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ABSTRACT Salmonella enterica is increasingly linked to disease outbreaks associ-
ated with consumption of low-water-activity (low-aw) foods. Persistence of the
pathogen in these foods was attributed to its ability to implement desiccation resis-
tance mechanisms. Published knowledge about methods that disrupt desiccation
resistance in S. enterica is lacking. We hypothesize that strong membrane-active
compounds disrupt the desiccation resistance that S. enterica may acquire in
low-aw foods or environments. The newly discovered antimicrobial lipopeptide
paenibacterin was the membrane-active agent investigated in this study. Strains of
S. enterica serovars Tennessee and Eimsbuettel, with a history of association with
low-moisture foods, were investigated. The viability of these strains did not decrease
significantly during dehydration and subsequent storage in the dehydrated state.
Considering that the paenibacterin MIC against S. enterica strains was 8 �g/ml,
concentrations of 4 to 16 �g/ml paenibacterin were tested. Within this range,
desiccation-adapted S. Eimsbuettel was much more tolerant to the antimicrobial
agent than the desiccation-adapted S. Tennessee. Pretreatment with 8 �g/ml paeni-
bacterin increased inactivation of S. enterica during desiccation. The use of paenibac-
terin at 16 �g/ml or higher concentrations resulted in leakage of intracellular potas-
sium ions from desiccation-adapted cells. Paenibacterin significantly decreased the
biosynthesis of the intracellular osmoprotectant solute, trehalose, in a concentration-
dependent manner. Treatment with 64 �g/ml paenibacterin increased the permea-
bility of the cytoplasmic membranes of desiccation-adapted cells. Transcription of
the desiccation-related genes proV, STM1494, kdpA, and otsB in response to paeni-
bacterin treatment was investigated using reverse transcription-quantitative PCR.
Transcription of some of these genes was downregulated in a concentration- and
strain-dependent manner.

IMPORTANCE Salmonella enterica adapts effectively and persists for a long time in
low-aw foods or environments through resistance mechanisms to desiccation stress.
Desiccation-resistant cells compromise food safety and constitute a serious health
hazard. Strategies to combat desiccation resistance in S. enterica are needed to sen-
sitize the pathogen to lethal processes used in food preservation. The study proved
that the membrane-active lipopeptide paenibacterin disrupts the resistance in
desiccation-adapted S. enterica, as measured by phenotypic, biochemical, and ge-
netic analyses. This study highlighted the role of the lipopeptide paenibacterin in
disrupting mechanisms employed by S. enterica to resist desiccation. This knowledge
may lead to the design of novel control measures to improve the safety of low-aw

foods.
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Food and its microbial load are subject to natural water loss in the field and during
storage or to deliberate water removal during processing. Limited water loss can

lead to moderate dehydration, but excessive loss leads to desiccation. Water removal
reduces foods’ water activity (aw), which extends product shelf life (1). In the past 2
decades, there has been a noticeable increase in the incidence of disease outbreaks
linked to low-aw foods such as cereals, nut butter, crackers, and dry dog food (2–5). The
ability of microorganisms to survive and adapt to desiccation stress contributes to their
persistence in these foods and processing environments; this, in turn, facilitates patho-
gen transmission through the food chain to humans, leading to frequent outbreaks of
foodborne illnesses (6). Some serovars of Salmonella enterica are peculiarly adaptable to
dry conditions and develop desiccation resistance. This adaptation not only helps S.
enterica survive for extended periods in low-aw foods, but it also cross-protects these
cells against lethal steps in product processing (3). S. enterica presents a significant
health risk at low infective doses. The bacterium was responsible in the United States
for 94% of recalls and worldwide for 53% of disease outbreaks associated with low-aw

food from 2012 to 2017 (7). High virulence and persistence of S. enterica in dry
environments make this pathogen a difficult challenge for the food industry.

Various studies have focused on establishing links between S. enterica serovars
or strains and salmonellosis outbreaks associated with low-aw foods (4, 5, 8–10). In
addition, progress has been made in unraveling the underlying mechanisms of S.
enterica survival in low-aw foods. Proposed mechanisms include elevated expression of
osmoprotectant transport proteins, increased potassium influx, trehalose and gluta-
mate synthesis, upregulation of sigma factors, Fe-S cluster and fatty acid catabolism,
curli fimbria synthesis, and extracellular cellulose production (3, 11, 12). Despite this
progress, there is only limited literature addressing strategies to control desiccation
resistance once it is acquired by S. enterica.

