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Abstract: Rapid advances in the development of sequencing technologies, numbers of commercial
providers and diminishing costs have made DNA-based identification and diagnostics increasingly
accessible to doctors and laboratories, eliminating the need for local investments in expensive
technology and training or hiring of skilled technicians. However, reliable and comparable molecular
analyses of bacteria in stool samples are dependent on storage and workflow conditions that do not
introduce post-sampling bias, the most important factor being the need to keep the DNA at a stable
detectable level. For that reason, there may remain other prohibitively costly requirements for
cooling or freezing equipment or special chemical additives.

This study investigates the diagnostic detectability of Salmonella and Campylobacter DNA in human,
pig and chicken stool samples, stored at different temperatures and with different preservation
methods. Stool samples were spiked with 10° CFU/mL of both Salmonella and Campylobacter
strains stored at —20 ‘C, 5 °C and 20 'C (Room temperature, RT) and treated with either RNAlater,
EDTA or Silica/ethanol. DNA was extracted at 9 different time points within 30 days and quantified
by Qubit (total DNA) and gPCR (Salmonella and Campylobacter DNA). We found no statistically
significant differences among the different preservation methods, and DNA from both species was
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easily detected at all time points and at all temperatures, both with and without preservation. This
suggests that infections by these bacteria can be diagnosed and possibly also analysed in further
detail simply by taking a stool sample in any suitable sealed container that can be transported to
laboratory analysis without special storage or preservation requirements. We briefly discuss how this
finding can benefit infection control in both developed and developing countries.

Keywords: Detection threshold; Campylobacter; Salmonella; gastritis; DNA stability; diagnostics;
preservation methods; pathogens

1. Introduction

Salmonellosis and Campylobacteriosis are two of WHOs four key causes of diarrhoea globally,
and the leading causes of foodborne bacterial infections wordwide [1], with a combined estimated
annual worldwide tally of cases of diarrhoea of between 100 and 200 million [2]. Nonetheless, in
developing countries, infection with rota- or noroviruses surpass bacterial infections by a factor of
more than two among the total food-related diarrhoeic diseases [3]. Indiscriminate use of antibiotics
for ineffective treatment of diarrhoea without diagnosis in developing countries is a leading cause of
the growing resistance to antibiotics [4]. A comparable overuse of antibiotics in livestock production
in developed countries (often simply prophylactic, since Salmonella in pigs is most often
asymptomatic [5], as is Campylobacter in chicken [6]) has further exacerbated the problem of
antibiotic resistance [7]. The major problem is that antibiotics are cheap, while quality diagnostics is
often inaccessible or prohibitively costly [4]. The dramatic advances in DNA sequencing and other
molecular DNA-based techniques, increasing availability of commercial providers and decreasing
costs has made molecular diagnostics more accessible and applicable for diagnostics of multiple
types of infectious diseases, including in developing countries [8-11]. However, reliable sample
quality often requires freezing, cold storage and transportation or chemical preservation, and this
remains expensive and continues to be a major obstacle.

Both within veterinary and human clinical microbiology, stool specimens are essential to the
diagnostics and typing of bacterial pathogens causing gastroenteritis. Conventional methods were
based on culturing combined with serotyping and/or biochemical analyses [12-14], with PCR and
conventional (Sanger) sequencing being increasingly applied [15-17]. Recently, culture-independent
diagnostic tests (CIDTSs), have gained ground at decentralized laboratories, as these are often faster,
easier and less expensive. Fecal microbiome and metagenomic studies, in recent decades utilizing
rapidly developing high throughput sequencing, have investigated the distribution and interplay of
hundreds or thousands of bacteria simultaneously [18-22].

