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Environmentally transmitted, opportunistic bacterial pathogens have a life
cycle that alternates between hosts and environmental reservoirs. Resources
are often scarce and fluctuating in the outside-host environment, whereas
overcoming the host immune system could allow pathogens to establish a
new, resource abundant and stable niche within the host. We tested if short-
term exposure to different outside-host resource types and concentrations
affect Serratin marcescens—(bacterium)’s virulence in Galleria mellonella
(moth). As expected, virulence was mostly dictated by the bacterial dose,
but we also found a clear increase in virulence when the bacterium had
inhabited a low (versus high) resource concentration, or animal-based
(versus plant-based) resources for 48 h prior to injection. The results suggest
that temporal changes in pathogen’s resource environment can induce very
rapid changes in virulence and affect infection severity. Such changes could
also play an important role in shifts from environmental lifestyle to pathogen-
icity or switches in host range and have implications for the management of
opportunistic pathogens and disease outbreaks.

1. Introduction

Opportunistic environmentally growing pathogens [1] typically experience two
contrasting environments: the resource-poor outside-host environment and the
resource-rich host environment. Opportunistic strategy could bring advantages
to the pathogens, not only by allowing high virulence (defined as the level of
damage caused to the host) without a consequent fitness loss due to reduced
host-to-host transmission [2,3], but also by escaping adverse environmental
conditions into resource-rich hosts [4-6]. Because resource pulses in the
environment could directly select for mechanisms that promote fast resource
use when the pulse arrives [7], virulence changes could also be considered as
a coincidental consequence of alternating resource conditions. Directly adaptive
or not, such selection pressures could have had a role in evolutionary transition
of environmentally growing microbes to opportunistic pathogens.

Currently experimental evidence on fast environmentally triggered changes
in virulence is very scarce [8—10], and none of the experiments seems to have
taken into account the increased number of pathogens due to resource enrich-
ment [10]. Thus, it is not clear if the effects are due to increased encounter rates,
pathogen density or environmentally triggered alterations in pathogenicity
itself [8,9]. Moreover, we are not aware of studies exploring if the resource qual-
ity (e.g. plant-based or animal-based) affects virulence, yet food sources are
known to affect expression of potential virulence factors [11,12]. In addition,
different levels of resource could cause changes in virulence. For example, it
has been shown that nutrient limitation in dense bacterial populations can
lead to increased secretion of quorum-sensing molecules which in turn can con-
trol the expression of a variety of virulence factors [13,14]. If this were the case,
the lower resource levels could cause higher virulence.
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To test if bacterial virulence responds to resources in
the outside-host environment, we conducted an experiment
where we manipulated the growth conditions (high and
low concentrations of animal-based and plant-based media)
of Serratin marcescens—a bacterium that has the typical
characteristics of environmentally growing opportunistic
pathogen and can reproduce in many different environments
and media [15,16]. Although high bacterial density (i.e. dose)
in infection led to higher virulence (measured as the host
death rate), the virulence was also increased by previous
low resource concentrations and by previous exposure to
animal-based resources. These results are, we believe, novel
and indicate that immediate exposure to animal-based food
sources and food shortages can increase pathogens virulence.

2. Material and methods

Cryopreserved stock of entomopathogenic and environmentally
growing S. marcescens dbll was thawed and dilution plated on
nutrient broth (NB)—agar plates. After 24 h of growth at 31°C,
a single clonal colony was picked with a sterile loop and
mixed with 2ml of liquid 1% NB medium (10 g NB (Difco,
Becton & Dickinson, Sparks, MD, USA), 2.5g yeast extract
(Difco) in 11 de-ionized H,0O). Ten microlitre inocula of this sol-
ution were added into five centrifuge tubes containing 30 ml
high (1%) and low (0.025%) concentrations of NB medium, and
five tubes with 30 ml high (2%) and low (1%) concentrations of
hay extract medium (2 g cereal grass medium (ScholAR Chem-
istry, Avon, NY, USA) was boiled for 10 min in 11 de-ionized
H,O and then filtered through a glass fibre filter for the 2%
medium). The media were buffered with NaK buffer (50 mM
NaH,PO,, 5mM KCl, 120 mM NaCl, pH 7.4). To remove the
growth medium from the injected solution and thus prevent
the medium itself having an effect in the host, cultures were cen-
trifuged (900g, 4°C, 10 min), liquid supernatant removed and
bacterial pellets washed with 15 ml NaK buffer. This procedure
was repeated twice. The solutions were then vortexed, and
colony-forming units (CFU) were determined by serial dilutions
on NB agar plates. These initial doses of bacteria were then
diluted in NaK buffer with 1:2, 1:5, 1:10, 1:100, 1:1000,
1:10000, 1:50000, 1:100000 and 1:200000 ratios, and the
dilutions were then used to infect the wax moth (Galleria mello-
nella) hosts. Controlling for the cell density had to be done
statistically as CFU is not directly known at the time of dilution
and optical density (OD)-CFU curves are inaccurate for station-
ary phase cultures. Note that buffer washing and associated
waiting time, prior to injection, lead to depletion of remaining
resources. Thus, same generation bacteria that have experienced
different media are injected into the insect host. The moth larvae
were injected between the abdominal segments six and seven with
2 pl of the dilutions using a Hamilton syringe. Injections were per-
formed in random order regarding resource levels and types.
Infected larvae were placed individually on Petri dishes and
their survival was monitored at 3 h intervals for 75 h. Survival,
i.e. time from injection to death, was analysed with Cox regression
(SPSS 20.0, IBM), first fitting a model containing resource quality
and concentration and their interaction as categorical covariate.
In addition, number of injected cells (CFU ml ™}, log transformed,
standardized to a mean of zero) was fitted as continuous covariate.
Moreover, covariate was also interacted with all treatment levels
(both type and concentration) but since evidence for the heterogen-
eity of slopes was not found (see the electronic supplementary
material), the interactions with treatment level and covariate
were omitted from final analyses [17]. The analysis was performed
on a data range in which CFU from different media overlapped,
and thus our results are free from extrapolation errors.
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Figure 1. (a) Wax moth (G. mellonella) survival after injecting controlled
amounts of S. marcescens bacteria directly into the haemolymph. Prior to
injection, bacteria had been grown in high (solid line) or low (dashed
line) resource concentrations of plant-based medium (hay extract, grey
lines) or animal-based medium (NB, black lines). (b) The estimated effects
of dose (CFU) on wax moth risk of death. Markers denote the range of
actual bacterial densities in diluted samples.

