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Abstract

Stenotrophomonas maltophilia is an emerging, multidrug-resistant, opportun-
istic pathogen that is heavily shielded by diverse resistance mechanisms.
Traditional genotyping approaches and genome-based studies have yiel-
ded first insights into the population structure of the S. maltophilia complex.
Here, we extend the knowledge on this complex by inferring the popula-
tion structure from a global collection of all publicly available and more
than 1000 newly sequenced genomes. We find that the S. maltophilia com-
plex is divided into 23 clusters, where two harbour environmental strains
exclusively. Pairwise nucleotide identity comparison reveals nearly all clus-
ters to be at a distance beyond the species delimiting threshold of 95%.
Nearly all groups comprise strains of all degrees of virulence. The observa-
tion that even environmental strains are found nearby human invasive isol-
ates suggests that each group has evolved to human virulence independ-
ently. Finally, our analysis identifies potential outbreak events between ge-
netically closely related strains isolated within days or weeks in the same
hospitals. Our findings significantly amend our understanding of the vir-
ulence characteristics and revisit the population structure of the S. malto-
philia complex.
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10.1 Introduction

Stenotrophomonas maltophilia is the type species of the genus Stenotrophomo-
nas, currently comprising 18 recognised species1, and has emerged as a
leading cosmopolitan human opportunistic pathogen in debilitated or im-
munocompromised hosts. First isolated in 1943 as Bacterium bookeri, it was
later reclassified as Pseudomonas, Xanthomonas, and was finally termed Steno-
trophomonas in 19932. Listed by the World Health Organization as one
of the globally leading drug-resistant pathogens in hospitals, this gram-
negative, biofilm-forming, glucose non-fermenting bacillus is ubiquitously
found in the ecosystem and widely used in environmental remediation
and industry3,4. S. maltophilia has been isolated from soils, plant roots,
wastewater plants, lakes, rivers, and invertebrates4. Its capacity to colonise
medical devices and the respiratory epithelium in the human lung renders
S. maltophilia an important cause of nosocomial infections globally with a
significant attributable mortality rate of up to 37.5%5. Patients under im-
munosuppressive treatment and those with malignancy or pre-existing in-
flammatory lung diseases such as cystic fibrosis (CF) are at particular risk
of contracting S. maltophilia6. Infection mainly manifests as bacteraemia,
catheter-related bloodstream, or a respiratory tract infection, although al-
most any organ can be affected4. While S. maltophilia is primarily thought to
be a nosocomial pathogen, community acquired infections have also been
described7.

Treatment options are limited by intrinsic drug-resistance to a number
of antibiotic classes, comprising most β-lactam antibiotics including car-
bapenems, cephalosporins, aminoglycosides, and macrolides8. Resistance
mechanisms are reportedly attained through horizontal gene transfer in-
cluding plasmids, transposons, and integrons9. Drug resistance is likely
not solely the result of selection in the hospital setting but has been ac-
quired in non-human settings where a broad range of antibiotics are used
as a source of nutrients by bacteria10. Additionally, anthropogenic envir-
onmental contamination with antibiotics selected for bacteria harbouring
resistance-conferring genes10. The drug of choice is trimethoprim-sulfa-
methoxazole and although emerging rates of resistance are being recorded,
S. maltophilia continues to be highly susceptible11.

In the absence of a clear species delineation and the diverse ecological
and clinical phenotypes, the taxonomic position of S. maltophilia within
the genus Stenotrophomonas has been difficult to place. Previous work us-
ing both environmental and clinical samples divided Stenotrophomonas spe-
cies into two major clades12. While clade I groups environmental strains
cultured from diverse ecosystems that have not been reported as human
pathogens, clade II comprises both environmental and human opportun-
ists. Located within clade II, the term S. maltophilia complex was sugges-
ted to describe S. maltophilia sensu stricto (Smsl) strains containing the S.
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maltophilia reference strain K279a, and four reported genospecies identi-
fied by traditional typing12-14. Despite its clinical importance, knowledge
on intraspecies diversity and a clear picture of the population structure of
the human-pathogenic S. maltophilia are not available. Careful species de-
lineation to discern pathogenic from harmless strains is also warranted to
safely leverage S. maltophilia’s potential in biotechnology15.

Molecular typing methods such as amplified fragment length polymorph-
ism (AFLP) fingerprinting16, 16S ribosomal DNA sequencing17, pulsed-
field gel electrophoresis18, gyrB restriction fragment length polymorphism
(RFLP)19, and multi locus sequence typing (MLST) based on 7 housekeep-
ing genes20 documented high genetic heterogeneity of both environmental
and clinical S. maltophilia isolates. However, none of these methods have
emerged as standard for genotyping, and correlating the results between
methods is challenging21.

With the advent of next generation sequencing technology, whole gen-
ome sequencing has been introduced as a bacterial genotyping solution
with maximum resolution, and whole genome analysis has facilitated fur-
ther insights into the S. maltophilia complex12,22,23. Independent taxonogen-
omic investigations using average nucleotide identity as well as Bayes spe-
cies delimitation suggested the presence of at least 13 lineages or species-
like clusters in the S. maltophilia complex12,24. This was corroborated by a
recent effort using a threshold of 50.000 single nucleotide polymorphisms
(SNPs) that identified nine monophyletic human-associated and three ex-
clusively environmental lineages22.

While published reports do generally come to similar conclusions re-
garding population structure, there is currently no clear phylogenetic tax-
onomy of S. maltophilia or the S. maltophilia complex. This is especially
frustrating as several studies suggested a correlation between phylogenetic
clades and adaptation to human or environmental niches.

