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ABSTRACT

This thesis research focuses on developing a soajlggene expression analysis
method for marine diatomhalassiosira pseudonarand constructing a chip level tool to
realize the single cell RT-gPCR analysis. This chilb serve as a conceptual foundation
for future deployable ocean monitoring systemspseudonanawhich is a common
surface water microorganism, was detected in thepdecean as confirmed by
phylogenetic and microbial community functional ds&s. Six-fold copy number
differences between 23S rRNA and 23S rDNA were wofese by RT-qPCR,
demonstrating the moderate functional activity efedted photosynthetic microbes in the
deep ocean including. pseudonanaBecause of the ubiquity df. pseudonanait is a
good candidate for an early warning system for onceavironmental perturbation
monitoring. This early warning system will dependidentifying outlier gene expression
at the single-cell level. An early warning systeaséd on single-cell analysis is expected
to detect environmental perturbations earlier tpapulation level analysis which can
only be observed after a whole community has readeeeliminary work using tube-
based, two-step RT-qPCR revealed for the first tigeme expression heterogeneitylof
pseudonanainder different nutrient conditions. Heterogeneitys revealed by different
gene expression activity for individual cells undee same conditions. This single cell
analysis showed a skewed, lognormal distributiod helped to find outlier cells. The
results indicate that the geometric average beconmes important and representative of
the whole population than the arithmetic averades s in contrast with population level
analysis which is limited to arithmetic averagesyamnd highlights the value of single

cell analysis. In order to develop a deployablessermn the ocean, a chip level device
[



was constructed. The chip contains surface-adhedioglets, defined by hydrophilic

patterning, that serve as real-time PCR reactiamtiers when they are immersed in oil.
The chip had demonstrated sensitivities at thelesiogll level for both DNA and RNA.

The successful rate of these chip-based reactiassaround 85%. The sensitivity of the
chip was equivalent to published microfluidic degcwith complicated designs and
protocols, but the production process of the chgs wimple and the materials were all
easily accessible in conventional environmental@niology laboratories. On-chip tests
provided heterogeneity information about the whobdpulation and were validated by
comparing with conventional tube based methodsbgruvalues analysis. The power of
chip-based single-cell analyses were mainly betv&eB0% which were acceptable and
can be further increased by higher throughput @svigVith this chip and single-cell

analysis approaches, a new paradigm for robusty eadrning systems of ocean

environmental perturbation is possible.
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1. OBJECTIVES AND CONTRIBUTION

1.1 Objectives

Ocean environments may be monitored by analyzimglasuited native microorganism
at the single-cell level. A biological tool for a@amnmental monitoring will be
constructed and gene expression at the singldexal will be adopted as the detection
method. The objectives of the project includg:ldentifying a widely spread ocean
microorganism to be monitored in both surface aedpdocean waters; thereby, the
application will not be constrained to locationsend the target microorganism exists.
The target microorganism will be determined by eldibrary and phylogenetic analysis
of deep ocean water samples since surface watgrlessunave been intensively studied
by other researchers and enough information aldwtspecies information has been
collected;ii) For the first time, tube based two-step RT-gPQ@RIysis for single cell
gene expression will be performed for the targetcss without preamplification of the
single-cell mRNA. This method will help to illumitea the heterogeneity of gene
expression and at the same time provide informadimout stress responses for different
nutrient-limited conditionstii) A chip level device will be developed to realizee-step
RT-gPCR at the single-cell level for the targetcspe The chip should be robust with no
off-chip operations. Further, the chip must be piadi with a simple procedure and
materials that are readily accessible in conveatidéaboratories. With the help of this
biological tool, future deployable sensors couldhbodt. Ideally, the chip needs to be
compatible with commercially available real-time MRRCstations with minor
modification/optimization so that more laboratoroas run single-cell analyses using this

tool.



The ultimate goal of this project can be describgdFigure 1. Heterogeneous
environmental samples will be collected and prgpéistributed on a single cell gene
expression analysis chip. Single-cell RT-qPCR bdlperformed on chip and the results
will be sent back to the laboratory and comparetth Waseline information to identify
possible environmental perturbation. This thesi fecus on the later portion of the

process which mainly focuses on biological toolalegment and concept validation.
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Figure 1. Schematic description of analysis process
1.2. Scientific contributions
Based on the results of my project, all objectiliase been successfully achieved. The
scientific contributions of my work include: firgtl phylogenetic and gene expression
analysis of photosynthetic cyanobacteria and diatemdeep ocean samples. Marine
surface water photosynthesis microorganisms weserobd in the deep ocean samples
with moderate activities which were confirmed by -BFCR results. The results

suggested that our previous understanding of teeisp distribution in the ocean may



notbe accurate. Secondly, tube based two-step RT-gPCRsamat the single cell level

has been applied to model eukaryotic phytoplankt®halassiosira pseudonana
CCMP1335, for the first time. Lognormal distributiavhich indicated that the geometric
average becomes more representative of the whadalggemn than arithmetic average
was observed for single cell gene expression. &kelts confirmed that population level
analysis will provide biased information of a pagdn (Lidstrom and Meldrum 2003;
Strovas and Lidstrom 2009). At the same time, #selts showed. pseudonanatress
response pattern to no iron, no nitrogen and neate conditions. This information
validates the concept and will be helpful for f@wensor system construction. Thirdly, a
simple chip level device that can perform robusgla cell gene expression analysis by
using one-step RT-gPCR has been constructed. Tipecah provide new information
about environmental stress responses of microbesdualso be used to monitor the
effects of unknown environmental perturbations oative ocean species. The
significances of this chip are: a) supplying a atnéned protocol which realizes direct
cell-to-data processing without cell lysing and leiec acid purification; b) no special
requirement or expertise is required to constrgetihis chip, so this device can be used
as long as a compatible real time PCR machine &lable. Compared with other
methods/devices, this device is extremely simpleconostruct and all the required
instruments and materials are easily accessibmnventional laboratories; c) the chip
has the same statistical power as other singlearellysis devices, which have higher
sensitivity than conventional (population-based}hods. The accuracy of the chip at the

single cell level has been proven by single ceults from a tube-based method; d) the
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device itself is versatile and can be compatibléhwidifferent upstream or downstream
operations such as cell loading via micromanipulaio dilution-to-extinction, and
genetic and/or transcription analysis. This chip ey provides a solid background for
future deployable sensors but also provides oppitigs for conventional biological and
environmental laboratories to perform single cellgsis.

With the results and technologies | learned inghst five years, | have published
four peer-reviewed journal papers and one MicroTéfference paper. One review
manuscript is under review and two more manuscapsunder preparation.

1. Gao, Weimin; Shi, Xu; Wu, Jieying; Jin, Yuguang;afly, Weiwen; Meldrum,
Deirdre R., 2011. Phylogenetic and Gene Expresaiwalysis of Cyanobacteria
and Diatoms in the Twilight Waters of the Tempendtatheast Pacific Ocean.
Microb Ecol62(4), 765-775.

2. Shi, Xu; Lin, Liang-I; Chen, Szu-yu; Chao, Shih-hdhang, Weiwen; Meldrum,
Deirdre R., 2011. Real-time PCR of single bacter@ls on an array of adhering
droplets.Lab Chip11(13), 2276-2281.

3. Shi, Xu; Lin, Liang-I; Gao, Weimin; Chao, Shih-hdhang, Weiwen; Meldrum,
Deirdre R., 2011. Single-cell Real-time PCR: dirpodbcess from cells to data.
15" International Conference on Miniaturized Systemms Ghemistry and Life
Sciences362-354.

4. Shi, Xu; Gao, Weimin; Chao, Shih-hui; Zhang, Weiw&feldrum, Deirdre R.,
2013. Monitoring the Single-Cell Stress Responsehef DiatomThalassiosira
pseudonanaby Quantitative Real-Time Reverse Transcription-P@®plied

Environmental Microbiology79 (6), 1850-1858.
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. Shi, Xu; Gao, Weimin; Wang, Jiangxin; Chao, Shil-hdhang, Weiwen,

Meldrum, Deirdre R., 2013. Measuring gene expressicsingle bacterial cells:
Recent Advances in methods and micro-deviCegical review in biotechnology
(under review).

. Wang, Jiangxin; Shi, Xu; Johnson, Roger H.; KellkagsLaimonas; Weiwen
Zhang and Meldrum Deirdre R., Single-cell analysigeals differential hypoxia
response in two human Barrett’'s esophageal ce$)PioS oneB (10), e75365.

. Shi, Xu; Gao, Weimin; Chao, Shih-hui; Zhang, Weiw#feldrum, Deirdre R.,

2013. Novel Single-Cell Droplet Chip to monitor geexpression under iron
limitation condition, in preparation.

. Chun-Hong Chen; Shi, Xu; Gao, Weimin; Chao, Shih-Meldrum, Deirdre R.,

2013. Parallel RNA extraction using magnetic beadd a droplet array, in

preparation.



2. INTRODUCTION

Ocean environments provide about 50% of the glp@hary production (Field et al.
1998), but we know little about it even though wevér already explored outer space
(Edward F. DelLong et al. 2006). Over the past Zades, due to the application of more
advanced technologies and tools, such as phylagenentification (Pace 1997) and
metagenomics analysis (Tyson et al. 2004; Hallaral.e2006; E. E. Allen et al. 2007;
Edward F. DelLong et al. 2006), researchers attaimad and more data which enlarged
our understanding of the importance and functiofsplanktonic microorganisms.
Meanwhile, due to fossil-fuel combustion (C. Le @uét al. 2009), human activities
induced hydrodynamic currents (Q. Wang et al. 20@tjilizer usage (Galloway et al.
2004), industrial activity, (Doney 2010) and so dhg coastal and open-ocean
environment have been negatively altered. All thEe¢urbations may impact the normal
function of ocean microbes. An efficient way to @@ this perturbation at an early
stage is urgently required.

Using gene expression tools to measure the envieahperturbation will propel
the environmental monitoring field forward quickBnvironmental variations would first
change the gene expression of organisms, then muzsecalteration at the community
level (Edward F. DeLong 2009). Normally in the diedf microbiology, microbiologists
believe that microbial cells growing under the saroeditions are a uniform population
(Brehm-Stecher and Johnson 2004). However, momentezvidence suggests that even
isogenic cells exhibit notable diversity that is amder of magnitude greater than
previously thought (Kelly and Rahn 1932; Maloneyl &otman 1973; Siegele and Hu

1997; Lidstrom and Meldrum 2003; Kuang, Biran, alidlt 2004; Becskei, Kaufmann,
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and van Oudenaarden 2005; Colman-Lerner et al.;2804%ling et al. 2005; Le et al.
2005; Pedraza and van Oudenaarden 2005; Rosertfeld 2005; Strovas et al. 2007;
Strovas and Lidstrom 2009). Therefore, a surgesdéarchers have focused on single cell
analysis (Walling and Shepard 2011). An unprecextbmcrease of knowledge about
single cells has already altered people’s pointiefv when facing microbiology related
issues.

Another important reason to pursue single cell ymslstems from the fact that
the majority (>99%) of environmental microbial sgsc cannot be cultured under
laboratory conditions (RajdtStojanové, Smidt, and De Vos 2007; S. Giovannoni and
Stingl 2007). Therefore, they are not accessibledoventional cultured based gene
expression analysis methods.

Single cell level analysis requires higher sengytvand much more careful
sample preparation which is more difficult to penfothan population level analysis.
Nevertheless, it provides information that popuwolatlevel analysis cannot provide. For
example, gene expression patterns among a populk@iu et al. 2013; Bengtsson et al.
2005) can help to identify rare gene expressiormrtter to monitor the stress conditions
that exist in the environment, one microbe that banwidely found and has large
representation should be chosen as a target. Bastubse considerations, diatom, which
is a major group of unicellular phytoplankton (Fakski et al. 2004; Thamatrakoln et al.
2012) is selected as the target microbe. It has begorted that diatoms contribute up to
40% of the primary productivity in the ocean (Mahlas et al. 2010; Nelson et al. 1995).

Using single diatom cells, which are natural inkeatis of the ocean, for monitoring is in



contrast to other approaches which require introduengineered foreign species to
achieve a similar objective (Ripp et al. 2000).

Although single cell level analysis can provide morformation than population
level analysis, there are still some technical lasdsuch as how to isolate single cells in
an effective and efficient way. With the help ofvadces in microfluidics, single cell
level analyses have become more accessible (D. Wamd) Bodovitz 2010).
Microfluidics technology is especially advantagetdaighe single cell level analyses for
the following reasons) Individual cells can be precisely trapped, mowadj distributed
individually in microscale channels, minimizing ¢camination (Dorfman et al. 2005) and
at the same time decreasing the consumption of icaésmand enzymes (Zare and Kim
2010);ii) Isolated individual cells can be easily monitoradmicrochambers. When a
cell is lysed in a sealed microchamber, dilutiorihef cellular contents is minimized thus
increasing the sensitivity of a downstream nuckal or protein analysis (Sims and
Allbritton 2007); iii) Highly parallel, fully automated multi-step opgoas can be
implemented for high-throughput analyses resultimgignificant time and cost savings
due to fast and highly efficient sample processihgixt is a summary of some single cell
isolation technologies and downstream gene exmessialysis methods.

2.1. Single cell isolation

Although manipulating single eukaryotic cells ha&dme more and more common for
single cell analysis, manipulating small cells lid@atoms which are about pm in
diameter is significantly more challenging due he facts that the total volume of one

cell is 100-1000 times smaller than that of a tgpeukaryotic cell (1-10 fL versus 1 pL)



and hence contains a fewer amounts of analytesr&8emethods that can be used to
manipulate small cells are summarized below.

2.1.1. Dilution-to-extinction

The conventional dilution-to-extinction method izi#s serial dilution to isolate single
cells into test tubes or wells on microtiter pla(Bsitton et al. 1993; Schut et al. 1993;
Rappé et al. 2002). Microfluidic devices can aphly same principle to load single cells
into microscale reaction chambers (Boedicker e2@08). Cell occupancy of the wells
follows thePoissondistribution and can be manipulated by controlioedj concentration

in the bulk media before loading. Because the noltamber volumes are several orders
of magnitude smaller than those of conventionallysma vials, the required initial
concentration is close to typical cell culture’sncentration thus sample dilution is
accordingly minimized. For example, if one loadsgt cells in an array of 1-picoliter
chambers, the resulting concentration in the miettsais on the order of 1 cell/pL or 10
cell/mL, which is within the range of typical comtetions for bulk cell cultures
(Sezonov, Joseleau-Petit, and D’Ari 2007).

Two microfluidic applications have utilized the wtibn-to-extinction approach to
isolate single cells, either by seeding cells icrofabricated chambers or encapsulating
cells in emulsion. An example for the former apgiicn was a device developed by
Ottesen et al. (2006) who isolated bacterial cells randomly froan complex
environmental sample and then performed digital RERdentify new species. They
randomly seeded cells from a diluted environmesaahple on their device and obtained
single-cell occupancy in ~28% of the reaction chambehile the rest of the chambers

contained either multiple cells (6%) or were emftlge other approach is based on the
9



encapsulation of individual cells in aqueous drtgp(&him et al. 2009; Eun et al. 2011;
Guo et al. 2012). Euat al. (2011)used a microfluidic flow-focusing nozzle to generat
Escherichia colicontaining agarose microdroplets. After the agarosicrodroplets
solidified, E. coli cells were encapsulated in agarose micropartifdesdownstream
incubation and analysis. Zeeg al. (2010) randomly seeded. coli cells into droplets
containing primer-adhered microspheres and rea-tHCR reagents. Liat al. (2009)
introduced a new method by generating stationaopldts as reaction chambers. They
loaded a diluted suspension Bf coli onto an array of oil-covered surface-adhering
droplets that were spatially confined by oil thrbugydrophilic/hydrophobic patterns on
the substrate. The number of randomly seefleaoli cells in droplets followed the
Poissondistribution.

This dilution-to-extinction method does not requicemplicated single-cell
manipulation technologies or devices. As long as ¢kll concentration in the bulk
medium is properly diluted, fast and relatively yeaseeding of single cells in
microfabricated chambers or droplets can be acti@vea high throughput. Due to its
simplicity, this technology has received increasatigntion. The major drawbacks of this
method are the random nature of the cell occupandythe low efficiency of obtaining
single cell occupancy while reducing the numbewefls containing multiple and zero
cells. Large numbers of empty compartments resuld iwaste of chemical reagents,
reduced overall throughput, and the need to deteritie number of cells in each well to

discern reaction chambers containing single calltipie cells or empty.
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2.1.2. Cell trapping

In contrast to the dilution-to-extinction methodngle cell trapping is a deterministic
method to isolate single cells. Multiple traps tenimplemented in a device, facilitating
parallel measurements at a given time. Three tgpasigle-cell trapping methods have
been used to isolate small single cells from pdpria: mechanical, hydrodynamic, and
dielectrophoretic. Following is a discussion of tretails of these trapping methods.

Mechanical trap: Mechanical cell trapping is achieved by physicaktables,
barriers or side channels/chambers to hold or catdlvidual cells flowing through
microfluidic channels. Microscale U-shaped barri@®s Di Carlo, Wu, and Lee 2006)
have been applied to trap mammalian cells. Howeawese barriers are inefficient for
trapping cells like diatoms due to their small dimsiens. Huanget al. (2007) used a
complicated microfluidic network to traynechococcu?CC 7942 cells between
pneumatic valves and observed significant cellelbtreterogeneity in populations under
nitrogen-depleted growth condition. Furutaati al. (2010) isolated singl&almonella
entericacells using an array of microchambers distribwtkethg microchannels. Utilizing
the amplification of the DNA of theavA gene obtained from single cells trapped in the
microchambers, a detection level of <200 cells* of S. entericavere achieved with the
device.

