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5. Metatranscriptomic snapshot of S. aureus and C. striatum

Abstract

While many studies addressed virulence and the underlying gene regulatorymech-

anisms of the opportunistic pathogen Staphylococcus aureus in vitro or in animal

models, we still know little about the full spectrum of staphylococcal genes ex-

pressed in the human host. This mostly relates to challenges in obtaining bacte-

rial RNA directly from patients. In this study, we succeeded to isolate and sequence

bacterial RNA from the chronic wound of a patient with the genetic blistering dis-

ease epidermolysis bullosa, and to study S. aureus gene expression in situ. Impor-

tantly,we also identified the expressed gene complement of thewound co-colonizer

Corynebacterium striatum. This allowed comparisons of the in situ S. aureus transcrip-

tomewith the in vitro transcriptome of S. aureus grown inmonoculture or co-culture

with C. striatum. Our results highlight major differences in S. aureus gene expres-

sion in situ and in vitro, focusing attention on altered metabolism, enhanced vir-

ulence factor expression, and massive induction of genes for genetic competence

and bacteriocin production. The present metatranscriptomic snapshot of S. aureus

thus depicts unexpected bacterial niche adaptations and inter-microbial interac-

tions that enhance the pathogen’s fitness within the human host. Our data also

highlight in situ-expressed targets for innovative anti-staphylococcal therapy to en-

hance wound healing.

5.1. Introduction

The human microbiome plays decisive roles in health and disease [1]. Accordingly,

the composition and dynamics of differentmicrobial populations within and on the

human body have been charted in great detail. Yet, very little is known about the

inter-microbial exchange and adaptations in the ecological context [2]. Such is the

case formicroorganisms that cohabit in chronic wounds of the skin, where their in-

teractions and association with impaired wound healing are still ambiguous. Here,

unrestrained growth of certain species can result in microbial population shifts,

habitually ending in chronic infection or even severe invasive disease. In previ-

ous studies, we have characterized bacterial isolates residing in the same chronic

wound from a patient with epidermolysis bullosa (EB), a genetic skin disorder char-
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5. Metatranscriptomic snapshot of S. aureus and C. striatum

acterized by blistering afterminormechanical trauma andwound formation [3].We

showed that co-cultured pathogens allowed each other’s growth andmodified their

gene expression resulting in apparently suppressed virulence (Chapter 4). Particu-

lar attention was focused on an organism commonly involved in wound coloniza-

tion and infection, the opportunistic pathogen Staphylococcus aureus. This bacterium

has the remarkable ability to thrive in different niches, and is known to infectmany

tissues and organs, including the skin [4, 5]. When co-cultured in vitro with wound

coexisting bacteria, S. aureus expressed fewer genes and proteins, seemingly obtain-

ing metabolic benefits through interactions with its cultured neighbours (Chap-

ters 3 and 4) [3]. Furthermore, co-culture induced the upregulated expression of

genes related to tryptophan biosynthesis, the LrgA/B holin-anti-holin system, the

gamma-hemolysins A, B and C, and the serine protease-like proteins SplA-F which

are potential allergens [6]. As a next step in our study of wound-colonizing bacte-

ria of EB patients, we have now investigated the behaviour of S. aureus in situ in a

chronic wound. Specifically, in vitro gene expression patterns were contrasted with

the in situ situation to uncover the impact of community biodiversity and the host

environment.

5.2. Materials and methods

5.2.1. Ethics Statement

The local medical ethics committee (METc) of the University Medical Center

Groningen (UMCG) approved the collection of non-invasive samples from pa-

tients with EB based on written informed consent (METc registration number

NL27471.042.09). The study was performed with adherence to the guidelines of

the Declaration of Helsinki and local regulations, and data was treated pseudo-

anonymously.

