EXPLORING THE FUSION OF METAGENOMIC LIBRARY AND
DNA MICROARRAY TECHNOLOGIES

Dan Spiegelman
Department of Natural Resource Sciences
McGill University
Macdonald Campus
Submitted Feb 20, 2006

A thesis submitted to McGill University in partial fulfilment of the
requirements of the degree of Master of Science

© Dan Spiegelman 2006



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-24806-5
Our file  Notre référence
ISBN: 978-0-494-24806-5
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



//\\

Short Title

Exploring the Fusion of Metagenomic Library and DNA
Microarray Technologies -

ii



Abstract

We explored the combination of metagenomic library and DNA microarray
technologies into a single platform as a novel way to rapidly screen metagenomic
libraries for genetic targets. In the “metagenomic microarray” system,
metagenomic library clone DNA is printed on a microarray surface, and clones of
interest are detected by hybridization to single-gene probes. This study represents
the initial steps in the development of this technology. We constructed two 5,000-
clone large-insert metagenomic libraries from two diesel-contaminated Arctic soil
samples. We déveloped and optimized an autométed fosmid purification protocol
to rapidly. extract clone DNA in a high-throughput 96-well format. We then
created a series of small prototype arrays to optimize various parameters of
microarray printing and  hybridization, to identify and resolve technical
challenges, and to provide proof-of-principle of this novel application. Our results
suggest that this method shows promise, but more experimentation must be done

to establish the feasibility of this approach.
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Resumé
Nous avons exploré la possibilité de combiner les technologies de banques

métagénomiques et de biopuces d’ADN en tant que moyen rapide de trouver une
cible génétique dans une banque métagénomique. Dans ce systéme de “biopuces
métagénomiques”, I’ADN des clones est imprimé sur la surface d’une biopuce, et

les clones d’intérét sont détectés par hybridation avec une sonde d’ADN marquée.

- Ce projet représente les étapes initiales du dévéloppement de cette technologie.

Deux banques métagénomiques de 5,000 clones furent construites a partir
d’échantillons de sols arctiques contaminés avec du diesel. Une méthode
aﬁtomatisée fut développée et optimisée pour rapidement purifier ’ADN des
clones dans un format 96-puits. Une série de prototypes de biopuces servirent a
optimiser plusieurs paramétres d’impression et d’hybridation des puces, a
identifier et résoudre les problémes techniques, et & valider cette nouvelle
application. Bien que les résultats soient prometteurs, de Pexpérimentation
additionnelle sera requise pour établir définitivement la praticabilité¢ de cette

technologie.
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1 Introduction

1.1 Hydrocarbon contamination, biodegradation and bioremediation in low-
temperature environments

The last few centuries of human development have produced events
unprecedented in the history of life on Earth. Not since the “great oxidation
event” more than 2 billion years ago (66), in which cyanobacterial production of
oxygen gas is believed to have transformed the atmosphere of the early Earth, has
any one species had such a pervasive impact on the planetary environment. The
collective industrial and agricultural activities of the human race have produced
massive deforestation and soil erosion, depletion of the protective ozone layer of
the atmosphere, the extinction of species, the disruption of entire ecosystems, and
the potential destabilization of the planetary climate due to the accumulation of
so-called ‘greenhouse gasses’.

In addition, human industrial activity has generated a plethora of
environmental pollutants, from heavy metals and radioactive materials to a wide
range of organic solvents and wastes. One of the largest sources of environmental

pollutants is the use of fossil fuels to generate energy. Fossil fuels, in the form of

coal, natural gas and petroleum, are used for heating, electrical poWer generation,

and transportation of all kinds. They represent by far the largest source of energy
for the human race, accounting for 86% of all energy consumption worldwide in
2003 (42). |

Accordingly, the storage, transportation and combustion of fossil fuels
releases massive amounts of contaminating hydrocarbons wherever humans

engage in industrial and commercial activities. Virtually no environment on Earth

~ is unaffected by hydrocarbon contamination: soils and sediments, groundwater,

freshwater and oceans are all subjected to various degrees of contamination. The

polar regions, being largely devoid of human habitation, are less affected.
However, human activity occurs in these areas in the form of scientific research,
military activity, resource exploitation and tourism. Pollution occurs in particular

wherever permanent bases are established, or where they existed in the past.



These bases use hydrocarbons fbr power generation, heating and vehicle
operation; consequently, the most common source of pollution in polar regions is
from accidental fuel spillage during storage and distribution from storage tanks or
pipelines (4).

Diesel is a type of petroleum fuel commonly used in electrical generators
and vehicle engines. Like other petroleum fuels, diesel is a complex mixture of
many different hydrocarbons. The largest proportion, between 60-90% by
volume, consists of normal, branched and cyclic alkanes (of chain length between
Cy and Csp). Aromatic compounds, especially alkylbenzenes, constitute 5-40%, -
while alkenes make up 0-10% by volume. The content of the highly toxic
polycyclié aromatic hydrocarbons (PAHs) can exceed 10% by volume, although
usually this number is less than 5% (164). However,' combustion of diesel fuel

increases PAH concentrations, especially the heavier and more toxic multiple-ring

“compounds (91).

Hydrocarbon fuel spills in polar soils can affect the physical, chemical and
biological properties of these environments. Where spills darken the surface, they
can affect soil temperature by decreasing albedo, which in some cases can
increase daily maximum temperatures by up to 10°C (4). They can also lead to
significant increases in the organic carbon content of soils; in instances where this
increases microbial growth, the result can be a depletion of nitrates and a decrease
in soil pH, possibly from the accumulation of h)"drocarbon-derived acidic
metabolites (3).

The harmful effects of hydrocarbon spills on marine avians, mammals,
fish and i_hvertebrates have been extensively popularized, especially in the wake
of such dramatic events as the 1989 Exxon-Valdez oil spill. However, the effects
on microbial communities are more complex and not as clearly negative, owing to
the broad spectrum of microbial metabolisrri. While petroleum spills can be toxic
to the growth and activity of some microorganisms, the elevated levels of organic
carbon can also serve as substrates for growth for other microorganisms (17).
Indeed, it has long been documented that hydrocarbon degraders can be isolated

from a great number of different environments (180). In studies of petroleum-



contaminated polar and aipine soils, most probable numbers (MPN) of
hydrocarbon-degrading microorganisms have been measured at up to 10°-107 per
gram of soil (3, 4, 99). In other environments, hydrocarbon degraders have even
been found in some isolated cases to represent up to 100% of the viable
population after a contamination event 9.

By some measures, hydrocarbon contamination can appear beneficial to
microbial communities; several studies have demonstrated a 10- ‘to 100-fold
increase in the number of cultivatable heterotrophic microorganisms in
contaminated versus pristine samples, in Antarctic soils (3), alpine soils (99),
Arctic soils (165), and Arctic sea-ice (55). However, population size is only one
measure of a microbial community, and other metrics reveal a different picture. It
has been observed in the above cases and in other studies that contamination
negatively impacts’ microbial species diversity compared to uncontaminated
controls (3, 47, 55, 75, 128). However, there is evidence that these results may be
sample-dependent (75), and some studies have observed neutral or contradictory
results (75, 90, 146).

When petroleum products are spilled or leaked into polar or alpine soils,
they are affected by a number of physical and chemical processes that alter their
distribution and composition. Once spilled, hydrocarbons tend to migrate
downwards through the soil; lighter molecules of lower viscosity volatilize more
readily and migrate more quickly, while heavier and ;nore viscous materials are
less mobile and less volatile. This downward moveme;nt stops at the permafrost
boundary, upon contact with an ice-saturated layer only permeable through small
pores and fissures. Along the way, some hydrocarbons are lost to chemical
dissolution, while others adsorb to colloids and humus particles (101). One study
of diesel-contaminated alpine soils measured the loss of contaminants by such
abiotic processes at 30% (103). The same study observed that after a ﬁnite period
of time, contaminant losses due to abiotic processes ceased; similarly, the same

group in another study noted that no such abiotic decontamination occurs in

- chronically-contaminated soils (104). Thus, abiotic processes play a significant,

but transient role in the removal of hydrocarbon contaminants.



A far greater role in decontamination is played by the microbial
communities indigenous to contaminated sites. The process by which this occurs
is known as biodegradation, which has been defined as the metabolic ability of
microorganisms to transform or mineralize organic contaminants into less harmful
substances, which are then integrated into natural biogeochemical cycles (100). It
has been noted that microorganisms can attack almost all hydrocarbons, from
methane to the heaviest paraffins (143). Several experiments have shown that
microorganisms from polar soils possess the ability to degrade the most common
components of hydrocarbon contamination: n-alkanes (11), monoaromatics 2),
and PAHs (46). Although these classes cover hundreds of individual compounds,
the general mechanism is similar: a series of key oxidation steps releases carbon
from complex hydrocarbons, producing intermediate compounds that can be
integrated into the central metabolic pathways of the cell (9, 170). An important

-secondary mechanism is co-metabolism, where complex hydrocarbons are
partially degraded, but no rﬁetabolic energy is derived from the process (68).

The most extensively-characterized catabolic pathways for hydrocarbon
degradation are the alk, xyl and ndo pathways, responsible for the degradation of -
>Cs n-alkanes, aromatic hydrocarbons, and PAHs respectively (100). These
pathways are most often encoded on catabolic plasmids: the OCT, TOL and NAH
plasmids, which have been isolated from a number of uncontaminated
environments and laboratory enrichment studies (130); Despite the wide range of
hosts associated with these catabolic plasmids, studies of hydrocarbon
biodegradaition in Arctic and Antarctic soils suggest that hydrocarbon-degrading
populations in these environments are dominated by a few key microbial species,
especially of the Rhodococcus, Sphingomonas and Pseudomonas genera (4, 46,
168). The results of Whyte et al. (168) in particular suggest that Rhodococcus
species are the principal degraders of the n-alkanes which are predominant among
environmental hydrocarbons. Although natural sources of hydrocarbons exist in
polar soils, such as the long-chain n-alkanes and n-alkenes likely produced by

cyanobacteria and green algae (4), these catabolic genes are most often isolated



from sites associated with anthropogenic hydrocarbon contamination (148, 165,
166).

Many factors affect the rate of microbial biodegradation of hydrocarbons
in soil and other environments. One important factor is the availability of an
electron donor: many studies have established the importance of oxygen in
aerobic biodegradation (reviewed in (170)). In anaerobic habitats, denitrification
may play a similar role in the oxidation of organic compounds, including
pollutants such as the n-alkane hexadecane (25). Another factor is the nature of
the compounds being degraded. Among the alkanes, nCjg to nCg compounds are
most readily attacked by degradative enzymes, <nC;o molecules are often toxic
due to membrane damage, while >nC)s alkanes are only degraded slowly due to
their highly hydrophobic nature. Alkanes larger than nC, have very low
solubility, making them even harder to degrade (143). In general, the viscosity
and solubility of the offending compounds affect their ease of biodegradation; the
- low temperatures characteristic of polar environments decrease the solubility and
bioavailability of aliphatic hydrocarbons and PAHs, and decrease the volatility of
toxic éhort-chain alkanes (100, 101). Nutrient availability is another important
consideration. Several studies investigating the effect of nutrients on
biodegradation have found this to be a key limiting factor, especially nitrogen and
phosphorous (18, 25, 143). |

If biodegradation is ‘the microbially-cétalyzed breakdown of
environmental pollutants, then bioremediation is deﬁned as any technology that
uses biodegradation to remove pollutants from the environment. In recent years, |
bioremediation has become one of the most rapidly developing areas in the field
of environmental restoration (40). Several different bioremediation strategies have
been employed, with differing degrees of success: natural attenuation,
biostimulation, bioaugmentation and bibengineering (15, 40, 77, 102, A 151, 155,
165). Natural attenuation simply refers to the natural biodegradation that occurs in
response to contamination. The sudden input of carbon in the form of
hydrocarbon contamination often leads to a depletion of the nutrients available to

the community, as a result of increased microbial growth (110). If the addition of



nutrients or augmentation of other degradation-limiting environmental variab}es
such as aeration are used to accelerate microbial degradative activity, this process
is referred to as biostimulation. Bioaugmentation,' by contrast, involves not the
modification of environmental conditions, but the modification of the microbial
community itself, by adding specific microbes with degradative abilities.
Bioengineering strategies for bioremediation consist of genetically modifying
microorganisms for enhanced biodegradative ability. Engineering options include
enzyme-tailoring and DNA-shufﬂing‘to optimize enzymatic activities, combining
multiple dégradation pathways in a single organism, increasing resistance to
: Bibremediation—hampering factors such as short-chain alkane toxicity, and adding
g’”ienes for biosurfactant production, to increase substrate availabi‘lity (40).

Several studies of hydrocarbon contamination in low-temperature soil
environments have addressed the question of which bioremediation strategy is the
most effective. Although a recent review has claimed that “assisted
bioremediation” (biostimulation) is likely to be the biorémediation method of
choice in polar environments (4), a cursory review of the experimental literature
produces a more complex picture. Several studies comparing natural attenuation
with biostimulation cover the range of results from a clear preference for
biostimulation (102) to a small transient preference for biostimulation (77) to a
clear preference for natural attenuation (15). Meapwhile, some studies of
bioaugmentation and biostimulation conclude that the addition of a
bioaugm_entation treatment does little to improve the overall results of a
biostimulation treatment alone (155), while others have found a combination of
these treatments to be optimal (151). A more nuanced conclusion from a similar
study is that bioaugmentation decreases the lag time in community response to
contamination, which in cold sites with short summer seasons could be a
particular asset (165). Perhaps the most salient conclusion to be drawn from the
contradictory results‘ of these comparative studies is that site-specific
characteristics are of great importance in determining which bioremediation
strategy is most effective (15). Thus any framework to decide upon which

strategy to pursue must take into account the composition and biochemistry of the



pollutants in questions (i.e. how many different compounds and how amenable
they are to biodegradation), the bioavailability of the contaminants, and how

much potential exists to optimize the microbiological activity at the site (40).

1.2 The Eureka Bioremediation Project

In the spring Qf 1947, American and Canadian personnel established the
Eureka Joint Arctic Weather Station in Eureka, on Ellesmere Island in the
Northwest Territories (now Nunavut), as part of a joint project to build and
operate five such stations in the Canadian High Arctic. For 50 years, the Eureka
station has been providing vital climate information. More recently, the renamed
and Canadian-run Eureka High Arctic Weather Station has also become the site. of
the Arctic Stratospherib Ozone Observatory (ASTRO), and has been host to teams
of scientific researchers and to dozens of tourists yearly (44). |

In 1990, the Eureka High Arctic Weather Station also suffered a serious
hydrocarbon contamination event, when leaking pipelines spilled some 37,000
litres of diesel fuel, contaminating approximately 3200m’® of soil. A feasibility
study was undertaken by the Biotechnology Research Institute of the National
Research Council of Canada (NRC-BRI) to determine the potential for
bioremediation of the site (167). The conclusions of that study were that there was
considerable bioremediation potential during the short Arctic summer season of 4-
6 weeks. The recommendations of the Phase 1 study formed the basis for the
bioremediation project that has been conducted at the site since the summer of
2000. - |

The bioremediation strategy undertaken at Eureka was one of
biostimulation. The treatment consisted of the addition in situ of a commercial
fertiliser (C:N:P ratio of 20:20:20), coupled with a tilling regime that increased
aeration up to a foot below the surface. Control areas were those which had been
contaminated, but received no treatment. To accompany the bioremediation
project, NRC-BRI has been conducting a bioremediation monitoring program of

the site. This monitoring has three main components. First, the indigenous
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microbial communities from various sampling sites have been enumerated .in
terms of total viable aerobic bacteria (culturéble by the spread-plate technique on
MSM-YTS medium), in terms of diesel-degradative populations (culturable by
most probable number (MPN) analysis at 5°C), and in terms of the levels of
culturable bacteria possessing alkane- and PAH-degradative genotypes (P. putida
alkB and Rhodococcus alkB2, and ndoB, respectively, monitored by colony
hybridizations). Second, the hydrocarbon mineralization ‘potential has been
monitored, in soil microcosm studies using '*C-hexadecane (for Cy6 alkanes) and
l-“C-naphthalene (for PAHs), at 5°C. Third, sampling sites have been monitored
for total petroleum hydrocarbons (TPH). Samples at each site were taken from the
active (upper 80-100cm) and permafrost (>100cm) layers of the soil (85).

As of February 2004, the results of the bioremediation study were as
follows: both total viable aerobic and diesel-degrading microbial populations
were generally higher in treated soils than in untreated, although there were some
discrepancies from year to year. By the 2003 sampling, hexadecane
mineralization activity was stronger in the treated samples, as was naphthalene
mineralization, with a few exceptioﬁs. Soil TPH levels in the treated and untreated
soils had been significantly reduced over the study period (85).

The samples used in the current study were taken from the Eureka
bioremediation study, from the 2003 sampling. Thege samples were a treated
actiile layer sample BRI-1 (designated 1A3) and an uﬁtreated active layer sample
BRI-6 (designated 6A3). Specific properties of these samples, and the rationale

fortheir selection, will be discussed later in this report.

1.3 Microbial communities, DNA libraries and metagenomics
1.3.1 Community characterisation and DNA libraries

In microbiology, studying an environmental sample is synonymous with
studying a microbial community. Microbial communities exist in every
environment on Earth, underpin the food webs of many ecosystems, and play a
crucial role in the biogeochemical cycles of many key elements (34, 36, 107). A

wide variety of methods exist for the characterisation of microbial communities



(reviewed in (150)). Traditional microbiological approaches rely on thé cultured
growth of a small subset of the microbial cdmmunity. However, since some 99%
of environmental microbes are not culturable by standard methods, these
approaches do not provide a comprehensive view (7). Another set of methods
characterises microbial communities by analysing the biochemical properties and
molecular composition of key cellular biomolecules such as membrane lipids and
respiratory quinones, usually producing profiles characteristic to a single
community (150). The most powerful and most commonly-used methods are
based on the analysis and differentiation of microbial DNA.

Meost DNA-based methods for community characterisation rely on the
polymerase chain reaction (PCR) to amplify specific genes from DNA extracted
directly from an environmental sample. A large majority of such studies focus on
taxonomically-differentiated genes — highly conserved genes that mutate at a
slow but constant rate over time, such as the gene for the 16S ribosomal RNA.
These genes can be used as a “molecular chronometer” to measure taxonomic
distances between species, based on variations in their DNA sequence (1 71_). Such
DNA polymorphism-based methods are used to produce community profiles, and
to provide species (or other taxon) identification of cofnmunity mémbers by DNA
sequencing of PCR fragments, based on their homology with other sequences
stored in bioinformatic databases. Another subset of PCR-based methods looks at
other functional genes, often genes that code for a catai)olic function of interest in
the environmental sample. These assays éan serve as an indirect presence-or-
absence test for a specific 'catabolié function, or they can be used for taxonomic
identification of a subset of the microbial population, based on sequence variation
in a shared catabolic gene (150).

" For all the analytical power of PCR-based methods of community
characterisation, these methods all share a set of biases and limitations imposed
by the use of PCR. In general, the more manipulation a sample undergoés prior to
analysis, the more opportunities exist to introduce bias into that analysis. At the
heart of the PCR process is a cyclical series of manipulations: double-stranded

DNA denaturation, primer binding, enzymatic primer extension (DNA
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replication), then denaturation again. Each of these steps has the possibility of
introducing bias. The %GC content of the template DNA affects the kinetics of
denaturation; fragments with a higher %GC denature less efficiently, causing
differential amplification. Once denatured, single-stranded DNA can form higher-
order structures such as hairpin loops, which interfere with DNA extension by
Taq polymerase. This can particularly be a problem when amplifying tRNA
genes, which depend on such higher-order structures in their transcribed RNA for
proper biological function. Proper primer binding depends on an exact match
between primer and template sequences, which can be difficult to achieve when
amplifying many different forms of the same gene in an environmental sample;
improper specificity between template and primer can lead to the under-
representation or loss of those template sequences. Heterologous hybridization
between highly-similar but non-identical template sequences in an environmental
sample has been shown to interfere with primer binding as well. Even when this is
not the case, heterologous binding can lead to the formation of chimeric
molecules, artefacts that can form at frequencies of several percent of the total
amplified DNA (150). During primer extension, replication errors can be
introduced by Tagq polymerase, which lacks a proofreading function. Finally,
errors of manipulation such as tube-to-tube contamination or reagent
contamination can occur. Though all these errors can be small; the exponential
nature of PCR amplification can greatly magnify evén the most minute enoré
(150). |

DNA clone libraries represent a technology for amplifying DNA that is
free of the biases and limitations of PCR. In this method, genomic or
environmental community DNA is extracted and ligated into a cloning vector, a
mobile genetic element which is placed inside a host cell and amplified using the
host’s DNA replication machinery. Ligation of the insert DNA .into the vector
requires the generation of compatible ends of the respective DNA molecules; this
can be achieved either by digestion of the insert and vector DNA with restriction
endonucleases, or by end-repair of sheared insert DNA for blunt-end cloning (45).

Although some instances of cloning bias have been reported in studies of (PCR-
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based) single-gene amplicon clone libraries, the explanations suggested were
concerned with restriction sites existing within the single gene being cloned (97),
which is not a factor in PCR-independent cloning of environmental DNA. Other
suggested (but unsubstantiated) sources of cloning bias are random error due to
undersampling of community diversity, toxicity of vector inserts, choice of
cloning kit, and differences due to cloning strategy (blunt- vs. sticky-end cloning)
(97, 118, 153). Another possible source of error not discussed is the effect of
methylation, which may block restriction endonuclease action. What is clear is
that there is much less évidence for bias arising from the manipulations of cloning
than fronr the manipulations of PCR, other than the common biases associated
with DNA extraction (150). |

Besides relative freedom from certain biases, libraries can match and
surpass the information provided by PCR-based methods of community
characterisation. PCR can still be performed on the library sample to find any
number of targef genes, and the amplicons produced are very amenable to
sequencing. But with libraries, since the clones bearing the target genes can be
identified, it is possible to obtain sequence ihformation from outside the fragment
amplified by PCR. In recent years, with the advent of large-inseft vectors suitable
for gene expression (142), the breadth of library-based analyses of environmental
DNA has increased still further.

