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PROJECT SUMMARY: Describe in concise terms, the hypothesis, objectives, and the relevant background of the project.
Describe concisely the experimental design and research methods for achieving the objectives, This description will serve as a
succinct and precise and accurate description of the proposed research is required. This summary must be understandable and
interpretable when removed from the main application. { TYPE TEXT WITHIN THE SPACE PROVIDEM).

Principal Investigators: Dr. Md. Sirajul Islam (Local)
Ronald K. Taylor, Ph.D. (USA)

Project Name:  Environmental persistence of Vibrio cholerae

Total Budget: US S 230.872.00 Beginning Date: September, 2001 Ending Date: August, 2004

PROJECT SUMMARY:

We propose to use microarrays to facilitate whole-genome analysis in three interrelated studies:

1. A laboratory experiment to determine the temporal dynamics of gene expression, particularly the co-
regulation of dormancy and attachment, under dramatically different environmental conditions in three
different bacterial microhabitats

2. A laboratory experiment to determine how temperature, pH, nutrients, and salinity interact to determine
gene expression, particularly for genes associated with dormancy and attachment

3. An in situ incubation experiment in Bangladesh that measures gene expression in bacteria as a function of
seasonal variations in environmental conditions in natural systems

The proposed research will make significant contributions at the interface of ecology, genetics, microbiology, and
statistics, Qur three aims will provide important new information about (1) the genetic processes that instigate
transfer between active and dormant states, and between attached and unattached states and (2) the extent to which
‘these processes might be co-regulated under changing environmental condttions. The resulting improved
understanding of how bacteria react to changes in environmental factors will help us to better understand bacterial
roles in aquatic ecosystem processes and predict how these roles might be affected by anthropogenic processes such
as land use practices, sewage treatment and climate change.

Microarrays provide a novel way to assess bacterial activity, and should elucidate mechanisms for known patterns
not identifiable by other methods. For example, the metabolic costs of expressing colonization factors versus the
nutritional benefit gained from associating with plankton -- and the interplay of these parameters with the dormancy
status of the bacterium -- can only begin to be understood once genetic pathways for these events are established.
We will also learn a great deal about the role of phytoplankton vs. zooplankton as attachment substrates for
bacteria, the plasticity of attachment behaviors, the factors which lead to detachment, and the potential
consequences of this attachment for ecosystem processes.

We propose to be among the first research groups to use microarray chips to measure the gene expression in
organisms within their natural habitat rather than a laboratory setting. By measuring gene expression of V. cholerae
in these systems, we will be able to determine the genetic mechanisms by which seasonal changes in environmental
conditions may contmbute to bacterial productivity in a tropical ecosystem.

Finally. a major benefit of using V. cholerae as the model environmental organism is that this research will
contribute greatly to our ability to predict the timing and severity of cholera outbreaks, to understand the long term
survival of V. cholerae in the environment, and to assess the risk of the environmental survival of V. cholerae if it is
introduced to regions where it currently does not occur. This last point is especially important due to the potential
for increase in the range of V. cholerae through, for example, transportation via infected humans or through the
ballast water of shups (Ruiz et «f. 2000).



KEY PERSONNEL (List names of all investigators including PI and their respective specialties)

Name . Professional Discipline/ Specialty Role in the Project
1 Taylor. R.K. Professor of Microbiology and Immunology Pl

2. Islam, M.S. Environmental Microbiologist Local PI

3 Hug, A. Associate Professor of Microbial Ecology Co-Investigator

4 Chravelli, D.A. Zooplankton specialist Co-Investigator

DESCRIPTION OF THE RESEARCH PROJECT

Hypothesis to be tested:

Concisely list in order, in the space provided, the hypothesis to be tested and the Specific Aims of the proposed study. Provide
the scientific basis of the hypothesis, critically examining the observations leading to the formulation of the hypothesis.

We have summarized our hypotheses for the temporal pattern of gene expression for bacteria that begin experiments in log-
"phase growth in Table 1. We expect patterns to be similar for bacteria that are initially dormant, but to start from lower levels of

gene expression in all categories.

Table 1. Hypothesized temporal patterns of gene expression for bacteria initially in log phase growth for low (dashed line) vs.
high (solid line} nutrient conditions in each microhabitat. For unattached bacteria, metabolism is lower in low nutrients and
bacteria enter dormancy sooner; attachment factors have opposite pattern. For attached bacteria, metabolism and biofiim
activity will be higher when water nutrients are higher. Because Anabaena are expected to be more nutritive than Daphnia,
metabolism will be higher on Anabaena and metabolism and biofilm activity will decline on Daphnia earlier than on Anabaena.
Detachment will have the opposite pattern as attachment. On both substrates biofilms will take time to develop resulting in an
initial increase in biofilm and metabolism expression,

Functional Expression Over Time
Gene Group Unattached On Daphnia On Anabaena
Metédbolism/ | = S Y E——
Dormancy N / ~
N - = ~ — o —
Attachment Pt - -‘-"'] _.—\-\
- N\
- o
Biofiim NA —
Activity YN S ———
N - - /
Detachment NA ———
7/
< /

General: We expect that bacterial productivity and SRBs are adaptively facultative: in favorable conditions
bacteria should benefit from putting more energy into productivity than into attachment behavior and biofilm

elaboration.

Unattached bacteria: We hypothesize that there will be a negative correlation between gene groups that indicate
high productivity and gene groups that indicate surface response behaviors (SRBs). Specifically, since the higher
ievels of all four environmental factors are known to be more favorable for bacterial growth. treatments with more
factors at high levels should have a greater expression of productivity genes and less expression of SRB genes.
However. 1f conditions are too poor (e.g., all factors are at low levels). unattached bacteria may become dormant

(see 4).

Attached bacteria: As environmental factors improve, we expect that the relative advantage of attachment will
decrease and expression of attachment-related SRBs will decline and detachment-related SRBs may increase.
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DBaphnia exoskeleton vs. Anabaena: We hypothesize Anabaena will be a better substrate for bacterial growth than
chitinous exoskeletons, both because bacteria can take up organic carbon excreted by the alga (Del Giorgio and
Cole 1998) and because Anabaena colonies contain N-fixing cells around which attached bacteria show increased
growth (Islam 1999). We therefore predict greater expression ot attachment factors and lower expression of
detachment factors for bacteria on Anabaena as compared to Dap/nia under the same environmental conditions.

Dormancy: We hypothesize that bacteria 1n a fully dormant state, as indicated by specific dormancy gene
expression patterns. will not express SRB, and therefore will not change their microhabitat.

Hypotheses and Predictions

1) Because we will simultaneously measure physical and chemical water parameters, all Aim 1 and Aim 2
hypotheses for the three microhabitats (unattached, on Daphnia exoskeleton and on Anabaena colonies) are
relevant and applicable to our field experiment.

2) We therefore expect that seasonal, inter-annual, and between-pond differences will have strong effects on gene
expression by both attached and unattached bacteria. .

3) We will be able to compare the field results with predictions generated from our lab experiments in Aim { and
Aim 2 to assess the relevance of our laboratory experimental results to natural systems.

Specific Aims:

Describe the specific aims of the proposed study. State the specific parameters, biological functions/ rates/ processes that will be
assessed by specific methods (TYPE WITHIN LIMITS). '

Aim I: Conduct [aboratory experiments that examine the Tong-term progression of responses by unattached
and attached V. cholerae after transition in nutrient conditions.

Aim 2: Conduct laboratory experiments to examine genome-wide expression in response to four
environmental factors by attached and unattached V. cholerae.

Aim 3: Field experiments to look at in situ seasonal effects on V. cholerae in freshwater ponds.

Our overall goal is to use whole-genome expression profiles of an aquatic bacterium to study the interaction of two
behaviors, dormancy and attachment, which can govern bacterial productivity in aquatic ecosystems. We will
utilize microarrays to assess (1) whether dormancy and attachment act independently or in concert under different
environmental scenarios and (2) the degree to which these behaviors are influenced by the relative qualities of the
water and planktonic surface habitats available. Our model organism, Vibrio cholerae, is found in planktonic
communities worldwide and is representative of a large family of bacteria, the Vibrionaceae. Due to its medical
importance as the etiological agent of cholera, V. cholerae has a fully sequenced and well-studied genome, enabling
the use of microarray technology to study its role in aquatic ecosystems.

This proposal describes studies to achieve three major aims. Aim | will examine the temporal correlation in
expression of genes associated with dormancy and attachment in favorable and unfavorable water conditions for
bacteria exposed to three microhabitats (unattached, attached to a zooplankter, attached to a phytoplankter). Aim 2
will quantify the direct effects and interactions of four key water quality parameters (nutrents, temperature, pH, and -
salinity) on bacterial gene expression in the same three microhabitats. These water parameters were chosen because
they influence bacterial productivity and can be strongly affected by anthropogenic activities. In Aim 3, we propose
an in sitn incubation experiment in Bangladesh to test whether patterns observed in the laboratory also occur in
nature. Importantly, this study will be one of the first to use microarrays to measure the response of organisms in a
natural system rather than in laboratory conditions.

