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Culture-independent approaches, such as next-generation

sequencing and microarray-based tools, provide insight into

the identity and functional diversity of microbial communities.

Although these approaches are potentially powerful tools in

understanding microbial structure and function, there are a

number of limitations that may bias conclusions. In order to

mitigate these biases, an understanding of potential biases

within each stage of the experimental process is necessary.

This review focuses on the biases associated with sample

collection, nucleic acid extraction, processing, sequencing

analyses, and Chip technologies used in microbial ecology

studies.
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Introduction
The primary goal of microbial ecology is to understand

the structure and function of a microbial community

and detail the interactions between microbes in

various environments. The inability of culture-depend-

ent methods to assess the vast majority of environmen-

tal microbes has limited an accurate understanding

of these organisms. Culture-independent methods

have removed this limitation and provided access to

a great wealth of phylogenetic and functional

diversity contained within microbial communities. This

access has enabled a sharper picture of microbial com-

munities in a variety of settings and has enhanced our

ability to harness microbes for biotechnological appli-

cations.
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While culture-independent approaches have their advan-

tages, there are a number of limitations and biases that

may be introduced throughout sampling and processing

of environmental samples. These biases depend on a

number of individual processes, starting at collection of

samples and ending with bioinformatics and conclusions.

Within each step bias is introduced and carried through

the pipeline, thus compounding that bias in the end result

(Figure 1). Therefore, to ensure the quality of the results,

we must take into account potential biases at each stage in

the experimental process in order to temper our con-

clusions as well as take steps to mitigate that bias.

Large-scale assessments of microbial communities have

utilized two distinct technologies: Sequencing-based

and Chip-based approaches. In this review we examine

the pipeline for molecular microbial ecology and

identify some of the biases associated with each of

the steps. Additionally, we compare the advantages

and limitations of the use of metagenomic and gene-

specific molecular technologies in the characterization

of microbial communities.

Sample collection
The most fundamental step in monitoring microbial

communities is obtaining a representative sample of

the community. From this sample, DNA will be extracted

and further used to examine the community structure and

function. Within this intial step, biases that can limit the

overall analysis of the results may be introduced. For

example, in environments where microbial biomass is

low, it may be difficult to obtain enough environmental

sample to characterize the entire microbial community.

Therefore, the sampling approach must be carefully

considered to limit the introduction of potential bias that

will affect the analysis of a microbial community.

A thorough review of prior work performed on the com-

munity of interest or related communities can provide

important information (i.e. estimates of biomass, known

community members, chemical parameters, etc.) to aid in

designing a sampling strategy that limits the introduction

of biases. Factors that must be considered in order to limit

biases related to sampling methodologies include:

sample type (e.g. water versus sediment), amount of

sample collected, methodology for collection of samples

(e.g. filter versus centrifugation), and materials used (e.g.

filter type).

Sediment samples

For sediment samples, core or grab samples are often

collected. During handling of the sediment samples the
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Pipeline of individual processes associated with culture-independent approaches. Within steps A–E, biases are introduced and carried through,

resulting in compounding bias. Biases introduced at earlier stages are further amplified by the end of the pipeline. Light color represents little bias and

darker color represents increase in the number of bias present. (a) Sample collection is the initial step in culture-independent approaches; (b)

extraction of nucleic acids; (c) molecular techniques and analyses associated with culture-independent approaches; (d) bioinfomatics; and (e)

conclusions.
microbial community may be exposed to conditions

different from their natural environment. Ideally, samples

should be immediately stored at �80 8C until nucleic

acids are extracted. This is especially important if RNA is

the desired product. Another concern with processing

sediment samples is the presence of substances such as

humic acids. If humics are extracted along with DNA or

present with the sample, they can potentially interfere

with downstream applications like PCR [1,2,3�,4�,5,6].

Additionally, cleanup methods may result in loss of DNA

within the sample [7,8].

Water samples

Water samples are either collected using filtration or

centrifugation. Selection of collection methods is gener-

ally dependent on the sample volume required. For

example, if large volumes of water are required, filtration

is preferable due the relative ease of filtering large
www.sciencedirect.com 
volumes of water and the difficulty of transporting large

volumes of water to be centrifuged.

A potential source of bias associated with filtration-based

sampling methods is the selection of the filter membrane

for collection of cells and extraction of DNA [9–11].

