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by 
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Professor John J. Love, Chair 

 

Micro algae are a sustainable alternative energy feed sock for fossil fuels.  One of 

the major challenges of producing biofuel from micro algae is the harvesting of micro 

algae.  There are many techniques for harvesting micro algae, but most techniques are too 

expensive to compete with fossil fuel production costs.  One low cost harvesting 

technique is flocculation, but current flocculation agents are not sustainable for large-

scale production.  We engineered a sustainable and scalable E. coli bioflocculation agent 

that uses all four coagulation mechanisms to bioflocculate the micro algae C. reinhardtii.  

We expressed bioflocculating and self-aggregating peptides on an E. coli display system 

to harvest C. reinhardtii.  We incorporated all four coagulation mechanisms in the design 

of the E. coli surface displayed peptides and created a positively charged, self-

aggregating E. coli net that sweeps the water column, entrapping the micro algae C. 

reinhardtii. 
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CHAPTER I 
Introduction 
 
1.1 Climate Change 

One of the biggest threats to life on earth as we experience it is unprecedented 
climate change associated with human activity (i.e., burning of fossil fuels).  Climate 
change is a change in weather patterns over a period of time in a particular area.  Certain 
changes in climate occur naturally such as seasonal changes and glaciation.  A key 
difference between natural and human-caused climate change is associated with their 
time scales.  The time frame in which changes to climate occur can range from months to 
millions of years.  Where a seasonal change occurs within a few months, glaciation takes 
millions of years.  In the past 2.4 billion years the earth experienced five major 
glaciations.  The most severe glacial period occurred about 720 million years ago known 
as the Cryogenian period covering the entire globe in snow and ice [1]. 

A principle element associated with almost all climate conditions is solar 
radiation.  Solar radiation directly affects local temperatures and pressures [2].  
Temperature and pressure changes result in modified wind patterns that globally redirect 
ocean currents and change precipitation patterns.  A change in ocean currents or 
precipitation will affect local temperatures and pressures resulting in a dynamic feedback 
system.  As an analogy, industrial automation systems use feedback control to maintain 
an operation within set specification.  The control system is tuned to maintain a set point 
within an expected range.  These control systems are designed to respond to anticipated 
small variable changes whereas an unexpectedly large change can easily overwhelm the 
response and destabilize the entire system.  Climate lacks the tunable proportional-
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integral derivative controller (PID) to adjust to a minor climate change.  Climate’s lack of 
a tunable controller and positive feedback can prolong the correcting negative response. 
Without a control system, a negative feedback requires an extreme event such as a major 
volcanic eruption, or a change in the position or activity of the sun.   Driven in a large 
part by solar radiation, positive and negative feedback limits the climate to control 
climate variations.  The earth’s contribution to control its climate lies therein to mitigate 
contributing factors enhancing climate change.  Changes to glaciations and inter-glacial 
periods are simply beyond the control of humanity, but inter-glacial and short period 
climate changes’ severity may be mitigated by human activity [3]. 

Solar radiation is a major contributor to the earth’s major climate cycles [4].  Its 
effect results directly from the quantity of solar energy delivered by radiation; its 
transmission, distribution, absorption and reflection (albedo) though are contributing 
factors some of which may be within humanity’s control.  The quantity of solar radiation 
incident on the earth’s surface strongly depends on the location of the sun relative to the 
earth (Milanković cycle) and the sun’s activity [5].  Solar radiation passes through space 
essentially unchanged but at the top of the earth’s atmosphere solar radiation interacts 
with gas molecules, water droplets, and aerosols.  As the solar radiation enters the 
atmosphere carbon dioxide (CO2), methane (CH4), water vapor and droplets absorb 
mostly in the infrared spectrum, whereas ozone (O3) absorbs in the ultraviolet region.  
Molecular absorption converts the solar energy into heat raising the temperature of the 
atmosphere.  Most visible light transmits through to the earth’s surface where absorption, 
reflection and scatter redirect light.  Light scattered off surfaces allows us to visualize 
objects and experience differences in color.  Scatter reflects light in all direction 
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transmitting a small quantity back into space slightly reducing the internal energy of the 
earth’s atmosphere. 

To control a change in atmospheric temperature, humans can only influence the 
anthropogenic contribution of visible light absorbing molecules. By controlling our 
contribution of absorbing molecules, we effectively take control of two events. Absorbing 
molecules not only absorb visible light, but also reflect light back into space. This means 
there are two potential ways for humans to possibly control the internal energy of the 
earth’s atmosphere.  One way is to control the amount of solar energy absorbed. The 
other way is to control the amount of solar radiation reflected back into space.  It appears 
that it may be either absorption or reflection; however, this assessment is incorrect.  
Water droplets, aerosols, and molecules participate in both events, thus it is a balance 
between the two events.  What complicates this balance further is reflection in the form 
of scatter redirects solar radiation in all directions depending on the shape, location, and 
positioning of the reflecting entity.  If one is interested in reducing the internal energy of 
the earth’s atmosphere minimizing absorption is most practical or maximization if an 
internal energy increase is desired.  This essentially means that in order to potentially 
reduce the energy content of the earth’s atmosphere one needs to alter the solar radiation 
absorbing components. 

Ozone, O3, absorbs 90% of UVB and UVC (the high-energy ultra-violet light).  
Ozone absorption is very important because it protects animal, marine organisms, plant 
life and human health from DNA damage caused by UV radiation.  Clouds absorb only 
about 10% of UVB and UVC.  Snow surfaces reflect transmitted UV light up to 80%.  
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Most of the UV light absorption by ozone takes place in the stratosphere where ozone 
regenerates itself in the absence of ozone-depleting substances (ODS) [6].  Radicals 
produced by fluoro, chloro and bromo carbons released by human activity catalyze the 
ozone to oxygen reduction.  The first attempt to eliminate chlorofluorocarbons (CFCs) in 
aerosol spray cans came after a NAS report in 1976 [7].  Some of the most ominous 
CFCs have been banned by most industrialized nations [8].  This is clearly a step in the 
right direction to reduce the depletion of the ozone layer and mitigate the potentially long 
term effects of an increased UV light transmission to the earth’s surface and the related 
health problems and environmental changes.  The detection of the Antarctic ozone hole in 
1984 illustrated the importance of not only controlling emissions of ozone-depleting 
substances, but also what were believed to be innocuous compounds such as nitrous, 
nitric, sulphuric oxides [9].  These compounds react on the surface of polar stratospheric 
clouds (PSC) and generate ozone-depleting substances that are released during the 
springtime when an increase in ozone depletion above Antarctica is detected [10]. The 
depletion of the global stratospheric ozone layer or the ozone hole above Antarctica 
clearly illustrates the effect of human activity on the transmission of solar radiation.  
However treaties among nations and regulations can mitigate the effect of ODSs and 
control the transmission of harmful high-energy ultra-violet light to earth’s surface [8]. 

Currently, the world debates global warming, an overall steady atmospheric 
temperature increase has been measured since the start of the industrial revolution, which 
coincides with the burning of fossil fuel for energy.  Scientific data suggest the steady 
increase of carbon dioxide, generated by the combustion of fossil fuels and released into 
the atmosphere, contributes to the atmospheric temperature rise [11]. 
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Carbon dioxide and methane are members of a group of gases called greenhouse 
gases.  Greenhouse gases absorb infrared radiation generated when visible light hits the 
earth’s surface and is released as vibrational energy in the form of heat into the 
atmosphere.  A hotter atmosphere transfers heat to earth’s surface raising its temperature.  
Elevated marine and terrestrial temperatures change wind patterns, ocean currents, and 
precipitation rates.  Higher ocean temperature and altered ocean currents accelerate the 
melting of the permanent sea ice at the North and South poles.  Reduced sea ice at the 
poles, raises the sea level around the world destroying or submerging many habitats for 
all kinds of life.  Some areas will see increased precipitation whereas already arid areas 
may become even drier.  Overall, climate models suggest more extreme weather all 
around the globe with stronger storms, extended draughts, and heavy floods. 

The steady temperature rise of the atmosphere continues with almost every year 
setting new hottest year records.  At the moment, the current year - 2015 is well on its 
way to be the hottest year recorded.  Although the earth is currently in an inter-glaciation 
period heading for glaciation in approximately 50000 years, one would expect a cooling 
trend were it not for the steady increase of greenhouse gases [3].  One greenhouse gas 
that has increased from 280 ppm, at the beginning of the industrial revolution in 1750, to 
over 400 ppm in 2015 is CO2 [12].  Carbon dioxide may have played a pivotal role in 
earth’s climate history, ending the most severe glaciation period 720 million years ago. 

The Cryogenian period, a geologic period that lasted from 720 to 635 million 
years ago, possibly ended because of an accumulation of CO2 in the atmosphere released 
by volcanic activity.  Models suggest massive volcanic eruptions increased the CO2 
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concentration in the atmosphere to 12% (for comparison, at just over 400 ppm CO2 
currently makes up ~0.04% of today’s atmosphere).  Heavy ice and snow around the 
globe prevented photosynthesis and silicate weathering, two major interglacial period 
CO2 sinks, from sequestering increasing levels of CO2 [1].  The high concentration and 
extended residence time of CO2 in the atmosphere trapped infrared radiation warming up 
the atmosphere and thawing the “snowball earth”.  Newly formed bodies of water and the 
rise of plant life, as we know it, sequestered the abundant CO2.  Photosynthesis and 
dissolution of CO2 in oceans lowered the atmospheric CO2 level by 350 fold to 180 ppm.  
The atmospheric CO2 concentration remained between 180 ppm and 280 ppm for the 
following 500 million years, but has almost doubled from 280 ppm to 400 ppm in the last 
250 years. 

Not only increases in sea levels, more severe weather events, and an overall 
atmospheric temperature rise, but also the end of the Cryogenian period suggest the 
important role that greenhouse gases, in particular CO2, play in glaciation and global 
warming.  Water vapor and clouds are also some of the main greenhouse gases in the 
atmosphere and contribute between 36 % to 70 %, followed by CO2 between 9 % and 26 
%, and CH4 between 4 % and 9 % [13].  Since it is not possible to control the amount of 
moisture in the air, humanity is left with attempting to alleviate climate change by 
decreasing atmospheric CO2 and CH4 levels.  More recently, natural gases and methane 
from waste fermentation and fossil fuel production have been captured and used for 
energy and petrochemical feedstock instead of being released into the atmosphere.  This 
is clearly a step in the right direction although the combustion of natural gases and CH4 
does generate the other important greenhouse gas - CO2. 
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Based on mathematical climate models scientists have suggested the limitation 
and reduction of CO2 emissions in order to curb the atmospheric temperature rise to 2 °C.  
Most industrialized nations have signed on to the Kyoto greenhouse gas reduction 
protocol in 1997, but the two largest emitters of greenhouse gases (the USA and China) 
have not ratified the treaty and others have withdrawn.  In 2015, some large industrialized 
nations still question the anthropogenic contribution of CO2 and its effect on global 
warming, leaving poorer more vulnerable nations in peril.  Other nations, even in the 
absence of a global treaty, set limits and are taking steps to reduce CO2 emissions. 

The primary source of anthropogenic CO2 emissions is the combustion of long 
stored organic carbon.  The combustion of fossil fuels (36 %), coal (35 %), and natural 
gas (30 %) are the largest contributors to CO2 emissions [14].  Curbing the use of these 
cheap resources for transportation, heating, and electricity is difficult.  In particular, 
emerging industrial nations have little appetite to curb their populations’ desire for higher 
living standards and have not the financial resources to invest in alternative energies.  
Some developed nations readily embrace the need for change and invest in research of 
alternative energies whereas others standby. 

1.2 Alternative Energies 
Alternative energies have always played a role in the energy history of the world 

[15].  In the 15th century, after heavy deforestation and a scarcity of wood people 
searched for an alternative source for heating their houses and cooking their meals.  The 
replacement fuel needed to be compatible with an existing infrastructure.  In this case, 
this meant wood burning stoves and heaters.  They substituted wood with coal.  At the 
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beginning of the 19th century, whale oil became scarce for lighting lamps and lubrication, 
and again people looked for alternatives [16].  As before in the 15th century, the 
replacement for whale oil had to be compatible with the existing infrastructure.  The 
discovery of petroleum started the fossil fuel period, which still goes on today. 

The oil crisis in 1973 prompted the Brazilian government to promote the use of 
bioethanol as a fuel.  The National Alcohol Program (Programa National do Alcool) was 
the first attempt to phase out fossil fuels for transportation.  Brazil has not phased out 
gasoline, but blends gasoline with bioethanol [17].  The percent bioethanol added, to 
gasoline for passenger cars, has steadily increased from 10% to 27% in 2015.  In 2007, 
Sao Paulo premiered the first 95% ethanol engine bus, and has now a fleet of over 50.  
Sao Paulo expects all its public buses will be bioethanol powered by 2018.  Not only is 
Sao Paulo well on its way to phase out diesel from its public bus fleet, but also reduce its 
carbon footprint with a renewable and sustainable alternative [18].  All the alternatives 
chosen for wood, whale oil, and even fossil fuels in Brazil were driven by scarcity. 

The new alternative energy search initiated by global warming marks the first 
time where scarcity is not the primary motivation.  The effects of global warming and 
devastating projections for any living organisms on earth may finally drive the search to 
sustainable, reliable, renewable, and environmentally compatible, delocalized energy 
sources.  With geopolitical uncertainties in many oil producing countries, delocalized 
energy sources will become more important as global warming will lead to mass 
migration and conflict over fewer resources [19]. 

In broad terms, currently most energy used on earth is solar based.  Except for 
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nuclear and geothermal energies, the sun powers photosynthesis for carbon-based fuels, 
excites electrons in solar panels, turns wind turbines and fills hydroelectric dams.  
Although wind, solar, and hydroelectric power is sustainable and renewable their output 
is not an alternative for the fossil fuel infrastructure. 

The fossil fuel infrastructure is based on liquid combustible fuels, which limits 
fossil fuel alternatives to agricultural crops that can be processed into oil-like molecules.  
One of the most prominent and oldest alternatives to fossil fuels is ethanol.  Ethanol is the 
product of anaerobic fermentation of sugars by yeast.  Scientists found the first molecular 
evidence of fermentation took place 9000 years ago in Jiahu, China to produce a beer-like 
beverage [20].  Biofuels were used at the inception of cars.  Rudolf Diesel the inventor of 
the diesel engine used peanut oil to run his engine.  Even Henry Ford’s Model T ran 
initially on biofuel derived from Hemp.  Biofuel use diminished after the discovery of 
large crude oil reserves in Texas and Pennsylvania.  Nowadays, Brazil with its vast 
cheaply grown sugar cane produces large quantities of bioethanol and powers at least 
25% of its transportation.  Many countries have developed their own bioethanol 
industries based on corn.  Although corn is a sustainable crop, bioethanol production 
directly competes with food production, which has been frowned upon by politicians and 
the public alike [21]. 

With the increasing demand for bioethanol as an additive or fuel, and the wary 
eye of the public using foods to produce transportation fuel, the focus on cellulose for 
fermentation has spurred many research projects [22].  Cellulose is one of the most 
abundant and ubiquitous long chain linear sugars around.  Any green plant cell wall 
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contains cellulose, and it gives wood its remarkable strength.  Cellulose is a β(1-4) D-
glucose linked polymer ranging from hundreds to thousands of glucose units.  For the 
production of cellulosic bioethanol, those long linear chain cellulose molecules need to 
be cleaved into individual glucose molecules prior to yeast fermentation.  Although many 
soil bacteria and fungi enzymatically digest cellulose into glucose, they do so at a very 
low rate.  Most cellulosic bioethanol research focuses on identifying enzymes to aid in 
the digestion of cellulose [23] protein engineering of cellulases [24], and genetically 
modifying metabolic pathways to increase the digestion rate [25].  The digestion of 
cellulose into glucose at a sufficient rate is the greatest challenge to overcome to make 
cellulosic bioethanol an economically viable venture. 

An alternative to ethanol and more similar to crude oil, are plant oils.  The 
drawbacks of plant oils are the same as for ethanol from corn.  To grow the crop arable 
land is required and a food crop is used for transportation fuel while many people remain 
malnourished.  Another drawback is they grow slowly and can only be harvested once at 
most twice a year.  Moreover, these crops require vast amounts of water and with an 
increasing atmospheric temperature, more and longer droughts these operations are very 
unlikely to be viable in the future [26].  Some of the crops used for harvesting oil for 
biofuels are listed in Table 1.1.  Among all the oil producing crops in Table 1.1 micro 
algae stands out for its high oil yield per acre per year [27].  It is an order of magnitude 
greater than palm oil.  The oil fraction of micro algae is 80% of its biomass, whereas 
conventional crops reach a maximum of 5%. 
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Table 1.1. Gallons of oil harvested from land and water crops per acre per year [28]. 
Gallons of Oil per Acre per Year  
Corn 18 
Soybeans 48 
Safflower 83 
Sunflower 102 
Rapeseed 127 
Oil Palm 635 
Micro Algea 5000 – 15000 

 
Micro algae not only have the highest oil yield per unit biomass of any plant crop, 

but also require the least amount of effort to grow [26].  Micro algae are a very diverse 
eukaryotic and prokaryotic group of photosynthetic microorganisms which grow virtually 
anywhere in the world even on snowy mountaintops [29].  The Aquatic Species Program 
(ASP) identified and catalogue 300 out of an estimated 200,000 to several million species 
[30].  Most algae grow particularly well in agricultural run off.  Their populations 
explode in ideal conditions and can disappear just as quickly.  The rapid disappearance 
after an algal bloom remains a bit of a mystery.  Ideal growing conditions for micro algae 
are species dependent [27].  Parameters that affect growth of different species are pH and 
salinity.  Micro algae grow rapidly and are harvested between 2 and 4 weeks [31].  Their 
doubling times are between 3.5 hours to 3 days [32].  Most algal species can grow auto- 
and heterotrophically expanding their natural habits, but most importantly, they sequester 
CO2.  Micro algae have a photosynthetic process that is 10 to 50 times greater than 
regular plants [33,34]. 

The oil produced by micro algae resides in lipid bodies.  Under nitrogen and/or 
silicone starvation micro algae start to produce lipid bodies.  Lipid bodies store long 
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chain triacylglycerols.  The fatty acid chain length and saturation differ by species and 
growing conditions [35].  Micro algae anticipating starvation metabolically respond by 
producing oil and storing it in lipid bodies [36]. 

Not only produce micro algae lipid bodies, but also for a long time micro algae 
were used by indigenous cultures for food [37].  More recently, industrially grown micro 
algae produces carotenoids [38], bioactive molecules [29], sterols and vitamins [37,39], is 
used in nutritional supplements [40], and as animal feed stock [41]. 

Besides the production of high value algal molecules, micro algae is used for 
bioremediation of heavy metal, secondary wastewater treatment, and to scrub power plant 
flue gases of toxic pollutants and CO2 [42]. 

Given the relative ease to rapidly grow micro algae, their minimal nutritional 
requirements, its product diversity, and CO2 sequestration, they appear as the most 
suitable and available feedstock for biodiesel to compete with fossil fuels and reduce 
greenhouse gas emission.  Already established large-scale culture practices along with all 
the advantages listed above, micro algae became quickly a second-generation biofuel 
feedstock.  Various strains of micro algae are now grown for the production of biofuels 
[36].  Small-scale process feasibility and fuel compatibility studies confirmed algal 
biofuels as a viable replacement for fossil fuels [43].  Now the next challenges wait in 
economically harvesting and competitively converting micro algal oils into biodiesel and 
biogasoline. 

1.3 Biofuel Microalgae Process and Challenges 
The basic unit operations, to collect and convert micro algae into biodiesel, are 
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outlined in process flow diagram 1.1.  The major unit operations are harvest, dehydration, 
oil extraction, and esterification.  Each of these major unit operations can use different 
techniques to perform the operation.  The selection of an appropriate technique depends 
on the value of the final product.  Low volume, high value products may justify higher 
capital and operating costs, whereas the production of high volume low value products 
such as biofuels require the low cost technologies to compete with fossil fuel refining. 
 

 
Figure1.1. A general process flow diagram listing the major unit operations with different 

techniques for producing biodiesel from micro algae. 
 

There are three different categories for harvesting algae cells.  Sedimentation 
flotation, and filtration make up this three different categories [44].  Depending on the 
cell shape, size, buoyancy, surface charge, and mobility one category may be more 
appropriate than another. 

The first major unit operation is to harvest algal cells and since cost minimization 
and high volume production govern algae cultivation for biofuels; race ponds are the 
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choice for cultivation.  Micro algae yields in race ponds are at best 0.5 g/L [45].  Given 
the low cell densities, the fact that algal cells and become more buoyant when lipid 
bodies accumulate, the lowest cost technique, gravity sedimentation is less of an option 
because of long settling times and low algal recovery. 

Centrifuges are a viable and practical alternative to collect buoyant 1 to 50 μm 
algal cells.  Instead of relying solely on gravity, the force of gravity is increased with the 
help of energy.  Micro algal cells are collected at a fast rate and concentrated between 
15% and 30% dry weight depending on the type of centrifuge.  The drawbacks of 
centrifuges are high capital and operating costs, and the pumping of large quantities of 
liquid.  Equipment corrosion can become a problem if salt-water, acidic, or basic media 
are processed.  Equipment failure, repair or replacement could dramatically increase 
operating costs.  As mentioned in the beginning, centrifuges are efficient and work well, 
but are better suited for high-value products [46]. 

One often-applied technique to settle algal cells in high volume low value 
wastewater treatment is flocculation [47].  Flocculation can be induced by a variety of 
flocculating agents that bring individual algal cells together and form larger cell clusters 
that gravity-settle faster.  Stokes law (Equation 1.1) governs the rate of sedimentation for 
spherical particles.  In essence, Stokes law says heavier and bigger particles settle faster 
and the settling rate increase with the square of the particles size.  The effect of particle 
size gives flocculation a competitive edge compared to other sedimentation techniques. 
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v 2 ρ ρ gr
9μ  

Equation 1.1. Stokes law settling velocity of spherical particles. 
Where: 

v particle settling velocity (m/s) 
r cell radius (m) 
g gravitational acceleration (9.81) (m/s2) 
ρp mass density particle (kg/m3) 
ρf mass density fluid (kg/m3) 
μ dynamic viscosity (kg/ms) 

 
Flocculating agents come in a great variety and their advantages and 

disadvantages will be discussed extensively in section 1.4.  Certain types of flocculating 
agents may not be suitable if the algal meal after oil extraction is used for animal feed.  
As with some sedimentation technique, flocculation can be a low cost process depending 
on the flocculating agent and has the potential to become the primary harvest technique 
for algal biofuel production [48]. 

