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Abstract Terminal restriction fragment length polymor-
phism (T-RFLP) can be used to assess how land use
management changes the dominant members of bacterial
communities. We compared T-RFLP profiles obtained via
amplification with forward primers (27, 63F) each coupled
with the fluorescently labeled reverse primer (1392R) and
multiple restriction enzymes to determine the best combi-
nation for interrogating soil bacterial populations in an
agricultural soil used for potato production. Both primer
pairs provide nearly universal recognition of a 1,400-bp
sequence of the bacterial domain in the V1–V3 region of the
16S ribosomal RNA (rRNA) gene relative to known
sequences. Labeling the reverse primer allowed for direct
comparison of each forward primer and the terminal

restriction fragments’ relative migration units obtained with
each primer pair and restriction enzyme. Redundancy
analysis (RDA) and nested multivariate analysis of variance
(MANOVA) were used to assess the effects of primer pair
and choice of restriction enzyme on the measured relative
migration units. Our research indicates that the 63F–1392R
amplimer pair provides a more complete description with
respect to the bacterial communities present in this potato
(Solanum tuberosum L.)–barley (Hordeum vulgare L.)
rotation over seeded to crimson clover (Trifolium praense
L.). Domain-specific 16S rRNA gene primers are rigorous-
ly tested to determine their ability to amplify across a target
region of the gene. Yet, variability within or between T-
RFLP profiles can result from factors independent of the
primer pair. Therefore, researchers should use RDA and
MANOVA analyses to evaluate the effects that additional
laboratory and environmental variables have on bacterial
diversity.
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Introduction

Terminal restriction fragment length polymorphism (T-RFLP)
is a reliable method for the generation of reproducible
community profiles that can be used to determine the effects
of management or physiochemical gradients on bacterial
community structure as well as aid in the phylogenetic
identification of members of complex microbial communities
(Wick et al. 2010; Muckian et al. 2007; Marsh 1999).
However, phylogenetic identification is problematic because
not all species or genus of bacteria can be represented by a
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unique relative migration unit, and these units may differ
from the standard base pair fragment length (Marsh et al.
2000). Digestion of an amplicon with multiple restriction
enzymes that provide several, unique terminal restriction
fragments (T-RFs) that can be compared to a robust
ribosomal RNA (rRNA) gene sequence database (Kent et
al. 2003; Shyu et al. 2007; Junier et al. 2008) provides
increased resolution into community diversity (Clement et al.
1998). Therefore, both the primer and restriction enzymes
are critical to the recovery of information with respect to the
microbial community structure.

Previous studies have shown that the V1–V3 region of
the 16S rRNA gene provided the greatest coverage for
resolving bacteria and best represented their diversity
across a range of soil systems and molecular techniques
(Marchesi et al. 1998). Resolution of bacterial communities
is dependent upon the bacterial primer’s ability to amplify
across the entire region of the rRNA gene targeted, the
restriction digests, and the number of restriction sites
present in template DNA sequences (Alm et al. 1996).
However, primers that target the same V1–V3 variable
regions such as 27F and 63F have been shown to vary in
their ability to amplify some phylogenetic groups due to
primer mismatches (Frank et al. 2008; Marchesi et al. 1998;
Sipos et al. 2007), GC content of primer binding sites, and
“secondary structures formed by single stranded template
and flanking region DNA that affect primer site accessibil-
ity or elongation efficiency” (Hansen et al. 1998). Marchesi
et al. (1998) used 63F to amplify genera of coryneform that
could not be previously amplified with 27F. These genera
include important soil bacteria like Actinomycetes that play
a role in nitrogen and carbon cycling as well as produce
biocides and Arthrobacter that degrade pesticides. There-
fore, shifts in community diversity of prevalent bacteria due
to management and environmental factors may not be
entirely resolved with a particular primer pair if the primer
set excludes or poorly amplifies some of the important
phylogenetic community members present (Frank et al.
2008; Sipos et al. 2007). Despite these impediments, the
majority of published microbial ecology studies and the
Ribosomal Database Project are principally based on a
single bacterial forward primer 8-27F (Cole et al. 2005).
Limitations associated with primers specific to the bacterial
domain continue to be pertinent due to their adaptation to
pyrosequencing platforms (Edwards et al. 2006; Kunin et
al. 2009; Li et al. 2010).

