University of South Florida

DIGITAL COMMONS Digital Commons @ University of
@ UNIVERSITY OF SOUTH FLORIDA South Florida
USF Tampa Graduate Theses and Dissertations USF Graduate Theses and Dissertations
7-13-2007

The Use of Microarrays in the Detection of the Gene Expression of
Ribulose- 1,5- Bisphosphate Carboxylase/Oxygenase (RubisCO) in
the Marine Environment

Kathryn Lafaye Bailey
University of South Florida

Follow this and additional works at: https://digitalcommons.usf.edu/etd

b Part of the American Studies Commons

Scholar Commons Citation

Bailey, Kathryn Lafaye, "The Use of Microarrays in the Detection of the Gene Expression of Ribulose- 1,5-
Bisphosphate Carboxylase/Oxygenase (RubisCO) in the Marine Environment" (2007). USF Tampa
Graduate Theses and Dissertations.

https://digitalcommons.usf.edu/etd/611

This Thesis is brought to you for free and open access by the USF Graduate Theses and Dissertations at Digital
Commons @ University of South Florida. It has been accepted for inclusion in USF Tampa Graduate Theses and
Dissertations by an authorized administrator of Digital Commons @ University of South Florida. For more
information, please contact digitalcommons@usf.edu.


https://digitalcommons.usf.edu/
https://digitalcommons.usf.edu/
https://digitalcommons.usf.edu/
https://digitalcommons.usf.edu/
https://digitalcommons.usf.edu/etd
https://digitalcommons.usf.edu/grad_etd
https://digitalcommons.usf.edu/etd?utm_source=digitalcommons.usf.edu%2Fetd%2F611&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/439?utm_source=digitalcommons.usf.edu%2Fetd%2F611&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usf.edu

The Use of Microarrays in the Detection of the Gene Expression of
Ribulose- 1,5- Bisphosphate Carboxylase/Oxygenase (RubisCO) in the Marine

Environment

Kathryn Lafaye Bailey

A thesis submitted in partial fulfillment
of the requirements for the degree of
Masters of Science
College of Marine Science
University of South Florida

Major Professor: John H. Paul, III, Ph.D.
Ashanti J. Pyrtle, Ph.D.
Frank Pyrtle, Ph.D.

Date of Approval:

July 13, 2007

Keywords: Phytoplankton, CBB Pathway, Mississippi River Plume, rbcL, pelagophyte,
Synechococcus

© Copyright 2007, Kathryn Lafaye Bailey



Dedication
This thesis is dedicated to my mother who has supported me in everything I ever wanted
to do in life. Thank you for always being there to give me words of encouragement when
I needed them and for the many swift and firm kicks in the behind that kept me going
when I felt like giving up. Ilove you and I live to make you proud of me. I would also

like to dedicate this work to the late Mrs. Adrienne Turner.



Acknowledgements
First and foremost, I want to thank God for His many blessings. I would also like to
thank Him for placing the following people in my life, for without them, the completion
of this degree would not have been possible: my advisor, Dr. John H. Paul for allowing
me to work with him these past 2 years and for his guidance toward the completion of my
research and thesis; Dr. Ashanti Pyrtle for writing the Bridge to the Doctorate Proposal
that has funded me for the past two years and also for founding MSPHDS which has
enriched my graduate school experience; Mr. Bernard Batson for that email he sent to me
on July 26, 2004 that changed my life forever; Amy Long, Jennifer Mobberley, and
Michelle Del la Rosa for befriending me when nobody else would; Erica Casper and Dr.
Stacey Patterson for always “keeping it real”’; Dr. Lauren McDaniel for all of the
motherly advice when I could not reach my mother; and last but not least, Dr. David John

for his patience and friendship.



List of Tables
List of Figures

Abstract

Table of Contents

Chapter 1- Introduction
1.1 Primary Production in the Ocean
1.2 The CBB Pathway and RuBisCO
1.3 Forms and Structure of RuBisCO
1.4 RuBisCO in the Marine Environment
1.5 Use of Array Technology in the Marine Environment
1.6 Real Time PCR in the Marine Environment

Chapter 2- Macroarray Detection of RuBisCO in the Marine Environment
Chapter Summary
2.1 Introduction

2.2 Methods

2.3 Results

2.4 Discussion

2.2.1 Plasmid Extraction

2.2.2 PCR Amplification and Purification

2.2.3 Design of preliminary macroarrays

2.2.4 Transcript Production

2.2.5 Labeling of Transcripts with Biotin

2.2.6 Hybridization and Detection

2.2.7 Design of Control Arrays

2.2.8 Transcription, Hybridization and Detection

Chapter 3- Microarray Detection of RuBisCO in the Mississippi River Plume
Chapter Sumary
3.1 Introduction

3.2 Methods

3.2.1 RNA Extraction

3.2.2 Transcription

3.2.3 Positive Controls

3.2.4 Labeling

3.2.5 Coupling of dUTPaa-labeled Target to Cy3 Dye

1

11

iv

32
32
33
35
35
35
37
37
38



3.2.6 Microarray Construction and Hybridization
3.2.7 Washing and Scanning

3.3 Results

3.3.1 Microarray Performance

3.3.2 Tampa Bay

3.3.3 Surface Samples

3.3.4 Subsurface Samples
3.4 Discussion

List of References

Appendices
Appendix A

il

38
40
42
42
43
43
44
47

59

64
65



Table 2.1

Table 3.1

Table 3.2

List of Tables

List of clone names, clade and common names. 22

List of cruise samples showing depth, amount filtered and type of filter
used. 35

List of transcripts used as positive controls for the microarray performance
tests. 37

il



Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

List of Figures

CBB Pathway.

Quaternary structure of RubisCO.

Microarray technology process.

Comparison of (a) microarray and (b) macroarray.

SeaWiFs chlorophyll satellite imagery of the Mississippi River Plume
during time of sampling in 2001 overlaid with position of sampling
stations.

Preliminary blot schematic.

Control blot schematic.

First successful hybridization experiment.

Fully dotted array experiments.

SeaWiFS ocean color satellite image of the Mississippi River Plume
overlaid with cruise stations.

Types of array slides.
Hybridization of clone 3SY1 (HL Prochlorococcus) to array.

Hybridization of clone 6SY3 (Synechococcus) to array.

Hybridization of clones P994GY7 (LL Prochlorococcus) and P994CH1

(pelagophyte) to array.

Hybridization of clone 8CH12 (chrysophyte) and 1CH1 (prymnesiophyte)

to array.

Hybridization of cDNA from water collected from Fort Desoto and
amplified with Form ID primers.

v

12

13

21

23

26

27

29

36

41

52

52

53

53

54



Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Hybridization of cDNA from Fort Desoto and Station 2G. 54

Hybridization of cDNA obtained from Station 5A. 55
Hybridization of cDNA obtained from Station 5A. 55
Hybridization of cDNA obtained from Station 6A that was amplified with
From ID primers. 56
Hybridization of cDNA obtained from Station 6A that was amplified with
both Form IA/IB and Form ID primers. 56
Hybridization of cDNA obtained from Station 8B. 57
Hybridization of cDNA from Station 1B and transcript 4SY39
(prasinophyte). 57
Hybridization of cDNA obtained from Station 2G. 58

Hybridization of cDNA obtained from Station 7X and transcript 6SY3
(Synechococcus). 58



The Use of Microarrays in the Detection of the Gene Expression of Ribulose- 1,5-
bisphosphate carboxylase/oxygenase (RubisCO) in the Marine Environment

Kathryn L. Bailey

ABSTRACT

The Calvin-Benson-Bassham (CBB) pathway is the primary pathway for the entry
of inorganic carbon in the biosphere. Autotrophic organisms use this cycle to ultimately
convert CO, into carbohydrates using a key enzyme known as ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO). The gene that encodes for the large subunit of
RubisCO is rbcL and detection of its expression can be used to determine the autotrophic
organisms present in the environment. Recently, microarrays have been used to study
functional gene expression from environmental samples such as those obtained from
sediments and soil. The purpose of this thesis is to combine microarray technology and
rbcL expression analysis to investigate phytoplankton populations in the Mississippi
River Plume (MRP). Initially, a macroarray was constructed to determine its capabilities
of quantifying gene expression in MRP. PCR amplicons were spotted onto a nylon
membrane and labeled transcript RNA was hybridized to each array. Due to the large
amount of cross hybridization that was observed, a microarray was used. Microarray
analysis revealed large amounts of Synechococcus, pelagophyte and prymnesiophyte

expression in the surface waters. Furthermore, there was no chlorophte or

vi



Prochlorococcus expression observed in the surface waters. Subsurface microarray data
showed high levels of pelagophytes and other Form ID organisms. A significant
chlorophyte signal was also observed in the subsurface. This study provides a third level
of specificity at which phylogenetic diversity has been sampled in the MRP. Although a
limited number of samples were analyzed by microarrays, this technology shows promise
and this study was viewed as a pilot for their application. The rbcL probes designed were
based upon published sequences from 2003 and we now have a much greater
understanding of the diversity of rbcL-containing phytoplanktonic phylotypes. Future

studies should employ this knowledge for judicious probe selection.
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Chapter 1

Introduction

Environmental gene expression studies provide a means of determining what
biological and biochemical activities are being facilitated by microorganisms in the
environment. Gene expression is controlled by cellular responses to changes the cell’s
environment (44) and can be broken down into two processes: transcription and
translation. Transcription is a process in which an enzyme, known as RNA polymerase,
makes messenger RNA (mRNA), or an RNA copy, of gene(s) on a DNA strand. In
translation, the mRNA is read, or translated, into an amino acid sequence to form protein
via the action of ribosomes. The expression, or lack thereof, of genes in the ocean is
dependent upon many environmental factors or stresses. These can include but are not
limited to nutrient availability, salinity, pH and temperature. Any modifications to these
factors can inhibit the transcription of a gene or increase the amount of expression and
thereby affect the production of the protein that it encodes.

The measurement of the expression of discreet genes in the ocean is in its infancy.
In a study of nitrogenase activity in Trichodesmium sp., researchers found that
transcription of nifHDK was on a diel pattern (7). The criteria for an endogenous rhythm

are the ability to persist under constant environmental conditions, the ability to maintain a



cyclic pattern in different temperatures and the cycle must occur in a diel period (7, 50).
The results showed that transcript production in Tichodesmium sp. maintained a relative
constant 24 h cycle in uniform environmental conditions and with slight temperature
change (7).

In another study, mRNA expression of a high-affinity phosphate transporter gene
(TcPHO) of the prasinophyte, Tetraselmis chui was shown to be correlated to nutrient
availability (8). Chung et al. (2003) extracted the total RNA from a growth-dependent
subtracted T. chui cDNA library made from cultures both rich and depleted of nitrate and
phosphate. Real time polymerase chain reaction (PCR) analysis showed that TcPHO
mRNA expression in the phosphorous-replete cultures increased during all 4 days of the
experiment indicating expression of TcPHO linked to phosphorus availability (8).
Cultures replete in nitrogen showed a similar growth pattern to that of the phosphorus-
replete cultures, however, the TcPHO mRNA expression levels of the low-nitrate cultures

remained low throughout the course of the experiment (8).