Hydrodynamic trap: Hydrodynamic trapping is a non-contact cell tragpin
method. It relies on flow stagnation or microeddiestz, Chen, and Schwartz 2006) to
capture cells in flow fields. Compared to eukaryatells, applying hydrodynamic traps
to small cells poses significant challenges singdrédynamic forces are typically

proportional to the surface areas of cells. HowevEanyeri et al. (2010) have
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demonstrated hydrodynamic trapping of 100 nm gdadievhich is even smaller than
normal bacterial cells. They used hydrodynamic grap achieve high accuracy of
trapping and manipulation of single bacterial cella microfluidic device. To trap single
cells, their device produced a flow stagnation painthe center of two perpendicularly
crossed channels. Indispensable of precise coowmlthe flow to create flow stagnation
and eddies is the major constraint of this metidok feedback-based flow control may
alleviate this problem albeit at the cost of insexhcomplexity of the system.
Dielectrophoretic trap: A dielectric particle experiences the dielectromtior
(DEP) force when it is exposed to a non-uniforntile alternative-current (AC) field.
Applying DEP forces on small cells can be tracedkb@ the 1980s (Pohl, Kaler, and
Pollock 1981). Peitz and Leeuwen first used the Dd&Pe to trap single bacterial cells
(Peitz and van Leeuwen 2010). They reported usiB§ Draps between parallel 10-um
electrodes to capture living. coli K12 cells in a microfluidic channel. Arumugaghal.
(2007) demonstrated the generation of DEP trapsgusiertically aligned carbon
nanofibers as nanoelectrodes. These nanoscaleoelestgenerated large DEP forces in a
small region, ideal for trapping small single cellhey successfully demonstrated a
cheap and convenient way to produce DEP trap amatyshigh-throughput. Although
DEP can reliably and precisely trap single celtsrequires a tight integration of
micro/nanoscale electrodes and driving circuitsclvhincreases the complexity of this
method.
2.1.3. Micromanipulation
Micromanipulation is a precise method to isolatel amanipulate single cells with a

relatively low throughput, typically one cell attame. There have been two types of
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micromanipulation devices for cells: mechanical amqdical micromanipulation (also
known as optical tweezers). Micromanipulation hasrbapplied to single cells since the
1960s (Nossal et al. 1964; Wood 1967). In mechamgaromanipulation, single cells
are individually captured from a population andhsf@rred using a micropipette (Anis et
al. 2011; Anis, Holl, and Meldrum 2010; Ashida €t2010; Gao, Zhang, and Meldrum
2011; Roeder, Wagner, and Rossmanith 2010; Shi. é&041; Teramoto et al. 2010;
Tsang et al. 2006). The isolated single cells cansbbsequently used for different
applications such as cultivation or gene expresarmatysis. In optical micromanipulation
(Mirsaidov et al. 2008; H. Zhang and Liu 2008; Attal, Chattopadhyay, and Wu 2011;
Carmon and Feingold 2011), single cells are trapged manipulated using highly
focused laser beams. The foundation of opticaktralso known as optical tweezers, was
developed by Ashkiet al. in the 1980s (Ashkin and Dziedzic 1987; Ashkinjddzic,
and Yamane 1987). They demonstrated optical twedpertrapping and manipulating
singleE. coli cells in media (Ashkin and Dziedzic 1987; Ashidziedzic, and Yamane
1987). Blocket al. (Block, Blair, and Berg 1989, 1) used optical teers to measure the
mechanical properties of singke coli andStreptococcusells. This method is amenable
to the integration with transparent microfluidicvaes as long as the device design is
compatible with high numerical aperture optics thiave steep intensity gradients
around the target cells in the microchannels (Kéahal. 2009; Min et al. 2009Early
reports on the integration of optical tweezers amcrofluidic devices date back to 2004
(Enger et al. 2004; Munce et al. 2004). In theseliss, trapped individual cells were

transported by the laser beam to a compartmersulosequent culturing and/or analyses.

13



Because the trapped cells are not exposed to tlieamenvironments during optical
micromanipulation, sample contamination issuesbEaminimized.

However, the application of micromanipulation ishagps subjected to undesired
stresses introduced either by mechanical forcesight/thermal damage to the cells
(Rasmussen, Oddershede, and Siegumfeldt 2008)dditicn, micromanipulation is
usually labor-intensive and time consuming with tbe throughput representing the
major limitation to the method’s widespread usagthe research field.

2.1.4. Cell sorting

The purpose of cell sorting is to separate a hgereous mixture of biological cells into
corresponding sub-populations, typically one cellaatime. In order to distinguish

between the sub-populations of cells the use afiBpenarkers or stains and a sensitive
detection method are required. Laser Induced Fhoerece (LIF) is recognized as one of
the most sensitive and reliable detection meth&tisorescence-Activated Cell Sorting
(FACS) is based upon the detection of laser-indwsmadtered light and/or fluorescence
signals emanating from the cell or fluorescent raesk respectively, and sorting of
individual cells according to their scatter/fluaresce signatures. It provides fast,
accurate and quantitative recording of fluorescesigrals of individual cells as well as
physical separation of cell populations of partecuhterest.

FACS can be used as a very efficient way to séparadividual cells. Its
application to sort small cells like bacteria stdrin late 1990s (Fuchs et al. 1996; Yi et
al. 1998; Baptista et al. 1999). This technologyurees sophisticated devices and trained
operators. Potentially inexpensive, chip-level FAG®tems have been produced to

circumvent these shortcomings. Eual (Fu et al. 1999) developed a microfabricated
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FACS device and demonstrated its effectivenesgiiting micrometer-sized latex beads
and bacterial cells. Compared with the conventiddaCS, chip-level FACS devices
offer the advantages ofy integration with other chip-level analytical texiogies, such
as PCR or microarraysi,) incorporation of multiple cell sorters on a smgthip for
parallel processing, allowing further increasedotighput, andiii) markedly lower
reagent consumption and thus cost-effectivenese &@mample is the microfluidic
cytometer featuring 384 channels for parallel openadeveloped by Mckennat al.
(Mckenna et al. 2009) for rare-cell screening. Thogvice was able to perform a
genome-wide cDNA screening assay with statisticallynificant results on positive
counts of only several dozen cells in a backgroafrgkveral million negatives. Although
this device was not designed for bacterial celtg, principle should be the same for
bacterial cell sorting and can potentially be estzhto bacterial cell sorting in the near
future.

Figure 2 depicts schematic representations of tmesthods. In general, the
selection of these techniques depends on the peirpesilable resource and technical
requirements of a study. The dilution-to-extinctiorethod is easy to use and is more
suitable for cell isolation from a pure culture of most abundant microbes. The
microdevice for this method is simple to design andstruct, and it does not require a
precise control of liquid manipulation. In the tégure, the common loading efficiency of
the dilution-to-extinction is about 30% and the aap/ depends on the number of
chambers. Dilution-to-extinction cell loading cae ltompleted within one minute.
Devices that use flowing microdroplets can genenabee than 19droplets per second.

Therefore, the number of chambers (e.g., microétspis determined by the duration of
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droplet generation. Mechanical trapping sharesl|thwe level of complexity with the

dilution-to-extinction method, while hydrodynamm@apping and DEP trapping require a
precise liquid control to achieve accurate andabdd isolation of single cells thus
increasing the overall cost and complexity of bdgthniques. The most reliable
techniques for single-cell isolation are micromatapion and FACS. However, the
throughput of the mechanical micromanipulation-blasg@proaches is relatively low,
typically about one cell per a few minutes. The endimitation for using a mechanical
micromanipulator in combination with a microfluidaevice is that microchannels are
usually sealed from the ambient environment premgnthe pipette tip of the

micromanipulator from accessing the samples. A feayure of the micromanipulation
method is that it provides researchers with a méapsecisely control the cell selection
procedure. FACS is typically capable of single-sglparation with throughputs of up to
~10* cells/second. Although the principle of separatndsaryotic and prokaryotic cells
in FACS is not much different, most of the commaranstruments available currently
are not designed for separation of small cells, #mefefore would need further

optimization (Lomas, Bronk, and van den Engh 2011).
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(a) Dilution-to-extinction (Cell Occupancy is based on Poisson distribution)
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Figure 2. Principle of operation of different methals for small single cell
manipulation.
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2.2. Single cell gene expression

With the ability to isolate single cells, gene eegsion at the single cell level is a new
avenue of research. Several approaches have bdieaduto evaluate gene expression
heterogeneity at the single cell level (Stewart Brahklin 2008). The first method is to
utilize reporter genes (Chalfie et al. 1994). Thnepde and sensitive enzymatic assays of
e.g. B-galactosidase and luciferase have allowed detaifeestigations of gene
transcription regulation mechanisms. These repgsitstems can be obtained through the
construction of the relevant fusions between premsobf interest and the respective
reporter genes. However, the main challenge of dpisroach is that not all species,
especially the ones found in natural environmearts,amenable to genetic manipulation.
The second method is fluorescennesitu hybridization (FISH). FISH has been used
effectively for assessing the diversity of spediesnature. FISH targeting rRNA is a
highly useful method for the phylogenetic idenafion of bacteria (Amann, Ludwig, and
Schleifer 1995). However, its accuracy as a quatité method for determining the
expression levels of lowly expressed genes is gtiistionable. The third methodirs
situ PCR combined witln situ reverse transcriptio(in situ RT-gPCR) (Aoi 2002). RT-
gPCR was developed to amplify and detect functigiesles and their expression levels
inside a single cell. This is a very useful applodac characterize the genetic and
phylogenetic properties of natural communitiesheg single-cell level. In the field of
environmental microbiology, Hodsat al. (1995) developed am situ PCR method for
prokaryotic cells (bacteria) and gave examplesolse for the detection of a specific
gene(nahA)and its transcripts in a singleseudomonasell within a model microbial

community. Since then, tha situ RT-gPCR approach has been successfully applied to
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detect gene expression in many species, sudaasmRNA in Salmonella typhimurium
(Tolker-Nielsen, Holmstrgm, and Molin 1998nd dnaK in Methanosarcina maze&-6
cells (Lange et al. 2000).
2.2.1. RT-gPCR based gene expression measuremesitgyle cells
Reverse-transcriptase quantitative PCR (RT-gPCR)esnost reliable approach for gene
expression analysis in single cells (Kubista eR@D6; Nolan, Hands, and Bustin 2006).
The technology is the same as conventional RT-qR@Rbulk cells except slight
modifications are necessary to optimize the peréoree at the single cell level. Several
protocols have already been published for geneessmpn analysis by RT-gPCR for
single mammalian cells (Lindgvist, Vidal-Sanz, dfalb6ok 2002; Wacker, Tehel, and
Gallagher 2008; K. Taniguchi, Kajiyama, and Kamba&@09). The most advanced
protocol was published recently by Taniguehial. (2009) who used a quantitative PCR
method featuring a reusable single-cell cDNA ligrammobilized on beads for
measuring the expression of multiple cDNA targdteni several copies to several
hundred thousand copies) in a single mammalian cell

Advances in gene expression profiling of a smafthhar of cells was witnessed
in recent years. For instance, combined with mdissection, Lenet al. (2008) captured
subsets of cells from the vertical strata witliin aeruginosabiofiims and quantified
transcripts of mRNA and 16S rRNA using RT-gPCR f&ofew publications have been
reported for gene expression measurements in simale cells using the RT-gPCR
based method. This is probably due to the techwitallenges specific to the analysis of
small cells (2-5 um) as compared with mammaliats cdl0-20 um) and, as a result,

lower amounts of any given mRNA molecule. Attemypere made in my laboratory to
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overcome these issues by developing two methodsdbas a combination of SYBR
Green and RT-gqPCR to directly determine the gemeession levels in small cells like
bacterium (Gao, Zhang, and Meldrum 2011). The fitsthod is a single-tube approach
which allows the analysis of only one gene fromhebacterial cell. The procedure
includes single cell picking using a micromanipatatfollowed by thermal cell lysing
and one-step RT-gPCR. We have optimized the PQReprdesign and thermal cycling
conditions to avoid the interference from primemdrs during gPCR. Using this
procedure, expression levels of tie@dAgene, a lowly expressed gene that encodes for a
glutamate decarboxylase isozyme in siriglecoli cells, was determined. In addition, an
increased expression ghdAwas observed in all cells exposed to acidic camukt (pH
5), which is consistent with the expected resparfsthe gene reported in the bulk-cell
study (Tucker, Tucker, and Conway 2002). The secmethod features a two-stage
protocol that consists of RNA isolation from a denpacterial cell and cDNA synthesis
in the first stage, and gPCR in the second stafier Avaluation of different commercial
kits for RNA isolation, total RNA isolation and pfication from single bacterial cells
was achieved for the first time. With optimized ddions for both reverse transcription
and gPCR, it is possible to simultaneously deteentire expression levels of multiple
genes in single bacterial cells. This procedure wapaglied to study the response to
thermal shock irE. coli populations with single cell resolution. The regwoible results
demonstrated that the method is sensitive enoughonty for measuring cellular
responses at the single-cell level, but also feeaéng gene expression heterogeneity
among bacterial cells. Furthermore, our resultsaglabthat the two-stage method can

reproducibly measure multiple highly expressed geinem a singleE. coli cell. This
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finding provides a foundation for the future deysteent of a high—throughput, lab-on-
chip methodology for whole-genome RT-gPCR of sirzgeterial cells.
2.2.2. Whole-transcriptome based gene expressi@sumements in single cells
Gene expression profiling for complicated biologitaits on a genomic scale depends
on recent advances in high-throughput gene expmesanalysis technologies, such as
DNA microarrays, Serial Analysis of Gene Express(@AGE) or Next Generation
Sequencing (NGS). With these techniques we nowgaantitatively investigate complex
cellular processes systematically (Kitano 2002).thé&dligh these fast growing
technologies help us to understand the cellulacge®es from a different point of view,
understanding the complexity of cellular processagain tethered to some technical
hurdles, sure as requirement of relatively largangjties of the initial RNA in order to
obtain reliable data. For instance, several hundr@dograms to micrograms of total
RNA is needed for transcriptome profiling, whicheiguivalent to a sample size of more
than 10,000 eukaryotic cells. To address this isseseral successful attempts have been
made in recent years to develop a total transanmlification (TTA) method for single
eukaryotic cells and use either DNA microarray (iwoto et al. 2007) or mRNA
sequencing (MRNA-Seq) (Tang et al. 2009) technebtp analyze the gene expression
levels.

TTA techniques can be divided into four classegtas amplification strategies:
i) linear amplification methods using T7-mediateangcription (E. Wang et al. 2000;
Schneider et al. 2004)j) exponential amplification methods using PCR tegphes
(Brady and Iscove 1993; Iscove et al. 200®)) NuGen RiboSPIA amplification

processes (Singh et al. 200%) SMART-Seq (Ramskdld et al. 2012); amg ¢29
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polymerase multiple displacement amplification (MP& circularized cDNA (Kang et
al. 2011). Most of these technologies mentionedr@ldocus on larger eukaryotic cells,
but their possible extension to single bacteriisas discussed below.

DNA microarray researchers have intensively appttesl T7-mediated methods
and have generated highly reproducible resultstduke fact that they are theoretically
linear and independent of template sequences (lBgWaal. 2000). However, the major
drawbacks of this method include overlong sampkparation times (1.5-2 days for a
single round of TTA), limited sensitivity, and lessable RNA-based products. This
method becomes more unreliable when working wits lthan 10 ng of total RNA,
probably because of increased bias and noise @rifiom multiple rounds of
amplification (Wilson et al. 2004; Subkhankulovaddnvesey 2006). As a result, T7-
mediated methods have not been widely applied ifgles cell TTA. Meanwhile, most
T7-mediated methods require polyA structures forNAR then unsuitable for single
bacterial global gene expression profiling.

PCR-based TTA strategies were another solutiorotalact whole-transcriptome
analysis of single cell. Global gene expressiorfilprig of eukaryotic cells has been
achieved by using PCR-based approaches with vevytddal RNA amounts (several
picogram range) (Brady and Iscove 1993). The PCdedamethods offer some
advantages such as speed, detection sensitividlycast. DNA-based PCR products are
much more stable than RNA products of T7-mediategthods. The relatively high
amount of PCR products allows for multiple-time Igss and the remaining PCR
products are stable at low temperature for longetfor possible further verification or

investigation (Iscove et al. 2002). PCR-based TpAraaches have not yet been widely
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adopted, albeit these advantages, for global gepeegsion analysis. The major reasons
are GC-content bias, double stranded products,tlamdon-linear amplification of the
PCR methods (Glanzer and Eberwine 2004). Severs¢areh groups developed
techniques combining both PCR and T7-mediated agpes to utilize the advantages of
both technologies, however, it could not be widebged for bacterial TTA since primer
poly(dT) was required for both PCR and T7-mediatedhods (Kurimoto et al. 2007).

NuGen Technologies developed an emergence TTA iggohmamed RiboSPIA
by applying a chimeric RNA/DNA primer and RNase itldDNA polymerase to produce
amplification of several thousand-fold from singkeanded DNA-based amplifier§his
technique is relatively fast (typically 6 h per TT8und), can be cooperated with as low
as a picogram starting total RNA, and is much miaeust because it uses DNA
synthesized from RNA (Singh et al. 2005). In probej there are no technical hurdles to
transfer this technique for whole transcriptomeal&si of single prokaryotic cells.

In a recent editorial highlighted article in natlnietechnology, a new single cell
transcriptome technology, SMART-Seq, was claimedaasobust and reproducible
method for full length of mMRNAs (Ramskold et al.12). However, due to poly(dT)
primer is required for this methods, SMART-Seq vdonbt be helpful for single bacteria
transcriptome analysis.

The ¢29 polymerase multiple displacement amplificatiddD@A) technique is a
versatility technique which can be used for botkagyotic and prokaryotic cells. The
first available single bacterial transcriptome gsel was reported by Kargg al (2011)
who usedBurkholderia thailandensigells exposed to 0.01% (w/v) of glyphosate, an

antibacterial agent, for single-bacterium TTA. Tdmplified whole transcriptome out of
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a singleB. thailandensicell was analyzed by means of a DNA microarraye Tésults
showed lower fold-change bias (less than two-fafteience andPearsoncorrelation
coefficientR ~ 0.87-0.89) and drop-outs (4%—6% of 2842 deteetgbhes) as compared
with the data obtained from non-amplified RNA saesplin addition, Sanger sequencing
of 192 clones generated from the TTA product oletdifrom a single cell, with and
without enrichment by eliminating rRNA and tRNA, tedeted onlyB. thailandensis
sequences without contamination. Although the s$erigi and accuracy of the whole
transcriptome analysis are in general lower thaat f RT-gPCR, it can measure
expression levels of several thousand genes sinadtssly, a remarkable advantage that
has not be replicated by other existing methodswéder, the approach is time
consuming (about 3 days for a round of TTA). Ale® noted that the estimated total
RNA in a singleB. thailandensigell is about two picograms, which is several osdsr
magnitude higher than the estimated total RNA arhotia typical bacterial cell, such as
E. coli (Gao, Zhang, and Meldrum 2011; Schmid et al. 20T®erefore, a further
evaluation of the method is needed to assessasbiéity for single cell studies.

2.2.3. Imaging-based gene expression measurenmesitggie cells

Powerful methodologies based on reported probesraading allow for achieving the
spatiotemporal information about expression of gjgamRNAS in both intact eukaryotic
and prokaryotic cells (Sanjay Tyagi 2009). Becanseintrinsically fluorescent RNA
motifs exist,in vivoimaging of mMRNA transcripts is less common thaotgins. Instead,
fluorescent proteins binding to specific RNA motiBertrand et al. 1998; Calapez et al.
2002; Golding and Cox 2004; Rackham and Brown 2@Gtppola 2006; Daigle and

Ellenberg 2007; Valencia-Burton et al. 2007), segeespecific oligonucleotide probes
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(Cardullo et al. 1988; Morrison, Halder, and Stb@39; Sixou et al. 1994; Q. Li et al.
2002; Sando and Kool 2002), aptamer tagging (BalmendAdams, and Tsien 2003;
Sando, Narita, and Aoyama 2007), rapid detectiomd®NA by a silver nanocluster
DNA probe (Yang and Vosch 2011) and RNA mimics ey fluorescent protein (Paige,
Wu, and Jaffrey 2011) have been adopted for mRN&ging. Such efforts, although still
in their infancy, have already shed light on theARdstribution and dynamics in living
cells.

