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Summary

Soil biomes are vast, exceptionally diverse and cru-
cial to the health of ecosystems and societies. Soils
also contain an appreciable, but understudied, diver-
sity of opportunistic human pathogens. With climate
change and other forms of environmental degrada-
tion potentially increasing exposure risks to soil-
borne pathogens, it is necessary to gain a better
understanding of their ecological drivers. Here we
use the Galleria mellonella insect virulence model to
selectively isolate pathogenic bacteria from soils in
Cornwall (UK). We find a high prevalence of patho-
genic soil bacteria with two genera, Providencia and
Serratia, being especially common. Providencia
alcalifaciens, P. rustigianii, Serratia liquefaciens and
S. plymuthica strains were studied in more detail
using phenotypic virulence and antibiotic resistance
assays and whole-genome sequencing. Both genera
displayed low levels of antibiotic resistance and anti-
biotic resistance gene carriage. However, Serratia
isolates were found to carry the recently character-
ized metallo-β-lactamase blaSPR-1 that, although not
conferring high levels of resistance in these strains,
poses a potential risk of horizontal transfer to other
pathogens where it could be fully functional. The

Galleria assay can be a useful approach to uncover
the distribution and identity of pathogenic bacteria in
the environment, as well as uncover resistance
genes with an environmental origin.

Introduction

Soil ecosystems are a vital part of the earth’s biosphere,
ensuring environmental and human health through regu-
lating air and water quality and food production (Wall
et al., 2015). Soil function, including biogeochemical
cycling (Beare et al., 1995), plant health (Berendsen
et al., 2012) and the provision of natural resources such
as antibiotics (Crits-Christoph et al., 2018), is
underpinned by rich microbial diversity (Fierer and
Jackson, 2006; Vos et al., 2013; Wall et al., 2015). How-
ever, a minority of species comprising the soil micro-
biome can also cause opportunistic infections in plants,
animals and humans (Bultman et al., 2013; Steffan
et al., 2018). Dozens of bacterial genera containing spe-
cies able to infect humans are present in soils (Berg
et al., 2005). These include gut-associated species origi-
nating from human and agricultural contamination
(Santamaría and Toranzos, 2003), but also many species
native to soil habitats with largely unknown, and probably
non-mammalian host-associated life histories. Although
of potential importance to human health, relatively little is
known about the prevalence and identity of soilborne
pathogenic bacteria, especially when compared to water-
borne pathogens.

The lack of basic knowledge on the ecology of patho-
genic bacteria in the vast soil biome is problematic, par-
ticularly because climate change is expected to favour
the growth and prevalence of pathogens infecting warm-
blooded hosts (Hellberg and Chu, 2016). Exposure risks
are likely to increase as well, with more frequent extreme
weather events resulting in increased aerosolization
(Chen et al., 2014), run-off (Patz et al., 2008) and
flooding (Dayrit et al., 2018). Moreover, pervasive pollu-
tion with biocides, metals and antibiotics can select for
antimicrobial resistance (AMR) in environmental patho-
gens (Wellington et al., 2013), limiting treatability of infec-
tions. The recent finding of a positive correlation between
temperature and AMR in human pathogens suggests that
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climate change and the AMR crisis could even interact
(MacFadden et al., 2018).
A major challenge when surveying bacterial pathogens

is that both culture-based and culture-independent
approaches usually screen only for a subset of species
only, and that they are often unable to differentiate patho-
genic from non-pathogenic strains. In this study, we
employ a recently developed approach that is not depen-
dent on molecular markers or growth requirements spe-
cific to a subset of known pathogens, but instead only
screens for the phenotype of interest: pathogenicity. By
directly injecting environmental samples into Galleria
mellonella, a well-established model for mammalian
infection (Brennan et al., 2002; Wand et al., 2011), any
bacteria able to cause disease can be selectively
enriched at 37�C in vivo (Hernandez et al., 2019). Infec-
tious clones can subsequently be isolated from the larvae
and phenotypically and genetically characterized. Using
this approach on sediment and water samples, both com-
mon, human-associated pathogens (such as Escherichia
coli), as well as free-living pathogen species not previ-
ously known to occur in the United Kingdom (such as
Vibrio injenensis), could be detected (Hernandez
et al., 2019).
Here we use the Galleria enrichment approach to iden-

tify and determine the prevalence of virulent bacteria that
could potentially represent human pathogens in a range
of soil environments in Cornwall (United Kingdom). For
selected isolates belonging to the most commonly
encountered Providencia and Serratia species, we char-
acterize AMR and virulence determinants phenotypically
and genomically and discuss their relation to known clini-
cal lineages.

Results

Prevalence and diversity of pathogenic bacteria in soils
sampled in Cornwall (United Kingdom)

Forty soil samples were collected from randomly
selected, easily accessible locations near Penryn, Corn-
wall, UK, 2018 (Tables S1 and S2, Fig. S1). Sampling
types included suburban soils under grass or tree cover,
as well as seven samples from an area contaminated
with mine waste. A Galleria mellonella bioassay was
used to screen soil microbial communities for pathogenic
bacteria (Hernandez et al., 2019). Concentrated soil
washes were directly injected into 10 Galleria each to
assess percent mortality, after which they were incubated
for 24 h at 37�C. A total of 29 (73%) out of 40 samples
resulted in >5/10 Galleria mortality and were classified as
potentially harbouring pathogenic bacteria (Fig. 1A;
Fig. S2).

