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Introduction

Staphylococcus aureus is a mesophilic Gram-positive coc-

Abstract

Aims: To understand the impact of storage temperature on recovery of
Staphylococcus aureus on sampling swabs. Staphylococcus aureus is a common
cause of skin and soft tissue infections, but also causes a variety of life-
threatening diseases. With a large pool of asymptomatic carriers and
transmission that can occur even through indirect contact, mitigation efforts
have had limited success. Swab sampling, followed by culturing, is a
cornerstone of epidemiological studies, however, S. aureus viability on swabs
stored at different temperatures has not been characterized.

Methods and Results: We determined survival rates on swabs stored at five
different temperatures. Samples stored at —70°C had no decay over time while
samples stored at higher temperatures showed an exponential decay in
viability. Mortality rates were greatest for swabs stored at 37°C. Survival at
intermediate temperatures (—20 to 20-5°C) did not differ significantly,
however, we observed more variation at higher temperatures.

Conclusions: To maximize recovery of S. aureus cells, samples should be
stored at —70°C or processed for culturing without delay.

Significance and Impact of the Study: Epidemiological studies of bacterial
diseases are typically limited to determination of pathogen presence/absence, yet
quantitative assessments of pathogen load and genetic diversity can provide
insights into disease progression and severity, likelihood of transmission and
adaptive evolutionary potential. For studies of S. aureus where time or access to a
microbiology laboratory may delay culturing, deep freezing or timely culturing
will maximize the degree to which sampling results reflect source status.

more challenging due to the continuous emergence of
strains resistant to methicillin and other beta-lactam
antibiotics, vancomycin, fluoroquinolones and other

cus-shaped bacterium (Schleifer and Bell 2015), com-
monly associated with the epithelial tissues of humans
and other animals. It is a common cause of skin, soft-tis-
sue, bone, joint, respiratory and endovascular infections
in humans that occur when these bacteria penetrate the
outer layers of skin or mucosa (Williams 1963). In 2017
in the United States, almost 120 000 bloodstream infec-
tions of S. aureus were recorded and 20 000 associated
cases died (Kourtis ef al. 2019). Treatment is increasingly

antibiotics (Chambers and DeLeo 2009; European Centre
for Disease Prevention and Control 2019).

Historically, most clinical S. aureus infections were
acquired in health care settings. However, during the past
two decades, infections are increasingly acquired in commu-
nity settings (Chambers and DeLeo 2009). This pathogen
can be carried persistently or transiently in a large propor-
tion of individuals without clinical manifestations (Williams
1963). In fact, colonization is prevalent in the nose of
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approximately one third of the healthy US population
(Kluytmans et al. 1997; Wertheim et al. 2005). This wide dis-
tribution enables broad transmission, especially through
transient and sporadic carriers, who experience frequent
strain replacement (van Belkum et al. 1997; VandenBergh
et al. 1999). In addition, horizontal gene transfer provides a
mechanism for the spread of antibiotic resistances and viru-
lence factors to new lineages (Fitzgerald et al. 2001). These
characteristics emphasize the importance and challenge of
understanding transmission in community settings (Zetola
et al. 2005; Chambers and DeLeo 2009; Price et al. 2012;
Grontvedt et al. 2016; Pearson et al. 2019).

To better understand carriage and transmission of S.
aureus in community settings, sampling strategies, which
typically involve the use of swabs, must provide robust cul-
ture-based isolation for downstream analyses for detection
that accurately reflect carrier status (Williams 1963;
Wertheim et al. 2005). Particularly for community-based
studies, storage conditions and elapsed time before cultur-
ing may play an important role on the viability of cells and
therefore on successful culturing and accurate detection.
The effectiveness of transport media for S. aureus kept for
long periods of time has been widely studied (Morosini
et al. 2006; Rishmawi et al. 2007; van Horn et al. 2008;
Saegeman et al. 2011; Robinson et al. 2012). However, the
use of transport media adds considerable expense to larger
studies and precludes any downstream quantitative analy-
ses as the bacteria will still replicate. The necessity of trans-
port media has not been thoroughly evaluated.

In general, few studies have attempted to quantify the
survival of S. aureus across different temperatures in the
absence of media. Our understanding of S. aureus sur-
vival is based on studies of survival on frozen food
(Tanaka et al. 1999; Casarin et al. 2009; Saklani et al.
2020), where viable cells could be detected for up to
2 months after storage without significant changes in
concentration. At room temperature on a variety of sub-
strates and conditions, S. aureus showed highly variable
survival (Scott and Bloomfield 1990; Neely and Maley
2000; Wagenvoort et al. 2000; Noyce et al. 2006). How-
ever, almost no studies have quantified S. aureus survival
in the absence of media and in the context of storage for
down-stream culture-based isolation, which is critical to
community-based surveillance. In this study, we evaluated
the longitudinal survival of five strains of S. aureus on
swabs stored at five different temperatures.

