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Introduction

The inability to assess microbial diversity and structure rapidly constrains micro-
bial ecologists from the establishment of testable theories as well as any holistic
assessment of the ecosystem. In the past several years, DNA microarray technology
has played an important role in gene expression studies of individual microorgan-
isms [2, 4, 16], however, microarray technology has not been readily used for
high-throughput analysis of microbial communities and/or gene distribution and
expression in environmental samples [29, 32]. Environmental samples pose a vari-
ety of obstacles, including sequence divergence, the existence of contaminants (i.e.,
humic materials, organic contaminants, metals), low biomass, and quantification.

DNA microarrays show great promise as a revolutionary tool for large-scale
parallel analysis of microbial community structure and activities [7, 29]. Recently,
microarray technology has been extended to studies of microbial communities in
the environment [7, 22, 25, 29; see chapter 3.4]. Several types of microarrays have
been developed to monitor microbial community dynamics in environmental sam-
ples, including functional gene arrays (FGAs), community genome arrays (CGAs),
and phylogenetic oligonucleotide arrays (POAs) [31]. FGAs contain genes, or por-
tions thereof, encoding key enzymes involved in various ecological processes such
as carbon fixation, nitrification, denitrification, and sulfate reduction. Both DNA
fragments and oligonucleotides (oligos) derived from functional genes can be used
for FGA construction [29]. To avoid confusion, the former is referred to as DNA-
based FGAs, whereas the latter is referred to as the oligonucleotide-based FGAs.
FGAs not only detect the existence of particular gene sequences, but can also be
useful in studying functional activities of microbial communities in natural en-
vironments [29, 31]. CGAs are constructed using genomic DNA isolated from
individual microorganisms in monoculture and can be used to describe microbial
community dynamics with reference to the community’s cultivable component
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[31]. POAs are constructed with oligonucleotides (approximately 20-mers) based
on SSU rRNA genes, and can be used for phylogenetic analyses of microbial com-
munity composition and structure in environmental samples [31]. Depending on
the objective of the experiment, targets (molecules to be detected in the a given
sample) may be PCR products, genomic DNA, total RNA, mRNA, cDNA, plasmid
DNA, or oligonucleotides.

Recently, oligonucleotide microarrays containing probes longer than 40 bases
have been evaluated and used for whole genome expression studies [10, 15]. Sev-
eral studies have demonstrated that oligonucleotide-based microarrays can be ad-
vantageous over DNA-based microarrays in terms of construction. Due to the better
specificity and easier construction, oligonucleotide arrays provide an important al-
ternative, array-based approach for monitoring gene expression. We have recently
developed and evaluated a 50-mer-based FGA containing probes for genes in-
volved in nitrification [ammonia monooxygenase (amoA)], denitrification [nitrite
reductase (nirS and nirK)], nitrogen fixation [nitrogenase (nifH)], methane oxi-
dation [methane monooxygenase (pmoA)] and sulfate reduction [sulfite reductase
(dsrA/B) genes] for environmental applications. Here, we will briefly review the
performance of a FGA and provide detailed protocols for microarray construction,
application, and data analysis.

Specificity, sensitivity, and quantitation potential of 50-mer FGAs

Substantial technical hurdles related to specificity, sensitivity, and quantification
need to be overcome in order to facilitate the efficacy of the prototype FGA with
complex environmental samples. We have constructed 50-mer oligonucleotide
arrays containing 763 gene probes involved in nitrogen cycling and sulfate reduc-
tion. All of the probes on the arrays have less than 85% similarity. Our results have
demonstrated that the developed 50-mer FGA is potentially specific, sensitive,
and quantitative for environmental applications, and could be useful in monitor-
ing the composition, activities and dynamics of microorganisms in environmental
samples.

To understand the taxonomic resolution of the 50-mer based array hybridization,
we have compared sequence similarities of dsrAB, nirS, nirK, nifH, amoA, and
pmoA genes from pure cultures in terms of taxonomic classification. Our results
revealed that at the strain level, the average sequence similarity for amoA was 99%,
whereas it was lower (91-95%) for the other five functional gene groups. At the
species level, the average similarity was between 70 and 82%. The similarity further
decreased at the genus level (67-75%) and was 57-66% at the family or higher
level. Under the hybridization conditions of 50 °C with 50% formamide, genes
having <86-90% sequence identity were differentiated (FiglA). These results
indicated that species-level resolution could be achieved with the particular probes
tested with the designed 50-mer FGAs.

With the 50-mer oligonucleotide arrays, dsrB, nirS, nirK, nifH, amoA, and
pmoA genes could be detected with 8 ng of pure genomic DNA using our optimized
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protocol (Fig 1B). Our results also showed that the hybridization signal and the
amount of genomic DNA correlated well (Fig. 1C). This result is consistent with
those found by Relogio et al. [20] using oligonucleotide probes and by Wu et al. [29]
using a DNA-based FGA. Fairly good hybridizations were obtained with 50-mer
FGAs when using 5 pg of bulk community DNA from marine sediments. Because
the probes in the developed 50-mer arrays were derived from sequences from a
variety of environments ranging from marine sediments, soils, salt marshes, and
contaminated and non-contaminated ground waters, the developed arrays should
represent diverse genes involved in these biogeochemical processes. In addition,
the arrays should be useful in monitoring the composition, dynamics and activities
of microbial populations involved in these functional processes across different
natural environments.

The following sets of protocols are intended to serve as a basic introduction to
microarray construction and microarray experimental design. The four fundamen-
tal steps required in oligonucleotide-based FGA construction and experimentation
are: (1) Oligonucleotide microarray construction, (2) Labeling and quantitation
of labeled DNA, (3) Hybridization, and (4) Image processing and data analysis.
The schematic diagram for these steps is illustrated in Fig. 2. It is our hope that
the methods presented here will serve as an initial and useful tool to study the
functional gene profiles of microbes in diverse environmental samples.