Mortality was not found to be affected by soil type
using three broad categories ‘grass cover’, ‘tree cover’
and ‘metal contaminated’ (Kruskal-Wallis rank sum test,
χ2 = 0.55061, p > 0.75) (Fig. S3). For seven grassland
sites, apart from a standard sample taken at ≥5 cm
depth, a paired sample was also taken from the grass
roots above. When comparing these paired bulk soil and
rhizosphere samples, the latter samples displayed signifi-
cantly elevated Galleria mortality (paired t-test,
t = 2.5205, p < 0.05), with six out of seven rhizosphere
communities causing 100% mortality (Fig. S4). By mainly
using bulk soil samples in this study, the incidence of
pathogenic bacteria is thus underestimated. However, by
mostly sampling deeper underground, we can be confi-
dent that ‘true’ soil bacteria were isolated and not bacte-
ria from other sources more ephemerally present on the
surface. As bulk soil is probably more similar among
broad sample types than is rhizosphere soil, this could in
part explain the lack of variation in Galleria mortality
among soil types.

To identify the pathogens’ responsible for mortality, the
29 soil wash samples resulting in >50% mortality were
reinjected, and larvae were incubated and dissected to
isolate bacterial clones from hemocoel (Fig. S2). Clones
were classified into 1 of 10 morphological types (data not
shown) and at least one of each morphotype present in
each hemocoel extraction was isolated. A total of
66 hemocoel extractions were performed, with at least
two clones being isolated from each extraction in all but
three instances (Table S3, Fig. S5). In total, 155 clones
were isolated and for each, the proportion of dead Galle-
ria (out of 10) was assayed after injecting �105 CFU and
incubation for 24 h at 37�C. Injection of 115 clones
(72.4%) resulted in >50% Galleria mortality, with
94 clones (60.6%) causing 100% mortality (Fig. 1B,
Fig. S2). We note that the inoculum CFU used must have
influenced to some degree what clones were isolated.
For instance, the important human pathogen Staphylo-
coccus aureus is usually injected in Galleria at a higher
inoculum (e.g. 2 × 106 CFU) (Sheehan et al., 2019); our
lower inoculation number thus could mean that this type
of pathogen would be missed.

A subset of pathogenic clones, originating from differ-
ent samples and representing a range of colony morphol-
ogies, were selected for 16s rRNA sequencing (Table 1,
Fig. S2). A variety of species were identified, including an
Aeromonas hydrophila clone from the metal-
contaminated site with very high virulence (LT50 < 10 h).
Aeromonas hydrophila is known as a highly virulent path-
ogen of fish (Cipriano et al., 1984), but it can also cause
skin and soft-tissue infections in humans after wound
exposure to freshwater (Gold and Salit, 1993) or cause
gastro-intestinal infection after consumption of infected
fish or chicken (Praveen et al., 2016). Several Bacillus
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clones in the B. cereus group were identified. This group
is primarily known for insect pathogens (Raymond
et al., 2010) but representatives can also cause infection
in humans (Bottone, 2010). Most clones belonged to two
genera, Serratia and Providencia (26 and 10 of 46 virulent
clones identified respectively) (Table 1). Both genera
were found in all sampling locations (data not shown). A
subset of isolates was characterized in detail through
antibiotic susceptibility testing, construction of Galleria
survival curves and whole genome sequencing.

Providencia alcalifaciens and P. rustigianii

Ten Providencia isolates were tested for resistance to
13 different antibiotics using Clinical and Laboratory
Standards Institute (CLSI) protocols (Table 2). All were
resistant to azithromycin, but mostly displayed intermedi-
ate susceptibility. Five strains representing five distinct
AMR profiles were whole genome sequenced (Table S4).
No AMR genes could be detected in these strains via in
silico analysis (Fig. S6). A maximum-likelihood tree con-
structed from the core alignment affirmed that four soil
isolates belong to the species P. alcalifaciens (Fig. 2;
Table S4). The four isolates occupy a long branch with
the most genetically similar strain isolated from a human

gut. Another isolate belongs to the related species
P. rustigianii (C83.1) (Hickman-Brenner et al., 1983)
(Fig. 2; Table S4). A more detailed Galleria mortality
assay was performed for four P. alcalifaciens isolates
and the P. rustigianii clone, following the mortality of
20 larvae after inoculation with 103 CFU. All clones cau-
sed 100% mortality within 20 h, with a mean LT50 of
13.4 h (Fig. 4A). Isolates displayed indistinguishable viru-
lence (pairwise comparisons using log-rank test on sur-
vival fitted by Kaplan–Meier method, p > 0.25 for all
comparisons). Only a single virulence gene, gmhA
involved in LPS biosynthesis (Bauer et al., 1998), was
detected in the four P. alcalifaciens isolates (Fig. S7).

