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INTRODUCTION

The study of the diversity of micro-
organisms in the environment has been 
facilitated by the development of DNA 
and RNA amplification procedures (1). 
The diversity of microbial assemblages 
can be investigated by amplification of 
rRNA genes (2,3) or genes involved in 
specific metabolic capabilities, such as 
ammonia oxidation (4), dissimilatory 
nitrate reduction (5,6), and nitrogen 
fixation (7,8). 

Environmental applications of the 
PCR are often hampered by inhibition 
of amplification by the sample matrix, 
and target microorganisms are often 
present in extremely low abundance. As 
a result, high-sensitivity methods such 
as nested PCR and reverse transcription 
PCR (RT-PCR) are often used. Target 
microorganisms often have not been 
previously cultivated (9–11), making it 
difficult to determine if PCR-amplified 
sequences were obtained from the envi-
ronment or from low-level contamina-
tion from sample handling or reagents. 

In environmental studies that target 
previously uncultivated microorganisms, 
there are many potential sources of con-
tamination with microorganisms from 

reagents or laboratory surfaces. Genom-
ic DNA contamination of thermal-stable 
polymerases and other reagents has been 
reported in rRNA studies (12–14). Con-
tamination often remains problematic 
even though a number of procedures can 
be used to eliminate or reduce contami-
nation (12,15–18).

Targeting genes that are not univer-
sally distributed among microorgan-
isms, such as nitrogenase, ammonia 
monooxygenase, or methane monooxy-
genase (4,19,20), would be expected to 
be less prone to contamination from 
laboratory or reagent sources, since 
these genes may not be present in many 
of the microorganisms that are typically 
found in laboratory reagents and en-
zyme preparations. However, we found 
that commercial reagents are routinely 
contaminated with low levels of nitro-
genase genes (nifH, encoding the Fe 
protein) as well as 16S rRNA genes. 

MATERIALS AND METHODS

PCR Reagents

Only commercial water (nuclease-
free; Ambion, Austin, TX, USA) and 
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reagents were used for PCRs and for 
extraction reagent preparation. All 
labware and reagents, except the poly-
merase and primers, were treated with 
UV irradiation in the PCR cabinets 
prior to use. ART® self-sealing barrier 
filter pipet tips (Molecular BioProd-
ucts, San Diego, CA, USA) were used 
for dispensing and transferring all liq-
uids and samples. 

Clean Room Procedures for PCR

Dedicated laboratories and auto-
matic pipets were used for each PCR 
processing step to eliminate contami-
nation with recombinant DNA or PCR 
products during PCR setup. Reagents 
were stored in a dedicated freezer in 
this clean room. Core mixtures for 
both stages of the nested PCR were 
prepared in a pre-PCR clean room, 
which is used only for reagent stor-
age, extraction of environmental 
samples, and PCR core mixture 
preparation. All subsequent steps 
were performed in other laboratories. 
The PCR core mixtures were prepared 
in a dedicated UV PCR cabinet (The 
CleanSpot; Coy Laboratory Products, 
Grass Lake, MI, USA) in the pre-PCR 
room. The core mixtures were closed 
and then transferred to a second UV 
PCR cabinet in the pre-PCR room 
dedicated to the addition of genomic 
DNA or RNA. The tubes were closed 
and removed from the pre-PCR room 
to add the positive control. The other 
tubes were not opened until after the 
first stage of PCR.

After the first stage, the tubes were 
transferred to a separate small labora-
tory dedicated to setting up the nested 
stage of PCR. Samples (1–3 µL) from 
the first stage of the reaction were 
transferred, opening a single tube at a 
time, to the tubes containing the sec-
ond-stage core mixture. The second-
stage core mixture was prepared in the 
pre-PCR room. 

The PCRs, both the first and second 
stages, were performed in instrumenta-
tion laboratories containing the thermal 
cyclers [Techne® Progene (Techne, 
Cambridge, UK); GeneAmp® 5700 Se-
quence Detector or the ABI PCR Sys-
tem 9700 (Applied Biosystems, Foster 
City, CA, USA)]. The tubes were not 
opened in these laboratories.

