercially-viable levels is a more challenging prospect. 

 Improving terpenoid yield beyond the baseline, proof-of-concept level is a multi-

step process, likely requiring several angles of attack.  If the gene insert has not already 

been codon-optimized to maximize expression, it should be(45).  Similarly, linking the 

insert to a stronger promoter should boost production, though one or more regulated 

promoters may be necessary to control potentially-toxic accumulations of overproduced 

enzymes or intermediate metabolites (46).  These steps are, however, often taken before 

the initial transformation is attempted, such that advancing beyond initial output requires 

more nuance.  For example, the MEP pathway competes for carbon flux from the Calvin-

Benson Cycle with energy storage pathways, including glycogen and sucrose synthesis; 

by knocking out the competition, carbon might flow more readily into the MEP pathway.  

In practice, however, impairing glycogen synthesis has resulted in nonexistent or modest 

(1.25x) increases to terpenoid yield, at the consequence of metabolic overflow and 

impaired stress response(39, 47–49).  Duplicating the target gene at different sites 

(which, due to the multi-ploidy of cyanobacterial genomes, results in more than two 

copies present) produces similarly modest (1.5x) increases in yield(47, 50).  Somewhat 



15 

 

 

better carbon redirection was achieved in PCC 6803, which saw a 2.5-fold increase in 

isoprene yield with heterologous expression of the MVA pathway, but it is still an 

incremental improvement(33).  Additional gains may be found in improving 

photosynthetic efficiency, such as improving photon utilization (i.e. decreasing thermal 

dissipation) or increasing the rate of carbon fixation, but it is likely that commercial 

viability will be reached by the accumulation of many small improvements(51, 52). 

ALTERNATIVE STRATEGIES FOR TRANSGENE MAINTENANCE 

 Overall yield is not the only concern in developing cyanobacteria as commercial-

scale biofuel factories.  Integration of heterologous constructs is driven by selective 

pressure, which frequently involves tagging the construct with an antibiotic resistance 

cassette; given concerns over drug-resistant strains of pathogenic bacteria, utilization of 

drug-resistance as a marker must be limited to laboratory use, lest the trait spread to wild 

(possibly pathogenic) populations.  Motivated partly by this “escape” concern and partly 

by the limited range of antibiotic-resistance markers available, alternative strategies are in 

development.  In PCC 6803, two counter-selection strategies (Figure 4) have been 

developed, using sacB and mazF.  The sacB system links an antibiotic resistance cassette 

to sacB, a gene harvested from Bacillus subtilis which is toxic to Gram-negative bacteria 

grown on media containing 5% sucrose, allowing a segment of the host genome to be 

edited via sequential homologous recombination events – in the first transformation, 

antibiotic selection ensures integration of the sacB-containing DNA segment, whereas the 

second selects for removal of the insert by growing on sucrose-containing media(18, 19, 

53).  It should be noted that the sacB system only works in glucose-tolerant strains of 
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PCC 6803; in wild-type strains, the mazF system operates on the same principle, with the 

titular gene encoding an E. coli toxin which effectively inhibits cellular protein 

synthesis(54, 55).  By linking mazF to a nickel-regulated promoter, removal of both 

mazF and the antibiotic resistance cassette was accomplished by growing putative 

transformants on media containing nickel(54). 

Figure 4. Counter-selection strategies may be used to integrate transgenes 

without antibiotic-resistance markers.  The schematic above illustrates 

counter-selection as carried out in the sacB and mazF strategies, where ded is the 

killing gene (e.g. mazF or sacB), Pindc is an inducible promoter (activates only 

when certain conditions are met, such as reaching a particular temperature or in 

the presence of a specific compound) controlling ded, Ab
R
 is the antibiotic-

resistance cassette, and gnINT is the transgene to be integrated into the genome 

using Homologup and Homologdn as homologous targeting regions.  In the acsA 

strategy, Homologup and Homologdn are sites in the acsA gene, and transforming 

with gnINT causes a knockout that allows growth on organic acids, such that the 

ded/Pindc/Ab
R
 construct is unnecessary. 
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In PCC 7002, neither the sacB nor the mazF strategy has been shown to function, 

though a third counter selection strategy, based on sensitivity to organic acids, has been 

developed.  This acsA system, which knocks out the ascA locus (encoding a Coenzyme-A 

ligase) confers tolerance of acrylate – up to 2800-fold above the wild type – as well as 3-

hydroxypropionate and propionate to a lesser degree(55).  In PCC 6803, knocking out the 

acsA site conveys a 3500-fold increase in acrylate tolerance, though no corresponding 3-

hydroxyproprionate tolerance.  To be used as a counter-selection tool, PCC 7002 must be 

made acrylate-tolerant by knocking out the acsA site, but this also provides a trait for 

positive selection which can be used in lieu of antibiotic resistance.  Furthermore, while 

most positive selection methods require the introduction of a new gene, and thus must be 

weighed against possible consequences should it escape from controlled culture to 

external species, the method by which acrylate tolerance is gained entirely negates these 

concerns. 

PROJECT SCOPE AND OBJECTIVES 

 Aviation fuels (e.g. Jet A, JP-5, JP-8) present a more rigorous set of 

considerations in terms of biofuel replacement in comparison to ground transportation 

fuels – aviation fuels are physically dense, with stringent requirements on low-

temperature viscosity and flash point, in addition to high energetic requirements.  In 

conventional, petroleum-derived fuels, these requirement are met by cyclic hydrocarbons 

(in particular aromatics), but alternative fuels generally must be blended with 

conventional fuels to meet requirements(56).  For specialty military fuels, like JP-10, the 

even-more demanding requirements cannot be met by any of the currently-available 
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renewable options.  Composed nearly entirely by exotetrahydrodicyclopentadiene, the 

effort required to manufacture it has driven its cost to $25 per gallon (as of 2010), such 

that while it could theoretically be used to improve range or payload capacity of jet 

aircraft, its use is presently limited to missiles(57).  If a cheaper, renewable alternative 

could be manufactured, it could make an impact on the sustainability and operating costs 

associated with military aviation. 

Table 1. Energetic comparisons of conventional aviation fuels and pinenes.  Net heat 

of combustion (NHOC) refers to the energy output by a fuel when it is combusted. 

 NHOC (MJ/L) Density (g/mL) Freezing Point (K) 

JP-5 34.768 0.82 <227 

JP-10 39.574 0.94 <194 

RJ-5 44.928 1.08 >255 

α-pinene 36.874 0.86 209 

α dimer 39.314 0.935 ~240 

β-pinene 36.930 0.86 212 

β dimer 39.507 0.938 240 

 Monoterpenes like camphene, pinene, and limonene may provide a route to 

renewable replacement of tactical fuels like JP-10 and the even more energy-dense RJ-5.  

In particular, the bridged dicyclic structure of camphene and the α- and β-pinene isomers 

mimics the strained rings present in JP-10; as this tight ring structure is essential to the 

energy density exhibited by JP-10, terpenoids of similar molecular configuration mark a 

promising option for tactical biofuels.  Indeed, the net heat of combustion (NHOC) of α- 

and β-pinene is ~93% that of JP-10, with the density of each being similarly comparable; 

logically, the selective dimerization of these molecules would, by maintaining ring strain, 

increase both these values(58).  Experimentally, dimers of both pinene isomers have been 
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found to be energetically equivalent to JP-10, with physical density only marginally 

lower.  The freezing point, however, is approximately 20 K higher, which raises concerns 

for use at high altitude, but which can be mitigated by blending with conventional fuel 

(Table 1)(56, 58).  Of the two isomers, β-pinene may be more suitable, as the exocyclic 

localization of the double bond makes the dimerization process somewhat easier. 

 In nature, pinene is produced almost exclusively by plants, and in particular by 

coniferous trees, with α-pinene comprising approximately 50% of total monoterpene 

emissions in many forests(59).  By contrast, the QH6 pinene synthase enzyme produced 

by Artemisia annua (sweet wormwood, an herb distributed across much of the northern 

hemisphere and notable as the source of the anti-malarial drug artemisinin) has an α:β 

pinene output of 6:94(60).  Harvesting the pinene produced by pre-existing A. annua 

crops might, therefore, be a reasonable source for a non-petroleum jet fuel, though the 

space inefficiency inherent to plant crops, coupled with the cost of extraction, may not 

allow for a more cost-effective fuel than JP-10.  A single plant of A. annua can be 

expected to synthesize pinene on the order of 1-2μg per day, resulting in a mere ~5mg per 

hectare per day(60).  Over the same time period, based on observed production of 

isoprene in transgenic PCC 7002, a cyanobacterial culture could be expected to produce 

~5mg per liter of culture, translating to a per-hectare daily output measured in kilograms 

(assuming a comparable photobioreactor density, of 500,000 L per ha
-1

, to the Coyote 

Gulch Algae Biofuels Demonstration Facility). 

 These estimates rely upon the demonstrable ability of PCC 7002 to produce 

pinene when transformed with a gene segment encoding a pinene synthase enzyme.  This 
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study, therefore, aimed to produce a proof-of-concept, transformant strain of 

Synechococcus sp. PCC 7002 with segregated integration of the requisite gene(s) that 

qualitatively and quantitatively exhibits pinene production under normal growth 

conditions.  Drawing on previous studies in microbial production of monoterpenes – 

including pinene in E. coli and limonene in PCC 7002 – it is hypothesized that strains of 

PCC 7002 which have successfully integrated a gene for pinene synthase will have a 

pinene output on the order of milligrams per liter of culture over a 72-hour growth 

period(39, 57). 

 Transformant strains generated in this study contain up to three genes related to 

pinene synthesis: codon-optimized genes for an IPP-DMAPP isomerase (IDI), a geranyl 

diphosphate synthase (GPPS), and a β-pinene synthase (bPinS).  In all three cases, the 

nucleotide sequence was modified from the source material to match codon usage 

patterns for PCC 7002 (based on frequency of occurrence for degenerate codons within 

the entire genome) while maintaining the amino acid sequence, and thus the protein 

structure and function(61).  Additionally, single-nucleotide modifications were made 

within the first 60 bases of the coding regions (corresponding to the first 20 amino acids) 

to minimize the occurrence of tight secondary structures (e.g. stems and loops) that might 

inhibit DNA transcription.  Both sets of DNA modifications were made with the intention 

of improving gene expression – minimizing DNA secondary structure allows RNA 

transcriptase to bind more easily to the DNA strand and thus more efficiently begin the 

DNA-to-RNA-to-protein process of transcription, and matching codon usages improves 
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the rate at which RNA can be translated to a chain of amino acids, which are 

subsequently folded into functional proteins(46, 62). 

 These three genes have three disparate sources, though as they all operate within 

the MEP pathway, their origins are less relevant to their mutual functionality than their 

output levels.  The IDI gene used here originated in Populus trichocarpa (California 

poplar), and has been successfully expressed in PCC 7002 in several instances, in 

particular in isoprene-producing strains.  The pinene synthase gene (bPinS) was adapted 

from Artemisia annua (sweet wormwood), and is expected to produce β-pinene as a 

majority product(60).  To complement bPinS, the GPPS gene employed here was sourced 

from Abies grandis (grand fir); as pinenes and other terpenoids are produced by pines at a 

high volume, it was estimated that this would be a highly efficient GPPS enzyme, and 

thus best able to match demands made by bPinS(63, 64).  Expression of an exogenous 

GPPS is not, however, strictly necessary for pinene production – geranyl diphosphate is a 

precursor to a number of higher terpenoids and is, to that end, natively synthesized by 

PCC 7002; its inclusion here was intended to relieve burden on native machinery and 

avoid a reduction of growth rate versus the wild type.  Four transgenic strains with 

combinatorial gene insertions were produced, which allowed for the exploration of 

possible load effects, as well as to ascertain whether the additional GPPS improves 

pinene yield. 

 Of these four strains, two contained the full complement of transgenes, and two 

were transformed with a subset; all transgenes were targeted to chromosomal sites for 

greater stability and retention.  The full construct (archived in plasmid pOSH1408), 
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containing bPinS, GPPS, and IDI controlled by the strong, constitutive cpcB promoter, 

was targeted to the petJ2 site(12).  PetJ2, which has previously been used as a target site 

for genes relating to isoprene synthesis (including IDI), is a cytochrome-like locus with 

no known function.  The same targeting site was employed for the 1511-B construct 

(pOSH1511-B), which contained only the GPPS and IDI genes (under cpcB control).  A 

neutral site between chromosomal loci SYNPCC7002_RS04670 and 

SYNPCC7002_RS04675 (described by Fiona Davies et al. and designated NISFD here) 

was the target of the 1511-A construct (pOSH1511-A), which included bPinS and the 

cpcB promoter(39).  These two split constructs were recombined in the fourth strain, PCC 

7002(1511) (ΔpetJ2::cpcB-GPPS-IDI and ΔNISFD::cpcB-bPinS).  A fourth plasmid 

construct, targeting all three genes to the high-copy pAQ-1 plasmid, was enzymatically 

assembled, but ultimately discarded due to difficulties with replication in E. coli, as well 

as known genetic instability and intractability of the wild type in PCC 7002(12). 

 In previous studies relating to isoprene production in PCC 7002, targeting 

exogenous genes to the chromosome versus one of several native plasmids was found to 

be beneficial to long-term product output.  In particular, when isoprene synthase (IspS) 

and IDI were targeted to the native plasmid pAQ-1, isoprene output was observed to drop 

off over the course of months.  Conversely, targeting to the petJ2 site resulted in stable 

isoprene output over the same time period and beyond.  An additional challenge inherent 

to the use of cyanobacteria (which are polyploid in the sense of having several, usually 

identical, copies of their haploid chromosome) as cellular factories is achieving genetic 

segregation among the multiple copies of the chromosome and native plasmids present 
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within the cell – transgenic strains can revert to the wild type if selective pressure is 

removed from a non-segregated culture.  The high copy number of the pAQ-1 plasmid is 

therefore both a boon for expression levels (more copies beget more transcripts, which in 

turn beget more proteins) and a risk for long-term culturing.  The difficulty of forcing 

complete segregation is the most likely culprit in the observed reduction in isoprene 

production.  Chromosomal targets, which have lower copy numbers, are more easily 

segregated and thus provide greater long-term stability.  It is worth noting, however, that 

choosing a targeting site which, when knocked out, has a negative effect on cellular 

fitness may result in the same recalcitrant wild type genotype. 

 While knocking out a functional gene may inhibit complete integration of a 

transgenic construct, inserting genes that are toxic when expressed at high levels can also 

be a barrier to segregation.  Here, with the pOSH1408 construct containing two untested 

genes optimized for maximal expression under the control of the very strong constitutive 

cpcB promoter, the accumulation of toxic gene products in the resulting PCC 7002(1408) 

transgenic strain was a real concern.  The split pOSH1511-A and pOSH1511-B 

constructs were assembled to address this, with growth rate and culture coloration (as a 

proxy for health) in PCC 7002(1511-A) and PCC 7002(1511-B) serving as indirect 

indicators of gene toxicity.  Reunification of the two split constructs in a double 

transformant strain (PCC 7002(1511)) provided a route to examine combinatorial toxicity 

effects (i.e. whether decoupling the genes’ expression might have an effect on the 

formation of toxic aggregates).  Additionally, three separate strains containing bPinS and 
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at least one GPPS allowed for the assessment of pinene toxicity at potentially three rates 

of production and accumulation. 

In addition to determining whether PCC 7002 is capable of producing pinene 

given the correct enzymatic machinery and, if so, whether the output is influenced by 

transgene combination and location, this study explored the development of a non-

antibiotic selection strategy for PCC 7002.  Based on the metabolic requirement for 

vitamin B12 (which is only necessary as a cofactor in the terminal enzymatic step of the 

methionine biosynthesis pathway), the marker in question conveys B12-independence 

upon transformant cells.  This gene, metE, was harvested directly from the E. coli 

genome, where it encodes an equivalent enzyme that operates in the absence of B12, and 

was targeted to the site of the native enzyme, metH.  In an effort to match native demand, 

the upstream flanking region was selected to maintain any regulatory elements 

controlling metH (e.g. promoter and ribosome binding site).  Successful integration of 

this transgenic construct assuages two concerns to developing PCC 7002 as a commercial 

system: 1) the possible escape of antibiotic resistance cassettes used to select for 

segregated transgenic strains, and 2) the cost of maintaining B12 levels in the media of a 

large, continuous culture.  A similar system, which maintains metH and sources metE 

from PCC 6803, has been demonstrated(65). 

This thesis describes the successful construction of three recombinant plasmids, 

their integration into PCC 7002 for a total of four transgenic strains, and examines the 

capacity of those strains to produce β-pinene in terms of measurable output and 

molecular function.  Codon-optimized genes for pinene synthesis, bPinS (origin: 
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Artemisia annua) and GPPS (origin: Abies grandis) were targeted to the petJ2 and 

NISFD chromosomal loci both together and separately, with three of four transgenic 

strains carrying bPinS and thus the theoretical capacity to produce β-pinene.  While gas 

chromatography-mass spectroscopy examination of each strain’s output over a several-

day period yielded no evidence of β-pinene, neither sequencing nor reverse transcriptase-

quantitative PCR (RT-qPCR) indicated malfunction at a genetic level.  Expression of 

both bPinS and GPPS occurred at comparable levels to the IspS (isoprene synthase) gene 

in a high-output isoprene-producing strain, though notable differences were observed 

with respect to gene order and localization.  Additionally, attempts to bypass the 

metabolic requirement of PCC 7002 for vitamin B12 were unsuccessful, indicating that 

metE is a poor selective marker under the circumstances examined. 
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CHAPTER II: MATERIALS AND METHODS 

STRAINS AND CULTURE MAINTENANCE 

 Within the course of this project, two bacterial species were utilized for their 

properties as platforms for genetic manipulation.  The first, a strain of the ubiquitous gut 

bacterium Escherichia coli (E. coli) designated DH5α, was employed as a molecular 

factory to propagate recombinant plasmids.  DH5α is recA negative, meaning that any 

exogenous DNA introduced (i.e. engineered plasmids) is unlikely to be altered by the 

host’s homologous recombination and homology-dependent repair systems; as such, it is 

a particularly stable strain for this purpose.  E. coli as a species is not naturally competent 

(meaning it does not possess the mechanisms to acquire DNA from the environment), but 

through chemical treatments it can be made competent by means of electric or heat 

shocks, which create pores through which DNA may enter.  DH5α was grown in 

Lysogeny Broth (LB) medium with appropriate antibiotic selection for the construct 

being propagated. 

 In general, E. coli cultivars were not maintained long-term.  Strains of immediate 

utility were stored at 4ºC on selective LB agar plates following an overnight growth 

period at 37ºC; these stocks remained viable for approximately a month.  For longer-term 

storage, plated colonies could be passaged or stored in 7% DMSO cell suspensions at -

80ºC, which could be revived at need under normal growth conditions. 

 The second strain, which served as the target organism for metabolic engineering, 

was wild-type (WT) Synechococcus sp. PCC 7002, a marine species of cyanobacteria, 

isolated from the Mageuys mud flats of Puerto Rico, which can grow both 
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photoautotrophically and photoheterotrophically on medium containing glycerol(22).  In 

addition to being euryhaline (tolerant of a wide range of salinities), PCC 7002 is highly 

light-tolerant, growing well under intense sunlight, though its resilience is somewhat 

tempered by requiring a supplement of vitamin B12 (cobalamin) in the growth medium.  

Unlike E. coli, PCC 7002 is naturally competent, merely requiring time to incorporate 

exogenous DNA.  PCC 7002 was cultured in A(D7) medium of both liquid and agar-

containing varieties, using selective antibiotics where needed to maintain transgenic loci. 

 PCC 7002 was maintained continuously in liquid A medium (selection as 

required) with bimonthly passages.  Passaging consisted of transferring 1mL dense, 

stationary-phase culture to 25-50mL fresh A medium, which was then grown for 1-2 days 

on an orbital shaker (100-150rpm) under controlled conditions (32ºC, light intensity of 

~200μmol photons m
-2

 s
-1

,3% CO2) in a Percival incubator (Percival Scientific, IA).  

Long-term storage conditions consisted of slow shaking on an orbital shaker at room 

temperature (~22ºC) and moderate light intensity (~80μmol photons m
-2

 s
-1

), or frozen 

storage of concentrated samples in 7% DMSO at -80 ºC. 

 A description of PCC 7002 strains used in this study, including designations and 

characteristic genotypes, may be found in Table 2. 
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Table 2. Synechococcus sp. PCC 7002 strains. 

Strain Genotype and Characteristics Source 

7002 Wild type Synechococcus sp. PCC 7002, control strain Pasteur 

Culture 

Collection 

7002 (1310) – IspS-

IDI 

petJ2::IspS-IDI-Sm/Sp
R
 

Transformant strain carrying IspS and IDI genes 

inserted into the petJ2 chromosomal site.  Marked 

by resistance to streptomycin and spectinomycin. 

Ola 

Aremu, 

UWO 

7002 (1408) – 

bPinS-GPPS-IDI 

petJ2::bPinS-GPPS-IDI-Sm/Sp
R
 

Transformant strain carrying bPinS, GPPS, and IDI 

genes inserted into the petJ2 chromosomal site.  

Marked by resistance to streptomycin and 

spectinomycin. 

This study 

7002 (1511-A) – 

bPinS 

NISFD::bPinS-Km
R
 

Transformant strain carrying the bPinS gene inserted 

into the NISFD neutral site located between loci 

SYNPCC7002_RS04670 and 

SYNPCC7002_RS04675 on the chromosome(39).  

Marked by kanamycin resistance. 

This study 

7002 (1511-B) – 

GPPS-IDI 

petJ2::GPPS-IDI-Sm/Sp
R
 

Transformant strain carrying GPPS and IDI genes 

inserted into the petJ2 chromosomal site.  Marked 

by resistance to streptomycin and spectinomycin. 

This study 

7002 (1511) – bPinS 

+ GPPS-IDI 

NISFD::bPinS-Km
R
, petJ2::GPPS-IDI-Sm/Sp

R
 

Transformant strain carrying the bPinS gene inserted 

into the NISFD neutral site as well as GPPS and IDI 

genes inserted into the petJ2 chromosomal site.  

Marked by resistance to kanamycin, streptomycin, 

and spectinomycin. 

This study 

 

OPTICAL DENSITY AND CULTURE GROWTH 

 Culture density was measured by optical density, where one unit at A750nm cm
-1

 is 

approximately equivalent to 4x10
7
 cells/mL(66).  Measurements were performed with an 

Agilent 8453 UV-visible spectrophotometer at 750nm across a 1.0cm-light path cuvette.  

Millipore (MilliQ) water – equivalent to double-distilled water (ddH2O) – was employed 
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as a blank and diluent, with samples generally measured in a 60μL volume prior to being 

diluted two-fold for a secondary measurement.   

 Growth studies were carried out using Phenometrics (Lansing, MI) ePBR 

automated photo-bioreactor systems.  Cells were diluted in A(D7) medium to an OD750 of 

0.1 in 200mL total volume from a recently-passaged stock culture, with optical density 

measured at 940nm (approximately half the value of OD750) for 72 hours per strain.  

Culture conditions were set to 38ºC at constant pH of 7.0 (tolerance of 0.5, managed by 

programmed CO2 inflow), with a constant 500μE (μmol photons m
-2

 s
-1

) of light 

delivered by a top-down LED and stirring set at 500rpm.  To account for differences in 

stock culture age, any lag-phase growth period was omitted from plotted comparison; as 

this had the effect of producing datasets of unequal size, late-stage data points were 

truncated as necessary to equilibrate all strains. 

DNA MANIPULATION 

ADAPTATION OF EUKARYOTIC GENES FOR CYANOBACTERIAL EXPRESSION 

 To induce pinene production in PCC 7002, two enzymes were necessary: a 

geranyl diphosphate synthase (GPPS) and a pinene synthase.  As prokaryotic organisms 

like cyanobacteria do not natively produce pinene, it was necessary to venture into 

eukaryotes to locate the appropriate gene.  The β-pinene synthase (bPinS) of Artemisia 

annua was selected as it is known to favor β-pinene production at a 94:6 ratio over α-

pinene; a GPPS from Abies grandis was selected to complement this enzyme, based on 

the hypothesis that a pine GPPS may be more efficient at providing substrate to 

downstream pinene synthases.  Initial nucleotide sequences of these genes were derived 
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from cDNA transcripts, which ensured that any introns present in the genomic sequence 

had been spliced out, leaving only the coding regions. 

 The process of optimizing the genes for expression in PCC 7002 was carried out 

in two steps: first, the degeneracy in the initial 20 codons of each gene was exploited to 

reduce DNA secondary structure, which would allow RNA transcriptase to bind with 

greater efficiency; second, the remaining codons were optimized to match the codon 

usage patterns in PCC 7002, which would improve the rate at which these genes could be 

translated(46).  The structural optimization was carried out using the UNAfold online 

application (Integrated DNA Technologies, Inc; Coralville, IA), which would produce a 

series of likely structures based on the sequence provided; by making single-nucleotide 

changes at sites of codon degeneracy corresponding to stem-and-loop structures, the 

predicted structures could be changed to reduce instances of the DNA binding to itself.  

Usage optimization was carried out first by BioBasic, Inc. (Markham, ON, Canada) and 

modified in Gene Designer (ATUM; Newark, CA) to eliminate codons with a frequency 

of occurrence below a 0.15 threshold; additional modifications were made as necessary to 

eliminate unintended restriction sites and add stop codons.  Final DNA sequences were 

verified by BLAST searches to ensure that the amino acid sequences had been preserved, 

after which the optimized genes were sent to BioBasic, Inc. for synthesis.  Synthesized 

genes were provided as insertions in a pUC57 plasmid, suitable for replication by E. coli 

and for use as PCR templates. 
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GENOMIC DNA EXTRACTION 

 Genomic DNA was extracted from cells via a fast, ethanol-based method 

developed by Matthew Nelson.  A small volume of cells (e.g. < 5mL of stationary-phase 

culture) was pelleted firmly (e.g. 5 minutes at maximum speed in a microcentrifuge, 

~14,000x gravity), with the resulting liquid supernatant being poured off and discarded.  

Pelleted cells were suspended in 200μL of 35% ethanol and transferred, if necessary, to a 

1.5mL microcentrifuge tube.  This cell suspension was incubated in a 65+ºC water bath 

until the cells lysed (~10 minutes).  The lysed suspension was centrifuged at maximum 

speed for 5 minutes.  The supernatant (cell lysate containing free genomic DNA) was 

pipetted into a clean, sterile tube, and stored at -20ºC. 

PLASMID EXTRACTION 

 Plasmids were extracted from dense, overnight liquid cultures of E. coli using a 

Promega Wizard® SV miniprep reagent kit (Promega Corporation, Madison, WI).  The 

extraction process proceeded as directed by the manufacturer except in the final step, 

where samples were eluted into 50μL of 10mM Tris-HCl pH 7.5/0.1mM EDTA buffer 

(10T/.1E) to improve concentration and long-term stability.  Additional, minor, variance 

occurred when supplies of silica-membrane minicolumns and column wash solution were 

exhausted and replaced with EconoSpin® silica membrane columns (Epoch Life 

Sciences; Missouri City, TX) and a reagent recipe reverse-engineered from manufacturer 

documentation (see Appendix B). 
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NUCLEIC ACID QUANTIFICATION 

 As when measuring culture density, to determine the quantity of DNA in a 

sample, an Agilent 8453 UV-visible spectrophotometer was employed with a ddH2O 

blank.  Samples were typically diluted in ddH2O by a factor of 20 (or 30 in the case of 

very concentrated samples), and the net absorbance at 260nm (A260nm – A320nm) was 

measured.  DNA concentration in ng/μL was calculated relative to this value: (A260 – 

A320) of 1.0 = 50ng/μL of double-stranded DNA.  RNA quantity was measured using a 

NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific; Waltham, MA), which 

performs these calculations automatically (net A260 of 1.0 = 33ng/μL of single-stranded 

RNA). 

