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Introduction

The role of the indigenous microbiota in human health and 
disease has received a great deal of attention in the last decade. 
Gnotobiotic (from the Greek roots gnotos, “known,” and bios, 
“life”) rodents, reared under germ-free (GF) conditions, with or 
without subsequent exposure during postnatal life or adulthood 
to single or combinations of microbial species, provide an excel-
lent system for controlling microbial community composition 
and housing conditions. Gnotobiology has greatly facilitated our 
understanding of the contribution of commensal bacteria to host 
developmental, physiologic and pathophysiologic processes.1 It 
has revealed some of the operating principles that underlie host-
microbial and microbial-microbial relationships, including the 
discoveries that commensal bacteria affect the structure of muco-
sal surfaces and contribute to the development, organization and 
function of the immune system.2-5

It is now known that individual bacterial members and bacte-
rial products of the commensal microbiota6-8 have the potential 

Gnotobiotic rodents provide an important technique to study the functional roles of commensal bacteria in host 
physiology and pathophysiology. To ensure sterility, these animals must be screened frequently for contamination. The 
traditional screening approaches of culturing and Gram staining feces have inherent limitations, as many bacteria are 
uncultivable and fecal Gram stains are difficult to interpret. Thus, we developed and validated molecular methods to 
definitively detect and identify contamination in germ-free (GF) and selectively colonized animals. Fresh fecal pellets 
were collected from rodents housed in GF isolators, spontaneously contaminated ex-GF isolators, selectively colonized 
isolators and specific pathogen-free (SPF) conditions. DNA isolated from mouse and rat fecal samples was amplified 
by polymerase chain reaction (PCR) and subjected to quantitative PCR (qPCR) using universal primers that amplify the 
16S rRNA gene from all bacterial groups. PCR products were sequenced to identify contaminating bacterial species. 
Random amplification of polymorphic DNA (RAPD) PCR profiles verified bacterial inoculation of selectively colonized 
animals. These PCR techniques more accurately detected and identified GF isolator contamination than current standard 
approaches. These molecular techniques can be utilized to more definitively screen GF and selectively colonized animals 
for bacterial contamination when Gram stain and/or culture results are un-interpretable or inconsistent.
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to carry out striking immunomodulatory functions. Perhaps not 
unsurprisingly then, the microbiota also heavily contributes to 
inflammatory,9-13 autoimmune,14 metabolic,11,15,16 neoplastic,17 
functional18-20 and treatment-induced21,22 disorders.

GF rodents, which possess no bacteria, yeast, molds, para-
sites or viruses, except retroviruses, are the foundation of gno-
tobiology and provide a critical approach for characterizing the 
properties of the human gut microbiota. GF animals are derived 
by sterile caesarian section or embryo transfer and maintained 
in sterile isolators. These animals can be selectively inocu-
lated with various microbial species, either singly (monoasso-
ciation) or in combination, to study their effects on the host. 
Once colonized, these rodents must be maintained in barrier 
intact isolators with positive pressure filtered air and sterilized 
bedding, food and water to avoid contamination with bacte-
ria, as occurs rapidly in rodents maintained in conventional 
filter top cages. Maintaining these animals requires compul-
sively maintained sterile technique, with periodic monitoring  
for contamination.
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PCR and quantitative PCR (qPCR) screening of gnotobiotic iso-
lators for contamination have not been described to date.

In this study, we outline techniques, programs and condi-
tions that we optimized for screening gnotobiotic isolators for 
contamination utilizing PCR and qPCR assays with templates of 
murine fecal DNA and universal 16S rRNA primers that detect a 
broad range of bacterial species, as well as molecular sequencing 
of the 16S rRNA amplicons to identify contaminating bacterial 
species. Our PCR protocol is able to detect contamination in GF 
animals, but not in animals that have been deliberately colonized 
with selected microorganisms, as amplification of the 16S rRNA 
gene results in one band when the PCR products are run on a 
polyacrylamide gel.

Therefore, to screen selectively colonized animals for bac-
terial contamination, we utilized random amplification of  
polymorphic DNA (RAPD) PCR. It has been suggested that 
with meticulous optimization of DNA concentrations, PCR 
conditions and reagents, RAPD PCR can be a reliable, sensitive 
and reproducible assay to generate high quality genomic DNA 
profiles from various bacterial strains.29 Recently, RAPD PCR 
has been used to profile and discriminate different strains of 
Staphylococcus aureus,30 Bacillus cereus,31 Klebsiella pneumoniae,32 
Lactobacillus paraplantarum,33 and Enterococcus species.34 
However, there are only a few reports of RAPD PCR being con-
ducted on bacteria isolated from fecal samples,35 with two studies 
reporting the typing of Bacillus subtilis36 and Lactobacillus spe-
cies37 from the human gastrointestinal (GI) tract using RAPD 
PCR.