This proposal results from strong interdisciplinary collaboration among scientists with expertise mn ecology,
microbiology. genetics, and statistics. The contributions and research facilities of our international collaborator, Dr.
Sirajul Islam, are essential to providing a field context in which to test the laboratory results. Furthermore, this
project will develop a group of undergraduate, graduate, postdoctoral, and faculty researchers who are familiar with

each of these fields and who are able to conduct research from both interdisciplinary and multifactor perspectives.
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AIM 1

The goal of this aim is to compare temporal patterns and co-regulation of metabolic behaviors, such as growth rate
and dormancy, with specific surface response behaviors (SRBs) such as preparation for attachment or detachment.
biofilm elaboration, or elaboration of secreted hydrolytic enzymes. by monitoring whole-genome expression of V.
cholerae. Although both dormancy and attachment are key factors determining the role of bacteria in aquatic
ecosystems. the relationship between nutrient levels and bacterial attachment and the extent and direction of
metabolic change following attachment to plankton are not well characterized. Each aim 1 experiment will evaluate
gene expression over 14 days in low and high nutrient treatments to determine how nutrient levels mediate the
timing of dormancy and attachment. To deterrnine how the nitial bacterial condition affects the timing of their
responses, we will run two sets of experiments: one starting with actively growing cells from a log-phase culture
and the other with bacteria in the dormant state more typical of pelagic conditions. Each set of experiments will
involve separate evaluation of bacterial gene expression in three microhabitats: unattached, attached to Daphnia
exoskeletons, and attached to Anabaena colonies.

These experiments will provide valuable information on the temporal coordination of metabolic activity, dormancy,
and SRBs in unattached and attached bacteria as a function of initial bacterial metabolic state and water conditions.
These experiments will also increase our knowledge of the molecular basis of transition into and out of dormancy.
"about which little is known in spite of the ecological significance of this condition.

AIM 2

The goal of this aim is to investigate the co-regulation of metabolic activity (growth rate and dormancy) with SRBs
under different environmental conditions. Laboratory experiments will determine the expression patterns of V.
cholerae genes in combinations of four key water quality factors and three planktonic microhabitats. We have
chosen to investigate temperature, nutrient availability, salinity, and pH, each of which 1s known to influence the
physiological state of bacteria, including ¥. cholerae. These environmental factors are also of interest because they
vary over a large range both within and among aquatic systems and are sensitive to the anthropogenic
environmental impacts of climate change and eutrophication.

We will use a factorial experimental design to efficiently test both the direct effects and interactions of the
environmental factors. Evaluating interactions in bacterial response to these factors is critical because
environmental factors vary independently in natural systems. We will conduct three different microcosm
experiments to examine whole-genome expression of V. cholerae in the same microhabitats as in Aim 1: (1)
without any substrate for attachment, (2) attached to surface of a crustacean zooplankter, and (3) attached to surface
of a cyanobacterium. Bacterial gene expression is expected to differ for attached and unattached individuals and
between the two plankton substrates (Daphnia and Anabaena) because they present different nutritional
opportunities for bacteria. As in Aim 1, the levels of the environmental factors will explore the range of conditions
experienced where our focal strain of ¥. cholerae was 1solated and where our field study (Aim 3) will occur, the
Matlab region of Bangladesh. This work will provide insight into the refative importance of surface attachment to
bacterial function over a range of environmental conditions and attachment surfaces, which witl in tum help us
understand the role of bacteria in different types of aquatic ecosystems. Of particular ecological importance will be
information about the role of phytoplankton vs. zooplankton as bacterial microhabitats. We will also determine
gene groups that can serve as optimal indicators of productivity and various types of SRB and we will focus on
using these gene groups in the field study in Aim 3.

AIM 3

While laboratory experiments can help us interpret what happens in natural systems there is no way to completely
replicate field conditions in the laboratory, With in siru incubation experiments in our field study site in the Matlab
region of Bangladesh. we propose to be one of the {irst research groups to use microarray chips to measure the
response of organisms in a natural system rather than in a laboratory setting.

We will conduct six experiments per year, timed to be coinctdent with the average beginning, peak, and decline of
the two annual peaks in cholera outbreaks 1r the local human population. Since plankton abundance and cholera
outbreaks are likely to be associated with periods of high bacterial productivity, these sampling times should
represent transitions in gene expression associated with poor versus productive condittons. A typical seasonal
progression in this location (common to many tropical freshwater systems; Fig. 4), is high nutrient input from
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Yunoff dfring the rainy season, but dilution by overflow and low sunlight prevents plankton populations from
developing high densities. At the beginning of the dry season sunhght increases dramatically and dilution is no
longer a factor, resulting in a phytoplankton bloom followed by a zooplankton bloom. During this time, nutrients
are gradually depleted from the photic zone as dead plankton and their feces sink out of the water column. A
moderate amount of precipitation in March and April sometimes provide a brief period of favorable planktonic
growth condifions {new nutrients, some sun) before the deluge begins again. The patterns of human cholera cases
in this region, where most people get their water supply directly from ponds and lakes. have a seasonality that has
been surprisingly consistent for decades. Most cases occur during early dry season/plankton bloom period, and a
second, smaller outbreak sometimes occurs in March and April, but not in all years (Fig. 4, Glass et al. 1982, Islam
et al. 1994a). These outbreak periods appear to mirror productive times in the ponds and thus probably times of
high productivity for the bacteria, but it is not clear whether the effect on the bacteria is a result of improved water
conditions, more phytoplankton surfaces, more zooplankton surfaces, or all three. By measuring gene expression of
V. cholerae in these systems, we will be able to determine the genetic mechanisms by which seasonal changes may
contribute to bacterial productivity and distribution patterns in a tropical ecosystem. Specifically, we can resolve
the relative quality of our three bacterial microhabitats under varying natural conditions by observing the expression
of indicator gene groups for productivity and SRB.

Seasonal Dynamics - 1998
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Fig. 4. Seasonal dynamics of pH and water temperature in a freshwater
lake in Bangladesh, compared with rainfall and the number of cholera
cases 1 the surrounding area. Note that that peak in cholera cases
follows the peak in rainfall and coincides with a temperamre‘peak.




Background of the Project including Preliminary Observations

Describe the relevant background of the proposed study. Discuss the previous related works on the subject by citing speciftc
references. Describe logically how the present hypothesis is supported by the relevant background observations including any
preliminary results that may be available. Critically analyze available knowledge in the field of the proposed study and discuss
the questions and gaps in the knowledge that need to be fulfilled to achieve the proposed goals. Provide scientific validity of the
hvpothesis on the basis of background information. If there is no sufficient information on the subject, indicate the need to
develop new knowledge. Also include the significance and rationale of the proposed work by specifically discussing how
these accomplishments will bring benefit to human health in relation to biomedical, social, and environmental perspectives. (DO
NOT EXCEED 5 PAGES, USE CONTINUATION SHEETS).

In pelagic ecosystems, heterotrophic bacteria are responsible for much of the remineralization of organic matter and
as such can be key components of aquatic food webs and nutrient cycles (Schlesinger 1997). As a result, the
conditions regulating bacterial abundance, distribution, and productivity can be vital to ecosystem function. Like
all organisms, bacteria are phenotypically plastic and can change gene expression and consequently their phenotype
in response to their environment. For example, bacteria can react to good or poor surrounding conditions by
increasing or decreasing metabolic rates, including entering a distinct dormant state. Bacteria can also change the
quality of their microhabitat by switching between free-living (unattachedy and surtace-attached forms. While
attached, bacteria may exhibit group-level behavior called biofilm formation to increase their protection or nutrient

acquisition from their surroundings.

Microarrays: Microarrays which measure whole-genome expression profiles are a powerful new tool for studying
an organism’s response o its envirgnment (¢.g., Hamadeh and Afshari 2000). A microarray consists of a glass
microscope slide that contains up to several thousand cDNA or oligonucleotide spots that can be hybnidized to
differentially labeled products of reverse-transcribed bacterial RNA. Two factors facilitate our use of microarrays
to look at V. cholerae: the availability of the complete genomic sequence for V. cholerae (Heidelberg et al. 2000)
and a wealth of additional information resulting from extensive environmental, genetic and molecular studies on
this species (reviewed by Huq and Colwell 1994). Thus, we propose to use microarrays and ecological analyses to
correlate environmental parameters with the molecular events associated with bacterial behavior, especially
attachment and dormancy. The ability to evaluate simultaneous expression of the entire genome allows for a
detailed, mechanistic interpretation of an organism’s reaction to its environment. “Microarrays therefore provide
information that cannot be obtained from the ecological techniques currently used to measure bacterial productivity,

respiration, and enzyme production.

We will monitor bactertal response to environmental conditions by following the individual and aggregate
expression of genes i specific categories, as well as the genome as a whole. Specifically, we will focus on (1)
genes indicating varying levels of bacterial activity from fully dormant to rapid growth and cell division and (2)
genes that regulate surface response behaviors (SRBs). SRBs are associated with genes that indicate preparation to
change microhabitat {¢.g., production of attachment or surface location factors by unattached bacteria, or
detachment factors by attached bacteria), biofilm formation (if attached), and production of chitinase, mucinase, and
other hydrolytic ectoenzymes specific to metabolizing surface material. We also expect to identify suites of
previously uncharacterized genes that demonstrate significant differential expression with respect to microhabitat
and water quality. A specific focus for this activity will be genes on the smaller chromosome, which are more
poorly characterized than the genes located on the large chromosome (Heidelberg et al. 2000). Many of these genes
have been hypothesized to play a critical role in environmental survival, since they have not been identified iri the
numerous studies dealing with virulence and general cell physiology (Heidelberg et al. 2000).