Many methodological parameters need to be considered when performing molecular analyses
directly on stool samples, including sampling and storage, DNA extraction and molecular methods.
Optimal sampling and storage ensures minimum changes in the quality and bacterial composition of
species of interest, from the time of sampling until analysis. Conventional methods based on
culturing were dependent on ambient and chemical conditions that would leave the bacteria
cultivable while molecular methods are less demanding, as they only need relatively intact DNA to
be successful. This area has recently gained renewed interest with microbiome and metagenomic
studies, showing varying degrees of influence from this step. Consequently, several chemical
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preservation methods from human and veterinary field studies have been developed and tested for
this specific purpose [23-27].

Procedures suited for molecular analyses for extracting DNA from stool samples, have also
been intensively investigated. These include procedures for how to target DNA and remove critical
components that have inhibitory effect on downstream analyses like PCR and sequencing. Many efficient
in-house and commercial methods have been developed and compared in numerous studies [28-32].
Metagenomic studies have also shown that the observed bacterial species distribution varies with the
chosen method of DNA extraction [33,34].

A tremendous amount of molecular methods have been designed for a variety of purposes and
new technologies are constantly being developed. Molecular methods are dependent on several
critical reagents like primers, enzymes and co-factors and the method to choose depends on which
answer is needed. Next generation sequencing is at present the most accelerating technology within
this field and sequencing data per cost continues to increase. However, dealing with these
technologies it is important to bear in mind that for example the chosen primers and sequence
technology platforms may bias the data that could lead to misinterpretations [35].

In order to obtain molecular analyses directly on stool samples the above issues must be
investigated and the impact from each individual step must be determined. This should allow the
development of standardised method and comparison of data between different laboratories. Such
initiatives would increase the quality and interpretation of metagenomic studies that are expected to
increase in the future. The present study focuses on bacterial DNA preservation in stool samples
from human, chicken and pigs, and investigates the diagnostic detectability of DNA of two important
foodborne pathogens Salmonella and Campylobacter in spiked samples treated with RNAlater,
EDTA and ethanol/silica at room temperature (RT), 5 'C and —20 ‘C during a period of 30 days. The
preservation methods were selected from the literature as being relatively inexpensive and easy to
apply, containing few harmful chemicals and having a previously documented performance for
stabilising nucleic acids [36-39].

2. Materials and methods
2.1. Experimental design

Human stool samples were spiked with both Salmonella and Campylobacter, chicken stool
samples were spiked with Campylobacter and pig stool samples were spiked with Salmonella, all
samples at 10° CFU/mL. Additionally, one set of samples were prepared without spiking. Samples
were treated with one of three different methods for preservation (EDTA, ethanol/silica and
RNAlIlater) or left untreated (no preservation) and stored at three different temperatures; room
temperature (20 'C, RT), 5 C or —20 °C. DNA from each sample was extracted by Qiagen Fast Stool
kit at the following time points (day): O (immediately after spiking), 1, 2, 3, 6, 10, 15, 20 and 30.
Human samples were prepared in individual separate duplicates for each point in time and one DNA
extraction was performed on each. Veterinary samples were prepared as single samples for each
point in time and two DNA extractions were performed on the same sample at each . The extracted
DNA was quantified by Qubit and analysed with species-specific gPCRs targeting Campylobacter
and Salmonella. All tests were performed in duplicate, and presented as averages including
standard deviations. Experiments on human and veterinary samples were performed at Statens
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Serum Institut (Copenhagen, Denmark) and the Technical University of Denmark (Seborg,
Denmark), respectively.