1.1 Primary Production in the Ocean

Primary production is the synthesis and storage of organic molecules during the
growth and reproduction of photosynthetic and other autotrophic organisms. Most
oceanic primary production occurs in the photic zone which is located in the upper 200 m
of the water column (10). Primary production in the ocean accounts for nearly half of the
earth’s primary production, which ranges from 35 to 65 Gt of carbon annually (10) thus

resulting in the ocean acting as a large sink for CO, (44). Phytoplankton located in the



photic zone use photosynthesis to store energy and release oxygen back into the
atmosphere and surrounding waters (27). Marine phytoplankton are responsible for
approximately half of Earth’s annual oxygen production (44). During photosynthesis,
CO, is taken up by phytoplankton and/or autotrophic bacteria and incorporated into their
cells with oxygen and water as byproducts. The overall reaction for photosynthesis is
nCO, + 2nH,0 = (CH,0),, + nO, + nH,0O (24). The factors that control the rates of
photosynthesis and thus, primary productivity are those that manage photosystems and
their rates of reaction, as well as the rates of the dark reactions (24).

The Unites States Geological Survey lists the Mississippi River as the second
largest river in the United States. The Environmental Protection Agency measures it to
be 2,302 miles in length from its source, Lake Itasca in Clearwater Minnesota, to where it
empties out into the Gulf of Mexico (43). As the world’s 7™ largest river in its amount of
discharge, an annual average of 10-35 x 10° m® s, the Mississippi River is responsible
for approximately 41 % of the drainage of the United States and is responsible for more
that 70% of the freshwater input into the Gulf of Mexico (1, 42). Much of the drained
land consists of farming areas and thus large amounts of nitrate and phosphorous, found
in fertilizers, are deposited into the northern Gulf of Mexico. Turner and Rabalais (1991)
estimated that 44% nitrogen and 28% phosphorous from the Mississippi River basin is
deposited into the Gulf of Mexico by way of the Mississippi and Atchafalaya rivers.
Additionally, it has been shown that the Mississippi River carries 111 + 4.3 pg at NO*-N

1! of nitrate and 7.4 + 0.4 pg at P 1" pf phosphorous (42).



The increase in the amount of nitrate and phosphorous deposited into the Gulf has
increased the amount of primary production occurring in the Mississippi River Plume
(MRP) area (1). Studies have shown that primary production in the plume reaches as
high as 8.17 g C m™> d™' (32). In a study to asses how the MRP affects the total surface-
water production in the Gulf of Mexico, researchers calculated that the MRP was
responsible for approximately 41% of all carbon fixation occurring in the upper 10 m of

the oligotrophic water of the Gulf of Mexico (47).

1.2 The CBB Pathway and RuBisCO

There are several pathways utilized by other autotrophic organisms that allow
them to fix CO,, including the tricarboxylic acid pathway and the reductive acetyl-CoA
pathway. However the main pathway by which photoautotrophs fix CO; is the Calvin-
Benson-Bassham (CBB) pathway or reductive pentose phosphate pathway (40). The
CBB pathway is the fundamental pathway for the movement of inorganic carbon in the
biosphere and is conserved throughout evolution (40) (Fig. 1.1). This pathway consists
of 13 enzymatic reactions and can be divided into two stages. In stage 1, three molecules
of ribulose-1, 5-bisphosphate (RuBP) react with CO,, catalyzed by ribulose-1, 5-
bisphosphate carboxylase/oxygenase (RuBisCO), to give six molecules of 3-
phosphoglycerate (PGA). One of the six molecules of PGA is used in the production of
carbohydrates. In stage 2 the remaining five molecules of PGA are converted back into

the starting substrate, RuBP through a series of reactions.
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Figure 1.1. CBB Pathway. Figure taken from Atomi, 2002.

RuBisCO is the key enzyme in the CBB pathway (39, 40) because it is the first
enzyme, of many, in the pathway and the only enzyme capable of fixing CO,. The slow
turnover rate of RuBisCO (1000-2000 mol CO, fixed/mol enzyme/min) and its poor
catalytic activity (40), forces some plants to devote more than 50% of their protein
content by weight to RuBisCO (15, 35) and thus it is considered to be the most abundant
protein on Earth(11, 39, 40) . During photosynthesis, phytoplankton capture light energy
from the sun. Carbon dioxide is taken up from the atmosphere and fixed via the CBB
pathway. Carbohydrates are produced and oxygen is released into the atmosphere and
surrounding waters. Carbon is incorporated into the cells of phytoplankton and
cyanobacteria by either direct uptake of CO; or by the uptake of HCOj3; from surrounding
waters (19).

RuBisCO has two functions: it catalyzes the oxygenolysis and carboxylation of

RuBP (11, 40). CO, and O, actively compete with each other for the active site on
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RuBisCO. In the alternate reaction, O, binds to the active site and is added to RuBP to
yield phosphoglycolate which is metabolized in the glycolate pathway (35). This
process, known as photorespiration, leads to a 50 % decrease in the overall efficiency of
photosynthesis (35). The earliest forms of RuBisCO were not subject to this competition
between CO, and O, because the atmospheric CO; concentration was 100 times higher
and the O, concentration was less than 1 % of present day O, levels, therefore, if CO,
entered the cell diffusively, the active site would be saturated with CO, (31). As the
atmospheric concentrations of both O, and CO, changed over geological time, O, began
to aggressively compete with CO, for the active site (31).

As a result of the competition between oxygen and carbon dioxide, many
microorganisms have the ability to concentrate CO; at the carboxylation site (19). The
development of carbon concentrating mechanisms (CCM) allow for these
microorganisms to adapt to changing CO; levels in the atmospshere and ocean (19) as
well as preventing oxygen from binding to the active site to form glycolic acid (40).
Many species of cyanobacteria contain CCMs that enhance the efficiency of
photosynthesis (3). Marcus et al. (1983) suggested that CCMs were induced by a product
from the photorespiration pathway. When mentioning CCMs, one must take
carboxysomes into consideration. Carboxysomes are cellular compartments that contain
RuBisCO and are bound by a protein membrane (3, 22, 31). The polyhedral shape of
these crystalline structures is similar to that of viral particles (3). It is believed that these

structures are stores of RuBisCO that act as reservoirs to protect against photorespiration.



The functioning of CCMs in certain aquatic photoautotrophs is just now
becoming understood (4, 14). The bulk of what is known about CCM functioning is
based on a relatively limited number of organisms in culture, such as the chlorophyte
Chlamydomonas reinhardtii (13, 37) and freshwater cyanobacteria Synechococcus sp.
PCC7942 (51) and Synechocystis sp. Strain PCC6803 (23) among others. Such studies
indicate that the components and genetics of CCMs are quite diverse, and some
phytoplankton (i.e. the chrysophytes) appear to lack a CCM altogether, obtaining
inorganic carbon (Ci) merely by diffusion.

One component of nearly all CCMs is the enzyme carbonic anhydrase. Carbonic
anhydrases (CA) are a broad class of enzymes that catalyze the reversible conversion of
bicarbonate (HCO3') to CO,. These may play a role in Ci uptake to the cell, as in the
low-CO,-inducible periplasmic CA of C. reinhardtii (37), or in facilitating the
enrichment of CO, concentrations at the site of RuBisCO as for the carboxysomal CA of
cyanobacteria (4). CAs are divided into 5 types (a, B, v, 6, and &) with no homology
between them as they are thought to be the result of convergent evolution.

One subgroup among the putative CAs with greater conservation is the CsoS3
carboxysomal shell protein of marine a-cyanobacteria, a homologue of which has only
recently been shown to have CA activity (36). No other putative carboxysomal CA gene
is found in these organisms, as found for the B-cyanobacteria. Due to the critical role of
CCMs in enabling phytoplankton to compete in highly productive coastal or freshwaters
where Ci may be reduced, investigation of these mechanisms is warranted. Because of its

relative conservation in sequence, the cyanobacterial CsoS3 genes represent a good target



for preliminary studies on detecting and quantifying the expression of CA genes in the

environment and the relationship to changing CO, concentrations.

1.3 Forms and Structure of RuBisCO

RubisCO is found in several forms and is distinguished by subunit assembly and
its biochemical properties (39, 48). There are four forms of Rubisco which include: Form
I, Form II, Form III and Form IV. This review will focus on the major forms found in
RubisCO containing organisms; Forms I and II (39). Form I consists of eight large (Lg)
and eight small (Sg) subunits with a molecular weight around 550,000 Da (39, 45) and is
found primarily in photosynthetic organisms and aerobic chemolithoautotrophs (12, 39,
45) (Fig. 1.2). This hexadecameric structure is the basic and most common of all of the
forms and is conserved in many species of bacteria as well as higher plants (40). Form II
RubisCO has only a large subunit and is found mainly in nonsulfur purple photosynthetic
bacteria (12, 45) and marine dinoflagellates (26). These organisms usually fix CO,

anaerobically (12).

Figure 1.2. Quaternary structure of RubisCQO. Image taken from Wikipedia.com (49).



Form I is divided into subgroups denoted as “green” and “red” (12, 39). These
subgroups are then further divided into subclasses: “green” is divided into IA and IB
while “red” is divided into IC and ID (12, 39). RubisCO types from the green subgroup
are found in green plants, green algae and cyanobacteria, while those from the red
subgroup are found in red algae and purple bacteria (39). The picocyanobacteria
Prochlorococcus and some Synechococcus species are the organisms in which most Form
IA RubisCO is found (12, 48). Form IB is dominated by all of the green algae and other
cyanobacteria (12, 48). Form ID RubisCO is found primarily in chromophytic, or

nongreen, algae while Form IC has been found in alpha- and beta-proteobacteria (12, 48).

1.4 RuBisCO in the Marine Environment

The genes that encode for the large and small subunits of RubisCO are denoted as
rbcL/cbbL and rbcS/cbbS, respectively (2, 40). It is on the large subunit that the active
site for the carboxylation or oxygenation of RuBP is located (25, 40). If an organism
expresses rbcL, then it is assumed that it produces RuBisCO and therefore fixes CO, by
way of the CBB pathway. The phylogenetic patterns demonstrated by rbcL allow for
researchers to identify the organism from which it came without the need for culturing
the organism (44).

With the use of PCR, one of the first study of rbcL occurrence in a natural
phytoplankton community was conducted (28). In this study, oligonucleotide primers
were designed from sequences of a Synechococcus sp. to amplify conserved regions of

the rbcL gene (28). These primers were then used in a PCR to DNA of phytoplankton



samples obtained from a Florida reservoir and algal isolates. Furthermore, extracellular
DNA was also amplified thereby indicating that phytoplankton contribute to the fraction
of dissolved DNA in the water column (28). Overall, this study was among the first to
display the capabilities of PCR amplification to identify specific genes in natural
populations.

rbcl transcription has been shown to occur on a diel cycle. Corredor et al. (2004)
conducted a study on RuBisCO transcription and the photosynthetic capacity of
phytoplankton. The researchers’ objective was to determine whether the amount of
mRNA transcription of a phytoplankton community, could be related to the
biogeochemical cycles in which these communities play an integral role (9). Using the
Geochemical Rate-RNA Integration Study, or GRIST, they observed that mRNA
transcription and carbon fixation occurred on similar diel patterns and both reached their
peak between 10 a.m. and 1 p.m. (9). In another study, researchers observed similar diel
patterns in pure cultures of the cyanobacterium Synechococcus and the prymnesiophyte
Pavlova gyrans (29). While both organisms were exposed to a 12 h light and 12 h dark
cycle, both organisms exhibited slightly different transcription patterns. rbcL
transcription levels in Synechococcus peaked around noon and then rapidly disappeared
over the next 8 h. On the other hand, P. gyrans’s transcription levels peaked at 4 p.m.
and decreased to 66% of it’s maximum level until 8 p.m. thus indicating that
chromophytes are capable of fixing carbon later in the day than its cyanobacterium
counterpart (29). Furthermore, Wyman et al. (52) examined the diel pattern in rbcL

transcript abundance in a coccolithophorid. Results showed that the RuBisCO expression
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peaked around sunrise and decreased by an order of magnitude later in the day. This
report represents the first study of species-specific determinations of RuBisCO
expression in a natural population as opposed to the aforementioned studies which deal

with mixed or multiple populations.