Productivity and Dormancy: Studies show that 30-95% of bacteria may be dormant in both aquatic (reviewed by
Cole 1999) and terrestrial (Norton and Firestone 1991) ecosystems at any given time. The high dormancy rate
suggests that (1) most bacterial production comes from a relatively small fraction of the population and (2) bacteria
in most ecosystems have the potential to respond very rapidly to changes in environmental conditions that trigger
the transition back to a metabolically active state (Cole 1999). This has important implications for nutrient cychng
(Sterner et a/. 1995), decomposition {Norton and Firestone 1991), and other ecosystem processes (Cole 1999). In
the microbial literature, including V. cholerae studies, the dormant state is referred to as viable-but-nonculturable
(VBNC). Interestingly, there is surprisingly little overlap between the epidemiological literature on pathogenic
bacteria in the VBNC state (e.g., Huq ef al. 2000) and the ecological literature on dormant bacteria in natural
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Ycosystns (e.g., Cole 1999). Although the large pelagic dormant population results partly from selective grazing
of larger, metabolically active cells by nanoflagellates (Pace and Cole 1996, Lagenheder and Jurgens 2001),
reduced productivity or even dormancy are also a response to sub-optimal environmental conditions (Cole 1999).
Low temperature, N, P, and organic C, as well as extreme salinities and pH, are some of the factors which have
been shown to affect bacterial physiology in aquatic systems. Importantly, the particular optimal values depend on
the system to which the organism is adapted, and a variety of interactions between these factors are known (e.g..
lake bacterial growth limited by temperature at low temperatures and by nutrients at high temperatures, Carlsson

and Caron 2001).

Genes associated with productivity and dormancy: There are many indications, based on morphological (rods
become small spheres: Baty et af. 2000, Huq et al. 2000) and physiological changes (e.g. decreased membrane fatty
acids: Linder and Oliver 1989) that bacteriat dormancy is a distinct condition, possibly similar 1o a resting stage like
a Daphnia epiphium or an algal spore, rather than simply a lower state of metabolic activity. In spite of the
ecological importance of bacterial dormancy, almost nothing is known about the molecular basis of transition into
and out of this condition (but see Ravel ef al. 1994, del Mar Lleo ef al. 2000). Thus an exciting novel area for the
application of microarrays is to begin to understand this process at the molecular level. We will monitor gene
expression throughout the time courses of transitions into, and out of, bacterial dormancy. One suite of genes for
which expression is expected to be altered coincident with progression into the dormant state are those that encode
profeins involved in cell wall synthesis, corresponding to the change 1n cellular morphology that occurs during this
process. In contrast, the transition from dormancy to productivity is likely to involve the activation of genes
involved in a variety of metabolic processes. For attached organisms, these changes may be correlated with gene
expression patterns suggesting mechanisms of release and transition into a free- swimming state. It is anticipated
that numerous genes of unknown function will be coordinately regulated along with the genes of predicted function.
These studies will provide the basis for future mutational analyses to dissect the important processes associatéd with

bacterial dormancy.

Attachment: Macroscopic organic aggregates known as detritat aggregates, marine snow or lake snow are an
important microhabitat for bacteria in pelagic systems because they provide locally abundant resources. for attached
cells. While attached individuals comprise a small percentage of the pelagic bacterial population, they may account
for a large fraction of microbial productivity (Azam et al. 1994, Turley and Mackie 1994, Alldredge et al. 1986,
Smith et al. 1995, Grossart and Simon 1998, Grossart and Pough 2000). However, production by bacteria
associated with aggregates is not always greater than unattached bacteria (Mullerniklas et a/. 1994, Turley and
Mackie 1994, Middleboe et al. 1995, Unanue ez al. 1998, Turley and Stutt 2000). For example, the relative
productivity of attached and unattached bacteria depends on such factors as seasonal water conditions, and type and
age of attachment substrate (Grossart and Pough 2000). Studies with microbial media have found that nutrient

availability and water chemistry mediate surface colonization rates
(Davey and O'Toole 2000, O'Toole et al. 2000, hiavelli et al. submitted:
Fig. 1). It is difficult to know how well these studies apply to natural
conditions, but presumably changes in natural water conditions such as
nutrient levels or salinity may also affect the tendency to attach. Several
studies indicate that poor environmental conditions or more nutritive
surfaces enhance bacterial attachment in natural conditions. Baty et al.
(2000) found greater colonization on chitin than on a non-nutritive
substrate. Hug et al. (1984b) found that colonization of copepods by V.
cholerae increased as salinity increased from 5 to 15 parts per thousand.
Furthermore, bactertal cells starved to mimic the small inactive
morphology common in oligotrophic aquatic systems will readily attach
to substrates (Power and Marshall 1988, Baty et al. 2000). We will
examine how both water and substrate conditions medrate gene
expression of attachment factors in natural conditions.

Given that attached bacteria are common on many zooplankton and

phytoplankton (Nagasawa 1989, Threlkeld et al. 1993, Jensen et al. 1996,

Carman and Dobbs 1997; Islam et al. 1994a; Fig. 2), it is surprising that
research on the ecosystem-level impacts of attached pelagic bacteria
ignores zooplankton and almost completely ignores phytoplankton as
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Chiavelli et al. (submitted).



Yurface"microhabitats ( phytoplankton can inhabit detrital aggregates so
are sometimes considered in that perspective). Conversely, V. cholerae
researchers often find this bacterium on zooplankton and phytopiankton,
but have not considered attachment to detrital particles. This
discrepancy 1s perhaps a result of a traditional ecological focus on
bacteria as decomposers vs. a focus on host-parasite scenarios in
microbiology. In addition to surface-associated nutrients, an advantage
of attachment to plankton as compared to detrital particles is access to
excreted nutrients. Clearly, plankton surfaces provide an enormous
amount of pelagic bacterial microhabitat and this work provide new
information about the potential significance of attachment to plankton
for bacterial population dynamics and ecosystem function.

Flg 2. SEM photograph of bactena
attached to Daphnia.

Detachment: Although detachment s undoubtedly a vital process in bacterial population dynamics and bacterially-
mediated ecosystemn functions, detachment from planktonic substrates has not been studied in natural pelagic
ecosystems. In fact, virtually nothing ts known about bacterial detachment in any system (O'Toole ez al. 2000).
Detachment probably correlates with substrate age due to resource depletion (Grossart and Pough 2000, Baty et al.
2000, O'Toole et al. 2000). For example, Baty er ¢/, (2000) found that starved cells of a marine bacterium readily
colonized chitin and subsequently up-regulated genes related to chitinase (chid-chiB). After attached numbers
stabilized, chid-chiB decreased in expression, and detachment rates increased. Detached cells had little or no
expression of ¢hid-chiB genes. This ploneering study tndicates that bacterial movement among microhabitats in
pelagic ecosystems could be mediated both by nutritional state and local resource availability. Our work will
provide additignal information about bacterial detachment both on a molecular level and ecologically in terms of
the role of water conditions, substrate type, and substrate age in mducmg bacterial detachment.

Biofilms: Following attachment, organization of attached bacteria vanes in complexity from unassociated cells to
well-organized, three-dimensional structures known as biofilms adapted to take advantage of interface conditions to
increase their productivity (Costerton et al. 1995, O’ Toole & Kolter 1998, Davey and O'Toole 2000, O'Toole et al.
2000). The formation of a mature biofilm involves aggregation of bacteria followed by secretion of
exopolysaccharides and colony development. Colonies are interspersed with water channels that allow efficient
transport of nutrients (O Toole & Kolter 1998, Davey and O'Toole 2000, O'Toole et al. 2000). Like the ecologjsts
who study attachment to detrital particles, microbiologists currently believe that the majority of bacterial production
in natural systems is the resuit of biofilms rather than unattached bacteria (Costerton et al. 1995, Davey and O'Toole
2000, O'Toole er al. 2000). Bacteria biofilm activity on detrital or living substrates is probably common, but is
virtually unstudied for pelagic aquatic ecosystems (Cooksey and Wigglesworth-Cooksey 1995).

Genes assaciated with attachment, detachment, and biofilm formation: V. cholerae 1s one of the best-studied model
organisms for the genetic regulation of SRBs. Genetic factors regulating transition from the unattached to the
attached condition include production of pili, outer membrane proteins, degree of motility, and exopolysaccharides
(O’ Toole and Kolter 1998, Watnick and Kolter 1999, Davey and O'Toole 2000, ©'Toole et al. 2000, Yildiz et al.
2001, Chiavelli et al. submitted: Fig. 3). Biofilm formation and detachment are influenced by broad genetic
regulatory systems such as quorum sensing, carbon utilization and stationary phase regulons. Genomic studies will
allow us to address a number of ecologically relevant questions at the level of gene expression. For example, what
environmental-conditions cause unattached bacteria to be ‘looking for’ a surface, as evidenced by genes encoding
surface detection and attachment factors? How active are bacteria on that surface, as evidenced by genes regulating
biofilm development and uptake of surface associated nutrients? When do bacteria detach from a surface, as
indicated by increased expression of genes encoding flagellar proteins, polysaccharide cleaving lyases, and other
detachment-associated enzymes? In this context, our assessment of genes which regulate SRBs of unattached
bacteria and bacteria on two types of planktonic surfaces in a wide range of environmental conditions will be an
enormous and novel contribution to knowledge of the role of bacteria in aquatic ecosystems.

