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Abstract Landfills represent a unique microbial

ecosystem and play a significant role in global biogeo-

chemical processes. The study of complex ecosystems

such as landfills using DNA-based techniques can be

advantageous since they allow for analysis of uncul-

tured organisms and offer higher resolution in measur-

ing demographic and metabolic (functional) diversity.

However, sample acquisition and processing from

refuse is challenging due to material heterogeneity.

Decomposed refuse was used to evaluate the effect of

seven sample processing methods on Bacteria and

Archaea community structure using T-RFLP. Bias was

assessed using measured richness and by comparing

community structure using multi-dimensional scaling

(MDS). Generally, direct methods were found to be

most biased while indirect methods (i.e., removal of

cellular material from the refuse matrix before DNA

extraction) were least biased. An indirect method using

PO4 buffer gave consistently high bacterial and

archaeal richness and also resulted in 28 and 34%

recovery of R. albus and M. formicicum spiked into

refuse, respectively. However, the highest recovery of

less abundant T-RFs was achieved using multiple

processing methods. Results indicate differences in

measured T-RF diversity from studies of landfill

ecosystems could be caused by methodological (i.e.,

processing method) variation rather than refuse heter-

ogeneity or true divergence in community structure.

Keywords Landfill � Solid waste � Refuse �
T-RFLP � Sample processing � Bias

Introduction

The relationship between community structure and

microbial function in landfills is important as landfills

significantly impact global biogeochemical processes

(e.g., greenhouse gas emissions, carbon sequestra-

tion). Landfilled refuse is the second largest global

source of anthropogenic methane (CH4), which is a

potent greenhouse gas (Denman et al. 2007). Refuse

decomposition is microbially mediated and the

diversity and metabolic function of microbial com-

munities act as mechanistic controls on the rate of

greenhouse gas emissions, extent of decomposition,

and carbon sequestration capacity. There is a pressing

need for improved technologies to enhance solid

waste decomposition. Unfortunately optimization of

these technologies is limited by a poor understanding
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of microbial interactions during refuse degradation

which are due, in part, to the heterogeneous and

unstructured nature of the wastes.

Compared to culture-based techniques, the study of

complex microbial ecosystems using molecular tech-

niques can be advantageous since they allow for

analysis of uncultured organisms and offer higher

resolution in measuring demographic (number of

species) and metabolic (functional) diversity. How-

ever, accurate ecological assessments are predicated

on extracting nucleic acids that are representative of

the microbial community. The importance of sample

processing procedures prior to, or, as part of nucleic

acid extraction when assessing microbial diversity has

been recognized and it has been suggested that using

multiple methods may give rise to the least biased DNA

pool in sediments (Luna et al. 2006). Previous studies

on soil and activated sludge have shown that sample

processing can impose a bias because microbial

community structure in the extracted nucleic acids is

different from that in the sample (Keith et al. 2005;

Sessitsch et al. 2002). This suggests that methods used

to process samples from complex or heterogeneous

materials may be equally or more important than the

extraction procedure. Heterogeneous materials can be

defined as having variable consistency, particle size,

and composition and include organic-rich soils/sedi-

ments, humus, leaf litter, manure, rumen/cecum con-

tents, peat, compost and refuse.

The sample mass from which nucleic acids are

extracted using commercial kits and many laboratory

protocols typically ranges from 0.25 to 1 g with lower

and upper limits of roughly 0.1 and 10 g, respectively.

This range is governed by a number of factors

including available tube size, reagent volume:sample

mass ratio and cell lysing efficiency. Such small

masses, along with large particle sizes, often preclude

direct placement of heterogeneous materials into

extraction tubes. For example, particle size in

municipal refuse can vary from millimeters to meters

depending on the composition and extent of degrada-

tion (Hull et al. 2005). Additionally, refuse contains

varying fractions of paper, plastic, metals, food scraps

and other components (USEPA 2005), making it

extremely heterogeneous from a chemical and struc-

tural perspective. Thus, traditional protocols used for

soils, sediments, wastewater and other comparatively

homogeneous matrices cannot be employed. Rather,

heterogeneous materials must be processed prior to

extraction to reduce particle size and ensure a

reasonable degree of sample homogeneity.

Most sample processing protocols utilize one or

more types of physical, chemical or enzymatic methods

to make the sample material more amenable for

subsequent nucleic acid recovery. Direct methods,

where cells are lysed within the sample matrix, have

been compared to indirect methods, where cells are first

separated from non-cellular debris prior to lysing

(Gabor et al. 2003). The direct method assumes the

material placed into extraction tubes is representative of

the sampled ecosystem; however, this assumption is

tenuous for heterogeneous materials. Thus, indirect

methods may prove beneficial for heterogeneous sam-

ples since separation from the material matrix may serve

to concentrate cells from larger sample masses.

The objective of this study was to develop a sample

processing method for municipal refuse for DNA

extraction that minimizes bias while ensuring quantity

and quality are sufficient for sensitive downstream

molecular applications such as qPCR. Previous molec-

ular studies evaluating landfill microbiology have

relied on aqueous phase (leachate) samples or have

extracted DNA without consideration of sample pro-

cessing bias (Calli and Girgin 2005; Uz et al. 2003).

Seven processing methods, comprising both direct and

indirect protocols, were modified from previously

published studies and compared using terminal restric-

tion fragment length polymorphism (T-RFLP). Most

studies evaluating sample processing and DNA/RNA

extraction methods have used yield and extract purity

as metrics for assessing effectiveness (Table 1). Only a

few have evaluated how a particular method affects

community structure using fingerprinting methods

(e.g., DGGE, T-RFLP) or clone libraries (Luna et al.

2006; Sessitsch et al. 2002; Gabor et al. 2003).

Although T-RFLP is not effective at estimating abso-

lute diversity or detecting very rare species, it has been

shown to be effective for comparing differences in

community structure between treatments (Dunbar et al.

2001; Hartmann and Widmer 2006, 2008).

Materials and methods

Refuse sample preparation and reactor monitoring

Roughly 1.4 m3 of municipal refuse was obtained from

a residential area collection vehicle at the Holly
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Table 1 Occurrence of sample processing and DNA extraction techniques used in previous solid waste, rumen and soil studies

Sample processing

methods

Solid

waste

Rumen Soil Total % of

category

Referencesc

Physical methods

Bead beat 4 3 12 19 18.1 1–19

Filtrationa 1 11 3 15 14.3 11, 20–34

Blending 2 6 6 14 13.3 4, 9, 12, 15, 17, 23, 25–28, 31, 34–36

Freeze–thaw 3 2 7 12 11.4 1, 3, 7, 9, 12–14, 16, 35, 37–39

Centrifugationb 0 5 6 11 10.5 2, 17, 20, 25, 29, 30, 31, 35, 36, 40, 41

Shaking 1 2 6 9 8.6 2, 9, 17, 28, 29, 32, 35, 38, 42

Chill 1 7 1 9 8.6 12, 15, 22, 23, 25, 27, 28, 29, 33

Grind 0 1 6 7 6.7 11, 34, 37, 38, 40, 42, 43

Heat 0 2 4 6 5.7 1, 3, 16, 29, 35, 38

Sonication 0 1 2 3 2.9 12, 32, 34

Total for category 105 100

Chemical methods

SDS 5 4 17 26 33.3 1–3, 6–17, 34–40, 43, 44, 46, 47

CTAB 0 3 10 13 16.7 5, 7, 8. 11, 12, 17, 36–38, 41–43, 47

PVPP 0 1 8 9 11.5 6, 8, 11, 12, 34–38

Methylcellulose 0 7 0 7 9.0 28, 29, 33, 44, 48, 49, 50

Tween 80 0 4 1 5 6.4 22, 23, 28, 32, 33

Formaldehyde 0 3 1 4 5.1 22, 28, 32, 50

Guanidine thiocyanate 1 1 2 4 5.1 7, 9, 16, 39

Carboxymethyl cellulose 0 3 0 3 3.8 48, 50, 51

Methanol 0 3 0 3 3.8 28, 33, 44

Tertiary butanol 0 2 0 2 2.6 29, 33

Sodium oleate 0 1 0 1 1.3 26

Dextrin 0 1 0 1 1.3 48

Total for category 78 100

Enzymatic methods

Lysozyme 3 0 9 12 52.2 7, 9, 15, 17, 19, 31, 35, 34, 39, 42, 45, 46

Proteinase K 2 1 8 11 47.8 7, 8, 17, 19, 35, 36, 42, 43, 45–47

Total for category 23 100

Number of times the method was used in 51 studies. In cases where the method was used multiple times in a single study, each

method was counted once per study to avoid artificially inflating the method’s frequency of use

