
 

 

 University of Groningen

Microbial ecology at the International Space Station
van Tongeren, Sandra Pauline

DOI:
10.33612/diss.2496925

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van Tongeren, S. P. (2011). Microbial ecology at the International Space Station: the use of rapid and easy
molecular methods for the quantitative detection of bacteria. s.n. https://doi.org/10.33612/diss.2496925

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.33612/diss.2496925
https://research.rug.nl/en/publications/c8b519dd-f6bf-46d0-9f94-0530189933af
https://doi.org/10.33612/diss.2496925


 

 

Chapter 4 The Staphylococcus aureus 
sampling effect: differences in DNA extraction yield 
under different physiological circumstances 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
S. P. van Tongeren 

J. E. Degener 
H. J. M. Harmsen 

 
 

Department of Medical Microbiology, University Medical Center Groningen,  
University of Groningen, Groningen, The Netherlands 

 
 

Manusscript submitted for publication 



Chapter 4                                                                                                        _ 

 46 

Cell counts have generally been used with the generation of standards for 
quantitative molecular methods such as quantitative real-time PCR (qrtPCR) but also 
with cell spiking in experimental settings, with the assumption that during DNA 
extraction the cells used for the standard or spiking release DNA with the same 
efficiency as the cells that are to be sampled. In this study differences in DNA 
extraction yields were assessed for Staphylococcus aureus under different 
environmental conditions. S. aureus cells were pre-applied and dried up on a glass 
surface. A sample was subsequently taken from the glass surface with a pre-moistened 
nylon flocked swab system and processed by a liquid DNA extraction method. The 
DNA yield after extraction was quantified with qrtPCR and compared with that of 
cells that remained in liquid suspension. Remarkably, significantly more DNA (three 
to eleven-fold) was recovered from the pre-applied, dried-up and swabbed cells as 
compared to the cells that did not undergo this treatment. 

The effect demonstrated with S. aureus can easily lead to a severe over-estimation 
of sampled cells when cell counts are used within a standard, as the amount of DNA 
released from the cells used for the standard or spiking experiment can significantly 
differ from that of sampled cells. The results of this study give new insights to the 
development of bacterial DNA quantification methodology. 
 

PCR detection and quantification of microbial DNA is used increasingly with samples 
of various origins such as clinical settings, the food industry, potable water distribution 
systems, air-conditioning systems or advanced life-support systems such as manned 
spacecraft, especially when fast detection is needed. Accordingly, rapid and sensitive 
molecular methods with a detection sensitivity of a few molecules per reaction such as 
quantitative real-time PCR (qrtPCR) have extensively been optimised3. 

Although overcoming many of the disadvantages encountered by culturing10, these 
molecular methods do rely on a reproducible and efficient DNA recovery. Besides the used 
method such as qrtPCR itself several factors determine the outcome of quantification such 
as the preceding steps of sampling and sample processing but also the manner in which the 
qrtPCR standard curve is constructed. Previously, the “gold standard” of microscopic cell 
counting has generally been used for the generation of qrtPCR standards or spiking 
experiments, with the assumption that during DNA extraction cells used for the standard or 
spiking release DNA with the same efficiency as the sampled cells4,5,7. 

In this paper, we addressed this assumption by assessing the differences in DNA yield 
after DNA extraction between bacterial cells that remained in liquid suspension and cells 
that were dried up and sampled from a solid surface. To this purpose, the Gram-positive 
potential pathogen S. aureus was used as model organism and a DNA extraction method 
that does not involve a drying step. 

Four individual cultures of S. aureus subsp. aureus ATCC 25923 cells were grown by 
inoculation of a plate colony into 9 ml Brain Heart Infusion (BHI) (Mediaproducts BV, 
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Groningen, The Netherlands) and overnight incubation at 37°C to an approximate 
maximum concentration of 108 to 109 cells ml-1. To remove any extracellular DNA, cells of 
each culture were washed twice by centrifugation of 1 ml cell suspension for 10 min at 
16100 × g, removal of the supernatant and resuspension of the pellet in 1 ml sterile 
physiological salt solution (0.85% NaCl, Mediaproducts BV). During this procedure each 
of the four cell suspensions was diluted with a factor 10 to prevent overloading of the DNA 
extraction method, which was done after the first washing step. To minimize cell growth 
and lysis, the suspensions were kept on ice during the remainder of the procedure. 