107



C
h
ap

te
r
5

5. Metatranscriptomic snapshot of S. aureus and C. striatum

5.2.2. Wound sampling and RNA extraction

Wound samples were obtained by swabbing (eNAT, Copan). Directly after swabbing,

samples were frozen into liquid nitrogen. Thereafter, samples were thawed and

transferred into frozen Teflon vessels for disruption in a Mikro-Dismembrator S

(Sartorius; 2600 rpm, 2 min). The resulting powder was recovered with prewarmed

(50◦C) TRIzol reagent (Thermo Fisher Scientific) followed by centrifugation (12,000

x g, 10 min, 4◦C). The supernatant was transferred into a fresh tube and incubated

for 5min at roomtemperature. Then, 200µLof chloroform/mLof TRIzolwere added

and tubes were shaken vigorously by hand for 15 seconds. Incubation at room tem-

perature for 3 min was followed by centrifugation (12,000 x g, 15 min, 4◦C). The up-

per aqueous phase was transferred into a new RNase free tube. RNA precipitation

was done by adding and mixing gently 500 µL of isopropanol/mL of TRIzol. Incuba-

tion at room temperature for 10min, followed by centrifugation (12,000 x g, 10min,

4◦C). The supernatant was removed by pipetting and the RNA pellet was washed

once with 1 mL 75% ethanol/mL of TRIzol and centrifuged (7,500 x g, 5 min, 4◦C).

Subsequently, the pelletwas air-dried for 5min and resuspended in 20µLRNase free
water. DNase treatment was performed to purify the RNA samples from contami-

nating DNA following TURBO DNA-free rigorous treatment protocol (Invitrogen).

Ribosomal RNA removal was performed following Ribo-Zero protocol (Illumina).

5.2.3. 16S rRNA gene sequencing and analysis

Samples that were not treated with Ribo-Zero were assigned for 16S rRNA gene se-

quencing. Therefore, the human rRNA was removed using the MICROBEnrich kit

(Ambion, ThermoFisher Scientific). Then, bacterial RNA was purified and double-

stranded cDNA was generated using the NEBNext mRNA First and Second Strand

Synthesis (New England Biolabs) according to the manufacturer’s instructions. The

16S V3 andV4 regions were amplified according to the Illumina protocol [7] and the

librarywas prepared using theNextera XTprotocol (Illumina). The samplewas then

sequenced on a MiSeq (Illumina) using the MiSeq Reagent Kit v3 (600 cycles paired-

end; Illumina). For 16S rRNA analysis, the reads were assigned to Operational Taxo-

nomic Units (OTUs) using CLC Genomics Workbench v10.1.1 (Qiagen). The database

utilized was the Greengenes v13_5 (downloaded on March 4th, 2017), with a clus-
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tering similarity threshold of 97%. Low abundant OTUs (<10%) were discarded.

5.2.4. RNA sequencing and metatranscriptome analysis

Library Preparation: cDNA libraries were constructed using Ion Total RNA-Seq Kit

v2 from Life Technologies (Cat# 4479789) according to the manufacturer’s proto-

col. Briefly, 100 ng of enriched mRNA was fragmented for 10 minutes with RNAase

III. Fragmented RNA was purified using Nucleic Acid binding beads, Nucleic acid

binding buffers and the manufacturer’s recommended protocol (Life Technologies

Ambion; Cat# 4479681). Purified sampleswere run on anAgilent 2100 Bioanalyzer to

assess yield and size distribution of the fragmented mRNA. 25-50 ng of fragmented

mRNA was then hybridized with Ion Adapters in a thermocycler for 10 min at 65◦C

and 5 min at 30◦C. Adapters were then ligated to the hybridized fragmented mRNA

for 30 min at 30◦C. Subsequently, the samples were mixed with a reverse transcrip-

tasemaster mix and incubated at 42◦C for 30mins to generate cDNA libraries. cDNA

libraries were purified using Nucleic Acid binding beads and Nucleic Acid buffers

following the manufacturer’s protocol (Life Technologies Ambion; Cat# 4479681).

The purified cDNA libraries were amplified by PCR using Platinum PCR Super-Mix

High Fidelity and Ion Xpress Barcode reverse and forward primers with the follow-

ing conditions: step 1: 95◦C, 2 min; step 2: 94◦C, 30 sec / 50◦C, 30 sec / 68◦C, 30 sec

for 2 cycles; step 3: 94◦C, 30 sec / 62◦C, 30 sec / 68◦C, 30 sec for 14 cycles; step 4:

68◦C, 5 min. The amplified cDNA libraries were purified using Nucleic Acid binding

beads, binding buffers and run on Agilent 2100 Bioanalyzer to determine the yield

and size distribution of each library.