SDS sodium dodecyl sulfate, CTAB cetyltrimethylammonium bromide, PVPP polyvinyl polypyrrolidone
a Performed by either hand squeezing or sieving
b Centrifugation procedure denotes differential centrifugation was performed for cell separation
c Numbers in this table are designated for cited references as follows: 1 (Cullen and Hirsch 1998), 2 (Duarte et al. 1998), 3 (Kuske

et al. 1998), 4 (Reilly and Attwood 1998), 5 (Burgmann et al. 2001), 6 (Martin-Laurent et al. 2001), 7 (Niemi et al. 2001), 8 (Stach

et al. 2001), 9 (LaMontagne et al. 2002), 10 (Lehman and O’Connell 2002), 11 (Sessitsch et al. 2002), 12 (Anderson and Lebepe-

Mazur 2003), 13 (Chen et al. 2003a, b), 14 (Chen et al. 2003a, b), 15 (Costa and de Oliveira 2003), 16 (Fus et al. 2003), 17 (Gabor

et al. 2003), 18 (Uz et al. 2003), 19 (Webster et al. 2003), 20 (Grubb and Dehority 1976), 21 (Miller et al. 1986), 22 (Craig et al.

1987), 23 (Leedle et al. 1987), 24 (Leedle and Butine 1987), 25 (Olubobokun et al. 1987), 26 (Barsuhn et al. 1988), 27 (Barlaz et al.

1989a, b), 28 (Whitehouse et al. 1994), 29 (Martin-Orue et al. 1998), 30 (Yanagita et al. 2000), 31 (Courtois et al. 2001), 32

(Bockelmann et al. 2003), 33 (Ranilla and Carro 2003), 34 (Frostegard et al. 1999), 35 (Tien et al. 1999), 36 (Luna et al. 2006), 37

(Wikstrom et al. 1996), 38 (Zhou et al. 1996), 39 (Miller et al. 1999), 40 (Volossiouk et al. 1995), 41 (Krause et al. 2001), 42 (Ranjard

et al. 1998), 43 (Sharma et al. 2003), 44 (Cheng et al. 1991), 45 (Huang et al. 2003), 46 (Huang et al. 2004), 47 (Fortin et al. 2004), 48

(Minato and Suto 1978), 49 (Kudo et al. 1987), 50 (Rasmussen et al. 1989), 51 (Minato and Suto 1981)
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Springs (NC) Transfer Station and appeared consistent

with refuse composition given by the USEPA (2005).

The refuse was shredded the same day in a slow speed,

high torque shredder to a maximum particle size of

approximately 2 cm 9 6 cm. After shredding, refuse

was mixed on a clean plastic sheet using hand tools and

then stored at 4�C in plastic trash bags prior to

compacting a portion of the shredded refuse (*20% of

the initial volume) in a 208-L reactor for anaerobic

degradation. The reactor was maintained at 37�C and

operated with leachate recycle and neutralization to

accelerate decomposition, as described previously

(Staley et al. 2006). Gas was collected in tedlar gas

bags (PMC, Inc; Oak Park, IL) and volume was

measured by evacuation into a container of known

volume (Sanin et al. 2000). CH4, CO2, O2, and N2 were

analyzed using a GOW-MAC 580 gas chromatograph

with a thermal conductivity detector (Price et al. 2003).

Samples were removed from reactors during the

accelerated methane and decelerated methane (also

referred to as well-decomposed) phases of decompo-

sition (Barlaz et al. 1989a, b). For accelerated methane

phase sampling, refuse was removed when the fraction

of CH4 in the biogas reached 50% and while the gas

production rate was increasing exponentially

(*31 days after reactor initiation). The CH4 produc-

tion rate at the time of sampling was 0.76 ml day-1

dry g refuse-1. For the well-decomposed phase, refuse

was allowed to decompose for approximately

6 months and the CH4 production rate at the time of

sampling was 0.004 ml day-1 dry g refuse-1.

Experimental design

For each phase of decomposition, roughly 2 kg

anaerobically decomposed refuse was removed from

the reactor and mixed well prior to separation into

50 g aliquots (*50 cm3 volume), which were then

frozen until sample processing. Triplicate aliquots

from the same refuse sample were processed with

each of seven processing methods described below.

Each aliquot was processed individually and tripli-

cate DNA extractions were performed for each

aliquot, resulting in 9 total DNA extractions per

processing method. The variability due to the heter-

ogeneous nature of the refuse material was assessed

using T-RFLP for three processing methods FT-D,

DG-D and PO4-C (described below). The richness

and Bray-Curtis similarities using multi-dimensional

scaling (MDS) analysis (see below) were compared

for the triplicate aliquots. The results showed that in

general, the variation due to refuse heterogeneity was

lower than the differences between sample processing

methods. Thus, in subsequent comparisons for all

methods, equal DNA masses from each of the nine

extracts were combined to create a pooled DNA

sample for T-RFLP analyses. This pooling served to

minimize both sample-to sample as well as extraction

variability for each processing method. Parallel

aliquots were used for moisture content analysis.

Processing methods

A number of methods identified from the literature

(Table 1) were highly cited but were not incorporated

into sample processing protocols for this study. For

example, bead beating was a component of the DNA

extraction kit used and thus was not considered for

sample processing. Differential centrifugation was not

selected as an indirect protocol given its potential to

select against attached microorganisms (Robe et al.

2003). CTAB is a cationic detergent typically used in

DNA extraction to precipitate polysaccharides and

proteins and does not aid in either cell detachment or

lysis (Mygind et al. 2003). Similarly, PVPP aids humic

acid removal but is ineffective for cell lysis (Robe et al.

2003); thus, neither were used. Refuse samples were

subjected to the following direct or indirect sample

processing techniques prior to DNA extraction.

Direct methods

Direct phosphate buffer method (PO4-D) (Barlaz et al.

1989a, b): Each aliquot was combined with 250 ml

chilled 23.7 mM PO4 buffer at pH 6.73 (31.87 g

Na2HPO4�7H2O l-1 and 16.1 g KH2PO4 l-1) and

homogenized in a sterile Waring blender (Torrington,

CT) for 1 min. Then 200 ml of the mixture was

transferred immediately after blending to four sterile

50 ml tubes and centrifuged at 3,2209g for 5 min. In

supplemental work, the effect of two centrifuge

speeds, 3,2209g and 16,0009g (Burgmann et al.

2001) was compared and there were no significant

differences (P [ 0.05) in richness and total sample

fluorescence using T-RFLP (data not shown). Super-

natant was decanted and pellets were combined into a

single tube. Residual in emptied tubes was suspended

with deionized (DI) water, combined with the pellet
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and centrifuged for 5 min at 3,2209g. The resulting

combined pellet was well-mixed by hand using a

sterile spatula.

Freeze–Thaw method (FT-D) (Miller et al. 1999):

Aliquots were subjected to three freeze–thaw cycles,

which exclude the initial freezing step noted in the

Refuse sample preparation and reactor monitoring

section. Each cycle included freezing at -80�C for

more than 4 h followed by thawing at 60�C until the

aliquot reached 25�C. Each aliquot was then com-

bined with 250 ml chilled PO4 buffer containing 27%

sodium dodecyl sulfate (SDS) (20% w/v) and 5.5%

lysozyme (50 mg ml-1) by volume (Gabor et al.

2003). Aliquots were homogenized in a Waring

blender for 1 min and then pelletized as described in

the PO4-D method.