Converse to settlement is flotation.  Again a technique premiered in wastewater 
treatment [49].  The basic concept behind flotation is the dispersion of fine air bubbles 
that associate with algae cells and lift them to the surface where the cells are skimmed off 
the surface [50].  The three ways to introduce air bubbles are dispersion, dissolution, and 
suspension.  For dispersion air is pumped into a dispersion cell in the presence of a 
surface-active chemical.  A hydrophobic interaction between the algal cell and the air 
bubble lifts the algal cell to the surface [51].  Air dissolution is the introduction of air-
saturated water in into the collection tank.  This method is energy intensive, but 
concentrates algal cell to 7% versus air dispersion that only yields a 2.5% concentration 
[52].  The suspended air flotation uses cationic surfactants to create air-bubble micelles 
that electrostatically interact with the negatively charged algal cells and raises them to the 
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surface.  Reported concentration of algal cells reach up to 5% by suspended air flotation 
[50]. 

Filtration is an obvious choice to remove small particulates from liquid streams.  
Filtration works well for particles that do not foul membranes; however this hardly ever 
is the case.  Filtration requires the movement and pressurization of liquids, which results 
in high operating costs.  Membrane pore size and energy usage are inversely 
proportional; larger membrane pore size results in lower energy use.  For algae harvest 
macro and micro filtration can concentrate algal cells to 20% although at a substantial 
energy cost [53]. 

Given all the harvesting techniques listed, most mechanical techniques 
(centrifugation, flotation, and filtration) are too expensive to operate for a high-volume 
low-value product such as biofuel.  The most promising technique is enhanced 
flocculation sedimentation.  The types of currently available flocculating agents will be 
discussed extensively in section 1.4. 

The second major unit operation is dehydration.  The collected wet algal paste 
after harvest can vary in dry algal biomass between 2.5% to 30% depending on harvest 
technique used [54].  The importance of dehydration is to reduce the water volume to 
minimize solvent use during oil extraction.  Most commonly used solvent to algal paste 
ratio is 5:1.  Any extra water requires more solvent and increase energy input during cell 
disruption and algal oil/solvent water separation.  Although, dehydration is the most 
energy intensive step during the four major unit operations, the energy demand is still less 
than if algal biomass is not concentrated for cell disruption and oil extraction [55]. 
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There are three practical techniques to dry the wet algal paste.  First, a drying 
drum is a rotating heated pipe and a fan blows the wet paste through the pipe.  Depending 
on the amount of water in the paste multiple in series drying drums may be required to 
achieve the desired dry algal biomass concentration.  A second device used usually for 
less concentrated wet algal pastes is a spray dryer.  In a sprayer dryer the wet algal 
biomass enters through a narrow nozzle a spray chamber at the top.  The finely dispersed 
algal biomass droplet drop through the spray chamber while counter-droplet-flow hot air 
removes the droplet’s moisture.  Both of these two mechanical devices require energy to 
transport the wet algal biomass and heat to evaporate the water.  A third technique is to let 
the sun dry the wet algal biomass.  This may be practical in some hot dry climates.  
Although sun drying is very inexpensive from an operational perspective, it is also 
unreliable and makes manufacturing scheduling subject to weather conditions.  Lastly, 
not to dewater the wet algal biomass, if harvesting produced a sufficiently concentrated 
sample for cell disruption and oil extraction or an alternative oil removal step is 
developed in the future. 

The third major unit operation is oil extraction, but before any oil extraction takes 
place, homogenization of the algal cell wall is required [56].  Common solvents used for 
extraction are ethanol and hexane.  Usually, the ratio between solvent and algal biomass 
is 5:1 for the commonly used solvents ethanol and hexane, or a combination thereof [57].  
Separation of ethanol and hexane solvents from algal oils requires simple distillation, but 
the recovered solvents can be used time and time again for oil extraction. 

Alternatively and significantly more expensive is the use of supercritical CO2 
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[57].  The main advantage of supercritical CO2 is separation.  Simply reducing the 
pressure evaporates CO2 and leaves the algal oils behind.  Supercritical CO2 requires a 
high-pressure extraction chamber.  The high-pressure requirement limits the extraction 
chamber size thus throughput.  This in turn increases the operational cost and more or 
less eliminates this extraction technique for the production of biofuels. 

Besides solvent extraction, an expeller press can press algal oils out of cells [57].  
Common crops such as sunflower, rapeseed, soybeans, and olives use expeller presses to 
harvest their respective oils.  Most algal species are too small for expeller presses to 
release more than 30% of their oils.  Most frequently used is solvent extraction, thus 
dehydration is critically important to reduce the cost of production. 

The fourth and last major unit operation is the conversion of extracted fatty acids 
and triacylglycerols into methyl or ethyl fatty acid esters.  The transesterification 
proceeds both under basic [58,59], and acidic [60,61] catalyzed conditions at 
temperatures above 60 °C.  Li et al.  enzymatically esterified algal oil with the lipase 99-
125 from Candida sp.  [62].  During esterification it is critically important to eliminate 
water [63].  Because any residual water left from previous unit operations competes 
directly with methanol producing undesired free fatty acids. 
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Figure 1.2. Transesterificaton reaction of extracted algae oil (triacylglyceride) with 

methanol to biodiesel (fatty acid methylesters). 
 

Besides transesterification of extracted algal oils, several groups more recently 
converted the algal oil in wet algal biomass to biodiesel.  The two methods used are 
ambient temperature and pressure high sulfuric acid concentration catalyzed 
transesterification [64,65], and high temperature and pressure supercritical methanol 
transesterification [66].  Both the concentrated sulfuric acid [63] and the supercritical 
methanol [67] serve the purpose to reduce residual water from reacting with triglycerides 
to form fatty acids. 

These are the four major steps in the production of algal biofuels once the micro 
algae are cultured.  There are many considerations to take into account which techniques 
to use.  Most techniques listed are conventional techniques adopted from a variety of 
industries for biofuel production.  Some of the more recently developed techniques are 
suitable for a particular algae high value product, but most are too expensive for 
producing fossil fuel competitive algal biofuel. 

Highlighting and summarizing some of the process challenges producing algal 
biofuels may aid in the evolution of some of these techniques and add entirely new 
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approaches such as the wet algae biomass direct transesterification.  As mentioned 
harvest and dehydration are major challenges to advance biofuel commercial production 
into a competitive position with fossil fuel refining.  Even when direct transesterification 
becomes the norm, harvesting micro algae will still remain a major challenge.  To meet 
this challenge, flocculation seems to be the most promising way forward to achieve a 
competitive algal biofuel process.  Section 1.4 outlines the current flocculation methods 
and their applicability and emphasizes the need for an engineered, sustainable scalable 
biological flocculating agent developed during this study. 

1.4 Flocculation 
Flocculation refers to colloids coming out of suspension in the form of large floc 

or flake [68].  The floc formation can happen spontaneously or after the addition of a 
coagulation agent.  The coagulation agent reduces the forces keeping colloids and 
particles apart and initiates the formation of flocs.  The destabilized colloids then come 
together and form colloidal particles or flocs. 

Particles interact through four coagulation mechanisms.  The most common and 
ubiquitous mechanism is electrostatic charge neutralization [69].  In the case of the 
negatively charged micro algal surface, positively charged ions, polymers, or colloids 
absorb to the algal surface, coagulating the algal cell, and initiating flocculation. 

Patch neutralization is fractional electrostatic charge neutralization creating a 
zwitter algal cell.  The zwitter algal cell then proceeds to electrostatic charge 
neutralization by absorbing to other zwitter algal cell. 

Bridging is the interaction of two or more negatively charged algal cells through a 
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positively charge coagulation agent [70].  The agents are mostly natural and synthetic 
positively charged polymers. 

Sweeping is the entrapment of algal cell by a coagulation net [71].  This occurs 
when the coagulation agent coagulates and flocculates entrapping algal cells as the floc 
sweeps the water column.  Coagulation mechanisms not only depend on the coagulation 
agent, but the particles local environment.  Ions and small molecule favor the electrostatic 
charge and partial neutralization, whereas bridging occurs with polymeric molecules and 
coagulating organisms.  The different kinds of coagulation mechanisms employ different 
coagulation agents. 

Ionic coagulation agents such as ferric chloride (FeCl3) and alum (Al2(SO4)3) 
primarily coagulate via electrostatic charge neutralization [72,73].  Metallic agents are 
widely used in wastewater treatment and the mining industry where metal contaminations 
are not of concern.  For the flocculation of micro algae, metallic coagulation agents 
remaining will render the algal protein fraction useless as animal feed. 

If metallic contamination of the algal biomass is of concern, natural and some 
synthetic positively charged polymers are available.  However, polyacrylamide based 
coagulants should not be used for contamination-free algal biomass because of possible 
residual acrylamide [74].  Naturally occurring chitosan and cationic starch are non-toxic 
and may even amend the oil extracted algal biomass as an animal feed stock 
[75,76,77,78,79].  All these polymers can coagulate by partial neutralization and/or 
bridging.  The specific mechanism is a function of molecular shape of the polymer, 
polymer length and charge distribution, coagulant to algae ratio, and algal cell shape.  All 
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polymeric coagulation agents require a pH below 5 to protonate the amine groups, which 
interact with the negatively charged algae surface.  This low pH requires a drop in pH of 
the algal culture prior to coagulation since most algae is cultivated between pH 7 and 10. 

Sometimes micro algae flocculate in the absence of a coagulation agent [80].  
Sudden floc formation can occur readily above pH 9.  The depletion of CO2 by 
photosynthesis raises the pH and an excess of calcium and/or magnesium ions coagulates 
with phosphate ions, and initiates algal autoflocculation [81,82].  Autoflocculation acts 
similarly as cationic metal coagulates which flocculate algae via electrostatic charge 
neutralization. 

Spontaneous flocculation can occur sometimes without a change in pH.  Such 
flocculation has been observed in nature with large algal blooms, that suddenly collapsed.  
The coagulation agents responsible for naturally occurring bioflocculation are difficult to 
identify, but are assumed to be a micro algal metabolic response to environmental 
changes [83].  A more recent study implicates the possible involvement of infochemical 
in the initiation of coagulation.  The cause which triggered the possible activation of 
infochemicals is still under investigation [84]. 

Certain micro algae naturally bioflocculate under nutrient limited conditions.  The 
micro algae Chlamydomonas reinhardtii has two modes of reproduction.  In nitrogen-rich 
conditions C. reinhardtii reproduces asexually, but under nitrogen limiting conditions 
they reproduce sexually [85].  Sexual reproduction requires a female (gamete mt-) and a 
male cell (gamete mt+) cell to mate.  Mt- and mt+ cells differentiate themselves by 
expressing on their flagella either the mt- agglutinin or mt+ agglutinin proteins 
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[86,87,88].  These two protein agglutinate to each other and form grape-like algal cell 
clusters.  The self-flocculation of C. reinhardtii is a bridging between multiple algal cells 
that eventually segregates into cell pairs and mates. 

Besides self-flocculating micro algae, yeast, bacteria, and fungi display or release 
coagulation agents that flocculate with micro algae [89].  Bacillus sp.  in the presence of 
calcium or magnesium ions bioflocculate five different strains of micro algae [90,91].  
For most bacteria the coagulation agent is unknown, but assumed to be a released 
biopolymer.  Γ-poly glutamic acid from B.  subtilis is one of the few biopolymers 
identified and confirmed as a coagulation agent for a variety of micro algae [92].  The 
coagulation mechanism is assumed to interact electrostatically with the negatively 
charged algal cells bridging them together. 

The intention of this work was to develop a coagulation agent based on 
bioflocculation.  The goal is to engineer a non-toxic, scalable coagulation agent that 
biofloccultes micro algae incorporating all four coagulation mechanisms [93,94].  To 
incorporate these goals, we studied the collapse of algal cultures (Chapter II), developed 
an over-expression bacterial display system (Chapter III), and flocculated the micro algae 
C. reinhardtii with cell-wall destabilizing peptides coupled to self-aggregating E. coli 
cells (Chapter IV). 
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CHAPTER II 
 
Cultivation of Chlamydomonas reinhardtii 
 
2.1 Introduction 

Chlamydomonas is a large genus of algae with more than 600 discovered species.  

It is a unicellular chlorophyte (green algae) in the phylum of Protista.  These algae are 

very adaptable and live all over the world at many different elevations.  They are found in 

soil, eutrophic lakes, oceans [1], and even snowy mountaintops [2]. 

C. reinhardtii is a haploid organism and the most characterized unicellular 

chlorophyte to date.  This species of microalgae entered the scientific laboratory in the 

late 1950s.  It serves as a model organism to elucidate fundamental biological processes 

such as photosynthesis [3], flagellar motility [4] and biogenesis [5]. Cultivation of C. 

reinhardtii in the laboratory is well established.  C. reinhardtii is commonly cultured in 

baffled flasks or small bioreactors, agitated between 80 to 120 rpm, and grown between 

20 °C and 30 °C.  (Figure 2.1) [6].  Pilot and production scale cultivation usually takes 

place outdoors in either photobioreactors, and open raceway ponds (Figure 2.2).The 

advantage of raceway ponds is the low capital cost.  Some of the disadvantages are 

minimal process control, low production yield (0.5 g/L), unwanted predators, and culture 

collapse.  Advantages of the photo-and bioreactors are high yield (5 g/L), excellent 

process control, few to no culture collapses.  The major drawbacks of bioreactors are high 

capital and operating costs and limited size.  Because of the high capital and operating 

costs, bioreactors are mainly used for the production of high value products rather than 

biodiesel or animal feed [7].  Most of the algae cultivated in bioreactors are 

heterotrophically grown rather than autotrophically.  In the absence of an added carbon 
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source (glucose, corn syrup), bioreactor cultivation would not reach 5 g/L yields.  The 

biofuel and animal feed industries have great interest in open raceway ponds for their low 

capital and operating costs; however, culture collapses are one of the challenges that limit 

the ponds potential. 

 
a) b) 

Figure 2.1. a) C. reinhardtii plated on TAP media, b) C. reinhardtii cultured in 500 mL 
baffled Erlenmeyer flask. 

 

 
a) b) 

Figure 2.2. a) photobioreactor, b) open raceway pond. 

 
Algae culture collapses can happen frequently, destroying entire crops and the 
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work of several weeks.  They can quickly spiral out of control, and raise the cost of 

production to unsustainable levels.  A collapse of an algae culture can be a reduction in 

growth rate, flocculation and cell death, or the complete disappearance of algae.  There 

are many causes for culture collapses depending on the final outcome.  Lack of nutrition, 

competition, and process conditions can result in a reduction in growth rate.  A bacterial, 

viral, or fungal infection may induce flocculation and cell death, and predators may 

consume the entire crop. 

Careful monitoring nutritional levels and process critical parameters can reduce or 

eliminate algal growth rate reduction.  For example, if exhaust flue gas is used as a 

carbon source for the cultivation of pH-sensitive algal species, the pH reduction by 

carbon dioxide needs to be adjusted to minimize or eliminate growth rate reduction [8].  

Biosensors and automated controls in bioreactors eliminate these types of problems, but 

in open raceway ponds these forms of collapses occur frequently. 

Bacterial and viral infections of an algal culture in open raceway ponds are 

difficult to control.  As an open system in a diverse ecological environment, bacteria, 

viruses, and fungi will likely populate the pond.  Bactericidal and fungicidal agents seem 

useful, but the evolution of antibiotic-resistant bacteria in hospitals suggest otherwise 

[9,10].  Careful strain-selection and very discriminating and defined media may aid in 

this respect [11]. 

Last, but not the least, are the predators that feast on algae.  Micro larvae, rotifers, 

protozoa, and crustaceans are some of the more common predators.  These organisms are 

quite large and take time to grow to where they are a cultivation threat.  The reduction of 
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algae cultivation time may eliminate them along with suggestions listed above. 

Algal culture collapses are most often seen in open raceway systems, so it was 

unexpected to observe C. reinhardtii collapse in a controlled environment in our lab. We 

noticed flocculation and an OD600 reduction in the mid exponential to early stationary 

phase.  Because of our interest in flocculation of C. reinhardtii, this culture collapse 

inadvertently introduced us to a possibly new technique to aggregate and harvest this 

particular species of microalgae.  We set out to identify the cause of this flocculation and 

engineer a system to induce flocculation deliberately. 

2.2 Materials and Methods 

2.2.1 Chemicals 

All chemicals for culturing C. reinhardtii were purchased from Fisher Scientific 

or Sigma Aldrich.  We obtained the Wizard Genomic DNA extraction kit from Promega.  

IDT supplied us with the PCR DNA primers and the Fusion polymerase was purchased 

from ThermoScientific. 

2.2.2 TAP Media Preparation 

TAP media and its solution is prepared following Gordon and Pepper [12].  TAP 

media is made by adding the components in Table 2.1 to a final volume of 1 L of water.  

For TAP plates 15 g/L of agar is added.  The final solution is autoclaved. The 

components are listed in, Table 2.2, Table 2.3, and Table 2.4. 

TAP media preparation is outlined in the following paragraph.  The TAP salts 

(#1), TAP phosphate (#2) stock solutions were prepared as in Table 2.2 and Table 2.3. 
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Table 2.1. TAP media. 

Component Amount 
Tris 2.42 g 

Tap Salt #1 25 mL 
TAP Phosphate #2 0.375 mL 

Hutner's Trace Element #4 1 mL 
Glacial acetic acid 1 mL 
Q.s. with water to 1 L 

 

Table 2.2. Tap salt stock solution (#1). 

Compounds Amounts (g) 
NH4Cl 15 

MgSO4 . 7H2O 4 
CaCl2 . 2H2O 2 

Water 979 
 

Table 2.3. TAP phosphate stock solution (#2). 

Compound Amount (g) 
K2HPO4 28.8 
KH2PO4 14.4 
Water 56.8 

 

For one liter of Hutner’s Trace Element (#4) stock solution, each compound was first 

dissolved in the volume of water indicated in Table 2.4.  EDTA was dissolved in boiling 

water, and FeSO4 was prepared last to avoid oxidation.  The Hutner Trace Element (#4) 

stock solution was mixed from the individual Hutner Trace Element salt (#3) stock 

solutions as outlined below.  All solutions were mixed together except for EDTA, which 

was added after the solution was brought to a boil.  The mixture should attain a green 

color at this point.  After everything was sufficiently dissolved, the solution was allowed 
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to cool to 70 °C.  The temperature was maintained at 70 °C, and 85 ml of hot 20% KOH 

solution was added. NaOH was NOT used to adjust the pH. The final solution was 

brought to 1 liter total volume and appeared clear green initially. The flask was stoppered 

with a cotton plug and let stand for 1-2 weeks with shaking once a day.  The solution 

eventually turned purple and a rust-brown precipitate formed, which was removed by 

filtering through two layers of Whatman#1 filter paper. When necessary the filtration was 

repeated until the solution was clear.  The solution was stored refrigerated or frozen as 

convenient aliquots.  In some cases bubbling the solution with filtered air shortened the 

time for formation of the precipitate.  If no precipitate formed, the solution may still be 

considered usable.  However, one might want to check the pH in this case and adjust it to 

around 7.0 using either KOH or HCl as needed. 

Table 2.4. Hutner’s Trace Element stock solutions (#3). 

Compound Amount (g) Water (mL) 
EDTA disodium salt 50 250 

ZnSO4 . 7 H2O 22 100 
H3BO3 11.4 200 

MnCl2 . 4 H2O 5.06 50 
CoCl2. 6 H2O 1.61 50 

CuSO4 . 5 H2O 1.57 50 
(NH4)6Mo7O24. 4 H2O 1.1 50 

FeSO4. 7 H2O 4.99 50 

 
2.2.3 Chlamydomonas reinhardtii (C. reinhardtii) culturing 

For this study, the C. reinhardtii strain CC-1690 wildtype mt+ 21 gr was 

purchased from C. reinhardtii.org.  The C. reinhardtii cells were plated on TAP media 

plates.  An individual colony was picked and grown in 100 mL baffled Erlenmeyer flask 
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of TAP media at room temperature with gentle agitation.  Cells were grown under 

artificial sunlight for 16 hours per day for up to 20 days.  Algae growth was monitored by 

OD600.  For all aggregation studies, algae samples were taken during the carrying 

capacity at an approximate OD600 of 1.5 or above (Figure 2.3). 

 
 

Figure 2.3. C. reinhardtii cells grown autotrophically for 16 hours per day under 
artificial light and mildly agitated with a magnetic stir bar. 

 
2.2.4 Bacillus pumilus (B.pumilus) Culturing  

Without knowing the identity of the organism contaminating the C. reinhardtii 

cultures, we tried to grow this organism in LB media.  After identifying the organism as 

B. pumilus literature confirmed LB as a suitable media [13].  We continued to culture B. 

pumilus in LB media to confirm B. pumilus’ involvement in the culture collapse of C. 
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reinardtii.  B. pumilus was streaked on an antibiotic free LB plate and grown overnight at 

37°C.  A single colony was picked from the non-antibiotic plate to inoculate 50 mL of 

antibiotic free LB.  The culture grew overnight in a shaking 37°C incubator to an OD600 

of 1.8. 

2.2.5 Inoculation of C. reinhardtii with B. pumilus 

To prepare the cell pellet for inoculation 1 mL of B. pumilus culture was spun 

down at 9000 rpm for 1 minute in an Eppendorf tube and the supernatant transferred with 

a pipette to another Eppendorf tube. The cell pellet was washed three times with sterile 

DI water and finally re-suspended in 1 mL of sterile LB. 5 mL of C. reinhardtii culture at 

an OD600 of 1.5 or greater was mixed with 1 mL of B. pumilus culture, culture the 

supernatant, and the pellet.  The samples were mixed and incubated at room temperature 

overnight. 