POLYMERASE CHAIN REACTION (PCR) 

 PCR, by which a fragment of DNA is amplified exponentially, is carried out in a 

single tube, with repeating cycles of temperature dictating which part of the reaction 

process is active at a given moment.  A single 50μL reaction for PCR contained 10μL 5x 

Phusion DNA polymerase buffer, 35μL nuclease-free water (nfH2O), 1μL 

deoxynucleotide triphosphates (dNTPs, 10mM stock), 1μL of each primer (forward and 

reverse, 20mM stock), 0.5μL Phusion DNA polymerase (Thermo Fischer, 2U/μL), and 

1μL DNA template (if plasmid, ~10ng/μL stock).  If multiple reactions were run, master 

mixes were prepared based on this ratio of components with an excess built into the 

multiplicative factor (e.g. for 3 reactions, a factor of 3.2). 

 Similarly, the amplification program adhered to a framework formula with points 

of variation to accommodate primer melting temperatures (Tm) and fragments of differing 
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lengths.  Firstly, initial denaturation is carried out for 2 minutes at 98ºC, followed by 35 

cycles of denaturation (20 seconds at 98ºC), annealing (20 seconds at primer Tm), and 

extension (40 seconds per kilobase at 72ºC, as per the DNA synthesis rate of the Phusion 

DNA polymerase); the final step is a five-minute extension at 72ºC, after which the 

samples are cooled to 12ºC and held there until they are retrieved from the thermal cycler 

and stored at -20ºC. 

GEL ELECTROPHORESIS 

 Simple verification of DNA fragments was conducted by gel electrophoresis, 

which separates fragments by size, allowing for the comparison of an actual fragment to 

the expected fragment size.  DNA samples were treated with SYBR Green, a UV-active 

fluorescent dye which binds to double-stranded DNA, and run through a 0.7% 

agarose/Tris-Borate-EDTA (TBE) gel matrix at 90-95 volts.  As a point of reference for 

fragment size, a 1kb DNA standard ladder (New England Biolabs, Inc; Ipswich, MA) was 

included in every run.  Gels were imaged using a GelDoc XR+ system and Image Lab 

software (Bio-Rad Laboratories, Inc; Hercules, CA), which captured an image of the gel 

under UV light and thus allowed the visualization of the sample fragments in comparison 

to the size-standards ladder. 

DNA FRAGMENT PURIFICATION 

 Fragments produced by PCR were purified using one of two methods: the 

Promega Wizard SV Gel & PCR Clean-Up System (Promega Corporation; Madison, WI) 

or the Zymo Clean & Concentrator -5 kit (Zymo Research Corp; Irvine, CA).  Both 

column-based kits can purify DNA fragments directly from a reaction tube, but the 
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Promega kit is also designed for the purification of DNA fragments from gel slices, in the 

case where PCR amplification produces multiple products.  For the purification of 

cleanly-amplified fragments, however, the Zymo kit was preferred for both the rapidity of 

its protocol and for the smaller elution volume, which allowed for more-concentrated 

samples.  In general, fragments purified with the Promega kit were eluted in 50μL 

10T/.1E, and those purified with the Zymo kit were eluted in 20μL 10T/.1E. 

ASSEMBLY OF RECOMBINANT PLASMIDS 

 In designing gene sets to integrate into a genome, a DNA construct minimally 

contains upstream/downstream targeting flanks, which are homologous to the site chosen 

for transgene integration, and a selection cassette (generally encoding antibiotic 

resistance), which allows putative transformants to be separated from wild-type cells.  

The targeting flanks, which are included to exploit native homologous recombination 

mechanisms to insert transgenes at the desired genomic site, are generally 700-800 base 

pairs (bp) in length, though they can range from 500bp to 1.2kbp in length.  Additional 

genes and gene-control mechanisms (promoter sequences, ribosome binding sites, and 

other genetic elements) are arranged with the selection cassette between the two flanking 

sequences. 

 All recombinant plasmids generated for this study used a pUC57 plasmid 

backbone fragment, onto which the targeting DNA constructs were mounted.  This 

backbone, amplified by PCR from pOSH1108 (or one of its descendent plasmids), 

contains an E. coli origin of replication and an ampicillin-resistance cassette (Ap
R
), and is 

essential to replicating and archiving assembled plasmids in E. coli host cells.  Targeting 
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flanking regions and genes of interest were amplified by PCR from genomic and plasmid 

DNA sources using primers with overlapping 5’ add-on sequences of approximately 20bp 

(see Appendix D).  Generation of the complete recombinant plasmids from amplified 

fragments was achieved utilizing an in vitro DNA editing technique called Gibson 

Assembly
®
. 

 Gibson Assembly
®
 (New England Biolabs), developed by Daniel Gibson and 

colleagues at the J. Craig Venter Institute (2009), is an isothermal enzymatic process by 

which overlapping DNA fragments are stitched together into a circular construct 

(plasmid)(67).  These fragments, which have been balanced for the reaction by molar 

concentration (pmol/μL = [concentration (ng/μL) * 1000]/[fragment length (bp) * 650 

Daltons]), are combined with 10μL of Gibson Assembly
®
 Master Mix and nuclease-free 

water (nfH2O) to a total volume of 20μL.  Gibson Assembly
®
 Master Mix contains three 

enzymes: 1) an exonuclease that chews back the 5’ ends of the double-stranded DNA 

fragments to create 3’ single-stranded overhangs at each end, 2) a DNA polymerase that 

fills in the gaps left when complementary 3’ overhangs anneal to each other, and 3) a 

DNA ligase that seals the nicks in the assembled DNA to create a seamless junction.  

This reaction mixture is incubated at 50ºC for 15-60 minutes, then either stored on ice or 

at -20ºC for use in transformation or as a template for PCR.  For purposes of 

electroporation or PCR, the finished Gibson Assembly
®
 product was diluted 3-fold in 

nfH2O.  Correct assembly of a plasmid was verified via PCR and restriction enzyme 

digests. 
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RESTRICTION ENZYME DIGESTION 

 Restriction enzymes, which cleave DNA at particular, known sites, were 

employed in this study in two ways: to prevent template DNA carryover into Gibson 

Assembly
®
 and to verify plasmids.  A 50μL digestion reaction contains 10U of the 

enzyme (or 10U of each enzyme if a double digest is being performed), 1μg of DNA to 

be digested, appropriately-diluted buffer, nuclease-free bovine serum albumin (BSA) if 

necessary, and sterile ddH2O to fill any remaining volume.  Reactions were incubated and 

inactivated according to manufacturer protocol; successful digestion was confirmed via 

gel electrophoresis. 

 In the case of eliminating template DNA from fragments intended for use in 

Gibson Assembly
®
, digestion with DpnI endonuclease was carried out prior to column 

purification.  As DpnI cuts methylated DNA, it can be used to digest plasmid or genomic 

template remaining after PCR while leaving the newly-amplified fragment(s) untouched.  

A typical clean-up reaction consists of the direct addition of 10U of DpnI to a completed 

reaction, which is then incubated for 30-60 minutes at 37ºC before being purified with 

one of the PCR clean-up methods described above; inactivation is unnecessary, as the 

column purification process removes any remaining enzyme. 

SEQUENCING OF TRANSGENIC REGIONS 

 The transgenic regions (namely petJ2 and NISFD) of PCC 7002 strains 1408, 

1511-A, 1511-B, and 1511 were sequenced, using the Sanger sequencing method, at the 

University of Wisconsin - Madison Biotechnology Center.  Linear fragments of these 

regions were amplified via PCR from two generational timepoints (a revived cryostock 
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and a continuous stock culture), purified, and prepared according to directions provided 

by the UW Biotechnology Center (for primers, see Appendix D).  Initial assessment of 

the quality of the resulting data (i.e. whether the signal trace was clean enough to be of 

use) was performed in Chromas software (Technelysium Pty Ltd; South Brisbane, 

Queensland, Australia), and contiguous DNA segment alignment and assembly in 

GeneStudio (GeneStudio, Inc; genestudio.com). 

RNA MANIPULATION 

RNA EXTRACTION AND PURIFICATION 

 To mimic the conditions of the pinene capture experiments, transgenic strains of 

PCC 7002 (1408, 1511-A, 1511-B, and 1511) were grown in 30mL batches in a high-

CO2 Percival incubator (32ºC and light intensity of ~200μmol photons m
-2

 s
-1

, 3% CO2) 

to exponential phase (OD750 0.5-0.7).  Cultures of PCC 7002(1310), an IspS-IDI 

isoprene-producing strain, were grown under identical conditions to serve as a baseline 

for high-level expression of transgenes.  Once cultures had reached the appropriate 

density, they were rapidly poured into 3mL of 10X Metabolic Stop Solution (25:24:1 

equilibrated phenol:0.5M Na2EDTA:β-Mercaptoethanol) and shaken for approximately 

five minutes.  Stopped cultures were centrifuged in a refrigerated centrifuge for ten 

minutes at approximately 6700x g, after which the supernatant was removed into 

hazardous waste and each pellet was resuspended in 800μL TRI Reagent® (Zymo 

Research Corp).  RNA extraction was performed with a Zymo Direct-zol Miniprep Plus 

reagent kit, utilizing the in-column DNase I digestion protocol to remove contaminating 

DNAs.  RNA samples were eluted with 50μL of diethylpyrocarbonate (DEPC)-treated 
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10T/0.1E buffer and stored at -80°C, with quantification via a NanoDrop UV-visible 

spectrophotometer. 

REVERSE TRANSCRIPTASE-QUANTITATIVE PCR (RT-QPCR) 

 Synthesis of cDNA was performed using an avian myoblastoma virus reverse 

transcriptase (AMV RTase; Promega), with 500ng of extracted RNA.  A 50μL reaction 

volume contained, in addition to the RNA, 7.5 units of AMV RTase (15U/μg), AMV RT 

buffer, 1mM dNTPs (from 10mM stock), 5mM MgCl2 (25mM stock), 10 units RNasin 

Plus ribonuclease inhibitor (40U/μL), and 0.3μg random hexamers (UW Biotechnology 

Center; Madison, WI).  Reactions were allowed to rest at room temperature for ten 

minutes prior to running a single round of synthesis (45 minutes at 42°C followed by 2 

minutes at 94°C).  cDNA was stored at -20°C until used for qPCR. 

 Using an ABI StepOne
TM

 real-time PCR system (Applied BioSystems, Thermo 

Fisher), quantitative PCR (qPCR) was carried out using hydrolysis probe chemistry.  

Expression of three genes – bPinS, GPPS, and IspS – was quantified using a standard 

curve produced from serially-diluted samples of plasmids pOSH1408 (for bPinS and 

GPPS) and pOSH1310 (for IspS) at known concentrations ranging from 1fg/μL to 

10pg/μL.  A separate reaction mix – containing Thermo Maxima 2x Master Mix, forward 

and reverse primers (0.33mM each), a 5’-FAM/3’-BHQ labelled probe (0.25mM), and 

nuclease-free water to a total volume of 24μL per reaction – was constituted for each 

gene and dispensed atop 1μL of the cDNA described above (for primer, probe sequences, 

see Appendix D).  Reactions were incubated for 10 minutes at 95°C to activate the 
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Thermo Maxima Taq polymerase, followed by 40 cycles of 15 seconds at 95°C and 60 

seconds at Ta (60°C for bPinS and IspS, 50°C for GPPS).  Samples were run in triplicate, 

with standard curve values in duplicate and a single replicate of RT-negative controls 

(1μL of purified RNA for each sample). 

 Threshold was set automatically for each gene by the StepOne
TM

 software, which 

accounted for differences in overall fluorescence between gene assays by selecting a 

value relative to maximum.  Cycles to threshold (CT) values for the serially-diluted 

plasmid standards were used to generate a standard curve, from which the cDNA/RNA 

copy number for each sample was calculated, correcting for DNA contamination present 

in the RT-negative controls.  Calculated copy number for bPinS and GPPS mRNA 

transcripts was compared to IspS levels in 7002(1310), which provided a baseline for 

high-level transgene expression.  Strain 7002(1310) consistently produces significant 

quantities of isoprene, and transcript levels of IspS controlled by the cpcB promoter are 

comparable to those of highly-expressed photosynthesis genes(43, 47). 

TRANSFORMATION PROCEDURES 

ESCHERICHIA COLI 

 As mentioned previously, E. coli is not naturally competent for uptake of 

exogenous DNA, but can be made so by physical or chemical means.  For this study, 

DH5α cells were made, through a series of low-temperature rinses in 10% glycerol, to be 

competent via high-voltage electrical shock (see Appendix C for protocol).  A 40μL 

aliquot of electrocompent DH5α, freshly thawed from -80ºC storage, was genetically 

transformed with 1μL of plasmid DNA (concentration ≲10ng/μL) added directly to the 
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cell slush.  After a short rest period, the cells + DNA were transferred to a chilled 

electroporation cuvette, loaded into a chilled electroporation chamber, and shocked at 

2.00kV across a 0.2cm gap (BIO-RAD Gene Pulser apparatus).  The cuvette was rinsed 

twice with 500μL SOC medium, with the resulting cell slurry being transferred to a 

prepared 15mL snap-cap tube.  This post-electroporation slurry was incubated at 37ºC for 

one hour with vigorous shaking before being plated onto LB plates supplemented with 

appropriate antibiotic selection and grown overnight.  Uptake of the plasmid in individual 

colonies was verified by construct-specific PCR on either extracted genomic DNA or 

isolated plasmid DNA. 

SYNECHOCOCCUS SP. PCC 7002 

 Being naturally competent for uptake of exogenous DNA, PCC 7002 need not be 

prepared specifically for genetic transformation; however, to promote high efficiency of 

transformation, the culture must be in the exponential phase of growth.  To this end, on 

the day prior to the addition of DNA, a 2mL culture of cells was diluted from stock to an 

OD750 of 0.2 in A medium (with antibiotics when appropriate).  This culture was grown 

at 39ºC with shaking, light intensity of ~200μmol photons m
-2

 s
-1

, and 3% CO2 (these 

conditions hereafter designated as the “high-CO2 incubator”) for 16-24 hours to an OD750 

of 1 to 2.  Following this preliminary growth phase, ~45μL of linear DNA amplified by 

PCR was added directly to the culture (generally ≳25ng/μL); cultures were allowed to 

rest at a slant under lighted conditions for 30-60 minutes prior to being returned to the 

high-CO2 incubator for 16-24 additional hours of growth with shaking. 
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 To select for putative transformants, DNA-exposed cultures were plated onto 

A(D7) medium (1.2% Difco
®
 Bacto

®
 agar) under appropriate selective pressures.  These 

plates were grown in the high-CO2 incubator with shading (<150μmol photons m
-2

 s
-1

) 

until colonies were observed (5-9 days), then for 3-7 more days without shade.  Colonies 

were randomly selected and patched onto fresh A(D7) + selection plates, with growth in 

the high-CO2 incubator for an additional 3-7 days. 

Selection for uptake of constructs conveying B12-independence (from plasmids 

pOSH1601-A and pOSH1601-B) required several additional steps of both selective and 

non-selective growth.  As PCC 7002 will retain vitamin B12 within the cells in the 

absence of an external source, initial outgrowth of putative transformants was carried out 

on A(D7) medium lacking B12 but supplemented with 20μg/mL of L--methionine(68–

70).  Growth under these conditions was designed to flush the systems of B12 by virtue of 

eliminating the need to synthesize methionine altogether.  Isolated colonies from initial 

non-selective platings were grown in varying sequences of replicate patch plating on non-

selective followed by selective media (i.e. A(D7) lacking both B12 and methionine) to 

screen for possible transformants.  Samples of these possible transformant patches were 

suspended in water and used as a template for colony PCR to confirm uptake of the metE 

transgene. 

VERIFICATION OF TRANSGENE UPTAKE IN SYNECHOCOCCUS SP. PCC 7002 

 A sterile loop was used to transfer a sample of cells from individual patches to 

200μL of a 35% ethanol solution, from which genomic DNA was extracted via the quick 

ethanol-based method described previously.  This gDNA extract was used as a template 
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for PCR, which amplified the target region using the forward primer from the upstream 

flanking region and the reverse primer from the downstream flanking region.  As a 

control, wild-type gDNA was also amplified from the same primers.  Other template 

sources included small volumes of low-to-moderate density liquid culture and suspended 

colony samples (cells taken from the periphery of a colony or patch and suspended in a 

small volume of sterile water).  Uptake of the transformation construct was verified by 

gel electrophoresis of the PCR products, with transformants displaying an amplicon 

consistent in size with the linear fragment used for transformation, versus the wild-type 

fragment.  Segregated transformants, which have integrated the construct into all copies 

of the genomic target region, are indicated by an exclusive presence of construct-length 

amplicons. 

PINENE CAPTURE AND QUANTIFICATION BY GAS CHROMATOGRAPHY-MASS 

SPECTROSCOPY 

Once segregated transgenic cultures of PCC 7002 were produced, it was 

necessary to ascertain the functionality of the novel enzymes by assessing pinene 

production over several days.  Two culturing strategies were used: in the first, shown in 

Figure 5A, carbon dioxide was delivered directly by bubbling culture vessels with 3% 

CO2 (aquarium water held at 38ºC); in the second (Figure 5B), cultures were grown in a 

high-CO2 incubator (3% CO2, 32ºC) with moderate shaking to allow the CO2 to passively 

permeate the culture.  In both cases, cells were initially diluted to an optical density 

(OD750) of 0.1 and overlain with a 5% v/v layer of dodecane.  Dodecane has previously 

been shown to be minimally toxic and an effective mechanism by which to capture 



43 

 

 

terpenoids out of cyanobacterial culture(39, 71).  Cultures were grown for 72-96 hours, 

after which the dodecane layer was harvested and centrifuged to remove bubbles which 

had developed over the course of the growth period.  200μL samples of these clarified 

Figure 5. Synechococcus sp. PCC 7002 cultures at the conclusion of β-pinene 

capture experiments with delivery of 3% CO2 by (A) direct injection and (B) 

ambient diffusion.  Capture of β-pinene by 5% (v/v) dodecane overlay was carried 

out by two methods: in (A), cultures were grown for 72 hours in aquaria set at 38°C 

with stirring and direct bubbling of 3% CO2 gas; in (B), cultures were grown for 96 

hours on a shaker in an incubator maintained at 32°C and 3% CO2.  At the 

conclusion of these experiments, the dodecane overlay (visible above the culture 

volume) was harvested and tested for β-pinene content by GC-MS. 
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dodecane layers were tested by gas chromatography-mass spectroscopy (GC-MS) for the 

presence of β-pinene. 

GC-MS was performed with a Thermo Focus/DSQ-II instrument equipped with a 

DB-5 column.  1μL samples were drawn from the vials at half-depth and injected at a 

1:10 split with H2 carrier gas flowing at 1.5mL/min.  Between samples, the injector was 

washed with 100% ethanol.  The temperature program began at 60ºC for two minutes, 

followed by a 12ºC/min ramp to 150ºC, a 24ºC/min ramp to 240ºC, which was held for a 

final two minutes.  The mass spectrometer was programmed to scan for ion masses 

between 40 and 250 atomic mass units (amu), and was shut off after 6.5 minutes to avoid 

flooding the detector with very broad dodecane peaks.  β-pinene standards eluted at 5.1-

5.4 minutes, with an initial dodecane peak following approximately 0.2 minutes later at 

5.3-5.6 minutes. 

Quantification of β-pinene signals was carried out within the Xcalibur software 

suite’s Qual browser (Thermo Fisher).  GC peaks in a particular trace were integrated 

using the Avalon algorithm, and the area of peaks corresponding to β-pinene was 

compared against a standard curve generated from samples of known concentration 

included in each GC-MS run.  These standards (at 0.1mg/L, 1.0mg/L, 10mg/L, 50mg/L, 

and 100mg/L) were produced by serial dilution of β-pinene (Aldrich; St. Louis, MO) in 

dodecane (Tokyo Chemical Industry Co., Ltd; Portland, OR).  β-pinene produced by the 

cultures was assumed to partition completely into the 5% v/v dodecane overlay.  Actual 

calculations were carried out in Excel, where a line of best fit was generated and used to 

convert the area of sample peaks to concentration in milligrams β-pinene produced per 
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liter of culture.  As observed values occurred at the lower end of the standard scale, the 

high standard (100mg/L) was sometimes omitted from this calculation for purposes of 

better fit.  
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CHAPTER III: RESULTS 

INITIAL TARGETING OF BPINS-GPPS-IDI GENES INTO PLASMID PAQ-1 

 Using pOSH1108 (pAQ-1::cpcB-IspS-IDI-Sm/Sp
R
) as a parent plasmid, 

overlapping primers were designed for a Gibson Assembly reaction which would insert 

the synthetic bPinS-GPPS cassette into the site previously occupied by IspS to create a 

plasmid for targeting to the high-copy pAQ-1 plasmid of Synechococcus sp. PCC 7002.  

This reaction was designed to stitch together three fragments, including the insertion 

fragment; breaking the portion of pOSH1108 being retained into two segments allowed 

for the removal of a pair of redundant restriction enzyme sites.  These three fragments – 

approximately 1kb, 3kb, and 4.7kb in size (see Figure 6A) – were amplified by PCR, 

purified, and assembled in a Gibson Assembly reaction to generate the 8.7kb plasmid 

Figure 6. PCR-amplified fragments for Gibson Assembly of (A) pAQ-1-

targeting plasmid, (B) pOSH1408, (C) pOSH1511-A, and (D) pOSH1511-B.  

(A) Visible left to right are Flank A + PcpcB (1kb), bPinS + GPPS (3kb), and IDI + 

Sm/Sp
R
 + Flank A + pUC57 (4.7kb); (B) L-R is bPinS + GPPS (3kb) and 

pOSH1310 backbone (6.1kb); (C) L-R is pUC57 backbone (2.4kb), NISFDup 

(852bp), PcpcB + bPinS (2.4kb), T7 + Km
R
 (1.4kb), and NISFDdn (769bp); (D) L-

R is pUC57 backbone + petJ2up + PcpcB (3.6kb) and GPPS + IDI + Sm/Sp
R
 + 

petJ2dn (3.6kb).  Size standards are the NEB 1kb ladder. 
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shown in Figure 7.  While PCR of the Gibson Assembly products indicated that the 

pieces had been stitched together correctly, attempts to replicate this plasmid in E. coli 

(DH5α) were unsuccessful.  In light of these difficulties, and because plasmid pAQ-1 has 

been demonstrated to be a poor targeting site in terms of stable, segregated integration of 

Figure 7. Plasmid construct for targeting bPinS and GPPS to the pAQ-1 

plasmid.  Based on pOSH1108, this construct targets a presumed-neutral site on 

the high-copy pAQ-1 plasmid (flanks B and A are homologous to this site).  The 

region intended for insertion contains bPinS, GPPS, and IDI controlled by the 

strong constitutive cpcB promoter (native to Synechocystis sp. PCC 6803) and 

marked with a streptinomycin-spectinomycin resistance cassette.  While this 

plasmid was assembled, attempts to replicate it in E. coli were unsuccessful, as 

were attempts to transform PCC 7002. 
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transgenes, this construct was abandoned to re-target the bPinS-GPPS-IDI gene cassette 

to a chromosomal site. 

RE-TARGETING OF BPINS-GPPS-IDI GENES INTO THE PETJ2 CHROMOSOMAL SITE 

 Similar to the initial pAQ-1 target, the choice to target to the petJ2 chromosomal 

site (SYNPCC7002_RS11850; a cryptic, cytochrome-like gene with no known function) 

Figure 8. Plasmid construct pOSH1408 for targeting bPinS, GPPS, and IDI to the 

chromosomal petJ2 site.  Based on pOSH1310, this plasmid contains regions of 

homology for the petJ2 cryptic, c-type cytochrome gene (petJ2 upstream and 

downstream) used to target the bPinS + GPPS + IDI + Sm/Sp
R
 segment to the 

chromosome of PCC 7002.  After assembly, this plasmid was replicated in E. coli, 

then linearized and used to transform PCC 7002. 
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was based on the availability of an existing plasmid for targeting isoprene synthesis genes 

to this site.  This plasmid, pOSH1310, served as the backbone for pOSH1408, in which 

IspS has been replaced with bPinS and GPPS (Figure 8).  This plasmid was assembled in 

two fragments: the 3kb bPinS + GPPS insert and the 6.1kb backbone containing IDI, a 

streptomycin-spectinomycin antibiotic resistance marker, the cpcB promoter, and the 

flanking regions mounted on plasmid pUC57 (Figure 6B).  Once the plasmid was 

assembled and replicated in E. coli, the 6.7kb transformation segment (i.e. the flanking 

regions and the genes housed between them) was amplified via PCR and used to directly 

transform wild-type PCC 7002.  Initial attempts at this transformation were inefficient 

(with few putative transformant colonies) and ultimately unsuccessful, with putative 

transformants exhibiting – when screened via PCR – uptake of the antibiotic resistance 

Figure 9. Evidence of transgene integration in PCC 7002 with gene segments from 

plasmids (A) pOSH1408, (B) pOSH1511-A, (C) pOSH1511-B; and (D) construct 

segregation at NISFD and petJ2 in 7002(1511).  (A) Visible left to right: PCR-

amplified petJ2 target fragment (6.7kb), an NdeI/NcoI digest (bands at 6.2kb and 2.9kb, 

undigested plasmid at 9.1kb), WT petJ2 (1.5kb), and ΔpetJ2::pOSH1408 (6.7kb); (B) 

PCR-amplified NISFD target fragment (5.5kb), an ScaI digest (bands at 4.2kb, 2.3kb, and 

1.3kb), WT NISFD (2kb), and ΔNISFD::pOSH1511-A (5.5kb); (C) PCR-amplified petJ2 

target fragment (5kb), a PstI/ScaI digest (bands at 4.4kb and 3kb), WT petJ2 (1.5kb), and 

ΔpetJ2::pOSH1511-B (5kb); (D) WT NISFD (2kb), ΔNISFD::pOSH1511-A (5.5kb), WT 

petJ2 site (1.5kb), and ΔpetJ2::pOSH1511-B (5kb).  Size standards (NEB 1kb ladder) in 

(B) and (C) have been digitally enhanced to improve visibility. 
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marker and nothing else.  After establishing, however, that the VWR-brand agar being 

used to make the selective media was having a negative effect on growth of PCC 7002 

colonies, and that Difco® agar was substantially more growth-permissive (Brandon 

Bukovitz, unpublished data), subsequent transformation reactions yielded verified 

transformants (Figure 9A).  Apparent segregation was achieved after several rounds of 

growth in and on selective media. 