SDS/lysozyme method (SDS-D) (Gabor et al.

2003): This method is identical to method FT-D

except there were no freeze/thaw cycles prior to SDS

and lysozyme addition.

Dry and grind method (DG-D): The DG-D method

was developed as part of this study. Aliquots were

placed in sterile mason jars and dried at 65�C for

approximately 48 h. Two layers of absorbent wipes

were used to cover the opening while drying and

preliminary work indicated no cross-contamination

between aliquots during drying. Aliquots were then

ground in a wiley mill to pass a 1 mm screen. The

wiley mill was wiped with ethanol between aliquots.

The dry, ground material was transferred to a 50 ml

centrifuge tube and mixed using a sterile spatula.

Indirect (cell separation) methods

Indirect phosphate buffer method (PO4-C) (Barlaz

et al. 1989a, b): Aliquots were combined with 250 ml

chilled PO4 buffer and homogenized in a Waring

blender for 1 min. To separate microbial cells, the

blended mixture was poured into a 3.8 l 75-lm nylon

paint strainer bag (Trima Co.) and hand-squeezed.

Supernatant was collected in a 1.9 l sterile plastic

container, transferred to six sterile 50 ml tubes,

centrifuged and combined to generate a single pellet

as described in method PO4-D.

Indirect methylcellulose method (M-C): This

method is the same as PO4-C except that the PO4

buffer included 1% (w/v) methylcellulose and the

mixture was allowed to stand for 10 min after

blending (Kudo et al. 1987).

Methylcellulose/tween 80 method (MT-C): This

method is identical to the M-C method except that

0.1% Tween 80 (Sigma-Aldrich) by volume was also

included in the phosphate buffer (Whitehouse et al.

1994).

DNA quantitation and extraction

In preliminary work, two DNA quantitation methods

were compared: (a) spectrophotometry at 260 nm and

(b) fluorometry using SYBR Green I as described

(Zipper et al. 2003). Quantification using spectro-

photometry gave higher but statistically similar

(P [ 0.05) values compared to fluorometry using

SYBR Green I (data not shown), suggesting any

impurities carried over during extraction did not

translate into significant quantitation error using

spectrophotometry. Thus, spectrophotometry was

used in the main study for DNA quantitation and to

assess purity (A260/A280) (Sambrook and Russell

2001).

The centrifuged pellet (300 mg) or dried, ground

material (50 mg) generated by the processing meth-

ods were used for DNA extraction, which was

performed following the protocol supplied by the

extraction kit manufacturer. Initial work was per-

formed to compare two commercial kits: MoBio

PowerSoil (Carlsbad, CA) and Epicentre SoilMaster

(Madison, WI) and the MoBio kit was selected for

use in the main experiment (see ‘‘Results and

discussion’’ section). Comparisons between the two

kits were made by processing aliquots of the well-

decomposed refuse sample using the PO4-D and PO4-

C methods. For each kit, five replicate extractions

were performed on each aliquot of processed mate-

rial, resulting in 10 extractions per kit.

DNA mass was normalized per dry g of material

based on the centrifuged pellet or dried material

remaining after processing. For both direct and

indirect methods, normalization per dry g of centri-

fuged pellet or dried material was computed by

dividing total extracted DNA (lg) by the pellet dry

mass. For direct methods, this is identical to the DNA

mass per dry mass refuse. For indirect methods, DNA

mass collected in the supernatant reflects the total

DNA harvested from the 50 g refuse aliquot and the

DNA mass per dry g refuse was normalized by taking

into account the total mass of pellet generated from

hand squeezing as follows:
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Dry masses were calculated using the moisture

content. All statistical analyses related to DNA

quantitation were performed using an analysis of

variance (ANOVA) Tukey’s test using Statistical

Analysis Software, Proc-GLM (SAS, Cary, NC).

PCR conditions

Polymerase chain reaction (PCR) on pooled DNA

(from the 9 DNA extractions noted in the ‘‘Experi-

mental design’’ section unless noted otherwise) was

performed using 25 ll of FailSafe PCR system

reaction mix F (Epicentre; Madison, WI), 0.6 ll

FailSafe enzyme mix (Epicentre), 0.25 lM of each

primer, *15 ng DNA and sterile pure water added to

a total volume of 50 ll. The template mass used was

based on preliminary PCR optimizations to achieve

approximately equal final masses of amplified prod-

uct (Blackwood et al. 2003). The primers used were

specific for conserved 16S RNA gene sequences

targeting the bacterial and archaeal domains, respec-

tively. Bacterial primers used were 8f (50-AGAGTTT

GATCCTGGCTCAG) and 1492r (50-GGTTACCTT

GTTACGACTT) (Klappenbach et al. 2000). Archaeal

primers used were ARC-8f (50-TCCGGTTGATCCT

GCC) and ARC-1492r (50-GGCTACCTTGTTACG

ACTT) (Banning et al. 2005). Forward primers for both

primer sets were labeled at the 50 end with 6-FAM for

T-RFLP analysis. PCR product concentrations were

computed by loading equal product volumes on a 1%

agarose gel and estimating mass using Gel-Pro analyzer

software (Media Cybernetics; Silver Spring, MD).

PCR was performed in an Eppendorf thermocycler

programmed as follows: initial denaturing step at

94�C for 5 min, followed by 30 cycles of denatur-

ation at 95�C for 1 min, annealing at 55�C for 1 min,

extension at 72�C for 1.5 min, and final extension at

72�C for 45 min. Duplicate PCR reactions were

performed and subsequently combined prior to

quantification.

T-RFLP analysis

Amplicons (100 ll) were purified using QIAquick

PCR purification (Qiagen, Valencia, CA) per the

manufacturer’s protocol. Purified PCR products were

quantified by spectrophotometry and approximately

300 ng were digested separately with restriction

endonucleases HhaI, MspI and RsaI (New England

Biolabs; Ipswich, MA) for Bacteria and HhaI, HaeIII

and TaqI (New England Biolabs; Ipswich, MA) for

Archaea. The restriction enzymes for Archaea were

selected based on previous studies (Banning et al.

2005; Chan et al. 2005). Restriction digestion was

performed in 20 ll reactions containing: 1.5 ll

restriction enzyme, 2 ll 109 buffer, a volume

equivalent to 300 ng PCR product, and DI water.

The same enzyme volume was used for all reactions

resulting in activities ranging from 15 to 30 U per

reaction depending on the enzyme used. Terminal

restriction fragments were analyzed by capillary

electrophoresis at the Michigan State University

Research Technology Support Facility using a 3130

Genetic Analyzer (Applied Biosystems; Foster City,

CA). T-RFLP profiles were analyzed using Gene-

scanTM (Applied Biosystems) and GenescanView

software (CRIBI, Italy).

Analysis of T-RFLP profiles

Electropherograms were visually inspected and

numerical output from each fragment pattern was

exported to Microsoft Excel. To minimize analytical

error, comparable loads of PCR product for T-RFLP

analysis were verified using the total fluorescence.

Fluorescence was verified as being within a factor of

2 compared to that of other samples or was

re-analyzed. Terminal restriction fragment (T-RF)

areas were standardized to eliminate noise and

identify true peaks via an automated algorithm using

a standard deviation from the baseline of 3 and a bin

DNA mass lg DNA dry g refuse�1
� �

¼
DNA conc:; lg ml�1
� �

Elution vol:; mlð Þ Total pellet mass; dry gð Þ
Pellet mass sub� sample used for extraction, dry gð Þ Refuse aliquot mass, dry gð Þ
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size of ±0.5 bp (Abdo et al. 2006). To compare

community structure between processing replicates

and methods, the number of T-RFs, referred to as

richness (S), and the Bray-Curtis similarity index

were computed using Community Analysis Package

software 4.0 (Pisces Conservation Ltd).

Enzymes yielding higher numbers of T-RFs offer

greater resolution between OTUs. Of the three enzymes

used, MspI and HhaI gave the highest resolution for

Bacteria and Archaea, respectively, and thus were used

to compare treatments (data not shown).