Serratia liquefaciens and S. plymuthica

Clones identified as Serratia were also tested for resis-
tance to 13 antibiotics. Ten of 21 clones were susceptible
to all antibiotics, with 11 clones showing (intermediate)
resistance to two antibiotics per strain at most (Table 2).
A total of eight distinct resistance profiles could be distin-
guished, and a representative of each was selected for
whole genome sequencing (Table S5). A whole genome
maximum-likelihood tree revealed that the soil isolates
are representatives of two distinct Serratia species. Most

Fig 1. Galleria mortality after injection
with soil washes or clones isolated
from infections after soil wash
injections.
A. Galleria mortality after inoculation
with microbial communities extracted
from soil. Ten larvae were inoculated
with 10 μl of concentrated soil
washes from 40 samples and incu-
bated at 37�C for 24 h after which
mortality was scored. Red bars: sam-
ples classified as potentially
harbouring pathogens, blue bars:
samples classified as not likely to
harbour pathogens.
B. Galleria mortality after inoculation
with clones isolated from Galleria
inoculations with microbial communi-
ties extracted from soil (see A). Red
bars: isolates classified as patho-
genic, blue bars: isolates not classi-
fied as pathogenic.
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of the isolates (7/8) were observed as two clonal lineages
nested among the broad diversity of S. liquefaciens com-
prising strains of both environmental and clinical origin
(Fig. 3). A single isolate (G7R1.1) was found to form a
long branch extending from within S. plymuthica.
Four AMR resistance genes were identified in most

S. liquefaciens isolates (Fig. S8). The first is a beta
lactamase with high similarity to bla-C in Mycobacterium
(>98% AA similarity), potentially responsible for the
observed instances of (intermediate) phenotypic

resistance to beta-lactam antibiotics (Table 2). The sec-
ond are genes with high (�80% AA) similarity to oqxB;
an efflux pump conferring resistance to fluoroquinolones
and benzalkonium chloride and are prevalent in
S. marcescens clinical isolates (Saralegui et al., 2020).
Most interestingly is the identification of blaSPR-1, a
metallo-β-lactamase (MBL), which confer carbapenem
resistance originally characterized in S. proteamaculans
(Vella et al., 2013) (�80% AA similarity). As resistance to
carbapenems in bacterial pathogens is of grave concern

Table 1. Identity based on 16S rRNA sequencing of selected clones causing >50% Galleria mortality.

Site Clone Genus % Match (bp used) Closest 16S match % coverage (E-value) GenBank accession no.

A1 A11.2 Serratia 98.6 (783) S. liquefaciens 100 (0) MN619709
A12.3 Serratia 99.61 (776) S. liquefaciens 100 (0) MN619710

A2 A21.2 Serratia 99.42 (518) S. liquefaciens 100 (0) MN619711
A6 A61.2 Aeromonas 100 (840) A. hydrophila 100 (0) MN619712

A63.1 a. 99.78 (451) 100 (0) MN619713
A63.2 Serratia 99.51 (822) S. liquefaciens 100 (0) MN619714

A7 A72.3 a. 99.51 (408) 100 (0) MN619718
A73.3 Serratia 99.76 (822) S. liquefaciens 100 (0) MN619719

C1 C11.2 Serratia 98.94 (659) S. liquefaciens 100 (0) MN619720
C12.2 Serratia 98.96 (672) S. liquefaciens 100 (0) MN619721
C13.1 Serratia 98.78 (655) S. liquefaciens 100 (0) MN619722
C13.2 Serratia 99.24 (785) S. liquefaciens 100 (0) MN619723

C3 C31.1 Bacillus 100 (664) B. cereus group 100 (0) MN619724
C31.2 Bacillus 100 (767) B. cereus group 100 (0) MN619725
C32.1 Serratia 99.7 (670) S. liquefaciens 100 (0) MN619726

C5 C51.1 Serratia 99.85 (654) S. liquefaciens 100 (0) MN619727
C7 C72.3 Bacillus 99.85 (666) B. cereus group 100 (0) MN619732
C8 C81.1 Serratia 98.47 (653) S. liquefaciens 100 (0) MN619733

C83.1 Providencia 100 (831) P. alcalifaciensb 100 (0) MN619736
G1 G1R1.1 Serratia 99.85 (654) S. liquefaciens 100 (0) MN619741

G1S1.2 Serratia 99.85 (653) S. liquefaciens 100 (0) MN619742
G2 G2S1.1 Serratia 100 (655) S. nematodiphila 100 (0) MN619743
G3 G3R1.1 Serratia 99.7 (670) S. liquefaciens 100 (0) MN619744

G3S1.1 Serratia 99.85 (653) S. liquefaciens 100 (0) MN619745
G3S1.3 Bacillus 100 (664) B. cereus group 100 (0) MN619746

G4 G4R1.1 Providencia 99.69 (654) P. alcalifaciens 99 (0) MN619747
G5 G5R1.1 Serratia 99.55 (660) S. liquefaciens 100 (0) MN619748

G5R1.3 Bacillus 99.74 (775) B. cereus group 100 (0) MN619749
G5R2.1 Bacillus 99.85 (672) B. cereus group 100 (0) MN619750
G5R4.2 Serratia 99.85 (653) S. liquefaciens 100 (0) MN619751

G7 G7R1.1 Serratia 99.65 (570) Serratia spp. 100 (0) MN619757
G7R2.2 Serratia 99.84 (613) S. liquefaciens 100 (0) MN619758
G7S1.2 Serratia 99.54 (655) S. liquefaciens 100 (0) MN619759

P1 P11.1 Providencia 99.88 (849) P. alcalifaciens 100 (0) MN619760
P11.2 Providencia 100 (832) P. alcalifaciens 100 (0) MN619761
P12.2 Bacillus 100 (667) B. cereus group 100 (0) MN619762
P13.1 Bacillus 99.55 (880) B. cereus group 100 (0) MN619763
P13.2 Serratia 98.93 (654) S. liquefaciens 100 (0) MN619764
P14.1 Providencia 100 (652) P. alcalifaciens 99 (0) MN619765