S. aureus survival at different temperatures

(Pearson et al. 2019). All isolates were collected using BD
BBL CultureSwabs, cultured on CHROMAgar Staph aur-
eus plates, and stored in 20% glycerol at —70°C (Pearson
et al. 2019). Isolates used here (Table 1) were sequenced
to determine multilocus sequence typing (MLST) geno-
type and none possessed the SCCmec mobile element
conferring methicillin resistance. In order to represent a
diverse group of strains, five isolates (termed isolates A,
B, D, D and E) were selected within some of the com-
mon MLST genotypes of community isolates from Yuma,
AZ: ST30 (two isolates), ST5, ST8 and ST45.

Stock preparation

Glycerol stocks of strains collected from participants
(Pearson et al. 2019) were streaked for isolation onto
CHROMAgar Staph aureus plates and incubated at 37°C
for 24 h. For each isolate, a single S. aureus colony was
selected and streaked again on Tryptic Soy Agar (TSA)
without dextrose plates and incubated for 24 h at 37°C.
Four colonies from each re-streaked TSA plate were
transferred with a sterile plastic loop into 15 ml conical
tubes containing 10 ml of sterile phosphate-buffered sal-
ine (PBS) pH 7-4 and homogenized. Four colonies pro-
vided the approximate quantity of cells for our targeted
initial concentration for inoculating swabs. Preliminary
tests with isolate A showed little difference between the
stock concentration of the 15 ml conical tubes and the
concentration recovered immediately after inoculating a
swab, suggesting high recovery potential and that enu-
meration on day 0 provided a good approximation of the
inoculating concentration as well as a baseline value for
determining longitudinal survival.

Storage treatments

On day 0, the same day that the stock solution was pre-
pared, we placed 100 ul of stock solution onto each swab
tip (sterile double swab BD BBL CultureSwab) using a
micropipette. Each double swab was placed back into the

Table 1 Sequence types and read accession numbers for the isolates
used in this study

Name for the

isolates in this study MLST genotype Accession number

A ST30 SRX9078810
Methods B STS SRX9078814

C ST8 SRX9078813
Strains D ST30 SRX9078812

. E ST45 SRX9078811

Isolates were collected as part of an ongoing study of
community carriage and transmission based in Yuma, AZ MLST, multilocus sequence typing.
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storage tube and into a Ziploc bag. Each pair of swabs
was processed at the same time and provided two inde-
pendent replicates for each time and treatment point.
Storage temperature treatments reflect ‘body temperature’
at 37°C (which varied from 36° to 37°C), ‘room temper-
ature’ in a hermetic plastic box for protection against
light and slight temperature changes (temperatures varied
from 19-5 to 21-5°C with a mode of 20-5°C), ‘refrigera-
tor’ at 5°C (varying from 3 to 6°C), ‘freezer’ at —20°C
(undetermined variation) and ‘deep freezer’ at —70°C
(varying from —69 to —70°C). We also performed an ini-
tial test of isolate A stored at 45°C, but no bacteria were
recovered at or after 1 h, so we did not test any of the
other isolates at this temperature.

Bacteria enumeration

To determine the concentration of S. aureus on each
swab pair at time 0 and various time points after expo-
sure to treatments, the tip of each swab was clipped off
the shaft and placed in a microfuge tube containing
0.9ml of PBS and vortexed for 20 s. For accurate enu-
meration, we adjusted the concentration with a goal of
yielding 30-300 colonies on, at least, one plate per sam-
ple. We did this by diluting the solution 1 : 10 followed
by a 1:4 serial dilution and spreading 100ul on TSA
plates using Drigalski spatulas. Plates were incubated at
37°C for approximately 24 h (except for isolate C that
which was incubated for ~48 h due to slower growth).

The number of colonies on a plate was recorded for
only those plates with 30-300 colonies as counts of <30
will be more influenced by small errors in dilution while
counts of >300 will be difficult to count and contain
colonies that are not fully separated. Our limit of quan-
tification was therefore 30 colonies from the least diluted
plate. A 10-fold dilution series would not necessarily yield
a plate in the countable range. We therefore used a 1 : 4
dilution series was as this was likely to yield one or two
plates that were in the countable range, providing us with
one or two measurements per swab. Cell concentration
for each swab tip was calculated by multiplying the num-
ber of colonies by the dilution factor of each plate. Bacte-
rial load represents the average cell concentration of each
swab replicate in CFU/swab. We transformed bacterial
load values to the natural log for posterior analyses.