This investigation was initiated to explore the role of membrane-active bacterial
lipopeptides in controlling S. enterica survival during desiccation and to elucidate the
mechanism of the proposed action. Paenibacterin, an antimicrobial lipopeptide pro-
duced by Paenibacillus thiaminolyticus isolated from soil (13), was investigated and
compared with polymyxin. Paenibacterin has antimicrobial activity against Gram-
positive and Gram-negative bacteria, possesses low cytotoxicity to a human kidney cell
line, neutralizes Gram-negative endotoxins in vitro, and has the capability to inhibit the
formation of Listeria monocytogenes biofilms (14–16). We hypothesize that paenibac-
terin disrupts desiccation resistance because it can compromise cytoplasmic membrane
integrity and the cell’s ability to retain potassium ions or synthesize compatible solutes,
which are essential for S. enterica to survive desiccation stress.

RESULTS

Strains of the S. enterica serovars Tennessee and Eimsbuettel were investigated in
this study. The strains survived well during 24 h of drying and subsequent storage in
the dry state for 48 h (Fig. 1); the populations did not encounter a significant reduction
(P � 0.05) during this 72-h desiccation period.

Resistance of desiccation-adapted S. enterica strains to paenibacterin. Desiccation-
adapted S. Tennessee and S. Eimsbuettel cells in saline solution were treated with 0.5�,
1�, and 2� the MIC of paenibacterin, which was found to be 8 �g/ml against S. enterica
serovar Typhimurium in a previous study (16) and against the current two strains when
they were tested in the non-desiccation-adapted state (data not shown). Polymyxin was
used at 2 �g/ml, a value reported previously as the MIC of this agent against S.
Typhimurium (16) and confirmed in this study against the tested strains (data not
shown). Survivors were enumerated during 24 h of incubation at 25°C, and results are
presented in Fig. 2. The population of survivors decreased significantly (P � 0.05) at all
paenibacterin concentrations compared to the levels in the untreated control for each
strain. The two desiccation-adapted strains varied greatly in resistance to paenibacterin;
S. Eimsbuettel was more resistant than S. Tennessee at all concentrations tested. S.
Eimsbuettel exhibited a smaller reduction than S. Tennessee in population at each
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paenibacterin concentration (P � 0.05). However, the two strains were inactivated at
comparable rates (P � 0.05) in the presence of presence 2 �g/ml polymyxin. Inactiva-
tion of desiccation-adapted S. enterica by paenibacterin depended also on the incuba-
tion period.

Paenibacterin sensitizes S. enterica to desiccation stress. Desiccation-adapted
cell suspensions of S. enterica strains, prepared as described in the Materials and
Methods section, were treated with 8 �g/ml paenibacterin for 4 h at �22°C; cells were
washed and subjected to a second round of desiccation for 24 h, and changes in the
survivor population were monitored (Fig. 3). The 4-h paenibacterin treatment caused
2.0- and 1.2-log CFU/ml reductions in S. Tennessee and S. Eimsbuettel populations,
respectively, compared to the level in the untreated control (0 �g/ml paenibacterin).
Paenibacterin-pretreated and washed populations encountered further population
reductions (1.9- and 1.5-log CFU/ml reduction for S. Tennessee and S. Eimsbuettel,
respectively) during the second round of desiccation in comparison to the level in the

FIG 1 Changes in the populations of S. Tennessee and S. Eimsbuettel during desiccation at �22°C and
40% relative humidity for 72 h. Square, S. Tennessee; diamond, S. Eimsbuettel. Each data point represents
the average of three repeats � standard deviations.

FIG 2 Changes in populations of desiccation-adapted S. Tennessee (A) and S. Eimsbuettel (B) bacteria when exposed for 24 h at 25°C to paenibacterin and
polymyxin. Concentrations of paenibacterin are indicated as follows: open square, 0 �g/ml; diamond, 4 �g/ml; filled square, 8 �g/ml; circle, 16 �g/ml. Triangle,
2 �g/ml polymyxin. Each data point is an average of three repeats � standard deviations. A population count below the method’s detection limit (i.e., �2 log
CFU/ml) is indicated by an asterisk (*).
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untreated control (less than 0.1 log CFU/ml at 0 �g/ml of paenibacterin). These data
provide evidence that pretreatment with paenibacterin sensitizes S. enterica strains to
desiccation.