Employing statistical analyses to complex T-RFLP
profiles has revealed distinctly different patterns in micro-
bial communities resulting from land applications of
nutrients and waste materials (Mills et al. 2003; Widenfalk
et al. 2008) across various ecosystems and land use
management (Hartmann and Widmer 2006; Dunbar et al.
2000). Shifts in bacterial community patterns with treat-

ment overtime cannot be fully assessed with diversity and
similarity indices in part because these indices do not allow
for repeated measures and do not account for interactions
between variables that affect community structure. Meas-
urements of analysis of variance such as multivariate
analysis of variance (MANOVA) allow the user to look at
the interactions among variables that are typically of greater
significance to bacterial community composition than a
single variable. The disadvantage of multivariate analysis is
that the data must be parametric or normally distributed. In
contrast, explanatory data analyses such as redundancy
analysis focus on the graphical interpretation of quantitative
or qualitative data and the shape and distribution of
variables within a data set that can be nonparametric
enabling the user to determine how redundant one set of
variables is relative to another (www.statsoft.com/textbook/
elementary-concepts-in-statistics/).

This study assesses shifts in the bacterial diversity of soil
from a potato barley rotation over seeded to crimson clover
using T-RFLP profiles amplified with two sets of V1–V3

region primers commonly used to amplify the 16S rRNA
gene and three restriction enzymes. Due to the inherent
biases involved in primer selection, we chose to compare
two nearly universal bacterial forward primers (27F, 63F)
(Marchesi et al. 1998). Each forward primer was coupled
with a fluorescently labeled reverse primer 1392R (Amann
et al. 1995) and three restriction enzymes to determine
which forward primer and enzyme combinations provided
the best resolution of bacterial community structure in this
potato production system. Restriction enzymes were selected
based on their ability to provide a range of T-RFs of varying
sizes and relative migration units (rmu) that covered different
sections of amplicon sequences. The authors found no
previous studies that compared T-RFLP profiles obtained
from genomic DNA extracted from pure cultures of bacteria
or environmental samples amplified with 27F–1392R and
63F–1392R.

This research will improve our ability to resolve shifts in
bacterial diversity and biological processes resulting from a
decade of potato small grain management. An additional
goal was to determine the ability of redundancy analysis
and multivariate analysis of variance to resolve differences
in bacterial community diversity of dominant community
members relative to standard ecological diversity indices.
Diversity indices are commonly used to evaluate bacterial
communities represented by shifts in the number, size, and
rmu of T-RFs in and among T-RFLP profiles. However,
shifts in T-RFLP profiles are often the result of variations in
several factors independent of primer pair that may include
restriction enzyme, laboratory, and field variability. As a
result, indices that do not allow users to evaluate several
variables simultaneously are far less sensitive to shifts in
community diversity than multivariate analyses (Blackwood
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et al. 2007). Not all data are randomly distributed disallowing
the choice of MANOVA designs in some instances.
Therefore, a combination of primer pairs and restriction
enzymes coupled with multivariate analyses provides the
best means to interrogate and resolve shifts in microbial
community structure across a wide range of environments
and land use management.

Materials and methods

Soil sampling, DNA extraction, and amplification

Field plots were located at the University of Maine’s
Aroostook Research Farm, Presque Isle, ME, USA on the
Potato Ecosystem Project in an unamended potato–barley
rotation over seeded to crimson clover. The plots had been
in rotation for 11 years and were located on a Caribou loam
(fine-loamy, mixed, frigid, Typic Haplorthod). Twelve soil
samples were randomly taken from each of the four field
plot replicates and composited providing one composite
soil sample from each replicate field plot that measured,
14.6 m×41.0 m. The soil samples were collected with a soil
probe 2 cm in diameter to a 15-cm depth in 2002. Soils
were sieved through a 2-mm screen and frozen at −20°C.
The four field plot replicates sampled represent one crop
rotation and fertility regime contained within a randomized
complete block split plot design. Cropping system and
fertility treatments included an unamended potato–barley
rotation over seeded to crimson clover (used in this
experiment) and amended potato rotations with a mixture
of oat (Avena sativa L.), pea (Pisum sativum L.), and vetch
(Vicia villosa L. Roth) (Erich et al. 2002). Unamended soils
(included in this experiment) received inorganic fertilizer
and amended soils received a mixture of cattle manure (Bos
taurus), composted cull potatoes, green manure, and
inorganic fertilizer.

Genomic DNAwas extracted from 0.25 g of soil using an
Ultraclean soil DNA extraction kit (Mo Bio Laboratories,
Solana Beach, CA, USA). Yield and purity of genomic DNA
were calculated from the A260/A280 ratio measured using an
Agilent 8453 DAD UV/visible spectrophotometer (Agilent
Technologies, Wilmington, DE, USA).