Templating, Enrichment and Sequencing:∼100pMof pooled barcoded libraries

were used for templating using Life Technologies IonChef 200 kit (Cat# 4488377) and

according to the manufacturer’s recommended protocol. Briefly, 100 pM of pooled

libraries were combined and 70 µL of each sample was loaded onto the Ion Chef.

Next, all reagents for the Ion Chef 200 Kit were loaded onto the Ion Chef and the

run was performed. The Ion Chef templates, enriches and loads the sample onto

a P1 chip. After 15 h, the Chef paused so that QC could be performed on the unen-

riched samples. After the pause, the beadswere isolated and quality assessmentwas

performed on a Qubid instrument to determine the percentage of beads that were
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polyclonal. After polyclonal assessment the Ion Chef resumed running and loaded

the samples onto a P1 chip. The loaded chip was then placed into an Ion Proton

sequencer and the run was started using an Ion torrent RNAseq run plan that was

configured based on type of library, species, number of run flows required, type

of plug-in required, adapter-trimming as well as other parameters specific to the

transcriptome run. After completion of the run, Fastq files were generated. Library

preparation and RNA sequencing were performed by PrimBio Research Institute

LLC, Exton, PA, USA.

For the bacterial taxonomy based on metatranscriptomic data, three different

tools were used: Taxonomer, PathoScope 2.0 and CLC Genomics Workbench v10.1.1

(Qiagen). For Taxonomer, the generated reads were quality filtered to removed se-

quencing adapters and low-quality bases. Subsequently, the resulting reads were

processed following the default parameters (https://www.taxonomer.com/). For

PathoScope analysis, quality filtered reads were mapped to the bacterial genomes

in RefSeq from NCBI using the BWA-MEM software package. Then, PathoScope was

run on the resultingmapped reads to obtained the abundance estimate of each bac-

terial species. Matching between genome references and bacterial species was done

using the NCBI Taxonomy tool. For CLC, the reads were trimmed (quality trimming

with a quality score limit of 0.05 and adapter trimming with the trim adapter list of

Illumina 16S primers), and subsequently mapped against the human genome hg19

(downloaded onMarch 6th, 2017). Taxonomic classification was achieved using a K-

mer based approach and an NCBI RefSeq database of all bacteria (Minimum Length

= 500,000 bp, downloaded on July 8th, 2017).

Furthermore,mapping of reference genomes andnormalization of gene expres-

sionwere performedusing CLCGenomicsWorkbench v20.0 (Qiagen). RNA-seq reads

were aligned to the S. aureus strain USA300_FPR3757 (reference sequence acces-

sion number NC_007793) and Corynebacterium striatum strain KC-Na-01 (reference

sequence accession number CP021252). Gene expression was normalized by calcu-

lating reads per kilobase per million mapped reads (RPKM), given by dividing the

number of mapped reads by the total number of reads (in millions) and the gene

length in kilobases [8]. RPKM corrects for differences in both sequencing depth and

gene length. Differentially expressed geneswere identified using the GLM test (neg-

ative binomial test [9]) with a Bonferroni correction applied [10]. Genes with an ad-
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justed P value of≤0.05 and a fold change±2.0were identified as being differentially

expressed.

5.3. Results and discussion

For the present exploratory study, we swabbed two chronic wounds from twomale

patients with EB. The wound of one patient was located on his back between the

shoulders, and the other patient’s wound was located in the perianal area. The pa-

tientswere not under antibiotic treatment and theirwoundswere not considered as

infected. The taxonomic analysis of both patients’ samples revealed that the wound

microbiota was mainly composed by the phyla Proteobacteria, Firmicutes, and Acti-

nobacteria, with a prevalence in the orders Pseudomonadales, Enterobacteriales, Bacil-

lales, Burkholderiales and Alteromonadales (Supplementary Table S1). However, based

on the taxonomic analysis from different pipelines, we could not confirm the pres-

ence of S. aureus in the sample from the perianal region. We assume that this may

relate to thepresence of dressing ointment leftovers, or gut-relatedmicrobiota such

as Bacillus subtilis. Of note, B. subtilis produces antimicrobial compounds that effec-

tively eliminate S. aureus [3, 11, 12] . In contrast, the taxonomic analysis did reveal

the presence of S. aureus and Corynebacterium striatum in the back-wound sample.