P5 P51.1 Providencia 100 (653) P. alcalifaciens 99 (0) MN619766
P51.2 Providencia 99.85 (656) P. alcalifaciens 100 (0) MN619767
P52.1 Providencia 99.88 (828) P. alcalifaciens 100 (0) MN619768
P53.1 Providencia 100 (680) P. alcalifaciens 99 (0) MN619769
P54.1 Bacillus 99.89 (884) B. cereus group 100 (0) MN619770
P54.2 Providencia 100 (666) P. alcalifaciens 99 (0) MN619771

SO SO1.1 Serratia 99.64 (828) Serratia spp. 100 (0) MN619772

aClones where no closest match is indicated had multiple genus hits.
bBased on subsequent WGS, this clone was identified as P. rustigianii.
For site information, see Tables S1 and S2. BLAST results were sorted by total score, coverage, E-value and percentage identity, and the top
results were recorded.
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(O’Neill, 2016), the presence of this MBL is of signifi-
cance. The mode of action of blaSPR-1 is unlike that of
known MBLs due to unusual predicted active site resi-
dues (Hou et al., 2014). We report, for the first time, that
blaSPR-1 is found across a range of Serratia species
(but not S. marcescens) from both environmental and
clinical sources (Fig. S8), suggesting that this chromo-
somal gene is ancestral to this group of predominantly
environmental organisms.

The S. liquefaciens isolates displayed indistinguishable
levels of virulence in Galleria (Fig. 4B); all clones tested
caused 100% Galleria mortality within 20 h, with a mean
LT50 of 16.6 h (Fig. 4B). The S. plymuthica strain
(G7R1.1) was markedly less virulent (pairwise compari-
sons using log-rank test on survival fitted by Kaplan–
Meier method, p < 0.05) (Fig. 4B). Several flagella genes
with potential roles in virulence were present in all
Serratia genomes (Fig. S9).

Discussion

This study uncovered a high prevalence of virulent bacte-
ria that could represent human pathogens in soils. Most
isolates displaying virulence in the Galleria insect model
were found to be S. liquefaciens and P. alcalifaciens.
Neither species is likely to be associated with human or

livestock faecal contamination as they were consistently
encountered in subsurface samples taken across a range
of non-agricultural sites. Providencia alcalifaciens can be
found in the environment but is mainly associated with
gastrointestinal tract of humans and animals
(Müller, 1986) and can cause traveller’s diarrhoea (Yoh
et al., 2005), occasionally leading to outbreaks (Murata
et al., 2001). However, a paucity of P. alcalifaciens
genomes deposited in public databases prevented geno-
mic comparison between human pathogens and soil iso-
lates identified in this study. Providencia rustigianii is not
known to cause disease in humans.

Serratia liquefaciens has been sampled from a range
of hosts and environments including humans, animals,
plants and food products (Petersen and Tisa, 2013).
Serratia liquefaciens can be isolated from many human
body sites and comprises both commensal and patho-
genic strains, which can cause blood stream infections
and pneumonia, occasionally leading to outbreaks
(Mahlen, 2011). A much smaller number of human infec-
tions are caused by S. plymuthica (Mahlen, 2011) and
the lower virulence of the isolate in this study compared
to S. liquefaciens is consistent with this observation. The
lack of genomic differentiation between isolates from both
clinical and environmental sources observed here is con-
sistent with a highly generalist lifestyle, as has also been

Table 2. Antimicrobial susceptibility profiles.

FOX CPD W TZP TGC CAZ C AMC ATM CIP CN ETP AZM
#

clones

Providencia
alcalifaciens

S S S S S S S S S S S S R 4

S S S S I S S I S S S S R 2
S S S S I S S I S S S I R 1
S S S S I S S S S S S S R 1
S S S S S S S I S S S S R 1

Typical S1,2 S1 U1 S1 - S1 U1, I2,

S3
U1 S1,2 S1,2 S1,2,3 - R1

P. rustigianii S S S S S S S S S S S S R 1
Typical S1 S1 S1 S1 - S1 U1, S3 U1 S1 S1 S1,3 - R1

Serratia liquefaciens S S S S S S S S S S S S S 10
S S S S S S S I S S S S S 5
I S S S S S S S S S S S S 1
S S S R S S S R S S S S S 1
S S S S S S S R S S S S S 1
S S S S S I S I S S S S S 1
S R S S S S S R S S S S S 1

Typical I-R4 S4 S5 S4,6,
S-I7

S5 S4,5 S4,5 I-R4,
R5,7

S4,5 S4,5,7 S4-7 S4,5 R4,5

S. plymuthica I I S S S S S S S S S S S 1
Typical R8 - - - - - S8 S8 - - - - I-R8

CLSI antibiotic susceptibility against 13 antibiotics. Each row represents a distinct resistance profile. The number of isolated conforming to each
profile is indicated on the right. Beneath the AMR profiles we found are previously reported resistance profiles for the species based on the fol-
lowing references: (i) Stock and Wiedemann (1998), (ii) Wang et al. (2014), (iii) Chander et al. (2006), (iv) Stock et al. (2003b), (v) Mahlen (2011),
(vi) Engelhart et al. (2003), (vii) Traub (2000) and (viii) Stock et al. (2003a). Antibiotics used: Cefoxitin (FOX), Cefpodoxime (CPD), Trimethoprim
(W), Piperacillin/Tazobactam combination (TZP), Tigecycline (TGC), Ceftazidime (CAZ), Chloramphenicol (C), Amoxicillin/Clavulanic acid combi-
nation (AMC), Aztreonam (ATM), Ciprofloxacin (CIP), Gentamicin (CN), Ertapenem (ETP), Azithromycin (AZM). S: susceptible, R: resistant, I:
intermediate resistance, U: unclear, −: no data available.
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found in other human pathogens such as Klebsiella
pneumoniae (Wyres and Holt, 2018) and Campylobacter
jejuni (Sheppard et al., 2014).
Both the Serratia and Providencia genera contain