Release of intracellular potassium ions from desiccation-adapted S. enterica by
paenibacterin. Accumulation of intracellular potassium ions is vital for desiccation
resistance in S. enterica (3). In the current study, treatment of desiccation-adapted S.
enterica strains with a concentration of 16 �g/ml or greater of paenibacterin caused
considerable release of intracellular potassium ions (Fig. 4). At 16 and 64 �g/ml,
paenibacterin treatment resulted in rapid leakage (P � 0.01) of potassium ions from
cells of both strains. In contrast, lower paenibacterin concentrations tested (4 �g/ml)
did not lead to significant leakage of potassium ions from desiccation-adapted cells.
These results give evidence that paenibacterin at 16 �g/ml or greater would impact the
ability of S. enterica to survive desiccation stress by inducing potassium leakage.

Inhibition of trehalose biosynthesis in response to paenibacterin treatment.
Leakage of intracellular potassium ions prompted us to explore paenibacterin’s poten-
tial to inhibit trehalose biosynthesis, which is also necessary for S. enterica to tolerate
desiccation (12). After S. Tennessee was incubated under desiccation conditions for
12 h, there was a proportional decrease in trehalose biosynthesis with increasing
paenibacterin concentrations (Fig. 5A). The inhibition of trehalose (represented as
percent decrease in reference to the level of the untreated control) was considerable
(P � 0.05) among the three paenibacterin treatments. Similarly, trehalose biosynthesis
in S. Eimsbuettel decreased consistently (P � 0.05, among paenibacterin treatments)
(Fig. 5B). Based on these results, trehalose biosynthesis is significantly reduced in a
concentration-dependent manner with the intensity of the paenibacterin treatment.

Paenibacterin alters membrane permeability of desiccation-adapted S. en-
terica. Cells of desiccation-adapted S. enterica strains treated with paenibacterin were
stained with two fluorescent nucleic acid stains, and the examined slides are shown in
Fig. 6. Paenibacterin treatment increased the permeability of the cytoplasmic mem-
branes of both S. enterica strains. Untreated bacterial cells showed green fluorescence,
indicating intact membranes that prevented the membrane-impermeable propidium
iodide (PI) from entering the cell. In contrast, cells treated with paenibacterin showed
red fluorescence due to the compromised membranes that allowed the entry of
propidium iodide and its interaction with the cell’s nucleic material. These results show
clearly the ability of paenibacterin to increase permeability of the cytoplasmic mem-
brane of desiccation-adapted cells.

Paenibacterin altered the transcription of desiccation-related genes. Desiccation-
related genes (Table 1) were studied, and their relative transcriptional changes were
assessed using reverse transcription-quantitative PCR (RT-qPCR); results are shown in

FIG 3 Changes in the populations of desiccation-adapted S. Tennessee and S. Eimsbuettel bacteria when
treated with 8 �g/ml paenibacterin for 4 h and desiccated subsequently for 24 h at �22°C. Each bar is
an average of three repeats � standard deviations. Symbols are as follows: P0, no paenibacterin; P8,
8 �g/ml paenibacterin; open bar, count before desiccation; filled bar, count after desiccation. * P � 0.05,
for the difference between counts before and after desiccation.
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Table 2. In response to paenibacterin treatments, transcription of some of these genes
was downregulated in a concentration- and strain-dependent manner. Significant
downregulation (�2-fold decrease) was observed in S. Tennessee at 8 and 16 �g/ml of
paenibacterin in the case of the genes proV, kdpA, and otsB, but only the highest
concentration of paenibacterin tested (16 �g/ml) caused significant downregulation in
the gene STM1494 (�2-fold decrease). Similarly, transcription levels of the genes
STM1494 and kdpA were significantly downregulated in S. Eimsbuettel treated with
high concentrations of paenibacterin (8 and 16 �g/ml). Slight downregulation (�2-fold
decrease) of proV gene expression was observed in S. Eimsbuettel with all paenibacterin
treatments.

