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Abstract

Microbial pathogens balance growth against tissue damage to achieve maximum fitness.

Central carbon metabolism is connected to growth, but how it influences growth/damage

balance is largely unknown. Here we examined how carbon flux through the exclusively fer-

mentative metabolism of the pathogenic lactic acid bacterium Streptococcus pyogenes

impacts patterns of growth and tissue damage. Using a murine model of soft tissue infection,

we systematically examined single and pair-wise mutants that constrained carbon flux

through the three major pathways that S. pyogenes employs for reduction of the glycolytic

intermediate pyruvate, revealing distinct disease outcomes. Its canonical lactic acid path-

way (via lactate dehydrogenase) made a minimal contribution to virulence. In contrast, its

two parallel pathways for mixed-acid fermentation played important, but non-overlapping

roles. Anaerobic mixed acid fermentation (via pyruvate formate lyase) was required for

growth in tissue, while aerobic mixed-acid pathway (via pyruvate dehydrogenase) was not

required for growth, but instead regulated levels of tissue damage. Infection of macrophages

in vitro revealed that pyruvate dehydrogenase was required to prevent phagolysosomal

acidification, which altered expression of the immunosuppressive cytokine IL-10. Infection

of IL-10 deficient mice confirmed that the ability of aerobic metabolism to regulate levels of

IL-10 plays a key role in the ability of S. pyogenes to modulate levels of tissue damage.

Taken together, these results show critical non-overlapping roles for anaerobic and aerobic

metabolism in soft tissue infection and provide a mechanism for how oxygen and carbon

flux act coordinately to regulate growth/damage balance. Therapies targeting carbon flux

could be developed to mitigate tissue damage during severe S. pyogenes infection.

Author summary

The Gram-positive bacterium Streptococcus pyogenes causes a wide range of diseases that

differ significantly in tissue damage, including necrotizing fasciitis (flesh-eating disease)

which can cause severe destruction of skin and underlying tissue. Treatment of severe dis-

ease often requires surgical intervention, including amputation, to remove infected tissue.

How S. pyogenes can cause either mild or tissue-destructive infections is not well-
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understood. In this study, we examined how different streptococcal energy-producing

pathways that convert host-derived carbon sources into cellular energy influence the levels

of tissue damage that S. pyogenes can produce. Using a mouse model of cutaneous infec-

tion, we found that two parallel pathways for mixed-acid fermentation play important and

non-overlapping roles. One pathway that is inhibited by oxygen (using the enzyme pyru-

vate formate lyase) is required for S. pyogenes to grow in tissue. The second requires oxy-

gen (using the enzyme pyruvate dehydrogenase), is not required for growth, but instead

regulates levels of tissue damage by supporting the ability of S. pyogenes to manipulate

host cytokine production to control the immune response. Understanding how metabo-

lism influences tissue damage helps to explain how S. pyogenes diseases can differ in sever-

ity and identifies new targets for treatments to limit tissue damage in severe infections.

Introduction

The diverse collection of Gram-positive bacterial genera known as the lactic acid bacteria are

prominent members of both the commensal and pathogenic flora [1,2]. Their eponymous

characteristic derives from an exclusively fermentative metabolism that under ideal growth

conditions uses Embden-Meyerhof-Parnas glycolysis to generate pyruvate, which is subse-

quently converted to lactate as its principal end-product [3–6]. Less-well appreciated is the

metabolic plasticity of these bacteria, most of which possess alternative pathways for pyruvate

reduction leading to the generation of additional end-products, including CO2, ethanol, for-

mate, acetate and several other metabolites [4–6]. Work in the microbiome space indicates

that many of these metabolites help shape health and disease through immunomodulatory

effects [7,8]. However, for the pathogenic lactic acid bacteria, such as Streptococcus pyogenes
(group A streptococcus), how these alternative pathways support the development of disease is

generally not well-understood.

A pathogen of global significance, S. pyogenes is responsible for approximately 500,000

deaths per year despite its continued susceptibility to beta-lactam antibiotics [9,10]. Diversity

of infection sites drives this global burden, to cause diseases ranging from mild and self-limit-

ing (impetigo, pharyngitis), to severe and life-threatening (cellulitis, necrotizing fasciitis) and

include serious post-infection sequelae (rheumatic fever, acute glomerulonephritis) [10]. It is

likely that the heterogenous host niches infected by S. pyogenes differ significantly in the avail-

ability of substrates supportive of S. pyogenes growth. Considering that the substrates available

in any single niche will change over the course of infection, metabolic plasticity, including

alternative pathways for pyruvate reduction, likely play a critical role in promoting fitness in

these temporally and metabolically dynamic environments.

It is well-established that metabolic substrate availability directly influences expression of S.

pyogenes virulence factors [11,12]. For example, comparisons of the S. pyogenes transcriptome

between organisms recovered from various animal models of infection has revealed both tem-

poral and tissue-specific patterns of gene expression [13–15]. When examined in vitro, many

of these patterns can be reproduced by alterations to the composition of media, including

changes in pH and the concentration of glucose vs alternative carbon substrates [16]. These

two conditions are likely related, as S. pyogenes’ choice of carbon substrate will influence the

composition of the organic acid end-products its metabolism will produce [17], resulting in a

significant remodeling of its local tissue environment though changing pH, oxygen tension

and the accumulation of immunomodulatory metabolites. Since different tissue compartments

vary in carbon source profile, both the preferred carbon source, as well as the hierarchical use
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of alternative carbon sources are likely major host-derived cues that influence the expression

of the virulence transcriptome, altering both its configuration and its temporal dynamics.

This model is supported by analysis of several global regulators of virulence gene transcrip-

tion whose function is intimately intertwined with metabolism. These include Mga, LacD.1,

RopB, CodY and CcpA, whose major signaling inputs include the chemical characteristics of

specific carbon sources, temporal changes in external pH and carbon flow through central

metabolic pathways [12]. Mutations in many of these regulators can have a profound influence

on the pathogen’s growth/damage balance, a process by which the pathogen balances its

growth rate against the degree to which host tissues are damaged in order to achieve optimal

fitness [18]. The DNA-binding transcriptional regulator CcpA (Carbon Control Protein A)

coordinately controls a broad cross-section of the S. pyogenes transcriptome including both

virulence and metabolic pathways [19–21]. Analysis of mutations that inactivate the ability of

CcpA to bind DNA vs those that lock it into its high-affinity DNA-binding conformation

revealed that both types of mutations lead to attenuation of tissue damage [22]. However, inac-

tivating mutations result in attenuation due to a reduction in bacterial growth and accumu-

lated tissue burden. In contrast, locked-on mutations have uncoupled the growth/damage

relationship resulting in wild-type levels of bacterial tissue burdens in the absence of tissue

damage [22]. Since CcpA’s principal function is carbon catabolite repression, acting to adjust

metabolism in response to the availability of preferred growth substrates [23], these data show

that S. pyogenes contains systems that can couple metabolic signals with regulation of the viru-

lence transcriptome to dynamically balance growth rates against tissue damage.