SEPARATION OF THE BPINS AND GPPS GENES 

 Prior to the agar-toxicity experiment performed by Brandon Bukovitz, the 

presumed reason for the lack of PCC 7002::1408 transformants was hypothesized to be 

due to the accumulation of toxic aggregates and/or products in cells that had integrated 

the full construct.  To explore this, the novel bPinS and GPPS genes were separated into 

two constructs targeted to different chromosomal sites and marked with different 

antibiotic resistance cassettes, but each retained the cpcB promoter.  The bPinSsolo 

construct (plasmid pOSH1511-A) targeted bPinS and a kanamycin-resistance marker to 

NISFD, a neutral site located between chromosomal loci SYNPCC7002_RS04670 and 

SYNPCC7002_RS04675 which was identified by Fiona Davies (Figure 10)(39).  The 

GPPSsolo construct (plasmid pOSH1511-B) retained all of the features of pOSH1408 

save the bPinS segment (Figure 11).  
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Figure 10. Plasmid pOSH1511-A for targeting bPinS to the chromosomal site 

NISFD.  NISFD is a neutral site located between two genes in the PCC 7002 

chromosome.  pOSH1511-A targets this site for the integration of the PcpcB-controlled 

bPinS and a kanamycin resistance cassette via the homologous flanks NISFDup and 

NISFDdn.  This plasmid was assembled and replicated in E. coli, then linearized to 

transform PCC 7002.  NISFD proved to be a highly stable site for transgene 

integration, as verified transformants appeared to segregate immediately. 

After amplifying the appropriate fragments by PCR, both plasmids were  

assembled and replicated in E. coli, then linearized by PCR to transform PCC 7002 

(Figure 6 C&D).  In both cases, the transformation process was uncomplicated, as the 
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Figure 11. Plasmid pOSH1511-B for targeting GPPS and IDI genes to the petJ2 

site.  The pOSH1511-B plasmid, which targets PcpcB-controlled GPPS and IDI to the 

petJ2 site with a streptomycin-spectinomycin resistance marker, was assembled as a 

version of pOSH1408 from which the bPinS gene had been excised.  Like its parent 

plasmid, pOSH1511-B was assembled, replicated in E. coli, and linearized to 

transform PCC 7002. 

agar issue had been resolved.  Verified PCC 7002(1511-A) transformants were abundant 

and appeared, when uptake and integration was checked via PCR, to have segregated 

immediately (Figure 9B).  In comparison, PCC 7002(1511-B) transformants with genes 
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targeted to the petJ2 site were less plentiful and required multiple passages to reach full 

segregation.  PCR amplification of the petJ2 site in weeks-old culture indicated some 

reversion to the wild type, but apparent segregation was eventually achieved (Figure 9C).  

Neither transformant strain experienced notable inhibition of growth, as might be 

indicative of toxic protein aggregates or metabolites, though moderately-dense cultures of 

PCC 7002(1511-B) exhibited a more yellow-green hue than is typical of wild type PCC 

7002. 

As neither synthetic gene could be cited as the source of the abortive 

transformants observed with the pOSH1408 construct, it was necessary to examine 

whether they had a combinatorial effect on growth in PCC 7002.  To this end, a double 

transformant strain was produced by transforming PCC 7002(1511-A) with the GPPS-

IDI cassette from plasmid pOSH1511-B; for brevity, this strain is designated PCC 

7002(1511) (Figure 9D).  No growth defects were observed in this double transformant, 

nor did the variant hue of the PCC 7002(1511-B) strain persist.  While bPinS and GPPS 

did not appear to be toxic, either solo or in combination, it remained possible that 

proximity on the chromosome was a relevant variable, so transformation with PCR-

linearized pOSH1408 was attempted again, to greater success than previously. 

CHARACTERIZATION OF SYNECHOCOCCUS SP. PCC 7002 TRANSGENIC STRAINS 

 A consequence of working through the potentially toxic effects of bPinS and 

GPPS in PCC 7002 was the production of four transgenic strains (Table 2).  To examine 

phenotypic differences between these strains and the wild type with regard to growth 

under optimal conditions, the growth of each strain was monitored for approximately 



54 

 

 

seventy-two hours in Phenometrics ePBR photo-bioreactors.  Lag phase was omitted 

from analysis, as differences observed had more to do with the state of the stock culture 

used to inoculate the reactor vessel than the metabolic effects of transgene insertion.  

Figure 12 shows the growth of the wild type and four transgenic strains for sixty-five 

hours immediately following lag phase. 

 The data depicted in Figure 12 indicate that both bPinS and GPPS inflict some 

metabolic burden on PCC 7002, indicated by slowed growth in all transgenic strains.  All 

strains were started at an initial OD750 density of 0.1, but whereas the wild type reached 

Figure 12. Photoautotrophic growth of transgenic PCC 7002 strains versus the wild 

type: evidence for metabolic burden conveyed by bPinS and GPPS genes.  

Transgenic strains were grown for 72 hours in a Phenometrics ePBR under optimal 

conditions (38°C, 500μE light intensity, 3% CO2, and agitation at 500rpm).  After 

eliminating lag periods at the beginning of each curve, it became clear that the 

integration of bPinS and GPPS genes into the PCC 7002 genome slowed growth of the 

transgenic strains, as reflected by slower maximum growth rates and lower cell yields 

over the course of the experiment. 
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an OD940 of ~3 (OD750 ~6) after approximately 65 hours of growth, transgenic strains 

lagged behind at a mere half to two-thirds of that maximum.  Interestingly, 7002(1511-A) 

and 7002(1511-B) – which host bPinS and GPPS-IDI, respectively – lag somewhat 

behind 7002(1408) and 7002(1511), which each contain the full complement of 

engineered genes (albeit in different configurations). 

ANALYSIS OF PINENE PRODUCTION IN TRANSGENIC SYNECHOCOCCUS SP. PCC 7002 

 Of the four transgenic strains produced, three carry a bPinS gene, and thus the 

potential to synthesize pinene.  To ascertain whether the presence of a pinene synthase 

confers pinene production in PCC 7002 and, if pinene production is demonstrated, 

whether there is a quantifiable difference in output between the three strains (7002(1408), 

7002(1511-A), and 7002(1511)), all four strains were cultured for several days with a 

dodecane overlay to capture any monoterpene products.  The dodecane overlay was then 

harvested and tested by gas chromatography-mass spectrometry (GC-MS) to determine 

the presence of pinene. 

 The initial capture experiment, using the direct bubbling approach (Figure 5A), 

lasted 72 hours.  No pinene was detected in the dodecane overlay, the dense foam which 

had developed in the dodecane layer over the course of the experiment, or the 

chlorophyll-containing layer extracted from pelleted cells by means of a modified Bligh 

& Dyer separation protocol (methanol:dodecane:water)(72).  A second, 96-hour capture 

experiment employed the ambient-permeation method (Figure 5B), acting on the 
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Figure 13. GC-MS traces of a 10mg/L β-pinene standard (A/B) and GC traces of 

dodecane overlays following a 96hr capture experiment (C).  β-pinene passes 

through the DB-5 GC column at 5.11 min, with an initial dodecane peak following at 

5.38 min (A).  The former is characterized by mass-to-charge ratios of 93, 41, 69, and 

79 amu and the latter by m/z values of 57, 43, and 71 (B).  Dodecane overlays 

harvested from 96-hour cultures of 7002(1408), 7002(1511-A), and 7002(1511) exhibit 

the dodecane peak in their GC trace, but no detectable β-pinene peak; 7002(1511-B), 

which lacks the bPinS gene, is not expected to exhibit a β-pinene production, but 

shows the same dodecane peak at ~5.38 min (C). 
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hypothesis that bubbling the cultures with CO2 had volatilized the pinene, which had 

subsequently vented into the atmosphere.  GC-MS analysis of the clarified dodecane 

overlays and lipids extracted from the cell pellet (modified Bligh & Dyer method, as 

above) failed to demonstrate production of β-pinene in any strains (Figure 13). 

SEQUENCE AND GENE EXPRESSION ANALYSES OF TRANSGENIC STRAINS 

 The lack of evidence for β-pinene production provided by GC-MS analysis 

necessitated examination of the sequences and expression levels of the transgenic regions 

to assess possible reasons for the absence of β-pinene synthesis.  In particular, analysis of 

the DNA sequences of these regions at a pair of generational timepoints (a revived 

cryostock and a continuous stock culture) attempted to locate loss-of-function mutations 

to the coding regions of the bPinS and GPPS genes, as well as corruption of the cpcB 

promoter region that controls expression of the transgenes.  Gene expression analysis by 

reverse transcriptase-quantitative PCR (RT-qPCR) compared mRNA copy numbers for 

bPinS and GPPS in transgenic strains of PCC7002 relative to that of the highly-expressed 

IspS (isoprene synthase gene) in strain 7002(1310), a reliable isoprene-producing strain 

which served as a baseline for strong gene expression. 

 After assembling overlapping sequence data into contiguous sections and 

proofreading ambiguities to eliminate mechanical error, only three confirmed point 

mutations were located, none of which represented a plausible source of protein 

malfunction, either by interruption of transcription/translation or by codon modification.  

Two of these points of mutation – an insertion/deletion combination occurring at -50  and 

-41 bases, respectively, from the start of the cpcB promoter – were present in all strains 
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where transgenes were targeted to petJ2 (i.e. in 7002(1408), 7002(1511-B), and 

7002(1511)), and thus are likely a holdover from the ancestral pOSH1310 plasmid 

construct.  The third mutation, present at both timepoints of 7002(1511-B), is a guanine 

to thymine transversion at base 990 of GPPS; in the open reading frame, this occurs in 

the wobble position of Val-330 and thus is a silent mutation.  While this would not alter 

the amino acid sequence of the encoded GPPS enzyme, it could impact the translation 

efficiency if the mutant codon occurs at very low frequency.  Additional possible but 

unconfirmed mutations are noted in Table 3; as these points of mutation largely occur in 

regions of non-overlapping segments where the sequencing signal was beginning to 

degrade, they are assumed to be the result of irregularities in the fluorescence of 

individual bases during the sequencing reactions and not plausible sources of 

malfunction.  Sequence alignments are presented in Appendix E. 

Gene expression data for bPinS and GPPS across the four engineered strains 

generated for this study, when compared with IspS expression in 7002(1310), indicated 

that neither gene was the subject of transcriptional inhibition.  Figure 14 shows the 

mRNA transcript levels of the bPinS and GPPS genes in the assorted strains versus the 

average IspS copy number in 7002(1310).  These data indicate that expression of both 

genes under control of the cpcB promoter is not dramatically different from the high 

expression level of IspS controlled by the same promoter.  Expression of bPinS ranged 

from 37.5 - 116.9% of IspS, and GPPS at 19.2 - 164.1% of the same.  Within these data, 

there are two emergent trends: first, that petJ2 appears to be a more favorable site for 

gene expression than NISFD, as expression drops by more than half when bPinS is 



59 

 

 

relocated there in strains 7002(1511-A) and 7002(1511); second, that the efficacy of the 

cpcB promoter is reduced by distance, as GPPS expression is dramatically higher when it 

is the first gene linked to the cpcB promoter versus the second (7002(1511-B) and 

7002(1511) versus 7002(1408)).  As the petJ2-localized IspS is the first gene downstream 

of in 7002(1310), the data for bPinS and GPPS expression under identical circumstances 

is inconsistent with significant transcriptional limitation of β-pinene production.  

Standard curves and amplification plots for IspS, bPinS, and GPPS are presented in 

Appendix F. 

Table 3. Accumulated mutations in the transgenic regions of 7002 strains 1408, 

1511-A, 1511-B, and 1511 at two timepoints, as determined by sequence analysis.  

The petJ2 and NISFD regions (as appropriate) from a continuously-maintained stock 

culture (sampled Aug. 5
th

, 2016) and a revived cryostock (stored at -80°C) of each 

transgenic strain were amplified and sequenced by Sanger sequencing; each count 

represents a single base-pair which deviates from the expected sequence.  Confirmed 

mutations, occurring in multiple overlapping segments high-quality data, were minimal 

as well as universally silent from a translational perspective.   Possible mutations, which 

are defined as deviations occurring 1) in a non-overlapping segment of adequate data or 

2) in overlapping segments of poor data, are likely reported in error due to irregularities 

in fluorescence during the sequencing reaction, and thus are not considered plausible 

sources of malfunction. 

 Confirmed Mutations Possible Mutations 

 Cryostock Stock Culture Cryostock Stock Culture 

7002(1408) 2 2 4 0 

7002(1511-A) 0 0 1 4 

7002(1511-B) 3 3 1 3 

7002(1511)
FD

 0 0 1 4 

7002(1511)
J2

 2 2 3 3 
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DEVELOPMENT OF A METE-BASED SELECTION STRATEGY 

 With the dual objectives of eliminating a potentially-costly requirement prior to 

commercialization and developing a counterselective marker, cultures of wild-type PCC 

7002 were transformed with metE gene cassettes housed in plasmids pOSH1601-A and 

pOSH1601-B, which differ only in the length of the flanking regions.  Each plasmid 

Figure 14. Expression of bPinS and GPPS genes in transgenic strains in relation to 

IspS expression in actively isoprene-producing strain 7002(1310).  Expression of 

bPinS and GPPS in 7002(1408), 7002(1511-A), 7002(1511-B), and 7002(1511) was 

quantified by RT-qPCR.  mRNA transcript levels are shown (copy number per 10ng 

crude RNA extract) versus IspS mRNA transcript levels in 7002(1310) – indicated by a 

dotted line – with error bars representing standard errors.  In all cases, bPinS and GPPS 

are expressed at levels within 5-fold of IspS, although the highest degree of similarity is 

seen in genes which are localized to the same petJ2 site as in 7002(1310) and proximal 

to the cpcB promoter.  The NISFD site to which bPinS is localized in 7002(1511-A) 

and 7002(1511) exhibited consistently lower expression. 
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(Figure 15) targets metE, a gene for the terminal step in the methionine biosynthesis 

pathway sourced from E. coli, to metH, the PCC 7002 locus for the same methionine 

biosynthesis step.  Whereas the MetH enzyme requires vitamin B12 (methylcobalamin) as 

a cofactor to catalyze L--Homocysteine conversion to L--Methionine, MetE has no such 

requirement.  The B12 independence conveyed by integrating the metE gene into the PCC 

7002 genome could thus satisfy both goals. 

 Both plasmids pOSH1601-A and pOSH1601-B were synthesized by Gibson 

Assembly® using four fragments: upstream and downstream flanking regions 

homologous to the region surrounding metH, a copy of metE amplified from a culture of 

ScarabXpress® T7 E. coli, and a pUC57 plasmid backbone containing ampicillin 

Figure 15. Plasmids pOSH1601-A and pOSH1601-B for targeting the E. coli metE 

gene to the PCC 7002 metH locus.   The metE cassettes from pOSH1601-A and -B are 

designed to replace the native metH gene, which requires a vitamin B12 cofactor to 

synthesize methionine, with metE which performs the same function without B12. Both 

plasmids were replicated in E. coli after assembly, then linearized to transform PCC 

7002. 
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resistance for E. coli selection (Figure 16).  The flanking regions, which are 500-600bp 

longer in the (L) configuration of pOSH1601-B than in pOSH1601-A, were positioned in 

the region surrounding metH to maintain the native promoter and ribosome binding site 

and thus the native expression profile.  Both plasmids were successfully assembled, then 

replicated in E. coli (Figure 17).  Linear fragments, containing the metE cassette for 

integration into metH, were amplified by PCR, then added to liquid cultures of PCC 7002 

for transformation, which were initially spread onto agar lacking B12 but supplemented 

with methionine.  Replicate plating onto several combinations of non-selective and 

selective media yielded a number of putative transformants which grew well on media 

lacking both B12 and methionine, but all proved to be false positives when tested by PCR.  

Figure 16. PCR-amplified fragments for Gibson Assembly of plasmids 

(A) pOSH1601-A and (B) pOSH1601-B. (A) Visible left to right are 

amplicons from plasmids pUC57 (2.4kb), metHup (534bp), metE (2.3kb), 

and metHdn (555bp); (B) L-R is pUC57 (2.4kb), metHupL (1kb), metE 

(2.3kb), and metHdnL (1.1kb).  Size standards are the NEB 1kb ladder. 
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Furthermore, when the metH region of a mixed 

population (a suspension of confluent growth from 

an early non-selective plating) was amplified by 

PCR, there was no evidence that either construct 

had been integrated into the genome anywhere 

within the population. 

  

Figure 17. Evidence of plasmid 

assembly of (A) pOSH1601-A and 

(B) pOSH1601-B.  Visible left to 

right are the metE-containing 

pOSH1601-A linear fragment 

(3.5kb), an SphI/HindIII digest of 

the same plasmid (bands at 3.5kb 

and 2.4kb, undigested plasmid at 

5.9kb), the metE-containing 

pOSH1601-B linear fragment 

(4.5kb), and an SphI/HindIII digest 

of the same plasmid (bands at 4.5kb 

and 2.4kb).  Size standards are the 

NEB 1kb ladder. 
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CHAPTER IV: DISCUSSION 

 Efforts to divest from non-renewable energy have expanded, in recent years, from 

the elegant solutions of wind, hydro, and solar power to include biological replacements 

for transport fuels (as well other petroleum-based products)(40, 73).  While first- and 

second-generation biofuels, which convert plant products (e.g. sugars and oils) and 

biomass to substitutes for gasoline and diesel, are a step away from petroleum 

dependence, they are imperfect solutions which directly compete with food crops for 

arable land and water, and thus do not represent a viable route to significant, long-term 

divestment.  Third-generation biofuels, which are based on exploiting micro-algae and 

cyanobacteria for their biomass and hydrocarbon output, may represent a refinement of 

the processes developed for first- and second-generation biofuels into a more elegant, 

space- and resource-efficient solution to the problem of petroleum-based transport fuels.  

Cyanobacteria in particular have a higher photosynthetic efficiency than terrestrial plants, 

can be cultured on non-arable land at higher densities, and are amenable to genetic 

engineering(6, 10, 51).   

While there is still considerable work to be done in terms of preparing 

cyanobacterial biofuel systems for commercial applications, initial proofs-of-concept 

have shown that microbial synthesis of alcohols (to replace gasoline) and fatty acids (for 

refinement into biodiesel) are possible(19, 28, 74, 75).  The potential of engineered 

cyanobacteria is not, however, limited to the production of fuel for ground transportation 

– engineered terpenoid production could provide replacements for higher-density fuels, 

such as those used in aviation(41, 56).  Pinenes, a pair of monoterpenes featuring a 
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bridged bicyclic ring structure, are particularly attractive candidates for cyanobacterial 

manufacture: in addition to being energetically comparable to JP-10 (a high-density jet 

fuel) when dimerized, microbial synthesis has been demonstrated in Escherechia coli and 

Synechocystis sp. PCC 6803(57, 76). 

TROUBLESHOOTING Β-PINENE PRODUCTION 

 At its heart, this research explored the hypothesis that if terpene synthesis could 

be demonstrated in E. coli and assorted cyanobacteria, pinene synthesis could be 

demonstrated in Synechococcus sp. PCC 7002.  To date, however, there is no evidence to 

support this hypothesis – all attempts to capture β-pinene generated by transgenic 

cultures failed to establish its presence (see Figure 13).  Several additional hypotheses 

were formed to address the cultures’ inability to manifest the expected product, including 

a) the presence of a flaw in the capture system, b) the possibility of β-pinene being 

synthesized but unable to exit the cells and thus partition into the dodecane overly, c) 

genetic instability related to ploidy or an accumulation of loss-of-function mutations in 

one or more critical regions of the introduced transgenes, d) suppression of gene or 

protein expression, and e) insufficient activity of the pinene or geranyl diphosphate 

synthase enzymes. 

 The hypotheses concerning the capture method and β-pinene localization were 

examined as a component of assessing β-pinene output.  As described in Figure 5, two 

similar culturing methods were employed, each utilizing a 5% dodecane overlay to 

capture the terpenoid output.  The first of these methods, the direct-bubbling approach, 

had previously been used to culture PCC 7002 strains over periods of several days when 
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frequent observation was necessary, as in growth studies.  This approach was discarded, 

however, over concerns that the bubbling process might be volatizing the β-pinene out of 

the culture, bypassing the dodecane overlay entirely.  The addition of a cold-trap and gas-

stripping system to this culturing strategy could have allowed for the capture of volatized 

β-pinene(76, 77).  The second method, involving ambient delivery of elevated CO2 

(necessary for ideal growth), circumvented this concern, as well as more closely 

resembling the conditions employed by Davies et al in the capture of limonene and bis-

abolene, and was employed for the remainder of the capture experiments(39). 

The dodecane overlay employed in both culture methods served to preferentially 

partition any pinene produced away from the cell culture (pinene is miscible in nonpolar 

solvents, but highly insoluble in aqueous solutions).  This partitioning – which was also 

employed by Sarria et al in capturing pinene produced by E. coli – not only allowed the 

pinene to be condensed for easier detection (20-fold in a 5% v/v layer), but also alleviated 

any toxic effects an accumulation of pinene might have had on the culture(57, 78).  While 

basic solubility took care of pinene secreted into the growth media, the bulkiness and 

torsional inflexibility of the molecule versus limonene and bis-abolene left some concern 

about accumulation within the cytosol, which was addressed by performing a modified 

Bligh & Dyer lipid extract on the pelleted cells at the conclusion of the capture 

experiment(72).  Without evidence of accumulation in either location, it is difficult to 

conclude whether pinene is reliably secreted. 

Another possible concern with respect to experimental design might be the length 

of the capture period and whether there might be breakdown of the product prior to 
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detection.  A 96-hour capture period was employed in assessing output of limonene and 

bis-abolene from PCC 7002, as well as 72 hours for pinene synthesized by E. coli, but 

given that no pinene was detected anywhere within the culture system described here, it 

is prudent to address the possibility of breakdown.  A 2011 study of the 

biotransformation of monoterpenes by cyanobacteria and microalgae found that none of 

the species surveyed, including two species of Synechococcus, were able to metabolize β-

pinene(79).  Given that β-pinene exposure has a demonstrably toxic effect on liquid 

culture viablity, it can be presumed that this trend extends to PCC 7002(78).  

Additionally, as β-pinene standards were found to be stable in dodecane for at least one 

month, the likelihood of breakdown over the course of a 96-hour collection period is 

remote. 

Genetic instability of the transformant strains was a distinct possibility – 

individual loss-of-function mutations, truncation of genes, and resurgence of the wild 

type phenotype have all been observed in engineered strains of cyanobacteria(80).  

Unlike in E. coli, where the host strain is often a ΔrecA mutant to reduce the incidence of 

deleterious mutations in the gene insert, engineered cyanobacteria generally retain the full 

complement of recombination and DNA repair machinery, as the UV exposure 

necessitated by photoautotrophic growth makes obtaining a homozygous recA knockout 

extraordinarily difficult(81–85).  To examine whether mutations resulting from strong 

selection against and “repair” of transgene insertions could be responsible for the lack of 

observed pinene synthesis in the strains described here, segments of the transgenic 

regions of the genome – specifically the cpcB promoter, bPinS, GPPS, and their 
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immediate surrounds – were sequenced via the Sanger method.  Analysis of the 

assembled contiguous DNA sequences, summarized in Table 3, indicated no verifiable 

loss-of-function mutations, although signal degradation leaves some room for ambiguity, 

in particular at the 3’ end of bPinS (see Appendix E for alignments of 7002(1408) and 

7002(1511-A) transgenic regions).  Additional sequencing reactions, using primers 

placed a few hundred bases to either side of the 3’ terminus of bPinS, could easily clarify 

the presence of additional point mutations, or whether the gap observed is due to a larger 

deletion.  Ploidy-based stability, i.e. segregation of transgenic regions of the chromosome 

relative to the corresponding wild type regions, was not directly tested, as none of the 

strains were ever grown in the absence of selective pressure.  Periodic PCR amplification 

of the relevant regions, however, revealed amplicons consistent with the transgenic 

regions only and strongly suggested complete loss of the wild type. 

In the absence of a clear genetic culprit to explain non-accumulation of β-pinene, 

consideration must shift forward to gene expression.  Although all constructs were under 

the control of the strong constitutive cpcB promoter, some cellular consequence of pinene 

synthesis, or of the chromosomal sites to which transgenes were targeted, may have 

triggered transcriptional regulation (e.g. unanticipated repression or loss of activation) of 

one or more of the heterologous genes.  From the photobioreactor growth study (Figure 

12) it is known that all four strains exhibited some metabolic load as a consequence of the 

gene insertions, but the specific effects are unknown(86).  Expression data for bPinS and 

GPPS gathered via RT-qPCR, however, are inconsistent with strong repression of 

transcription.  While there were some differences, with implications for metabolic 
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engineering of cyanobacteria in general, when compared to the expression of IspS in the 

high-output 7002(1310) strain, genes in an identical chromosomal position showed 

similar expression levels; genes integrated into the NISFD site, by contrast, exhibited 

expression levels up to 5-fold lower (Figure 14).  Therefore, while part of the problem 

may be an imbalance between expression of the two enzymes (even in 7002(1511), when 

controlled by separate copies of the cpcB promoter, the site-related differences in RNA 

copy number lead to a four-fold disparity between bPinS and GPPS), the possibility of a 

problem at the protein level should not be discounted. 

Protein malfunction can be a difficult knot to unravel – issues could arise with 

translation, folding, post-translational modification, and substrate or cofactor availability.  

Checking the translation of a protein – i.e. its presence or absence within the system – is a 

relatively simple matter of performing an immunoblot.  One approach for doing so would 

be by the genetic modification of the bPinS and GPPS genes to encode a polyhistidine 

tag in the expressed proteins, which could be detected by an anti-His tag antibody.  

Ensuring the correct folding and modification of a heterologous polypeptide once its 

presence has been confirmed is more complex, especially when (as here) one is 

expressing proteins of eukaryotic origin in a prokaryotic host.  While the issue of splice 

variants can be sidestepped by utilizing a cDNA transcript as the template for a 

prokaryotic adaptation (or by working backward from an amino acid sequence), the 

folding machinery in a prokaryotic cell is simpler and the mechanisms for post-

translational modifications limited, so it may be necessary to introduce additional 

genomic alterations to compensate.  Culturing at lower temperatures and creating protein 
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fusions (e.g. with thioredoxin) have been shown to improve protein conformational 

quality in E. coli.  Overproduction of certain chaperone proteins (e.g. DnaK, DnaJ, and 

GrpE) has been effective in counteracting the tendency of some proteins to form 

inclusion bodies (87–90). 

The key, then, is to tailor the solution to the problem, and in this study, the 

problem of non-synthesis may be traceable back to the initial adaptation of bPinS and 

GPPS to PCC 7002.  Most secreted proteins, prokaryote and eukaryote alike, feature a 

short peptide at their N-terminus – termed a signal  or transit peptide – which acts as a 

sort of post code to help direct the protein to its final destination.  While signal peptides 

are conserved in general format, the specific sequence of amino acids shows no specific 

patterns(91).  In the initial characterization of the Artemisia annua β-pinene synthase, 

QH6, Lu et al successfully expressed in E. coli a truncated version of the gene that 

omitted the signal peptide that would normally localize the enzyme to the 

chloroplast(60).  Similarly, in describing the Abies grandis GPPS used here, Burke & 

Croteau observed that in E. coli, enzymes retaining the plastid-targeted signal peptide 

primarily formed inclusion bodies, whereas those which had had it truncated were readily 

soluble(92).  In other studies of microbial synthesis of monoterpenes, in particular 

utilizing pinene and limonene synthases of varying origins in E. coli, PCC 6803, and 

PCC 7002, the tactic of truncating the signal peptide was repeated(39, 57, 76, 77).  It is 

plausible that the retention of the native signal peptide in both the bPinS and GPPS genes 

used in this study had a detrimental effect on enzymatic function, and that their truncation 

or replacement with cyanobacterial equivalents would enable pinene synthesis(93, 94). 
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Of additional concern, however, is the availability of substrates and cofactors 

influencing enzymatic activity – a fully-functional bPinS could have output below the 

limits of detection if one or both is lacking.  Pinene synthases require either magnesium 

or manganese as a cofactor, and while the National Center for Biotechnology Information 

documentation for the A. annua pinene synthase indicates a magnesium binding site, it 

has been noted that conifers (such as Abies grandis, from which GPPS is adapted) prefer 

manganese.  Directed mutation of the catalytic domain has been utilized to alter this 

preference, and although both Mg and Mn are present in the A(D7) media used here (see 

Appendix A), it may be necessary to make adjustments for optimal bPinS and GPPS 

enzymatic activity(76, 95).  As has been noted previously, expression data (Figure 14) 

indicate that bPinS and GPPS transcription levels may not be well-balanced within the 

cell.  Linking these genes such that they are translated into a single fusion protein may 

improve β-pinene production both by matching expression levels and by improving the 

rate at which geranyl diphosphate encounters the bPinS active site(57). 