pathogens of insects and nematodes, including
entomopathogenic species, where nematode-bacteria
mutualisms aid insect predation (Jackson et al., 1995;
Somvanshi et al., 2006; Park et al., 2011; Petersen and
Tisa, 2013; Grimont et al., 1979, Galac & Lazzaro, 2011).
It is likely that isolates from both species in this study
lead a similar lifestyle. The high antibiotic susceptibility
and paucity of AMR genes in both sets of isolates is con-
sistent with an environmental lifestyle lacking human con-
tact. This raises the question how these widespread,
putative Ecdysozoan pathogens occasionally emerge as
opportunistic human pathogens. Two possible scenarios
could explain the dispersed distribution of human patho-
genic isolates across the phylogenies for both genera

(Méric et al., 2018). In the first, traits resulting in a
broader host range (i.e. enabling human infection) could
independently originate in different strains or be acquired
through horizontal gene transfer. In the second, all
(or most) strains in principle are capable of infecting
humans but through a lack of contact most do not (and
therefore remain generally susceptible to antibiotics).
More detailed genome-wide association studies coupling
phylogenetic information to infection studies (e.g. Yahara
et al., 2017; Méric et al., 2018) will be needed to distin-
guish between these hypotheses.

While omics-based studies are highly useful for high-
throughput surveys of AMR genes (e.g. Zhang
et al., 2019), isolate-based studies have the advantage of
being able to unequivocally link AMR gene carriage to
host genomic background. The discovery of blaSPR-1
being widespread in S. liquefaciens and S. plymuthica
strains isolated from both the environment and clinic is of

Fig 2. Maximum likelihood core genome phylogeny of the genus Providencia.
Tips and bars are coloured on the source of the respective isolates: current study = blue, environmental origin = green, human infection = red,
human asymptomatic carriage = orange (isolates of unknown origin or human isolates of unknown status were not included). The tree was con-
structed using variant sites present in >95% of samples reads from reads mapped against reference genome Providencia rustigianii NCTC6933.
Phylogenetic reconstruction was performed using a GTR+G+I model in IQ-TREE.
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Fig 3. Maximum likelihood core genome phylogeny of the genus Serratia.
Tips and bars are coloured on the source of the respective isolates: current study = blue, environmental origin = green, human infection = red,
human asymptomatic carriage = orange (isolates of unknown origin or human isolates of unknown status were not included). The tree was con-
structed using variant sites present in >95% of samples reads from reads mapped against reference genome Serratia liquefaciens ATCC 27592.
Phylogenetic reconstruction was performed using a GTR+G+I model in IQ-TREE.
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note. Our findings suggest this potentially important resis-
tance gene is ancestral to this Serratia clade and is of
environmental origin. Although not conferring high pheno-
typic resistance in our isolates, it is conceivable that this
gene could be horizontally transferred to other patho-
genic species in a clinical context conferring carbapenem
resistance in this different genomic background. For
instance, Kluyvera ascorbata produces a β-lactamase
identified as the progenitor of a clade of blaCTX-Ms con-
ferring only low levels of resistance, but when expressed
in E. coli this same gene results in high level resistance
(Humeniuk et al., 2002).
Uncovering the links between environmental reservoirs

on one hand and human carriage and infection on the
other is crucial to understand exposure risk. Exposure
risks to soilborne pathogens are generally poorly under-
stood, with some exceptions. In tropical countries, Bur-
kholderia pseudomallei primarily infects through skin
contact (Limmathurotsakul et al., 2013) but can also
cause gastrointestinal infections through ingestion with

water contaminated with soils (Chen et al., 2015) or

respiratory infections following aerosolization (especially

after extreme weather events) (Chen et al., 2015). In

higher latitude countries, soil contact during sports (Vally

et al., 2004) and gardening (Den Boer et al., 2007) are

known to occasionally result in bacterial infections of the
skin and of wounds, and food can form another route of
exposure to soilborne pathogens (Santamaría and
Toranzos, 2003; Bultman et al., 2013).

We hope low-cost, high-throughput Galleria assays will
be adopted for more detailed investigations into the ecol-
ogy of pathogens in soil and other environments. For
instance, spatially, temporally and ecologically explicit
sampling could reveal the importance of edaphic proper-
ties (Bultman et al., 2013) and vegetation (Berg
et al., 2005) in determining pathogen prevalence and
identity in soils. It can at the same time serve as a tool
uncovering the distribution of known and novel AMR
genes in environmental bacteria, which could eventually
find their way to other pathogen species.
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Fig 4. Galleria mellonella survival curves
(n=20) for A: Providencia alcalifaciens and
P. rustigianii (C83.1) and B: Serratia
liquefaciens and S. plymuthica (G7R1.1).
One isolate of each AMR susceptibility pro-
file (Table 2) is represented. (One excep-
tion is the omission of one of the
Providencia alcalifaciens resistance types,
as C83.1 was originally identified as
P. alcalifaciens using 16S sequencing and
wrongly taken as a representative for a fifth
P. alcalifaciens susceptibility type).
One isolate of each AMR susceptibility pro-
file (Table 2) is represented. (One exception
is the omission of one of the Providencia
alcalifaciens resistance types, as C83.1
was originally identified as P. alcalifaciens
using 16S sequencing and wrongly taken
as a representative for a fifth
P. alcalifaciens susceptibility type.)
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Experimental procedures