Study Organism: Vibrio cholerae is an excellent model organism for studying bacteria in pelagic systems. It is a
globaily distributed bactertum found 1n marine, estuarine and freshwater locations (e.g.. Colwell er «/. 1981, Hug et
al. 1983, West and Lee 1982, Garay er al. 1985, Nair er «/. 1988, Dumontet et al. 1996, Carvajal et a/. 1998, Falcio
et al. 1998, Lowenhaupt et a/. 1998, Islam e al. 1994a). It is a member of the Vibrionaceae, a predominant group
of heterotrophic bacteria with numerous aquatic representatives. Like other members of its family, V. cholerae can
exist in either the attached or unattached state and is often found attached to phytoplankton or crustacean
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ZBOplankton (Hug er al. 1983, 1984a.b, 1990, 1996: Islam et al. 1988, 1989, 1990, 1993. 1994, 1996, 1999; Tamplin
et al. 1990, Dumontet et al. 1996, Chowdhury er al. 1997, Hood and Winter 1997). Like many other vibrios, V.
cholerae can produce both chitinase and mucinase (Dastidir and Naranyanaswami 1968. Nalin 1976, Nalin 1979,
Schneider and Parker 1982), indicating it also has the ability to directly metabolize the surface material of
crustacean zooplankton and mucilage-sheathed phytoplankton. Due to its medical importance, its genome is fully
sequenced (Heidelberg er al. 2000) and well studied, allowing us 1o take advantage of microarray technology to
study its response to changing environmental conditions.

There is a great deal of information about the interplay of SRBs and water quality from laboratory experiments
involving colonization of and growth on planktonic substrates, as well as field studies of attachment to and viability
on plankton. particularly for V. cholerae. V. cholerae survival increases when the bacterium is associated with
zooplankton and phytoplankton (Hug ez al. 1984a,b, Islam er al. 1988, 1989, 1990, 1999). Several studies have
evaluated attachment of V. cholerae to plankton substrates under different environmental conditions (pH, salinity,
temperature, nutrients; Hug et al. 1984a, McCarthy 1996, Hood and Winter 1997, Chiavelli et al. submitted),
although none have addressed-interactions between these factors. V. cholerae attached to zooplankton in the field
are usually found to be dormant (Hug ez al. 1990, 2000), in direct contrast to the usual finding of higher
productivity for bacteria on detrital particles than for unattached bacteria. A possible reason for this discrepancy is
substrate age, especially for long-lived zooplankton specigs, which could lead to local depletion of resources and
dormancy even if metabolism is briefly elevated after attachment to plankton. Additionally, V. cholerae may attach
to zooplankton and enter dormancy as a strategy to persist through times of the year with poor conditions. Thus
attachment to zooplankton could serve either as productive location for population growth or as protective location
for dormant bacteria. One of the contributions of the proposed work will be to help resolve this contradiction.

In contrast to zooplankton, V. cholerae that have colonized the mucilaginous sheaths of Anabaena colonies remain
metabolically active (dividing cells observed) for long periods in laboratory studies, probably as a result of organic
carbon and fixed nitrogen produced by this substrate organism (Islam et al. 1999). We will determine how these

two very different substrates, zooplankton exoskeletons and colonial cyanobacteria, affect expression of genes that

regulate dormancy and SRBs.

Fig.3. Daphnia
exoskeletons after a 2-hr .
attachment assay with V.
cholerae 0139
{expressing green
fluorescent protein) at
~10°/ml. Top exposed
to mshd” strain (wild .
type), bottom to MSHA
pilus-deficient mutant.
Bright dots are bacteria,
no mutants were able to
aftach.



Research Design and Methods | \

Describe in detail the methods and procedures that will be used to accomplish the objectives and specific aims of the project.
Discuss the alternative metheds that are available and justify the use of the method proposed in the study. Justify the scientific
validity of the methodological approach (biomedical, social. or environmental) as an investigation tool to achieve the specific
aims. Discuss the limitations and difficuities of the proposed procedures and sufficiently justify the use of them. Discuss the
ethical issues related to biomedical and social research for employing special procedures, such as invasive procedures in sick
children. use of 1sotopes or any other hazardous materials, or social questionnaires relating to individual privacy. Point out
safety procedures to be observed for protection of individuals during any situations or materials that may be injurious to human
heaith. The methodology section should be sufficiently descriptive to allow the reviewers to make valid and unambiguous
assessment of the project. (DO NOT EXCEED TEN PAGES, USE CONTINUATION SHEETS).

Methods for hypothesis 1:

Preliminary Experiments: Since we are particularly interested n the transition into dormancy, we will rnin
preliminary experiments to determine the effects of different nutrient concentrations on bacterial activity. Activity
will be assessed using cell morphology and the percent of dormant cells as determined by the fluorescent antibody-
direct viable count (FA-DVC) method routinely used by the Hug lab and at the ICDDR,B {Chowdhury ez al. 1995).
We will start the pilot experiments with actively growing cells from a log-phase culture, then identify (1) a low
nutrient level which induces fairly rapid transition into dormancy (<2 d) and a high nutrient level for which a large
percentage of the cells remain culturable for our 14 d experiments. All nutrient treatments will be conducted at the
Redfield C:N:P ratio, with inorganic N and P manipulated using NH,Cl and NaH,PO, and organic C manipulated
using glucose. The nutrient levels will be the same as used. We expect to use nutrient concentrations comparable to
the minimurm and maximum levels in the ponds in Bangladesh where our V. cholerae strain was isolated.

Experimental Design: Genomic response of V. cholerae will be quantified at least daily (0, 6, 12, 24 hrs then every
24 hr) over 14 d to allow us to observe phcnot'ypic plasticity in dormancy or attachment. For example, we would
like to observe unattached bacteria entering and emerging from dormancy, and potential changes in behavior of
attached bacteria as easily metabolized substances are depleted, such as switching to more refractory substances,
detachment, or entering a dormant state. As described above, there will be six experiments, run over a period of
~1.5 years: two in#tial conditions (log-phase or dormant cultures) crossed with three bacterial microhabitats
(bacteria grown without any plankton substrates for attachment, bacteria allowed to colonize exoskeletons of a
crustacean zooplankton and subsequently sampled, and bacteria allowed to colonize Anabaena colonies and
subsequently sampled. Within each experiment, we pian to have three independent replicates of two low and high
nutrient treatments as determined by our preliminary experiments {above), for a total of 2 treatments x 3 replicates x
17 times = 102 microcosms. All experiments will be conducted at 30°C, a salinity of 15%., and pH 7. At each
sampling time bacteria will be processed for microarray analysis and the determination of the percent of dormant
cells (Chowdhury et al. 1995). The independent replicates allow for destructive sampling, which eliminates
statistical problems of repeated observations from the same experimental unit (Underwood 1997) and difficulties in
subsampling without affecting experimental conditions.

Experimenial Procedure: Experiments will be conducted with Vibrio cholerae O El Tor strain number RC2592
isolated from Bangladesh. This strain has been chosen because 1t is a non-pathogenic, environmental isolate that
matches the available genomic sequence of El Tor clinical strain N16961. Prior to experiments bacteria will be (1)
be grown in an overnight culture started from frozen samples for the metabolically active initial treatment or (2)
maintained in filter-sterilized artificial sea water (Instant Ocean) modified to 15%. salinity to induce dormancy as
described in Chayianan et. al. (submitted). Experiments will take place in filter-sterilized pond water. V. cholerae
will be inoculated at 10°/ml along with planktonic substrates (if relevant) into filter-sterilized pond water modified
to represent the intended experimental treatment conditions, then time zero samples will be taken to determine
initial gene expression. Experimental containers will be clear PVC tubes, 50cm high, ~5cm diameter, plugged at
both ends. These ~1L containers will be overturned 4 times per day during the experiments in order to keep
materials mixed and especially to allow the planktonic surfaces to be continuously sinking. This is necessary as
continuous flow past surfaces is amportant in maintaining field-relevant productivity levels (Grossart and Plough
2000). Incubarors will kept at a light level representative of 0.25 m depth in a typical eutrophic pond.



Ylankton Substrates

¢  Daphnia: V. cholerae attach to both live zooplankton (Daphnia sp., other cladocera, cyclopoid and calanoid
copepods. rotifers) and to zooplankton exoskeletons in Bangladesh ponds (Huq ef al. 1990, Tamplin et al.
1990). ¥. cholerae are usually more abundant on copepods than on cladocera and so are thought to be a
preferred host, but this difference may be because cladocera molt every few days throughout their lives while
copepods do not molt as adults. Bacteria are shed when zooplankton molt, so that burden of attached organisms
increases with time since molting (Threlkeld et al. 1993, Willey and Threlkeld 1995, Al-Daheri and Willey
1996). We have found that V. cholerae will readily colonize Daphnia exoskeletons in faboratory experiments
(Chiavelli et al. submitted), plus Daphnia have logistical advantages because they are easier to keep alive in
culture and molt frequently. To aveid complications of including live zooplankton in our experiments, we wiil
use freshly shed (<24hr old) Daphnia exoskeletons that have been pre-sonicated and rinsed to remove bacteria.

