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Abstract Streptococcus intermedius, S. constellatus, and

S. anginosus comprise the StreptococcusMilleri/Anginosus

group (SMG). They are facultative anaerobic bacteria that

asymptomatically colonize the upper respiratory, gas-

trointestinal and urogenital tracts. They are also common

pathogens in pyogenic invasive infections, as well as pul-

monary and urinary tract infections. Most SMG infections

are polymicrobial and associated with co-infecting obligate

anaerobic bacteria. To better understand the effect of

oxygen on the growth and physiology of these organisms,

we compared the global metabolomic and transcriptomic

profiles of S. intermedius strain B196 under aerobic and

anaerobic conditions. The largest transcriptional changes

were associated with induction of oxidative stress response

genes under aerobic conditions. Modest changes in

expression of genes associated with primary metabolism

were observed under the two conditions. Intracellular and

extracellular metabolites were measured using HILIC–

LCMS. Differences in the abundance of specific metabo-

lites were correlated with observed transcription changes in

genes associated with their metabolism, implying that

metabolism is primarily regulated at the transcriptional

level. Rather than a large shift in primary metabolism

under anaerobic conditions our results suggest a modest

tuning of metabolism to support the accelerated growth rate

of S. intermedius strain B196 in the absence of oxygen. For

example, under anaerobic conditions, purine metabolism,

pyrimidine de novo synthesis and pyrimidine salvage

pathways were up-regulated at metabolic and transcrip-

tional levels. This study provides a better understanding of

differences between S. intermedius anaerobic and aerobic

metabolism. The results reflect the organism’s predilection

for anaerobic growth consistent with its pathogenic asso-

ciation with anaerobes in polymicrobial infections.

Keywords Streptococcus intermedius � Transcriptomics �
Metabolomics � Aerobic � Anaerobic � Streptococcus
Milleri/Anginosus group

1 Introduction

The Streptococcus Milleri/Anginosus group (SMG) is

comprised of three distinct but closely related species of

facultative anaerobic Gram-positive bacteria (S. anginosus,

S. constellatus, and S. intermedius) (Gossling 1988). The

SMG are often considered as commensal human micro-

biota and can be found asymptomatically colonizing the

oral cavity, upper respiratory tract, urogenital tract and

gastrointestinal tract in healthy individuals (Gossling 1988;

Whiley et al. 1992). However, the SMG are also
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recognized pathogens in pyogenic infections including soft

tissue abscesses, pleural empyema, brain and liver

abscesses, and respiratory infections (Ruoff 1988; Whiley

et al. 1992; Coman et al. 1995; Shinzato and Saito 1995;

Laupland et al. 2006; Ripley et al. 2006; Parkins et al.

2008; Sibley et al. 2008; Siegman-Igra et al. 2012; Asam

and Spellerberg 2014). Phenotypic heterogeneity in this

group can make their identification challenging and recent

studies suggest that the SMG are under appreciated

pathogens with incidence rates for pyogenic infections

comparable to Group A and Group B Streptococcus com-

bined (Laupland et al. 2006; Siegman-Igra et al. 2012). The

SMG have been primarily associated with adults with

respect to both carriage and infection, however they may

be underestimated in pediatric disease (Lee et al. 2010).

Most infections associated with the SMG are polymi-

crobial with a significant burden of obligate anaerobic

bacteria present in the infection site. This has been

observed in lower airway infections (Shinzato and Saito

1995; Parkins et al. 2008; Sibley et al. 2008; Filkins et al.

2012), pleural empyema (Hocken and Dussek 1985; Van

der Auwera 1985; Wong et al. 1995; Sibley et al. 2012) and

abscesses (Gossling 1988; Shinzato and Saito 1994; Hirai

et al. 2005; Sibley et al. 2012). Understanding how SMG

adapts to aerobic and anaerobic environments may provide

insight into the mechanisms used by S. intermedius for

survival and persistence in the host during colonization and

disease progression.

In this study we examined the in vitro growth of S.

intermedius strain B196 in aerobic (5 % CO2) and anaer-

obic (90 % N2, 5 % CO2, 5 % H2) conditions using growth

kinetics, transcriptomics (RNA-seq), and both intracellular

and extracellular metabolomics. The effect of oxygen on

the growth, physiology and metabolism of S. intermedius

provides insight in understanding its pathogenic association

with anaerobes in polymicrobial infections. Moreover,

understanding the metabolic regulation of S. intermedius

under various oxygenated environment through compre-

hensive metabolomic studies can provide insights modu-

lating its commensal or pathogenic activities in human

host.