2.2. Preparation of samples

Human stool samples were obtained from diarrhoeagenic patients who were culture and qPCR
negative (see below) for both Salmonella and Campylobacter. Composite veterinary samples of fresh
feces were randomly collected from a chicken flock and a pig herd with historical absence of
Campylobacter and Salmonella, respectively, and tested negative by culturing. Prior to spiking, stool
samples were mixed with physiological saline (0.9%) in the ratio of approximately 1:2 (w/vol) and
homogenized with a Dispomix (Xiril). Human samples were spiked with in-house clinical strain S.
enterica Braenderup (serotype H9812) and C. jejuni subsp. jejuni (CCUG 11284), chicken samples
with in-house broiler strain C. jejuni DVI-SC181 and pig samples with S. typhimurium CCUG 31969.
Prior to spiking, Salmonella strains were grown in nutrient broth and incubated at 37 C and
Campylobacter strains were grown in Mueller Hinton broth and incubated at 41.5 C in a
microaerobic atmosphere. Salmonella and Camplobacter were grown in liquid cultures to 107 cfu per
mL as determined previously by triple plate counting, and from there diluted 10-fold in saline to
obtain 106 to 102 cfu per mL for determination of standard curves. Ultimately, the liquid cultures
were added to the homogenized stool samples at a final concentration of 106 CFU per mL stool
sample. This spiking level was chosen for all samples, as for both genera it is known to be at the low
end of the clinically relevant concentration spectrum [40,41], a reliable detection limit for culture-
based detection [42]; and allowing for a potentially substantial degradation while still remaining well
above the 102/103 CFU per mL detection limit for our gPCR assays [43-45].

The spiked stool samples were aliquoted (250 |L) into 2 mL Eppendorf tubes and treated and
mixed vigorously with either RNAlater® (Sigma-Aldrich) at the ratio 1:5 or 100 mM EDTA, pH 8 at
the ratio 1:4 or 96% ethanol at the ratio 1:5, and finally one set of samples were left untreated. The
ethanol treated samples were incubated for 24 hours at RT, the supernatant was carefully discarded
by pouring, and silica gel beads (Sigma-Aldrich, type Ill, S7625) were added until the Eppendorf
tubes were % full. Samples were stored at either RT, 5 C or —20 °C until DNA extraction.

2.3. DNA extraction

Prior to DNA extraction the RNAlater treated samples were centrifuged at 5000 < g for 15 min,
the supernatant was discarded and the pellet resuspended in 500 L TE, sedimented at 500 =g for 15 min,
and the pellet was used directly for DNA extraction. EDTA treated samples were centrifuged at 3000 xg
for 15 min, and the pellet was used directly for DNA extraction. From the ethanol and silica treated
samples, the beads were carefully poured off and the remaining material was used directly for DNA
extraction. From samples without spiking and samples without preservation, 250 L was used directly in
the DNA extraction. All DNA extractions were performed by the QIAamp Fast Stool kit (Qiagen) by
adding 1 mL InhibitEX and following the protocol for ‘pathogen detection’ when human samples
were extracted and the protocol for ‘human DNA analysis’ when veterinary samples were extracted.
The main difference between the human DNA protocol and the pathogen detection protocol is the
inclusion of a 5 minute 70 ‘C heating step to lyse more cells with thick walls (particularly gram-
positive bacteria) in the latter. Products from both protocols eventually contain large amounts of
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human and bacterial DNA, and the differences concern only the relative bacterial DNA/total DNA
ratios.

2.4. DNA analyses

The extracted DNA was quantified in duplicate on a Qubit® 2.0 Fluorometer (Life
Technologies), using the Qubit® dsDNA High Sensitivity Assay Kit (Life Technologies). Real-time
PCR for the detection of a 287 bp sequence of the 16S rRNA gene from C. jejuni, C. coli and C. lari
was performed as described previously [45]. Real-time PCR for specific detection of Salmonella
targeting a 94 bp region within the ttrRSBCA locus was performed as described previously [44].
PCR machines were Mx3005P (Startagene) and ABI7500 (Applied Biosystems) for veterinary and
human samples, respectively. All runs included internal amplification controls and controls with no
template, and all samples were analyzed in duplicate. Baseline values between runs were calibrated
by including internal positive control templates.