*  Anabaena: We will use Anabaena variabilis, a mtrogen-fixing, mucilage-sheathed cyanobacterium, from a
standard axenic laboratory culture as our phytoplankton substrate. We chose Anabaena as our focal species
because it is extremely abundant in Bangladesh (Islam et a/. 1994) and many other eutrophic systems (Reynolds
1984), has a mucilage sheath known harbor V. cholerae (Islam et al. 1989, 1990, 1994), and increases survival
of V. cholerae in laboratory studies (Islam 1990, 1999). .

Sample processing. After rinsing to remove unattached bacteria, attached bacteria will be removed and concentrated
by alternating vortex mixing and sonication using an ultrasonic cleaner according to the method of McSpadden
Gardner and De Bruijn (1998). As a control, the same procedure will be used in the experiménts with unattached
bacteria. Exoskeletons can be removed with tweezers, but separation of V. cholerae from Anabaena may present a
technical challenge. One strategy will be to incubate the bacteria with anti-O1 V. cholerae LPS antibodies and then
separating the V. cholerae from the Anabaena by using magnetic bead coupled secondary antibodies and benchtop
fnagnetic separation (Pierce, Inc.). Contamination of the sample with Anabaena, a cyanobacterium, only represents
a problem if standard random priming is used to detect RNA expression because of potential cross hybridizing
Anabaena and Vibrio sequences. An alternative procedure will be to use a V. cholerae gene-specific primer set for
the reverse transcriptase step. In this case, a mixture of 3' primers that represent each gene on the array will be used
at molar excess, rather than a random primer mix, for the reverse transcriptase reaction (see below in microarray

design).

Microarray Design: We have chosen to use glass microarrays, rather than lithographic DNA chips, due to
considerations of cost and flexibility. Cost prohibits the use of lithographic chips unless they are commercially
available for the organism of interest or there is a large consortium of investigators who can share the cost. Neither
of these exist in the case of V. cholerae, or for the many microbes for which environmental studies will be
undertaken. In addition, we envision that for some of our future studies, we will be able to customize our arrays to
harbor only the genes of interest. Such arrays can be customized in house at greatly reduced cost.

The Taylor laboratory has carried out its mmitial microarray analysis on 2500 human genes using arrays available
from NEN to study changes in host gene expression that accompany colonization by V. cholerae. The V. cholerae
microarrays are currently being developed with fiscal and technical support from other grants to the Taylor lab and
mstitutional support for genomic analysis. Thus we are familiar with all the technical manipulations and methods of
data analysis required for a large-scale project and the proposed studies benefit greatly from prior development
funded from other sources. Qur ¥. cholerae microarray represents all of the predicted protein-encoding genes that
have been characterized by the sequencing project carried out by TIGR. This includes 2775 ORFs on the large
chromosome and 1115 on the small chromosome of El Tor biotype strain N16961. We have chosen an EI Tor .
environmental isolate for the experiments in this proposal. To help normalize our data, we have also included genes
that are predicted to vary only slightly with growth conditions, such as aminoacyl tRNA synthetase genes that have
been shown to vary less than 2.5 fold even under the extremely different growth conditions of minimal versus rich
media (Tao ef al. 1999). In addition, total pooled RNA standards are spotted onto each microarray to serve as a
fluorescence intensity reference (Wei er a/. 2001; K. Guillemin, personal communication). The targets are PCR
products that are generally of 300-400 bp in length. Approximately 10 ng of target is spotted in a 7 nl volume onto
gamma amino propy! silane coated microscope slides (Corning. Inc.). These slides are then treated according to the
conditions suggested by Eisen and Brown (1999) with slight modifications. The probe preparation for analysis of
gene expression follows the methods of Richmend er al. (1999) with slight modifications provided by Craig
Richmond. RNA 1s 1solated by the hot phenol method as we have performed in the past (Brown and Taylor 1995).
After DNasel treatment, it is further purified using a RNeasy column (Qiagen). For the time course experiments
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described in this aim, we will chose one set of experiments where RA isolated immediately at each time point and a
parallel sample is saved for subsequent analysis using RNAlater (Pierce. Inc.) which stabilizes RNA 1n bacterial
samples. The results using these parallel samples will be compared in order to evaluate whether RNAlater can be
applied to facilitate the experimental plan for Aim 3. In all cases, the quality of the RNA preparation is criticgl for
this analysis and will be monitored by visualizing the rRNA pattern after gel electrophoresis of the preparations.
20ug of RNA is reverse transcribed in a reaction that is primed by random hexamers or the species specific 3'
primer set described in the previous section. The reactions contain Cy3 or CyDye-dUTP (Amersham Pharmacia
Biotech) in a dNTP mix that has a decreased amount of dTTP. The RNA is subsequently degraded in the presence
of NaOH and the cDNA is purified on a microcon 30 concentrator. Hybridization to the arrays is performed under
standard condrtions in 2 humidity controlled hybridization chamber. The slides are then washed, spun dry on
microtiter plate carriers and scanned usmg a GMS 418 scanner and Jaguar® software.

Methods for hypothesis 2:

Experimental Design: For each of the three microhabitats we will conduct a completely-crossed, 2°, center-point-
enhanced factorial experiment: four environmental factors at two treatment levels each, all possible combinations
examined, with four additional center point treatments where all four factors are midway between the high and low
levels used in the other treatments (Table 2). One repiication of our experiment will therefore require 20
experimental units (culture beakers and microarray chips) and will provide eight replicates of the direct effects of
each environmental factor, four replicates of each two-factor interaction, and two replicates of each 3-factor
interaction. The 4-factor interaction can also be resolved because the center points provide an independent estimate
of variance (Montgomery 1991). Center point treatments in a design also give a general estimate of non-linearity (as
"lack of fit" at the center point) while using very few additional experimental units (Montgomery 1991). In addition
tosbeing a very efficient design, the 2* factorial is also more scientifically robust than several one-factor
experiments, because it tests for interactions among factors that can be critical to explaining system behavior. Each
experiment will use microarray chips from a single batch production and all treatments will proceed simultaneously
to reduce technical and methodological variation. All chips will also receive RNA from a single reference which we
will use to correct for variance among chips.

Once one experiment from each microhabitat is analyzed, we will take one of two directions, First, if the variance
due to error is too large for us to statisticaily detect effect sizes of a three-fold change in gene expression, we will
repeat the experiment and consider the two experiments replicates blocked by time. This additional replication will
give us more power to separate biological effects from background variance. Alternatively, if random variance
among chips is low and factors and interactions with strong biological effects have been identified, we wilt design a
second experiment with fewer factors and more levels per factor. RNA used from previous experiments will be
saved and applied to chips used in these experiments in order to calibrate responses across multiple sets of
experiments.
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Yrocedure:

Treatment Faciors: As stated in the overview, the environmental treatment factors have been chosen because of
their ecological and physiological relevance, and the levels of the factors will span the seasonal range of values in
the Bangladesh ponds and estuaries where this strain occurs (Oppenheimer er al. 1978, A. Hug and B. Sack
unpublished data).

*  Nutrients: We will compare low versus high nutrient availability using the same levels as in Aim 1. Aquatic
bacterial growth in the field is generally limited by one or more of these three nutrients {e.g. Pace and Cole
1996. Carlsson and Caron 2001). V. cholerae growth and survival increase with the concentration of organic
nutrients in water (Singleton 1982), and higher colonization rates of V. cholerae have been found in nutrient
poor water (Huq er al. 1996, Islam et al. 1999) and nutrient limiting medium (Chiavelli ef a/. in preparation:
Fig. 1).

* Temperanre: We will compare 20°C and 30 °C, roughly the cold and warm season water temperatures in
Bangladesh ponds (Oppenheimer et al. 1978; Fig. 4). Low temperatures can limit bacteria growth and survival
in aquatic systems (e.g., Carlsson and Caron 2001), particularly of tropical species like V. cholerae Xueral
1982, Hug et al. 1984b). Hugq er a/. (1984b) and Hood and Winter (1997) have found that colonization of
zooplankton increases with temperature, but these results may have been confounded by the faster growth rate
in higher temperatures. . ’

o Salinity: We will compare salinities of 0 (freshwater) and 15%e. (estuarine). Because V. cholerae is found both
in the freshwater ponds of our field study and nearby estuarine systems, we are interested in comparing bacterial
gene expression in these contrasting salinities because their different physiological demands may change the
way the bacteria respond to other conditions. ¥ cholerae growth is optimal at intermediate (estuarine) salinity
with freshwaters representing a fairly harsh habitat unless concentrations of other ions, including nutrients, are
high (Hood and Winter 1997).

* pH:. We will compare pH 7 (the mean pH in Bangladesh ponds, Fig. 4) and pH 8.5 (the typical afternoon pH
during algal blooms, Oppenheimer e al. 1978) using HCI or NaOH to adjust pH. ¥. cholerae grow better at
slightly basic than in neutral or acidic conditions (Huq et al. 1984b), and have been shown to remain in the
culturable state fonger in higher pH (Islam et al. 1990, 1999). One study finds that V. cholerae colonization
increases with pH (Hugq et al. 1984b), while another finds the opposite (Hood and Winter 1997). However,

* neither study separated colonization and growth on the plankton surface.