2 Materials and methods

2.1 Chemicals

HPLC grade methanol (MeOH), ethanol (EtOH), acetoni-

trile (ACN), and water (H2O) were purchased from Cale-

don laboratories (Georgetown, ON, Canada). Ammonium

acetate and formic acid were purchased from Fisher Sci-

entific Company (Ottawa, ON, Canada). 2.0 mm steel

chrome ball bearings were purchased from Bearing & Oil

Seals Specialists Inc. (Hamilton, ON, Canada). The iso-

topically labelled standards for recovery determination

(RS) and for peak intensity normalization (IS) were pur-

chased from Cambridge Isotope Laboratories (Andover,

MA, USA). Lipid standards were purchased from Avanti�

Polar Lipids, Inc. (Alabaster, AL, USA), and other chem-

ical standards for LC–MS were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and Biolog Inc. (Hayward,

CA, USA).

2.2 Bacterial strain, media and growth conditions

Streptococcus intermedius B196 is an invasive isolate from

the hip abscess of a cystic fibrosis patient. A complete

genome sequence is available for this strain (Olson et al.

2013). S. intermedius was grown on Todd Hewitt agar

supplemented with 0.5 % yeast extract (THY) at 37 �C in a

5 % CO2 incubator for 3 days. A single colony was inoc-

ulated into 5 mL THY broth for overnight static growth

under the above conditions. For growth kinetics, overnight

cultures were inoculated into 5 mL THY broth at an initial

OD600nm of 0.05 and cultured aerobically (5 % CO2) and

anaerobically (90 % N2, 5 % CO2, 5 % H2) with optical

density as well as colony forming units (CFU) recorded

every hour (detailed procedures included in Supplementary

Material ESM 1 1.1). For RNA-seq and metabolomics, the

same overnight cultures were inoculated into THY broth at

an initial OD600nm of 0.1 and grown under either aerobic

and anaerobic conditions with samples collected at mid-

exponential phase (OD600nm = 0.7).

2.3 Strand-specific RNA-seq

Three biological replicates were prepared for S. inter-

medius under aerobic and anaerobic conditions. A 2 mL

culture from each replicate at OD600nm = 0.7 was cen-

trifuged. The cell pellets were collected and stored in

RNAprotect bacteria reagent (Qiagen, Venlo, Netherlands)

for later use at -80 �C. Total cellular RNA was isolated

and purified using TRIzol (Invitrogen, Carlsbad, CA, USA)

and RNeasy Mini Kit (Qiagen, Venlo, Netherlands).

Ribosomal RNA (rRNA) was depleted using Ribo-Zero

rRNA removal Kit for bacteria (Epicentre, Madison, WI,

USA). cDNA was prepared using the Superscript III first

strand cDNA synthesis kit (Invitrogen, Carlsbad, CA,

USA). Strand specific RNA sequencing libraries were

prepared using the dUTP approach (Parkhomchuk et al.

2009). The NEB-Next library preparation modules for

Illumina were used for library preparation with a separate

index used per biological replicate. The libraries were

submitted to the McMaster Genomics Facility (McMaster

University, Hamilton, Canada) for quality control (QC) and

sequencing using standard Illumina protocol (Illumina
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HiSeq 1000, San Diego). QC included assessment of

fragment size using BioAnalyzer and routine qPCR quan-

tification to quantify the amount of cDNA. The libraries

were converted to FastQ format using Illumina’s Casava

software (version 1.8.2) with no index mismatches during

demultiplexing. Approximately 20 million reads were

obtained per sample with 16–17 million reads per biolog-

ical replicate mapping back to the genome of S. inter-

medius B196 with high stringency. A detailed procedure

can be found in Supplementary Material ESM 1 1.2.

2.4 RNA-seq data analysis

The transcriptomic data were aligned, assembled, analyzed

and graphed using the Bowtie2: Tophat2: Cufflinks:

Cuffdiff: CummeRbund pipeline (Trapnell et al. 2012). A

total of 1815 genes were analyzed. Differential gene

expression analysis was done using Fragments per kb per

million (FPKM) values generated using the pipeline. This

value takes into consideration the number of reads mapping

back to each gene and normalizes that to the total number

of reads generated from the sequencing run. Statistical

analysis was included in the Cuffdiff analysis. Genes were

classified into pathways based on BioCyc database (Caspi

et al. 2014). The transcriptomic (RNA-seq) data is sum-

marized in Table S1 and the dataset is included in Sup-

plementary Material ESM 2.