2.2.6 Brightlight Microscopy of C. reinhardtii 

All samples were visualized under a Zeiss D1 Observer microscope in the Feuer 

lab at SDSU.  The magnification of the micrographs are 40 fold. 

2.2.7 16S rRNA PCR Amplification 

B. pumilus genomic DNA was extracted according to the Omega Wizzard 

Genomic DNA Extraction manual for Gram-positive bacteria.  The primers for the PCR 

amplification and sequencing are listed in Table 2.5.  Table 2.6 lists the PCR reaction 

mixture for the amplification of the 16S rRNA gene, and the PCR procedure is in Table 

2.7  The PCR product was excised from a 1 % agarose gel and gel extracted with the Gel 
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Extraction kit from MN.  The purified PCR product was submitted for sequencing to 

Retrogen Inc. 

Table 2.5. Primers for 16S rRNA PCR and sequencing. 

Primer Oligonucleotide 5’ to 3’ 
16S rRNA F CGCCAGAGTTTGATCCTGGCTCAG 

16S rRNA 500 F CGGTAATACGTAGGTGGCAAGCGT 
16S rRNA 940 F CAACGCGAACCCTTACCAGGT 

16S rRNA R ACGGCTACCTTGTTACGACTTGCG 
 
 

Table 2.6. PCR reaction mixture for 16S rRNA amplification. 

Component Amount 
DNA Template 100 ηg 

Oligonucleotide Forward 10 µM 2.5 µL 
Oligonucleotide Reverse 10 µM 2.5 µL 

dNTP Mix 25 mM 0.4 µL 
5X Phusion HF Reaction Buffer 10 µL 

Phusion DNA Polymerase 0.5 µL 
 
 

Table 2.7. PCR parameters for 16S rRNA amplification. 

Step Temperature (°C) Time (sec) Cycles 
1 98 30 1 
2 98 10 30 
3 72 30 30 
4 72 600 1 

 
2.2.8 Organism Identification by Ribosomal Database Project (rdp) Search 

The sequence was searched in the ribosomal database located at 

http://rdp.cme.msu.edu/index.jsp. 
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2.2.9 Harvesting of C. reinhardtii Cells  

After 3 days of room temperature daylight aggregation of the 5 mL algae and 1 

mL coagulation agent mixture, the aggregated and settled C. reinhardtii cells were 

resuspended by multiple inversion of the 15 mL glass vial and the contend was poured 

through a 70 µm strainer. 

2.3 Results 

2.3.1 Culturing of C. reinhardtii 

The C. reinhardtii cells, purchased from Chlamy.org, was spread aseptically on 

an antibiotic free TAP agar plates.  The plates were placed upside down on a white 

surface about 50 cm away from a fluorescent light bulb providing 16 hours of artificial 

sunlight per day.  After 1 week of room temperature incubation, dark green single 

colonies were visible on the plate (Figure 2.1).  A new TAP plate was streaked every 

seven days to minimize bacterial contamination and mold.  A single colony was 

aseptically transferred into 100 mL sterile TAP media.  The 250 mL C. reinhardtii 

inoculated Erlenmeyer flask was placed under artificial sunlight on a magnetic stirrer and 

gently agitated with a medium size sterilized magnetic stir bar (Figure 2.1).  Sixteen 

hours per day of artificial sunlight provided the solar energy for C. reinhardtii cells to 

grow autotrophically.  No additional carbon was supplied besides carbon dioxide from 

the air.  The growth of C. reinhardtii cells was monitored by OD600.  Figure 2.3 shows a 

typical growth curve of C. reinhardtii cells grown under the conditions outlined above. 

2.3.2 C. reinhardtii Culture Collapse 

For most liquid C. reinhardtii cultures the growth curve is similar to Figure 2.3; 
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however, some liquid cultures grew only to the mid exponential growth phase (day 6) or 

the onset of carrying capacity (day 10) and then suddenly aggregated into algae clusters 

that settled on the bottom of the Erlenmeyer flask.  Initially, this C. reinhardtii culture 

collapse was a sporadic failure, but the frequency started to increase with an aging TAP 

media solution.  One of the collapsed C. reinhardtii cultures was spun down and the 

supernatant used to inoculate a freshly vigorously growing C. reinhardtii culture.  The 

supernatant inoculated C. reinhardtii culture collapsed within 24 hours of inoculation 

(Figure 2.6). 

 
Figure 2.4. C. reinhardtii aggregation induced by supernatant of a previously collapsed 

C. reinhardtii culture. 

 
The clear TAP media prepared as described above eventually became cloudy and 

the precipitate settled to the bottom.  When a cloudy TAP solution was used to culture C. 

reinhardtii cells, the solution never turned green but remained a cloudy grey color.  The 

eventual change from a clear solution to a cloudy grey colored solution suggested the 

possibility of precipitated metal salts. 
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At this point the sterile filtered trace metal solution was aseptically added last to 

quantum satis (q.s). to final volume.  After changing to the method to include this step, 

the white cloudiness was no longer observed.  Nevertheless the TAP media again became 

cloudy after it was allowed to sit undisturbed.  Initially, C. reinhardtii cells grew readily 

with freshly made TAP media, and the media remained clear for two to three weeks, but 

then again a cloudy grey precipitate formed.  The lag phase of two to three weeks for the 

formation suggested possible bacterial contamination.   Subsequently the grey TAP 

media was autoclaved and inoculated with C. reinhardtii cells.  Autoclaving did not 

dissolve the grey precipitate in the TAP media and C. reinhardtii cells did not grow to a 

visible green culture. 

A second clue as to what was inducing the cells to spontaneously aggregate 

emerged when cloudy TAP media was used to make agar plates and those plates were 

used for C. reinhardtii cell amplification.  After 3 weeks of minimal C. reinhardtii 

colony growth, grey small colonies appeared among the small green C. reinhardtii 

colonies on the plates.  At first appearance, the grey colonies were dismissed as mold, 

since even newly poured, never-used, stored at 4°C TAP plates eventually grew mold.  

However, this “mold” was noticeably different in appearance.  The grey colonies were 

not “fuzzy”, did not grow significantly larger than an E. coli Top 10 colony, and did not 

change color as seen before for molds previously observed on LB plates. 

Multiple colonies were picked and grown on antibiotic free, Amp, and Kan plates.  

The organism grew overnight at 37°C on antibiotic free plates.  Both Amp and Kan plates 

had no growth after overnight incubation.  A single colony was picked and 25 mL of LB 
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media was inoculated and incubated overnight at 37°C.  The putative bacteria grew as 

well as E. coli overnight and had an OD600 of 3.56. 

The following experiment was carried out with the unknown bacteria. The C. 

reinhardtii cultures were inoculated with the bacterial growth media, the bacterial growth 

media supernatant, and the in bacterial pellet resuspended in serile LB media.  As a 

control sterile LB media was added to the C. reinhardtii (Table 2.8). 

Table 2.8. Summary of flocculation results for unidentified bacterial inoculant. 

Bacterial Inoculant Flocculation Figure 2.5 
T.B. Media no a) 

Bacterial Culture yes b) 
Bacterial Supernatant yes c) 

Bacterial Pellet yes d) 
 

Twenty-four hours after inoculation of the C. reinhardtii culture with the 

unknown bacteria, flocculation was observed (Figure 2.5).  All three inoculants, the 

bacterial growth, supernatant, and pellet, aggregate C. reinhardtii cells (Table 2.8).  The 

C. reinhardtii aggregates induced by the bacterial inoculation and supernatant settled 

rapidly within 24 hours as shown in Figure 2.6.  The clearer supernatant after 24 hours of 

settlement that existed above the settled C. reinhardtii pellet for the bacterial culture and 

bacterial supernatant suggested the secretion of a C. reinhardtii aggregating compound 

by the unidentified bacteria.  Having confirmed the aggregating capacity of this 

organism, the next obvious step was to identify the bacteria. 
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a) b) 

 
c) d) 

Figure 2.5. Bright light micrographs of C. reinhardtii cells after inoculation with yet 
unidentified bacterial growth culture, a) control, C. reinhardtii inoculated with freshly 
made LB media, b) C. reinhardtii inoculated with bacterial culture, c) C. reinhardtii 

inoculated with bacterial growth supernatant, d) C. reinhardtii inoculated with 
resuspended bacterial cell pellet. 
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Figure 2.6. Twenty-four hours of gravity settlement of C. reinhardtii after inoculation 

with vial 1: LB media, vial 2: unidentified bacterial culture, vial 3: bacterial growth 
media supernatant, vial 4: water-resuspended bacterial pellet 

 
2.3.3 Identification of Bacteria by 16S Ribosomal RNA PCR 

16S rRNA PCR was performed on the genomic DNA of the unknown bacteria. 

The 16S rRNA was estimated to be 1500 bases long. The gene was PCR amplified 

(Figure 2.7) with primers listed in Table 2.5 from extracted genomic DNA of the 

unknown bacteria and submitted for sequencing. 

 

1 2 3 4 
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Figure 2.7. Agarose gel of PCR amplified 16S rRNA gene (1500 bp). 

 
Four primers were used to sequence the entire gene (Table 2.5).  The sequence 

was compared in the ribosomal database (http://rdp.cme.msu.edu/index.jsp) and 

identified as Bascillus pumilus (Figure 2.8). 
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Figure 2.8. Search results of the ribosomal database (rdp) located at the University of 

Minnesota. 
 
2.3.4 Detection of B. pumilus in Hutner’s Trace Element Solution 

To identify the source of the B. pumilus contamination in the TAP media, the 

autoclaved TAP stock solutions #1, 2, and 4 were plated on antibiotic free LB plates and 

incubated at 37 °C overnight.  The Hutner’s Trace Element #4 plate had growth on it.  

Thereafter, all individual Hutner Trace Element solutions #3 (Table 2.4) were autoclaved, 

plated, and incubated on non-antibiotic plates.  The next day the ammonium molybdate 

salt solution plate had colonies.  Several colonies were picked, amplified in LB media, 

and genomic DNA was extracted.  16S rRNA PCR and sequencing confirmed the 

organism’s identity and cell culture inoculation flocculated C. reinhardtii. 
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Newly purchased ammonium molybdate and its autoclaved stock solution was 

tested for bacterial growth on antibiotic free plates.  No colonies grew overnight and the 

newly made ammonium molybdate stock solution (Table 2.4) was used for the Hutner’s 

Trace Element solution #4, and freshly made autoclaved TAP media was plated on 

antibiotic free LB plates and incubated overnight at 37°C.  No colonies grew on the plate, 

nor did another C. reinhardtii culture collapse from thereon. 

2.3.5 C. reinhardtii Aggregation by Guanidine Hydrochloride 

Based on the observation that the B. pumilus culture supernatant aggregated C. 

reinhardtii cells, we suspected the possible secretion of an enzyme into the growth 

media.  To test this hypothesis we added the chaotrophic agent guanidine hydrochloride 

to the B. pumilus culture to denature any proteins either on the surface of B. pumilus cells 

or secreted into the media.  Unexpectedly, the 1 molar guanidine hydrochloride had a 

profound effect on the aggregation of C. reinhardtii cells.  Not only did the B. pumilus 

culture with guanidine hydrochloride aggregate C. reinhardtii cells within 10 minutes, 

but guanidine hydrochloride by itself also induced significant aggregation (Figure 2.9).  

The aggregates were not in the µm to mm size range, but cm-sized particles that 

immediately settled more than 99 % of the C. reinhardtii cells and resulted in a very clear 

supernatant above the settled cells (Figure 2.10).  A 70 µm pore-size strainer readily 

retained the large C. reinhardtii aggregates; whereas the B. pumilus aggregates easily 

passed through the strainer (Figure 2.11). 
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 a) b) 

 
 c) d) 

Figure 2.9. Aggregation of C. reinhardtii cells with B. pumilus culture denatured by 
guanidine hydrochloride, a) C. reinhardtii cells inoculated with LB media, b) C. 

reinhardtii cells inoculated with B. pumilus culture, c) C. reinhardtii cells inoculated with 
B. pumilus culture denatured with 6 M guanidine hydrochloride, d) C. reinhardtii cells 

inoculated with 6 M guanidine hydrochloride. 
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Figure 2.10. Twenty-four hours of gravity settlement of C. reinhardtii cells after 

inoculation with vial 1: LB media, vial 2: B. pumilus culture, vial 3: B. pumilus culture 
with 6 M guanidine hydrochloride, and vial 4: 6 M guanidine hydrochloride (left to 

right). 

 

1 2 3 4 
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 a) b) 

 
 c) d) 
Figure 2.11. C. reinhardtii aggregates retained by a 70-µm pore strainer, a) C. reinhardtii 
cells inoculated with LB media, b) C. reinhardtii cells inoculated with B. pumilus culture, 
c) C. reinhardtii cells inoculated with B. pumilus culture denatured with 6 M guanidine 

hydrochloride, d) C. reinhardtii cells inoculated with 6 M guanidine hydrochloride. 
 

The large and easy to harvest C. reinhardtii cell aggregates generated by the 

addition of 6 M hydrochloride far exceeded the aggregation capacity of B. pumilus’s 

growth media.  To explore the effect of the guanidinium functional group further, C. 

reinhardtii cells were inoculated with lysine and arginine at a final concentration of 1 M. 

Figure 2.12 shows the aggregates generated by lysine and arginine.  The aggregate size 

was between 5 mm and 1 cm, which settled immediately (Figure 2.13).  Lysine produced 

smaller aggregates than arginine, but the 70 µm pore-size strainer retained both amino 

acid induced C. reinhardtii aggregates (Figure 2.14).  Besides lysine and arginine, the 
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inoculation with 6 M urea produced similar C. reinhardtii aggregates as guanidine 

hydrochloride (data not shown). 

As was seen with guanidine hydrochloride, a final flocculating agent 

concentration of 1 M was required to produce the cm size aggregates.  At 0.5 M the 70 

µm pore-size strainer still retained 90 % of the aggregates, but at 0.05 M practically no 

aggregates were retained.  The reduction of flocculating agent concentration, did not only 

decrease the particle size, but also extended the aggregation time.  Instead of the 10 

minutes to aggregate at 1 M, aggregation took to 6 to 10 hours to generate small visible 

aggregates at 0.05 M.  Clearly, it is not practical to use a 1 M final concentration of 

flocculating agent. Scientific literature was searched extensively for examples of 

naturally produced guanidine derivatives, and the only molecules previously identified 

were secreted toxins that worked at ppb concentrations [14].  Based on our experience 

with lower concentrations of guanidine hydrochloride, we believe, we would not observe 

C. reinhardtii flocculation that is applicable for biofuel production. 
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a) b) 

Figure 2.12. Aggregation of C. reinhardtii by the amino acids a) lysine and b) arginine. 
 

 
Figure 2.13. Twenty-four hours of gravity settlement of C. reinhardtii after inoculation 

with vial 1: LB media, vial 2: 1 M lysine, vial 3: 1 M arginine (left to right). 

 

1 2 3 
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a) b) 

Figure 2.14. Harvested C. reinhardtii cells flocculated with 1 M a) lysine and b) arginine 
collected by a 70 µm pore-size strainer. 

 
2.3.6 Design of C. reinhardtii Flocculating Peptides 

Although terrestrial and marine organisms secret guanidine derivatives, they do so 

at ppb concentrations [14].  Many of the guanidine derivatives found in nature are toxins 

with complicated metabolic pathways.  Potent antibiotics, anticancer agents, and 

cyanotoxins, first isolated from nature have attracted great interest from the medical 

community, but require expensive, complex-organic synthesis [15].  Clearly these 

compounds would be of great interest in the aggregation of C. reinhardtii, but their 

limited availability, complex metabolic pathways, or expensive synthesis put them out of 

reach for a low cost, large scale flocculating application. 

Instead of pursuing a natural guanidine derivative, we decided to design peptides 

based on lysine and arginine to aggregate C. reinhardtii.  Table 2.9 lists the three peptides 

we designed for aggregation.  The length of the peptides 8R and GR is based on the 

observation that short arginine–rich peptides are cell penetrating [16].  Although this 

property may not be desirable, we plan to anchor the peptide on the bacterial surface of E. 

coli (Chapter IV) to prevent possible complete translocation of the peptide into the algal 
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cell.  The third peptide KA is known as a peptergent [17].  These types of peptides help in 

the solubilization of membrane proteins [18,19].  The idea to use a peptergent was to take 

advantage of the positively charged head to interact with the negatively charged cell wall 

of C. reinhardtii, and the hydrophobic tail to disrupt the hydroxyproline-rich glycoprotein 

cell wall, and expose hydrophobic patches to induce self-aggregation.  After the peptides 

were designed, we intended to have them commercially synthesized but we desired a 

system that would generate these peptides in large numbers and eliminate any steps of 

purification.  However, most of the currently available systems have limitations, and thus 

we decided to develop what we believe the first high-expression E. coli display system.  

Chapter III describes the development of the E. coli display system and shows its ability 

to display active peptides and enzymes.  Chapter IV describes the display of the 

aforementioned positively charged peptides and their ability to flocculate C. reinhardtii. 

Table 2.9. Peptides designed for C. reinhardtii flocculation. 

Abbreviation Peptide Amino Acid Sequence DNA Sequence 

8R ArgArgArgArgLysArgArgArgArg 
CGCCGTCGTCGTAAACG 
TCGTCGCCGT 

RG ArgGlyArgGlyArgGlyArgGlyArg 
CGCGGTCGTGGCCGTGG 
CCGTGGACGT 

KA LysAlaAlaAlaAlaAlaAla 
AAAGCGGCAGCGGCAG 
CAGCG 

 
2.4 Discussion 

While culturing C. reinhardtii in our lab, we observed the sudden inexplicable 

collapse of a number of algae cultures.  During these collapses, C. reinhardtii aggregated 

into millimeter size particles that settled rapidly.  Upon isolation and further testing it was 

ascertained that an unknown bacteria had contaminated the culture and caused its 
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collapse.  The bacteria was isolated, amplified, and re-introduced into algal growth to 

confirm their bioflocculation capacity.  Once confirmed, the bacteria was identified via 

16S rRNA PCR and sequencing as B. pumilus.  The supernatant of the B. pumilus was 

sufficient to bioflocculate C. reinhardtii cells. 

B. pumilus is a spore-forming, rod-shaped Gram-positive bacterium.  It can live in 

water, soil, and in a spacecraft assembly facility at the Jet Propulsion Laboratory in 

Pasadena [20].  Transformation into an endospore allows B. pumilus to survive harsh 

environmental conditions.  As an endospore it is highly resistant to heat, desiccation, UV 

and gamma irradiation, and organic chemicals and oxidizing agents [21].  Autoclaving 

appears to be ineffective to eliminate the endospores of B. pumilus from the TAP media. 

After careful solution screening of all individual components of the TAP media 

the B. pumilus, presumably endospores, were detected in the ammonium molybdate salt 

used in the Hutner’s Trace Element solution #4.  After purchasing new ammonium 

molybdate we observed no more visible bacterial growth on antibiotic free LB and TAP 

plates, and had no more C. reinhardtii culture collapses. 

After the elimination of the unintended C. reinhardtii culture collapses and a 

literature search on B. pumilus, we found that virtually no information exists with respect 

to the types of molecules or mechanisms associated with B. pumilus bioflocculation of 

microalgae.  In 1993 Kubota et al. showed B. subtilis secretes the biopolymer y-glutamic 

acid (y-PGA) [22].  Over twenty years later, Zheng flocculated microalgae with the 

biopolymer y-PGA secreted by B. subtilis [23].  In 2013, Powell showed that B. sp strain 

RP1137 flocculated microalgae at an elevated pH in the presence of 8 mM calcium or 
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magnesium ions [24].  At the time we dealt with the collapse of C. reinhardtii by B. 

pumilus none of these more recent studies were published.  Even now, no one has 

published on the bioflocculation of microalgae by B. pumilus, but there is a significant 

amount of literature on the secretion of enzymes by B. pumilus. B. pumilus is known to 

secrete a variety of enzymes, among them catalase [25], cellulase [26],chitinases [27], 

esterase [28], lipases [29], pectate lyase [30], proteases [31,32], and xylanase [33].  Our 

observation that the supernatant of B. pumilus growth flocculated C. reinhardtii led us to 

explore the possibility of an enzyme such as possibly a protease to initiate the 

flocculation. 

In an attempt to characterize the aggregating secreted class of molecules, the B. 

pumilus growth was mixed with 6 M guanidine hydrochloride to potentially denature any 

secreted proteins.  The addition of 6 M guanidine hydrochloride had a profound effect on 

C. reinhardtii flocculation.  Instead of inhibiting the B. pumilus secreted molecule from 

aggregation, guanidine hydrochloride very effectively coagulated and flocculated C. 

reinhardtii.  Using 6 M guanidine hydrochloride the generated flocs were centimeters in 

size and settled out within 10 minutes of guanidine hydrochloride addition, leaving a 

clear supernatant atop.  Moreover, C. reinhardtii cells aggregated with and without B. 

pumilus growth. 

The use of chaotrophic agents in C. reinhardtii cell wall experiments is not new.  

Roberts in 1978 solubilized the C. reinhardtii cell wall salt-soluble hydroxyproline rich 

glycoproteins with the chaotropic agent sodium perchlorate, which upon dialysis 

reassembled into structured cell wall fragments [16].  When they solubilized the 
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hydroxyproline rich glycoproteins with 4 M urea instead of 2 M sodium perchlorate, the 

solubilized glycoproteins did not reassemble into structured cell wall fragments after 

dialysis.  Presumably urea denatured the glycoproteins thus prevented the reassembly.  

When we used urea instead of guanidine hydrochloride similar levels of aggregation took 

place although the particle size decreased slightly.  Based on Roberts’ C. reinhardtii cell 

wall solubilization and our aggregation experiments of C. reinhardtii with guanidine 

hydrochloride and urea, we presume that hydroxyproline rich glycoproteins denature and 

aggregate.  In exploring this aggregating capacity of the guanidine group further, we 

tested the flocculation induced by a final 1 M concentration of lysine and arginine.  Both 

amino acids flocculated C. reinhardtii cells although they produced smaller sized 

aggregates than that produced upon addition of guanidine hydrochloride and urea. 