Table 2. Aim 2 experimental design. T: temperature, N: nutrients, S: salinity, P: pH. 1: high. 0: low level for each
factor. The last four runs are center points: intermediate level of every factor. Letters in the treatment
combination columnn indicate which factors will be at the high level in each run.

Run Factor Treatment
Number T N S P Combination

1 0 0 0 0 0

2 | 0 0 0 T

3 0 i 0 0 N

4 1 ! 0 0 TN

3 0 0 1 0 S

6 | 0 1 0 TS

7 1} 1 1 0 NS
8 1 1 1 0 TNS

9 0 0 0 1 P

10 1 0 0 i TP

11 0 1 0 1 NP

12 1 1 0 i TNP

2 0 0 1 1 SP

14 1 0 1 1 TSP

13 0 1 1 i NSP

16 1 | l l TNSP

17 05 0.5 0.5 0.5 0.5(TNSP)

18 0.5 Q.5 0.5 0.5 0.5(TNSP)

19 0.5 0.5 0.5 0.5 0.5(TNSP)

20 0.5 0.5 0.5 0.5 0.5(TNSP)




*Methods for hyvpothesis 3:

Experimemtal Design: Our field experiments will evaluate bacterial gene expression in i sifu incubation containers
following a nested design where microhabitats are nested within enclosures, within seasons, within years, and
within lakes. We will work in two ponds in Dhaka, Bangladesh, one in the Matlab agricultural area and one in
Chandpur. near Matlab, a religious retreat relatively protected from sewage and agricultural runoff. We will
perform experiments will be six times per year (timed as described above) over 2.5-3 yr to allow for interannual
comparisons. During each experiment, we will use four enclosures per pond to account for spatial heterogeneity
and sample our three microhabitats (unattached, on exoskeletons, and on Anabaena) in each enclosure.

Procedure: A non-toxigenic strain of O1 El Tor V. cholerae, along with Daphnia exoskeletons and Anabaena, our
two substrates from Aims | and 2, will be placed in light-penetrable 1L enclosures with dialysis membranes to
allow continuous equilibration with nutrients and other chemicals outside the enclosures. Enclosures wilt be filled
with filter-sterilized water collected at the depth (0.25 m) where the incubation will occur. RNA will be processed
as in Aim | at the ICDDR,B, and returned to Dartmouth for microarray processing. RNA samples will be harvested
three days after the containers are set up to allow time for V. choierae to colonize substrates and adjust to field

conditions.

In order to thoroughly correlate our results with environmental trends, we will obtain biweekly measurements of
temperature, dissolved oxygen, pH, conductivity, salinity, nitrate, nitrite, orthophosphate, total phosphate,
chlorophyll, dissolved organic carbon, iron, and total dissolved solids in eachpond. In conjunction with each
experiment, we will collect and preserve phytoplankton and zooplankton samples for identification and
enumeration, and measure the percent of dormant bacteria in all three microhabitats in our expenments using

methods described in Aim 1.



Facilities Available

Describe the availability of physical facilities at the place where the study will be carried out. For clinical and laboratory-based
studies, indicate the provision of hospital and other types of patient’s care facilities and adequate laboratory support. Point out
the laboratory facilities and major equipments that will be required for the study. For field studies, describe the field area
including its size, population, and means of communications. (TYPE WITHIN THE PROVIDED SPACE).

This project will receive infrastructure support for development and outreach efforts from the new Center for
Environmental Health at Dartmouth (DEHS, Josh Hamilton, Director). This Center seeks to foster collaborative
projects that combine ecological research with human health and environmental quality issues. Support from the
Qutreach Core and Training Core programs will assist with the development ot courses for graduate students and
creation of undergraduate research opportunities.

R. Taylor has played a major role in developing the Molecular Genomics Core. Soon after the annotated sequence
of the V. cholerae genome became available in late fall 1999, Taylor prepared an in-house proposal for the purchase
of microarray hardware and software. The proposal was funded mainly from the Dean of the Medical School and
from the new Department of Genetics. These funds were used to purchase a Genetic Microsystems 417 arrayer, a
418 scanner, and related software. We work together with, and partially fund, C. Ringelberg who is the lead :

' technical person of the Molecular Genomics Core facility. We plan to work with DEHS, the Center for B1olog1cal
and Biomedical Computing, and the Biostatistics Core on the development of programs for analysis of microarray
data.

Dartmouth is committed to building on its strong foundation of computing and internet communication in
combination with its new genetics initiative to achieve a leading role in genome-wide expression analysis and the
dissemination of related information. For example, Dartmouth has a consortium of researchers working together to
develop tools for genomic analysis that can be used through our web site (described below). The Microarray
Research Group at Dartmouth meets regularly and consists of researchers from about 15 different labs including
representatives that head up several international genomic based projects. We are setting up a comprehensive
microarray database along with integrated analytic tools that will allow users to store and analyze their data through
a web browser interface. The system will be based on one currently running at Stanford (http://genome-
wwwi.stanford edu/MicroArray /SMDY), and we are collaborating with Stanford to port the site to Dartmouth. This
will facilitate our ability to share V. cholerae gene expression profiles with the research communty at large. We
will also make our arrays available “at cost” to other academic laboratories upon request. '

Our proposed work also has a strong international component, with field work in Aim 3 to be directed by Dr. Slra]ul
Islam and technical personnel at the ICDDR in Dhaka, Bangladesh.
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‘Data Analysis

Describe plans for data analysis. Indicate whether data will be analyzed by the investigators themselves or by other
professionals. Specify what statistical softwares packages will be used and if the study is blinded, when the code will be

opened. For clinical trials, indicate if interim data analysis will be required to monitor further progress of the study. (TYPE
WITHIN THE PROVIDED SPACE).

Because microarrays capture data on the simultaneous behavior of a large number of genes, analyzing results from microarray
responses to a multifactor experiment requires a multivariate analysis of both the independent (experimental factors) and
dependent variables (genes). We believe that the best approach to analyzing data from our experiments is to adopt a procedure
developed by experimental community ecologists for analyzing the responses of multiple species to experimental treatments
{e.g.. Seabloom ¢z al. 1998). This approach is conceptually similar to that developed by Alter et al. (2000) for single-factor

experiments.

The community ecology approach has two steps. First, principal components analysis (PCA) is used to extract orthogonal axes
called principal components (or PC's) that explain significant amounts of the variability in responses among genes; these axes
are linear functions of genes and can therefore be related back to the microarray data. Second, analysis of variance (ANQOVA)} is
applied to each PC that explains more than some threshold fraction of the overall variation (say 10%) to quantify the effects of -
the experimental treatments. For Aim 1, we will use three-way ANOVA to quantify the effects of microhabitat, treatment
(low/high nutrients), and time, as well as each two- and three-way interaction, Aims 2 and 3 will use ANOVA models
appropriate to their design. All analyses will be conducted using SAS Statistical Software,

We will use this two-step procedure for two distinctly different analyses of the microarray data. First, we will conduct focused
analyses of groups of genes with a prior1 associations with metabolic activity (growth, productivity), dormancy, and SRBs in
order to test specific hypotheses about the effects of environmental conditions on particular bacterial activities. Second, we will
conduct a composite analysis of the entire genome in order to detect patterns in other suites of genes, including those whose
function is not yet known. Certain patterns of gene expression can be predicted. For example, we hypothesize that genes
controlled by the stationary phase RNA polymerase sigma factor RpoS will be among those induced by starvation and transition
into dormancy. This is a well documented genetic regulon in many bacteria that is of the type we will use as a standard for
correlation of activation for additional genes that are induced under these conditions. Other such regulons respond to nitrogen
and phosphate.

We will carefully evaluate the PCA + ANOVA approach using data from our pilot experiments, and will modify-this approach
as needed. In addition, new techniques for dealing with multivariate responses to experimental treatments using Mantel tests are
currently in development (Legendre and Legendre 1998; E. Seabloom, pers. comm), and we expect to try them out on
nucroarray data as they become established in the literature.

Asin Aim 1, we will analyze the results of this experiment using a combination of PCA and ANOVA as applied to specific gene
groups as well as the entire genome. The ANOVA component of this analysis will follow the procedures described by
Montgomery (1991) for a 2* center-point enhanced factorial experiment, with the addition of a fifth factor for microhabitat.

Asin Aims 1 and 2, we will analyze the result of the field experiments using a.combination of PCA and ANOVA applied to
specific gene groups as well as the entire genome. For Aim 3, the experimental design involves a hierarchical nested design:
lake. year. season, enclosure, and microhabitat. This design is straightforward to analyze in SAS.

In addition to these multivariate anaiyses, if the laboratory experiments have identified particuiar indicator genes for
environmental response, we will apply ANOVA to these individual genes of special interest as well as to the groups of genes.
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"Ethical Assurance for Protection of Human Rights

Describe in the space provided the justifications for conducting this research in humari subjects, If the study needs observations
on sick individuals, provide sufficient reasons for using them. Indicate how subject’s rights are protected and if there is any
benefit or risk to each subject of the study.

Not Applicable

Use of Animals

Describe in the space provided the type and species of animal that will be used in the study. Justify with reasons the use of
particular animal species in the experiment and the compliance of the animal ethical guidelines for conducting the proposed
procedures.