Here we describe our application of RAPD PCR, in addition 
to more classic PCR methods to evaluate the gnotobiotic and 
GF status respectively of our experimental rodents. Gnotobiotic 
facilities may use these techniques to screen isolators for bacterial 
contamination at their own institutions, as we currently do at 
the National Gnotobiotic Rodent Resource Center (NGRRC) at 
UNC-Chapel Hill (UNC).

Results

Spectrophotometry. Following isolation of DNA from rodent 
fecal samples, total fecal DNA concentrations were measured 
using spectrophotometry (Fig. 1). While there were significant 
differences between DNA concentrations in putative GF fecal 
samples and spontaneously contaminated ex-GF fecal samples 
(p = 0.0002), an overlap in DNA concentrations between these 
two groups rendered spectrophotometry insufficient for sterility 
screening. Differences between fecal DNA concentrations from 
putative GF and monoassociated or SPF mice were also statisti-
cally significant (p < 0.0001), and we did not observe any overlap 
with DNA concentrations obtained from GF mouse feces. When 
the DNA extraction protocol was run using sterile water or no 
sample, DNA concentrations were between 2–7 ng/μl.

Detection of bacterial contamination of GF animals using 
16S rRNA PCR. DNA isolated from GF, gnotobiotic and SPF 
fecal samples served as templates in PCR assays amplifying the 
16S rRNA gene. We blindly screened samples obtained from nine 
isolators at the NGRRC with PCR. The PCR results after gel 

The accuracy and reproducibility of gnotobiotic experimen-
tal results depend on maintaining precise microbial conditions 
within each isolator with exclusion of undesired external organ-
isms. This is achieved with double-sided entry ports, sleeved 
gloves, a continuous flow of filtered air and complete sterilization 
of all materials entering the isolator. However, this unique system 
is highly labor intensive and vulnerable to contamination. Any 
interruption in air flow, incomplete sterilization of food, water or 
bedding, (due to an undetected autoclave malfunction, for exam-
ple), or breach in the integrity of the isolator walls, entry ports, 
filters, sleeves or gloves that are used to manipulate the animals 
will jeopardize isolator sterility.

Hence, screening of gnotobiotic units for contamination must 
be performed on a routine basis. The traditional approach to 
screening relies on aerobic and anaerobic bacterial and fungal 
culturing with or without Gram staining.23-26 However, these 
methods have considerable limitations. First, many bacteria in 
the mammalian gut microbiota are not easily cultured in a labo-
ratory, mainly owing to the lack of appropriate culture media and 
methods.27 Second, identifying contaminating organisms can be 
quite tedious and difficult by culture techniques. Finally, the 
interpretation of fecal Gram stains, which is often complicated 
by the presence of distracters such as dietary vegetable fibers, 
fecal matter and dead bacteria present in autoclaved or irradi-
ated chow, can be extremely challenging even to experienced 
observers.

Consequently, we have optimized molecular polymerase chain 
reaction (PCR)-based techniques for the specific purpose of 
screening for and identifying bacterial contamination of gnotobi-
otic animals with maximal sensitivity and specificity. 16S rRNA 
(rRNA) sequencing has been utilized to survey bacterial species 
within the microbiota and the potential for using 16S rRNA 
PCR to verify GF status was recently mentioned in the literature 
for the first time.28 However, the methods to carry out 16S rRNA 

Figure 1. Fecal DNA concentrations as measured by spectropho-
tometry. The fecal DNA concentrations in putative germ-free (GF) 
rodents, represented by diamonds in the second lane from the left, are 
significantly different from fecal DNA concentrations in spontaneously 
contaminated ex-GF rodents (squares; middle lane). However, there 
was slight overlap in the respective fecal DNA concentrations between 
these two groups. This rendered spectrophotometry insufficient as a 
screening tool for bacterial GF contamination. Differences in fecal DNA 
concentrations between putative GF and monoassociated (circles; sec-
ond from right) and specific pathogen-free (SPF) (diamonds; far right) 
mice were also significant. No sample, DNA extraction protocol run 
without sample present; contam., spontaneously contaminated, ex-GF; 
mono., monoassociated; *p = 0.0002; **p = 0.0001.
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amplified to detectable levels in the 30 GF fecal samples that 
were also screened with PCR (Fig. 3). Meanwhile, spontaneously 
contaminated ex-GF samples identified by PCR, (from isolators 
#200, #100 and #196 from UNC and isolator #4 at NC State), 
SPF samples (5 samples included in PCR screening plus 5 addi-
tional samples) and selectively colonized samples (samples from 
dual-associated isolator #158 and monoassociated isolators #106 
and #112 at UNC shown in PCR gels, along with a sample from a 
fourth monoassociated isolator at UNC not screened with PCR) 