While these studies establish a relationship between the virulence transcriptome and metab-

olism, how the flow of carbon itself through the alternative pathways for pyruvate reduction

contributes to pathogenesis remains unclear. In the present study, we employ a genetic

approach to interrogate how carbon flow impacts growth/damage balance and the influence of

aerobic vs. anaerobic metabolism in the lactic acid pathogen, Streptococcus pyogenes. Mutants

were constructed to inactivate key enzymes that control the entry of carbon into each of the

alternative pathways for reduction of pyruvate in order to constrain metabolic plasticity. Viru-

lence was then assessed in a murine model of soft tissue disease that allows for the independent

assessment of growth in tissue vs. the degree of tissue damage and through infection of macro-

phages in vitro to assess the impact of S. pyogenes metabolism on immunoregulation. This

analysis revealed a key role for mixed acid fermentation, the environmental availability of oxy-

gen, macrophages, and the regulatory cytokine IL-10 as important regulators of the S. pyogenes
growth/damage balance.

Results

Three alternative pathways for pyruvate reduction

Classically considered a lactic acid bacterium, S. pyogenes can reduce pyruvate to lactate via

homo-lactic fermentation using the enzyme lactate dehydrogenase (LDH) through oxidation

of NADH to NAD+ to balance the accumulation of NADH generated during glycolysis (Fig

1A). However, like most lactic acid bacteria, S. pyogenes possesses metabolic plasticity and can

reduce pyruvate via mixed-acid fermentation, which consists of a collection of pathways that

oxidize NADH through generation of alternative short chain fatty acid (SCFAs) end-products

(formate, acetate) and critical metabolic intermediates, including acetyl-CoA [17] (Fig 1A).

For S. pyogenes, mixed-acid fermentation consists of two parallel arms that are defined by the

major enzyme complexes that act on pyruvate. These include pyruvate-formate lyase (PFL)

and the pyruvate dehydrogenase complex (PDH) (Fig 1A). It is generally considered that PFL

only functions under anaerobic conditions, while PDH is only active in aerobic environments
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[24–26]. The net result of both arms is the production acetyl-CoA, although each generates dif-

ferent end-products (Fig 1A). Further metabolism of acetyl-CoA oxidizes NADH and pro-

duces additional ATP (Fig 1A). Under aerobic conditions the homo-lactic and mixed-acid

pathways can have a hierarchical relationship, as once glucose is depleted, the lactate generated

can be recovered to pyruvate by the consumption of oxygen by the enzyme lactate oxidase

(LctO). Pyruvate is then metabolized by PDH with the net result being the generation of ace-

tyl-CoA, an additional end-product, H2O2, and additional ATP [19] (S1 Fig).

In order to unravel the relationship between these pathways and their potential roles in the

regulation of growth/damage balance, our strategy was to restrict carbon flux by constructing

non-polar in-frame deletions in each of the three major enzymes that act on pyruvate, both

singly and in each pair-wise combination. These included mutations in LDH (genomic locus

L897_04360), PFL (L897_07865) and PDH subunit E1α (L897_03920) [27] (Fig 1B). The wild

type (WT) host for these studies was S. pyogenes strain HSC5, whose phenotype in several

murine models of infection is well-characterized [22,28,29]. The resulting single and pair-wise

mutant strains and their respective genotypes are listed in Fig 1C and S1 Table.

Distinct fermentation pathways are required for growth in aerobic vs.

anaerobic environments

To evaluate the role of these pathways under different atmospheric conditions, the growth

characteristics of the mutant panel (Fig 1C) was analyzed using a standard nutrient rich

medium (Todd Hewitt plus 1% yeast extract) in the presence or absence of oxygen. Cultures

were grown overnight in liquid media under shaken (Sh, aerobic) or static (St, oxygen-limited)

Fig 1. S. pyogenes Central Carbon Metabolism and Mutant Construction. A. Fermentation pathways. Homo-lactic

and mixed-acid fermentation pathways are shown. Major short chain fatty acid end-products are shown in red, other

end-products are shown in blue and the enzymes acting on pyruvate are shown in green. Other enzymes listed: ADH,

alcohol dehydrogenase; PTA, phosphate acetyltransferase; AckA, acetate kinase. B. Enzyme loci. The chromosomal

regions encoding the indicated enzymes are shown, with the annotation and genetic loci listed corresponding the

genome of S. pyogenes HSC5 [27]. Enzyme open-reading frames are shown in blue with the location of the constructed

in-frame deletions shown in white. Deletion junctions are indicated by “x” and “y” relative to the first base-pair of the

open-reading frame. C. Mutant strain nomenclature. The indicated nomenclature was adopted for clarity. Each cell

shown represents a mutant strain. For single mutants, the name corresponds to the genotype. For double mutants, the

name corresponds to the enzyme that remains active. Mutant genotypes are in parentheses. Specific strain names and

genotypes are provided in S1 Table.

https://doi.org/10.1371/journal.ppat.1011481.g001
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conditions (Broth Growth, Fig 2) and then plated on solid media to determine colony forming

units (CFUs) under anaerobic (An) or aerobic (Ae) conditions (Plated, Fig 2. See “Materials

and Methods”). In this assay, the WT strain grew well regardless of whether the inoculum was

cultured under static or shaken conditions, although higher numbers of CFUs were obtained

under aerobic conditions (compare panels 1, 2 vs. 3, 4; Fig 2). Single mutants lacking LDH or

PFL grew as well as, or better than WT (compare ΔLdh and ΔPfl to WT, Fig 2). However, the

single mutant lacking PDH lost its ability to grow aerobically (ΔPdh, Fig 2), while the mutant

solely dependent on PDH could only grow under aerobic, but not anaerobic conditions (Only

Pdh, Fig 2). In contrast, the double mutants lacking PDH (Only Pfl, Only Ldh) could grow

anaerobically, but not aerobically (Fig 2). Taken together, these data demonstrate that PDH is

absolutely required for aerobic growth, but cannot support anaerobic growth, while PFL and

LDH are at least partially redundant for growth under anaerobic conditions.

SCFA end-product profile and growth over time are tunable depending on

fermentation pathway and oxygen exposure

The contribution of these pathways to metabolic plasticity was next evaluated using an in vitro
medium (C medium + 0.2% glucose) which has been shown to reproduce the behavior of the

transcriptome in a murine subcutaneous ulcer model of soft tissue infection [15,16,30]. Cul-

ture density (OD600) and culture pH were monitored over 24 hrs to assess bacterial growth

and metabolic activity, respectively. Similar to rich medium, growth with the loss of LDH or

PFL under static conditions did not differ from WT (ΔLdh, ΔPfl vs. WT, Fig 3A). Double

mutants dependent solely on LDH or PFL could also grow, although at reduced rates and

yields (Only Ldh, Only Pfl; Fig 3A), which confirms that these pathways are partially redun-

dant. In contrast, the double mutant dependent on PDH could not grow or acidify media in

static culture (Only Pdh, Fig 3A; top and bottom), while the other mutants could acidify

media at rates consistent with their growth patterns (Fig 3A, bottom). Under aerobic (Shaken)

conditions, all single or double mutants that lacked PDH could not grow (ΔPdh, Only Ldh,