Bacterial 16S rRNA genes were amplified using two
degenerate forward primers, 27F (AGA GTT TGA TCM
TGG CTC AG) and 63F (CAG GCC TAAYAC ATG CAA
GTC), each paired with a fluorescently labeled degenerate
reverse primer, 1392R (/56-FAM/ACG GGC GGT GTG
TRC) (manufactured by Integrated DNA Technologies,
Coralville, IA, USA). Genomic DNA from each of the
four field plot replicates was amplified in triplicate. The
optimal concentration of genomic DNA amplified from
environmental samples was 4 ng per 100 μl PCR reaction.

Ten nanograms of Ralstonia eutropha genomic DNA was
added to each control PCR reaction.

The reaction mixture for PCR contained 1× PCR buffer
μl−1, 2.5 mM MgCl2 μl−1 (Invitrogen, Carlsbad, CA,
USA), 0.025 U Taq DNA polymerase μl−1 (Invitrogen),
250 μM of each dNTP (Invitrogen), 50 ng of bovine serum
albumin μl−1 (Promega, Madison, WI, USA), and
0.4 μM μl−1 of each primer. PCR mixture volumes were
100 μl. PCR was performed in a Perkin-Elmer 9600 or MJ
Research Peltier PTC-100™ thermocycler. The cycling
program consisted of an initial denaturation step of 95°C
for 5 min, followed by 30 cycles of a program consisting of
denaturation at 94°C for 40 s, primer annealing at 56°C for
40 s, and extension at 72°C for 1 min 30 s. An additional
final extension at 72°C for 7 min was performed after
completion of the 30 cycles.

Terminal restriction fragment length polymorphism

NEBcutter, a software program that simulates the cleaving
of DNA with restriction enzymes, was used to select
tetrameric enzymes providing restriction sites that produced
the most phylogenetically informative species and genus-
specific terminal restriction fragments providing a range of
T-RFs of varying sizes and rmu covering different sections
of amplicon sequences (Vincze et al. 2003). Each restriction
enzyme chosen (Hha1, Msp1, and Rsa1) yielded T-RFs
from a different section of the 1,400-bp PCR amplicons
(New England Biolabs Inc., Beverly, MA, USA). The use
of the same fluorescently labeled reverse primer (1392R)
that annealed to identical DNA template binding sites
independent of the forward primer binding sites allowed us
to directly compare priming efficiencies of 27 and 63F.
Labeling the reverse primer also ensured that differences in
T-RF sizes were due to the choice of the forward primer.

Triplicate PCR products from each soil field replicate
were combined and cleaned using a Qiagen PCR Purifica-
tion Kit (Qiagen, Valencia, CA, USA). Yield and purity of
amplicons were calculated from A260/A280 ratios obtained
using an Agilent 8453 DAD UV/visible spectrophotometer
(Agilent Technologies). Aliquots containing 200 ng of
cleaned PCR amplicons from field replicates were added
to restriction enzymatic digestions. Restriction endonucle-
ase digestions were set up in individual reactions that
contained one restriction enzyme per reaction. Amplicons
were cut with 0.5 U of the following restriction enzymes
Hha1 (recognition site: GCG^C), Msp1 (recognition site:
C^CGG), and Rsa1 (recognition site: GT^AC). Three
separate replicate digestions were processed for each
restriction enzyme (three), primer combination (two), and
field replicate (four).

Enzymatic digestions were incubated in an MJ Research
Peltier PTC-100™ thermocycler at 37°C for 3 h followed

Appl Microbiol Biotechnol (2011) 91:1193–1202 1195



by heating to 65°C for 5 min to terminate enzymatic
activity. Enzymatic digestions were cleaned using a Qiagen
Nucleotide Removal Kit (Qiagen). Two microliters of
purified PCR products cut with a restriction enzyme was
added to 7 μl of deionized formamide and 1 μl of the
internal size standard ROX 1000 (Applied Biosystems,
Foster City, CA, USA) and denatured at 95°C for 5 min.
Samples were loaded onto an ABI PRISM® 3100 Genetic
Analyzer for size analysis of T-RFs by fluorescence-based
capillary electrophoresis (Applied Biosystems). The size of
fluorescently labeled terminal restriction fragments was
determined by Perkin-Elmer's ABI Genescan™ Analysis
System (Applied Biosystems). AT-RF was considered noise
and removed from a T-RFLP profile if the peak area was
less than 50 fluorescence units.