DISCUSSION

Evidence for the increasing severity of desiccation resistance of S. enterica is mount-
ing as the frequency of disease outbreaks associated with low-aw foods is on the rise.
S. enterica, a main cause of foodborne illness in dry or low-aw foods, can persist for
extended periods of time in dry environments and is able to survive for weeks, months,
or even years in dry foods (6). For example, almond kernels inoculated with S. enterica
serovar Enteritidis phage type 30 and dried for 24 h did not demonstrate a significant
population reduction (less than 1 log CFU/g monthly) during storage at �20, 4, and
23°C for 550 days (17). Several serotypes of S. enterica were associated with disease
outbreaks due to consumption of dry foods such as salami, peanut butter, dry dog food,
infant milk formula, and cereals (2, 5, 10, 18, 19).

S. enterica employs several mechanisms to survive desiccation conditions in dry or

FIG 4 Release of the intracellular potassium ions from desiccation-adapted S. Tennessee (A) and S.
Eimsbuettel (B) in the presence of 0 to 64 �g/ml paenibacterin (P) and 10 �g/ml polymyxin, measured
as changes in fluorescence at 505 nm. Each data point represents the average of three repeats. A
significant difference between averages for paenibacterin-treated and untreated cells after 500 s of the
assay is indicated by an asterisk (*).
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low-aw foods. Desiccation-resistant cells showed increased intracellular concentrations
of compatible solutes such as trehalose to maintain turgor pressure, increased influx of
K� to balance the osmotic pressure, and elevated expression of outer membrane porins
for diffusion of osmoprotectants (3). In this work, the lipopeptide paenibacterin was
investigated for potential disruption of some of these mechanisms. A previous study
described broad-spectrum antimicrobial activity of paenibacterin against Gram-positive
and Gram-negative bacteria (16). The antimicrobial activity of paenibacterin against
Gram-negative bacteria was attributed to binding of the lipopeptide with high affinity
to negatively charged lipopolysaccharides found in the outer membrane, depolariza-
tion of the cytoplasmic membrane potential, and leakage of intracellular ions (14). In
the current study, treatment of desiccation-adapted S. enterica for 24 h with twice the
MIC of paenibacterin was required to reduce the population of S. Eimsbuettel by �3 log
CFU/ml and of S. Tennessee by more than 5 log CFU/ml (Fig. 2). This relative tolerance
to paenibacterin could be attributed to the fact that resistance to desiccation stress
provided S. enterica with a cross-protective effect against the antimicrobial agent.
Stackhouse et al. (20) revealed that S. enterica exposed to low-aw conditions showed
tolerance to disinfectants, including sodium hypochlorite. Alternatively, preliminary
results from our follow-up study indicated that fractions of the populations of the S.
Tennessee and S. Eimsbuettel strains entered a viable but nonculturable (VBNC) state
upon exposure to certain desiccation treatments (data not shown). Similar results have
been observed previously in response to desiccation stress of S. Enteritidis (21). The
VBNC cells were thought to be more resistant to antimicrobial agents due to increased
peptidoglycan cross-linking (22).

Treatment of desiccation-adapted S. enterica with paenibacterin for 4 h increased
bacterium lethality when a second round of desiccation was applied (Fig. 3). This

FIG 5 Inhibition of trehalose production, compared to that in the untreated control, by different
concentrations of paenibacterin in desiccation-adapted S. Tennessee (A) and S. Eimsbuettel (B) after
treatment with 4 to 16 �g/ml of paenibacterin and incubation under the desiccation conditions for 12 h
at �22°C. Each bar represents the average of three repeats � standard deviations. *, P � 0.05; **,
P � 0.01.
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observation prompted us to test the potential causes for the loss of desiccation
resistance associated with paenibacterin treatment. The increase in intracellular potas-
sium ions is crucial for initiating desiccation resistance in S. enterica. Paenibacterin
caused leakage of K� from desiccation-adapted cells (Fig. 4). A previous study proved
that paenibacterin depolarizes the cytoplasmic membrane, initiates K� release, and
increases uptake of a cell membrane-impermeant probe in Staphylococcus aureus ATCC
6538 and Escherichia coli ATCC 25922 (14). The leakage of K� from S. enterica caused by
paenibacterin could impair desiccation resistance. In a previous study, a strain of
dehydrated S. Typhimurium with a mutation in the gene kdpA, which is involved in
potassium ion transport, impaired the long-term persistence of this mutant during
cold storage (11). Paenibacterin inhibited trehalose biosynthesis in a concentration-