Procedures
Protocol 1. Oligo microarray fabrication

a) Oligo design

The 50-mer FGAs can be constructed with probes based upon se-
quences recovered from a wide variety of environments, designed
to represent the known microbial population diversity involved in
the biogeochemical processes of interest. Also, sequences can be re-
trieved from public databases such as GenBank, EMBL and SwissProt.
For the design of such 50-mer oligonucleotide probes, we use a mod-
ified version of PRIMEGENS (http://compbio.ornl.gov/structure/primegens/),
which was originally developed for designing gene-specific primers
for whole genome cDNA microarrays [30]. The software initially com-
pares each gene sequence against the entire sequence database using
BLAST, and produces an alignment with the other sequences that have
more than the desired threshold sequence similarity (e.g. 85%) using
dynamic programming. Based on the global optimal alignments, seg-
ments of 50 bp oligonucleotides with less than the threshold identity
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to the corresponding aligned regions of any BLAST hit sequences are
selected as potential probes. Among these identified potential probes,
a final probe is selected by considering the GC content, melting tem-
perature, and self-complementarity. Outputs of the designed probes
are imported into Excel and a pivot table is constructed containing
the sequence information of each probe. There are several other free
and commercial software packages for designing oligonucleotides.
OligoArray [21] is a free software that designs gene-specific oligonu-
cleotides for genome-scale microarray construction. Array Designer
(Biosoft International, Palo Alto, CA) and Sarani (Strand Genomics,
Burlingame, CA) are commercial softwares for automatic large-scale
design of optimal oligonucleotide probes for microarray experiments.

Oligos are synthesized at the desired scale at a final concentration
of 100 pmol ul~" without any modification, and diluted to 30-40 pmol
ul=1 with 50% DMSO. Thereafter, oligonucleotides are printed onto
aminosilane-coated glass slides such as SuperAmine (Telechem In-
ternational, Inc., Sunnyvale, CA, Corning Incorporated, Corning, NY).
SuperAmine slides contain covalent amine groups that allow stable
attachment of nucleic acids.

b) Oligo array printing

1. Prepare printing oligo solutions to a final concentration of 50 pmol
ul~Tusing 50% DMSO in a 384-well printing plate (5 ul probe and 5
ul DMSO)

2. Cover the plate with the plastic lid and mix in an orbital shaker at
700 rpm for 3 minutes.

3. Spin the printing plate using a centrifuge equipped with a rotor for
microtitre plates at 500 rpm for 5 minutes.

4. Setup the array printer (PixSys 5500 printer; Cartesian technolo-
gies, Inc. Irvine, CA) and print slides according to the manufac-
turer’s protocol. The ideal relative humidity should be between 40
and 60% at room temperature (20-25 °C). The spot size should be
approximately 100 to 150 um, with 200 to 500 um spacing distance
using split pins from Telechem.

5. Allow the slides to dry for 2 hours prior to UV cross-linking.

Reproducibility is one of the most critical requirements for microar-
ray fabrication. For reliable and reproducible data, the uniformity of
individual spots across the entire array is crucial for simplifying image
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analysis and enhancing the accuracy of signal detection. Several fac-
tors will affect the uniformity of spots, including array substrate, pins,
printing buffer, and environmental controls. For instance, significant
variations could be caused by pin characteristics due to the mechan-
ical difference in pin geometry, pin age and sample solutions. Move-
ment of the pin across the surface in the XY direction may cause the
tip to bend. Tapping the pins on the surface may result in deformation
of the pin tips. Also, dragging the pin tip across the surface may cause
clogging of the pin sample channel. Therefore, great care is needed
in handling pins. Pins should be cleaned with an ultrasonic bath for 5
minutes after each printing.

Environmental conditions have significant effects on spot unifor-
mity and size [8]. Humidity control is crucial to prevent sample evap-
oration from source plates and the pin channel during the printing
process. Sample evaporation can cause changes in DNA concentra-
tion and viscosity, affecting the quality of the deposited DNA. Also,
reducing evaporation can help the spotted volume of DNA to have
more time to bind at equal rates across the entire spot, resulting in
more homogeneous DNA spots. As a result, DNA spots of increased
homogeneity will be obtained [5]. The printing buffer is also critical for
obtaining homogeneous spots. With the widely used saline sodium
citrate (SSC) buffer, the spot homogeneity as well as binding effi-
ciency is often poor. Using a printing buffer containing 1.5 M betaine
improves spot homogeneity as well as binding efficiencies [5]. This
is because betaine increases the viscosity of a solution and reduces
the evaporation rate. More uniform spots can also be obtained with a
printing buffer containing 50% DMSO (dimethyl sulfoxide) [8, 29].
¢) UV cross-linking and slide processing.

At the end of the print, remove slides from the printer, label each
slide with an identifier and the slide number by writing on the edge of
the slide with a diamond pen and place slides in a dust-free slide box.
It is useful to etch a line, which outlines the printed area of the slide,
onto the first slide. This serves as a guide to locate the area after the
slides have been processed.

1. Expose the slides, printed face up, to a 80 mJ dose of ultraviolet
irradiation for 30 seconds.

2. Wash slides at room temperature first with 0.1% SDS and then with
water:
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Washing time
Washing 1 0.1% SDS 4 minutes

Washing 2 water 2 minutes
3. Transfer slides to a 10-slide glass rack and place the rack into a
glass tank.

4. Remove the slides and spin using a centrifuge equipped with a
rotor for microtitre plates at 500 rpom for 5 minutes to dry.