1.5 Use of Array Technology in the Marine Environment

Macroarray and/or microarray technology has been used to analyze the function
and occurrence of genes in the environment as well as the medical field. A
microarray/macroarray works by exploiting the ability of a given nucleic acid molecule to
bind specifically to, or hybridize to, a DNA template with which it shares homology.
Arrays can be used to determine the expression of many genes in an environmental
sample in one experiment. Generally, the process entails DNA in the form of
oligonucleotides or amplicons from polymerase chain reaction (PCR) is spotted onto a
glass slide or a nylon membrane. mRNA is then labeled or tagged with a fluorescent dye,
either Cy3 or Cy5, and hybridized to the slide or membrane. Figure 1.3 shows a diagram
of this process. The mRNA will bind to the strand of DNA most homologous in
sequence to itself. The prefixes macro- and micro- refer to the size of the spot laid down
on either the glass slide or nylon membrane (Fig. 1.4). Microarray spots must be viewed
with high resolution cameras interfaced to special computer software and can hold
several hundred of genes. Macroarrays are also analyzed with computer software but

the spots can be seen with the naked eye and hold much fewer spots. Since many
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microbial communities are unculturable, array technology can be an ideal tool in the

identification of these communities.
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Figure 1.3. Microarry technology process. DNA is extracted from cells and transcribed into mRNA. Cells are
labeled with a fluorescent dye and hybridized to a glass slide or memebrane. Array is then scanned to obtain an

image and analyzed.
There are three general types of arrays. The first, and most common, type of

array has different genes from a single organism that are spotted onto the glass slide or

membrane in order to represent the genome of that organism (44). Arrays of this type are

used to determine an organism’s response to environmental changes. Another type of
array utilizes the same gene obtained from different organisms. With this method of
arraying, one is able to identify the organism from which each gene originated and is

often used in diversity studies (44). The third type of array incorporates the use of
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different functional genes from different organisms to quantify the amount of functional

gene expression (44).
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Figure 1.4. Comparison of (a) microarray and (b) macroarray. Microarrays can hold more spots than the
macroarray. Macroarray images courtesy Scharf et al. 2003.

Arrays have been used to determine the diversity of target genes in different
environments. Jenkins et al. (2004) used macroarrys to fingerprint the diazotroph
communities in the Chesapeake Bay. The results showed that Chesapeake Bay is home
to a phylogenetically diverse diazotroph community (17). Macroarrays have been used
to assess nitrogenase diversity in picoplankton. Steward et al. developed a macroarray to
discern the capabilities of such technology to evaluate gene expression in the
environment (38). They showed that macroarray results can be easily reproduced and are
semiquantitative in assessing gene expression in a mixed sample (38).

Microarrays have also been used in microbial ecology studies in the identification
and monitoring of bacterial communities found in wastewater and sludge. Loy et al.
reports the use of a 16S rRNA oligonucleotide microarray, known as RHC-PhyloChip

(probeBase), in the detection of bacteria of the order Rhodocyclales (21). Many of the
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bacteria of this order are capable of degrading anthropogenic compounds. The results
from this study showed that with the use of this specialized microarray allowed for the
detection of Rhodocyclales population that represented less than 1% of the microbial
community in the sample (21).

There are many obstacles that one must consider when constructing an array.
When dealing with the same gene from different organisms, there is high probability that
the sequences will be very similar to each other. This problem is not encountered in
genomic arrays which target divergent genes from one organism. Another obstacle
researchers may face is that when sampling from heterogeneous populations, probes may
have very different melting temperatures (7},) due to different sequence lengths (41). To
correct for this, Taroncher-Oldenburg et al. (41) constructed oligonucleotides of equal
length, minimal secondary structure and similar G-C content in the detection and
quantification of functional genes found within the nitrogen cycle in the Chesapeake Bay
system. The establishment of these parameters allowed for more uniform conditions

during the hybridization process.

1.6 Real Time PCR in the Marine Environment

Real time PCR provides a means to observe the PCR while it is occurring. Unlike
traditional PCR, real time PCR quantifies the amount of template produced in each cycle
instead of at the end of the reaction. Real time PCR works by detecting the increase of
fluorescence of DNA or RNA that has been bound to a fluorescent DNA stain, or to a

fluorogenic probe specific for the target PCR product (48). SYBR green is a fluorescent
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stain commonly used in real time PCR. The main disadvantage of SYBR green is that it
has the tendency to produce false positives. TagMan probes are fluorogenically labeled
and utilize the 5 exonuclease activity of Tag DNA polymerase to provide a means of
examining the amplification of specific PCR products.

Holland et al (1991) were the first to describe this process. They developed a
method that utilized the 5° — 3 exonuclease activity of Thermus aqaticus (Tag) DNA
polymerase in a PCR that allowed for the quantification of the target during each cycle of
the amplification process (16). Thermus aquaticus is a bacterium found in hot pools that
has revolutionized the way PCR is conducted today. Tag DNA polymerase replaced the
Klenow fragment of E. coli DNA polymerase I PCR because its thermostability
eliminates the need to add new DNA polymerase during every cycle of amplification.

In a study a study to examine rbcL expression in pelagophytes and diatoms,
Wawrik et al. (2002), developed a method of detecting transcript abundance using real
time PCR. A Taq Man probe specific for pelagophytes and diatoms was used in real time
PCR and allowed for quantification of these groups in particular. Real time PCR data
was compared to that obtained from *S- labeled oligonucleotide hybridization in order to
determine the efficiency of the real time PCR method in microbial gene expression
studies from environmental samples (48). The results from the study showed that the
mRNA levels detected by both techniques were similar although hybridization levels
were slightly higher (48). Higher hybridization mRNA expression levels were attributed
to the predicted bias that hybridization experiments have towards degraded or partially

degraded sequences (48).
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The objective of this thesis was to determine what clades or phylogenetic groups
are abundant in the primary production occurring in the Mississippi River Plume as
determined by rbcL hybridization and real time PCR. I hypothesized that microarrays
would play an important role in detecting the gene expression of rbcL in the MRP. The
goals of my research were to first characterize the phytoplankton community in the MRP
using microarray technology. The microarray data was then compared to RT-PCR and
dot-blot hybridization data. Microarray data gathered for surface waters of the MRP
showed high Synechococcus, pelagophyte and prymnesiophyte signals, although
Synechococcus signals were at times significantly higher than those of the pelagopyte and
prymnesiophyte probes. Dot-blot hybridization showed that the chromophytes dominated
the surface by as much as 10 times the concentration of From IA groups. RT-PCR data
from surface water showed that the Form ID organisms were 100 times more abundant
than Synechococcus, suggesting that the strong signal of the Synechococcus probe on the

array was a result of selective PCR amplification.
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Chapter 2

Macroarray Detection of RubisCO Expression in Marine Environment

Chapter Summary

The Mississippi River is the 7™ largest river in the world. It deposits a large
amount of nutrients into the Gulf of Mexico (GOM) elevating nutrient levels in the Gulf
and stimulating the growth of various phytoplankton species. The elevated nutrient
levels in the Gulf causes an increase in the growth of various phytoplankton species.

A DNA macroarray was constructed to determine its ability to quantify gene expression
in the Mississippi River Plume (MRP). Ribulose- 1,5- bisphosphate
carboxylase/oxygenase (RuBisCO) is the key enzyme in the Calvin-Benson-Bassham
(CBB) pathway and the expression of the gene which encodes for this enzyme, rbcL, is
indicative of carbon fization via the CBB pathway. PCR amplicons made from rbcL
plasmid sequences obtained from the Mississippi River Plume were spotted onto a nylon
membrane. The rbcl gene was excised from the plasmid, transcribed into RNA and then
hybridized to the arrays. The macroarrays were not able to quantify gene expression in
the MRP due to the frequency of cross hybridization of the probe to spots on the array

from different phylogenetic groups.
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2.1 Introduction

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) is the key enzyme
in the Calvin-Benson-Bassham (CBB) pathway of photosynthetic carbon fixation in
phytoplankton (40). The CBB pathway is the fundamental pathway for the entry of
inorganic carbon into the biosphere (40). With regards to structure, RuBisCO is found in
two major forms: Form I and Form II. Form I consists of eight large (Lg) and eight small
(Sg) subunits. Form II consists of two large subunits (L,). The genes that encode for the
large and small subunits are denoted as rbcL and rbcS, respectively. The active site for
carboxylation is found on the large subunit, and as a result, the expression of rbcL in an
organism is indicative of carbon fixation via the CBB pathway.

Array technology provides a means of simultaneous identification and/or
expression analysis of thousands of genes. Macroarrays and microarrays can be used in
the detection of microbial strains and the presence of functional genes in an
environmental sample. What is also unique about arrays is that the hybridization probe-
target relationship is inverted. Traditionally, known DNA sequences are labeled with a
fluorescent dye (Cy3 or Cy5), and hybridized to unknown samples on the slide. When
using microarray technology, known DNA is spotted onto the slide and unknown samples
are labeled and used as probes. DNA microarrays were originally developed for the
study of nucleic acid sequences but now are commonly used in gene expression studies
(20). Microarrays are ideal for use in the environment as most microorganisms are
unculturable, they allow the identification and or functionality of genes found in the

environment. Roszak and Colwell (1987) shed light on the viable but nonculturable
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(VBNQC) state in which most marine and estuarine bacteria exist. This term is given to
microorganisms that cannot be maintained in a pure culture in the laboratory setting but
do have detectable metabolic function (33). Array technology can be used to detect
metabolic processes, such as the cycling of nutrients, occurring within these microbial
communities by examining patterns of gene expression.

The Mississippi River is responsible for approximately 41% of the drainage of the
United States and for more that 70 % of the freshwater input into the Gulf of Mexico (1,
42). Most of the land through which the Mississippi River passes is used primarily for
agriculture. Phosphorous and nitrogen used in fertilizers are deposited into the river due
to drainage from runoff and groundwater. These nutrients accumulate and are thusly
deposited into the Gulf of Mexico. The Mississippi River Plume (MRP) is the dominant
source of nutrients to the Gulf. This annual flux of nutrients causes massive
phytoplankton blooms at mouth of the river, which extends out into the Gulf of Mexico.

The purpose of these experiments was to examine functional gene expression of
ribulose-1,5-bisphosphate carboxylase/oxygenase in the MRP. The rbcL clades that will
be used in this study were Form I type, specifically, clades IA, IB and ID. In this study, a
macroarray designed to detect rbcL transcription was used to characterize the
phytoplanktonic community in the oligotrophic Gulf of Mexico. Due to cross
hybridization of the target sample to the probes on the arrays, macroarray results were

inconclusive.
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2.2 Methods

2.2.1 Plasmid extraction

Twenty-two clones known to already contain rbcL were selected from the work of
Wawrik & Paul (47). These clones were obtained by amplification of the rbcL gene from
natural phytoplankton communities of the Gulf of Mexico during the F.G. Walton Smith
research cruise in the summer of 2001 (47). Figure 2.1 shows the cruise stations from
which all samples were taken in the summer of 2001. Table 2.1 lists the clones that were
used in this study as well as their corresponding clade. Clone names denote the cruise
date, station, depth (A-H) from which it was obtained and primers used in amplification
(Y for Form IA/IB; H for Form ID; and SY to denote when the cyanobacterial reverse
primer was used). For example, WSO1ST6CH17 is deciphered as Walton Smith, 2001,
Station 6, depth C, primer H, clone 17 (47). Clone P994FY?27 was taken from Pelican,
1999, Station 4, depth F, primer Y, clone 27 (46). All clones were kept at —80°C. Clones
were streaked onto LB and Kanamycin plates and placed in the incubator at 37°C.
Overnight cultures were prepared by taking one colony of each clone from LB and
Kanamycin plates was put into 5 mL of LB broth and SuL of Kanamycin (50 pg/uL). The
cultures were placed in the shaking incubator at 37°C and 200 rpm overnight. Plasmid
was extracted from each of the clones using the QIAprep Spin Miniprep Kit (Qiagen) and
minipreps of each were sent off for sequencing at the University of Florida Core
Sequencing Facility to ensure they were the correct clones. Upon clone sequence

verification, clones were prepared for PCR.
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Figure 2.1. SeaWiF's chlorophyll satellite imagery of the Mississippi River Plume during time of sampling in
2001 overlaid with position of sampling stations.