FIG 6 Changes in cell membrane permeability observed after staining of the desiccation-adapted and
paenibacterin-treated cells of S. Tennessee and S. Eimsbuettel with SYTO-9 and propidium iodide and examination
by fluorescence microscopy. Cells with intact cell membranes showed green fluorescence, whereas those with
altered membranes produced red fluorescence. Results for untreated S. Tennessee (A) and S. Eimsbuettel (C) and
for treated (64 �g/ml paenibacterin) S. Tennessee (B) and S. Eimsbuettel (D) are shown.

TABLE 1 Primers used for reverse transcription-quantitative PCR analysis

Gene Forward primer (5=–3=) Reverse primer (5=–3=) Reference

gapA GGTGTTGACGTAGTGGCTGAA AGCGTTGGAAACGATGTCCTG 32
proV CCACAATGGTACGCCTTCTCA GCATGAGCGCAAATGACTGGA
STM1494 GCACACCCTCACCCTAAAAC GCAGGTCGGCTGAGTAAAAT 34
kdpA TGGGACTGGGCATCCTGTT GGTAGCCGCTGCGGATTTA 11
otsB TTAACCGTATCCCCCGAACTC CCGCGAGACGGTCTAACAAC 35
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dependent manner in both tested strains (Fig. 5). Trehalose biosynthesis is necessary for
osmoprotection in desiccation-adapted S. enterica (12, 23). Weak desiccation resistance
in S. Typhimurium LT2 was attributed to the lack of several mechanisms, among which
is the low ability to synthesize the osmoprotectant trehalose in contrast to that of the
strongly desiccation-resistant S. Tennessee (12). The ability of paenibacterin to decrease
trehalose biosynthesis provides additional evidence for the mechanism by which the
lipopeptide counteracted the desiccation adaptation in S. enterica. Moreover, paeni-
bacterin treatment damaged the cytoplasmic membrane in desiccation-adapted S.
enterica, as investigated using two nucleic acid stains. Paenibacterin’s ability to interfere
with cytoplasmic membrane functions could compromise desiccation resistance be-
cause these membranes are the sites where diffusion or uptake of osmoprotectant
solutes and ions takes place. In addition, the cytoplasmic membrane is the site of fatty
acid catabolism; this is needed to derive the energy required for S. enterica to survive
desiccation stress (3, 24, 25).

Transcription of four genes, namely, proV, kdpA, otsB, and STM1494, involved in
proline accumulation, potassium ion transport, trehalose synthesis, and the osmopro-
tectant transport system, respectively (11, 12), was analyzed in this study. The tran-
scription of these genes was downregulated in desiccated S. Tennessee, but only two
genes (STM1494 and kdpA) were downregulated in S. Eimsbuettel at 16 �g/ml of
paenibacterin (Table 2). These findings provide additional evidence that paenibacterin
mechanistically lowered the resistance to desiccation of S. enterica. The mechanisms by
which paenibacterin downregulates the expression of desiccation-related genes is not
fully understood. However, this observation may be related to paenibacterin-inflicted
damage of the cytoplasmic membrane where the osmoprotectant transporters, energy
generation, and two-component regulatory systems involved in the desiccation re-
sponse are located (3, 23). Previous transcriptomic study revealed that dehydration of
S. Typhimurium induced highest expression in the kdpFABC operon that encodes the
potassium transport channel (11). In another study, transcriptomic analysis of desicca-
tion resistance in S. Tennessee demonstrated that genes involved in osmotic resistance
(STM1494, proXVW, and otsB) were differentially upregulated (�2-fold increase) com-
pared to the levels in a weakly resistant S. Typhimurium LT2 strain (12). The expression
of desiccation-related genes was affected to a greater extent in S. Tennessee than in S.
Eimsbuettel, which indicates that the sensitivity to paenibacterin is strain dependent.
Based on these findings, paenibacterin has a potential to impair desiccation resistance
by affecting the expression of genes involved in potassium ion transport and formation
of compatible solutes.