5. Transfer the slides to a clean, dust-free slide box and let it stand
overnight prior to hybridization.

Protocol 2. Labeling and quantitation of target DNA

Once the oligo microarrays are printed, targets are prepared for hy-
bridization. For community analysis of environmental samples, ge-
nomic DNAs from pure cultures or environmental clones are normally
used as target, and human genes as controls [29]. Successful appli-
cation of microarrays for microbial community analysis relies on the
effective recovery of nucleic acids from the environment. Hurt et al.
[11] and Zhou et al. [33] pointed out some criteria for ideal recov-
ery of DNA or RNA from environmental samples: (i) The nucleic acid
recovery efficiency should be high and not biased so that the final
nucleic acids are representative of the total nucleic acids within the
naturally occurring microbial community; (ii) The DNA should be of
sufficient purity for reliable hybridization; (iii) The extraction and pu-
rification protocol should be robust and reliable. The DNA extraction
and purification protocol described by Hurt et al. [11] fulfills the above
criteria. Of course it should be possible to substitute other protocols
that meet these criteria.
a) Labeling

Random primer and PCR amplification labeling with Cy3 or Cy5
fluorescent dyes are the most common means used for target de-
tection in environmental samples [29]. Random primer labeling with
Klenow fragment of DNA polymerase | is particularly useful for la-
beling genomic DNA fragments. Targets can also be labeled by
PCR using gene-specific primers. PCR labeling targets using gene-
specific primers is particularly important for increasing detection
sensitivity.
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Random priming labeling method:

1.

g~ WN

In a 0.2 ml PCR tube combine:

a. 2-5 ug purified community DNA (in 10 ul RNase-free water).

b. 20 pl (750 ng ul~") random octamer primers (Invitrogen #
Y01393)

. Mix them well and denature at 99.9 °C for 5 minutes.

. Place immediately on ice for 5 minutes.

. Centrifuge the mixture for 3 minutes at maximum speed.
. In a 1.5 ml microcentrifuge tube, combine

V]

. 2.5 ul dNTP’s (5 mM dATP, dTTP, dGTP and 2.5 mM dCTP)
. 1 ul (1 mM) Cy3 or Cy5 dCTP

. 1.5 ul (40 U pl=") Klenow fragment (Invitrogen # Y01396)
. 1.25 ul DTT (Invitrogen #Y00147)

. d. 13.75 ul DNase- and RNase-free water

® QO o T

. Add this mixture to the 0.2 ml PCR tube that contains DNA (total

volume of the mixture = 50 ul).

. Mix well and incubate at 37 °C for 6 hours or overnight.
. After incubation, boil the mixture at 100 °C for 5 minutes and chill

on ice.

. Purify labeled target DNA using QlAquick columns according to the

manufacturer’s instructions (Qiagen, Valencia, CA).

PCR amplification specific labeling method

. In a PCR tube, combine the following and make up to 30 ul volume

using RNAse-free water:

10 pg of plasmid containing the desired target gene

20 pmol PCR primers (specific primers for gene of interest)

25 mM of dATP, dCTP, dGTP, 15mM dTTP (New England Biolabs),
10 mM aminoallyl-dUTP (Sigma, St. Louis, MO)

0.5 U Tag DNA polymerase

. Place PCR mixture in a thermocyler using the following amplifica-

tion conditions: 1 cycle at 80 °C for 30 seconds, 94 °C for 2 minutes
followed by 25 cycles of 94 °C for 30 seconds, 57 °C for 1 minute,
and 72 °C for 1 minute, with a final extension step at 72 °C for 7 min-
utes. Note that the annealing temperature may vary depending on
primers used.
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3. Purify PCR product using QlAquick columns (Qiagen, Valencia, CA).

4. Dry PCR product in speed-vac for 30 minutes and resuspend in 4.5
ul 0.1 M carbonate buffer (pH 9.0).

5. Mix the solution with (4.5 pul) N-hydroxy succinimide esters Cy3 or
Cy5 (NHS-Cy3 or Cy5; Amersham Pharmacia Biotech, Piscataway,
NJ) and incubate in the dark for 1 hour.

6. After incubation, add 35 ul of 100 mM NaOAC (pH 5.2).

7. Purify labeled target PCR products using QlAquick columns (Qia-
gen, Valencia, CA).

b) Quantifying the amount and specific activity of Cy-labeled DNA
targets

Labeling is a critical step for obtaining high-quality microarray data.
The experimental problem most often encountered is that microarray
hybridization signal varies greatly from time to time. In many cases,
poor hybridization signal is a result of poor dye incorporation. De-
creased dye incorporation (<1 dye per 100 nucleotides) gives un-
acceptably low hybridization signals. However, studies have shown
that very high dye incorporation (e.g., >1 dye molecules per 20 nu-
cleotides) is also not desirable, because high-dye incorporation sig-
nificantly destabilizes the hybridization duplex [28]". Thus, it is impor-
tant to measure dye incorporation efficiency prior to hybridization.
The specific activity of dye incorporation can be determined by mea-
suring the absorbance at wavelengths of 260 nm and 550 nm for Cy3
and 260 nm and 650 for Cy5. A suitable labeling reaction should have
a 8-15 Aygo/Asso ratio for Cy3 and 10-20 Ajeo/Asso for Cyb.

1. Use a spectrophotometer to quantify the OD at 550 for Cy 3 and OD
650 for Cyb. Also, measure OD at 230, 260 and 280 to assess purity.

2. Determine the OD of 1 ul of labeled DNA OD using a
NanoDrop™ ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Inc., Montchanin, DE).

3. Calculate the amount of DNA and as well as the specific activity of
the labeled DNA. The specific activity is calculated as follows:

amount of target DNA x 1000
pmole of dye incorporated x 324.5

Specific activity =

4. Dry in speed-vac (no heat) for 1-2 hours. Do not use high heat or
heat lamps to accelerate evaporation. The fluorescent dyes could
be degraded”.
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Note

1. Corning (http:/fwww.corning.com/cmt) recommends not using labeled target if the spe-
cific activity is more than 75. Check specific activity of labeled target before use.
Specific activity should be 1 dye molecule per 25 to 50 nucleotides for good hy-
bridization.

Protocol 3. Hybridization

Since microarray hybridization is generally performed in the absence
of mixing, the hybridization solution should be mixed well so that the
labeled targets are evenly distributed on the array surface to obtain
optimal target-probe interactions across the entire microarray. Oth-
erwise, the availability of the labeled target molecules to the arrayed
spots could be significantly different across the microarray surface.
Labeled target molecules may be depleted in some areas, yet abun-
dant in others. As a result, significant differences in signal intensity
could be observed. Non-uniform hybridization is a common problem
associated with microarray experiments. Thus, it is essential to have
replicate spots well separated on a slide. It is also imperative to deter-
mine the volume of hybridization solution required. An array covered
by a 22 x 22 mm glass LifterSlip (Erie Scientific company, Portsmouth,
NH) coverslip will require ~15 ul of hybridization solution. The volume
of the hybridization solution is critical. When too little solution is used,
itis difficult to place the coverslip without introducing air bubbles over
some portion of the arrayed oligos. If the coverslip is bowed toward
the slide in the center, there will be less labeled DNA in that area and
the hybridization will be non-uniform. When too much volume is ap-
plied, the coverslip will move easily during handling, which may lead
to misplacement relative to the arrayed oligos, and non-hybridization
in some areas of the array may occur.