C. striatum is a human skin commensal microorganism, but it is also regarded as an

opportunistic pathogen responsible for emerging multidrug resistant nosocomial

infections [13]. Therefore, we focused our gene expression analysis on the sample

that encompassed S. aureus and C. striatum.

In vitro co-culturing of S. aureus and C. striatum under human skin-surface mim-

icking conditions has previously shown a decreased expression of S. aureus genes

involved in invasive infection, but an increase in surface-associated adhesion fac-

tors known to be expressed in host colonization [13]. To compare the previous

RNAseq data obtained upon in vitro co-culturingwith our present RNAseq data from

the in situ sample, we implemented the RNAseq data obtained by Ramsey et al.

as a reference [13]. The subsequent functional analysis of differentially expressed

genes was based on the SEED Viewer version 2.0 categories [14, 15]. When analyzed

within the community context (i.e. co-culture and wound swabbed samples), the
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highest represented S. aureus terms in situ were those related to membrane trans-

port, amino acids and derivatives metabolism, iron acquisition and metabolism,

co-factors, vitamins and prosthetic groups (Figure 5.1; Supplementary Table S2).

These observations agree with the surrounding wound environment, since nutri-

ent sources are most likely scarce and major metabolic adaptations are needed

to thrive in this condition. On the other hand, we observed that stress response-

related genes were mostly upregulated when S. aureuswas co-cultured with C. stria-

tum in vitro (Figure 5.1). Interestingly, even though the expression of S. aureus vir-

ulence factors was lower in the in vitro co-culture compared to the monoculture,

the expression of S. aureus genes associated with virulence in the in situ sample al-

most doubled compared to the co-culture and it was also markedly higher than in

the monoculture (Table 5.1, Table 5.2). in situ, a particularly high expression of the

vonWillebrand factor binding protein Vwb, the Panton-Valentin Leukocidin (PVL),

and bicomponent hemolysins stood out. This can be explained by the exposure to

the host’s immune defences in situ, which was absent in the in vitro experiments,

and the fact that in the chronic wound context many more microbes occupy and

compete for the same niche with consequent inter-kingdom responses. The latter

view would be supported by the finding that genes for the synthesis of the an-

timicrobial peptide epidermin were among the highest upregulated genes in situ.

Furthermore, an analysis of activated regulons revealed that the metabolic regula-

tors CcpA, CodY and Fur, and the stress-responsive sigma factor B were modulat-

ing many in situ responses. Unexpectedly, only few genes (e.g. for the beta-channel

forming cytolysin, immunoglobulin binding protein Sbi, and coagulase) were up-

regulated by the accessory gene regulator (Agr) two-component system that is of

key importance for staphylococcal virulence. Additionally, we observed that the

genes related to tryptophan biosynthesis, serine-like proteases with allergenic fea-

tures, the antiholin-like protein LrgB, and spermidine/putrescine ABC transporter

substrate-binding protein were expressed at elevated levels under in situ commu-

nity conditions. Lastly, highly elevated in situ expression of the sigH gene and the

SigH-regulated comK, comF, comGA and comGB genes was noteworthy [16]. To date,

expression of these genes needed for genetic competence to take up extracellular

DNA was in vitro only observed in genetically engineered S. aureus strains [17]. This

rendered the process of genetic competence in S. aureus enigmatic, despite the fact

that this process is considered critical for horizontal gene transfer and the spread
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Figure 5.1: Functional classification of the staphylococcal metatranscriptome.

Classification according to the SEED viewer. A) Genes expressed in situ (chronic

wound) by S. aureus in the chronic wound. The number of genes represented in the

chart were contrasted with the in vitro gene expression of S. aureus upon co-culture

with C. striatum. B) Genes expressed in vitro by S. aureus upon co-culture with C. stria-

tum. The number of genes represented in the chart were contrasted with the in situ

gene expression of S. aureus in the wound.

of antibiotic resistance [18].