Only Pfl; Fig 3B top), while all strains with PDH could grow (WT, ΔLdh, ΔPfl; Fig 3B top) and

the mutant solely dependent on PDH grew at a higher rate and yield compared to WT (Only

Fig 2. Growth characteristics under ideal conditions. Shown is the ability of the various mutants listed at the top of

the Figure to grow in a standard nutrient rich medium (THY medium) cultured under oxygenated (Shaken, aerobic)

or oxygen-limited (Static, anaerobic) conditions, as listed. The top panel (Broth Grown) presents images of culture

tubes follow overnight culture in liquid THY medium. The degree of turbidity corresponds to the amount of growth,

which was quantitated by spot plating on solid media (THY plates) as shown in the bottom panel (Plated) under the

atmospheric conditions indicated. The spot plate data presented are a montage assembled from individual images

collected from the same experiment, that are delineated by the boxes numbered at the bottom of the Figure. Culture

conditions are described in detail in the Materials and Methods. Strains are as described in Fig 1.

https://doi.org/10.1371/journal.ppat.1011481.g002
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Pdh, Fig 3B, top), consistent with an ability of this pathway to make additional ATP (Fig 1A).

Of note, all strains demonstrated metabolic activity as indicated by acidification of the media,

even when they were not able to grow (Fig 3B, bottom). Taken together, these data show PDH

is essential for aerobic growth and cannot support anaerobic growth, while LDH and PFL are

partially redundant for anaerobic growth.

Fig 3. Growth characteristics under conditions reproducing the soft tissue environment. Comparison of the growth and

changes in culture pH for the mutant panel was analyzed in a medium that reproduces conditions encountered by the

bacterium during soft tissue infection (C medium + 0.1% glucose) under (A) oxygen-limited (Static) and (B) oxygenated

(Shaken) conditions, with (C) the concentrations of the 3 major SCFA end-products determined following oxygen-limited

growth. An exception is Only Pdh, whose SCFA profile was determined following culture in Shaken conditions since this

mutant cannot grow under oxygen limited conditions. N.D. indicates levels were below the limit of detection. Data presented

represents the mean and standard error of the mean derived from three experiments.

https://doi.org/10.1371/journal.ppat.1011481.g003
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Carbon flow and growth in pathway constrained mutants

The SCFA end-products of S. pyogenes fermentation, including lactate, formate and acetate

(Fig 1), have potent immunoregulatory properties [7,8]. To understand how end-product pro-

files are impacted by each enzyme, the concentrations of acetate, formate and lactate were

quantitated during culture in C medium + 0.2% glucose under static conditions, which sup-

ported the growth of all mutants except Only Pdh, which was analyzed following growth in

shaken cultures (Fig 3A and 3B). SCFA concentrations were determined at 24 hrs in culture

supernatants and normalized for growth. Under these conditions, WT produced a mixture of

all three SCFAs (Fig 3C). As expected, mutants lacking Ldh did not produce lactate and the

mutant solely dependent on Ldh (Only Ldh) produced lactate exclusively at levels approx. 5

times higher than WT (Fig 3C). Lactate was also the major end-product of either of the single

mutants in the alternative mixed-acid pathways (ΔPfl, ΔPdh; Fig 3C). For mutants solely

dependent on a single arm of mixed-acid fermentation, Only Pfl produced a mixture of acetate

and formate, while Only Pdh exclusively produced acetate (Fig 3C). This may explain its

enhanced growth yields under this condition (see Fig 3B), as production of acetate yields addi-

tional ATP (see Fig 1A).

Mixed-acid, but not homo-lactic fermentation influences growth/damage

balance

The contribution of carbon flow through these fermentative pathways was analyzed for their

role in pathogenesis using a murine model of soft tissue infection that allows independent

assessment of growth in tissue vs. tissue damage [28,29,31]. In this model, immunocompetent

SKH1-E hairless mice are injected subcutaneously with 107 CFU of streptococci, which, for the

WT strain (HSC5), results in a local lesion that becomes a necrotic ulcer by 24 hrs. The ulcer

produces an eschar and enlarges over the course of 3 days, followed by a period of healing and

the infection does not progress to systemic disease [28]. Metrics for comparison of strains

include assessment of tissue damage by measurement of lesion area and assessment of growth

by determination of CFU tissue burdens at the time of peak lesion formation by the WT strain

(3 days post-infection). Surprisingly, S. pyogenes, a canonical lactic acid bacterium, showed nei-

ther a growth nor damage defect in the absence of homo-lactic fermentation (ΔLdh), as indi-

cated by no significant reduction in lesion area or tissue burden when compared to WT (Fig

4A–4C). Conversely, all mixed acid pathway mutants had significantly reduced tissue damage

(Fig 4A and 4C) with the PFL and PDH pathways each having unique effects on growth/dam-

age balance. For all strains lacking PFL (ΔPfl, Only Ldh, Only Pdh), reduction in tissue damage

was correlated with reduced growth in tissue. The double mutants lacking PFL (Only Pdh, Only

Ldh) had the greatest decrease in tissue burdens with an average of 1.5–2.5 log reduction in

recovered CFU (Fig 4). This growth defect was reversed in all strains that contained PFL (ΔPdh,

ΔLdh, Only Pfl), indicating PFL is essential for growth in soft tissue infections.

In contrast, strains lacking PDH had a strikingly different presentation. A reduction in tis-

sue damage did not always correlate with a reduction in tissue burden. Mutants ΔPdh and

Only Pfl had an uncoupled growth/damage balance, with a significant reduction in their ability

to damage tissue (Fig 4A and 4C), while exhibiting no significant reduction in their ability to

grow in tissue (Fig 4B). An exception was Only Ldh, which was attenuated for both damage

and growth (Fig 4A–4C). Taken together, these data show that: i.) Mixed-acid, but not homo-

lactic fermentation is required for pathogenesis in soft tissue, ii.) Both the anaerobic (PFL) and

aerobic (PDH) arms of mixed-acid fermentation contribute to soft tissue pathogenesis, but by

different mechanisms, iii.) PFL is required for growth in soft tissue, and iv.) fermentation via

PDH plays a key role in modulating the growth/damage balance (Table 1).
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PDH controls macrophage phagosome acidification

To pursue how aerobic mixed acid fermentation regulates the growth/damage balance, we

focused on ΔPdh, the single mutant lacking PDH. Complementation of ΔPdh restored WT

profiles of growth during in vitro culture (S2A and S2B Fig) and for growth/damage balance

during infection (S2C and S2D Fig). As resident and monocyte-derived macrophages regulate

cutaneous immune responses and since monocyte-derived macrophages play a critical

Fig 4. Non-overlapping roles for mixed acid fermentation in soft-tissue infection. A subcutaneous ulcer model of

soft-tissue infection of SKH1-E mice was used to compare virulence properties between mutant and WT, which allows

the determination of (A) tissue damage, measured as the area of the draining ulcer and (B) growth in tissue, measured

as the number of recoverable CFUs. Data presented were collected at Day 3, with (C) showing images from

representative Day 3 ulcers. For A and B, each symbol represents an individual mouse, pooled from two individual

experiments, with differences compared to WT. ***, P< 0.05; ****, P< 0.001; n.s., not significant. N.D. indicates a

visible ulcer was not detected.

https://doi.org/10.1371/journal.ppat.1011481.g004

Table 1. Growth/Damage Phenotypes.