Therefore, we collected and produced whole genome data of an extens-
ive global strain collection, using genome-wide gene-by-gene analysis to
establish a comprehensive phylogeny and population structure correlated
with habitat, gene repertoire, and phenotypic traits.

10.2 Results

Isolate collection and gene-by-gene analysis

We first created a whole genome multilocus sequence typing (wgMLST)
scheme for the S. maltophilia complex that allows for standardised WGS-
based genotyping and gene-by-gene analysis of our dataset. This approach
has been widely used in tracing outbreaks and transmission events for a
variety of bacterial species25. Using 179 publicly available assembled S.
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maltophilia genomes that represent the known diversity of the species, we
constructed a wgMLST scheme consisting of 17,603 loci. The scheme in-
cludes partial sequences of the seven housekeeping genes used in the tradi-
tional MLST scheme as well as the gyrB gene, ensuring backwards compat-
ibility with traditional MLST / gyrB typing methods20. Detailed informa-
tion on wgMLST scheme creation and validation are provided in the meth-
ods section and supplementary material (suppl. tables S1 - S6).

To investigate the global phylogeographic distribution of S. maltophilia,
we gathered whole genome sequence data of 2389 strains from 22 countries
representing four continents, which were either collected and sequenced
in this study or had sequence data available in public repositories. Raw
reads were assembled using the Spades tool integrated into the BioNumer-
ics software suite. Only one index isolate was kept from studies where
multiple isolates per patient had been sequenced. Quality criteria of a min-
imum coverage of 30x, number of contigs of less than 500, ambiguous base
(non-ATCG) calls, deviating genome lengths, or GC-content were applied
to ensure the robustness of the dataset. All genome assemblies of the study
collection passing quality thresholds were analysed with the newly created
wgMLST scheme using the BioNumerics software suite, discarding isolates
with less than 2,000 allele calls from further analysis.

Upon duplicate removal, filtering for sequence quality, and removal of
isolates with fewer than 2,000 allele calls, our final collection comprised
1,305 assembled genomes of mostly clinical origin (87%) with most isol-
ates coming from Germany (71% or 932 isolates), United States (7% or 92
isolates), Australia (4.2% or 56 isolates), Switzerland (3.7% or 49 isolates),
and Spain (3.2% or 42 isolates) (suppl. table S1, suppl. figure S1). The as-
semblies had a mean coverage depth of 130x (SD = 58; median 122 [IQR
92-152]), consisted of, on average, 74 contigs (mean, SD = 44; median 67
[IQR 47 – 93]), and encompassed a mean length of 4.7 million base pairs
(SD = 0,19; median 4.76 [IQR 4.64 – 4.87]) (suppl. table S2, figure 10.8 A-D).
Analysing this collection with the wgMLST scheme resulted in an average
of 4,174 (range 3,024 – 4,536) loci recovered per sample. The pan genome
encompassed 17,479 genes, with 2,844 loci (16.3%) present in 95% and 1,274
loci (7.3%) present in 99% of strains in the collection.

Phylogenetic inference of the S. maltophilia complex population
structure

To investigate the global diversity of the S. maltophilia complex, a maximum-
likelihood phylogeny was inferred from a concatenated sequence align-
ment of the 1,274 core loci present in 99% of the samples (figure 10.1). Hier-
archical bayesian analysis of population structure (BAPS), derived from
core-SNP analysis, clustered the 1,305 genomes into 23 monophyletic groups
named Sgn1-Sgn4 and Sm1-Sm18, comprising 17 previously suggested and
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six hitherto unknown groups (Sm13 - Sm18)12,14. In parallel to these previ-
ous reports, we see a separation between the more distantly related groups
Sgn1-Sgn4 and a cluster formed by groups Sm1-Sm18 (previously termed
S. maltophilia sensu lato) with the largest group Sm6 (also known as S. malto-
philia sensu stricto) containing most members (n = 413) as well as the clin-
ical reference strain K279a. Contrary to previous analyses, Sgn4 is the
group most distantly related to the rest of the strains12.

Remarkably, the distinction into the 23 groups is clearly supported by
an Average Nucleotide Identity (ANI) analysis (figure 10.2). Comparison
of strains belonging to the same group yielded ANI values between 95%
and 100%, above the 95% similarity cut-off value suggested for species
identification26. ANI values computed for strains of different groups res-
ulted in values below the species delimitation threshold of 95% for all but
one group, suggesting sufficient genetic heterogeneity between the detec-
ted groups to consider them species-like sublineages of the S. maltophilia
complex, in line with previous results from classical typing methods and
phylogenetic studies12,14, 22-24.

An inspection of the available completed genomes on NCBI (as of Feb-
ruary 2019) revealed that for several groups (Sgn3, Sm3, Sm2, Sm7, Sm16,
Sm9 and Sm18) no closed genomes existed. Using long-read sequencing,
we determined 12 new fully finished genomes of selected representative
strains with a mean read length of 11386 bp (SD = 1971), mean coverage
of 147 (SD = 25) and a mean genome length of 4.7 Mb (SD = 0,17) that as-
sembled into 1 contig in 10 isolates, 2 contigs and 3 contigs for each one
isolate. No plasmids were detected. A genome-wide alignment of these
genomes together with the K279a strain unveiled considerable structural
variation and large inversions (figure in preparation). Together with avail-
able finished genomes this resulted in a reference set containing in total 23
genomes spanning the known diversity of the S. maltophilia complex (loc-
ation of these genomes across the phylogeny is indicated by red and blue
dots in figure 10.4). The reference set comprises 4 environmental strains
and 19 human strains of varying virulence (human-invasive and human-
non-invasive).