Similarities between community profiles were calculated
from tabulated data exported out off ABI Genescan™ into
T-Align, a program designed to compare replicate T-RFLP
profiles from different communities (Smith et al. 2005). A
confidence value of 1 was used for binning T-RFs. Frag-
ments were aligned using the moving average. A file was
generated that showed the presence or absence of a T-RF, its
average size and the percentage fluorescence intensity of
total fluorescence in each profile. Terminal restriction
fragments in profiles were considered to be the same
fragment if they varied by 0.5 rmu or less.

Statistical analysis

Output files from T-Align were imported into Estimates S
(Colwell 1997), NesANOVA (www.bio.umontreal.ca/legendre/
indexEnglish.html), and Canoco 4.5 (Microcomputer Power,
Ithaca, NY, USA) for further analyses. All T-RFLP community
profiles were labeled for statistical analyses by primer type
(27F or 63F), restriction enzyme, field plot replicate (114, 215,
315, or 423), and laboratory replicate (1, 2, or 3). The
Shannon diversity and Jaccard similarity indices allowed for
the comparison of T-RFs in T-RFLP profiles obtained with a
specific primer set and restriction enzyme. The Jaccard
similarity index measures differences in bacterial community
diversity between samples based on the presence of T-RFs
among T-RFLP profiles. The Shannon diversity index and
Jaccard similarity index were calculated using Estimates S
(Colwell 1997).

Nested multivariate analysis of variance with permuta-
tion testing, using two factors, primer pair and field plot
replicate and a nested factor (field plot primer pair), was
performed in PERMANOVA and compared to the RDA
analyses. The software PERMANOVAwas used to perform
permutational multivariate analysis of variance on the basis
of Bray–Curtis distances, using permutation procedures to
obtain P values for the tests (including interactions), for a
balanced multi-factorial ANOVA design (http://www.stat.

auckland.ac.nz/~mja/Programs.htm). Redundancy analysis
does not assume a random distribution of error and explores
the relationship between sets of categorical variables (www.
statsoft.com/textbook/elementary-concepts-in-statistics/).
The bacterial community diversity represented by the T-RFs
contained in the T-RFLP profiles was related to choice of
forward primer, field replicate, and laboratory replicate
by redundancy analysis. Primer type, field replicate, and
laboratory replicate were coded as environmental varia-
bles and used to define the ordination axes of RDA in
Canoco 4.5.

Results

Diversity indices and unique terminal restriction fragments

The Shannon index revealed a trend toward greater
diversity when the soil bacterial biomass was amplified
using the 63F–1392R primer pair, and this trend was
statistically significant for T-RFs cut with Hha1 (Table 1).
The Jaccard index illustrates that there is a significant
(greater than 50%) overlap between T-RFs in profiles
obtained from DNA amplified with a given primer pair
and cut with a specific restriction enzyme (Table 1). Each
primer set and restriction enzyme produced unique and
shared T-RFs. More unique fragments were obtained from
DNA amplified with 63F–1392R digested with Rsa1 while
27F–1392R cut with Hha1 provided greater numbers of
unique T-RFs. However, the number of unique fragments
does not determine whether a given primer and enzyme
combination provided greater diversity of T-RFs. Profiles
obtained from genomic DNA amplified using 27F– or 63F–
1392R and cut with Rsa1 contained the same number of
shared (8) and unique (10) T-RFs (Tables 1 and 2).

Nested multivariate analysis of variance

A nested MANOVA revealed that the main factor primer
pair and nested factor, field plot, were significant for the
Hha1 T-RFs (Table 3). The MANOVA analysis of Msp1-
derived T-RFs indicated that primer pair (P<0.03) was
significant. The nested factor field plot primer pair was
highly significant among Rsa1 T-RFs.

Redundancy analysis

The redundancy analyses grouped samples based on the
presence or absence of T-RFs corrected for the percent peak
area in T-RFLP profiles. Redundancy analyses like the
MANOVA indicated that primer pair explained a significant
portion of the variation of the T-RFs obtained from each
combination of primer pair coupled with Hha1 and Msp1
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restriction enzymes (Table 4 and Figs. 1 and 2). Field plot
replicate explained additional variations in T-RFLP profiles
produced by digestion with Hha1 and Rsa1. The primer and
primer by plot variables are represented by arrows in
Figs. 1, 2, and 3 that point in positive directions, indicating
increases in T-RFs representing increased bacterial commu-
nity diversity of the dominant community members when
the 63F primer was employed. Terminal restriction fragments
from each primer pair are located in separate circles on the
graph.