The experiments were performed using DNA-free laboratory techniques. To each well 
of a diagnostic printed glass microscope slide (8 well, 10 mm, XMZ-259L-CE24; Thermo 
Fisher Scientific, Portsmouth, USA), an aliquot of 10 µl of one of each of the four cell 
suspensions was applied in duplicate. The slide was then left to dry at ambient conditions 
for 2 hours. Custom made flocked swabs, consisting of a Mini UTM tube (350C) without 
medium containing an applicator with flocked nylon fibre tip (502CS01) for clinical sample 
collection (Copan Italia S. p. A. Diagnostics Inc.), were pre-moistened with 55 µl of sterile 
physiological salt solution. The wells were subsequently swabbed by wiping a well 10 
times across with a clean pre-moistened flocked swab whilst rotating the swab. Each swab 
was then transferred into a 15 ml conical tube containing 0.9 ml Molecular Biology Water 
(AccuGENE®, Lonza Group Ltd, Basel, Switzerland) and a few 4 mm glass beads (Fisher 
Scientific Emergo B.V., Landsmeer, The Netherlands). Cell material was released from the 
swabs by vigorously shaking the tubes for 20 seconds, incubation at 4°C for 10 minutes and 
shaking for another 10 seconds, yielding the resulting supernatant as sample. Samples of 
cells that remained in fluid suspension were prepared by adding 10 µl of each of the four 
cell suspensions directly to 0.9 ml of water in duplicate, without prior drying up and 
swabbing. To minimize cell growth, the tubes were kept at 4°C for the further duration of 
the sampling procedure. Contamination during the procedure was monitored by preparing 
duplicate pre-moistened swabs that were processed in the same manner as the swabs used 
for the samples, but without the sampling of cell material. The samples and controls were 
subjected to DNA extraction after which the DNA yield was quantified by qrtPCR as 
described below. 

DNA was extracted from 90 µl of each sample and control using a simple boiling 
procedure according to the method of Reischl et al.8. The DNA extraction method of 
Reischl et al. was used since it does not involve a drying-up step. 

A TaqMan PCR assay was used to amplify a specific region (23S rRNA gene) of the 
genome of S. aureus. All oligonucleotide primers and double-dye probes were obtained 
from Eurogentec S. A. (Seraing, Belgium). A 90 bp fragment of the 23S rRNA gene was 
amplified by using primers SauV58 (5’-GCTGTGATGGGGAGAAGACAT-3’) and 
SauR54b (5’-CGGTACGGGCACCTATTTTC-3’)6. Probe Sta59bTQ (5’-
AGAGGCTTTTCTCGGCAGTGTGAAATCAACGA-3’)6 was labelled on the 5’-end with 
carboxyfluorescein (FAM) and on the 3’-end with a 4-([4-
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(dimethylamino)phenyl]azo)benzoic acid (DABCYL) quencher. The probe was hybridized 
in real-time with the PCR product. The total volume in which all qrtPCR reactions were 
performed was 30 µl, consisting of 3 µl of template DNA and 27 µl of amplification 
mixture containing primers and probe, PCR Reaction Buffer (Smart™ Kit No ROX, 
Eurogentec S. A.) and Molecular Biology Water (AccuGENE®). The end concentration of 
each primer was 150 nmol l-1 and that of the probe 80 nmol l-1. The Smart™ Kit PCR 
reagents contained uracil-N-glycosylase to prevent carry-over contamination and 
HotGoldStar DNA polymerase. A Smart Cycler® System (Cepheid, Sunnyvale, USA) was 
used for amplification and real-time detection with a profile of 50°C for 2 min to activate 
uracil-N-glycosylase, 95°C for 10 min to activate HotGoldStar DNA polymerase, followed 
by 45 cycles of 95°C for 15 s and 60°C for 60 s. Duplicate reactions without the addition of 
template DNA served as negative controls for the qrtPCR assay. 