Not Applicabie
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Dissemination and Use of Findings

Describe explicitly the plans for disseminating the accomplished results. Describe what type of publication
is anticipated: working papers, internal (institutional) publication, international publications, international
conferences and agencies, workshops etc. Mention if the project is linked to the Government of Bangladesh

through a training programme.

The investigators at all of three sites are involved in postgraduate and/or undergraduate education, as well as other
community educational activities. For example, R. Taylor directs a training grant and coordinates activities and
seminars that are integrated into the activities of the DEHS. Consultant G O'Toole will incorporate approaches and
results from the proposed studies into the graduate course ("Emerging Model Systems in Microbiclogy: Using
.Molecular & Genetic Approaches to Study Complex Systems") he is developed as part of his NSF/CAREER award.
K. Cottingham and R. Taylor are involved in many educational activities outside of the college that range from
children's science programs, to a new high school experience planned for May, to international courses and
workshops. D. Chiavelli and R. Taylor have participated as mentors in the Dartmouth Women in Science Program
{partially supported by NSFE). In addition, our proposed web site will post the first environmentally-relevant
microarray data. Scientific papers will be written from the data generated from this project and will be published in
joint authorship of the investigators in peer reviewed journals.

28



Collaborative Arrangements

Describe briefly if this study involves any scientific, administrative, fiscal, or programmatic arrangements with other national or
international organizations or individuals. Indicate the nature and extent of collaboration and include a letter of agreement
between the applicant or his/her organization and the collaborating organization. (DO NOT EXCEED ONE PAGE)

In addition to electronic networking between project personnel, there will be additicnal mechanisms to share data
and coordinate research efforts. Of particular note, Dartmouth has granted a leave of teaching and administrative
duties to K. Cottingham so that she can take a mini-sabbatical in the labs of R. Taylor and A. Hugq in the fall term of
2001. She plans to become formally trained in the technologies used in these two labs in order to optimize the
means by which they are integrated into the ecological aims of this proposal. D. Chiavelli and A. Huq will make
annual trips to the ICDDR,B to coordinate results of lab and field studies. A. Hugq, in particular, has worked with the
[CDDR,B on numerous occasions, and he will play a major role in coordinating the work of all three institutions.
Importantly, this will involve arranging an annual meeting of all the major investigators, This méeting will be held
in Baltimore and will be coordinated with the annual trip of S. Islam to the US.
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Biography of the Investigators

Give biographical data in the following table for key personnel including the Principal Investigator. Use a photocopy of this

page for each investigator.

Name Position Date of Birth
Ronald K. Taylor . Professor, Microbiology and Immunology
Academic Qualifications (Begiri with baccalaureate or other initial professional education)
Institution and Location Degree Year Field of Study

State University of New York, Buffalo B.A. 1976  |Cell and Mo.lecular Biology

University of Maryland, Baltimore Ph.D. 1984 Biological Sciences

Harvard Medical School Postdoctor-{1983-1986 | Bacterial Pathogenesis

al Research

Research and Professional Experience

Concluding with the present position, list, in chronological order, previous positions held, experience, and honours. Indicate current
membership on any professional societies or public committees. List, in, chronological order, the titles, all authors, and complete references
to all publications during the past three years and to representative earlier publications pertinent to this application. (DO NOT EXCEED TWO

PAGES, USE CONTINUATION SHEETS).

I. Professor Microbiology and Immunology, Dartmouth Medical School, 1997-present

2. Associate Professor, Microbiology and Immunology, Dartmouth Medical School, 1993- 1997

3. Associate Professor, Microbiology and Immunology, University of Tennessee, Memphis,
1989-1993

4. Assistant Professor, Microbiology and Immunology, University of Tennessee, Memphis,
1986-1989

3. Postdoctoral Fellow (NIH), Microbiology and Molecular Genetics, Harvard Medical School,

1984-1986

6. Postdoctoral Fellow (Anna Fuller Fund), Microbiology and Molecular Genetics, HMS, 1983-1984
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SYNERGISTIC ACTIVITIES

Training Grant Principle Investigator: [ am the PI of an NIH training grant entitled,"Host-Microbe
Interactions”. It currently supports two graduate students and two postdoctoral fellows selected
from among 14 laboratories at DMS and DC that conduct related research.

Technology Development: My laboratory has developed a number of techniques that are used world-wide
for the genetic analysis of bacteria. These include transposon mutagenesis systems, allelic exchange
systems, site-directed mutagenesis methods, and microarray analysis.

Meeting Organizer: | am the co-organizer of the biannual meeting of Microbial Pathogenesis and Host
Response, held at Cold Spring Harbor Laboratory. [ have been a co-organizer since the meeting's
inception in 1997.

International Courses: I have been an instructor for several intemational courses that involve genetic
approaches to the analysis of bacteria. These include the Advanced Bacterial Genetics Course at
CSHL from 1991-1995, a UNIDO Advanced Genetics Course in Trieste, [taly from 1990-1996, and
most recently the Gulbenkian Foundation Intemational Advanced Course on Molecular Genetics of
Bacteria held in Porto and Braga, Portugal in 1997 and 2001. '

Center for Environmental Health Sciences at Dartmouth: I am a member of this new center at Dartmouth
that serves to foster the initiation of collaborative projects having to do with environmentally
related research. I hope to promote the integration of molecular and genetic approaches into
environmental studies involving microbial populations.
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Md. Sirajul Islam Environmental Microbiologist 01-01-1952

Academic Qualifications (Begin] with baccalaureate or other initial professional education)

Institution and Location | Degree Year Field of Study
Department of Botany, University of M.Sc. 1976 Bacterielogy, Microbiology, Limnology & Ecology
Dhaka, Bangladesh
Department of Tropical Hygiene, London Ph.D. 1987 Environmental Disease Transmission
School of Hygiene and Tropical Medicine,

UK.
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Environmental Microbiologist, Labaratory Sciences Division, ICDDR B., 2001-present

Scientist, Laboratory Sciences Division, [CDDR,B., 1994-2001

Associate Scientist, Laboratory Sciences Division, ICDDR,B, 1992-94

Assistant Scientist, Laboratory Sciences Division, [CDDR,B, 1988-92

Ph.D. Scholar, London University, United Kingdom, 1983-87

Senior Research Officer, Training Branch, ICDDR,B, 1979-83

Research Officer, Microbiology Branch, Matlab, ICDDR,B, 1978-79

Research Scholar, National Council of Science and Technology, Government of Bangladesh, 1977-77
Research Scholar, Asiatic Society of Bangladesh, 1977-77

Bibliography
Islam. M.S., Siddika, A., Khan, M.N.H., Goldar, M.M., Sadique, M.A, Kabir, AN.M.H., Huq, A, and Colwell, R.R. (2001}.
Microbiological analyis of mbe well water in a rural area of Bangladesh Applied and Env1ronmental Microbiology.

67:3328-3330.

Islam, M.S., Begum, A., Khan, S.I,, Sadique, M.A., Khan, M.N.H.. Albert, M.J., Yunus, M, Huq,.A. and Colwell, R.R.
(2000}. Microbiology of pond ecosystems in rural Bangladesh: its public health implications. The International Journal

of Environmental Studies. 58:33-46

Islam, M.S., Rahim, Z., Alam, M.J., Begum, $., Moriruzzaman, S.M., Umeda, A., Amako, K., Albert, M.J., Sack, R.B., Huq, A

and Colwell, R.R. (1999). Association of Vibric cholerae | with the Cyanobacterium, 4nabaena sp. Elucidated by
PCR and Transmission Electron Microscopy. Transactions of the Royal Society of Tropical Medicine & Hygiene.

93:36-40

32




-

L]
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SYNERGISTIC ACTIVITIES

In addition to research, ! also actively participate as course Director, course Co-Director and faculty member in
various courses that are offered by ICDDR,B from'time to time. | have conducted four International courses on
Laboratory aspects of Diarrhoeal Diseases as course Director and four as Co-course Director. | have aiso conducted
8 national courses on microbiological aspects of diarrhoeal diseases as course Director. So far 24 students have
completed their M.Sc. theses under my supervision. | am also supervising a M. Phil and four M.Sc. students at
present. The responsibilities with Training Branch are in addition to the Scientific investigations that | am doing in the
Laboratory Sciences Division. | am also coordinating the post graduate students training programme of LSD.

| also shoulder the administrative responsibilities of the Laboratory Sciences Division as Acting Division Director from
time to time.

| am the Editor-in-Chief of the News Letter published by the Bangladesh Environmental Society (BES).
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1995-1997 Research Associate Professor, Department of Microbiology, University of Maryland,
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Marine Biotechnology Biotechnology, Maryland

Research Focus _

Microbial ecology, environmental transmission of pathogens, particularly Vibrio cholerae and related organisms. Survival and
multiplication of bacterial pathogens in the environment and detection of these pathogens both in culturable and viable but
noncuiturable state. Study on the effect of climate change on marine and estuarine microorganisms and application of aerospace
technology for detection of pathogens, global prediction and intervention of cholera outbreak.
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e Elected member of the International Congress on Systemic Bacteriology, Subcommittee on Taxonomy of Vibricnaceae of
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Bangladesh Society for Immunology (BS1), 1991- Life member.
American Association for Advancement of Science (AAAS), 1996 - Present.
Sigma Xi - The Scientific Research Society, 1991-1997.
Washington-DC Branch of American Society for Microbiclogy, 1993-1996.
American Saciety of Tropical Medicine and Hygiene, 1999 — Present

Awards and Fellowships:
e Fellow of the American Academy of Microbiology, 1999- Present,
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| APPENDIX
International Centre for Diarrhoeal Disease Research, Bangladesh

Voluntary Consent Form

Title of the Research Project: ENVIRONMENTAL PERSISTENCE OF Vibrie cholerae

Principal Investigator: DR. MD. SERAJUL ISLAM (Local)

Before recruiting into the study, the study subject must be informed about the objectives, procedures, and potential benefits and risks involved
in the study. Details of all procedures must be provided including their risks, utility, duration, frequencies, and severity. All questions of the
subject must be answered to his/ her satisfaction, indicating that the participation is purely voluntary. For children, consents must be obtained
from their parents or legal guardians. The subject must indicate his/ her acceptance of participation by signing or thumb printing on this form.