Terminal restriction fragments obtained via amplification
with 63F and digestion with Hha1 are located in the positive
quadrant of the graph showing increased bacterial commu-
nity diversity of the prevalent bacterial members (Fig. 1).
Terminal restriction fragments produced by amplification
with 27F and digestion with Hha1 are in the negative
quadrant, indicating decreased community diversity. Primer
pair explained 58% of the variability of T-RFs obtained after
digestion with Hha1 and primer × plot described an
additional 26% of the variability (Table 4). The primer ×
plot arrow indicates that field replicate variability had a
significant effect on bacterial community diversity of the
dominant community members (Fig. 1).

Terminal restriction fragments obtained from PCR
products amplified with each primer pair (27F and 63F–
1392R) and digested with Msp1 and Rsa1 contained less
variability among field plots and sample replicates (Table 4,
Figs. 2 and 3). The effect of primer pair was significant in
determining the T-RFs obtained from Msp1 digests but
accounted for only 11% of the total variability among T-RFs
(Tables 3 and 4). T-RFLP community profiles obtained by
amplification with 63F and digestion with Msp1 are located
in the positive quadrant of Fig. 2, indicating increased
bacterial community diversity of dominant members,
relative to T-RFs amplified with 27F and cut with Msp
(located in the negative quadrant). The effect of primer pair,
field plot, and replicate explained 29% of the variation
among T-RFs obtained via digestion with Rsa1 (Table 4). The
T-RFLP profiles obtained from PCR products amplified with
63F–1392R and cut with Rsa1 increased in community
diversity as a result of primer pair, field plot, and laboratory
replicate (Fig. 3).

Discussion

Amplimer pairs

Few primers targeting the bacterial domain have been
employed consistently across a range of ecosystems and
managements. The primer pair 27F–1492R has been used
to amplify the majority of sequences contained in the
Ribosomal Database Project. While this primer set and 27F
in particular provides sufficient resolution for what is
believed to be the majority of sequences in the V1–V3

region of the 16S rRNA gene, 27F has failed to amplify
template from some environments and phylogenetic groups
that other primer pairs amplify (Marchesi et al. 1998). As
new technologies come on-line that include pyrosequencing
and PostLight™ semiconductor-based sequencing technol-

Table 1 Comparison of richness, diversity, and similarity of terminal restriction fragments (T-RFs) produced via amplification of DNAwith 27F–
and 63F–1392R digested with Hha1, Msp1, or Rsa1

Enzyme Shannon diversity indexa Enzyme Jaccard similarity index Shared T-RFs

27F T-RFsb 63F T-RFsc

Hha1 3.82 (0.29) 4.65 (0.28) Hha1 0.50 17

Msp1 4.31 (0.37) 4.74 (0.20) Msp1 0.52 8

Rsa1 4.50 (0.37) 4.79 (0.15) Rsa1 0.66 8

Indices were calculated using Estimates S (Colwell 1997). The Jaccard index is a measure of similarity between the T-RFs resulting from the
coupling of an individual primer pair and restriction enzyme. A value of 1.00 indicates that there are no differences in T-RFs between T-RFLP
profiles. Values range from 0.00 to 1.00
a Values in parentheses represent standard deviations for an individual primer pair and restriction enzyme
b T-RFs produced from the 16S rRNA gene amplified with 27F–1392R
c T-RFs produced from the 16S rRNA gene amplified with 63F–1392R

Table 2 Unique terminal restriction fragments (T-RFs) produced by
amplification of the 16S rRNA gene with 27F– and 63F–1392R and
digestion with multiple restriction enzymes

27F–1392Ra 63F–1392Rb

Unique T-RFs, Hha1 38 21

Unique T-RFs, Msp1 20 32

Unique T-RFs, Rsa1 10 10

T-RFs were compared using T-Align. T-RFs were considered to be the
same fragment if they varied by 0.5rmu or less
a T-RFs produced via amplification with the 27F–1392R primer pair
b T-RFs produced via amplification with the 63F–1392R primer pair
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ogies (Ion Torrent Systems, Inc., San Francisco, CA, USA),
researchers will continue to employ existing primers like
27F that target the 16S rRNA gene (Edwards et al. 2006;
Kunin et al.; 2009; Li et al. 2010). The consistent use of
27F stems from the primer’s robustness, general adaption
across a range of environments, the previously existing
database of published sequences amplified using 27F, and
the need to compare sequences generated from older
technologies with new sequencing platforms. Therefore,
our results add to a wider body of knowledge that extends
beyond T-RFLP analysis.