1.3.2 Metagenomics and metagenomic libraries _
The Human Genome Project spawned and spurred a host of new

technologies and technological innovations. Critical to this endeavour was the
ability to clone and sequence very large fragments of DNA, a key requirement to
generate physical maps over multi-megabase genetic distances. This was
originally done using Yeast Artificial Chromosomes (YACs), which can routinely
hold insert sequences up to 500kb, and even above 1Mb in some cases (22, 87).
However, YACs are prone to several important disadvantages: low cloning

efficiency, high incidence of chimeric clones, instability of insert DNA and

difficulties purifying YAC DNA from host cells all complicated the use of these
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vectors (8). The development of Bacterial Artificial Chromosomes (BACs)
represented a major advance over existing technology. Based on the E. coli F
factor, this vector maintains tight replication control (at 1-2 copies per cell),
produces a much lower proportion of chimeric clones than YACs, and can stably
maintain inserts larger than 300kb (142), in some cases as large as 600kb (179). A
similar innovation produced by the same group of researchers was the fosmid
cloning vector, a hybrid of traditional cosmid vectors (based on bacteriophage A)
and the E. coli F factoi', which allowed the cloning of cosmid-sized inserts (30-
50kb) with BAC-like stability, replication control, and low incidence of
chimerism (81).

With these advances in DNA library technology in hand, researchers in
microbiology quickly realised that new avenﬁes'of research were now open. For
those who wished to characterise the physiological and metabolic potential of the
huge majority of uncultivated microorganisms, the new generation of high-
capacity cloning vectors were the key. These vectors allowed for the direct
cloning of the collective genoines of the microbial species present in an
environmental sample, termed the ‘metagenome’ of the sample (62).

From the start it was clear that this approach was a very powerful tool for
discovery. The first study to use this method found a single marine archaeal
fosmid clone bearing a suite of genes never before characterised in this phylum
(152). Since then, metagenomic studies have been conducted in a wide variety of
environments, including soil, fresh- and saltwater, human feces, the human oral
cavity, and the ‘hospital metagenome’; the scales of metagenomic analysis have
ranged from single genes and pathways to whole organisms and communities
(revie'wed in (121)). These studies have generated a broad array of exciting new
discoveries: discoveries of pure science include a novel form of marine bacterial
phototrophy (12), recovery of an entire rRNA operon from a ubiquitous
uncharacterised crenarchaeote (117), and sequencing of 3 i\/lb of the even-more
ubiquitous uncultured Acidobacterium division of bacteria (92, 134). Discoveries
of industrial importance from metagenomics are numerous, and include several

classes ofv novel antibiotics (19, 56, 163), antibiotic resistance genes (38),
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chitinases (32), a 4-hydroxybutyrate-metabolizing enzyme (64) and an entire
biosynthetic pathway for biotin (43).

One of the truly novel benefits of metagenomic library technology is that
it allows researchers to find links between function and phylogeny in the
uncultured fraction of the microbial community. This has primarily been
accomplished in two ways. First, in phylogenetic studies that identify clones
bearing rDNA genes: once a large-insert clone bearing a rDNA gene has been
identified, the rest of that clone is sequenced and the genes are compared to -
database sequences to infer their function. Despite the haphazard “fishing
expedition” nature of this approach, it has nevertheless led to discoveries of an
array of functional genes froni novel organisms, including archaecal DNA
polymerase (117), archaeal RNA helicase (152), and the first-ever documented
thodopsin of bacterial origin (12). The second means of linking phylogeny to
function is in a sense the inverse of the first method: studies that identify
functional genes in library clones can sequence genes flanking the target gene, in
the hope that both the target genes and the flanking genes can provide clues to
phylogeny by homology with database sequences from identified species (43, 82,
11 5). In cases where phylogenetic identifications are made from rDNA sequences
in metagenomic clones, the sequences of flanking genes can similarly be used to
strengthen phylogenetic association (121). )

When constructing a metagenomic library, it is. very important to consider
the desired insert size, because this decision has several important ramifications.
The larger the insert, the more genes can be included on a single fragment. This is
important for metagenomic expression studies, which often rely on the presence
of entire biochemical pathways in a single clone to produce the desired metabolic
activity. Conversely, small inserts are more suited to sequence-based inquiries and
bulk sequencing efforts (121). Desired insert size also affects the choice of DNA
extraction methods and cloning strategies; harsh extraction methods such as bead-
beating are more likely to lyse a greater range of cell types (84), but much gentler
extraction methods (with their associated extraction biases) are needed to obtain

the very large inserts used in BAC and similar large-insert vectors. Moreover,
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since restriction digestion can greatly reduce the size of extracted DNA
fragments, the preparation of large fragments for cloning requires the use of
partial digestions (8, 13, 92, 123), or blunt-end (end-repair) cloning strategies
(117). ’

Insert size also directly impacts library size and the extent of genomic

‘coverage. The number of clones needed (N) to represent a specific DNA sequence

with a certain degree of probability (P) can be calculated according to the

following equation (26):
(1) N = _In(1-P)
: In(1-L/G)

W}iere L is the average Iength of the insert DNA in base pairs, and G is the
haploid [meta]genome size in base pairs. Two important conclusions can be
drawn from this formulation: first, lérge-insert libraries require fewer clones to
achieve the same level of metagenome coverage as small-insert libraries. Second,
for complex environments such as soil, where estimates for number of species
present range from 1,000 to 10,000 per gram of soil (156, 157), the number of
clones needed for extensive representation is enormous. Assuming an average
diversity of 4,500 species per gram soil, and an average prokaryotic genome size
of 3.1Mb (53), to obtain 99% coverage of the metagenome would require ~12.8
million 5kb inserts (small plasmids), ~1.6 million 40kb inserts (cosmids/fosmids),
or ~428,000 150kb inserts (BACs). According to a recent survey (121), most

'mg_tagenomic studies use libraries that are several orders of magnitude too small

to capture the full microbial diversity present in the environment under study. The

abundance of discoveries made using metagenomic libraries is thus even more

- astounding considering this limitation, and speaks volumes to the deep reservoir -

of information hidden within natural microbial communities around the world,

that we have only recently begun to tap.

1.3.3. Metagenomic library screening methods
To obtain useful information from a metagenomic library requires some

means of ordering and sorting the huge volumes of information and focusing in
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on specific clones of iﬁterest, a process known as screening. Library screening
methods generally fall into two broad categories: sequence-based and function-
based screening. In addition, sub-populations of metagenomic DNA can be
screened prior to library construction, allowing for the creation of smaller,
targeted libraries.

Sequence-based screening methods seek to identify clones bearing ‘speciﬁc
sequences, based on their homology to other known sequences. There are three
basic approaches to this end. One method is to use successive rounds of PCR to
detect the presence of a desired gene in increasingly small subsets of the library,
until an individual clone(s) can be identified. The standard PCR screening method
identifies first a gene-positive superpool of multiple microtiter plates, then a
single microtiter plate, and finally the row and column co-ordinates of the gene-
positive clone (although there is some variation in the precise details of pooling)
(23). One of the most efficient variants of this method can identify a positive
clone from a full library in two PCR reactions; one to identify the tens- and ones-
column of the positive plate number, and one to identify the row and column co-
ordinates of the positive clone (8). It should be noted that this particular use of
PCR is less affected by the inherent biases of this technique. The formation of
chimeric molecules and other replication errors still occur, but since the amplified
DNA is only used to signal the presence of the target sequence among the clones
being screened, artificial sequence changes are irreleva{nt. PCR biases that lead to
the non-amplification of certain sequences, of course, remain a potential problem.

Hybridization screening represents another sequence-based approach. In
this method, metagenomic library DNA is fixed in gridded sets on a series of
filters and incubated in the presence of labelled gene-specific nucleic acid probes.
These probes hybridize selectively to individual clones bearing the gene of
interest, | and are detected by chemiluminescence or autoradiography. The
advantage of this method over PCR-based screening is its ability to scfeen large
numbers of individual clones ih parallel in a single assay. However, the relatively
lower level of sensitivity and higher levels of background non-specific

interactions can yield large numbers of false positives and false negatives (23). In
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addition, to screen a large library in this manner réquires a very large number of
filters, which can be cumbersome and costly. An alternative is a multistep
screening process analogous to the PCR-based processes described above:
superpools of clone DNA representing individual high—density filters are first
screened by southern hybridization to a labelled probe; thus only the high-density
filters identified as positive for the gene of interest need be subject to probe
hybridization (8).

Thanks to cost-reducing advances in DNA sequencing technology, bulk
sequencing of entire metagenomic libraries has recently emerged ‘as a third
method of sequence-based metagenomic library screening. Given the size
requirements for comprehensive library coverage discussed above, such bulk
sequencing represents an enormous undertaking. Not surprisingly, the infrequent
uses of this approach have been confined to environments of relatively lower
biological complexity (such as seawater or biofilm communities) (158, 161), or
else to a relatively small number of clones representing a small fraction of
potential metagenomic diversity (135). In the latter scenario, the task of analysis
is limited to performing database searches of the clone sequences, in order to
identify as many genes as possible. However, sequencing a more representative

metagenomic library involves a more challenging step: the re-assembly of the

- disparate clone sequences into (ideally) complete organism genomes. To do this,

sequences are aligned into multi-clone scaffolds, which are sorted into tentative
“organism bins” based on %GC content, read depth (frequency of sequence re-
occurrence in the library), and similarity to sequence from reference species in
existing databases (158, 161).

The power of this approach is self-evident, and this method presents
specific advantages over other sequence-based methods: researchers can look in
silico for as many genes as-desired, at no extra cost in screening materials, and
without the possibility of false positive and false negative bias inherent to
molecular biological screening methods (122). In addition, bulk sequencing and
database searching allows researchers to uncover new homologues of functional

genes that would escape detection using PCR- and hybridization-based screening,
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which require a high degreé of homology between the target genes and the
primet/probes used for screening (134). Although the biggest limitation associated
with the bulk sequencing approach is cost, several other challenges and
limitations must be considered. During sequence assembly well-conserved
regions such as rRNA genes may assemble across species, which breaks
scaffolds; similarly, closely-related species may also cross-assemble. Low-
abundance organisms allow for fewer mate-links between contigs, and thus offer
less statistical support for scaffolds built from those contigs (161). Another
limitation, alluded to earlier, is that for the time being, bulk sequencing efforts
cannot be-applied to complex communities like soil, due to prohibitive costs in
time and resources. Furthermore, the input of massive amounts of sequence from
bulk sequencing efforts can skew sequence databases. For example, immediately
after the publication of the Venter group’s findings (161), their Sargasso Sea
sequences alone accounted for some 5% of the GenBank database (121). Finally,
massive sequencing projects are still limited by the available databases for gene
identification. For example, only 35% of the genes identified amdng the 1.6
billion bases sequenced by Venter et al. produced significant hits during database
searches (121, 161). '

The second major category of metagenomic library screening methods is
known as expression-based screening or functional screening. In this strategy,
clones are screened for‘expression of a desired trait, l;y use of a broad range of
functional assays. Functional screening is made possible by two factors: first,
large-insert vectors are capable of cloning a large number of genes in-a single
insert. For example, one study isolated two cosmid clones that contained 22 open
reading frames (ORFs) each, in an average insert of 34.3kb (135). Second is the
fact that genes for natural-product biosynthetic pathways (such as antibiotics) tend
to cluster together in prokaryotes (62). Among metagenomic studies, the
expressed-based approach has been responsible for the vast majority of
discoveries of industrial importance (such as novel antibiotics, biocatalysts and
biosynthetic pathways) (19, 32, 38, 43, 56, 60, 64, 65, 123, 139, 163). Though

many of these screening studies usually involve a rapid, simple plate assay for the
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desired function, other approaches are possible. Metagenomic libraries can be .
used to complement specific activity-deficient mutants of a heterologous host (64,
98). Alterhately, the use of liquid cultures for screening allows researchers to
identify genes involved in “mosaic pathways”, where the desired function is
accomplished by the activity of multiple species acting in concert (134).

The probability of finding a desired gene in a metagenomic library is a

function of its abundance in the environmental sample, the average insert size, the

length of the gene, and the presence of functional expression signals recognised

by the host. More specifically, heterologous expression requires the cloning of a
transcriptional promoter and a ribosomal binding site (in the appropriate position
relative to the start codon), both of which must be acceptable to the host cell (53).
Iﬁ the majoﬁty of metagenomic expression studies, E. coli is the host of choice; it
has relaxed requirements for promoter recognition and transcription initiation
compared td other hosts, and has been known to express genes from very
divergent clades such as Thermus, Bacillus cereus and Corynebacterium (62, 95).
In an in silico study of 32 complete prokaryotic genome sequences, researchers
searched for expression signals known to function in E. coli. They concluded that
about 40% of enzymatic activities from heterologous bacteria could be recovered
using E. coli as a host, although‘this number varied from 7-73% depending on the
species of origin (53). )

The above finding reflects one of the major.limitations of expression-
based screening: the dependence on successful heterologous expression of cloned
genes. One possible solution that has been employed is to use different hosts. To
this end, bofh Streptomyces lividnas and Pseudomonas putida have been used (33,
105, 163). Another limitation of functional screening is that an assay for the
desired function must éxist, and it must be amenable to large-scale use in an
efficient and high-throughput manner, due to the low frequency of hits typically
found in large rhetagenomic libraries (‘134). Furthermore, unless the desired
function is the product of a single gene, this approach requires that the necessary

genes are clustered together in an area small enough to fit on one clone (175).
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However, expression-based screening has one major advantage over
sequence-based screening. Indeed, the two method classes complement each other
in terms of their advantages and limitations. Sequence-based methods are limited
by the need for homology between primers/probes and clone sequences, and rely
on databases for gene identification; but most functionally important genes are too
divergent to identify new homologues by PCR or hybridization, which require
conserved regions in well-studied genes (134). Expression-based methods on the
other hand, because they rely exclusively on function, can detect genes of entirely
novel sequence (175). Conversely, because sequence-based screens do not require
expression of gene products, these methods can recover genes which would go
undetected in functional screens due to undetectable expression in incompatible
hosts (95).

Recently, a third screening method has appeared in the literature, a
modification of the standard expression-based methods, termed substrate-induced
gene expression or SIGEX (159, 175). The impetus for the development of this
method is that traditional expression screening is labour-intensive, time-
consuming and inefficient, screening a huge number of clones for a very small
number of hits. The conceptual basis of this approach is the premise that
expression of catabolic genes is generally induced by substrates or metabolites of
the enzymes in question, often under the control of proximate genetic elements. In
this method, metagenomic DNA is cloned into a GFf’-fusion expression vector.
Thus, expression of catabolic genes in the presence of substrate is measured by
the expression of GFP (175). The power of this method comes from the use of
fluorescence-activated cell sorting (FACS), a high-tllroughput way to isolate those
clones expressing GFP and presumably, clones expressing the desired catabolic
activity. This method is ideally suited for attempts to isolate a catabolic gene
whose enzymatic activity is not ‘easily analysed by traditional expression screens,
or for which no traditional assay is available (159). |

There are several limitations associated with this method. The substrate of
its metabolites must be able to reach the clone DNA in order to activate

transcription, thus substrates which cannot migrate into the cytoplasm are -
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excluded (175). Also, this method is not appropriate for very large-insert libraries:
it has been calculated that using inserts longer than 15kb is not useful for
transcriptional fusions, due to the abundance of transcriptional terminators (53).
More important, this method shares the main limifation of all expression-based
screening methods, namely its reliance on heterologous expression. However in
this case the limitation can be mitigated somewhat by reducing the stringency of
the FACS, allowing lower levels of GFP expression to be selected as a positive hit
(with the natural consequence of increasing the incidence of false positives) (159).
The main advantages of this system are its use of high-throughput screening by
FACS, and its ability to greatly reduce the size of the primary metagenomic
library. In this way, SIGEX is analogous o methods such as stable-isotope
probing (41) and bromodeoxyuridine enrichment (160), which can isolate
actively-metabolising sub-populations based on incorporation of modified nucleic
acids. Although to date these methods have not been used to pre-segregate
métagenomic sub-populations for library construction, they offer great potential

for substrate-based pre-screening of metagenomic libraries.

1.4 DNA Microarrays

While BACs and other high-capacity cloning vectors are a technology that
has revolutionised modern microbiology, another recent technological advance,
represents no less of a revolution: DNA microarrays. Indeed, the widespread use
of these tools is transforming, biology as a whole, opening up entire new avenues
of fesearch. A DNA microarray is an extremely high-density matrix of thousands
of individual DNA sequences arranged in a well-defined grid that has been
immobilised on a 2-dimensional surface. Data is produced when fluorescently-
labelled DNA or RNA hybridises to immobilised sequences on the array. In
essence, a microarray hybridization is a massively parallel search by each labelled
molecule for a matching partner on the array (94). |

Microarray technology emerged out of the genomics revolution of
biology, to become one of the principal tools of genomic analysis. The ever-

expanding numbers of fully- or partially-sequenced genomes have generated
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enormous amounts of sequence data. However, sequence alone offers very few
clues to the function of that which is sequenced. Where the traditional approach to
elucidate the function of genes depends on step-by-step analysis of individual
genes, in a whole-genome context a global apprdach is more appropriate, or at
least an essential first step to unravel such massive complexity (72).

If the demands of the genomics revolution provided the impetus to
develop microarray technology, then recent advances in biochemistry and robotics
have provided the occasion. Certainly the concept of nucleic acid hybridization on
a fixed surface is not new; dot-blot hybridization has been an established
technique in molecular biology for more than a quarter of a century (78). 'Arrays
of nucleic acids have been used for years for a variety of purposes, including
measuring mRNA expression levels (89), analysis of RNA secondary structures -
(149), and DNA sequencing (80). However, it was the development of techniques
to imprint biomolecules on glass surfaces (50, 106) and the use of robotics for
large-scale oligonucleotide synthesis which by 1994 had opened the door for
high-density, miniaturised arrays (51, 114).

There are two major types of DNA microarrays that are widely used
today: oligonucleotide-based arrays and amplicon-based arrays. The former ére
spotted with oligonucleotides typically ranging from 25 to 70 nucleotides in
length, which are often synthesised in situ robotically ’and printed directly on the
slide (54). The latter rely on PCR to produce ampliéons from DNA or mRNA
template, which are then purified, plated and printed (174). The two classes of
microarray are generally applied to different types of study, though there is some
overlap. Oligonucleotide arrays are better suited to genome-wide diversity
analyses, sequencing by hybridization, investigation of intergenic sequences,
single-nucleotide polymorphism investigations and other mutational analyses,
while the main applications for amplicon arrays dre in cDNA- (mRNA amplicon)-
based expression studies (54, 93, 144). The two classes cover a wide range of
hybridization specificities: amplicon-based arrays can produce reliable

hybridization signals with up to 20% sequence difference between probe and

~ target, while small oligonucleotides are used to detect single-base mismatches
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(59). For long, oligonucleotide arrays were burdened by high costs of production;
however oligonucleotide synthesis prices have been falling steadily for years, to a
point where large oligonucleotide arrays are approaching the cost of amplicon
arrays [André Nantel, personal communication].

DNA microarrays represent a significant advance over earlier fixed-
surface hybridization methods. The most obvious advantage is in sheer numbers.
As of 2005, it is possible to obtain commercially manufactured arrays that contain
more than 1.3 million uniqué features on a single chip (1). Microarrays also
possess several advantages due to their very small size: compared to other
hybridization platfor’ms microarrays use minimal reaction volumes, which has the
effect of reducing reagen;c consumption, increasing sample concentrations and
accelerating reaction kinetics (132). Another key advantage of microarrays is the
ability to hybridize multiple samples on the same array, by use of multiple
fluorophores for labelling multiple samples (133). Such comparative analyses
using older hybridization methods would require using multiple membranes, or
else a damaging process of membrane stripping and re-probing. In contrast, the
multiplexing ability of microarrays minimises variables inherent to comparing
samples in separate experiments: membrane-to-membrane variation and
variations in experimental conditions (132)..

Nevertheless, the range of manipulations involved in a microarray
experiment, from producing the chip to scanning a ﬁybridization image, offer
many opportunities to introduce error or bias, including cross-contamination of
samples used for array printing, generation of PCR artefacts (for amplicon
arrays), irregularities in spot printing, informatic errors leading to
misidentification of array spots, inefficient sample labelling, uneven
hybridization, and errors in image acquisition and processing (113, 174).

Thus, proper study design and methods of data normalisation are critical to
minimise these effects. Key issues of study desigh are sample size and the proper
use of replicates. Commonly used replicate types include printing
duplicate/triplicate spots, technical replicates such as dye swaps, and biological

replicates. There is general agreement that some form of power analysis is
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necessary and that largef samples with more replicates provide more power, but
there is currently no consensus on methods to determine sample size (5).

Data normalisation is the process by which microarray spot intensities are
adjusted to take into account the variability across different experiments and
platforms (5). Two important normalisations are the use of labelling standards and
internal printing controls. Standardisation of labelling is used to account for
differences in labelling efﬁciency and probe amounts, by reference to the
hybridization signal from a standard amount of control DNA added to every
labelling reaction. Internal standards for printing generally rely on comparing the
signal from a standard amount of control DNA added to each spot to be printed,
and correcting for measured differences. Because microarray éxperiments
generate such a vast amount of data, statistical analysis of results is an essential
step to derive quantitative or even qualitative conclusions. However, statistical
analysis of microarrays is still very much a developing field, and there is still.a
lack of consensus on important questions of study design, data pre-processing,
statistical inference, and classification and validation of results (5, 113).

Although the first use of microarrays for research was to study gene
expression in plants (133), the most common uses of this technology since then
has been in biomedical research and clinical diagnostics (10). Applications to this
end include single-nucleotide polymorphism mapping and annotation of the
human genome (131, 162), target validation, bio;narker identification and
toxicology in drug discovery (70, 129, 137), and analysis of gene expression in
human disease, from simple diseases like B-thalassemia to complex neurological
disorders and different types of cancer (27, 39, 57, 58, 109).