The most established method for imaging of theagelular RNA in live cells is
tagging mMRNA with a fluorescent protein (i.e., GFFEP, and RFP) (Bertrand et al. 1998;
Calapez et al. 2002; Golding and Cox 2004; RackaachBrown 2004; Kerppola 2006;
Daigle and Ellenberg 2007; Valencia-Burton et 802). To tag a specific target mRNA,
an RNA-binding protein must be fused to GFP anthatsame time the 3’-untranslated
region of the target mMRNA must be tagged with anARNDbtif recognized by the RNA-
binding protein. Bertrancet al. (1998) first introduced the MS2 coat protein-GFP
approach for imaging mRNA dynamics in live cellfiefe were two components of this
method. The first is the MS2 coat protein, a phR§A-binding protein, expressed as a
fusion with intact GFP. The second is the targeHASNRNA, which is tagged with
multiple copies of MS2-binding motifs. When thes® tcomponents are co-transformed
and co-expressed in cells, MS2—GFP fusion proteind to their cognate motif on the
MRNA and render it fluorescent.

Since then, imaging using GFP as a reporter prdétasbeen applied to different
MRNASs in diverse organisms (Golding and Cox 2084cently, other RNA motifs, such

as AN from bacteriophagé. (Daigle and Ellenberg 2007) and even poly(A)-birdi
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protein have also been employed to image the dyssgaofimRNAs in eukaryotic cells
(Calapez et al. 2002). The major challenge in taggvith intact GFP is the need to
distinguish bound GFP from unbound GFP, since Géf3teucts are always fluorescent.
This was recently overcome by adopting the recanson of GFP, by splitting GFP into
two nonfluorescent fragments. The two fragmentsnarefluorescent until a pair of tags
attached to each fragment recognize the target mRhtAassemble the two split GFP
fragments into a correctly folded and functionabtpm (Kerppola 2006). MS2 coat
protein and zip code-binding protein fused withits@FP fragments (Rackham and
Brown 2004), split elF1A domains fused with N- a@eterminal of GFP fragments
(Valencia-Burton et al. 2007), and PUMILIO1 (a wmgsequence-specific RNA binding
protein) have successfully been demonstrated dscappns of the split GFP approach.
However, a drawback of the split GFP tagging mettsothe high affinity of the two
protein fragments to each other, making the bindiifficult to reverse. This prevents the
method from being utilized for imaging of fast dyma processes (Magliery et al. 2005).
The second approach is based on imaging of endagemoRNAS using
fluorescence resonance energy transfer (FRET) amgtact-mediated quenching
(Cardullo et al. 1988; Morrison, Halder, and Stb®89; Sixou et al. 1994; S Tyagi and
Kramer 1996; Q. Li et al. 2002; Sando and Kool 208&@ntangelo et al. 2004). Several
different probes whose fluorescent properties changpon sequence-specific
hybridization have been explored, including contpegihybridization probes (Morrison,
Halder, and Stols 1989; Sixou et al. 1994; Q. Liakt 2002), side-by-side probes
(Cardullo et al. 1988), quenched autoligation psoffgando and Kool 2002), molecular

beacon probes (S Tyagi and Kramer 1996), and dakdaular FRET probes (Santangelo
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et al. 2004). Probe-based imaging features sewbstihct advantages: probes detect
MRNA in cells directly without the need to enginésnget genes and GFP constructs; in
addition, the approach can be multiplexed by usspectrally distinguishable
fluorophores, and the possibility to sort cellsdzhen gene expression levels but not the
only “positive” or “negative” signals (Sanjay Tya2®09). The limitation of this method
includes lower sensitivity due to these probes haméy one fluorophore in each
molecule resulting in lower overall signals compiate GFP tags, the need of delivering
probes into cells and degradation of probes (Saryagi 2009).

The third approach employs tagging of artificial RNMnotifs (aptamers) with
small nonfluorescent dyes to render fluorescenaenvdombined with specified aptamers
(Babendure, Adams, and Tsien 2003; Sando, Namiz,A®yama 2007). The free dye
molecules are nonfluorescent because of the sti@sypation of the excitation energy
through vibrational (radiationless) relaxation. @rec selected aptamer binds to the dye
molecule restricting its vibrational freedom, thged become fluorescent resulting in an
increase of the fluorescence signal by more th@®@fold (Babendure, Adams, and
Tsien 2003). Examples include Hoechst dye varidinéd are non-fluorescent in the
unbound form but show strong fluorescence when tddarpre-selected effective RNA
aptamers (Sando, Narita, and Aoyama 2007). Theladigtly of many aptamer-dye
combinations allows imaging of multiple mRNA simarnieously. However, the free
radicals created by the irradiated dye can destieyRNA motifs (Grate and Wilson
1999). Taniguchiet al. (2010) used a DNA oligomer probe labeled with agka
fluorophore to successfully hybridize it with theRIMA on a microfluidic device. No

further applications using this method in combimatwith microfluidic devices have
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been reported, and no high-throughput, automatsigsys are currently available for this
methodology.

Other recent methods, such as the silver nanocl#A probe for miRNA
(Yang and Vosch 2011) and RNA-based variants adrgfliorescent protein (Paige, Wu,
and Jaffrey 2011), are also expected to contribtquantitative imaging of multiple

MRNAs and small RNAs simultaneously in single cellghe near future.
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3. DEEP SEA COMMUNITY STRUCTURE IDENTIFICATION

3.1. Introduction

This section of work has been published in MicrbBieology (Gao et al. 2011). | would
like to thank the first author Dr. Gao and my corkay Dr. Wu. Only with their help, this
portion of work could be achieved.

Photosynthetic microbes (both prokaryotes and mokes) are the most
accessible samples in the ocean and intensive agleen done on these surface water
species. These tiny microbes have significant &ffea the global carbon cycle through
photosynthetic fixation of C© Due to the flux of particulate organic carbon (PQalso
known as marine ‘snow’ (Alldredge and Cohen 198 the deep sea (Eppley and
Peterson 1979), the ocean becomes a natural siGkp{Dore et al. 2003; C. L. Quéré
et al. 2007). It has been reported that global mice@0, sink may have increased to 118
+ 19 x 10 tons of carbon from 1800 to 1994 which is equintl® about 48% of the
total fossil-fuel and cement manufacturing emissi@®abine et al. 2004). Photosynthetic
microbes in the ocean may hold the key solutioaddress this problem.

The average depth of the ocean is about 3,682 sn@@rarette and Smith 2010)
and can be divided into several zones based o degit abundance, and physical and
biological conditions. The top 200 meters considtthe epipelagic zone where there is
enough light for photosynthesis and thus plantsamnohals are concentrated in this zone
(Gao et al. 2011). While at the bottom of the ocgeom 4000 meters down to the ocean
floor), which is called abyssopelagic zone (Iketlale 2007), it is almost entirely dark

and no sunlight can reach this depth. Theoreticalbyphotosynthesis is expected at this
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depth since photosynthesis needs enough light en&rginitiate Q production
(Mcallister, Shah, and Strickland 1964).

Recently, more evidence showed that some photosyatimicrobes can also
exist in the deeper ocean. For instance, photaaytotcyanobacteri@ynechococcusas
found in the 800 m deep Adriatic waters duringgpeng of 2006 using a flow cytometer
by Vilibi¢ and Santi (2008). Zubkov and Burkill (2006) also detected firesence of
both Synechococcuand Prochlorococcuscyanobacteria (10-20 cells per mL) in the
aphotic zone down to 300 m depths. Similarly, isvi@und that diatoms, a major group
of eukaryotic algae, possibly exist at about 3,0@ers depth (L6pez-Garcia et al. 2001).
Nevertheless, no direct evidence shows those phimivaphic microbes are actively
functioning in that depth. In order to find one giitous species that can be used as a
sensor to sense the environmental perturbation sffecies cannot be in a dormant status.
Gene expression analysis needs to be performedet@ut the dormant status.

The difficulty of deep sea research is those sasnpdmnot be easily cultured in
laboratory conditions since the deep sea conditmesard to regenerate. Because of the
vastly improved molecular biology technologies,tieaktion independent phylogenetic
analysis using ribosomal RNA (rRNA) sequencing baen applied to decipher the
community structure of microbes in the ocean (SGidvannoni et al. 1990; Lopez-
Garcia et al. 2001; Gao et al. 2011; Stahl et384). More recently, RT-gPCR (Reverse
transcription - quantitative polymerase chain neagttechnology is also used to detect
changes at transcription level that correspondlteradions in the environment and to
collect information about stress induced resporiBee RT-gPCR technology has

excellent sensitivity, dynamic range, and reproblity and has become a routine and
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robust approach for measuring the expression adgyehinterest (Stephen A Bustin et al.
2009; VanGuilder, Vrana, and Freeman 2008).

In this study, community structure and gene expoesanalyses was performed
on the sea water samples collected from sites 7B® meters in depth in the northeast
Pacific Ocean. The initial 16S rRNA based clonediles analyses showed that the
majority of the archaeal OTUs (Operational Taxoroiinit) belongs to the uncultured
group ICrenarchaeotawhereas most of the bacterial OTUs belongs tbaalpgamma-
and deltagproteobacteria consistent with previous analysis of deep seaabes. In order
to further explore the community structure of tleepl sea samples, a 23S-rRNA plastid
gene cloning library was constructed. The resuitsv®d that the majority of this cloning
library was occupied by oxygenic photoautotrophigyamisms, such as diatoms
Thalassiosiraspp In addition, RT-gPCR was applied to determine dkae expression
for the 23S rRNA plastid gene, which is involvedpiotein synthesis in both eukaryotic
algae and cyanobacteria. The results showed thanttrobes here were not in dormant
status. The evidence provided by this work has igdpthat some highly adaptive
photoautotrophic organisms could be metabolicallycfional in the deep ocean so as to
be used as a sensor candidate to monitor the envewot perturbation in that
environment.

3.2. Experimerg

3.2.1. Cell recovery and microscopy analysis

Ocean microbes which were retained on a 0.22 per {iMillipore, Billerica, MA) were
collected from the Pacific Ocean. Microbes wereoveced from the filter in the

laboratory. A 5 mL syringe mounted with an 18G héedle (BD, Franklin Lakes, NJ)
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was used to wash the filtéFhe cells were carefully washed off from the fillmembrane
using 3 x 5.0 mL of RNALater (Ambion, Austin, TXyvhich can protect RNA from
degradation. The 2.0 mL concentrated cells were algqudivided into two
microcentrifuge tubes and stored at -20°C. For celinting, 4 pL of 5 pg/uL 4, 6-
diamidino-2-phenylindole (DAPI) (Sigma) and 100 aiL.50% glutaraldehyde was added
into the 5 ml cell suspension in phosphate buffeml), then the stained cells were
filtered through an isopore membrane filter (0.28)uThe isopore membrane was then
put on a glass slide, immersion oil added and @aavith a cover slip. The slide was
observed under epifluorescence microscope (Nikdipgee Ti System) using 60x and
40x objectives.

3.2.2. Cloning library construction

The total DNA was extracted and purified from 1.0 oollected cells using a DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA). Based the isolated DNA, three DNA
fragments were amplified for cloning library consttion: 1,400 bp16S rRNA gene from
bacteria (FD1, forward primer: AGAGTTTGATCCTGGCTCAGB40R, reverse primer:
AAGGAGGTGATCCAGCC) (Hwang et al. 2009), 700 bp 1688BNA gene from
Archaea (Ar20F, forward primer: TTCCGGTTGATCCYGCCR@rch958R, reverse
primer: TCCGGCGTTGAMTCCAATT) (E. F. DeLong 1992) cais00 bp 23S rRNA
gene from cyanobacteria and eukaryotic algal ciplasis (p23SrV-f1, forward primer:
GGACAGAAAGACCCTATGAA, p23SrV-rl, reverse primer: PGCCTGTTA-
TCCCTAGAG) (Sherwood and Presting 2007). The comatit for PCR amplification
was initially set up as: (a) bacteria (Hwang e2809): 94°C for 2 min; 30 cycles of 30 s

at 94°C, 1 min at 58°C, and 1 min at 72°C; andlfayale at 72°C for 7 min; (b) Archaea
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(E. F. DeLong 1992): 94°C for 2 min; 30 cycles d tin at 95°C, 1.5 min at 55°C, and

1.5 min at 72°C; and final cycle at 72°C for 7 mamd (c) algae and cyanobacteria: 94°C
for 2 min; 30 cycles of 1.5 min at 95°C for, 1.5mat 55°C , and 1.5 min at 72°C; and

final cycle at 72°C for 7 min. The expected PCRdocis were recovered by using a
QIAquick Gel DNA Extraction Kit (Qiagen, Valenci€A).

The PCR products were cloned into a pGEM-T easyovdollowing the protocol
provided by the manufacturer (Promega, Madison,. \R§ndomly chosen white clones
were cultivated in 96-well plates and used for plasisolation and sequenced with an
ABI 373 Sequencer using PCR primers. The resulldNd sequences were subjected to
manual editing using Sequence Scanner Softwar@Apglied Biosystems, Foster, CA).
Sequences were compared with those in GenBankghrtiue NCBI internet service
using BLAST 2.2.10 (Altschul et al. 1997). Alignneaf sequences was done with
online Clustal W (Thompson, Higgins, and Gibson4)9®@TUs were determined based
on a 3% divergence cutoff for individual “speci€3TU.

3.2.3. Gene expression analysis

Total RNA were extracted from 1.0 mL collected salking the Trizol Max Bacterial
RNA Isolation Kit (Invitrogen, Carlsbad, CA) and rdied with RNeasy Mini Kit
(Qiagen, Valencia, CA). To determine the gene esgiom involved in protein synthesis
in photoautotrophic microbes, a set of 23S basedgps specific to eukaryotic algae and
cyanobacteria was adopted from the literature (@bed and Presting 2007) and
synthesized by Invitrogen Corporation (Carlsbad,).CAlsing genomic DNA of
Synechocystisp. PCC6803 as template, this 500 bp 23S rRNA gerseeamplified for

the purpose of generating a standard curve in RIRjPNith SYBR Green One-Step
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reagents (BioRad, Hercules, CA), RT-gPCR was peréor on a Rotor-Gene 6000
(Corbett Life Science, now Qiagen, Valencia, CAheT20 pL PCR reaction set up was
as follows: 10 pL of 2x SYBR Green Rxn mix (BioRadercules, CA), 1.5 uL of
forward primer (4 uM), 1.5 pL of reverse primer (M), 4.5 pL of nuclease free-water,
0.5 pL of iScript RT enzyme for One-Step (BioRa@rttiles, CA), and 2 puL of RNA or
DNA template. The cDNA synthesis was performed @iCsfor 15 min followed by
95°C for 5 min for inactivation of reverse trangtaise. The PCR cycling program was:
40 cycles of 10 s at 95°C, 56 s at 56°C, 30 s &€ 7Data analysis was carried out using
the software provided by Corbett Life Science (r@wagen, Valencia, CA).

3.3. Results

3.3.1. Microscopy analysis

These ocean samples were collected at 2-3 m albheveeia floor. The epifluorescence
microscopic images of the cells after DAPI stainen@ shown in Figure 3. A large
number of microbial cells with size around 142 was observed, suggesting prokaryotic
or small eukaryotic microbes were the dominant iggem this environment. To seek
evidence for possible photosynthetic microbes ia dommunity, the auto-fluorescence
without any dye staining was also checked. Althoughrobes with auto-fluorescence
are rare in the samples, several auto-fluorescedobes were found out of several
hundreds of microscopic image fields examined. fidsilts in Figure 3C show one of

the auto-fluorescence images from the possiblegbtogthic microbes.
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Figure 3. Epifluorescence microscopic images.
3.3.2. Phylogenetic analysis
Total DNA was extracted from 1.0 mL collected ceadisd a total of around 2600 ng
chromosomal DNA was obtained. DNA isolated from tlez=p-sea water was used to
construct three clone libraries for microbial commity structure analyse$) 16S rRNA
for bacteria,ii) 16S rRNA for archaea and) algae and cyanobacteria specific 23S
rRNA libraries.
Archaea: Sequence analysis of 156 random clones revedledifferent phylotypes
based upon 97% sequence similarity. The majoritycloines (150 in total) are
phylogenetically similar to the uncultured marinewp | CrenarchaeotaFigure 4), In

addition, a small number of clones (6 in total) @teylogenetically affiliated to the
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uncultured marine group duryarchaeoteand they represented two previously identified
OTUs, sequenced clone UEU78206 from the Santa Bafaannel (Massana et al. 1997)
and DQ300553 from the North Pacific Subtropical &(Edward F. DelLong et al. 2006),
respectively.

Bacteria (Figure 5): A preliminary sequencing analysis o0 2andom clones revealed
significant bacterial diversity present in thisesdfter comparison with the 16S rDNA
database from the Ribosomal Database Project @aé 2005). In general, a majority
of the clones (168 in total) from the clone libraing phylogenetically associated with the
phylum Proteobacteria In addition, forty-two clones (13 OTUS) are ploémetically
affiliated with phylumBacteroidetesNineteen clones (4 OTUs) belongAotinobacteria
Eukaryotic algae and cyanobacteria(Figure 6): Sequencing of 94 random clones
revealed that a majority of them are divided betwestatoms (61 clones) and
cyanobacteria solely belonging #ynechococcusp. (16 clones). Among the diatom
group, 45 clones (7 OTUs) are similarTtoalassiosiraspp Other closely related diatoms
include: Nitzschiaspp. (11 clones, 7 OTUspdontellaspp (2 clones, 2 OTUs), and
Phaeodactylum spg3 clones, 2 OTUSs). Also, a few clones phylogeadly affiliated to
other algae commonly found in the oceans suclClaerella sp and Emiliania sp

(Cattolico et al. 2008) were also identified basadgequence similarity searching.

36



=)
# {: EU199549 (99%)

A2ES

a2e1 AB366563 (97%)
RZWE ABTTT087 (98%) asct U46678 (98%)

I AB366565 (98-99%)

2 ABOESE BT 0t
reoiRBTTTOR o F002867 (%) Ll

| —» A4F3_FJ002876 (98%)

451
:t}h' : AzD$
A
T é}z Eé EU650239 (98-99%)
7

i

4

—t FJ002868 (98-99%)
AZF 9 A2G S

5 yﬁ} | Da3oos36 98.99%)

o s az01z EUG50239 (99%)

A1ESE  AB366562 (99%)

e R1ce I (99%)

= 3 EUS5TA649 (9
== ]

EU199503

(99%)
A3H1

| nets3067 95

L azcio  ABJIG6568 (97%) K3 n:‘ 53150757 (97%)
; | FJ571792 (99%)

L
nzd7 B¢ | EF414502 (99%)
AM295194 (99%)

was12 EF06I351 (97%)
) i‘?&s | Eus17639 (99%)

its]  Gassess2(as%)
2
73S GoM;ss%Q’e’% 61596 (100%)

J.dnb 1 MFII FJ487493 (96%)

A

Figure 4. Phylogenetic analysis of archaea belongjrio the uncultured marine
group | Crenarchaeota.