For 15 ul of hybridization solution, combine the following compo-
nents:

Hybridization buffer: Volume Final concentration
a. Labeled DNA dissolved with
RNase-free water 3.3 ul
b. Formamide 7.5 ul 50%
c. 20 x SSC 2.5 ul 3.33 x
d. 10% SDS 0.5 pl 0.33%

e. Herring sperm DNA (10mg/ml) 1.2 pl 10.2 ug
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1. Heat the hybridization solution at 95 °C for 5 minutes in a thermo-
cycler, cool quickly to 25 °C, and spin down at 14,000 x g for 5
minutes.

2. Preheat microarray slide for 20 minutes at 50 °C.

3. Deposit the hybridization (15 ul) solution directly onto the immobi-
lized DNA prior to placing a cover slip (22 mm x 22 mm) over the
array, avoiding bubble formation. It is helpful to practice this opera-
tion with buffer and plain slides before attempting actual samples.

4. Put the slide in the hybridization chamber.

5. Dispense 20 ul of 3 x SSC solution into the hydration wells on both
sides.

6. Close the hybridization chamber. Make sure the seal is formed
along the O-ring.

7. Incubate the chamber in a 50 °C water bath for 12-15 hours or
overnight.

One common problem in microarray hybridization is the quality of
fluorescent dyes. The labeling efficiency and hybridization can vary
significantly from batch to batch, especially for Cy5. It is very impor-
tant to use fresh reagents to achieve highly sensitive detection [29].

Post-hybridization wash

1. Place the slides, with the coverslips still affixed, in a prewarmed
washing buffer(2 x SSC and 0.1% SDS) and allow the coverslips to
fall from the slide.

2. Place the slides in a prewarmed washing buffer (2 x SSC and 0.1%
SDS) and wash for 5 minutes with gentle shaking. Repeat this wash
once.

3. Place the slides in a fresh jar filled with 0.1 x SSC and wash for
30 seconds with gentle shaking.

Protocol 4. Image acquisition and processing

1. Scan the slide initially at a low resolution of 50 um to obtain a quick
display image and then at 5-10 um using for instance the ScanAr-
ray 5000 System (GSI Lumonics, Watertown, MA). The emitted flu-
orescent signal is detected by a photomultiplier tube (PMT) at 570
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nm (Cy3) or 670 nm (Cy5). The percentages of laser power and
PMT used should be appropriately selected based on hybridization
signal intensity so that the signals for most of the spots are not
saturated. The signal should also be balanced during scanning by
using a higher PMT setting for the dye with weaker signal to allow
detection of more spots with low signal intensity.

2. Save the scanned display as a 16-bit TIFF and BMP file and quantify
the intensity of each spot. Many methods are available for resolv-
ing irregularities in spot location, size and shape, as well as con-
tamination problems [34] to accurately estimate spot intensities. A
variety of commercial and free software, such as ImaGene™ from
BioDiscovery (Los Angeles, CA), QuantArray™ from GSI Lumon-
ics, and the software on Axon GenePix™ systems [1] can be used
for microarray image processing. Typically, a user-defined gridding
pattern is overlaid on the image and the areas defined by patterns
of circles are used for spot intensity quantification.

3. Assess spot quality and reliability, and perform background sub-
traction of the microarray data. Because of the inherently high vari-
ation associated with array fabrication, hybridization, and image
processing, the intensity data for some spots may not be reliable.
Thus, the first step in data processing is to assess the quality of
spots and to remove unreliable, poor spots prior to data analysis.
Also, in many cases, because of slide quality, background and con-
tamination, the quality of data can vary significantly among differ-
ent slides [24]. Be sure to subtract local background for each spot
and then flag and remove poor quality spots from the data set prior
to further analysis.

4. Compute signal-to-noise ratio (SNR) for each spot to discriminate
true signals from noise [26]. Generally, a SNR larger than 3 is con-
sidered as positive signal. The SNR ratio is calculated as follows:

Signal mean — Background mean

SNR = Background standard deviation

Remove outlying spots (outliers) prior to data analysis using
ArrayStat™ (Imaging Research, Inc., Ontario, Canada). Outliers are
extreme values in a distribution of replicates. Outlying spots could be
caused by uncorrected image artifacts such as dust or by the factors
undetectable by image analysis such as cross-hybridization. Thus, re-
moval of outlying spots is an important step for pre-data analysis.
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However, distinguishing outliers is very challenging, because there is
no general definition for outliers.

Note
Besides Imagene software, there are other software packages available for image
processing, spot identification, quantitation, and normalization. These imaging soft-
wares include GenPix Pro (Axon Instruments, Union City, CA), Array Pro (Media Cy-
bernetic, Carlsbad, CA), Quant Array (Packard Biosciences, Boston, MA), and TIGR
Spot Finder (The Institute of Genomic Research TIGR, Rockville, MD).