There are a number of membranes available, each with

its own advantages and disadvantages. No matter what

filter is used, one of the greatest concerns associated with

DNA extraction from filters is the ability to recover the

cells and nucleic acids from the filter material. One

concern is the presence of non-biological contaminants,

such as metals, in the water. If these materials are sorbed

to the filter, there is a possibility that nucleic acids and

lipids may be degraded or destroyed. Additionally, sorp-

tion of nucleic acids to the filter material could potentially

bias results. For some filters, cells may adhere to the

material thus limiting the overall yields of DNA as well as
Current Opinion in Biotechnology 2013, 24:526–533
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biasing the extracted nucleic aids in favor non-adhesive

cells. One approach to control for adhesion to the filter is

to run controls using cultured organisms and/or pure DNA

to verify that most, if not all, of the DNA is recovered

from your filter. Although these quality controls are often

not performed or reported, they are a key step in limiting

biases associated with sample collection.

Pre-filters are often used to allow for filtration of greater

volumes of water, particularly in turbid samples. The

presence (or absence) of microbial cells collected on

pre-filters is often not considered. Frequently these filters

are disposed of and are not preserved for extraction of

nucleic acids. In these cases, the particle-associated or

aggregate or floc microbial community collected on the

pre-filter is lost. Therefore the sample is biased in favor of

the single cells or small particles with cells.

Sample size

The number of cells collected in a sample must be

sufficient to generate enough nucleic acids for down-

stream applications. Many extreme communities have

very low biomass. As such, the volume of filtered water

required for culture-independent studies, may range from

a few to several liters. In extreme cases, volumes of up to

>1000 L of filtered water have been reported [9,12].

Depending on the sample site (e.g. ocean versus ground-

water well), quantification of microbial cell numbers at

the time of sampling is not always possible. In these

instances the total yield of DNA extracted from the

sample may be low if microbial biomass is low.

DNA extraction methods
Currently, there are a number of widely accepted and

commercially available protocols for extraction of nucleic

acids from various environments [3�,13,14,15�,16–18].

Since there are a number of papers comparing methods

for extracting nucleic acids in current literature

[3�,8,19,20], we will focus on biases associated with the

general extraction processes.

A major concern with any extraction method is its ability

to lyse and recover all of the nucleic acids from every

microbe in that community. For example, Gram-positive

bacteria are notorious for being difficult to lyse. It is

therefore important to confirm that the extraction pro-

tocol used is tested on cultured strains before using that

method on environmental samples.

Other methods include commercially available kits (e.g.

PowerlyzerTM, PowerSoil1 DNA isolation kit, Power-

Water1 DNA Isolation Kit) or bead milling approaches

[8,16]. These approaches rely upon a combination of

physical and chemical processes to lyse the cells. One

concern with bead beating is the possibility of shearing

nucleic acids, thus lowering the overall quantity of intact

DNA and RNA in the sample [18,21]. This in turn can
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bias gene-specific or metagenomic analysis. Additionally,

bead-beating processes may result in increased recovery

of humic acids, thus contaminating the sample [3�].

Other extraction methodologies utilize freeze-thaw

grinding to lyse cells from environmental samples

[18,21]. While this method has been shown to be effective

for extracting high molecular weight DNA from both

Gram positive and Gram negative cells, in addition to

being time consuming, this approach may not be as

effective for recovering cells directly from filters. Some

filters, such as glass microfiber filters (Whatman GF/F)

dissolve easily in lysis solution under freeze-thaw grind-

ing conditions. However, these filters are often not desir-

able owing to the lack of durability during sample

collection. If the filter material does not pulverize easily,

a rinsing step to desorb cells from the filter is required

before the sample can be ground. Washing the filters can

introduce bias if removal of the cells from the filter is not

complete. The wash-solution (e.g. phosphate buffer) and

method for washing the filters may also bias results if

microbial cells are lysed during the wash and if nucleic

acids are lost during the rinse.

Since there is not one method that fits all environments,

performing controls before nucleic acid extraction of field

samples is necessary to identify potential biases. These

controls might include gel electrophoresis to estimate the

quality and amounts of release DNA, adsorption of cells

and DNA to particles, spiked standards of known cell

density and known amounts of DNA [11,17]. Since the

quality of extracted nucleic acids greatly influences the

quality of downstream data, it is essential to perform

quality assurance or control checks before use. Quick

assays, such as gel electrophoresis, to verify the effec-

tiveness of the methodology may help identify potential

problems early.