Correlation of defined phylogenetic groups with habitat and ac-
cessory genome

To investigate whether the phylogenetic groups defined in our study cor-
relate with strain habitat, notably concerning human host adaptation, we
categorised the origin of isolation into three major categories. Isolates were
considered environmental (n = 117) if found in the rhizosphere and likely
unrelated to human origin. Bacteria swabbed in human vicinity (i.e. patient
room sink) or sewage were deemed derived from an anthropogenic setting
(n = 52). Human-associated isolates (n = 1010) were further subdivided into
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Figure 10.2: Pairwise Average Nucleotide Identity comparison calculated
for 1,305 S. maltophilia isolates. A) Pairwise ANI values shown on a heat-
map with blue indicating high identity and red referring to low nucleotide
identity. The heatmap shows that groups of strains are highly identical,
which correspond to the groups inferred by hierarchical bayesian clus-
tering. B) Two way histogram of between and within group ANI val-
ues shows that strains compared to strains of the same group are highly
identical at the nucleotide level with ANI values above 95% (depicted in
green). Between-group comparison (in light-brown colour) identifies low
genetic identity between strains. The currently accepted species delimita-
tion threshold at 95% is shown as a red vertical line. Distribution of ANI
values also shown as horizontal box whisker plot at the top of (B).
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three subcategories. Human-invasive (n = 133) describes isolates found in
blood, urine, drainage fluids, biopsies, or in cerebrospinal fluid. Human-
non-invasive (n = 353) refers to colonising isolates obtained from swabs
of the skin, perineum, nose, oropharynx, wounds, and intravascular cath-
eters. Human-respiratory (n = 524) includes isolates from the lower res-
piratory tract below the glottis and sputum isolates collected from cystic
fibrosis patients. For 126 isolates no information on origin of isolation were
available. Groups Sgn1, Sgn2, Sgn3, Sm11 were significantly associated
with environmental strains. Moreover, anthropogenic isolates were linked
to groups Sm11 and Sm12. Although we detected significant associations
between groups and origins, these should be interpreted with caution seen
the various group sizes and biased sampling.

To better understand which particular gene sets are characteristic for the
individual groups and isolation origin we sought to identify the unique as
well as common genes per group. When visualising intersecting loci sets
we found that isolates colonising humans (human-not-invasive), those in-
fecting humans (human-invasive), and those isolated from the lower res-
piratory tract (human-respiratory) shared more genes together than either
of these origins with environmental strains (figure 10.3A). The human-
respiratory isolates harboured most loci uniquely. To investigate the geno-
typic groups in more detail we filtered the allele matrix obtained from the
wgMLST analysis to identify unique loci per group, per origin, and the S.
maltophilia complex and S. maltophilia sensu lato isolates. Overall, 3550
genes were found exclusively in one of the groups, with 202 of these genes
present in at least 90% of all isolates of a group (suppl. table S6). Group Sm6
(963 loci), Sgn3 (727 loci), and Sm3 (257 loci) exhibited the highest number
of group-specific genes while in six groups no unique loci were found.

To obtain more insights into what genes differentiate environmental
versus human isolates we queried for unique loci in these groups. 7769 loci
were exclusively present in either of them with 6836 being human-specific
and 932 found only in environmental strains. We next queried for loci that
differentiate the S. maltophilia sensu lato clades from the S. maltophilia com-
plex which is made up of groups Sgn1 - 4. These four groups uniquely
contain 779 loci, much less than the groups Sm1 - Sm18 (9327). Gene on-
tology analysis of these loci and interpretation towards unique biological
functions per group or origin was hindered by the fact that the wgMLST
scheme contains some overlapping loci (see methods) and also the pres-
ence of genes as multiple copies in the genome.

Resistome and virulence analysis

S. maltophilia is shielded by a number of chromosomally-encoded antibiotic
resistance genes as well as expression of several types of efflux pumps27–29.
Here, we screened our isolate collection for the presence of resistance and

227 10.2. Results

Figure 10.3: Origin of isolates and their shared genes and contribution to
BAPS groups size. A) Intersection plot showing the relationship of all 1,305
S. maltophilia isolates. The set view visualizes intersections and their ag-
gregates illustrating the largest number of loci is shared by all isolates, the
second-largest group of loci is shared by the three human (invasive, non-
invasive, respiratory) origins. B) Barplot showing the number of isolates
per BAPS group coloured by origin.
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virulence genes. Up to five families of efflux pumps can be present of
which all were detectable at high frequencies in our isolate collection28. We
found resistance-nodulation-cell-division (RND) efflux pumps, responsible
for resistance to chloramphenicol, quinolones, and tetracyclines, to be ubi-
quitously present, in 99.8% of the strains (figure 10.4). Likewise, smeU2,
part of the five-gene RND efflux pump operon smeU1-V-W-U2-X was found
in almost all strains (98.2% of isolates)30. SugE, member of the small-multi-
drug-resistance (SMR) efflux pump family mediating resistance to β-lactams,
macrolides, tetracyclines and quaternary ammonium was found in all but
ten (0.8%) isolates. Another SMR type efflux pump emrE was absent in
merely 46 isolates (3.5%). Major facilitator superfamily (MSF) efflux pumps
constitute a large family of transporter proteins heavily involved in multi-
drug-resistance29. We detected the MSF efflux pump emrA in 96.4% of our
isolates. The MFS type gene floR, mediating chloramphenicol efflux, was
found in only 3 isolates. The MATE type efflux pumps are able to ex-
port xenobiotic compounds like quinolone antibiotics; norM, a MATE efflux
pump, was found in 99.7% our isolates. smrA is an ABC-type transporter
associated with resistance to quinolones and tetracyclines and was identi-
fied in 99.7% of our collection.