2.5 Extraction protocol for intracellular

and extracellular metabolites

The extraction procedures for intracellular and extracellu-

lar metabolomics were based upon previously published

work (Fei et al. 2014). Cells from a 2 mL cell culture at 0.7

OD600nm were pelleted by centrifugation at 4 �C, washed
once with 1 mL PBS for intracellular metabolomic analy-

sis; from the same culture, 20 lL of the culture supernatant

after centrifugation was collected for extracellular meta-

bolomic analysis. Prior to extraction, 10 lL RS consisting

of 770 lM L-methionine-d3 and 378 lM L-tryptophan-d5
were added to the cell pellet and THY supernatant. For

intracellular metabolomics, the cell pellet was extracted

with 100 lL cold methanol/ethanol/water (MeOH/EtOH/

H2O, 2:2:1) and two 2.0 mm chrome steel beads using the

Powerlyzer 24 (MO BIO Laboratories Inc., Carlsbad) for

2 min. The cell extract supernatant was collected after

centrifugation at 95009g for 3 min. The cell debris (con-

sisting of precipitated protein and particulates) was

extracted with 50 lL MeOH/EtOH/H2O two more times,

under the same condition. For extracellular metabolomics,

20 lL THY supernatant was extracted with 80 lL MeOH/

EtOH (1:1). The solution mixtures were vortex mixed for

2 min and centrifuged at 95009g for 3 min. The clear

supernatants were collected and diluted with 100 lL 60 %

v/v ACN/H2O. IS with 252 lM L-phenylalanine-d8,

151 lM glycine-phenylalanine, and 88 lM diphenylala-

nine were added to the total 150 lL cell extracts and

200 lL supernatant extracts. Five separate controls for

THY medium were also extracted as above. Both intra- and

extracellular extracts were stored in -80 �C during

extraction processes and before LC–MS analyses. Five

biological replicates were collected for aerobic and

anaerobic growth conditions and LC–MS was performed in

sextuplicate for each sample.

2.6 HILIC–TOF–MS analysis for intracellular

and extracellular metabolites

The HILIC–TOF–MS method and parameters were based

upon previously published work (Fei et al. 2014). The

intracellular and extracellular extracts were analyzed in

two separate batches using an Agilent Technologies 1200

RR Series II liquid chromatograph (LC) coupled to a

Bruker MicrOTOF II Mass Spectrometer. A 2 lL injection

was separated on a 50 mm 9 2.1 mm Kinetex 2.6 lm
HILIC column of pore size of 100 Å (Phenomenex, CA,

USA). The column temperature was maintained at 40 �C,
and the auto sampler storage tray was set at 4 �C. The
mobile phases were acetonitrile (A) and 10 mM ammo-

nium acetate in HPLC grade water adjusted to pH 3 with

formic acid (B). The flow rate was kept at 0.2 mL/min

during a 24-min run with the following gradient: 95 % A

for 0.5 min to 35 % A at 12.5 min with an extra 0.5 min

hold, then to 95 % A at 14 min. The column was equili-

brated at 95 % A for 10 min before the next injection.

The extracts were analyzed in both ESI? and ESI-

modes. The samples were acquired in random order. A

quality control pooled sample was prepared by combining

5 lL extracts from all samples in either the intracellular or

extracellular extract batches. The pooled samples were

injected seven times at the beginning of each analysis and

also after every 5 samples. MeOH/EtOH/H2O blank and a

standard mixture containing IS and RS were also run after

every 10 samples.

2.7 LCMS data analysis and metabolite

identification

The data processing and analysis were modified from a

previously published protocol (Fei et al. 2014). Post-ac-

quisition internal calibration using intracellular sodium

formate clusters in both ESI? and ESI- were performed

with Bruker’s DataAnalysis 4.0 SP4. The LC–MS data files

were converted to.mzXML format using Bruker Com-

passXport. The metabolic features were extracted and

aligned using open source XCMS with centWave algorithm
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(Smith et al. 2006); adducts, isotopic ions, and in-source

fragments were identified using CAMERA (Kuhl et al.

2015).

To get the final metabolite feature list, metabolite fea-

tures with apparent retention factor (kapp
0) lower than 0.7

were removed. Isotopic ions, features resulting from IS,

RS, and sodium formate clusters were also removed. The

metabolite features were normalized with IS eluted closest

to their retention time (i.e. features eluted before 7.40 min

were normalized by phe-phe; features eluted between 7.40

and 8.30 min were normalized by L-phenylalanine-d8;

features eluted after 8.30 min were normalized by gly-

phe). Features with greater than 20 % variance in the

pooled sample were removed to get the final metabolite

feature list.

Metabolite features were identified based on accurate

mass and retention time of authentic standards or com-

pound analogs (for lipid identification only) with two

identification points (Creek et al. 2014). There were 105

metabolites identified from 1885 intracellular metabolic

features, 66 metabolites were identified with level 1

metabolomics standard initiative (MSI) (Sumner et al.