2.5. Statistical analysis

We employ linear and logarithmic models to the absolute DNA content as well as to the Ct
values measured over 0-30 days to test the decay of DNA over time, using R, version 3.4.3 [46].
Furthermore, we used the R package ‘Agricolae’ [47] to test the mean difference in the regression
coefficients of the linear models for treatments, temperatures and sample type (human/chicken/pig
Salmonella/Campylobacter). We used ANOVA for comparing the mean values, and applied
Scheffes post-hoc test to correct for multiple comparisons at a significance level of <0.05.

3. Results

A total of 540 DNA extractions were made from the following preparations: 5 different
treatments, including: 3 preservation methods, one without preservation and one without
preservation and spiking, 9 time points, 3 temperatures, two DNA extractions from each human stool
sample (spiked simultaneously with both Salmonella and Campylobacter) and one from each of the
chicken samples (spiked with Campylobacter) and pig samples (spiked with Salmonella). All
samples were individual tubes kept separate, and after experiment initiation they were handled only
once (i.e. when ultimately extracted), i.e there were no repeated measurements/extractions of the
same vials successively.

DNA extracted from each of the 540 individual preparations was analysed by total DNA
quantification and gPCR targeting species specific genes in Salmonella and Campylobacter, respectively.
Total DNA quantification and gPCR data are shown on Figure 1 A + B + Figure 2 A + B (no
preservation and EDTA) and Figure 1 C + D + Figure2 C + D (ethanol/silica and RNAlater). All
non-spiked samples were qPCR negative, i.e. no amplification at all (data not shown).
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Figure 1 A-B. gPCR on spiked stool samples prepared without preservation (A) and
preserved with EDTA (B) at 9 time points during 30 days stored at either RT, 5 °C or —20 C.
Significance threshold at 0.05. Note that an increasing Ct means declining DNA content,
and vice versa.
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Figure 1 C-D. gPCR on spiked stool samples preserved with silicat+ethanol (C) and
preserved with RNALater (D) at 9 time points during 30 days stored at either RT, 5 °C or
—20 “C. Significance threshold at 0.05. Note that an increasing Ct means declining DNA
content, and vice versa.
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Figure 2 A-B. Total DNA quantification on spiked stool samples prepared without
preservation (Panel A) and preserved with EDTA (Panel B) at 9 time points during 30
days stored at either RT, 5 ‘C or —20 “C. Significance threshold at 0.05.
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Figure 2 C-D. Total DNA quantification on spiked stool samples preserved with
silica+ethanol (C) and preserved with RNALater (D) at 9 time points during 30 days
stored at either RT, 5 °C or —20 C. Significance threshold at 0.05.

Quantification of total DNA displayed a few fluctuations within a few time series, and these
sometimes coincided with corresponding variation in qPCR, indicating that some extractions may
have been relatively less efficient, or the homogenization prior to spiking incomplete. Comparing the
different matrices, we observed a relatively high amount of DNA extracted from pig stool (average 28,9
ng/lL) followed by human (average 5,4 ng/pL) and chicken (average 3,8 ng/pL) stool. Low yield
from chickens could be explained by a significant content of complex and non-degraded plant
material, while high yield from pig samples may be related to the use of the ‘human DNA analysis’
protocol, which is designed to extract more DNA. Most Ct curves except those treated with ethanol
and silica had a small decline in Ct during the first day, most likely due to continued growth of the
two spiking cultures. Regarding samples at 5 C and —20 °C, this growth may have taken place
before the sample reached the final storage temperature and the eventual cooling/freezing effect set
in.

In order to interpret the qPCR data during the time course, we used the gradient obtained by
linear regression of the 9 time points from each of the 48 data sets (3 preservation methods/one
without preservation, 3 temperatures and 4 host/bacteria combinations). Note that increasing Ct
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values correspond to a decrease in target DNA during the time course and vice versa for low gradient
values. See Table S1 for adjusted R* and p- values. We report the Ct values instead of
concentrations (cfu/mL), since we did not have standard curves for all samples which would allow a
conversion of Ct values to concentrations (cfu/mL); however, since we compare the rates of
change/coefficients of increase/decrease over time, this makes no difference to the results, as the
relative differences are identical. See Figures. S1 + S2 for the Human Campylobacter data presented
as cfu/mL values calculated from a standard curve.