37



Sphingobacteria

Flavobacteria

Epsilon proteobacteria

Actinobacterium

| Chloroflexi
Cr\'annhs:trria

BT B3e11

'4@2] Planctomycetes
— Verrucomicrobia
5 I Acidobacteria

811 = Nitrospira

=

| Delta proteobacteria

8105

Alpha proteobacteria

. B
.—mﬂ‘g |l Beta proteobacteria
B4F

B3F11

Gamma proteobacteria

308

Bacteroidetes

—IMILH-;D Fibrobacteres

Figure 5. Phylogenetic analysis of bacteria foundithe deep ocean water.

38



==
el
BSEe

8

4

89. EQEE

Thalassiosira pseudonana (97-99%)

Thalassiosira pseudonana (96%)

(S | Nitzschia sp. 00196 (96%)

1,,' Thalassiosira pseudonana (95%)

G3  Odontella sinensis (95%)

Nitzschia sp.00196 (97%)
Nitzschia sp.00196 (96%)

G55 | Nitzschia sp. 00196 (95%)

CS'H“ I Phaeodactlum tricornutum (95%)

Nitzschia sp, 00196 (969
Rl ohea o D016 (3306)

)
CA7 Thalassiosira pseudonana (93%)

P
Lcaz fi{% ;.-]v’?.‘rﬁ‘;s’;‘f:z‘?,f.“ pseugegie ©7%0)

-l 'g'} I Nitzschia sp. 00196 (95%)
CEl12 aeodactylum tricornutum (85 %)

Synechococus sp. CC9311 (97-99%)
CG2
3 | synechococussp.cco9oz (999%)

CA9
0

¥ 10 Synechococus sp. CC9311 (97-99%)

o CF2 é%loreﬂurulgm‘r’scd'!(%%)
——— 5 | Emitionianuxtevicenp 373 980%)

CB8 Phacusinflexus (79%)
Uncultured bacteria AD106-G5 (82 %)

0.1

Figure 6. Phylogenetic analysis of the deep oceahgiosynthetic eukaryotic algae.
and cyanobacteria

The results were interesting since some photoaytbit species were identified
in the deep sea, but the deep sea photoautotrammonunity was limited to two
dominant specie§ynechococcusp. andThalassiosiraspp.Surface water contamination
was not an issue in this work since no other serfaater species was observed in any of
the clone libraries. Since those photoautotroppeces also exist in surface water, they

may be a good candidate to monitor the environnh@etéurbation.
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3.3.3. Gene expression analysis

In order to use these microbes as sensors, theyidsimt be in a dormant status
otherwise they will not response to the environraeohange. An immediate question
that was raised was whether these photoautotrapidcoobes are in a state of active
metabolism or not. To seek the answer to this gquesgiene expression analysis was
performed using total RNA isolated from the deep samples. The 23S rRNA gene
which is involved in protein synthesis was analybgdRT-qPCR. Figure 7 shows the
real-time PCR analysis of the copy number of 238ARjene. The analysis was done
separately using DNA or cDNA as a template. Theuwated average copy number of
the algae and cyanobacteria specific 23S rRNA gere63 x 10and 2.04 x 1D per
reaction for DNA and cDNA templates, respectivélpnsidering the dilution factors of
each template, the normalized copy number for ZISA from cDNA (or RNA) and
DNA is 2.44 x 16 and 4.25 x 1%) respectively. Thus, the copy number of 23S rRNA i
about 6 times higher than that of 23S rDNA (FigdyeMeanwhile, considering that the
efficiency of reverse transcription cannot be 10Q#&finitely, the ratio between 23S
rRNA and 23S rDNA was underestimated and could kEatgr than 6. The results
demonstrated that the 23S rRNA gene has activitthhéendeep sea which may indicate

that the cells were not in a dormant status.
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Figure 7. Quantitative RT-PCR analysis of algae andyanobacteria specific 23S
rRNA gene.

3.4. Discussion

It still remains unclear why photoautotrophic mioes, Synechococcussp. and
Thalassiosiraspp, exist in the deep mesopelagic zone. One plausigéanation is that
they sank to this depth either by themselves ok agra microbial assemblage with larger
particles (Alldredge and Cohen 1987). The secorskipdity is because of the ocean
current. However, in order to support those hypstse more evidence is still needed to
demonstrate that RNA molecules (especially messdRlyé\) can be stable through the
time period of days or months during the sinkingogiss. Normally the life time of RNA
is hours (Gill et al. 2002) which is much shortearn the sinking process. Based on this
fact, the RNA should all degrade at this depth; ésv, RNA was successfully detected
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in our samples which may indicate there is anothgrlanation about the existence of
these photoautotrophic microbes at this depth.

My assumption is that these photoautotrophic miesolre natural inhabitants at
this depth. If these photoautotrophic microorgamsisnvere brought down by force or
microbial assemblages associated with large singartjcles as discussed above, other
photoautotrophic microorganisms that exist in stefavater should also be observed in
our samples, but only two dominant species weradoun addition, RT-qgPCR results
also supported my assumption by showing the agtofiRNA at this depth.

Based on my assumption, | selected dialdralassiosiraspp as my future target,
since it is a eukaryotic photosynthetic microorgamiwhich may decrease the potential
problems for this single-cell based work. The diggnef this microorganism is around 4-
6 um and it also exists in surface water which makemniexcellent sensor candidate.
Meanwhile, diatoms contribute up to 40% of the pnyn productivity of the ocean
(Maheswari et al. 2010; Nelson et al. 1995), ife@@ understand them better, it will also

be very useful for regulating the primary produityiwf ocean.
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4. CHIP DEVELOPMENT

4.1. Introduction

This section of work has been published in Lab @&h#& (Shi et al. 2011). | would like
to thank my co-worker Dr. Gao and my advisors Dhaq, Dr. Zhang and Dr. Meldrum.
With their suggestions and helpful discussions gartion of work has been successfully
achieved.

Rapid development of microfabrication and micrmfia technologies have
enabled development of more and more miniaturizedlyical chips capable of
performing analysis down to single-cell levels @and Kim 2010; Schmid et al. 2010).
The advantages of microfluidic devices for singd#l analysis have been addressed in
Chapter 2. A lot of researchers have taken advanéghese technologies, for instance,
Zhanget al. (2011) demonstrated parallel real-time PCR witieasitivity of about 1000
cDNA copies per 500-nL droplet produced using comie@al photolithography. In one
recent study, Marcy and colleagues (2007) developednicrofluidic device that
performed isolation, amplification and sequencifgndividual TM7 cells from a mixed
microbial community that inhabits human mouths. Tasults showed low abundance
species which would be easily neglected underttoedil approaches. Parallel PCR at the
single copy level is another good example of apgilbm of microfluidic devices
(Musyanovych, Mailander, and Landfester 2005; Beteal. 2007; Diehl et al. 2006;
Matsubara et al. 2004; Kojima et al. 2005; Nakainal.2003). These analyses are highly
sensitive, but their analytes which typically angrifted DNA are much simpler than
analyzing the raw lysate of actual cell. In additieghe process does not involve cell

lysing which usually results in more complicatecerhical composition and/or fluidic
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manipulation. These factors limit direct singletd@CR at single copy resolution. This
research strives to construct a chip that is capablperforming single cell analysis of
small phytoplankton which is more challenging thlaat for mammalian cells due to the
small size and their tough cell-wall structure. &ecprogress on using microfluidic
devices on single-cell PCR have focused on mammabds. Applications to other types
of single cells are rare. Ottesenal (2006) used microfluidic digital PCR to amplifgch
analyze different genes obtained from single badtecells gathered from the
environment. They used this device to identify baatin complex ecosystems and
successfully reached the single molecular levebluti®n based on serial dilution and
Poissondistribution. Zenget al. (2010) designed an emulsion generating microftuidi
device that used small droplets in oil as the reacthambers. In this experimeift,
coli cells or isolated DNA were randomly seeded intw@® dihoplets with primer-adhered
microspheres and real-time PCR reagents. By meagsthe fluorescent emission of the
PCR product in droplets using flow cytometry, trdgmonstrated that single-bacteria-
resolution analysis can be achieved. However, fallhese devices need complicated
microfabrication or/and designs which required #pedstruments. Very often these
instruments or expertise for fabrication are nadily available for most biological
laboratories, which has limited the applicatioririse devices for single cell studies.

In order to finally develop a chip-level device dohieve single cell RT-gPCR,
this research developed a chip-level device whisiolves only inexpensive and easily
accessible equipment that is capable of perforrsingle cell gPCR as the first step. This
device contains an array of stationary, surfaceeadt droplets immersed in oil as real-

time PCR chambers. Mineral oil is used to isolate droplets and prevents the aqueous
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solution from evaporating during thermal cyclindheTdimensions and locations of the
droplets are controlled by hydrophilic patterning the glass substrate. The volume of
each chamber is 5 puL on the current design, butbeasmaller and the density of the
droplets can be higher if using a customized themryealer that can scan dense PCR
chamber arrays. In addition, the operation doesrequire off-chip DNA extraction or
purification steps which will diminish the potenteffectiveness of downstream real-time
PCR analysis, such as inhibition from lysis buffenich is used for off-chip DNA
extraction. Although single-cell loading can alse éasily achieved by serial dilution
(Lin, Chao, and Meldrum 2009), we used a micromalaior to precisely load one
bacterial cell per droplet to validate the sengitivLeveraged with a commercially
available real-time PCR thermal cycler, it was dastated that the device is capable of
genetic analysis at the single cell level.

4.2. Experimers

4.2.1. Experiment setup

The current chip is designed to be compatible witim off-the-shelf real-
time PCR thermal cycler originally designed to waiikh conventional PCR tubes/plates.
The chip contains an array of surface-adhering ldtepn a microscope cover slip, and
all droplets are submerged under an open pool oéral oil confined by a PDMS frame
(Figure 8a). Each droplet is isolated by minerdlasi a PCR reaction chamber and to
prevent the droplets from evaporation and crosdacoimation. The chip is optically
compatible with the thermal cycler since all comgats such as mineral oil and droplets
are transparent. The locations of the dropletsaligmed with the wells of the heating

block designed to hold PCR tubes, and the areadvbplet is of the same order as the
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top-view area of a PCR tube (Figure 8b). Thereftire,existing fluorescence detection
configuration can be directly applied to the usehaf chip. A 0.42-mm-thick brass plate
was placed under the cover slip during thermaliogchs a mediator to enhance heat
transfer for better temperature uniformity on thepc The cross view of the chip in a

typical real-time PCR thermal cycler is shown igute 8b.
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Figure 8. (a) The chip contains an array of surface-adheringldtsgubmerged in oi(b)
The cross section view of the chip placed on antlaécycler, showing that the droplets
are aligned with the wells of the heating blockra thermal cycler (not to scale).

In order to implement single cell analysis, thectimm volume of each chamber
was designed to be 5 pL, in contrast to the typidaP0 uL reaction volume using
conventional PCR tubes. Droplets which are sméfian 5 pL tended to be too small for
the real-time PCR thermal cycler to detebihe smaller reaction volume increases the

local concentration of the template so that the mefition with contaminants or

endogenously generated background such as primmeersli will be reduced thus
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providing more DNA polymerase molecules per tengp(dMusyanovych, Mailander, and
Landfester 2005; Marcy, Ishoey, et al. 2007; Sdhaed Hollfelder 2009).
4.2.2. Chip fabrication
The procedure of producing a droplet array is aelifrom previous work that isolates
single bacteria in a droplet array (Lin, Chao, &ateldrum 2009). The key fabrication
process is to make a hydrophilic pattern that ca@sithe aqueous droplets. In this study,
| generated such patterns using Microscale Plasctavaded Templating ((PLAT), a
technique that employs a stencil to expose aimpdasnly to designed areas to increase
the hydrophilicity of the surface (Chao, Carlsondaveldrum 2007). The process of
making this chip is illustrated in Figure 9. In erdto minimize contamination, all
components and material used in this study werectatted and exposure to UV light for
15 minutes before the experiment.

First, auPLAT stencil made of a 2-mm-thick PDMS sheet wabeaed on a
cover slip (Figure 9a). A 3x4 array of 1/8-inchrdeter holes was punched, with a 9-
mm pitch between centers to align with the reaktid®CR thermal cycler. Hence, twelve
droplets can fit in a 35mmx50mm cover slip (FisBerentific, Pittsburgh, PA). The soft
PDMS stencil was then adhered on the cover slip. 3sembly was placed in plasma
cleaner (Harrick Plasma, Ithaca, NY) for plasmaasxpe with 6.8 W RF-power for one
minute (Figure 9b). The areas exposed to the pldsoame more hydrophilic, while the
unexposed areas remained unchanged. Then thd stasgemoved, leaving an array of
hydrophilic circular areas on a more hydrophobickigaound (Figure 9c). A 2-mm-thick
PDMS frame was placed to surround the hydrophiti@yato confine a pool of oil

(Figure 9d). 80QuL of mineral oil (Sigma M8410) was loaded inside tADMS frame
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(Figure 9e). Finally, twelve 5 pL droplets of PCRxtare were pipetted on each
hydrophilic area (Figure 9f). Oil was loaded beftire droplets to prevent contamination

during the loading process.

(c)
Hydrophilic area

Plasma
exposure

Cover glass Hydrophobic area
(d) Surround (e) Load mineral oil () Load droplsts of
with PDMS PCR reagent

Figure 9. Chip fabrication process.

4.2.3. Strain and Cell culture

In order to prove the single cell sensitivity okthhip, initially theSynechocysti®CC
6803 strain was used as a target. $ypechocystiPCC 6803 cells were grown at room
temperature in BG-11 media (Richaud et al. 200he Tell density ofSynechocystis
PCC 6803 was measured by a spectrophotometer (Beckboulter, Brea, CA), and
counted under light microscopy (Nikon, Japan). lengral, OR3;, 1.0 represents

approximately 1®cells/mL.
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4.2.4. Cell loading

Two cell loading strategies were used in this sttde first was serial dilution to load,
on average, 1000, 100, and 10 cells per drople¢ Sécrond strategy was single-cell
loading using a micromanipulator developed in cemter (Anis et al. 2011; Anis, Holl,
and Meldrum 2010). This micromanipulator uses agedectric actuated diaphragm to
dispense/aspirate liquid through a 30-um capilirihe picoliter level. This device can
precisely manipulate cells with small flow rateslaherefore gentle shear stresses. The
entire loading process was monitored on a micrascep the loading of single bacteria
cell can be visually confirmed.

4.2.5. Real-time PCR

Primers were designed using Primer3 software (dasser et al. 2007) and
manufactured by Invitrogen (Carlsbad, CA). Onedafgirimers was designed to amplify
a 152 bp of 16S rRNA gene ofynechocystisPCC 6803: forward primer
(CCACGCCTAGTATCCATCGT) and reverse primer (TGTAGCBGAAATGC-
GTAG). The SYBR GreenER gqPCR SuperMix Kit (Invitesg Carlsbad, CA) was used
for real-time PCR. The PCR reaction mixture corgdi2.5 pL gPCR SuperMix, 0.5 pL
of each primer with the final concentration of 4 y®/6 pL of 5xBSA, 0.45 pL of DEPC
treated water (Ambion, Austin, TX), 0.05 pL of RGXd 0.5 puL of sample in a total
volume of 5 uL for each droplet. For a single ckbplet, 0.5 uL of DEPC treated water
was loaded and then one single cell was put irgadtoplet using the micromanipulator.
Considering the low fluorescent signal due to the &mount of target, photo bleaching

was prevented by blocking the ambient light. Theesiknents were performed on a
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commercially available thermal cycler (StepOne -teaé PCR system, Applied
Biosystems, Foster, CA).

4.2.6. PCR validation

After real-time PCR, the PCR products were pipettedone by one and loaded on 1.5%
agarose gels (EMD Chemical, Gibbstown, NJ) fortetgahoresis analysis. The gels were
run under 130 volts for 35 min. The DNA fragmentshwthe expected size were then
isolated using QIAquick Gel Extraction Kit (Qiage¥ialencia, CA) and analyzed by
sequencing on ABI 3700. In order to confirm thghtisequence, online nucleotide blast
tools (http://blast.ncbi.nlm.nih.gov/) were usedve® 98% identity was recognized as
right amplification. Validation is not necessary fegular utility of the device.

4.3. Results

4.3.1. PCR temperature profile

The efficiency and specificity of PCR are affecteg several factors, including cell
lysing efficiency, chemical constitution of the PG&Ggstem i(e. primer concentration,
Mg?* concentration, and SYBR Green concentration, end annealing temperature
(Sipos et al. 2007; Markoulatos, Siafakas, and Magc2002). For real-time PCR, the
temperature at which fluorescence detection isoped is also a crucial factor.

Thermal lysing was selected over chemical lysingvoid possible interference
with PCR due to chemical lysing (Lu, Schmidt, aedskn 2005; Lee et al. 2005; Waters
et al. 1998). In this study, we found that hea@@®4 °C for 10 minutes was enough to
fully lyse the SynechocystifCC 6803 cells in the droplets. Based on the segue
analysis and initial tests, 60 °C was found asdptmized annealing temperature, and

was selected for rest of the study.
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SYBR green dye only binds to double-stranded DNAaispecific temperature
range, so the fluorescence emission that indidgaegjuantity of double-stranded DNA
can be detected. The proper detection temperaturebe determined through the melt
curve analysis. After testing multiple temperatuiasging from 70 °C to 80 °C on chips,
the optimized signal detection temperature wasroeted to be 72 °C, and was selected
for the rest of the study.

As shown in Figure 8, the heat from the heatingclblof the thermal cycler
transferred to the droplet through the air in tleating block, the brass plate and the
cover slip. Since the droplets did not directly temh the thermal cycler, the temperature
of the droplets experienced hysteresis and deléyesetting temperature of the thermal
cycler. To solve the issue, initially | put my eff® on minimizing the difference of
temperature related to each steps (i.e. cell lysingealing and signal detection) between
the ideal temperatures and the real temperaturedraplets. The ideal temperature
protocol for this study was 15 s at 95 °C for danag, 15 s at 60 °C for annealing, 30 s
at 72 °C for extension, and 10 s at 72 °C for digleéection. In order to compensate for
the offset and hysteresis of the real temperatarehe droplets, a calibration was
performed by inserting a 0.076 mm-diameter K-typermocouple (5SC-TT-K-40-36,
OMEGA, Stamford, CT) into the center of a dropletempirically adjust the setting
temperatures and corresponding durations of thentle cyclerto fit the actual
temperatures in the droplets. A thermocouple re@@rSeries Il, Fluke, Everett, WA)
was used to record the temperature every five slscdaring thermal cycling. Figure 10
shows the temperature profile set on the thermallecy(black circles) and the

compensated temperature profile in the dropletse (lwith rectangular dots). The
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heating/cooling rates were longer than those famveational in-tube PCR, so the

droplets required a longer time to reach a stetalg-demperature. To shorten the total

duration, we selected not to wait for the tempegato reach steady state of each stage.