At this time it is still unclear what molecule(s) is/are responsible for the C. 

reinhardtii flocculation induced by B. pumilus, there exists the possibility that a secreted 

guanidine derivative possibly participates in the flocculation.  The production of the 

guanidine derivative plantazomicin was detected in the growth media of B. pumilus 

ATCC 7061 [15].  The presence of this guanidine derivative in growth media does not 

imply it is responsible for the aggregation of C. reinhardtii.  The presence of a secreted 

guanidine derivative only suggests that other unidentified guanidine derivatives may be 

present which may participate in the flocculation of C. reinhardtii at very low 

concentrations.  Because of this possibility and the fact that the concentrations of 

guanidine hydrochloride, urea, arginine, and lysine required for flocculation are relatively 

high, we hope that the guanidine moiety rich peptides will generate flocculation at a 

lower concentration and provide the medical and microalgae community with new 
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opportunities for treating infections, curing diseases, and flocculating and harvesting 

microalgae. 

Without any further speculation on the type of molecule(s) responsible for the C. 

reinhardtii flocculation by B. pumilus, we proceeded to design three guanidine rich 

peptides, based on the profound effect of guanidine hydrochloride, urea, arginine, and 

lysine.  Although the flocculating agent concentrations were extremely high, we 

anticipated our designed peptides displayed on E. coli to interact with C. reinhardtii and 

generate a similar flocculation pattern as observed with guanidine hydrochloride at a 

much lower concentration. 
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CHAPTER III 
 
Over-Expression of Active Peptides and Proteins on the Surface of E. coli 
3.1 Introduction 

A variety of endogenous outer membrane proteins from Gram negative bacteria 
have been used to display peptides and proteins on the surface of E. coli [9].  A 15 amino 
acid (aa) peptide was first inserted into the outer loops of the outer membrane protein 
OmpA [10].  In 1988 Charbit et al. explored the limits of inserting amino acids into the E. 
coli outer membrane protein LamB and reported the successful insertion of a peptide of 
up to 60 aa into one of its outer loops [11]. In 1990, results published by Agterberg et al. 
suggested that inserting larger peptides resulted in less viable cells [12].  However, three 
years later, Steidler displayed the staphylocccal protein A (233 aa) in the same outer loop 
of LamB [13].  This was a remarkable breakthrough and exhibited the potential of using 
bacterial display as a vehicle for vaccine development [1], biocatalysis [2,3,14], 
bioremediation [4], peptide library display [5], novel enzyme screening [6], and the 
generation of novel protein/protein interactions [7] (for review see 5,8). 

There are now more reported families of outer membrane proteins used to anchor 
recombinant proteins to the E. coli surface [9]. The recombinant genes are designed in 
which the protein of interest is either inserted as an N or C-terminal fusion or into an 
outer loop.  Outer membrane and lipoproteins display passenger protein domains in one 
or more of their outer loops, whereas the ice-nucleation protein (INP) and 
autotransporters, for example, display their passenger domains N and C-terminally, 
respectively.  N or C-terminal, and outer loop displaying proteins, are the three major 
protein families from Gram negative bacteria used as anchors in E. coli for existing 
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applications. 
There are several limitations to bacterial surface display.  One of the limitations is 

related to the number of proteins that can effectively be displayed on the surface.  
Although bacteria can display up to 100,000 protein molecules per cell [15], which does 
dwarfs the ~1000 peptides per virion displayed on bacterial phage [16], this amount is not 
necessarily sufficient for the display of preparative amounts of the protein of interest. 
Therefore the detection of these low surface displayed protein concentrations requires 
highly sensitive techniques such as anti-body based Western blots and fluorescence 
(FACS) to verify their presence on the surface. The relatively low amounts of surface 
displayed protein concentration may hinder the potential of bacterial display for some of 
the applications mentioned above. Another potential limitation of bacterial surface 
display is the limited capacity of the transport mechanism that is exploited for correct 
delivery into the periplasmic space. A third potential limitation is the translocation of the 
passenger protein through the periplasm to the outer surface of E. coli. Finally, a last 
potential limitation is associated with the fact that the molecular topography of the E. coli 
surface may inhibit full exposure of the passenger domain. 

To overcome the limitations mentioned above, we chose to utilize a signal 
sequence that uses the most abundant secretion system in E. coli, which should maximize 
the transport into the periplasmic space.  The second and third obstacles can potentially 
be overcome by the choice, and re-engineering of an appropriate anchor protein and the 
proper placement of the protein of interest (i.e., the passenger domain).  Lastly, selecting 
an appropriate structural linker between the outer membrane anchor domain and the 
passenger protein can potentially overcome the limitations of the E. coli outer surface 
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topography and passenger outer membrane activity 
In order to design a bacterial display system that highly expresses a protein on the 

surface, careful attention was given to the four possible factors that may limit E. coli 
surface protein display.  First, we looked to exploit the most ubiquitous periplasmic 
transport mechanism in E. coli.  Gram negative bacteria have at least five known different 
periplasmic transport types [17] where Type II is the most widely used by Gram negative 
bacteria.  With the type II mechanism an unfolded protein is transported to the 
periplasmic space via the SecB-dependent pathway.  Several signal sequences employ the 
SecB-dependent pathway.  Signal sequences can come from any Gram negative 
periplasmic or outer membrane protein but choosing an appropriate signal sequence for 
the transport of the fusion protein into the periplasmic space is of the utmost importance. 
For this study, we chose the PelB signal sequence from pectate lyase B of 
Erwiniacarotovora for the two following reasons:  first and foremost, PelB uses the SecB-
dependent pathway and second, PelB is contained within the IPTG inducible 
commercially available pET22b vector. 

Among the different families of anchor proteins, the autotransporter family from 
pathogenic Gram-negative bacteria is the most attractive anchor protein for addressing 
the potential obstacle of outer membrane insertion.  Autotransporters insert themselves 
into the outer membrane via the type V secretion systems [18]. The type V secretion 
system inserts a 12-stranded β barrel into the outer membrane and then threads the 
unfolded passenger domain through the β-barrel [19]. The folding of the passenger 
protein takes place on the extracellular side of the membrane, thus allowing for the 
secretion of relatively large proteins.  In addition, some natural autotransporter passenger 
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proteins have enzymatic activity and their display can be verified by whole cell 
enzymatic activity[20]. Among the most commonly used autotransporters are Aida and 
Agn43 from E. coli and EstA from Pseudomonas aeruginosa (PAO1) [21].  Although, 
Aida and Agn43 are great candidates, we selected the esterase A (EstA) from PAO1 
because of its inherent esterase activity [22], its proven anchor domain for displaying 
large functional recombinant lipases [23], and its known crystal structure [24]. 

Lastly, to explore the accessibility of the recombinant passenger domain displayed 
on the E. coli surface, a wild type autotransporter and three N-terminal abbreviated 
variants (Figure 3.2) were created based on the crystal structure of EstA (Figure 3.6) and 
the observation by Ramesh that the central α-helix is essential for display [25]. The 
fluorescent protein mCherry (mC) was fused N-terminally to the EstA constructs (Figure 
3.3) for visual enhancement during detection of positive clones. In addition, ubiquitin 
was introduced N-terminally to mC as a spatial and structural linker (Figure 3.4). This 
fusion/autotransporter protein was then used to N-terminally display the following 
proteins in order to demonstrate the ability to detect protein/protein interaction and 
enzymatic activity (Figure 3.5): the amyloid forming peptide Aβ42, the human ubiquitin 
hydrolase (UCHL-3), and a newly identified yet unpublished Staphyloccocalaureaus 
esterase (2603). 
3.2 Materials and Methods 
3.2.1 Materials 

The Wizard Genomic DNA Purification kit was purchased from Promega.  
Macherey-Nagel supplied the NucleoSpin Gel and PCR Clean-Up and the NucleoSpin 
Plasmid kits.  Chemicals for media preparation were purchased from Fisher Scientific 
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and the Phusion polymerase, Fastdigest restriction enzymes and T4 ligase were purchased 
from Thermo Scientific. 
3.2.2 Bacterial Strains, Vector, and Oligonucleotides 

P. aeruginosa (PAO1) was obtained from the biology department at San Diego 
State University (SDSU). The mCherry gene was a gift from the Dr. Zeller in the biology 
department at SDSU. Table 3.1 lists the primers, and Table 3.2 shows the bacterial strains 
used for the design, cloning and expression of the bacterial display system. Both E. coli 
strains and P. aeruginosa were grown on or in LB media at 18°C and/or 37°C.  The 
media for growing E. coli contained 200 μg/mL Amp.  P. aeruginosa genomic DNA was 
collected via the Genomic DNA Purification Kit. 
Table 3.1. Oligonucleotides for the PCR amplification of the EstA autotransporter and its 
variants, the fluorescent protein mC, the site-directed mutagenesis of the NcoI restriction 

site at 435 from C to T in mC, the addition of the ubiquitin structural domain, the 
ubiquitin hydrolase UCHL-3, the staphylococcal esterase 2603, and the Alzheimer 

peptide Aβ42Gb1. 
Oligonucleotides to generate bacterial display system in pET22b 
Primer Name Oligonucleotides  5' to 3' 
EstA no sig EcoRI F  Ccgcacgaattcggctccttcgccctattcgac 
EstA 115 EcoRI F Cagcacgaattcgctcctgcgcagccgcgatg 
EstA 195 EcoRI F Ccgcgcgaattcgaccttcggtggtcccttgc 
EstA 281 EcoRI F ccgcccgaattcgaaattgctgttcaacgacagc 
EstA 281 NotI R Gtgcttgcggccgctcagaagtccaggctc 
Oligonucleotides to amplify mC and insert N-terminally in EstA22b and its variants 
mCherryBamHI F Aagcacggatccggtgagcaagggcgaggaggataa 
mCherryEcoRI R Gtgcttgaattcggcttgtacagctcgtccatgccgcccc 
Oligonucleotides to mutate NcoI site in mC 
mCherry no NcoI F 435 C to T Atgcagaagaagactatgggctgggaggcctcc 
mCherry no NcoI R 435 C to T Ggaggcctcccagcccatagtcttcttctgcat 
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Table 3.1. Continued. 
Oligonucleotides to fuse Ub N-terminally to mC 
UbBamHI F Ccaaccacggatccgatgcagatcttcgtaaagac 
 UbmCherry overlap R Catgttatcctcgcccttgctcaccataccaccgcggagacg 
Oligonucleotides to amplify UCHL-3 and insert N-terminally in UbmC28122b 
His UCHL3 Human NcoI F  Ccactgccgcccatgggccatcatcatcatcat 
UCHL3 Human 470 A to T R  

Tatggcatcctctaataaagtttcatcactagtttcaccaag 
gttaattggaaatggctt 

UCHL3 Human 491 to 550 R 
Gttcatcagggtcgcgctccataaacttcttgcaaacttcta 
tggcatcctctaataaag 

UCHL3 Human 531 to 582 R 
Tgctgcagaaagagcaatcgcattaaatcttagttcatcag 
ggtcgcgctcc 

UCHL3 Human BamHI R 
Ggacgcgaatcccctgctgcagaaagagcaatcgcatta 
aatcttagttcatcagg 

Oligonucleotides to amplify 2603 and insert N-terminally in UbmC28122b 
2603 Mature NcoI F  Cagtccccatgggtaaagatgatcaaacg 
2603 BamHI R  Ggaggcggcggatccgatgcttgcttagtatcagtcag 

 
Oligonucleotides to generate Aβ42ProG and insert N-terminally in UbmC28122b 
Aβ42 NcoI F  

Cagtccccatggatgcggaatttcgtcatgattctggttatga 
agttcatcatcatcag 

Aβ42 Middle R  
Cgcacctttattagagcctacatcttccgcgaaaaacaccag 
tttctgatgatgaacttc 

Aβ42/ProG Overlap R 
Atttgtaagtgtcacgcaatgactacaccgccaaccatcaga 
ccaataatcgcaccttta 

ProtGBamHI R Gcgcggcggatccacttcagtaactgtaaaggtcttagtcgc atcg 
 

Table 3.2. P.aeruginosa provided the autotransporter gene EstA for the display system, 
and the two E.coli strains Top10 and BL21 were respectively used for plasmid 

amplification and protein expression. 
Bacteria  Strain Phenotype 
Pseudomonas 
aeruginosa 

PAO1  
Escherichia coli Top10 F- mcrA Δ(mrr-hsdRMS-mcrBC) 

φ80lacZΔM15 ΔlacX74 nupG recA1 
araD139 Δ(ara-leu)7697 galE15 galK16 
rpsL(StrR) endA1 λ- 

Escherichia coli BL21 F–ompT gal dcmlonhsdSB(rB-mB-) λ(DE3 
[lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) 
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3.2.3 Construction of E.coli Display System 

The full-length EstA gene was PCR-lifted out of genomic P.aeruginosa DNA.  
The PCR reaction mixture and PCR conditions for the full-length and EstA variants are 
listed in Table 3.3 and Table 3.4.  The EstA inserts and pET22b vector (Figure 3.1) were 
digested with EcoRI and NotI.  Table 3.5 lists the digestion mixture for the two respective 
enzymes and Table 3.6 lists the parameters for all the restriction enzymes used.  After 
restriction digestion, pET22b was dephosphorylated with alkaline phosphatase for 15 
minutes at 37°C and heat-deactivated for 5 minutes at 70°C.  The digested EstA inserts 
and dephosphorylated digested pET22b vector were purified with the NucleoSpin Clean 
Up kit and their concentrations measured by uv-absorption at 260 nm.  For all subsequent 
ligations  20 ng of vector was mixed with 60 ng of insert in 10 µL reaction mixtures 
(Table 3.7).  The ligation parameters are listed in Table 3.8.  Chemical competent E. coli 
cells (Top10) were transformed with 10μL of ligation reaction and plated on 200 µg/mL 
Amp resistant LB agar plates.  The plates were incubated overnight at 37°C.  Individual 
colonies were picked, grown overnight in LB containing 200 µg/mL Amp media. 
Plasmids were isolated via the NucleoSpin plasmid kit.  The wildtypeEstA and its three 
variants 115, 195, and 281 genes (Figure 3.2) were verified by gene specific PCR and 
standard DNA sequencing performed by Retrogen Inc. 
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Figure 3.1. pET22bvector’s multiple cloning site, figure obtained from Invirogen. 

 

 
Figure 3.2.Wild-type EstAautotranporter and variants115, 195, and 281 ligated into 

pET22b vector between the restriction sites EcoRI and NotI. 
 

Table 3.3. 50 µL PCR reaction mixture used for all PCR amplifications. 
Component Amount 

DNA Template 100 ηg 
Oligonucleotide Forward 10 μM 2.5 μL 
Oligonucleotide Reverse 10 μM 2.5 μL 
dNTP Mix 25 mM 0.4 μL 
5X Phusion HF Reaction Buffer 10 μL 
Phusion DNA Polymerase 0.5 μL 
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Table 3.4. PCR parameters used for all PCR gene amplifications. 
Step Temperature 

(°C) 
Time (sec) Cycles 

1 98 30 1 
2 98 10 30 
3 72 30 30 
4 72 600 1 

 
Table 3.5.20 µL digestion mixture of inserts and vector. 

Component Amount Component Amount 
DNA Insert 1 μg Vector 0.5 μg 
Fastdigest Buffer 2 μL Fastdigest Buffer 2 μL 
Restriction Enzyme 1 μL Restriction Enzyme 1 μL 

 
Table 3.6.Digestion parameters for respective restriction enzymes. 

Restriction 
Enzyme 

Digestion 
Time 
(min) 

Temperature 
(°C) 

Denaturation 
Time (min) 

Denaturation 
Temperature 

(°C) 
BamHI 60 37 5 80 
EcoRI 30 37 5 80 
NcoI 120 37 15 65 
NotI 120 37 5 80 

 
Table 3.7.Ligation mixture for 10 µL reaction. 

Component Amount 
DNA Insert 60 ηg 
Vector 20 ηg 
T4 Ligation Buffer 10X 1 μL 
T4 Ligase 0.2 μL 

 
Table 3.8.Ligation parameters. 

Step Temperature 
(°C) 

Time 
(min) 

1 22 60 
2 70 5 
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3.2.4 Construction of mCherry Autotransporters 
The mCherry(mC) gene, from the mushroom coral Discosoma sp. was PCR 

amplified from the supplied plasmid with the forward primer containing sequences 
coding for the restriction cut site BamHI and the reverse primer for the restriction cut site 
EcoRI.  The PCR mixture and conditions are listed in  

Table 3.3 and Table 3.4.  In order to eliminate the naturally occurring NcoI cut 
site, two overlapping mCherry DNA fragments were generated to mutate the nucleotide 
cytosine at 435 to thymine using the forward and reverse primers that did not contain the 
NcoI cut site.  The overlapping fragments were then annealed and PCR amplified to 
generate the NcoI-free mC gene with the BamHI and EcoRI cut sites at the N and C 
termini.  The mC gene, the EstA wildtype gene and its variants 115, 195, and 281, and the 
pET22b plasmids were digested with EcoRI and BamHI according to Table 3.5 and Table 
3.6. All four digested EstA variant plasmids were dephosphorylated with alkaline 
phosphatase, and along with the mC insert column purified.  Ligation and transformation 
of the mC autotransporter constructs were performed as described under section 3.2.3 
constructing the fusion proteins shown in Figure 3.3. 
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Figure 3.3. Schematic of mC fused to wild-type EstA and EstA variants 115, 195, 

and281. 
 
3.2.5 Cloning, Fusion, and Ligation of the Ubiquitin Linker and the mCherry 

Fluorescent Visualization Domains 
Ubiquitin (Ub) was PCR amplified with the Ub forward primer and reverse 

overlay mC primer in Table 3.1. The mC gene was amplified with the forward and 
reverse primers listed in Table 3.1.  The two amplified fragments were annealed and PCR 
amplified with Ub forward and mC EcoRI reverse.  The Ub, and mC inserts, and EstA 
281 plasmid was digested with the restriction enzymes EcoRI and BamHI (Table 3.5 and 
Table 3.6) and ligated with T4 ligase (Table 3.7 and Table 3.8) to generate the structural 
fluorescent plasmid UbmC281 (Figure 3.4). 
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Figure 3.4. Schematic of UbmC fused to variant 281 in pET22b. 

 
3.2.6 Cloning and Ligation of the Active Passenger Domains 

The genes for the Aβ42Gβ1 protein and for the two enzymes, UCHL-3 and 
Esterase 2603, (that were engineered for E. coli surface display) were PCR amplified 
with the respective forward and reverse primers listed in Table 3.1.  The inserts along 
with the UbmC281 plasmid were digested with the restriction enzymes NcoI and BamHI 
(Table 3.5 and Table 3.6) and column purified.  The purified inserts were then ligated 
with T4 ligase and transformed as described in section 3.2.3 creating the plasmids 
Aβ42GB1UbmC281, UCHL-3UbmC281, and 2603UbmC281 (Figure 3.5). 
 

 
Figure 3.5. Schematic of 2603UbmC, UCHL-3UbmC, and Aβ42UbmC fused to variant 

281 in pET22b. 
 
3.2.7 Screening for Positive Passenger Structural Visualization Clones 

All colonies of a ligation plate were grown in 5 mL LB media overnight at 37°C.  
The next day, the cells were harvested and purified with miniprep kits.  The plasmid was 
transformed into E. coli BL21 and the plates were incubated overnight at 37 °C.  The 
following day, wells were punctured into the plate media among the colonies.  The wells 
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were aseptically filled with LB media containing 1mM IPTG and 200 μg/mL Amp.  The 
plates were incubated right side up at room temperature for 24 hours.  Positive clones 
were identified by a distinct color change (Figure 3.15). 
3.2.8 Protein Expression of all Constructs 

A positive clone was transformed into BL21 and protein expression was tested at 
18°C and 37°C.  At 0.6 OD600 expression was induced with 1mM IPTG and grown 
overnight at 18°C and/or for 3 hours at 37°C. 
3.2.9 Whole Cell mCherry Trypsin Digestion 

E. coli expressing mC281 were spun down and re-suspended in PBS to a final 
OD600 of approximately 30.  In an Eppendorf tube, 50 μL of E. coli was mixed with 900 
μL of PBS and 50 μL of a 100 mg/mL trypsin stock solution.  As a control 50 μL of E. 
coli cells were mixed with 950 μL of PBS in an Eppendorf tube.  Both tubes were 
incubated for 24 hours at 37°C. The cells were spun down at 10,000 rpm for 1 minute and 
visually inspected. The supernatant was withdrawn and the pellet re-suspended in 300 μL 
of LB.  The tubes were incubated at 37°C for 1 hour before 50 μL of re-suspended pellet 
was plated on Amp plates and incubated over night at 37 °C.  The next day, wells were 
punctured into the plates and the wells were aseptically filled with 1mM IPTG, 200 
μg/mL Amp LB solution.  The plates were then incubated overnight at room temperature 
(approximately 20 – 25 C) and visually inspected for pink colonies expressing mC. 
3.2.10 Whole-cell para-Nitrophenyl Acetate Esterase Activity Assay 

Esterase activity was measured as a function of hydrolysis of para-
nitrophenylacetate to nitrophenol and acetate[20].  Nitrophenol absorbs light at 405 nm 
and is measured photospectroscopically.  Fifty microliters of whole-cell culture at OD600 
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1.5 was added to 945 μL of 25 mM Tris buffer pH 8.0 and set to zero at OD405.  Then 5 
μL of 50 mg/mL nitrophenylacetate, dissolved in acetonitrile, was added and the 
absorbance was recorded in 1 minute intervals for 10 minutes. 
3.2.11 ThioflavineT Fluorescence[26] 

Immediately after expression, the E. coli cells were concentrated to an OD600 of 3 
in 0.5 M Tris-HCl and 100 mMNaCl buffer. 50 μL of concentrated E. coli cells were 
added to 950 μL of 5 μM ThioflavineT (ThT) in 0.5 MTris-HCl-NaCl buffer. The mixture 
was allowed to form amyloid fibers at room temperature overnight. The sample was 
excited at 450 nm in a SpexFluoroMaxspectrofluorometer, and the emission spectrum 
was scanned from 470 to 560 nm.  
3.3 Results 
3.3.1 Construction of EstA Truncation Variants 

The autotransporter esterase (EstA) was cloned from P. aeruginosa genomic 
DNA.  Sequence alignment revealed a greater than 99.5% match with the published EstA 
gene (GenBank: AAB61674.1).  To develop a high expression bacterial display system 
the wild-type EstA gene was PCR amplified without its native signal sequence and 
ligated into the IPTG inducible periplasmic expression vector pET22b. 