Compared to WT1

Mutant Growth Damage Phenotype2

ΔLdh + + Not Attenuated

ΔPfl - - Attenuated

ΔPdh + - Altered

Only Pdh - - Attenuated

Only Ldh - - Attenuated

Only Pfl + - Altered

1[(+), not significantly different; (-), significantly different] vs. WT. See Fig 4.
2(+/+), Not Attenuated; (-/-), Attenuated; (+/-) or (-/+), Altered.

https://doi.org/10.1371/journal.ppat.1011481.t001
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immunoregulatory role in the development of subcutaneous ulcers in the murine model [32],

macrophages were evaluated as possible influencers of the growth/damage balance. To test

this, cultured Raw264.7 macrophages or bone marrow-derived macrophages (BMDM) were

infected with ΔPdh or the WT strain. After 4 hrs of infection, intracellular survival was com-

pared, revealing a significant difference in recoverable CFUs. Contrary to equivalent tissue

burdens between WT and ΔPdh infected mice, CFUs recovered for ΔPdh decreased by>1 log

vs. time 0 hrs, whereas CFUs for WT slightly increased for Raw264.7 cells (Fig 5A). Similar

results were obtained with BMDM (S3A Fig). At this time point, the viability of Raw264.7

macrophages infected by either strain was >95% (S4 Fig). Complementation of ΔPdh restored

WT levels of growth in Raw264.7 cells (S2E Fig). Consistent with prior reports [33–35] both

WT and ΔPdh were located in membrane-bound vacuoles positive for the lysosome-associated

protein, Lamp1, as determined by immunogold electron microscopy of Raw264.7 cells (Fig

5B), indicating that this phagosomal compartment has fused with lysosomes. Also consistent

with prior reports, WT prevented acidification of this compartment, despite fusion with lyso-

somes (Fig 5C and 5D). In contrast, almost all vacuoles containing ΔPdh were acidic (Fig 5C

and 5D), showing that the mutant cannot prevent acidification. Blocking acidification by

treatment with the vacuolar H+ ATPase inhibitor Bafilomycin A1 at a non-cytotoxic concen-

tration [36] significantly enhanced the survival of both ΔPdh and WT (Fig 5E), consistent with

the observation that the viability of both WT and ΔPdh decreased when exposed to an acid

shock in vitro (1 hr exposure to pH 4.5), with ΔPdh being significantly more sensitive than

WT (S5A Fig). An inability to resist acid stress likely makes a bigger contribution to ΔPdh’s

reduced survival in macrophages than oxidative stress, as buffering media rescues higher

growth yields than scavenging peroxide under in vitro aerobic growth conditions (S5B and

S5C Fig). These data indicate that: i.) Acidification of the phagolysosome limits the ability of

S. pyogenes to persist with in macrophages, ii.) PDH makes an important contribution to the

ability of S. pyogenes to block acidification; and iii.) Its sensitivity to phagolysosome acidifica-

tion suggests that survival within macrophages cannot account for high tissue burdens

observed in ΔPdh infected mice.

PDH controls IL-10/TNFα balance

Since numerous immunomodulatory receptors reside within the vacuole that may differen-

tially signal macrophage response pathways, an RNA-seq analysis was conducted to compare

differential changes in the transcriptome in response to infection by WT vs. ΔPdh. When

infection with either strain was compared to mock-infected Raw264.7 cells, a similar profile

was observed, with 1025 genes up-regulated and 175 genes down-regulated (Fig 6A and 6B).

A computational pathway enrichment analysis using Reactome [37] indicated that the major-

ity of these differentially regulated genes are involved in immunoregulation (not shown).

Comparison of ΔPdh to WT infected macrophages revealed that no genes were significantly

down-regulated, but that 78 genes were up-regulated (Fig 6C and S2 Table). Pathway enrich-

ment analysis placed these genes predominantly in cytokine signaling pathways, with the IL-

10 pathway as the most significantly up-regulated by ΔPdh (P = 1.1 x 10−16, S3 Table). Due to

its potent anti-inflammatory properties [38], the ratio of IL-10 to the pro-inflammatory cyto-

kine TNFα is often used as a measure of inflammatory homeostasis [39]. Determination of this

ratio for infected Raw264.7 cells revealed a>6-fold increase in IL-10 expression when com-

pared to WT (Fig 6D). In contrast, TNFα levels were increased only about 1.3-fold by ΔPdh

(Fig 6E). Complementation of ΔPdh restored a WT profile for expression of IL-10 and TNFα
(S2F and S2G Fig). Blocking acidification with Bafilomycin A1 completely inhibited

expression of IL-10, while a similar treatment had essential no effect on expression of TNFα
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Fig 5. Comparison of macrophage infection by WT and ΔPdh. Cultured Raw264.7 macrophages were infected by

the indicated strains as detailed in the Materials and Methods. A. Net change in CFUs recovered between time 0 and 4

hrs of infection. B. Transmission electron microscopy of infected Raw264.7 cells (top), with immunogold staining to

detect Lamp1 (middle) Arrows indicate several representative gold particles. The bottom panel shows the regions

outlined by the boxed areas in the middle panels at 7.5X magnification. mb, vacuolar membrane. C. Fluorescent

microscopy of infected Raw264.7 cells to detect DNA (DAPI), S. pyogenes (Cell Tracker Green) and Lysosomes

(LysoTracker Red). Merge overlays all three stains. Images of the 4 panels at the right are magnified from the area
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(Fig 6D and 6E). Overall, infection by ΔPdh resulted in a 5-fold increase in the IL-10/TNFα
ratio (Fig 6F). These results were not unique for Raw264.7 cells, as equivalent results were

obtained from BMDM for bacterial survival, expression of IL-10 and TNFα, and the IL-10/

TNFα ratio (S3B–S3D Fig). These data establish: i.) That phagolysosomal acidification is

essential for expression of IL-10, but not TNFα, and ii.) That aerobic mixed acid fermentation

regulates the inflammatory signaling balance in macrophages through manipulation of IL-10

expression.

IL-10 is required for PDH-mediated control of growth/damage balance

Differential secretion of IL-10 in macrophages in vitro suggests that IL-10 may be a key factor

for modulation of growth/damage balance during S. pyogenes soft-tissue infections. This

model predicts that in the absence of IL-10, infection by WT and ΔPdh will produce a similar

growth/damage balance. To test this, we compared WT and ΔPdh infection of IL-10+/+ and

IL-10-/- C57BL/6 mice. Similar to infection of SKH1-E mice (see above), ΔPdh grew to levels

similar to WT during infection of IL-10+/+ mice (Fig 6G), while producing significantly less

damage to tissue (Fig 6H), resulting in an altered growth/damage balance (IL-10+/+, Fig 6I).