2007), 10 metabolites were putatively annotated with level

2 MSI, and 29 metabolites were assigned to compound

classes with level 3 MSI. There were 26 phospholipids

(PLs) identified to two phosphatidylcholines (PCs), one

phosphatidylethanolamine (PEs), 20 phosphatidylglycerols

(PGs), and three lyso-PGs in the intracellular metabolome

based on the accurate mass and retention time of lipid

analogs (Zheng et al. 2010; Fei et al. 2014). Similarly, there

were 116 metabolites identified from 3382 extracellular

metabolite features, with 82, 8 and 2 metabolites identified

with level 1, 2, and 3 MSI, respectively. Both intra- and

extracellular metabolomic data were summarized in

Table S1 and the datasets are included in Supplementary

Material ESM 3 and 4, respectively.

2.8 Multivariate statistical analyses

Both transcriptomic and metabolomic data were subjected

to principal component analysis (PCA) and orthogonal

partial least-squares discriminative analysis (OPLS-DA)

after pareto scaling using SIMCA-P ? 12.0.1 (Umetrics,

Kinnelon, NJ, USA). The metabolomic data, 79 and 92

identified metabolites from S. intermedius intracellular and

extracellular metabolome respectively, were also analyzed

using MetaboAnalyst 3.0 for pathway analysis (default

setting) based on the Staphylococcus aureus metabolic

pathway (Xia et al. 2015) (Supplementary Material ESM

5). Intracellular and extracellular metabolite features and

genes were assessed by univariate analyses such as Stu-

dent’s t test (two-tailed, unpaired heteroscedastic) and one-

way ANOVA using Microsoft Excel 2010 and

MetaboAnalyst 2.0, respectively. Metabolic features and

genes with p value less than 0.05 (from Student’s t test or

one-way ANOVA) and fold change greater than 1.5

between conditions were considered significantly differ-

entiated. The pathway maps were constructed based on

BioCyc data for Streptococcus intermedius strains B196

and JTH08.

3 Results and discussion

3.1 Streptococcus intermedius metabolism is affected

by aerobic or anaerobic growth conditions

The intracellular and extracellular metabolomes and the

transcriptome were used to characterize and differentiate

the responses of S. intermedius to anaerobic and aerobic

growth conditions. Comprehensive multivariate OPLS-DA

analyses were conducted on the 1885 intracellular and

3382 extracellular metabolic features of S. intermedius,

which included polar metabolites and phospholipids. There

were robust metabolomic differences between aerobic and

anaerobic growth environments (Fig. 1b, c) with prediction

statistic (Q2) above 0.85 (Broadhurst and Kell 2006). The

extracellular metabolomic profiles of S. intermedius grown

in aerobic or anaerobic conditions were distinctly different

from each other, and the THY medium control, implying

distinct nutrient consumption and metabolite release under

these growth conditions. Twenty-eight major metabolic

pathways were found using MetaboAnalyst based on

identified metabolites (Fig. 2).

The presence of oxygen affected both the intracellular

and extracellular metabolome of S. intermedius. Over

37.7 % of the intracellular metabolite features (710/1885

metabolite features) were differentially produced when

comparing aerobic and anaerobic growth environments.

Among these, 327 features were more abundant under

anaerobic condition, and 383 features were less abundant

(Fig. S1a). Similarly, 38.6 % (1307/3382 features) of the

extracellular metabolite features were significantly differ-

ent among aerobic, anaerobic supernatants and THY

medium controls. Although the majority of changes

occurred between THY and growth conditions, 3.4 % (114/

3382) of the features were differentially expressed between

aerobic and anaerobic supernatants (28 increased and 86

decreased under anaerobic growth conditions (Fig. S1b-d).

The RNA-seq dataset of S. intermedius B196 captured

the transcription of 1815 genes based on the current

annotation (Olson et al. 2013). These genes were classified

to 58 gene pathways. The transcription profiles under aer-

obic and anaerobic growth were distinct as shown in

OPLS-DA score plot (Fig. 1d). There were 625 genes that

significantly affected with p values B10-4.5 (the Cuffdiff
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threshold cut-off) (Trapnell et al. 2012). Of these, 297

genes had greater than twofold changes in gene expression

(Fig. S2). Figure 3 illustrates the percentage of genes in

each pathway that were up-regulated or down-regulated

with a change greater than twofold. The pathways can be

divided into four groups based on the responses seen: (1)

Aerobic Response only, where genes in pathway were up-

regulated only in the presence of oxygen (2) Anaerobic

Response only, where genes were up-regulated in the

absence of oxygen, (3) Mixed Response, which includes a

subset of genes up-regulated and a subset down-regulated

under each condition, and (4) An unaffected group, where

there was no oxygen dependent response. The data con-

firms that aerobic and anaerobic growth conditions can lead

to global metabolic and transcriptional changes in S.

intermedius.