In contrast to S. aureus, outstanding differences were not observed in the num-

ber of C. striatum genes expressed in any functional categories when comparing

the in vitro co-culture data to the in situ data (Supplementary Figure S1). In terms

of numbers of regulated genes per functional category, the in situ sample mostly

showed upregulation of C. striatum genes related to biotin and riboflavin biosynthe-

sis, respiration and oxidative stress responses (Supplementary Table S3). Nonethe-

less for some particular genes, like an unspecified redoxin, a transporter of un-

known function, the ribonucleotide-diphosphate reductase subunit alpha and the

anthranilate phosphoribosyltransferase extremely high upregulationwas observed

in the in situ sample.

To our knowledge, there are no previously published metatranscriptomics in
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Table 5.1: Overview of genes associated to virulence, disease and defence expressed

in situ vs. co-culture.

Overview of genes associated to virulence, disease and defence expressed

in situ vs co-culture

Gene Fold

change

Gene Fold

change

lanthionine synthetase 410.13 lytic transglycosylase IsaA -4.40

von Willebrand factor binding protein Vwb 408.52 acyl carrier protein -4.69

PVL family protein 135.07 elastin-binding protein EbpS -4.69

superantigen-like protein SSL10 80.71 M20 family metallopeptidase -4.83

bi-component gamma-hemolysin HlgAB/HlgCB sub-

unit B

79.78 glycine glycyltransferase FemB -4.88

arsenate reductase (thioredoxin) 58.54 bifunctional folylpolyglutamate synthase/dihydrofo-

late synthase

-5.08

HTH-type transcriptional regulator SarU 47.4 D-alanine–poly(phosphoribitol) ligase subunit DltA -5.43

bi-component gamma-hemolysin HlgAB subunit A 46.24 phosphoglucosamine mutase -6.94

FemA/FemB family glycyltransferase FmhC 45.56 HTH-type transcriptional regulator SarS -7.74

DMT family transporter 39.54 signal transduction protein TRAP -7.77

MAP domain-containing protein 34.07 tRNA pseudouridine(38-40) synthase TruA -8.18

type II/IV secretion system protein (ComGA) 28.26 immunodominant staphylococcal antigen IsaB -9.24

bi-component leukocidin LukGH subunit H 25.58 DNA gyrase subunit A -9.32

competence protein ComK 25.17 PBP2a family beta-lactam-resistant peptidoglycan

transpeptidase MecA

-13.26

bacteriocin-associated integral membrane family pro-

tein

22.75 low molecular weight phosphotyrosine protein phos-

phatase

-26.17

beta-channel forming cytolysin 21.57 RNA polymerase sigma factor SigB -31.84

superantigen-like protein SSL6 17.81 glycine glycyltransferase FemA -45.61

poly-beta-1,6-N-acetyl-D-glucosamine synthesis pro-

tein IcaD

16.78 RNA-binding virulence regulatory protein CvfB -197.61

superantigen-like protein SSL14 15.11 D-alanyl-lipoteichoic acid biosynthesis protein DltD -540.12

extracellular matrix protein-binding adhesin Emp 14.48

fluoride efflux transporter CrcB 11.76

ComF family protein (comFC) 11.15

Clp protease ClpP 10.74

LPXTG-anchored repetitive surface protein SasC 10.19

peptide resistance ABC transporter permease subunit

VraE

9.89

type II secretion system F family protein (ComGB) 9.81

peptide resistance ABC transporter ATP-binding sub-

unit VraD

9.12

immunoglobulin-binding protein Sbi 8.77

fibronectin-binding protein FnbA 8.47

MSCRAMM family adhesin SdrE 7.73

toxin MazF 7.68

amidophosphoribosyltransferase 6.83

MSCRAMM family adhesin clumping factor ClfA 6.57

coagulase 6.47

multidrug effflux MFS transporter 6.45

fibrinogen-binding protein 6.3

type II toxin-antitoxin system PemK/MazF family

toxin

6.2

superantigen-like protein SSL1 6.05

ABC transporter ATP-binding protein 4.95

superantigen-like protein SSL7 4.83

LPXTG cell wall anchor domain-containing protein 4.69

hypothetical protein (epiB) 4.45

zinc ribbon domain-containing protein 4.27
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Table 5.2: Overview of genes associated to virulence, disease and defence expressed

in situ vs monoculture.