Instead, the thermal cycling profile was selectedhsthat the droplet temperature was

maintained within &1 °C range from the desire temperature during staie.
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Figure 10. Temperature profile for PCR.

4.3.2. Single bacterial cell analysis

In order to accomplish real-time PCR with singlgidtemplate copy in single cells, in

addition to the temperature profile, primer desigralso a crucial factor (X. Wang and

Seed 2003; Pattyn et al. 2003). The criteria ferghmer design used in this study is that

the size of the amplicon should be around 200 Rpydlue of the primers should be
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around 60 °C and several sets of primer need ttetied before choosing the right
primers. Based on these requirements, the pringed in this study were designed by
Primer3 (http://frodo.wi.mit.edu/primer3/). BSA waslded in the solution to prevent
undesired binding of DNA and polymerase to glastase (Hoss and Paébo 1993; Hoss
et al. 1992; Kreader 1996; Prakash, Amrein, ane&K2007).

The real-time amplification curves of an on-chipRP€xperiment with various
cell numbers are shown in Figure 11. Four levelsatifnumbers on the chip were tested.
1000, 100 and 10 cells per droplet were achieveseial dilution from bulk cells, while
single cells were picked and loaded directly wite micromanipulator. The averagg C
values were also shown in the insert of FigureTtie curves are well clustered for each
cell number levels. The differences of the aver@gevalues between the cell number
clusters were 4.2, 2.7 and 2.3, respectively. Atipbfied DNA was confirmed by
sequencing to be the expected products. Althougmégative controls were frequently
amplified in the experiments, they appeared sigarftly later than the reactions from
single cells. In addition, theyTvalues of negative controls are different fromt thiathe
template. We also sequenced the amplification pisdfrom the negative control, and
the BLAST search showed that the products wererifft, which could be a result of
random amplification (data not shown). The possitdeises for the amplification of
negative controls are: 1) the contamination canmecbmmercial kits, enzyme and buffer.
This contamination has been reported in many ssudkou et al. 2007; Panicker, Myers,

and Bej 2004); 2) random amplification when theleywmber is high.
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Figure 11. Real-time PCR result at 1000, 100, 10nd single cell levels.

4.3.3. Performance evaluation
In order to evaluate the performance of the chip,finst determined the successful rate

of the chip operation. The melt curves were anaye define whether the reactions
were successful. Briefly, each amplicon should hegpecific T, value, then melt curves

with dominant signal at the right,value were recognized as a successful amplificatio

In addition, PCR products were validated throughagalysis and sequencing analysis.
Based on these criteria, the overall success oatthé experiments shown in Figure 11

and Figure 12 was over 85% and the single cell lewecess rate is in the same range.

The means and standard deviations of tRev@lues of different 16S rRNA

template concentrations are summarized in Figurénlthese experiments, four different
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concentrations of template were loaded on four shhgspectively. EacSynechocysti
PCC 6803 cell contas femtograr-level DNA per cell (Hahn et al. 20039 10 pg DNA
is equivalent to 100Gynechocyst cells. The error bars of the,@re larger for lowe
concentrations, indicating that the reproducibilay the chii-based rei-time PCR
decreased as the template concentratecreased. One possible reason of the decr
reproducibility could be due to signal detectiom the low amount of amplified DNA
Unexpected DNA binding to glass surfs may be another possible reason for

decreased reproducibility.

16s rRNA

--v-- Ideal result

36

34- I

32 +

3

C Value

10 pg 1 pg 0.1pg Single cell

Figure 12. Template concentrations and (; values for on€hip PCR experiments
Between each 10x serial dilution, the ideq value difference is around 3.324 (i
log210) cycles. Our experimental results showed thatlifference between eadilution

level is 4.6 and 2.1 cycles between 10to 1.0 pg and 1.0 pg to 0.1 pg dilutiol
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respectively, and 6.7 cycles between 10 pg to §.Hijutions. This result showed that
although variations existed for individual experiitee the global trend of the relation
between G value and template concentration was close teestienation with the ideal
efficiency. We also designed another set of prine@mplify a 198 bp fragment dbcL
gene ofSynechocystiBCC 6803. The {difference between 10 pg and 1 pg was 3.2. The
result confirmed that the PCR efficiency of our idewvas robust.

In addition to successful rate and efficiency, genty is another crucial factor
for single cell studies since the analyte amourgxigsemely low (Zare and Kim 2010;
Borland et al. 2008; Schmid et al. 2010). GByechocysti®CC 6803 cell has only 2
copies of 16S rRNA gene, according to the NCBI a@ganoBase database
(http://www.ncbi.nim.nih.gov/gene; http://genomezlyaa.or.jp/cyanobase). Therefore,
the sensitivity of the presented work approachesd dimgle copy level, similar to the
sensitivities achieved with 6.25-nL microchambe@tt¢sen et al. 2006) and 70-pL
droplets (Beer et al. 200#) previous work. However, because the droplet maun our
device was in the pL-scale, our sensitivity in teraf initial template concentration is
much higher. We assert that the one-step operatimserved the small number of
templates in the confined droplet volume, and #duction in liquid transportation also
minimized possible contamination which allowed Fogh thermal circle numbers with
acceptable negative control expression. The elinonaof DNA extraction and
purification did not prevent quantitative analys¢$ow template concentration.
4.4. Conclusion
In this study, a new design of an easily fabricatedti-chamber real-time PCR chip was

demonstrated. The chip was robust and cost-efticam the one-step operation does not
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require DNA purification. The current chip can aza twelve single cells in one
experiment, constrained only by the commercialrttedrcycler. Using this new device,
we successfully extended gPCR analysis of genet&atgward the single copy level.
Through serial dilution at low template concentrafistatistics of gvalues results in the
ideal estimation. With a specifically designed that cycler for this chip, it will have the
capability to further decrease the reaction volumenlL volumes, similar to the other
PCR microdevices that use non-adhering dropleteagion chambers. The application
of this device in biological laboratories will pride the needed and convenient tools to
perform genetic analysis for single cells and réwederogeneity in complex microbial
communities. Meanwhile, these results also buiklrang foundation for the single cell

environmental monitoring device construction irstthesis.

57



5. TWO-STEP SINGLE-CELL RT-QPCR PROTOCOL DEVELOPMEN

5.1. Introduction

This portion of work has been published in AppliEeavironmental Microbiology (Shi et
al. 2013). | would like to thank Dr. Gao, Dr. Chd&ar, Zhang and Dr. Meldrum. With
their patient supervision and suggestions, | caulccessfully design the experiment and
achieved good results for this research.

For isogenic cell populations, gene expressiorrbgeneity could arise from the
intrinsically stochastic processes of the expressioindividual genes. The amplitude of
such stochasticity, or noise, in gene expressiaomrolled by many factors, including
transcription rate, regulatory dynamics, and otgenetic factors of the cells (e.g.
microRNA, transposon etc.) (Banerjee et al. 200din@n-Lerner et al. 2005; Pedraza
and van Oudenaarden 2005; Rosenfeld et al. 200&de et al. 2006; Strovas et al.
2007). As a result, individual cells in geneticallgmogeneous populations can contain
different copy numbers of messenger RNA (MRNA) rooles, which eventually leads
to different numbers of functioning protein molexsil This transcriptional noise, once
amplified, could offer the opportunity to generated sustain heterogeneity at the cellular
level in a clonal population. The gene expressietetogeneity suggests that by simply
averaging mRNA or proteins from whole populatioagicial information about unique
patterns of the gene expression related to specdgions or distinct functional
subpopulations may be lost. To gain a deeper ihdigo the intricacies of cellular
diversity and its functional relevance, single deitel analysis needs to be performed.
For the purpose of deciphering interesting biolggyzzles, conventional tube-based

single cell level gene expression analysis wasopadd targetingl. pseudonanaa
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typical centric diatom (Armbrust et al. 2004), ygssingle cell RT-gPCR on the basis of
previous efforts (J. Zeng et al. 2011; Gao, Zhamgl, Meldrum 2011).

It is well known that under adverse conditions sashnutrient-limited or other
environmental stresses, microorganisms can triggetective response mechanisms for
survival. Concurrently, many regular physiologiaativities such as photosynthesis may
be repressed under these stresses. Directly mimgtothe stress response of
microorganisms to their environments could be ormy o inspect the health of
microorganisms themselves, as well as the enviratsna which they live. Under such
situations, pursuing analysis methods targetingwadr single microbial cells, which are
directly recovered from environments without furtloailtivation, is necessary. Diatoms
are a group of unicellular phytoplankton (Falkowskial. 2004; Thamatrakoln et al.
2012) that are present in wide spread niches, intemd lakes to open oceans (Bennett et
al. 2010; Mann and Droop 1996). Because of thexetls no need for introducing foreign
species (Ripp et al. 2000) to monitor the environin®ther than using. pseudonanas
a sensor, they play significant roles in the gloteibon cycle (Maheswari et al. 2010;
Nelson et al. 1995) that makes it essential to tgtded what environmental stresses they
are susceptible to and how they respond, in owendintain the primary productivity in
oceans.

Nitrogen is an essential element for living orgarssand is required for the
biosynthesis of macromolecules such as amino adideas been reported that the
availability of nitrogen in oceans varies drasfican spatial and temporal scales due to
physical and biological processes, and nitrogenbe&s considered as a major limiting

nutrient for primary production in the oceans (fealkki et al. 2004; Hockin et al. 2012).
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Phosphate is another important element involvadany aspects of cellular metabolism,
like ATP synthesis. It was reported that photosgath was disrupted by low level
phosphorus (Bucciarelli and Sunda 2003; Rao, Aargmam, and Terry 1989). Iron is a
key component of Ferredoxin, an iron-sulfur proseitmat control electron transfer
(Abdel-Ghany et al. 2005), and its limitation amgtriction of primary productivity have
been reported for some ocean regions (Boyd eal7;2ewandowska and Kosakowska
2004). Because of the short residence time of laitetve iron (Martin et al. 1994) and
the extremely low concentration of iron in the aod water which is only 0.07 nM/kg
(Johnson, Gordon, and Coale 1997), phytoplanktomtyr and primary productivity are
restricted in vast high-nutrient, low-chlorophyIILC) regions of the Southern Ocean,
the equatorial Pacific and the North Pacific (Beyal. 2007; Marchetti et al. 2012).

In this study, in contrast to previously publishethgle-cell analyses on
mammalian cells, working with diatoms has its ovartigular challenges due to their
small size (~5um diameter) and protective frustules. In this redeathe expression of
six genes in singldl. pseudonanaells was quantitatively measured, each with three
technical replicates. Th&ngle-cellresults revealed significant heterogeneity in geoh
stress responses withln pseudonanaopulation. This work demonstrated the possibility
of applying native habitants as sensors to mortiterenvironmental stress conditions.
Meantime, this study provided the first quantitatigene expression evidence for the

response heterogeneity of diatdmpseudonan& environmental stresses.
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5.2. Experimerg

5.2.1. Cell culture

T. pseudonangdCCMP1335) cells were obtained from the Nationahtr for Marine
Algae and Microbiota (NCAM), and were grown in ##2edium at 24 + 1°C (Guillard
1975; Guillard 1962) under a constant light comit{30 pmol photons s’ irradiance
measured using LiCor (Lincoln, NE)). Cells at mldixponential phase were harvested
by centrifugation at 1,500 ¢, for 5 min at 4°C, and used to inoculate /2 mediith or
without nitrogen (NaN@ 8.82 x 10 M), phosphate (NaPQ;, 3.62 x 16 M) and iron
(FeCk-6H,0, 1.17 x 10 M) dependingon the condition of starvatiodrtificial seawater
was prepared using chemicals of analytical punitg ased instead of filtered nature sea
water for f/2 medium and prepared based on theudtaof Kesteret al. (1967).

5.2.2. Sampling and RNA extraction

For bulk-cell based analysis, 1 mL cell culture waBected by centrifugation at 1,500 x
g for 5 min at 4°C. Hemocytometer 3900 (Hausser8itie, Horsham, PA) was used to
count the cell number directly. RNeasy Mini kit &Qen, Valencia, CA) was used to
extract RNA from the bulk cells. For single-cellskd analysis, a micromanipulator
developed in our center (Anis, Holl, and Meldrunil@QAnis et al. 2011) was used to
pick cells from a diluted cell population and lo#iitem into individual Eppendorf
microtubes. This micromanipulator uses a piezoetectctuated diaphragm to
dispense/aspirate picoliter level liquid througBOapum capillary. Owing to its small flow
rates, single cells suffer very little shear stregsich minimizes the effects on their gene
expression profile. Thirty individual cells fromaagrowth condition were picked. ZR

Fungal/Bacterial RNA MicroPrep kit (Zymo Researttvjne, CA) was used to extract
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RNA from single cells and the total RNA was eluiatb a final volume of 6 pL in
Eppendorf microtubes.

5.2.3. cDNA synthesis

SuperScript VILO cDNA Synthesis kit (Invitrogen, iGdad, CA) was used to synthesize
cDNA. For cDNA synthesis from bulk-cell RNA, totataction volume was 20 pL
containing 2 uL 10 X SuperScript Enzyme Mix, 4 puk ¥1LO Reaction Mix and 14 pL
of eluted RNA. To increase the relative concergra®f single-cell mMRNA for cDNA
synthesis preparation, total reaction volume waseadsed to 10 pL which contains 1 pL
of specific primer mixture, 1 pL 10 x SuperScripizgme Mix, 2 pL 5 x VILO Reaction
Mix and 6 pL of eluted RNA. After cDNA synthesisp JuL DEPC treated water
(Ambion, Austin, TX) was added to make the finalwoe of 20 pL before they were
used as template for quantitative PCR analysis.

5.2.4. Quantitative PCR

Primers for RT-gPCR were designed using Primer-BLAStp://www.ncbi.nlm.nih.gov

[tools/primer-blast/index.cgi?LINK _LOC=BlastHoeTo differentiate PCR products

from primer dimers, we selected primers which vgénerate amplicons with sizes
around 170-220 bp (Gao, Zhang, and Meldrum 201PCR} was performed using
Express SYBR GreenER qPCR SuperMixes Kits (InverggCarlsbad, CA) on a ABI

StepOne Real-Time PCR System for bulk-cell analgsts ABI 7900HT Real-Time PCR

System for single cell analysis (Applied BiosysterfR®ster, CA), respectively. The
temperature of qPCR was 10 min at 95°C for initiak start, and 40 cycles with
conditions as: 15 sec at 95°C for denature, 50as&0°C for annealing and extension

and 10 sec at 75°C for signal detection. There alss another melting curve analysis
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step which was set to be the default condition dasethe real time PCR system. For
PCR reactions, 1 pL each primer with the conceotradf 4 uM, 5 pL of master mixture,
0.1 pL ROX, 0.9 uL DEPC treated water and 2 uL cDNére combined. Technical
triplicates of PCR analysis were performed for egeime. Reactions without cDNA
templates served as negative controls. Expreseiaid of target genes were normalized
against internal contr@lctin gene.

5.2.5. Data analysis

To describe the distribution variation of singldl@gene expression levels among cells,
nonparametric statistic tests which do not reqawemal distribution of datasets were
applied (Siegel 1957). Kolmogorov-Smirnov and KrisWallis analysis of variance
(ANOVA) tests were used to analyze the relationdtepnveen four different groups of
RT-gPCR measurements using the OriginPro 8.1 softw@®riginLab Corporation,
Northampton, MA). Principle component analysis (A@%s conducted using the SPSS
Statistics 20 package (IBM, Armonk, NY) to determthe possible control variances.
5.3. Results

5.3.1. Growth ofl. pseudonanander stress conditions

T. pseudonanagrowth was determined by counting the cell numbeth a
hemocytometer directly. Figure 13 showed the gretwwtle curves ofT. pseudonana
under control and three stress conditions. Thelteeshowed that the initial increase in
cell numbers over days 1 to 4 were roughly expaakfuar all conditions although the
growth under the no nitrogen and no phosphate tondiwere at a relatively low rate.
After day 4, the cultures under control and no iconditions still maintained exponential

growth for another 24 h. After day 5, both cultuogghe control and no iron conditions
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reached their stationary phase, while the cell rmlunder the no nitrogen and no
phosphate conditions declined. The results showedt &ll three nutrient-limited

conditions caused significant decrease in cell ¢npowvith phosphate and nitrogen
affected the most. In these cases, cell number i@aghed 10-28% of that of the peak
cell numbers. The slow growth af. pseudonanainder these stress conditions was
consistent with previous reports (Bucciarelli andn@ 2003; Lewandowska and
Kosakowska 2004). Cells at the middle exponentnelse were collected for RT-gPCR

analysis (Figure 13).
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Figure 13. Growth of T. pseudonana cells under various conditionsArrow indicates
the sampling time for gene expression analysis.
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5.3.2. Primer evaluation

A total of 82 pairs of PCR primers were designed awaluated for 39 different target
genes. Since the major goals of this study weig évaluate the possibility to use single
cells as biosensorsi) to determine the response heterogeneityl ofpseudonando
various important environmental factor® (nitrogen, phosphate and iron limitation), and
iii) also to compare the results with those previouditained at bulk-cell level, the
targets genes included some of the genes with detmaded functions in photosynthesis,
iron transportation and stress responses. Althaughkt of the primers (78 out of 82)
functioned well with bulk-cell RNA, only one paif primers each was obtained for nine
genes after the evaluation process (Figure 14)elatively low success rate of primer
selection reflected the different performance betwdulk-cell based and single-cell
based RT-gPCR analyses, and also the difficultynesuring gene expression at the
single-cell level. The successful primer sets dmrtcorresponding gene targets were
psaA photosystem | P700 chlorophyll a apoprotein Alorwlard primer:
CGGTTCTGCATCTTCAGCATACGGC , reverse primer: GTGCTABCAACGGC-
ACGACCT); psaF photosystem | reaction center subunit (forwardimer:
TGTGGCGCAGATGGCTTACCTC, reverse primer. TGCACTCGTRTACTGCGC-
GTA); psbA photosystem Il protein D1 (forward primer. CCACBGCTGGTGTT-
GCTGGT, reverse primer: CGACCAAAGTAACCGTGTGCAGCTpsbC (forward
primer: TCATCTGCACAAGGTCCAACTGGT, reverse primer:GCAGCACGACG-
TTCTTGCCA); psbG photosystem |l reaction center protein (forwardmer:
TCATCTGCACAAGGTCCAACTGGT, reverse primer. AGCAGCAGEGTTCTTG-