In recent years, DNA microarrays have also been applied to microbiology
in a wide range of studies. One important area of application is the study of
human pathogens, where the use of microarrays to characterise the human cell
response to infection has allowed researchers to develop an understanding of the

pathogenic process without the need to culture dangerous or difficult pathogens

' (10, 14, 30, 71). Microarrays have also been developed into tools to detect

pathogens in clinical samples (29). Comparative genomics studies of expression
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and genome sequence in pathogenic and non-pathogenic strains have provided
insight into the genetic determinants of virulence (79, 136). Indeed, comparative
genomics studies between closely-related strains and species are equally used to
suggest function-specific genetic clusters in non-pathogenic organisms (111), or
core clusters which define the taxonomic group (125). Microarrays can also be

used to define a regulon — the set of genes controlled by a single regulator — by

- hybridization to RNA from cells where the regulator is mutated or over-expressed

(174, 178). Another innovative use of microarrays is for in vitro protein?binding
studies, where protein-binding specificities are determined by protein-bindiﬁg to
specific sequences, detected by protein-specific antibodies and labelled secondary
antibodies (21).

More recently, microeirrays have also been applied with increasing
frequency and success to environmental studies of complex microbial
communities. The most common application is the characterisation of microbial
communities based on the simultaneous detection of large numbers of microbial
genes (59). These applications subdivide into studies which look for specific
functional genes (173) and studies which seek taxonomic affiliations of
community members using tDNA-based microarrays (96). The other main use of
microarrays in environmental studies is expression profiling. In this case,
functional gene arrays are still used, but instead of labelling total’extrag:ted or
PCR-amplified community DNA (120, 145), fesearcl;ers lab‘el total community
mRNA in order to generate an expression profile for the entire microbial
cdmmunity (37). In all such studies, where the sequences of the genes of interest
in the community can differ substantially from those printed on the array, the
unique properties of amplicon-based arrays can be a great asset: under low-
stringency hybridization conditions, target sequences with as little as 60-70%
identity to the immobilised probes can still be detected. However, these relaxed
requirements for sequence specificity can cut both ways, creating problems when
it comes to generating quantitative data: because of the great sequence variation in
the environment, it is difficult to distinguish differences in signal intensity due to

population abundance with differences due to sequence divergence (177).
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Although most applications of microarrays in microbial systems resemble
those described above, some groups have devised novel applications which
warrant a brief discussion. In one method, termed ‘Library-on-a-slide’, the entire
genomes of 72 different strains of E. coli were printed individually into single
array spots, to be hybridised to single genes or gene alleles; the purpose of this
method being to explore genetic differences between closely-related strains (176).
The key innovation of this method is the printing of very large DNA, where
normally only small amplicons or oligonucleotides are used. In another novel
application, devised as an alternative for expression studies where no annotated
genomes are available, PCR-amplified genomic library inserts of a single species
were arrayed on a slide, to be hybridised to total RNA from the same species
ﬁnder various biological conditions (63). Microarrays have also been applied to
screening metagenomic libraries: in a test project, the end sequences of a large
number of metagenomic cosmid clones were amplified by PCR, producing 1kb
fragments that were printed on an array. This array was hybridised to the labelled
genomic DNA from single isolates, pooled isolates, and total community DNA
isolated from the experimental sample; the goal being to isolate those library

. clones representing uncultured microbes (138).

1.5 The current study: Metagenomic Microarrays

1.5.1 Metagenomic microarrays
The current study represents another novel application of DNA

microarrays: they are used as a platform to rapidly screen a metagenomié library
for the presence of a single gené, and to identify specific clones bearing the gene
of interest. To do this requires three conceptual steps: first, construction of a
metagenomic library in high-capacity cloning vectors. Second, purification of .
plasmid DNA from each clone; and printing of purified clone DNA from the
entire library on a microarray slide. We term this construct a ‘metagenomic
microarray’. Third, hybridization experiments using a single labelled gene as a
probe, to identify specific clones bearing the target gene. Following this, the

identified clones can be subject to further analysis, including sequencing of the
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target gene and its surrounding genetic information. Thus in theory, starting from
a printed metagenomic microarray, one could screen a metagenomic library for
the presence of any number of specific genes in a single overnight assay, at the
cost of a few slides per gene screened (depending on the size of the library) and a
few micrograms of labelled probe.

In context of the earlier discussion in section 1.3.3 of this review,
metagenomic microarrays\ are a sequence-based method of library screening,
specifically a method of hybridization screening. As a method of hybridization
screening, this technology represents a significant advance over existing methods.
Since clones can be spotted at a much greater density on microarray slides than on
traditional membranes, a complete metagenomic library that would require a large
number of membranes can be compressed onto a single microarray slide, or a
small number thereof, greatly reducing the complexity of the experiment.
Similarly, because microarrays require such small reaction volumes (on the order
of 20-150pl), array-based screening represents a great reduction in the amount of
expensive labeling reagents consumed. Finally, it is easy to produce a large
number of identical microarrays from a very small amount of starting materials,
due to the incredibly small volumes of material required for printing (less than 1nl
per spot), and the extensive use of automation. Thus the metagenomic library can
easily be screened for a large number of genes in parallel array experiments, with
much greater ease and rapidity than can be achieved by standard membraﬁe
hﬁ)ridization screening.

) The greatest technical challenges of this method lie in printing large insert
llbrary clones on a microarray slide, in quantities and of quality sufficient to
obtain a reliable hybridization signal from clones bearing specific genes of
interest. The technical compliéations are twofold in this respect. First, the use of
large DNA fragments presents several obstacles to signal recbvcry: large
fragments can only 'be printed at low molar amounts, since higher amounts
increase printing solution viscosity to unacceptable levels. Also, if the desired

target is a single gene, this represents only a small fraction of the DNA contained
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in a single large-insert clone. Second, the plasmid DNA to be printed must be of a
sufficient purity that contaminants do not interfere with printing or hybridization.
There have been no reports in the literature of printing large-insert library
clones directly onto microarrays, although a recent review suggests that this
method should be explored (10). Researchers have reported printing PCR
fragments amplified from large-insert libraries, providing either partial (138) or
full representation (73, 154) of the clones used as template. However, considering
the large costs associated with the thousands of PCR reaction required for such an
application, it would be of great value to develop an alternative that does not
require this added expense and extra manipulation. Metagenomic microarrays, on

which unmodified clones are printed directly, present one such alternative.

1.5.2 Research goals
‘In the broadest sense, the goal of the current project was to take the first

steps in the development of the novel technology of metagenomic microarrays.
The construction of prototypes thus figured prominently among the subordinate
goals of this broader endéavour. However, the construction of prototypes even of
limited scope required a series of intermediate steps which must be counted as
important goals in their own rights. Therefore, the first goal of this project was to
successfully develop metagenomic libraries from two similar but varied
ecosystems; the microbial communities from the diesel-contaminated and
bioremediation-treated BRI-1A3 soil, and from the contaminated but untreated
BRI-6A3 soil. These libraries would supply the clones to be used for construction
of prototype metagenomic microarrays. The second goal of this project was to
develop an automated process of clone preparation for microarray printing, one
which could provide purified clone DNA from a large number of library clones in
a short amount of time, while minimizing the costs associated with such
production. Only once these two goals were accomplished could we begin the
process of developing and testing this novel technology.

Originally, the research goals of this project concerning metagenomic
microarrays were twofold. First, to design and build two prototype metagenomic

microarrays, from 5,000-clone metagenomic libraries of the 1A3 and 6A3
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microbial communities. Second, to test the effectiveness of these prototype
metagenomic microarrays by using them to track changes in a soil microbial
community as a result of bioremediation treatment. Although these goals were
later revised to be less expansive, the original goals of the microarray portion of
this project bear some discussion here because they were germane to the choice of
metagenome samples and gene probes used to screen the libraries. The updated
research goals of the microarray portion of this study are presented at the end of
the following discussion.

At the time of sampling, the samples chosen for this study had undergone
three years of differential treatment. Both had been contaminated in the original
fuel spill, but BRI-1A3 had undergone three years of bioremediation treatment
(nutrient amendment and tilling), while BRI-6A3 had received none. The 2004
report of the Eureka Bioremediation project (85) had shown that BRI-1A3 could
readily mineralize '*C-hexadecane in microcosms at 5°C, while BRI-6A3 showed
virtually no such activity [figure 1]. This suggests that BRI-1A3 has an active
alkane-degrading population, while BRI-6A3 does not.
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In order to use metagenomic microarrays to track differences between the
two soil samples required genetic targets that reflected the differences between
the samples. Based on the results of the prior study presented above, one target
chosen for the current study was al/kB, encoding alkane monooxygenase. This
enzyme catalyzes the initial terminal oxidation of the alkane degradative pathway,
which includes hexadecane (168). Thus, alkB was to be used as a probe to
hybridize with the metagenomic microarrays from the 1A3 and 6A3 samples. The
measurement of differences between these two samples was to be based on the
differential prevalence (frequency of occurrence in the library) and variability
(number of different “ forms, determined by sequencing) of this gene in both
libraries. Similarly, to reflect the differential fertilizer treatment that the two
samples had undergone for three years, nitrite reductase was chosen as a target,
the key enzyme in the dissimilatory denitrification process (20). Specifically, we
chose two genes: nirS — encoding a cytochrome cdj-containing nitrite reductase,
and nirK — encoding a copper-containing nitrite reductase, as targets to reflect the
differences between the two samples.
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Figure 1. Mineralization of hexadecane at 5°C in microcosms of Eurcka samples BRI-
1A3 and BRI-6A3. Microcosm experiments were conducted in triplicate. 14CO, evolution
was monitored by liquid scintillation spectrometry. Experiments were performed by the
staff of the BRI Environmental Microbiology lab, as part of the Eureka Bioremediation
Project. This data was adapted from Labbé et al. 2004.



However, the original microarray-based research goals of this project were
overly expansive. As the magnitude of the undertaking became clearer with time
and experimentation, we chose to adopt research goals that were more limited,
more practical, and more realistically attainable in the framework of a Master’s-
level research project. In particular, a series of persistent technical challenges to
basic clone hybridization signal detection and experimental control forced us to
abandon the prospect of constructing full 5,000-clone metagenomic microarrays,
thus preventing any thorough comparison of the two soil communities using these
tools. Instead, the microarray portion of this study was confined to producing a
series of smaller test arrays containing no more than 400 clones. These test arrays
were used to optimiz'e various parameters of the experimental format, to analyze
the technical problems of this novel technology, and resolve them where possible.

Consequently, the microarray-based research goals were reformulated to
reflect the practical realities of this project: First, to develop and optimize the"
process of preparing and printing large-insert plasmid DNA on microarrays.
Second, to assess the feasibility of this technology as a means of rapidly screening
a collection of metagenomic library clones for a specific gene. Third, to use small
prototype arrays (test arrays) to optimize various parameters of metagenomic
microarray experiment design, to identify the technical challenges of this

experimental format, and to resolve these challenges to the best of our ability.

1.5.3 Study design ,
This study is aimed at developing and testing a new technology. The

questions it seeks to answer are technical, and the key analytical steps consist of
method optimization and troubleshooting. Thus, the design of this study centers
around the production of a series of deliverables. Excluding a brief but necessary -
characterization of the community samples used, the bulk of the current study can
be subdivided into three sections, representing major steps in the construction of a
metagenomic microarray. The first section consists of the construction and
characterization of two metagenomic libraries from samples BRI-1A3 and BRI-

6A3. The second section of this study is concerned with producing purified
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metagenomic clone DNA, for array printing. This section is characterized by the
development and optimization of an automated, high-throughput and cost-
effective method to purify cloned metagenomic library DNA from its
ampliﬁcation host. The third section of this study comprises the construction of a

series of test arrays, designed to determine standard conditions and parameters of

‘metagenomic microarray experiment design, to define the technical obstacles to

the construction of full metagenomic microarrays, to resolve these obstacles
where possible, and to assess the feasibility of this approach as a means of

screening a metagenomic library.
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2 Materials and Methods

2.1 DNA extraction and sample characterization

2.1.1 Sample collection from Arctic contaminated soils _

Soil samples BRI-1A3 and BRI-6A3 were collected, using aseptic techniques,
from the active layer of the soil (30-100cm below the surface) as part of the NRC-
BRI Eureka bioremediation project (85). Several hundred grams of each sample
were placed in sterile bags and immediately frozen. Samples were transported
frozen from Eureka, Nunavut to Montreal, Quebec, and were stored at —20°C until

ready for DNA extraction.

2.1.2 DNA extraction from Arctic contaminated soils ‘
To extract total community metagenomic DNA from the BRI-1A3 and BRI-6A3

soil samples, we adapted the method of Fortin et al., designed to extract microbial
DNA from polluted soils (52). Forty grams of soil from each sample were
suspended in 80ml of soil buffer 1 (50mM Tris-HCI [pH 8.3], 200mM NaCl,
>mM EDTA [pH 8.0], 0.05% Triton X-100, 1% PVP-10, 1% PVP-40) by
vortexing and inversion, then pelleted by centriﬁxgation at3,110x g fof 3 minutes
at 4°C. This was repeated two more times, in 80ml of soil buffer 2 (50mM Tris-
HCI [pH 8.3], 200mM NaCl, SmM EDTA [pH 8.0]) and in 80ml of soil buffer 3
(50mM Tris-HCl [pH 8.3], 0.ImM EDTA [pH 8.0]). Cells were disrupted by
incubating with 10mg/ml lysozyme for 30 minutes at 30°C with moderate
shaking, followed by a 30 minute incubation at 37°C. Five pl of 20mg/ml
proteinase K were added and samples. were incubated for 1 hour at 37°C. Lysis
occurred upon addition of 50pul of 20% SDS and incubation for 30 minutes 85°C.
Samples were centrifuged to remove cellular debris. One-half volume of 7.5M
ammonium acetate was added and samples were incubated for' 15 minutes on ice.
One volume of 2-propanol was then added and sémples were precipitated
overnight at —20°C. DNA was pelleted by centrifugation at 17,400 x g for 30
minutes at 4°C, rinsed once with 70% ethanol, then again with 100% ethanol.

After air drying for 1h, the DNA was resuspended in 100ul 10mM Tris-HCI [pH
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8.0] + 0.1mM EDTA [pH 8.0] (TE 10/0.1). RNAse treatment was not included

since RNA removal occurred during size selection (section 2.2.1):

2.1.3 16S rRNA gene PCR amplification
To prepare materials for DGGE, PCR of the 16S rRNA gene was performed on

‘both samples after size-selection and gel extraction, using the universal bacterial
primers U341 and U758 [Table 1]. Between 300pg and 60ng of metagenomic

template DNA was added to 25pmol of each primer, in the presence of 0.2mM

dNTPs, ImM MgCl, 125pg/ml BSA and 1x Taq buffer (Amersham Biosciences).

Initial denaturation occurred at 94°C for 5 min, after which 1.2U of Taqg
polymerase was added while holding at 80°C. Thermal cycling was performed
following a “touch down” procedure, to minimize amplification of non-specific
primer-binding events: denaturation at 94°C for 1 min, annealing at 65°C for 1
min, primer extension at 72°C for 1 min. The annealing temperature was then
decreased by 1°C per cycle until it reached 55°C, then remained at 55°C for an
additional 20 cycles. Final primer extension was at 72°C for 7 min. Template

concentrations were varied to determine optimal conditions for amplification.

2.1.4 DGGE
To characterize the microbial communities from the two soil samples, denaturing

gradient gel electrophoresis was: performed using a DCode Universal Mutation
Detection System (Bio-Rad) for electrophoretic resolution of PCR-amplified 16S
TRNA gene fragments on the basis of %GC content. Fragments of the 16S rRNA
gene (750ng) amplified using the U341GC and U758 primers [Table 1] from each
sample was loaded into 8% acrylamide gels containing denaturant gradients of
40-60%, 60-70% or 40-80%. Gels were run at 80V for 16 hours, stained with
Vistra Green (GE Healthcare) for 30 minutes and destained in 1x TAE for 30
minutes. Gels were visualized under UV using a Fluorlmager System (Molecular

Dynamics; Sunnyvale, CA)

In order to determine the relatedness of the two microbial community samples in

each of the different denaturant gradients, we applied Sorensen’s index of
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similarity to calculate band sharing between samples (147). First, the total number
of different bands was determined by visual inspection of the DGGE profiles for
each sample. Bands from different samples were considered common if they
migrated the same distance in the gel. We then applied the following equation to
generate the coefficient of similarity Sap between the two samples:

(2)  Sas=2J/(A+B) |

Where A is the number of bands in sample A, B is the number of bands in sample
B, and J is the number of bands common to A and B.
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Table 1. primers uséd in the current study

primer name ;gene description sequence (5'-3") © -Source

U341 16S rRNA universal bacterial primers CCTACGGGAGGCAGCAG Muyzer et al. 1993

U758 CTACCAGGGTATCTAATCC Lee et al. 1993

U341GC 16S rRNA GC clamped for DGGE CGCCCGCCGCGCGCCGCGGGCGGGECGGGG [Muyzer et al. 1993

GCACGGGGGGCCTACGGGAGGCAGCAG

alkH1F. alkB alkane monooxygenase concensus  |CIGICACGAITIGGICACAAGAAGG Chénier et al. 2003

alkH3R primers IGCITGITGATCII GTGICGCTGIAG

nirS F nirS nitrite reductase (cytochrome cd1) |[CGGCTACGCGGTGCATATCTCGCGTCTGTC Ren et al. 2000

nirS R concensus primers GATGGACGCCACGCGCGGCTCGGGGTGGTA ‘
{eunirF nirk nitrite reductase (copper) concensus |GGGCATGAACGGCGCGCTCATGGTGCTGCC  |Ren et al, 2000

cu-nir R Iprimers CGGGTTGGCGAACTTGCCGGTGGTCCAGAC

FOS-cosF  [pCC1FOS cos site pCC1FOS-specific amplicon ACATGAGGTTGCCCCGTATTCAGN current study

FOS-cosR " JACTTCCATTGTTCATTCCACGGAN

FOS-CmF pCC1FOS chioramphenicol |pCC1FOS-specific amplicon AAACGGCATGATGAACCTGAN current study

FOS-CmR__ |resistance gene : GATGTGGCGTGTTACGGTGAN

mmoXi mmoX soluble methane monooxygenase CGGTCCGCTGTGGAAGGGCATGAAGCGCGT  [Miguez et al. 1997

mmox2 concensus primers GGCTCGACCTTGAACTTGGAGCCATACTCG )

moA-A189 |pmoA |particulate methane monooxygenase |GGNGACTGGGACTTCTGG Holmes et al. 1895
moA-mb661 concensus primers CCGGMGCAACGTCYTTACC Costello and Lidstrom 1999
luxAb 941 JuxA luciferase enzyme alpha subunit CCGACTGCCCATCCGGTTCGACAAGC Cohn et al. 1985
JuxAe 1231 CTCCGCGACGACATAAACAGGAGCACCACC
1 gfp Green fluorescent protein TGTGGTCTCTCTITICGTIGGG Juck et al. 2005
gfp-R1 TGGTGTTCAATGCTTTGCGAG

uidA

E. coli-specific beta-glucuronidase

ATCACCGTGGTGACGCATGTCGC

CACCACGATGCCATGTTCATCTGCC

Juck ot al, 1996

uidA 858
IuidA 1343




2.1.5 PCR of target catabolic genes from Arctic soil DNA extracts ‘
PCR of the alkB, nirS and nirK catabolic genes was performed on both samples to

determine their presence or absence in the samples. Reaction conditions were
similar to those described in section 2.1.3, with the following modifications: no
“touch down” procedure was followed. Instead, annealing temperatures were
57°C for alkB, 55°C for nirS and 65°C for nirK. The primers used were alkH1F
and alkH3R for alkB; nirSF and nirSR for nirS; cu-nirF and cu-nirR for nirk
[Table 1]. Thirty pg of plasmid (pDrive) containing each of the three catabolic
genes (cloned by Sylvie Sanschagrin at BRI) were used as positive controls for

the reaction.

The above primers were chosen because they are concensus primers, targeted to
conserved regions‘in their respective genes and thus able to amplify these genes
from a broad range of organisms, such as might be found in an environmental
sample. The alkB primers anneal to bases 495-521 (forward) and 1018-1044 -
(reverse), and were designed from conserved regions from histidine boxes 1
(forward) and 3 (reverse) from all database entries for alkB as of February 2003,
except for Acinetobacter. The nirS primers anneal to bases 852-881 (forward) and
1138-1167 (reverse), and were designed from conserved regions in Paracoccus
denitrificans Pd1222, Pseudomonas aeruginosa PAOL, Pseudorﬁonas Sstutzeri
ATCC 14405, and Ralstonia eutropha. The nirK primers anneal to bases 560-589
(forward) and 906-935 (reverse), and were designed from conserved regions in
Achromobacter cycloclastes, Pseudomonas aeruginosa G179, and Pseudomonas

aureofaciens ATCC 13985

2.2 Metagenomic library construction

2.2.1 Siée-selection and gel extraction of total community DNA

To purify 30-50kb fragments of metagenomic DNA for subsequent cloning,
extracted total community DNA was run overnight at 20V on a 0.8% SeaPlaque
GTG low-melting TAE-agarose gel (Cambrex; East Rutherford, NJ), alongside a
A Mono Cut Mix ladder (New England Biolabs; Ipswitch, MA). The 30-50kb
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region of unstained sample was excised from the gel under long-wave UV using
EtBr-stained ladder and a small amount of stained sample as a guide. As RNA
migrates quickly through the gel, this process also serves to remove RNA.
Samples were removed from the gel using the Gelase agarose gel-digesting
preparation (Epicentre; Madison, WI), following the manufacturer’s protocol with
 the following modifications: samples were digested for 1-2h to ensure complete
digestion, and were centrifuged 3x10 minutes at room temperature to remove

undigested gel. Purified DNA was resuspended in TE (10/0.1)

2:2.2 End-repair .
To generate blunt-end fragments for cloning, size-selected metagenomic DNA

was incubated for 45 minutes at room temperature with End-Repair Enzyme Mix
(Epicentre; Madison, WI) following the manufacturer’s protocol. After
inactivation at 70°C, remaining enzyme was removed from the DNA solution by
phenol:chloroform (1:1) extraction and ethanol precipitation, and the DNA was
resuspended in 20ul sterile water. At this stage, DNA was quantified by
PicoGreen (Molecular Probes; Eugene, OR). Briefly, dsDNA-binding reagent was
added to a small amount of sample DNA, and quantified by comparison to

reference amounts of A DNA.