PCR and RT-PCR Reagents

Since our samples from low pro-
ductivity aquatic systems contain 
relatively low abundances of the target 
microorganisms, both RT-PCR and 
PCR approaches require nested am-
plification steps. The nested RT-PCRs 
in this study were performed with the 
Access RT-PCR system kit (Promega, 
Madison, WI, USA). Nested PCRs to 
detect contamination were performed 
with reagents and enzymes from Pro-
mega (Taq DNA polymerase), Takara 
(ExTaq™; Madison, WI, USA), BD 
Biosciences Clontech (TITANIUM™ 

Taq; Palo Alto, CA, USA), Ambion 
(SuperTaq™), and GeneChoice (Taq-
Complete; Frederick, MD, USA). All 
nifH primers were synthesized and 
purified by polyacrylamide gel elec-
trophoresis (PAGE) and high-perfor-
mance liquid chromatography (HPLC) 
by New England Biolabs (Beverly, 
MA, USA). We have found the use of 
these high-quality primer preparations 
important for successful application of 
these particular primers. 

The RT-PCR protocol we used 
had a combined RT and PCR stage 
involving 40 cycles followed by the 
second nested PCR stage of 30 cycles. 
Therefore, in order to have comparable 
amplification, we also used 40 and 30 
cycles for nested PCR tests to test for 
contamination. 

Nested RT-PCR or PCR

The RT reaction was performed at 
48°C for 45 min, and then the first stage 
of the nested PCR (40 cycles) was initi-
ated with the addition of 2.5 U of Tfl 
DNA polymerase (1 min at 94°C, 1 min 
at 57°C, and 1 min at 72°C). For the 
first stage of the nested RT-PCR, nifH3 
(5′-ATRTTRTTNGCNGCRTA-3 ′) 
and nifH4 (5′-TTYTAYGGNAARG-
GNGG-3′) primers were added in a 50-
µL reaction volume containing 28 µL 
diethylpyrocarbonate (DEPC)-treated 
water, 10 µL avian myeloblastosis virus 
(AMV) 5× buffer, 1 µL AMV reverse 
transcriptase, and 1 µL of sample. For 
the first stage of the PCR, the same 
primers were used, and the polymerase, 
enzymes, and reaction buffers were 
used as suggested by the manufacturer.

After the first stage (of either RT-PCR 
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or PCR), 2 µL of the first stage product 
were added to the second stage of a PCR 
using the nifH1 and nifH2 primers (nifH1: 
5′-TGYGAYCCNAARGCNGA-3′; 
nifH2: 5′-ADNGCCATCATYTCNCC-
3′) (19). Cycling conditions were as for 
the first stage of PCR described above.

16S rRNA Amplification

To determine if contamination of 
reagents included genes other than 
nitrogen fixation genes, experiments 
were also performed using 16S rRNA 
primers using Taq DNA polymerase 
and ExTaq. 16S rRNA primers were 
synthesized by Integrated DNA Tech-
nologies (Coralville, IA, USA). The 
primers were 5′-ACWCCTACGGGW-
GGCAGCA-3′ [forward primer, Esch-
erichia coli positions 338–357, based 
on complement of 355R (21)] and 
5′-CCCGTCAATTCCTTTGAGTTT-
3′ (reverse primer, E. coli positions 
926–906). Cycling conditions were 5 

min at 94°C, followed by 35 cycles 
of 94°C for 0.5 min, 50°C for 0.5 
min, 72°C for 2 min, and a final ex-
tension step for 10 min at 72°C. The 
amplification products were cloned 
and sequenced. Sequences have been 
submitted to GenBank® under acces-
sion nos. AY225105–AY225107 and 
AY333089–AY33310.

Amplification products (approxi-
mately 360 bp long for nifH and about 
600 bp for 16S rRNA) were visualized 
on ethidium bromide-stained 0.8% aga-
rose gels. Amplification products were 
excised from the gels and cloned into 
pGEM®-T vector (Promega) and grown 
in E. coli JM109 competent cells. The 
recombinant plasmids were purified us-
ing QIAprep® Spin Miniprep kits (Qia-
gen, Valencia, CA, USA) and screened 
for inserts by restriction digestion. In-
serts were sequenced using Big Dye™ 
chemistry on an ABI PRISM® 310 or ABI 
3100 automated DNA sequencer ac-
cording to the manufacturer’s protocols 

(all from Applied Biosystems). Repre-
sentative sequences of nifH groups were 
sequenced on both strands.

Sequences were edited using GCG 
software (Wisconsin Package Version 
10.3; Accelrys, San Diego, CA, USA) 
and compared to extant nifH sequences 
in the databases using a nifH database 
(22) maintained in ARB phylogenetic 
database software (23). Phylogenetic 
trees of nifH DNA sequences contain-
ing all closely related sequences and 
sequences of major representative 
groups were constructed by neigh-
bor-joining using ARB (http://www.
arb-home.de/). 