3.2 Adaptations affecting growth

Streptococcus intermedius exhibited differential growth

kinetics in the presence and absence of oxygen. Under

aerobic conditions, S. intermedius exhibited an extended

lag phase and slower overall growth rate compared to

anaerobic growth conditions (Fig. 1a, S3). The doubling

time during the logarithmic phase was 41 min under

anaerobic conditions and 54 min under aerobic conditions

based on CFUs (Fig. S3). Consistent with the increased

growth rate under anaerobic conditions, pathways associ-

ated with central carbon metabolism, the arginine deami-

nase pathway, pyrimidine and purine metabolism were

found to be increased under anaerobic conditions using

both transcriptomics and metabolomics.

3.2.1 Central carbon metabolism of S. intermedius was up-

regulated during anaerobic growth

Many facultative anaerobes such as E. coli, can adapt to

different oxygen environments by switching from aerobic

to anaerobic respiration or fermentative metabolism under

oxygen-deficient conditions (Trotter et al. 2011). In aerobic

respiration, oxygen is used as the terminal electron

acceptor in the electron transport chain, which generates

the proton gradient across the cell membrane and allows

ATP to be generated by the cell. Lactic acid bacteria,

including SMG, lack heme, the main component of the

cytochromes in the electron transport chain. To compen-

sate, lactic acid bacteria generate NAD? and acidic

byproducts (lactate, acetate and formate) via mixed acid

Fig. 1 (a) The growth curves of
S. intermedius cultured in either

aerobic (in orange) or anaerobic

(in blue) environment. The

doubling time in aerobic

condition was 54 min and the

doubling time in anaerobic

condition was 41 min. The

optical density of the cells was

measured every hour in

triplicate. OPLS-DA score plots

summarizing (b) 1885
metabolite features found in the

intracellular extracts between

aerobically and anaerobically

cultured S. intermedius,

(c) 3382 metabolite features

found in extracellular medium

of aerobically and anaerobically

cultured S. intermedius and

Todd Hewitt growth media, and

(d) gene expression differences

including 1815 transcripts

obtained from RNA-seq of S.

intermedius grown in either

aerobic or anaerobic conditions.

The samples belonging to the

same treatment were

highlighted with circles (Color

figure online)
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fermentation (Crow and Pritchard 1977). This occurs under

both aerobic and anaerobic conditions. The acidic

byproducts are exported and generate a proton gradient

across the cell membrane, allowing ATP synthesis. Here,

the effect of oxygen on glycolysis and mixed acid fer-

mentation in S. intermedius were analyzed by transcrip-

tomics and metabolomics (Fig. 4).

Genes associated with glycolysis including glucokinase

(glcK, 2.83-fold) and fructose 1,6-bisphosphate aldolase

(fba, 2.69-fold), were up-regulated under anaerobic con-

ditions (Fig. 4a). Additionally, expression of the glycogen

biosynthesis operon (glgABCD) was also increased by

more than twofold under anaerobic growth, implying that

glucose utilization exceeds energy requirements and is

therefore stored in the form of glycogen. There was also a

decreased expression of genes involved in the synthesis of

acetoin, namely acetolactate synthase (SIR_RS12085,

5.32-fold) and aldehyde dehydrogenase (aldB, 6.13-fold)

as has been found in other lactic acid bacteria such as

Lactococcus lactis (Bassit et al. 1993). Regulation of

enzymatic activity by glycolytic intermediates and other

metabolites could alter affect carbohydrate metabolism and

Fig. 2 A heatmap of 28 pathways and how they were affected by

aerobic or anaerobic growth conditions, based on identified metabo-

lites in the intracellular and extracellular metabolomes of S.

intermedius. The p value of each pathway was computed by pathway

analysis using MetaboAnalyst 2.0 using Gram-positive Staphylococ-

cus aureus as the model organism. Rows were metabolite pathways;

columns were comparisons between treatments including aerobic and

anaerobic growth conditions and the Todd Hewitt media blank.

Comparisons were based on either intracellular S. intermedius cell

extracts of 79 identified metabolites (exclude phospholipids) or

extracellular supernatant of 92 identified metabolites. The color key

indicates the -log10 of p values for pathway significance (refer to the

color scale). The energy production pathways were calculated mostly

based on C5, C6 monosaccharide and disaccharide abundances. A list

of identified metabolites used for the analyses was included in the

supplementary material.*S. intermedius does not have the tricar-

boxylic acid cycle (TCA); the TCA pathway shown here was based

on Staphylococcus aureus metabolism (Color figure online)
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contribute to the increased growth kinetics observed under

anaerobic conditions. This will not be reflected in the

transcriptional profile.

The presence of oxygen in the growth environment is

known to affect genes associated with carbohydrate uptake

in non-SMG streptococci (Ahn et al. 2007, 2009). The

utilization of C5 and C6 sugars (e.g. ribose, glucose, tre-

halose) from the extracellular medium was equivalent

between growth conditions. However, eight genes involved

in fructose, ascorbate, glucose, mannose and N-acetyl-

galactosamine transport were up-regulated under anaerobic

conditions (Fig. S4). Conversely, the expression of seven

genes involved in the uptake of trehalose, lactose, starch

and glycerol as well as six putative carbohydrate uptake

genes were down-regulated during anaerobic growth.