electrophoresis revealed contamination in an isolator previously 
thought to be GF, (Fig. 2A, isolator 200; lane marked with a “C” 
for “contaminated”), because microbial culturing techniques and 
Gram stains of fecal samples derived from mice in this isolator 
did not reveal the contamination. The prominent PCR band 
from the fecal sample DNA from the contaminated isolator 
was approximately the same size and at least as dense as those 
from the positive control mice that were dual-associated with  
E. coli NC101 and E. faecalis OG1RF, (Fig. 2A, isolator 158; 
lane marked “D” for “dual-associated”), or from mice colonized 
with specific pathogen-free (SPF) bacteria. The seven remain-
ing fecal DNA samples collected from mice housed in putative 
GF isolators did not reveal 16S rRNA sequence amplification  
(Fig. 2A, isolators 124, 136, 166, 168, 180, 186 and 198; lanes 
marked by asterisks for GF) and Gram stain and cultures of 
feces from animals in these isolators likewise revealed no bacte-
rial growth. It should be noted that there is a larger, much less 
intense band from isolator #200 as well, although we are unsure 
of its origin. We speculate that it could be random amplification 
of bacterial or mammalian DNA. We did not see this second 
amplicon from any other samples shown in Figure 2 or in any 
samples not included in this study.

We then blindly screened 10 additional NGRRC isolators 
using PCR and included samples in our assay from isolators 124 
and 180 that had previously been shown with PCR to be GF, in 
order to show that our screening results were reproducible and 
also to serve as negative controls. Fecal DNA samples derived 
from mice housed in four gnotobiotic isolators produced detect-
able amplicons using the 16S rRNA PCR assay, including two 
isolators that contained experimentally monoassociated mice, 
(Fig. 2B, isolators 106 and 112; lanes marked “M” for “mono-
associated”) and two ex-GF isolators that had been recently 
determined to be contaminated by traditional culture and Gram 
staining (Fig. 2B, isolators 100 and 196; lanes marked “C” for 
“contaminated”). The eight remaining fecal DNA samples col-
lected from mice housed in putative GF isolators did not reveal 
visually detectable 16S rRNA amplification (Fig. 2B, isolators 
102, 124, 134, 180, 182, 190, 194 and 202; lanes marked by 
asterisks for GF), and Gram stain and cultures of feces from mice 
in these isolators verified the lack of presence of bacteria in these 
animals.

Next, we blindly screened 14 mouse and two rat isolators at 
the Gnotobiotic Animal Core (GAC) at North Carolina State 
University (NCSU). Using 16S rRNA PCR, we confirmed the 
GF status of 15 of these isolators, (Fig. 2C, mouse isolators 1–3 
and 5–14 and rat isolators 1–2; lanes marked by asterisks for 
GF), as well as the contaminated status of a known spontane-
ously contaminated ex-GF isolator (Fig. 2C, mouse isolator 4; 
lane marked by “C” for “contamination”). Cultures of fecal sam-
ples taken from mice in these isolators provided the same results 
as PCR.

qPCR quantitation of bacterial levels in experimental mice. 
To validate our PCR assay, we also used a qPCR assay to deter-
mine levels of bacteria in NGRRC and GAC gnotobiotic fecal 
samples by quantifying copies of the 16S rRNA gene per micro-
gram of fecal DNA. We found that the 16S rRNA gene was not 

Figure 2. Agarose gel electrophoresis of PCR products of DNA isolated 
from rodent feces. (A) 8 National Gnotobiotic Rodent Resource Center 
(NGRRC) isolators that were thought to be GF were screened with 16S 
rRNA (rRNA) polymerase chain reaction (PCR) of mouse fecal DNA. 
Bacterial contamination was detected in isolator 200. Dual-associated 
mouse fecal DNA from isolator 158, SPF mouse fecal DNA and Escherich-
ia coli genomic DNA served as positive controls for these PCR assays. 
(B) 12 NGRRC gnotobiotic isolators were blindly screened with 16S 
rRNA PCR of mouse fecal DNA. Fecal DNA isolated from mice from four 
isolators amplified: Fecal DNA from mice in isolators 106 and 112, which 
were subsequently revealed to be monoassociated and fecal DNA from 
mice in isolators 100 and 196, which were ex-GF isolators that had been 
recently determined to be spontaneously contaminated. SPF mouse 
fecal DNA and E. coli genomic DNA served as positive controls for these 
PCR assays. (C) 14 mouse (lanes marked 1–14) and two rat (lanes marked 
Rat1 and Rat2) isolators at the Gnotobiotic Animal Core (GAC) of the 
Center for Gastrointestinal Biology and Disease (CGIBD) at North Caro-
lina State University were blindly screened with 16S rRNA PCR of rodent 
fecal DNA. The GF status of 15 of these isolators was confirmed, as was 
the recently-contaminated status of ex-GF isolator #4. E. coli genomic 
DNA served as positive controls for these PCR assays. STD, 100 base pair 
ladder; *, GF; C, spontaneously contaminated ex-GF; D, dual-associated; 
E. coli, E. coli genomic DNA; H20, water negative control template; M, 
monoassociated.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

364	 Gut Microbes	 Volume 4 Issue 5

method to determine the number of bacterial species colonizing 
an animal.