Comparison of methods using MDS analysis

of Bray-Curtis similarities

T-RFLP results from each method were compared

using non-metric MDS scaling using Bray-Curtis

similarity. Bray-Curtis similarity was used as it has

been shown as an effective metric in comparing

microbial communities using T-RFLP (Rees et al.

2004). A datum to compare the performance of

individual methods was created by pooling T-RF

profiles from all methods, resulting in a compiled set

of accumulated T-RFs recovered from all methods.

Establishing a datum in this manner is analogous to

that used in ecology studies, in which aggregated

diversity from multiple capture methods is used to

compare performance of a particular individual

method (Magurran 2004). Non-metric multidimen-

sional scaling was computed from T-RF profiles

using Community Analysis Package software (Seaby

and Henderson 2007).

Pure culture spiking and quantitative PCR

To determine the recovery of processing methods, pure

cultures of a cellulolytic bacterium (Ruminococcus

albus Hungate, ATCC 27210) and methanogenic

archaeon (Methanobacterium formicicum MF, ATCC

33274) were grown in liquid media as recommended

by the supplier (ATCC; Manassas, VA) then spiked

into refuse 10 min prior to processing. Spiked and

unspiked aliquots were processed using PO4-C, MT-C

and DG-D methods and frozen until DNA extraction

could be performed. Triplicate aliquots were used

per method and triplicate DNA extractions were

performed from each aliquot. To determine the

volume of live cells to add based on DNA quantity,

pure culture DNA was extracted from triplicate 1.8 ml

(O.D.600 = 0.87) culture samples and pooled to estab-

lish a ratio between extracted pure culture DNA and

inoculum volume (ng DNA/ml inoculum). Then live

whole cells were added based on the DNA mass per mL

of pure culture inoculum at a pure culture DNA:total

DNA ratio of 2.5 ± 0.8%. Spiking ratios of 0.4–46%

were tested in preliminary work using the spiking

protocol noted above, and recovery measured using

qPCR showed a spiking ratio of 2.5% gave the highest

recovery. Pure culture DNA recovery was computed

by subtracting the pure culture:total DNA ratio mea-

sured in unspiked aliquots from the same ratio

measured in spiked aliquots to normalize for DNA

native to the refuse that might be targeted with the PCR

primers. The result was then divided by the pure

culture:total DNA ratio initially spiked into the refuse.

Quantitative PCR was performed using a SYBR

Green I assay with the Bio-RAD iQ5 thermocycler

(Hercules, CA). Reactions were prepared in 25 ll vol-

umes using 12.5 ll SYBR Green Supermix, 0.25 lM of

each primer, 1 ll DNA extract and 10.5 ll sterile pure

water. A serial dilution was performed on extracted pure

culture DNA and triplicates from each dilution were

subjected to qPCR to generate a 7 point standard curve.

16S RNA gene PCR primers were designed using

Primer 3 software (Rozen and Skaletsky 1998) for

R. albus (15f: 50-CACATGCAAGTCGAACGAGCGA

AA, 101r: 50-CGAAAGGCAGATTGCTCACGTGTT)

and M. formicicum (246f: 50-TGCCCACCAAGCCAG

TAATCTGTA, 366r: 50-ACTTTCGTGCATTGCGGA

GGTTTC). Primer specificity was verified in silico via a

BLAST search (NCBI) and in the laboratory via PCR on

DNA from R. albus, M. formicicum, and mixed refuse.

Primers were optimized for annealing temperature at

the concentrations stated above and PCR was per-

formed as follows: initial denaturing step at 95�C for

5 min, followed by 40 cycles of denaturation at 95�C

for 1 min, annealing at 58�C for 45 s, extension at 72�C

for 1 min. qPCR results were analyzed using iQ5

Optical System software (Bio-Rad).

Results and discussion

DNA extraction and yield

Initial work was performed to ensure the commercial

kit used for the main study had the ability to

recover measurable DNA yields from decomposed
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refuse. MoBio PowerSoil and Epicentre SoilMaster

DNA extraction kits were evaluated because they

used different approaches to isolate DNA from

environmental samples. DNA yields from the

MoBio kit were significantly greater (P \ 0.05)

and averaged 3.5 times higher than the Epicentre

kit. DNA yields were also less variable with the

MoBio kit (Coefficient of Variation (CV) = 13%)

compared to the Epicentre kit (CV = 91%). This is

most likely because a DNA binding column is used

with the MoBio kit, whereas the Epicentre kit uses

ethanol precipitation to isolate the DNA pellet. It is

suspected that ethanol precipitation and the sub-

sequent decanting step introduces more variability.

Based on these results, the MoBio PowerSoil kit

was used for all DNA extractions in the main

study.

DNA yields from all sample processing methods

are shown in Fig. 1. The M-C and DG-D methods

resulted in the highest yields for well-decomposed

refuse and were statistically similar (P [ 0.05). The

PO4-C method had the highest yield for accelerated

methane phase refuse and was statistically similar to

the DG-D method (P [ 0.05). DNA yield from well-

decomposed refuse had CVs ranging from 11%

(SDS-D) to 50% (M-C) with the majority being less

than 20%. Accelerated methane phase DNA yields

were variable and CVs ranged from 12% (FT-D) to

64% (DG-D). Roughly one-third of the methods had

CVs less than 20% for this substrate. Purity ratios

(A260/A280) exhibited some variability between meth-

ods (Table 2), however; no trend was evident indi-

cating a particular processing method resulted in a

higher or lower purity ratio, or reduced variability,

using well-decomposed and accelerated CH4 phase

refuse. DNA from all treatments was successfully

PCR amplified.
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Fig. 1 Effect of sample processing methods on DNA yield.

Abbreviations: PO4-D direct phosphate buffer method, FT-D,

direct freeze–thaw method, SDS-D direct sodium dodecyl

sulfate method, DG-D direct dry and grind method, PO4-C cell

separation phosphate buffer method, M-C cell separation

methylcellulose method, MT-C cell separation methylcellu-

lose/Tween 80 method. Error bars indicate standard deviation,

n = 9

Table 2 Purity (A260/A280) ratios of extracted DNA

Well-decomposed

refuse

Accelerated CH4

phase refuse

Direct

PO4-D 1.60 (0.09) 1.62 (0.06)

FT-D 1.60 (0.14) 1.67 (0.24)

SDS-D 1.65 (0.20) 1.66 (0.17)

DG-D 1.52 (0.07) 1.73 (0.14)

Cell separation

PO4-C 1.61 (0.16) 1.73 (0.03)

M-C 1.68 (0.05) 1.57 (0.15)

MT-C 1.52 (0.16) 1.49 (0.08)

Standard deviation is given in parentheses based on nine

extraction replicates. All samples were successfully amplified

using PCR
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The DNA yields obtained from indirect methods

(M-C for well-decomposed, PO4-C for accelerated

CH4 phase refuse) were not always significantly

lower than direct methods, which contrasts to

previous work (Jacobsen and Rasmussen 1992;

Robe et al. 2003; Tien et al. 1999). It is hypoth-

esized that cell separation via hand-squeezing

serves to consolidate a larger mass of material

and does not remove particulates to the same extent

as the more common differential centrifugation

technique (Faegri et al. 1977; Robe et al. 2003;

Steffan et al. 1988; van Elsas et al. 1998). For cell

separation methods, roughly 30% (well-decomposed

phase) and 8.3% (accelerated CH4 phase) of the

aliquot dry mass was recovered from the hand-

squeezed supernatant. This inefficiency in particu-

late removal appears advantageous and is consistent

with previous work which suggests a significant

fraction of the cells are likely attached to the

particulates (Corinaldesi et al. 2005).