Due to our exclusion criteria, those final swabs whose
least diluted plate had less than 30 colonies, were not
included in the analysis. Although the lack of quantifiable
ending points deprives us of more data points, the inclu-
sion of those low counts can be expected to contain sig-
nificant error and thus could substantially affect the
estimated rates. Moreover, those final plates with zero
colonies would cause additional bias, as they do not
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represent the moment at which concentration intersected
the X axis.

Statistical Analysis

Our goals for the statistical analysis were to determine
the population decay rate of the isolates stored at differ-
ent temperatures, and then to compare the decay rates
across temperatures and isolates. To estimate exponential
decay rates, we needed to conduct a linear regression of
the natural log-transformed bacterial load (CFU/swab)
against time. In our analysis we also had to account for
the following complexities: (i) each isolate had a unique
starting concentration, and (ii) bacterial load per temper-
ature per isolate was measured by one or more data point
per swab duplicate. Therefore, we needed to allow for dif-
ferent intercepts between isolates and for nonindependent
measurements from the same swabs.

We therefore constructed a linear mixed effects model,
and chose to implement Bayesian inference using the
packages rstan and rstanarm in the open-source statistical
software R, which interface with the Stan inference soft-
ware (Goodrich et al. 2019; Stan Development Team
2019; R Core Team 2020). We chose a Bayesian frame-
work due to the complexity of the model structure and
because the Bayesian method allows us to better estimate
the uncertainty in the group-specific slopes and intercepts
compared to frequentist methods (Goodrich et al. 2019).
However, we emphasize that the choice to use the Baye-
sian approach does not change the statistical significance
of the results.

The model implementation was of the form: log(Bacte-
rial Load) ~ Time + (1|Isolate) + (1 | Swab.ID) +
(0 + Time|Isolate:Temperature). This model thus allows
for a random intercept that varies per Isolate and per
Swab.ID. Then, the effect of time (i.e. the slope, the rate
of decay) is allowed to vary per temperature, but the
effect of temperature can also vary among isolates. The
analysis results in posterior distributions of ‘random’
slopes that quantify the effect of each temperature on the
decay rate of the bacteria, and these effects of tempera-
ture can vary across isolates. In the Stan model, we ran
four independent chains for 2000 iterations each, discard-
ing the first 1000 iterations as warm-up. We used vague,
default prior distributions for all model parameters.

Next, we compared whether the bacterial decay rates
measurably differed across the temperature gradient. To
do this, we conducted three post hoc comparisons of tem-
perature groups, and averaged these effects across isolates.
Specifically, we compared the decay rate of —70°C (we
designate this as ‘group a’) to the average decay rate
across —20°C through 20-5°C (group b); we compared
—70 to 37°C (group c); and, finally, we compared the
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average decay rate across —20°C through 20-5°C to the
decay rate at 37°C. This constituted three independent
tests. To make these comparisons, we averaged the slope
values at each posterior draw across the isolates, then cal-
culated the differences in the slope estimates at each pos-
terior draw. In other words, we calculated 4000
differences between each comparison group (a, b and c).
Then, we considered the groups to be substantially differ-
ent if the 95% credible interval of these differences did
not include zero.

We report 95% credible interval for various statistics.
These are calculated by randomly sampling from the pos-
terior samples and then calculating the 95% quantile for
these generated quantities. For instance, to get the 95%
credible interval for the slope of isolate A at temperature
37°C, we have to randomly sample from the posterior of
the global average slope, the random effect of isolate A
and the random effect of temperature 37°C for isolate A.

Results

After treatment, almost all colonies showed typical mor-
phological characteristics of S. aureus grown on TSA
plates after 1 day of incubation: cream colour, circular,
raised, with smooth margins and 1-5 mm in diameter.
Occasionally, some colonies showed a more irregular
shape, but reverted to typical morphologies when re-
streaked. Some colonies from swab samples stored in the
refrigerator or freezer were particularly small, but
reverted to typical size when re-streaked. After any length
of storage under any treatment temperature, isolate C
grew slowly on TSA plates and yielded consistently small
colonies. Increasing the incubation time for plates with
isolate C to 48 h improved visualization of colonies with-
out influencing colony number. Normal colony size was
observed for this isolate after storage treatments when
inoculated on CHROMAgar or re-streaked on TSA from
a fresh culture.