Chow PCR. To address the possibility that dead bacteria from 
autoclaved or irradiated chow may pass through the GI tract of 
GF animals and cause false positives when screening these ani-
mals for bacterial contamination using 16S rRNA PCR of fecal 
DNA, we sought to determine whether or not bacterial DNA 
that may or may not be present in food sources might be detect-
able by PCR. We tested several types of chow used in various 
NGRRC isolators using PCR. We did not detect the 16S rRNA 
gene from these samples with PCR (Fig. 5A) or qPCR (Fig. 5B) 
assays.

Identification of contaminating bacterial species by 16S 
rRNA sequencing. The bacterial species contaminating GF 
mice were identified by sequencing 16S rRNA gene PCR prod-
ucts (Table 1). We were able to identify Staphylococcus len-
tus as the organism contaminating formerly GF isolator 4 and 
Paenibacillus glucanolyticus as the organism contaminating 
formerly GF isolator 100. We also identified what may be the 
aerobic Gram positive rod Bacillus simplex as the contaminant 
in ex-GF isolator 196, which is included in Figure 2B and in 
isolator 184, which was not included in our molecular screening. 
However, as shown in Table 1, the percent homology for these 
two sequences were only 94% and 95%, and coupled with the 
fact that one of the sequences is relatively short, we are unable 
to identify this particular organism with a high degree of confi-
dence. By base pair (bp) match length, we refer to the number of 
bases that are shared between the sequence from the given DNA 
sample and the known 16S rRNA sequence of a bacterial species 
of note. Though weight of fecal samples and DNA concentra-
tions are normalized and the DNA extractions are performed 
the same way each time with the same reagents, volumes, stor-
age procedures, etc. we frequently see slight differences in read 
lengths that are probably related to the protocol and the quality 
of the DNA that remains at the end of purification. This explains 
the slightly different bp match lengths and percent homology 
that we see for the two samples that are both presumed to be  
B. simplex. Monoassociated mice were confirmed to be exclu-
sively colonized with E. coli.

Detection of bacterial contamination in selectively colo-
nized animals using RAPD PCR. RAPD fingerprinting 
revealed unique, reproducible fingerprints for DNA isolated 
from pure cultures of several strains of E. coli, as well as from 
several Lactobacillus, Pseudomonas and Staphylococcus species, 
Klebsiella pneumoniae, Listeria monocytogenes and Salmonella 
typhimurium (not shown). Unique RAPD fingerprints of DNA 
isolated from pure cultures of E. coli NC101, E. coli K12, E. fae-
calis OG1RF and Bacteroides vulgatus exhibited a high degree of 
similarity to fingerprints of fecal DNA from rodents monoasso-
ciated with each of these bacterial strains (Fig. 6A). Inoculation 
of E. coli NC101 monoassociated mice with E. faecalis OG1RF 
(and vice versa) was easily determined using this fingerprinting 
technique. The RAPD PCR profile of DNA isolated from E. coli 
NC101/E. faecalis OG1RF dual-associated mice was similar to 
that of DNA isolated from 50/50 and 75/25 mixtures of pure 
cultures of E. coli NC101 and E. faecalis OG1RF (Fig. 6B). The 

contained 107–108 copies of the 16S rRNA gene per microgram 
of fecal DNA (Fig. 3).

Melting curves from qPCR assays provide valuable informa-
tion about the specificity of the qPCR assay. Melting curves 
from our qPCR assays revealed that true amplification of 
the 16S rRNA gene occurred at melting temperatures of 83° 
to 87°C (Fig. 4B–D). No melting curve from GF samples is 
seen at these melting temperatures (Fig. 4A). Finally, the two 
peaks seen in the melting curves of dual-associated fecal DNA 
samples (Fig. 4C) most likely represent the individual melting 
curves of the 16S rRNA PCR products of DNA from the two 
organisms that were deliberately introduced to GF mice, E. coli 
NC101 and E. faecalis OG1RF. While melting curves provide 
information about qPCR assay specificity, they are not a reliable 

Figure 3. Bacterial levels in gnotobiotic rodent fecal samples de-
termined by qPCR. Quantitative PCR (qPCR) assays were utilized to 
determine bacterial levels in gnotobiotic fecal samples by quantitating 
copies of the 16S rRNA gene per microgram of fecal DNA. The 16S rRNA 
gene was not amplified to detectable levels in GF mice (n = 30). There 
were on the order of 107–108 copies of the 16S rRNA gene per micro-
gram of fecal DNA in spontaneously contaminated ex-GF mice  
(n = 4), SPF mice (n = 10) and selectively colonized mice (n = 4). BDL, be-
low detectable limits; contam., contaminated ex-GF; sel. col., selectively 
colonized; H20, water negative control template.