However, while there was a slight decrease in growth for ΔPdh as compared to WT in IL-10-/-

mice (Fig 6G), there was a>5-fold increase in its ability to damage tissue (Fig 6H), which

resulted in a growth/damage balance similar to that of WT (Fig 6I). These data establish that S.

pyogenes can inhibit IL-10 expression by a mechanism dependent on its pathway of aerobic

mixed acid fermentation and that inhibition of PDH activity may provide new therapeutic

strategies to limit tissue damage during severe invasive S. pyogenes infections.

Discussion

It is becoming increasingly appreciated that alternative fermentative pathways for the reduc-

tion of pyruvate play a pivotal role in the commensal host-bacteria relationship through the

generation of immunomodulatory metabolic end products [7,8,40]. However, the relative con-

tributions that these pathways make to the pathogenic host-bacteria relationship is not well-

understood. In the present study, we have used a genetic approach to comprehensively investi-

gate the relative contributions of alternative fermentative pathways to the pathogenesis of a

canonical lactic acid bacterium. When examined in the context of S. pyogenes soft-tissue infec-

tion, the data show that its pathway for homolactic fermentation makes only a minor contribu-

tion to virulence. Instead, pathways for mixed-acid fermentation play critical and non-

overlapping roles. The anaerobic arm of mixed-acid fermentation (PFL) is required for growth

in soft tissue, while the aerobic arm (PDH) influences growth/damage balance through its abil-

ity to manipulate host cytokine responses. The streamlined metabolic potential of S. pyogenes
suggests that therapeutic manipulation of key fermentative enzymes may represent a novel

approach for altering growth/damage balance to improve treatment outcomes for severe tissue

destructive S. pyogenes diseases.

Our comparison of WT and ΔPdh, using in vivo and in vitro models, supports the following

model for cutaneous infection in the murine model (Fig 7): WT and ΔPdh are phagocytosed,

indicated by the boxes shown in the merged images at the left. D. Quantitation of the number of bacteria which co-

localized with lysosomes. The top and bottom of each box delineates the 75th and 25th percentiles, respectively; the

horizontal bar indicates the median. E. Net change in recoverable CFUs between untreated Raw264.7 cells, and cells

treated with Bafilomycin A1 (Baf A1). Where indicated, data presented represents the mean and standard error of the

mean derived from at least 3 independent experiments and examination of at least 1,000 cells. **, P< 0.01; ***,
P< 0.05; ****, P< 0.001.

https://doi.org/10.1371/journal.ppat.1011481.g005
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followed by fusion of the phagocytic vesicle with lysosomes. However, while WT can block the

acidification of the phagolysosome [33], ΔPdh has lost this ability, leading to the production of

considerably more IL-10. Since levels of TNFα do not change, the inflammatory index is

altered such that higher IL-10 levels correlate with an altered growth/damage balance favoring

Fig 6. Differential expression of IL-10 between WT- and ΔPdh-infected macrophages. Cultured Raw264.7 cells

were infected by WT, ΔPdh or PBS (mock) for 4 hrs. Overall differences in gene expression are shown in Volcano plots

of statistically significantly differentially expressed genes for the indicated comparisons (A, B, C). Genes regulated up

or down regulated with a log2 fold-change> 1.0 are shown in red and blue, respectively. Supernatants from cells

infected and untreated or treated with Bafilomycin A1 (Baf A1) were analyzed to determine concentrations of IL-10

(D) and TNFα (E) and the IL-10/TNFα ratio determined for untreated infected cells (F). Subcutaneous infection of the

indicated strains in IL-10+/+ and IL-10-/- C57BL/6 mice is shown, comparing Growth (G), Damage (H) and the

Growth/Damage ratio calculated for ΔPdh vs WT (I). For G and H, each symbol represents an individual mouse,

pooled from two individual experiments, with differences compared to WT. Where indicated, *, P< 0.05; **, P< 0.05;

****, P< 0.001; n.s., not significant.

https://doi.org/10.1371/journal.ppat.1011481.g006
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a reduction in tissue damage (Fig 7). These data suggest that WT S. pyogenes actively manipu-

lates macrophage cytokine signaling to suppress the expression of IL-10. Consistent with this,

the loss of IL-10 in IL-10-/- mice does not alter growth/damage balance for infection by the

WT strain, but does for infection by ΔPdh (Fig 7). More comprehensive studies on cytokine

expression in vivo, phagolysosomal maturation and the role of macrophages in vivo will be

required to confirm this model. However, these data show that i.) S. pyogenes can manipulate

growth/damage balance in soft tissue, ii.) that the mechanism depends on the aerobic arm of

mixed-acid fermentation, iii.) that the target of this response is IL-10; and iv.) that macro-

phages may be the effector cell of this response.

Macrophages represent an ideal target for S. pyogenes to manipulate growth/damage bal-

ance as monocyte-derived macrophages recruited from the circulation play a critical regula-

tory role in formation of S. pyogenes ulcers [32,41]. Recruited monocyte-derived macrophages

also regulate the wound healing response where control of the balance of pro- vs. anti-inflam-

matory cytokines plays an essential role (reviewed by [42]). Temporal management of cytokine

balance is accomplished largely by kinetic regulation of macrophage differentiation into the

M1-like pro-inflammatory vs. the M2-like anti-inflammatory phenotypes, the latter which

produces high levels of IL-10 [42]. An altered temporal pattern of differentiation disrupts

wound healing, often resulting in chronic non-healing wounds [42]. The role of macrophage

differentiation in the acute and healing stages of subcutaneous infection and whether this is

manipulated by the aerobic metabolism of S. pyogenes remains to be determined. Our data

suggests pathway enrichment analysis of genes differentially regulated in macrophages by

ΔPdh identified the IL-4/IL-13 pathway (S3 Table), which plays an important role in the polar-

ization of macrophages to the M2-like phenotype [43]. It is known that polarization and acti-

vation of antimicrobial function in macrophages can be influenced by SCFAs [44], suggesting

that SCFA production from S. pyogenes metabolism, including the altered SCFA pattern of the

ΔPdh mutant, directs transcriptional changes in macrophages leading to changes in cytokine

production.

Regulation of tissue damage represents an intersection between the pathogen’s growth/

damage response and the host’s disease tolerance response. While the former is directed by the

pathogen through regulation of virulence factor expression, the latter is a host response which

acts to limit collateral damage to tissue caused by the immune response, often by up-regulation

of host cell functions that resist and repair damage [45,46]. The present study suggests that the

intersection between these two responses centers on PDH and a previously unappreciated aer-

obic niche. If this niche resides in macrophages, our data indicate at least two roles for PDH: i)

blocking phagolysosomal acidification and ii.) supporting resistance to acid stress. For the for-

mer, it has been shown that S. pyogenes’ ability to block phagolysosomal acidification requires

the secreted toxins Streptolysin O (SLO), the NAD glycohydrolase and a unique toxin delivery

pathway known as Cytolysin-Mediated Translocation [33,47,48], suggesting that similar to

many other S. pyogenes virulence factors, expression of these toxins is linked to central carbon

metabolism [12]. However, deletion of SLO does not result in increased IL-10 expression by

infected macrophages in vitro (S6 Fig), suggesting that PDH is also required to resist acid

stress. PDH contributes to the production of Acetyl-CoA (see Fig 1), that in other streptococ-

cal species is essential for lipid synthesis and membrane remodeling for adaptation to acid

stress [49]. A deficient acid stress response may explain the reduced viability of ΔPdh in the

phagolysosome that can be rescued by chemical inhibitors of phagolysosome acidification and

the positive correlation between acidification and expression of IL-10. Further studies will be

required to establish the mechanistic link between PDH, acidification and IL-10 expression.