Aminoglycoside modifying enzymes can be acetyltransferases, nucle-
otidyltransferases or phosphotransferases31. In our analysis, we clustered
all acetyltransferases independent of their class and subclass (aac(3)-Ia, aac(3)-
IVa, aac(6’)aph(2”), aac(6’)-Iak, aac(6’)-Iz, aac(6’)) and detected 80 (6.1%) isol-
ates with such enzyme-encoding genes. Five isolates with aminoglycoside-
nucleotydyltransferases were identified, while we found 861 isolates (66%)
to encode aminoglycoside-phosphotransferases (aph(3’)-IIc, aph(3’)-XV, aph(6)).
We observed that both enzyme families were unequally distributed among
the groups which preferentially contained either of the two types. Taken to-
gether, 69% of our collection featured aminoglycoside-modifying enzymes.
Other enzymes important in aminoglycoside resistance are the proteases
encoded by clpA and htpX32. ClpA was detected in 96.9% and htpX was
found in 98.8% of our isolate collection.

β-lactams are a class of antibiotics often used in routine clinical care
as broad-spectrum agents, including penicillins, cephalosporins, and car-
bapenems. A mechanisms often employed by resistant microorganisms is
the production of carbapenemases or β-lactamases. S. maltophilia chromo-
somally encodes two β-lactamases, the metallo-β-lactamase blaL1 and the
inducible Ambler class A β-lactamase blaL233. We screened our isolate col-
lection and while blaL1 was found in 83.2% of our isolates, blaL1 was detec-
ted in only 63.2%. Interestingly, some genotypic groups were completely
devoid of blaL2. Only one isolate encoded the oxacillin hydrolizing class D
β-lactamase blaOXA.

We noted few isolates harbouring the Type B chloramphenicol-O-acetyl-
transferase CatB (0.6%). Equally, the sulfonamide resistance-conferring sul1
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Figure 10.4: Maximum-likelihood phylogenetic tree based on 1,274 core
gene sequences of 1305 S. maltophilia isolates. Legend continued on the follow-
ing page
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Figure 10.4: Cont’d:

The coloured shading of the clades represents the groups found by
bayesian clustering. 100% Branch support is indicated by grey dots. Com-
pleted genomes are indicated by blue or red dots. Group names are writ-
ten next to the clades. The leaf labels (from left to right) display the hab-
itat of the S. maltophilia isolates, where dark green refers to human, yel-
low to environmental isolates, and light green to isolates found nearby
humans, i.e. patient room sink (human environment). The second band
colours leaf labels according to detailed clinical origin (yellow for envir-
onment, light-green for anthropogenic, blue for human-invasive, dark vi-
olet for human-non-invasive, and light violet for human-respiratory). Pat-
tern of gene presence is displayed (blue coloured line) or absence (white).
The presence/absence gene matrix shows, from left to right, selected ef-
flux pump genes (all RND-type efflux pumps, smeU2, tat ACG, emrA of the
MFS family, emrA and sugE of the SMR family, norM of the MATE fam-
ily, and smrA of the ABC family), the aminoglycoside acetyltransferase aac
and phosphotransferase aph, clpA, htpX, the β-lactamases blaL1 and blaL2,
the sulfonamides sul1 and sul2, catB, and the virulence genes smoR, pilU,
stmPr1, and katA.

was seen in 17 isolates (1.3%), and sul2 was found in only 5 isolates (0.4%).
This points to low numbers of trimethoprim/sulfomethoxazol resistance
among our isolate collection which is of concern seen the limited treatment
options for S. maltophilia infection34.

We further sought to study the distribution of key virulence factors in
our collection. SmoR is involved in quorum sensing and swarming motil-
ity of S. maltophilia and was observed in 80% of our isolates35. PilU en-
codes a nucleotide-binding proteins that contribute to Type IV pilus func-
tion and ultimately impact cytotoxicity towards epithelial cells and in vivo
virulence36. 117 isolates (9%) mainly from two genotypic groups harboured
pilU. StmPr1 is the major extracellular protease of S. maltophilia involved in
virulence and is present in 99.2% of isolates37. KatA is a catalase mediating
increased levels of persistence to hydrogen peroxide-based disinfectants
and was found in 86.6% of isolates38.

To further investigate the presence absence profile of resistance and vir-
ulence genes within our 23 monophyletic groups we used Multiple Corres-
pondence Analysis (MCA). We visualised associations between 17 genes as
active variables adding clinical, geographical, and group as supplement-
ary categorical variables. The first 4 dimensions explain 39.22% of variance
while the rest is explained by individual variability (figure 10.5A). A vari-
able correlation plot (figure 10.5B) visualising the correlation of variables