Table 1. Bacterial species contaminating GF isolators were identified by 
sequencing 16S rRNA PCR products

Isolator Species

Identification

BP match

length

Percent 
alignment

4 Staphylococcus lentus 864 98

100 Paenibacillus

glucanolyticus

876 97

184 Bacillus simplex 654 94

196 Bacillus simplex 826 95

106 Mono-associated

(+ control)

Escherichia coli 620 94

Amplicons of PCR primers that detect 16S rRNA from all bacterial species 
(universal primers; see methods section) were sequenced using Sanger 
sequencing.
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and sequencing of animal fecal DNA should be performed to 
determine the identity of the contaminating microbes.

RAPD PCR can also assist in the more difficult detection of 
contamination in selectively colonized isolators. Detection of 
contamination in GF isolators is relatively straightforward with 
our proposed PCR and qPCR techniques. However, our study 
reveals that in mice colonized with one or two bacterial species, 
the microorganism(s) reach densities in the GI tract approaching 
that of the complex microbiota in SPF mice. Therefore, quanti-
fying levels of fecal bacteria alone is not sufficient to determine 
whether or not contamination of a selectively colonized isolator 
has occurred. However, we have shown that RAPD PCR can be 
used to screen selectively colonized animals for contamination. 
RAPD PCR gels showing DNA from several bacterial species 
can be quite complex, but we are confident that based on careful 
scrutiny, one can discriminate between 4 bacterial strains that are 
mixed together based on their unique RAPD fingerprints.

The advantages of using these molecular techniques com-
pared with traditional culture and Gram stain approaches used to 
screen for contamination are many, including increased sensitiv-
ity in detecting anaerobic or uncultivable contaminants and more 
objective results that do not depend on Gram stain interpreta-
tion. These techniques also provide a definitive determination 
of the presence or absence of contamination, thereby preventing 
use of contaminated animals in scientific studies with subsequent 
wasted resources and results that cannot be interpreted. Finally, 
these methods permit the identification of contaminating bacte-
rial species. The major disadvantages of these molecular methods 
are that they do not provide instantaneous results and they are 

7 bacterial strains belonging to the 
simplified humanized microbiota 
(SIHUMI) cocktail demonstrated 
unique fingerprints. Each of these 
fingerprints was clearly identifiable 
when up to 4 constituent strains were 
mixed. RAPD PCR fingerprints of 
mixtures of E. coli LF82, R. gnavus 
ATCC 29149, E. faecalis OG1RF and 
B. longum ATCC 15707 are shown in 
Figure 7.

Discussion

The current primary methods of 
screening at most gnotobiotic facili-
ties are culture and Gram staining, 
and while the advantages of these 
methods are that they are fairly inex-
pensive and provide instantaneous 
results in the case of Gram staining, 
more objective and sensitive molecu-
lar methods of detecting gnotobiotic 
contamination are needed. In this 
study, we describe methods to isolate 
DNA from fecal samples of gnotobi-
otic rodents and screen for contami-
nation using PCR and qPCR assays. The strategies we have 
developed use PCR assays with universal 16S rRNA primers as 
an initial screen for gnotobiotic contamination and 16S rRNA 
qPCR as a means to confirm contamination by determining 
fecal bacterial concentrations in gnotobiotic animals. We have 
optimized conditions for these PCR and qPCR assays, includ-
ing 10 ng DNA loading used in conjunction with 25-cycle PCR 
assays. Importantly, DNA isolated from chow did not amplify 
with these conditions nor did documented GF feces show posi-
tive results.

Using 16S rRNA PCR product sequencing, we identified 
an organism that may be Bacillus simplex contaminating two 
isolators previously judged to be GF. These discordant results 
illustrate the insensitivity and difficulty in interpretation of tra-
ditional culture and Gram stain screening methods. We vali-
dated our PCR method by blindly identifying E. coli that had 
been deliberately introduced into ex-GF isolators to monoasso-
ciate mice and also by identifying bacterial species in two iso-
lators determined by Gram stain and/or culture results to be 
contaminated. Identifying contaminating species can be use-
ful in determining the source of contamination, potentially 
preventing future breaches in sterility and in investigating the 
biological effects or pathogenicity of a contaminating bacterial 
species. For example, we postulate that contamination in isola-
tor 4 by Staphylococcus lentus, a common skin organism, arose 
from a leak in a glove, while the contamination by spore form-
ers B. simplex and Paenibacillus glucanolyticus originated from 
an autoclave malfunction. If multiple, unknown contaminants 
exist in a previously GF or selectively colonized isolator, cloning 

Figure 4. 16S rRNA qPCR melting curves from gnotobiotic and SPF mouse fecal DNA. Melting curves 
from qPCR assays reveal that true amplification of the 16S rRNA gene occurs at melting temperatures of 
83° to 87°C (B–D). No amplification from GF mouse fecal DNA is seen at these melting temperatures (A).
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mucosally-associated intestinal bacteria are not 
shed continuously in feces, with resultant insensi-
tive monitoring of feces for bacterial contamina-
tion. Thus, sampling frequency absolutely plays 
an important role in detecting contamination, 
whether conventional or molecular techniques 
are utilized for screening.