3. Results and discussion

Environmentally induced changes in virulence could play an
important role in transition from environmentally growing
microbe to an opportunistic pathogen. Low resources are
suggested to lead to an increased capability to use resources
upon contact with them. Consequently, this could lead to
increased virulence [5]. Consistent with this idea, we found
that lower resource concentrations led to increased virulence
(Exp(b): 1.246; 95% CI: 1.019-1.523; Wald: 4.588, p = 0.032,
figure 1a). In both of the resource types, the resource level
had a similar effect on virulence (resource level by resource
type interaction: Wald: 0.356, p = 0.551). Comparable results
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have also been found previously ([18,19], but see [20]). The
existence of quorum-sensing mechanisms that are upregulated
upon nutrient stress could play a role in mediating virulence
factor expression [13,14], and at least partly explain the changes
in virulence due to different resource concentrations.

If the resources were plant-based, the virulence was lower
than if the resources were animal-based (Exp(b): 0.688; 95%
CIL: 0.559-0.846; Wald: 12.505, p < 0.001, figure 1a). Such
resource-quality effects on virulence are, we believe, novel find-
ings but not completely unexpected because exposure to
different food sources are known to differentially upregulate
genes related closely to virulence (e.g. [11,21]). Because bacteria
exhibit a lag in growth when resources change, the matching or
non-matching resource preference [7] could have notable
effects on virulence in the host even if the bacteria are expected
to be able to change their growth mode inside the host. Thus,
if the bacteria are tuned to make the most of the animal-
based resources, they could be more efficient in using the
same energy source in the immediate future [7]. This could
lead to a situation where previous exposure to animal-based
resources, for example through saphrophytism [22], facilitates
the pathogen’s virulence in an animal host. It is unlikely that
48 h would be a time span long enough for genetic changes
to increase to a detectable frequency, and de novo mutations
to explain the results. Regardless of the mechanism (plastic,
epigenetic or genetic), the finding that environmental con-
ditions can cause rapid changes in virulence is important,
indicating that virulence level does not need to be a conse-
quence of persistent long-term selection on virulence itself. In
accordance with the general view that eutrophication leads to
high pathogen densities and thus higher virulence [10], we
found that a larger dose causes faster host mortality (Exp(b):
2.524,95% CI:2.275-2.801; Wald: 304.756, p < 0.001, figure 1b).
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Note that the infective dose was taken into account in
the statistical analysis (i.e. fitted as a covariate) and bacterial
cells were washed with buffer to remove remaining growth
medium. Thus, the result most likely reflects plastic physiologi-
cal changes in bacterial cells. Moreover, in a data-analysis
where we tested if maximum yield or growth rate attained in
different growth media explained the virulence results, it
became apparent that these factors were not the causal reasons
behind the changes in virulence (electronic supplementary
material). Thus, the changes in virulence reflect the properties
of food sources and concentrations, rather than simply density
or growth rate attained in different media.

Our results show that both quality and quantity of the
environmental resources are important in bacterial virulence.
The phenomenon could be an important stepping-stone from
strictly free-living growth to opportunistic pathogens. The find-
ings also stress the importance of considering the immediate
resource environments, as opposed to long—term evolutionary
pressures, as important determinants of virulence and as factors
that can affect the onset of epidemics.
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