Experiments

Once contamination was suspected in 
the reagents, procedures were initiated to 
attempt to reduce contaminating DNA in 
reagents by ultrafiltration using dispos-
able centrifugal filter units. Core reagents 
and water were purified with 300,000, 
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100,000, 30,000, 10,000, or 5000 nomi-
nal molecular weight limit (NMWL) 
cartridges (Millipore, Billerica, MA, 
USA). These could not be used to purify 
the enzyme preparations or core mixtures 
with enzyme added, because these filters 
would retain the enzymes. Ultrafiltration 
of some of the reagents was found to 
reduce contamination, but not eliminate 
it (data not shown), thus restriction diges-

tion was also tested to see if contamina-
tion could be reduced further.

Restriction digestion (12) was used 
in conjunction with ultrafiltered aque-
ous reagents to reduce contamination 
in reagents and enzymes. After the 
polymerase was added to the PCR 
core mixture with enzyme (2.5 U/50-
µL reaction), the PCR core mixture 
was subjected to restriction enzyme 

Figure 1. Amplification of nifH in reagent blanks (negative controls) and samples and the effect 
of ultrafiltration (A) and restriction digestion (B) on reagent contamination. (A) Taq DNA poly-
merase using unfiltered reagents (lanes 1–6), compared to amplification after ultrafiltering core reagents 
(lanes 7–14). Core reagents without primer and enzyme were filtered through 10,000 NMWL filter, 
subsequently filtered through 30,000 NMWL after adding primers, and then the Taq DNA polymerase 
was added. Lane 1, molecular weight marker pGEM; lanes 2 and 7, positive control Paenibacillus azoto-
fixans; lanes 3 and 8, positive control Guerrero Negro microbial mat; lanes 4, 5, 9, and 10, Pacific Ocean 
samples; and lanes 6 and 11–14, negative controls (no addition). (B) Reduction of contamination using 
AluI restriction enzyme digestion of core reagents and enzyme prior to amplification of nifH from DNA 
samples indicated. Molecular weight markers (pGEM) are in lanes 1 and 24. 
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digestion with enzymes that have 4-bp 
recognition sites. Three enzymes were 
tested (AluI, DdeI, RsaI), and AluI was 
found to be the most effective. The core 
reaction was digested for 120 min with 
1.25 U AluI/50-µL reaction, and then 
the restriction enzyme was inactivated 
at 65°C for 25 min. 

Environmental samples from Mono 
Lake, Chesapeake Bay, and the Guerrero 
Negro microbial mats were processed us-
ing restriction digestion (AluI digestion of 
first stage core mixture with polymerase) 
and ultrafiltration (30-kDa filtration of 

core for second stage) of reagents. After 
amplification, amplification products 
were cloned and sequenced to see if 
contaminant sequences were present after 
digestion of the reaction buffers prior to 
adding sample DNA.

RESULTS AND DISCUSSION

For the past several years (2000–
2003), we have often observed con-
tamination of negative control treat-
ments (filtered, nuclease-free water) 

and no-RT (no reverse transcriptase 
added as control for RT-PCR) controls 
when applying nested PCR protocols 
to examine the diversity of nifH-con-
taining microbes in the environment. 
Amplification in reagent blanks and 
no-RT controls was intermittent and 
was associated with nested procedures 
(PCR and RT-PCR). Sometimes con-
tamination was apparent in no-RT con-
trols, but not in RT samples, probably 
due to the inhibition of the PCR by the 
presence of reverse transcriptase (24). 
Contamination was rarely observed 
after only 35–40 cycles (a single stage 
PCR with the nifH primers), but was 
often evident after nested protocols 
involving a first stage of 30–40 cycles 
and a second stage of 30 cycles. 

The contamination was observed 
when experiments were performed in 
another laboratory in a different build-
ing on the University of California, 
Santa Cruz (UCSC) campus (data not 
shown) and with enzyme and reagents 
from different manufacturers. The con-
tamination was reduced when PCR re-

Figure 3. Amplification of nifH from negative 
controls (commercial reagents) and samples 
collected in December 2002 from station 
ALOHA of the Hawaii Ocean Time series. Ar-
row indicates 359-bp nifH amplification product. 
Lane 1, molecular weight marker; lanes 2 and 3, 
reagent blanks (negative controls); lanes 4 and 5, 
200 m depth; lanes 6 and 7, 100 m depth; and 
lanes 8 and 9, 5 m depth.  Composition of clone 
libraries from negative controls (reagents only) 
and samples from 200, 100, and 5 m are shown 
as pie charts below the gel lanes. Grey shading 
indicates proportion of library composed of con-
taminant sequences (99% identical to sequence 
from uncultivated forest soil bacterium VF003), 
showing that the blank was entirely composed of 
the contaminant sequence type. 