Data analysis

Microarray experiments generate large data sets, and a major chal-
lenge in microarray experiments is to extract meaningful information
out of the data. One of the key goals for microarray analysis is to
identify genes that give statistically significant differences in signal
intensity across treatments. Many different statistical methods have
been used for analyzing microarray data, such as similarity measure-
ments [3, 2-13], principal components analysis [9, 19] cluster analysis
[6] and self organizing maps (SOM) [23]. For similarity comparisons of
microarray data, two approaches are generally used for quantifying
the relationships among different genes. One approach is to use Eu-
clidean distance, which is defined as the square root of the summation
of the squares of the differences between all pair-wise comparisons
[13]. The other approach is the Pearson correlation coefficient, which
is ideal for identifying profiles with similar shape [3, 12]. PCA provides
an easy way of identifying outliers in the data such as genes that be-
have differently than most of the genes across a set of experiments
[9, 19]. It also can be used to visualize clusters of genes that behave
similarly across different experiments. Cluster analysis has been used
to identify groups of genes, often called clusters, that have similar ex-
pression profiles [6] (note that we do not address expression in the
protocols described in this chapter). Subsequently, the clusters, and
genes within them, can be examined for commonalities in functions,
as well as sequences, for better understanding of how and why they
behave similarly. Cluster analysis can also help establish functionally
related groups of genes and can predict the biochemical and physi-
ological roles of functionally unknown genes [27]. SOMs are a more
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robust and accurate method for grouping large data sets [14]. In this
analysis, the data points are mapped onto a grid, and the positions of
the representative points are iteratively relocated in a way that each
center has one representative point. Clusters close to each other in
the grid are more similar to each other than those further apart.

There are several software packages available to facilitate statistical
analyses of array data. For instance, ArrayStat (Imaging Research, Inc.
Ontario, Canada) allows analysis of statistical significance, p-values,
and standard deviation of microarray data. GeneSpring (Silicon Ge-
netics, CA) permits the analysis of array data for scatter plot, clus-
ter analysis, principal component analysis (PCA) and self-organizing
maps (SOM). Free-computer programs (i.e. CLUSTER and TREEVIEW)
that can ascertain hierarchical relationships of different spots are also
available [6].

Application of the method

To evaluate the potential applicability of the 50-mer FGAs for micro-
bial community analysis, 5 ug of bulk community DNA derived from 5
g of Gulf of Mexico (TX) marine sediment (top 1 cm) was labeled with
Cy5 using the random primer labeling method and hybridized with
an oligo array containing genes involved in nitrogen cycling, sulfate
reduction and carbon cycling. The hybridization image indicated that
the 50-mer oligonucleotide arrays hybridized reasonably well with the
DNAs from marine sediment (Fig. 3). The abundant genes included
those encoding nitrogenage (nif H), dissimilatory sulfite reductase
(dsr A/B), ammonia monooxygenase (amoA), methane monooxyge-
nase, and nitrite reducatse (nir S/K) (Fig 4). These results indicated that
oligonucleotide microarray technology is potentially useful in moni-
toring the composition, structure, activities and dynamics of microbial
populations involved in these functional processes. However, the ap-
plication of the 50-mer oligo arrays for environmental samples is still
being improved. More rigorous tests within the context of environ-
mental application and validation of the microarray results with other
independent methods are needed. The usefulness of the 50-mer oligo
arrays should also be evaluated with diverse samples from a variety
of environments, thereby addressing its usefulness across a range
of ecological questions. We have demonstrated the feasibility of the
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Figure 3. Microarray hybridization with a marine sediment sample. 5 ug of total DNA
from marine sediment was labeled with Cy5 using random primer labeling method,
and hybridized at 50 °C for overnight to a 50-mer oligonucleotide array. Only a portion
of the hybridization image is shown.

a. Nitrogenase (nifH, 27%)

b. Dissimilatory sulfite reductase (dsr
A/B, 18 %)

c. Ammonia monooxygenase (10%)

d. Methane monooxygenase (10%)

e. Nitrite reductase (nirS/K, 6%)

f. Endoglucanase (4%)

g. Nitric oxide reductase (4%)
h Polyphosphate kinase (4%)
i Xylanase (4%)

j RuBisCO, chitinase,
c formyltetrahydrofolate synthetase,
nitrous oxide reductase(13%)

Figure 4. Abundance of target genes within a marine sediment microbial community.
The hybridization signals are treated with signal to noise ratio >3.
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approaches described in this chapter and current research involves
the further validation of these methodologies and their application
to a variety of environmental samples to address research questions
related to bioremediation and nitrogen and carbon dynamics in both
marine and terrestrial habitats.
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Introduction

Proteomic analysis, which is the study of all accumulated proteins of an organism,
is a developing field in the post-genomic era which can provide valuable insights
to co-ordinated gene expression of an organism in response to various stimuli [27].
Proteomics deals with the analysis of whole genomes at the functional protein level
by describing the protein complement expressed by the genome of an organism,
tissue or dedifferentiated cell [34]. The significance of these procedures is that the
researcher can now rapidly study global regulation of whole genomes in response
to various stimuli and this represents a paradigm shift in genetic analysis.
Proteome studies have developed from and are dependent upon the core technol-
ogy of two-dimensional polyacrylamide gel electrophoresis (2-DE) for the separa-
tion of 1000s of proteins from complex protein mixtures. Each 2-DE gel provides
a “snapshot” of 1000s of expressed proteins. By contrasting the expressed pro-
teome of a control to a treated/mutant tissue, differentially accumulated proteins
are revealed. To identify these proteins, they can be excised from the gels and
rapidly characterised by their peptide mass fingerprinting (PMF) or their complete
sequence using Mass Spectrometry techniques. Matching PMFs using a database
of entire genomic sequences has increased enormously the potential to identify
proteins. By coupling specific genetic mutations with proteomic analysis, the re-
searcher has a powerful tool to analyze complex systems. Significant advances in
bioinformatics and techniques for protein/peptide identification have enabled high
sensitivity and high throughput in protein analysis. It is this that has made pro-
teome analysis a primary tool for characterising gene expression and regulation in
complex biological systems. In essence, Proteomics is the study of protein proper-
ties (expression level, post-translational modification, interactions etc) on a large
scale to obtain a global, integrated view of cellular processes, cell networks at the
protein level and disease processes. This field has rapidly grown in importance be-
cause several important points can now be examined by all the genome-sequencing
projects (a) what are the functions of all the gene products—the proteins?, and (b)

MMEM-8.12/1763



what is the extent of the post-translation modifications present—one gene can give
rise to many protein products through different post-translation modifications of
the same original gene product.