Having pathways optimized for either aerobic or anaerobic growth reflects an ability to

adapt to the diverse niches S. pyogenes encounters during infection at multiple tissue sites
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[31,50]. Cell death, the loss of perfusion, oxygen consumption by neutrophils, and the accumu-

lation of inflammatory debris can create an anaerobic environment in suppurative sub-cutane-

ous lesions, which likely explains why the anaerobic (PFL), but not the aerobic (PDH), arm of

mixed-acid fermentation is required for growth in the murine ulcer model. However, PDH

plays an important role in regulating the growth/damage balance, making it an attractive target

for therapeutic intervention in severe invasive infections. These diseases are notoriously diffi-

cult to treat due to extensive and rapid tissue destruction that limits perfusion of antibiotics to

the site of bacterial multiplication, often necessitating multiple rounds of aggressive and disfig-

uring surgical interventions [51]. Thus, therapies that limit tissue destruction would reduce

the need for surgeries and would improve pharmacodynamics of standard-of-care antibiotics

to improve treatment outcomes. Inhibitors of PDH that improve treatment of bacterial infec-

tions have been reported [52] and additional prokaryotic-specific PDH inhibitors are under

development [53]. This strategy may have a wider application, as recent studies have indicated

that PDH, but not homo-lactic fermentation, is also important for S. pyogenes fitness in

human blood, necrotizing myositis [54] and for streptococcal infection of swine [55]. Taken

together, this work has shown how an analysis of bacterial metabolism can reveal a druggable

bacterial target involved in disease tolerance that may act to limit tissue damage to improve

treatment outcomes for severe tissue destructive disease.

Materials and methods

Ethics statement

All studies and procedures were approved by the Animal Studies Committee at Washington

University School of Medicine (#22–0307, Animal Welfare Assurance #D16-00245) and were

designed to limit the number of animals needed and minimize animal discomfort. The person-

nel performing the animal studies are expertly trained and approved to work with vertebrate

animals.

Fig 7. Model for PDH regulation of growth/damage balance. Shown is a comparison of WT and ΔPdh mutant

phenotypes observed in macrophages in vitro and for murine subcutaneous infection. The steps of infection in

macrophages are shown in temporal order from left to right by the closed arrows and are labeled as indicated

(featuring: L, lysosome; grey oval, nucleus), resulting in the ratio of the cytokines IL-10 and TNFα represented by

frequency of the symbols indicated, which correlates (as shown by the open arrows) to the mouse infection phenotypes

shown at the right of the Figure. Relative areas of the resulting lesions are represented as small or large in mice whose

IL-10 genotypes are noted. Growth/Damage balance (G/D Balance) for IL-10+/+ or IL-10-/- mice are shown by the

paired sliders at the very right of the Figure, with the relative degree of Growth (G, green) and Damage (D, red)

indicated by a box on a scale from Low to High, as shown.

https://doi.org/10.1371/journal.ppat.1011481.g007
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Bacterial strains

Culture of E. coli was in Luria-Bertani (LB) broth and S. pyogenes was cultured in Todd Hewitt

+ 1% Yeast Extract (THY) broth [56] or C medium supplemented with 0.2% glucose [56],

where indicated. For S. pyogenes, shaken (aerated) growth conditions were generated using 5

ml of media in 18x150 mm borosilicate culture tubes with unsealed lids that were placed at a

45˚ angle in an orbital shaker rotating at 200x rpm with incubation at 37˚C. Static (oxygen-

limited) cultures were grown using 10 ml of media in 15 ml screw cap conical tubes with

tightly sealed lids incubated while stationary at 37˚C. Quantitation of S. pyogenes CFUs utilized

THY medium solidified by the addition of 1.4% agar [56], which were incubated at 37˚C while

exposed to ambient air (aerobic conditions) or anaerobically using a commercial atmospheric

container (GasPak EZ, catalog #BD 260001). Where indicated, media were buffered by the

addition HEPES to a final concentration of 100 mM. All cultures were seeded from overnight

cultures in C medium to an initial OD600 = 0.05, which were then incubated for the times indi-

cated in the text. Where appropriate, culture media were supplemented with erythromycin at

1 μg/ml for S. pyogenes and 500 μg/ml for E. coli.

Mutant construction

In-frame deletion mutations were constructed through homologous recombination at chro-

mosomal loci using standard methods [57] and the temperature-sensitive shuttle vector

pGCP213 [58]. Genomic loci are referenced according to the annotated genome of S. pyogenes
HSC5 [27]. Plasmid constructs for in-frame deletion (S4 Table) were made by overlap PCR

with the oligonucleotide primers (IDT, Coralville, IA) listed in S5 Table. Plasmid DNA was

isolated using standard techniques and used to transform S. pyogenes as previously described

[59]. Cis-complementation of pdhA was via insertion of the pdhA open-reading frame (see Fig

1B), including its predicted promoter into the chromosome of ΔPdh between the 5’ end of

guaB and its predicted terminator, as described previously [60] and the primers listed in S5

Table. All constructs and deletions were validated through PCR and DNA sequencing (Gene-

wiz, South Plainfield, NJ) using the appropriate primers (S5 Table).

Analysis of growth

All cultures for measurement of growth were inoculated from cultures that were grown over-

night in C medium under static conditions as described above. An exception was for experi-

ments involving strain Only Pdh (Fig 1) which can only grow using the aerobic conditions

described above. To initiate cultures for growth analysis, bacterial cells were harvested from

overnight cultures by centrifugation, resuspended in 1/10 their original culture volume and

seeded into fresh THY or C medium with or without 0.2% glucose to an initial OD600 = 0.05.

Aerated and oxygen-limited growth conditions were generated as described above and growth

measured by the increase in OD600 over time and by removing aliquots that were serially

diluted and plated for determination of CFUs in parallel with plates incubated as described

above. Where shown, representative images of plate cultures were taken following 24 hrs of

culture.

Murine subcutaneous ulcer model of infection

Infection of 6–8-week-old female SKH1-E, C57BL/6 and C57BL/6 IL-10-/- (The Jackson Labo-

ratory, B6.129P2-Il10tm1Cgn/J, strain#002251) mice was carried out following a well-established

protocol [28]. Briefly, mice received a subcutaneous injection of ~107 CFU of the indicated

bacterial strains and the areas of the resulting ulcers determined following 72 hrs of infection
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from analysis of digital images using ImageJ as described [28]. Bacterial burdens in lesions

were assessed by excision and homogenization of infected tissues and spot plating aliquots of

the tissue homogenate as described [60]. Incubation was at 37˚C under anaerobic conditions,

with the exception that aerobic incubation was used for those strains not capable of anaerobic

growth. All animal experiment were approved by the Institutional Animal Care and Use Com-

mittee (protocol #16–1119). Procedures were performed according to all institutional policies,

Animal Welfare Act, NIH guidelines and American Veterinary Medical Association guidelines

on euthanasia.