To prevent further bias, proper storage of extracted

nucleic acids is essential. RNA should be extracted on

ice and stored immediately at �80 8C. DNA, owing to its

chemical structure can be extracted at room temperature

and will not degrade as easily as RNA, but care should still

be taken in handling and storing DNA as to preserve its

integrity [22�,23�]. Since nucleic acids may be shipped to

other laboratories for molecular analyses, proper storage

during shipment is necessary.

Overview of molecular techniques
High quality nucleic acids can be used with a number of

techniques in order to monitor microbial communities. In

many cases, molecular methods are used to address the

identity and functional repertoire of community mem-

bers. Recent advances in technology have enabled these

questions to be addressed using both next-generation

sequencing and microarray-based tools. Each of these

approaches has its unique advantages and disadvantages
www.sciencedirect.com
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Table 1

Comparision of molecular techniques for assessing community structure (gene-specific) and community function (Metagenomic)

approaches

Pipeline Advantages Disadvantages Ref.

Gene-Specific

Sequence-based 1) Ability to use sequence data to more

finely define phylogeny

1) Biases introduced by PCR amplification [17–22,23�]

2) Biases introduced with selection of

primer pair

2) Ability to identify novel species 3) Will be skewed toward dominant

organisms

Phylochip 1) Able to detect low abundance organisms 1) Biases introduced by PCR amplification [24,25,32]

2) It is possible to be performed without

PCR amplification

2) Biases introduced with selection of

primer pair

3) Will only see organisms that have

probes on the array

Metagenomic

Sequence-based 1) Sequence data could be used for

bioprospecting

1) Low abundance organisms not

represented – highly dependent upon depth

of sequencing

[37–39,40�,41,42]

2) Able to identify novel gene families 2) Limited by the accuracy of the annotation

3) Able to be assembled into larger

contigs that could be used to link

taxonomy to function.

Geochip 1) Confidence in assigned function 1) Limited by the functions probed for on

the chip [33,45,46]

2) Able to detect low abundance genes

from low abundance organisms

2) No indication of similarity to other

known genes

3) Unable to identify novel classes of genes
(Table 1), which must be considered when utilizing these

techniques.

Gene specific approaches

Sequencing of a single type of gene from an environment

enables a focused analysis of the species diversity or the

diversity of a particular functional group in that environ-

ment. Most commonly, the 16s rRNA gene is sequenced

to determine the taxonomy [24–28]. Both microarray and

sequencing-based 16s rRNA profiling approaches require

an amplification step to increase the signal to observable

levels [29–32]. However, well-known biases are intro-

duced by any PCR amplification step [33,34]. PCR pro-

tocols have been modified to minimize this bias [35,36],

yet these biases cannot be eliminated.

16s rRNA primer pairs are designed to target the broadest

range of organisms. However, they have been shown to

enrich the sample for some sequences while underrepre-

senting if not missing others [37,38]. Thus primer selec-

tion has great potential to introduce bias into the analysis.

Recently, in an effort to eliminate PCR bias, a microarray

approach was used in a PCR-independent manner [39].

While, this technique was successfully employed in this

study, more work needs to be done to make the PCR-

independent approach universally applicable.

Sequence-based approaches unlike microarray-based

techniques are able to identify novel taxa as well as
www.sciencedirect.com 
provide phylogenetic information about the species pre-

sent. Phylochip-based approaches only detect the

sequences with probes on the chip. This major caveat

of phylochip-based protocols is overcome through the

large number of probes present on the chip (representing

over 50 000 strains [22�]). However, if there are no probes

related to an environmental species, that species would

not be detected.

In sequenced based-techniques, every sequence

represents one sample from the pool of DNA present.

Therefore, the dataset becomes more complete with

greater sampling events [40�]. A complete data set is a

prerequisite of accurately assessing the microbial diver-

sity of a community. In mid to high diversity commu-

nities, the number of times that pool of DNA needs to be

sampled, in order to generate a complete dataset via

sequencing, must approach infinity [41]. To attempt to

overcome this limitation, massively parallel sequencing

has been employed to greatly increase the sample size.