Overview of genes associated to virulence, disease and defence expressed

in situ vs monoculture

Gene Fold

change

Gene Fold

change

von Willebrand factor binding protein Vwb 436.35 bifunctional autolysin -4

lanthionine synthetase 287.42 D-alanine–poly(phosphoribitol) ligase subunit DltA -4.63

PVL family protein 236.89 M20 family metallopeptidase -4.8

superantigen-like protein SSL10 235.16 acyl carrier protein -5.78

immunoglobulin G-binding protein A 148.74 elongation factor Tu -6.15

arsenate reductase (thioredoxin) 105.46 glycine glycyltransferase FemB -6.21

bi-component gamma-hemolysin HlgAB/HlgCB sub-

unit B

87.34 lytic transglycosylase IsaA -6.49

type II/IV secretion system protein (ComGA) 85.09 bifunctional folylpolyglutamate synthase/dihydrofo-

late synthase

-7.07

poly-beta-1,6-N-acetyl-D-glucosamine synthesis pro-

tein IcaD

68.33 elastin-binding protein EbpS -10.07

HTH-type transcriptional regulator SarU 53.82 phosphoglucosamine mutase -12.67

competence protein ComK 45.73 DNA gyrase subunit A -15.49

peptide resistance ABC transporter ATP-binding sub-

unit VraD

36.16 30S ribosomal protein S12 -15.62

bacteriocin-associated integral membrane family pro-

tein

36.07 PBP2a family beta-lactam-resistant peptidoglycan

transpeptidase MecA

-17.10

FemA/FemB family glycyltransferase FmhC 33.01 accessory gene regulator AgrB -19.03

type II secretion system F family protein (comGB) 22.63 signal transduction protein TRAP -20.56

superantigen-like protein SSL6 22.58 autolysin/adhesin Aaa -31.54

bi-component gamma-hemolysin HlgAB subunit A 21.4 RNA polymerase sigma factor SigB -39.58

fluoride efflux transporter CrcB 20.13 transcriptional regulator Spx -63.21

MAP domain-containing protein 16.02 BrxA/BrxB family bacilliredoxin -84.07

bi-component leukocidin LukGH subunit H 15.25 glycine glycyltransferase FemA -90.74

LPXTG-anchored repetitive surface protein SasC 14.8 D-alanyl-lipoteichoic acid biosynthesis protein DltD -326.68

beta-channel forming cytolysin 13.59 RNA-binding virulence regulatory protein CvfB -357.12

peptide resistance ABC transporter permease subunit

VraE

11.84

extracellular matrix protein-binding adhesin Emp 11.74

MSCRAMM family adhesin SdrE 9.06

coagulase 7.92

LPXTG cell wall anchor domain-containing protein 7.89

immunoglobulin-binding protein Sbi 6.58

type II toxin-antitoxin system PemK/MazF family

toxin

6.44

toxin MazF 5.2

RNA polymerase sigma factor H (SigH) 5.05

amidophosphoribosyltransferase 5.04

ABC transporter ATP-binding protein 4.48

hypothetical protein (epiB) 4.44

multidrug effflux MFS transporter 4.26

fibronectin-binding protein FnbA 4.16
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situ studies addressing the behaviour of S. aureus or C. striatum in a chronic wound.

This probably relates to the technical challenge that bacterial RNA extraction and

purification poses, since the minimal amount of high-quality bacterial mRNA that

can be obtained is usually overshadowed by material from the host. Our present

findings thus represent a first snapshot of the S. aureus metatranscriptome in a

chronic wound environment, and emphasize the importance to move away from

traditional ’isolated’ in vitromodels by highlighting the expression of new staphylo-

coccal features that seemessential in bacterial communication, signalling, response

modulation and genetic exchange as well as host-pathogen interactions. Given the

pattern of S. aureus gene expression upon in vitro co-culturewith S. striatum, it seems

that the presence of S. striatum can soothe staphylococcal virulence. However, in

situ, we observed expression of genes associated with impaired wound healing [19].

A major question that remains to be answered is whether this in situ behaviour

results from challenges imposed by the host’s immune responses, or stimuli from

the wound microbiota and consequent inter-species interactions. To answer these

questions transcriptomic analyses of S. aureus gene expression in healthy skin and

mucosae plus a follow-up in the context of different stages of wound development

are needed.

5.4. Data availability

The RNAseq raw-data generated during this study has been deposited at https:

//unishare.nl/index.php/s/DERoqdHLazYZ4Q9
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