In addition, three variants which were truncated from the N-terminus of EstA 
(Figure 3.2) were ligated C-terminally to the pelB leader sequence in pET22b generating 
the genes listed in Table 3.9.  The intent was to find an EstA anchor domain that 
maximizes expression, accessibility, and activity of the passenger domain (Figure 3.6 and 
Figure 3.7).  The variant names reflect the starting amino acid counting from the N-
terminal (Figure 3.2).  For example, the variant 115 was PCR amplified from the wild-
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type gene with the forward primer starting at the 115th amino acid, i.e., the EstA esterase 
passenger domain was truncated by first 114 amino acids.  The positions of truncation for 
the shortened passenger domains were chosen based on the crystal structure of EstA [24].  
Both Yang and Ramesh [25, 27] describe that the minimum transport domain must 
include the β-barrel's central helix (variant 281) to display a peptide on the surface of E. 
coli (Figure 3.7). 

Table 3.9. Wild-type EstA autotransporter and its variants ligated into pET22b and 
expressed in E. coli. 

Autotransporters Abreviated Size (kD) 
EstAwild-type EstA 68 
EstA 115 115 56 
EstA 195 195 43 
EstA 281 281 38 
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 a) b) 
Figure 3.6. Crystal structure of wild-type EstA autotransporter and its variants created for 

this study. The green domain is the β-barrel translocation domain that inserts itself into 
the outer membrane and forms a pore, protruding out of the β-barrel is the α-helical linker 

connecting the translocation domain (β-barrel) to the blue esterase passenger domain. 
Figure a) shows the entire wild-type esterase passenger domain, and figure b) depicts the 

esterase domain shortened by 114 aa from the N- terminal creating variant 115. 
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 a) b) 
Figure 3.7. Crystal structure of the N-terminally shortened EstA passenger domain by a) 

194 aa and b) by 280 aa creating the variants a) 195, and b) 281. 
 
3.3.2 Expression of Wild-type and Variants 115, 195, and 281 of EstA 

Wild-type and variants of EstA fused to the pelB leader sequence were expressed 
in E. coli BL21 at 18°C, and 37°C.  Overnight expression was observed for all constructs 
at both temperatures (Figure 3.8). Figure 3.9 lists the OD600 value following overnight 
expression.  The wild-type EstA variant and its truncated variants grew to similar cell 
densities at 18°C. There was no observable difference between uninduced and induced 
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culture densities for wild-type EstA and its variants 115, 195, and 281 grown at 18°C. 
One striking difference between variant 115 and wild-type EstA, and variants 195, 

and 281 is the heavy self-aggregation of variant 115 upon removal from the 18°C 
incubator. The unexpected heavy aggregation of variant 115 is documented and discussed 
in Chapter IV, section 4.3.3, E. coli Self-Aggregation. 

 
 

 a) b) 
Figure 3.8. SDS-page gel a) illustrates the expression levels of EstA wild-type (68 kD) 

and variant 115 (56 kD) at 18 °C and 37 °C. Lane 1 protein ladder, lane 2 EstA wild-type 
uninduced at 18 °C, lane 3 EstA wild-type induced at 18 °C, lane 4 EstA wild-type 

induced at 37 °C, lane 5 variant 115 uninduced at 18 °C, lane 6 variant 115 induced at 18 
°C, lane 7 variant 115 induced at 37°C, lane 8 untransformed E. coli BL21 at 18 °C.  Gel 
b) illustrates the expression of the variants 195 (43kD) and 281 (38 kD) at 18 °C and 37 

°C.  Lane 1 protein ladder, lane 2 variant 195 uninduced at 18 °C, lane 3 variant 195 
induced at 18 °C, lane 4 variant 195 induced at 37 °C, lane 5 variant 281 uninduced at 18 

°C, lane 6 variant 281 induced at 18 °C, lane 7 variant 281 induced at 37 °C, lane 8 
untransformed E. coli BL21 at 18 °C. 
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Figure 3.9. Cell densities of uninduced and induced wild-type EstA and its variants 

grown at 18°C are similar as shown by OD600 after overnight incubation. 
 
3.3.3 Wild-type EstA Esterase Activity 

Spectrophotometric measurements were used to assess the peptide transport 
across the inner membrane, correct insertion into the outer membrane, translocation 
through the β-barrel pore, proper folding on the E.coli surface, substrate accessibility, and 
esterase activity.  Figure 3.10 shows whole-cell para-nitrophenylacetate esterase activity 
of wild-type EstA and its variants at two different induction temperatures.  Esterase 
activity was highest for wild type EstA at 18°C overnight.  Base level esterase activity 
was observed for wild-type EstA and all variants induced at 37°C.  Surprisingly, variant 
115 shows some esterase activity at 18°C, although the catalytic triad [23] was deleted 
from this variant.  To further show that wild-type EstA is expressed on the E. coli surface, 
the E. coli cells were disrupted by either sonication or liquid nitrogen freeze-thaw.  Figure 
3.11 shows the esterase activity of the whole cell, cell lysate and freeze thawed cells, 
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whereby cells lysed by sonication or freeze-thaw showed a similar rate of hydrolysis as 
untransformed wild-type Bl21 cells. 

 
Figure 3.10. Whole cell para-nitrophenyl acetate esterase activity measured over 10 

minutes by absorption at 405 nm.  Wild-type EstA showed elevated esterase activity both 
uninduced and induced at 18 °C, whereas wild-type EstA induced at 37 °C showed base 

line activity similar to untransformed BL21 cells.  Interestingly, variant 115 showed some 
esterase activity induced at 18 °C. Variant 195 showed base line activity and variant 281 

was not tested. 
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Figure 3.11. The wild-type EstA uninduced and induced show esterase activity, whereas 

the same whole cell growth sonicated or three times freeze thawed showed base level 
esterase activity. 

 
3.3.4 Construction of mC281 and UbmC281 

The BamHI and EcoRI digested mC insert was ligated N-terminally into the 281 
variant in pET22b (Figure 3.2).  EstA variant 281 was selected because it over-expressed 
(Figure 3.8) and was the shortest variant that had the greatest potential to display large 
passenger domains.  Because of the close proximity of the mC N-termini (Figure 3.12) to 
the E. coli outer cell membrane, we were concerned that the activity of future 
recombinant passenger domains might be prevented.  For this reason, we added the 
thermostable, and highly-bacterially expressed human ubiquitin (Ub) (Figure 3.13) as a 
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structural and spatial linker N-terminally to mC, creating the additional insert UbmC.  
Both mC281and UbmC281 (Figure 3.18) over-expressed at 18°C and their respective 
culture media indicated the mC expression by a marked change in color (Figure 3.14).  
The newly created plasmid UbmC281 was used for the display of the active peptide 
Aβ42, and the two enzymes UCHL-3 and Esterase 2603. 

Table 3.10. Plasmids generated with the fluorescent marker mCherry. 
Fluorescent Markers  Size (kD) 
mCherry mCEstA, 115, 195, 281 93, 81, 68, 63 
Ubiquitin mCherry UbmC281 72 

 
 

 
Figure 3.12. Crystal structure of mCherry (mC) with both of its termini on the same side 

of the barrel. 
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Figure 3.13. Figure Crystal structure of ubiquitin (Ub). This domain was added N-

terminally to mC to distance the N-terminal from the E. coli outer membrane. 
 

 
Figure 3.14. Uninduced and induced mC281 incubated overnight at 18 °C. 
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3.3.5 Screening of Domain 281 Fusion Proteins 

After incubating IPTG plates overnight at room temperature all positive colonies 
turned pink due to the expression of the fluorescent mC component of the fusion protein. 
When the same cells were incubated on IPTG plates overnight at 37°C, the colonies 
remained beige (Figure 3.15). 
 

 a) b) 
Figure 3.15. E. coli BL21 cells transformed with mC281 and plated on Amp plates were 

grown overnight at 37°C. Wells were punctured into each of the two plates and 
IPTG/Amp-LB was added to the wells. The plates were incubated overnight at a) room 
temperature and b) at 37°C. The following day, plate a) incubated at room temperature 

had pink colonies, whereas the colonies on plate b) incubated with the same cells at 37°C 
remained beige. 

 
3.3.6 Whole cell Trypsin Digestion of mC 

The cell pellet of intact pink E. coli cells displaying mC281 incubated for 24 
hours at 37C remained pink in the Eppendorf tube in the absence of trypsin. The E. coli 
cell pellet in the Eppendorf tube with trypsin changed its color to beige (Figure 3.16).  
The pellets were then re-suspended in 300 μL of LB and incubated for 1 hour at 37°C. 
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Fifty microliters of each tube was plated on Amp plates and incubated overnight at 37°C.  
The next day wells were punctured among the colonies and IPTG/Amp LB was 
aseptically added.  Within two days at room temperature colonies on both plates turned 
pink again (Figure 3.17). 

We showed by adding trypsin to mC281 expressing pink E. coli that trypsin has 
access to mC displayed on the surface of E .coli. Trypsin digested mC changing the cell 
pellet’s color from pink to beige.  Plating both re-suspended cell pellets on Amp plates, 
demonstrates that trypsin did not lyse the E. coli cells and digest cytosolic mC after 24-
hour trypsin digestion. 

 
Figure 3.16. Twenty-four hour trypsin digestion of mC281 E. coli at 37 °C.  The 

Eppendorf tube on the left is the control containing mC281 displaying E. coli without 
trypsin.  The Eppendorf tube on the right contains the same mC281 displaying E. coli 

with 50 μL of 100 mg/mL trypsin.  Twenty-four hours of trypsin digestion at 37 °C 
cleaved the mC displayed on the surface of E. coli and the cell pellet changed color from 

pink to beige. 
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 a) b) 
Figure 3.17. Restreaked cells on Amp plates after whole cell mC trypsin digestion, a) no 

trypsin digested mC restreaked E. coli cells, b) trypsin digested mC restreaked E. coli 
cells. With and without trypsin, both plates show pink colonies suggesting that the trypsin 

digestion did not lyse the cells. 
 
3.3.7 Examples of Surface Activity of Larger Passenger Domains 

To further demonstrate the potential of this over-expression bacterial display 
system, the following peptide and enzymes were cloned into the display construct: the 
amyloid fiber forming Aβ42 peptide, the human ubiquitin hydrolase (UCHL-3), and the 
newly cloned and unpublished staphylococcal aureus esterase (2603).  Figure 3.18 shows 
the over-expression of the recombinant constructs Aβ42Gβ1UbmC281 (84kD), UCHL-
3UbmC281 (110kD), and 2603UbmC281 (117kD) respectively (Table 3.11).  As 
observed in Figure 3.18, all passengers over-express at 18 °C after overnight induction, 
compared to their uninduced controls. 
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Table 3.11. Plasmids generated to exhibit the bacterial display system’s capacity for 
protein interaction and enzymatic activity. 

Passengers Passenger 
Size (kD) 

  Size (kD) 
Alzheimers Aβ42Gβ1 4.5 Aβ42Gβ1UbmC281 84 
Ubiquitin hydrolase  38 UCHL-3UbmC281 110 
Staphylococcal esterase 45 2603UbmC281 117 

 

 
Figure 3.18. Over expression of UbmC281, Aβ42Gβ1UbmC281, UCHL-3UbmC281, 
and 2603UbmC281 at 18 °C.Lane 1 protein ladder, lane 2 UbmC281 uninduced, lane 3 
UbmC281 induced, lane 4 Aβ42Gβ1UbmC281 uninduced, lane 5 Aβ42Gβ1UbmC281 

induced, lane 6 UCHL-3UbmC281 uninduced, lane 7 UCHL-3UbmC281 induced, lane 8 
2603UbmC281 uninduced, lane 9 2603UbmC281 induced. 

 
Younkin and others demonstrated that Aβ42 is a key molecular component of the 

amyloid plaques associated with Alzheimer’s disease [28].  Aβ42 is a 4kD peptide and 
the principal component of amyloid fibers.  To test Aβ42 activity on the surface of E.coli, 
both uninduced and induced Aβ42 E.coli cells were allowed to settle over 24 hours and 
were then re-suspended by inversion.  Figure 3.19 (a) illustrates whole-cell E. coli 
aggregation for cells displaying the amyloid fiber forming peptide Aβ42 after overnight 
stationary incubation at room temperature.  An aliquot of the aggregated Aβ42 cells was 

UbmC281 (68kD) 
Aβ42Gβ1UbmC281 (84 kD) 

2603UbmC281 (117 kD) 
UCHL-3UbmC281 (110 kD) 

72 kD 

108 kD 
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then imaged at 40X magnification under a Zeiss Observer DI microscope, which shows 
the E. coli aggregation, induced by Aβ42 displayed on the E. coli surface (Figure 3.19, b).  
Rigorous shaking of the cells re-suspended the aggregation and additional settlement did 
not reassemble the initial aggregation as observed in Figure 3.19 (a).  To further test the 
amyloid fiber formation, the Thioflavine T fluorescent emission spectrum from 470 to 
560 nm was measured of both uninduced and induced Aβ42 E. coli cells excited at 450 
nm [29].  Since E. coli cells fluoresce in the same wavelength range, the spectrum of 
uninduced E. coli needed to be subtracted from the spectrum of E. coli expressing mC.  
Subtracting the auto-fluorescence of the uninduced E. coli results in the characteristic 
amyloid fiber emission curve, shown in Figure 3.20.  Amyloid fiber induced Thioflavine 
T emission indicates E. coli that display Aβ42 associate in a manner that is highly similar 
to free Aβ42 peptides.  Finally, the measured Thioflavine T samples were allowed to 
settle for 24 hours and were then re-suspended by inversion.  As observed previously, the 
uninduced cells re-suspended whereas the induced cells aggregated (Figure 3.21).  
Aggregation of the induced cells gives additional evidence that the Aβ42 peptide is 
displayed on the surface of E. coli and is accessible for intercellular peptide-peptide 
interaction. 
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 a) b) 
Figure 3.19.a) Expression of Aβ42ProGUbmCN281on the surface of E. coli aggregates 

E.coli into a biofilm.  b) A 40 fold micrograph of the E. coli aggregate generated by 
Aβ42Gβ1UbmCN281. 
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Figure 3.20. Thioflavine T fluorescence emssion spectrum.  Aβ42UbmCN281 shows the 

characteristic fluorescent emission spectrum of Thioflavin T associated with amyloid 
fibers.  Thioflavine T by itself shows no significant increase in fluorescence. 

 

 
Figure 3.21. Aggregation of Aβ42ProGUbmC281 uninduced and induced E. coli cells 

samples from the Thioflavin T fluorescence emission analysis. 
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As a further proof of concept, we displayed a larger (38 kD) protein, the human 
Ubiquitin hydrolase (UCHL-3) enzyme.  UCHL-3 removes proteins and peptides from 
the C-terminus of ubiquitin [30].  A ubiquitin fusion created in the Love lab consists of a 
de-stabilized protein-G variant (UbMonB) genetically fused to the C-terminus of 
ubiquitin. UbMonB is readily cleaved by purified UCHL-3 [31].  Both purified UCHL-3 
and E. coli cells displaying UCHL-3 were tested for their ability to cleave UbMonB.  As 
shown in Figure 3.22, lane3 and 4, purified and E. coli cells that display UCHL-3 cleave 
UbMonB within 1 hour at 37°C, suggesting once more that UCHL-3 is expressed on the 
surface of E. coli and positioned for larger substrates (UbMonB, 17 kD) to access the 
active site.  In addition, when the cells are freeze-thawed or sonicated, the UCHL-3 
activity is lost, suggesting that UCHL-3 is surface bound and only active if the bacterial 
membrane is intact (Figure 3.22, lane 5). 
 

 
Figure 3.22. UCHL-3 cleaving the substrate UbMonB.  Lane 1 protein marker, lane 2 

UbMonB substrate, lane 3 UbMonB cleaved by purified UCHL-3, lane 4 UbMonB 
cleaved by UCHL-3UbmC281, lane 5 UbMonB not cleaved by freeze-thawed UCHL-

3UbmC281. 

2 3 4 5 Lane 1 

UbMonB( 16kD) 

UCHL-3 (38 kD) 
25 kD 

17 kD 
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To explore the activity of a larger enzyme on the surface of E.coli, we also 

displayed the unpublished Staphylococcal aureus esterase 2603.  Staphylococcus aureus 
secrets an inactive protein that is cleaved by a protease to the mature active 45 kD form 
[32].  According to Mortensen, S. aureus uses esterases to convert antimicrobial fatty 
acids to fatty acid esters [33].  We tested the activity of the esterase with the para-
nitrophenyl acetate assay.  The assay was performed in the same manner as that for the 
wild-type EstA esterase.  Figure 3.23 shows the hydrolyzation of para-nitrophenyl acetate 
to nitrophenol by 2603 displayed on the surface of E. coli.  If the cell membrane is 
disrupted by freeze-thaw or sonication the esterase activity diminishes to the level of 
untransformed E. coli. 
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Figure 3.23. Para-nitrophenyl acetate assay of S. aureus esterase 2603.  2603 purified 

(triangles) was expressed in E. coli and purified by Nickel-chromatography.  The squares 
show the esterase activity of 2603UbmC281 displayed on the E. coli surface.  Both ways 

of production hydrolyzed para-nitrophenol acetate faster than uninduced 
2603UbmC281E. coli cells (diamonds). 

 
3.4 Discussion 

The design of a bacterial display system with the goals of protein over-expression, 
enhanced surface accessibility, flexibility, and increased passenger size warranted the 
engineering of the bacterial display system described in this chapter.  First and foremost, 
the anchor protein EstA was selected for its proposed transport mechanism [16], its 
ability to display large passenger domains [20], its bacterial genotype, and its wild-type 
passenger domain [19].  The wild-type EstA esterase without its native signal sequence 
was cloned into the pET22b vector.  EstA and its variants were intentionally ligated 
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between the EcoRI and the NotI restriction sites in pET22b. Wild-type EstA did over-
express at 37°C, but showed no whole cell esterase activity.  Even after sonication, 
neither the lysed cell pellet nor the supernatant showed any hydrolase activity against the 
substrate para-nitrophenyl acetate.  A 12% SDS page gel revealed that the esterase was 
associated with the lysed cell pellet (the insoluble portion), and thus suggests that the 
fusion construct most expresses as inclusion bodies potentially due to transport 
mechanism overload.  Given this possibility, and the over-expression surface display 
objective, the rate of expression needed to be lowered to give the cells sufficient time to 
transport the esterase to the surface.  In order to reduce the expression rate the IPTG 
concentration was reduced from 1 to 0.1 mM.  This had no observable effect on the rate 
of expression and the resulting cells only produced baseline esterase activity. 

For the next induction trial (still using 1 mM IPTG) the incubation temperature 
was reduced from 37 °C to 18 °C and the induction time was extended from 3 hours to 24 
hours.  Figure 3.8 (a) shows the expression of wild-type EstA uninduced at 18°C (lane 2), 
induced at 18°C (lane 3), and induced at 37°C (lane 4).  Although the expression of the 
induced construct at 18°C (lane 3) is less intense compare to its induction at 37°C (lane 
4), lane 3 shows over-expression compared to lane 2.  For both uninduced and induced 
wild-type EstA at 18°C showed esterase activity compared to the same induced at 37°C, 
which had a similar esterase activity level as untransformed BL21 cells (Figure 3.10).  To 
further test whether the esterase is surface displayed, induced EstA cells were disrupted 
with either sonication or freeze-thaw and the whole cell esterase assay was performed.  
Figure 3.11 shows that sonicated or freeze-thawed cells lost their whole cell esterase 
activity.  These results suggest that EstA is displayed on the surface and its native esterase 
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passenger domain remains active.  Having shown that the wild-type EstA over-expresses 
and is active on the E. coli surface, we set out to create three abbreviated N-terminal 
variants. The purpose of which is to increase the probability for displaying large 
passenger domains.  The wild-type EstA passenger domain esterase was reduced from its 
N-terminus by 114, 194, and 280 amino acids.  The respective variants were named by 
their starting amino acid numbers 115, 195, and 281.  The decision to truncate at 
positions 115 and 195 were based on the crystal structure of EstA (Figure 3.6) whereas 
variant 281 had the entire passenger esterase domain completely removed.  Maurer et al. 
showed that the minimal construct for display needed was the α-helical linker domain 
[34]. [Markus, you should state the amino acid position at which the helix begins.]  
Again, all three constructs expressed at both 37°C and 18°C (Figure 3.8).  Surprisingly, 
the 115 variant induced at 18°C showed whole cell esterase activity (Figure 3.10), 
although one of the amino acids (Serine 38) in the catalytic triad was removed [23]. 
Contrary to our observation, Schultheiss observed negligible para-nitrophenyl acetate 
hydrolysis after mutating Serine 38 in the EstA wild-type passenger domain.  It should be 
noted level of expression observed by Schultheiss et al. is significantly lower than ours 
and their concentration of cells was approximately 10 times higher than used in this 
study.  The absorption level measured over 10 minutes by Schultheiss et al. reaches a 
maximum of 0.08 compared to 0.8 in Figure 3.10.  Although, variants 195 also contained 
the two remaining catalytic amino acids (Aspartic acid 310, and Histidine 313), it showed 
only baseline esterase activity (Figure 3.10).  Previous authors of bacterial display 
systems stated that over-expression of surface proteins stymies cell growth [35], however 
we did not observe a significant optical density difference at harvest time between 18°C 
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uninduced and induced (Figure 3.9).  This suggests that the over-expression of EstA or its 
variants did not impede cell growth. 

All further display variants were created using EstA variant 281 because there was 
no significant difference in the expression level among wild-type EstA and this variant 
(Figure 3.8).  Variant 281 was selected because it was the shortest autotransporter variant 
and was thus believed to have the greatest potential to display large passenger domains.   