2.2.2 PCR amplification and purification

Polymerase chain reaction was performed on each clone to amplify the rbcL target
sequence. One pL of clone plasmid DNA was added to the PCR mixture that contained
the primer set corresponding to its phylogenetic group. Form ID clones used 0.5 pL of
100 uM Form ID fwd (5’- GATGATGARAAYATTAACTC -3°) and 0.5 pL of 100 uM
Form ID rev (5’- ATTTGDCCACAGTGDATACCA -3’) as the primer set (20 uM).
Form IA and Form IB used 0.5 pL of 100 uM Syn fwd (5°-
CTGAGCGGYAAGAACTAYGG -3’) and 0.5 pL. of 100 uM IA/B rev (5°-
GGCATRTGCCANACGTGRAT -3’) as the primer set (20 pM). In addition to the
primer sets, the PCR mixture contained 1 pL of 10 mM deoxynucleoside triphosphates
(800 uM), 5 pL thermophilic DNA polymerase 10X reaction buffer, 0.25 uL. Taqg DNA
polymerase and 41.75 pL. water. Thermocycler conditions consisted of an initial
denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 1 min, 53°C for 1 min,

and extension at 72°C for 1.5 min. There was an additional extension of 72°C for 5 min.
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Amplicons were purified using the Zymo Kit (Zymo Research) and quantified using the

Hoescht 33258 method (30).

Table 2.1. List of clone names, clade and common names.

Clone Name Clade Common Name
WSO01ST6CH17 ID Diatom
WS01ST4CH12 ID Diatom
WS01ST4CH36 ID Diatom
WSO01ST6CH1 ID Diatom
WSO01ST7CH3 ID Bolidomonas
P994CH1 ID Pelagophyte
WS01ST7SY24 ID Synechococcus
WSO01ST8CHS ID Eustigmatophyte
WS01ST6CH33 ID Xanthophyceae
WS01ST4CH16 ID Dictophyceae
WSO01ST8CH15 ID Unknown, deeply rooted chromophyte
WSO01ST1CH1 ID Prymnesiophyte
WSO01ST5CHI10 ID Prymnesiophyte
WS01ST25Y27 IA Synechococcus
WS01ST2SY14 IA Synechococcus
WSO01ST25Y19 1A Prochlorococcus
WSO01ST3SY5 IA Prochlorococcus
WSO01ST8SY15 IB Trichodesmium
WS01ST35Y4 IB Chlorophyte
WS01ST6SY14 IB Chlorophyte
P994FY27 IB Prasinophytes
WSO01ST8SY3 IB Prasinophytes
WS01ST6SY8 1B Prasinophytes

2.2.3 Design of preliminary macroarrays

After quantification of PCR amplicons, they were denatured with 10 mM RNAse-free
EDTA and 0.4 M NaOH and then heated to 100°C for 10 minutes. An equal volume of 2
M ammonium acetate was added to neutralize the DNA mixture. Ammonium acetate
acts as a buffer that neutralizes or lowers the pH of NaOH. Amplicons were dotted in
duplicate onto a charged nylon membrane using a BioRad dot blotter. A diatom
(WS01ST6CHI1), prymnesiophyte (WSO1STSCH10), chlorophyte (WSO1ST8SY13),
chrysophyte (WSO01ST1CH4), Synechococcus (WS01ST2SY27) and a prochlorophyte

(WS01ST2SY19) were chosen to represent their clades. The amplicons were dotted at
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different concentrations ranging from 100, 50, 10 and 1 ng per dot to determine which
concentration is best for hybridization detection (see Figure 2.2). A total of six

membranes were made.

g ' O O O O O O O O O O O
song 'O O O O O O O O O O o o
10 ng @) O O O 0O O o O o O o O
me 'O o O OO O O O O O O O
Bank 19 O O O O O O O O o o O
o O O O o O O O O o O
o O o oo O o o o 0O O O
O o0 O O O O O O O O O O
\ )\ )\ )\ )\ )\ )

Y Y )\ Y Y Y

Diatom Prymnes. Chrys. Chloro. Prochloro.  Synech.

Figure 2.2. Preliminary blot schematic.
Clones were spotted onto the charged nylon membrane at the concentrations indicated.

2.2.4 Transcript production

Restriction digests were performed to linearize plasmid DNA in 40 pL reactions prior to
in vitro transcription. Digestions were designed such that they would be at the 3* end of
the sense orientation of the rbcL gene. The digest was purified by the Zymo DNA
Purification Kit or the Promega SV Gel and PCR Purification Kit (Promega). The
linearized plasmid DNA was then transcribed using the Riboprobe Combination System
(Promega) for 2 h at 37°C using either the Sp6 or T7 RNA polymerase promoter to yield

sense transcripts.
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2.2.5 Labeling of transcripts with biotin

An annealing mixture was prepared containing 2.5 pg of transcript, 3 uL specific primer
and RNAse-free water to a total volume of 10 pL. The annealing mixture was heated to
70°C for 3 min and then cooled to 42°C for 2 min. An RT Cocktail consisting of 5X
GEAlabeling Buffer for Chemiluminescent Detection (BN) (SuperArray), Biotin, RNase-
free water, RNase inhibitor and reverse transcriptase were combined and heated to 42°C
for 1 minute before being added to the annealing mixture. The final mixture was
incubated at 42°C for 90 min and then denatured at 94°C for 5 minutes. Before the
labeled transcript was denatured, 1 pL of probe was removed and added to 19 pL of 1X
TAE to give a 20-fold dilution. A 4-fold serial dilution was performed by taking 3 pL.
from the 20-fold dilution and adding it to 9 pL of 1X TAE. The remaining serial
dilutions were 80-, 320-, 1280- and 5120-fold. This process was performed to assess the
labeling efficiency of the probe.

2.2.6 Hybridization and detection

GEAhyb solution (SuperArray) was warmed to 60°C in a water bath. Sheared salmon
sperm DNA (SuperArray) was heated to 100°C for 5 minutes and then immediately
placed on ice. Arrays were prehybridized at 60°C for 2 h with 4 mLL GEAhyb solution
(Super Array) and 40 pL sheared salmon sperm DNA (Super Array). Another 4 mL of
GEAhyb solution and 40 pL sheared salmon sperm DNA were incubated at 60°C in a
hybridization oven. After prehybridization, prehyb solution was poured off. Four
milliliters of hybridization solution and the entire volume of labeled transcript were
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added to the hybridization tube. Each membrane was probed with a different transcript to
ensure that the transcripts only hybridized to a member of their corresponding clade.
Membranes were placed in the hybridization oven at 60°C with continuous rotation for
16 h. After hybridization, membranes were washed twice at 55°C for 15 min with a wash
solution containing 2X SSC and 1% SDS with continuous rotation. Membranes were
also washed twice at 55°C with a wash solution containing 0.1X SSC and 0.5% SDS at
55°C for 15 min with continuous rotation. These washing steps are a means of increasing
the stringency of the array. The last wash was removed from the hybridization tubes and
5 mL of GEA Blocking Solution Q (SuperArray) were added and tubes were incubated
for 40 min with continuous agitation at room temperature. After discarding
GEAblocking Solution Q, 4 mL of Binding Buffer were added to the hybridization tubes.
Tubes were incubated for 10 minutes with continuous agitation. Membranes were then
washed four times with 8 mL 1X Buffer F (SuperArray) for 5 minutes each with gentle
agitation. Next the membranes were rinsed twice with 6 mL Buffer G (SuperArray) for 5
minutes each. Arrays were then treated with CDP-Star for 2 h in the dark and then

exposed to X-ray film for 20 min.

2.2.7 Design of control macroarrys

The control arrays were prepared in the same manner as the preliminary arrays, however,
the full array was spotted with all 22 clones. Amplicons were dotted in duplicate onto a
charged nylon membrane using a BioRad dot blotter. Each of the 22 clones were dotted
in duplicate at 50 ng and 10 ng concentrations (Fig. 2.3).

2.2.8 Transcription, hybridization and detection
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Four control arrays were tested with 4 clones that served as representations for their
clades: a prasinophyte (8SY13), a prymnesiophyte (SCH10), a Synechococcus (2SY4)
and a diatom (4CH12). Transcripts were made in the same manner as for the preliminary
arrays. Control arrays were hybridized and detected in the same manner as the

preliminary arrays.

50 ng H,O 6SY14 4CH16 8SY3 7CH3 75Y24 H0
10 ng H,O 6SY14 4CH16 8SY3 7CH3 75Y24 H0
50 ng SCH10 8SY15 8CHS 4CHI12 2SY19 4CH36
10 ng SCH10 8SY15 8CHS 4CHI12 2SY19 4CH36
50 ng 8SY13 8CH15 2SY4 6CH33 P994FY27 6CH1
10 ng 8SY13 8CH15 2SY4 6CH33 P994FY27 6CH1
50 ng H,O 6SY3 6CH17 5SY4 1CH4 P994CH1 H0
10 ng H,O 6SY3 6CH17 5SY4 1CH4 P994CH1 H,O

Figure 2.3. Control blot schematic. Water was dotted in each corner to serve as a negative control. Clones were
spotted in duplicate on the nylon membrane at 50ng and 10ng concentrations to determine which concentration
gave the optimum spot density.
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2.3 Results

The first few hybridization experiments were mostly unsuccessful due to the occurrence

of cross hybridization of the transcript to the probe. However one experiment indicated

that the transcripts were hybridizing properly. The blot shown in Figure 2.4 was

hybridized with an 8SY13 transcript (Form IB) and strongly hybridized to itself. It also

hybridized weakly to both 2SY19 (Form IA) and 2SY27 (Form IA). This hybridization

pattern is to be expected since Form IA and Form IB rbcLs are closely related.

6CH1 8SY13 1CH1 2SY19 1CH4  2SY27

100 ng

50 ng
10 ng
1ng

Blank

Figure 2.4. First successful hybridization experiment. The numbers to the left show the concentration of the
dots laid down on the membrane. Notation across the top are the clones spotted onto the membrane: 6CH1-
diatom; 8SY13- prasinophyte; 1CH1- chrysophyte; 2SY19- prochlorophyte,; 1CH4- prymnesiophyte; 2SY27-
Synechococcus. This blot was hybridized with a transcript made from 8SY13.