IMPLICATIONS FOR CYANOBACTERIAL ENGINEERING 

 Despite the failure of the current study to provide a proof-of-concept for pinene 

synthesis in a fast-growing cyanobacterium, the process has been illuminating from the 

perspective of improving cyanobacterial engineering as a whole.  In particular, the 

expression analysis provides valuable insight not only into how this particular engineered 

system functions, but also possible routes to improve terpenoid biosynthesis in general, as 

well as the efficacy of other operon-style insertions.  Compared with E. coli, 

cyanobacteria like PCC 7002 are a relatively new and underdeveloped platform for 
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metabolic engineering – any incremental improvement to output not only brings a 

particular system nearer to production goals, it improves the host for future applications. 

 The neutral insertion site between chromosomal loci SYNPCC7002_RS04670 

and SYNPCC7002_RS04675 of PCC 7002, initially described by Fiona Davies et al and 

designated NISFD here in acknowledgement, has been further characterized on two 

fronts(39).  First, transformation with the NISFD-targeted PcpcB-bPinS cassette from 

plasmid pOSH1511-A was extraordinarily rapid.  Apparent segregation had already 

occurred at the time of screening, and use of the site for a temperature-regulated isoprene 

synthesis construct exhibited the same behavior(96).  The simplicity of the transformation 

process could be advantageous for difficult-to-segregate constructs.  Second, the 

expression of bPinS at NISFD when compared to the same at petJ2 

(SYNPCC7002_RS11850) indicates an approximately 60% reduction in mRNA copies, 

even when under control of the same cpcB promoter, which remains constant in the 

presence of a second heterologous site (Figure 14).  Conventional wisdom states that sites 

nearer to the origin of replication (in PCC 7002: SYNPCC7002_RS00010, the 

chromosomal replication initiator protein) are more highly expressed, but in this case, the 

locus further downstream, petJ2, exhibits higher levels of transcription.  Thus, NISFD 

provides evidence of nuanced, site-dependent expression, which can be of use in 

optimizing a system (e.g. testing multiple sites with the same construct to maximize 

production) and in balancing a system with paired enzymes of unequal productivity. 

 Perhaps more valuable than the insights with respect to NISFD, however, is the 

indication that chains of genes controlled by the same promoter may exhibit attenuated 
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expression relative to their distance from the transcription initiation site.  Relative to its 

transcription in 7002(1408), GPPS experiences up to a 5-fold surge in mRNA copy in 

both the 7002(1511-B) and 7002(1511) strains (Figure 14).  The only difference between 

the 7002(1408) and 7002(1511-B) transgene constructs is the elimination of bPinS in the 

latter, resulting in a more proximal location of GPPS relative to the cpcB promoter 

(compare Figures Figure 8 and Figure 11).  While it would be necessary to confirm the 

trend by examining IDI gene expression, polar effects in the linked genes of an artificial 

operon, perhaps by means of mRNA secondary structures or antisense or regulatory 

RNAs, may be a contributing factor to lower-than-anticipated yields. 

METH/METE SUBSTITUTION PROSPECTS 

While it has previously been shown that PCC 7002 can be transformed with a 

heterologous copy of metE to enable growth in the absence of vitamin B12, the study 

described here demonstrates that doing so provides insufficient metabolic pressure to be 

suitable as a selective marker(65).  After the initial outgrowth period, when exogenous 

DNA is taken into the cell and homologous recombination can occur, if a “transformant” 

culture is plated onto a selective medium (i.e. in the absence of vitamin B12), a lawn 

forms as a consequence of cellular retention of vitamin B12.  If, instead, the outgrowth 

culture is plated on one or more rounds of media lacking B12, but supplemented with 

methionine to flush out the B12, cells retain both B12 and newly-acquired methionine, 

leading to false positives when selective pressure is introduced by removing the supply of 

methionine.  In either case, the attenuated selective pressure fails to separate the 

relatively few cells which incorporate the metE cassette and furthermore provides no 
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incentive to retain it over time.  Growth in liquid media is similarly fruitless – while the 

absence of B12 becomes a more acute, it is not a killing pressure, resulting in a stagnant 

but living culture.  PCC 7002, like many cyanobacteria, is polyploid (in the sense of 

having many, usually-identical copies of the same genomic elements), and consequently 

non-segregated transgenes are easily jettisoned in favor of the wild type unless incentive 

is provided to retain them(47, 50).  As such, use of metE as a selective marker is not 

recommended. 

Realization of a B12-independent strain of PCC 7002, which would be valuable in 

a commercial production setting, need not require pairing metE with an antibiotic 

resistance cassette.  CRISPR (clustered regularly interspaced short palindromic repeats) 

genome editing systems repurposes bacterial adaptive immunity machinery designed to 

cleave exogenous DNA introduced by invading viruses or plasmids, using it instead to 

target the host genome and hijack the native repair system to use an engineered repair 

template(97).  To date, the CRISPR/Cas9 system has been used to introduce markerless 

genomic modifications into a wide array of species, from human cells to many species of 

bacteria(98–100).  In cyanobacteria, however, the Cas9 nuclease system can prove 

troublesome due to its toxicity at high expression levels(101).  An alternative, less-toxic 

nuclease, Cpf1, has been employed to make markerless point mutations, deletions, 

insertions, and direct gene replacement in three strains of cyanobacteria (Synechcoccus 

elongatus UTEX 2973, PCC 6803, and Anabaena sp. PCC 7120) to high efficiency(102).  

This system, which has been made available through Addgene, is expected to work 

universally in cyanobacteria and could be used to rapidly swap metE in for metH, as was 
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attempted in the current study.  Endogenous CRISPR machinery has also been used to 

introduce markerless edits into Clostridium pasteurianum (as opposed to the 

Streptomyces lividans Cas9 system, or the Francisella novicida-derived Cpf1 

system)(103).  As PCC 7002 features three distinct CRISPRs and a number of Cas-

homologous hypothetical proteins (e.g. GenBank ACA99766.1), it may also be possible 

to achieve a markerless B12-independent strain by co-opting the native CRISPR 

machinery(104, 105). 
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CHAPTER V: CONCLUSION 

 The research described in this thesis attempted to demonstrate two proofs-of-

concept: first, that Synechococcus sp. PCC 7002 could synthesize pinene when 

supplemented with an appropriate monoterpene synthase, and second that a gene for B12-

independent methionine biosynthesis, metE, would provide sufficient selective pressure 

to be used as an alternative to antibiotic resistance cassettes.  While neither of these 

proofs has been generated, only the latter has been definitively debunked.  Indeed, 

removal or replacement of the eukaryotic sequences encoding signal peptides from the 

bPinS and GPPS genes may very well be the key to β-pinene production, and utilization 

of a cyanobacteria-optimized CRISPR editing system could easily produce the markerless 

and B12-independent strain of PCC 7002 that could not be accomplished here by 

conventional methods.  Additionally, the process of investigating why transgenic strains 

of PCC 7002 carrying bPinS failed to exhibit β-pinene output illuminated several trends 

that may prove valuable for other metabolic engineering applications.  The NISFD locus 

has been further characterized to be a site of rapid and stable transgene uptake, achieving 

segregation almost immediately, but diminished expression when compared to the petJ2 

site.  These qualities make it suitable as the target for difficult genes which either 

segregate poorly or encode over-active enzymes.  At the petJ2 site, gene order relative to 

the promoter was observed to have a profound effect on expression levels; it is unclear if 

this polar effect is directly tied to bPinS, or what the relative expression levels are 

between the second and third genes following the cpcB promoter, but the implications 

with regards to maximizing production merit further investigation.  As such, though 
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neither stated goal of this research has been accomplished, the findings have nevertheless 

laid the groundwork for successful pinene production, and contributed more generally 

toward improving PCC 7002 as a platform for economically viable biosynthesis 

applications. 
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APPENDIX A 

 

Microbial Media 
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LB Media for E. coli 

 Into approximately 900mL of ddH2O, dissolve 10 grams of tryptone, 5 grams of 

yeast extract, and 10 grams of NaCl.  Adjust the pH to 7.5 with NaOH, then fill to one 

liter.  Autoclave at 121ºC for 15 minutes to sterilize, then store at room temperature.  If 

plates are required, add 15 grams of agar prior to pH adjustment; if antibiotics are 

necessary, they should be added post-sterilization, once medium has cooled to 

approximately 50ºC, and prior to pouring plates.  One liter of media pours approximately 

30 plates, which should be stored at 4ºC once solidified. 

S.O.C. Media for Electrotransformed E. coli 

 As it is a rich medium used primarily for electotransformation, S.O.C. (and its 

precursor, S.O.B.) is primarily manufactured in small batches.  100mL may be produced 

by dissolving 0.5 grams of yeast extract, 2 grams of tryptone, 0.06 grams of NaCl, and 

0.02 grams of KCl in approximately 90mL of ddH2O.  A magnesium component is also 

required, which may be either added prior to sterilization by autoclave (121ºC for 15 

minutes), as 0.24 grams of MgSO4, or as 500μL of a separately-sterilized 2M MgCl2 

solution after the autoclaved solution is allowed to cool to approximately 60ºC.  Bringing 

this solution to 100mL total volume completes S.O.B. medium; completing S.O.C. 

medium requires an additional 2mL of filter-sterilized 20% glucose solution prior to 

filling the volume to 100mL with ddH2O.  Media may be stored at room temperature in 

small volumes, or at 4ºC to reduce the risk of contamination. 
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A(D7) Media for Synechococcus sp. PCC 7002 

Table A-1. Initial salt solution for A(D7) growth medium. 

Salt Amount per liter (g) Final Concentration (mM) 

NaCl 17.53 300 

KCl 0.6 8.0 

NaNO3 1.02 12.0 

MgSO4 / MgSO4·7H2O 2.44 / 5.0 20.0 

CaCl2 0.3 2.5 

 

 Into approximately 990mL of ddH2O, dissolve the salts shown in Table A-1, plus 

1.0mL each of a pre-sterilized 15mM FeEDTA  solution (0.62 grams FeEDTA·2H2O in 

100mL ddH2O, sterilized) and 1000x D7 micronutrients (see Table A-2 for details).  

Prepare also a 1.0M Tris-HCl solution (pH 8.2) and a 1.0M KH2PO4 solution.  Autoclave 

all solutions at 121ºC for 15 minutes, then allow to cool to approximately 50ºC.  To the 

salt base, add 8.3mL of the 1.0M Tris-HCl and 370μL of the 1.0M KH2PO4 solutions, as 

well as 100μL of 80mg/L vitamin B12 (methylcobalamin) solution.  Store at room 

temperature, or at 4ºC if supplemented with antibiotics. 

 To make A(D7) plates, first produce a 2x salt solution by dissolving the salts in 

Table A-1, plus 1.3 grams of anhydrous sodium thiosulfate (2.0 grams pentahydrate), into 

approximately 490mL ddH2O, then add 1.0mL each of 15mM FeEDTA solution and 

1000X D7 micronutrients.  Separately dissolve 12 grams of Difco® Bacto® agar in 

500mL ddH2O (VWR and Acros agars have been found to have a negative impact on 

growth of PCC 7002).  Autoclave the salt and agar solutions separately at 121ºC for 15 
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minutes; cool the salt base rapidly to 50ºC using a cool water bath, then add 8.3mL of 

1.0M Tris-HCl (pH 8.2), 370μL of 1.0M KH2PO4, 100μL of 80mg/L vitamin B12, and 

any necessary antibiotics, mixing well.  Allow the agar solution to cool to 50ºC before 

adding it to the salt solution, mixing briefly before pouring.  One liter pours 20-25 thick 

plates, which should be stored at 4ºC once solidified. 

Table A-2.  D7 micronutrient formulation, as described by Arnon et 

al(106); the Buzby et al(107) recipe may vary slightly. 

Trace Metal Molar Mass (g/mol) Amount (g/L) 

H3BO3 61.83 2.86 

MnCl2·4H2O 197.91 1.81 

ZnSO4·7H2O 287.54 0.22 

Na2MoO4·2H2O 241.95 1.26 

CuSO4·5H2O 249.68 0.079 

NaVO3 121.9 0.239 

CoCl2·6H2O 237.93 0.04 
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APPENDIX B 

 

Buffers and Reagents 
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Antibiotics 

 Stock solutions of all antibiotics are made in 1000x (w/v) solutions, relative to 

working concentrations.  Batches of antibiotic stocks are prepared by dissolving the salt 

weight described in Table B-1 in ddH2O to a total volume of 5mL; these suspensions are 

sterilized using a clean syringe attached to a 0.2μm-pore filter, dispensing into pre-

sterilized 1.5mL screw-cap tubes.  Antibiotics solutions are stored at -20ºC. 

Table B-1. Stock concentrations of antibiotics used in this study. 

Antibiotic Stock Concentration Salt per 5mL (g) 

Ampicillin 150mg/mL 0.750 

Streptomycin 50mg/mL 0.250 

Spectinomycin 50mg/mL 0.250 

Kanamycin 50mg/mL 0.250 

 

TBE Buffer (5X) for Gel Electrophoresis 

 Into ~850mL ddH2O, dissolve 54 grams of Tris base and 27.5 grams of boric acid, 

then add 20mL of 0.5M EDTA solution before adding ddH2O as necessary to 1 liter of 

total volume.  Store in a sealed bottle at room temperature, diluting to 1X as needed.  A 

crystalline precipitate may form over time – if the bottle has been sealed well to prevent 

evaporation, the fluid may be heated to return this precipitate to solution. 

10T/0.1E 

 Make 1.0M Tris-HCl (pH 7.5; 121.14g Tris base per liter) and 0.5M EDTA 

(186.12g Na2EDTA per liter); autoclave separately along with ddH2O (121ºC for 15 

minutes).  Combine 300μL 1.0M Tris-HCl with 6μL 0.5M EDTA in approximately 29mL 
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sterile ddH2O, then fill to 30mL – this produces a 10mM Tris/0.1mM EDTA solution 

suitable for long-term storage of DNA.  Aliquot into small volumes and store at room 

temperature. 

Wizard SV Miniprep Column Wash Solution 

 To 19ml sterile ddH2O, add 4.4μL of 0.5M EDTA, 450μL of 1.0M Tris-HCl (pH 

7.5) and 0.32g potassium acetate; fill to 20mL.  Alternatively, to 15mL sterile ddH2O, 

add Tris-HCl and EDTA as described, plus 3.256mL of a 1.0M potassium acetate 

solution; fill to 20mL.  To this 20mL stock, add 35mL of 95% ethanol to produce the 

working wash solution.  Store at room temperature in a sealed bottle. 

Vitamin B12 (Methylcobalamin) 

 Prepare stock solution at 80mg/mL in sterile ddH2O, then sterilize using a clean 

syringe screwed into a 0.2μm-pore filter.  Store in sterile microfuge tubes at -20ºC, 

protected from light. 

Equilibrated Phenol and Metabolic Stop Solution 

 Prepare 250mL of a 0.5M Tris solution (15.15g Tris to 250mL ddH2O) and 

100mL of a 100mM Tris-HCl solution, pH~8.2 (1.21g Tris to ~90mL ddH2O, adjust pH 

and fill to 100mL); autoclave both and degas with argon once cool.  In a clean, 500g 

brown bottle with a stir bar, dissolve 200g of phenol crystals at 65°C.  To the liquid 

phenol, add 200.0mg 8-hydroxyquinoline (to 0.1%) and stir; add 250mL sterile 0.5M Tris 

solution and stir vigorously for 30 minutes.  Store the solution overnight at 4°C to allow 

the phases to separate.  Aspirate off the top aqueous layer, taking care not to remove the 

lower layer of phenol; test pH of phenol layer (using a Pasteur pipette and pH paper) – it 
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should be ~8.0.  If the pH is as expected, add the 100mL of 100mM Tris-HCl and stir 

vigorously for 15 minutes before returning to 4°C storage for phase separation.  The two 

resultant phases are equilibrated phenol on the bottom and a protective aqueous layer on 

the top – do not remove the aqueous layer.  Store at 4°C in the dark and de-gas with 

argon after every use. 

 Metabolic stop solution is prepared as a 10X solution no more than 24 hours prior 

to use, and requires the preparation of equilibrated phenol and 0.5M Na2EDTA solution 

(pH 8.0, treated with 0.1% DEPC; adjust pH and stir with DEPC for 12 hours prior to 

autoclaving).  To prepare, mix 25 parts equilibrated phenol to 24 parts 0.5M Na2EDTA to 

1 part β-mercaptoethanol to a volume that is one-tenth the volume of the culture to be 

stopped (e.g. for a 50mL culture, 2.5mL equilibrated phenol, 2.4mL Na2EDTA, 100μL β-

mercaptoethanol).  Metabolic stop solution is best prepared in an appropriately-sized 

centrifuge bottle for the culture, then stored on ice/in a freezer prior to use; briefly agitate 

the suspension before adding culture.  Prolonged storage will allow the phenol to oxidize, 

rendering it useless for this purpose. 
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Preparation of Electrocompetent E. coli Cells 

 Innoculate 4mL of LB with a single, isolated colony of E. coli (a ΔrecA strain, 

such as DH5α or ScarabXpress® T7, is recommended) and grow overnight at 37ºC with 

moderately vigorous shaking.  Use this overnight culture to inoculate 400mL LB in a 

large (>1L) flask, which should be grown at 37ºC with vigorous shaking until an optical 

density (OD750) of 0.5-0.7 is reached (should take 3-4 hours).  While this culture is 

growing, prepare and chill: two 250mL sterilized bottles, two 50mL sterilized tubes, 

700mL 10% glycerol divided into 400mL/200mL/100mL aliquots, and 30 pre-labelled 

tubes.  Once the 400mL E. coli culture has reached the desired optical density, chill 

rapidly using an ice-water bath and divide into the two 250mL bottles (balance by 

weight) – from this point forward, the cells should be kept as cold as possible at all times. 

Centrifuge in a refrigerated centrifuge (4ºC) at 4000Xg for 5 minutes, then 

remove as much supernatant as possible (pour off, then use a transfer pipette to remove 

the remainder).  Resuspend the cells in 400mL (200mL per pellet) ice-cold 10% glycerol, 

balancing and centrifuging as before (the pellets may become slippery, requiring delicacy 

in handling and possibly multiple spins in the centrifuge to avoid losing cells).  Remove 

supernatant and repeat the centrifugation process with 200mL ice-cold 10% glycerol.  

Resuspend both pellets in the same ~90mL ice-cold 10% glycerol and divide between the 

two 50mL tubes before centrifuging as above.  Remove the supernatant and perform a 

final resuspension of all cells into the same 1.2mL ice-cold 10% glycerol – the resulting 

suspension should be an opaque, milky off-white (~10
10

 cells/mL).  Distribute 40μL 
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aliquots into the prepared tubes and store at -80ºC (flash-freezing in liquid nitrogen or a 

dry-ice/ethanol bath is optional). 

Freezer Storage of E. coli and Synechococcus strains 

 Cells may be cryopreserved in 7% DMSO suspensions.  For E. coli, this is 

accomplished by dispensing 500μL of a dense overnight culture of the target strain atop 

35μL DMSO in a pre-labelled 1.5mL screw-cap tube and mixing gently prior to freezing 

at -80ºC (flash-freezing is not usually necessary, but may help with delicate strains).  For 

Synechococcus, pellet 2mL of exponential-phase culture of the target strain, then 

resuspend in 500μL fresh A(D7) medium before transferring to a pre-labelled 1.5mL 

screw-cap tube; add 35μL DMSO and mix gently before freezing at -80ºC.  DMSO is 

stored at -20ºC, requiring brief heating at 37ºC to thaw for use. 
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Table D-1. Overlapping primers for fragment amplification and assembly of a plasmid 

construct targeting bPinS, GPPS, and IDI to the pAQ-1 plasmid of PCC 7002.  Due to 

similarities in construct construction, pOSH1408 was assembled using the bPinS + GPPS 

segment described below and a plasmid backbone from pOSH1310 (targets petJ2) 

amplified using IDI-GPPS-F and cpcB-bPinS-R. 

Amplicon Primers Sequence Source DNA 

Flank B + 

cpcB 

BF-NsiI-pUC57-F 5'-GTACTGAGAGTGCAC//ATGCAT 

CTCTCACCAAAGATTCAC-3' 

pOSH1108 

cpcB-bPinS-R 5'-GCACATTGAAGC//CATATGAA 

TTAATCTCCTACTTGAC-3' 

IDI + 

Sm/Sp
R
 + 

Flank A + 

pUC57 

IDI-GPPS-F 5’-CAGAACTAGACTAGT//AAGGAG 

ATATACCATGGCTGC-3’ 

pOSH1108 

pUC57-NsiI-B-R 5'-TGGTGAGAGATGCAT//GTGCAC 

TCTCAGTACAATCTG-3' 

bPinS + 

GPPS 

bPinS-cpcB-F 5'-CAAGTAGGAGATTAA//TTCATA 

TGGCTTCAATGTGCACC-3' 

pUC57 + 

bPinS + 

GPPS GPPS-IDI-R 5'-GTATATCTCCTT//ACTAGTCTA 

GTTCTGCCGCAAAG-3' 
 

Table D-2. Overlapping primers for fragment amplification and assembly of pOSH1511-

A (targeting bPinS to NISFD) plasmid construct. 

Amplicon Primers Sequence Source DNA 

pUC57 NISFDdn-pUC57-F 5'-CACCTCTAACTTCTTG//TGGCG 

TAATCATGGTCATAGC-3' 

pOSH1408 

NISFDup-pUC57-R 5'-GACTTTCGACTG//GTGCACTCT 

CAGTACAATCTG-3' 

NISFDup pUC57-NISFDup-F 5'-GTACTGAGAGTGCAC//CAGTC 

GAAAGTCAATATTCG-3' 

Syn7002 

chromosome 

cpcB-EcoRI-NISFDup-R 5'-CCTGAATAAAT//CAGGCGTCA 

CTGTAAGCTG-3' 

cpcB + 

bPins 

NISFDup-EcoRI-cpcB-F 5'-GACGCCTG//ATTTATTCAGGAG 

GCGAATTC-3' 

pOSH1408 

T7-KpnI-bPinS-R 5'-CCGGATCC//GGTACCTTAGATG 

GGGTTC- 3' 

T7 + Km
R
 bPinS-KpnI-T7-F 5'-CCATCTAAGGTACC//GGATCCG 

GCTGCTAACAAAG-3' 

pOSH1409 

NISFDdn-SalI-KmR-R 5'-CGACGTCGAG//GACTCATACC 

AGGCCTGAATC-3’ 

NISFDdn KmR-SalI-NISFDdn –F 5'-GGTATGAGTC//CTCGACGTCGA 

CGAAGGG-3' 

Syn7002 

chromosome 

pUC57-NISFDdn-R 5'-GATTACGCCA//CAAGAAGTTA 
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GAGGTGGAC-3’ 

 

Table D-3. Overlapping primers for fragment amplification and assembly of pOSH1511-

B (targeting GPPS and IDI to petJ2) plasmid construct. 

Amplicon Primers Sequence Source DNA 

pUC57 + 

petJ2 upst 

+ cpcB 

petJ2A4-pUC57-F 5'-GTAGCCAATCG//TGGCGTAAT 

CATGGTCATAGC-3' 

pOSH1408 

GPPS-RBS-cpcB-R 5'-CTCCTT//AATTAATCTCCTACT 

TGACTTTATG-3' 

GPPS + 

petJ2 

downst 

cpcB-PstI-GPPS-F 5’-GGAGATTAATT//AAGGAGAAA 

CTGCAGATGGC-3’ 

pOSH1408 

pUC57-petJ2A4-R 5'-GATTACGCCA//CGATTGGCTAC 

GCAACTATC-3' 

 

Table D-4. Overlapping primers for fragment amplification and assembly of pOSH1601-

A and -B (targets E. coli metE to PCC 7002 metH gene) plasmid constructs.  Longer 

flanking regions present in pOSH1601-B were achieved using “L” designated primers in 

place of the otherwise identically-named primers for pOSH1601-A. 

Amplicon Primers Sequence Source DNA 

pUC57 metHdn-HindIII-pUC57-F 5'-CAACAGCACCATCACCAAGCT// 

TGGCGTAATCATGGTCATAGC-3' 

pOSH1108 

metHup-NdeI-pUC57-R 5'- GCTACTACAGGCCGCATGC//G 

TGCACTCTCAGTACAATCTG -3' 

metHupL-SphI-pUC57-R 5'-GAGATTGGCATGC//GTGCACTC 

TCAGTACAATCTG-3' 

metHup pUC57-NdeI-metHup-F 5'-GTACTGAGAGTGCACGCATGC// 

GGCCTGTAGTAGCCAAGC-3' 

Syn7002 

chromosome 

metE-NdeI-metHup-R 5'-GATTCAATATTGT//CATATGGA 

AATGTTTCGGCG-3' 

pUC57-SphI-metHupL-F 5'-GAGAGTGCACGCATGC//CAAT 

CTCCAGTAGCTATACC-3' 

metE metE-BamHI-metHdn-F 5'-GTAATACCACCCGGGGATCC// 

CATTACCTACCACCCTGTC-3' 

E. coli 

chromosome 

pUC57-HindIII-metHdn-R 5'- GACCATGATTACGCCAAGCTT 

//GGTGATGGTGCTGTTGATG-3’ 

metE-BamHI-metHdnL-F 5'-CCACCCGGGGATCC//GATCCG 

ACAGTGATTTATGG-3' 

metHdn metHup-NdeI-metE-F 5'-GAAACATTTCCAT//ATGACAAT 

ATTGAATCACACCC-3' 

Syn7002 

chromosome 

metHdn-BamHI-metE-R 5'-GGTGGTAGGTAATGGGATCC// 

CCGGGTGGTATTACCACC-3’ 

metHdnL-BamHI-metE-R 5'-CGGATCGGATCC//CCGGGTGG 
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TATTACCACC-3' 

 

 

Table D-5. Unpaired primers for Sanger sequencing reactions. 
Primer Sequence Target 

petJ2_INT-139-F GAATAGAACCGACGCACAC cpcB promoter 

NISFD_INT-143-F GCTAGATGATGATGTAGAATTG cpcB promoter 

bPinS_INT-161-R GGCGTAATTGGCAGAACGG cpcB promoter 

GPPS_INT-147-R CTTGAAAGCCGTTGCTCGC cpcB promoter 

cpcB_INT-153-F GGTAATATCTCTCATAAATCC downstream of PcpcB 

cpcB_INT-153-R GGATTTATGAGAGATATTACC upstream of PcpcB 

bPinS_INT-87-F CCACTTTATGTATACGGATGG downstream of bPinS 

bPinS_INT-87-R CCATCCGTATACATAAAGTGG bPinS 

GPPS_INT-34-F GGTTGGCCGATTATATCGC downstream of GPPS 

GPPS_INT-34-R GCGATATAATCGGCCAACC GPPS 

T7_INT-22-R CCAACTCAGCTTCCTTTCG upstream of T7 terminator 

SmSpR_INT-68-F GGAAGAATTTGTCCACTACG downstream of Sm/Sp
R
 

KmR_INT-78-F CCTACAACAAAGCTCTCATC downstream of Km
R
 

metHup_INT-66-F GAGTAATCAGGTTAGAATATAG metE 

metE_INT-75-F CACTGGCGAACATGGTGC metH downstream flank 

metE_INT-75-R GCACCATGTTCGCCAGTG metE 

 

 

 

Table D-6. Primer/probe sets for qPCR analysis.  Primer pairs amplify short (100-200bp) 

regions of the target gene which include the probe sequence; probes are modified at the 

5’ end with a fluorescent 5-carboxyfluoresin (5-FAM) dye and at the 3’ end with a black-

hole quencher (BHQ-1) dye. 
Gene Primer/Probe ID Sequence 

IspS Syn 7002-IspS-CO Taq Probe TTCGCCGTGCATTAGATCGGTTTGTG 

Syn 7002-IspS-CO-F primer GTTTGGGTTACCGGTTTGAG 

Syn 7002-IspS-CO-R primer TCTTGGTCACCGCATCAAAG 

bPinS bPinS-qPCR-probe ATTCTCCAGGCGGTTCACCAAGAA 

bPinS-qPCR-F GAAAGTGGGCATGAATCC 

bPinS-qPCR-R CGGGAGGCTTTCTTCATATC 

GPPS GPPS-qPCR-probe CCTAACTCGCTCACAACAC 

GPPS-qPCR-low-F GCCCTCTTGTCTTTC 

GPPS-qPCR-low-R GTCTCTAAACCGACAC 
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Sequencing Alignments 
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NOTES: 

Alignments are presented in three groups, based on the originating plasmid (pOSH1408, 

pOSH1511-A, or pOSH1511-B); as such, 7002(1511) is represented in both the 

pOSH1511-A and pOSH1511-B groups.  Within these groups are two timepoints for each 

strain: “cryo” indicates that the sequence was generated from a revived cryoculture, and 

“Aug5” indicates that the sequence was generated from a stock culture which had been 

growing continuously for an additional three months following the separation of the 

frozen stocks and was sampled on August 5
th

, 2016. 