Both 27F and 63F forward primers amplify the V1–V3

region of the 16S rRNA gene of the bacterial domain (Baker
et al. 2003). Each primer contains mismatches with several
phylogenetic groups of soil bacteria (Frank et al. 2008;
Marchesi et al. 1998; Sipos et al. 2007). The 27F primer has
mismatches with binding site sequences in Actinobacteria,
Proteobacteria, Campylobacterales, Sphingomonadales,
Gardnerella, and Borrelia spp. that could lead to bias in
PCR amplicons (Frank et al. 2008). The primer set 63F–

1392R has also failed to amplify some phylogenetic groups
such as the bacterial division Verrucomicrobia (Marchesi et al.
1998). However, 63F forward is known to have more
matches with sequences contained in the Ribosomal Database
Project than 8-27F (Huws et al. 2007).

Mismatches associated with both forward primers are
minimal at low annealing temperatures but exponentially
increase preferential amplification due to 63F primer
mismatches at temperatures between 59.9°C and 61.0°C
(Sipos et al. 2007). Our annealing temperatures were below
this reported range. Previous research has demonstrated that
at lower annealing temperatures, 27F and 63F amplified a
majority of pure culture bacterial strains and provided
similar T-RFs after restriction enzyme digests were per-
formed and T-RFLP profiles analyzed (Sipos et al. 2007).
While the presence of mismatches is problematic and
inherent to all primers, binding sites containing no primer
mismatches may fail to amplify or lower amplification of
genomic DNA template if DNA sequences flanking the
binding site interfere with annealing (Hansen et al. 1998).

Profile Sourcea df SS MS F P

Hha1 Primer* 1 5,830.98 5,830.98 12.4 0.0288

Primer × plot** 6 2,826.34 471.06 2.73 0.0034

Residual 16 2,763.16 172.70

Total 23 11420.47

Msp1 Primer* 1 2,408.48 2,408.48 2.90 0.0278

Primer × plot 6 4,980.42 830.07 1.43 0.0952

Residual 16 9,310.68 581.92

Total 23 16,699.59

Rsa1 Primer 1 1,630.35 1,630.35 1.64 0.2122

Primer × plot** 6 5,982.74 997.12 3.18 0.0002

Residual 16 5,018.83 313.68

Total 23 12,631.93

Table 3 Nonparametric multi-
variate analysis of variance
(MANOVA) on Bray–Curtis dis-
tances of bacterial community
profiles obtained from field plots
in a potato–barley rotation with
forward primers 63F and 27F

*P<0.05; **P<0.01
a 16S rRNA gene from four rep-
licate field plots was
amplified via PCR with two
forward primers, 27F and
63F, paired with FAM-labeled
1392R and digested with
three restriction enzymes, Hha1,
Msp1, and Rsa1

Profile Variablesa Proportion explained (%)b P value F value

Hha1 Primer 58* 0.0001 30.8

Primer × plot 26** 0.0542 2.09

Primer × plot × rep 15 0.4035 0.996

Total 64

Msp1 Primer 11** 0.0361 2.65

Primer × plot 4.7 0.9951 0.047

Primer × plot × rep 7.9 0.4790 0.792

Total 17

Rsa1 Primer 2.8 0.0828 2.57

Primer × plot 17 0.7100 0.38

Primer × plot × rep 29* 0.0024 8.87

Total 37

Table 4 Redundancy analysis
testing the hypothesis that
there is no difference between
T-RFLP (percent of terminal
restriction fragment length
polymorphism variability
explained by each experimental
factor) profiles

*P<0.01; **P<0.05
a 16S rRNA gene amplified
via PCR with 27F and 63F–
1392R primer pairs and
digested separately with three
restriction enzymes,
Hha1, Msp1, and Rsa1
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The forward primers, 27 and 63F, in our study were
39 bp apart relative to the 16S rRNA gene sequenced from
Escherichia coli (Brosius et al. 1981). Despite a significant
overlap between the two primers and “universal” specificity
for the bacterial domain of each, the 63F–1392R pair
allowed for greater resolution of bacterial community
diversity as revealed by the MANOVA and RDA analyses

as well as the diversity indices. An additional benefit of the
63F–1392R primer pair is that 63F minimizes amplification
of sequences across kingdoms relative to 27F (Galkiewicz
and Kellogg 2008).