Microbial community structure bias

Most studies evaluating sample processing and DNA/

RNA extraction methods have used yield and extract

purity as metrics for assessing effectiveness (Forney

et al. 2004). Only a few have evaluated how a

particular method affects community structure using

molecular fingerprinting methods or clone libraries

(Gabor et al. 2003; LaMontagne et al. 2002; Luna

et al. 2006; Martin-Laurent et al. 2001; Sessitsch

et al. 2002). Differences in measured community

structure can be especially important if a particular

method is biased against ubiquitous or functionally

important microbial taxa. Bias, as defined in this

study, refers only to measured T-RF richness (rather

than absolute species richness), and Bray-Curtis

similarities based on T-RFLP analysis. It is well

known that T-RFLP is not effective at estimating

absolute diversity or detecting rare species (Hartmann

and Widmer 2008). However, previous work has

shown T-RFLP to be very effective in comparing

community structure differences between treatments,

making its use in this study particularly applicable

(Dunbar et al. 2001; Hartmann and Widmer 2006,

2008). Additionally, taxonomic assessment of rare

species usually requires libraries consisting of

thousands of clones which can be cost prohibitive

(Dunbar et al. 2002).

Variation induced by refuse heterogeneity

Variability in T-RF richness between triplicate ali-

quots of well-decomposed refuse processed by the

same method was generally lower than the observed

differences between sample processing methods FT-D,

DG-D and PO4-C. Two-tailed t-tests (assuming

unequal variance) performed using T-RF richness

from triplicate aliquots showed differences between

processing methods for Bacteria at the 92% confi-

dence level (P \ 0.08). t-Tests between methods for

Archaea were different between the PO4-C/DG-D and

PO4-C/FT-D methods (P \ 0.13). There was no

difference between the DG-D/FT-D methods

(P = 0.56) but this was because aliquot T-RF richness

was similar between methods (data not shown). MDS

analysis showed the community structure between

replicates processed by the same method clustered

together while the community structure recovered by

separate processing methods clustered separately

(Fig. 2). For Archaea, differences between DG-D

replicates were substantially larger than that observed

from the PO4-C and FT-D methods (Fig. 2b). How-

ever, the PO4-C and FT-D methods clustered together

for Archaea (Fig. 2b) and the DG-D replicates for

Bacteria clustered together (Fig. 2a). Additionally,

the T-RFLP and qPCR results comparing all methods

indicated the DG-D method did not result in similar

archaeal community structure relative to other meth-

ods (see subsequent sections). Taken together, the

results from this experiment suggest that differences

between replicates were not induced by refuse heter-

ogeneity but, rather, by the DG-D method itself. As a

result, the DG-D method was excluded from subse-

quent comparisons of sample processing methods.

Collectively, these results show differences between

processing methods were not attributed to variation

induced by refuse heterogeneity. As a result, equal

DNA masses from each of the nine extracts were

combined to create a pooled DNA sample for T-RFLP

analyses in subsequent comparisons of all seven

sample processing methods. This pooling served to

minimize both aliquot to aliquot and extraction

variability for each processing method.

Comparison of sample processing methods

Generally, T-RFs with the highest capture frequency

were most abundant. Capture frequency, as used in
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this study, refers to the number of processing

methods that recovered a particular T-RF, which is

analogous to the way in which trapping methods are

compared in ecological diversity studies (Magurran

2004). Roughly 96 ± 5 and 91 ± 7% of total relative

abundance was from T-RFs occurring in 3 or more

methods (i.e. capture efficiency C 3) for Archaea and

Bacteria, respectively. For this reason, richness at a

capture efficiency C 3 was compared in addition to

all T-RFs recovered by a particular method (Table 3).

However, the relative abundance for individual

T-RFs occurring in 3 or more methods ranged from

*0.3 to 65%, indicating T-RFs with a high capture

frequency were not limited to those with high relative

abundances. It should be noted that T-RF abundances

were used in this study comparatively and do not

necessarily reflect abundances from the native eco-

system, primarily due to limitations in T-RF resolu-

tion, extraction efficiency and PCR amplification bias

(Dunbar et al. 2001; Hartmann and Widmer 2008).

Richness from individual processing methods

was generally comparable, with the difference aver-

aging *5 T-RFs between methods at a capture

frequency C 3 (Table 3). Exceptions to this were the

DG-D method for Bacteria and the MT-C method for

Archaea, both of which had a richness roughly 10

T-RFs lower than other methods. Trends were similar

when all T-RFs were included (capture frequency C 1)

but richness was expectedly higher since this reflects

capture of less ubiquitous T-RFs (Table 3).

Although different methods provided varying DNA

yields, there was no correlation between yield (Fig. 1)
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and T-RF richness (Table 3) (R2 = 0.26), which is

similar to the results of other studies (Frostegard et al.

1999; Luna et al. 2006). Despite the inability of

T-RFLP to detect less abundant ribotypes (Luna et al.

2006), methods resulting in significantly larger DNA

yields should have increased detection of T-RFs at

abundances near T-RFLP detection limits if a corre-

lation between yield and richness existed. Rank

abundance curves exhibited a ‘long tail’ of less

abundant T-RFs (data not shown), which is typical of

organism distributions in most ecosystems (Magurran

2004). This suggests no anomalous distributions of

taxa were inherent in the refuse ecosystem that would

have skewed a yield-richness correlation. Thus, taxa

capture efficiency by the processing method appears

to play a larger role than extracted DNA yield in

detecting dominant T-RFs.

MDS plots show community structure varied

between methods (Fig. 3). For Bacteria, methods

SDS-D and FT-D were consistently biased and were

not clustered with other sample processing methods

in both types of refuse (Fig. 3a, b). In the well-

decomposed refuse, methods PO4-D and MT-C also

exhibited bias relative to the pooled T-RF profile for

all methods (Fig. 3a). Collectively, this indicates that

the least biased methods for Bacteria are the PO4-C

and M-C methods. MDS plots for Archaea show all

methods except the SDS-D method clustered cen-

trally with other sample processing methods for the

well-decomposed refuse treatment but were some-

what skewed relative to the pooled T-RF profile for

all methods (Fig. 3c). For accelerated CH4 refuse, the

PO4-C profile was clearly the least biased method

relative to Archaea profiles recovered by the other

methods (Fig. 3d). These results show that relatively

unbiased recovery of Archaea was achieved with

multiple methods; however, the PO4-C method

appeared to recover an archaeal community structure

similar to (Fig. 3c) or more diverse than (Fig. 3d)

other processing methods.

Pure culture spiking and recovery using

quantitative PCR

Recovery of spiked pure cultures was quantified

using qPCR since the technique has a detection limit

several orders of magnitude lower than T-RFLP

based on published T-RFLP detection limits (Luna

et al. 2006) and qPCR instrumentation specifications

(Bio-Rad 2003). Variation in measured pure culture

abundance was eliminated since cultures were spiked

in known quantities and unspiked aliquots were used

as controls. Methods PO4-C, MT-C and DG-D were

evaluated because they ranged from most effective to

least effective, respectively, based on the T-RFLP

comparisons of richness and MDS of Bray-Curtis

similarities (Table 3; Fig. 3).

While R. albus recoveries were higher using PO4-C

compared to MT-C, all methods were statistically

similar from one another at the 95% confidence level

(P \ 0.05) (Table 4). The DG-D method gave the

highest average recoveries of R. albus; however, results

were highly variable (CV = 57%) compared to the

PO4-C (CV = 13%) and MT-C (CV = 39%) methods.

Table 3 Effect of sample processing method on bacterial and

archaeal richness at capture frequencies (F) of C1 and C3

Well-decomposed

refuse

Accelerated CH4 phase

refuse

F C 1 F C 3 F C 1 F C 3

Bacteria

Direct

PO4-D 30 26 34 28

FT-D 30 22 34 19

SDS-D 32 22 27 19

DG-D 21 14 11 6

Cell separation

PO4-C 28 27 29 27

M-C 28 28 32 27

MT-C 37 26 28 26

All methods 61 31 67 33

Archaea

Direct

PO4-D 33 29 23 16

FT-D 41 35 29 15

SDS-D 36 33 18 15

DG-D 38 32 36 15

Cell separation

PO4-C 36 35 20 18

M-C 39 36 18 17

MT-C 23 23 22 17

All methods 59 40 63 20

Bacteria and Archaea data shown for MspI and HhaI

restriction enzymes, respectively. Abbreviations are defined

in the ‘‘Materials and methods’’ section. Capture frequency

refers to the total number of methods that recovered a

particular T-RF
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The PO4-C and DG-D methods gave the highest

M. formicicum recovery and were statistically similar

(ANOVA, P [ 0.05). However, recoveries using the

DG-D method were again more variable (CV = 46%)

compared to the PO4-C method (CV = 13%). The MT-

C method gave lower M. formicicum recoveries com-

pared to the other method yet were statistically similar

using ANOVA (P [ 0.05).