Macrophage infection

RAW264.7 macrophages (ATCC, cat.#TIB-71) were grown in DMEM (Dulbecco’s Modified

Eagles Medium (Sigma) with 10% fetal bovine serum) supplemented with antibiotics (1% Pen-

icillin-Streptomycin) at 37˚C in an atmosphere of 5% CO2. For infection, the bacterial inocu-

lum was prepared as described above for murine infection and after replacing media with

antibiotic free media, bacteria were added to macrophages cultured in 12-well dishes at an

MOI of 10:1 which were then immediately subjected to centrifugation at 500 x g for 1 min.

and placed in incubator for 1 hr. Wells were then washed twice with Dulbecco’s PBS, then

DMEM containing antibiotics (100μg/ml Gentamicin) was added for 5 minutes and washed

3x with PBS before the cells incubated for an additional 2–4 hrs in plain DMEM. Cells were

harvested using a cell scraper and collected by centrifugation at 1,000 x g for 5 min, were resus-

pended in 1ml water at pH 11 and lysed using a cup sonicator for 20 sec. Bacteria in the result-

ing suspension were collected by centrifugation (6,000 x g, 5 min) and resuspended in 100μl of

C-media for determination of CFUs. Where indicated, cultures were treated with 0.1μM Bafi-

lomycin A1, which is non-cytotoxic at this concentration [36]. Net fold-change in CFU was

determined by comparison to cells harvested after the addition of antibiotic-containing

medium. BMDM were infected by the same method and were prepared as described in S3 Fig.

Data presented are pooled from 6 biological replicates conducted in 2 independent

experiments.

Macrophage trafficking and acidification

Bacteria were prepared as described above, labeled with Cell Tracker Green CMFDA as previ-

ously described [61] and then resuspended in 50 ml of fresh THY medium. Following an addi-

tional 30 min incubation at 37˚C, bacteria were used to infect Raw264.7 cells as described

above. At 5 min. prior to the 2 hr time point, cells were stained with LysoTracker Red DND-99

(Invitrogen, cat.#L7258) as previously described [62]. After an additional 5 min incubation,

cells were washed twice with DPBS, fixed with 2% paraformaldehyde and mounted immedi-

ately in ProLong Diamond antifade (Invitrogen, cat.#36965) on glass slides and incubated 18

hours in the dark. Samples were then examined using a Leica model DM IRE 2 fluorescent

microscope and images captured using a QImaging Retiga 1350 EX charged-coupled device

camera and OpenLab software (Improvision, version 2.7). Quantitative analyses of co-localiza-

tion were performed using ImageJ. Blinded images of infected macrophages were quantified

for bacteria [G, green puncta] and bacteria + acidic vacuole [Y, yellow puncta] and co-localiza-

tion determined by the following equation: [Y/(G+Y)] x 100 = % total bacteria co-localized

with acidic vacuoles. Data presented for each condition represents the mean and standard

error of the mean derived from at least 3 independent experiments and examination of a mini-

mum of 1000-stained cells. Images were processed for publication using Adobe Photoshop

(version 26.3.1).
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Transmission electron microscopy

Raw264.7 cell infected as described above were fixed in 4% paraformaldehyde/0.05% glutaral-

dehyde in 100mM PIPES/0.5mM MgCl2, pH 7.2 for 1 hr at 4˚C, were embedded in 10% gelatin

and then infiltrated overnight with 2.3M sucrose/20% polyvinyl pyrrolidone in PIPES/MgCl2

at 4˚C. Samples were trimmed, frozen in liquid nitrogen, and sectioned with a Leica Ultracut

FC7 cryo-ultramicrotome (Leica Microsystems Inc., Bannockburn, IL). Ultrathin sections of

65 nm were blocked with 5% FBS/5% NGS for 30 min and subsequently incubated with rat

anti-LAMP1 antibody (Abcam, cat.#ab25245) for 1 hr at room temperature. Following washes

in block buffer, sections were incubated with 18nm colloidal gold-conjugated goat anti-rat IgG

(H+L) (Jackson Immuno-Research Labs, cat.#112-005-003) for 1 hr. Sections stained with

0.3% uranyl acetate/2% methyl cellulose and microscopy performed on a JEOL 1200 EX trans-

mission electron microscope (JEOL USA Inc., Peabody, MA) equipped with an AMT 8 mega-

pixel digital camera and AMT Image Capture Engine V602 software. All labeling experiments

were conducted in parallel with controls omitting the primary antibody.

Cytokine analyses

Supernatants were harvested from RAW264.7 cells following 4 hrs of infection and stored at

-80˚C. The following day, the concentration of IL-10 and TNFα were determined by ELISA

according to the manufacturer’s protocol (R&D Systems, cat.#DY417, #DY410). Concentra-

tions were determined by comparison to a standard curve generated using purified proteins.

Measurement of SCFAs

Following 24 hrs of incubation in C-medium + 0.2% glucose, culture supernatants were pre-

pared by centrifugation. Acetate, lactate and formate concentrations in supernatants were

measured by a colorimetric assay using commercial kits following the manufacturer’s protocol

(Sigma-Aldrich, cat.#MAK086, #MAK064, #MAK059).

RNA-sequencing

Total RNA from Mock-, WT-, and ΔPdh- infected RAW264.7 cells (4 hrs post-infection) were

isolated using Direct-Zol RNA MiniPrep Plus kit (Zymo Research, cat.#R2071) per the manu-

facture’s protocol. RNA samples were quantified using a Qubit 2.0 Fluorometer (Life Technol-

ogies, Carlsbad, CA, USA) and RNA integrity checked using an Agilent TapeStation 4200

(Agilent Technologies, Palo Alto, CA, USA). RNA sequencing libraries were prepared using

the NEBNext Ultra II RNA Library Prep Kit for Illumina (cat.#E7760S) using manufacturer’s

instructions. Briefly, mRNAs were first enriched with Oligo(dT) beads and then fragmented

for 15 minutes at 94˚C. First- and -second strand cDNAs were subsequently synthesized from

cDNA fragments that were end-repaired, adenylated at 3’ends and ligated to universal adapt-

ers, followed by index addition and library enrichment by limited-cycle PCR. Libraries were

validated on the Agilent TapeStation and quantitated using a Qubit 2.0 Fluorometer as above,

and by quantitative PCR using a KAPA library quantification kit (Kapa Systems Roche, cat.