Proteomics is an ideal tool for the dissection of microbial metabolism [30]. First,
it provides a broad overview of the proteins produced during specific growth states.
Secondly, it enables the detection of signal transduction pathways by following
phosphorylation changes of proteins [29]. Major advances have been made with
bacteria, partly because of the ease of culturing and the fact that it is a single cell,
rather than a multicellular organism, but also because often a complete genome
sequence is available, making the use of peptide mass fingerprinting highly suc-
cessful [11]. We shall concentrate here on the soil bacterium Rhizobium as a model
system for proteomic analysis of a bacterial organism.

Procedures
Microbiological material and techniques

We have studied the proteomes of several Rhizobium strains, Rhizo-
bium leguminosarum bwv. trifolii; Rhizobium NGR234 spp. [13, 14, 16];
and Sinorhizobium melilotistrain 1021 cells [4, 5, 15]. The growth con-
ditions and media used were: cells grown at 28 °C in Blll medium [9]
or TA medium [4, 5], to either early exponential-, late exponential- or
stationary-phase at 200 rpm. For special growth conditions such as
nutrient limited experiments, cultures were grown in Bardin MOPS
medium [2] or in Sherwood medium [31] to late log phase. For Car-
bon limited cultures, strain 1021 was grown in MOPS medium before
transfer to MOPS modified to contain succinate. The MOPS medium
cultures were grown to stationary phase and harvested at the same
time as control cultures.

Protein extraction and 2-DE

The methods and procedures used for protein extraction in our lab-
oratory are similar to those published previously [15]. Cells were
harvested and samples prepared for 2-DE with previously described
methods [13, 15, 23] using 18 or 24 cm Immobiline Dry Strips pH
4-7, pH 5-8, or pH 6-11 (Amersham Pharmacia Biotech, Uppsala Swe-
den). Total protein (100 to 1000 ng) was cup loaded at the anodic end.
For the second dimension, SDS-PAGE, use was made of a Multiphor
Il electrophoresis system and precast gels with 12-14% acrylamide
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gradients (Amersham Biotech, Uppsala Sweden). Image analysis was
as previously described [18]. All major soluble and membrane pro-
teins from TA and B3 grown cells were picked from a series of gels
collectively covering the pH range from 4 to 10. The usual procedure
for the isolation of bacterial proteins is as follows:

1. Grow the bacteria to the desired OD 600 level. Note: early log phase
Gram-negative bacteria are easier to lyse than late logarithm and
stationary phase bacteria. If the microbe has undergone genetic
manipulation compliance with specific regulations may be needed.
A defined minimal medium may need to be considered since many
of the components of non-defined growth media have protein con-
tamination. Washing of cells at least twice will be needed if non-
defined medium is used.

2. Spin bacteria at 6000 x g for 15 minutes at 4 °C to pellet and remove
the supernatant (unless needed). This will need to be autoclaved to
kill residual bacteria in supernatant before discarding and cleaning
the tube. Cells may need washing if salt (NaCl) concentration of
bacterial growth medium is greater than 50mM. Use 68 mM NaCl,
3.0 mM KCI, 1.5 mM KH,PO, and 9.0 mM NaH,PO, for washing
cells if this is necessary.

3. Resuspend cells by agitation or using a pipette to ensure cells
are dispersed. Add lysis buffer to cells to dilute 4 to 5 times. Do
not to dilute too much. Lysis buffer is: 9 M urea, 4% wt/vol
3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate
(CHAPS), 1% wt/vol dithiothreitol (DTT), 0.8% wt/vol Bio-Lyte 3-10,
35 mM Tris, 1 mM phenylmethylsulfonyl fluoride and 5 mM EDTA.

4. Lyse by sonication on ice using 15 seconds pulses with a minimum
of 20 seconds rest. Total pulse time will be 4 to 5 minutes (i.e. 16 to
20 separate pulses). Note: rest time ensures that the sample does
not heat up (i.e higher than 30 °C may lead to carbamylation of
proteins). The ideal volume for sonication is between 2.5 and 5 ml.
For small volumes, use an Eppendorf tube. For volumes between
2.5 and 5 ml, use a 5 ml or a 15 ml Falcon tube. For 2 ml volumes
use a 2 ml Eppendorf tube. The probes must be submerged ~1 cm
from the top of solution. Sonicate carefully to avoid generation of
foam. Ideally, the lysed solution will become “clear” but if cells are
in late log phase, this is rare. The viscosity of the solution should
increase.
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5. Transfer the lysed solution to a tube that is compatible with a Ti50
ultracentrifuge rotor. The rotor should be cooled to 4 °C prior to
use. Spin at 200,000 x g for 1 h at 15 °C to pellet chromosomal
material, cell debris and unlysed cells. Collect supernatant.

6. Protein concentration of the supernatant is determined by us-
ing the Bradford procedure. For bacteria 6 to 15 mg/ml is nor-
mally achieved. Note: the solution will have to be diluted 1:5,
1:10, 1:25, 1:50 to ensure that the final protein concentration falls
within the standard curve. See Bradford procedure manual for
how to do a microassay of protein concentration and take into
consideration the approximate concentration of the protein in the
sample.

7. Store sample in the freezer at —80 °C or use immediately for first
dimensional separation of proteins. Normally 100 to 500 pg of pro-
tein is loaded per gel.

8. Methods for the precipitation of proteins such as ammonium sul-
phate, TCA, TCA in acetone or ammonium acetate in methanol
following phenol extraction can be found at the following web
site: http:/wwwb.amershambiosciences.com/aptrix/upp00919.nsf/
Content/Elpho_2D_ SamplePreparation_2_Methods%5C4.+Precipi-
tation+procedures

Bacterial preparations from nodule bacteroids

Rhizobia have multiple life styles such as free living bacteria verses
the nodule bacterial form. Thus, comparisons of the gene product
profiles can be made of these different states using proteomic anal-
ysis. Strain 1021 was used to inoculate either Melilotus alba [27] or
Medicago truncatula seedlings and grown until nitrogen fixing nod-
ules were obtained. M. truncatula seedlings were grown in aero-
ponic units at INRA in Toulouse [17]. Bacteroids were isolated from
M. alba nodules as previously described [8, 23] and involved the
extraction and purification of the bacteroids and then the isolation of
their protein contents. Similar bacterial preparations were obtained
from M. truncatula nodules using differential centrifugation to ob-
tain a crude "nodule bacteria” preparation. This enables an anal-
ysis of protein profiles of bacteria growing within different plant
environments.
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Isolation of membrane proteins

1.