CCA); hsp9(Q heat shock protein (forward primer. AGGCTCTTACGGGGGGCGGA,
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reverse primer: AAGACCCGCCAGCCTCGGA-AGCCibcL, ribulose-bisphosphate
carboxylase (forward primer: AGGCTCTTACGGCCGGGGCGGreverse primer:
TGTAGATAACTTGACGACCTGCGCC); Actin (forward primer. CCGTAGTGAA-
CGCCTATCGTGGC, reverse primer. CCATCGTCTCGCTGCGGQETGrubulin

(forward primer: GGACGCTACGTTCCTCGTGCC, reversemer: GCTCTCGGCC-
TCCTTCCTCACA); 18S (forward primer: TGCCAGTAGTCATARCTCGTCTCA,

reverse primer: CCTTCCGCGAACAGTCGGGTAT). The primé¢hat functioned well

at the bulk-cell level but not at the single-cellél are also provided in the Table 1.
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Figure 14. Two rounds of primer selection.
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Table 1. Sequences of primers evaluated

Name Sequence (5'to 3")
futA_forward ACCTCTATGAGCGCTTCACC
futA_reverse GTCGACCGTCTGGAACAGAT
ftrC_forward TGACCTCTGTGGTGCTGAAG
ftrC_reverse GGTTGTCTTCGGTGAGGAAA
phd-forward CACGACCACACCTCATTCTG
phd-reverse AAGGTCCGGTGTCAAAAGTG
zep-forward AGGACGACCCAGAGGAGAAT
zep-reverse ACCAATGAGGACGACGTTTC

twcarp-forward ACGGTGACGGTCCCCACGGTAACATC
twcarp-reverse ACCCACAGCAGAGGCGATATCCTGA
hsp20A_forward GCCTGGCGGTAGATGTGCCCGGA
hsp20A_reverse ACCCCATCAGCGAGATGGGCTGTG
p23_forward CGGTGCAGATGCATGTGATGAAGGCGA
p23_reverse CCATTCCGCCCATTCCTCCCATTCCCA
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hsp70A_forward

hsp70A_reverse

dnaJl_forward

dnaJl_reverse

dnaJ2_forward

dnaJ2_reverse

pdz_forward

pdz_reverse

pre_forward

pre_reverse

smpl_forward

smpl_reverse

cat_forward

cat_reverse

Actin 235F

GGCCACCAAGGATGCCGGAGCCA

TGGGTGTCTCCAGCGGTGGCCT

AGCGTGGGTGGCTGCGTCCGA

TGCACACACCAATGGTCCCCCTAGTCC

ACCCGCCGCCCCAAAGACGGC

TCGCCACGCCCGTCGCCAGC

AGCCTTCGTCTGCGTCTCACCAGCCT

AGCGTCGGGAGATCGTCTGATGGGCG

AGGTCTCGTTGCCGCGGTTGCCG

CGAATCCAGTTCCAACCGCACCCTTCG

TGCCTCAGGGCGGTCTCGCCA

AGCCCTCCACCAGCCTTCAACTCCCT

TGGGGGTGACTGCAGGGGCGA

AGCCGCCATCGATACCCCACCAGC

ACCAACTGGGACGACATGGAGAAA
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Actin 490R

Tubulin For

Tubulin Rev

18S rRNA 1F

18S rRNA 1R

18S rRNA 2F

18S rRNA 2R

FRE4F

FRE4R

zupT For

zupT Rev

HMA1F

HMA1R

CDF1F

CDF1R

TGTGGGTAACACCATCTCCCGAAT

TTCGACCGGATAACTTTG

CGACTAGTCAAAGGAGC

CTGCCCTATCAGCTTTGG

CGGCCATGCACCACC

TTGACTCAACACGGGAAAAC

ATCCAAAGCTGATAGGGCAG

AAAGTAGGCGACCGCACGGC

GGTGCGAGGGTGAGAGAAGCG

TCCTCCTCGTGGTAGCCGCC

CCTCCCCCAACTCAGCAGCCT

TGGCTTGAGGCACGAGCGAC

CTACCAACCCGTCTGCGGGC

TTCAGGTGGCGAGGTTGCCC

CAGCCGCTGCAATCCCCTGA
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CDF2F

CDF2R

HemeF

HemeR

IscCA1F

IscA1R

2Fe-2SF

2Fe-2SR

CytoF

CytoR

RieF

RieR

Ctyob5F

Ctyob5R

HaemF

TGCAGCCAGCTGGTTTGGGG

TGCTGAAACGGCACAGTGGGT

AGTGGGGGCAAGGTGCTGTCT

GCCTCGGCTACCAAACGACCA

CGGTGGATGCTCCGGTCTTTCC

ACCCACAGCTCTCCTCGGCA

AGGCATCGGTGAATCAGCCACA

CGGTCGGTACAACGTCTACGCA

AACGCAGCCTCCACACTGGC

TCGTTCGTTCGCTGCCGTGG

TTCGCCACTCTTGCCTGCGG

AGGGCGGTGGTGGATCGCTA

ACACTGCAGACTCAGCGTGGA

ACGACGACCGTGAACATCGCC

TCACGGTGCCAATGCCGGTC
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HaemR ACTGCTCGGGGGAAGTGGCA

SOD1F AGTGAGCAAGTCGGCAGCGG
SOD1R TAGCGTGCGGTGCGAGGTTG
SOD2F GCCACCACCATCGCTACACCC
SOD2R GCCCGGCCTCCAAAGCATTCA
ChrAF CGGCGTGTACTGGCACCTCG
ChrAR GGCGATGCTGCCTCCCAACA
FlavLF CCGAAGCAGCCGCCGAAGAA
FlavLR TCGTGCACCTAGAGGAGCTTGTCC
FlavF GCGGTGGCGACGAGCTACAT
FlavR CGTGTCGTCCCTGGCTGCAT
psbW _forward ATCCCACTCCTCCGGACTCTGCATA
psbW _reverse GGATCCTCCGGCATTGCCACATT
psbC_forward GCCCAAAGGCCACCAATTTGACAC

psbC_reverse GCTGCAGGTGGGTGGTTTACTGG
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LhcA-forward

LhcA-reverse

psaF-forward

psaF-reverse

rbcL-forward

rbcL-reverse

rbL-forward

rbL-reverse

PPC1_forward

PPC1_reverse

ACT1_forward

ACT1 reverse

rbcL2_forward

rbcL2_reverse

ACT1_forward

GACCTCCCTTGACGCCATGCC

GACCGTTGGTCTCCTCCCACGAT

GGATGGACGATGGAGTCATGCAGC

TCTTGCCACGCTGAAATTGGCCAA

ACGGTAGCGCTCACAAGCTGT

TGGGTTACTGGGATGCTGCATACAC

CGTGCATCTGCTGCAACTGGTG

TCGTTTTCACGAGCCCAGTAAGCAA

CCGTACCGCCCTTTCCGTGG

CCGGCATACGTCGGAAGCTTGG

AAGCGGCTGAGGCTACGTCGAT

GAGGCCATTCCGTCCAATCCACCA

TCATGCGCTGCTGGTTACATCCG

GTAGATAACTTGACGACCTGCGCCT

GATTGTGGCTCCCCCGGAGAGG
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ACT1 reverse

ACT2_forward

ACT2_reverse

psaF1_forward

psaFl_reverse

psbC2_forward

psbC2_reverse

tubulin1l_forward

tubulinll_reverse

tubulin21_forward

tubulin21_reverse

tubulin22_forward

tubulin22_reverse

actin12_forward

actinl2_reverse

TCGAGTCTCCTCAAACCACGAGCC

AAGATTGTGGCTCCCCCGGAGAG

TCGAGTCTCCTCAAACCACGAGC

GTGGCGCAGATGGCTTACCTCA

TTGCACTCGTACTTACTGCGCGT

ATTCGTTCGTGGATGGCTGCACA

CGAGCGTTTCCACTCCACCAAGC

CTGCCGTGCAGGAGACCTGG

CCTTCCTCGTCGGCAGTTGCAT

CGCCAAGCGTGCCTTTGTGC

CGCCAACAGCGCGACAGAGT

TGGGCCAGGCCGGTATCCAA

CGCACACGGTGGGCTCCAAA

TGGGCCGATCGATCATCCACTGTT

CAGGGCAGTTTGCCTCCCGT
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actin21_forward GGCGTCCAACGAGGAAGGCA

actin21_reverse CGCTGTCGTAATGGCGGGGG
actin22_forward GGTCTAGCTCCGCCAACCGGA
actin22_reverse GCATGCTGCCACTGCATCCCT

5.3.3. Enhanced cDNA synthesis by adding targetiBp@rimers

cDNA synthesis typically employs random primers etlhgenerate the least bias in the
resulting cDNA (Stephen A Bustin and Nolan 20049widver, since we were using total
RNA rather than purified mRNA as the starting teat@| most of the cDNA synthesized
through the random primers will be ribosomal RNA#rded cDNA, which could further
complicate the single-cell gene expression (StepheBustin and Nolan 2004). To
address this issue and to enhance the yield of cO&#Aed from target mRNA, primers
specific to the target genes were added into therse transcription reaction mixture so
that more mRNA of the target genes would be coedeid cDNA (Stahlberg et al. 2004).
To ensure detection sensitivity and reproducibitifysingle-cell gPCR, cDNA from each
T. pseudonanaell was used to detect a maximum of three diffegenes, each with
three technical replicates. In the cDNA synthetp sl UL of primer mixture containing
three target gene-specific primers (reverse prinvengch are complimentary to the
MRNA sequence) was added. The final concentratforagh target-specific reverse
primer in the gPCR reaction is 4 nM. To demonsttateeffects of adding target gene-

specific primers on single-cell analysis, we eviddahe single-cell RT-gPCR analysis of
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three genegpsbC actin and 18S rRNA genes. In this experiment, we dilutezl RNA
isolated from bulk cells (~fOcell/mL) to the level of a single cell which is
approximately 50 fg/uL (Schmid et al. 2010). DurclgNA synthesis, a primer mixture
containing target gene-specific primers was added 6 replicates, while another 6
replicates contain only random cDNA synthesis prsn&he results showed that except
for the 18S rRNA gene, addition of the target-sfieg@rimers can significantly decrease
the G values by 2-4 cycles, which is 4-16 times highldy of target cDNA when
compared with control samples fpsbCandactin genes, suggesting the target-specific
primers in the cDNA synthesis reaction were abl@étprove the yield of target cDNA
significantly (Figure 15). No effect was observemt the 18S rRNA gene, probably
because that it is one of the most abundant genéreitotal RNA (Valente et al. 2009).
However, even for the 18S rRNA gene, our resultsvga that addition of target-specific
primers can improve the gPCR reproducibility byrdasing the standard deviation of C
values from 0.2 to 0.1 cycles (Figure 15). The ltesdemonstrated that adding target-
specific primers into the cDNA synthesis reactioixtore was a useful approach which

can improve the performance of qPCR, especiallytfergenes with larger,&alues.
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Figure 15. Effects of adding target-specific primes. C is quantification cycle, the

fractional cycle number where fluorescence increas®ve the threshold.

5.3.4. Selection of internal reference gene

In order to ensure the gene expression acrosgehtfeonditions or analytical platforms
guantitatively comparable, expression measuremeedsl to be normalized against an
internal reference gene (Heid et al. 1996). Whdeesal internal reference genes have
been demonstrated in bulk-cell based RT-qPCR aisalge far limited information is
available regarding the constant expression ofethegernal reference genes across

individual cells (Stephen A Bustin 2002; StepherB#éstin et al. 2009; Huggett et al.

2005). For single-cell based analysis,

reference gene were acquired by f®&C, method (Livak and Schmittgen 2001; Pfaffl

relativeivaigtls of each target gene against
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2001). Based on previous studies, we selected geresiubulin gene, 18S rRNA gene
and actin gene (Goidin et al. 2001; Kim et al. 2003; Na#isal. 2006) as candidate
reference genes for further evaluation. To simphiy selection process, only control and
no iron growth conditions were used. A total ofcels of control and no iron conditions
were picked and subjected to expression deterromadf thetubulin gene, 18S rRNA
gene andctin gene. The gmeasurements of a total of 24 ceils.(12 control and 12 no
iron conditions) are presented in Figure 16. Thsulte showed that the standard
deviation (StDev) of the Lvalues fortubulin gene, 18S rRNA gene arattin gene
among all 24 cells were 0.89, 2.9 and 0.39 cyalespectively. Thectin gene had the
smallest variance among cells, and was thus sdlastan internal control for our further
analysis. The result was also consistent with thfaKustka et al. (2007) that the
expression of theactin gene was constitutive under all iron concentratigiustka,
Allen, and Morel 2007). The results also showed theen for 18S rRNA antubulin
genes which were widely used as internal contmolgarious bulk-cell based RT-qgPCR

analysis, significant cell-to-cell heterogeneitystad.
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5.3.5. Gene expression under stress conditions
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Figure 17. Relative gene expression activity normiazed by control growth condition
at bulk cell level.(The activity of each gene under control growthditan is equal to
one.)

To establish a baseline for single-cell based amglyve first performed a bulk-
cell based RT-gPCR for the selected target genegrutinree stress conditions. The
relative activity of each gene was derived from @lue which normalized by cell
number first and then by the activity of controbgth condition. The results showed that
except for thensp90gene under no iron condition, all other genes vdengn-regulated
by the stresses (Figure 17). Up-regulation oftteg90gene under no iron condition was
also reported by Thamatrakod al. (2012) who applied a combined genome-wide and

targeted comparative transcriptomic analysis wittigostic biochemistry anoh vivo

cell staining as a platform to identify the suitegenes involved in acclimation to iron
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and associated oxidative stresslinpseudonandThamatrakoln et al. 2012). In another
study, Allenet al. (2008) also found thatsp90gene was up-regulated under an iron
starvation stress condition in a pennate dianaeodactylum tricornutumBoth the
psaAgene encoding photosystem | P700 chlorophyll dpaiptein A1 and thesaF gene
encoding photosystem | reaction center subunit wdoen-regulated under three
nutrient-limited conditions. Similar results of PSlecrease under iron limitation were
also reported by Allert al. (2008). When compared with tipsaAgene and th@saF
gene of PS |, thpsbAgene and thpsbCgene of PS Il were down-regulated more under
all nutrient-limited conditions suggesting that pygystem Il may be more vulnerable to
nutrient-limited conditions than photosystem I, sistent with the results of Moa#t al.
(2008) who analyzed whole-genome expression pngfilinder several different growth
conditions such as no Fe, no N, no Si and high ésatpre. ThebcL gene was down-
regulated significantly under nitrogen starvatiord ano phosphate conditions, but only
down-regulated slightly under no iron condition. drrecent study, Alleet al. (2008)
reported that down-regulation of several protesisgsh as phosphoribulokinase (PRK)
and two enzymes supplying substrate for RuBisCOleald to decrease of carbon fluxes
toward RuBisCO under Fe stressHntricornutum(A. E. Allen et al. 2008). In addition,
comparison of gene expression patterns showedalltaugh T. pseudonanand P.
tricornutum was divergent ~ 90 million years ago and had vd&trdnces in genome
structure (Bowler et al. 2008), but they may sthlare a similar fundamental response
mechanism to iron starvation. Other than theseltsggBearson correlation coefficients
under different conditions (Tables 2-5) indicatéa@ttthe psaA and psaF genes were

always negative correlated under different nutrlenited conditions, suggesting that the
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two genes were regulated by a similar mechanisnopposite direction under different
nutrient-limited conditions which was rational snlooth of them belong to photosystem
I. However, for the gengssbAandpsbC no such correlation was found, which possibly
suggests that the regulation mechanisms were eliffebetween photosystem Il and
photosystem 1.

Table 2.Pearson correlation coefficients of no Fe condition

psaA psaF psbA psbC rocL  hsp90

psaA 1

psaF | -0.15283 1

psbA | 0.634& -0.1411 1

psbC | -0.01904 0.24029 -0.11868 1

rbcL | 0.23488 -0.32449 0.38733 0.47839 1

hsp90| 0.38389 -0.52269 0.6432 -0.18774 0.32095 1
* Red number indicated significant correlation

Table 3.Pearson correlation coefficients of no N condition

psaA psaF psbA psbC rocL  hsp90
psaA 1
psaF | -0.59133 1

psbA| 0.24673 -0.32845 1
psbC| 0.06086 -0.08748 0.06207 1

rbocL | 0.51667 -0.36102 0.107020.05714 1

hsp90| 0.69475 -0.63123 0.42323.20161 0.48914 1
* Red number indicated significant correlation
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Table 4.Pearson correlation coefficients of no P condition
psaA psaF psSbA psbC rbocL  hsp90

psaA 1

psaF | -0.46653 1

psbA| 0.3934 0.04633 1

psbC| -0.18947 0.21417 0.13337 1

rbocL | 0.09046 -0.3235 0.05951 -0.05743 1

hsp90| 0.21243 0.36844 0.18594 -0.298350.47688 1
* Red number indicated significant correlation

Table 5.Pearson correlation coefficients of control condition

psaA psaF psbA psbC rocL  hsp90

psaA 1

psaF | 0.31514 1

psbA| 0.8602 0.38443 1

psbC | -0.35067 -0.05957 -0.28209 1

rbcL | 0.30129 0.28349 0.47 -0.36159 1

hsp90| -0.23108 -0.11722 -0.22576 -0.09846 0.35078 1
* Red number indicated significant correlation

For single-cell level analysidAAC, method was adopted to calculate the relative
expression of each gene against the referaaie gene. Figure 18 and Figure 19 showed
the result of g°PCR analysis of 6 genes under cbatrd three stress conditions. For each
condition, 30 individual cells were picked and gmad. Reactions with large variation
between technical replicates and/or with multiptaks observed in the melting curves

were considered as failed reactions and were eadlflm further analysis. Overall the
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success rate of gPCR reactions was approximatéty 3Be reproducibility of the gPCR
was derived from the StDev of the technical repéisaof each cell. Based on our results,
hsp9Q psbA, psbGndactin genes were all with small average StDev valuesngnadi
samples which were 0.2041 cycles (0.75% of ave@agalues), 0.2109 (0.75%), 0.2116
(0.72%) and 0.2148 (0.74%), respectively. For tereeg with larger Cvalues, although
the average StDev values were almost doubled t84@.31.2%), 0.4048 (1.2%) and
0.422 (1.3%) fopsaF, psaAandrbcL genes, respectively, they were still in the reky
low variation rangers. In general, our single-t&lel gPCR protocol was robust and able

to generate reproducible data.
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Figure 18. Box chart of expression level of seleet genes under different growth
conditions.
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Figure 19. Gene expression distributions of selegg genes under four different
growth conditions. (p-values achieved by using nonparametric two satdplmogorov-
Smirnov Test between each nutrient-limited and mdrbnditionso = 0.05. X-axis is
the relative activity.)