All five isolates survived best on swabs stored in the
deep freezer at —70°C with almost no variation among
isolates. We terminated this experiment at this tempera-
ture after 91 days for isolate A, 44 days for isolate B,
50 days for isolate C, 44 days for isolate D and 58 days
for isolate E. At this temperature and for each endpoint,
all concentrations for all isolates did not differ from the
initial concentration as measured on day 0. For all other
storage temperature conditions, we observed an exponen-
tial decrease in concentration over time. The last days
that we were able to detect at least one colony from —20,
5, 20-5 and 37°C conditions are as follows: Isolate A: 21,
8, 7, 2 days; Isolate B: 17, 11, 11, 4 days; Isolate C: 15,
27, 10, 4 days; Isolate D: 17, 11, 11, 4 days; and Isolate E:
16, 13, 7, 0 days. These points were excluded from our

S. aureus survival at different temperatures

analyses as they as they fell outside the quantifiable range
of 30-300 cells.

At the highest temperature, we observed lowest survival
rates. All five isolates showed the most rapid decline at
37°C (Fig. 1). This was especially pronounced for isolate
E, which showed no growth at any time point, the first
of which was at 24 h (Fig. 1). At 37°C, none of the other
four isolates (A—D) were cultivable after day 4 (Fig. 1).

The statistical analysis revealed that the rate of bacterial
decay increased with storage temperature (Fig. 2). Quan-
titatively this led to a more negative slope as temperature
increased (i.e. a larger negative impact of temperature).
We found that the —70°C storage temperature did not
lead to measurable decay; the slope was not substantially
different than zero (median (95% credible interval in the
difference): —0-009 (—0-019, 0-002)). The —70°C storage
condition (group a in Fig. 2) had a measurably lower
decay rate compared to the average across —20, 5 and
20-5°C (group b in Fig. 2), where 95% credible interval
of the difference did not include zero (median (95% CI):
0-46 (0-42, 0-49)); and separately, the —70°C group had
lower decay compared to 37°C (group c in Fig. 2; median
(95% CI): 1-48 (1-29, 1-67)). Furthermore, the mid-range
storage conditions of group b (—20 to 20-5°C) had a
measurably lower decay rate compared to 37°C (median
(95% CI) in the difference: 1-03 (0-83 1-21)). Qualita-
tively, we can see that isolates within the group b storage
conditions (—20, 5 and 20-5°C) had similar decay rates;
however, as temperature increased, the variation between
isolates became more pronounced, and some isolates had
substantially higher decay rates at 5 and 20-5°C (Fig. 2).
Indeed, isolate E had the lowest survival rate at 20-5°C
and was the only isolate that did not even survive for
24 h (the first time point) at 37°C (Fig. 2).

Discussion

Survivability of S. aureus on a sampling substrate is a
critical consideration for study design and for surveillance
and downstream genomic analyses of S. aureus from
community samples. In our study, we found that survival
decays exponentially over time when samples are stored
on swabs outside of a deep freezer, the rate of decay
increased substantially at higher storage temperatures,
and we provide empirical findings to quantify these
dynamics. Samples exposed to 37°C experienced the low-
est survival rate, while the best recoveries occurred after
storage under the coldest condition (—70°C). In fact, at
—70°C, there was no measurable decay in survival even
after several months of storage without media. Intermedi-
ate temperatures (—20 to 20-5°C) showed moderate
decay in survival over time although there was variation
across isolates, with some isolates showing substantial
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Figure 1 Concentration over time for five isolates on swabs stored at five different temperatures. Each panel plots the concentration dynamics
of a different isolate (Table 1) at the five storage temperatures. Black points are the initial concentration recovered from swabs at time 0. All
swabs across treatments were inoculated with the same stock and thus have the same initial concentration with the exception of isolate A at
5°C. The coloured ribbons show the 95% credible interval in the model predictions of bacterial concentration over time for each isolate and tem-
perature treatment. Our statistical analyses allowed for us to vary the time points at which we measured survival. This was important as it was
impossible to process all strains at the same time. This also, allowed us to assess the decay at —70°C over a longer time period. Temperature:
(@) —70°C, (@) —20°C, () 5°C, (@) 20-5°C, (@) 37°C.
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differences in their decay rates at 5 and 20-5°C. Our
results are broadly consistent with other studies that
showed highest survival at the lowest temperatures
(Tsvetkov and Shishkova 1982; Polo et al. 2017).