 

Points of interest are marked on the plasmid line only as follows: 

 pOSH1408 pOSH1511-A pOSH1511-B 

PcpcB 707-1268 901-1462 707-1268 

bPinS 1272-3023 1466-end n/a 

GPPS 3045-4196 n/a 1284-2435 

IDI 4216-4908 n/a 2455-3148 

 Mutations are highlighted as either confirmed or possible. 

 

 

Alignment A: pOSH1408 
                        410        420        430        440        450  

       pOSH1408  ACGGATGCCT TGAATTTAGA TGGAGGTGGA TCTTCGGCTC TCGCCCTTGG 

7002(1408) cryo  ---------T TGAATTTAGA TGGAGGTGGA TCTTCGGCTC TCGCCCTTGG 

7002(1408) Aug5  ---------- ---------- TGGAGGTGGA TCTTCGGCTC TCGCCCTTGG 

 

                        460        470        480        490        500  

       pOSH1408  CGCTAATTTA AGCGATCGCC ACCCCACTAC CGCCGGACGG GTTAACAACG 

7002(1408) cryo  CGCTAATTTA AGCGATCGCC ACCCCACTAC CGCCGGACGG GTTAACAACG 

7002(1408) Aug5  CGCTAATTTA AGCGATCGCC ACCCCACTAC CGCCGGACGG GTTAACAACG 

 

                        510        520        530        540        550  

       pOSH1408  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

7002(1408) cryo  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

7002(1408) Aug5  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

 

                        560        570        580        590        600  

       pOSH1408  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

7002(1408) cryo  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

7002(1408) Aug5  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

 

                        610        620        630        640        650  

       pOSH1408  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

7002(1408) cryo  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

7002(1408) Aug5  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

 

                        660        670        680        690        700  

       pOSH1408  GACCAGG-AT TTATTCAGGA GGCGAATTCG TTATAAAATA AACTTAACAA 

7002(1408) cryo  GACCAGGGAT TTATTC-GGA GGCGAATTCG TTATAAAATA AACTTAACAA 

7002(1408) Aug5  GACCAGGGAT TTATTC-GGA GGCGAATTCG TTATAAAATA AACTTAACAA 
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                        710        720        730        740        750  

       pOSH1408  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

7002(1408) cryo  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

7002(1408) Aug5  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

 

                        760        770        780        790        800  

       pOSH1408  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

7002(1408) cryo  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

7002(1408) Aug5  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

 

                        810        820        830        840        850  

       pOSH1408  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

7002(1408) cryo  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

7002(1408) Aug5  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

 

                        860        870        880        890        900  

       pOSH1408  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

7002(1408) cryo  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

7002(1408) Aug5  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

 

                        910        920        930        940        950  

       pOSH1408  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

7002(1408) cryo  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

7002(1408) Aug5  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

 

                        960        970        980        990       1000  

       pOSH1408  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

7002(1408) cryo  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

7002(1408) Aug5  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

 

                       1010       1020       1030       1040       1050  

       pOSH1408  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

7002(1408) cryo  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

7002(1408) Aug5  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

 

                       1060       1070       1080       1090       1100  

       pOSH1408  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

7002(1408) cryo  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

7002(1408) Aug5  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

 

                       1110       1120       1130       1140       1150  

       pOSH1408  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

7002(1408) cryo  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

7002(1408) Aug5  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

 

                       1160       1170       1180       1190       1200  

       pOSH1408  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

7002(1408) cryo  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

7002(1408) Aug5  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

 

                       1210       1220       1230       1240       1250  
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       pOSH1408  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

7002(1408) cryo  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

7002(1408) Aug5  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

 

                       1260       1270       1280       1290       1300  

       pOSH1408  TCAAGTAGGA GATTAATTCA TATGGCTTCA ATGTGCACCT TTTCTTCTCC 

7002(1408) cryo  TCAAGTAGGA GATTAATTCA TATGGCTTCA ATGTGCACCT TTTCTTCTCC 

7002(1408) Aug5  TCAAGTAGGA GATTAATTCA TATGGCTTCA ATGTGCACCT TTTCTTCTCC 

 

                       1310       1320       1330       1340       1350  

       pOSH1408  TTTTCTCTTA TGCAACAGCA GTATTAGTCG TACCAATATT GTGGCTTGCA 

7002(1408) cryo  TTTTCTCTTA TGCAACAGCA GTATTAGTCG TACCAATATT GTGGCTTGCA 

7002(1408) Aug5  TTTTCTCTTA TGCAACAGCA GTATTAGTCG TACCAATATT GTGGCTTGCA 

 

                       1360       1370       1380       1390       1400  

       pOSH1408  ATAAACAGAC GTCTACGTTG CAGGCCCAGG TTAAAAATGT GGCTACGATT 

7002(1408) cryo  ATAAACAGAC GTCTACGTTG CAGGCCCAGG TTAAAAATGT GGCTACGATT 

7002(1408) Aug5  ATAAACAGAC GTCTACGTTG CAGGCCCAGG TTAAAAATGT GGCTACGATT 

 

                       1410       1420       1430       1440       1450  

       pOSH1408  GAAACGACCA ACCGCCGTTC TGCCAATTAC GCCCCGTCCC TCTGGAGCTA 

7002(1408) cryo  GAAACGACCA ACCGCCGTTC TGCCAATTAC GCCCCGTCCC TCTGGAGCTA 

7002(1408) Aug5  GAAACGACCA ACCGCCGTTC TGCCAATTAC GCCCCGTCCC TCTGGAGCTA 

 

                       1460       1470       1480       1490       1500  

       pOSH1408  TGATTTTGTC CAGAGTTTAA GCAGCAAATA CAAAGGGGAC AATTATATGG 

7002(1408) cryo  TGATTTTGTC CAGAGTTTAA GCAGCAAATA CAAAGGGGAC AATTATATGG 

7002(1408) Aug5  TGATTTTGTC CAGAGTTTAA GCAGCAAATA CAAAGGGGAC AATTATATGG 

 

                       1510       1520       1530       1540       1550  

       pOSH1408  CCCGGTCCCG CGCCTTAAAA GGGGTCGTTC GGACGATGAT TTTAGAGGCC 

7002(1408) cryo  CCCGGTCCCG CGCCTTAAAA GGGGTCGTTC GGACGATGAT TTTAGAGGCC 

7002(1408) Aug5  CCCGGTCCCG CGCCTTAAAA GGGGTCGTTC GGACGATGAT TTTAGAGGCC 

 

                       1560       1570       1580       1590       1600  

       pOSH1408  AATGGGATTG AGAACCCCTT GTCTCTGCTC AACTTAGTTG ATGATCTCCA 

7002(1408) cryo  AATGGGATTG AGAACCCCTT GTCTCTGCTC AACTTAGTTG ATGATCTCCA 

7002(1408) Aug5  AATGGGATTG AGAACCCCTT GTCTCTGCTC AACTTAGTTG ATGATCTCCA 

 

                       1610       1620       1630       1640       1650  

       pOSH1408  ACGGTTGGGT ATCTCTTATC ACTTCTTGGA CGAAATCTCT AACGTGTTGG 

7002(1408) cryo  ACGGTTGGGT ATCTCTTATC ACTTCTTGGA CGAAATCTCT AACGTGTTGG 

7002(1408) Aug5  ACGGTTGGGT ATCTCTTATC ACTTCTTGGA CGAAATCTCT AACGTGTTGG 

 

                       1660       1670       1680       1690       1700  

       pOSH1408  AGAAAATTTA TTTAAATTTT TATAAATCCC CCGAAAAATG GACGAACATG 

7002(1408) cryo  AGAAAATTTA TTTAAATTTT TATAAATCCC CCGAAAAATG GACGAACATG 

7002(1408) Aug5  AGAAAATTTA TTTAAATTTT TATAAATCCC CCGAAAAATG GACGAACATG 

 

                       1710       1720       1730       1740       1750  

       pOSH1408  GATCTCAATC TGCGCTCCCT GGGCTTTCGC CTGTTGCGCC AACATGGTTA 

7002(1408) cryo  GATCTCAATC TGCGCTCCCT GGGCTTTCGC CTGTTGCGCC AACATGGTTA 
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7002(1408) Aug5  GATCTCAATC TGCGCTCCCT GGGCTTTCGC CTGTTGCGCC AACATGGTTA 

 

                       1760       1770       1780       1790       1800  

       pOSH1408  TCACATTCCC CAAGAGATTT TTAAAGACTT TATCGATGTG AATGGTAACT 

7002(1408) cryo  TCACATTCCC CAAGAGATTT TTAAAGACTT TATCGATGTG AATGGTAACT 

7002(1408) Aug5  TCACATTCCC CAAGAGATTT TTAAAGACTT TATCGATGTG AATGGTAACT 

 

                       1810       1820       1830       1840       1850  

       pOSH1408  TCAAGGGTGA CATCATCTCT ATGCTCAACC TCTACGAAGC CAGTTACCAC 

7002(1408) cryo  TCAAGGGTGA CATCATCTCT ATGCTCAACC TCTACGAAGC CAGTTACCAC 

7002(1408) Aug5  TCAAGGGTGA CATCATCTCT ATGCTCAACC TCTACGAAGC CAGTTACCAC 

 

                       1860       1870       1880       1890       1900  

       pOSH1408  TCTGTCGAAG AAGAATCCAT CTTAGATGAT GCGCGTGAAT TTACCACCAA 

7002(1408) cryo  TCTGTCGAAG AAGAATCCAT YTTAGATGAT GCGCGTGAAT TTACCACCAA 

7002(1408) Aug5  TCTGTCGAAG AAGAATCCAT CTTAGATGAT GCGCGTGAAT TTACCACCAA 

 

                       1910       1920       1930       1940       1950  

       pOSH1408  A-TATTTGAA AGAAACCTTG GAAAATATTG AAGATCAGAA TATCGCATTG 

7002(1408) cryo  AATATTTGAA AGAAACCTTG GAAAATATTG AAGATCAGAA TATCGCATTG 

7002(1408) Aug5  A-TATTTGAA AGAAACCTTG GAAAATATTG AAGATCAGAA TATCGCATTG 

 

                       1960       1970       1980       1990       2000  

       pOSH1408  TTTATTAGTC ACGCGCTTGT GTTTCCTTTA CATTGGATGG TGCCACGGG- 

7002(1408) cryo  TTTATTAGTC ACGCGCTTGT GTTTCCTTTA CATTGGATGG TGCCACGGGG 

7002(1408) Aug5  TTTATTAGTC ACGCGCTTGT GTTTCCTTTA CATTGGATGG TGCCACGGG- 

 

                       2010       2020       2030       2040       2050  

       pOSH1408  TGGAGACGAG TTGGTTTATT GAAGTGTACC CCAAGAAAGT GGGCATGAAT 

7002(1408) cryo  TGGAGACGAG TTGGTTTATT GAAGTGTACC CCAAGAAAGT GGGCATGAAT 

7002(1408) Aug5  TGGAGACGAG TTGGTTTATT GAAGTGTACC CCAAGAAAGT GGGCATGAAT 

 

                       2060       2070       2080       2090       2100  

       pOSH1408  CCGACGGTCC TCGAGTTCGC GAAGTTGGAT TTT-AACATT CTCCAGGCGG 

7002(1408) cryo  CCGACGGTCC TCGAGTTCGC GAAGTTGGAT TTTTAACATT CTCCAGGCGG 

7002(1408) Aug5  CCGACGGTCC TCGAGTTCGC GAAGTTGGAT TTT-AACATT CTCCAGGCGG 

 

                       2110       2120       2130       2140       2150  

       pOSH1408  TTCACCAAGA AGATATGAAG AAAGCCTCCC GTTGGTGGAA AGAAACCTGT 

7002(1408) cryo  TTCACCAAGA AGATATGAAG AAAGCCTCCC GTTGGTGGAA AGAAACCTGT 

7002(1408) Aug5  TTCACCAAGA AGATATGAAG AAAGCCTCCC GTTGGTGGAA AGAAACCTGT 

 

                       2160       2170       2180       2190       2200  

       pOSH1408  TGGGAAAAAT TTGGCTTCGC CCGGGACCGG CTCGTCGAGA ATTTCATGTG 

7002(1408) cryo  TGGGAAAAAT TTGGCTTCGC CCGGGACCGG CTCGTCGAGA ATTTCATGTG 

7002(1408) Aug5  TGGGAAAAAT TTGGCTTCGC CCGGGACCGG CTCGTCGAGA ATTTCATGTG 

 

                       2210       2220       2230       2240       2250  

       pOSH1408  GACCGTTGCC GAAAACTACT TGCCCCATTT TCAGACCGGC CGCGGTGTTC 

7002(1408) cryo  GACCGTTGCC GAAAACTACT TGCCCCATTT TCAGACCGGC CGCGGTGTTC 

7002(1408) Aug5  GACCGTTGCC GAAAACTACT TGCCCCATTT TCAGACCGGC CGCGGTGTTC 
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                       2260       2270       2280       2290       2300  

       pOSH1408  TGACCAAAGT CAATGCGATG ATCACCACCA TCGATGATGT CTACGACGTG 

7002(1408) cryo  TGACCAAAGT CAATGCGATG ATCACCACCA TCGATGATGT CTACGACGTG 

7002(1408) Aug5  TGACCAAAGT CAATGCGATG ATCACCACCA TCGATGATGT CTACGACGTG 

 

                       2310       2320       2330       2340       2350  

       pOSH1408  TATGGCACCC TCCCTGAGTT AGAATTGTTT ACCAACATTG TCAATAGCTG 

7002(1408) cryo  TATGGCACCC TCCCTGAGTT AGAATTGTTT ACCAACATTG TCAATAGCTG 

7002(1408) Aug5  TATGGCACCC TCCCTGAGTT AGAATTGTTT ACCAACATTG TCAATAGCTG 

 

                       2360       2370       2380       2390       2400  

       pOSH1408  GGACATTAAT GCCATTGATG AGCTGCCCGA TTATCTCAAA ATTTGTTTTC 

7002(1408) cryo  GGACATTAAT GCCATTGATG AGCTGCCCGA TTATCTCAAA ATTTGTTTTC 

7002(1408) Aug5  GGACATTAAT GCCATTGATG AGCTGCCCGA TTATCTCAAA ATTTGTTTTC 

 

                       2410       2420       2430       2440       2450  

       pOSH1408  TGGCGTGTTA CAACGCTACC AATGAACTGA GTTATAATAC CCTGACCAAC 

7002(1408) cryo  TGGCGTGTTA CAACGCTACC AATGAACTGA GTTATAATAC CCTGACCAAC 

7002(1408) Aug5  TGGCGTGTTA CAACGCTACC AATGAACTGA GTTATAATAC CCTGACCAAC 

 

                       2460       2470       2480       2490       2500  

       pOSH1408  AAAGGTTTTT TTGTTCATCC CTACCTCAAG AAAGCCTGGC AAGATCTCTG 

7002(1408) cryo  AAAGGTTTTT TTGTTCATCC CTACCTCAAG AAAGCCTGGC AAGATCTCTG 

7002(1408) Aug5  AAAGGTTTTT TTGTTCATCC CTACCTCAAG AAAGCCTGGC AAGATCTCTG 

 

                       2510       2520       2530       2540       2550  

       pOSH1408  TAATAGCTAC ATCATTGAAG CGAAGTGGTT TAATGACGGG TACACCCCGA 

7002(1408) cryo  TAATAGCTAC ATCATTGAAG CGAAGTGGTT TAATGACGGG TACACCCCGA 

7002(1408) Aug5  TAATAGCTAC ATCATTGAAG CGAAGTGGTT TAATGACGGG TACACCCCGA 

 

                       2560       2570       2580       2590       2600  

       pOSH1408  CGTTCAACGA ATTTATTGAG AATGCTTATA TGAGCATTGG CATCGCGCCT 

7002(1408) cryo  CGTTCAACGA ATTTATTGAG AATGCTTATA TGAGCATTGG CATCGCGCCT 

7002(1408) Aug5  CGTTCAACGA ATTTATTGAG AATGCTTATA TGAGCATTGG CATCGCGCCT 

 

                       2610       2620       2630       2640       2650  

       pOSH1408  ATCATTCGCC ATGCCTATCT CTTGACCCTC ACGAGCGTCA CGGAAGAAGC 

7002(1408) cryo  ATCATTCGCC ATGCCTATCT CTTGACCCTC ACGAGCGTCA CGGAAGAAGC 

7002(1408) Aug5  ATCATTCGCC ATGCCTATCT CTTGACCCTC ACGAGCGTCA CGGAAGAAGC 

 

                       2660       2670       2680       2690       2700  

       pOSH1408  CCTGCAACAT ATCGAACGTG CGGAGTCCAT GATTCGTAAT GCTTGCTTAA 

7002(1408) cryo  CCTGCAACAT ATCGAACGTG CGGAGTCCAT GATTCGTAAT GCTTGCTTAA 

7002(1408) Aug5  CCTGCAACAT ATCGAACGTG CGGAGTCCAT GATTCGTAAT GCTTGCTTAA 

 

                       2710       2720       2730       2740       2750  

       pOSH1408  TTGTGCGTCT CACCAATGAT ATGGGTACGA GTTCCGATGA GCTGGAACGG 

7002(1408) cryo  TTGTGCGTCT CACCAATGAT ATGGGTACGA GTTCCGATGA GCTGGAACGG 

7002(1408) Aug5  TTGTGCGTCT CACCAATGAT ATGGGTACGA GTTCCGATGA GCTGGAACGG 

 

                       2760       2770       2780       2790       2800  

       pOSH1408  GGTGATATTC CCAAGAGTAT TCAATGCTAT ATGCACGAAA GTGGCGCCAC 
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7002(1408) cryo  GGTGATATTC CCAAGAGTAT TCAATGCTAT ATGCACGAAA GTGGCGCCAC 

7002(1408) Aug5  GGTGATATTC CCAAGAGTAT TCAATGCTAT ATGCACGAAA GTGGCGCCAC 

 

                       2810       2820       2830       2840       2850  

       pOSH1408  CGAAATGGAA GCGCGTGCCT ATATCAAGCA ATTCATCGTT GAAACGTGGA 

7002(1408) cryo  CGAAATGGAA GCGCGTGCCT ATATCAAGCA ATTCATCGTT GAAACGTGGA 

7002(1408) Aug5  CGAAATGGAA GCGCGTGCCT ATATCAAGCA ATTCATCGTT GAAACGTGGA 

 

                       2860       2870       2880       2890       2900  

       pOSH1408  AGAAACTGAA TAAGGAACGC CAAGAAATCG GGTCTGAATT TCCGCAAGAA 

7002(1408) cryo  AGAAACTGAA TAAGGAACGC CAAGAAATCG GGTCTGAATT TCCGCAAGAA 

7002(1408) Aug5  AGAAACTGAA TAAGGAACGC CAAGAAATCG GGTCTGAATT TCCGCAAGAA 

 

                       2910       2920       2930       2940       2950  

       pOSH1408  TTTGTCGATT GCGTTATCAA CTTACCCCGC ATGGGCCACT TTATGTATAC 

7002(1408) cryo  TTGTCGATGC GTT------- ---------- ---------- ---------- 

7002(1408) Aug5  TT-------- ---------- ---------- ---------- ---------- 

 

                       2960       2970       2980       2990       3000  

       pOSH1408  GGATGGGGAC AAACATGGGA AGCCCGATAT GTTCAAACCT TACGTCTTTA 

7002(1408) cryo  ---------- ---------- AGCCCGATAT GTTCAAACCT TACGTCTTTA 

7002(1408) Aug5  ---------- ---------- ---------- -------CCT TACGTCTTTA 

 

                       3010       3020       3030       3040       3050  

       pOSH1408  GCTTATTCGT GAACCCCATC TAAGGTACCA AGGAGAAACT GCAGATGGCT 

7002(1408) cryo  GCTTATTCGT GAACCCCATC TAAGGTACCA AGGAGAAACT GCAGATGGCT 

7002(1408) Aug5  GCTTATTCGT GAACCCCATC TAAGGTACCA AGGAGAAACT GCAGATGGCT 

 

                       3060       3070       3080       3090       3100  

       pOSH1408  TATTCATGTA TGGCCGCAAG TTGTCACGGA CTTCATTTTA TGAATATTGC 

7002(1408) cryo  TATTCATGTA TGGCCGCAAG TTGTCACGGA CTTCATTTTA TGAATATTGC 

7002(1408) Aug5  TATTCATGTA TGGCCGCAAG TTGTCACGGA CTTCATTTTA TGAATATTGC 

 

                       3110       3120       3130       3140       3150  

       pOSH1408  TAGTCAAGAA TGCAACCTGA AACGCGGGAT CATTCCCAGC AAACGCTTGC 

7002(1408) cryo  TAGTCAAGAA TGCAACCTGA AACGCGGGAT CATTCCCAGC AAACGCTTGC 

7002(1408) Aug5  TAGTCAAGAA TGCAACCTGA AACGCGGGAT CATTCCCAGC AAACGCTTGC 

 

                       3160       3170       3180       3190       3200  

       pOSH1408  ACGGTATCAG CTCCTCTCTG TGGGCGAGCA ACGGCTTTCA AGGCCATCTC 

7002(1408) cryo  ACGGTATCAG CTCCTCTCTG TGGGCGAGCA ACGGCTTTCA AGGCCATCTC 

7002(1408) Aug5  ACGGTATCAG CTCCTCTCTG TGGGCGAGCA ACGGCTTTCA AGGCCATCTC 

 

                       3210       3220       3230       3240       3250  

       pOSH1408  GAACGGGATC TGAGTGCCTA CCGTCACTTA GTGAGTAGCT CCCGTTGCTT 

7002(1408) cryo  GAACGGGATC TGAGTGCCTA CCGTCACTTA GTGAGTAGCT CCCGTTGCTT 

7002(1408) Aug5  GAACGGGATC TGAGTGCCTA CCGTCACTTA GTGAGTAGCT CCCGTTGCTT 

 

                       3260       3270       3280       3290       3300  

       pOSH1408  GAATACGATT GCCATGTTAA GCAATCTGTC CGAACAGGCC AAAGAAAAAG 

7002(1408) cryo  GAATACGATT GCCATGTTAA GCAATCTGTC CGAACAGGCC AAAGAAAAAG 

7002(1408) Aug5  GAATACGATT GCCATGTTAA GCAATCTGTC CGAACAGGCC AAAGAAAAAG 
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                       3310       3320       3330       3340       3350  

       pOSH1408  CTACGGAGTT CGATTTTAAG GAATACCTCC ATTCCAAAGC GATCTCTGTG 

7002(1408) cryo  CTACGGAGTT CGATTTTAAG GAATACCTCC ATTCCAAAGC GATCTCTGTG 

7002(1408) Aug5  CTACGGAGTT CGATTTTAAG GAATACCTCC ATTCCAAAGC GATCTCTGTG 

 

                       3360       3370       3380       3390       3400  

       pOSH1408  AACGAAGCCT TGGAACGTGC TGTGCCCTTG CGCTACCCGG AAAAGATCCA 

7002(1408) cryo  AACGAAGCCT TGGAACGTGC TGTGCCCTTG CGCTACCCGG AAAAGATCCA 

7002(1408) Aug5  AACGAAGCCT TGGAACGTGC TGTGCCCTTG CGCTACCCGG AAAAGATCCA 

 

                       3410       3420       3430       3440       3450  

       pOSH1408  CGAAGCTATG CGTTATTCTT TACTGGCGGG TGGGAAACGC ATCCGGCCTA 

7002(1408) cryo  CGAAGCTATG CGTTATTCTT TACTGGCGGG TGGGAAACGC ATCCGGCCTA 

7002(1408) Aug5  CGAAGCTATG CGTTATTCTT TACTGGCGGG TGGGAAACGC ATCCGGCCTA 

 

                       3460       3470       3480       3490       3500  

       pOSH1408  TTCTCACCAT TGCGGCCTGT GAACTCGTGG GTGGGAGCGA AGAGCTGGCT 

7002(1408) cryo  TTCTCACCAT TGCGGCCTGT GAACTCGTGG GTGGGAGCGA AGAGCTGGCT 

7002(1408) Aug5  TTCTCACCAT TGCGGCCTGT GAACTCGTGG GTGGGAGCGA AGAGCTGGCT 

 

                       3510       3520       3530       3540       3550  

       pOSH1408  ATGCCGACCG CCTGCGCGAT GGAAATGATT CATACCATGT CCTTAATTCA 

7002(1408) cryo  ATGCCGACCG CCTGCGCGAT GGAAATGATT CATACCATGT CCTTAATTCA 

7002(1408) Aug5  ATGCCGACCG CCTGCGCGAT GGAAATGATT CATACCATGT CCTTAATTCA 

 

                       3560       3570       3580       3590       3600  

       pOSH1408  TGACGATTTG CCCAGCATGG ACAATGATGA CCTCCGTCGC GGCAAGCTCA 

7002(1408) cryo  TGACGATTTG CCCAGCATGG ACAATGATGA CCTCCGTCGC GGCAAGCTCA 

7002(1408) Aug5  TGACGATTTG CCCAGCATGG ACAATGATGA CCTCCGTCGC GGCAAGCTCA 

 