The PO4-C method, which consistently exhibited

low bias relative to other methods (Fig. 3), gave

consistent pure culture recoveries and was less

variable (Table 4). In contrast, the DG-D method

performed reasonably well for M. formicium

(Archaea) but exhibited large variation in recovering

R. albus (Bacteria). This is consistent with the

measured richness and MDS plots (Table 3; Fig. 3),

which showed the DG-D was consistently biased

compared to other methods.

Recommendations

This study confirms that observed bias is most likely

caused by the sample processing method rather than

an analytical artifact or sample variation. It has been

previously reported that recovery of rare taxa is

difficult unless countered by a massive sampling

effort and that higher richness can be obtained using

multiple methods since unique T-RFs are captured

by different methods (Luna et al. 2006; Magurran

2004). This was confirmed here since the richness

from all seven methods combined was *2 times

higher on average (S = 63 ± 3) than richness from

a single method alone (S = 29 ± 7). Thus, if the

goal is to capture less abundant taxa, then multiple

processing methods and replicates must be used.

Despite the recommendation to employ multiple

methods, use of a single protocol still prevails in

many microbial ecology studies for reasons of

convenience, increased sample throughput, reduced

labor and lower cost. Thus, if it is necessary to use a

single method, the PO4-C method offers the least

bias against more ubiquitous taxa and may provide

an acceptable number of less abundant taxa depend-

ing on the experimental goal(s). From a practical

standpoint, the end material generated by cell

separation (hand squeezing) is less fibrous and
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Fig. 3 MDS using Bray-Curtis similarity for sample process-

ing methods for Bacteria in a well-decomposed and b accel-

erated CH4 phase refuse and for Archaea in c well-decomposed

and d accelerated CH4 phase refuse. The ‘All Methods’

treatment refers to the aggregate T-RF profile compiled from

all sample processing methods. The DGD-D method has been

excluded due to issues with this method (noted in the ‘‘Results

and discussion’’ section). Abbreviations shown are given the

‘‘Materials and methods’’ section
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results in lower pellet volumes after centrifugation,

making the material less difficult to work with

compared to direct methods.

These results show the sample processing method

used can have a substantial effect on the number of

T-RFs captured and the microbial community struc-

ture observed. This implies that differences between

microbial ecology studies could be attributed, in

whole or in part, to methodological differences rather

than environmental selection mechanisms and sug-

gests caution must be used when interpreting micro-

bial ecology data sets where different methods were

used to process samples.

Acknowledgements This work was funded by Waste

Management, Inc. We would like to thank Dr. Jose Barcena

and the N.C. State University Biotechnology Training and

Education Center for use of the real-time PCR machine, Dr.

Stefan Franzen (N.C. State Chemistry Dept.) for use of the

fluorometer and Dr. Kenneth Pollock (N.C. State Zoology

Dept.) for his kind review of the approach used to measure

bias, and Xia He for help with statistical analysis. Bryan

Staley’s work was partially funded through a scholarship from

the Environmental Research & Education Foundation and a

fellowship from N.C. Beautiful.

References

Abdo Z, Schuette UME, Bent SJ, Williams CJ, Forney LJ,

Joyce P (2006) Statistical methods for characterizing

diversity of microbial communities by analysis of termi-

nal restriction fragment length polymorphisms of 16S

rRNA genes. Environ Microbiol 8:929–938

Anderson KL, Lebepe-Mazur S (2003) Comparison of rapid

methods for the extraction of bacterial DNA from colonic

and caecal lumen contents of the pig. J Appl Microbiol

94:988–993

Banning N, Brock F, Fry JC, Parkes RJ, Hornibrook ERC,

Weightman AJ (2005) Investigation of the methanogen

population structure and activity in a brackish lake sedi-

ment. Environ Microbiol 7:947–960

Barlaz MA, Schaefer DM, Ham RK (1989a) Bacterial popu-

lation development and chemical characteristics of refuse

decomposition in a simulated sanitary landfill. Appl

Environ Microbiol 55:55–65

Barlaz MA, Schaefer DM, Ham RK (1989b) Effects of pre-

chilling and sequential washing on enumeration of

microorganisms from refuse. Appl Environ Microbiol

55:50–54

Barsuhn K, Chester ST, Leedle JAZ (1988) Invitro detachment

of bacteria from ruminal digesta by buffered sodium

oleate solutions. Curr Microbiol 16:337–341

Bio-Rad (2003) Amplification: MyiQ and iQ5 real-time PCR

systems. Bulletin 5462, Revision A

Blackwood CB, Marsh T, Kim SH, Paul EA (2003) Terminal

restriction fragment length polymorphism data analysis

for quantitative comparison of microbial communities.

Appl Environ Microbiol 69:926–932

Bockelmann U, Szewzyk U, Grohmann E (2003) A new

enzymatic method for the detachment of particle associ-

ated soil bacteria. J Microbiol Methods 55:201–211

Burgmann H, Pesaro M, Widmer F, Zeyer J (2001) A strategy

for optimizing quality and quantity of DNA extracted

from soil. J Microbiol Methods 45:7–20

Calli B, Girgin E (2005) Microbial analysis of leachate using

fluorescent in situ hybridization (fish) technique to eval-

uate the landfill stability. Fresenius Environ Bull

14:737–745

Chan OC, Claus P, Casper P, Ulrich A, Lueders T, Conrad R

(2005) Vertical distribution of structure and function of

the methanogenic archaeal community in Lake Dagow

sediment. Environ Microbiol 7:1139–1149

Chen AC, Imachi H, Sekiguchi Y, Ohashi A, Harada H (2003a)

Archaeal community compositions at different depths (up

to 30 m) of a municipal solid waste landfill in Taiwan as

revealed by 16S rDNA cloning analyses. Biotechnol Lett

25:719–724

Chen AC, Ueda K, Sekiguchi Y, Ohashi A, Harada H (2003b)

Molecular detection and direct enumeration of methano-

genic Archaea and methanotrophic Bacteria in domestic

solid waste landfill soils. Biotechnol Lett 25:1563–1569

Cheng KJ, Kudo H, Duncan SH, Mesbah A, Stewart CS,

Bernalier A, Fonty G, Costerton JW (1991) Prevention

of fungal colonization and digestion of cellulose

by the addition of methylcellulose. Can J Microbiol

37:484–487

Table 4 Recovery of pure cultures spiked into refuse and

processed with selected methods measured using qPCR

Pure culture/

method

Ratio of pure culture

DNA to total DNAa
% Recovery

Initial Spike (%) Recoveredb (%)

Ruminococcus albus

PO4-C 3.7 (0.2) 1.0 (0.1) 28 (3.6)x,y

MT-C 1.7 (0.1) 0.2 (0.1) 12 (4.7)y

DG-D 2.2 (0.4) 2.6 (1.6) 109 (63)x

Methanobacterium formicicum

PO4-C 1.9 (0.1) 0.6 (0.1) 34 (4.5)x

MT-C 1.7 (0.1) 0.1 (0.1) 6.5 (6.5)x

DG-D 2.2 (0.4) 1.0 (0.6) 42 (19)x

Data presented are averages and standard deviation is given in

parentheses. Whole cells were spiked into refuse at a level

corresponding to a known DNA mass per volume of pure

culture. Abbreviations shown are defined in Fig. 1 and the

‘‘Materials and methods’’ section
a Total DNA is inclusive of the pure culture DNA added to the

sample
b Recovered values were corrected for R. albus or M.
formicicum DNA existing in the sample prior to spiking.