231 10.2. Results

Figure 10.5: Multiple correspondence analysis (MCA) summarising the as-
sociation between the presence of antibiotic resistance and virulence genes,
origin of isolates, and bayesian grouping for the S. maltophilia isolates with
known origin (n = 1179 isolates). A) Barplot displaying the percentage of
variance explained by the respective dimensions; B) Variable correlation
plot visualising the 17 active gene variables in red and three supplement-
ary variables in blue; C) Factor individual biplot map indicating the BAPS
groups and their explained variance contained in 99% confidence intervals
(ellipses) across the first two dimensions together with five highest contrib-
uting variables in red; D) Factor individual biplot map using the sample
origin as associated variable, showing that environmental origin explains
most of the variance observed. ant = anthropogenic, env = environmental,
human-inv = human-invasive, human-ni = human-non-invasive, human-
resp = human-respiratory.
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with MCA principal dimensions, shows that the first two dimensions ex-
plain 22.7% of datasets variance. The active variables (in red) smoR, katA,
blaL2, aac as well as catB are strongly correlated with the first dimension,
while blaL1, aph, smeU2, and RND-efflux are strongly correlated with the
second (figure 10.5B). This is also shown on individual basis for each sep-
arate active variable in supplementary figure S8. The strongest correlation
of our supplementary variables was observed in both dimensions for the
group variable which would indicate that our monophyletic groups have
distinct genetic profiles (figure 10.5B). On the MCA factor individual biplot
(figure 10.5C) 99% confidence intervals of monophyletic groups are indic-
ated by using color coded ellipses to avoid overplotting by showing all
of the individuals. By also taking five variables into account which are
contributing the most to the first two dimensions it becomes evident that
the Sgn1-4 groups are strongly associated with the lack of smoR, katA, and
blaL2 genes. On the other hand Sm9, Sm6, Sm11, comprising mostly clin-
ical isolates, are strongly associated with the presence of blaL2, aph, blaL1,
smoR, and katA. When we used sample origin instead of the monophyletic
groups a clear separation of the environmental samples from the rest can
be observed (figure 10.5D). The individual active variables are plotted in
figure 10.11.

Cluster analysis

Potential transmission events of S. maltophilia isolates would have signific-
ant implications for isolation procedures of S. maltophilia - infected or col-
onised patients. We assessed our sample collection for clusters of isolates
using 50, 25, 10, and 5 mismatched alleles as threshold for relatedness. We
found 765 (59%) grouped into 83 clusters within 50 alleles difference, 624
(48%) strains group into 88 clusters with 25 alleles difference, 269 (21%) in
62 clusters within 10 alleles difference, and 156 (12%) grouped in 39 clusters
within 5 alleles (figure 10.10 for a minimum spanning network and figure
10.6). When further investigating the clusters within 5 alleles difference
a total of 59 isolates grouped into 13 clusters with a mean of 4.5 isolates
per cluster that were isolated from the same hospital in the same year. We
identified four clusters where exact isolation dates were available within 5
alleles difference that were isolated from the same source, the respiratory
tract, within few weeks of time.

10.3 Discussion

The present study sheds light on the population structure and relatedness
of the major human opportunist S. maltophilia. The S. maltophilia complex
clusters into 23 groups of which two harbour environmental strains exclus-

233 10.3. Discussion

Figure 10.6: Spatiotemporal cluster analysis of 1,305 S. maltophilia isolates.
A) The coloured ranges across the outer nodes and branches indicates the
BAPS groups. The inner ring denotes the origin of isolates. The second
ring illustrates the city of origin. The next ring refers to the year of isolation
(where available) with light colours representing earlier years and darker
brown colours more recent isolation dates. The outer rings indicate the
single linkage-derived clusters based on the number of allelic differences
between any two isolates for 50, 25, 10, and 5 allelic mismatches. Grey dots
on the nodes indicate support values of 100. B) Distribution of the number
of wgMLST allelic differences between pairs of isolates among the 1,305 S.
maltophilia isolates. The main figure shows all allelic mismatches and the
inset displays up to 200 allelic differences.
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10.3 Discussion

The present study sheds light on the population structure and relatedness
of the major human opportunist S. maltophilia. The S. maltophilia complex
clusters into 23 groups of which two harbour environmental strains exclus-
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Figure 10.6: Spatiotemporal cluster analysis of 1,305 S. maltophilia isolates.
A) The coloured ranges across the outer nodes and branches indicates the
BAPS groups. The inner ring denotes the origin of isolates. The second
ring illustrates the city of origin. The next ring refers to the year of isolation
(where available) with light colours representing earlier years and darker
brown colours more recent isolation dates. The outer rings indicate the
single linkage-derived clusters based on the number of allelic differences
between any two isolates for 50, 25, 10, and 5 allelic mismatches. Grey dots
on the nodes indicate support values of 100. B) Distribution of the number
of wgMLST allelic differences between pairs of isolates among the 1,305 S.
maltophilia isolates. The main figure shows all allelic mismatches and the
inset displays up to 200 allelic differences.
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ively. The remaining groups consist of strains that have emerged to cause
all degrees of human colonisation and infection. The S. maltophilia complex
is extraordinarily divers at the nucleotide level representing a challenge for
population wide analyses and molecular epidemiology.

Here, we have addressed these concerns by first establishing a new
genome-wide typing scheme consisting of 17603 gene targets (or loci) built
from 179 S. maltophilia genomes that represent the known population di-
versity. We propose an allele call threshold of 2000 to delineate potentially
human-pathogenic S. maltophilia strains from other Stenotrophomonas spe-
cies that may be sampled in the environment but do not colonise or in-
fect humans. This typing scheme provides a unified nomenclature to ease
global communication on S. maltophilia genotypes as well as maximum res-
olution for outbreak investigations in hospitals. Allelic data can be stored
and curated in a central database to enable international and long-term
epidemiological efforts. WgMLST allele analyses does not require expert
bioinformatics skills and can be handled on a desktop computer. Addition-
ally, the 7-gene MLST as well as the gyrB gene are assigned loci numbers in
the wgMLST enabling backwards compatibility and comparison of allele
numbers20.