These data suggest that regulation of carbohydrate uptake

is also a feature of S. intermedius metabolism when grown

under different oxygen levels.

The NAD?/NADH cycling pathway and carbohydrate

metabolism are inextricably linked in S. intermedius

(Fig. 4b). Under anaerobic conditions, lactate dehydroge-

nase (ldh, 3.30-fold) and malate dehydrogenase (mleS,

Fig. 3 The effect of the

presence of oxygen on gene

expression of S. intermedius.

Anaerobic gene expression was

compared to aerobic and

visualized with down-regulated,

upregulated and unaffected

genes coloured in orange,

yellow and green respectively.

Genes were classified into

pathways and assembled into 4

groups based on response,

namely, anaerobic response,

mixed response, aerobic

response and unaffected

pathways. CRISPR clustered

regularly interspaced short

palindromic repeats, SAM S-

adenosyl methionine, PPP

pentose phosphate pathway,

CHP conserved hypothetical

protein, GlcNAc N-

acetylglucosamine, FMN flavin

mononucleotide, UDP uridine

diphosphate, NAD nicotinamide

adenine dinucleotide (Color

figure online)
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Fig. 4 Overview of a glycolysis and mixed acid fermentation

pathways and b NAD?/NADH cycling pathway of S. intermedius,

which were affected by aerobic and anaerobic growth conditions.

Genes that were up-regulated in anaerobic conditions were indicated

in blue; genes that were down-regulated in anaerobic condition were

indicated in red; genes which expression was not statistically

significant were indicated in black (Student’s t test, p[ 0.05). PTS

phosphotransferase system, manL putative phosphotransferase sys-

tem, mannose-specific EIIAB; manM, PTS system, mannose-specific

IIC component; manN, PTS system, mannose-specific IID compo-

nent; glcK, glucokinase putative; fba, fructose biphosphatealdolase;

pyK, pyruvate kinase; pgm, putative phosphoglucomutase/phospho-

mannomutase; glgA, glycogen synthase, ADP-glucose type; glgB,

glycogen branching enzyme; glgC, glucose-1-phosphate adenylyl-

transferase; glgD, glucose-1-phosphate adenylyltransferase, GlgD

subunit; ldh, L-lactate dehydrogenase; pfl, formate C-acetyltrans-

ferase; pta, phosphate acetyl/butaryltransferase; ackA, acetate kinase;

adhE, bifunctional acetaldehyde-CoA/alcohol dehydrogenase; adhP,

alcohol dehydrogenase; aldB, alpha-acetolactate decarboxylase; ppc,

phosphoenolpyruvate carboxylase; mleS, malate dehydrogenase; nox,

NADH oxidase; ahpC, alkyl hydroperoxide reductase subunit C;

ahpF, alkyl hydroperoxide reductase subunit F (Color figure online)
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2.31-fold) were up-regulated with glycolysis genes to allow

regeneration of NAD? (Fig. 4b, S4). However, under aer-

obic conditions, nox and ahpCF are up-regulated while ldh

and mleS are down-regulated, implying a change in the

mechanism of NAD?/NADH cycling. Along with a lower

expression of glycolysis genes under aerobic conditions,

these two features may contribute to slower growth.

3.2.2 Up-regulation of arginine deiminase pathway

in an anaerobic growth environment could lead

to increase in de novo synthesis of pyrimidine

In host-pathogen interactions, the ability of bacteria to

compete for nutrients with host cells is essential for bac-

terial colonization and pathogenesis. Amino acids have

been used as the primary carbon source by bacteria in rich

media (Prüb et al. 1994; Sezonov et al. 2007). However, we

observed minimal net change in amino acid concentrations

while comparing the growth conditions to the original THY

medium aside from arginine (Fig. S5). Thus oxygen had

little impact on the metabolism of other amino acids.

Arginine is known to be required for optimal SMG

growth (Rogers et al. 1987) and was consumed during S.

intermedius growth in our experiments. The arginine

deiminase (ADI) pathway is used for energy production

and also feeds into de novo synthesis of pyrimidine via

carbamoyl phosphate (Zúñiga et al. 2002; Gruening et al.