Different superscripts indicate that, for a particular pure

culture, methods were statistically different (P \ 0.05)

Biodegradation (2011) 22:189–204 201

123



Corinaldesi C, Danovaro R, Dell’Anno A (2005) Simultaneous

recovery of extracellular and intracellular DNA suitable

for molecular studies from marine sediments. Appl

Environ Microbiol 71:46–50

Costa JLD, de Oliveira VC (2003) Enhancement of soil DNA

extraction by the use of a hand held mixer. Braz J

Microbiol 34:311–312

Courtois S, Frostegard A, Goransson P, Depret G, Jeannin P,

Simonet P (2001) Quantification of bacterial subgroups in

soil: comparison of DNA extracted directly from soil or

from cells previously released by density gradient cen-

trifugation. Environ Microbiol 3:431–439

Craig WM, Broderick GA, Ricker DB (1987) Quantitation of

microorganisms associated with the particulate phase of

ruminal ingesta. J Nutr 117:56–62

Cullen DW, Hirsch PR (1998) Simple and rapid method for

direct extraction of microbial DNA from soil for PCR.

Soil Biol Biochem 30:983–993

Denman KL, Brasseur G, Chidthaisong A, Ciais P, Cox PM,

Dickinson RE, Hauglustaine D, Heinze C, Holland E,

Jacob D, Lohmann U, Ramachandran S, da Silva Dias PL,

Wofsy SC, Zhang X (2007) Couplings between changes in

the climate system and biogeochemistry. In: Solomon S,

Qin D, Manning M, Chen Z, Marquis M, Averyt KB,

Tignor M, Miller HL (eds) Climate change 2007: the

physical science basis contribution of working group I to

the fourth assessment report of the intergovernmental

panel on climate change. Cambridge University Press,

Cambridge

Duarte GF, Rosado AS, Seldin L, Keijzer-Wolters AC, van

Elsas JD (1998) Extraction of ribosomal RNA and geno-

mic DNA from soil for studying the diversity of the

indigenous bacterial community. J Microbiol Methods

32:21–29

Dunbar J, Ticknor LO, Kuske CR (2001) Phylogenetic speci-

ficity and reproducibility and new method for analysis of

terminal restriction fragment profiles of 16S rRNA genes

from bacterial communities. Appl Environ Microbiol

67:190–197

Dunbar J, Barns SM, Ticknor LO, Kuske CR (2002) Empirical

and theoretical bacterial diversity in four Arizona soils.

Appl Environ Microbiol 68:3035–3045

Faegri A, Torsvik VL, Goksoyr J (1977) Bacterial and fungal

activities in soil—separation of bacteria and fungi by a

rapid fractionated centrifugation technique. Soil Biol

Biochem 9:105–112

Forney LJ, Zhou X, Brown CJ (2004) Molecular microbial

ecology: land of the one-eyed king. Curr Opin Microbiol

7:210–220

Fortin N, Beaumier D, Lee K, Greer CW (2004) Soil washing

improves the recovery of total community DNA from

polluted and high organic content sediments. J Microbiol

Methods 56:181–191

Frostegard A, Courtois S, Ramisse V, Clerc S, Bernillon D, Le

Gall F, Jeannin P, Nesme X, Simonet P (1999) Quantifi-

cation of bias related to the extraction of DNA directly

from soils. Appl Environ Microbiol 65:5409–5420

Fus MM, Szteyn J, Wiszniewska A, Herman L (2003) Com-

parison of three methods of releasing DNA from Myco-
bacterium avium subsp. Paratuberculosis cells. Bull Vet

Inst Pulawy 47:107–112

Gabor EM, de Vries EJ, Janssen DB (2003) Efficient recovery

of environmental DNA for expression cloning by indirect

extraction methods. FEMS Microbiol Ecol 44:153–163

Grubb JA, Dehority BA (1976) Variation in colony counts of

total viable anaerobic rumen bacteria as influenced by

media and cultural methods. Appl Environ Microbiol

31:262–267

Hartmann M, Widmer F (2006) Community structure analyses

are more sensitive to differences in soil bacterial com-

munities than anonymous diversity indices. Appl Environ

Microbiol 72:7804–7812

Hartmann M, Widmer F (2008) Reliability for detecting com-

position and changes of microbial communities by T-RFLP

genetic profiling. FEMS Microbiol Ecol 63:249–260

Huang LN, Chen YQ, Zhou H, Luo S, Lan CY, Qu LH (2003)

Characterization of methanogenic Archaea in the leachate

of a closed municipal solid waste landfill. FEMS Micro-

biol Ecol 46:171–177

Huang LN, Zhou H, Zhu S, Qu LH (2004) Phylogenetic

diversity of bacteria in the leachate of a full-scale recir-

culating landfill. FEMS Microbiol Ecol 50:175–183

Hull RM, Krogmann U, Strom PF (2005) Composition and

characteristics of excavated materials from a New Jersey

landfill. J Environ Eng ASCE 131:478–490

Jacobsen CS, Rasmussen OF (1992) Development and appli-

cation of a new method to extract bacterial-DNA from soil

based on separation of bacteria from soil with cation-

exchange resin. Appl Environ Microbiol 58:2458–2462

Keith JE, Boyer JG, de los Reyes FL (2005) Changes in the

rRNA levels of specific microbial groups in activated

sludge during sample handling and storage. Lett Appl

Microbiol 41:208–215

Klappenbach JA, Dunbar JM, Schmidt TM (2000) RRNA

operon copy number reflects ecological strategies of

bacteria. Appl Environ Microbiol 66:1328–1333

Krause DO, Smith WJ, McSweeney CS (2001) Extraction of

microbial DNA from rumen contents containing plant

tannins. Biotechniques 31:294–298

Kudo H, Cheng KJ, Costerton JW (1987) Electron-microscopic

study of the methylcellulose-mediated detachment of

cellulolytic rumen bacteria from cellulose fibers. Can J

Microbiol 33:267–272

Kuske CR, Banton KL, Adorada DL, Stark PC, Hill KK,

Jackson PJ (1998) Small-scale DNA sample preparation

method for field PCR detection of microbial cells and

spores in soil. Appl Environ Microbiol 64:2463–2472

LaMontagne MG, Michel FC, Holden PA, Reddy CA (2002)

Evaluation of extraction and purification methods for

obtaining PCR-amplifiable DNA from compost for micro-

bial community analysis. J Microbiol Methods 49:255–264

Leedle JAZ, Butine TJ (1987) Enumeration of cellulolytic

anaerobic-bacteria from the bovine rumen—comparison

of 3 methods. Curr Microbiol 15:77–79

Leedle JAZ, Barsuhn K, Butine TJ (1987) Comparison of

treatments for the in vitro detachment of cellulolytic

bacteria from ruminal digesta samples. Curr Microbiol

15:129–131

Lehman RM, O’Connell SP (2002) Comparison of extracel-

lular enzyme activities and community composition of

attached and free-living bacteria in porous medium col-

umns. Appl Environ Microbiol 68:1569–1575

202 Biodegradation (2011) 22:189–204

123



Luna GM, Dell’Anno A, Danovaro R (2006) DNA extraction

procedure: a critical issue for bacterial diversity assess-

ment in marine sediments. Environ Microbiol 8:308–320

Magurran AE (2004) Measuring biological diversity. Black-

well Science Ltd., Malden

Martin-Laurent F, Philippot L, Hallet S, Chaussod R, Germon

JC, Soulas G, Catroux G (2001) DNA extraction from

soils: old bias for new microbial diversity analysis

methods. Appl Environ Microbiol 67:2354–2359

Martin-Orue SM, Balcells J, Zakraoui F, Castrillo C (1998)

Quantification and chemical composition of mixed bac-

teria harvested from solid fractions of rumen digesta,

effect of detachment procedure. Anim Feed Sci Technol

71:269–282

Miller TL, Wolin MJ, Hongxue Z, Bryant MP (1986) Char-

acteristics of methanogens isolated from bovine rumen.