2.2.3 Ligation >
Blunt-end ligation to dephosphorylated pCC1FOS Fosmid vector was performed

with a 10:1 vector:insert molar ratio. Ligation was performed using the
Cp:pyConir'ol Fosmid Library Production Kit (Epicentre; Madison, WI) following
thel manufacturer’s protocols, with the following_ modifications: 325ng size-
| selected, blunt-ended metagenomic DNA and 650ng fosmid were added to a 13pl
ligation reaction, which proceeded overnight at 16°C. One 25ng-insert sample
was removed prior to ligation, and two 25ng-insert samples were rempved after
| ligatiqn to verify the success of the reaction, leaving 10.84ul ligated DNA
representing 250ng insert and 500ng vector. A control reaction was similarly
performed using 3'25ng of ‘Fosmid coﬁtrol DNA’ from the CopyControl Fosmid

kit. To verify the success of the reaction, a 25ng-insert sa1hple was digested with
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1 unit of Notl restriction endonuclease in NEBuffer 3 (New England Biolabs;
Ipswitch, MA) supplemented with 100pg/ml BSA for 1 hour at 37°C, to cut the
vector on either side of the multicloning site. This was run alongside a 25ng-insert
sample taken prior to ligation, and a 25ng-insert sample of uncut, ligated DNA on
a 0.3% TBE gel run overnight ét 20V. The absence of a linearized vector band at

8.1kb in the ligated, uncut sample confirmed successful ligation.

2.2.4 Phage packaging
In vitro packaging of ligated, concatomerized DNA into A phage heads for

transfection of the E. coli cloning host was performed using MaxPlax Packaging
Extracts (Epicentre; Madison, WI). A 10.84pl ligation reaction containing 250ng
of insert DNA was incubated at 30°C for 90 minutes with 25ul of packaging
extract, followed by an additional 90 minutes at 30°C with an additional 25ul of
packaging extract. Packaged phage was diluted for storage in a final volume of
Iml Phage Dilution Buffer (10mM Tris-HCI [pH 8.3], 100mM NaCl, 10mM
MgClz), supplemented with 2.5% chloroform.

2.2.5 Determining library titer
In order to plate the proper density of colonies for efficient recovery, it is

imperative to determine the titer of the metagenomic library (the number of clone
colonies formed per ml of packaged phage). To this end, packaged phage was
diluted serially from 1:10 to 1:10* in Phage Dilution Buffer. Ten pl of each above
dilution was incubated for 20 minutes at 37°C with 100ul of E. coli EPI300-T1

- cells (Epicentre; Madison, WI) grown from an overnight culture to an ODgg of

0.8-1.0 in LB supplemented with 10mM MgSQ,. Packaged control DNA from the
CopyControl Fosmid kit (Epicentre; Madison, WI) was similarly used to transfect
EPI300-T1 cells, at dilutions of 1:10% to 1:10%. Transfected cells were plated on
LB plates containing 12.5pug/ml chloramphenicol and incubated overnight at 37°C
to select for fosmid-bearing clones. Library titer (in cfu/ml) was determined by
couhting colonies and applying the following formula:

library titer = (# of colonies)(dilution factor)(1000ul/ml)

(volume of packaged phage plated)
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Titer was averaged over all dilution plates. Plates with fewer than 30 colonies

were not included in averaging calculations.

2.2.6 Plating the metagenomic libraries
To generate individual colonies bearing cloned metagenomic DNA, E. coli

EPI300-T1 cells were transfected with packaged phage at a 10:1 (v:v) cell:phage
particle ratio, incubated for 20 minutes at 37°C. Plating volumes were
approximately 1ml of transfected cell suspension per 22.5cm x 22.5c¢m plate (LB

+ 12.5ug/ml chloramphenicol), so the library was diluted accordingly prior to
transfectlon Plates were incubated overnight at 37°C. Flnal colony densities were
on the order of 4,000-5,000 per plate, which was the recommended density for
obtimum automated colony picking. Three such plates from each library were

provided for colony picking.

2.2.7 Automated colony picking and library plating
Automated colony picking was employed to circumvent the intensive labour

required to pick 5,000 clones from each metagenomic library. Automated colony
picking was a paid service provided by the Centre for Structural and Functional
Genomics at Concordia University in Montreal. Colonies bearing metagenomic
library DNA were picked and sorted into 96-well microtiter plates using a
VersArray Colony Picker and Arrayer (BioRad). Picked colonies were transferred
to a 25% glycerol + 50%LB/chloramphenicol solution for long-term storage at —
80°C

2.2.8 Characterization of library clones by Restriction Fragment Length
Polymorphism

Clones (48) from each library were charactenzed by RFLP analysis to verify the

- successful cloning of multiple non-repetitive fragments of metagenomic DNA.

One fosmid preparation’s worth (~700-1500ng) of cloned DNA from the 1A3
library plate 49, rows A-D and the 6A3 library plate 11, rows E-H were' subjected
to restriétion digestion using 3U of Norl (New England Biolabs) overnight at
37°C, followed by incubation for 20 minutes at 65°C to stop the reaction. Five pl

of each reaction was run on 0.5% TAE-agarose at 60V for 15 minutes, then at
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100V for 2.5-3 hours, until the bromophenol blue dye band reached the bottom of
the gel. Fragment sizes were estimated by reference to DNA fragments from the
GeneRuler 1kb DNA Ladder (Fermentas) and A Mono Cut Mix ladder (New
Englad Biolabs).

2.3 Plasmid 'purificatioh and microarray preparation

2.3.1 Automated fosmid preparation by alkaline lysis

Final optimized protocol ‘
We developed the following protocol to purify fosmid DNA from metagenomic

library glycerol stock plates. All steps were performed on a Biomek FX

Laboratory Automation Workstation (Beckman Coulter; Fullerton, CA), except

where specified. Cells from glycerol stock plates were transferred to deep-well

(2ml) Costar 96-well platés (Corning; Corning, NY) containing 1ml of LB +

12.5ug/ml chloramphenicol using a manual Library Copief (V&P Scientific; San

Diego, CA). Cultures were grown to saturation overhight at 37°C shaking at

- 300rpm, in 96-well blocks sealed with Bioseal breathable tape (CLP; San Diego,

CA). Ovemnight culture (200pl) was transferred to. new deep-well plateé

containing 1ml (per well) of 2xYT, containing 12.5pg/ml chloramphenicol, and

1x CopyControl Induction Solution (Epicentre; Madison, WI), a patented

formulation for induction of high-copy replication of the pCCI1FOS vector.

Cultures were grown to an ODggg of 1.4, representing a near-saturation level of
cellular growth in our chosen 96-well format, then centrifuged for 5 minutes at

1,811 x g to pellet the cells. After decanting the supernatant, cells were

resuspended by vortexing in 300ul of chilled STE solution (10mM Tris-HCI [pH

8.0], 100mM NaCl, ImM EDTA [pH 8.0]), then centrifuged and pelleted as

before. Cells were resuspended by vortexing in 200ul of chilled GTE solution

(50mM glucose, 25mM Tris-HCI [pH 8.0], 10mM EDTA [pH 8.0]).- Six pl of
20mg/ml proteinase K was added using a multichannel pipet, and 96-well blocks

were incubated 30 minutes at 37°C, with moderate shaking. Four hundred pl of
alkaline lysis solution (0.2N NaOH, 4% SDS) were added and mixed by pipeting.

Three hundred pl of chilled 7.5M ammonium acetate were added to precipitate
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the lysate, and culture blocks were incubated 15 minqtes at 4°C. Samples were
cenfifuged at 1,811 x g for 30 minutes at room temberature to pellet cellular
debris (all subsequent centrifugations were at room temperature as well). All
supernatant from more than 2mm above the bottom of the wells was transferred to
a new 96-well block, then centrifuged and transferred as before to a third 96-well
block. Nucleic acids were precipitated by adding 800ul of room-temperature 2-
propanol, mixing by pipetting, then centrifuging at 1,811 x g for 30 minutes. After
decanting the supernatant, the pellet was air-dried for 30 minutes, then
resuspended in 200pl of 100pg/ml RNAse in water and incubated for 30 minutes
at 37°C with moderate shaking. RNAse was removed by adding 100yl of chilled
7.5M ammonium acetate, incubation on ice for 15 ‘minutes, then centrifugation at
1,811 x g for 30 minutes. All supernatant from more than 2mm above the bottom
of the wells was transferred to a new 96-well block, and 600ul of 100% ethanol
were added and mixed by pipetting. DNA was precipitated by centrifugation at
1,811 x g for 30 minutes, and supernatant was decanted. The DNA pellet was
washed with 1ml of 70% ethanol and centrifuged at 1,811 x g for 10 minutes.
After decanting the supernatant, the pellet was air-dried at room temperature for
30 minutes and resuspended in 30pl of sterile deionized water. All clones printed
on test arrays from TA 5.1 onward were purified using the final optimized

protocol.

Protocol optimizations |
Optimization of precipitant solutions was performed by comparing 4 different
precipitants. Immediatelyvfollowing alkaline lysis in 400l of 0.2N NaOH + 4%
SDS as described above, we allowed 0.1 volumes of 3M sodium acetate, or %
volume of 7.5M ammonium aceiate, or 2 volume of potassium acetate to
precipitate cellular debris from a single 96-well block of clones, followed by
centrifugation and transfer twice and 2-propanol precipitation as described above.
For CTAB precipitation, a working concentration of 0.2% CTAB (w/v) was used
in accordance with Lander et al. (86), who suggest that this concentration of

CTAB selectively precipitates plasmid DNA, leaving protein, RNA and
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lipopolysaccharides in solution. Following centrifugation, the pellet containing
the plasmid DNA was resuspended in 0.7M NaCl and precipitated again by
adding 1 volume of 2-propanol. From this stage onward, all optimization sample
plates were treated identically. DNA from the same 12 clones from each plate was
quantified by PicoGreen (Molecular Probes; Eugene, OR), and relative protein
contamination was assessed by comparing the spectrophotometric absorbance of
each sample at 260nm (for DNA) and 280nm (for protein) using a ND-1000
Spectrophotometer (Nanodrop Technologies; Wilmington, DE)

For optimization of centrifugation parameters, the method used was identical to
the final optimized protocol described above, with the following exceptions. All
manipulations subsequent to clone growth were performed manually in 1.5ml
microcentrifuge tubes. Centrifugations were carried out at 15,000 x g or 1,811 x
g, at 4°C or at room temperature, in a Biofuge Fresco table-top microcentrifuge
(Heraeus Instruments; Hanaﬁ, Germany). All 1,811 x g centrifugations were for

30 minutes, while 15,000 x g centrifugations were for 15 minutes.

For initial optimization of induction culture time, clones were grown for 3h or 5h,
then fosmid DNA was purified as described in the final optimized protocol,
except that the'proteinase K digestion step was ofnitted (refei'red to in section 3 as
the “basic method”). All fosmid clones printed on Tesg Arrays 1 through 4.2 were
grown for 5 hours and purified by the basic method. For later optimization of
induction culture time, cultures were grown to ODgg values of 0.6, 0.8, 1.-1’ orl.4,
measured by absorbance at 600nm in a Turner Model 340 Spectrophotometer

(Testwave LLC; Sparks, NV)

For optimization of additional purification steps, 6 replicates of each of 4 clones
grown to each of 4 ODsgo values underwent fosmid purification by the basic
method, with the following modifications for each purification treatment.

Proteinase K treatment was as described in the final optimized method. Size-

exclusion filtration was performed using a 0.2um polyvinylidene fluoride (PVDF)
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filter (Corning; Corning, NY). Vacuum filtration on the Biomek FX replaced the
two rounds of centrifugation and supernatant recovery described in the final
optimized protocol. Glass fiber DNA-binding was accomplished using a

Multiscreen-FB Glass Fiber Type B 1um filter (Millipore; Billerica, MA). |
Immediately after RNAse digestion, 1 volume of “binding buffer” (7M
Guanidine-HCl in 200mM MES (2-[N-morpholino]ethane-sulfonic acid) buffer
[pH 5.6]) was added to samples and mixed by pipeting, then liquid was passed
through the filter by vacuum on the Biomek FX. Filters were washed in 1ml of
80% Ethanol, and DNA was resuspended in 50l sterile water and recovered by
centrifugation for 3 minutes at 1,811 x g. Fosmid purification by commercial kits
was not performed in the 96-well format. Instead, 100ml of each clone were
grown in Erlenmeyer flasks. Twenty ml samples were removed at each target
ODggo and were used for either maxi-preparation (OD 0.8, 1.1 and 1.4) or midi-
preparation (OD 0.6), using Plasmid Midi and Maxi Kits (Qiagen; Hilden,

Germany).

2.3.2 Origin of internal standards for fosmid clone DNA printed on microarrays
We chose two candidates to serve as internal standards for the fosmid clone DNA

printed on microarrays: FOS-cos and FOS-Cm. Each corresponded to a unique
feature of the pCCIFOS vector, not expected to appear in the cloned
metagenomic DNA. The FOS-cos probe was produced by amplifying a 399bp
segment of pCC1FOS corresponding to the entire cos site of the vector [Figure 2].
The cos site- is the locus of DNA binding and cutting by the lambda terminase
enzyme critical to A phage packaging (169), and as such would not likely be
found in the metaéenome of a contamiﬁated Arctic soil microbial community.
FOS-Cm corresponds to a 219bp segment within the vector’s chlorainphenicol
resistance gene, a feature much more likely found in an enteric environment or in
contaminated aquaculture than in the communities sampled in this study (16,

127).
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Figure 2. Origin of internal standard
probe candidates. A schematic vector
map of the pCCIFOS cloning vector
used in this study, with major genetic
elements labeled. The FOS-cos (bases
7684-8083) and FOS-Cm (bases 851-
1070) amplified regions are indicated.
Other notable features of this vector are
the Eco72 1 361 blunt-end cloning site,
and the extra origin of replication ori2,
used for the induction of high-copy
replication in the presence of
proprietary induction solution.

Figure modified from the original
Epicentre product information page for
pCCI1FOS, on the web at:
http://www.epibio.com/item.asp?ID=3

85&CatID=125&SubCatID=60




2.3.3 PCR for probe positive controls
Positive controls for labelled probes in microarray hybridizations were produced

by PCR as described in section 2.1.5, with the following exceptions: MgCl, was
omitted from mmoX and pmoA amplifications. Following PCR, samples were
purified using the QiaQuick PCR Purification kit (Qiagen) followingv the
manufacturer’s protocol, except that final elution of samples waS in sterile
deionized water. DNA was quantified by PicoGreen (Molecular Probes; Eugene,
OR). The primers used were FOS-cosF and FOS-cosR for FOS-cos; FOS-CmF
and FOS-CmR for FOS-Cm; mmoXI and mmoX2 for mmoX, pmoA-A189 and
pmoA-mb661 for pmod; luxAb and luxde for luxd; gfpF and gfpR for gfp; uidA
858 and uidA 1343 for uidA. Annealing temperatures were 52°C for pmoA and
FOS-Cm, 57°C for gfp, 58°C for luxA, 60°C for FOS-cos and uidd, 65°C for
mmoX [Table 1]. Thirty pg of plasmid (pDrive) containing each catabolic gene
(cloned by Sylvie Sanschagrin at BRI) was used as positive control for all genes
with the following exceptions: 30pg of pCC1FOS was used as template for both
FOS-cos and FOS-Cm, while Sng‘of E. coli genomic DNA was used as template
for uid4. Conditions and primers for alkB, nirS and nirK were as described in

section 2.1.5.

2.3.4 E. coli genomic DNA purification for microarray positive controls
Purification of genomic DNA from E. coli EPI300-T1 cells was done using the

Genomic-tip System (Qiagen; Hilden, Germany) with 100/G tips for 10ml culture
volumes, following the manufacturer’s protocol, except that final elution was in
sterile, deionized water. Purified DNA was quantified by PicoGreen (Molecular
Probes; Eugene, OR).

2.3.5 Microarray sample préparation and printing
All DNA samples to be printed were loaded into 384-well microtiter plates. If

sample volumes were above 80pl, the samples were first dried in a SpeedVac
dessicator until their volume was less than 80ul. The samples were dessicated,
then resuspended in 5ul of sterile, distilled water overnight at room temperature.

Five ul of 100%DMSO was added to each sample and incubated at room
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temperature for 24 to 48 hours. Microarray printing was performed on GAPS II
Amino-Silane-coated slides (Corning; Corning, NY) using a Virtek arrayer (Bio-
Rad; Hercules, CA) with Stealth Micro Spotting pins (TeleChem International;
Sunnyvale, CA). Quality control hybridizations were performed by the staff of the
BRI Microarray Lab, using the Paragon DNA Microarray Quality Control Stain
Kit' (Molecular Probes; Eugene, OR) or the Spot QC Kit (Integrated DNA
Technologies; Coralville, IA), total DNA hybridization probes based on labelled

random oligonucleotides.

2.3.6 Washing and sterilizing 96-well blocks for re-use
In order to reduce equipment costs, we developed a protocol to clean and sterilize

the deep-well 96-well blocks used for plasmid purification (section 2.3.1) to allow
their re-use. First, 96-well blocks were autoclaved on liquid cycle (20’ steam
sterilizing) filled with either tap water or unused bacterial culture in an industrial
autocléve (Alfa Medical; Hempstead, NY), to facilitate disposal of culture wastes
by rendering them biologically inactive. Autoclaved blocks were then emptied,
rinsed with water, and immersed in a diluted solution of industrial bleach for no
less than 1 day, to kill any refnaining microbes. Blocks were then rinsed again
with tap water, then washed in an industrial labware washer (Hoplab; Beauport,
Quebec). Finally, dried blocks were sterilized by autoclaving on gravity cycle
(20’ sterlizing, 20° drying) and left wrapped in aluminum foil until ready for re-

use.

2.4 Microarray hybridization and proof-of-principle experiments

2.4.1 Probe labelling with DIG and membrane hybridization

As a preliminary test of a subset of the gene probes to be used for subsequent
microarray hybridizations, PCR amplicons were labelled with dioxygenin (DIG)
and hybridized to unlabelled PCR amplicons of the same genes, spotted on
membranes. The labelling reaction was performed using the PCR DIG Probe
Synthesis Kit (Roche; Basel, Switzerland) following the manufacturer’s protocol.
FOS-Cm and FOS-cos were amplified from the pCC1FOS vector, while gfp,
mmoX and the E. coli 16S rRNA gene were amplified from genomic DNA
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(Pseudomonas Cam-1, Methylosinus trichosporium and E. coli, respectively).
Thirty pg of plasmid DNA or 5-10ng of genomic DNA was used as template for
DIG-labelling. Proper labelling was verified by running 5pl of labelled product
alongside unlabelled controls on a 2% agarose-TAE gel, and confirmed by the
slower migration of the Iabelled DNA. Nylon membranes | (Roche; Basel,
Switzerland) were spotted with six serial dilutions of controi DNA from 100fg to
10ng, using a Minifold 1 Dot-Blot System (Schleicher and Schuell; Dassel,
Germany) and cross-linked to the membrane using a UV Stratalinker (Stratagene;
La Jolla, CA) at 305nm for 3 minutes. Pre-hybridization was performed in 25ml
of hybridization solution (5x SSC-0.1% N-lauroyl sarcosine-0.02% SDS-1%
Blocking Reagent (Roche; Basel, Switzerland)) for 2 hours. Prior to
hybridization, 15ul of probe was added to 25ml of hybridization solution and
denatured at 100°C for 10 minutes, then placed on ice. Hybridization was

performed in 25ml of hybridization solution + probe at 65°C for 1 hour.

- Membranes were washed twice for 15 minutes in 250ml of 2x SSC-0.1% SDS at

room temperature, then twice for 15 minutes in 250ml of 1x SSC-0.1% SDS at the
hybridization temperature, then once for 15 minutes in 250ml of 0.5x SSC-0.1%
SDS at the hybridization temperature, with moderare agitation during all washes.
Chemiluminescent detection of probes was performed as follows: membranes
were stabilized for 5 minutes with moderate agitation in 150m! of detection
solutlon 1 (0.IM maleic acid-0.15M NaCl-0.3% Tween-20 [pH 7.5]), then
mcubated for 90 minutes in detection solution 2 (detection solution 1
supplemented with 1% Blocking Reagent (Roche; Basel, Switzerland)) at room
temperature. Antibody binding was performed in 100ml of the detection solution
2 supplemented with 0.75U of Anti-Dioxygenin—alkaline phosphatase Fab
fragment, for 30 minutes at room temperature with 1ow agitation. Membranes
were washed twice in 100ml of detection solution 1 at room temperature with
medium agitation, then stabilized in detection solution 3 (100mM Tris-HCI [pH

9.5]-100mM NaCl) for 2 minutes at room temperature with medium agitation. For

' colour detection, 25ul of CDP-Star chemiluminescent substrate (Roche; Basel,

Switzerland) was added to 5ml of detection solution 3 and incubated with the
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membranes for 30 seconds at room temperature with low agitation, then placed in
a hybridization bag. Chemiluminescence was detected by exposure to X-Omat
AR film in an X-Omatic cassette (Kodak; Rochester, NY) for 5 minutes. Probe
yield was assessed by spotting serial dilutions of probe from 10 to 107 on a
nylon membrane and UV crosslinking as described above. The membrane was
washed in detection solution 1 for 1 minute, then incubated in IOOml, detection
solution 2 for 30 minutes at room temperature with égitation. The membrane was
then incubated in 20ml of detection solution 2 containing 3U of anti-Dioxygenin-
AP for 30 minutes at room temperature, washed twice in 100ml of detection
solution 1 for 15 minutes, then stabilized in 20ml of detection solution 3 for 2
minutes. For colour detection, the membrane was incubated overnight in 20ml of
100mM Tris-HCI [pH 9.5]-0.1M NaCl containihg 90ul of NBT and 70pul of X-
phosphate from the DIG labelling kit. Colour development was stopped by

washing the membrane in 50ml of sterile water for 5 minutes.