However it is still likely that many of the low abundance

organisms will be underrepresented or absent. Also, sys-

tematic biases introduced in earlier steps (i.e. biases

introduced in sample collection, DNA extraction, etc.)

will only be amplified by deeper sequencing. Microarray

based methods sample the entire pool of DNA at once

allowing low abundance sequences to be detected. Thus

the microarray data is not biased in favor of the most

abundant organisms.
Current Opinion in Biotechnology 2013, 24:526–533
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Metagenomic approaches

The use of techniques aimed at elucidating the functional

potential of a community has greatly advanced our un-

derstanding of the metabolic diversity of microbes and

has led to a clearer picture of a community’s function.

Metagenomic techniques also have their advantages and

biases. While metagenomic approaches have similar

limitations to the gene-specific techniques, the biases

of metagenomic approaches are further compounded

by the more diverse set of sequences to be sampled

(i.e. all of the genes versus only one type of gene).

Similarly to PCR-based approaches many metagenomic

techniques utilize multiple displacement amplification

(MDA) to amplify whole genomes for down stream

analysis such as sequencing, functional gene arrays and

single cell genomics. While MDA has enabled the study

of low biomass environments, this amplification step is

known to introduce many biases, which may alter the

conclusions [4�].

Metagenomic sequencing has identified new classes of

enzymes and has been used as a bioprospecting tool for

enzyme discovery and biotechnological advancement

[6,42–45]. The sequences obtained from metagenomic

sequencing can be used to further characterize these

novel proteins. Furthermore, sequence reads can be

assembled into larger contigs, which have the potential

to elucidate the genomic context, further clarifying the

function of particular genes. If a contig also contains a

phylogenetic anchor, it is possible to begin to link tax-

onomy and function for some unculturable species within

the environment [46,47]. However, as with gene-specific

approaches, the ability to assemble a genome is highly

dependent upon the diversity of the community and the

depth of sequencing.

The presence of a certain functional gene in a metage-

nomic dataset provides direct evidence regarding the

functional complement of the dominant species. How-

ever, many of the low abundance organisms, whose genes

are often missed by sequencing, may be an integral part of

that community. The absence of a function within a

metagenomic dataset may not be conclusive evidence

that a particular function truly is absent. But is more likely

an artifact of insufficient coverage.

Another caveat of metagenomic sequencing is that

interpretation of sequence data rests upon accurate anno-

tation. It is known that annotation is a point where biases

may be introduced [40�,48,49]. Therefore, stringent anno-

tation pipelines need to be utilized when analyzing

metagenomic data to guard against incorrect annotations

and in turn spurious conclusions about the functional

complement of an ecosystem.

Functional gene microarray approaches (e.g. Geochip) are

able to address many of the weakness of sequence-based
Current Opinion in Biotechnology 2013, 24:526–533 
approaches. Since Geochip probes are designed based on

characterized functional classes, a microarray-approach

circumvents the dependence upon annotation, removing

annotation bias. Geochip also provides an opportunity to

evaluate the functional capacity of low abundance mem-

bers of the community [22�,50�]. Like phylochip, Geo-

chip is able to sample the whole pool of DNA at once, not

biasing the sample toward dominant organisms.

Conversely, Geochip has weaknesses of its own. Geochip

is limited in its inability to detect novel gene families.

The latest version of the Geochip includes about 84 000

probes targeting 410 gene families [22�,50�,51]. However

the technology only detects known sequences whose

probes are on the chip, which limits the utility of Geochip

in identifying novel biotechnologically relevant gene

families. Furthermore, while functional gene array probes

are based on ‘well conserved’ region of genes, there can

be great divergence among genes from the same family.

Therefore, Geochip may miss members of the same

families probed for on the chip.

The performance of Chip-based technology is dependent

upon the design of the array and the quality assessments

built into the array. Some of the design issues that may

affect the fidelity of an array include, match–mismatch

checks, the length of the probes used and the redundancy

of spots for a particular gene. Match–mismatch probe sets

allow for a determination of the amount of cross hybrid-

ization. This measurement can be used to provide a more

accurate and specific readout of gene presence and abun-

dance. Match–mismatch probes are included on the phy-

lochip. However, this technology is not built into the

functional gene arrays. Therefore, the amount of cross-

hybridization and the similarity of an environmental gene

to that on the chip cannot be measured using Geochip.