Although human-to-human transmission has recently been suggested
the present study was not designed to look for putative transmission events
in hospitals22. Allelic profiles obtained by the scheme can be fed to phylo-
genetic and clustering analyses using the single-linkage or other algorithms
suited for categorical similarity matrices. SNP based approaches require a
suitable reference genome closely related to the strains analysed. For the
S. maltophilia complex, this is complicated by the considerable diversity
we found between the phylogenetic groups, together with our finding that
strains across the discovered phylogeny are able to colonise and infect hu-
mans. Therefore, SNP-based analysis might be an option to further analyse
outbreaks identified using the wgMLST scheme and employing the refer-
ence genome for the respective phylogenetic group. However, we identi-
fied a remarkable number of isolates that are closely related as measured by
a maximum of five different alleles in the pairwise comparison. Joined with
the available epidemiological information (hospital and city as well as date
when isolate was cultured), this strongly advocates a common source of in-
fection in these selected cases. Further studies looking into potential trans-
mission are warranted, as this would have major consequences on how
infection prevention and control teams deal with S. maltophilia infections.

The large and geographically diverse collection of S. maltophilia allowed
us to study the global population structure of this species. Using hierarch-
ical bayesian clustering we were able to create a revisited picture of the
phylogenetic structure of the S. maltophilia complex, including the discov-
ery of six previously unknown phylogenetic species-like clusters to amend
the groups identified earlier12,22. Previously, the S. maltophilia complex was
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divided into four genospecies (Sgn1-4) that contain no S. maltophilia isolates
and S. maltophilia sensu lato strains, of which the clinical type strain K279a
is the paradigm strains of the clade S. maltophilia sensu stricto12,28. It was
suggested that several S. maltophilia genomes in the four genospecies Sgn1-
4 were misclassified12, however our data show that notably Sgn4 harbours
a range of clinical S. maltophilia isolates while Sgn1-3 are predominantly
of environmental origin. However, none of the strains newly sequenced
within this study grouped with published Sgn1 or 2 strains. For the hu-
man isolates, year of isolation, geographic origin of isolation, and clinical
features (i.e. invasive versus non-invasive) were not specific to any of the
groups. Our observation that strains throughout all Sm clades cause hu-
man colonisation and infection at varying degrees of virulence does not
support the current paradigm where predominantly strains of the K279a-
like group Sm6 are considered most pathogenic and are therefore named S.
maltophilia sensu stricto12. We therefore propose to use the term S. maltophilia
complex for all isolates that are identified as S. maltophilia using routine dia-
gnostic procedures in hospitals and omit the use of sensu stricto or lato.

The finding that nearly all genotypic groups are represented on sev-
eral countries and continents suggests a long evolutionary trajectory of S.
maltophilia from an exclusively environmental lifestyle towards human col-
onisation and infection. Interestingly, each of the major groups harbours
at least one ascertained environmental isolate which puts a scenario for-
ward where each of the clinical isolates of the same group have evolved
from the nearest environmental strain. This encourages speculations that
the pathoadaptation of environmental isolates to human pathogenicity has
taken place independently. A recent example based on 80 Legionella spe-
cies genomes illustrated that the capacity to infect eukaryotic cells has been
acquired independently many times within the genus39. The highly mobile
genome and significant number of recombination events in the S. malto-
philia genomes are in further support of this. We sought to further un-
derstand how the genetic makeup of the groups identified in our study
contributed to virulence by investigating the function and role of group-
specific genes. Our wgMLST-based approach, however, was found to be
unsuited for such analyses since we were unable to completely rule out
overlapping loci. This rendered any interpretation of unique genes un-
workable. Nonetheless it will be a useful resource for validation and exper-
imentation for molecular biology to determine the impact on phenotype of
selected unique genes of interest that may be implicated in virulence and
pathoadaptation.

It is well established that S. maltophilia is well equipped with an arma-
mentarium of antibiotic resistance conferring mechanisms4,28. We found
several families of antibiotic efflux pumps ubiquitously present as well as
other genes implicated in aminoglycoside or fluoroquinolone resistance. In
some cases, genes were present only in some groups such in the case of the
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β-lactamase blaL2 or the aminoglycoside acetyl- and phosphotransferases
aac and aph. The distribution of these genes was however not linked to
geographic or clinical phenotype. We found a low prevalence (1.7%) of
TMP/SMX resistance in our collection, suggesting that this drug of choice
can be safely employed unless drug susceptibility testing results tell other-
wise. However, the suggested use of this drug in other infectious diseases
such as tuberculosis may fuel resistance also in S. maltophilia40.

Limitations

Surveillance of S. maltophilia is currently not routinely performed and no
robust data on prevalence of sequence types or resistance exists. The geo-
graphic restrictions of our (prospective) sampling is biased towards the ac-
quisition of clinical / human-pathogenic S. maltophilia and sampling may
have missed less prevalent genotypes. Likewise, the inclusion of all avail-
able sequence data in public repositories renders our collection biased to-
ward the sampling strategies used in the published work. Our metadata
is incomplete owing in most cases to the limited information provided by
public repositories. Most clinical S. maltophilia strains underwent drug sus-
ceptibility testing in an automated system which however measures only
breakpoints unsuited for research use. We therefore did not include phen-
otypic data in our resistance analyses. Notwithstanding these limitations
we obtained a good representation of the international diversity of human-
pathogenic S. maltophilia isolates. More sampling needed in a structured
prospective way that is geographically diverse will be warranted to correl-
ate genotypes to origin and draw conclusions on the evolutionary success
of certain groups. Ultimately, it will be interesting to correlate genotype to
patient outcomes to identify genomic groups that are most virulent.

10.4 Material and Methods

Details on the creation and validation of a whole genome MLST scheme
can be found in the supplemental material. Due to its large size, the supple-
mental table will become available in the online preprint and publication
of this article.