2006; Cusumano and Caparon 2015). There are four

enzymes involved in the arginine deiminase (ADI) path-

way: arginine deiminase (arcA), ornithine carbamoyl-

transferase (arcB), carbamate kinase (arcC) and arginine/

ornithine antiporter (arcD) (Gupta et al. 2013) (Fig. 5). The

production of ammonia and ATP from carbamoyl phos-

phate via ArcC provides energy and protection against acid

stress (Marquis et al. 1987; Cotter and Hill 2003).The gene

expression of arcC was similar under both growth condi-

tions Therefore, the energy generation or acid stress

resistance provided by carbamoyl phosphate and ADI is

comparable under both conditions. On the other hand, the

expression of arcA, arcB and arcD, which lead to the

synthesis of carbamoyl phosphate, were all increased sig-

nificantly under anaerobic growth conditions. Additionally,

the intracellular concentrations of arginine and ornithine

(the carbamoyl phosphate by-product) were also elevated

in the anaerobic conditions. Overall, this implies that under

anaerobic condition, there is a greater conversion of argi-

nine to carbamoyl phosphate for de novo synthesis of

pyrimidine via the ADI pathway. Though the overall

consumption of arginine was slightly greater in aerobic

conditions, the arginine was preferentially metabolized to

citrulline and exported, which resulted a three-fold greater

extracellular citrulline concentration. Thus, up-regulation

of the ADI pathway under anaerobic conditions contributed

to the increased production of carbamoyl phosphate and

consequently, the up-regulation of pyrimidine de novo

synthesis. Many pathogens use the consumption of arginine

as a means to impair the host’s ability to produce nitric

oxide (Stadelmann et al. 2013; Cusumano et al. 2014) and

this may be a strategy used by S. intermedius in infections.

3.2.3 Anaerobic growth conditions enhance pyrimidine

and purine metabolism in S. intermedius

The intracellular concentrations of cytosine, cytidine,

adenosine, adenine, guanosine, and uridine were all higher

during anaerobic growth, while their extracellular abun-

dances were much lower implying greater cellular uptake

in comparison to the aerobic culture (Fig. S6, S7). In

agreement with the metabolic data, the salvage and de novo

nucleotide synthesis pathways were also both up-regulated

anaerobically at the transcription level

The pyrimidine de novo synthesis pathway was elevated

during anaerobic growth. This was indicated by the

increase of intracellular levels of orotate, a pathway

intermediate, and the increased expression of pyrimidine

synthesis genes (pyrBCDEF) (Fig. 5, S8). Pathways for

production of carbamoyl phosphate (ADI pathway),

aspartate (aspartate aminotransferase), and bicarbonate

(carAB), precursors for pyrimidine de novo synthesis, were

all up-regulated anaerobically. Moreover, the purine

metabolism pathways were also elevated anaerobically.

Intracellular adenine level had shown great disparity

according to the aerobic and anaerobic growth condition.

Compared to aerobic condition, more than threefold

increase had been observed for intracellular adenine when

S. intermedius was anaerobically cultured. Though the

adenine level in the spent media was reduced in both

growth conditions, a greater reduction was noted in the

anaerobic growth. It may suggest greater influx of adenine

under anaerobic growth. The genes involved in the inter-

conversion between nucleosides and nucleotides were also

up-regulated anaerobically to adjust to the high demand of

intracellular metabolites (Fig. S6, S7). The enhanced

expression of nucleoside and nucleotide metabolism genes

may contribute to the increased growth rate of S. inter-

medius under anaerobic conditions.

3.3 Adaptation to oxidative stress

Protection against oxidative stress from both internally

produced and exogenous reactive oxygen species is

important for the Streptococci (Higuchi et al. 2000; Jaku-

bovics et al. 2002). Oxidative stress can cause damage to

iron-sulfur cluster containing proteins as well as DNA

(Imlay 2013). Genes involved in oxidative stress response

were the most differentially expressed genes in our study.
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Under aerobic conditions, NADH oxidase (nox, 7.38-fold)

was up-regulated in comparison to anaerobic conditions, as

was the the alkyl-hydroperoxidase system (ahpCF, 25.52-

and 28.35-fold), the peroxide resistance protein (dps; 5.74-

fold) and superoxide dismutase (sodA; 4.96-fold). Dps

removes free iron from the cell, preventing the generation of

peroxides and SodA degrades superoxides while generating

hydrogen peroxide which can then be reduced to water by

ahpCF via NAD?/NADH cycling pathway. These adapta-

tions to oxidative stress have been observed in S. mutans

(Higuchi 1984; Higuchi et al. 2000; Ahn et al. 2007).

Redox balance is important for cell homeostasis, and it

is in part maintained through NAD?/NADH cycling path-

ways, where NADH is oxidized to NAD? for glycolysis

(Fig. 4b). We also observed that under aerobic conditions,

genes involved in iron-sulfur cluster and iron metabolism

were up-regulated in S. intermedius (Fig. S9) as well as

genes in several DNA-repair pathways including compe-

tence (uptake of extracellular DNA), RNA metabolism,

and DNA modification and DNA repair enzymes.