While most microorganisms in the intestine 
are bacteria, members of Eukarya and Archaea 
are also present.38 Abundant and diverse fungi 
have been identified in the murine intestine,39 
and 0.8% of 536,112 unique genes identified in a 
metagenomic analysis of fecal samples taken from 
124 healthy Europeans were archaeal.40 Our bac-
terial-specific 16S rRNA primers screened only 
for bacterial contamination. It may be possible 
to screen for eukaryotic microorganisms as well, 
however. Recently, methods were described for 
detecting fungi in complex microbial communi-
ties using specialized DNA extraction techniques 
and qPCR.41 Primer pairs that amplify rRNA 
from Archaea have also been described,42 but this 
is beyond the scope of this study.

In summary, we describe PCR techniques 
and conditions using universal 16S rRNA prim-
ers to screen for bacterial contamination of GF 
animals. qPCR assays with the same primers 
can be used to determine bacterial concentra-
tions in respective GF animal fecal samples. 
Sequencing of 16S rRNA PCR products can be 
used to identify contaminating bacterial spe-
cies to potentially determine the source of a GF 
contamination, or to investigate the biological 
effects or pathogenicity of a contaminating spe-

cies. We have developed an optimal RAPD protocol that can 
serve as a highly sensitive and reproducible method to screen 
selectively colonized gnotobiotic animals for contamination that 
does not require the use of specialized or expensive equipment. 
Finally, we suggest a cost-effective strategy to screen gnotobiotic 
animals for contamination by a combination of traditional and 
molecular methods.

Materials and Methods

Experimental design (Fig. 9). Fresh fecal pellets were collected 
from rodents housed in GF, spontaneously contaminated ex-GF 
and selectively colonized isolators at the NGRRC at UNC and 
the GAC of the Center for Gastrointestinal Biology and Diseases 
(CGIBD) at NCSU and SPF rooms. The respective coloniza-
tion status of each sample was not revealed to the investigator 
performing the analyses until after completion of the testing. 
Samples from all known contaminated isolators were purpose-
fully included in the study. DNA was isolated from fecal samples 
and used as templates for 16S rRNA PCR and qPCR assays. 
Selected 16S rRNA PCR products were sequenced to identify 
contaminating bacterial species.

performed at an increased cost compared with traditional, non-
molecular methods. Because of these limitations, we recommend 
the continued use of Gram staining and culturing for frequent, 
first-line screening in gnotobiotic facilities. However, in the case 
of un-interpretable or inconsistent results, in a situation of high 
suspicion of contamination despite negative results with tradi-
tional techniques, or perhaps before conducting large or lengthy 
experiments, we recommend using these PCR, qPCR and/or 
RAPD PCR techniques to definitively determine the presence or 
absence of contamination in gnotobiotic units (Fig. 8).

We are currently using the PCR assay described herein at 
the NGRRC at UNC to routinely screen gnotobiotic isolators 
for contamination, with increased sensitivity and specificity 
compared with Gram staining and culturing performed concur-
rently. We screen stable breeding isolators at NGRRC every 2–4 
weeks with Gram stain and culture and slightly less frequently 
with PCR. However, as a general rule, the more frequently an 
isolator is being opened, the greater the risk of bacterial contami-
nation. When active investigations are ongoing, ports are being 
opened, animals, food, water or bedding are being imported, or 
investigative materials are being injected, PCR screening should 
be performed. In addition, it should be kept in mind that some 

Figure 5. PCR and qPCR screening of animal chow for bacterial DNA. DNA was isolated 
from several types of chow used in various NGRRC isolators, and there was no detectable 
amplification from these samples with 16S rRNA PCR (A) or qPCR (B). E. coli genomic DNA 
served as a positive control for the PCR assay.
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Figure 6. Distinguishing different individual bacterial strains by RAPD PCR fingerprints. (A) Unique rapid amplification of polymorphic DNA (RAPD) fin-
gerprints of DNA isolated from pure cultures of E. coli NC101, E. coli K12, Enterococcus faecalis OG1RF and Bacteroides vulgatus exhibited a high degree 
of similarity to fingerprints of fecal DNA from rodents monoassociated with each of these bacterial strains. (B) Inoculation of E. coli NC101 monoas-
sociated mice with E. faecalis OG1RF (and vice versa) was easily determined using RAPD PCR. The 2nd lane from the left shows RAPD PCR products from 
DNA isolated from pure culture of E. faecalis. The second lane from the right shows RAPD PCR products from DNA isolated from pure culture of E. coli. 
Lanes 3, 4 and 5 show mixtures of RAPD PCR products of E. faecalis and E. coli pure culture DNA. The 50/50 mixture of E. faecalis and E. coli DNA RAPD 
PCR products in lane 4 matches the fingerprint of DNA isolated from E. faecalis/E. coli dual-associated mice, shown in the far right lane. Lanes 3 and 5 
show RAPD PCR profiles of DNA isolated from 75/25 mixtures of E. faecalis/E. coli and E. coli/E. faecalis, respectively. Cult, pure culture DNA; fec, fecal 
DNA; Ef, Enteroccous faecalis pure culture DNA; Ec, E. coli pure culture DNA.