In earlier reports, it was concluded that paenibacterin suppressed L. monocytogenes
biofilm formation and protected a murine model against Pseudomonas aeruginosa
infection (15, 16). In the current study, paenibacterin was effective in counteracting the
desiccation resistance mechanisms in strains of S. Tennessee and S. Eimsbuettel, which
were associated with salmonellosis outbreaks in low-aw foods. If food can be formu-
lated to contain the lipopeptide, this may weaken S. enterica dehydration tolerance and
sensitize the bacterium to subsequent treatments, such as heat or even dehydration.

TABLE 2 Changes in expression of desiccation-related genes when desiccation-adapted S. enterica was treated with different
concentrations of paenibacterin

Desiccation-related
gene

Expression ratioa

S. Tennessee S. Eimsbuettel

4 �g/ml 8 �g/ml 16 �g/ml 4 �g/ml 8 �g/ml 16 �g/ml

proV 1.4 � 0.07 �2.5 � 0.34 �8.7 � 0.73 �1.7 � 0.15 �1.8 � 0.89 �1.7 � 0.01
STM1494 1.5 � 0.6 �1.8 � 0.47 �2.0 � 0.13 �1.4 � 0.06 �4.5 � 1.3 �3.5 � 0.74
kdpA �1.9 � 0.87 �2.4 � 0.12 �3.0 � 1.0 �1.9 � 0.22 �5.7 � 0.55 �4.4 � 0.68
otsB �1.7 � 0.12 �2.0 � 0.26 �3.3 � 1.3 �1.7 � 0.36 1.2 � 0.21 1.5 � 0.17
aDetermined as the ratio of expression levels between treated and untreated cells; levels were normalized to the expression of the gapA housekeeping gene in both
treated and untreated (0 �g/ml paenibacterin) desiccation-adapted cells. The experiments were performed in duplicate and repeated twice. Values showing a
significant change (greater than a �2-fold change) are indicated in boldface.
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Moreover, being produced by a commensal bacterium, paenibacterin could by pro-
duced through food fermentation, and the product could be used as an additive for
controlling desiccation-resistant S. enterica in food formulations.

MATERIALS AND METHODS
Bacterial strains. S. Tennessee E2007000304 and S. Eimsbuettel 1236 H, FDA isolates from peanut

butter (26, 27), were obtained from the food microbiology laboratory culture collection at the Ohio State
University and used in this study. Stock cultures were grown in tryptic soy broth (TSB; BD, Sparks, MD)
at 37°C for 24 h before exposure to desiccation stress.

Preparation of desiccation-adapted cells. Desiccation of S. enterica strains was performed as
described previously (11) with modifications. Briefly, the strains were grown overnight in TSB at 37°C to
an optical density at 600 nm (OD600nm) of �1.0, which corresponds to �2.0 � 109 CFU/ml as determined
by plating on tryptic soy agar (TSA). Cultures (10 ml) were placed in plastic petri dishes (90-mm diameter;
VWR International, USA), with 1 ml per petri dish, and air dried in a biosafety cabinet for 24 h at 22 to
25°C under ca. 40% relative humidity. The desiccated cells were held in the dry state for an additional
48 h to demonstrate adaptation to desiccation stress. Nondesiccated S. enterica culture stored at 22 to
25°C for 72 h served as a control. The bacterial survivors were enumerated at 4, 6, 24, and 72 h of
desiccation duration by suspending the desiccated cells in 1 ml of sterile phosphate-buffered saline (PBS)
and plating on TSA. For comparison, the control culture also was diluted and enumerated on TSA.
A stock of desiccated cells was prepared to be used in various experiments as follows. Desiccated
cells were collected from 10 petri dishes by resuspending the contents of each dish in 1 ml of sterile
PBS. The suspensions were combined, supplemented with glycerol (25% of final volume), and stored
at �20°C. This suspension was designated desiccated suspension stock (DSS) and contained
�1 � 109 CFU/ml.

A desiccation-adapted cell suspension (DACS) was prepared from the DSS immediately before
experiments were performed, as follows. An aliquot of DSS was centrifuged at 5,000 � g for 5 min at
�22°C, the pellet was washed by suspension in PBS, the suspension was centrifuged as just described,
and the pellet was resuspended in a particular medium suitable for the tests to be completed, as
described later. Another round of desiccation and resuspension was performed as needed for a
given experiment. Final medium options included saline solution (0.85% NaCl), PBS, HEPES buffer, or
TSB.