2.4.2 Probe labelling with Cy fluorophores
In order to produce probes for microarray hybridization, 100ng of PCR-amplified

or metagenomic DNA was used as template for labelling with the Cy3 or Cy5
fluorophores. Fifty pg of a uxd PCR amplicon (1:2000 of the total template
DNA) were added to each labelling reaction to be used as a labelling control for

hybridization. In each 50pl reaction, 20ul of 2.5x randem octamer primer solution

" from the BioPrime Labelling Kit (Invitrogen; Carlsbad, CA) was added to the

template DNA, and incubated for 5 minutes at 95°C, followed by 5 minutes on
ice. On ice, 5ul of ANTPs (1..2mM dA/G/TTP, 0.6mM dCTP) and 2l of Cy3- or
Cy5-dCTP (0.6mM) were added. Forty units of Klenow polymerase from the
BioPrime kit was added to bring the final reaction volume to 50ul. The reaction
proceeded for 3 hours at 37°C, and stopped upon addition of 5ul of 0.5M EDTA
[pH 8.0]. Labelled samples were purified using the QiaQuick PCR Purification
Kit (Qiagen; Hilden, Germany), following the manufacturer’s protocol, with the
following modifications: Prior to thé first buffer step (buffer PB), 2.5pl of 3M _

sodium acetate [pH 5.2] were added to the labelled samples. Columns were
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washed fbur times with PE washing solution, instead of once. Labelled DNA was
eluted twice with 30ul of EB buffer, heated to 50°C. Samples were quantified
using a ND-1000 Spectrophotometer (Nanodrop Technologies; Wilmington, DE):
DNA was quantified by its absorbance at 260nm, Cy3 by its absorbance at
633nm, and Cy5 at 543nm.

2.4.3 Microarray hybridization
First, a brief word on hybridization terminology: “probe” is used here to refer to

the DNA fragment of known sequence, hybridized to the “target” of generally
unknown sequence. In all test array experiments described in this report, the probe
was a sihgle gene amplicon, labelled with a fluorescent dye; the target was a DNA
sequence fixed on a microarray surface, either a metagenomic clone of unknown
sequence (hopefully bearing a “target” gene complementary to the labelled
probe), or a PCR amplicon of known sequence used as a hybridization control.
These designations are in a sense the opposite of those encountered in functional
gene array hybridizations .of environmental samples, where the “probes” are
bound to the microarray surface, while ‘the “targets” are labelled total community
DNA. However, the conceptual differentiation of unknown sequences (targets)
and known sequences (probes) allows the use of consistent terminology between

different microarray applications.

Microarray slides were prehybridized with 125pul of 5x SSC-0.1% SDS-1% BSA
for 1 hour at 42°C, washed three.times in 0.1x SSC and once in 2-propanol, and
dried in a Spectrafuge Mini (Labnet; Edison, NJ) microcentrifuge for slides. Prior
to hybridization, labelled probes (amplicons) or targets (metagenomic DNA) were
concentrated to 2-3ul in a SpeedVac dessicator then resuspended in 20-30pd
(depending on microarray coverslip dimensions) of DIG Easy Hyb hybridization
reagent (Roche), supplemented with 5ug tRNA and 5pg salmon sperm DNA. Just
before 1oading, labelled materials were denatured for 2 minutes at 95°C.
Hybridization pfoceeded for 16 hours at 42°C. Following hybridization, slides
were washed 3 times at 42°C for 10 minutes in 0.1x SSC-0.1% SDS, then rinsed 3

50



“times in 0.1x SSC, and finally once in 2-propanol. Slides were dried by

centrifugation in a Spectrafuge Mini microcentrifuge and stored in dry containers

in the dark to prevent photobleaching of fluorescent dyes.

2.4.4 Microarray image analysis
Microarray hybridizations were scanned using a ScanArray Lite Microarray

Analysis System ‘(Packard BioChip Technologies; Billerica, MA) and ScanArray
Express software (Perkin Elmer; Wellesley, MA) for image production, spot
finding and quantification. Scans were performed at wavélengths of 633nm (Cy3)
and 543nm (Cy5). Spbts were quantified using the adaptive circle method to

define signal and background pixels.

2.4.5 Microarray data normalization and hybridization-positive designation
Microarray data was normalized by two different methods, depending on the

source of the data to be normalized. The first method, Normalization Technique
A, was applied to all quantitative data generated by the ScanArray Express
software. Median pixel intensity, signal-to-noise ratios and average background
signal for each microarray spot were calculated by the software. The average of
all backround values of each hybridization was subtracted from the median signal ,
for each spot, to provide a hybridization signal intensity value corrected for
background noise. Signal intensity values standardized by this technique are

reported in the results with the designation “(corrected)”.

The second standardization method, Normalization Technique B, was applied
only in cases where quantitative .data from multiple hybridizations were pooled
for analysis. To correct for differences in probe amounts and labelling intensity,
data from disparate hybridizations were normalized on the basis of JuxA labelling
control microarray spot intensity. The average intensity of all Jux4 control spots
in all hybridizations to be pooled was divided by the average intensity of all Juxd
spots in a single hybridization, generating a relative correction factor for each
hybridization. All signal intensity values (corrected) were multiplied by this

correction factor prior to data pooling. Normalization Technique B was only used
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in conjunction with Normalization Technique A. Thus, all signal intensity values
derived by this method are reported in the results with the designation “(corrected

and normalized)”.

Designation of a microarray spot as hybridization-positive was based on the
signal-to-noise value for that spot. A signal-to-noise ratio greater than or equal to
3 was considered to constitute a positive signal. When calculating average
hybridization signal intensity for various figures, only hybridization-positive spots

were considered.

2.4.6 DNA sequence analysis
Pairwise sequence alignments of FOS-cos, mmoX, GFP, pmoA and the pCC1FOS

vector were performed using the MacVector program (Accelrys; San Diego, CA)
to identify any areas of sequence similarity. Nucleotide-nucleotide alignments
w\ere also performed ‘using Basic Local Alignment Search Tool (BLASTn)
provided by the National Center for Biotechnology Information (6)
(http://www.ncbi.nlm.nih.gov/BLAST).

The alkB PCR amplicon produced from the alkB-positive clone 1A3-18 F10 was

isolated for sequencing by excision from EtBr-stained 1.4% TAE-agarose under

- UV illumination, and purified using the Ultrafree-DA Centrifugal Filter Unit

(Millipore; Billerica, MA), following the manufacturer’s instructions. DNA
sequencing services were provided by the McGill University and Génome Québec
Innovation Centre. To identify the sequenced fragment, single-stranded DNA
sequchce was converted to amino acid sequence using the DNA-protein sequence
conversion tool provided online by the EXPASy proteomics server of the Swiss
Institute of Bioinformatics (http://ca.expasy.org). Candidate protein sequences
were compared with all entries in the GenBank protein sequence database using

the BLASTp search program.
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2.4.7 PCR screening of metagenomic librdrjy
The 1A3 metagenomic library was screened for the presence of alkB, nirS and

nirK by PCR. DNA was extracted from cell culture by boiling lysis: briefly,
culture was incubated for 5 minutes in a boiling water bath or in a themal cycler at
99°C, then centrifuged at ~1,800 x g for 5 minutes to pellet cellular debris. 1pl of
lysate was used as template for PCR. First, PCR was performed on each of 53
pools of clones, representing each 96-well microtiter plate in the library. Clones
from every plate identified as bearing the desired gene were then pooled into
column and row pools (a total of 20 for each plate) and lysed, then were subject to
another round of PCR. The results of this second PCR identified the gene-positive
clones by providing row and column coordinates. PCR conditions were as

described in section 2.1.5.
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3 Results and Discussion

3.1 DNA sample characterization

After extracting total community DNA from samples BRI-1A3 and BRI-
6A3, dilutions of 1:1, 3:10, 1:10 and 3:100 of the extracts were run on a TAE-
agarose gel to confirm successful extraction, and to quantify the extracted DNA
using the 10kb band of the High DNA Mass Ladder (Invitrogen) as a reference
[Figure 3a]. The results indicate that community DNA was successfully extracted.
Before undertaking the construction of metagenomic libraries from 1A3 and 6A3,
these samples were subjected to a short series of tests aimed at differentiating the -
two samples and confirming their suitability for subsequent manipulation and
analysis.

Using size-selected, gel purified DNA as a template, PCR amplification of
the 16S rRNA gene was performed to confirm that DNA was successfully
extracted and purified from the soil samples. Universal bacterial primers were
used to amplify the 16S rRNA gene from several dilutions of 1:1, 1:3, 1:10, 1:30
and 1:100 of each sample (corresponding to 30ng to 300pg for 1A3, and 60ng to
600pg for 6A3) [Figure 3b]. In all samples the correct 16S rRNA fragment was
successfully amplified, confirming successful extraction of community DNA of
sufficient purity for enzymatic manipulation.

The above test was also used to determine the optimal dilution of extracted
DNA to be used for subsequent amplification of the 16S rRNA gene for DGGE
analysis. For both samples, 1:30 was chosen because this dilution produced a
minimum of multiple banding, visible in Figure 3b as a single thick band, as
visualized on TAE-égarose. DGGE was performed first on a denaturant gradient
of 40-80% [Figure 4a], and the resulting profiles were expanded by performing
additional DGGE on denaturant gradients of 40-60% and 60-70% [Figure 4b, 4c].
DGGE is often used in environmental studies to differentiate samples based on
taxonomic (sequence) differences, in band intensity or for the presence or absence

of specific bands (150). As can be seen in Figure 4, the DGGE profiles from the
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two samples exhibited a strong degree of similarity, but also possessed a number
of unique or enriched bands. Sorensen’s coefficients of similarity (Sas) between
samples were 0.41 for the 40-80% gradient, 0.71 for the 40-60% gradient, and
0.91 for the 60-70% gradient. This suggests that the two samples are different but
related, a likely conclusion given the origin of the samples.

The DNA samples were also tested for the presencé of the catabolic genes
avlkB, nirS and nirK. Since the metagenomic libraries from samples 1A3 and 6A3
were to. be screened for the presence of these genes, it was necessary to first
establish that they were present in the extracted total community DNA. PCR
amplification of each of these genes was performed on serial dilutions of both

_size-selected, gel-purified samples. All three genes could be amplified from both

samples; both alkB and nirS could be amplified from 1:10 sample dilutions, while
nirK could only be amplified faintly from the undiluted samples (data not shown).

3.2 Metagenomic library production

There are numerous options available in the literature for cloning high
molecular weight DNA extracted from environmental samples; the choice of
DNA extraction methods, cloning vectors and cloning strategies each present
several alternatives with various advantages and disadvantages. We briefly
explored the possibilities of extracting very high molecular weight DNA from
agarose plugs (24, 117, 142) and agarose microbeads (83, 172) and cloning in
BACs (142). However, we abandoned these efforts in the face of a number of
téchnical obstacles and a lack of available expertise with these methods. In the
end, we chose to use the CopyControl Fosmid ‘
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Figure 3. Initial DNA sample characterization. (A) Community DNA extracts of
samples 1A3 and 6A3, resolved on 1% agarose-TAE stained with ethidium bromide.
Arrow indicates 10kb band in High DNA Mass Ladder. (B) 417bp 16S-PCR
amplicons of both samples, resolved on 1.4% agarose-TAE stained with ethidium
bromide. PCR negative control (lane 7): no DNA.
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Figure 4. DGGE profiling of
samples 1A3 and 6A3. Banding
patterns of the two samples were
compared on three different
denaturant gradients: 40-80% (left),
40-60% (middle) and 60-70%
(right). Patterns were mostly
similar, but unique or enriched
bands were visible at all three
denaturant gradients, most
prominently at 40-60% denaturant.
Arrows indicate examples of unique
or enriched bands.



Library Production Kit (Epicentre; Madison, WI) because of the many
advantages associated with this method, discussed below;

One of the great advantages of any A phage-based cloning system is that
phage particles will only properly package DNA from a very specific size range,
between 38kb and 51kb of total vector-plus-insert (48, 49). Using the 8139bp
pCCI1FOS vector, this translates into insert sizes of approximately 30-43kb. When
performing DNA extraction by the method described in section 2.1.1, we noticed
that DNA often fell into this size range with no additional manipulation required.
Thus, cloning in the CopyControl Fosmid system allowed us to make use of a
DNA extraction method already developed by the Environmental Microbiology
group at BRI. The main modifications we made to this method, namely the
omission of steps designed to remove RNA and co-extracted organic acids, came
as a natural consequence of the size-selection process since RNA and organic
acids (such as humic and fulvic acids) migrate much farther down the gel than the
30-50kb fragments that were excised for cIoning. Indeed, this RNA is clearly
visible at the bottorh of the DNA extract lanes in Figure 3, while the organic acids
were visible in the gel as an orange/brown stain that roughly co-migrated with the
RNA (not visible in Figure 3). |

Other advantages of the ‘CopyCOntrol Fosmid system similarly simplified
the task of metagenomic library production. The blunt-end cloning strategy
avoided the need for restriction endonuclease digestion of extracted DNA> to
generate compatible ends for cloning. Instead, end-repair of the DNA fragments
sheared during the extraction process and cloning into the blunt Eco72 I cloning
site maximized the recovery of extracted DNA ﬁagménts that fell into the critical
size range. At the colony-picking stage, selection of transformants was guaranteed
simply by the growth of colonies in the presence of chloramphenicol: since phage
packaging would not occur unless 38-51kb of total DNA was present, and since
the vector bearing the chloramphenicol resistance determinant was only ~8kb, this
guaranteed at least 30kb of metagenomicc DNA in every colony
(concatomerization of vector alone into 38-51kb units was impossible since all

vector was dephosphorylated).
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One of the main landmarks of this study was the successful production of
two 5,000-clone metagenomic libraries from each of the soil samples BRI-1A3
and BRI-6A3. Once these libraries were constructed, 48 clones from each library
were chosen to be characterized by RFLP. Notl was chosen for this purpose, a
rare-cutting restriction enzyme with an eight-nucleotide recognition site. The
pCCIFOS vector has 2 Not1 sites flanking the cloning site at nucleotide positions
1-8 and 642-649; thus digestion of clone DNA with Not1 produces a vector band
of 7,490bp and a banding pattern unique to the insert DNA of each clone [Figure
5]. Average clone sizes were 34.8kb + 1.15kb (standard error) in the 1A3 clones
and 35.7kb + 859bp in the 6A3 clones, which corresponds well to the expected
range of 30-43kb. Visual inspection of the banding patterns of 48 clones from
each library reveals only one possible occurrence of multiple identical clones in
the 6A3 subset (indicated by vertical arrows), and none in the 1A3 subset,
indicating that there is very little overlap between library clones. This is hardly
surprising given the degree of metagenomic coverage répresented by 5,000
clones, which can be illustrated by restating equation (1) in terms of P (the
probability that a specific sequence is represented, a measure of library coverage):
3 P=1-1-LGN |

If we retain our earlier assumptions for the value of G, set N at 5,000
clones, and assume an average insert size of 35.25kb (the average of the 1A3 and
6A3 libraries), we can see that 5,000 clones only prov{des a 1.26% probability of
locating a specific target sequence. Despite this very low degree of coverage, we
decided that this was an appropriate number of clones because the goal of this
project was to develop methods and construct small-scale prototypes; 5,000
clones per library was large enough to warrant the use of high-throughput
robotics, yet small enough to be logistically manageable. As well, the numbers
derived above are somewhat misleading: the figure of 1.26% is a base
probablility, representing the odds of locating a specific sequence that oécurs only
once in the community metagenome. We chose target genes that were known
beforehand (in the case of the alkane degradation géne alkB, (85)) or assumed (in

the case of the denitrification genes nirS and nirK) to be present in greater
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proportion, owing to the biological properties of the soil community, and thus

were more likely to be found even among a small metagenomic sample.

60



19

A

I EEENENERE A Ly N P NI LR P R E R PR LR R R E E R E EE D
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vector band. (A) 1A3 library
plate 49, clones Al-D12. (B)
6A3 library plate 11, clones E1-
H12.Yellow arrows indicate
possible clone duplications.




3.3 Development of an automated fosmid purification protocol

One of the major goals of this project was to dew?elop a protocol to purify
cloned fosmid DNA from its bacterial host. The primary consideration in the
development of this protocol was that it should be in a high-throughput format
that would allow rapid purification of an entire 5,000-clone library. To this end,
the protocol was designed for use on an automated liquid handler, the Biomek FX
Laboratory Automation Workstation (Beckman Coulter; Fullerton, CA), in a 96-
well format. There were several secondary considerations guiding protocol design
as well. First, the purified fosmid DNA had to be of sufficient quality to allow for
printing on microarrays. Second, the protocol had to incur a minimum of cost, in
particular avoiding the use of commercial kits. Third, the protocol had to be
appropriate to the equipment available for use at the BRL. A great deal of
optimization was required for the development of this protocol, due in no small
part to the fact that these various considerations were often at odds with one
another. The protocol as it appears in section 2.3.1 represents the finalized
version. The modifications and optimizations that were performed to produce this
final protocol are discussed below.

The basis for the fosmid purification protocol developed in this study are
thé'protocols for purification of BAC and plasmid DNA by alkaline lysis, from
the thfrd edition of Molecular Cloning: A Laboratory Handbook (126). These
protocols were modified according to the dictates of the chosen cloning system,
the need for a high-throughput format, and the desired end-use of the purified

fosmid DNA (printing on microarrays).

3.3.1 Modifications without optimization

Some modifications were made to the template protocols immediately,
without optimization. The first was the addition of a second culturing step: the
standard overnight clone culture was used to inoculate a déy culture grown in the

presence of CopyControl Induction Solution. This is an essential step in the
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CopyControl cloning system, where this patented solution is used to activate
replication of the normally low-copy number vector at a level of up to 50 copies
per cell. Another modification was the addition of an RNAse digestion step,
followed by the removal of RNAse enzyme by precipitation with ammonium
acetate. Since the purified nucleic acids were to be printed on microarrays, it was
necessary to remove the RNA as it would dilute the fosmid DNA when printed on
the array. Similarly, the RNAse needed to be removed since residual enzyme
would interfere with the DNA printing process. Phenol:chloroform extraction to
remove RNAse was not feasible in the 96-well format, therefore we chose to
incorporate precipitation with %2 volume of 7.5M ammonium acetate based on
reports of the success of this method in the scientiﬁé literature (35).

In order to accommodate the 96—we11 format, a number of other
modifications were introduced to the standard alkaline lysis protocol as well.
Although the 96-well plates used in these experiments are commercially listed as
haifing a 2ml capacity, we found it impractical to work with volumes greater than
1.8ml during the automated process, for fear of cross-contamination between
wells. For this reason we éhose to perform the post-lysis alcohol precipitation in
2-propanol rather than in ethanol, since the former requires the addition of only 1
volume for precipitation, as opposed to 2-2.5 volumes of the latter. This in turn
allowed us fo_ maximize reaction volumes at the alkaline lysis stage, ensuring a
more complete lysis of the harvested cells. ‘During the cultﬁred growth stages of
the fosmid purification protocol, maximum volumes were restricted still further to
no more than 1.2ml, to ensure that no ¢ross-contamination would occur as a result
of shaking at 300rpm (to increase culture aeraﬁon). Another limitation imposed
by the 96-well format was the inability to transfer supernatants post-centrifugation
by decanting. Our solution was to program the Biomek FX to gently pipet the
supernatant from a height of 2mm above the bottom of the wells, to avoid
disrupting the pellet. For the precipitation and supernatant transfer ilﬁmediately
following alkaline lysis, this strategy resulted in the transfer of visible amounts of
cellular debris with the supernatant, therefore we added a second supernatant

transfer step to remove all visible traces of the unwanted cell debris. Although 96-
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well PVDF filters (Corning; Corning, NY) are a commercially-available
alternative to centrifugation and supernatant transfer, we avoided their use
because this would represent a significant increase in cost if used on a library-

wide scale.

3.3.2 Optimization of precipitant solution

Other modifications to the standard alkaline lysis protocols required
optimization. To precipitate cellular debris from the lysate, the standard protocols
call for the use of potassium acetate. However, the staff of the BRI Microarray
Lab advised us to avoid introducing potassium ions into our purified DNA, as
even trace amounts of these ions can cause large irregularities in microarray spot
morphology and printing efficiency. Consequently, we tested three additional
precipitants for their ability to recover purified fosmid DNA from the lysate
solution: ammonium acetate, sodium acetate and the cationic detergent -
cetyltrimethylammonium bromide (CTAB) were each compared to potassium
acetate in terms of the yield of DNA recovered from the fosmid purification
procedure, and in terms of sample purity as measured by the ratio of
spectrophotometric absorbance at 260nm (DNA) and 280nm (protein). Each
precipitant was used to prepare the same 96-well plate of fosmid library clones in
the manner described in section 2.3.1. As can be seén in Table 2, ammonium
acetate is superior to CTAB and sodium acetate both in DNA recovery and
sample puﬁty, and comparable to potassium acetate in both parameters. Thus,
ammonium acetate replaced potassium acetate as the precipitant of choice for the

automated fosmid purification protocol.

3.3.3 Optimization of centrifugation conditions

Another set of optimizations was concerned with DNA precipitation and
centrifugation. One of the limitations of working in the 96-well format is that the
available 96-well blocks could only be spun at a maximum speed of 1,811 x g, or

3150rpm in a Beckman Allegra-6 swinging-bucket centrifuge (Beckman Coulter
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Inc; Fullerton, CA). However, the protocols used as template for our fosmid
purification protocol repeatedly called for centrifugation to pellet DNA at speeds
well in excess of 10,000 x g (at maximum speed in a microfuge). We set out to
test if the speed constraints imposed by the 96-well format would cause
unacceptable reductions in DNA recovery. In addition, there was disagreement
about centrifugation temperature among the template plasmid purification
protocols and various DNA precipitation protocols, whether samples should be
centrifuged at 4°C or at room temperature. This question was highlighted by the
fact that the 96-well plate centrifuges available were not equipped for 4°C
centrifugation. Thus, we sought to test what effect the twin limitations of our
centrifugation equipment might have on DNA recovery by our fosmid purification
method.