Soil sample collection

A total of 40 soil samples were collected from three
randomly chosen, accessible locations in-and-around
Penryn, Cornwall, UK, in 2019 (Tables S1 and S2,
Fig. S1). For taking 26 urban soil samples from around
Penryn Campus and Falmouth, the topsoil was
removed to a minimum of 5 cm depth, and exposed
soil was sampled using a metal spoon sterilized with
70% ethanol into a universal tube (30 ml, Thermo Sci-
entific). A further seven rhizosphere samples (paired
with seven bulk soil samples) were collected by scrap-
ing soil from plant roots (<5 cm depth). Finally, we col-
lected seven soil samples from the banks of the
Carnon River which runs through a mine heritage site
with high levels of heavy metal contamination (Vos
et al., 2019).

Sample processing

All soil samples were brought to the lab on the same day
as collection for further processing in a Category II
extraction hood. Bacterial extraction methods were based
on Hernandez et al. (2019). Briefly, 10 g of each sample
was weighed out and homogenized in a new universal
tube in 10 ml of sterile M9 buffer solution (12.8 g l−1

Na2HPO4–7H2O; 3 g l−1 KH2PO4; 0.5 g l−1 NaCl;
0.1 g l−1 NH4Cl) via vortexing (Stuart® Vortex) at maxi-
mum speed for 2 min. This solution was centrifuged at
500 r.p.m. (56 g) for 15 min in a Heraeus Megafuge 40R
centrifuge (Thermo Scientific) to separate solid matter
from the buffer containing bacteria. The supernatant was
poured into a new sterile universal tube and centrifuged
at 3500 rpm (2739 g) for a further 30 min to pellet bacte-
ria. The supernatant was discarded, and the pellet con-
taining bacteria re-suspended in 1 ml of M9 buffer and
stored at 4�C. All centrifugation steps were performed
at 4�C.

Galleria mellonella assay for whole soil communities

Boxes of Galleria mellonella larvae in the last instar
before pupation were obtained from UK Waxworms
(www.uk-waxworms.co.uk) and stored at 4�C prior to
injection. All larvae were used within 2 weeks of pur-
chase. All concentrated soil wash samples were assayed
using 10 Galleria per sample. Larvae were placed in a
petri dish and kept on ice for a minimum of 10 min prior
to injection in order to render the larvae immobile and
unconscious. A Hamilton 50 μl syringe (model 80 950)
with a 0.3 × 13 mm needle (BD Microlance 3, Becton
Dickinson, Plymouth, UK) was used to inject larvae with
10 μl of concentrated whole soil community into the last

left proleg. New sterile needles were used for injection of
each sample, and the syringe was cleaned between sam-
ple injections with 70% ethanol and sterile M9 buffer.
Two negative controls were used for each experiment: a
no-injection control (n = 10) to control for background lar-
vae mortality and a buffer control (n = 10) in which larvae
were injected with 10 μl of M9 buffer to control for impact
of physical trauma. After injection, Petri dishes were incu-
bated at 37�C and morbidity and mortality were recorded
after 24 h. Larvae were considered infected if they
expressed dark pigmentation (melanization) after inocula-
tion. Larvae were scored as dead if they did not respond
to touch stimuli by blunt sterile forceps.

Galleria mellonella assay for individual clones

For those samples that caused mortality in five or more
Galleria out of 10, the assay was repeated the next
day using stored concentrated soil wash. In addition to
the two controls described above, a third control was
added where larvae were injected with filter-sterilized
samples (0.22 μm syringe filters; Thermo Fisher, Wal-
tham, MA, USA) to account for any toxic chemicals
present in the sample (Hernandez et al., 2019). None
of the controls resulted in significant mortality. Larvae
were monitored regularly post-injection to obtain individ-
uals that were clearly infected (grey) but not dead
(black) to extract hemocoel and isolate infecting bacte-
ria. A minimum of two infected larvae were selected
per sample and placed in an Eppendorf tube on ice for
30 min prior to extraction. The site of dissection was
sterilized with 70% ethanol. Sterile micro-scissors were
used to remove the last left proleg, and a drop of
hemocoel was allowed to exude from the larvae before
being collected with a pipette and diluted in 400 μl M9
(Hernandez et al., 2019). Galleria were immediately
euthanised by freezing at −80�C.