A previous study by Marchesi et al. (1998) employed
two similar but distinct reverse primers (1387R, 1392R) to
mixtures of cultured bacteria and found no clear explana-
tion for greater template amplification and specificity of
63F–1387R relative to 27F–1392R. The 63F–1387R primer
pair was more effective in amplifying 16S rRNA genes
from species showing higher levels of theoretical 5′
mismatches than 27F coupled with 1392R. Our experiment
utilized primers 27F and 63F coupled with the same
fluorescently labeled reverse primer (1392R) to evaluate
bacterial populations in a potato–barley rotation over
seeded to crimson clover. Profiles derived from our
experiment revealed that the 63F–1392R amplimer pair
repeatedly contained greater richness of T-RFs than profiles
derived from 27F–1392R indicating that 63F may provide
more complete and additional information with respect to
bacterial populations present in these soil community
profiles. The conserved area of the 16S rRNA gene that
63F was designed to anneal to may have greater potential to
form base pairs with a complementary region of a DNA
strand than the conserved region of a complementary region
of DNA targeted by 27F (Brunk et al. 1996; Suzuki and
Giovannoni 1996). It is also possible that 27F may form an
intramolecular duplex with a 5′ overhang that could result
in unfavorable intramolecular complementarity between

Axis 1 

Axis 2 

Fig. 3 Redundancy analyses depicting the relationship between Rsa1
terminal restriction fragments, choice of forward primer, field plot, and
laboratory replicate are labeled as arrows. Axis 1, primer pair; axis 2,
primer × plot, primer × field plot × laboratory replicate explained 29% of
the T-RFLP variance. All terminal restriction fragment length polymor-
phism (T-RFLP) community profiles were labeled by primer type (27F or
63F). Individual laboratory replicates are identified as circles

Axis 1 (11%) 

Axis 2 

Fig. 2 Redundancy analysis depicting the relationship between Msp1
terminal restriction fragments, choice of forward primer, field plot, and
laboratory replicates. Axis 1, primer pair, explained 11% of the T-
RFLP variance. Forward primer had a significant effect on terminal
restriction fragment length polymorphism (T-RFLP) community
profiles as indicated by the labeled arrow. All T-RFLP community
profiles were labeled by primer type (27F or 63F). Individual
laboratory replicates are identified as circles

Axis 1 (58%) 

Axis 2 (26%) 

Fig. 1 Redundancy analysis depicting the relationship between Hha1
terminal restriction fragments, choice of forward primer, field plot, and
laboratory replicate labeled as arrows. Axis 1, primer pair, explained
58% of the T-RFLP variance; axis 2, primer × plot explained a further
22.3% of the T-RFLP variance. All terminal restriction fragment
length polymorphism (T-RFLP) community profiles were labeled by
primer type (27F or 63F) and field plot replicate (114, 215, 315, or
423). Individual laboratory replicates are identified as circles. The
laboratory replicates for each field plot are on top of one another
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27F and 1392R causing binding on the 3′ end (Marchesi et
al. 1998).

Comparison of bacterial communities in environmental
samples

The use of the same reverse primer labeled at the 5′ end
ensured that differences in T-RF sizes were comparable
between primer sets, and biases associated with the choice
of the reverse primer were consistent across primer pair and
enabled us to directly measure the ability of the 27F and
63F primers to amplify the template. The use of several
enzymes that cut at different base pair sequences insured
that T-RFs of distinct size and rmu were derived from all
regions of the 1,400-bp amplicons produced in our study.
Labeling of the 5′ end of the 1392R reverse primer resulted
in fewer and in some instances smaller terminal restriction
fragments due to the greater number of restriction sites of
greater length at the 3′ end of DNA sequences. Many of the
Rsa1 restriction sites were at the 5′ end of the approxi-
mately 1,400-bp 16S rRNA gene amplicons to be digested.
A study that paired 27F with a reverse primer (536R)
followed by endonuclease digestion with Rsa1 or Msp1
produced approximately a quarter of the fragments when
the 3′ end was fluorescently labeled in place of the 5′ end
(Liu et al. 1997). Therefore, it is likely that samples from
this experiment also contained fewer T-RFs in each profile
due to labeling of the reverse primer, but comparisons of
the relative diversity inherent in T-RFLP profiles representing
combinations of primer pairs and restriction enzymes were
conserved.