The display of GFP with an autotransporter was previously demonstrated by Shi 
et al [36].  Instead of displaying GFP, we selected the red fluorescent protein mCherry, 
which is derived from the tetrameric Discosomasp protein DsRed, as a first of example of 
a recombinant passenger domain.  We fused mC to variant 281, creating mC281.  Similar 
to the wild-type EstA and its variants, mC281 was induced at 18°C and 37°C and 
demonstrated to be over expressed.  Over-expression of mC281 at 18°C was observed by 
a marked distinct pink color change of the culture media (Figure 3.14).  The cell pellet 
turned bright pink compared to uninduced or induced E. coli at 37°C cells.  The over 
expression but lack of pink coloration at 37°C provides additional evidence that mC281 
does not properly fold at 37°C and is most likely in inclusion bodies. 

The E. coli color change  presented itself as and opportunity for testing over-
expression on IPTG plates. The question was would we have seen colonies on an IPTG 
plate change color?  To answer this question we transformed chemically competent BL21 
cells with mC281, plated them on an IPTG/Amp LB plate, and incubated overnight at 
37°C.  Figure 3.15 (b) shows no color change of the transformed colonies grown 
overnight at 37°C.  A slight change in procedure produced the desired color change.  
Instead of transforming and growing the cells on IPTG plates, the cells were grown on 
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regular Amp LB plates overnight at 37°C.  After the colonies established themselves 
overnight at 37°C, wells were punctured among the colonies and filled with IPTG/Amp 
LB media.  The plates were then incubated overnight at room temperature and the 
colonies changed color as in Figure 3.15a). 

The mC281 variant was subjected to trypsin digestion analysis and potentially 
demonstrated proper display on the E. coli surface.  Pink mC displaying E. coli cells were 
incubated overnight at 37°C in the presence and absence of the proteolytic enzyme 
trypsin.  The following day both cultures were pelleted and the control sample that was 
not subjected to tryptic digestion remained bright pink while that which was incubated 
with trypsin was now beige in color (i.e., the color of normal E. coli cells, Figure 3.16).  
The two different cell pellets were re-suspended them in LB media, incubated for 1 hour 
at 37°C, and streaked on Amp plates.  After overnight incubation at room temperature, 
the colonies were then screened for mC expression.  Both trypsin-digested and trypsin 
free colonies turned pink.  The change of color from beige to pink, and the recovery of 
the mC expression following the 24-hour trypsin digestion, demonstrated that mC is 
likely displayed on the surface of E. coli. 

The gene for mCherry was used in most of the remainder of the fusion constructs 
because it over expresses in E. coli and changes color, which is a convenient visual 
confirmation of over-expression.  For the mC autotransporter configuration to be 
practical for displaying active peptides and proteins, a new UbmC fusion insert was 
designed and created in the lab.  Based on the mC crystal structure [37], the N and C 
termini are on the same side of the β-barrel potentially facing the bacterial membrane 
(Figure 3.12). Fusing an additional passenger domain to the N-terminal of mC places the 
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passenger domain adjacent to the membrane, thereby hindering its accessibility.  In an 
attempt to position the passenger domain as far from the cell surface as possible the 
protein ubiquitin was used as a spatial and structural linker between mC and any future 
passenger domains.  We fused Ub to mC via overlap PCR to create the new structural 
fluorescent domain UbmC. This was done as an attempt to locate the N-terminus of mC 
away from the outer cell membrane.  With the N-terminus positioned away from the cell 
membrane, active peptides and proteins have better access to their substrates and cell 
membrane-passenger domain interactions are likely minimized.  UbmC was ligated 
between BamHI and EcoRI into the 281 variant creating UbmC281. 

Instead of picking individual colonies after ligation and screening them for 
protein expression, all ligation colonies were re-suspended in Amp LB, grown overnight, 
and mini-prepped.  The new plasmid UbmC281_all was transformed into chemically 
competent BL21, plated, and cultured overnight at 37°C.  The next day wells were 
punctured into the LB agar, filled with IPTG/Amp LB and incubated at room 
temperature.  The following day, pink positive clones were identified, selected, grown, 
mini-prepped and expression tested (Figure 3.18). 

Lastly, three passenger domains of increasing size were tested in the context of 
the engineered bacterial display system.  First, we wanted to determine whether this 
system could be used to study protein/protein interactions.  As a first test for this function 
we chose to insert into the passenger domain position the fusion protein Aβ42Gβ1.  Aβ42 
is a well-characterized peptide that is known to be a key molecular element of amyloid 
fiber formation in Alzheimer’s patients [28].  Aβ42Gβ1UbmC281 fused to GB1 over-
expressed at 18°C after overnight incubation (Figure 3.18).  After allowing the cells to 
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settle overnight, the cells that were induced formed a reddish-pink precipitate (Figure 
3.19, a) that only broke up after vigorous shaking or vortexing.  When the tube was 
inverted multiple times, the aggregate is observed to float as in Figure 3.19 (a).  Figure 
3.19 (b) is a micrograph taken at 40x magnification of the precipitated cells shown in 
Figure 3.19 (a).  To further assess amyloid fibril formation, the E. coli cells were mixed 
with Thioflavin T and a fluorescent emission spectrum was collected on a fluorometer 
[26]. The sample was excited at 450 nm and emission was measured from 470 to 560 nm.  
Figure 3.20 shows the characteristic amyloid fibril Thioflavin T emission spectrum after 
the autofluorescence emission spectrum of uninduced E. coli cells was subtracted.  The 
induced Aβ42Gβ1UbmC281 Thioflavin T cell samples formed a precipitate after settling 
overnight (Figure 3.21). So far, we have demonstrated that the autotransporter variant 281 
can overexpress and display Aβ42, a small peptide fused to Gβ1 on the surface of E. coli, 
in addition to the structural ubiquitin component and the visualization probe mCherry.  
Cellular precipitation confirms that Aβ42 is likely active and adequately positioned on the 
E. coli surface to be able to engage in peptide/peptide interaction.  The lack of 
precipitation of Aβ42Gβ1 directly fused to mCherry (data not shown) supports the 
addition of ubiquitin as a structural element between Aβ42Gβ1 and mCherry for 
distancing the passenger domain from the E. coli surface.  The size of Aβ42Gβ1UbmC 
passenger construct is 45kD. 

After confirming the ubiquitin structural domain element with the active small 
Aβ42 peptide we attempted to explore the display of larger protein (enzymes) with the 
engineered UbmC281 anchoring domain.  The human ubiquitin hydrolase 3 (UCHL-3) 
enzyme hydrolyzes proteins and peptides fused to the C-terminus of ubiquitin.  UCHL-3 
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very readily hydrolyzes the destabilized UbMonB Gβ1 variant [30]. Following over 
expressing UCHL-3 (Figure 3.18) on the surface of E.coli, we tested its ability to 
hydrolyze the destabilized UbMonB variant.  When UbMonB was mixed with E. coli 
displaying UCHL-3 and incubated for 60 minutes at 37°C, the substrate was hydrolyzed 
as shown in Figure 3.22, lane 4.  Nickel column purified UCHL-3 appears to cleave at a 
faster rate (Figure 3.22, lane 3), but since we have not identified a method to quantify 
displayed proteins on the E. coli surface, we are unable to assess the hydrolysis rates.  We 
demonstrated that UCHL-3 is displayed and active on the E. coli surface.  The size of 
UCHL-3UbmC is 60 kD. 

To test the over-expression of a larger enzyme, we inserted the newly 
characterized yet not published secreted S. aureus esterase called 2603.  This esterase has 
been shown by our lab to esterify fatty acids using butanol, but also hydrolyzes para-
nitrophenyl acetate.  We decided to evaluate the ability of the displayed esterase to 
hydrolyze para-nitrophenyl acetate in order to further show the enzyme is successfully 
displayed on the E.coli surface and is accessible to small substrate molecules.  In Figure 
3.18, the esterase fused to UbmC281 over-expresses at 18°C (lane 9) compared to 
uninduced in lane 8.  Induced and uninduced whole cells were assayed for para-
nitrophenylacetate activity.  Figure 3.23 shows the elevated para-nitrophenyl acetate 
hydrolysis for induced 2603UbmC281 compared to uninduced.  As a positive control we 
nickel column purified 2603 and hydrolyzed para-nitrophenyl acetate (Figure 3.23).  The 
size of 2603UbmC domain is 80kD. 

In brief, the constructed anchor domain UbmC281 appears able to transport the 
following three proteins Aβ42Gβ1, UCHL-3, and 2603 to the surface of E. coli and 
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display them in an active form.  The difference between the three passenger domains was 
that Aβ42 is a 42 aa peptide that forms amyloid fibers, UCHL-3 recognizes ubiquitin and 
cleaves an unstably C-terminally fused protein from ubiquitin, and the esterase 2603 
hydrolyzes small molecules such as para-nitrophenyl acetate.  The structural visualization 
domain UbmC provides not only access to small molecules (para-nitrophenyl acetate), 
but also enables UCHL-3 to recognize a 17kD protein target (UbMonB) and cleave the 
fusion protein.  In addition to displaying active enzymes, the amyloid forming peptide 
Aβ42 forms an amyloid-fiber like E. coli aggregate.  Taken these three results together, 
UbmC supports the transport of the passenger domain onto the E. coli surface, and 
displays the passenger domains in an accessible and active state. 
3.5 Conclusion 

To our knowledge, this is the first time that active proteins and peptides were over 
expressed on the E. coli surface without compromising the cell’s viability.  We used the 
EstA autotransporter to construct an IPTG inducible E. coli display system.  Wild-type 
EstA and its variants all over expressed and EstA showed whole cell esterase activity.  We 
then included the fluorescent mC visualization domain as an additional proof of outer 
membrane display and as a ligation selection element.  The display of Aβ42Gβ1 
confirmed the selection of Ub as a structural element upon over expression and amyloid 
fiber-like aggregation.  Both enzymes, the hydrolase UCHL-3 and the esterase 2603, over 
expressed and showed activity comparable to purified enzyme.  More importantly, the 
displayed enzymes were accessible to their respective substrates, which in the case of 
UCHL-3 was the 17 kD UbMonB fusion protein.  In addition, we have over-expressed on 
the surface of E. coli the largest known active passenger domain (2603UbmC, 80 kD).  
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The EstA bacterial display system has the potential to increase the use of enzymatic 
processing in many current industrial applications and expand into new ones.  The newly 
developed EstA bacterial display system can aid us in our goal to develop a sustainable 
and scalable process for generating a flocculation agent that can be used to harvest the 
micro algae C. reinhardtii, Chapter IV. 

Chapter III, in part are reprints of the material as appear in Ruetsche M., Love J.J. 
(2016) “A Fluorescence-Based Bacterial Display System Enhanced for High-Level 
Protein Surface Expression”. 
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CHAPTER IV 
 
4.1 Introduction 

4.1.1 Bioflocculation of C. reinhardtii by an Engineered Escherichia. coli Net 

Wastewater treatment facilities cultivate micro algae to remove soluble nitrogen 

and phosphate from effluent, scrub carbon dioxide from flue gas, oxygenate wastewater 

streams, and convert solar energy into biomass[1].  Wastewater treatment facilities use 

chemical flocculants as well as bacteria [10], fungi [11], and other algae species [12, 13] 

to harvest the algal biomass and bioflocculate  micro algae [2]. 

Bioflocculation is the result of the aggregation of small flocs generated by 

coagulation.  During coagulation surface-active molecules destabilize the negative charge 

repulsion inherent to cell surfaces which results in the aggregation of individual particles 

(cells) into small flocs.  These small destabilized flocs interact through partial and 

complete electrostatic charge neutralization, electrostatic bridging, and self-assembly. 

Micro algal blooms are sometimes known to spontaneously bioflocculate in 

rivers, lakes and oceans.  In nature, the chemistry of bioflocculation is not fully 

understood, but there is some evidence biopolymers are the causative agents that induce 

bioflocculation in micro algae.  Biopolymers are chemicals produced and secreted by 

certain organisms.  In 1937, Ivanovics et al. identified the biopolymer γ-poly glutamic 

acid, secreted by B. subtilis [3].  In a recent study, Zheng et al. used γ-poly glutamic acid 

to flocculate fresh and marine water micro algae [4].  In the Love Lab we bioflocculated 

the micro algae C. reinhardtii and identified B. pumilus as the source of an unidentified 

extracellular bioflocculation agent possibly secreted by the bacteria (Chapter II).  

Although other Bacillus strains bioflocculate micro algae, the molecules responsible 
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remain unidentified [5,6,7]. 

What initiates bioflocculation is even more elusive.  One study by Caldwell 

suggests infochemicals from senescent S. marinoi initiate bioflocculation of N. oculata 

[8].  Infochemicals inform a receiver of their biotic or abiotic environment.  The receiver 

of infochemicals responds by morphological, physiological, social, or behavioral changes 

[9].  Micro algae may respond to infochemicals by bioflocculating. 

In Chapter II, we described the circumstances under which B. pumilus 

bioflocculated C. reinhardtii.  We attempted to categorize the class of molecules to which 

the secreted bioflocculating agent belongs.  We denaturated the B. pumilus culture media 

with guanidine hydrochloride, which further enhanced C. reinhardtii bioflocculation.  

Additional flocculation studies, with guanidine hydrochloride, urea, arginine, and lysine, 

confirmed the surface destabilizing effect of the guanidinium group and its micro algal 

coagulation and flocculation potential [14]. 

There are natural sources of guanidine derivatives; however, they are toxins 

produced at very low concentrations through complex metabolic pathways [15].  

Terrestrial and marine organisms secrete a great variety of guanidine derivatives, 

potentially the causative bioflocculating agent of natural algae blooms.  Because 

organisms produce toxic guanidine derivatives at part-per-billion concentrations through 

complex metabolic pathways, we designed and expressed arginine-rich peptides on the 

surface of E. coli in an attempt to induce bioflocculation in C. reinhardtii.  The main goal 

of the peptide design was to neutralize the inherent negative charge of the C. reinhardtii 

cell wall (Chapter I).  We anticipated that the positively charged peptides would 

electrostatically neutralize the negatively charge C. reinhardtii cell surface.  This 
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electrostatic interaction prevents charge/charge repulsion inherent to C. reinhardtii cell 

walls and thus potentially drives the bioflocculation of C. reinhardtii. 

To address the possibility of inducing bioflocculation through cell wall charge 

neutralization a series of peptides with positively charged amino acids were designed. For 

the first 9-mer peptide designed, we included as many guanidinium moiety’s as possible.  

We wanted to maximize the electrostatic interaction and also potentially destabilize the 

cell wall with guanidine’s chaotrophic behavior.  This resulted in a peptide, referred to as 

8R, where a central lysine is flanked on both sides by four arginines (Table 4.1).  We 

created a second 9-mer flexible arginine-rich peptide, to amalgamate with the C. 

reinhardtii cell wall topography and potentially destabilize and coagulate algal cells 

(Chapter I).  In addition, a flexible peptide, referred to as GR, was designed that included 

alternating glycine and arginine residues (Table 4.1).  A literature search revealed that 

short, 6 to 10 residue peptides that are arginine rich can function as cell penetrating 

peptides[16].  Studies show that cell-penetrating peptides (CCPs) are usually arginine 

rich and can transport small and macromolecules across membranes into prokaryotic and 

eukaryotic cells [17,18,19].  Although CCPs have been shown to translocate across cell 

membranes of prokaryotic and higher plant protoplasts [20], there have been no studies 

that demonstrate that arginine-rich peptides cross hydroxyproline-rich, peptidoglycan-

rich cell walls.  We anticipated that our designed peptides would electrostatically bind to 

the C. reinhardtii cell wall and potentially neutralize negative charges. 

In addition to the peptides 8R and GR, we included a third peptide to potentially 

destabilize the C. reinhardtii cell wall.  The composition and structure of the third peptide 

mimics a detergent.  Literature refer to these types of peptides as peptergents.  
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Peptergents aid in the solubilization of membrane proteins and have the propensity to 

self-assemble into a variety of nanostructures [21].  We designed the peptergent referred 

to as KA because of its positively charged head group, membrane protein solubilization 

[22], and self-assembly into nanostructures [21].  The KA peptide combines electrostatic 

cell wall interaction, membrane protein solubilization, and self-assembly -- all 

components involved in coagulation and bioflocculation. 

We had the option to purchase synthesized peptides and test their ability to induce 

flocculation of C. reinhardtii, but the objective of the project was to develop a scalable 

bioflocculation agent.  This led us to search for a peptide expression system in which the 

peptides would be displayed on the surface of an engineered organism.  To achieve this 

we initially explored and tested bacterial phage display; however, C. reinhardtii did not 

bioflocculate with the peptides displayed on M13KE bacterial phage (data not shown).  

We required a peptide display system that allowed us to visualize the coagulation and 

flocculation of C. reinhardtii, act as a bridge among electrostatically bound algal cells, 

and self-assembles into a net, entrapping algal cells as the net sweeps the water column.  

These requirements left us with two alternatives, either bacterial or yeast display.  We 

proceeded with a bacterial display system because of extensive E. coli experience in our 

lab and the lack of need for any form of post-translational modification. 

In Chapter III, we designed an E. coli inducible bacterial display system that over-

expresses the recombinant protein.  We chose the esterase autotransporter (EstA) from P.  

aeruginosa (PAO1) as our outer membrane anchor, and showed whole cell wildtype EstA 

esterase activity.  We generated three N-terminally shortened EstA esterase passenger 

variants and displayed the fluorescent protein mCherry (mC).  Trypsin digested mC, 
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confirmed surface display of mC for the EstA variant 281.  We selected the EstA variant 

281, missing 280 amino acids from its N-terminal for all future work.  We displayed the 

enzymes human ubiquitin hydrolases (UCHL-3) and an as of yet unpublished S. aureus 

esterase (2603) and showed whole cell enzymatic activity.  Lastly, the E. coli displayed 

Alzheimer peptide Aβ42 showed self-aggregated..  The E. coli self-aggregation of Aβ42 

confirmed the anchoring capability of the UbmC281 construct for intercellular peptide-

peptide interaction.  We then displayed the designed peptides 8R, GR, and KA on the 

surface of E. coli and bioflocculated C. reinhardtii. 

The large C. reinhardtii flocs generated by 1 M guanidine hydrochloride 

exceeded any expectation and set a very high bar for any future flocculation agent (Figure 

2.12).  In this study, we proceeded with the cloning of our designed flocculation peptides 

based on the guanidine hydrochloride experience in Chapter II and the E. coli surface 

expression thereof.  We coagulate C. reinhartii cells and evaluated the flocculation 

mechanisms of the designed peptides and E. coli surface displayed passenger domains. 

The profound flocculation results of guanidine hydrochloride on C. reinhardtii 

cells (Chapter II) played a pivotal role in the amino acid selection for the peptides to be 

displayed on the bacterial display system.  We believe that this is the first time 

engineered peptides displayed on E. coli bioflocculated the micro algae C. reinhardtii. 

4.2 Materials and Methods 

4.2.1 C. reinhardtii Culturing  

For this study, we purchased C. reinhardtii strain CC-1690 wildtype mt+ 21 gr 

(C. reinhardtii) from C. reinhardtii.org.  Algae were plated on Tris-acetate-phosphate 

(TAP) media plates.  An individual colony was picked and grown in 100 mL of TAP 



112 

media at room temperature gently mixed.  Cells grew under artificial sunlight for 16 

hours per day for up to 20 days.  Algae growth was monitored by OD600.  For all 

aggregation studies, we collected algae samples during the stationary phase at an OD600 

of 1.5 or above (Figure 2.4). 

4.2.2 Escherichia coli Culturing 

We cultured Top 10 and BL21 E. coli cells on LB plates and media supplemented 

with 200 µL/mL Amp.  Top 10 cells grew overnight at 37°C cells amplified ligated DNA. 

BL21 cells grew at 37°C to an OD600 of 0.6 and expressed proteins at 18°C after 1 mM 

IPTG induction.  The induced cells grew overnight for 24 hours. 

4.2.3 Construction and Amplification of E. coli Surface Displaying Peptides 

Plasmids 

All three peptides (Table 4.1) were cloned into the EstA autotransporter variant 281 

displaying mCherry281 (mC281) plasmid from Chapter 3 (Figure 3.3). 

Table 4.1. Amino acid and DNA sequence of designed in Chapter II positively charged 
peptides. 

Abbreviation Peptide Amino Acid Sequence DNA Sequence 
8R ArgArgArgArgLysArgArgArgArg CGCCGTCGTCGTAAACGTC 

GTCGCCGT 
RG ArgGlyArgGlyArgGlyArgGlyArg CGCGGTCGTGGCCGTGGCC 

GTGGACGT 
KA LysAlaAlaAlaAlaAlaAla AAAGCGGCAGCGGCAGCA GCG 

 
Because of the mC structure (Figure 3.12) with both the N and C termini possibly 

adjacent to the E. coli surface, we added a structural linker in an attempt to alter the 

position of the positively charged peptides away from the negatively charged E. coli 

surface.  For this reason we tested, as spatial and structural linkers between the peptide 

GR and mC281, the two small thermostable proteins ubiquitin (Ub) (Figure 3.13) and the 
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protein G β1 domain (Gβ1), (Figure 4.1).  Both proteins have highly stable folds and their 

N and C termini are on opposite sides [23].  For the GRUbmC281 construct the GR 

peptide forward and reverse primers were annealed to each other and digested with the 

NcoI and BamHI restriction enzymes (Table 4.5 and Table 4.6) and ligated into 

UbmC281 to create GRUbmC281. 

The Gβ1 domain, was C-terminally fused to the GR gene via the primers listed in 

Table 4.2.  The forward primers (Table 4.2) code for the NcoI cut site, the peptide, and 

the GB1 N-terminal whereas the Gβ1 reverse primer codes for the cut site BamHI.  The 

forward primers fuse the peptides N-terminally to Gβ1 during PCR amplification.  Table 

4.3 and Table 4.4 list the PCR mixture and conditions. The peptide/Gβ1 inserts and 

mC281 were digested according to Table 4.5 and Table 4.6 and the mC281 vector was 

dephosphorylated with alkaline phosphatase. The digested inserts and dephosphorylated 

digested mC281 vector were purified with the NucleoSpin Exrtact kit and their 

concentrations measured by UV absorption at 260 nm.  For all ligations going from 

hereon forward we mixed 20 ng of vector with 60 ng of insert in 10 µL reaction mixtures 

(Table 4.7).  Table 4.8 lists the ligation conditions. 