Paenibacterin antimicrobial activity against desiccation-adapted S. enterica. The following
concentrations of paenibacterin were tested against desiccation-adapted S. Tennessee or S. Eimsbuettel
in saline solution (prepared as described earlier): (i) 4 �g/ml, a sublethal concentration; (ii) 8 �g/ml, which
is equivalent to the paenibacterin MIC determined previously against S. Typhimurium (16) and in this
study against the test strains in their non-desiccation-adapted state (data are not shown); and (iii)
16 �g/ml (i.e., 2� MIC). Polymyxin B was used as a typical membrane-active (28) anti-Gram-negative
agent. The antibiotic was tested at 2 �g/ml, which matches its MIC against S. Typhimurium (16) and its
MICs against the two strains investigated in the current study (data not shown). A culture receiving no
antimicrobial agents served as a negative control. For the antimicrobial assay, a 96-well microtiter plate
(Corning, Tewksbury, MA) was used. Each well contained 50 �l of paenibacterin solution, prepared to
achieve the desired final concentration, and 50 �l of DACS in saline solution. The microtiter plates were
incubated at 25°C, and surviving populations were counted after 4 and 24 h of incubation using
microdilution and plating on TSA.

Sensitizing S. enterica to desiccation stress by paenibacterin. One milliliter of S. Tennessee or S.
Eimsbuettel DACS in PBS was supplemented with paenibacterin at final concentration of 8 �g/ml and
incubated for 4 h at �22°C. Untreated DACS cells were used as a control. After paenibacterin treatment,
cells were washed twice using sterile PBS to remove paenibacterin; cell pellets were resuspended in fresh
TSB, and surviving populations were counted on TSA. Both paenibacterin-treated and non-treated cells
were desiccated, as described previously, for 24 h, followed by population counting to study the effect
of paenibacterin pretreatment on the sensitivity of S. enterica to desiccation stress.

Potassium ion release. Potassium ion released from S. enterica was determined using a K�-sensitive
probe (potassium-binding benzofuran isophthalate [PBFI]) (Invitrogen, Carlsbad, CA), which is imperme-
able to bacterial cells, as described by the kit’s manufacturer, with modifications. One milliliter of each
S. enterica strain from a DSS was harvested by centrifugation and washed twice with 0.85% sterile saline
solution as described previously. Aliquots (90 �l) of the cell suspension in 5 mM HEPES buffer (Sigma, St.
Louis, MO) supplemented with 5 mM glucose were added to wells of a black, nonbinding-surface
microplate (Corning). The potassium-sensitive probe, PBFI, was added to the cell suspension at a final
concentration of 2 �M. This was followed by the addition of 10 �l of paenibacterin to achieve different
concentrations (4, 16, or 64 �g/ml) or 10 �l of polymyxin B (10 �g/ml). Changes in fluorescence that
corresponded to potassium concentration were recorded using a luminescence spectrometer (Perkin-
Elmer, Wellesley, MA) at excitation and emission wavelengths of 346 and 505 nm, respectively. Measure-
ments were normalized for the first readings until the background noise became constant. Measure-
ments were taken every 100 s until readings reached a steady state.

Trehalose biosynthesis. The intracellular trehalose amounts were quantified in cell extracts of
desiccated S. enterica strains as described before (29). Briefly, aliquots of S. enterica DACS in TSB were
supplemented with 4, 8, or 16 �g/ml paenibacterin as described previously; a non-treated suspension
served as a control. The mixtures were incubated in petri dishes under desiccation conditions (air drying,
40% relative humidity, and �22°C) for 12 h. After incubation, treated and non-treated cells were
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collected and resuspended in 500 �l of PBS, incubated at 100°C for 15 min, cooled to �22°C, and then
centrifuged at 8,000 � g for 10 min. Supernatants of each culture were assayed for trehalose biosynthesis
by the addition of trehalase (Sigma), which hydrolyzes trehalose to glucose. Released glucose was
measured using a glucose assay kit (Sigma) as described previously (30). The inhibition of trehalose
biosynthesis for each treatment was determined by the decreased percentage of glucose units with
reference to the level in the untreated control (0 �g/ml of paenibacterin).