There were some slight but significant differences between individual series/samples:
Salmonella in pig samples had a small but statistically significant increase in DNA (i.e., a decrease in
Ct values, Figures 1 + 2) measured by qPCR for all samples (except "no preservation” and
EDTA at 5 ‘C), indicating either a small proliferation of Salmonella bacteria, or non-target DNA
and/or PCR inhibitors being degraded during the time course resulting in qPCR with lower Ct’s.
There was a slight, significantly higher rate of decrease in detectable Salmonella target DNA in the
pig samples as compared to the human and chicken samples (Figure 3f), which we did not observe in
the total DNA content (Figure 3c).

The opposite was observed in Campylobacter in chicken samples, i.e. in all samples except
those treated with ethanol and silica at 5 ‘C and RT we observed a small but statistically significant
decline in Campylobacter DNA during the time course. In human samples, the only statistical
differences we observed for the duration of the experiment were a slight decline in total DNA for the
‘no preservation’ at RT, and a slight increase in Salmonella DNA for the EDTA sample at RT.

Overall, the most important result was the relatively small changes over the 30-days for all four
sample types, regardless of temperature or (lack of) preservation method. Most of the reported
differences over time found in Table S1 and described above were small and unsystematic, and in the
comparisons of all slopes in the linear models divided into preservation methods, temperatures and
sample type (human/chicken/pig Salmonella/Campylobacter) (Figure 3), we did not find any
statistically significant differences in the changes in DNA concentrations/Ct values between any of the
storage temperatures (Figure 3a, 3d) nor between the different preservation methods (Figure 3b, 3e).
While there was a significantly stronger degradation of particularly Campylobacter DNA in the
chicken samples compared to the other series (Figure 3f), the pathogen DNA still remained clearly
detectable in chicken stools by gPCR throughout all 30 days.
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Figure 3. Average slopes/regression coefficients for total DNA (a, b, c), and Ct gPCR
values (d, e, f) over the 30 days. Difference between means analysed using ANOVA and
Scheffe’s honestly significant difference test for multiple comparisons at significance
level at a < 0.05. In all graphs, significantly different groups and ranges are indicated by
the letters a—b, meaning that groups sharing the same letter are not significantly different
from each other.

4. Discussion

CIDTs, metagenomic and microbiome studies targeting DNA purified directly from clinical
samples need DNA of a sufficient quality for the desired purpose. DNA quality depends on sample
collection procedure, storage condition and DNA extraction method, and ideally, each of these steps
should be optimized individually for best final outcome. However, costly optimization is not realistic
in many circumstances. For example, freezing is generally considered an optimal way of preserving
DNA [37], but for practical reasons, veterinary samples collected directly by farmers themselves as
well as human samples from non-hospitalized patients are often transported or shipped to centralized
laboratories in a native state and exposed to RT that may take several days. For developing countries,
lack of access to quality cold storage and cold chain transportation is a major barrier to all types of
centralised sample analysis, vaccine distributions or food safety [48-50]. While chemical
preservation of DNA before analysis can be an easier/cheaper strategy for increasing the quality of
downstream analyses than cold storage, price and availability of preservation supplies can still
remain a major challenge in many places in the developing world. This project was initiated to
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investigate the effects of both temperature and common preservation methods for preservation of
DNA from sampling to diagnostics of two widespread gut pathogens. Even over a fairly long time
window of 30 days, we did not observe any major benefits from the chemicals nor the storage
temperatures for our bacterial detection. In fact, both Campylobacter and Salmonella DNA was
detected in all matrices of non-preserved samples at all time points and temperatures at
approximately similar levels, indicating limited degradation of these species in native feces.