Table 4.2. Primers for the PCR amplification of the positively charged peptides fused to 
GB1. 

Peptide Primer 5' to 3' 
8R Forward NcoI aaaataccatgggtcgccgtcgtcgtaaacgtcgtcgccgtgacacttacaaattaat 
RG Forward NcoI aaaataccatgggtcgcggtcgtggccgtggccgtggacgtgacacttacaaattaat 
KA Forward NcoI aataaaccatgggtaaagcggcagcggcagcagcgatgactacttacaaattaat 
GB1 Reverse BamHI gcgcggcggatccacttcagtaactgtaaaggtcttagtcgcatcg 
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Table 4.3. PCR mixture for all peptide /GB1 inserts. 

Component Amount 
DNA Template 100 ng 
Oligonucleotide Forward (10µm) 2.5 µL 
Oligonucleotide Reverse (10µm) 2.5 µL 
dNTP mix (25 mM) 0.25 µL 
5X Reaction Buffer 10 µL 
Phusion DNA Polymerase 0.5 µL 

 
Table 4.4. PCR cycle for all peptide/GB1 inserts. 

Step Temperature (°C) Time (sec) Cycles 
1 98 30 1 
2 98 10 30 
3 72 30 30 
4 72 600 1 

 

Table 4.5. Peptide insert and mC281 plasmid restriction enzyme digestion amounts. 

Component Amount 
Peptide/GB1 and mC281 1 µg 
Restriction Enzyme 1 µL 
Fast Digest Buffer 2 µL 

 
Table 4.6. Restriction enzyme digestion time and temperature for NcoI and BamHI. 

Restriction Enzymes Digestion Time 
(min) 

Temperature 
(°C) 

BamHI 60 37 
NcoI 180 37 

 

Table 4.7. Ligation reaction mixture. 

Components Amount 
DNA Insert 20 ng 
pET22b 60 ng 
T4 Ligation Buffer 1 µL 

 
Table 4.8. Ligation reaction time and temperature. 

Step Temperature (°C) Time (min) 
1 22 120 
2 70 5 
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Chemically competent Top 10 E.coli cells were transformed with 10 µL of 

ligation reaction and plated on 200 µg/mL Amp resistant LB agar plates and incubated 

overnight at 37 °C. All colonies were re-suspended from a ligation plate in LB media and 

grown overnight at 37°C.  The next day, the cells were harvested and purified.  The 

plasmid was transformed into E. coli BL21 and the plates were incubated overnight at 

37°C.  The following day, we punctured wells into the plate media among the colonies.  

The wells were aseptically filled with LB media containing IPTG and 200 µg/mL Amp.  

Incubation of the IPTG induced plates took place at room temperature for 24 hours.  

Individual pink colonies (Figure 3.15) were picked, incubated overnight in LB containing 

200 µg/mL Amp, and expression tested.  We isolate over-expressing plasmids and 

submitted them for DNA sequencing. 

4.2.4 Protein Expression of Peptide Displayed on E. coli Surface 

A positive clone obtained from the methods described above was transformed into 

BL21 and protein expression was induced at 18°C.  At an OD600 of 0.6, the cells were 

induced with 1mM IPTG and the culture allowed to grow overnight at 18°C. 

4.2.5 Algae Flocculation 

5 mL of C. reinhardtii cells were collected at an OD600 of approximately 1.5 and 

inoculated with 1 mL of E. coli cells in LB media at an OD600 between 1.5 and 1.8.  In 

the flocculation samples where combinations of two or three different constructs were 

tested at once, each culture was adjusted to an OD600 of 1.5, and for two constructs 0.5 

mL of each construct culture, and for three constructs 0.33 mL of each construct culture 

was aseptically added to 5 mL of C. reinhardtii culture.  A rocker at room temperature 

agitated the mixture for up to 10 days, and we visually inspected the samples daily. 
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4.2.6 Visible and Fluorescent Microscopy 

C. reinhardtii/E. coli aggregates were observed and imaged under a microscope at 

10x, 20x, and 40x magnifications.  C. reinhardtii/E. coli interactions were visualized by 

fluorescent microscopy at 200x magnification.  A laser excited the sample at 587 nm and 

emission was measured at 610 nm.  Dr. Feuer provided the Zeiss Axio Observer D1 

microscope for fluorescent and bright-light microscopy. 

4.2.7 Harvesting of C. reinhardtii Cells 

After 3 to 5 five days of incubation at room temperature, the aggregated and 

settled C. reinhardtii/E. coli cells were re-suspended by multiple inversion.  A 70 µm 

pore size strainer retained the bioflocculated C.reinhardtii/ E.coli flocs. 

4.3 Results 

4.3.1 Design and display of aggregating peptides  

In Chapter II, we demonstrated that the micro algae C. reinhardtii flocculates 

after the addition of guanidine hydrochloride (Figure 2.11).  Other guanidine-similar 

molecules (urea, arginine, and lysine) also flocculated C. reinhardtii (Figure 2.14).  

Although terrestrial and marine organisms synthesize and secrete guanidine derivatives, 

their metabolic pathways are complex and the concentrations of the compounds are low 

[15].  Based on the limited ability of natural systems to produce guanidine derivatives, we 

decide to design peptides with the guanidine moiety and display them on the surface of E. 

coli.  Table 4.1 lists the amino acid sequences of the positively charged peptides based on 

the guanidine hydrochloride observation described in Chapter II. 

In the absence of a bacterial display system that over-expresses proteins, we 

created an E. coli-based display system that utilizes the autotransporter EstA 
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transmembrane protein.  In Chapter III, we demonstrated successful surface display 

through the 1) trypsin digestion of surface displayed mCherry, 2) whole cell enzymatic 

activity of the wild type EstA passenger domain, 3) display and enzymatic activity of 

ubiquitin hydrolase UCHL-3, 4) surface display and catalytic activity of an 

staphylococcal esterase referred to as 2603.  We also demonstrated that the display of the 

amyloid fiber forming Aβ42 peptide on the surface of E. coli caused the bacterial cells to 

self-associate into floc like precipitates. These successful display results provided the 

impetus for us to proceed with the display of the three peptides listed in Table 4.1. 

The three designed peptides are all basic in nature (i.e., made up of positively 

charged amino acids) whereas the peptides 8R, RG may have cell-penetrating potential 

[24].  KA has a hydrophilic head with a hydrophobic tail that mimicks a detergent.  

Literature references describe these types of peptides as peptergents [25].  Peptergents 

have been shown to solubilize membrane proteins [22], and self-assemble into 

nanostructures [21], two features which may be helpful in the coagulation and 

flocculation of C. reinhardtii.  At first the peptides listed in Table 4.1 were fused directly 

to mC281 creating 8RmC281, GRmC281, and KAmC281 (Figure 4.1). 

 

Figure 4.1. Peptides, 8R, GR, and KA directly linked to mC for the first coagulation and 
flocculation study. 

 

All three fusion proteins over-expressed, but neither appeared to absorb to nor 

3’    

Peptide (9mer) mCherry (25 kD) EstA 281 variant (38 kD) 

BamHI NcoI 

5’ 
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bioflocculate when mixed with C. reinhardtii cells (data not shown).  To explore a 

structural linker between the peptides and mCherry, both the small and 

thermodynamically stable proteins ubiquitin (Figure 3.13) and Gβ1 (Figure 4.2) were C-

terminally fused to the peptide GR creating the fusion proteins GRUbmC281 (Figure 4.3) 

and GRGB1mC281 (Figure 4.4).  The fusion protein GRUbmC281 did not adsorb to C. 

reinhardtii cells whereas GRGB1mC281 adsorbed to the algal surface of C. reinhardtii 

(Figure 4.11). 

 

 
Figure 4.2. Crystal structure of Gβ1 used as a spatial and structural linker between the 

GR peptide GR and mCherry (Figure 4.k). 
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Figure 4.3. GR linked via the structural linker domain Ub to mC for a comparison 

coagulation and flocculation study between the structural linkers Ub and GB1. 

 

 
Figure 4.4. GR linked via the structural linker domain Gβ1 to mC for a comparison 

coagulation and flocculation study between the structural linkers Ub and GB1. 

 
In addition to the above peptide fusions the peptide fusions 8RGβ1mC281 and 

KAGβ1mC281 were generated. The peptide sequences and their respective forward 

primers are listed in Table 4.2.  All peptide forward primers have a N-terminal Gβ1 20 

bases overlay.  For each peptide, Gβ1 was PCR amplified with the respective peptide 

forward primer encoding the restriction enzyme cut site NcoI.  The reverse primer 

encodes the last 20 bases of the C-terminal Gβ1 domain and the restriction enzyme cut 

site BamHI.  We digested Gβ1, 8RGβ1, and KAGβ1, fusions with NcoI and BamHI and 

ligated these fusion inserts into the autotransporter variant plasmid UbmC281 (Figure 

4.5). 

   
Peptide GR 
(9mer) 

mCherry (25 kD) EstA 281 variant (38 kD) 

BamHI NcoI 

5’  
Ubiquitin  
linker (8 kD) 

3’ 
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Figure 4.5. Final coagulation/flocculation peptide autotransporter fusion protein 

construct for E. coli surface display. 

 

4.3.2 Expression of all Fusion Proteins  

The peptides 8R, GR, and KA fused to mC281 (Figure 4.1), GR fused to 

UbmC281 (Figure 4.3), and 8R, GR, and KA fused to Gβ1mC281 (Figure 4.4) over-

express in E. coli BL21 cells overnight at 18 °C.  Table 4.9 lists all the particular fusion 

constructs that did successfully over-express overnight at 18°C. 

Table 4.9. Summary of all the plasmids that over-express in BL21 cells after overnight 
incubation at 18 °C. 

Plasmid Overnight Expression at 
18 °C 

mC281 yes 
8RmC281 yes 
GRmC281 yes 
KAmC281 yes 
GRUbmC281 yes 
8RGB1mC281 yes 
GRGB1mC281 yes 
KAGB1mC281 yes 

 
The over-expressions of the peptides 8R, GR, and KA fused to Gβ1mC281 are 

listed in Table 4.9.  All these fusion proteins over-express in E. coli BL21 cells overnight 

at 18°C and for 3 hours at 37°C (Figure 4.6).  As reported in Chapter 3, the reporter 

protein mCherry does neither exhibit red fluorescence when expressed at 37°C (Figure 

4.7), nor do any of the other fusion proteins listed in Table 4.9.  At 18°C and after 24 

   
Peptide 
 8R, GR, KA   

mCherry (25 kD) EstA 281 variant (38 kD) 

BamHI NcoI 

5’  
Gβ1  
linker (8 kD) 

3’ 
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hour induction, all fusion protein cultures changed color from beige to pink (Figure 4.7).  

The induction at 18°C can be extended to 72 hours increasing protein yield without 

compromising cell viability.   

Figure 4.8 shows the OD600 after 24 hour of induction suggesting viable and 

vigorous cell growth at 18 °C. 

 

   
a) b) 
Figure 4.6. 15 % SDS-PAGE gels show the expression of a) lane 1 protein ladder, lane 2 

Gβ1mC281 (71 kD) uninduced 18°C, lane 3 Gβ1mC281 induced 18°C, lane 4 
Gβ1mC281 induced 37°C, lane 5 empty, lane 6 KAGβ1mC281 (71 kD) uninduced 18°C, 

lane 7 KAGβ1mC281 induced 18°C, lane 8 KAGβ1mC281 induced 37°C. b) lane 1 
protein ladder, lane 2 GRGβ1mC281 (71 kD) uninduced 18°C, lane 3 GRGβ1mC281 

induced 18°C, lane 4 GRGβ1mC281 induced 37°C, lane 5 empty, lane 6 8RGβ1mC281 
(71 kD) uninduced 18°C, lane 7 8RGβ1mC281 induced 18°C, lane 8 8RGβ1mC281 

induced 37°C. 
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a) b) c) 
Figure 4.7. After overnight expression, the images show the cell growth expression level 

of the Gβ1mCherry fusion proteins in E. coli BL21.  The first cuvette from the left 
contains uninduced cell culture grown at 18 °C, the second cuvette holds induced at 
OD600 0.6 cell culture grown at 18 °C, and the third cuvette displays the induced cell 

culture at 37 °C.  Figure a) shows the expression of Gβ1mC281, whereas image b) shows 
the expression of the arginine glycine peptide fused to Gβ1 (GRGβ1mC281), and image 

c) exhibits the peptergent peptide KA fused to Gβ1 (KAGβ1mC281). 

 

Gβ1mC281 KAGβ1mC281 GRGβ1mC281 



123 

 
Figure 4.8. The expression of Gβ1mC281, KAGβ1mc281, RGGβ1mC281, and 

8RGβ1mC281 at 18°C appear to have no significant effect on the E. coli vitality as 
shown by OD600 after overnight induction. 

 
4.3.3 E. coli Self-Aggregation 

As described in chapter III, E. coli self-aggregated after overnight expression at 

18°C for the EstA variant 115.  Variant 115 aggregated within 30 minutes of removal 

from the shaking incubator.  Variant 115 self-aggregated when not induced, or when 

induced at both 18°C and 37°C (Figure 4.9).  The large uninduced 115 E. coli aggregates 

settled within 10 minutes at room temperature and produced a pellet approximately five 

times the volume of any of the non-aggregating variants mC and mC281. 
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a) b) c) 

Figure 4.9. Self-association of E. coli cells expressing variant 115 30 minutes after 
removal from 18 °C incubator (day 0), a) uninduced 18°C, induced 18°C, induced 37°C. 

 
Not only do E. coli expressing the peptergent KAGβ1mC281 self-aggregate, but 

surprisingly, E. coli expressing Gβ1mC281, 8RGβ1mC281, and GRGβ1mC281 self-

aggregate (Figure 4.10).  The level of E. coli self-aggregation is highest for Gβ1mC281, 

followed by KAGβ1mC281, GRGβ1mC281, and 8RGβ1mC281.  E. coli self-

aggregation, for all aggregating variants (Table 4.10), proceeded the time course 

illustrated in Figure 4.10, except for variant 115 which completely aggregated within 30 

minutes of removal from the shaking 18 °C incubator. 

 



125 

Table 4.10. Summary of all plasmid expressed in E. coli induced overnight at 18°C 
which self-aggregate. 

Plasmid E. coli Self-Aggregation after 
Overight Expression at 18 °C 

EstA wildtype no 
115 yes 
195 no 
281 no 

mC281 no 
8RmC281 no 
GRmC281 no 
KAmC281 yes 
GRUbmC281 no 
8RGB1mC281 yes 
GRGB1mC281 yes 
KAGB1mC281 yes 

 

 
a) b) c) 

Figure 4.10. Time progression of GRGβ1mC281 E. coli self-aggregation, a) day 0, b) 
day 1, c) day 3. 

 
The non-self-aggregating variants listed in Table 4.10 were not used for any C. 

reinhardtii flocculation studies.  We used the variants listed in Table 4.11 for C. 

reinhardtii adsorption experiments in section 4.3.4. 
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Table 4.11. Plasmids selected for the C. reinhardtii adsorption and flocculation 
experiments in section 4.3.4. 

Passenger 
Domain(s) 

Transporter 
Variant 

E.coli 
Aggregation 

none 115 Yes 
KAmC 281 yes 
GB1mC 281 yes 
8RGB1mC 281 yes 
GRGB1mC 281 yes 
KAGB1mC 281 yes 
8RGB1mC, 
GRGB1mC, 
KAGB1mC 

281 yes 

8RGB1mC, 
GRGB1mC 

281 yes 

GRGB1mC, 
KAGB1mC 

281 yes 

8RGB1mC, 
KAGB1mC 

281 yes 

none none no 
 
4.3.4 C. reinhardtii Adsorption 

For the adsorption and flocculation studies of C. reinhardtii, we chose to analyze 

all the variants that self-aggregate during protein expression (Table 4.11).  This selection 

includes variant EstA autotransporter 115, the peptergent plasmid KAmC281, 

Gβ1mC281, and the three basic peptides 8R, GR, and KA fused to the structural linker 

Gβ1, namely 8RGβ1mC281, GRGβ1mC281, and KAGβ1mC281.  All plasmids were 

transformed into E. coli BL21 and expressed overnight at 18°C. 1 mL of uninduced and 

induced E. coli cells expressing the variants listed in Table 4.11 were mixed with 5 mL of 

C. reinhardtii culture. 

After 24 hours of E. coli inoculation of C. reinhardtii cells,  the samples were 

visually inspected for the presence of settled flocs.  The C. reinhardtii/E. coli samples 

were analyzed by fluorescent microscopy to assess C. reinhardtii/E. coli adsorption.  E. 
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coli cells expressing the GrGβ1mC281 variant that were excited with a 587 nm laser 

exhibited a bright pink fluorescence (Figure 4.11, a). GRGB1mC281 expressing E. coli 

cells were incubated with C. reinhardtii cells for 24 hours and the pink fluorescent E. coli 

cells (Figure 4.11, a) adsorbed to C. reinhardtii cells (Figure 4.11, b).  All three 

positively charged peptides (8R, GR, and KA) adsorbed to C. reinhardtii.   

Three variants however (as listed in Table 4.11) did not appear to interact with C. 

reinhardtii cells.  Expectedly variant 115 and Gβ1mC281 did not adsorb.  Figure 4.11c) 

shows self-aggregated Gβ1mC281 E. coli cells among C. reinhardtii cells.  The third 

peptide KAmC281 behaved similarly as Gβ1mC281. Despite KAmC281 displaying a 

positively charged peptide, this fusion protein rather self-aggregated than adsorbed to the 

negatively charged C. reinhardtii surface.  As expect, variant 115 and Gβ1mC281 did not 

adsorb to C. reinhardtii.  The peptergent KA, directly fused to mC281, did not appear to 

interact with C. reinhardtii. 

 
a) b) c) 
Figure 4.11. Fluorescent microscopic images excited at 587 nm of a) GRGβ1mC281 E. 

coli cells, b) GRGβ1mC281 E. coli cells mixed with C. reinhardtii, c) Gβ1mC281 E. coli 
cells mixed with C. reinhardtii. 

 
Table 4.12 lists the variants expressed in E. coli that self-aggregate and adsorb to 

C. reinhardtii cells and are thus deemed most suitable for C. reinhardtii flocculation and 
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harvest experiments.  However, there is one exception in Table 4.12.  EstA variant 115 

did not adsorb to C. reinhardtii cells, but very quickly self-aggregated after expression. 

The reason EstA variant 115 remained on the list to test for C. reinhardtii flocculation 

and harvest experiments is because we wanted to explore and compare flocculation by 

the sweeping mechanism alone versus the combination of sweeping, bridging, and 

electrostatic charge neutralization mechanisms. 

Table 4.12. Plasmids selected for the C. reinhardtii flocculation experiments and harvest. 

Passenger 
Domain(s) 

Transporter 
Variant 

E.coli 
Aggregation 

C. reinhardtii/E. coli 
Adsorption 

none 115 yes no 
8RGB1mC 281 yes yes 
GRGB1mC 281 yes yes 
KAGB1mC 281 yes yes 
8RGB1mC, 
GRGB1mC, 
KAGB1mC 

281 yes yes 

8RGB1mC, 
GRGB1mC 

281 yes yes 

GRGB1mC, 
KAGB1mC 

281 yes yes 

8RGB1mC, 
KAGB1mC 

281 yes yes 

none none no no 
 

4.3.5 C. reinhardtii Flocculation 

The C. reinhardtii/E. coli flocs from the adsorption inspection were re-suspended 

by inversion to visually inspect their size and floc strength after 5 days.  During the floc 

maturation time of 10 days the 15 mL vials were inverted so as to re-suspended the flocs.  

The daily inversion occasionally broke flocs apart, but the flocs reformed on the bottom 

of the vial and grew in size.  Larger flocs appeared to gain inter-floc strength and their 

breakup frequency diminished with every additional day. 
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Figure 4.12 shows C. reinhardtii inoculated with uninduced (Figure 4.12, a) and 

E. coli cells that were induced (Figure 4.12, b) to express the GRGB1mC281 variant.  On 

day 1 of C. reinhardtii/E. coli flocculation small aggregates started to form (Figure 4.12, 

b).  On day 2 the flocs grew in size (Figure 4.12, c).  The floc size proceeded to increase 

with each passing day (Figure 4.12, d).  Between the third and fifth day, the flocs reached 

their maximum size of up to 5 mm (Figure 4.12, e).  Additional days of flocculation did 

not increase the floc size any further.  The C. reinhardtii cells inoculated with uninduced 

GRGB1mC281 E. coli cells did not flocculate within the flocculation period of 10 days.  

Also, C. reinhardtii that were not inoculated with E. coli showed no flocculation on day 5 

within the 10-day flocculation period (Figure 4.12, f). 

All three positively charged peptides 8RGβ1mC281, GRGβ1mC281, and 

KAGβ1mC281 produced up to 5 mm aggregates within 5 days.  When 8RGβ1mC281, 

GRGβ1mC281, and KAGβ1mC281 were combined to inoculate C. reinhardtii, flocs 

formed in the same manner as that observed for GRGβ1mC281.   Also, when 

8RGβ1mC281 was combined with GRGβ1mC281 or GRGβ1mC281 was combined with 

KAGβ1mC281 the same flocculation formation pattern was observed.  Unexpectedly, 

one combination did not flocculate C. reinhardtii.  Combining 8RGβ1mC281 with 

KAGβ1mC281 did not result in the flocculation of C. reinhardtii cells over the 10-day 

flocculation period. 
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a) b) c) 

 
d) e) f) 

Figure 4.12. Flocculation of C. reinhardtii cells by GRGB1mC281 displaying E. coli 
cells, a) uninduced GRGB1mC281 mixed with C. reinhardtii day 5, b) induced 

GRGB1mC281mixed with C. reinhardtii day 1, c) induced GRGB1mC281mixed with C. 
reinhardtii day 2, d) induced GRGB1mC281mixed with C. reinhardtii day 3, e) induced 
GRGB1mC281mixed with C. reinhardtii day 5, f) C. reinhardtii with no E. coli day 5. 