#KK4824). Libraries were sequenced using an Illumina HiSeq 4000 using a 2x150bp Paired

End (PE) configuration. Image analysis and base calling were conducted by the HiSeq Control

Software. Raw sequence data (.bcl files) generated from Illumina HiSeq was converted into

fastq files and de-multiplexed using bcl2fastq (Illumina, version2.17). One mismatch was

allowed for index sequence identification.
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RNA-sequencing analysis

Sequence reads were trimmed using Trimmomatic [63] (version 0.36) to remove adapter

sequences and nucleotide reads of poor quality, which were then mapped to the Mus musculus
reference genome available on ENSEMBL using STAR aligner [64] (version 2.5.2b). Unique

gene hit counts were generated from the resulting BAM files using the Counts feature of the

Subread package [65] (version 1.5.2). Differential gene expression between groups was

assessed using DESeq2 [66] (version 3.15) with the Wald test used to generate P-values and

Log2 fold-changes. Genes with adjusted values for P< 0.05 and absolute log2 fold-

changes > 1.0 were called as differentially expressed. List of genes significantly up- or down-

regulated were subjected to pathway enrichment analysis using Reactome [67], with the proba-

bility that a specific pathway is over-represented calculated using a binomial test with P-values

corrected for multiple testing using the Benjamini–Hochberg procedure, as described [67].

Raw data files for RNASeq are deposited in the NCBI BioSample database (http://www.ncbi.

nlm.nih.gov/biosample/) under the ID number PRJNA904329.

Statistical analyses

Unless otherwise indicated above, data presented from in vitro experiments represents the

mean and standard error of the mean derived from at least three independent experiments,

with differences between groups tested for significance by a two-tailed t-test. For the murine

subcutaneous infection model, differences in lesion size and CFU counts between WT and

mutant strains were derived from at least two independent experiments, each of which con-

sisted of 5 mice per group, with differences tested for significance with the Mann-Whitney

test. Test statistics were calculated with the InStat module of Prism (GraphPad, version 3.06).

For all tests, the null hypothesis was rejected for P-values of>0.05, with the dimensions of spe-

cific comparisons indicated in the Figures, as defined in each Figure Legend.

Supporting information

S1 Fig. S. pyogenes Oxygen-consuming Central Carbon Metabolism. In the presence of oxy-

gen, following the exhaustion of glucose, the lactate produced by homolactic fermentation

(shown in blue) can be recovered to pyruvate (shown in red) by the oxygen-consuming

enzyme Lactate Oxidase (LctO), which is further metabolized by Pyruvate Dehydrogenase

(PDHC) to produce acetate and an additional molecule of ATP, as shown in red. Redox bal-

ance is maintained by the oxygen-consuming enzyme NADH Oxidase (Nox) and by the con-

version of Acetyl-CoA to ethanol. Abbreviations for the other enzymes shown are as noted in

Figure.

(PDF)

S2 Fig. Complementation of ΔPdh. Growth of Wild type (WT), the PDH deletion mutant

(ΔPdh) and ΔPdh complemented by insertion of the intact pdhA open-reading frame into the

chromosomal guaB locus (ΔPdh::pdh) under (A) oxygen-limited (Static) and (B) aerobic

(Shaken) conditions, in the presence (+Glu) or absence (-Glu) of glucose supplementation

(0.2%) is shown. Virulence of WT, mutant and complemented mutant strains were compared

using subcutaneous infection of SKH1 mice with assessment of (C) ulcer lesion area (Damage)

and (D) bacterial burden (Growth) in tissue at Day 3 post-infection. Growth of the strains in

Raw264.7 macrophages was compared (E) along with the production of cytokines IL-10 (F)

and TNFα (G) as determined by ELISA of supernatants from infected macrophages.

(PDF)
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S3 Fig. Infection of bone marrow-derived macrophages recapitulates phenotypes observed

in Raw264.7 cells. Bone marrow-derived macrophages (BMDM) were generated from femurs

of C57BL6/J mice by flushing femurs using PBS with a 27G needle. Cells were harvested by

centrifugation (1,400 x rpm, 5 min, 4˚C), resuspended in 5 ml of lysis buffer (155 mM NH4Cl)

for 5 min. and then passed through 70 μm cell strainer. Cells were plated at a density of 4x106

cells/ml in a 10-cm Petri dish and were differentiated by the addition of 20 ng/ml MCSF. A

FACS analysis using F4/80 markers confirmed that>95% of the cells had differentiated into

macrophages. These cells were then infected as described for Raw264.7 cells in the Materials

and Methods. Assessed was the net change in bacterial viability (A), the production of IL-10

and TNFα (B, C), both determined by ELISA of supernatants from infected macrophages, and

the Ratio of IL-10 vs TNFα (D). Where indicated, data presented represents the mean and

standard error of the mean derived from at least 3 independent experiments. ***, P< 0.005; n.

s., not significant.

(PDF)

S4 Fig. Infected Raw264.7 cells are viable 4 hours post-infection. Raw264.7 macrophages

were infected as described in the Materials and Methods. At the time when CFUs and cytokine

expression was determined (4 hrs post-infection), the viability of WT- and ΔPdh-infected cells

was determined by staining with a vital stain (Live/Deadtm, cat.# R37601, ThermoFisher Scien-

tific) as directed by the manufacturer. Examination by fluorescent microscopy revealed that

cells infected by either S. pyogenes strain were >95% viable (viable cells appear green, non-via-

ble cells are red). Images are representative fields from a single experiment that was repeated 3

times.

(PDF)

S5 Fig. PDH contributes to acid stress resistance. (A) The ability of the indicated strains (as

described in the S2 Fig legend) to resist acid stress was determined by resuspending growing

cultures in C media whose pH was adjusted as shown. The net change in viability (CFU/ml)

was then determined following a 1 hr incubation. The growth yields of cultures under (B) aer-

obic (Shaken) or (C) oxygen-limited (Static) conditions were determined following overnight

incubation. Where indicated by the (+), cultures were buffered to pH 7.4 using HEPES or were

supplemented by Catalase. LOD, limit of detection. Where indicated, data presented repre-

sents the mean and standard error of the mean derived from at least 2 independent experi-

ments. *, P< 0.05; **, P< 0.05; ****, P< 0.001.

(PDF)

S6 Fig. Deletion of SLO does not phenocopy deletion of PDH. Cultured Raw264.7 cells were

infected by WT, ΔPdh or a strain with a deletion in the gene encoding the secreted pore-form-

ing cytolysin SLO (ΔSLO). Assessed was (A) the net change in bacterial viability, the produc-

tion of (B) IL-10, (C) TNFα (both determined by ELISA of supernatants from infected

macrophages) and (D) the Ratio of IL-10 vs TNFα. Where indicated, data presented represents

the mean and standard error of the mean derived from at least 3 independent experiments. *,
P< 0.05; ****, P< 0.001; n.s., not significant.

(PDF)

S1 Table. Strains used in this study.

(PDF)

S2 Table. Genes in Raw267.4 cells differentially expressed between infection by ΔPdh and

WT.

(PDF)

PLOS PATHOGENS Streptococcus pyogenes carbon metabolism regulates tissue damage

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011481 June 29, 2023 19 / 23

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011481.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011481.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011481.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011481.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011481.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011481.s008
https://doi.org/10.1371/journal.ppat.1011481


S3 Table. The 25 most relevant pathways identified by Reactome.

(PDF)

S4 Table. Plasmids used in this study.

(PDF)

S5 Table. Mutagenic, complementation and RT-PCR Primers used in this study.

(PDF)
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