Figure 7. Distinguishing different bacterial strains in complex microbial communities using RAPD PCR. The 7 bacterial strains belonging to the SIHUMI 
cocktail demonstrated unique fingerprints. Each of these fingerprints was clearly identifiable when up to 4 constituent strains were mixed. From left 
to right after the ladder on the left side, E. coli (blue), Ruminococcus gnavus (red), E. faecalis (green) and Bifidobacterium longum (orange) are shown, 
followed by combinations of two, three or four of the respective strains. Unique bands for each bacterium are highlighted by appropriately colored 
boxes, including two bands that are unique to E. coli.
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PCR amplification. Ten nanograms of fecal/chow 
DNA templates in conjunction with the following PCR 
conditions resulted in optimal specificity and sensitiv-
ity: 95°C for 5 min, then 25 cycles of 95°C for 30 sec, 
52°C for 30 sec and 72°C for 45 sec. These cycles were 
followed by 72°C for seven minutes. Reactions were 
performed in a final volume of 25 μl containing 1 μl 
of DNA template, 1.5 μl MgCl

2
, 1 μl of each primer, 

2.5 U Taq polymerase (Invitrogen), 80 μM each of 
dATP, dCTP, dGTP and dTTP in 10 mM Tris/
HCl buffer (pH 8.3), 50 mM KCl and 0.001% (w/v) 
gelatin. “Universal” primers were used to amplify 
the genes encoding 16S rRNA from all bacterial 
groups: Forward primer, UniF (5'-GTGSTGCAYG 
GYTGTCGTCA-3') and reverse primer, UniR 
(5'-ACGTCRTCCM CACCTTCCTC-3').18 These 
Universal primer sequences are complementary to 
highly conserved sequences within the E. coli 16S 
rRNA gene, which is 1542 nucleotides. UniF is com-
plementary to nucleotides 1047 through 1067, while 
UniR is complementary to nucleotides 1174 through 
1194. Amplicons generated using these primers are 147 
base pairs. PCR assays were performed in a GeneAmp 
PCR system 9700 thermocycler (Applied Biosystems) 
under various conditions to optimize results. Reaction 
products were stored at 4°C. Amplified products were 
separated on a 1% (m/v) agarose (Invitrogen) gel in 

Tris/acetate/EDTA buffer (40 mM Tris/acetate, 1 mM EDTA, 
pH 8.0) containing 0.5 μg 1% ethidium bromide. PCR products 
were then visualized under UV light.

qPCR assays. qPCR assays were performed using univer-
sal primers that amplify the genes encoding 16S rRNA from 
all bacterial groups (see above) to quantitate copies of the 16S 
rRNA gene per μg of fecal DNA. qPCR assays were conducted 
in 96-well plates on a Realplex Mastercycler thermocycler 
(Eppendorf). Each qPCR assay was performed in a final vol-
ume of 12 μl and contained: 6 μl SYBR Green qPCR Master 
Mix (Qiagen), 0.5 μl of each primer and 1 μl of DNA template. 
qPCR conditions were as follows: 95°C for ten minutes, followed 
by 40 cycles of 95°C for 15 sec, 60°C for 20 sec and 72°C for 
one minute. Each plate included triplicate reactions per DNA 
sample and the appropriate set of standards. qPCR standards 
were generated by PCR amplification of the purified target 16S 
rRNA genes from a positive control Escherichia coli NC101 strain 
used in our monoassociation studies.43 Melting curve analysis of 
PCR product amplification was conducted following each assay 
to confirm that each fluorescence signal originated from specific 
PCR products and not from primer-dimers or other artifacts. All 
qPCR plates included a “no template” negative control for each 
primer set.