Membrane permeability changes. A cytoplasmic membrane permeability assay was performed
using a bacterial viability kit (Live/Dead BacLight, L-7012; Invitrogen) as described previously (14), with
modifications. Portions of desiccated S. enterica bacteria were suspended in TSB and dispensed in petri
dishes and held for 24 h under the desiccation conditions (air drying, 40% relative humidity, and �22°C)
prior to the membrane permeability assay. After desiccation, bacterial cell suspensions (1 � 109 CFU/ml)
in saline were prepared and treated with paenibacterin (0 and 64 �g/ml) at 37°C for 60 min. Two nucleic
acid stains provided in the commercial kit, SYTO-9 and propidium iodide (PI), were added to the treated
cells at final concentrations of 7.5 �M and 30 �M, respectively. The mixtures were incubated in the dark
at 25°C for 15 min, and 5 �l of the stained cells was spotted on a microscope slide. Digital images were
obtained using a fluorescence microscope (BX 61; Olympus, Melville, NY) at the following settings:
excitation/emission wavelengths of 480/500 nm for SYTO-9 and 490/635 nm for propidium iodide.

Relative expression analysis of desiccation-related genes. S. enterica DACS, prepared in TSB, was
supplemented with 4, 8, and 16 �g/ml paenibacterin; a non-treated suspension served as a control. The
mixtures were incubated in petri dishes under desiccation conditions (air drying, 40% relative humidity,
and �22°C) for 8 h. After incubation, cells were collected and harvested by centrifugation at 5,000 � g
for 5 min, and the cell pellet was immediately subjected to total RNA extraction.

(i) RNA extraction and cDNA synthesis. The bacterial cell pellets were resuspended in a solution
containing 10 �l of proteinase K (Qiagen, Germantown, MD, USA), 200 �l of Tris-EDTA buffer (Sigma), and
60 �l of lysozyme (10 mg/ml; Sigma), and the mixture was incubated at 37°C for 1 h with shaking at
450 rpm. RNA was extracted using a commercial kit (RNeasy minikit; Qiagen) according to the manu-
facturer’s instructions. After RNA extraction, residual DNA elimination and RNA cleanup were performed
using DNase enzyme (DNase I; Roche Applied Science, Indianapolis, IN, USA) and a cleanup kit (Qiagen)
as described previously (31). The purified RNA was used immediately for reverse transcription using a
reverse transcription kit (High-Capacity cDNA; Applied Biosystems, Grand Island, NY, USA) in a thermo-
cycler (GeneAmp 2400 PCR; Applied Biosystems) according to the manufacturer’s instructions. For each
sample, a control without reverse transcriptase was included to confirm the absence of contaminating
DNA. The cDNA was stored at �20°C until further analysis.

(ii) RT-qPCR. The primers selected for the amplification of the desiccation resistance genes in S.
enterica are shown in Table 1. The amplification was carried out using a real-time quantitative PCR (qPCR)
system (7900HT Fast Real-Time PCR System; Applied Biosystems) in a 20-�l reaction volume. The reaction
mixture contained 1.5 �l of template cDNA, 1 �l of each primer (final concentration of 400 nM), 10 �l of
SYBR Select PCR Master Mix (Applied Biosystems), and 6.5 �l of DNase/RNase-free deionized water.
Quantitative real-time PCR for four selected genes (proV, STM1494, kdpA, and otsB) of desiccation-
adapted, paenibacterin-treated S. enterica was performed, and the gene encoding glyceraldehyde-3-
phosphate dehydrogenase (gapA) was used as the reference gene (32). The amplification conditions were
as follows: an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 59°C
for 1 min. All PCRs were done in duplicate and repeated twice, and the average cycle threshold (CT)
values were calculated. The relative gene expression levels in desiccation-adapted S. enterica in the
presence of paenibacterin were compared to those in non-treated (0 �g/ml of paenibacterin)
desiccation-adapted cells using the 2�ΔΔCT method as described previously (33).

Statistical analysis. Each experiment was independently repeated three times unless indicated
otherwise. Results are expressed as means � standard deviations of the repeats. Results of treatment-
control pairs were compared using Student’s t test. Significance was determined at a P value of �0.05.
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