Next the full array was spotted containing all 22 clones in the format described in
Figure 2.3. Clones 1CH1 nad 2SY?27 were replaced with SCH10 and 2SY4, respectively.
PCR amplicons were spotted in duplicate in concentrations of 50 ng and 10 ng. The first
array was hybridized with 2.5 pg of an 8SY13 probe (Fig. 2.5 a). This experiment
indicated cross hybridization occurring between unrelated clones. For example, on one

array, a Form IB prasinophyte probe hybridized to a Form ID dictophyceae amplicon and
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a Form IA Synechococcus amplicon. This had not been a problem in the preliminary
arrays; as such the increase in cross hybridization led us to believe that the parameters for
hybridization were not stringent enough. In an attempt to correct for this, the
hybridization and washing temperature was increased from 60°C to 65°C. Increasing the
hybridization and washing temperature did not prevent cross hybridization of the probes
with dissimilar amplicons. Cross hybridization can be seen in Figures 2.5 b-c, which were
hybridized at 65°C. Figures 2.5 b-c were hybridized with a diatom and a Synechococcus
sp., respectively, and when compared to Figure 2.4, it is evident that cross hybridization
has occurred. The diatom (Form ID) probe, hybridized to all Synechococcus dots and to
all chlorophyte dots. Additionally, the Synecococcus probe hybridized with a

pelagophyte, a dictophyceae, a prymnesiophyte all of which contain Form ID rbcL.
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Figure 2.5 Fully dotted array experiments. (a) First hybridization experiment with the fully dotted array at
60°C. This array was probed with a labeled 8SY13 transcript (prasinophyte). (b) Array was hybridized with a

4CH12 (diatom) probe at 65°C. (c) Array was hybridized with a 2SY4 (Synechococcus) probe at 65°C.
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2.4 Discussion

In this study a macroarray containing clones from the MRP was hybridized with
transcripts from clones also obtained from the MRP. We were faced with difficulties
from the onset of the experiment. Initially there was a problem with the labeling step
using biotin. During the labeling efficiency step, there would be no spot on the film to
indicate that the transcript was labeled with biotin. In an attempt to correct for this
problem, many modifications were made to the protocol. We first assumed that the
random primers provided by the labeling kit were not specific enough to our target and
thus were not labeling the transcript. Specific primers were then used in place of the
random primers. When changing the primers did not improve the labeling efficiency, we
increased the amount of template by doubling the transcription reaction. We believe that
the combination of the specific primer and the increase in the amount of template
contributed to the success of the labeling step.

There was a considerable amount of cross hybridization occurring with the
macroarrays. With the preliminary arrays there was also some cross hybridization but we
believed it to errors made during the dotting of the macroarrays and thus decided to dot
the full array. The non-specific binding of the target was still present; therefore the
hybridization temperature was increased from 55°C, 60°C and 65°C, respectively, in
separate reactions to increase the stringency of the array. Increasing the hybridization
temperature did not reduce the occurrence of cross hybridization. One theory is that the
initial concentration of the probe may have been too high and thus caused an overload of

RNA to the array. During the labeling efficiency step, one must judge based on the
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intensity of the spots as to what the optimal concentration for hybridization should be. A
1:10 dilution of probe 8SY 13 was done prior to hybridization the array yet cross
hybridization still occurred. In the next set of experiments, approximately 1.25 ng of
labeled probe was used for hybridization (Fig 2.5 b-c). Even with half the original
concentration of the probes, there was still significant cross hybridization with clones
from unlike groups. Another possible cause of cross hybridization of the target could be
a result of plasmid sequence overhang on the PCR products. The rbcL gene is excised
from the plasmid by a restriction enzyme and transcribed into RNA. The PCR products
that were spotted onto the array contained the plasmid sequence overhang. The pure
transcripts also contain portions of the plasmid sequence which could result in the

nonspecific binding of transcripts to spots from different phylogenetic groups.
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Chapter 3
Microarray Detection of RuBisCO in the Mississippi River Plume

Chapter Summary

Here, a DNA microarray was used to detect rbcL expression occurring in the
Mississippi River Plume (MRP). Total RNA was extracted from water samples
collected from the MRP in 2005. cDNA was made from total RNA and amplified with
rbcL primers in a polymerase chain reaction (PCR). PCR amplicons were labeled and
hybridized to microarrays containing known PCR-amplified rbcL products obtained from
various locations. All microarrays, constructed at Princeton University by the Ward lab,
consisted of 70-mer oligonucleotides made from clones sequences previously obtained
from the MRP. Information from the microarrays was compared to real-time PCR (RT-
PCR) rbcL and dot-blot hybridization data obtained from the plume. Microarray data
gathered for surface waters of the MRP showed high Synechococcus, pelagophyte and
prymnesiophyte signals, although Synechococcus signals were at times significantly
higher than those of the pelagopyte and prymnesiophyte probes. Subsurface data showed
lesser amounts of Synechococcus and no Prochlorococcus expression. There were also
significant signals observed in the chlorophyte probes. These results, provide a third

layer of the detection of rbcL expression in the MRP.
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3.1 Introduction

The Calvin-Benson-Bassham cycle is primary the pathway for the entry of
inorganic carbon to the biosphere, and is the major pathway used by autotrophic
organisms such as plants and phytoplankton. Ribulose-1,5- bisphosphate carboxylase
oxygenase (RuBisCO) is the enzyme responsible for fixing CO, to ribulose bisphosphate.
RuBisCO has four forms (I, II, III, and IV) that can be distinguished by their assemblage
of subunits and their individual biochemical properties (39). Form I RuBisCO consists of
eight large (Lg) and eight small (Sg) subunits. It can be further divided into two
subgroups of either “green” or “red” (39). Each subgroup is then divided into subclasses:
green is divided into IA and IB which are found in green plants, green algae and
cyanobacteria; and red is divided into IC and ID which are found in red algae and purple
bacteria (39).

Microarray technology offers a new approach to the study of microorganisms by
providing a means to identify and examine the functionality of many genes
simultaneously. Presently, majority of the studies using microarrays have been in the
biomedical field, however, the use of microarrays in environmental studies has begun to
increase. The lack of environmental studies is widely due to difficulties associated with
cultivating microbial communities found in environmental samples. Nonspecific probe
to target binging, temperature variability amongst probes and problems with DNA
amplification are the main obstacles that must be addressed when working with

microarrays (41).
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The Mississippi River is responsible for over 41% of the drainage of the United
States and thus deposits a significant amount of nutrients into the Gulf of Mexico (1, 42)
forming a plume. These nutrient deposits fuel annual phytoplankton blooms. Past
studies have shown the presence of diverse phytoplankton groups in the plume (46). In
this study, rbcL obtained from the Mississippi River Plume (MRP) was extracted and
hybridized to a microarray containing known rbcL probes. This data was then compared

to real time PCR and dot-blot hybridization data obtained from the plume.
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3.2 Methods

3.2.1 RNA extraction

Three-tenths to 20 L of water collected from the Mississippi River Plume in July 2005
were filtered with sterivex filters and 350 puL of RLT buffer were added to each filter.
Three to nine-hundred mL of water were also filtered with 0.45 um Durapore filters and
which were placed in 2 mL tubes with 750 uLL RLT buffer and silica or glass beads.
Filters were placed in the -80°C freezer for storage. Total RNA was extracted from the
filters following the RNeasy Mini Kit (Qiagen) protocol. Table 3.1 lists the cruise
samples that were used. Figure 3.1 shows the cruise stations from which these samples

were collected.

Table 3.1. List of cruise samples showing depth, amount filtered and type of filter used.

Station Depth Water Filtered (L) Filter
8B 55m 15 Sterivex
7X 3m 11.2 Sterivex
TB 3m 0.3 Durapore
2G 100m 2 Sterivex
6A 3m 2.6 Sterivex
5A 3m 2.6 Sterivex
1B 60m 15 Sterivex

3.2.2 Transcription

cDNA was made using the SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen) according to the manufacturer’s protocol. Briefly, total RNA up to 5 pg, but
no less than 1 pg, was combined with 50 ng/uLL random hexamers and a 10 mM dNTP
mixture. Samples were incubated at 65°C for 5 minutes and then placed on ice. cDNA

Synthesis mix was prepared using 10X RT buffer, 25 mM MgCl,, 0.1 M DTT, RNaseOut
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(40 U/uL) and SuperScript III RT (200 U/uL) and added to the RNA/primer mixture.
This new mixture was then incubated first at 25°C for 10 minutes and then at 50°C for 50
minutes followed by incubation at 85°C for 5 minutes to terminate the reaction. Samples
were placed on ice following incubations and RNAse H reagent was added to each
sample followed by incubation at 37°C for 20 minutes. cDNA was then quantified using
the Quant-iT Pico Green dsDNA Assay Kit (Invitrogen). cDNA was amplified with PCR
using all three rbcL primer sets (Form ID fwd and rev; Form IA/IB fwd and rev; Syn fwd,
Form TA/IB rev) before labeling. ¢cDNA ranging in concentration from 0.1 to 2 ng was
added to a mixture containg the forward and reverse primer (100 uM each) and PCR
Master Mix (Promega). Thermocycler conditions consisted of an initial denaturation at
95°C for 2 min, followed by 40 cycles of 95°C for 1 min, 52°C for 1 min, and extension
at 72°C for 1.5 min. There was an additional extension of 72°C for 5 min. Amplicons
were purified using the Zymo Kit and quantified with the Quant-iT Pico Green dsDNA

Assay Kit (Invitrogen).
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Figure 3.1. SeaWiFS ocean color satellite image of the Mississippi River Plume overlaid with cruise stations.
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3.2.3 Positive controls

Transcripts of clones obtained from the Mississippi River Plume in 2001 (46, 47) were
made first by digesting plamids containing the rbcL insert with the appropriate enzymes.
Table 3.2 lists the clones that were used as positive controls. All digests were purified
with the Zymo DNA Purification Kit (Zymo Research). The linearized plasmid DNA
was then transcribed using the Riboprobe Combination System (Promega) for 2 h at 37°C

using either the Sp6 or T7 RNA polymerase promoter to yield sense transcripts.

Table 3.2. List of the transcripts used as positive controls for the microarray performance tests.

Clone Family RuBisCO Type Reference

P994CH1 Pelagophyte ID Wawrik et al., 2003
WSO01ST1CH1 Prymnesiophyte ID Wawrik & Paul, 2004
WS01ST8CH12 Chrysophyte ID Wawrik & Paul, 2004
WSO01ST3SY1 HL Prochlorococcus 1A Wawrik & Paul, 2004

P994GY7 LL Prochlorococcus 1A Wawrik et al., 2003
WS01ST6SY3 Synechococcus 1A Wawrik & Paul, 2004
WS01ST4SY39 Prasinophyte IB Wawrik & Paul, 2004

3.2.4 Labeling

Amplified cDNA was combined in order to minimize within reaction variability and bias.
Mixed cDNA was labeled in a random priming labeling reaction using the BioPrime
Array CGH Genomic Labeling Module (Invitrogen) with slight modifications. In short, a
reaction mixture containing 2.5X random primers (125 mM Tris-HCI, template cDNA,
12 mM MgCl,, 25 mM 2-mercaptoethanol, 750 ug/mL oligodeoxyribonucleotide
primers), 1.2 mM dNTP mix with aminoallyl-dUTP (10 mM dACG mix, 10 mM dTTP,
10 mM dUaa) and Klenow enzyme ( 40 U/L Klenow fragment in 100 mM KPO,4, 1 mM
DTT and 50% glycerol). This mixture will be incubated at 37°C for 2 h. Labeled

product was cleaned with the Qiaquick PCR Purification kit (Qiagen) and quantified with
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the Quant-iT Pico Green dsDNA Assay Kit (Invitrogen) to ensure that the labeling
procedure was successful. Following quantification, the labeled product was dried down
to a pellet and frozen at -80°C.