                       3610       3620       3630       3640       3650  

       pOSH1408  CCAATCATAA GGTTTTTGGT GAAGGCACGG CGGTGCTCGC CGGGGATGCC 

7002(1408) cryo  CCAATCATAA GGTTTTTGGT GAAGGCACGG CGGTGCTCGC CGGGGATGCC 

7002(1408) Aug5  CCAATCATAA GGTTTTTGGT GAAGGCACGG CGGTGCTCGC CGGGGATGCC 

 

                       3660       3670       3680       3690       3700  

       pOSH1408  CTCTTGTCTT TCGCTTTTGA ACACATTGCG GTCAGTACGC GCAAGACCGT 

7002(1408) cryo  CTCTTGTCTT TCGCTTTTGA ACACATTGCG GTCAGTACGC GCAAGACCGT 

7002(1408) Aug5  CTCTTGTCTT TCGCTTTTGA ACACATTGCG GTCAGTACGC GCAAGACCGT 

 

                       3710       3720       3730       3740       3750  

       pOSH1408  CGCTTCTCAT CGGGTGCTGC GTGTTGTGAG CGAGTTAGGC AAGGCCATTG 

7002(1408) cryo  CGCTTCTCAT CGGGTGCTGC GTGTTGTGAG CGAGTTAGGC AAGGCCATTG 

7002(1408) Aug5  CGCTTCTCAT CGGGTGCTGC GTGTTGTGAG CGAGTTAGGC AAGGCCATTG 

 

                       3760       3770       3780       3790       3800  

       pOSH1408  GTTCCCAAGG GGTGGCCGGC GGTCAGGTGG CGGATATTAC CTCCGAGGGT 

7002(1408) cryo  GTTCCCAAGG GGTGGCCGGC GGTCAGGTGG CGGATATTAC CTCCGAGGGT 

7002(1408) Aug5  GTTCCCAAGG GGTGGCCGGC GGTCAGGTGG CGGATATTAC CTCCGAGGGT 

 

                       3810       3820       3830       3840       3850  
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       pOSH1408  GACCCCAGTG TCGGTTTAGA GACGCTGGAA TGGATTCACA TTCACAAGAC 

7002(1408) cryo  GACCCCAGTG TCGGTTTAGA GACGCTGGAA TGGATTCACA TTCACAAGAC 

7002(1408) Aug5  GACCCCAGTG TCGGTTTAGA GACGCTGGAA TGGATTCACA TTCACAAGAC 

 

                       3860       3870       3880       3890       3900  

       pOSH1408  CGCGGTCCTC CTGGAATGTG CGGTGGTTTC CGGTGCCATT ATCGGTGGGG 

7002(1408) cryo  CGCGGTCCTC CTGGAATGTG CGGTGGTTTC CGGTGCCATT ATCGGTGGGG 

7002(1408) Aug5  CGCGGTCCTC CTGGAATGTG CGGTGGTTTC CGGTGCCATT ATCGGTGGGG 

 

                       3910       3920       3930       3940       3950  

       pOSH1408  CGAGTGAAAA TGAAATCGAA CGGACCGGCC GGTACGCGCG TTGTGTTGGC 

7002(1408) cryo  CGAGTGAAAA TGAAATCGAA CGGACCGGCC GGTACGCGCG TTGTGTTGGC 

7002(1408) Aug5  SGAGTGAAAA TGAAATCGAA CGGACCGGCC GGTACGCGCG TTGTGTTGGC 

 

                       3960       3970       3980       3990       4000  

       pOSH1408  CTCTTGTTTC AAGTCGTCGA TGACATCCTC GACGTTACCC GCAGCTCCGA 

7002(1408) cryo  CTCTTGTTTC AAGTCGTCGA TGACATCCTC GACGTTACCC GCAGCTCCGA 

7002(1408) Aug5  CTCTTGTTTC AAGTCGTCGA TGACATCCTC GACGTTACCC GCAGCTCCGA 

 

                       4010       4020       4030       4040       4050  

       pOSH1408  AGAGCTGGGT AAAACGGCCG GCAAAGATTT AGTGAGTGAT AAAGCTACGT 

7002(1408) cryo  AGAGCTGGGT AAAACGGCCG GCAAAGATTT AGTGAGTGAT AAAGCTACGT 

7002(1408) Aug5  AGAGCTGGGT AAAACGGCCG GCAAAGATTT AGTGAGTGAT AAAGCTACGT 

 

                       4060       4070       4080       4090       4100  

       pOSH1408  ATCCCAAATT GATGGGCTTA GAAAAAGCCA AAGAATTTGC CGATGAGCTG 

7002(1408) cryo  ATCCCAAATT GATGGGCTTA GAAAAAGCCA AAGAATTTGC CGATGAGCTG 

7002(1408) Aug5  ATCCCAAATT GATGGGCTTA GAAAAAGCCA AAGAATTTGC CGATGAGCTG 

 

                       4110       4120       4130       4140       4150  

       pOSH1408  CTCGATCGCG CCAAAGAGGA ATTGTCCTGT TTCAATCCCG CAAAAGCTGC 

7002(1408) cryo  CTCGATCGCG CCAAAGAGGA ATTGTCCTGT TTCA-TCCCG CAAAAGCTGC 

7002(1408) Aug5  CTCGATCGCG CCAAAGAGGA ATTGTCCTGT T-CAATCCCG CAAAAGCTGC 

 

                       4160       4170       4180       4190       4200  

       pOSH1408  GCCTCTCCTC GGGTTGGCCG ATTATATCGC TTTGCGGCAG AACTAGACTA 

7002(1408) cryo  GCCTCTCCTC GGGTTGGCCG ATTATATCGC TTTGCGGCAG AACTAGACTA 

7002(1408) Aug5  GCCTCTCCTC GGGTTGGCCG ATTATATCGC TTTGCGGCAG AACTAGACTA 

 

                       4210       4220       4230       4240       4250  

       pOSH1408  GTAAGGAGAT ATACCATGGC TGCTGGTATG GATGCTGTTC AACGTCGTTT 

7002(1408) cryo  GTAAGRAGAT ATACCATGGC TGCTGGTATG GATGCTGTTC AACGTCGTTT 

7002(1408) Aug5  GTAAGGAGAT ATACCATGGC TGCTGGTATG GATGCTGTTC AACGTCGTTT 

 

                       4260       4270       4280       4290       4300  

       pOSH1408  AATGTTTGAA GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG 

7002(1408) cryo  AATGTTTGAA GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG 

7002(1408) Aug5  AATGTTTGAA GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG 

 

                       4310       4320       4330       4340       4350  

       pOSH1408  GCCATGATTC TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC 

7002(1408) cryo  GCCATGATTC TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC 
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7002(1408) Aug5  GCCATGATTC TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC 

 

                       4360       4370       4380       4390       4400  

       pOSH1408  AACGCCTTGC ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA 

7002(1408) cryo  AACGCCTTGC ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA 

7002(1408) Aug5  AACGCCTTGC ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA 

 

                       4410       4420       4430       4440       4450  

       pOSH1408  GTTACTGTTA CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT 

7002(1408) cryo  GTTACTGTTA CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT 

7002(1408) Aug5  GTTACTGTTA CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT 

 

                       4460       4470       4480       4490       4500  

       pOSH1408  GGACCAATAC CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT 

7002(1408) cryo  GGACCAATAC CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT 

7002(1408) Aug5  GGACCAATAC CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT 

 

                       4510       4520       4530       4540       4550  

       pOSH1408  CATGAAGACG CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA 

7002(1408) cryo  CATGAAGACG CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA 

7002(1408) Aug5  CATGAAGACG CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA 

 

                       4560       4570       4580       4590       4600  

       pOSH1408  TGAACTAGGA ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT 

7002(1408) cryo  TGAACTAGGA ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT 

7002(1408) Aug5  TGAACTAGGA ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT 

 

                       4610       4620       4630       4640       4650  

       pOSH1408  TAGGGCGTAT TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC 

7002(1408) cryo  TAGGGCGTAT TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC 

7002(1408) Aug5  TAGGGCGTAT TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC 

 

                       4660       4670       4680       4690       4700  

       pOSH1408  GAACTGGACT ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA 

7002(1408) cryo  GAACTGGACT ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA 

7002(1408) Aug5  GAACTGGACT ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA 

 

                       4710       4720       4730       4740       4750  

       pOSH1408  TCCAGACGAA GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG 

7002(1408) cryo  TCCAGACGAA GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG 

7002(1408) Aug5  TCCAGACGAA GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG 

 

                       4760       4770       4780       4790       4800  

       pOSH1408  AATTGTTGCG GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC 

7002(1408) cryo  AATTGTTGCG GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC 

7002(1408) Aug5  AATTGTTGCG GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC 

 

                       4810       4820       4830       4840       4850  

       pOSH1408  TGGTTCCGGC TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT 

7002(1408) cryo  TGGTTCCGGC TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT 

7002(1408) Aug5  TGGTTCCGGC TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT 
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                       4860       4870       4880       4890       4900  

       pOSH1408  GGAAAAGGGG ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC 

7002(1408) cryo  GGAAAAGGGG ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC 

7002(1408) Aug5  GGAAAAGGGG ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC 

 

                       4910       4920       4930       4940       4950  

       pOSH1408  TCACATAAGG ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC 

7002(1408) cryo  TCACATAAGG ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC 

7002(1408) Aug5  TCACATAAGG ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC 

 

                       4960       4970       4980       4990       5000  

       pOSH1408  TGCTGCCACC GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCC----TCT 

7002(1408) cryo  TGCTGCCACC GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCGGCCTCT 

7002(1408) Aug5  TGCTGCCACC GCTGAGCAAT AACTAGCATA ACCCCTTGGG GC-------- 

 

Alignment B: pOSH1511-A 
                       610        620        630        640        650  

    pOSH1511-A  AGAGGTTTAT CCAGTACTGG CGCGGCAATG TTCTGCAGTT CGGTTGGTTT 

 (1511-A) cryo  ---------- ---------- ----GCAATG TTCTGCAGTT CGGTTGGTTT 

 (1511-A) Aug5  ---------- ---------- ---------- ---------- ---------- 

(1511)-FD cryo  ---------- ---------- ---------- ---TGCAGTT CGGTTGGTTT 

(1511)-FD Aug5  ---------- ---------- ---------- ---------- ---------- 

 

                       660        670        680        690        700  

    pOSH1511-A  CACAAGGACG GGCTTCTAGC ACAAATGAAG CCCGACAAAA TGAATCGACT 

 (1511-A) cryo  CACAAGGACG GGCTTCTAGC ACAAATGAAG CCCGACAAAA TGAATCGACT 

 (1511-A) Aug5  ---------- ---------- ---------- --------AA TGAATCGACT 

(1511)-FD cryo  CACAAGGACG GGCTTCTAGC ACAAATGAAG CCCGACAAAA TGAATCGACT 

(1511)-FD Aug5  ---------- ---------- -------AAG CCCGACAAAA TGAATCGACT 

 

                       710        720        730        740        750  

    pOSH1511-A  CACAATAAGC TAGATGATGA TGTAGAATTG TCTGCTAATT ACTTAAAAAC 

 (1511-A) cryo  CACAATAAGC TAGATGATGA TGTAGAATTG TCTGCTAATT ACTTAAAAAC 

 (1511-A) Aug5  CACAATAAGC TAGATGATGA TGTAGAATTG TCTGCTAATT ACTTAAAAAC 

(1511)-FD cryo  CACAATAAGC TAGATGATGA TGTAGAATTG TCTGCTAATT ACTTAAAAAC 

(1511)-FD Aug5  CACAATAAGC TAGATGATGA TGTAGAATTG TCTGCTAATT ACTTAAAAAC 

 

                       760        770        780        790        800  

    pOSH1511-A  TGAGTAAATA TAATATTTTG AATAGTGAGG AAAAATATCT CAAAGGCTAT 

 (1511-A) cryo  TGAGTAAATA TAATATTTTG AATAGTGAGG AAAAATATCT CAAAGGCTAT 

 (1511-A) Aug5  TGAGTAAATA TAATATTTTG AATAGTGAGG AAAAATATCT CAAAGGCTAT 

(1511)-FD cryo  TGAGTAAATA TAATATTTTG AATAGTGAGG AAAAATATCT CAAAGGCTAT 

(1511)-FD Aug5  TGAGTAAATA TAATATTTTG AATAGTGAGG AAAAATATCT CAAAGGCTAT 

 

                       810        820        830        840        850  

    pOSH1511-A  ATGAAAATAA AAAAAGAGCG GCTAAAAAAT CTTCAGCTTA CAGTGACGCC 

 (1511-A) cryo  ATGAAAATAA AAAAAGAGCG GCTAAAAAAT CTTCAGCTTA CAGTGACGCC 
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 (1511-A) Aug5  ATGAAAATAA AAAAAGAGCG GCTAAAAAAT CTTCAGCTTA CAGTGACGCC 

(1511)-FD cryo  ATGAAAATAA AAAAAGAGCG GCTAAAAAAT CTTCAGCTTA CAGTGACGCC 

(1511)-FD Aug5  ATGAAAATAA AAAAAGAGCG GCTAAAAAAT CTTCAGCTTA CAGTGACGCC 

 

                       860        870        880        890        900  

    pOSH1511-A  TGATTTATTC AGGAGGCGAA TTCGTTATAA AATAAACTTA ACAAATCTAT 

 (1511-A) cryo  TGATTTATTC AGGAGGCGAA TTCGTTATAA AATAAACTTA ACAAATCTAT 

 (1511-A) Aug5  TGATTTATTC AGGAGGCGAA TTCGTTATAA AATAAACTTA ACAAATCTAT 

(1511)-FD cryo  TGATTTATTC AGGAGGCGAA TTCGTTATAA AATAAACTTA ACAAATCTAT 

(1511)-FD Aug5  TGATTTATTC AGGAGGCGAA TTCGTTATAA AATAAACTTA ACAAATCTAT 

 

                       910        920        930        940        950  

    pOSH1511-A  ACCCACCTGT AGAGAAGAGT CCCTGAATAT CAAAATGGTG GGATAAAAAG 

 (1511-A) cryo  ACCCACCTGT AGAGAAGAGT CCCTGAATAT CAAAATGGTG GGATAAAAAG 

 (1511-A) Aug5  ACCCACCTGT AGAGAAGAGT CCCTGAATAT CAAAATGGTG GGATAAAAAG 

(1511)-FD cryo  ACCCACCTGT AGAGAAGAGT CCCTGAATAT CAAAATGGTG GGATAAAAAG 

(1511)-FD Aug5  ACCCACCTGT AGAGAAGAGT CCCTGAATAT CAAAATGGTG GGATAAAAAG 

 

                       960        970        980        990       1000  

    pOSH1511-A  CTCAAAAAGG AAAGTAGGCT GTGGTTCCCT AGGCAACAGT CTTCCCTACC 

 (1511-A) cryo  CTCAAAAAGG AAAGTAGGCT GTGGTTCCCT AGGCAACAGT CTTCCCTACC 

 (1511-A) Aug5  CTCAAAAAGG AAAGTAGGCT GTGGTTCCCT AGGCAACAGT CTTCCCTACC 

(1511)-FD cryo  CTCAAAAAGG AAAGTAGGCT GTGGTTCCCT AGGCAACAGT CTTCCCTACC 

(1511)-FD Aug5  CTCAAAAAGG AAAGTAGGCT GTGGTTCCCT AGGCAACAGT CTTCCCTACC 

 

                      1010       1020       1030       1040       1050  

    pOSH1511-A  CCACTGGAAA CTAAAAAAAC GAGAAAAGTT CGCACCGAAC ATCAATTGCA 

 (1511-A) cryo  CCACTGGAAA CTAAAAAAAC GAGAAAAGTT CGCACCGAAC ATCAATTGCA 

 (1511-A) Aug5  CCACTGGAAA CTAAAAAAAC GAGAAAAGTT CGCACCGAAC ATCAATTGCA 

(1511)-FD cryo  CCACTGGAAA CTAAAAAAAC GAGAAAAGTT CGCACCGAAC ATCAATTGCA 

(1511)-FD Aug5  CCACTGGAAA CTAAAAAAAC GAGAAAAGTT CGCACCGAAC ATCAATTGCA 

 

                      1060       1070       1080       1090       1100  

    pOSH1511-A  TAATTTTAGC CCTAAAACAT AAGCTGAACG AAACTGGTTG TCTTCCCTTC 

 (1511-A) cryo  TAATTTTAGC CCTAAAACAT AAGCTGAACG AAACTGGTTG TCTTCCCTTC 

 (1511-A) Aug5  TAATTTTAGC CCTAAAACAT AAGCTGAACG AAACTGGTTG TCTTCCCTTC 

(1511)-FD cryo  TAATTTTAGC CCTAAAACAT AAGCTGAACG AAACTGGTTG TCTTCCCTTC 

(1511)-FD Aug5  TAATTTTAGC CCTAAAACAT AAGCTGAACG AAACTGGTTG TCTTCCCTTC 

 

                      1110       1120       1130       1140       1150  

    pOSH1511-A  CCAATCCAGG ACAATCTGAG AATCCCCTGC AACATTACTT AACAAAAAAG 

 (1511-A) cryo  CCAATCCAGG ACAATCTGAG AATCCCCTGC AACATTACTT AACAAAAAAG 

 (1511-A) Aug5  CCAATCCAGG ACAATCTGAG AATCCCCTGC AACATTACTT AACAAAAAAG 

(1511)-FD cryo  CCAATCCAGG ACAATCTGAG AATCCCCTGC AACATTACTT AACAAAAAAG 

(1511)-FD Aug5  CCAATCCAGG ACAATCTGAG AATCCCCTGC AACATTACTT AACAAAAAAG 
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                      1160       1170       1180       1190       1200  

    pOSH1511-A  CAGGAATAAA ATTAACAAGA TGTAACAGAC ATAAGTCCCA TCACCGTTGT 

 (1511-A) cryo  CAGGAATAAA ATTAACAAGA TGTAACAGAC ATAAGTCCCA TCACCGTTGT 

 (1511-A) Aug5  CAGGAATAAA ATTAACAAGA TGTAACAGAC ATAAGTCCCA TCACCGTTGT 

(1511)-FD cryo  CAGGAATAAA ATTAACAAGA TGTAACAGAC ATAAGTCCCA TCACCGTTGT 

(1511)-FD Aug5  CAGGAATAAA ATTAACAAGA TGTAACAGAC ATAAGTCCCA TCACCGTTGT 

 

                      1210       1220       1230       1240       1250  

    pOSH1511-A  ATAAAGTTAA CTGTGGGATT GCAAAAGCAT TCAAGCCTAG GCGCTGAGCT 

 (1511-A) cryo  ATAAAGTTAA CTGTGGGATT GCAAAAGCAT TCAAGCCTAG GCGCTGAGCT 

 (1511-A) Aug5  ATAAAGTTAA CTGTGGGATT GCAAAAGCAT TCAAGCCTAG GCGCTGAGCT 

(1511)-FD cryo  ATAAAGTTAA CTGTGGGATT GCAAAAGCAT TCAAGCCTAG GCGCTGAGCT 

(1511)-FD Aug5  ATAAAGTTAA CTGTGGGATT GCAAAAGCAT TCAAGCCTAG GCGCTGAGCT 

 

                      1260       1270       1280       1290       1300  

    pOSH1511-A  GTTTGAGCAT CCCGGTGGCC CTTGTCGCTG CCTCCGTGTT TCTCCCTGGA 

 (1511-A) cryo  GTTTGAGCAT CCCGGTGGCC CTTGTCGCTG CCTCCGTGTT TCTCCCTGGA 

 (1511-A) Aug5  GTTTGAGCAT CCCGGTGGCC CTTGTCGCTG CCTCCGTGTT TCTCCCTGGA 

(1511)-FD cryo  GTTTGAGCAT CCCGGTGGCC CTTGTCGCTG CCTCCGTGTT TCTCCCTGGA 

(1511)-FD Aug5  GTTTGAGCAT CCCGGTGGCC CTTGTCGCTG CCTCCGTGTT TCTCCCTGGA 

 

                      1310       1320       1330       1340       1350  

    pOSH1511-A  TTTATTTAGG TAATATCTCT CATAAATCCC CGGGTAGTTA ACGAAAGTTA 

 (1511-A) cryo  TTTATTTAGG TAATATCTCT CATAAATCCC CGGGTAGTTA ACGAAAGTTA 

 (1511-A) Aug5  TTTATTTAGG TAATATCTCT CATAAATCCC CGGGTAGTTA ACGAAAGTTA 

(1511)-FD cryo  TTTATTTAGG TAATATCTCT CATAAATCCC CGGGTAGTTA ACGAAAGTTA 

(1511)-FD Aug5  TTTATTTAGG TAATATCTCT CATAAATCCC CGGGTAGTTA ACGAAAGTTA 

 

                      1360       1370       1380       1390       1400  

    pOSH1511-A  ATGGAGATCA GTAACAATAA CTCTAGGGTC ATTACTTTGG ACTCCCTCAG 

 (1511-A) cryo  ATGGAGATCA GTAACAATAA CTCTAGGGTC ATTACTTTGG ACTCCCTCAG 

 (1511-A) Aug5  ATGGAGATCA GTAACAATAA CTCTAGGGTC ATTACTTTGG ACTCCCTCAG 

(1511)-FD cryo  ATGGAGATCA GTAACAATAA CTCTAGGGTC ATTACTTTGG ACTCCCTCAG 

(1511)-FD Aug5  ATGGAGATCA GTAACAATAA CTCTAGGGTC ATTACTTTGG ACTCCCTCAG 

 

                      1410       1420       1430       1440       1450  

    pOSH1511-A  TTTATCCGGG GGAATTGTGT TTAAGAAAAT CCCAACTCAT AAAGTCAAGT 

 (1511-A) cryo  TTTATCCGGG GGAATTGTGT TTAAGAAAAT CCCAACTCAT AAAGTCAAGT 

 (1511-A) Aug5  TTTATCCGGG GGAATTGTGT TTAAGAAAAT CCCAACTCAT AAAGTCAAGT 

(1511)-FD cryo  TTTATCCGGG GGAATTGTGT TTAAGAAAAT CCCAACTCAT AAAGTCAAGT 

(1511)-FD Aug5  TTTATCCGGG GGAATTGTGT TTAAGAAAAT CCCAACTCAT AAAGTCAAGT 

 

                      1460       1470       1480       1490       1500  

    pOSH1511-A  AGGAGATTAA TTCATATGGC TTCAATGTGC ACCTTTTCTT CTCCTTTTCT 
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 (1511-A) cryo  AGGAGATTAA TTCATATGGC TTCAATGTGC ACCTTTTCTT CTCCTTTTCT 

 (1511-A) Aug5  AGGAGATTAA TTCATATGGC TTCAATGTGC ACCTTTTCTT CTCCTTTTCT 

(1511)-FD cryo  AGGAGATTAA TTCATATGGC TTCAATGTGC ACCTTTTCTT CTCCTTTTCT 

(1511)-FD Aug5  AGGAGATTAA TTCATATGGC TTCAATGTGC ACCTTTTCTT CTCCTTTTCT 

 

                      1510       1520       1530       1540       1550  

    pOSH1511-A  CTTATGCAAC AGCAGTATTA GTCGTACCAA TATTGTGGCT TGCAATAAAC 

 (1511-A) cryo  CTTATGCAAC AGCAGTATTA GTCGTACCAA TATTGTGGCT TGCAATAAAC 

 (1511-A) Aug5  CTTATGCAAC AGCAGTATTA GTCGTACCAA TATTGTGGCT TGCAATAAAC 

(1511)-FD cryo  CTTATGCAAC AGCAGTATTA GTCGTACCAA TATTGTGGCT TGCAATAAAC 

(1511)-FD Aug5  CTTATGCAAC AGCAGTATTA GTCGTACCAA TATTGTGGCT TGCAATAAAC 

 

                      1560       1570       1580       1590       1600  

    pOSH1511-A  AGACGTCTAC GTTGCAGGCC CAGGTTAAAA ATGTGGCTAC GATTGAAACG 

 (1511-A) cryo  AGACGTCTAC GTTGCAGGCC CAGGTTAAAA ATGTGGCTAC GATTGAAACG 

 (1511-A) Aug5  AGACGTCTAC GTTGCAGGCC CAGGTTAAAA ATGTGGCTAC GATTGAAACG 

(1511)-FD cryo  AGACGTCTAC GTTGCAGGCC CAGGTTAAAA ATGTGGCTAC GATTGAAACG 

(1511)-FD Aug5  AGACGTCTAC GTTGCAGGCC CAGGTTAAAA ATGTGGCTAC GATTGAAACG 

 

                      1610       1620       1630       1640       1650  

    pOSH1511-A  ACCAACCGCC GTTCTGCCAA TTACGCCCCG TCCCTCTGGA GCTATGATTT 

 (1511-A) cryo  ACCAACCGCC GTTCTGCCAA TTACGCCCCG TCCCTCTGGA GCTATGATTT 

 (1511-A) Aug5  ACCAACCGCC GTTCTGCCAA TTACGCCCCG TCCCTCTGGA GCTATGATTT 

(1511)-FD cryo  ACCAACCGCC GTTCTGCCAA TTACGCCCCG TCCCTCTGGA GCTATGATTT 

(1511)-FD Aug5  ACCAACCGCC GTTCTGCCAA TTACGCCCCG TCCCTCTGGA GCTATGATTT 

 

                      1660       1670       1680       1690       1700  

    pOSH1511-A  TGTCCAGAGT TTAAGCAGCA AATACAAAGG GGACAATTAT ATGGCCCGGT 

 (1511-A) cryo  TGTCCAGAGT TTAAGCAGCA AATACAAAGG GGACAATTAT ATGGCCCGGT 

 (1511-A) Aug5  TGTCCAGAGT TTAAGCAGCA AATACAAAGG GGACAATTAT ATGGCCCGGT 

(1511)-FD cryo  TGTCCAGAGT TTAAGCAGCA AATACAAAGG GGACAATTAT ATGGCCCGGT 

(1511)-FD Aug5  TGTCCAGAGT TTAAGCAGCA AATACAAAGG GGACAATTAT ATGGCCCGGT 

 

                      1710       1720       1730       1740       1750  

    pOSH1511-A  CCCGCGCCTT AAAAGGGGTC GTTCGGACGA TGATTTTAGA GGCCAATGGG 

 (1511-A) cryo  CCCGCGCCTT AAAAGGGGTC GTTCGGACGA TGATTTTAGA GGCCAATGGG 

 (1511-A) Aug5  CCCGCGCCTT AAAAGGGGTC GTTCGGACGA TGATTTTAGA GGCCAATGGG 

(1511)-FD cryo  CCCGCGCCTT AAAAGGGGTC GTTCGGACGA TGATTTTAGA GGCCAATGGG 

(1511)-FD Aug5  CCCGCGCCTT AAAAGGGGTC GTTCGGACGA TGATTTTAGA GGCCAATGGG 

 

                      1760       1770       1780       1790       1800  

    pOSH1511-A  ATTGAGAACC CCTTGTCTCT GCTCAACTTA GTTGATGATC TCCAACGGTT 

 (1511-A) cryo  ATTGAGAACC CCTTGTCTCT GCTCAACTTA GTTGATGATC TCCAACGGTT 

 (1511-A) Aug5  ATTGAGAACC CCTTGTCTCT GCTCAACTTA GTTGATGATC TCCAACGGTT 

(1511)-FD cryo  ATTGAGAACC CCTTGTCTCT GCTCAACTTA GTTGATGATC TCCAACGGTT 
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(1511)-FD Aug5  ATTGAGAACC CCTTGTCTCT GCTCAACTTA GTTGATGATC TCCAACGGTT 

 