Figure 2. Neighbor joining tree of representative partial nifH sequences obtained from reagent 
blanks using closely related sequences from GenBank. Sequences >98% identical to the indicated 
contaminant nifH sequences were recovered in cloned nifH amplification products by six different re-
searchers over the period 2000–2003. Each sequence on tree represents typically 12 clones from each 
blank that were partially sequenced on one strand for identification purposes. Contaminant sequence 
type related to soil bacterium VF003 was initially recovered in 2000, recovered sporadically in experi-
ments during 2001 and 2003, and was again found in 2003 in reagents from the same manufacturer (see 
Figure 3). Bootstrap values greater than 50% (of 100 replicates) are indicated at the respective nodes of 
the tree. Letters A, B, C, and D represent different reagent manufacturers.
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agents were filtered through ultrafilters 
that excluded molecules greater than 
100,000 MW (Ultrafree® Centrifugal 
Filtration Unit, 100,000 NMWL, 0.5 
mL volume; Millipore) (Figure 1A). 
These ultrafilters should theoretically 
exclude DNA molecules larger than 
approximately 150 bp in length, which 
should exclude the 359-bp product in 
these PCR experiments. 

To further reduce contaminating 
genomic DNA in enzymes and reac-
tion buffers, restriction enzyme diges-
tion was performed on the PCR core 
mixtures prior to adding genomic DNA 
(12). Of the three enzymes tested, AluI 
appeared the most effective in reduc-
ing amplification in negative controls 
(Figure 1B). The digestion of PCR core 
mixtures using AluI was also tested with 
several positive controls and on samples 
from a variety of environments (Mono 
Lake, Chesapeake Bay, Pacific Ocean, 
and the Guerrero Negro microbial mats). 
Amplification efficiency was reduced in 

samples treated by restriction digestion 
(Figure 1B). However, the contaminant 
sequences (which are sequences ≥99% 
identical to the uncultivated forest soil 
bacterium VF003 sequence) were ob-
tained only in clone libraries where the 
reagents were not treated by digestion. 
For example, amplification of samples 
from the Chesapeake Bay with reagents 
that had not been treated by restriction 
digestion produced clone libraries that 
had 5 out of 13 sequences that were 
97%–99 % identical on the DNA level 
to the contaminant sequences. However, 
when the PCR core mixtures were treat-
ed by restriction digest with AluI, none 
of the contaminant sequences were ob-
tained from clone libraries constructed 
from these same samples. 

The RT-PCR and PCR contaminant 
amplification products were cloned 
and sequenced (initially from several 
different experiments run in February, 
July, September, and October 2000) 
to compare to nifH sequences from 

cultivated nitrogen-fixing microorgan-
isms and sequences previously ampli-
fied in our laboratory. In subsequent 
experiments (involving more than five 
different researchers over the course 
of 3 years), clone libraries from blanks 
were composed of a single sequence 
type, but the sequence type differed 
depending upon the manufacturer of the 
reagents (enzyme kits) used (Figure 2). 
Two main groups of sequences were ob-
tained that clustered with α-proteobac-
teria nifH sequences (Figure 2). Some 
of the sequences obtained were virtually 
identical (>98% identical at nucleotide 
level) to a few sequences reported from 
aquatic and soil environments (25–27). 

The contaminant sequence types 
were found in clone libraries from 
environmental samples, particularly if 
the sample was from an oligotrophic 
environment. As an example, in recent 
experiments involving analysis of 
samples from the oligotrophic Pacific 
Ocean, contaminant sequences (99% 
identical to sequences from uncul-
tivated soil bacterium VF003) were 
found in the clone libraries generated 
from 5, 100, and 200 m (Figure 3). 
However, the percentage of the clone 
library composed of the contaminant 
sequences decreased (from 100% in the 
blank) as the amplification product de-
rived from the sample increased (Fig-
ure 3). The 5-m sample had the stron-
gest amplification, and the contaminant 
sequences were the smallest fraction of 
the clone libraries (Figure 3). The con-
taminant sequences were only rarely 
recovered from environments with high 
concentrations of nitrogen-fixing mi-
croorganisms (Mono Lake, microbial 
mats, and the Chesapeake Bay) and 
present less of a concern in samples 
from environments with abundant tar-
get microorganisms.