A qrtPCR standard was prepared with purified genomic DNA extracted from S. aureus 
cells that were cultivated as described above as follows. The commonly used commercially 
available QIAamp® DNA Mini Kit (QIAGEN GmbH, Hilden, Germany) was used 
according to the instructions of the manufacturer to extract a sufficient amount of relatively 
good quality DNA from the cells. The DNA solution was purified from contaminants such 
as PCR inhibiting substances by subsequent ethanol precipitation9. The DNA purity and 
concentration were determined with a NanoDrop® ND-1000 Spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA). A standard curve of mean qrtPCR threshold cycle 
(Ct) values was prepared with triplicate replicates of three serial dilutions (10 ng, 1 ng, 100 
pg, 10 pg, 1 pg, 100 fg and 10 fg per reaction, respectively) of genomic DNA (n=9). The 
resulting qrtPCR standard curve including E and R2 values is shown in Supplementary Fig. 
2 (page 78). The amount of S. aureus DNA in samples was estimated with this standard 
curve under identical PCR conditions by qrtPCR. If desired, the amount of detected DNA 
can subsequently be correlated to the number of cells it corresponds with by dividing by the 
chromosomal weight, as calculated from the chromosome length and GC content, which is 
approximately 3.0 fg for S. aureus. 

The quantification limit per qrtPCR reaction was determined as the lowest concentration 
on the linear part of the standard curve at which 7 out of 9 reactions or more still gave a 
positive result. The quantification limit was used as the cut-off level or, instead of this, the 
value of a negative control in case it had a positive result. As such, the qrtPCR cut-off level 
was determined at 10 fg of the standard. 

Statistical and graphical analyses were performed by using SPSS (version 16.0 for 
Windows, SPSS Inc. [http://www.spss.com/]) and Microsoft® Office Excel 2003 (Microsoft 
Corporation [http://office.microsoft.com/]) software, respectively. To compare the DNA 
yields after extraction of aliquots of cells that remained in suspension with that of aliquots 
of dried-up and swabbed cells, the Wilcoxon Signed Ranks test was applied (P≤0.05, two-
sided). 

The results in Fig. 1 show that significantly more DNA was recovered from aliquots of 
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pre-applied, dried-up and swabbed S. aureus cells than from aliquots of cells that did not 
undergo this treatment (P=0.011), varying amongst separate cultures with a factor 3 to 11. 
Consequently, using cell counts of the non-treated aliquots as quantitative standards would 
roughly have meant a 10 fold overestimation of the number of cells per sampled surface. 
 

 
Figure 1. Sampling effect in S. aureus. Mean levels (n=2) of recovered S. aureus DNA per 0.9 ml of sample are 
shown for four different cultures (E to H). After drying up for 2 hours on a glass surface and subsequent swabbing, 
significantly more DNA was recovered from cell aliquots than from cell aliquots that remained in liquid 
suspension. Error bars indicate standard deviations for duplicate samples. 
 

The observed differences may have several explanations. One explanation may be a 
lowered resilience (e.g. to detergents) or lysis of the dried-up and swabbed cells that occurs 
before the DNA extraction procedure is initiated. This may be due to rapidly changing 
osmotic values of the extracellular environment as the salt concentration of the medium 
surrounding the cells increases during the process of drying up, physical damage to the cell 
wall caused by drought or mechanical forces applied by the swab, or a combination thereof. 