Not Applicable

Signature of Investigator/ of age.nts - Signature of Subjeét/ Guardian
Date: Date: :
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N |
« *Budget Justifications

&

L 9
Please provide one page statement justifying the budgeted amount for each major item. Justify use of man power, major
equipment, and laboratory services.

The 25% salary of the local Pl and 2 Research Officers have been budged in this project for 3 years. The
expenses for local travel to Matlab, Chandpur and Dhaka has been budgeted. The expenses for doing
microbiological assays have been included as reagents and chemical costs.
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r Support
De®rjbe sources, amount, duration, and grant number of all other research funding currently granted to PI or under
* consideration. (DO NOT EXCEED ONE PAGE FOR EACH INVESTIGATOR)

TAYLOR, R.K.

ACTIVE

1 RO1 AT 25096-15 (R.K. Taylor) 05/01/97-04/30/2002 35%
NIH /NIAID $ 211,000

Genetic Determinants of Virulence in Vibrio cholerae

The major goals of this grant are to characterize the molecular mechanisms that mediate colonization by
type 4 piliated bactena, to understand the biogenesis of type 4 pili, and to use certain type 4 piliated
derivatives of as live delivery vehicles for vaccination with antigens specific to other mucosal infectious
diseases. ‘

Al 47383-01 (W.F. Wade) 04/01/00-03/31/2005 20%
NIH $200,000 .
Vibrio cholerae TCP and LPS Subunit Vaccine, Epitopes and Efficacy

This grant proposal focuses on new approaches to develop a cholera subunit vaccine formulation based on
the current understanding of V. cholerae colonizatioin, pathogenesis, and human immune responses to

infection.

Research Grant (R.K. Taylor) 04/01/2001-03/31/2003 15%
Cystic Fibrosis Foundation _ $60,000
Novel P. aeruginosa Antibiotic Targets and Compounds

This project includes testing the hypothesis that PilD of P. aeruginosa is analogous to other bacterial Type
Four Leader Peptidases and functions via the same catalytic mechanism of the TFPPs of V.‘cholerae. The
proposal focuses on testing PilD inhibitors using high throughout screens and solving the crystal structure
of PilD to facilitate rational drug design.

PENDING
1 RO1 AI 39654-06-10 (R.K. Taylor) 06/01/2001-05/31/2006 20%
NIH/NIAID $ 250,000 requested

Hierarchy Within Enviornmental Regulons
The major goals of this project are to discern mechanisms by which the environment within the human host

is responsible for inducing expression of specific genes of infecting bacteria. The model system being
analyzed is the Vibrio cholerae ToxR regulon.
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Descnbe sources. amount, duration, and grant number of all other research funding currently granted to PI or under
consideration. (DO NOT EXCEED ONE PAGE FOR EACH INVESTIGATOR)

ISLAM, M.S.

ACTIVE

NIAID/NIH : 01/09/96-31/08/2001 60%
~ Epidemioclogy and ecology of V. cholerae $ 574,317

in Bangladesh.

The major goals of this grant are to find out the role of zooplankton, phytoplankton and physicochemical
parameters in maintaining endernicity and seasonality of cholera in Bangladesh.

NINR/NIH 01/08/98-31/09/2002 20%

A simple water filtration for cholera $545.955
intervention ‘

The major goals of this grant are to reduce the incidence of cholera and diarrhoeal diseases by filtering
household water collected from various surfaces water sources e.g., ponds, lakes, rivers etc. and passing
through 8 folds old saree (cloth) material as a filtering device.

NIH 01/02/01-31/01/2002 10%
Biofilm formation by Vibrio cholerae Q1 $26,721
in Bangladeshi natural aquatic habitats

The major goals of this grant are to isolate the V. cholerae O1 from the biofilm, form on plexiglass made
devices which have been immerged at different depths of aquatic environment in Bangladesh. This device
is being used to attract various zooplankton and phytoplankton to form biofilm along with other organisms
and 15 also used as a trap for capturing V. cholerae Ol from the aquatic environment.
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Descnbe sources, amount, duration, and grant number of all other research funding currently granted to P! or under
consideration. (DO NOT EXCEED ONE PAGE FOR EACH INVESTIGATOR)

HUQ, A.

Clinical, Environmental & Molecular Epidemiology of Cholera. Funded by NIH/JHU. September 1, 1996 to
August 31, 2001. Total funds $746,567. Grant Number 1RO1A139129-01

Application of Remote Sensing for the Prediction of cholera outbreak. Funded by NASA. April 22, 1998 to
July 31, 2002. Total funds $141,070. Grant Number NAG-2-1195

Effects of Environmental change and pollution on V. cholerae, a bacterium autochthonous to the aquatic
environment. Funded by the Wallenberg Foundation. September 22, 1997 to-September 21, 2001. Total
funds $132,000.

A Simple Water Filtration for Cholera Intervention.. Funded by NIH. September 15, 1998 to June 30, 2002,
Total funds $786,201 RO1 NRO4527-01A1 . )

Study on cholera and Vibrio cholerae in the environment. Funded by J. Epstein Foundation. Januaty 1, 2001 to
December 31, 2002. Total funding $100,000.

Study on cholera and Vibrio cholerae in the environment. Funded by QOUG Foundation. June 14, 2001 to June 13,
2002, Total funding $50,000.
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Check List

After completing the protocol, please check that the following selected items have been included.

Face Sheet Included \/

Approval of the Division Director on Face Sheet \/

" Certification and Signature of Pl on Face Sheet, #9 and #10 \/

Table on Contents \/

. Project Summary \/
Literature Cited : \/
. Biography of Investigators \/

Ethical Assurance N

Consent Forms NA

0. Detailed Budget \/
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Protocel “Environmental persistence of Vibrio cholerae” (protocol # 2001 ~ 018)

PI: Md. Sirajul Islam (local)

The protocol will study the environmental factors which determine the gene expression of Vibrio
cholerae under changing environmental conditions. It is expected that this research wili
contribute to better understanding of the timing and severity of cholera outbreaks and long term

survival of Vibrio cholerae in the environment.

The investigators are well experienced in conducting these types of environmental studies. They
already conducted other environmental studies relating to ecology of cholera at Matlab.

1 have the following comments:

1. The investigators could provide some background information of the studies already
conducted at different ponds of Matlab and Chandpur areas (salinity, pH, water quality, algae
concentration, persistence of Vibrio cholerae in different seasons etc).

2. Project summary should contain a brief statement of the problem and study sites.

3. Figure 4 needs more clarification (x axis labels should be clearly marked). All figures should
be sequentially numbered.

4. What is the criteria of selection of one pond at Matlab and the one at Chandpur area?

5. Briefly mention the methods of measurements of chlorophyll, orthophosphate, dissolved
organic carbon and total solids in water collected from ponds.

6. The study will involve a ot of statistical methods for the analysis of data. I did not find any
statistician/epidemiologist in the investigators’ list.

7. Other costs (US § 73,894) need to be specified.
8. I have not found comments from external reviewers.

Thanks
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Frotocol “Envirenmental persistence of Vibrio cholerae™ (protocol # 2001 - 018)

P'T: Md. Sirajul Islam (local)

The protocol will study the environmental factors which determine the gene expression of Vibrio
cholerae under changing environmental conditions. It is expected that this research will
contribute to better understanding of the timing and severity of cholera outbreaks and long term

survival of Vibrio cholerae in the environment,

The investigators are well experienced in conducting these types of environmental studies. They
already conducted other environmental studies relating to ecology of cholera at Matlab.

I have the following comments:

1. The investigators could provide some background information of the studies already
conducted at different ponds of Matlab and Chandpur areas (salinity, pH, water quality, algae
concentration, persistence of Vibrio cholerae in different seasons etc).

2. Project summary should contain a brief statement of the problem and study sites.

3. Figure 4 needs more clarification (x axis labels should be clearly marked). All figures should
be sequentially numbered.

4, What is the criteria of selection of one pond at Matlab and the one at Chandpur area?

5. Briefly mention the methods of measurements of chlorophyli, orthophosphate, dissolved
organic carbon and total solids in water collected from ponds.

6. The study will involve a lot of statistical methods for the analysis of data. I did not find any
statistician/epidemiologist tn the investigators’ list.

7. Other costs (US $ 73,894) need to be specified.
8. I have not found comments from external reviewers.

Thanks
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