Bacterial identification by 16S rRNA gene sequencing. 
We identified contaminating bacterial species by sequencing 
the 16S rRNA PCR products obtained from positive reactions 
using primers that amplify the genes encoding 16S rRNA from 
all bacterial groups to generate longer products for sequenc-
ing, 8F (5'-AGAGTTTGAT CCTGGCTCAG-3') and 1391R 

Extraction of DNA from fecal samples. DNA was extracted 
from fecal samples using a phenol/chloroform extraction method 
combined with physical disruption of bacterial cells and a DNA 
clean-up kit (Qiagen DNeasy Blood and Tissue Kit). Briefly, 
fresh fecal pellets were collected from mice and rats. Stool was 
weighed, normalized to 200 mg per sample, suspended in 750 μl 
of sterile bacterial lysis buffer (200 mM NaCl, 100 mM Tris [pH 
8.0], 20 mM EDTA, 20 mg/ml lysozyme) and incubated at 37°C 
for 30 min. Next, 85 μl of 10% sodium dodecyl sulfate (Gibco) 
and 40 μl of 20 mg/ml proteinase K (Qiagen) were added to the 
mixture, which was then incubated at 65°C for 30 min. 300 mg of 
0.1 mm zirconium beads (BioSpec Products) were added and the 
mixture was homogenized in a bead beater (BioSpec Products) 
for two minutes. The homogenized mixture was cooled on ice 
and then centrifuged at 14,000 rpm for five minutes at 4°C. The 
supernatant was transferred to a new 1.5 ml microfuge tube and 
fecal DNA was further extracted by phenol/chloroform/iso-amyl 
alcohol and chloroform/iso-amyl alcohol. Following extrac-
tion, the supernatant was precipitated by ethanol at −20°C for 
one hour. Precipitated DNA was suspended in DNase-free H

2
O 

and then cleaned using the Qiagen DNeasy Blood and Tissue 
Kit per the manufacturer’s instructions. Purified fecal DNA was 
eluted in 50 μl volumes. The concentration of each DNA extract 
was determined by spectrophotometric measurement using a 
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific).

Chow was removed from several gnotobiotic isolators, placed 
in sterile plastic bags, crushed with a hammer, weighed and nor-
malized to approximately 200 mg per sample. DNA was then 
extracted using the above methods.

Figure 8. Gnotobiotic unit contamination screening algorithm. The continued 
use of inexpensive Gram staining and culturing for frequent screening of bacterial 
contamination of GF animals is recommended. However, when Gram stain or culture 
results are difficult to interpret or inconsistent, a compromise in a glove, sleeve, or 
isolator wall occurs, an autoclave malfunction is diagnosed, or a large scale experi-
ment is planned, it is recommended that these PCR and qPCR techniques be used to 
definitively determine the presence or absence of contamination in GF units. RAPD 
PCR can be used to screen selectively colonized animals for contamination.
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(5'-GACGGGCGGT GWGTRCA-3').18 After puri-
fying the resulting 16S rRNA PCR products with a 
Qiagen clean-up kit, the products were sequenced by 
the UNC Automated DNA Sequencing Facility using 
Sanger sequencing, and the results were cross-refer-
enced with The National Center for Biotechnology 
Information (NCBI) Reference Sequence (RefSeq) 
database.44

RAPD PCR assays. We used a single random 
oligonucleotide 3H primer (5'-AAGCTTGATT 
GCCC-3') and optimized RAPD PCR conditions. 
RAPD PCR reactions were performed in a final vol-
ume of 25 μL containing 10 ng of DNA template,  
2 U of Taq Polymerase (Invitrogen, Carlsbad, CA), 
1.5 μL MgCl

2
 (50 mM), 2.5 μL primer (20 μM) and 

2 μL dNTPs (Promega, 10 mM). The PCR reactions 
were performed in a GeneAmp PCR system 9700 
thermocycler (Applied Biosystems, Foster City, CA) 
using the following conditions: 95°C for 5 min, 36 
cycles of 95°C for 1 min, 36°C for 1 min and 72°C 
for 2 min followed by one cycle of 72°C for 7 min for 
completion of DNA extension. PCR products were 
stored at 4°C. Finally, 10 μL of each amplified prod-
uct was separated on a 2% (w/v) agarose (Invitrogen, 
Carlsbad, CA) gel in Tris/acetate/EDTA buffer (40 mM Tris/
acetate, 1 mM EDTA, pH 8.0) containing 0.5 μg 1% ethidium 
bromide. The products were then visualized under UV light.

We generated fingerprints from cultures of 30 relevant bac-
terial strains. To test applicability to gnotobiotic screening, we 
conducted RAPD PCR assays on DNA isolated from cultures 
of defined intestinal bacterial species as well as fecal samples of 
mice monoassociated with the same respective bacterial strains. 
We performed RAPD PCR on fecal DNA from monoassoci-
ated mice before and after inoculation with a second bacterium. 
Finally, we tested RAPD PCR’s ability to discern between combi-
nations of the 7 members of the SIHUMI cocktail, E. coli LF82, 
Ruminococcus gnavus ATCC 29149, Enterococcus faecalis OG1RF, 
Bifidobacterium longum ATCC 15707, Faecalibacterium praus-
nitzii A2–165, Lactobacillus plantarum WCFS1 and Bacteroides 
vulgatus ATCC 8482.
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