Hemocoel extractions were plated on LB agar (Miller;
10 g Tryptone, 5 g yeast extract, 10 g NaCl and 15 g
agar per litre of ddH2O) and incubated overnight at 37�C.
Distinct colony morphologies were identified, and a mini-
mum of one of each morphotype was purified and made
into a freezer stock. Overnight cultures of each clone
were diluted in M9 buffer to 105 CFU and injected into
10 Galleria as described above. After incubation for a
period of 12 h, mortality was recorded, and clones caus-
ing mortality in five or more larvae were deemed poten-
tially pathogenic and selected for further study. Selected
clones were injected in 20 Galleria at 103 CFU to record
larval morbidity and mortality hourly after an initial 10 h
period for a total of 37 h, allowing for construction of sur-
vival plots and calculation of the LT50.
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16s rRNA Sanger sequencing

Genomic DNA was extracted using a ‘DNeasy® Ultra-
Clean® Microbial Kit’ (QIAGEN). Each extracted DNA
sample was amplified using the following PCR protocol
and reagents. Twenty-five microlitre of Green master mix
(DreamTaq, Thermo Scientific™), 5 μl of primer mix (con-
sisting of 16S27f: 50-AGAGTTTGATYMTGGCTCAG-30

and 16S1492r: 5’-TACCTTGTTAYGACTT-30) at 4.5 μM
concentration, 0.5 μl of BSA, 18.5 μl of PCR-grade water
and 1 μl of the extracted DNA. Thermocycler used was a
Veriti 96-well thermal cycler (Applied Biosystems).
Thermocycler protocol was one cycle of 95�C for 5 min,
30 cycles of 95�C for 30 s, 48�C for 30 s and 72�C for
90 s, then one cycle of 72�C for 10 min. Samples were
then held at 4�C until collection. PCR product was run on
a 1% agarose gel with 5 μl ETBR per 100 ml for 35 min
at 120 V. Gels were imaged in a Syngene G: Box along-
side positive and negative controls and a DNA ladder.
PCR product was purified using a NucleoSpin® Gel and
PCR Clean-up kit (Macherey-Nagel). The concentration
of purified PCR product was quantified using Fluoromet-
ric Quantification with a Qubit™ dsDNA HS assay kit in a
Qubit® 2.0 flurometer (Invitrogen) and diluted appropri-
ately using PCR-grade H2O. DNA was sent for sequenc-
ing at Eurofins Genomics (NGS-Laboratory, Anzinger Str.
7a, 85,560, Ebersberg, Germany) using the ‘TubeSeq’
service with the 16S27f primer. Sequences were trimmed
in MEGA-X version 10.0.5 (Kumar et al., 2018) and poor-
quality reads were discarded. Nucleotide BLAST
(Altschul et al., 1990) was used to identify sequences.

Antimicrobial resistance profiling

Resistance of selected clones was measured using the
CLSI disk diffusion method for antimicrobial susceptibility
testing (Wayne, 2011), along with the following reference
strains: E. coli (ATCC® 25922™ and ATCC® 35218™)
and Klebsiella pneumoniae (ATCC® 700603™). Over-
night cultures of each strain and clone were diluted using
0.85% NaCl solution to 0.5 McFarland standard based on
optical density at 600 nm. Clones were swabbed on
Muller-Hilton agar ensuring an even spread. Thirteen dif-
ferent antibiotic discs were added on top of the cultures,
and plates were incubated at 37�C for 16–20 h. The time
between starting dilutions and placing the prepared
plates in the incubator was kept to a maximum of 15 min
to minimize cell growth. Antibiotics used were Oxoid™
antimicrobial susceptibility disks (Thermo Scientific™):
Cefoxitin (30 μg), Cefpodoxime (10 μg), Trimethoprim
(5 μg), Piperacillin/tazobactam combination (36 μg),
Tigecycline (15 μg), Ceftazadime (10 μg), Chlorampheni-
col (30 μg), Amoxycillin/clavulanic acid combination
(30 μg), Aztreonam (30 μg), Ciprofloxacin (5 μg),

Gentamicin (10 μg), Ertapenem (10 μg) and Azithromycin
(15 μg). Inhibition zone diameters were compared to the
relevant CLSI Clinical Breakpoint Tables (v.9.0, 2019),
and scored as sensitive, resistant, or intermediately resis-
tant. Susceptibility profiles were interpreted after species
designation via whole-genome sequencing.

Whole genome sequencing

DNA isolation, Illumina HiSeq sequencing and basic bio-
informatics were performed through the MicrobesNG pro-
gramme in Birmingham, UK. Vials containing beads
inoculated with liquid culture were washed with extraction
buffer containing lysostaphin and RNase A, incubated for
25 min at 37�C. Proteinase K and RNase A were added
and incubated for 5 min at 65�C. Genomic DNA was puri-
fied using an equal volume of SPRI beads and
resuspended in EB buffer. DNA was quantified in tripli-
cates with the Quantit dsDNA HS assay in an Eppendorf
AF2200 plate reader. Genomic DNA libraries were pre-
pared using Nextera XT Library Prep Kit (Illumina, San
Diego, CA, USA) following the manufacturer’s protocol
with the following modifications: two nanograms of DNA
instead of one were used as input, and PCR elongation
time was increased to 1 min from 30s. DNA quantification
and library preparation were carried out on a Hamilton
Microlab STAR automated liquid handling system.
Pooled libraries were quantified using the Kapa Bio-
systems Library Quantification Kit for Illumina on a Roche
LightCycler 96 qPCR machine. Libraries were sequenced
on the Illumina HiSeq using a 250 bp paired end protocol.
European Nucleotide Archive accession numbers are
listed in Tables S4 and S5.