Amplicons cut with Msp1 had the least variability
associated with field and laboratory sampling based on
the redundancy analyses. A comparison of 16S rRNA gene
restriction endonucleases used in generating T-RFLP pro-
files revealed that Msp1 has high fidelity in resolving T-RFs
(Engebretson and Moyer 2003). Our study revealed that
additional information with respect to bacterial community
diversity was obtained when PCR templates were amplified
with 63F–1392R and cut with Hha1. An evaluation of 16S
rRNA gene restriction endonucleases used to obtain T-
RFLP profiles ranked Hha1 second in resolving the greatest
number of T-RFs above Msp1 (Engebretson and Moyer
2003).

Diversity indices, redundancy analyses, and nested
multivariate analysis of variance

A standardized T-RFLP protocol including multiple enzy-
matic digestions and explanatory data analysis has been
shown to provide data that allows for rapid comparison of
bacterial communities in environmental samples relative to
denaturing gel electrophoresis and single strand conforma-

tion polymorphism (Dunbar et al. 2000; Smalla et al. 2007).
Diversity indices are commonly used to interpret T-RFLP
profiles but terminal restriction fragments may represent
more than one species or phylotype leading to a lack of
resolution in biodiversity measurements. The Jaccard
similarity index and redundancy analyses measure differ-
ences in bacterial community diversity between samples
based on the presence of T-RFs among T-RFLP profiles.
Diversity and similarity indices are limited because they
explain the variance of one dependant variable at a time.
This more basic approach is sufficient for some applica-
tions. But most environmental applications of T-RFLP
analysis require interpretation of multiple variables within
the laboratory and environment of interest. In contrast,
RDA allows for resolution of multiple environmental
variables that are nonparametric (Blackwood et al. 2007).
Multivariate analyses were critical for the interpretation of
our T-RFLP profiles that varied due to primer pair,
restriction enzyme, and field plot. Our data were parametric
allowing us to use MANOVA and RDA analyses. All of the
statistical analyses in this experiment employed distance
measures based on the presence of a T-RF in all profiles.
The absence of a T-RF could be due to primer mismatches
or other limitations associated with PCR reactions that are
unrelated to environment conditions (Schütte et al. 2008).
The diversity indices used in this experiment corroborated
the explanatory data analysis revealing greater overall
measures of diversity in sequences amplified with the
63F–1392R primer pair.

Nested multivariate analysis of variance and redundancy
analyses allowed us to resolve differences in T-RFLP
profiles resulting from biological and physiochemical
gradients among field plots. This insured that variation
from factors other than primer pair and restriction enzymes
was not equated with the primer pair employed. Both
multivariate analyses revealed that there were shifts in
prevalent bacterial members on each of the field plots.
Eleven years of consistent land use management in the
Potato Ecosystem Project was expected to limit the
variability of bacterial communities measured among our
field plots. However, redundancy analyses revealed that
diversity of prevalent bacterial community members,
measured via the number and size of T-RFs, varied
significantly among field crop replicates. A number of
studies have utilized ordination analyses to relate changes
in environmental variables such as hydrocarbons, pesti-
cides, bioremediation, and soil properties to shifts in
bacterial community diversity (Muckian et al. 2007;
Schütte et al. 2008; Wick et al. 2010; Widenfalk et al.
2008).

Our research indicates that the 63F–1392R primer pair
provided more complete information with respect to the
bacterial communities present in this potato–barley rotation
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over seeded to crimson clover. Variations in land use
management lead to changes in biological and physiochem-
ical gradients that select for different bacterial community
members. In this study, agronomic management resulted in
the selection of soil bacterial community members that
could not be resolved when the 27F primer pair was
employed with multiple restriction enzymes. Therefore, we
recommend initially utilizing two different sets of primer
pairs specific to the V1–V3 region of the bacterial domain in
conjunction with multiple restriction enzymes to provide a
greater number and diversity of sequences that generate
fragments of varying sizes and rmu across the entire length
of amplicon sequences. This approach will facilitate the
determination of which primer pair and restriction enzymes
provide the greatest coverage of soil bacterial populations
for a given set of management and environmental con-
ditions. T-RFLP profiles coupled with redundancy analyses
can be used as a tool to aid in resolving the efficacy of
current and future domain-specific 16S rRNA gene primers
and determine the impact of environment variables on
bacterial community diversity. The adaptation of existing
domain-specific bacterial primers like 27F to pyrosequencing
ensures that our research is pertinent to fields outside of T-
RFLP analysis.
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