Probe length also factors into the quality of the data from

Chip-based technologies. Phylochip uses 25 mer oligos,

whereas the Geochip probes are approximately 50 mer

oligos [22�]. The longer probes provide more specificity to

the target of interest and have the potential to eliminate

some mismatch errors. The redundancy of probes on a

chip is also an additional array design feature, which can

control for issues regarding how the DNA sample is

spread on the chip. These controls would provide confi-

dence that the measured intensities are correct and not an

artifact of insufficient spreading of the sample throughout

the Chip.

Additional biases can be introduced into Chip-based

technologies in the design of the experiment. For

array-based techniques, the DNA must be labeled with

a fluorochrome. The process of labeling could introduce

bias if the DNA is not labeled uniformly, thus skewing

the apparent relative abundance of the DNAs. The

stringency of the hybridization is another step that has

great potential to impact the results. A less stringent
www.sciencedirect.com
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hybridization could result in false positives, whereas a

highly stringent hybridization will result in false nega-

tives. Finally, the sensitivity of the image reader can

affect the results of the experiment. The sensitivity

and accuracy of the image reader will determine the

detection limit as well as overall quantification of the

genes of interest.

Bioinformatics
The data generated in these molecular methods must be

processed through various bioinformatics pipelines. This

processing allows the data, either in the form of an image

(microarray) or sequence data (sequencing-based), to be

converted into a form that can be analyzed in order to

draw conclusions about the microbial community. These

pipelines have the potential to introduce many biases

into the final conclusions. The systematic biases intro-

duced in earlier steps of the workflow will be further

amplified in these bioinformatics techniques. The tech-

niques used for the sequencing and array technologies

are distinct and have their own biases. For example, the

pipeline for analysis of amplicon-based or gene-specific

techniques (e.g. QIIME, UniFrac, etc.) can greatly bias

the final results. Further, analysis of metagenomic

sequencing data is highly dependent upon gene calling

and annotation. Gene calling is particularly difficult with

metagenomic sequencing owing to the short reads and

the inability of many sequences to be assembled. Assem-

bly is also another major difficulty with sequence-based

approaches. Many next-generation sequencing technol-

ogy provides short reads, which then must be assembled

[30]. If improperly assembled or short sequences are

fed further down the pipeline into the gene calling

and annotation steps those reads may be assigned errant

functions, thus skewing the data [48,49]. Additional

biases can be introduced when the database for gene

identification is chosen. Different databases have differ-

ent standards for classifying and curating gene identities

and functional categories. High quality databases must

be used when identifying genes from similarity to a

known database.

Bioinformatic analysis of microarray data presents its

own difficulties [31]. Much of this data is processed

through various algorithms to convert the spot signal on

the image to a response score. There exists some

evidence that the choice of algorithm can greatly skew

the results. Therefore it is important to consider the

potential biases introduced in the choice of algorithm to

process microarray-based data.

Conclusion
It is important that as a community of researchers we

identify biases throughout our experimental pipelines.

Biases introduced into these workflows at earlier stages

such as in the sample collection or DNA extraction steps

could be amplified greatly throughout the process and be
www.sciencedirect.com 
reflected in the quality of the data. Every technique dis-

cussed in this review is far from perfect and has the

potential to introduce biases into the analysis. However,

these techniques have great potential to advance our un-

derstanding of the structure and function of microbial

communities. These tools have enabled unprecedented

access to microbial communities and have allowed scien-

tists to ask questions previously thought impossible to

answer. However, we must balance the power of these

techniques with a realistic understanding of their strengths

and weaknesses. Comprehensive testing of sampling and

extraction techniques before sample collection can miti-

gate some of these biases. Additionally the use of several

techniques or pipelines to answer the same question can

provide multiple lines of evidence for a particular com-

munity structure or the presence of a functional group.

When sequence-based and array-based techniques are

combined a more full and accurate picture of a microbial

community can be gained [23�,50�]. As these technologies

advance and many of these biases are mitigated, there may

be one unifying technology that will unambiguously assess

both community structure and function. Until then, the

combination of these elegant culture-independent tech-

niques to provide multiple lines of evidence will enable a

more accurate assessment of microbial communities.
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