3.2.5 Coupling of dUTPaa-labeled target to Cy3 dye

First, the Cy3 dye pellet was re-suspended in 40 pL. of dimethyl sulfoxide (DMSO). The
dUaa labeled pellet was thawed and re-suspended in 4.5 pL. of 0.10 M Na,COs; buffer and
incubated at room temperature for 15 min. Next a 4.5 pL aliquot of dye solution was
added to the re-suspended pellet and allowed to incubate in the dark for 1 hr. Once
incubation is complete, 4.5 pLL 4M hydroxylamine were added to the mixture and allowed
to incubate in the dark for an additional 15 min. Hydroxylamine quenches the coupling
reaction of the Cy3 dye with the dUaa label. The mixture was then purified with the
Qiaquick PCR purification kit with minor modifications: 25 pLL of ddH,O were added to
each sample before the addition of Buffer PB; 3 ul. 3M NaOAc was added to ensure low
pH of Buffer PB; samples were washed 5 times with Buffer PE; 30 uLL Buffer EB was
added and columns were allowed to sit for 2 min, and then spun down in a
microcentrifuge. The elution step was repeated to yield 60 pL of target. Finally, labeled
samples were quantified with the Pico Green kit for double stranded DNA and dried
down into a pellet.

3.2.6 Microarray construction and hybridization

Two types of slides were used in this study (Fig. 3.2). The first type, referenced as
BCO008 (Fig 3.2a), consisted of a glass slide and a single gasket. Only one probe can be

used with this array. The second slide, referenced as BC0O09 (Fig 3.2b), is unique in that
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there are two gaskets. This allows for the hybridization of two probe sets in a single
experiment in which a different hybridization solution, each with a different Cy3 target,
is placed into each gasket and the array slide is placed onto the coverslip. The DNA laid
down on the array were 90-mer oligonucleotides from various organisms in which the
first 20 bases were complimentary to the Cy5 reference oligonucleotide used in the
hybridization solution (Table A-1). All microarray slides were printed at the Microarray
Facility at Princeton University Princeton, New Jersey. This is an ozone free facility due
to the sensitivity of Cy5 to the gas.

The hybridization protocol for BC0O09 is different from BC0O08. The hybridization
solution consisted of 100 uL 2X Hybridization Buffer (Agilient), (n) uL Cy3-target, (n)
uL Cy5-reference oligonucleotides and distilled water to a total of 200 pL.in a 1.5 mL
tube. A total of 4 ng of transcript cDNA and 100 ng of cruise sample cDNA were used in
the hybridization solutions. Tubes were mixed and heated to 95°C in a wet block with
the lid locked for 5 min and then allowed to cool to room temperature for a minimum of 2
min. The hybridization solution was then applied to the gasket of the slides. Slides were
incubated in a rotating oven overnight at 60°C.

When using the BCO08 slides, 30 mL of prehybridization solution was made
containing 7.5 mL of 20X SSC (5X in 30 mL), 3 mL of 10 % SDS(1 % in 30 mL) and
0.3g (1 % in 30 mL) of a blocking reagent in the form of chicken or bovine serum
albumen (CSA or BSA). This solution was heated in 5 s intervals until clear and all
CSA/BSA is melted. It was then filtered through a 0.45 pum filter. Array slides were

incubated in this solution for a minimum of 40 min at 64°C in the hybridization oven or
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warm water bath. After incubation, slides were dipped in e-pure water 5 times and then
rinsed with isopropyl alcohol. Slides were then centrifuged to remove any residual
alcohol.

Next, parafilm was wrapped around the slides to serve as a barrier between the
coverslip and the array slide. Slides were then placed label side up in the hybridization
chamber. The coverslip was secured with more parafilm and the slides were placed into
the hybridization chamber. Hybridization solution containing 200 ng target DNA, 1 uL
CyS5 reference oligonucleotide and prehybridization solution to a total of 80 puL was
pipetted onto the array slide under the coverslip. The hybridization chamber was sealed
with black clamps and wrapped in foil to block out any light. Chambers were then placed
in the warm water bath or hybridization oven and incubated overnight.

3.2.7 Washing and Scanning

BCO009 slides were removed from the rotating oven and placed in Wash #1(20X SSC,
10% SDS, water) and shaken for 10 min at 100 rpm. The slides were then removed from
Wash #1 and placed in Wash #2 (20X SSC, water) for 10 min at 100 rpm. For the final
wash, Wash #3 (20X SSC), slides were also shaken for 10 min at 100 rpm. BCO0OS slides
use the same reagents, time and rpm’s in the washing steps but the concentrations are
slightly different. Wash #1 contains 1X SSC and 0.05 % SDS at 55C; Wash #2 contains
0.1X SSC and 0.05 % SDS; and Wash #3 contains 0.1X SSC. All arrays were scanned in
the Agilent Scanner (Agilent Technologies) and analyzed with Gene Pix Software

(Molecular Devices).
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)t

Array Coverslip

Figure 3.2. Types of array slides. The first type (a), referred to as BC008, consisted of a glass slide with one
gasket in which only one probe set can be used. The second type (b), referred to as BC009, consisted of a glass
slide and a coverslip with two gaskets. This allows for hybridization of a slide with two different probe sets.
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3.3 Results
cDNA made from cruise samples was sent to the Ward lab in July 2005 and the
remaining cDNA was sent in November 2006. Many of the probes on the array consisted
of a group of rbcL sequences obtained from GenBank, from which a representative
sequence based on similarities in that group, was selected to characterize all types of that
particular group. The probes with accession numbers were also obtained from GenBank.
Table A.1 lists the probes and the representative sequence that was chosen. All data were
normalized by dividing all Cy3/CyS5 ratios for each probe, by the highest ratio in the data
set.
3.3.1 Microarray performance
Microarray data was arranged into groups: controls, surface samples and subsurface
samples. Transcript DNA from clones obtained from the MRP in 2001 (46, 47) were
hybridized to microarrays. Figures 3.3-3.6 show the transcripts that were used to test the
performance of the microarrays. Clone 3SY1 is a high-light Prochlorococcus (Fig. 3.3);
clone 6SY3 is a marine type A Synechococcus (Fig 3.4); clones P994CH1 and P994GY7
are a pelagophyte and low-light Prochlorococcus, respectively (Fig. 3.5); and clones
8CHI12 and 1CHI1 are a chrysophyte and a prymnesiophyte, respectively (Fig. 3.6). All
of the clones, with the exception of 8CH12 and P994GY7, hybridized to the probe whose
sequence to which it was most homologous. Clone 8CH12 did not hybridize because
there was no similar target on the array.

Since P994GY7 did not hybridize specifically to one probe on the array, a

pairwised sequence alignment was performed to determine how similar the sequences
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were to the respective probes to which each hybridized. The sequence alignment of
P994GY7 showed that it is at least 68% similar to AF381708, an uncultured chlorophyte
and to Prochlorococcus marinus. The probe with the largest signal was the low light
Prochlorococcus consensus probe and thus was expected to show a stronger signal than
the other probes.

3.3.2 Tampa Bay

Fort Desoto is located at the entrance of Tampa Bay in the southwest corner of Mullet
Key. The water samples from Fort Desoto were taken at 3m depth (Table 3.1). There
was a large amount of background signal in the Fort Desoto hybridization experiment
(Fig. 3.7). This array was hybridized with rbcL product made with Form ID primers,
thus only the last eight probes on the far left should have a signal. The signals of the
Form IA and Form IB probes were caused by a large background not observed in other
samples. Prymnesiophytes were dominant at Fort Desoto, followed by the pelagophytes,
the silicoflagellates and the haptophytes. There were also significant amounts of
Phaeodactylum tricornutm, Karenia mikimotoi, diatoms and phaeophytes. Figure 3.8
shows another hybridization experiment with cDNA from Fort Desoto amplified with
Form ID primers. In this experiment there is a high signal from the prymnesiophytes.
The remaining Form ID probes were below the Cy3/Cy5 ratio cut off. This array was
hybridized with MRP Station 2G amplified with Form IA/IB primers, which is discussed

later.
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3.3.3 Surface samples

The surface MRP samples were obtained from Stations 5SA and 6A. Water samples from
Station SA were taken at 3m and a total of 3.6 L of water was filtered with Sterivex filters
(Table 3.1). Samples collected from Station 6A were taken at 3 m depth and 2.6 L were
filtered with Sterviex filters (see Table 3.1). Figure 3.9 shows the hybridization data
from Station 5A for the cDNA that was sent in July 2005 to the Ward lab in Princeton.
Figure 3.10 shows the data from Station 5A for the arrays that were hybridized in
November 2006. cDNA used in Experiments 5A-1 and 6A-1 were amplified with only
Form ID primers. cDNA used in Experiments 5SA-2 and 6A-2 were amplified with both
Form ID and Form IA/IB primers. In Experiment SA-1, pelagophytes are the dominant
group followed by diatoms, prymnesiophytes, P. tricornutm, haptophytes and
silicoflagellates. There are small signals in some of the Form IA and Form IB probes but
because only Form ID primers were used, these signals are attributed to background.
Although the Form ID probes of array SA-2 appear to have weaker signals than those
observed in Station 5A-1, they are proportionate to each other and normalized to the
Synechococcus signal. Synechococcus gave the highest signal at Station 5A-2. In array
6A-1, pelagophytes and prymnesiophytes dominated amongst the Form ID probes (Fig.
3.11). There were also significant signals for the haptophytes and silicoflagellates. P.
tricornutum, pelagophytes and prymnesiophytes dominated array 6A-2 (Fig. 3.12). There
was also a strong signal in the Synechococcus probe. As shown in array Station SA-2, the

Form ID probes in Station 6A-2 were lower than those of Station 6A-1, however the
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same proportions are observed. Small amount of chlorophytes were present at both
Stations 5A-2 and 6A-2 (Figs. 3.12-3.14).

3.3.4 Subsurface samples

Subsurface samples were obtained from Stations 8B, 1B, 2G and 7X (Fig. 3.1). In all
four stations subsurface stations there is a similar distribution of Form ID containing
organisms. Station 8B is located at the subsurface chlorophyll maximum (SCM) and not
in the plume. It is one of only two subsurface stations in which there is data available for
Form ID and Form IA/IB (Fig. 3.13). Water samples collected from Station 8B were
obtained at 55 m (Table 3.1). Pelagophytes dominated the Form ID probes and there was
a significant signal from the prymnesiophytes. Amongst the Form IA/IB probes,
Synechococcus was the dominant player at Station 8B but there was also a significant
signal from the prasinophyte, Chlorella, and the uncultivated chlorophyte AF381699.
Thus, this subsurface sample was the first to demonstrate appreciable hybridization to
chlorophyte (green algal) phytoplankton.

The SCM of Station 1 (1B) was also sampled (Fig. 3.14). These samples were
taken from a depth of 60 m of which 15 L of water were filtered. This array was
hybridized with prasinophyte transcript (4SY39) and cDNA obtained from Station 1B.
Pelagophytes yielded twice the signal of prymnesiophytes and there were significant
amouns of haptophytes, silicoflagellates, diatoms and K. mikimotoi. Transcript 4SY39
did not hybridize to any of the chlorophyte/prasinophyte probes due to poor labeling

efficiency.
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Station 2G is located just outside of the plume at a depth of 100m. cDNA from
this station was amplified with both Form ID and Form IA/IB primers, however on
different arrays. Figure 3.15 shows the cDNA that was amplified with Form ID primers
and as expected, only the Form ID probes have signals. Pelagophytes are once again the
dominant player at Station 2G followed by the prymnesiophytes. There are also
significant signals for the haptophytes, silicoflagellates and diatoms. Figure 3.8 shows
cDNA from Station 2G amplified with Form IA/IB primers and aforementioned cDNA
obtained from Fort Desoto amplified with Form ID primers. Synechococcus dominated
the Form IA/IB probes. Chlorella and the prasinophytes were significant at Station 2G as
well as a few of the other chlorophyte probes, as was observed for the other subsurface
sample, 8B. Station 7X is located outside of the plume at a depth of 3m (see Fig. 3.16).
Pelagophytes dominated among the Form ID probes followed by significant signals from
some of the other Form ID probes. This array was also hybridized with a Synechococcus

transcript and thus explains the strong signal with Synechococcus consensus probe.
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3.4 Discussion

A microarray was designed to ascertain which clades or phylogenetic groups are most
abundant and active in the primary production occurring in the MRP as determined by
rbcL hybridization and real time PCR. Microarrays were designed by the Ward Lab
Group at Princeton University, Princeton, NJ. The probes used on the array are made up
of a group of sequences taken from GenBank that were then assembled into consensus
groups. Hybridization experiments were separated into three groups: controls, surface
and subsurface.