In order to centrifuge samples faster than 1,811 x g, these tests were
performed m microcentrifuge tubes, which were not bound by the same speed
constraints as 96-well plates. The two centrifugation parameters of speed and

temperature were varied in a binary  fashion:  centrifugations
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Table 2. Optimization of automated fosmid purification
protocol: choice of precipitant

precipitant [DNA] (ng/ul) |OD 260/280*

CTAB 40+16

NaOAc | 1058+238 109

KOAc .‘ 353.5+79.8 134
NH40ACc 394.0+57.3

*vaIUes are averaged over 12 repl’i_cat‘es - -




proceded at 15,000 x g or 1,811 x g, and were performed at 4°C or at room
temperature. Thus, replicate samples ofa single fosmid clone were subjected to a
set of 4 different centrifugation treatments. The results indicated that the slower
centrifugation speed of 1,811 x g resulted in far greater DNA recovery then
centrifugation at the higher speed [Figure 6a]. Since this parameter had such a
large effect on DNA recovery, data from the different speeds are presented
separately in the analysis of centrifugation temperature [Figure 6b]. This latter -
parameter was found to have a small but significant effect on DNA recovery at
both centrifugation speeds, with slightly higher DNA recoveries for room
temperature centrifugations. '

This surprising result that the slower centrifugations recovered more DNA
may well have been due to an uncontrolled variable in this experiment. In order to
minimize the expected DNA losses at the slower centrifugation speed, all 1,811 x
g centrifugations were extended to 30 minutes, while the high-speed
centrifugations lasted for 5 minutes as recommended by the template protocols.
Thus, the higher DNA yields may have been as much a factor of centrifugation
time as of centrifugation speed. In effect, these experiments were not so niuch an
outright optimization as a comparison between the conditions recom,mendedAby
the template protocols and the conditions imposed by the limitationé of the
centrifugation equipment. Fortunately, as the results indicated, our constraint-
imposed modifications were not only comparable but superior to the conditions
recommended by our templaté protocols. |

It should be mentioned that in all the protocol optimizations discussed thus
far, a determination of superior total DNA yield was assumed to signify a superior
yield of clone DNA as well. It is possible that superior yields may have been
produced as a result of increased recovery of host genomic DNA alone. However,
had this possibility been explored and found to be true, the final optimized
conditions would most likely not have changed. - Certainly, no écceptable
alternatives existed for centrifugation cpnditions, due to equipment linﬁtations. As
for precipitant solution optimization (Section 3.3.2), the only viable altemat.ive to

ammonium acetate was sodium acetate, since potassium ions could not be used at
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all, and use of CTAB resulted in near-total DNA loss (Table 2). With a total DNA
yield using ammonium acetate nearly four times that obtained using sodium
acetate, it strains credibility to assume that so large a difference could be
accounted for solely by increased recovery of host genomic DNA. In subsequent
optimization experiments conducted using clones printed on microarrays, this
question of host genomic DNA contamination was addressed directly, using the

E. coli-specific uidd gene probe.

3.3.4 Optimization of induction culture time/ODgg

The duration of the induction culture step of the fosmid purification
' protocol, during whicv:h’fosmid clones were induced to high-copy replication, was
another key parameter optimized. More extensive growth of the cloning host
clearly produces a greater amount of fosmid DNA. However, there was some
concern that if cultures were grown for too long, past the exponential phase and
into the stationary phase, an excess of cellular debris and exopolysaccharides
might reduce fosmid DNA purity and interfere with the microarray printing
process. This question was addressed twice over the course of this project. In the
- first instance, it was approached in terms of total time of growth: on the first test
array (Test Array 1 or TA 1) two 96-well plates of clones were printed in
triplicate spots, one for which the induction culture listed for 3 hours, and one
which had been grown for 5 hours. The 3 hour time was selected based on prior
- quantification of fosmid preparations from single clone cultures grown at intervals
from 2 hours to 6 hours, because after 3 hours“DNA yield was approximately 75%
of its maximal value (data not shown); the 5 hour time was selected because this
was the time suggested by the manufacturer of the cloning system. When 1pg of a
labelled probe specific to the fosmid vector DNA (FOS-cos, see section 34.1)
was hybridized to Test Array 1, a simple visual inspection of the resulting
hybridization profile was enough to confirm that the signal from the 3-hour clones
was inferior to that from the 5-hour clones, and indeed was insufficient for

informatic signal detection [Figure 7). Informatic signal detection from a series of
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similar hybridizations with amounts of FOS-cos probe ranging from 100ng to 4pg
added a quantitative dimension to this result: only 1.2% of all 3-hour clone spots
were detected, compared to 40.9% of all 5-hour clone spots (data not shown).
(Specifics of test array probes, controls and experiments will be discussed in
greater detail in section 3.4). Based on the results of this experiment, the induction
culture stage of the fosmid purification protocol was set at 5 hours, and fosmid

clones for all test arrays prior to Test Array 5.1 were prepared in this manner.
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Figure 6. Optimization of automated
fosmid  preparation:  centrifugation
conditions. Fosmid purification from
samples  subjected to  different
centrifugation speeds/times and
temperatures  were compared to
determine the losses in DNA yield, if
any, due to limitations of the available
centrifugation equipment. Sample sizes
for each data point are indicated. (A)
Comparison of DNA yield from samples
centrifuged at 1,811 x g for 30 minutes
and samples centrifuged at 15,000 x g for
5 minutes. (B) Comparison of DNA yield
from samples centrifuged at 4°C and at
room temperature. Data from the two
centrifugation speed variables are
presented separately to better visualize
the effect of centrifugation temperature.

Note: error bars in all figures in this
report denote standard error of the mean.
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Figure 7. Clone-specific
hybridization to 3-hour and 5-hour
clones. The image represents a
single subarray from Test Array 1,
hybridized to 1ug of the fosmid
internal standard probe FOS-cos
(Cy3). These results are
representative  of the other
subarrays of this hybridization,
and the other hybridizations of this
probe on this test array series.
Specific probes, controls and test
arrays are discussed in greater
detail in section 3.4.
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‘ Optimization of induction culture incubation time was more thoroughly
explored in an experiment on Test Array 5.1. In this experiment, 4 different
clones were grown to an ODgg (spectrophotometric absorbance at 600nm) of 0.6,
0.8, 1.1 or 1.4. No higher ODggo Was explored, as cultures grown in our chosen
96-well format often tended to reach saturation between OD 1.2 and OD 1.6 (data
not shown). Fosmid DNA was then purified, and DNA from each fosmid
preparation was printed on a microarray in triplicate spots at a uniform
concentration of 200ng/ul (TA 5.1)." ODsgo was chosen for this experimeht as a
more standardized measure of growth than incubation time, as we had noticed a
great deal of variation in ODggo between cultures that had been grown for a set
time in previous experiments. Microarray hybridizations were performed with 1,
2, 3, 4, and 5ug of vector-specific FOS-cos (Cy3) probe (see section 3.4.1) and
data from all 5 hybridizations were normalized based on the lux4 labelling control
and pooled. Hybridization intensities for the 4 different ODsgo values were
compared, and are presented in Figure 8.

DNA from cultures grown to an ODsgo of 1.4 produced the greatest vector-
specific hybridization signal [Figure 8a]. In addition, clones grown to an ODsgo of
1.4 were detected at a rate approximately 7.2x higher than clones grown to an
ODsoo of 0.6, and approximately 1.5x higher' than clones grown to an ODggo of
0.8. Since all clones were printed at a total DNA concentration of 200ng/ul, there
are a few possible explanations for these results. One possibility is that clones
grown to a lower ODggo had less time to induce high-copy fosmid replication,
resulting in a higher proportion of host genomic DNA in the final fosmid
purification product. Since PicoGreen quantification allows no distinction

between fosmid DNA and host genominDNA, there was no way to determine,

* Another experiment on Test Array 5.1 compared the effects of 5 different fosmid purification
regimes on hybridization signal. Clones from each of the 5 treatments were grown to each of the 4
OD values. The data used to calculate average values for each of the 4 ODs were avetaged over all
5 treatments. In theory, this produced: 20 sets of triplicate data points for each OD value per
hybridization. This number actually ranged higher or lower, because some clones were never
printed due to insufficient materials, and because additional clone series from some OD groups
were printed for other experiments contained on TA 5.1. The actual number of triplicate spot sets
for each OD value in each hybridization was 12 for OD 0.6, 15 for OD 0.8, 18 for OD 1.1 and 44
for OD 1.4.
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prior to printing, how much of the 200ng/ul fosmid prep sample was in fact
fosmid DNA. However, hybridization of Test Arfay 5.1 with 500ng of the E. coli-
specific probe uid4 (see section 3.4.1) suggested that this is not the case, or at
least not the entire explanation [Figure 8b]. At the lowest ODsgo, there was no
detectable signal from uidd whatsoever. The uidd signal did increase significantly
up to OD 1.1, but was lower at OD 1.4 than at OD 0.8 or OD 1.1. Interestingly,
the proportion of clones that hybridized to the uid4 probe varied less than 10%
between the three highest ODeoo values despite significant differences in signal
intensity. ,
The fact that equal microgram amounts of similar proportions of widA-
positive clones produced less E. cbli-speciﬁc hybridization signal when grown to
the highest ODego suggests a selective enrichment of fosmid DNA at this ODego, a
finding supported by the vector-specific hybridization results [Figure 8a].
However, the coincidence of lower vector-specific and E. coli-specific
hybridization signal from the two lowest ODeoo data sets suggested that another
factor was lowering overall hybridization signal despite the equal amounts of total
DNA printed for each sample. Thus, another possibility is that DNA preparations
from lower-ODsoo cultures contained a larger amount of contaminating materials,
since they required the concentration of much larger volumes of fosmid |
purification product to attain the 200ng/ul printing concentration. These
contaminating materials may have interfered with DNA;'printing on the arrays and
consequently reduced any hybridization signal that could be retrieved from these
spots.

Based on the results presented in Figure 8, we selected a culture ODggo of
1.4 as optimal for our fosmid purification protocol. This represents a growth time

longer than that recommended by
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Figure 8. Optimization of automated
fosmid preparation: culture ODg,
Different culture ODg,, values were
compared on the basis of average
clone hybridization signal intensity
(bars) and clone detection rate (lines)
from hybridizations to Test Array 5.1.
Clone detection rate was defined as the
number of triplicate clone spots
informatically detected as
hybridization-positive, as a percentage
of the total triplicate clone spots
printed on the array. The signal
intensity  value  designations of
“corrected” and “corrected and
normalized” are defined in section
2.4.5. (A) Composite quantitative data
from hybridizations of 1-5ug of
vector-specific FOS-cos (Cy3) probe
(B) Quantitative data from
hybridization of 500ng of E. coli-
specific uid4 (Cy5) probe



the manufacturer of the cloning system, who suggests that clones be harvested
while cultures are still in the exponential phase of growth. The decision to harvest
cells during the stationary phase was made despite the possibility that the results
may have been skewed to favour the highest ODgpy by virtue of the
disproportionate amount of contaminants in the other ODggo samples on Test
Array 5.1. This decision can be justified for two reasons. First, the average
volume of automated fosmid preparation material used to prepare the printed
ODggp 1.4 samples was 56pl, approximately equal to the 60ul volume (2 sets of
fosmid preparations) of material chosen as the optimal microarray printing
quantity (see section 3.4.3). Thus, results of this experiment reflect the amount of
DNA and contaminants selected as optimal for microérray printing in other
experiments. The second reason is one of practical feasibility: to attain the fosmid
DNA concentrations necessary for_proper microarray printing, from cultures
grown to lower ODgg values, would require an impractically large number of
fosmid preparations for each plate of clones (at least 3), and thus an unacceptable

cost in time and materials.

3.3.5 Optimization of additional purification steps

The final optimization of the automated fosmid purification protocol
aimed at reducing the amount of contaminating non-DNA material in the final
fosmid preparation. Other automated alkaline lysis methods commercially
available or reported .in the literature incorporate an extra element of purification,
either by filtration of the cellular lysate (116, 124) or by affinity-binding and
washing of plasmid DNA (74). In this series of optimization experiments, we
added three separate purification elements to our automated protocol, singly and
in combination: proteinase K treatment to remove proteins, size-exclusion
filtration to clarify the cellular lysate, and glass fiber DNA binding to remove
impurities from the final fosmid DNA product. These modifications were
compared both to the standard automated protocol and to a commercial plasmid

preparation representing the best possible level of purificaiton. Altogether, a total
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of 9 different treatments were initially compared. As part of the ODggy
optimizations discussed in section 3.3.4, each of the treatments was performed on
4 different clones grown to the 4 experimental ODgg values, for a total of 16
samples per treatment. |

Proteinase K treatment consisted of an initial incubation in 600pg/ml
proteinase K immediately prior to alkaline lysis. During alkaline lysis, the
concentration of proteinase K was reduced to 200pg/ml by addition of lysis
solution; it was at this stage that most protein digestion was meant to occur, once
cells had been lysed and intracellular proteins were exposed. Size-exclusion
filtration was performed using a 0.2pm polyvinylidene fluoride (PVDF) filter
(Corning; Corning, NY). Glass fiber DNA-binding was accomplished using a
Multiscreen-FB Glass Fiber Type B 1um filter (Millipore; Billerica, MA). The
commercial kit fosmid purification was done using Plamid Midi and Maxi Kits
(Qiagen; Hilden, Germany).

The initial basis for éomparison of the different treatments was DNA’
yield. On the basis of these results, presented in Table 3, we eliminated further
analysis of all treatments that used glass fiber DNA-binding, as virtually all DNA
was lost in these'samples. Of all the purification treatments except for the
commercial kit, the proteinase K treatment gave the highest average yield, almost
exactly double that of the basic method. The PVDF treatment yielded
approximately as much DNA as the basic method, but that yield increased nearly
to the level of the proteinase K treatment when the two purification methods were
combined, which further suggests thét proteinase K alone is responsible for
greatly increasing DNA recovery. It is possible that the incubation with proteinase

K prior to alkaline lysis increased the efficiency of cell lysis by
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Table 3. Optimization of automated fosmid purification protocol:
purification treatment

treatment average [DNAJ, ail Og(nglul) treatment average [DNA] gnglull
proteinase K 1545 . 26.69
o _ _ B _ 3
—_ —_ PVDF filter ___ _ 12325
. glass fiber . _ 0.54
21.41
—__protienase K + glass fiber - 0.57
__PVDF + glass fiber - 122
protienase K + PVDF + glass fiber - B 1.37
o basic method* = = 13.30
commercial kit~ 197.43

* the basic method is the same as described in section 2.3.1, minus the proteinase K step

** culture volumes were 20x larger, and final wlumes were 16. 63( larger than other treatments




digesting membrane proteins and permeabilizing cell membranes, resulting in the
release of more DNA. The five non-glass-fiber-based treatments were then
selected for further analysis on Test Array 5.1.

In a manner similar to the ODggo comparisons, Test Airay 5.1 was used to
compare the effectiveness of the different purification treatments on the basis of
hybridization intensities of vector-specific and E. coli-specific probes. This
comparison was made using only clones grown to an OD of 1.4, as these were
most likely to produce detectable hybridization signals. Triplicate spots of the 4
different clones from each treatment were arranged into a single subarray for

visual comparison, and OD 1.4 spots from the 5 other subarrays (each subarray

_representing a single purification treatment at 4 different ODs) were also used to

generate data for this experiment; in all, data was obtained from a total of 8
triplicate sets of spots per hybridization for each treatment, except the commercial
kit which derived data from 12 triplicate sets of spots. ,

The main measure of the effectiveness of purification was hybridization
signal intensity from 1, 2, 3, 4, and 5pg of vector-specific FOS-cos probe, pooled
and normalized to the /uxA labelling control as in the previous experiment. As can
be seen in Figure 9a, both the proteinase K and PVDF treatments result in
hybridizaﬁon signals significantly higher than the basic method, from a far greater
proportion of clones (though still far inferior to the signal from commercially-
purified clones). Despite the high DNA yield of the combined proteinase K +
PVDF treatment, the hybridization signal intensity from this treatment was not
significantly different than the basic method, and the clone detection rate was
even lower. E. coli genomic contamination of the fosmid samples, as measured by
the intensity of hybridization to 500ng of the E. coli-specific uid4 probe, was
lowest in the combined proteinase K + PVDF treatment and the commercial kit
treatment [Figure 9b]. There was no statistical difference between the basic
method and the individual proteinase K and PVDF treatments in this respect.

Based on the results presented in Table 3 and Figure 9, we chose to
incorporate a proteinase K treatment into the basic automated fosmid purification

protocol developed for this project. In all experiments prior to this result,
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including the construction of Test Arrays 1 through 4.2, fosmid DNA was purified
by the basic method (identical to the finalized method, but lacking the proteinase
K treatment). Although there was no statistical difference in the average
hybridization signal intensities of vector-specific and host DNA-specific probes
between the proteinase K and PVDF treatments, and the clone/spot detection rates
were very close, we nevertheless concluded that proteinase K was a superior
purification option for a few reasons. First, since the average DNA yield from the
proteinase K treatment was more than double that of the PVDF treatment [Table
3], it would be more cost-effective to use the former to produce the necessary
ariiéunt of DNA for printing. Second, the use of PVDF filters on a library-wide
SC:;IIC represents a large increase in cost over the basic method, and many times
more expensive than the ~11.5mg of proteinase K required per 96-well plate of
library clones (600mg per 5,000-clone library).
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3.4 Microarray experiments: design, production and results

Once the metagenomic libraries had been produced and the automated
fosmid purification protocol had been established, the remaining research goals of
this project centered around the production of a series of small-scale metagenomic
microarrays. These small test arrays were used to experimentally refine
parameters of sample printing and hybridization, in order to determine the

necessary conditions for eventually printing and using full-scale metagenomic

‘microarrays. The test arrays were also used in proof-of-principle experiments

designed to assess the feasibility of using metagenomic microarrays to rapidly
screen a metagenomic library for clones bearing a desired target gene. These
experiments are discussed below, following an explanation of the probes and
controls employed. The major technical obstacles encountered and the steps taken

to resolve them will al_so be discussed.

3.4.1 Probes and controls used in microarray experiments

3.4.1.1 Design of internal standards for printed fosmid DNA

Internal standards are used in microarray experiments to control for the
amount of DNA pﬁﬁted in each spot, allowing the intensity of the experimental
hybridization signal to be corrected for differences in printing efficiency between
spots. The standard approach for microarray experiments in the Environmental
Microbiology group at NRC-BRI is to include a small fixed amount of A phage
DNA in every sample to be printed. However this approach to internal
standardization is inappropriate for the unique application of microarrays in the
current study. This is because the most meaningful quantity to standardize in this
case is not total DNA printed but total fosmid DNA printed, since any target genes
would be located exclusively in the cloned DNA. Ideally, every clone to be
printed would be set to a standard concentration of fosmid DNA before printing.
For the large amounts of clones involved in creating a full metagenomic

microarray, this would require an inordinate amount of time and effort to quantify
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every single clone and to adjust concentrations for each clone accordingly. But
even if this were done, the amount of fosmid DNA in each preparation could still
differ, owing to differential levels of induction and purification of fosmid DNA
between clones. Thus, the simplest and most instructive approach would be to
create a probe specific to the fosmid DNA found in every metagenomic clone,
which could be used to define the relative differences in the amount of fosmid
DNA printed in every spot.

We initially chose two candidates to serve as internal standards for the
fosmid DNA: FOS-cos and FOS-Cm. To assess if the vector-specific probes
would hybridize to fosmid clone DNA, we performed membrane hybridizations
with DIG-labelled FOS-cos and FOS-Cm probes. Both candidates for internal
standard hybridized successfully and specifically hybridized to the clone DNA,
and to their own positive controls (data not shown). The two candidates for
internal standards were then compared as part of the first set of test array
experiments; the results of that comparison are presented as part of the discussion
of Test Array 1, in section 3.4.2.

In typical microarray applications, the use of internal standards is most
useful when applied to questions with a quantitative signal component. A general
example of environmental relevance would be to monitor changes in the
proportions of a particular functional gene in a micrObjal community in response
to changing environmental conditions, using an array .of catabolic genes (59). In
thiis examplé, chip-to-chip variaﬁon in the prinﬁng of the desired gene prbbe must
be "téken into account to properly measure any changés in signal intensity due to
differences between experimental samples. However, for application of full
metagenomic microarrays envisioned by the current study, such quantitative
comparisons are irrelevant, since screening a library for the presence of a specific
gene is a simple binary test of presence or absence; this is a measure defined
informatically by the signal-to-noise ratio of a particular spot, which would be
unaffected by any mathematical internal standard-based - correction of
hybridization signal. Hybridization of the metagenomic microarray to the vector-

specific internal standard is primarily useful for identifying exceptionally strong
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or weak vector signals, to alert researchers to potential sources of false positive or
false negative results. In the current study of small prototype arrays however,
even this application of fosmid internal standards was secondary. Instead, the use
of a vector-specific probe was most valuable for its own sake, to produce a

vector-specific signal used to optimize various parameters of fosmid purification

. and clone printing.

3.4.1.2 Experimental and control probes

In addition to the two internal standards described above, a variety of
different genes were used as experimental and control probes throughout the
microarray testing phase of the current study. The widd gene was used as an E.
coli genomic DNA-specific probe, as primers for this gene had previously been
developed by researchers as a means to detect low levels of E. coli in potable
water (76). The gene most often used as a negative control was GFP, encoding a
green ﬂuoréscent protein first isolated in protein extracts from the luminescent
hydrozoan jellyfish Aequérea (141). This was considered a negative' control
because of the extremely low likelihood that this gene would appear in the sample
microbial communities.