 
After the first day of flocculation, small-suspended flocs readily settled within 2 

hours in the 15 mL glass vial.  The size of the flocs matured between 3 to 5 days and 

reached a maximum size of up to 5 mm.  After three days of flocculation, the large flocs 

settled in the 15 mL glass vials within 30 seconds leaving a clear supernatant above 

(Figure 4.13). 
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Figure 4.13. Re-suspended C. reinhardtii cells flocculated with GRGB1mC281 E. coli 

cells on day 5. 

 
The last variant tested for flocculation of C. reinhardtii was the EstA 

autotransporter variant 115.  This plasmid displays 258 residues (Figure 3.6, b) of the 373 

wildtype EstA esterase passenger domain (Figure 3.6, a).  E. coli displaying the EstA 115 

variant self-aggregate immediately after removal from the shaking incubator (Figure 4.9).  

Cells that were uninduced at 18°C, induced at 18°C, and induced at 37°C with the variant 

115 E. coli cells trapped C. reinhardtii cells within their aggregation matrix (Figure 

4.14).  With the uninduced sample of variant 115 the E. coli aggregates appeared to 

entrap the least number of C. reinhardtii cells per large floc (Figure 4.14, a).  This 

variant, when induced at 18°C, entrapped the most algal cells per medium size floc 

(Figure 4.14, b), whereas the loosely aggregated E. coli flocs induced at 37°C associate 

with some C. reinhardtii cells on the surface of the small E. coli flocs (Figure 4.14, c). 
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a) b) c) 

Figure 4.14. Flocculation on day 1 of C. reinhardtii mixed with E. coli expressing 
variant 115, a) variant 115 uninduced at 18°C, variant 115 induced at 18°C, and variant 

115 induced at 37°C. 

 
Table 4.13 summarizes the results for the variants tested for, E. coli self-

aggregation (section 4.3.3), C. reinhardtii/E. coli adsorption (section 4.3.4), C. 

reinhardtii/E. coli flocculation, and floc particle size on day 5 (section 4.3.5).   
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Table 4.13. C. reinhardtii cells were mixed with induced E. coli cells with the passenger 
domains in column 1.  C. reinhardtii and E. coli samples were visualized with bright-

light and fluorescent microscopy to assess the E. coli self-aggregation after 0, 24, and 72 
hours of induction, C. reinhardtii/E. coli adsorption, C. reinhardtii/E. coli flocculation, 

and particle size formation on day 5. 

Passenger 
Domain(s) 

EstA 
Transporter 

Variant 

E.coli  
Self-

Aggregation 

C. 
reinhardtii 

E. coli 
Adsorption 

C. reinhardtii 
E.coli 

Flocculation 

Floc Particle 
Size Day 5 

(5mm) 

none 115 yes no yes yes 
GB1mC 281 yes no no no 
8RGB1mC 281 yes yes yes yes 
GRGB1mC 281 yes yes yes yes 
KAGB1mC 281 yes yes yes yes 
8RGB1mC, 
GRGB1mC, 
KAGB1mC 

281 yes yes yes yes 

8RGB1mC, 
GRGB1mC 

281 yes yes yes yes 

GRGB1mC, 
KAGB1mC 

281 yes yes yes yes 

8RGB1mC, 
KAGB1mC 

281 yes yes no no 

none none no no no no 
 
4.3.6 Collection of Bioflocculated C. reinhardtii/E. coli Aggregates. 

To further analyze the degree of flocculation the aggregated C. reinhardtii/E. coli 

cells were re-suspended by inversion and poured through a 70 µm pore size strainer.  

Figure 4.15 shows the collected C. reinhardtii/E. coli aggregates.  In the left strainer are 

C. reinhardtii cells mixed with uninduced GRGB1mC281 E. coli cells collected on day 5.  

Very few cells aggregated to large enough particles for the collection in a 70 µm pore 

size strainer.  In the middle strainer are induced GRGB1mC281 E. coli mixed with C. 

reinhardtii cells collected on day 5.  The strainer retained the bulk of the C. reinhardtii/E. 

coli aggregates.  The right strainer shows GRGB1mC281 C. reinhardtii/E. coli 

aggregates harvested on day 5 of flocculation and dried for 1 day at room temperature. 



134 

 

 
Figure 4.15. Harvest of bioflocculated C.reinhardtii cells after mixing with 

GRGB1mC281 expressed E. coli for 5 days.  Left strainer shows C. reinhardtii cells 
mixed with uninduced GRGB1mC281, in the middle strainer are GRGB1MC281 C. 

reinhardtii/E. coli aggregates harvested on day 5, and in the right strainer are 
GRGB1MC281 C. reinhardtii/E. coli aggregates after 1 day of room temperature drying. 

 
4.3.7 pH Effect on C. reinhardtii Aggregation  

The pH of the C. reinhardtii/E. coli mixtures for the peptides 8R, GR, KA, and C. 

reinhardtii ranged between 7.68 to 8.12 (Table 4.14).  The pH did not appreciably change 

during the 5 days of aggregation.  A pH reduction to 4.7 by the addition of 20 % acetic 

acid or an increase to pH 10 with 2 M sodium hydroxide did not increase the size of the 

aggregates nor did the pH change accelerate the C. reinhardtii/E. coli bioflocculation 

rate.  Flocs matured between 3 to 5 days at room temperature. 
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Table 4.14. The pH of the C. reinhardtii/E coli aggregates after mixing 

Displayed Peptide/Algae pH of C. reinhardtii/E. 
Coli Mixture 

8RGB1mc 7.68 
GRGB1mC 8.02 
KAGB1mc 7.71 
Algae 8.12 

 
4.4 Discussion 

The design of the aggregating peptides was based on two observations.  First and 

foremost, the flocculation induced by guanidine hydrochloride in Chapter II aided in the 

amino acid selection for the peptides.  Second, literature references described multiple 

algae flocculation studies that showed the interaction of positively charged ions [26], 

naturally and synthetic polymers [27, 28], and nanoparticles [29] flocculated different 

species of algae.  A positively charged peptide combined with the denaturing and 

chaotrophic capacity of the guanidine functional moiety should produce a powerful 

flocculating agent.  The peptides designed from these two observations are 8R, GR, and 

KA. 

The development of the E. coli bacterial display system in Chapter III permitted 

the over-expression of the designed peptides on the surface of E. coli and the ability to 

test C. reinhardtii aggregation without additional purification.  First, three peptides were 

N-terminally fused to mC281 and expressed on the surface of E. coli.  E. coli expressing 

8RmC281, GRmC281, and KAmC281 variants did not adsorb to C. reinhardtii cells.  The 

lack of electrostatic interaction suggested inaccessible positive peptides.  Because of the 

lack of E. coli  adsorption to C. reinhardtii we presumed the displayed peptides interacted 

with the nearby negatively charged E. coli outer cell membrane. 
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The concern associated with the inhibited activity of recombinant passenger 

domains due to cell membrane proximity, which we raised in Chapter III, Section 3.3.4, 

appeared to be a possible reason as to why the short positively charged peptides 8R, GR, 

and KA were not effective.  This issue regarding cell membrane proximity stemmed from 

the fact that mCherry has both its N and C terminal on the same side of the β-barrel 

(Figure 3.12).  This possible mCherry N terminal membrane proximity  inspired the idea 

of introducing a spatial and structural linker domain with a stable fold between the 

fluorescent label mCherry and the positively charged peptides.  To test this hypothesis, 

we inserted Ub and Gβ1 between the peptide GR and mCherry, creating GRUβmC281 

and GRGβ1mC281. 

In an attempt to ensure that the positively charged peptides were located away 

from the negatively charged bacterial membrane, we generated the two constructs 

GRUbmC281 and GRGB1mC281 by inserting either Ub or Gβ1 between mCherry and 

the peptide GR.  Both plasmids expressed and were tested for C. reinhardtii adsorption.  

As shown in Figure 4.11 b), GRGB1mC281 expressed E. coli cells adsorbed to C. 

reinhardtii cells, whereas GRUbmC281 cells did not.  A possible explanation for the lack 

of adsorption of GRUbmC281 is the positively charged surface of Ub, four arginines and 

nine lysines, [30], which may have electrostatically interacted with the negatively 

charged E. coli surface hindering GR peptide’s extracellular exposure. 

All peptide/GB1mC281 fusions (8RGB1mC281, GRGB1mC281, and 

KAGB1mC281) over-expressed at both 18°C and 37°C.  Although all fusion proteins 

over-expressed at both temperatures only the overnight expression at 18°C generated the 

characteristic pink color change of properly folded mCherry. Trypsin digestion, as 
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described in Chapter III, Section 3.2.9, verified the display of peptides/GB1mC on the 

surface of E. coli. 

After demonstrating that all peptides did express on the surface of E. coli, they 

were tested either by themselves or in combination with other peptides for their ability to 

bioflocculate C. reinhardtii.  Bright-light and fluorescent microscopy of E. coli and C. 

reinhardtii cells demonstrated the adsorption of peptide displaying E. coli cells to C. 

reinhardtii cells. .  E. coli cells displaying Gβ1mC281 did not adsorp to C. reinhardtii 

cells, but self-aggregated. We observed that these cells form small E. coli aggregates, 

which readily re-suspend upon inversion.  This E. coli self-aggregation was unexpected, 

especially since Gβ1 has a stable fold and expresses well in the soluble fraction in the 

cytoplasm [23].  The small aggregates observed on day one assembled into a larger 

bacterial network by day three.  The larger bacterial network broke up into smaller 

particles and individual cells upon tube inversion yet reassembled again into bigger 

aggregates over time.  This form of break up and reassembly suggested a possibly weak 

hydrophobic or electrostatic interaction among the displayed Gβ1 molecules. 

The positively charged peptides (8R, GR, and KA) fused to Gβ1mC displayed 

using the autotransporter variant 281 also self-aggregated but at a slower rate than 

Gβ1mC281.  Very small aggregates were observed on day one, which assembled into 

larger particles on subsequent days.  Particles large enough to resemble a bacterial net or 

mesh were seen by day five (Figure 4.10).  The positively charged peptides (8R, GR, and 

KA) fused to Gβ1mC281 uninduced at 18°C and induced at 37°C E. coli did not self-

aggregate. 

We presumed that the positively charged peptides on the E. coli surface self-
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aggregated through partial or complete electrostatic charge neutralization.  With fewer 

positive charges displayed, the electrostatic charge neutralization effect appeared 

diminished for Gβ1mC281, which also self-aggregated.  Gβ1 has six lysines that could 

result in electrostatic binding to other E. coli cells; however, the proximity of the 

negatively charged membrane to Gβ1 to the six positively charged lysines may have a 

neutralizing effect..  The Gβ1 charge neutralization, potentially caused by the proximity 

of the E. coli membrane, may rearrange Gβ1 to a favorable hydrophobic effect position.  

This E. coli self-aggregation of Gβ1mC281 suggested a possible second force besides the 

electrostatic charge neutralization afforded by the positively charged peptides 8R, GR, 

and KA. 

The reduction in the rate of self-aggregation for the positively charged peptides as 

the E. coli aggregates increased in size, suggested a strengthening repulsive force. The  

repulsive force counteracted the presumed charge neutralization and Gβ1 hydrophobic 

effect.  The reduction in the self-aggregation rate implied that the Gβ1 hydrophobic effect 

packed positive charges near each other increasing the electrostatic repulsive force. The 

close packing of positive charges eventually overwhelmed the total attractive force and 

reduced the rate of self-aggregation. .The size of the aggregate is limited by two opposing 

forces: 1) the total attractive force made up of the hydrophobic attractive force and 

electrostatic attraction and 2) the electrostatic repulsion.   The attractive force is  due to 

hydrophobic patches interacting with each other (hydrophobic effect), and to the 

interactions between positive and negative charges (electrostatic attraction).  The 

electrostatic repulsion is the separation induced by same electric charges. The correlation 

of small aggregate size on day five for the more positively charged peptides supported the 
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concept of an increased electrostatic repulsion overcoming the presumably attractive 

peptide induced electrostatic interaction and the hydrophobic Gβ1 effect.  To summarize, 

a balance between the total attractive force and the repulsive force, determined the size 

and porosity of the bacterial self-aggregate. 

When E. coli that displayed positively charged peptides on the surface were 

mixed with C. reinhardtii cells, the E. coli cells adsorbed to the surface of the algae cells 

and reduced E. coli self-aggregation as illustrated in Figure 4.11 (b).  All three designed 

peptides (8R, GR, and KA) mixed individually with algae cells adsorbed to C. 

reinhardtii.  Similar adsorbtion to C. reinhardtii was seen when two and three E. coli 

displaying peptides were combined for algae adsorption.  All these E. coli displaying 

peptides mixtures (8R/GR, 8R/KA, GR/KA, 8R/GR/KA), adsorbed to C. reinhardtii, 

reducing the self-aggregation of E. coli.  The reduction in E. coli self-aggregation in the 

presence of C. reinhardtii supports the idea in the previous paragraph of a relatively weak 

Gβ1 attractive force. 

Neither the Gβ1mC281 nor mC281 E. coli variants adsorb to C. reinhardtii cells.  

Moreover, E. coli displaying Gβ1mC281 self-aggregates in the presence of C. reinhardtii 

cells.  The self-aggregation of Gβ1mC281 in the presence of C. reinhardtii suggests the 

six Gβ1 lysines were charge neutralized or buried and unable to electrostatically interact 

with the negatively charged C. reinhardtii cells.  Thus these six lysines potentially played 

a minor role in the self-aggregation of E. coli  displaying Gβ1mC281.  The lack of E. coli 

self-aggregation and C. reinhardtii adsorption of mC281 displaying E. coli cells 

confirmed the Gβ1 force contribution to the self-aggregation of E. coli displaying Gβ1 

variants.  Ultimately, C. reinhardtii did not adsorb to E. coli cells without the display of a 
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positively charged peptide. 

The positively charged peptides on the surface of E. coli bound to the negatively 

charged algal cells, as opposed to either of the displayed Gβ1mC or mCherry variants.  

This binding of fluorescently labeled positively charged peptides on the surface of E. coli 

to negatively charged C. reinhardtii cell walls suggested an electrostatic interaction.  This 

interaction was seen with cationic metal salts, natural and synthetic polymers, 

autoflocculation, and electric field flocculation techniques.  Figure 4.11 (b) illustrates the 

likelihood of electrostatic charge interactions between C. reinhardtii and E. coli cells.  

However, the electrostatic interaction does not produce the desired electrostatic bridging 

mechanism described in Chapter I, to bioflocculate algae cells into a larger algae clusters.  

The fluorescently labeled single C. reinhardtii cells (Figure 4.11, b) did not aggregate 

because of the now overwhelmingly positive surface charge.  Fewer E. coli cells lowered 

the surface charge and acted as bridges among multiple algal cells.  A reduced number of 

E. coli cells generated small algal clusters linked by peptide-positively charged E. coli 

cells.  A possible explanation for this observation is that a smaller quantity of static E. 

coli cells requires more time to to interact with mobile negatively charged C. reinhardtii 

cells in a given volume.  Once an algae cell is positively charged with E. coli, now the 

positively charged mobile E. coli-algae cell aggregate competes with positively charged 

E. coli cells for  fully or partially negatively charged mobile algae cells.  In this case. the 

mobile E. coli/positively charged algae aggregate has the advantage of mobility to search 

the same volume as static positively charged E. coli cells.  Because of the reduced 

number of available? positively charged E. coli cells, the probability for a partially 

positively charged mobile algal cell finding a partially negatively charged mobile algal 
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cell for electrostatical binding increased.  This led to a greater number of bridging events 

and in turn to C. reinhardtii/E. coli bioflocculation by bridging. 

We can accelerate bridging with positively charged E. coli cells without reducing 

the number of positively charged E. coli cells relative to the C. reinhardtii population.  

Instead of limiting the positive charging of C. reinhardtii cells, we positively charged all 

C. reinhardtii cells.  We then mixed the positively E. coli charged C. reinhardtii cells 

with freshly grown ready to harvest negatively charged C. reinhardtii cells, and let these 

algal cells bioflocculate by E. coli linked bridging.  The mixing of E. coli-coated 

positively charged C. reinhardtii cells with freshly grown negatively charged C. 

reinhardtii cells produced µm to mm size flocs bridged by positively charged E. coli 

cells. 

To determine the correct quantities of fresh grown negatively charged and 

positively charged C. reinhardtii cells to maximize algal cluster size formation by the 

bridging mechanism is an optimization problem that was not addressed in this work.  

There is, however, another feature of the E. coli display system that incorporates the 

coagulation mechanism of sweeping with bridging and electrostatic charge neutralization 

to bioflocculating C. reinhardtii.  This other feature is not the direct binding and building 

bridges between algal cells via electrostatic interaction.  This concept, which we call 

bacterial netting, is based on the fact that displayed fusion proteins can aggregate into 

large E. coli networks (nets) presumably by surface exposed hydrophobic patches. 

The EstA autotransporter variant 281 and mC281, used to display all the fusion 

proteins, did not aggregate, in stark contrast to EstA autotransporter variant 115, which 

heavily aggregated at 18°C when both uninduced and induced.  The uninduced self-
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aggregation at 18°C suggests the T7 promoter is leaky.  This low level of protein 

expression (Figure 3.8, a, lane 5) and display was sufficient for E. coli self-aggregation to 

generate the largest particles.  Induced variant 115 E. coli self-aggregated also at 37°C.  

Although the majority of the over-expressed protein is in inclusion bodies, a small protein 

fraction appeared to translocate into the periplasm, and inserted itself properly into the 

outer membrane for display.  The particle size of the immediate post-harvest self-

aggregation induced at 37°C was smallest, followed by induction at 18°C, with the 

largest particle size observed for 18°C uninduced.  The large E. coli particles generated 

after uninduced 18°C incubation suggests the displayed protein population density is 

critical. 

A high protein population density as observed for 18°C induced allowed for the 

interaction between neighboring proteins on the same cell rather than with other cells.  

Conversely, a too low of a protein population density as for 37°C induced did not 

generate a large enough driving force to overcome the electrostatic negative charge 

repulsion of individual E. coli cells to aggregate into larger particles.  Although they 

aggregated, the rate of accumulation of repulsive forces will at a certain particle size 

exceed the rate of aggregating presumably hydrophobic forces and limiting the particle 

size to balance the two opposing forces.  This heavy flocculation occurs immediately 

after removal from the 18°C incubator.  The large variant 115 particles formed a loosely 

packed pellet, approximately five times the volume of any variant 281 E. coli pellet.  The 

115 pellet resuspended into large particles upon inversion but did not break into 

individual E. coli cells as GB1mC281 variant aggregates. 

We presumed the 115 E. coli cell aggregation is due to exposed hydrophobic 
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patches of the shortened esterase passenger domain.  The fast rate of flocculation of 

uninduced 115 indicated that hydrophobic patches are rigidly exposed where 

neighborhood hydrophobic patches on the same cell are too far apart to alleviate the cell 

surface’s hydrophobicity.  Strong electrostatic forces are not likely able to aggregate cells 

at such a fast rate in an ionic aqueous environment (LB media), because of the charge 

neutralizing effect of available ions and water molecules.  The five times greater pellet 

volume though suggested a second weaker force, possibly of electrostatic nature, that 

increased in strength as the aggregate size increased, repelling the larger hydrophobic 

aggregates and preventing the formation of a single large aggregate as seen for the 

Alzheimer peptide Aβ42 in Chapter III. 

EstA autotransporter variant 115 entangled and bioflocculated C. reinhardtii cells.  

The fast self-aggregating uninduced 115 culture at 18°C captured very few C. reinhardtii 

cells compared to induced culture, where the rate of aggregation was slowed by possibly 

hydrophobic interaction with neighboring displayed 115 molecules.  The presumed 

hydrophobic effect created a bacterial net which entrapped C. reinhardtii cells as the net 

settled in the water column. 

These self-aggregated E. coli nets settled in the water column and entraped 

buoyant algal cells as the net sank to the bottom.  The GRGB1mC281 E. coli net caught 

the most C. reinhardtii cells per net as the net sank through the water column.  This 

entanglement of C. reinhardtii cells was observed for all E. coli self-aggregating 281 

variants, except for mC281 and 281, which do not self-aggregate.  Overall, the most 

efficient bacterial net construct was GRGB1mC281.  E. coli cells displaying 

GRGB1mC281 entangled the most C. reinhardtii cells per net and generated up to 5 mm 
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C. reinhardtii/E. coli aggregates that settle at a rate of 10 cm/min. 

To optimize the entanglement of C. reinhardtii cells, the data suggested a balance 

between an electrostatic repulsive force and a hydrophobic attractive force is requjred.  

On one hand, an excessive electrostatic repulsive force compare to the hydrophobic 

attractive force reduced the size of the aggregates or eliminated aggregation completely.  

As the aggregate size increased because of hydrophobic interactions, the net overall 

aggregate repulsive force on the surface increased relative to the sequestered hydrophobic 

force limiting any further addition of new cells to the aggregate.  On the other hand, an 

excessive hydrophobic force aggregated E. coli cells immediately as seen with uninduced 

variant 115, generating large hydrophobic E. coli aggregates unable to entangle any 

additional C. reinhardtii cells.  Balancing the attractive and repulsive forces on the 

surface of E. coli has the potential for generating bioflocculating E. coli entrapping 

microalgae in cm size aggregates and greatly simplifying their harvest. 

We harvested C. reinhardtii bioflocculated with GRGB1mC281 displaying E. coli 

via strainer filtration and decanting.  The C. reinhardtii/E. coli aggregated readily and did 

not break up into smaller particles when passed through a 70 µm pore size strainer.  

Alternatively, the supernatant was withdrawn and the C. reinhardtii/E. coli aggregates 

were transferred onto a paper towel for residual liquid removal and drying. 

To summarize, we designed bioflocculating E. coli displaying positively charged 

peptides on its surface that self-aggregate into a bacterial net.  This net settled in the 

water column entrapping and settling C. reinhardtii cells.  Although the bacterial net was 

only tested with C. reinhardtii cells, we strongly believe the bacterial net’s ability to 

capture algal cells is species-independent. 
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Chapter IV, in part are reprints of the material as appear in Ruetsche M., Love J.J. 

(2016) “Peptides on the Surface of E. Coli Bioflocculate C. reinhardtii as Predicted by 

the Extended DLVO Theory”. 
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