Since the contamination was inter-
mittent, obtained from different suppli-
ers, and was reduced only by ultrafil-
tration or restriction digestion, the most 
likely and best supported explanation 
for the source of the contamination 
was the reagents used for nested PCR 
and RT-PCR. 16S rRNA genes were 
also amplified, cloned, and sequenced 
from negative controls containing only 
commercial reagents. The sequences 
of the contaminating 16S rRNA genes 
showed that there was DNA from di-
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verse contaminating microorganisms 
as well as human mitochondrial DNA. 
Sequences greater than 96% identical 
(BLAST, www.ncbi.nlm.nih.gov) to 
16S rRNA sequences from Acinetobac-
ter, Propionibacterium, Staphylococ-
cus, Actinomyces, human mitochon-
dria, Stenotrophomonas, and Delftia 
were obtained. Interestingly, Stenotro-
phomonas was previously reported to 
be a biofilm contaminant in high purity 
water systems (28). Some of the se-
quences were virtually identical to se-
quences reported from environmental 
samples, suggesting that contaminant 
sequences probably have been reported 
in other studies. 

Our results suggest that PCR re-
agents may contain diverse DNA frag-
ments that include nitrogenase genes. 
Amplification of reagent blanks with 
16S rRNA primers, which amplify a 
larger fragment size than used in our 
16S rRNA experiment (approximately 
1500 bp), had reduced levels of con-
tamination after ultrafiltration of re-
agents, suggesting that contaminating 
DNA is relatively small (perhaps <1 
kb) (data not shown). 

Ultrafiltration was not completely 
effective in eliminating contamination, 
and it cannot be used for purifying en-
zymes because the molecular mass of 
the enzyme precluded size exclusion 
of amplifiable DNA fragments. It may 
be difficult to completely eliminate 
DNA contamination by ultrafiltration 
of reagents, since at least some of the 
contaminating DNA is degraded DNA 
fragments. Even using ultrafiltration 
to purify the reagents and the enzyme, 
we found DNA sequences 96%–99% 
identical to sequences recovered by 
amplification, cloning, and sequencing 
from negative controls (cluster contain-
ing sequences from PCR contaminant 
on Sept 11, 2000, AY225105, and un-
cultivated forest soil clone VF003 from 
GenBank) (Figure 2). 

Contaminating genomic DNA, 
which contains a variety of genes in 
addition to 16S rRNA, can be present 
in commercial reagents. Recent reports 
indicate that high purity water systems 
contain biofilms of microorganisms 
that include nitrogen-fixers (28). Most 
sterilization purification procedures 
will not completely eliminate mi-
croorganisms (such as filtration with 

0.2-µm pore size filters) or fragmented 
DNA (filtration or sterilization). UV 
treatment, although effective, is not 
necessarily 100% effective (12) and 
is dependent on intensity of irradiance 
and the geometry and composition of 
the container. Thus, biofilms in labora-
tory water supplies can easily result in 
DNA contamination of water used in 
reagent preparation, including buffers, 
enzymes, and oligonucleotides. We 
found that specific contaminants could 
reflect sources (manufacturers) of re-
agents (Figure 2). However, this does 
not necessarily have to be consistent, 
as the source biofilms in water supplies 
(or equipment used in reagent contami-
nation, such as liquid chromatography 
supplies) undoubtedly change with 
time (both in level of contamination 
and composition of microorganisms), 
and so the connection between supplier 
and contaminant sequences should not 
be considered robust.

The low-level contamination does 
not represent a serious concern for 
many applications of the PCR, since 
most studies use lower numbers of 
PCR cycles or target specific genes 
or organisms. However, the sporadic 
nature of contamination due to the 
high amplification of PCR should raise 
concern in all studies involving large 
numbers of amplification cycles, and 
contaminant sequences are likely to be 
reported not only in diversity studies of 
nifH and 16S rRNA genes but in other 
genes as well. 

It should be noted that reagent con-
tamination is often low enough not to 
be visualized on gels or to appear in a 
single negative control. Contaminant 
sequences can still appear as transient 
sequences in clone libraries, even un-
der these situations, and can appear 
as sporadic amplification in samples, 
blanks, and controls, such as the no-
RT control often used in RT-PCR. 
However, once contaminant sequence 
types have been recognized as possible 
reagent contaminants, they can be 
eliminated from sequence analysis in 
diversity studies, unless related micro-
organisms are also expected to exist in 
the natural environment.

In conclusion, it is important to 
be aware of the sequences that may 
be present in reagents, so that these 
sequences can be identified in clone 

libraries. It is hoped that these results 
will highlight the potential for contami-
nation of amplification libraries and 
nucleic acid sequence databases with 
sequences derived from commercial 
reagents. Perhaps these findings, along 
with the results of previous studies 
(12), will encourage manufacturers to 
find ways of further purifying reagents 
for environmental and even biomedical 
applications. 
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