Bacterial isolates and DNA isolation

All S. maltophilia strains sequenced in this study were routinely collected
in the participating hospitals and identified as S. maltophilia using MALDI
TOF MS. The isolates were grown at 37◦C or 30◦C in either lysogeny broth
(LB) or Brain Heart Infusion media. RNA-free genomic DNA was isolated
from 1-ml overnight cultures using the DNeasy Blood & Tissue Kit accord-
ing to the manufacturers instructions (Qiagen, Hilden, Germany).
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Whole genome data collection and next generation sequencing

We retrieved all Stenotrophomonas maltophilia sequence read datasets and
assembled genomes available from NCBI nucleotide databases as of April
2018, excluding next generation sequencing (NGS) data from non-Illumina
platforms (n=8), NGS data with insufficient sequence information (n=38),
and datasets from studies that exclusively described mutants (n=30). For
studies investigating serial isolates from the same patient, we chose only
representative isolates, i.e. one sample per patient was chosen from Es-
posito et al.41 and one strain of each of the four main lineages found by
Chung et al.42. In case of studies providing both NGS data and assembled
genomes, we included the NGS data in our analysis.

In addition, we sequenced the genomes of 1050 clinical and environ-
mental isolates. NGS libraries were constructed from genomic DNA using
a modified Illumina Nextera protocol43 and the Illumina NextSeq 500 plat-
form with 2x151bp runs (Illumina, San Diego, CA, United States). NGS
data was assembled de novo using SPAdes (v3.7.1) included into the Bio-
Numerics software (v7.5). We excluded assemblies with an average cov-
erage below 30x, an average quality of less than 30, number of contigs
more than 500, more than 2000 non-ACTG bases, and deviating genome
lengths (smaller 4Mb and larger than 6Mb, n = 43) or GC content (less than
63% or more than 68%), with 55 datasets completely failing assembly that
were excluded from further analysis. For the phylogenetic analysis, we fur-
ther excluded strains possessing less than 2000 genes of the whole genome
MLST scheme constructed in this study. The resulting dataset contained
1305 samples (255 from public databases). Next generation sequencing
data generated in the study is available under bioproject [to be inserted]
(supplementary table S1).

Generation of full genomes by PacBio third generation sequen-
cing

We used PacBio long-read sequencing on an RSII instrument (Pacific Bios-
ciences, Menlo Park, CA, USA) to generate fully closed reference genome
sequences for S. maltophilia strains sm454, sm-RA9, Sm53, ICU331, SKK55,
U5, PEG-141, PEG-42, PEG-173, PEG-68, PEG-305, PEG-390 representing
the diversity of our collection. SMRTbellTM template library was pre-
pared according the Procedure & Checklist - 20 kb Template Preparation
Using BluePippinTM Size- Selection System (Pacific Biosciences, Menlo
Park, CA, USA). Briefly, for preparation of 15kb libraries, 8µg genomic
DNA from S. maltophilia strains was sheared using g-tubesTM (Covaris,
Woburn, MA, USA) according to the manufacturer’s instructions. DNA
was end-repaired and ligated overnight to hairpin adapters applying com-
ponents from the DNA/Polymerase Binding Kit P6 (Pacific Biosciences,
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Menlo Park, CA, USA). BluePippinTM Size-Selection to 7000 kb was per-
formed as instructed (Sage Science, Beverly, MA, USA). Conditions for
annealing of sequencing primers and binding of polymerase to purified
SMRTbellTM template were assessed with the Calculator in RS Remote (Pa-
cific Biosciences, Menlo Park, CA, USA). SMRT sequencing was carried out
on the PacBio RSII (Pacific Biosciences, Menlo Park, CA, USA) taking one
240-minutes movie for each SMRT cell. In total 1 SMRT cell for each of
the strains was run. For each of the 12 genomes, 59,220 to 106,322 PacBio
reads with mean read lengths of 7,678 to 13,952 base pairs (bp) were as-
sembled using the RS-HGAP-Assembly.3 protocol implemented in SMRT
Portal version 2.3.044. Subsequently, Illumina reads were mapped onto the
assembled sequence contigs using BWA (version 0.7.12) to improve the se-
quence quality to 99.9999% consensus accuracy45. The assembled reads
were subsequently disassembled for removal of low-quality bases. The
contigs are then analysed for their synteny to detect overlaps between its
start of the anterior and the end of the posterior part to circularise the con-
tigs. Finally, the dnaA open reading frame is identified and shifted to the
start of the sequence. To evaluate the structural variation, genomes were
aligned using Mauve46 and the arrangement of fragments, defined by ri-
bosomal operons, were investigated using Socru47. Genome sequences are
available under bioproject number [to be inserted]; the accession numbers
can be found in supplementary table S8.

Core-loci phylogenetic inference

We characterised the core loci present in 99% of the dataset based on loci
presence, i.e. that genes received a valid allele call. Only those genes are
assigned an allele number that have valid start/stop codons and do not
exceed a defined maximum of ambiguous bases and N’s. The core loci set
amounted to 1275 loci. For phylogenetic analyses, a concatenated align-
ment of the 1275 core genes from all isolates was created and an initial
tree was built using RAxML-NG with a GTR+Gamma model and using the
site-repeat optimisation48. This alignment and tree was then fed to Clonal-
FrameML to detect any regions of recombination49. These regions were
then masked using maskrc-svg and this masked alignment was then used
to build a recombination-free phylogeny using the same approach as above
in RAxML-NG. iTOL was employed for annotating the tree50.