With the exception of the prasinophyte and the chrysophyte, all positive controls
hybridized to their respective probes on the array. Initially, we were unaware of what
was exactly on the array and a chrysophyte was chosen as a positive control due to its
presence in the MRP. However there was no chrysophyte probe on the array and thus no
hybridization signal was observed. The prasinophyte probe did not label due to poor
labeling efficiency of the Cy3 dye the dUTPaa labeled target.

cDNA from Fort Desoto was amplified with only Form ID primers, yet there was
a signal for every probe on the array including the Form IA and Form IB probes (Figure
3.7). The background levels in this experiment were particularly high. Since neither
Form IA nor Form IB primers were used to amplify the cDNA, these signals were
ignored and only the Form ID signals were analyzed. These results are in agreement with
real time PCR data obtained from Tampa Bay. The real time PCR assay showed that
haptophyte rbcL expression, which includes prymnesiophytes, was significant in Tampa

Bay where they were found in concentrations as high as 39 pg L™ Furthermore,
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heterkont rbcL expression, which includes diatoms, pelagophytes, pinguiphytes and some
silicoflagellates was found in concentrations as high as 402 pg L.

Surface stations had high Synechococcus, pelagophyte and prymnesiophyte
signals. There were no significant signals observed in the chlorophte or Prochlorococcus
probes. We were able to obtain phylogenetic profiles for both Form ID and Form IA/IB
groups for Stations 5SA and 6A. Dot blot hybridization showed that the chromophytes
dominated the surface waters by as much as 10 times the concentration of Form IA
groups (18). Furthermore, RT-PCR results from Stations SA and 6A showed that the
heterokonts were 100 times more abundant than Synechococcus (18). The strong signal
of the Synechococcus probe could be due to selective PCR amplification and not due to
an abundance of Synechococcus in the plume surface. However, virtually no signal was
obtained by PCR or microarray analysis for any Prochlorococcus phylotypes in the
surface waters of the MRP.

Stations 5A and 6A were located within the plume where it has been previously
shown that diatoms were dominant among the microplankton in the plume (18).
Microarray analysis revealed an abundance of pelagophytes in the plume. Since the real
time PCR assay cannot distinguish between diatoms and pelagophytes given their close
relationship to each other (46), it is probable that the abundance of diatoms previously
observed is actually a mixture of diatoms and pelagophytes. When Station 5SA-2 and 6A-
2 results were compared to Stations SA and 6A, it was evident that there was a difference
in chromophyte signals on the arrays. However due to the high Synechococcus probe

signal, the Form ID probe signals are normalized to the Synechococcus signal and appear
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weaker than those observed in arrays SA-2 and 6A-2. Nonetheless, a similar distribution
of organisms is still observed across the two surface stations.

Real time PCR assays conducted by John et al. (Submitted) indicated that diatoms
were more than likely responsible for most of the rbcL. expression occurring in the MRP.
This coincides with microarray analysis which showed that Form ID organisms,
specifically the pelagophytes and prymnesiophytes, were in greater abundance in the
surface and subsurface waters. Subsurface samples had lesser amounts of Synechococcus
than the surface stations and no prochlorophytes. Pelagophytes were dominant along the
SCM. Real time PCR and dot blot hybridization resulted in significant amounts of
heterokonts in the subsurface. Station 8B was the first station at which signals were
observed from the Form IB clade. Wawrik et al., (2003) also found that prasinophytes
were high at the SCM and the presence of diatoms.

Microarrays detected no chlorophytes in the surface but they were found at the
SCM. John et al. (Submitted) also found no chlorophytes in the surface. Station 2G was
dominated by Form ID rbcL expression, but there were also significant amounts of
Synechococcus and Chlorella rbcL expression. This data coincides with the work of
Wawrik et al. (2003) in which a clone library was constructed containing a diverse group
of phylotypes closely related to green algae. One of the predominant groups among these
clones was closely related to Chlorella sp. (46). This finding agrees with the Chlorella
probe signal on the microarray (Fig. 3.8). The other group discovered was related to
Bathycoccus prasinos and was abundant at the SCM (46). A significant prasinophyte

signal was observed in the microarrays at Station 8B (Figure 3.13) which is located at the
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SCM. There was a significant pelagophyte signal at Station 7X. This station was located
near the surface where our data shows that pelagophytes dominated other surface
stations.

Previous studies have used flow cytometry and epifluorescence microscopy to
study picoplankton community structure in the ocean (5, 6) and thus it is believed that in
tropical and subtropical areas, Prochlorococcus dominates the picoplankton. Wawrik et
al. (2003) found an abundance of Prochlorococcus in the middle water column of the
MRP around 40 m depth. However, no Prochlorococcus probe signals were observed in
the subsurface stations on the microarrays. Additionally there were no Prochlorococcus
signals in the surface waters of the MRP which supports the work of Wawrik et al.,
(2003) in which Synechococcus dominated the surface waters. Usually, Synechococcus
dominates where Prochlorococcus is found in lesser amounts and thus could explain why
Prochlorococcus was not found in the subsurface. Abundance in Synechococcus has
previously been shown to occur at the interface where plume waters and water form the
Gulf of Mexico mix (47). Furthermore, Prochlorococcus is abundant outside of plume
waters in the oligotrophic waters of the Gulf of Mexico. Of the four stations with high to
significant signals for the Synechococcus probe, Station 2G was the only one located at
the interface where plume waters and blue waters meet.

This array design does not provide a thorough representation of the phylogenetic
diversity of phytoplankton in the MRP. Figure A-3 in the Appendix shows the
phylogenetic tree of the clone library made by Wawrik et al. (46). Table A.1 lists the

probes used on the microarray and their sequences. When the list of probes is compared
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to the phylogenetic tree, it is evident that many of the sequences used in different
consensus groups overlap one another on the tree (Figs. A-1 — A-3). The BroadChlrl
consensus group encompasses most of the BroadChlr2 consensus and probe AF381699.
Furthermore, BroadChlrl consensus group contains a few Chlorella species. All of the
clones used in the haptophyte consensus were classified as prymnesiophytes by Wawrik
et al. (2003) and only one prymnesiophyte sequence was used for the prymnesiophyte
probe. Figures A-4 — A-6 show updated and more detailed trees containing the sequences
used to make the probe consensus groups, the transcripts used as controls and their closet
relatives.

This study provides a third level of specificity at which phylogenetic diversity has
been sampled in the MRP. The first level, dot-blot hybridization is capable of dividing
the organisms into their respective clades. Real time PCR is the second level and able is
to detect specific groups within each clade. Microarrays take it a step further and are
capable of identifying even more organisms within each clade. Although a limited
number of samples were analyzed by microarrays, this technology shows promise and
this study was viewed as a pilot for their application. The rbcL probes designed were
based upon published sequences from 2003 and we now have a much greater
understanding of the diversity of rbcL-containing phytoplanktonic phylotypes. Future

studies should employ this knowledge for judicious probe selection.
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Figure 3.3. Hybridization of 3SY1 (HL Prochlorococcus) to array.
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Figure 3.4. Hybridization of 6SY3 (Syrnechococcus) to array.
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Figure 3.5. Hybridization of P994GY7 (LL Prochlorococcus) and P994CH1 (pelagophyte) to array.
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Figure 3.6. Hybridization of 8CH12 (chrysophyte) and 1CH1 (prymnesiophyte) to array.
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Figure 3.7. Hybridization of cDNA made from water collected from Fort Desoto and amplified with Form ID
primers.
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Figure 3.8. Hybridization of cDNA made from water collected from Fort Desoto and Station 2G. cDNA obtained

from Station 2G was amplified with Form IA/IB primers while cDNA from Fort Desoto was amplified with
Form ID primers.
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Figure 3.9. Hybridization of cDNA obtained from Station SA. ¢cDNA used in this experiment was amplified with
Form ID primers.
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Figure 3.10. Hybridization of cDNA obtained from Station SA. cDNA used in this experiment was amplified with
Form IA/IB and Form ID primers.
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Figure 3.11. Hybridization of cDNA obtained from Station 6A that was amplified with Form ID primers. This
cDNA was sent to the Ward Lab at Princeton University in July 2005.
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Figure 3.12. Hybridization of cDNA obtained form Station 6A that was amplified with both Form IA/IB and
Form ID primers. cDNA was sent to the Ward Lab at Princeton University in November 2005.
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Figure 3.13. Hybridization of cDNA obtained from Station 8B. ¢cDNA was amplified with Form IA/IB and Form
ID primers.
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Figure 3.14. Hybridization of cDNA obtained from Station 1B and transcript 4SY39 (a prasinophyte). cDNA
from Station 1B was amplified with Form ID primers.
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Figure 3.15. Hybridization of cDNA obtained from Station 2G. ¢cDNA was amplified with Form ID primers.
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Figure 3.16 . Hybridization of cDNA obtained from Station 7X and clone 6SY3 (a synechococcus). ¢cDNA from
Staion 7X was amplified with Form ID primers.
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Appendix A
Table A-1. rbcL probe list

ricL Probe Sequences

Probe Mame Compenent sequencas
Accesslon Humber

. rikimaotol AEO34EST

F. mcomutum AF195352

Cizhams COMEENEUS

AS013005

ABD18007

AFD1556E

AFD1S562

AFDGATAY

AFDE2430

AF1D91D

AFTTIO0E

AF1T900E

AF195352

AFIA3TWT

AF333TTE

AF3E3TD

AF3T2E3E

AFIG1ETE

AF3G1E3Z

AY157391

AY157395

AY157383

AY15TA0L-AY 157440

AYITEIGS-ANITEZEZ

AY3ISEIR2

K530E0

UDU31Ens

L4305 1-UmET3

AFZE1ETE

AF3E1E31

AFIE1E34

<9

P ABDS5Z5
AFDES400
COMEENSUS
uasE9s

AFT17304
AFT17305
AFT17306
AF3S183S
AF3S1636
AFIE1EI

Felagopnytes

SllcoNagellates AFIGITIS
Frymnesiophytes

Hapiocorsensus

AF3E1ITS

COMEENEUS
AFIE1T41
AF3E1TAT
Dassid
Dassss
ASD43E5S
ABD43EDS
ABE043TOO
DassaT
AF3EITIZ
AFIEITIE
AEO43IEEA
AFIG1TAE
AF3E1TAT
AF3EIT
AF3E1TIE
AED43ELE

Idantity
Karenia mikimood
Phasodactylum Tricomuium

Dezonula confersacaa

Thalassioelra norderskizclall
Rhizoeolemia saiigera

Skelstonama costaum

Mischocooous spaerccephalus
Pleurechiangella botrylepsls
Thialassioslra pesudanana
Bacllarophyta gen, Sp.
Bacllarophyts gen, Sp.