The three main experimental .gene.s used to screen 1A3 and ‘6A3
metagenomic library clones for the various test array experiments were nirS, nirk
and alkB (described in section 1.5.2). In addition, a clone-specific al/kB dubbed
alkBc, produced from the alkB-PCR amplicon of 1A3 plate 18 clone F10, was
also used in Test Array 6.2 experiments (section 3.4.5). Three additional genes
appear in the test array experiments as part of a parallel project conducted by
McGill Master’s student Gavin Whissell to develop metagenomic microarray
technology using different soil samples: two of them, mmoX and pmod,
respectively code for subunits of the soluble methane monooxygenase and
particulate methane monooxygenase enzymes (69). The third additional gene,

pmoAc, was a clone-specific pmo4 PCR amplicon analogous to alkBc, derived
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from Mr. Whissell’s libraries in a manner similar to alkBc in the current study
(section 3.4.5). |

In general, if a gene probe was to be used in hybridization experiments on
a given test array, then a PCR amplicon of that gene was prihted on the test array
as a positive control for hybridization. This was not true of the /ux4 amplicon,
which was printed on all test arrays but never used as a probe. The JuxA4 gene
encodes the a-subunit of the light-emitting luciferase protein from bacterial
Vibrio symbionts of luminescent marine invertebrates (28). This gene was used
throughout the course of the current study as a labelling control: each probe
labelling réaction was spiked with a constant amount of /ux4 amplicon. When
data from more than one hybridization was pooled, the intensities of the luxA
control spots were used to normalize the two sets of data (using Normalization

Technique B, section 2.4.5).

- 3.4.2 Initial test array experiments

The first round of test array experiments was designed to énswer the most
basic questions about this experimental format. F irst and foremost: cquld fosmid
clones purified by the automated fosmid purification method and \printed on
microarrays be detected by hybridization? Also addressed in these initial
experiments was the question of which internal standard to use for 'shbsequent
experiments. Concerning the printing of fosmid DNA on microarrays, another
important question was how many preparations were necessary to produce enough
fosmid DNA for reliable hybridization signal detection (discussion of this
question is deferred to section 3.4.3). Another experiment, discussed in section
3.3.4, was the choice of fosmid induction culture incubation time. ,

To answer the first question, Test Array 1 was hybridized with 100ng,
500ng, 1pg, 2ug and 4pg of FOS-cos (Cy3) and FOS-Cm (Cy5) probes. In every
case, clone spots could be detected, although at a very low level of signal. Figure
10 shows a sample hybridization of an entire array with 1pg of FOS-cos probe.

The dark blue colour of the clone spots represents the lowest level of signal

84



detectable: We concluded from this result that fosmid clones printed on an array
could be detected, albeit only faintly. This result represents the first reported
instance of large-insert metagenomic DNA clones printed on a microarray being
detected by hybridization, and provided a starting point for further development
of the metagenomic microarray platform.

In order to choose which of FOS-cos and FOS-Cm would serve as internal
standard for clone DNA, we originally decided to compare clone detection rates,
1.e. the fraction of clones whichv could be informatically detected. Both probes
were hybridized to Test Array 1 in the 5 different amounts described above and
the data for eé,ch probe were pooled. Positive clone detections were measured
informatically as described in section 245, based on clone signal from the 5-hour
clones only (due to the low detection rates of 3—hour clones). Many of the clones
(66.3%) could be detected using the FOS-Cm probe, while only 40.9% clones
- could be detected with FOS-cos. This would suggest FOS-Cm as the internal

standard of choice. However, FOS-Cm hybridizations were consistently
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plagued by a serious problem: this probe cross-hybridized with all other controls
on Test Array 1, except for FOS-cos, at saturation or near-saturation levels of
signal. In fact, FOS-cos also cross-hybridized to other TA 1 controls, but at much
lower levels of signal [Figure 11]. This suggested that using FOS-cos as an
internal standard might be less problematic, as its specificity was more assured.
Furthermore, we later discovered that the informatic clone detection
results cited above were misleading: in these experiments, the FOS-cos probe was
| always labelled with Cy3, while FOS-Cm was always labelled with Cy5. These
two dyes possess different fluorometric properties, in particular, Cy3 produces a
higher background signal than Cy5 (140), which directly impacts (negatively)
upon the informatic determination of positive hybridization signal. To correct for
this difference between dyes, we re-scanned the 4ug FOS-cos hybridization, this
time raising the scanner PMT (photon multiplier tube) setting from the standard
85% setting to 100%, in order to boost threshold signals | above the higher
background noise of the Cy3 dye. Under these conditions, a similar informatic
comparison of Cy3-FOS-cos (PMT 100%) to Cy5-FOS-Cm (PMT 85%) showed
that clone detection rates were almost equal, with 71.9% of clones detected by
FOS-Cm and 73.2% detected by FOS-cos. With the apparent clone detection
superiority of FOS-Cm no longer clear, we decided upon FOS-cos as the internal
standard of choice due to its lesser propensity to. E:ross-hybridize with other

microarray controls.

3.4.3 Optimization of printihg and hybridization parameters

Over the course of the test array experiments, two principal parameters of
printing and hybridization were subject to optimization: the amount of clone DNA
printed on the arrays, and the amounts of probes used for hybridization. The
former quantity was optimized in the first Test Array 1 experiments,l as it was
essential to the design of subsequent test arrays. The latter qu?.ntity was optimized

as part of the experiments on Test Array 5.1.
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3.4.3.1 Optimization of fosmid clone quantity

It became apparent before and during the preparation of materials for the
first test array that the amount of DNA recovered by the automated fosmid
purification protocol could be highly variable from plate to plate, clone to clone
and even between replicate purifications of the same clone. For instance, among
the TAI clones that were quantified prior to printing, total purified DNA was
424ng + 235ng (standard deviation) for 3-hour clones, and 831ng + 73ng for 5-
hour clones. Meanwhile, preparation of clones for TA 4.2 by the same method
(with 5-hour induction cultures) produced an average DNA recovery of 1438ng +
596ng. Instead of quantifying every single clone and standardizing concentrations
prior to printing (an unmanageable task were these prototype arrays to be scaled
up to contain full clone libraries), we chose instead to quantify printed DNA iﬁ
terms of how many fosmid preparations were pooled in the sample wells. In the
Test Array 1 expériment, we compared DNA pooled from 1 to 4 replicate fosmid
preparation plates [Figure 10]. The different clone amounts were compared on the
basis of average hybridization signal intensity and clone detection rrate,, as in other
experiments.

Data for this experiment were taken from hybridizations of 100ng, 500ng,
lug, 2ug and 4pg of FOS-cos. Only the 5-hour clones were used in this analysis
because so few 3-hour clones were detectable. FOS-Crm data was not incorporated
into this analysis because signals from the lux4 labelling control spots were at

saturation levels in virtually every hybridization, which
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Figure 11. Choosing internal standards: cross-hybridization of controls. This figure demonstrates the
problem of control cross-hybridization encountered throughout this study. The images in this figure
were taken from a 1pg FOS-cos (Cy3) hybridization and a Ipg FOS-Cm (CyS5) Test Array 1
hybridization, performed separately. The control regions of a single subarray from each these
hybridizations were combined to produce this figure. Cross-hybridizations are here defined as any
visible hybridization signal originating from a probe-target combination that is not self-self (e.g. FOS-
Cm probe and gfp printed controls).

Note: hybridization between either probe and the cloning vector (pCC1FOS) or the labeling control
(fuxA) was not considered cross-hybridization; in both cases some signal was expected.



prohibited pooling and normalization of the data from disparate hybridizations.
The results show a significant increase in average hybridization signal from 1x to

2x to 3x fosmid preparations, while the signal from 4x preparations dropped to the

- level of 1x [Figure 12]. Clone detection rates present a slightly different picture,

with a greater detectable proportion of 2x clones than of 3x clones, despite the
much greater average signal intensity of the 3x clones.
The 4x fosmid preparation clones were detected at the lowest frequency,

with less than 19% of clones positively identified by hybridization to FOS-cos,

-and the average signal from these clones was indistinguishable from the average

1x clone signal [Figure 12]. There are two factors that likely contributed to this
result. First, as was mentioned in the discussion of the ODgg optimization
experiments (section 3.3.4), the concentration of large volumes of fosmid
preparation likely concentrated contaminants as well, hindering proper printing of
these clones on the array. As well, the concentration of DNA in the 4x clone
preparations well exceeded the 200ng/ul maximum spotting concentration
recommended by the staff of the BRI Microarray Lab,: averaging 332ng/ul +
29.2ng/ul (derived from the quantification numbers presented above). As a result,
the DNA solution may have been too viscous for proper printing, resulting in a
loss of material from the printed spots. These factors may also account for the
decrease in clone detection from 2x to 3x clone prepafations, despite the higher
average signals from the 3x clones. Based on these results, and based on
considerations of resource usage, we chose 2x fosmid préparations as the optimal

printing amount for subsequent test arrays.

3.4.3.2 Optimization of probe quantity

In all hybridization experiments prior to Test Afray 5.1, no étandard
amount of probe had been formally established, although most hybridizations

used 500ng or 1ug of probe. It was apparent (and intuitive) that higher amounts of

probe produced more intense hybridization signals. However, in context of trying

to resolve the problem of low clone signals and large numbers of clones evading
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detection (section 3.4.4.2), an important question to resolve was what impact
FOS-cos probe amounts had on clone detection. Earlier comparisons of different
probe amounts on TA 1 had been compromised by cross-contamination of probe
solutions between adjacent experiments on the same chip, essentially eliminating
the possibility of obtaining reliable data on this question from TA 1
hybridizations. With this human error eliminated as of the initial TA 5.1
experiments, we set out to answer this question by comparing clone detection
rateson TA 5.1 usihg 1ug, 2ug, 3ug, 4ug and Sug of FOS-cos probe.

The results of this experiment are presented in Figure 13a. Data are
presented in terms of average hybridization signal intensity and clone detection
rate. Average clone hybridization signal increased over the range of probe
amounts, but the largest increase in signal occurred between 3ug and 4ug of
probe, representing more than a 3.5-fold increase in signal. The results also show
a steady increase in the clone detection rate over the range of probe quax_ltities
tested, although the greatest fold-increase occurred again between 3ug and 4ug of
probe (1.17-fold). These results did not suggest that a detection plateau had been
reached, but do present the possibility of diminishing returns in terms of
hybridization signal and clone detection at FOS-cos probe amounts greater than
4pg. Based on these results, we chose 4ug as the optimal amount of internal
standard probe for subsequent experiments. However, it must be noted that at this
amount of probe, the intensity of cross-hybridization with various array controls
became rather severe [Table 4]. Thus we were faced with a trade-off where
amelioration of one technical problem (low clone signal) aggravated another
(cross-hybridization).
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Hybridization experiments on
Test Array 5.1 were performed
to optimize amounts of internal
standard and experimental
probes used for subsequent
hybridization.

(A) Comparison of 1-5ug of
FOS-cos (Cy3) in terms of
average clone hybridization
signal intensity (bars) and
clone detection rate (lines). (B)
Comparison of 1-3ug of
pmoAc and nirK (CyS5) probes
in terms of rate of false-
positive identification.

(C) Comparison of 1-3ug of
pmoAc (Cy5) probe in terms of
rate of true-positive
identification.  pmodc  is
specific to one of the 4 clones
used to create TA 5.1. See
section 3.4.3.2 for definitions
of false-positive and true-
positive hybridizations.

Note: no error bars are
included in (B) or (C) because
each hybridization produced
only a single value, and
experiments were not
replicated.
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The optimized amount of 4ug of ‘internal standard (FOS-cos) probe
represented a nearly 10*-fold molar excess compared to the total amount of clone
targets printed on TA 5.1 (282 spots, 6amol per spot; see section 3.4.4.2). At this
level of excess, it was possible that false-positive hybridization could present a
serious problem, not with the internal standard probe, but with an experimental
probe used to find a few copies of a target gene of interest from among a large
number of library clones, as might be the case in a typical application of a full
metagenomic microarray. To explore this possibility, we took advantage of the
fact that one of the 4 clones used to create Test Array 5.1 had been previously
found by Mr. Whissell to be PCR-positive for pmoA (data not shown). A probe
created from the pmo4 PCR amplicon of this clone (dubbed pmodc for “clone-
specific pmoA”) would thus be specific to a quarter of the clones printed on TA
5.1, providing a vehicle to explore the effect of probe amounts on both false
positive and true positive identification of clones by hybridization.

To optimize the quantity of experimental probe (i.e. non-internal standard)
to be used in subsequent hybridization experiments, we compared the incidence of
false positive detection of clones by 1pg, 2ug and 3pug of two different probes,
pmoAc and nirK. The former, as mentioned above, was specific to only one of the
four clones printed on TA 5.1. Thus, positive detection of any of the other three
clbnes by pmoAc was considered as a false positive. None of the four clones had -
~ been found to be PCR-positive for nirK (data not shown), so this gene probe was
used as an additional source of data on the assumption that positive detection of |
any clone on the array was a false positive. Data for detection of full triplicate sets
of clone spots are presented in Figure 13b. No error bars are presented because
the experiments were not replicated, due to a limited supply of microarray slides
and the high cost of fluorescent dyes needed to produce large quantities of
labelled probe. The data show an increasing incidence of false positives from Ipg
to 2ug to 3ug of both probes. No higher amount was tested due to the
unacceptably high proportion of false positives at 3ug probe, approaching 30%
with nirK. Notably, no full triplicate sets of false positives appear at 1 pg of

probe, suggesting that this is the optimal amount of experimental probe. It also
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reinforces the notion that only full triplicate sets of spots be considered when
identifying positive hybridization events.

However, the above resulté begged the question: would using only Ipg of
experimental probe negatively affect the identification of true positives? In the
context of screening libraries by hybridization to metagenomic microarrays, the
identification of false positives is less problematic than the appearance of false
negatives; false positives can always be weeded out by subsequent analysis of the
identified clones, but false negatives represent clones of interest that escape
detection. To explore this question, we compared the ability of 1pg, 2ng and 3pg
of pmoAc probe to detect true positive clones, the 25% of TA 5.1 clones known to
contain the pmoAc sequence. The data are presented in Figure 13c, again without
error bars, for reasons previously described. The results indicate that hybridization
with 1ug of probe produces more false positives (is able to discriminate fewer
true positives) than 2pg of probe, but paradoxically produces fewer false positives
than 3pg of probe. Without replicate experiments to provide an estimate of
measurement error, we can only conclude that there is no reason to assume more
experimental probe will result in fewer false positives. In other words, the data
suggest that the quantity of experimental probe has no bearing on the ability to
detect true positives. Based on the results of Figures 13b and 13c, we decided
upoh an optimal amouﬁt of experimental probe (i.e. non-internal standard) of 1pg

for all subsequent experiments.

3.4.4 Major technical challenges encountered

Initial experiments on Test Array 1 identified two major problems that
have to be resolved before any attempt at constructing a full-scale metagenomic
microarray can be undertaken. The first problem was the extensive cross-
hybridization of microarray controls. The second problem was the chronically low
hybridization signal from fosmid clones on all test arrays. Many experiments were
conducted on a number of different test arrays to address these problems, and both

have been alleviated to a degree in this study, in particular, the problém of low
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clone signal. However, further experimentation in future studies will be required
for development of full metagenomic microarrays. Both problems are discussed

below, along with the steps taken to resolve them and their results.

3.4.4.1 Cross-hybridization of microarray controls
The cross-hybridizations observed in Test Array 1 experiments came as a

surprise, because preliminary membrane hybridizations of DIG-labelled FOS-cos,
FOS-Cm, GFP and mmoX probes revealed no non-specific interactions (data not
shown). Although the FOS-Cm probe produced by far the highest levels of cross-

* hybridization on TA 1, from this first test array onward this was a problem to a

certain degree for every probe used. Test Arrays 2 and 3 were designed
exclusively with the goal of solving this problem, and Test Arrays from the 4.x
and 5.x series were at least partly dedicated to this problem as well. A chance

observation during a Test Array 5.1 experiment uncovered the source of a large

part of this problem. All microarrays from TA 1 to TA 5.1 had been designed in

such a way that three full arrays were printed on each slide, allowing up to 6
hybridizations at a single time, under three separate coverslips. The revealing
observation was that liquid from each coverslip was coming into contact with
adjacent coverslips, creating a channel through which probes from adjacent
experiments were crossing freely. Upon observing this we repeated all Test Array
5.1 experiments that had been performed to date, leaving a large space free
between coverslips by using only the top and bottom arrays on each chip, so that
no liquid could come into contact between arrays. Table 5 summarizés the
patterns of cross-hybridiation that remained after correcting this human error. It is
clear from this table that a noticeable degree of cross-hybridization existed that
could clearly not be attributed to the effect of human error.

All of the microarray data presented thus far in this report have been
carefully selected from experiments in which the aforementioned human error
could not have affected the results. All data presented from TA 5.1 (Table 5) was
obtained from experiments performed after the discovery of this problem.
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Table S. Cross-hybridization between microarray controls: summary of TA
5.1 experiments
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~ In all reported experiments from TA 1, FOS-cos was the only Cy3-labelled probe

present on the chip, while FOS-Cm was the only Cy5-labelled probe, thus all
cross-hybridization observed in those experiments was not artifactual. Sirhilarly,
the following discussion of cross-hybridization troubleshooting in Test Arrays 2,

3 and 4 will refer only to cross-hybridizations that cannot be explained by cross-

~ contamination of probes on adjacent arrays (i.e. only cross-hybridization from

probes not loaded on the same chip or labelled with the same dye will be
considered).

A number of potential causes for control cross-hybridization were
explored, but none offered a solution to the problem. At best, some steps resulted

in a slight reduction of the intensity or range of cross-hybridization. Table 6

-outlines the various approaches taken to address this problem, and the effects of

these troubleshooting steps. These are discussed below briefly to illustrate the
intractability of the problem, but no data is presented. To investigate if
excessively high concentrations of control DNA were promoting non-specific
interactions, we printed dilution series of all TA 1 controls, from 1:10 to 1:10* of
their original 200ng/pl spotting concentration. To investigate possible
contamination during control production, all controls were re-amplified from
completely new reagents and templates and spotted alongside the original TA 1
controls. Neither of these approaches produced more than sporadic improvement
in individual cross-hybridizations; no systematic imprévement was achieved. To
investigate whether ’the amplicon-amplicon hybridization format (unique to this
novel microarray application) itself was somehow responsible, we hybridized our
amplicon probés to an array of catabolic and taxonomic gene amplicons produced
by the Environmental Microbiology group at BRI. Upon finding instances of
extensive cross-hybridization, we then printed the same host of catabolic and
taxonomic genes, cloned into the pDrive vector (generobusly provided by Sylvie
Sanschagrin of BRI), to see if avoiding the amplicon-amplicon hybridization
format could alleviate the problem, but to no effect. Sequence alignments of FOS-
cos, mmoX, GFP, pmoA and the pCC1FOS cloning vector revealed no significant
DNA sequence similarity between any of the sequences. Among all the
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troubleshooting approaches attempted, only increasing hybridization stringency
by raising hybridization temperatures from 42°C to 50°C had any marked effect,
in particular removing the cross-hybridizations that occurred only faintly at 42°C.
However as a solution to be incorporated permanently into the metagenomic
microarray hybridization protocol, this was unacceptable, as the 50°C
hybridization temperature reduced clone hybridization intensity and the detection
rate nearly to zero (data not shown).

By the end of the current study, the problem of control cross-hybridization

~has still not been solved completely. However as a result of troubleshooting

investigations, GFP has been eliminated as a negative control, as this gene proved
one of the most problematic; Test Array 6.2 instead uses nirS as a negative
control, and it is our recommendation that GFP not be used in any subsequent
development of metagenomic microarrays. As well, FOS-cos remains prone to a
broad spectrum of cross-hybridization, though admittedly at low levels of signal
[Table 5]. Future work should explore other possibilities for fosmid-specific
internal standards, compared in particular on the basis of their relative freedom
from cross-hyb'ridization to other array controls.

The problem of cross-hybridization was most noticeable among the

amplicon controls printed on the arrays, but it was not restricted to this area alone.

At times, some probes would hybridize to clones known to be PCR-negative for
the probe gene, creating false positives (see vsec'tion 3.4.3.2). Figure 14
demonstrates this effect among a small subset of clones and controls on Test
Array 5.1. The left panel shows ‘a 4ug FOS-cos hybridization, and the right panel
shows a 3pg nirK hybridization of the same array spots. In these case as in other

instances of false-positive identification, the offending probe also cross-
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Table 6. Summary of experimental steps attempted to eliminate cross-

hybridization

Troubleshooting approach

Result

dilution of printed microarray controls

localized improvements and deteriorations;
no systematic improvement

Increase hybridization temperature

owerall reductions in all signals, elimination
of low-lewvel cross-hybridizations

Re-p'roduction of all controls from
fresh reagents and templates

no effect

hybridization to catabolic gene array

extensive cross-hybridization of some
probes, no cross-hybridization of others

printing vector-borne controls

low-level cross-hybridization to all printed
controls, some stronger cross-hybridization

Informatic sequence alignment of
controls

no significant alignment detected

* Provided by Sylvie Sanschagrin, BRI Environmental Microbiology group
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Figure 14. Cross-hybridization to clone DNA: effect of amounts of printed fosmid DNA.
A small subset of the clone and control spots on Test Array 5.1 are presented to illustrate
the cross-hybridization of clone and vector spots by experimental probes (here
represented by nirK). Left: hybridization of 4ug FOS-cos (Cy3). The most intense signals
correspond to the highest concentrations of fosmid clones or vector. Right: hybridization
of 3ug nirK (Cy5). The visible clone and vector spots in this hybridization correspond to
the highest FOS-cos signals in the left pane.

Note: the cross-hybridization visible from 3ug nirK (right pane) is not representative of
the level of clone cross-hybridization arising from from lower amounts of probe. The high

-amount of probe was chosen to more dramatically illustrate the problem.

6ng/ul



hybridized to the vector DNA printed as a control (a dilution series in the red
box), suggesting that the vector was the source of cross-hybridization between
probe and clones. Furthermore, the clones exhibiting cross-hybridization were the
clones with the greatest amounts of fosmid DNA, as detected by FOS-cos
hybridization. Not all probes exhibited this behaviour; for example GFP, despite
its consistent and intense cross-hybridization to other controls, never cross-
hybridized to vector control or clone spots. Further clouding this issue, no
sequence similarity was found between the cloning vector and any of the probes
which cross-hybridized with the vectdr, using .the MacVector or BLASTn
sequencing software (data not shown). As in the case of croSs-hybfidization
between amplicon controls, this problem remained ultimately unsolved be the end

of the current study.