Empirically, we had previous experience that the human DNA extraction protocol had a higher
overall DNA vyield efficiency for veterinary samples, and the comparatively higher bacterial yield of
the bacterial/pathogen protocol with heat lysis was more important for retrieving gram-positive
bacterial DNA (both our pathogens are gram-negative). While there is no indication that the different
extraction protocols made any difference to detectability over time, the recommendation must be to
use the pathogen protocol also for veterinary samples in the future.

On the very practical level, we found the ethanol/silica protocol (first soaking in ethanol, and
then adding silica-beads) to be time-consuming and somewhat impractical, as the dried sample
material stuck to the beads and made them difficult to remove before DNA extraction without
sample loss, and removing the preservation agent (i.e. the supernatant) without further loss of sample
also required great effort. Removing the supernatant also required considerable care for samples
treated with RNAlater, as the fecal sample was hard to sediment even after two centrifugations. In
comparison, EDTA preservation method did not present any technical difficulties. In terms of
temperature, freezing untreated stool samples may lyse cells and lead to DNA degradation during the
extraction process, and thus decrease yields compared to above-zero temperature storages [34,51].
The frequently encountered problem with maintaining intact frozen-storage transport chains and
freeze-thaw interchanges in the process from sampling to extraction will exacerbate this problem.
Thus, even if frozen storage may still be accessible to clinicians that otherwise have limited budgets
that exclude purchases of expensive chemical preservatives, the general recommendation must still
be against freezing untreated stool samples.

We wish to stress that our focus rested on the specific issue of diagnostics of our two pathogens
in fecal matter over a realistic timeframe in clinical work from sampling to medical/microbiological
analysis. While we must consider silica desiccation as generally unsuitable for preservation of
fecal/viscous samples, EDTA would have advantages in preserving longer (e.g + 1000 bp) fragments
and longer-term storage [52], and RNAIlater could be valuable for the emerging field of fecal
transcriptomics analyses [53]. Furthermore, for other increasingly ubiquitous DNA-based studies on
fecal matter (and human/bodily samples in general) as general community composition analyses,
immediate fixation upon sampling and subsequent cold storage of samples remain essential, even as
the commonly applied fixation method of freezing raw samples [54-56] remains ill-advised if not
done in combination with another sample treatment [51].

But while we certainly do not suggest a correction to the CDC general recommendations for
stool sample handling [57], our results do suggest that simply sampling fecal matter (with normally
reasonable considerations to avoid cross-contamination) in a clean sealable container, and
storing/shipping under room temperature conditions, is indeed sufficient for DNA-based diagnostic
purposes involving Campylobacter and Salmonella infections, the most widespread gastroenteric
bacterial pathogens, for typical samples. Furthermore, as we targeted fragments of up to 300 bp in
the Campylobacter assay, the stable existence of fragments of this size over 30 days also means that
the required lengths for multilocus sequence typing [17] or shotgun metagenomic detection [58] of
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these pathogens are also within reach. Application of molecular/DNA-based diagnostics is increasing
in the developing world [59], and during the recent COVID19 pandemic, we have witnessed an
implementation of PCR-based testing all across the world (e.g, with tens of millions of RT-PCR tests
taken in less than a year in India [60]) that is probably unsurpassed in scale and size. We suggest that
many more fecal samples could and should be analysed for diagnosis of Salmonella or
Campylobacter and probably also other bacterial causes of gastroenteritis that presently simply do
not get taken because normal optimal sample handling is a priori believed to be impractical. This
would also apply to veterinary sampling of stools from seemingly unaffected livestock.

Lack of proper diagnosis separating bacterial from viral causes of diarrhoea across the
developing world remain a major issue [61]. Remediation of this could lead to a substantial reduction
in the use of antibiotics[4,7], which is a globally shared concern for developing and developed
countries alike. Knowing that reliable DNA-based diagnostic analysis can be done on fecal samples
which can be taken at low cost at any point-of-use and transported to central facilities for analysis is
one step in that direction.
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