3.4 Other

3.4.1 Oxygen had minor effects on expression of virulence

genes

Despite the fact that the SMG is associated with anaerobic

infections (e.g. abscesses), only a minority of genes

Fig. 5 The arginine deiminase and pyrimidine de novo synthesis

pathways. Pathway was constructed based on the BioCyc database for

S. intermedius B196 and JTH08. The metabolite names were written

in black and the gene names were written in green. The fold changes

of metabolite expression were indicated in color scaled boxes for S.

intermedius grown in aerobic (A) and anaerobic (AN) conditions and

the Todd Hewitt media blank (TH). The endo-metabolome was

colored in grey and the exo-metabolome was light green, fold changes

in gene expressions were indicated by numerical values. The

undetected metabolites were indicated with a black filled box. The

fold changes in metabolite or gene levels were calculated respective

to aerobic growth conditions for either endo- or exo-extracts, where

an increase was shown in blue and a decrease was shown in red.

n = 7 except for intracellular cell extract in aerobic conditions and

Todd Hewitt media. *p\ 0.05, **p\ 0.005, ***p\ 0.0001 (Color

figure online)
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associated with virulence are differentially regulated under

oxygen varying growth conditions. Under anaerobic condi-

tions, genes in oxidative stress pathway such as sialidase

(nanA, 2.00-fold), pullulanase (pulA2, 2.17-fold), and a

putative membrane toxin regulator (2.57-fold) were up-

regulated (Fig. 3). nanA and pulA2 are associated with

binding to host surfaces in streptococci (Hytönen et al. 2006;

Brittan et al. 2012). On the other hand, some potential vir-

ulence genes such as proteases (Fig. 3), the bacteriocin

accessory protein (bta, 4.00-fold) and a metallobetalacta-

mase family protein (SIR_RS10820, 2.11-fold) were down-

regulated anaerobically. The expression of CRISPR system

(cas1, 2.53-fold; cas2, 2.01-fold; csn2, 2.70-fold) and

nucleases (rnc, 2.01 fold; SIR_RS13205, 2.33 fold; hsdR,

2.93 fold) were increased anaerobically. These are involved

in resistance to uptake of foreign genetic elements and phage

infection (Marraffini and Sontheimer 2010; Midon et al.

2011; Sapranauskas et al. 2011; Derré-Bobillot et al. 2013).

An association of the CRISPR system with oxidative stress

tolerance has been previously seen in streptococci (Ser-

banescu et al. 2015). Overall, the expression of virulence

associated genes was not strongly regulated by presence or

absence of oxygen and these genes may be regulated by

additional host specific signals.

3.4.2 Cellular membrane composition re-modelled

to adapt to different environmental conditions

Themajor phospholipid (PL) class detected in S. intermedius

was phosphatidyl glycerol (PG) and lyso-PG. There were 13

PGs and 2 lyso-PGs that varied significantly between aerobic

and anaerobic growth conditions (Fig. 6). The cellular

membrane of S. intermedius was largely composed of satu-

rated short-chain PLs during aerobic growth. Consistentwith

the observed lipid profiles, the transcriptomic analysis found

enoyl-CoA hydratase protein fabM (also referred to as phaB,

2.85-fold) and beta-ketoacyl-acyl carrier protein synthase III

(fabH, 2.50-fold), associated with the synthesis of unsatu-

rated and branched chain lipids respectively, were down-

regulated under anaerobic conditions (Choi et al. 2000;

Marrakchi et al. 2002; Fozo andQuivey 2004). It is unknown

whether these metabolic and transcriptomic changes could

affect the cellular membrane rigidity and permeability in S.

intermedius. Increased levels of unsaturated fatty acids has

been reported in E. faecalis during aerobic growth (Portela

et al. 2014).

4 Concluding remarks

This study examined the global physiologic, metabolic and

transcriptomic adaptations of S. intermedius grown in aero-

bic and anaerobic environments. Our study demonstrates

that while S. intermedius is able to adapt to either condition,

the anaerobic growth condition is favored with a 24 % faster

growth rate which also correlated with the up-regulation of

the central carbon metabolism, the arginine deaminase

pathway and the nucleotide de novo synthesis/salvage

pathways. The largest transcriptional responses we observed

were related to oxidative stress response under aerobic

conditions. Overall, as a facultative anaerobe, S. intermedius

is able to grow under varying oxygen tensions and may

facilitate its colonization of distinct mucosal surfaces within

the human host (upper respiratory, gastrointestinal and uro-

genital tracts). Moreover, its accelerated growth and adap-

tation to anaerobic conditions may reflect its propensity for

polymicrobial pyogenic infections with anaerobic bacteria.

This adaptability allows S. intermedius to coexist in complex

polymicrobial environments, both as a commensal and a

pathogen.
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