                      1810       1820       1830       1840       1850  

    pOSH1511-A  GGGTATCTCT TATCACTTCT TGGACGAAAT CTCTAACGTG TTGGAGAAAA 

 (1511-A) cryo  GGGTATCTCT TATCACTTCT TGGACGAAAT CTCTAACGTG TTGGAGAAAA 

 (1511-A) Aug5  GGGTATCTCT TATCACTTCT TGGACGAAAT CTCTAACGTG TTGGAGAAAA 

(1511)-FD cryo  GGGTATCTCT TATCACTTCT TGGACGAAAT CTCTAACGTG TTGGAGAAAA 

(1511)-FD Aug5  GGGTATCTCT TATCACTTCT TGGACGAAAT CTCTAACGTG TTGGAGAAAA 

 

                      1860       1870       1880       1890       1900  

    pOSH1511-A  TTTATTTAAA TTTTTATAAA TCCCCCGAAA AATGGACGAA CATGGATCTC 

 (1511-A) cryo  TTTATTTAAA TTTTTATAAA TCCCCCGAAA AATGGACGAA CATGGATCTC 

 (1511-A) Aug5  TTTATTTAAA TTTTTATAAA TCCCCCGAAA AATGGACGAA CATGGATCTC 

(1511)-FD cryo  TTTATTTAAA TTTTTATAAA TCCCCCGAAA AATGGACGAA CATGGATCTC 

(1511)-FD Aug5  TTTATTTAAA TTTTTATAAA TCCCCCGAAA AATGGACGAA CATGGATCTC 

 

                      1910       1920       1930       1940       1950  

    pOSH1511-A  AATCTGCGCT CCCTGGGCTT TCGCCTGTTG CGCCAACATG GTTATCACAT 

 (1511-A) cryo  AATCTGCGCT CCCTGGGCTT TCGCCTGTTG CGCCAACATG GTTATCACAT 

 (1511-A) Aug5  AATCTGCGCT CCCTGGGCTT TCGCCTGTTG CGCCAACATG GTTATCACAT 

(1511)-FD cryo  AATCTGCGCT CCCTGGGCTT TCGCCTGTTG CGCCAACATG GTTATCACAT 

(1511)-FD Aug5  AATCTGCGCT CCCTGGGCTT TCGCCTGTTG CGCCAACATG GTTATCACAT 

 

                      1960       1970       1980       1990       2000  

    pOSH1511-A  TCCCCAAGAG ATTTTTAAAG ACTTTATCGA TGTGAATGGT AACTTCAAGG 

 (1511-A) cryo  TCCCCAAGAG ATTTTTAAAG ACTTTATCGA TGTGAATGGT AACTTCAAGG 

 (1511-A) Aug5  TCCCCAAGAG ATTTTTAAAG ACTTTATCGA TGTGAATGGT AACTTCAAGG 

(1511)-FD cryo  TCCCCAAGAG ATTTTTAAAG ACTTTATCGA TGTGAATGGT AACTTCAAGG 

(1511)-FD Aug5  TCCCCAAGAG ATTTTTAAAG ACTTTATCGA TGTGAATGGT AACTTCAAGG 

 

                      2010       2020       2030       2040       2050  

    pOSH1511-A  GTGACATCAT CTCTATGCTC AACCTCTACG AAGCCAGTTA CCACTCTGTC 

 (1511-A) cryo  GTGACATCAT CTCTATGCTC AACCTCTACG AAGCCAGTTA CCACTCTGTC 

 (1511-A) Aug5  GTGACATCAT CTCTATGCTC AACCTCTACG AAGCCAGTTA CCACTCTGTC 

(1511)-FD cryo  GTGACATCAT CTCTATGCTC AACCTCTACG AAGCCAGTTA CCACTCTGTC 

(1511)-FD Aug5  GTGACATCAT CTCTATGCTC AACCTCTACG AAGCCAGTTA CCACTCTGTC 

 

                      2060       2070       2080       2090       2100  

    pOSH1511-A  GAAGAAGAAT CCATCTTAGA TGATGCGCGT GAATTTACCA CCAAATATTT 

 (1511-A) cryo  GAAGAAGAAT CCATCTTAGA TGATGCGCGT GAATTTACCA CCAAATATTT 

 (1511-A) Aug5  GAAGAAGAAT CCATCTTAGA TGATGCGCGT GAATTTACCA CCAAATATTT 

(1511)-FD cryo  GAAGAAGAAT CCATCTTAGA TGATGCGCGT GAATTTACCA CCAAATATTT 

(1511)-FD Aug5  GAAGAAGAAT CCATCTTAGA TGATGCGCGT GAATTTACCA CCAAATATTT 

 

                      2110       2120       2130       2140       2150  
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    pOSH1511-A  GAAA-GAAAC CTTGGAAAAT ATTGAAGATC AGAA-TATCG CATTGTTTAT 

 (1511-A) cryo  GAAA-GAAAC CTTGGAAAAT ATTGAAGATC AGAA-TATCG CATTGTTTAT 

 (1511-A) Aug5  GAAA-GAAAC CTTGGAAAAT ATTGAAGATC AGAA-TATCG CATTGTTTAT 

(1511)-FD cryo  GAAA-GAAAC CTTGGAAAAT ATTGAAGATC AGAA-TATCG CATTGTTTAT 

(1511)-FD Aug5  GAAAAGAAAC CTTGGAAAAT ATTGAAGATC AGAAATATCG CATTGTTTAT 

 

                      2160       2170       2180       2190       2200  

    pOSH1511-A  TAGTCACGCG CTTGTGTTTC CTTTACATTG GATGGTGCCA CGGGTGGAGA 

 (1511-A) cryo  TAGTCACGCG CTTGTGTTTC CTTTACATTG GATGGTGCCA CGGGTGGAGA 

 (1511-A) Aug5  TAGTCACGCG CTTGTGTTTC CTTTACATTG GATGGTGCCA CGGGTGGAGA 

(1511)-FD cryo  TAGTCACGCG CTTGTGTTTC CTTTACATTG GATGGTGCCA CGGGTGGAGA 

(1511)-FD Aug5  TAGTCACGCG CTTGTGTTTC CTTTACATTG GATGGTGCCA CGGGTGGAGA 

 

                      2210       2220       2230       2240       2250  

    pOSH1511-A  CGAGTTGGTT TATTGAAGTG TACCCC-AAG AAAGTGGGCA TGAATCCGAC 

 (1511-A) cryo  CGAGTTGGTT TATTGAAGTG TACCCCCAAG AAAGTGGGCA TGAATCCGAC 

 (1511-A) Aug5  CGAGTTGGTT TATTGAAGTG TACCCC-AAG AAAGTGGGCA TGAATCCGAC 

(1511)-FD cryo  CGAGTTGGTT TATTGAAGTG TACCCCAAGA AAAGTGGGCA TGAATCCGAC 

(1511)-FD Aug5  CGAGTTGGTT TATTGAAGTG TACCCC-AAG AAAGTGGGCA TGAATCCGAC 

 

                      2260       2270       2280       2290       2300  

    pOSH1511-A  GGTCCTCGAG TTCGCGAA-G TTGGATTTTA ACATTCTCCA GGCGGTTCAC 

 (1511-A) cryo  GGTCCTCGAG TTCGCGAA-G TTGGATTTTA ACATTCTCCA GGCGGTTCAC 

 (1511-A) Aug5  GGTCCTCGAG TTCGCGAA-G TTGGATTTTA ACATTCTCCA GGCGGTTCAC 

(1511)-FD cryo  GGTCCTCGAG TTCGCGAA-G TTGGATTTTA ACATTCTCCA GGCGGTTCAC 

(1511)-FD Aug5  GGTCCTCGAG TTCGCGAAAG TTGGATTTTA ACATTCTCCA GGCGGTTCAC 

 

                      2310       2320       2330       2340       2350  

    pOSH1511-A  CAAGAAGATA TGAAGAAAGC CTCCCGTTGG TGGAAAGAAA CCTGTTGGGA 

 (1511-A) cryo  CAAGAAGATA TGAAGAAAGC CTCCCGTTGG TGGAAAGAAA CCTGTTGGGA 

 (1511-A) Aug5  CAAGAAGATA TGAAGAAAGC CTCCCGTTGG TGGAAAGAAA CCTGKTGGGA 

(1511)-FD cryo  CAAGAAGATA TGAAGAAAGC CTCCCGTTGG TGGAAAGAAA CCTGTTGGGA 

(1511)-FD Aug5  CAAGAAGATA TGAAGAAAGC CTCCCGTTGG TGGAAAGAAA CCTGTTGGGA 

 

                      2360       2370       2380       2390       2400  

    pOSH1511-A  AAAATTTGGC TTCGCCCGGG ACCGGCTCGT CGAGAATTTC ATGTGGACCG 

 (1511-A) cryo  AAAATTTGGC TTCGCCCGGG ACCGGCTCGT CGAGAATTTC ATGTGGACCG 

 (1511-A) Aug5  AAAAWTTGGC TTCGCCCGGG ACCGGCTCGT CGAGAATTTC ATGTGGACCG 

(1511)-FD cryo  AAAATTTGGC TTCGCCCGGG ACCGGCTCGT CGAGAATTTC ATGTGGACCG 

(1511)-FD Aug5  AAAATTTGGC TTCGCCCGGG ACCGGCTCGT CGAGAATTTC ATGTGGACCG 

 

                      2410       2420       2430       2440       2450  

    pOSH1511-A  TTGCCGAAAA CTACTTGCCC CATTTTCAGA CCGGCCGCGG TGTTCTGACC 

 (1511-A) cryo  TTGCCGAAAA CTACTTGCCC CATTTTCAGA CCGGCCGCGG TGTTCTGACC 

 (1511-A) Aug5  TTGCCGAAAA CTACTTGCCC CATTTTCAGA CCGGCCGCGG TGTTCTGACC 
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(1511)-FD cryo  TTGCCGAAAA CTACTTGCCC CATTTTCAGA CCGGCCGCGG TGTTCTGACC 

(1511)-FD Aug5  TTGCCGAAAA CTACTTGCCC CATTTTCAGA CCGGCCGCGG TGTTCTGACC 

 

                      2460       2470       2480       2490       2500  

    pOSH1511-A  AAAGTCAATG CGATGATCAC CACCATCGAT GATGTCTACG ACGTGTATGG 

 (1511-A) cryo  AAAGTCAATG CGATGATCAC CACCATCGAT GATGTCTACG ACGTGTATGG 

 (1511-A) Aug5  AAAGTCAATG CGATGATCAC CACCATCGAT GATGTCTACG ACGTGTATGG 

(1511)-FD cryo  AAAGTCAATG CGATGATCAC CACCATCGAT GATGTCTACG ACGTGTATGG 

(1511)-FD Aug5  AAAGTCAATG CGATGATCAC CACCATCGAT GATGTCTACG ACGTGTATGG 

 

                      2510       2520       2530       2540       2550  

    pOSH1511-A  CACCCTCCCT GAGTTAGAAT TGTTTACCAA CATTGTCAAT AGCTGGGACA 

 (1511-A) cryo  CACCCTCCCT GAGTTAGAAT TGTTTACCAA CATTGTCAAT AGCTGGGACA 

 (1511-A) Aug5  CACCCTCCCT GAGTTAGAAT TGTTTACCAA CATTGTCAAT AGCTGGGACA 

(1511)-FD cryo  CACCCTCCCT GAGTTAGAAT TGTTTACCAA CATTGTCAAT AGCTGGGACA 

(1511)-FD Aug5  CACCCTCCCT GAGTTAGAAT TGTTTACCAA CATTGTCAAT AGCTGGGACA 

 

                      2560       2570       2580       2590       2600  

    pOSH1511-A  TTAATGCCAT TGATGAGCTG CCCGATTATC TCAAAATTTG TTTTCTGGCG 

 (1511-A) cryo  TTAATGCCAT TGATGAGCTG CCCGATTATC TCAAAATTTG TTTTCTGGCG 

 (1511-A) Aug5  TTAATGCCAT TGATGAGCTG CCCGATTATC TCAAAATTTG TTTTCTGGCG 

(1511)-FD cryo  TTAATGCCAT TGATGAGCTG CCCGATTATC TCAAAATTTG TTTTCTGGCG 

(1511)-FD Aug5  TTAATGCCAT TGATGAGCTG CCCGATTATC TCAAAATTTG TTTTCTGGCG 

 

                      2610       2620       2630       2640       2650  

    pOSH1511-A  TGTTACAACG CTACCAATGA ACTGAGTTAT AATACCCTGA CCAACAAAGG 

 (1511-A) cryo  TGTTACAACG CTACCAATGA ACTGAGTTAT AATACCCTGA CCAACAAAGG 

 (1511-A) Aug5  TGTTACAACG CTACCAATGA ACTGAGTTAT AATACCCTGA CCAACAAAGG 

(1511)-FD cryo  TGTTACAACG CTACCAATGA ACTGAGTTAT AATACCCTGA CCAACAAAGG 

(1511)-FD Aug5  TGTTACAACG CTACCAATGA ACTGAGTTAT AATACCCTGA CCAACAAAGG 

 

                      2660       2670       2680       2690       2700  

    pOSH1511-A  TTTTTTTGTT CATCCCTACC TCAAGAAAGC CTGGCAAGAT CTCTGTAATA 

 (1511-A) cryo  TTTTTTTGTT CATCCCTACC TCAAGAAAGC CTGGCAAGAT CTCTGTAATA 

 (1511-A) Aug5  TTTTTTTGTT CATCCCTACC TCAAGAAAGC CTGGCAAGAT CTCTGTAATA 

(1511)-FD cryo  TTTTTTTGTT CATCCCTACC TCAAGAAAGC CTGGCAAGAT CTCTGTAATA 

(1511)-FD Aug5  TTTTTTTGTT CATCCCTACC TCAAGAAAGC CTGGCAAGAT CTCTGTAATA 

 

                      2710       2720       2730       2740       2750  

    pOSH1511-A  GCTACATCAT TGAAGCGAAG TGGTTTAATG ACGGGTACAC CCCGACGTTC 

 (1511-A) cryo  GCTACATCAT TGAAGCGAAG TGGTTTAATG ACGGGTACAC CCCGACGTTC 

 (1511-A) Aug5  GCTACATCAT TGAAGCGAAG TGGTTTAATG ACGGGTACAC CCCGACGTTC 

(1511)-FD cryo  GCTACATCAT TGAAGCGAAG TGGTTTAATG ACGGGTACAC CCCGACGTTC 

(1511)-FD Aug5  GCTACATCAT TGAAGCGAAG TGGTTTAATG ACGGGTACAC CCCGACGTTC 
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                      2760       2770       2780       2790       2800  

    pOSH1511-A  AACGAATTTA TTGAGAATGC TTATATGAGC ATTGGCATCG CGCCTATCAT 

 (1511-A) cryo  AACGAATTTA TTGAGAATGC TTATATGAGC ATTGGCATCG CGCCTATCAT 

 (1511-A) Aug5  AACGAATTTA TTGAGAATGC TTATATGAGC ATTGGCATCG CGCCTATCAT 

(1511)-FD cryo  AACGAATTTA TTGAGAATGC TTATATGAGC ATTGGCATCG CGCCTATCAT 

(1511)-FD Aug5  AACGAATTTA TTGAGAATGC TTATATGAGC ATTGGCATCG CGCCTATCAT 

 

                      2810       2820       2830       2840       2850  

    pOSH1511-A  TCGCCATGCC TATCTCTTGA CCCTCACGAG CGTCACGGAA GAAGCCCTGC 

 (1511-A) cryo  TCGCCATGCC TATCTCTTGA CCCTCACGAG CGTCACGGAA GAAGCCCTGC 

 (1511-A) Aug5  TCGCCATGCC TATCTCTTGA CCCTCACGAG CGTCACGGAA GAAGCCCTGC 

(1511)-FD cryo  TCGCCATGCC TATCTCTTGA CCCTCACGAG CGTCACGGAA GAAGCCCTGC 

(1511)-FD Aug5  TCGCCATGCC TATCTCTTGA CCCTCACGAG CGTCACGGAA GAAGCCCTGC 

 

                      2860       2870       2880       2890       2900  

    pOSH1511-A  AACATATCGA ACGTGCGGAG TCCATGATTC GTAATGCTTG CTTAATTGTG 

 (1511-A) cryo  AACATATCGA ACGTGCGGAG TCCATGATTC GTAATGCTTG CTTAATTGTG 

 (1511-A) Aug5  AACATATCGA ACGTGCGGAG TCCATGATTC GTAATGCTTG CTTAATTGTG 

(1511)-FD cryo  AACATATCGA ACGTGCGGAG TCCATGATTC GTAATGCTTG CTTAATTGTG 

(1511)-FD Aug5  AACATATCGA ACGTGCGGAG TCCATGATTC GTAATGCTTG CTTAATTGTG 

 

                      2910       2920       2930       2940       2950  

    pOSH1511-A  CGTCTCACCA ATGATATGGG TACGAGTTCC GATGAGCTGG AACGGGGTGA 

 (1511-A) cryo  CGTCTCACCA ATGATATGGG TACGAGTTCC GATGAGCTGG AACGGGGTGA 

 (1511-A) Aug5  CGTCTCACCA ATGATATGGG TACGAGTTCC GATGAGCTGG AACGGGGTGA 

(1511)-FD cryo  CGTCTCACCA ATGATATGGG TACGAGTTCC GATGAGCTGG AACGGGGTGA 

(1511)-FD Aug5  CGTCTCACCA ATGATATGGG TACGAGTTCC GATGAGCTGG AACGGGGTGA 

 

                      2960       2970       2980       2990       3000  

    pOSH1511-A  TATTCCCAAG AGTATTCAAT GCTATATGCA CGAAAGTGGC GCCACCGAAA 

 (1511-A) cryo  TATTCCCAAG AGTATTCAAT GCTATATGCA CGAAAGTGGC GCCACCGAAA 

 (1511-A) Aug5  TATTCCCAAG AGTATTCAAT GCTATATGCA CGAAAGTGGC GCCACCGAAA 

(1511)-FD cryo  TATTCCCAAG AGTATTCAAT GCTATATGCA CGAAAGTGGC GCCACCGAAA 

(1511)-FD Aug5  TATTCCCAAG AGTATTCAAT GCTATATGCA CGAAAGTGGC GCCACCGAAA 

 

                      3010       3020       3030       3040       3050  

    pOSH1511-A  TGGAAGCGCG TGCCTATATC AAGCAATTCA TCGTTGAAAC GTGGAAGAA- 

 (1511-A) cryo  TGGAAGCGCG TGCCTATATC AAGCAATTCA TCGTTGAAAC GTGGAAGAA- 

 (1511-A) Aug5  TGGAAGCGCG TGCCTATATC AAGCAATTCA TCGTTGAAAC GTGGAAGAAG 

(1511)-FD cryo  TGGAAGCGCG TGCCTATATC AAGCAATTCA TCGTTGAAAC GTGGAAGAA- 

(1511)-FD Aug5  TGGAAGCGCG TGCCTATATC AAGCAATTCA TCGTTGAAAC GTGGAAGAA- 

 

                      3060       3070       3080       3090       3100  

    pOSH1511-A  ACTGAATAAG GAACGCCAAG AAATCGGGTC TGAATTTCCG CAAGAATTTG 

 (1511-A) cryo  ACTGAATAAG GAACGCCAAG AAATCGGGTC TGAATTTCCG CAAGAATTTG 
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 (1511-A) Aug5  ACTGAATAAG GAACGCCAAG AAATCGGGTC TGAATTTCCG CAAGAATT-G 

(1511)-FD cryo  ACTGAATAAG GAACGCCAAG AAATCGGGTC TGAATTTCCG CAAGAATT-G 

(1511)-FD Aug5  ACTGAATAAG GAACGCCAAG AAATCGGGTC TGAATTTCCG CAAGAATTTG 

 

                      3110       3120       3130       3140       3150  

    pOSH1511-A  TCGATTGCGT TATCAACTTA CCCCGCATGG GCCACTTTAT GTATACGGAT 

 (1511-A) cryo  TCGATTGCGT ---------- ---------- ---------- ---------- 

 (1511-A) Aug5  TCGATTGCGT T--------- ---------- ---------- ---------- 

(1511)-FD cryo  TCGATTGCGT ---------- ---------- ---------- ---------- 

(1511)-FD Aug5  TCGATTGCGT TATCA----- ---------- ---------- ---------- 

 

Alignment C: pOSH1511-B 
                       410        420        430        440        450  

    pOSH1511-B  ACGGATGCCT TGAATTTAGA TGGAGGTGGA TCTTCGGCTC TCGCCCTTGG 

 (1511-B) cryo  ---------- ---------- --------GA TCTTCGGCTC TCGCCCTTGG 

 (1511-B) Aug5  ---------- ---------- ---------- ---------- ---------- 

(1511)-J2 cryo  ---------- ---------- ---------- ---------- ---------- 

(1511)-J2 Aug5  ---------- ---------- -----GTGGA TCTTCGGCTC TCGCCCTTGG 

 

                       460        470        480        490        500  

    pOSH1511-B  CGCTAATTTA AGCGATCGCC ACCCCACTAC CGCCGGACGG GTTAACAACG 

 (1511-B) cryo  CGCTAATTTA AGCGATCGCC ACCCCACTAC CGCCGGACGG GTTAACAACG 

 (1511-B) Aug5  ---------- ---------- ---------- ---------- -----CAACG 

(1511)-J2 cryo  ---------- ---------- ---------- ---------- -------ACG 

(1511)-J2 Aug5  CGCTAATTTA AGCGATCGCC ACCCCACTAC CGCCGGACGG GTTAACAACG 

 

                       510        520        530        540        550  

    pOSH1511-B  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

 (1511-B) cryo  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

 (1511-B) Aug5  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

(1511)-J2 cryo  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

(1511)-J2 Aug5  GTATCGGCTT GTTTTTAGAA TAGAACCGAC GCACACTAAT CCCTGCCCGA 

 

                       560        570        580        590        600  

    pOSH1511-B  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

 (1511-B) cryo  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

 (1511-B) Aug5  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

(1511)-J2 cryo  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

(1511)-J2 Aug5  ATTACCGATG AATAAACGCC TTGTCCAAGT CATTGTCTTT GTGATGATCG 

 

                       610        620        630        640        650  

    pOSH1511-B  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

 (1511-B) cryo  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

 (1511-B) Aug5  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

(1511)-J2 cryo  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 
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(1511)-J2 Aug5  TTCTGTTGCT GGTGCCCCTC CTGGCAACCC CTGCCTTTGG TGCTGATCTC 

 

                       660        670        680        690        700  

    pOSH1511-B  GACCAGG-AT TTATTCAGGA GGCGAATTCG TTATAAAATA AACTTAACAA 

 (1511-B) cryo  GACCAGGGAT TTATTC-GGA GGCGAATTCG TTATAAAATA AACTTAACAA 

 (1511-B) Aug5  GACCAGGGAT TTATTC-GGA GGCGAATTCG TTATAAAATA AACTTAACAA 

(1511)-J2 cryo  GACCAGGGAT TTATTC-GGA GGCGAATTCG TTATAAAATA AACTTAACAA 

(1511)-J2 Aug5  GACCAGGGAT TTATTC-GGA GGCGAATTCG TTATAAAATA AACTTAACAA 

 

                       710        720        730        740        750  

    pOSH1511-B  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

 (1511-B) cryo  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

 (1511-B) Aug5  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

(1511)-J2 cryo  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

(1511)-J2 Aug5  ATCTATACCC ACCTGTAGAG AAGAGTCCCT GAATATCAAA ATGGTGGGAT 

 

                       760        770        780        790        800  

    pOSH1511-B  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

 (1511-B) cryo  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

 (1511-B) Aug5  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

(1511)-J2 cryo  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

(1511)-J2 Aug5  AAAAAGCTCA AAAAGGAAAG TAGGCTGTGG TTCCCTAGGC AACAGTCTTC 

 

                       810        820        830        840        850  

    pOSH1511-B  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

 (1511-B) cryo  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

 (1511-B) Aug5  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

(1511)-J2 cryo  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

(1511)-J2 Aug5  CCTACCCCAC TGGAAACTAA AAAAACGAGA AAAGTTCGCA CCGAACATCA 

 

                       860        870        880        890        900  

    pOSH1511-B  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

 (1511-B) cryo  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

 (1511-B) Aug5  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

(1511)-J2 cryo  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

(1511)-J2 Aug5  ATTGCATAAT TTTAGCCCTA AAACATAAGC TGAACGAAAC TGGTTGTCTT 

 

                       910        920        930        940        950  

    pOSH1511-B  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

 (1511-B) cryo  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

 (1511-B) Aug5  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

(1511)-J2 cryo  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

(1511)-J2 Aug5  CCCTTCCCAA TCCAGGACAA TCTGAGAATC CCCTGCAACA TTACTTAACA 

 

                       960        970        980        990       1000  
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    pOSH1511-B  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

 (1511-B) cryo  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

 (1511-B) Aug5  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

(1511)-J2 cryo  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

(1511)-J2 Aug5  AAAAAGCAGG AATAAAATTA ACAAGATGTA ACAGACATAA GTCCCATCAC 

 

                      1010       1020       1030       1040       1050  

    pOSH1511-B  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

 (1511-B) cryo  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

 (1511-B) Aug5  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

(1511)-J2 cryo  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

(1511)-J2 Aug5  CGTTGTATAA AGTTAACTGT GGGATTGCAA AAGCATTCAA GCCTAGGCGC 

 

                      1060       1070       1080       1090       1100  

    pOSH1511-B  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

 (1511-B) cryo  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

 (1511-B) Aug5  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

(1511)-J2 cryo  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

(1511)-J2 Aug5  TGAGCTGTTT GAGCATCCCG GTGGCCCTTG TCGCTGCCTC CGTGTTTCTC 

 

                      1110       1120       1130       1140       1150  

    pOSH1511-B  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

 (1511-B) cryo  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

 (1511-B) Aug5  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

(1511)-J2 cryo  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

(1511)-J2 Aug5  CCTGGATTTA TTTAGGTAAT ATCTCTCATA AATCCCCGGG TAGTTAACGA 

 

                      1160       1170       1180       1190       1200  

    pOSH1511-B  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

 (1511-B) cryo  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

 (1511-B) Aug5  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

(1511)-J2 cryo  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

(1511)-J2 Aug5  AAGTTAATGG AGATCAGTAA CAATAACTCT AGGGTCATTA CTTTGGACTC 

 

                      1210       1220       1230       1240       1250  

    pOSH1511-B  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

 (1511-B) cryo  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

 (1511-B) Aug5  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

(1511)-J2 cryo  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

(1511)-J2 Aug5  CCTCAGTTTA TCCGGGGGAA TTGTGTTTAA GAAAATCCCA ACTCATAAAG 

 

                      1260       1270       1280       1290       1300  

    pOSH1511-B  TCAAGTAGGA GATTAATTAA GGAGAAACTG CAGATGGCTT ATTCATGTAT 

 (1511-B) cryo  TCAAGTAGGA GATTAATTAA GGAGAAACTG CAGATGGCTT ATTCATGTAT 

 (1511-B) Aug5  TCAAGTAGGA GATTAATTAA GGAGAAACTG CAGATGGCTT ATTCATGTAT 
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(1511)-J2 cryo  TCAAGTAGGA GATTAATTAA GGAGAAACTG CAGATGGCTT ATTCATGTAT 

(1511)-J2 Aug5  TCAAGTAGGA GATTAATTAA GGAGAAACTG CAGATGGCTT ATTCATGTAT 

 