Another explanation for the observed differences may be that cells sampled from a 
surface experience a stress situation under sub-optimal conditions such as sudden drought 
which may initiate autolysis1. Cells in the natural environment may likewise experience 
circumstances that are either constant for a period of time, allowing them to adapt2, or 
circumstances that change rapidly leaving no time to adapt. For instance, cells grown in 
broth possess a thinner cell wall compared to cells grown in relatively drier circumstances2. 

5,0

6,0

7,0

Culture E Culture F Culture G Culture H

D
N

A
 (l

og
 fg

)

S. aureus untreated

S. aureus swabbed



Chapter 4                                                                                                        _ 

 50 

Furthermore, the difference in DNA yields after DNA extraction between aliquots of cells 
in liquid suspension and aliquots of dried-up swabbed cells varied amongst separate 
cultures of S. aureus with a factor 3 to 11, which is indicative of large variations amongst 
cultures concerning variables that may be of influence to lysis, such as the physiological 
states cells are in or differences of the cell wall. For instance, Ludwig et al. suggested a 
possible relation between resistance to cell lysis and growth phase of E. coli6. The observed 
phenomenon may apply to a different extent to other microbial species or different 
environmental properties than as evaluated with the model system that was used in this 
study.  

Our results with S. aureus clearly demonstrate that caution should be used when using 
cell counts within a qrtPCR standard, as the recovered amount of DNA after DNA 
extraction of the cells used for the standard can differ significantly from that of cells that 
are to be sampled. Instead, a DNA standard such as in this study should preferably be used 
to exclude the factor of lysis efficiency from the standard. The same caution would apply to 
the use of cell spiking in experimental settings. 

 
 

Acknowledgements 
 

We especially like to thank S. van der Schaaf, G. C. Raangs and R. Konst for their 
technical contributions to this project, W. Sluiter for statistical advice and G. W. Welling 
for critically reading the manuscript. None of the authors had any degree of commercial or 
potential dual interest with the manufacturers mentioned in this study. This project was 
supported by the European Space Agency (MAP Project Number AO-LS-99-MAP-LSS-
018 ‘Biofilms’). 
 
 
References 

 

 1.  Bayles KW (2007). The biological role of death and lysis in biofilm development. Nat Rev Microbiol 
5:721-726. 

 2.  de Goffau MC, Yang X, van Dijl JM and Harmsen HJM (2009). Bacterial pleomorphism and 
competition in a relative humidity gradient. Environ Microbiol 11:809-822. 

 3.  Espy MJ et al. (2006). Real-time PCR in clinical microbiology: applications for routine laboratory 
testing. Clin Microbiol Rev 19:165-256. 

 4.  Khan IUH et al. (2007). Development of a rapid quantitative PCR assay for direct detection and 
quantification of culturable and non-culturable Escherichia coli from agriculture watersheds. J 
Microbiol Methods 69:480-488. 



                                                     The Staphylococcus aureus sampling effect 

 51 

 5.  Lee SH et al. (2009). A multiplex real-time PCR for differential detection and quantification of 
Salmonella spp., Salmonella enterica serovar Typhimurium and Enteritidis in meats. J Vet Sci 10:43-
51. 

 6.  Ludwig W and Schleifer KH (2000). How quantitative is quantitative PCR with respect to cell 
counts? Syst Appl Microbiol 23:556-562. 

 7.  Peters RPH et al. (2007). Quantitative detection of Staphylococcus aureus and Enterococcus faecalis 
DNA in blood to diagnose bacteremia in patients in the intensive care unit. J Clin Microbiol 45:3641-
3646. 

 8.  Reischl U et al. (2000). Rapid identification of methicillin-resistant Staphylococcus aureus and 
simultaneous species confirmation using real-time fluorescence PCR. J Clin Microbiol 38:2429-2433. 

 9.  Sambrook J and Russell DW (2001). Molecular Cloning: A Laboratory Manual. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, New York. 

 10.  Zengler K et al. (2008). Accessing uncultivated microorganisms: from the environment to organisms 
and genomes and back. ASM Press, Washington, DC. 



Chapter 4                                                                                                        _ 

 52 

 
 