Membrane proteins were isolated using the Na carbonate precipi-
tation method [25] starting with a freeze-dried sample of strain 1021
(40 mg) grown in TA medium.

. The pelleted membrane particles were solubilized in 2% (w/v)

ASB14 (Calbiochem), 2 mM tributylphosphene (TBP), 7M urea, 2M
thiourea and 0.5% (w/v) carrier ampholytes (pH3-10) and 0.025%
(w/v) bromophenol blue.

. After brief vortexing the sample was centrifuged at 20,000 x g for

2 minutes at room temperature to remove insoluble materials and
then subjected to 2-D gel electrophoresis.

. An alternative SDS-based method for membrane protein solubili-

sation was used where the membrane fraction was solubilized in
2 mL of 4% SDS solubilisation buffer (100 mM Tris-HCI, pH8.8, SDS
4% DTT 5 mM) and boiled for 5 minutes.

. A ten-fold excess of pre-chilled acetone was added for at least 1 hr

at —20 °C prior to centrifugation for 5 minutes at 12,000 x g at 4 °C.

. The remaining pellet was lyophilzed and then solubilized in 40 pL of

0.5% SDS solubilization buffer (100 mM Tris-HCI, pH 8.8, SDS 0.5%,
DTT 5 mM) for 5 minutes. The solution was diluted with 150 pL of 2
D solubilization buffer (Tris-HCI, pH 8.8, 50 mM, urea 7M, thiourea
2M, CHAPS 4%, DTT 5 mM, Triton X-100 0.5%), agitated using an
ultrasonic water bath (Elma® Transonic 460, John Morris Scientific,
Willoughby, NSW, Australia) for 20 minutes with 30-60 seconds of
vortex mixing after each 10 second pulse and then centrifuged for
5 min at 12,000 x g at room temperature.

Staining and image analysis of 2-D protein arrays

1.

Proteins on analytical 2-D gels were visualized by silver staining
[30] and digitised at 600 dots per inch (dpi).

. Silver-stained 2-D protein arrays were analysed using the MELANIE

Ill program (Genebio, Swiss Institute of Bioinformatics, Geneva,
Switzerland) for the quantitative and qualitative analysis of differ-
entially displayed protein spots. Several already identified proteins
were chosen as internal standards of pl and Mrreference points [13,
14].

. Spots for MALDI-TOF-MS analysis were isolated from preparative

gels stained for 24 hours with a colloidal Coomassie stain modified
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from Neuhoff et al[24]. The composition of the colloidal Coomassie
stain consisted of 0.1% w/v Coomassie Brilliant Blue G-250 from
Bio-Rad; 17% w/v (NH,4),S04, 3% w/v H3PO4, 34% v/v acetic acid.
Continue washing until a low background is achieved on the gel.

4. Each experiment is independently performed in triplicate before
the analysis of the differences in protein synthesis/accumulation.

5. A spot was classified as being differentially displayed if the relative
spot volume ratio varied more than twofold between a mutant and
the parent strain. These candidate protein spots were then sub-
jected to statistical analysis using the GenStat package (VSN Inter-
national Ltd, UK) [21]. To examine differential display gels and their
processing refer to references 4, 5, 11, 18-231.

Protein analysis by peptide mass fingerprinting (PMF)

1. Protein spots were excised from Colloidal Coomassie stained gels
[18, 19], placed in a heat resistant 96-well tray (Nalge Nunc Inter-
national) and subjected to in-gel tryptic digestion and cleaned up
before deposition onto a MALDI target [7, 18].

2. Mass spectra were generated using a Micromass TofSpec2E
(Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry; MALDI-TOF MS; Micromass, Manchester UK)
equipped with a 337 nm nitrogen laser. All spectra were obtained
in reflectron/delayed extraction mode, averaging 256 laser shots
per sample. Two-point internal calibration of spectra was achieved
using internal porcine trypsin autolysis peptides (842.5 and 2211.10
[M+H]+ions). Lists of single charged peaks corresponding to the
mass of generated tryptic peptides were used to search a translated
version of the particular bacterial genome. With proteins that yield
good spectra but fail to be matched to an existing bacterial orf, we
have develop a computer program that translates all potential cod-
ing sequence of the strain 1021 genome sequence. This process
was done to ensure that no potential reading frame would be over-
looked due to incomplete gene prediction or annotation. For each
of the six reading frames, translation for the first potential protein
sequence starts at the first possible prokaryotic start codon (NTG
or ATN) and continues to the first possible stop codon (TAA, TAG,
TGA). The next potential protein starts at the first potential start
codon following the stop. Only reading frames of 20 amino acids
or longer were considered.

MMEM-8.12/1768



Confidence criteria used in the evaluation of PMF data

1.

PMF matches were done using MassLynx software (version 3.4; Mi-
cromass, Waters Milford USA). Matching is done using the criteria
outlined previously [33].

. Briefly, in our study with Rhizobium bacteria, proteins were scored

a confidence of 3 when all four of the following criteria were met:
(a) when a minimum of 4 peptides matched within an accuracy of
100 ppm to the theoretical mass of the peptide without the require-
ment of any allowed peptide modification (e.g. partial cleavage, oxi-
dation of methionine or cysteine-alkylation or -acrylamide adducts)
and (b) where the matched peptides collectively comprised >30%
of the entire protein and (c) where there was good congruence be-
tween the predicted molecular weight and pl and that measured
from the gel and (d) where a clearly differential MOWSE score was
obtained compared to other possible “matches”.

. For small proteins (<15 kD), three precisely matching, non-

modified, peptides were permitted, but a higher percent (%) cover-
age was used (>40%). For large proteins (>60 kD) a lower % cover-
age was allowed (>20%) but the number of matching non-modified
peptides was increased to a minimum of six. When one of the crite-
ria was not satisfied but the other matching criteria were satisfied
a confidence score of two was recorded. A confidence score of one
was recorded when one or more of the criteria were not met but
the other criteria were satisfied.