Appl Environ Microbiol 51:201–202

Miller DN, Bryant JE, Madsen EL, Ghiorse WC (1999)

Evaluation and optimization of DNA extraction and

purification procedures for soil and sediment samples.

Appl Environ Microbiol 65:4715–4724

Minato H, Suto T (1978) Technique for fractionation of bac-

teria in rumen microbial ecosystem. 2. Attachment of

bacteria isolated from bovine rumen to cellulose powder

invitro and elution of bacteria attached therefrom. J Gen

Appl Microbiol 24:1–16

Minato H, Suto T (1981) Technique for fractionation of bac-

teria in rumen microbial ecosystem. 4. Attachment of

rumen bacteria to cellulose powder and elution of bacteria

attached to it. J Gen Appl Microbiol 27:21–31

Mygind T, Ostergaard L, Birkelund S, Lindholt JS, Christian-

sen G (2003) Evaluation of five DNA extraction methods

for purification of DNA from atherosclerotic tissue and

estimation of prevalence of Chlamydia pneumoniae in

tissue from a Danish population undergoing vascular

repair. BMC Microbiol 3:19

Niemi RM, Heiskanen I, Wallenius K, Lindstrom K (2001)

Extraction and purification of DNA in rhizosphere soil

samples for PCR-DGGE analysis of bacterial consortia.

J Microbiol Methods 45:155–165

Olubobokun JA, Craig WM, Pond KR (1987) Effect of

microbial-contamination on rumen in situ forage digest-

ibility measurements. Ph.D. Dissertation, Louisiana State

University, Baton Rouge

Price GA, Barlaz MA, Hater GR (2003) Nitrogen management

in bioreactor landfills. Waste Manag 23:675–688

Ranilla MJ, Carro MD (2003) Diet and procedures used to

detach particle-associated microbes from ruminal digesta

influence chemical composition of microbes and estima-

tion of microbial growth in Rusitec fermenters. J Anim

Sci 81:537–544

Ranjard L, Poly F, Combrisson J, Richaume A, Nazaret S

(1998) A single procedure to recover DNA from the

surface or inside aggregates and in various size fractions

of soil suitable for PCR-based assays of bacterial com-

munities. Eur J Soil Biol 34:89–97

Rasmussen MA, White BA, Hespell RB (1989) Improved

assay for quantitating adherence of ruminal bacteria to

cellulose. Appl Environ Microbiol 55:2089–2091

Rees GN, Baldwin DS, Watson GO, Perryman S, Nielsen DL

(2004) Ordination and significance testing of microbial

community composition derived from terminal restriction

fragment length polymorphisms: application of multivar-

iate statistics. Antonie Van Leeuwenhoek Int J Gen Mol

Microbiol 86:339–347

Reilly K, Attwood GT (1998) Detection of Clostridium

proteoclasticum and closely related strains in the rumen

by competitive PCR. Appl Environ Microbiol 64:907–913

Robe P, Nalin R, Capellano C, Vogel TA, Simonet P (2003)

Extraction of DNA from soil. Eur J Soil Biol 39:183–

190

Rozen S, Skaletsky HJ (1998) Primer 3. http://www-genome.

wi.mit.edu/genome_software/other/primer3.html. Acces-

sed 10/5/2005

Sambrook J, Russell DW (2001) Molecular cloning: a labora-

tory manual. Cold Spring Harbor Laboratory Press, Cold

Spring Harbor

Sanin FD, Knappe DRU, Barlaz MA (2000) The fate of tolu-

ene, acetone and 1,2-dichloroethane in a laboratory-scale

simulated landfill. Water Res 34:3063–3074

Seaby RM, Henderson PA (2007) Community analysis pack-

age version 4. Pisces Conservation Ltd., Lymington

Sessitsch A, Gyamfi S, Stralis-Pavese N, Weilharter A, Pfeifer

U (2002) RNA isolation from soil for bacterial community

and functional analysis: evaluation of different extraction

and soil conservation protocols. J Microbiol Methods

51:171–179

Sharma R, John SJ, Damgaard DM, McAllister TA (2003)

Extraction of PCR-quality plant and microbial DNA from

total rumen contents. Biotechniques 34:92–97

Stach JEM, Bathe S, Clapp JP, Burns RG (2001) PCR-SSCP

comparison of 16S rDNA sequence diversity in soil DNA

obtained using different isolation and purification meth-

ods. FEMS Microbiol Ecol 36:139–151

Staley BF, Xu F, Cowie SJ, Barlaz MA, Hater GR (2006)

Release of trace organic compounds during the decom-

position of municipal solid waste components. Environ

Sci Technol 40:5984–5991

Steffan RJ, Goksoyr J, Bej AK, Atlas RM (1988) Recovery of

DNA from soils and sediments. Appl Environ Microbiol

54:2908–2915

Tien CC, Chao CC, Chao WL (1999) Methods for DNA

extraction from various soils: a comparison. J Appl

Microbiol 86:937–943

USEPA (2005) Municipal solid waste, generation, recycling,

and disposal in the United States; facts and figures for

2003. Agency USEPA, Washington, DC

Uz I, Rasche ME, Townsend T, Ogram AV, Lindner AS (2003)

Characterization of methanogenic and methanotrophic

assemblages in landfill samples. Proc R Soc Lond B Biol

Sci 270:S202–S205

van Elsas JD, Duarte GF, Rosado AS, Smalla K (1998)

Microbiological and molecular biological methods for

monitoring microbial inoculants and their effects in the

soil environment. J Microbiol Methods 32:133–154

Volossiouk T, Robb EJ, Nazar RN (1995) Direct DNA

extraction for PCR-mediated assays of soil organisms.

Appl Environ Microbiol 61:3972–3976

Webster G, Newberry CJ, Fry JC, Weightman AJ (2003)

Assessment of bacterial community structure in the deep

sub-seafloor biosphere by 16S rDNA-based techniques: a

cautionary tale. J Microbiol Methods 55:155–164

Biodegradation (2011) 22:189–204 203

123

http://www-genome.wi.mit.edu/genome_software/other/primer3.html
http://www-genome.wi.mit.edu/genome_software/other/primer3.html


Whitehouse NL, Olson VM, Schwab CG, Chesbro WR,

Cunningham KD, Lykos T (1994) Improved techniques

for dissociating particle-associated mixed ruminal micro-

organisms from ruminal digesta solids. J Anim Sci

72:1335–1343

Wikstrom P, Wiklund A, Andersson AC, Forsman M (1996)

DNA recovery and PCR quantification of catechol 2,3-

dioxygmase genes from different soil types. J Biotechnol

52:107–120

Yanagita K, Kamagata Y, Kawaharasaki M, Suzuki T,

Nakamura Y, Minato H (2000) Phylogenetic analysis of

methanogens in sheep rumen ecosystem and detection of

Methanomicrobium mobile by fluorescence in situ

hybridization. Biosci Biotechnol Biochem 64:1737–1742

Zhou JZ, Bruns MA, Tiedje JM (1996) DNA recovery from

soils of diverse composition. Appl Environ Microbiol

62:316–322

Zipper H, Buta C, Lammle K, Brunner H, Bernhagen J, Vit-

zthum F (2003) Mechanisms underlying the impact of

humic acids on DNA quantification by SYBR Green I and

consequences for the analysis of soils and aquatic sedi-

ments. Nucleic Acids Res 31:e39

204 Biodegradation (2011) 22:189–204

123


	Critical evaluation of solid waste sample processing for DNA-based microbial community analysis
	Abstract
	Introduction
	Materials and methods
	Refuse sample preparation and reactor monitoring
	Experimental design
	Processing methods
	Direct methods
	Indirect (cell separation) methods

	DNA quantitation and extraction
	PCR conditions
	T-RFLP analysis
	Analysis of T-RFLP profiles
	Comparison of methods using MDS analysis of Bray-Curtis similarities
	Pure culture spiking and quantitative PCR

	Results and discussion
	DNA extraction and yield
	Microbial community structure bias
	Variation induced by refuse heterogeneity
	Comparison of sample processing methods
	Pure culture spiking and recovery using quantitative PCR
	Recommendations

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