Phasodachylum Tiocomutum

Bolidomonas mediamansa

Bolidomonas pactlica

Belidomonas

Bolidomonas pactflica sirain CCMP 1858
uncullured stramencphile clone
uncullured stramanophile clone
uncullured marine 2k

uncullured manne suk

uncuitured marine sui

uncullured manne suk

uncuitured marine sui

uncullured manne suk

Cylindrotheca sp.
unigemt®ied diatomn endosymibiant of Pendinium
unimenited algae

Uncuibunesd siramenophie gong S95CH22
Uncuiburesd siramenophile cone B92FHT3
Uncuibured siramenopnie cong S94HH14

Phassiphaniziia cyophila
Haplospora globsosa

PEI3gOMonas calceniana

AUrEDCOCCUE anapnagetersns
AUTECCOCCUE ENOENSgETTErens
AUrE0CoCCUE anapnagetersns
Uncuibured siramenophiie 324CH
Uncuituresd siramenophie cons 294CH2
Urieuibuned stramenophlie dong S22HHT

Uncultured hapiophyte cons S245HS
Uncuibured hapiophyte clone 8845421

Uneculbured hapaophyte clone S84CH3
Uneuibured napiaphyle cons S84E-70
GephyTocapsa oceankca

Emiliania nyxieyi

|sechnyels galbana

Chrysoehramuling ailfera
Chrysochromulina spinifera

Paviova salina

Uncuibured haptophyte cons S844HS
Unculbured hapaophite clons J845H3
Cruciplacolthus nechals

Uncuibured hapaophyte clons S84SH4
Unawibured haptaphyte cens S840H1
Uncuibured haptophyte cons S84aHT
Uncwibured haptaphyte cons 9845415
Chrysochromuling pana

Proba Sequance

AT L AT TGO AT GO LT TAATGAT TAAAGETT T TACGACACTC TGO TT GAT TCTAAGATTNGARATTGACCTACCTCAAGETA
AT O G AN T T B O AT e CT T TAA T AT TAAA G BT T T T A A TAC T TAT TAC TAAC T AT T TAAAT GT TAAT T TACCATACEETA

BATCOCCGGEAATTGOCATECCT T TAAT AT TAAAGET T ICTACEATAS ACCETTTAACARAATTAZATET TAACTTACCATTCGETA

GAT O O GG EAA T TG O AT O T T TAA T T CACAC AT TCTACAATACGT TATTATTAACTCACTTAAARAT TAATT TAGCTGAAGETT

BATCC o GGEAATTG O AT GO CAT TAATGATC CAAGETT TCTACGACACAT TATTAAAGACTAMGTTATCTATOGAT TTACCTAASEETA

GAT OO OO G EAATT GO AT GO CTCTAA TG GT TARAGETT TCTACAACACTT TATTAAACGTTAAGACATCTEGTAAACCTTCOTCAAGETT
GATCC O G GEAAT TGO CATEC CTC TAATEAT TAAAGGTT TCTACAACACTCTTCTAGATT T TAAATCTGACATCAACTTACCCTETEETA

EAT OO G EAATT B O A TG CT o TAA T AT TAAA SETT T TACAMCAC TCTT T T GAT TT TAAGACTEATE T TAACCTTCCTCAAGETT




Appendix A (Continued)
Table A-1 (Continued)
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(Chiorophyiss
CriGrpiPras.

CrirGma Crionella

CrrspaPsChie

[CnrGp/Broascnirl

[CnrGps/Broancnirz

ChrGEs/Braancnis

Eingls BEgUENCE probe

nams = Acession numiber

Proxanyotss

Frokcp1/Syn

FrokpaiL Fro

ProkcpaHL 2o

ABOAIECS
ABOSIEST
ABLSIESD
AFIE1TAR
AFEITIZ
Das8L8

AFE1T74D
AFIE1TAS
AFIEITIE
AFIEITAE
AFIBNTE2
ABLSIESS
ABOL3ES
HABOA3ECO
AB0SIEC2
DasEs2

AFIE1TAR
AFIEITIT
ABOSIESD

COMEENEUS
AFIEITIE
AFIEATIT
AFIEITI

AFIEITIZ
AFIEITIZ
AFIEITIE
COMEEnEUs
AFIEITI

AFIE1TIM
AFIEITOS
AFIEITI4
AFIEITIE
AFIEITIT
COMEEEnEUE
ABOTEDS3
ABOTEDS
ABOTEI00

Imamionla roonda

Chrysoehromuling sp. TKES22E
Platychnysls sp. THS3334

Uncuitured naptophyte 934EHS
Unizuituresd napaophyte cone S04AHIE
Cheyszehromuling Hirta
Uncuitured hapiophyte 9340CH2S
Unicuitured Napiophyte clonse 3245
Unizuitured haprophyte core S0484S
Unizuiburesd Napophie clome S04EHZ
Unizuitured hapaophite clone 924HH1 1
Pleurachryels haptonemiofera
Umilicosphasra slhogas

Calridlsous leploporus.

Hellcosphasra caner

Calyptrosphasra sphaeroldea
Unicuitured Mapiophyte clone 9840H2
Unizuituresd hapophyte cone 2048422
Cruciplacolihus nechels

LUncuibuned chlorophyis clone 92453
Unciibured chilanophyis clone 92454
Uncuitured chiarophyie clone 9347719
Uncuibured chionophyis clone 9347723
LUncuibured chlorophyis clone 234737
LUncuibuned chlonophyis clone 23473

Uncuibured chionophyis clone 93CY2
Uncuibuned chionophyis clone 23407SF
LUncuibuned chlonophyis clome 934571
Ureuitured ehlaropyis clane 334729
Uncuitured chiorpiyie clone S34FY43
Uncuibured chloropnyis clone 23457 E

Wolhvaox tertius

Wolvax carter T. nagarensiz
Wolvox carar 1. welsmanna
Soenedesmus qUaINcaLda
Pezudscanens Musasa
Wohvaox tertius
Chioromanas sp. ANT3

Urciaibured chilanophyis clome 9344%1
Ureuitured ehlarophyis clane 334474

Uncuibured chiorpphyis clone 2344717
LUncuibuned chlonopnyis clone 2348Y7

Unsuitured chigrophyte clone 93407135
Uncuituned chigropnyte clone 334Gy
Uneuitured ehiarophyte clone 934EY25
Uritured ehianapnyts clone 34472
Unuitured chionophyte clone 334476
Uncuituned chionopnyte clone 334475
Uncutured chigropnyte clone 934072F
Uruitured ehianopnyts clone 934575
Ureitured ehianopnyts clone 934573
Uncutured chionopnyle clone 234G
Cylindrocystis sp. UTEX 1335

Unsuitured Synschococtus sp. done 35571
Uncuituned Synsechococus sp. done 885712
Uncuitured Synschococtus sp. done 825717

Uncuibured Procn 5p. clone S34F 3F
Uncuibuned Proch 5p. clone 834G TF
Uncuibuned Proch sp. clone SA4GYEF

GATCCCCGEEAATTGOCATGOGTAACGTAADGCTTGE CETAGACATTATGCGTGATGCATACATT GAGAAGEACCETEACCGTEEAG

BT O G AT T AT S O T GAA S TAA LT T TAG G T T T LT AGAC T TAAT L CTCATEC TTACATO G GAAGEATOGTTCACGTECTE

GATCCCCGGGAATTGOCATEOETA CTCCTECTTACGT TARAACAT TCCAACETCCACCACACGETATTCAGETTGAACCTGACARAT

GATCCCCGEEAATTGOCATECETARTATTACTCTIGE CETTGEA AATEOETGATAACTATATTGCTAAGGATCETEATCGTEETE
GATCCCCGEEAMTTGOCATGAAAGATATT AL AIGE GTTGATCTTATGAGAGATGEAL CTAGAATTAGATOGATCTOGAGGAA

GATCCCC G GEAATTC O AT GAAA GCTTCGADCTTERECT T TET T GACTTGATECEGAACACCACATC GAASCTEACCGCARCOCTGEEE

GATCC OO GEAAT TGO AT GAAA GATATTACT T TAGCATT TETAGACT TGATCACACATCATTATGT TRAAZAMACATCETOCTORAGGTA

AT G AN T T AT S BT e T e TAAC T T TAG T T T ST TEATT TAATE OO TEATAACETTATT T TACSTEATAGATORCETRETA

BATCCCCGEEAATTGCCAT G BT RAGETAACTCTTGETT TOGTAGACCTTATGOETEATGATTADGTAGAGAAGEACCETAALCGTEETA
BATCCCCGEEAATTGOCA TR GTRAMATTACTCTTGET T TOETOGATCTAATACGTGACAACCTAGTT GLARAAGATCGCAGELETEEAA
BAT O G GGAAT TGO AT S CT AN T TACTC T TG G T T T LT TEATCTAATEC ST CATECATATCTAGAAAAAGATCETICTOETGEGA
BT G AT TG AT S GO G AR T TACAC T TR LT T ST GACCT TAT S GO GATCACT TTATCTCTAAGGACC S TACACSTECAS
GATCCCCGEEAATTGLCATEL ETCAARCAACTCTTGECTATATC GATAACCT TCETEAATCTT TTGTOCOCTGAAGACCETAGTORCEETA
GATCCCCGEEAATTGOCATEC GTCAMCTEACTT TEEETT TT S TAGACCTACTTCCETGAT GATTACATT GAAAAAGATCETAGTCGTEETA

GATC LG AT TG OCAT G CTCARAC CAC OO TCGEC TACATCGACCAGC TG OECGANTCCTICETEOCOGAAGADC GCAGCOGIGECA
BT G GEAAT TG AT S CT LA A AT LTI G ETTATAT TRACAACCTT CETEAATCCT T TS T CoTRAMGACTRCACACEIZEXA

BTG AT T O AT S CTCAAACAA CTC T T T TACAT TCACAAC T TAAGAGAGTCATT T ST TCCTGAAGATAGATCAMGAGETA
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Table A-1 (Continued)

L9

AF3E1B4E Uncuibured Prach ciong PEASY1

AFIE1E48 Unicultured Proch cong 2951

AFIS1EED Uniculburesd Proch ciong B05Y7

AF3E1851 Uncuiburesd Proch 35C7

AFIE1852 Uniculbured Proch 5p. cione 934041 0F

AF351E53 Uniculburesd Proch 5. clone 2401 1F

AF3E1854 Uncuiburesd Proch 5p. cione 2340 18F
Prokpd/Prodannus COMEENEUE AT G GAAT T GO AT G G T AAACAA T T TG G TTATAT CCACAACCTAC GTRRATCCTT TETO OO T GAAGACCETHCTCGCEETA

AYDLIDES Prochiorcoccus mannus s, PACT
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Figure A-1. Phylogenetic tree taken from Wawrik et al., 2003 showing the Form IB clones obtained from the
Mississippi River Plume. The probe consensus groups present on the tree have been labeled.
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Figure A-2. Pylogenetic tree taken from Wawrik et al., 2003 of the Form ID sequences obtained from
the Mississippi River Plume. The probe consensus groups present on the tree have been labeled.
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Figure A-3. Phylogenetic tree taken from Wawrik et al., 2003 showing the Form IA clones found in

the Mississippi River Plume. The probe consensus groups present on the tree have been labeled
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Figure A-4. Conensus tree of Form IB clone sequences obtained from
the MRP in 1999 and 2001 along with their closest relatives.
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Figure A-5. Conensus tree of Form IA clone sequences obtained from
the MRP in 1999 and 2001 along with their closest relatives.
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Figure A-6. Conensus tree of Form ID clone sequences obtained from the
MREP in 1999 and 2001 along with their closest relatives.
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