The RT-gqPCR results showed that gene expressiaadvaignificantly between
individual cells, suggesting significant cell-cefieterogeneity existing in thd.
pseudonanapopulation (Figure 19), consistent with the pregioconclusions that
stochasticity otranscription contributed significantly to the Iéwé heterogeneity within
a clonal population and this heterogeneity caneatelvealed by snap-shot measurements
of bulk cells (Bengtsson et al. 2008; Bengtssonalkt2005; Blake et al. 2003).

Comparison of the distribution patterns betweendd@ns can be achieved by Kruskal-

Wallis ANOVA test (Schmelz et al. 2003). The reswdhowed that except for tipsaF
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gene, four other genes exhibited independent esioreslistribution patterns under four
growth conditions (Table 6.). Thevalue of thepsaFgene was 0.06841 which was close
to the cutoff (i.e. < 0.05), indicating that thewvere still some differences for tipsaF
gene under four conditions.

Table 6.p-values of Kruskal-Wallis tests at 95% confidenceevel

Gene p-value
psaA 8.23229E-15
psaF 0.06841
psbA 0.00255
psbC 9.47652E-5
hsp90 7.70247E-4
rbcL 4.40972E-8

Bulk-cell based analysis showed that gsaAgene had a higher expression level
in the no phosphate condition than that in the moogen condition (Figure 17).
However, a reverse pattern was observed from tiglescell based analysis. A similar
pattern between bulk- and single-cell analyses als® observed for thesaF gene. For
psbAgenes, the nitrogen depleted condition had thesbwactivity among four growth
conditions which was only 10% of the control commit This may be due to the
insufficient supply of inorganic nitrogen as fouhg Kolber et al. (1988) that nitrogen

limitation could lead to substantial decreases hotpsynthetic energy conversion
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efficiency and loss of PS Il protein D1 which eneddypsbAgene. FopsbCgenes, the
results from the single cell level were consistsith the results from bulk-cell analysis.
Although the bulk cell results indicated that ncogphate had about two times higher
activity than the no nitrogen condition for thep90gene, the single cell level results
indicated that the activities were similar to eaxther. While the up-regulation of the
hsp90gene under the no iron condition at bulk cell lewas confirmed by single cell
level results which indicated that low Fe availépilindeed triggered stress OR.
pseudonanaFor therbcL gene, the results showed that no iron issued faatebn the
rbcL expression while no nitrogen affectdmtL expression based on both single-cell and
bulk-cell based analyses, consistent with previgask in marine diaton®. tricornutum
(Greene, Geider, and Falkowski 1991).

5.3.6. Principal Components Analysis (PCA) of sengtll RT-gPCR data

With the aid of powerful statistical tools, mordrinsic information can be extracted
from single-cell based datasets. For instance,dbssihe independence test based on
results of response distributions, principle conguranalysis (PCA) also can be applied
to analyze the relationship between different ghowbnditions (Figure 20). PCA can
provide a simple plot that shows the most importaat factors that affect the samples of
each growth condition. PCA analysispgaF showed that no nitrogen condition had no
significant affect on gene expression in singldscelhen compared with the control
condition since it was close to the control comdhtin the figure. FopsbAandrbcL,
PCA results showed they were separated from eduodr avthich meant four growth
conditions were distinguished from each other. €hessults agreed well with the

distribution analysis. While fopsaA and hsp90 genes, thep-value generated from
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Kolmogorov-Smirnov Test suggested that there weraignificant differences between
no iron and control conditions (Figure 19). HoweVasised on the PCA analysis, they
had a similar score of component 1 but slightlyfedlégnt score of component 2 of
different nutrient-limited conditions, which indieal that expressions of these two genes
under nutrient-limited conditions were similar tach other but distinct to the control
condition. In addition, fopsb(C the distribution analysis showed that no iron eoadtrol
conditions were similar to each other but the PEgutts showed that expressiornpsbC
gene under no iron and control conditions werecoatrolled in the same way. Although
PCA analysis cannot determine which factors weeentlost important two factors, it was
a good method to visualize the data for larger $ansize and to extract the most

important properties of the whole sample.
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Figure 20. Principle Component Analysis (PCA) of sigle-cell based analysis of
selective genes.

5.4. Discussion
The responses of diatoms to various nutrient-lichitenditions have been evaluated at
the population level (Mock et al. 2008; Thamatrakat al. 2012). However, as

planktonic microorganisms, the cell-cell heteroggnef diatoms in terms of responses
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to environmental factors could be significant, dr@de never been documented. In this
study, we made the first attempt to measure theesspn of selected genes out of model
diatomT. pseudonanahen they were subject to no nitrogen, no phosphat no iron
conditions. The results showed that significaneregeneity was found which shed light
on potential environmental problems. Opposite esgon patterns were found fpsaA
psaF, psbAandhsp90genes between single-cell based and bulk-celldbasalyses. The
abnormal cells identified in single cell analysisaynbe an indicator of potential
environmental problems and suggest further invastgs would be possibly buried
under the average value of bulk cell populationyes®s.

In order to applyl. pseudonanas a sensor by using single cell RT-gPCR, several
issues need to be addressed. The first is thetisggsof the sensor which is equivalent
to single cell RT-gPCR sensitivity. Since the sevisy of our technology can go down
to a single cell level, it has the capability tcagae some precious and/or uncultured
environmental samples.

The results show that as the copy number of trggtscof a gene decreased, the
StDev of RT-gPCR technical replicates increasedraiegly. To overcome the issue,
small reaction volumes which increase the localplate concentration are preferred. In
the study, we used 10 pL reaction volumes instdadoaventional 20 pL reaction
volumes for gPCR. Currently, 10 pL was the smallesiume that we could get
consistent and reliable results in the tube/mitgofplate-based qPCR reaction. In order
to further decrease the reaction volume, chip-ledeVices which can decrease the
volume to several pL (Shi et al. 2011) even pL l¢Beer et al. 2007; Kiss et al. 2008;

Lindstrom and Andersson-Svahn 2010) will be moreaetive. In addition, we also
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addressed the low starting material issue by irstngethe cDNA yield of specific targets
through adding target-specific primers. Stahlbetgal. (2004) evaluated 4 different
primer strategies which were random hexamers, dliJg, gene specific primers and
gene-specific primers mixture on five different genand the results showed that gene
specific primer mixtures had an overall advantaggeld on the yield and StDev of qPCR
results of several different genes (Stahlberg e2@04). In order to simplify the whole
process, considering the reverse primer of gPCRommplementary to the mRNA
sequence, it may bind to specific mRNA during tiENé synthesis step which will
increase the cDNA vyield of specific targets, we etlthe reverse primer directly rather
than using the specially designed specific printeas are complementary to the mRNA
sequence as described by Stahlbergl. (2004). The results showed that adding target-
specific primers in the cDNA synthesis step coulctéase the quality and yield of target
cDNA by about 10 fold on average.

The second issue is how to interpret RT-gPCR resuld quantitative way so that
the result can be used as an indicator of envirommhestress conditions. The use of
reference genes is important in order to normaR€R results, and much research has
been done on the selection of reference genes daous bulk-cell based analyses
(Czechowski et al. 2005; Huggett et al. 2005). Have considering gene expression
stochasticity in single cells, the reliability amploying these genes for single-cell gene
expression is still unclear. In this study, we stdd and validated th&ctin gene as an
internal reference based on its better performdhaa other candidate genes, and the
expression heterogeneity of tlaetin gene was still observed between individdal

pseudonanaells. To fully address the heterogeneity issmealternative internal control
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strategy, such as using a molecule that is adlficincorporated into the sample as an
RNA spike (Bower et al. 2007; Stephen A Bustin &ladan 2004; Huggett et al. 2005),
may be necessary and worth further development.

There are still technical challenges for using rofial gene expression at the
small-number-of-cells level as environmental sesnsbor example, the targeted microbe
is in the mixture with other microbes, yet furthmanipulation such as cell sorting or
cultivation will alter gene expression levels. Hoovsuccessfully find out the atypical
gene expression patterns from a few cells amoragged number of background normal
cells is another big challenge. To overcome thigasible approach is to perform high-
throughput single-cell level analysis to the micodd, then extract the targeted
information using post processing on the acquired.d

Finally, our results demonstrated that with propelection of gene targets and
optimization of RT-gPCR conditions, gene expressioaasurements at single cell
resolution will allow monitoring of the ocean eromimental health, possibly at an early
stage of potential environmental problems to mimenithe cost of environmental
remediation. However, currently the technology veovkell only with highly expressed
genes, which limits the selection of gene targetshe future, further development and
optimization of the molecular biology protocol, amdegration with a chip-level real-
time PCR device (Shi et al. 2011) will generate hgp devel sensor instrument for
monitoring marine environmental health in a fastl affective way to overcome the
remaining technical challenges. At the same timadédmental microbiology questions

about heterogeneity within an isogenic populatiaghbe answered as well.
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6. ONE-STEP ON-CHIP SINGLE-CELL RT-QPCR

6.1. Introduction

Satellite in situ blended ocean chlorophyll records indicate oceanual primary
production declined about 6% from 1980’s to 20(Gsegg et al. 2003). Without further
sacrificing the primary production of the ocean efiiicient way to monitor this negative
perturbation in the ocean at an early stage whalked advantage of the recent
improvement of technologies is urgently required.

Currently, there are several different kinds ofsees that can be used to monitor
the ocean environment. For instance, satellite temmnitoring can provide large-scale
or even global information (Field et al. 1998; Baffeld et al. 2001; Gregg et al. 2003).
However, the accessibility of this source is lirdi@nd the large-scale imaging typically
has an inherent lack of sensitivity. Electrochemi@zsed sensing is another widely used
tool (J. Wang 2002). For example, a BOD (biocheimieggen demand) sensor (Karube
et al. 1977; Y. R. Li and Chu 1991; Strand and €2ar|1984; Liu and Mattiasson 2002)
has an immobilized biofilm inside the electrode ethdetects the BOD in a short time
which is typically 15-20 mins (BO&) instead of conventional BQDwhich takes five
days. The potential problem is the BEdan only be derived from BQ under high
concentration of fast and easily assimilable compsuwhich is not the case for ocean
environment. There are also other electrochemiaséth sensors, such as copper sensors
(J. Wang et al. 1995), phenolic sensors (J. Wardy @nen 1995) and okadaic acid
sensors (Campas and Marty 2007). All of these serage target specific, very sensitive
and able to be minimized (J. Wang 2002). Due tesdhproperties, they are good

candidates for deployment in ocean. However, tlaegestill challenges that need to be
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faced such as long-term stability, related basdliri and hazardous materials required
for the electrodes (J. Wang 2002). Other than tthet, electrochemical based sensors
normally only target one type/group of substanceclvidecreases the cost-effect of this
type of sensors. There is also other type of settsononitor the environmenh situ,
such as engineered microorganisms (Ripp et al. )208@hough the process of
constructing an engineered microorganism requingscial expertise and is time
consuming which limits the application of this madh this method is able to provide the
information about the biological impacts which aressing in the aforementioned
sensing methods.

Here | introduce a new technology on which a noselironmental sensor
network can be built. This real time situ monitoring technology will minimize errors
and costs associated with sample transportatioriaomtatory analyses (J. Wang 2002),
will use native inhabitants of the ocean, and Wdlable to be deployed in the ocean to
monitor biological impacts in the environment.

This technology will take advantage of the well Wmofacts that gene expression
will be altered when the environmental conditionapes (Gasch et al. 2000) and
environmental variations will first change the gepression before altering the whole
community (Edward F. DeLong 2009). In order to depean early warning system, |
hypothesize that individual cell gene expressioalyais provides a richer reference than
the average of a bulk cell population. Our previpweveloped inexpensive chip level
device (Shi et al. 2011) will be combined with tisesed single cell analysis (Shi et al.
2013). In order to monitor the environment of tloean, one microbe that can be widely

found and has broad representation should be chasea target. Based on these
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considerations, diatorii. pseudonanawhich belongs to a major group of unicellular
phytoplankton, is selected as the target microlagk@wski et al. 2004; Thamatrakoln et
al. 2012; Shi et al. 2013).

6.2. Experiments

6.2.1. Cell culture

Thalassiosira pseudonan@CCMP1335) cells which belong to diatoms were gt
from the National Center for Marine Algae and Miaiia (NCMA), and were grown in
f/2 medium at 24 £ 1°C (Guillard 1975; Guillard 6under a constant lighting
condition (30 pumol photons fns’ irradiance measured using LiCor (Lincoln, NE)).
Cells were cultured in normal conditions with nonir Artificial seawater was prepared
using chemicals of analytical purity and prepareddd on the formula of Kestet al.
(1967).

6.2.2. Chip fabrication

The droplet format is based on the thermal cyckdu In this research, the thermal
cycler used is ABI StepOne Real-Time PCR Systenpliad Biosystems, Foster, CA).
Based on the thermal cycler structure of StepOra-Riene PCR system, a 48 droplet
format was applied. The chip fabrication process e same as described in Section
4.2.2.

6.2.3. One Step reverse transcriptase quantite@iR (RT-gPCR)

Primers for RT-qPCR were designed using Primer-BLABhe primer design standard
can be found in our previous single cell techna@egilevelopment paper (Gao, Zhang,
and Meldrum 2011; Shi et al. 2013). RT-qPCR wadopered using Express One-Step

SYBR GreenER Universal Kit (Invitrogen, Carlsbady)®n an ABI StepOne Real-Time
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PCR System (Applied Biosystems, Foster, CA). PGRtrens contained 0.4 pL of each
primer with a concentration of 4 uM, 2 pL of mastexture, 0.04 pL ROX, 0.04 pL
SUPERase In, 0.4 pL 5X BSA and 0.08 pL SuperSdhigReverse Transcriptase and
0.64 pL of DEPC treated water (Ambion, Austin, TReactions without cells served as
negative controls.

6.2.4. Single cell isolation

Single cells were isolated using the micromanipslas described in Sections 4.2.4. and
5.2.2.

6.2.5. Data analysis

To describe the distribution variation of singldtgene expression levels among cells,
nonparametric statistic tests which do not reqawemal distribution of datasets were
applied (Siegel 1957). Kolmogorov-Smirnov test weed to analyze the relationship
between two different growth conditions of RT-gP@Rasurements using the OriginPro
8.1 software (OriginLab Corporation, NorthamptorA\

6.3. Results

6.3.1. On chip one step RT-gPCR optimization

In order to achieve the best performance of the,dimst, three different commercially
available one-step RT-gPCR kits were compared: &giOne-Step SYBR GreenER
Universal Kit (Invitrogen, Carlsbad, CA), Super$trill Platinum® One-Step gRT-PCR
Kit w/ROX (Invitrogen, Carlsbad, CA) and One StepnieScrip RT-PCR Kit (Perfect
Real Time) (Clontech, Mountain View, CA). Serietutions of purified RNA were used
to test the performance of each kit. Based on #éselts of Figure 21, SuperScript Il

Platinum® One-Step qRT-PCR Kit cannot differentitite difference between negative
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control and the lowest concentration of RNA. ThameScrip RT-PCR Kit had even
worse performance and cannot differentiate betweamcentrations smaller than 16

pg/uL of RNA.

A SYBR GreenER
) SuperScript

34 pg/uL. 3.4 pg/uL 340 fg/uL Negative
B) [ SYBR GreenER

PrimeScript

0 T v T v v T v T T 1
1.6 ng/pL 160 pg/uL 16 pg/pL 1.6 pg/uL 160 fg/uL. Negative

Figure 21. Commercial kits performance comparison.
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Secondly, cDNA synthesis time was tested. Forube-based method, the cDNA
synthesis time is about two hours for single celcations. Two hours is too long for
applying the one-step RT-gPCR technique; hence, dbBIA synthesis time was
decreased from 2 hours to 40 mins. Two genes vested at different concentrations of
purified RNA and both of them showed linear resgon$ different concentrations of
purified RNA with 40 mins cDNA synthesis time. Thesults indicated that 40 mins
cDNA synthesis time was robust for the one-stepdRCR reaction (Figure 22). Further

decreasing the cDNA synthesis time decreased talgyjaf the gPCR results.
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Figure 22. 40 mins cDNA synthesis time test.
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Thirdly, in order to directly run reactions in diefs without RNA
extraction/purification, the cell lysing methodthre droplet needs to be selected carefully.
Some methods are compatible with the droplet b&seaht, such as heat lysing (Clark et
al. 1993; Hirakata et al. 1998) and Triton X-100factant lysing (Werf, Hartmans, and
Tweel 1995; Ren and Schwartz 2000). | tested diffetemperatures of cell lysing by
using heat and found that 49 °C was strong enooidyse the cell. Two different lysing
methods are compared in Figure 23. The results ghawvheat lysing has significant
advantage over Triton X-100 methods of both gerldge possible reason of bad

performance of Triton X-100 may be due to the PGRgatibility of this chemical.
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Figure 23. Cell lysing methods comparisofNRTC stands for no reverse transcriptase
control)
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6.3.2. Temperature calibration

To perform RT-gPCR in the designed chip level deyvecthermal cycler was needed. A
customized miniature thermal cycler is the bestiaghdor future sensors which are

deployed in the ocean, but at this moment, broadetiie potential application scope of
this chip is also important. For general use of gingle cell sensitivity chip, any thermal

cycler can be used. For different thermal cycleesmperature calibration steps will be
needed. The process for temperature calibrationimsesting a 0.076 mm-diameter K-

type thermocouple (5SC-TT-K-40-36, OMEGA, CT) i@ center of a droplet to adjust
the setting temperatures and corresponding dusatbthe StepOne machine to achieve
the required temperatures of the droplets. A theouple reader (50 Series Il, Fluke,

WA) was used to read the temperature during thewyeling. Figure 24 shows the

temperature profile set on the thermal cycler (blaectangular dots) and the

compensated temperature profile in the droplet$sjdd@he heating/cooling rates were
longer than those for conventional in-tube PCR,thig issue can be solved by using a
customized thermal cycler. However, with this terapg&re calibration step, more

biological laboratories can take advantage of simgjle cell analysis chip as long as a
real-time PCR machine with a flat top thermal cycteavailable. To further demonstrate
that this chip can be widely used in conventionaldgical laboratories, no customized

signal detection part is applied. The signal detecpart is solely from the StepOne real

time PCR machine.

99



—— Real Temperature

110 —=— Setting Temperature
100
90
~ 804
OQ J
~ 704
Q) .
S 60+
- 4
g 50 4
S 4ol
= 7
—~ 304
20

10 T | L

0 | 5(|)O | 1000 | 15|00 | 2000 | 25I00 | 3000 35|00 I40I00 |
Time (Second)

Figure 24. Temperature setting of the thermal cycle
6.3.3. Chip performance evaluation
Before executing the experiments, the performaricthe chip needs to be evaluated.
First, different amounts of purified RNA were lodden the same chip. The results in
Figure 25 show clearly that different concentrasion RNA clustered well and only 6 out
of 12 negative controls showed amplification signaRAdditionally, the signal from the
amplified negative controls can be differentiateithwhe 2 pg reactions. The’ & 0.99

which further demonstrated good performance otttip.
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Figure 25. Standard curve analysis.
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Other than the standard curve experiment, a gosigrshould have minimized
variance over the same chip. This was tested lingadifferent amounts of purified
RNA on the chip. The results in Figure 26 show thatstandard deviation over the chip

was well controlled. The standard deviation at gd0evel was only about 0.3 cycles.