Caution: Computer matching programs often assign an
incorrect match

1.

In studies with Rhizobium each of the protein samples were as-
sessed manually and used as a basis for the establishment of an
automatic scoring protocol [32].

. With bacteria, unmodified peptides were more reliable for match-

ing than those chemically modified by oxidation of methionine or
modification of cysteine.

In our Rhizobium studies: When a spot matched two near identi-
cal proteins or identical proteins both matches were recorded. In
cases where two different proteins had sufficient homology to be
assigned a match, the protein with the highest number of matching
peptides and percent coverage was used as the most likely correct
match.
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For more information on the use of proteomics as a research tool see
reference Mathesius et al [20].

Application of the methods
A detailed proteome analysis of Sinorhizobium meliloti strain 1021

The S. meliloti genome consists of a 3.7 Mb chromosome and two
megaplasmids of 1.4 and 1.7 Mb. The genome sequence predicts 6204
protein coding frames and has provided a better understanding of
the possible functions of S. meliloti[12]. However, the gene sequence
alone often reveals little about the function of the gene products. We
have used proteomic analysis to identify and analyse gene networks
at the level of protein expression [11, 15, 27]. Our studies have es-
tablished 2-DE as a reproducible tool for the display of over 2500 S.
meliloti proteins [4, 5, 15] and we have used proteome analysis to
discover flavonoid-induced proteins [13], plasmid-encoded proteins
important in symbiosis [14]. A more detailed proteomic examination
of S. meliloti strain 1021 grown under a variety of growth conditions
was recently described by Djordjevic and co-workers [10, 11, 33] using
a combination of 2-D gel electrophoresis, peptide mass fingerprinting
and bioinformatics. Furthermore, proteome analysis was also used to
demonstrate that a single mutation results in multiple protein changes
in S. meliloti [16]. Over 53 metabolic pathways have been demon-
strated and the work showed the utility of combining mass spectrom-
etry with protein arraying to identify candidate genes involved in im-
portant biological processes.

Bacterial adaptations for survival and rapid recovery

The soil bacterium Rhizobium survives in the soil environment, occu-
pies and grows in the root-soil interface (rhizosphere) and multiplies
within the root nodule. Bacteria have evolved mechanisms to rapidly
meet changes in their environment by developing efficient controls of
genetic expression and metabolic responses [1, 25]. Recently, analysis
of these particular cellular growth stage adaptations has become pos-
sible through laboratory techniques and micro-dissection with pro-
teomics. Natera et al[23] compared the free-living bacterium grown in

MMEM-8.12/1770



laboratory culture with the bacteroid form isolated from root nodules.
Another research program [28] investigated the proteins of the perib-
acteroid membrane (PBM) of soybean nodule bacteroids and their
possible involvement in protein processing and the biogenesis and
function of the PBM.

Rhizobium makes a series of extracellular N-Acyl Homoserine
Lactone signals

Many bacteria are capable of a coordinated response to popula-
tion density changes through the exchange of extracellular signal
molecules. This kind of regulation called “quorum sensing” affects
many different kinds of bacterial behaviour such as the synthesis of
exoenzymes and exopolysaccharides and the colonisation of hosts.
These bacterial behaviours are regulated in a population density-
dependent manner by N-acyl homoserine lactone (AHL) molecules
which are called quorum sensing signals [32]. The synthesis of AHL
signals is common among plant-associated bacteria and probably
plays a central role in ecological interactions amongst microbial com-
munities and between bacteria and their eukaryotic hosts [3]. S.
meliloti strain 1021 cultured in defined medium synthesised several
long chain AHL signals. If these molecules were added to early log
phase cultures of strain 1021 then significant differences could be
detected in the accumulation of over 100 polypeptides. The proteins
affected by the addition of these AHLs had diverse functions in carbon
and nitrogen metabolism, energy cycles, metabolite transport, DNA
synthesis and protein turnover. These results demonstrate how pro-
teomic analysis can be a powerful approach to identifying functions
and gene networks that are regulated by AHL signals.

AHL signals from the bacterium also affect the eukaryotic host. Pro-
teome analysis was used to show that the eukaryotic host, M. trun-
catula, was able to detect nanomolar to micromolar concentrations
of bacterial AHLs from both symbiotic (S. meliloti) and pathogenic
(Pseudomonas aeruginosa) bacteria [21]. M. truncatula responded in
a global manner with significant changes in the accumulation of over
150 proteins. The accumulation of specific proteins and isoforms de-
pended on AHL structure, concentration, and time of exposure. In
addition, exposure to AHLs was found to induce changes in the secre-
tion of compounds by the plants that mimic quorum-sensing signals
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and thus have the potential to disrupt quorum sensing in associated
bacteria.

Proteomics and the study of microbes

The focus of our work so far has been on the discovery of proteins in-
volved in legume symbiosis, some of their post translational modifica-
tions, identification of specific isoforms of proteins involved in certain
pathways and construction of biochemical pathways in which the dis-
covered proteins act. The trend has gone from the initial protein iden-
tification by N-terminal sequencing [22, 23, 28] to large scale protein
identification using peptide mass fingerprinting [11, 18]. One major
finding from our studies has been that the use of acombined approach
of genetics and proteomics has provided a clearer picture about in-
terconnected regulatory networks in Rhizobium cells. We have found
cases of single well documented mutations that have changed the cel-
lular concentrations of over 90 polypeptides associated with various
other metabolic pathways. In these cases, linking the observed pheno-
type directly to the mutated gene can be misleading, as the phenotype
could be attributed to downstream effects of the mutation.

Future advances will be made in subcellular fractionation, protein
resolution and recovery of low-abundant, hydrophobic and integral
membrane proteins. The use of LC-MS/MS and development of more
sensitive mass spectrometers is likely to solve some of the current
problems by allowing separation of proteins undetectable on 2-DE
gels as well as the analysis of protein complexes [6]. Our experience
also indicates the need for testing reproducibility between different
batches of cells and employing rigorous statistical analysis to assess
the significance of proteomic data.
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