                      1310       1320       1330       1340       1350  

    pOSH1511-B  GGCCGCAAGT TGTCACGGAC TTCATTTTAT GAATATTGCT AGTCAAGAAT 

 (1511-B) cryo  GGCCGCAAGT TGTCACGGAC TTCATTTTAT GAATATTGCT AGTCAAGAAT 

 (1511-B) Aug5  GGCCGCAAGT TGTCACGGAC TTCATTTTAT GAATATTGCT AGTCAAGAAT 

(1511)-J2 cryo  GGCCGCAAGT TGTCACGGAC TTCATTTTAT GAATATTGCT AGTCAAGAAT 

(1511)-J2 Aug5  GGCCGCAAGT TGTCACGGAC TTCATTTTAT GAATATTGCT AGTCAAGAAT 

 

                      1360       1370       1380       1390       1400  

    pOSH1511-B  GCAACCTGAA ACGCGGGATC ATTCCCAGCA AACGCTTGCA CGGTATCAGC 

 (1511-B) cryo  GCAACCTGAA ACGCGGGATC ATTCCCAGCA AACGCTTGCA CGGTATCAGC 

 (1511-B) Aug5  GCAACCTGAA ACGCGGGATC ATTCCCAGCA AACGCTTGCA CGGTATCAGC 

(1511)-J2 cryo  GCAACCTGAA ACGCGGGATC ATTCCCAGCA AACGCTTGCA CGGTATCAGC 

(1511)-J2 Aug5  GCAACCTGAA ACGCGGGATC ATTCCCAGCA AACGCTTGCA CGGTATCAGC 

 

                      1410       1420       1430       1440       1450  

    pOSH1511-B  TCCTCTCTGT GGGCGAGCAA CGGCTTTCAA GGCCATCTCG AACGGGATCT 

 (1511-B) cryo  TCCTCTCTGT GGGCGAGCAA CGGCTTTCAA GGCCATCTCG AACGGGATCT 

 (1511-B) Aug5  TCCTCTCTGT GGGCGAGCAA CGGCTTTCAA GGCCATCTCG AACGGGATCT 

(1511)-J2 cryo  TCCTCTCTGT GGGCGAGCAA CGGCTTTCAA GGCCATCTCG AACGGGATCT 

(1511)-J2 Aug5  TCCTCTCTGT GGGCGAGCAA CGGCTTTCAA GGCCATCTCG AACGGGATCT 

 

                      1460       1470       1480       1490       1500  

    pOSH1511-B  GAGTGCCTAC CGTCACTTAG TGAGTAGCTC CCGTTGCTTG AATACGATTG 

 (1511-B) cryo  GAGTGCCTAC CGTCACTTAG TGAGTAGCTC CCGTTGCTTG AATACGATTG 

 (1511-B) Aug5  GAGTGCCTAC CGTCACTTAG TGAGTAGCTC CCGTTGCTTG AATACGATTG 

(1511)-J2 cryo  GAGTGCCTAC CGTCACTTAG TGAGTAGCTC CCGTTGCTTG AATACGATTG 

(1511)-J2 Aug5  GAGTGCCTAC CGTCACTTAG TGAGTAGCTC CCGTTGCTTG AATACGATTG 

 

                      1510       1520       1530       1540       1550  

    pOSH1511-B  CCATGTTAAG CAATCTGTCC GAACAGGCCA AAGAAAAAGC TACGGAGTTC 

 (1511-B) cryo  CCATGTTAAG CAATCTGTCC GAACAGGCCA AAGAAAAAGC TACGGAGTTC 

 (1511-B) Aug5  CCATGTTAAG CAATCTGTCC GAACAGGCCA AAGAAAAAGC TACGGAGTTC 

(1511)-J2 cryo  CCATGTTAAG CAATCTGTCC GAACAGGCCA AAGAAAAAGC TACGGAGTTC 

(1511)-J2 Aug5  CCATGTTAAG CAATCTGTCC GAACAGGCCA AAGAAAAAGC TACGGAGTTC 

 

                      1560       1570       1580       1590       1600  

    pOSH1511-B  GATTTTAAGG AATACCTCCA TTCCAAAGCG ATCTCTGTGA ACGAAGCCTT 

 (1511-B) cryo  GATTTTAAGG AATACCTCCA TTCCAAAGCG ATCTCTGTGA ACGAAGCCTT 

 (1511-B) Aug5  GATTTTAAGG AATACCTCCA TTCCAAAGCG ATCTCTGTGA ACGAAGCCTT 

(1511)-J2 cryo  GATTTTAAGG AATACCTCCA TTCCAAAGCG ATCTCTGTGA ACGAAGCCTT 

(1511)-J2 Aug5  GATTTTAAGG AATACCTCCA TTCCAAAGCG ATCTCTGTGA ACGAAGCCTT 
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                      1610       1620       1630       1640       1650  

    pOSH1511-B  GGAACGTGCT GTGCCCTTGC GCTACCCGGA AAAGATCCAC GAAGCTATGC 

 (1511-B) cryo  GGAACGTGCT GTGCCCTTGC GCTACCCGGA AAAGATCCAC GAAGCTATGC 

 (1511-B) Aug5  GGAACGTGCT GTGCCCTTGC GCTACCCGGA AAAGATCCAC GAAGCTATGC 

(1511)-J2 cryo  GGAACGTGCT GTGCCCTTGC GCTACCCGGA AAAGATCCAC GAAGCTATGC 

(1511)-J2 Aug5  GGAACGTGCT GTGCCCTTGC GCTACCCGGA AAAGATCCAC GAAGCTATGC 

 

                      1660       1670       1680       1690       1700  

    pOSH1511-B  GTTATTCTTT ACTGGCGGGT GGGAAACGCA TCCGGCCTAT TCTCACCATT 

 (1511-B) cryo  GTTATTCTTT ACTGGCGGGT GGGAAACGCA TCCGGCCTAT TCTCACCATT 

 (1511-B) Aug5  GTTATTCTTT ACTGGCGGGT GGGAAACGCA TCCGGCCTAT TCTCACCATT 

(1511)-J2 cryo  GTTATTCTTT ACTGGCGGGT GGGAAACGCA TCCGGCCTAT TCTCACCATT 

(1511)-J2 Aug5  GTTATTCTTT ACTGGCGGGT GGGAAACGCA TCCGGCCTAT TCTCACCATT 

 

                      1710       1720       1730       1740       1750  

    pOSH1511-B  GCGGCCTGTG AACTCGTGGG TGGGAGCGAA GAGCTGGCTA TGCCGACCGC 

 (1511-B) cryo  GCGGCCTGTG AACTCGTGGG TGGGAGCGAA GAGCTGGCTA TGCCGACCGC 

 (1511-B) Aug5  GCGGCCTGTG AACTCGTGGG TGGGAGCGAA GAGCTGGCTA TGCCGACCGC 

(1511)-J2 cryo  GCGGCCTGTG AACTCGTGGG TGGGAGCGAA GAGCTGGCTA TGCCGACCGC 

(1511)-J2 Aug5  GCGGCCTGTG AACTCGTGGG TGGGAGCGAA GAGCTGGCTA TGCCGACCGC 

 

                      1760       1770       1780       1790       1800  

    pOSH1511-B  CTGCGCGATG GAAATGATTC ATACCATGTC CTTAATTCAT GACGATTTGC 

 (1511-B) cryo  CTGCGCGATG GAAATGATTC ATACCATGTC CTTAATTCAT GACGATTTGC 

 (1511-B) Aug5  CTGCGCGATG GAAATGATTC ATACCATGTC CTTAATTCAT GACGATTTGC 

(1511)-J2 cryo  CTGCGCGATG GAAATGATTC ATACCATGTC CTTAATTCAT GACGATTTGC 

(1511)-J2 Aug5  CTGCGCGATG GAAATGATTC ATACCATGTC CTTAATTCAT GACGATTTGC 

 

                      1810       1820       1830       1840       1850  

    pOSH1511-B  CCAGCATGGA CAATGATGAC CTCCGTCGCG GCAAGCTCAC CAATCATAAG 

 (1511-B) cryo  CCAGCATGGA CAATGATGAC CTCCGTCGCG GCAAGCTCAC CAATCATAAG 

 (1511-B) Aug5  CCAGCATGGA CAATGATGAC CTCCGTCGCG GCAAGCTCAC CAATCATAAG 

(1511)-J2 cryo  CCAGCATGGA CAATGATGAC CTCCGTCGCG GCAAGCTCAC CAATCATAAG 

(1511)-J2 Aug5  CCAGCATGGA CAATGATGAC CTCCGTCGCG GCAAGCTCAC CAATCATAAG 

 

                      1860       1870       1880       1890       1900  

    pOSH1511-B  GTTTTTGGTG AAGGCACGGC GGTGCTCGCC GGGGATGCCC TCTTGTCTTT 

 (1511-B) cryo  GTTTTTGGTG AAGGCACGGC GGTGCTCGCC GGGGATGCCC TCTTGTCTTT 

 (1511-B) Aug5  GTTTTTGGTG AAGGCACGGC GGTGCTCGCC GGGGATGCCC TCTTGTCTTT 

(1511)-J2 cryo  GTTTTTGGTG AAGGCACGGC GGTGCTCGCC GGGGATGCCC TCTTGTCTTT 

(1511)-J2 Aug5  GTTTTTGGTG AAGGCACGGC GGTGCTCGCC GGGGATGCCC TCTTGTCTTT 

 

                      1910       1920       1930       1940       1950  

    pOSH1511-B  CGCTTTTGAA CACATTGCGG TCAGTACGCG CAAGACCGTC GCTTCTCATC 

 (1511-B) cryo  CGCTTTTGAA CACATTGCGG TCAGTACGCG CAAGACCGTC GCTTCTCATC 
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 (1511-B) Aug5  CGCTTTTGAA CACATTGCGG TCAGTACGCG CAAGACCGTC GCTTCTCATC 

(1511)-J2 cryo  CGCTTTTGAA CACATTGCGG TCAGTACGCG CAAGACCGTC GCTTCTCATC 

(1511)-J2 Aug5  CGCTTTTGAA CACATTGCGG TCAGTACGCG CAAGACCGTC GCTTCTCATC 

 

                      1960       1970       1980       1990       2000  

    pOSH1511-B  GGGTGCTGCG TGTTGTGAGC GAGTTAGGCA AGGCCATTGG TTCCCAAGGG 

 (1511-B) cryo  GGGTGCTGCG TGTTGTGAGC GAGTTAGGCA AGGCCATTGG TTCCCAAGGG 

 (1511-B) Aug5  GGGTGCTGCG TGTTGTGAGC GAGTTAGGCA AGGCCATTGG TTCCCAAGGG 

(1511)-J2 cryo  GGGTGCTGCG TGTTGTGAGC GAGTTAGGCA AGGCCATTGG TTCCCAAGGG 

(1511)-J2 Aug5  GGGTGCTGCG TGTTGTGAGC GAGTTAGGCA AGGCCATTGG TTCCCAAGGG 

 

                      2010       2020       2030       2040       2050  

    pOSH1511-B  GTGGCCGGCG GTCAGGTGGC GGATATTACC TCCGAGGGTG ACCCCAGTGT 

 (1511-B) cryo  GTGGCCGGCG GTCAGGTGGC GGATATTACC TCCGAGGGTG ACCCCAGTGT 

 (1511-B) Aug5  GTGGCCGGCG GTCAGGTGGC GGATATTACC TCCGAGGGTG ACCCCAGTGT 

(1511)-J2 cryo  GTGGCCGGCG GTCAGGTGGC GGATATTACC TCCGAGGGTG ACCCCAGTGT 

(1511)-J2 Aug5  GTGGCCGGCG GTCAGGTGGC GGATATTACC TCCGAGGGTG ACCCCAGTGT 

 

                      2060       2070       2080       2090       2100  

    pOSH1511-B  CGGTTTAGAG ACGCTGGAAT GGATTCACAT TCACAAGACC GCGGTCCTCC 

 (1511-B) cryo  CGGTTTAGAG ACGCTGGAAT GGATTCACAT TCACAAGACC GCGGTCCTCC 

 (1511-B) Aug5  CGGTTTAGAG ACGCTGGAAT GGATTCACAT TCACAAGACC GCGGTCCTCC 

(1511)-J2 cryo  CGGTTTAGAG ACGCTGGAAT GGATTCACAT TCACAAGACC GCGGTCCTCC 

(1511)-J2 Aug5  CGGTTTAGAG ACGCTGGAAT GGATTCACAT TCACAAGACC GCGGTCCTCC 

 

                      2110       2120       2130       2140       2150  

    pOSH1511-B  TGGAATGTGC GGTGGTTTCC GGTGCCATTA TCGGTGGGGC GAGTGAAAAT 

 (1511-B) cryo  TGGAATGTGC GGTGGTTTCC GGTGCCATTA TCGGTGGGGC GAGTGAAAAT 

 (1511-B) Aug5  TGGAATGTGC GGTGGTTTCC GGTGCCATTA TCGGTGGGGC GAGTGAAAAT 

(1511)-J2 cryo  TGGAATGTGC GGTGGTTTCC GGTGCCATTA TCGGTGGGGC GAGTGAAAAT 

(1511)-J2 Aug5  TGGAATGTGC GGTGGTTTCC GGTGCCATTA TCGGTGGGGC GAGTGAAAAT 

 

                      2160       2170       2180       2190       2200  

    pOSH1511-B  GAAATCGAAC GGACCGGCCG GTACGCGCGT TGTGTTGGCC TCTTGTTTCA 

 (1511-B) cryo  GAAATCGAAC GGACCGGCCG GTACGCGCGT TGTGTTGGCC TCTTGTTTCA 

 (1511-B) Aug5  GAAATCGAAC GGACCGGCCG GTACGCGCGT TGTGTTGGCC TCTTGTTTCA 

(1511)-J2 cryo  GAAATCGAAC GGACCGGCCG GTACGCGCGT TGTGTTGGCC TCTTGTTTCA 

(1511)-J2 Aug5  GAAATCGAAC GGACCGGCCG GTACGCGCGT TGTGTTGGCC TCTTGTTTCA 

 

                      2210       2220       2230       2240       2250  

    pOSH1511-B  AGTCGTCGAT GACATCCTCG ACGTTACCCG CAGCTCCGAA GAGCTGGGTA 

 (1511-B) cryo  AGTCGTCGAT GACATCCTCG ACGTTACCCG CAGCTCCGAA GAGCTGGGTA 

 (1511-B) Aug5  AGTCGTCGAT GACATCCTCG ACGTTACCCG CAGCTCCGAA GAGCTGGGTA 

(1511)-J2 cryo  AGTCGTCGAT GACATCCTCG ACGTTACCCG CAGCTCCGAA GAGCTGGGTA 

(1511)-J2 Aug5  AGTCGTCGAT GACATCCTCG ACGTTACCCG CAGCTCCGAA GAGCTGGGTA 
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                      2260       2270       2280       2290       2300  

    pOSH1511-B  AAACGGCCGG CAAAGATTTA GTGAGTGATA AAGCTACGTA TCCCAAATTG 

 (1511-B) cryo  AAACGGCCGG CAAAGATTTA GTTAGTGATA AAGCTACGTA TCCCAAATTG 

 (1511-B) Aug5  AAACGGCCGG CAAAGATTTA GTTAGTGATA AAGCTACGTA TCCCAAATTG 

(1511)-J2 cryo  AAACGGCCGG CAAAGATTTA GTGAGTGATA AAGCTACGTA TCCCAAATTG 

(1511)-J2 Aug5  AAACGGCCGG CAAAGATTTA GTGAGTGATA AAGCTACGTA TCCCAAATTG 

 

                      2310       2320       2330       2340       2350  

    pOSH1511-B  ATGGGCTTAG AAAAAGCCAA AGAATTTGCC GATGAGCTGC TCGATCGCGC 

 (1511-B) cryo  ATGGGCTTAG AAAAAGCCAA AGAATTTGCC GATGAGCTGC TCGATCGCGC 

 (1511-B) Aug5  ATGGGCTTAG AAAAAGCCAA AGAATTTGCC GATGAGCTGC TCGATCGCGC 

(1511)-J2 cryo  ATGGGCTTAG AAAAAGCCAA AGAATTTGCC GATGAGCTGC TCGATCGCGC 

(1511)-J2 Aug5  ATGGGCTTAG AAAAAGCCAA AGAATTTGCC GATGAGCTGC TCGATCGCGC 

 

                      2360       2370       2380       2390       2400  

    pOSH1511-B  CAAAGAGGAA TTGTCCTGTT TCAATCCCGC AAAAGCTGCG CCTCTCCTCG 

 (1511-B) cryo  CAAAGAGGAA TTGTCCTGTT TCAATCCCGC AAAAGCTGCG CCTCTCCTCG 

 (1511-B) Aug5  CAAAGAGGAA TTGTCCTGTT TCAATCCCGC AAAAGCTGCG CCTCTCCTCG 

(1511)-J2 cryo  CAAAGAGGAA TTGTCCTGTT TCAATCCCGC AAAAGCTGCG CCTCTCCTCG 

(1511)-J2 Aug5  CAAAGAGGAA TTGTCCTGTT ACAATCCCGC AAAAGCTGCG CCTCTCCTCG 

 

                      2410       2420       2430       2440       2450  

    pOSH1511-B  GGTTGGCCGA TTATATCGCT TTGCGGCAGA ACTAGACTAG TAAGGAGATA 

 (1511-B) cryo  GGTTGGCCGA TTATATCGCT TTGCGGCAGA ACTAGACTAG TAAGGAGATA 

 (1511-B) Aug5  GGTTGGCCGA TTATATCGCT TTGCGGCAGA ACTAGACTAG TAAGGAGATA 

(1511)-J2 cryo  GGTTGGCCGA TTATATCGCT TTGCGGCAGA ACTAGACTAG TAAGGAGATA 

(1511)-J2 Aug5  GGTTGGCCGA TTATATCGCT TTGCGGCAGA ACTAGACTAG TAAGGAGATA 

 

                      2460       2470       2480       2490       2500  

    pOSH1511-B  TACCATGGCT GCTGGTATGG ATGCTGTTCA ACG-TCGTTT AATGTTTGAA 

 (1511-B) cryo  TACCATGGCT GCTGGTATGG ATGCTGTTCA ACG-TCGTTT AATGTTTGAA 

 (1511-B) Aug5  TACCATGGCT GCTGGTATGG ATGCTGTTCA ACG-TCGTTT AATGTTTGAA 

(1511)-J2 cryo  TACCATGGCT GCTGGTATGG ATGCTGTTCA ACGCTCGTTT AATGTTTGAA 

(1511)-J2 Aug5  TACCATGGCT GCTGGTATGG ATGCTGTTCA ACG-TCGTTT AATGTTTGAA 

 

                      2510       2520       2530       2540       2550  

    pOSH1511-B  GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG GCCATGATTC 

 (1511-B) cryo  GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG GCCATGATTC 

 (1511-B) Aug5  GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG GCCATGATTC 

(1511)-J2 cryo  GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG GCCATGATTC 

(1511)-J2 Aug5  GATGAGTGCA TTCTCGTGGA TGAAAATGAC CGGGTGGTCG GCCATGATTC 

 

                      2560       2570       2580       2590       2600  

    pOSH1511-B  TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC AACGCCTTGC 
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 (1511-B) cryo  TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC AACGCCTTGC 

 (1511-B) Aug5  TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC AACGCCTTGC 

(1511)-J2 cryo  TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC AACGCCTTGC 

(1511)-J2 Aug5  TAAATACAAC TGCCATTTAT GGGAAAATAT TCTAAAAGGC AACGCCTTGC 

 

                      2610       2620       2630       2640       2650  

    pOSH1511-B  ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA GTTACTGTTA 

 (1511-B) cryo  ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA GTTACTGTTA 

 (1511-B) Aug5  ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA GTTACTGTTA 

(1511)-J2 cryo  ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA GTTACTGTTA 

(1511)-J2 Aug5  ATCGCGCGTT TTCCGTGTTC TTGTTTAATA GCAAACACGA GTTACTGTTA 

 

                      2660       2670       2680       2690       2700  

    pOSH1511-B  CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT GGACCAATAC 

 (1511-B) cryo  CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT GGACCAATAC 

 (1511-B) Aug5  CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT GGACCAATAC 

(1511)-J2 cryo  CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT GGACCAATAC 

(1511)-J2 Aug5  CAACAAAGGA GTGCCACTAA AGTTACGTTT CCCCTCGTTT GGACCAATAC 

 

                      2710       2720       2730       2740       2750  

    pOSH1511-B  CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT CATGAAGACG 

 (1511-B) cryo  CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT CATGAAGACG 

 (1511-B) Aug5  CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT CATGAAGACG 

(1511)-J2 cryo  CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT CATGAAGACG 

(1511)-J2 Aug5  CTGTTGTAGT CATCCTCTGT ATCGCGAAAG CGAACTAATT CATGAAGACG 

 

                      2760       2770       2780       2790       2800  

    pOSH1511-B  CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA TGAACTAGGA 

 (1511-B) cryo  CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA TGAACTAGGA 

 (1511-B) Aug5  CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA TGAACTAGGA 

(1511)-J2 cryo  CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA TGAACTAGGA 

(1511)-J2 Aug5  CTCTAGGCGT TCGCAACGCG GCCCAAAGGA AGTTATTCGA TGAACTAGGA 

 

                      2810       2820       2830       2840       2850  

    pOSH1511-B  ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT TAGGGCGTAT 

 (1511-B) cryo  ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT TAGGGCGTAT 

 (1511-B) Aug5  ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT TAGGGCGTAT 

(1511)-J2 cryo  ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT TAGGGCGTAT 

(1511)-J2 Aug5  ATCCCTGCCG AAGACGTGCC CGTGGACCAG TTTTCTACCT TAGGGCGTAT 

 

                      2860       2870       2880       2890       2900  

    pOSH1511-B  TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC GAACTGGACT 

 (1511-B) cryo  TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC GAACTGGACT 

 (1511-B) Aug5  TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC GAACTGGACT 

(1511)-J2 cryo  TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC GAACTGGACT 



119 

 

 

(1511)-J2 Aug5  TCTGTATAAG GCCCCGTCCG ATGGGAAATG GGGTGAGCAC GAACTGGACT 

 

                      2910       2920       2930       2940       2950  

    pOSH1511-B  ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA TCCAGACGAA 

 (1511-B) cryo  ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA TCCAGACGAA 

 (1511-B) Aug5  ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA TCCAGACGAA 

(1511)-J2 cryo  ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA TCCAGACGAA 

(1511)-J2 Aug5  ATTTGCTGTT TATCGTCCGA GATGTTTCCG TCAACCCCAA TCCAGACGAA 

 

                      2960       2970       2980       2990       3000  

    pOSH1511-B  GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG AATTGTTGCG 

 (1511-B) cryo  GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG AATTGTTGCG 

 (1511-B) Aug5  GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG AATTGTTGCG 

(1511)-J2 cryo  GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG AATTGTTGCG 

(1511)-J2 Aug5  GTAGCTGATA TCAAATACGT GAATCAAGAT GAATTGAAGG AATTGTTGCG 

 

                      3010       3020       3030       3040       3050  

    pOSH1511-B  GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC TGGTTCCGGC 

 (1511-B) cryo  GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC TGGTTCCGGC 

 (1511-B) Aug5  GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC TGGTTCCGGC 

(1511)-J2 cryo  GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC TGGTTCCGGC 

(1511)-J2 Aug5  GAAAGCTGAT GCAGGAGAAG AGGGTTTGAA ATTAAGTCCC TGGTTCCGGC 

 

                      3060       3070       3080       3090       3100  

    pOSH1511-B  TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT GGAAAAGGGG 

 (1511-B) cryo  TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT GGAAAAGGGG 

 (1511-B) Aug5  TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT GGAAAAGGGG 

(1511)-J2 cryo  TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT GGAAAAGGGG 

(1511)-J2 Aug5  TGGTAGTGGA TAATTTTTTA TTTAAATGGT GGGATCACGT GGAAAAGGGG 

 

                      3110       3120       3130       3140       3150  

    pOSH1511-B  ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC TCACATAAGG 

 (1511-B) cryo  ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC TCACATAAGG 

 (1511-B) Aug5  ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC TCACATAAGG 

(1511)-J2 cryo  ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC TCACATAAGG 

(1511)-J2 Aug5  ACTTTAGAGG AAGCTGCCGA TATGAAAGCC ATTCATAAAC TCACATAAGG 

 

                      3160       3170       3180       3190       3200  

    pOSH1511-B  ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC TGCTGCCACC 

 (1511-B) cryo  ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC TGCTGCCACC 

 (1511-B) Aug5  ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC TGCTGCCACC 

(1511)-J2 cryo  ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC TGCTGCCACC 

(1511)-J2 Aug5  ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC TGCTGCCACC 

 

                      3210       3220       3230       3240       3250  
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    pOSH1511-B  GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTT-GA 

 (1511-B) cryo  GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTT-GA 

 (1511-B) Aug5  GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTTGAG 

(1511)-J2 cryo  GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTTGAG 

(1511)-J2 Aug5  GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTTTGA 

 

                      3260       3270       3280       3290       3300  

    pOSH1511-B  GGGGTTTTTT GTCTAGACGA ACGCAGCGG- TGGTAACGGC GCAGTGG-CG 

 (1511-B) cryo  GGGGTTTTTT GTCTAGACGA ACGCAGCGG- TGGTAACGGC GCAGTGG-CG 

 (1511-B) Aug5  GGGTTTTTTT GTCTAGACGA ACGCAGCGGG TGGTAACGGC GCAGTGG-CG 

(1511)-J2 cryo  GGGTTTTTT- GTCTAGACGA ACGCAGCGG- TGGTAACGGC GCAGTGG-CG 

(1511)-J2 Aug5  GGGGTTTTTT GTCTAGACGA ACGCAGCGG- TGGTAACGGC GCAGTGGGCG 

 

                      3310       3320       3330       3340       3350  

    pOSH1511-B  GTTTTCATGG -CTTGTTATG ACTGTTTTTT TGGGGTACAG TCTATGCCTC 

 (1511-B) cryo  GTTTTCATGG -CTTGTTATG ACTGTTTTTT -GGGGTACAG TCTATGCCTC 

 (1511-B) Aug5  GTTTTCATGG GCTTGTTATG ACTGTTTTTT TGGGGTACAG TCTATGCCTC 

(1511)-J2 cryo  GTTTTCATGG -CTTGTTATG ACTGTTTTTT TGGGGTACAG TCTATGCCTC 

(1511)-J2 Aug5  GTTTTCATGG -CTTGTTATG ACTGTTTTTT TGGGGTACA- ---------- 
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Figure F-1. Amplification plot and standard curve for IspS.  RNA was extracted from 

triplicate cultures of PCC 7002(1310) which had been grown to exponential phase, then 

reverse-transcribed to cDNA, which was used as a template for qPCR.  The IspS-

targeting primer/probe sequences may be viewed in Table D-6. 
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Figure F-2. Amplification plot and standard curve for bPinS. RNA was extracted 
from triplicate cultures of PCC 7002(1408), PCC 7002(1511-A), and PCC 7002(1511) 

which had been grown to exponential phase, then reverse-transcribed to cDNA, which 

was used as a template for qPCR.  The bPinS-targeting primer/probe sequences may be 

viewed in Table D-6. 
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Figure F-3. Amplification plot and standard curve for GPPS. RNA was extracted 
from triplicate cultures of PCC 7002(1408), PCC 7002(1511-B), and PCC 7002(1511) 

which had been grown to exponential phase, then reverse-transcribed to cDNA, which 

was used as a template for qPCR.  The GPPS-targeting primer/probe sequences may be 

viewed in Table D-6. 
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