30

HH

25 4

20 4

H

C wvalue

T -
200 ng 10 pg

RNA amount
Figure 26. Chip variance test.

Based on the results from Figure 25 and Figurett#5 chips run robustly. Since
single-cell resolution is needed, the next quesi®rif single cell analysis can be
performed on the chip. First, an estimation of t&AA in a singleT. pseudonanaell
needed to be made. Table 7 provides some genérahiation aboull. pseudonanalhe
total RNA in a singleS. cerevisiaés about 1 pg and in a single mammalian cell suab
20 pg (Schmid et al. 2010). Based on this inforomtithe estimation of total RNA if.
pseudonanahould be at the several pg level. Considering¢alts of the performance

tests, they were solid demonstrations that singlleresolution can be achieved.
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Table 7. General size and genome information

S c_erevisiae Thalassiosira pseudonana
(Schmid et al. 2010)
size 5um 5um
Genome size 12 Mb 34 Mb
Gene number 5,770 11,242

6.3.4. Single cell gene expression

Single cell gene expression results are showngnrgi27. For single cell analysis thg C
value is used directly as a representation of tieity of individual cells. No reference
gene was used since in each droplet there was amy cell which was visually
confirmed. The results showed that variance betweengrowth conditions cannot be
negligible for the genes tested. Single cell remstiwith no detected&value, G value
larger than the negative control, or wrong meltougve were removed from the data
analysis to ensure the reliability of analysis. S&n@eactions with no detecteq Galue
were not necessarily failed and it is highly pokstbat the transcription number in those
reactions were between the detection limit of thip @and zero (Stahlberg, Kubista, and
Aman 2011). Since it was difficult and time consngio determine the detection limit
of an individual gene (Stahlberg, Kubista, and Ar2@d1), those results were removed
for convenience. All the negative control reactiather were undetected or can be
differentiated by melting curve analysis. After ®rmg all the unreliable reactions, the

overall successful reaction rate was over 82%.
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Figure 27. Box chart of single cell gene expressi@malysis.

The genes selected for this research were basedragerevious tube-based single

cell analysis results. One more gdPieTC2was selected to replace tH®L gene since

PETC2gene codes a b6-f complex iron-sulfur subunit (Mdd et al. 2003) and is more
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closely related to iron transportation. All of thi& genes showed lower expression under
no Fe conditions excepisp90 Up-regulation ofhsp90 indicated that the no iron
condition caused a stress on the population whesults in higher expression. As
aforementionedPETC2codes an iron-sulfur subunit which belongs to eske protein
(Yan and Cramer 2003). Down regulation of the Reespe protein subunit under iron
limitation condition was reported by Allest al. (2008) using microarray data which was
a powerful support of our chip. All single cell v#s showed larger variance among
populations and those results were frequently oo&dd by population level analysis.
Further investigation of the single cell resultse& that a bimodal distribution
can be observed under no iron conditiongp&isA(Figure 28). This may suggest that the
existence of two subpopulations: one with enhartigtscription level and one opposite,
resulting in a bimodal distribution (Choi et al.(8) Longo and Hasty 2006; Adam K
White et al. 2011; Bengtsson et al. 200B)e bimodal gene expression has been well
documented before. Bengtssenal. (2005)found a bimodal model (Ko 1992) in mouse
insulinoma MING6-cells where one subpopulation meseased activity characterized by a
high mean value and another subpopulation hasativelly lower mean value. Whitet
al. (2011) also observed such distributions when #dreglyzed the coregulation of miR-
145 and OCT4 in single cells. This expression patteas not noticed in other genes

which indicated that the cell may involve differatitategies to regulate gene expression.
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Figure 28. Violin plot of single cell gene expressn analysis.
Since single cell level analysis revealed distidns among populations,

statistical tools can be involved to analyze thstritiution of each sample. Skewness
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(St&hlberg, Kubista, and Aman 2011) is an index thdicates the asymmetry of
distribution. A distribution with a longer left tdhias negative skewness, and the opposite
has positive skewness. If a sample is highly skeweate cells with expression level far
away from the mean value exist which may mean ttihede so called “outlier” cells are
functionally important (Hebenstreit 2012). Thosetlieu cells cannot be detected by
traditional population level analysis. Kurtosis asother index which represents the
“peakedness” of a distribution. Sharper and highesaks will have larger kurtosis and
vice versa. Larger kurtosis means the samples are ooncentrated. Table 8 shows the
skewness and kurtosis of different samples.

Table 8. Skewness and Kurtosis

psaA psaF psbA psbC hsp90 PETC2

Noiron 0.34891 -0.59842 0.00673 0.03252 -0.5463 439.

skewness
control 0.00618 -0.44573 0.50014 0.16243 -1.5329 .53D

No iron -1.2102 -0.41157 -1.78328-0.7040 -0.8943 0.75557
kurtosis

control  -0.76336 -1.04537 0.5353 -0.5078 4.03544 0.63393

The results indicate thgisaF and hsp90 under no iron condition andsbA
PETC2under control condition were moderately skewed\stess within -1 to -0.5 or
0.5 to 1) (Bulmer 1979), antisp90 under control condition were highly skewed
(skewness less than -1 or larger than 1) (Bulm&eL9rhese skewed results demonstrate

the importance of single cell analysis since maudlier cells may be found for those
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samples and the mean value is less representdtithee ovhole population. For genes
psaA psbA psbC and hsp9Q 4 out of 6 kurtoses under control condition hadyér
values indicating relatively concentrated distribng under these conditions. That means
under no iron conditions those genes had broadnldition and the whole population
may take advantage of those properties to adaphdastress condition. No unifying
model exists to represent all 6 genes expressiotieasingle cell level, confirming that
gene expression was regulated by multiple elements.

A fit test was also performed at the single cellelefor all 6 genes under two
growth conditions (Figure 29). The results showleat ta lognormal distribution had a
good fit for all conditions. This skewed lognormdistribution was consistent with
previous reported results (Stahlberg, Kubista, Anthn 2011; Bengtsson et al. 2005;
Shalek et al. 2013; Stahlberg, Rusnakova, and Kail#613). A significant impact of
lognormal distribution is that the geometric averdgggcomes more important and more
representative of the whole population than aritfienaverage (Stahlberg, Rusnakova,
and Kubista 2013). While the population level as@ycan only achieve arithmetic
average, it again raises the necessity of sindleacalysis.

The advantages of our methods are streamlined gsimge which minimized
anthropogenic error and eliminated the possible imroduced by pre-amplification. The
chip design is pretty flexible and can be determhibased on the thermal cycler and
signal detection module of an existing gPCR sysidrith allows the chip to be widely
used by conventional microbiology laboratories. &h®n the existing StepOne Real-
Time PCR system, the current throughput was limited8 reactions per chip, although

there is no technical hurdle to increase the thmpug significantly with a customized
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thermal cycler and signal detection module. Howgwee limitation of the chip is whole
transcriptome analysis cannot be achieved on tipe dtultiplex gPCR can be used to
alleviate this problem but still only a limited nber of genes can be detected at a time

due to spectral overlap of classical fluorophores.
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6.3.5. Power evaluation and sample size estimation
The power of single cell results can be achievedidigg OriginPro 8.1 and the formula
is:

Power = Prob(t >tq.), v, A)

The results n is sample size, degree of freeden2(n-1).

8 —
and6 — M

A= :

w; andy, = mean value of control condition and no iron ctindi s = standard
deviation of the combined samples. The resultsbmdetermined based on probability
table.

The calculated power for individual genespgsaA 69%;psaF 89%;psbA 87%;
psbC 12%;hsp90 66%;PETC2 71%. The power was calculated by a 1-side testtdu
the skewed distribution and at a 0.10 level. Thevggoanalysis showed good results
which demonstrated that the chip performance wasngtenough to represent the
information of the population. The lower power fosbC was because of the small
variance between two populations. In order to wigtish the variance between two
populations with small variance, larger sample $&esquired. Currently, due to some
technique issues and biological hurdles, only atloR@ cells of each condition can be
achieved. A detailed discussion is provided in éqmtix A. In order to achieve better
power, larger sample sizes need to be accomplishiesl.required sample size can be
evaluated based on the preliminary test of eacleraxent and it depends on the mean

value of each population and standard deviationhef combined population. For my

analysis, in order to achieve 90% power, the sarsigkefor each gene will bpsaA 42;
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psaF 21; psbA 25; psbC 6183;hsp90 44; PETC2 23. The results were calculated by
OriginPro 8.1 and the formulas are same as powleulesion. The exceptional larger
sample size fopsbCwas due to the close mean value of two populatiord@er no iron
and control conditions. If higher power was needadjer sample size was needed which
can be solved by increasing the throughput. Runafrmgultiple chips for each condition
was not a feasible solution because of RNA presiervand chip to chip variance (see
Appendix A).

6.3.6. Comparison with conventional in-tube singgd-qPCR results

Tube-based single-cell gPCR has been achieved Ibefase (Shi et al. 2013) and the
results will be used to compare with the chip-bassdlts. Table 9 lists the results of the
p-value of two growth conditions from two differemtethods. The-value results have
100% correspondence to each other which indicéegower and reliability of the chip-
based experiment.

Table 9.p-value of two different methods at 95% confidenceelvel

tube-based methodchip based method

psaA 0.07 0.37
psaF 0.03 0.03
psbA 0.02 0.02
psbC 0.29 0.98
hsp90 0.37 0.08
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Other than thep-value, Pearson correlation analysis (Lee Rodgers and
Nicewander 1988) which calculates the linear cati@h between two samples was also
applied to the chip-based results. The resultslaog/n in Tables 10a and b.

Table 10a.Pearson correlation analysis of no iron condition at the QL0 level

psaA psaF psbA psbC hsp90 PETC2

psaA 1

psaF -0.29735 1

psbA 0.01336 -0.0553 1

psbC 0.17019 0.3241 0.30327 1

hsp90 0.46153* -0.21957 -0.03133 -0.20126 1

PETC2 -0.12301 0.30403 -0.100910.19848 0.18193 1
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Table 10b.Pearson correlation analysis of control condition at the 010 level

psaA psaF psbA psbC hsp90 PETC2
psaA 1
psaF  0.24948 1
psbA  0.21327 0.12527 1
psbC  0.01059 0.4479 0.0488 1
hsp90 0.6084* 0.08453 0.06102 -0.12517 1

PETC2 -0.03567 0.34246 -0.48679* 0.32337 -0.19856 1

* significant correlation

The correlation analysis showed that the signiticaggative correlation under
control condition betweempsbA and PETC2 became less significant under no iron
condition while the positive correlation betwepsaAandhsp90was maintained under
both conditions. Compared with previous tube-bassdlts (Tables 2 and 5), there was
no correlation between those two methods. ConsigdhatPearsoncorrelation analysis
is a statistical analysis tool, the results majugriced by a lot of factors, such as sample
size, data normalization method used and so on.iffidmnsistency of those two results
may be reasonable. Although the single cell angligsbecoming more prevalent, how to

interpret the results in a reliable and accuratg iwdar away from mature, so more effort
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needs to be put on this topic. This work also ptesisome possible tools that can be

used to analyze single cell results.
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7. CONCLUSION AND FUTURE WORK
7.1. Conclusion
The major findings and contributions of my thesis: a

1. The deep sea microbial community structure wasyaedl by using culture-free
biological tools including clone library construati and phylogenetic analysis. A
surface water microorganisi, pseudonanawas found in the deep ocean with
moderate activity which was confirmed by RT-gPCRilgsis of the ratio of 23S
rRNA to 23S rDNA abundance. My assertion is thatsth photoautotrophic
microbes are natural habitants at this depth. léséh photoautotrophic
microorganisms were brought down by convective dercor microbial
assemblages associated with large sinking partiabéser photoautotrophic
microorganisms extant in surface water should Als@bserved in the samples.
However, only two such species were found. Thesaltse provide evidence to
indicate that previous information about microongandistribution in the ocean
may not be correct. Because of the natural presehte pseudonana diverse
marine environments, it is proposed as a candidaganism to serve as a
bioreporter in monitoring environmental perturbation the ocean.

2. For the first time, single cell gene expressionTfopseudonan&as achieved by
tube-based two-step RT-gPCR and a lognormal digtab of single-cell gene
expression was observed. The lognormal distributidicates that the geometric
average becomes more important and more repreisentthe whole population
than the arithmetic average. This highly skewettiBistion again emphasizes the

necessity of single cell gene expression analydi® single cell analysis also
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helped to elucidate the stress responsd.opseudonando different nutrient-
limited conditions. Those different responses saggesolid biological foundation
for using single cell gene expression as a detectam! for environmental
perturbation.

In order to achievén situ monitoring, a chip level device was built. Thisgh
consisted of surface-adhesive droplets coveredilltp @revent evaporation and
cross contamination during thermal cycling. Thepchias built with materials
which are commonly available to conventional labarias. In particular, the chip
production process does not require any speciatynicrofabrication. More
importantly, no off-chip work, such as cell lysing RNA/DNA purification, was
needed for the chip and it could achieve cell-tadanalysis which minimizes
user error. With this chip, single cell one-step-§HCR analysis was achieved for
T. pseudonanalhe overall success rate of the on-chip reactatribe single cell
level was about 85%. The results of the chip-lesiaelgle cell analysis were
confirmed by previous tube-based two-step singlearalysis results. This chip
not only makes it possible to develop a future oggble sensor system in the
ocean but it also extends single cell analysis odgho conventional biological
and environmental laboratories which commonly l&dilities for or expertise in
microfabrication.

. Although single cell gene expression analysis lenlachieved, how to interpret
single cell RT-gPCR results in a quantitative afidotive way is far from mature.
My work tried to use some non-parametric statisticals to analyze expression

data. Such tools may provide more accurate resoltspared with parametric
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statistical tools which are based on normal digtrdn. The only drawback of
non-parametric statistical tools is sample sizen{darametric statistical tools
require larger sample sizes than parametric statisiools to achieve the same
power.
7.2. Future work
Although my research built a solid foundation fewdloping a deployable environmental
sensing device, there are still other problemstlieat to be solved before application in
the field. For instance, sampling is a challengstgp for a future deployable device.
Since environmental samples contain a large nurabether species, a sample sorting
step will be needed to reject non-target specidter Aorting, the concentration of the
targeted species will increase and the specifaitye single cell analyses will depend on
the specific primer for RT-gPCR. In addition tosththe current version of chip cannot
work well in the ocean environment, since oil mpill out due to ocean waves. Sealing
of the whole chip in a chamber may be necessapyaeent the oil spill.

As previously mentioned, non-parametric tools reguarger sample sizes in
order to analyze the results in a reliable way.afgér sample size requires a larger
throughput. Currently, due to some technical hwdied biological issues, including
RNA preservation difficulty and chip-to-chip var@® throughput at the single cell level
was limited to 48 reactions per chip in this wobetailed information can be found in
Appendix A. Because of the throughput limitatiomyrently the power of single cell
analysis did not reach more than 90%. But, withs¢hoesults, | could make better
estimation about the sample size for future appbioa. Based on the sample size test

results, most of the genes only required a few nsaraples to reach 90% power. The
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results demonstrated that despite the sampleim#ations, the chip still performed with
acceptable power. To achieve more reliable redigitexample over 95% power, around
2-3 times higher sample size which equivalent te680cells are needed. In order to
overcome those technical hurdles to reach largempka size, a customized thermal
cycler and signal detection module needs to beldpgd. The thermal cycler should be a
miniature system and energy-efficient so it candivectly adopted by the deployable
sensor system. For the signal detection module,sémsitivity is the most important
factor. In order to achieve single cell resolutitmgh sensitivity is required. All the
customized parts are expected to enable higheughput which will significantly
improve the power of the chip. However, increasihg throughput is not necessarily
equivalent to increasing the chip size. The thrpuglof the chip can be increased by
decreasing the reaction volume and maintainingsiie of the chip. Decreasing the
reaction volume may cause potential issues sudtCas inhibition since no purification
step was used in this work. Tests will need to &dgpmed to evaluate the most suitable
reaction volume. However, with higher throughpugrenreliable single cell level gene
expression data can be generated and provide bstteport for environmental

monitoring.
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APPENDIX A

SAMPLE SIZE ISSUE
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Multiple approaches had been explored to increasesample size of each nutrition
condition. Because the chip created in this reseli@s only 48 reactions per chip,
increasing sample sizes requires the use of meltplps. The relatively small reaction
number cannot provide higher than 90% power oflsingll level analyses. Running
multiple chips for each condition can alleviate tloev throughput issue. However,
running multiple chips for each condition was neadible under current experimental
conditions. The reasons are summarized below.

The first reason was that there was not a methogbreserving the state of the
RNA of each cell while waiting for the chip to beagdable for another run. Due to the
difficulty of single cell loading, the whole pros#sg time for each chip is between 2 to 3
hours. The experiment run time is about 4 houre Whole process adds up to 6 to 7
hours per chip during which time the RNA of cellaiting to be analyzed has changed.
The RNA preservation effectiveness was evaluate®@Aprotect (Table 11).

Table 11. RNAprotect RNA preservation effectiveness

18S Actin

Control 14.06  30.42719

RNAprotect| 17.38  31.46477

The results showed that the RNA profile changeer @& couple hours’ storage in
RNAprotect solution. RNALater had similar perfornseanand RNALater is a high salt
solution without purification which may cause initidn of downstream qPCR.

The second reason is the chip-to-chip variancéhotigh much effort has been

spent on optimization of the performance, chipfi@cvariance was still observed
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(Figure 30). A lot of factors can affect the resulf RT-qgPCR reactions, for example,
temperature and reverse transcription efficiencpstbf these factors cannot be easily
controlled. As shown in Figure 30, a variance exiet the same concentration run on a

different chip. The largest difference was abo@t@cles for the mean value.
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Figure 30. Chip-to-chip variance at pg level

If a known droplet volume is used to normalize tesults, the chip-to-chip
variance can be minimized (Figure 31). The variailscemaller but cannot be totally
removed. In this case, the minimum variance is iboa cycle. A one cycle difference is
equivalent to about two times difference of thevagt which is not good enough for
single cell analysis. Combining different chipsan experiment may produce biased

results.
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Figure 31. Normalized results at pg level.

In general, there was no reliable method to ovescthe RNA preservation issue
and chip-to-chip variance. Based on these limitesti@nly reactions run on the same chip
can be used to achieve consistent results at tigdescell level. The most reliable
solution to increase the power of the chip is wease the throughput of the chip and to

build customized parts for the thermal cycling arghal detection.
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