In some bacteria, low temperatures can induce cell
damage due to ice crystal formation or other types of
injuries which decrease the number of cultivable cells,
however, a variety of stress strategies at different tempera-
tures can prevent or reduce such damage (Wesche et al.
2009). Our results suggest that S. aureus can effectively
survive storage at —70°C for long periods of time with
no storage or transport media. At the other tested tem-
peratures, we observed an exponential decay in surviv-
ability. S. aureus has been recovered at high doses even
after 2 months at —20°C on substrates such as seafood
(Saklani et al. 2020), possibly aided by cryoprotectant
properties contained in many foods (Wesche et al. 2009)
which were absent in our experiments.

Colonies from samples stored in the refrigerator (5°C)
and especially freezer (—20°C) showed some variation in
size and shape, that indicates that cold or freezing condi-
tions could induce metabolic changes in S. aureus cells
(Wesche et al. 2009; Onyango et al. 2012; Suo et al.
2018). As a result, although many cells could still be
viable, not all would be immediately cultivable under the
same incubation conditions (Watson et al. 1998), and
this might explain the relatively low recovery at —20°C
versus —70°C observed in our study. Our methods
allowed us to quantify cultivable bacteria incubated for
24 h, but additional tests would be needed to estimate
the total survival of viable cells.

Swabs stored at room temperature showed that S. aur-
eus can be quantified with our method after 7 or 11 days,
which is similar to the study of Neely and Maley (2000),

who detected the presence of recoverable S. aureus cells
after approximately 2 weeks for most of their isolates
stored at room temperature on polyester (Neely and
Maley 2000). However, in the Neely and Maley (2000)
study, two of the six isolates survived for 40 and 56 days,
illustrating the strain-level variation of survival in
response to temperature. Additionally, differences in
results across studies may be influenced by different
methods and differences in relative humidity for storage
conditions. S. aureus can survive longer at lower relative
humidity levels (Strasters and Winkler 1966; Kramer
et al. 2006; Coughenour et al. 2011), but our samples
contained 100 ul of PBS on each of two swabs that were
enclosed in a single small tube. Survival may also be
influenced by the load of bacteria on a surface (Watson
et al. 1998; Warnke et al. 2014), where lower inocula
were associated with lower survival rates (Watson et al.
1998; Warnke et al. 2014). We did not observe such a
phenomenon, as the similarity of our initial concentra-
tions across isolates precluded our ability to detect an
influence of cell density on survival.

Observed cell densities of S. aureus in the nares of
human carriers fluctuate over time (Burian et al. 2010;
Szafraniska et al. 2019), and S. aureus abundance in the
anterior nares is lower for women compared to men (Liu
et al. 2015). Staphylococcus aureus can range from less
than 10* to 107 16S copies per swab sample (Liu et al.
2015), which is approximately 1 order of magnitude less
than the concentrations of our initial mixes. Our results
suggest that a highly concentrated sample from a person
left at room temperature for a week would still be detect-
able via culture. Conversely, a low-concentration swab
may yield false negative results after only a few days of
storage. Our data therefore suggest that if sampling swabs
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cannot be stored at —70°C, cultivation efforts should
commence as soon as possible, given the exponential
decay. While we saw no statistically significant difference
between average survival rates at —20, 5 and 20-5°C, the
increased variation in survival rates among isolates was
noticeable and argues for storage at colder temperatures
to avoid bias in the detection of certain isolates. In gen-
eral, our data suggest that transport medium is not nec-
essary if samples are stored at —70°C or if culturing
occurs within a day or two of collection and samples
have not been kept at high temperatures.

Our methodology was intended to quantify the dynam-
ics of microbial decay, but not to empirically assess the
last day of survival of our isolates in our particular experi-
ments, although this can be predicted from our statistical
model. With this aim, we reduce counting and sampling
errors by including only plates with 30-300 colonies. We
further reduce errors surrounding our estimation by using
a 1 : 4 dilutions which are more likely to yield one to two
plates in the countable range per replicate. Finally, our
use of paired swabs provides the potential of two repli-
cates for each point. Despite these precautions, variation
in our estimates precludes us from observing any statisti-
cally significant differences in survival rates between —20,
5 and 20°C. If such differences actually exist, additional
swab replicates and plate replicates would further reduce
variation in cell concentration estimations.

In summary, our results suggest that transport medium
is not always necessary for field-based sampling, but rein-
force the need for appropriate storage or rapid processing
of swab samples with S. aureus when stored in the
absence of media. Samples stored at —70°C had almost
no decay over time while S. aureus at 37°C had the low-
est survival rates. We did not observe any statistically sig-
nificant differences in survival rates between —20, 5 and
20°C. However, we observed more variation among iso-
lates stored at higher temperatures.
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