3.4.4.2 Low clone signal

The other main technical problem encountered in this study was apparent
from the first experiments on Test Arréy 1: the vector-specific hybridization
signal from metagenomic clones was faint, producing dark blue spots near to or
below the limit of informatic detection. This is due in good part to the nature of
the metagenomic microarray format, which places a very low upper limit on the
amount of clone DNA that can be printed. When we"initially began to produce
test arrays, the staff of the BRI Micrdarray Lab advised us not to exceed a printing
concentration of 200ng/pl, the standard concentration used for oligonuclétide and
amplicon arrays. Microarray printing sample concentrations must fall twithin a
narrow range, bounded below by questions‘ of detectability, and bounded above
by questions of sample viscosity. Too low a concentration, and hybridization
signals will be undetectable. Too high, and the viscosity of the DNA solution will
interfere with proper printing. '

‘For large-insert clones, this range of acceptable concentrations is
particularly narrow. The recommended 200ng/pl of large-insert fosmid DNA

represents a much smaller number of molecules than does 200ng/ul of PCR
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amplicons or oligonucleotides. A 200ng/ul fosmid preparation of a 50kb clone
contains 1/100™ of the molecules contained in a 200ng/pl solution of a 500bp
amplicon, and 1/1,000™ of the number of 50-base oligonucleotides. In concrete
terms, the average 1A3 clone printed at 200ng/ul in 0.7nl array spots contains
only 6amol of clone molecules (6 x 10™'® moles), assuming the average clone size
reported for 1A3 in section 3.2. As this number is 2-3 orders of magnitude lower
than the amount of DNA in standard microarray applications, the low clone
signals reported in this study are hardly surprising. Indeed, the fact that any signal
at'all was detected was never a foregone conclusion, and speaks to the sensitivity
of the metagenomic microarray system.

Despite the innate factors contributing to the problem of low clone signal,
we sought experimental means to boost these signals. The optimization of fosmid
growth and purification conditions in Test Array 5.1 éxperiments had a dual
purpose, optimizing the fosmid purification protocol while at the same time
boosting clone detection. As reported in section 3.3.5, the addition of a proteinase
K purification step to the basic method increased average clone detection by 1-
Sug of FOS-cos probe from 53% to 88% of ‘printe‘d clones; and nearly doubled
average signal intensity [Figure 9a]. The optimization of FOS-cos probe quantity,
presented in section 3.4.3.2, also did much to improve average clone signal and
clone detection rate, producing a 4.9x and 1.2x improvement in these respective
quantities over the full range of probe amounts compared in this experiment
[Figure 13a].

Another contributor to the problem of low clone signals'can be described
as the problem of “stacking elephants”. In essence this. is a problem of the
physical space occupied on the microarray surface by the printed DNA: when the
printed materials consist of small oligonucleotides or amplicons, a very large
number can be compressed into the small physical area of an array spot. However
individual large, bulky fosmid clones occupy a much greater 3-dimensional space.
As a result of steric hindrance between clone molecules, the available space on
the slide surface may be occupied by a relatively small number of clone

molecules, leaving the rest of the printed material attached in loose aggregates to
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the clone molecules more firmly bound to the slide surface (like stacked
elephants). This may become a problem during post-hybridization washes, where
the robust treatment of microarray slides could remove some of these loosely-
bound clone molecules, and the probe molecules bound to fhem, resulting in
decreased hybridization signal. To investigate this p_ossibility, we added a
vigorous 0.1x SSC washing step before microarray pre-hybridization in order to
remove any poorly-bound clone molecules before any probe was hybridized, and
compared this to the standard hybridization protocol in terms of average clone
hybridization signal and clone detection rate from a 1ug FOS-cos hybridization.
The results, presented in Figure 15, indicate a nearly 9% increase in clone
detection, and a small but significant increase in average signal intensity. As a
result, we incorporated a 0.1x SSC pre-pre-hybridization washing step into all
subsequent array experiments.

Altogether, the experiments discussed above provided significant
improvement to the chronic problem of low clone signal in the test array
experiments. However, when compared to the hybridizati'on signal from clone
spots produced from a commercial kit (representing the “best possible method” of
purification), it is clear that there is still much room for improvement. This was
illustrated in an experiment on Test Array 6.2: all optimizations established in this
study were incorporated into the preparation of two 96-well plates of clones
printed on this array. In addition, four individual clones were purified using a
commercial kit and were pririted on this array in a dilution series from 800ng/ul to
2ng/ul. When this array was hybridized to 4pg of FOS-cos (Cy3) probe (not
shown), we compared the average signal intensity from the plate-purified clones
to those from the various dilutions of kit-purified clones. Not only were the kit-
purified clones informatically detectable right down to their lowest dilution
(representing about 1/100" of the total DNA printed in the plate-puriﬁed clone
spots), but the average hybridization signal intensity frofn the lowest dilution of
kit-purified clones was superior to that of the average plate-purified clone spots.
In quantitative terms, the 2ng/pl dilution of kit-purified clones produced an

average hybridization signal intensity of 8500 + 1391 units (standard error, N =
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12), compared to an average intensity of 5606 + 600 units (N = 444) for the plate-
purified clones, spotted at a concentration of 150-200ng/pl. Only those plate-
purified clones that were informatically detected in triplicate (148 out of 192)
were considered for these calculations.

The problem of low clone signal may be solved more fully in future
studies. Two approaches in particular were not attempted in this study, that were
suggested by the researchers who pioneered the “Library-on-a-slide” format,
where entire genomes were printed in single array spots (176). They found that
sonication of samples prior to printing and use of a secondary labelling system
such as Tyramide Signal Amplification (TSA) (PerkinElmer; Wellesley, MA)
both resulted in significant increases in signal intensity. Sonication can decrease
the viscosity of a high-concentration solution of large DNA, allowing higher
spotting concentrations to be printed‘ with fewer viscosity-induced printing
anomélies. The TSA system uses a system of unlabelled antibodies that recognize
labelling molecules (such as biotin) incorporated into DNA probes, and secondary
antibodies to recognize the primary antibodies and catalyze the deposition large
amounts of Cy3- or Cy5-labelled reagent (176). Considering the successes scored
by these two approaches in the cited study, these possibilities should be explored
in any further development of metagenomic micfoarrays. In addition, future work
should more explicitly explore the question of how ‘much clone DNA can be
printed on a microarray before further increases become counterproductive due to
printing problems. That question was addressed only semi-quantitatively in the
current study, when optimizing the number of fosmid preparations should be
printed on metagenomic microarrays (section 3.4.3.1). "Establishing a firm
relationship between fosmid clone spotting concentrations (in ng/ul) and
hybridization signal and clone detection would be an asset, especially for

exploring of the usefulness of sample sonication.
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Figure 15. Low clone signal: effect of pre-pre-hybridization washing on hybridization
signal intensity and clone detection. In order to mitigate the signal loss due to
improperly printed clone spots arising from the presumed “stacked elephant” effect
(described in section 3.4.42), we tested the effect of incorporating a microarray
washing step prior to pre-hybridization. Both hybridizations were performed with 1pg
of FOS-cos (Cy3) probe. Washed samples differ from unwashed samples only in the
inclusion of this pre-pre-hybridization washing step. The effect was measured in terms
of average clone hybridization signal intensity (bars) and clone detection rate (lines).



3.4.5 Proof-of-principle experiments

Since final resolution of major technical challenges must await further
study, justification of ongoing research in this area depends on proof that the
experimental concept of metagenomic microarrays is sound, that we can indeed
print metagenomic library DNA on a microarray and use this tool to successfully
screen the library for a target gene. We sought to provide that proof in a final set
of experiments on Test Array 6.2. Briefly, an alkB-bearing clone was identified
by PCR screening of the 1A3 library, and the entire plate of 96 clones bearing this
clone was printed on the test array. The array was hybridized to an alkB probe to
see if this could selectively identify the alkB-positive clone.

The 1A3 library was first screened by PCR to identify clones bearing the
three experimental targets alkB, nirS and nirK. Multiple clones were found to be
PCR-positive for alkB and nirS. Figure 16 shows the results from the alkB
screening that identified plate 18 clone F10 (clone 1A3-18 F10) as alk-B positive,
results representative of experiments on other plates and other genes. Two fosmid
preparations’ worth of DNA from all clones from 1A3 plate 18 (PCR alkB-
positive) and plate 49 (PCR alkB-negative) were then purified by the optimized
method and printed on Test Array 6.2. Large amounts fosmid DNA from four
clones were additionally purified using the Qiagen Plasmid Maxi Prep kit
(Qiagen; Hilden, Germany): 1A3-18 F10 (the alkB-positive clone) and 1A3-18
A2, 1A3-49 B11 and 1A3-49 H11 (random alkB-negatvie clonés), and printed as
controls as a dilution series from 2ng/ul to 800ng/ul spotting concentration (in
addition a suite of amplicon clones was also printed).

Test Array 6.2 was initially hybridized with the standard alkB used in
other experiments, which had originally been amplified from Rhodococcus sp.
strain Q15 using concensus alkB primers. An image scan of this hybridization is
presented in Figure 17a. Neither visual nor quantitative analysis of this
hybridization could identify the alkB-positive clone from among the 96 clones
purified by the automated method (all spot locations are visible in the SpotQC
hybridization, presented as é visual reference in Figure 17c; clone 1A3-18 F10
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spots are highlighted in all three figures). Among the commercially purified
clones, only clone F10 (alkB-positive) was informatically detected at all, at
spotting concentrations of 400, 600 and 800ng/ul (data not shown).

To investigate whether a more clone-specific probe could positively
identify the alkB-positive clone, we purified the clone F10 alkB-PCR amplicon.
We used this amplicon as template to produce the alkBc probe, which was thus
identical to the sequence found in clone 1A3-18 F10. Before performing the |
hybridization to Test Array 6.2, we sequenced the PCR amplicon from this clone
to ensure that it came from an alkB. BLAST protein sequence analysis of the
translated protein sequence from a single strand of DNA identified this amplicon
as having a 91% prdtein sequence identity and an 89% DNA sequence identity
with the alkane monooxygenase from Nocardioides sp. Strain CF8 (61), strongly
suggesting that this was indeed an a/kB gene (daté not shown). The hybridizaion
to alkBc was then performed, and the image scan of that hybridization is
presented in Figure 17b. The spots in the red box represent clone 1A3-18 F10.
Although these spots visibly stand out from all surrounding clone spots, they were |
not detected as positive hybridizations by standard analysis of the quantification
data. However, when we reduced the signal-to-noise ratio cutoff for positive
~ hybridizations (section 2.4.5) from 3 to 1.5, all three replicates 6f this clone spot
were successfully and exclusively detected from the two plates of clones. Among
the dilution series of commercially purified clones, the lower signal-to-noise
criteria permitted the false detection of only the highest concentration of 1A3-49
clones B11 and H11 (data not shown). '
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Figure 16. Isolation of an alkB-positive clone by PCR
screening. PCR positive control was 30pg of pDrive
containing Rhodococcus sp. Q15 alkB; negative control was
no DNA. (A) PCR was performed first on DNA pooled from
each plate (96 clones) to identify plates bearing alkB-
positive clones. Arrows indicate positive results. Marker: A
Mono Cut Mix. (B) For every alkB-positive plate, a second
PCR was performed on clones pooled from each row (12
clones) and column (8 clones) on the plate, providing row
and column coordinates for alkB-positive clones. This figure
portrays one such experiment, which identified clone 1A3-
18 F10 as alkB-positive. Marker: 1kb DNA Ladder.

Note: PCR results from plates 1A3-49 through 1A3-53 are
not shown in (A) for simplicity, as they were run on a
different gel.
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Figure 17. Detection of an alkB-positive clone by hybridization. A known alkB-positive
clone is identified from among a larger number of clones on Test Array 6.2 by
hybridization to alkB probes. Red box: clone 1A3-18 F10 (alkB-PCR-positive), purified

commercial kit. (A) Hybridization of 1pg alkB (Cys5), produced from Rhodococcus sp.

Q15 alkB, cloned into pDrive (standard alkB). (B) Hybridization of lpg alkBe (Cys5),

produced from alkB PCR amplicon of clone 1A3-18 F10 (clone-specific alkB). (C)

- SpotQC hybridization for tota] DNA (random nonamer probes)
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The failure to detect the alkB-positive robot-purified clone by standard
quantitative analysis of the alkBc hybridization can be explained by the results of
the internal standard control hybridization performed alongside the experimental
alkBc hybridization: informatic detection of FOS-cos positve spots also failed to
detect the clone of interest, suggesting that not enough DNA from this clone had
been purified during automated alkaline lysis. This was an unfortunate
coincidence, as the alkB-positive clone was among the only 10 clones that could
not be detected even under the less stringent requirements of a 1.5:1 signal-to-
noise ratio (data not shown). |

Unfortunately, the data reported here do not constitute proof-of-principle
for the metagenonﬁc microarray format. However, these results do not fully
disprove the principle either. v
Although informatic analysis of the alkBc hybridization under the standard
conditions applied throughout this study failed to detect the alkB-positive
automated alkaline lysis-prepared clone, reducing the stﬁhgency of the detection
criteria resulted in selective identification of this clone, despite the fact that FOS-
cos could not detect the clone even using less stringent detection criteria. When
using the standard alkB probe (Rhodococcus sp. strain Q15 alkB.?), the
commercially-purified alkB-positive clone was detected at spotting concentrations
above 400ng/pl (data not shown), suggesting that while it is theoretically possible
to detect gene target-positive clones by hybridization to a similar, but non-
identical gene probe, the current metagenomic microarray expefiment design is
too stringent to do so reliably.

Several options can still be explored in future studies to validate the
potential of the metagenomic microarray. Instead of screening with a probe
amplified from a reference organism (such as Rhodococcus sp. strain Q15 alkB3
in this study) which may lack sufficient homology for detectable hybridization, or
on the other éxtreme screening with a gene probe specific for a single library
clone (which defeats the purpose of metagenomic microarray library screening), a
third alternative should be explored. A probe could be constructed from the target
gene amplified from the community DNA sample, which presumably would
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include all different forms of the target gene found in the library, although it is
possible that PCR bias could lead to the exclusion of some particular genes from
the probe set. This preparation may contain enough probe specific to each gene-
positive clone (PCR bias notwithstanding) to allow for informatic detection. To
aid in detection, signal-to-noise detection criteria can be relaxed, though this may
increase incidence of false positive results. Alternately, clone DNA can be printed
in higher amounts, although this may cause problems of sample loss and would
raise the costs of metagenomic microarray production. As another possibility,
clone DNA could be purified using commercial producfs, though this would

increase production costs still further.
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4 Conclusions

4.1 Future perspectives

It is unfortunate that the results of the proof-of-principle experiments
could not unambiguously demonstrate the feasibility of the metagenomic
microarray method developed over the course of the current project. It is
particularly unfortunate that the results of the proof—of-pfinciple experiments were
overshadowed by the fact that the all-important alkB-positive automated protocol-
pﬁﬁﬁed clone was one of the very few which printed badly on Test Array 6.2.
CSnsequently, the most optimistic conclusions that can be drawn from this study
about the feasibility of the metagenomic microarray approach is that the evidence
is inconclusive, but promising.

Two major technical obstacles to further development of metagenomic
microarrays were identified in this project. A series of troubleshooting
experiments produced a good deal of imp_rovement on one of these problems, the
low levels of signal detectable from large clones printed in extremely small
amounts on the arrays. Based on the results reported by the group that developed
the “Library-on-a-slide” (176) (who faced similar problems from large DNA
printed in exceeding small amounts), we are confident that remedies such as
sample sonication and secondary probe labelling can further minimize the
problem of low clone signal. Such advancements push back further the limits of
séﬁSitivity of the microarray format, a process we have begun here with the

successful detection of single-digit attomole quantities of fosmid DNA (600,000

“t0 6,000,000 individual molecules).

The other main technical obstacle, cross-hybridization of one gene probe
with microarray controls for other probes, the cloning vector and even a few
clones, remained unsolved at the end of this project. However, it is important to
note that this problem was not distributed uniformly among all probes used over
the course of the test array phase of this project. Some genes, such as alkB,
exhibited no cross-hybridization that could not be attributed to human error.

Others, like GFP proved so problematic that they had to be removed from the
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study. While this would not solve the problem entirely, it may be very useful in
future explorations of metagenomic microarrays to pre-screen potential genetic
targets for cross-hybridization behaviour prior to engaging in full-scale
experiments. If the most problematic candidates are removed prior to the
experiment and microarray design, it is quite possible that any remaining cross-
hybridization be confined to background or near-background levels of signal. In
particular, probes that only cross-hybridize to other probe controls at low levels of
signal would not be likely to cross-hybridize detectably to library clones, which
must be printed at much lower molar amounts than amplicon controls. |

Assuming that the metagenomic microarray principle can eventually be
proven to be unambiguously feasible, the future use of metagenomic microarrays
in environfnental microbiology applications ultimately requires an answer to a
broader research question than could be addressed by the current study: is this
tool able to successfully discern differences between closely-related microbial
community samples? If it can be shown that library screening by metagenomic
microarrays is at least as sensitive as other methods of community analysis, then
the only obstacles to implementation of this method would be questions of cost
and accessibility to the means of production.

However, the cost of this method in equipment, materials and technical
expertise are high, and the speed and depth of analysis promised by metagenomic
microarrays would likely exceed the practical requirerr;ents of most investigations
in environmental microbiology (Craig Venter’s Sargasso Sea research
notwithstanding). This tool is much better suited to exploitation of the genetic
wealth of microbial communities, to discover novel drugs, antibiotics, biocatalysts
and other enzymatic or chemical products. Truly, the research and development
budgets of biotechnology companies may be more appropriate to harness the
technical and logistical resources required for this method. The steps taken in the
current study to minimize production costs are helpful, but metagenomic
microarrays still require a robotic liquid handler and an automated arrayer, as well

as an automated colony picker.
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Ultimately, metagenomic microarrays could find their best use as part of
an integrated genomics-based approach to develop novel microbially-derived
products, combining sequence-based screening (using metagenomic microarrays)
and expression-based screening. Expression screens could uncover sequences that

confer a desirable trait or function. These sequences would then serve as a basis

for screening metagenomic microarrays of the same library (or another one) for

different forms of the same gene which may prove more efficient, more amenable
to large-scale culturing and production, or else to locate clones from the same
organism that can help provide taxonomic identification.

In this scheme, glycerol stocks of metagenomic libraries stored at —80°C
serve as a long-term record of all the genetic information stored in the microbial
community. Once a list of genetic targets is compiled (and candidate probes are
pre-screened to eliminate those most prone to cross-hybridization), a set of
metagenomic microarrays could then be printed to conduct the desired screening.
Since the total time required to go from —80°C stocks to printed microarrays is
relatively short (by rough estimate, some 2,000 clones could be purified per day
in a well-synchronized process, plus about two weeks for clone grdwth and
microarray preparation and printing), new batches of arrays could be produced for
new sets of genetic targets. The more targets for which to screen, the larger the

library to be screened, the greater the benefit of this approach, whose main

strength lies in the ability to rapidly screen huge amounts of sequence for multiple

targets.
Admittedly, such applications are still far away from being realized; the
current study represents a first step in a long process of development. It is our

belief that the results presented here make the case for further study of the

- metagenomic microarray method, and it is our hope that others will do so in the

future, in order to realize the potential of this powerful tool.

4.2 Summary
The current study was designed to explore if and how the two technologies

of metagenomic libraries and DNA microarrays could be combined into a single
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platform, the metagenomic microarray. To the best of our knowledge, this
approach represented a novel application of microarrays, in which DNA from
- metagenomic library clones was purified and printed on a microarray surface.
Once printed, the library clones could then be rapidly screened for the presence of
desired target genes by hybridization to single-gene probes. Ultimately, this
approach is meant to be an alternative approach to library screening, one which is
high-throughput and capable of screening for multiple targets with ease. One of
the goals of the current study was to provide an initial exploration of the
feasibility of this approach, and of the technical problems that must be
surmounted before full-scale metagenomic microarrays can be produced.

The other goals of this project centered around the intermediate steps in
producing a series of test arrays, sfnall prototype metagenomic microarrays
containing a very limited number of clones. Thus the first goal was the production
of the necessary biological materials, in the form of 5,000-clone metagenomic
libraries, constructed from two Arctic diesel-contaminated soils. These libraries
were successfully produced and are currently stored at —80°C, forming a semi-
permanent record of the microbial communities they represent (at least the cloned
portion), whose sequence-level information can be accessed at any future time.

Another necessary intermediate goal was the development of a protocol
that would purify clone DNA from an entire metagenomic library in a relatively
short time. We thus developed a modified alkaline lyé;is method adapted for use
on a robotic liquid handling workstation, which could purify DNA in an
automated high-throughput manner appropriate to the isolation of clone DNA
from an entire metagenomic library. We optimized this protocdl to be suitable for
the automated format and to be compatible with the equipment available at our

- research institution, to minimize associated costs and to produce cloned DNA of
sufficient quality to allow hybridization signal detection when printed on
microarrays. Although the final optimized method met all these requirehments, the
DNA purified was still of inferior quality to DNA purified by a commercial

plasmid purification kit.
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A small subset of the purified clone DNA was printed on a series of
prototype test arrays. We used these arrays to address basic questions of method
feasibility and sensitivity, to identify and address technical obstacles to reliable
signal detection, and to optimize various parameters of future metagenomié
microarray experiments such as necessary amounts of printed material, optimal
amounts of labelled probe and other hybridization conditions.

Two major technical challenges arose over the course of this study: cross-
hybridization between microarray controls, and chronically low hybridization
signals from clone spots. We produced a good deal of improvement in the latter
;;;:(Sblem; some additional problem-solving approaches were identified but not
aff;:mpted, which we have i‘cason to believe would provide further improvement
- on this question. On the problem of control cross-hybridization, we provided
substantial improvement by eliminating a consistent source of human error, but a
lesser degree of cross-hybridization could only slightly be improved by a series of
troubleshooting steps.

Experiments aimed at providing proof-of-principle for library screening by
metagenomic microarrays provided evidence supporting the feasibility of this
approach. We selectively identified a clone by hybridization bearing a desired
target géne from a collection of nearly 200 printed clones, though only with a
highly clone-specific probe, under detection conditions of relaxed stringency. The
ambiguity of the results suggest that more experimen£ation be done to establish

tﬁg“,’feasibility of this method.
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