Bioinformatics analyses

All informatics analyses were performed on MRC CLIMB
cloud computing infrastructure (Connor et al., 2016). A
reference dataset collected from the RefSeq genome
database (Pruitt et al., 2007) (accessed 1 Nov 2019) by
identifying all of the available genomes for genus Serratia
(667) and genus Providencia (78). The Serratia dataset
contained a high degree of redundancy and, for ease of
analysis, was sub-sampled to 225 samples by the
removal of additional draft S. marcescens genomes. All
samples were mapped against the appropriate reference
genomes (P. rustigianii NCTC6933 and S. liquefaciens
ATCC 27592) and variants called using established SNP-
calling pipeline snippy (https://github.com/tseemann/
snippy). The resulting alignments were used as inputs to
IQ-TREE (Nguyen et al., 2015). Phylogenetic trees were
reconstructed using a General Time Reversible substitu-
tion model, a gamma distribution of rate variation among
sites and the proportion of invariant sites were estimated.
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The phylogeny was reconstructed using 1000 ultrafast
bootstraps further optimized using a hill-climbing nearest
neighbour interchange search. For virulence and AMR
gene detection assemblies were passed to ABRicate
(Seemann, 2018) using the Resfinder (Zankari
et al., 2012) and VFDB (Chen et al., 2015) databases
using 75% length identity and 75% sequence identity as
a cut-off. Average nucleotide Identity was calculated
using FASTANI on default parameters (Jain et al., 2018).
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1.Sampling maps.
Maps indicating the locations of sampling sites.

A. Falmouth, Cornwall, UK.
B. University of Exeter, Cornwall campus, Penryn, UK.
C. Carnon River near Bissoe, Cornwall, UK.
Fig. S2. Effect of soil sample type on Galleria mortality.
Broad soil type categories ‘grass cover’ (n = 25), ‘tree cover’
(n = 7) and ‘metal contaminated’ (n = 7) did not have a differ-
ential effect on Galleria mortality (Kruskal-Wallis rank sum
test, χ2 = 0.55061, p > 0.75).
Fig. S3. Comparison of paired bulk and rhizosphere soil
samples on Galleria mortality.
Paired rhizosphere soil and bulk soil samples were collected
at seven sites. There was a significant difference in Galleria
mortality for the two sample types (paired t-test., t = 2.5205
and p < 0.05) with six grass root communities causing 100%
mortality. Samples from one site (G5) caused the lowest
mortality for both treatments (shown as outliers).
Fig. S4. The number of clones isolated from Galleria hemo-
coel from each soil community that caused >50% Galleria
mortality following injection of 105 CFU. Indicated in red are
clones that caused >50% Galleria mortality, and incubation
at 37�C for 12 h. Those in blue caused ≤50% mortality. No
clones could be isolated from samples P0 and P3 that ini-
tially showed high mortality. For sampling site information
see Table S2.
Fig. S5. Maximum likelihood core genome phylogeny of the
genus Providencia. Bars show the presence (red) or
absence (white) of antimicrobial genes identified using the
resfinder database using 75% length identity and 75%
sequence identity as a cut-off. Tips and bars are coloured on
the source of the respective isolates: current study = blue,
environmental origin = green, human infection = red, human
asymptomatic carriage = orange (isolates of unknown origin
or human isolates of unknown status were not included).
The tree was constructed using variant sites present in >95
% of samples reads from reads mapped against reference
genome Providencia rustigianii NCTC6933. Phylogenetic
reconstruction was performed using a GTR+G+I model in
IQ-TREE.
Fig. S6. Maximum likelihood core genome phylogeny of the
genus Providencia. Bars show the presence (red) or absence
(white) of virulence genes identified using the abricate data-
base using 75% length identity and 75% sequence identity as
a cut-off. Tips and bars are coloured on the source of the
respective isolates: current study = blue, environmental ori-
gin = green, human infection = red, human asymptomatic car-
riage = orange (isolates of unknown origin or human isolates
of unknown status were not included). The tree was con-
structed using variant sites present in >95% of samples reads
from reads mapped against reference genome Providencia
rustigianii NCTC6933. Phylogenetic reconstruction was per-
formed using a GTR+G+I model in IQ-TREE.
Fig. S7. Maximum likelihood core genome phylogeny of the
genus Serratia. Bars show the presence (red) or absence
(white) of antimicrobial genes identified using the resfinder
database using 75% length identity and 75% sequence iden-
tity as a cut-off. Tips and bars are coloured on the source of
the respective isolates: current study = blue, environmental
origin = green, human infection = red, human asymptomatic
carriage = orange (isolates of unknown origin or human iso-
lates of unknown status were not included). The tree was
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constructed using variant sites present in >95% of samples
reads from reads mapped against reference genome
Serratia liquefaciens ATCC 27592. Phylogenetic reconstruc-
tion was performed using a GTR+G+I model in IQ-TREE.
Fig. S8. Maximum likelihood core genome phylogeny of the
genus Serratia. Bars show the presence (red) or absence
(white) of virulence genes identified using the abricate data-
base using 75% length identity and 75% sequence identity
as a cut-off. Tips and bars are coloured on the source of the
respective isolates: current study = blue, environmental ori-
gin = green, human infection = red, human asymptomatic
carriage = orange (isolates of unknown origin or human iso-

lates of unknown status were not included). The tree was
constructed using variant sites present in >95% of samples
reads from reads mapped against reference genome
Serratia liquefaciens ATCC 27592. Phylogenetic reconstruc-
tion was performed using a GTR+G+I model in IQ-TREE.
Table S1. Sampling site information.
Table S2. Sampling site details.
Table S3. Numbers of clones isolated from 66 Galleria
hemocoel extractions.
Table S4. Providencia genome information.
Table S5. Serratia genome information.
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