Group definition and average nucleotide diversity

The tree was clustered using a hierarchical Bayesian Analysis of Population
Structure (hierBAPS) model as implemented in R (rHierBAPs) using a max-
imum depth of 2 and maximum population number of 10051. FastANI52

was employed to calculate the pairwise Average Nucleotide Identity as a
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similarity matrix between all the isolates with the option ‘many-to-many’.
Similarity matrix was imported into R and used together with the group as-
signment obtained from hierBAPS to compare the ANI values in samples
within and between groups. ANI values were plotted as a heatmap of all
isolates as well as a composite histogram of identity between and within
groups. Data transformation and manipulation was done with the help of
reshape2, rcompanion and dplyr packages. The allele matrix exported from
Bionumerics was used to identify group-specific genes. The dplyr package
in R was deployed to manipulate the data and filter for genes occurring in
at least 90% of isolates of each group. Intersecting gene sets were visualised
with UpSetR53.

Resistome and virulence analysis

Resistome and virulome were characterised with abricate version 0.8.754

screened against the NCBI Bacterial Antimicrobial Resistance Reference
Gene Database (NCBI BARRGD, PRJNA3134047) and the Virulence Factors
of Pathogenic Bacteria Database (VFDB)55. All genes below 90% coverage
breadth were excluded. In addition, literature was reviewed to identify
additional genes associated with antibiotic resistance and virulence in S.
maltophilia.

Statistical analysis

All statistical analyses and data management were performed in base R
version 3.4.356 and packages included in the tidyverse57. WgMLST data
was analysed in BioNumerics v7.6.3 using the WGS and MLST plugins.
For correlation testing between variables Spearman’s rank test was em-
ployed. To test for proportions the test of unequal proportions was used
and Fisher’s exact test for sample sizes smaller than 5. Multiple corres-
pondence analysis (MCA) was performed with FactoMineR58 and its res-
ults were visualised with factoextra59 R packages.
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maltophilia.

Statistical analysis

All statistical analyses and data management were performed in base R
version 3.4.356 and packages included in the tidyverse57. WgMLST data
was analysed in BioNumerics v7.6.3 using the WGS and MLST plugins.
For correlation testing between variables Spearman’s rank test was em-
ployed. To test for proportions the test of unequal proportions was used
and Fisher’s exact test for sample sizes smaller than 5. Multiple corres-
pondence analysis (MCA) was performed with FactoMineR58 and its res-
ults were visualised with factoextra59 R packages.
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Considering the large size of the tables describing the 1305 S. maltophilia
genomes, the supplemental tables will be accessible online with the pre-
print and later publication.

Supplementary table S1: Accession numbers and associated metadata for
all 1305 S. maltophilia isolates included in this study.

Supplementary table S2: Basic sequence metrics of all 1305 S. maltophilia
isolates as well as other Stenotrophomonas species included in this study.

Supplementary table S3: List of NCBI GeneBank accession number of
genomes used for creating the whole genome Multilocus Sequence Typ-
ing scheme.

Supplementary table S4: Characteristics of the 17,603 loci of the whole
genome Multilocus Sequence Typing scheme

Supplementary table S5: Details of the 7 classical Multilocus Sequence
Typing loci (available at https://pubmlst.org/smaltophilia/ [accessed Feb-
ruary 10th, 2019])

Supplementary table S6: Number of wgMLST loci that were uniquely
identified the respective groups stratified by origin.
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Figure 10.8: Quality metrics upon assembly of a collection of 2389 S. malto-
philia isolates before filtering. Dashed lines indicate the quality threshold
applied in this study. Barplots showing the A) average read coverage; B)
genome lengths upon assembly; C) number of contigs; D) number of non-
ACTG bases called; E) average quality; F) GC-content; G) Scatterplot of the
number of allele calls received by the isolates versus coverage (Spearman’s
rank correlation coefficient shown on the right lower side of the figure).
H) number of loci that were called and received an allele number of the
wgMLST scheme in the respective isolates
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Figure 10.8: Quality metrics upon assembly of a collection of 2389 S. malto-
philia isolates before filtering. Dashed lines indicate the quality threshold
applied in this study. Barplots showing the A) average read coverage; B)
genome lengths upon assembly; C) number of contigs; D) number of non-
ACTG bases called; E) average quality; F) GC-content; G) Scatterplot of the
number of allele calls received by the isolates versus coverage (Spearman’s
rank correlation coefficient shown on the right lower side of the figure).
H) number of loci that were called and received an allele number of the
wgMLST scheme in the respective isolates
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Figure 10.9: Characteristics of the 17603 loci (genes) of the wgMLST
scheme. A) Distribution of the wgMLST loci lengths. B) Distribution of
the number of different alleles per locus. C) Location of the wgMLST loci
(genes) that map to the clinical reference strain K279a. Coverage is depic-
ted in purple, GC content in red. Impact of locus length on allele diversity
(n = 1305 genomes). D) Scatter plot of number of alleles versus locus length
(Spearman’s rank correlation coefficient shown on the right lower side of
the figure).
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Figure 10.10: Minimum Spanning Tree of 1305 S. maltophilia isolates used in
this study. The colours indicate the groups identified by Bayesian Analysis
of Population Structure. Logarithmic scaling.
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Figure 10.10: Minimum Spanning Tree of 1305 S. maltophilia isolates used in
this study. The colours indicate the groups identified by Bayesian Analysis
of Population Structure. Logarithmic scaling.
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Figure 10.11: Multivariate correspondence analysis (MCA) results shown
on individual basis and grouped by each of the 17 resistance or virulence
associated genes or groups of genes (RND-efflux) acting as active variables.
Presence/absence of a gene denoted in blue and red respectively.

Chapter 11

Summary and discussion
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